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Abstract

:

Evidence of the effectiveness of zinc (Zn) and selenium (Se) on resting metabolic rate (RMR) and physical function parameters in people with overweight and obesity is scarce, while the effects of zinc and selenium on thyroid function and body composition are still a topic of debate and controversy. The aim of this randomized, double-blind, and placebo-controlled trial was to examine the effects of a hypocaloric diet and Se–Zn co-supplementation on RMR, thyroid function, body composition, physical fitness, and functional capacity in overweight or obese individuals. Twenty-eight overweight–obese participants (mean BMI: 29.4 ± 4.7) were randomly allocated (1:1) to the supplementation group (n = 14, 31.1 ± 5.5 yrs, 9 females) and the placebo group (n = 14, 32.1 ± 4.8 yrs, 6 females). The participants received Zn (25 mg of zinc gluconate/day) and Se (200 mcg of L-selenomethionine/day) or placebo tablets containing starch for eight weeks. The participants of both groups followed a hypocaloric diet during the intervention. RMR, thyroid function, body composition, cardiorespiratory fitness (VO2max), and functional capacity (sit-to-stand tests, timed up-and-go test, and handgrip strength) were assessed before and after the intervention. A significant interaction was found between supplementation and time on RMR (p = 0.045), with the intervention group’s RMR increasing from 1923 ± 440 to 2364 ± 410 kcal/day. On the other hand, no interaction between supplementation and time on the thyroid function was found (p > 0.05). Regarding the effects of Zn/Se co-administration on Se levels, a significant interaction between supplementation and time on Se levels was detected (p = 0.004). Specifically, the intervention group’s Se serum levels were increased from 83.04 ± 13.59 to 119.40 ± 23.93 μg/L. However, Zn serum levels did not change over time (90.61 ± 23.23 to 89.58 ± 10.61 umol/L). Even though all body composition outcomes improved in the intervention group more than placebo at the second measurement, no supplement × time interaction was detected on body composition (p > 0.05). Cardiorespiratory fitness did not change over the intervention. Yet, a main effect of time was found for some functional capacity tests, with both groups improving similarly over the eight-week intervention period (p < 0.05). In contrast, a supplement x group interaction was found in the performance of the timed up-and-go test (TUG) (p = 0.010), with the supplementation group improving more. In conclusion, an eight-week intervention with Zn/Se co-supplementation combined with a hypocaloric diet increased the RMR, TUG performance, and Se levels in overweight and obese people. However, thyroid function, Zn levels, body composition, and the remaining outcomes of exercise performance remained unchanged.
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1. Introduction


According to the World Health Organization, the number of obese people has almost tripled since 1975 [1]. More specifically, in 2016 the number of overweight and obese adults aged 18 years and over was 1.9 billion and 650 million, respectively. Obesity is associated with more than 50 pathological conditions [2]. In particular, obesity can have an overall clinical impact leading to poor health, disability, and premature death, and also a psychological impact reducing the quality of life and increasing the risk for social withdrawal and isolation [2].



The causes of obesity are complex and can be classified as primary and secondary, with an interaction between biological, behavioral, and psychosocial factors taking place [3]. Even though it is debatable [4], in 2013 obesity was categorized by the American Medical Association as a disease. That is because it is not only characterized by excessive fat accumulation but also by pathological and functional disturbances of the adipose tissue, known as adiposopathy [5]. These disturbances include adipocyte hypertrophy, visceral adiposity, and/or ectopic fat deposition and could be the causes of metabolic disease development [6]. Adipocytes and macrophages are cells involved in the production of molecules called adipocytokines [7]. It is believed that an increased adipose tissue, as a result of adipocyte hypertrophy, enriches the production of adipocytokines, which can lead to pathophysiological processes related to inflammation [7,8].



Growing evidence confirms that obesity increases the risk for nutritional deficiencies due to poor diet quality and a disruption of the bioavailability and metabolism of numerous nutrients despite the high caloric intake that characterizes the specific population [9,10,11,12]. Notably, in people with obesity undergoing a hypocaloric diet, a formula providing 100% of the Daily Recommended Intake could not prevent the nutritional deficiencies in some micronutrients [13]. That is important because micronutrient deficiencies negatively affect the body’s health and are closely related to the development of multiple diseases [14,15]. As a result, nutritional supplements containing minerals and vitamins combined with lifestyle changes have been proposed in some studies for obesity therapy and populations with a high risk for deficiencies [9,14,15].



A systematic review of the literature indicated that people with obesity have lower levels of some antioxidants, including zinc (Zn) and selenium (Se) [16]. Zn is a trace element involved in the metabolism of obesity-related hormones like insulin, leptin, and thyroid hormones and has a role in most metabolic pathways [16,17,18,19]. On the other hand, Se is considered an essential micronutrient for humans and plays biological roles by forming 25 selenoproteins synthesized by the Se metabolic system [20,21]. With its effects on insulin signaling, Se can modulate fat and lipid metabolism [22,23].



Numerous systematic reviews and meta-analyses have highlighted that Se and Zn supplementation may positively affect many aspects of health in people with or without diseases and pathological conditions [24,25,26,27,28]. Regarding the effects of Zn and Se supplementation on body composition, positive results have been found in some animal studies [29,30,31,32]. However, according to a systematic review, randomized controlled trials about the effects of the two elements on body composition in people with overweight or obesity are conflicting and have several limitations [33]. Therefore, more randomized controlled trials are needed so that the effects of Zn and Se on individuals with overweight or obesity can be revealed [33].



Even though a diet plan can induce weight loss by creating a negative energy balance, maintaining weight loss can sometimes be challenging in the long term [34]. A possible explanation for this phenomenon might be the decrease in energy expenditure [35,36] and thyroid hormone levels [37,38,39] sometimes observed with weight loss. Moreover, previous studies demonstrated that when adjusted for body weight, the resting metabolic rate (RMR) of obese children is lower than that of normal-weight children [40] and that people with higher BMI have lower-than-predicted RMR [41]. Since RMR contributes to approximately 70% of Total Daily Energy Expenditure, decreases in RMR, as mentioned above, could have a negative impact on weight loss and weight maintenance.



Two studies examining the effects of Zn on human RMR or Basal Metabolic Rate (BMR) showed some positive results [42,43]. The BMR of six men decreased significantly by the end of a low-Zn diet and tended to increase by the end of a diet with adequate Zn [42]. The Zn-adequate diet also affected the thyroid function of the participants by increasing their serum thyroid-stimulating hormone (TSH), thyroxine (T4), and free T4 (FT4) [42]. The second study was a case–control by Maxwell and Volpe [43]. After four months of Zn supplementation in two female Zn-deficient participants, their RMR and triiodothyronine (T3) levels increased [43].



Hawkes and Keim [44] reported the effects of high- and low-Se diets on human RMR. In their study, a sample of healthy men was divided into two groups and fed foods high in Se or low in Se for four months. Even though the RMR at the end of the study was not different between the groups, serum T3 decreased in the high-Se group, increased in the low-Se group, and significantly differed between groups from day 45 onwards. A significant increase in TSH occurred only in the high-selenium group, probably indicating a hypothyroid response [44]. However, the negative impact of the high-Se diet on thyroid function could be attributed to dietary components other than Se [45]. That is because, in a later study on healthy men, the participants’ thyroid hormone levels remained unchanged, with a tendency toward higher T3 levels after twelve months of Se yeast supplementation [45]. To our knowledge, no randomized controlled trial has ever examined the effects of Zn and/or Se supplementation on RMR of overweight or obese people. In addition, randomized controlled trials investigating the effects of Zn and/or Se on thyroid function in euthyroid individuals with overweight or obesity are scarce [33].



In several studies, the low RMR of individuals with obesity was associated with lower cardiorespiratory fitness levels, probably due to limited physical activity levels [40,41]. It appears that many obese people exhibit reduced physical performance and have exercise-related constraints, probably as a result of pathophysiological changes which occur from the increased body mass [46]. The reduced level of daily physical activities due to the low fitness level is associated with several risk factors for cardiovascular disease [47,48]. Though there is not enough evidence to support a causal effect, the micronutrient deficiencies observed in people with obesity might be partly responsible for their reduced exercise performance since they are related to a decline in muscle mass, strength, and physical performance [49,50].



A recent review found that a poor Zn status in healthy individuals, as a result of a dietary consumption below the recommended daily allowances (RDA), can negatively affect their physical performance [51]. However, studies included in that review did not provide any data on Zn intake at levels higher than the RDA [51]. As such, it was concluded that there was not enough evidence in support of any beneficial effects of Zn supplementation beyond RDA levels on physical performance in humans. On the other hand, there is emerging research regarding the mechanisms via which Se affects skeletal muscle health and mitochondrial function, emphasizing the role of Se beyond an antioxidant [52]. Furthermore, Se is associated with muscle fatigue, with low Se levels explaining part of the decrease in performance during exercise [53].



The aim of this randomized control trial was to examine the effects of Zn and Se co-supplementation on RMR, thyroid function, exercise performance, and body composition in people with overweight or obesity undergoing a hypocaloric diet.




2. Materials and Methods


2.1. Study Design


This was a randomized, double-blind, and placebo-controlled trial involving adult men and women with overweight or obesity (BMI ≥ 25). After the initial screening, twenty-eight participants (mean BMI: 29.4 ± 4.7) were randomly allocated (1:1) to the supplementation group (n = 14, 31.1 ± 5.5 yrs, 9 females, 5 males) and the placebo group (n = 14, 32.1 ± 4.8 yrs, 6 females, 8 males). During the intervention period, two participants from the intervention group and three participants from the placebo group dropped out of the study. The reasons are shown in the Consort Flow Diagram (Figure 1). The study was approved by the Cyprus National Ethics Committee (ΕΕΒΚ/ΕΠ/2020/18) and was in accordance with the Declaration of Helsinki. Inclusion criteria for the study were: (a) overweight or obese men and women (ΒΜΙ ≥ 25); (b) age 18–40 years; (c) no diet intervention during at least the last three months; and (d) no use of nutritional supplements/medications before (≥3 months) and during the study. Exclusion criteria were: (a) history of thyroid disease, positivity for thyroid autoantibodies, or treatment with medications potentially interfering with thyroid function; (b) diagnosis of cardiovascular, metabolic, pulmonary, renal, musculoskeletal, or mental disorders; and (c) pregnancy or lactation. In addition, a medical doctor, member of the research group, examined the participants to ensure that no one would be exposed to high risk.




2.2. Intervention


Participants in the supplementation group received 25 mg/day of Zn gluconate and 200 mcg/day of Se L-selenomethionine and the controlled group received placebo supplements of identical color and shape, containing starch (Figure 1). The supplements were consumed immediately after lunch. Similar Se and Zn dosages were used in previously published research with overweight or obese people [54,55,56,57]. Moreover, these dosages can be considered safe, as they are lower than the tolerable upper limit intake levels for adults (40 mg/day for Zn and 400 mcg/day for Se). After a nutritional assessment by a registered dietitian (member of the research group), the participants of both groups received a balanced, restricted-calorie diet with 300 kcal lower than the estimated energy requirement based on each participant’s RMR and physical activity levels. Adherence to the diet was assessed every month by a registered dietitian. In addition, participants were contacted via telephone calls to ensure their compliance and were asked to maintain their usual physical activity level.




2.3. Blinding and Randomization


A table of random numbers was used so each participant could have the same chance of receiving either the Zn–Se supplement or placebo tablets. This way, the investigators could not predict which treatment was next. In addition, as the placebo tablets were identical to the supplements, neither the investigator doing the assessments nor the study participants could identify to which study group the participant belonged.




2.4. Anthropometry and Body Composition


Weight was measured using a calibrated scale (Seca, Hamburg, Germany) with minimum clothes and without shoes. Height was measured without shoes by the use of a wall-mounted stadiometer with a precision of 0.5 cm. BMI was estimated using the formula weight (kg)/height2 (m2). Body mass, body fat, and lean body mass were measured using multi-frequency bioimpedance technology (Tanita, MC980Uplus, Tanita Corp., Tokyo, Japan).




2.5. Participants’ Adherence


The participants’ adherence to the supplements was estimated by the number of remaining tablets. Participants’ data were analyzed if the compliance was ≥90%.




2.6. Thyroid Function Assessment


Thyroid hormones were assessed biochemically by measuring serum TSH, FT3, and FT4 concentration [58,59,60]. Se and Zn serum concentrations were also evaluated. Blood sampling was carried out by specialized nursing staff accredited to perform phlebotomy. Blood analyses were carried out in an accredited laboratory with appropriate analytical assays.




2.7. Resting Metabolic Rate


RMR was estimated using indirect calorimetry (Quark CPET, Cosmed, Rome, Italy). The tests were conducted early in the morning, with participants lying quietly on a reclined bed for 15 min in a dark, quiet room. Then, the respiratory face mask was placed, measuring RMR for the remaining 15 min. All participants abstained from strenuous exercise for at least 48 h before measurement and from eating for 12 h prior to measurement [61]. The metabolic cart was switched on 30 min before the measurement and was calibrated before each measurement.




2.8. Functional Capacity and Physical Fitness Assessment


Functional capacity was assessed by a battery of functional tests, including two versions of the “Sit-to-Stand Tests” (STS-5 and STS-60) and the “Timed Up-and-Go Test” [62,63]. The Timed Up-and-Go test evaluates agility, dynamic balance, and functional mobility and requires patients to stand up out of a chair, walk 3 m, turn around, walk back to the chair, and sit down. The STS-5 requires the patients to perform five sit-to-stand cycles as fast as possible, measured in seconds, and can be used as an indicator of the patient’s lower extremities strength. The STS-60 is a similar test, requiring the patient to stand up and sit down on a chair as many times as possible in 60 s. The score is the total number of sit-to-stand cycles within 60 s (the number achieved in 30 s was also recorded), and it is an index of muscular endurance. Handgrip strength was assessed using a digital hand-held dynamometer (T.K.K. 5401 Grip—D; Takey, Japan). First, both arms were relaxed, in the neutral position by the side of the body. Then, participants were asked to hold and squeeze the dynamometer for 3 s. No other body movement was allowed. The measurement was performed by both the right and left arms.



Maximal oxygen uptake (VO2max) was determined from an incremental cycling test on a cycle ergometer (LC6, Monark, Sweden) using a breath-by-breath gas analysis (Quark CPET, Cosmed, Rome, Italy). The initial workload of the incremental was set at 50 W and was increased by 25 W every minute until the participants reached volitional exhaustion or could not maintain a cadence of 60 rpm and the respiratory exchange ratio was above 1.1. Heart rate was continuously monitored with a Polar heart rate monitor (Polar® H7, Polar Electro Oy®, Kempele, Finland). The tests were performed by the exercise physiologists, members of the research team.




2.9. Statistical Analysis


The Kolmogorov–Smirnov test was used to assess normality of distribution. Repeated measures ANOVA (group × time) were used to analyze the results. Tukey post hoc tests were used to determine pairwise differences wherever repeated measures ANOVA showed statistical significance p ≤ 0.050. Statistical significance was set at p ≤ 0.050, and all results were reported as mean ± standard deviation. The statistical analysis was performed using the SPSS program (IBM SPSS Statistics version 21; SPSS Inc., Chicago, IL, USA).





3. Results


No side effects of the supplementation were reported during the 8-week intervention while all participants showed a compliance of >90%. No differences were found in any examined variable between the two groups at baseline.



3.1. Effects on Anthropometry and Body Composition


The results for anthropometry and body composition parameters are presented in Table 1 No significant interaction effect between group and time was found regarding body weight (F1, 20 = 0.08, p > 0.05), and no main effect of group (F1, 20 = 0.29, p > 0.05) or assessment times (F1, 20 = 0.09, p > 0.05) was observed. Body fat was not affected following the intervention period. In particular, no significant interaction effect between group and time was found (F1, 15 = 2.31, p > 0.05), and no main effect between groups was observed (F 1, 15 = 0.19 p > 0.05). However, a main effect between assessment times was detected (F1, 15 = 7.18, p = 0.014), with participants having 0.99% less body fat in the second assessment as compared to the beginning of the study. Regarding fat-free mass, no significant interaction effect between group and time was found, F1, 20 = 1.90, p > 0.05. Furthermore, no main effect between groups (F1, 20 = 0.05, p > 0.05) or assessment times (F1, 20 = 0.48, p > 0.05) was observed. The results for muscle mass showed no significant interaction effect between group and time, F1, 20 = 1.87, p > 0.05. Moreover, no main effect of groups (F1, 20 = 0.05, p > 0.05) or assessment times (F1, 20 = 0.47, p > 0.05) was found.




3.2. Effects on Resting Metabolic Rate


The results for RMR measurements are demonstrated in Table 2 and Figure 2. The analysis showed a significant interaction effect between group and time, F1, 17 = 4.67, p = 0.04. The RMR of the intervention group (Mpre = 1923, SEpre = 129; Mpost = 2467, SEpost = 141 kcal) was higher at the second assessment compared with the RMR of the placebo group, which remained unaffected (Mpre = 2467, SEpre = 136; Mpost = 2429, SEpost = 149 kcal). No main effects of group (F1, 17 = 3.52, p > 0.05) or time were found (F1, 17 = 3.32, p > 0.05).




3.3. Effects on Respiratory Quotient


The results showed no significant interaction effect between group and time, F1, 17 = 0.63, and no main effect between groups (F1, 17 = 3.15, p > 0.05) or assessment times (F1, 17 = 0.40, p > 0.05, see Table 1).




3.4. Effects on Thyroid Hormones


The results for the thyroid hormones are presented in Table 2. No significant interaction effect between groups and time was found regarding FT3 F1, 15 = 1.11, p > 0.05. Furthermore, no main effect was found between groups (F1, 15 = 0.92, p > 0.05) or assessment times (F1, 15 = 2.71, p > 0.05). With regards to FT4, the analysis showed that there was no interaction effect between groups and time (F1, 15 = 0.06, p > 0.05), nor any effects of groups (F1, 15 = 005, p > 0.05). However, there was a main effect of time (F1, 15 = 9.64, p = 0.007) with participants increasing their FT4 levels by 0.760 pmol/L in the second assessment as compared with baseline. Regarding TSH, no significant interaction effect was found between groups and time (F1, 15 = 1.65, p > 0.05). Also, there were no main effects for group (F1, 15 = 0.21, p > 0.05) or assessment times (F1, 15 = 3.45, p > 0.05)




3.5. Effects on Selenium and Zinc Serum Levels


Se and Zn serum results are shown in Table 2. The analysis showed a significant interaction effect between groups and time (F1, 15 = 11.44, p = 0.004) for Se. Serum Se levels of the supplementation group (Mpre = 83.04 μg/L, SEpre = 5.71; Mpost = 119.40 μg/L, SEpost = 6.23 μg/L) at the second assessment were increased compared to the serum Se levels of the placebo group (Mpre = 90.61 μg/L, SEpre = 6.83; Mpost = 89.58 μg/L, SEpost = 7.45). Moreover, a main effect of time was detected with participants in the intervention and controlled group, in total improving their serum Se levels by 17.66 μg/L in the second assessment as compared to baseline (F1, 15 = 10.21, p = 0.006). A main group effect was not observed, F1, 15 = 2.19, p > 0.05. Regarding serum Zn levels, no significant interaction effect between group and time was found (F1, 15 = 2.06, p > 0.05), nor was any effect between groups (F1, 15 = 0.42, p > 0.05) or assessment times (F1, 15 = 3.35, p > 0.05) observed.




3.6. Effects on Physical Fitness and Functional Capacity


The results for the physical fitness tests and functional capacity are presented in Table 3. Regarding VO2max, no significant interaction effect between group and time was found, F1, 16 = 0.15, p > 0.05. Moreover, no main effect between groups (F1, 16 = 0.15, p > 0.05) or assessment times (F1, 16 = 0.13, p > 0.05) was observed. With regards to the Timed Up-and-Go test, the analysis showed a significant interaction effect between group and time, F1, 20 = 8.15, p = 0.001. The post hoc tests showed that the supplementation group’s Timed Up-and-Go performance improved at the second assessment (Mpre = 6.85 s, SEpre = 0.25; Mpost = 6.17 s, SEpost = 0.22), while the placebo group’s performance decreased (Mpre = 6.90 s, SEpre = 0.28; Mpost = 7.06 s, SEpost = 0.24). However, a main effect of time (F1, 20 = 3.11, p > 0.05) and group (F1, 20 = 2.16, p > 0.05) was not observed.



Regarding the Sit-to-Stand 5 test, no significant interaction effect between group and time was found, F1, 20 = 0.34, p > 0.05. Also, no main effect between groups was observed, F1, 20 = 0.38, p > 0.05. However, a main effect was found for assessment time (F 1, 20 = 36.38, p < 0.001), with the two groups demonstrating an improvement of 1.30 s at the end of the study as compared to the first assessment.



For Sit-to-Stand 30, the analysis showed no significant interaction effect between group and time (F1, 20 = 0.82, p > 0.05) and no main effect between groups (F1, 20 = 0.011, p > 0.05). However, a main effect between assessment times was found (F1, 20 = 21.32, p < 0.001), with the two groups demonstrating an improvement of 1.78 s at the end of the study as compared to the first assessment.



No significant interaction effect between group and time was found for Sit-to-Stand 60 (F1, 20 = 0.91, p > 0.05), and no main effect between groups (F1, 20 = 0.28, p > 0.05) was observed. Yet, a main effect between assessment times was found (F1, 20 = 21.32, p < 0.001), with participants improving their performance by 3.65 s in the second assessment as compared to the beginning of the study.



For handgrip strength, no significant interaction effect between group and time was found for the left arm (F1, 20 = 0.25, p > 0.05) and no main effect between groups was observed (F1, 20 = 0.002, p > 0.05). However, a main effect between assessment times (F1, 20 = 6.67, p = 0.018) was found, with participants improving their handgrip strength by 2.60 kg in the second assessment as compared to the beginning of the study. For the right arm, no significant interaction effect between group and time was found (F1, 20 = 0.00, p > 0.05). Also, no main effect between groups was observed (F1, 20 = 0.33, p > 0.05). A main effect between assessment times (F1, 20 = 8.19, p = 0.010) was detected, with participants improving their handgrip strength by 2.59 kg in the second assessment as compared to the beginning of the study.





4. Discussion


In the present study, the Zn/Se co-administration enhanced RMR of the participants and increased Se serum levels and TUG performance. However, compared to the placebo group, there were no additional benefits of Zn/Se co-administration on thyroid hormones, body composition, physical fitness, and the remaining functional capacity.



The most important finding in the present study was that Zn/Se co-administration enhanced RMR. Specifically, RMR in the supplementation group increased by 22.9%, while RMR in the placebo group decreased with weight loss. The placebo group results contrast other studies, where RMR had significantly decreased after weight loss attempts [64,65]. This difference can be attributed to the small energy deficit of the prescribed diets in the present study, combined with the study’s short intervention period [66]. In overweight premenopausal women, metabolic adaptation (i.e., a decrease in RMR at the end of the diet) has been shown to delay the time needed to achieve weight loss goals [67]. In particular, for every 10 kcal/day decrease in RMR, the time required to achieve the weight loss goal was found to be increased by one day, with the mean metabolic adaptation being approximately 50 kcal/day [67]. However, in that study measurements were conducted after a one-month stabilization phase, and it is possible that the decrease in RMR was larger immediately after the weight loss phase [67]. In another study, metabolic adaptation after weight loss in obese men and women was associated with decreased weight loss and fat-mass loss even after adjusting for confounders like dietary adherence, sex, baseline fat-mass, and randomization group [68]. This metabolic adaptation at the level of RMR was found to be persistent for as long as six years after a weight loss phase [69]. Since hypocaloric diets are the cornerstone for weight loss, the results mentioned above indicate the need for designing strategies to minimize the drop in RMR due to the metabolic adaptation observed after a diet phase.



The average increase in RMR of the participants in the Zn/Se co-administration group was 441 kcal/day. A positive effect of Zn and Se co-supplementation on the Basal Metabolic Rate (BMR) has also been reported by Federico et al. [70] in patients undergoing chemotherapy. More specifically, after 60 days of chemotherapy, the BMR of the group that did not receive the supplements decreased by a mean of 382 calories/day at the end of the intervention, while the Zn and Se co-supplementation group maintained their baseline BMR levels. Interestingly, the increase in RMR in the present study was not accompanied by an alteration of thyroid function, indicating that other mechanisms may be responsible for the increased RMR.



In people with obesity, the increased oxidative stress, as a result of the inflammation process, can have a negative impact on mitochondrial function, with the mitochondria being unable to generate sufficient adenosine triphosphate (ATP) levels [71]. When mitochondrial dysfunction occurs, a decrease in energy expenditure can be expected since healthy mitochondria are associated with higher RMR [72]. In a recent review investigating the influence of Se on muscle function, Se supplementation was documented to increase mitochondrial biogenesis, respiratory capacity, and skeletal muscle mitochondria volume [52]. These findings are valuable since the downregulation of mitochondrial biogenesis and the decreased mitochondrial respiratory capacity and energy generation capacity are all characteristics of people with obesity due to compromised mitochondrial function [71]. Thus, with the use of Se supplementation an increase in energy consumption may be expected in people with overweight or obesity as a result of improvements in mitochondrial function [73]. Another mechanism that may be involved in the increased RMR due to Se supplementation in people with overweight or obesity involves the effects of Se on insulin resistance [57,74] and leptin [75].



The possible effects of Zn levels on RMR have been demonstrated in non-experimental studies. For example, Wang et al. [76] reported a positive correlation of Zn hair content with RMR. Another study found a significant association between Zn intake and RMR in overweight and obese women [10]. However, the possible mechanisms which link Zn and RMR are poorly understood. Similar to Se supplementation, Zn supplementation has also been found to positively affect insulin resistance [77] and leptin levels [78] in people with obesity. In a recent review, Zn was documented as having an essential role in the formation of a new zinc-related adiponectin, zinc-α2-glycoprotein [79]. Ζinc-α2-glycoprotein increases the binding of peroxisome proliferator-activated receptor and early b cell factor 2 to the PR domain containing 16 and uncoupling protein 1 [79]. The PR domain containing 16 and uncoupling protein 1 has previously been reported to stimulate adipose tissue browning and energy expenditure [79,80,81].



When discussing the effects of Zn and Se supplements on RMR, the two micronutrients’ role on oxidative stress management should also be addressed due to the effect of oxidative stress on mitochondrial dysfunction. Hasani et al. [82] examined the effects of Zn and Se co-supplementation in diet-induced obese rats. Thirty-two obese rats were divided into four groups and received either a high-fat diet alone or a combination of high-fat diet plus Zn, Se, or Se/Zn co-supplementation for eight weeks. At the end of the intervention, a more robust effect was detected on the antioxidant indices Glutathione peroxidase and Superoxide dismutase in the group that received Zn/Se co-supplementation compared to Zn and Se alone [82]. In addition, the co-supplementation was also more effective in decreasing the serum inflammatory markers, including Interleukin-6, malondialdehyde, and tumor necrosis factor-a [82]. According to these findings, Hasani et al. [82] concluded that the co-supplementation of Se and Zn may have a synergistic effect on inflammatory markers and oxidative stress. Notably, the baseline Se levels of the participants in our study were lower than 89 mg/L (i.e., 83.0 mg/L), which is considered as the lower limit for maximized antioxidant activity [57]. Thus, increasing Se serum levels to 90.61 mg/L at the end of the intervention may indicate an improved selenoenzyme antioxidant activity in the group that received the Zn/Se co-administration.



Some interesting findings by Hasani et al. [82] are that the rats who received the high-fat diet plus Zn significantly increased their Se serum levels and that a positive correlation was detected between Zn and Se serum levels. Furthermore, the co-supplementation of Se and Zn increased both Zn and Se serum levels [82]. In another study, the administration of Se alone in rats undergoing a Zn-deficient diet decreased the Zn deficiency, thus indicating a positive effect of Se on Zn serum levels [83]. In the present study with human participants, serum Se levels increased more in the supplementation group than in the placebo group after Se and Zn co-administration. However, Zn serum levels remained unchanged in both the intervention and placebo groups. This result aligns with the findings of a randomized controlled trial, where the combined effects of Zn and Se did not change the Zn serum status more than the placebo in overweight and obese hypothyroid patients [84].



A difference between the study conducted by Mahmoodianfard et al. [84] and the present study is that in the former, Se serum levels remained unchanged, while in the latter, they significantly increased. This difference can be explained by the different Se form used in the present study (L-selenomethionine) compared to the Se yeast used by Mahmoodianfard et al. [84]. In other studies with overweight and obese people, the effects of Zn supplementation on Zn status were found to be inconsistent, probably due to differences in the method used for the assessment of Zn (plasma and serum), baseline Zn levels, the health status of the participants, and the supplementation forms used between the studies [77,84,85,86].



The Zn/Se combination in this work did not affect thyroid hormones since both groups’ TSH, FT3, and FT4 remained unchanged. In agreement with our study, Mahmoodianfrad et al. [84] reported no significant difference between FT3, FT4, and TSH serum levels in overweight and obese hypothyroid people receiving a combination of 200 μg Se yeast/day and 30 mg of Zn gluconate/day compared to the placebo group. However, in another study, a Se supplement alone affected thyroid hormones more than the control group [57]. More specifically, Guarino et al. [57] found that 83 mcg/day of Se L-selenomethionine decreased TSH levels compared to placebo in obese people receiving a hypocaloric diet at six and twelve months. Furthermore, in a case study, supplementation of two female Zn-deficient athletes with 26.4 mg/day Zn gluconate increased T3 plasma levels in one athlete and increased T3, T4, TSH, FT3, and FT4 plasma in the other athlete at months two and four [43]. Similar to the present study, Maxwell et al. [43] reported a significant increase in the RMR. More precisely, the RMR of one participant increased by 194 kcals/day at the end of the fourth month, while in the other, it increased by 527 kcals at the end of the second month. Even though it is difficult to make any comparisons between the studies, some possible factors that could have contributed to the present study’s unchanged thyroid function are that only euthyroid individuals were included and that the Zn and Se serum levels of the participants were above deficiency cut-offs (>10.7 umol/L and >80 μg/L, respectively). In the other studies mentioned, participants with hypothyroid [84], subclinical hypothyroid, or Zn-deficient individuals were included. Moreover, any similarities between the study by Mahmoodianfrad et al. [84] and ours can be explained by the fact that the hypothyroid patients in their study were receiving l-thyroxine therapy, which could have masked the effects of supplementation on thyroid function [84]. According to a systematic review, more randomized controlled trials are needed so the combined effects of Zn and Se supplementation on thyroid function in overweight or obese people can be better clarified [33].



Even though thyroid hormones might not be the most critical hormones associated with RMR [87], any effects of Zn supplementation on thyroid hormones’ metabolism are explained through its role in the conversion of the pre-thyrotropin-releasing hormone to pro-thyrotropin-releasing hormone, T3 nuclear receptors, thyroid transcription factor 2 function, and as a cofactor of type I and II deiodinases, among others [17]. On the other hand, Se supplementation can reinforce T4 to T3 de-iodination [57] and affect the hypothalamic pituitary thyroid axis [88] and probably serum T3-binding proteins [84].



A lot of money is spent annually on weight loss supplements [89], and some of them may have a positive effect on weight loss. However, none of them were found to induce clinically significant weight loss [90]. Weight loss supplements’ main mechanisms of action are their effects on nutrient absorption, appetite regulation, energy expenditure modulation, fat metabolism, and carbohydrate metabolism [90]. Yet, there is a need for conducting more randomized controlled trials investigating combinations of supplements that target different weight loss mechanisms for their safety profile determination [90].



In the present study, the body composition in the Zn/Se co-administration group improved more than the placebo group, though this difference was not statistically significant. Body mass decreased by 1.33 kg and 0.95 kg for Zn/Se co-administration and placebo group, respectively, at the end of the intervention with a mean difference of approximately 0.4 kg between groups. This number is very close to what was reported in a meta-analysis by Abdollahi et al. [91], who reported a decrease of ~0.5 kg in healthy overweight or obese adults receiving Zn supplements compared to placebo [91]. On the other hand, when it comes to the effects of Se supplementation on body composition of overweight or obese people, mixed evidence is provided in a systematic review [33]. The authors of this review emphasized the need for more randomized controlled trials since only four studies examined the effects of Se, and only one examined the effects of a combination of Se and Zn on body composition [33].



In the present study, it is worth mentioning that the fat-free mass and muscle mass in the supplementation group increased by 0.61 kg and 0.58 kg, respectively. This was an unexpected finding, considering that the participants were on a hypocaloric diet and did not participate in a resistance training intervention. On the contrary, fat-free and muscle mass in the control group slightly decreased. Even though not statistically significant, the increased fat-free mass in the intervention group might have contributed to the effects of Se/Zn co-administration on body weight between groups. In line with the present study, positive results of the two micronutrients on fat-free mass and muscle mass have also been reported in previous studies. For example, in a cohort study, Zn was associated with muscle mass in an elderly population [92]. Moreover, in a systematic review, Zn supplementation was found to increase fat-free mass of children with growth failure [93]. In another review, Diego et al. [94] concluded that Zn can have a positive effect on muscle regeneration and biogenesis, highlighting the importance of Zn on muscle function. These effects were attributed to the role of Zn on muscle cell activation, proliferation, and differentiation [94].



Regarding Se’s effects on muscle mass, Cavedon et al. [75] found that 240 μg/day of Se as l-selenomethionine increased muscle mass significantly compared to placebo (p = 0.02) in overweight and obese individuals under a hypocaloric diet. In a study where the effects of Se status on skeletal muscle growth using a zebrafish model were examined, it was found that Se status can affect skeletal muscle growth by mediating protein turnover [95]. For a more detailed discussion about the effects of Zn and Se on body composition in people with overweight or obesity and some possible mechanisms underlying the effects of Zn and Se on fat loss, the readers are referred to Zavros et al. [33].



In the present study, Zn/Se co-administration was found to affect functional capacity by improving the TUG performance in the intervention group by 8.8%. Furthermore, a main effect of time was detected for all functional capacity outcomes at the end of the intervention period as compared to the baseline measurement. Notably, the participants in the supplementation group improved their performance in all tests more than the control group. However, this difference was insignificant since no time x group effects were found. One study examining the relationship between Se intake and musculoskeletal function in older adults found that low Se intake was associated with a lower TUG and handgrip performance than high Se intake [96]. Perri et al. [96] also reported a stronger association between Se intake and handgrip strength than with TUG performance. The authors assumed that this result could be attributed to the increased Se stores within the muscle and the increased complexity of the TUG test, since it has a higher cognitive demand, among others [96]. Research suggests that, similar to aging, obesity is associated with an increased risk for cognitive impairments [97]. On the other hand, Se is positively associated with cognitive function, and it is the most important nutrient within an essential trace element mixture for improvements in cognitive function [98]. Yet, since no cognitive function measurements were conducted in the present study, any relationship between Se levels, cognitive function, and TUG performance cannot be clarified, and it is proposed for future research.



A cross-sectional study examined the association between physical function (TUG performance, activities of daily leaving measurement, and handgrip and quadriceps muscle strength) and Zn levels in older people [99]. The study revealed an association between higher Zn levels and decreased functioning difficulty odds in men [99]. Interestingly, higher Zn levels were associated with increased odds of physical function difficulties in women, indicating a possible effect of sex in Zn homeostasis [99]. Due to the associations between TUG performance, quality of life [100], and medical comorbidities [62], and the positive results of Se/Zn co-administration detected in the present study, more randomized controlled trials are needed to clarify the effects of the two micronutrients in overweight and obese people’s physical function.



A limitation of the present work was that we could not include separate Se and Zn groups in order to examine the effects of each micronutrient alone. This is proposed for future research. Furthermore, although the participants were instructed not to change their physical activity levels, these were not assessed during the study. A strength of the present study was that Se and Zn serum measurements were included to determine the effects of supplementation on blood levels of these micronutrients and to compare them with other studies. Furthermore, with an individualized diet plan, daily intake of Zn and Se was strictly controlled and kept below the upper limits for the two micronutrients. An advantage of the present study was that indirect calorimetry was used for the determination of RMR instead of predictive equations, which typically either overestimate or underestimate resting energy expenditure [101].




5. Conclusions


The present study found a significant increase in the RMR after co-administration of 200 mcg of selenium L-selenomethionine and 25 mg of Zn gluconate, with the thyroid function hormones remaining unaffected. Furthermore, significant improvements in Se status and TUG performance were detected in the supplementation group compared to the placebo group. However, despite the larger improvements in body composition, cardiorespiratory fitness, and most of the remaining functional capacity outcomes of the intervention group, no time × group effect was found. Finally, even though the duration of the intervention, the dosages, and the forms of Se and Zn supplements used in the present study were effective, more research is needed to reveal the most effective combinations of the two micronutrients.







Author Contributions


Conceptualization, C.D.G., E.A. and A.Z.; methodology, C.D.G. and E.A.; formal analysis, A.Z., E.A. and C.D.G.; investigation, A.Z, G.A., Z.R. and E.A.; data curation, A.Z. and C.D.G.; writing—original draft preparation, A.Z. and C.D.G.; writing—review and editing, A.Z., G.A., C.D.G., E.A., G.C.B., G.K.S. and Z.R.; supervision, E.A., Z.R. and C.D.G.; project administration, E.A. and C.D.G. All authors have read and agreed to the published version of the manuscript.




Funding


Mr. Antonis Zavros was awarded with a PhD scholarship by Cyprus National Scholarships Foundation in 2019.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and was approved by the Cyprus National Ethics Committee (ΕΕΒΚ/ΕΠ/2020/18).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data and materials of this study are available upon request.




Acknowledgments


We would like to thank the subjects who participated in the present study.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed on 27 March 2021).

	



Lam, B.C.C.; Lim, A.Y.L.; Chan, S.L.; Yum, M.P.S.; Koh, N.S.Y.; Finkelstein, E.A. The impact of obesity: A narrative review. Singap. Med. J. 2023, 64, 163–171. [Google Scholar] [CrossRef]

	



Apovian, C.M. Obesity: Definition, comorbidities, causes, and burden. Am. J. Manag. Care 2016, 22, s176–s185. [Google Scholar] [PubMed]

	



Vallgårda, S.; Nielsen, M.E.J.; Hansen, A.K.K.; Cathaoir, K.Ó.; Hartlev, M.; Holm, L.; Christensen, B.J.; Jensen, J.D.; Sørensen, T.I.A.; Sandøe, P. Should Europe follow the US and declare obesity a disease?: A discussion of the so-called utilitarian argument. Eur. J. Clin. Nutr. 2017, 71, 1263–1267. [Google Scholar] [CrossRef]

	



Bays, H. Adiposopathy, “sick fat”, Ockham’s razor, and resolution of the obesity paradox. Curr. Atheroscler. Rep. 2014, 16, 409. [Google Scholar] [CrossRef] [PubMed]

	



Bays, H.E.; González-Campoy, J.M.; Henry, R.R.; Bergman, D.A.; Kitabchi, A.E.; Schorr, A.B.; Rodbard, H.W. Adiposopathy Working Group Is adiposopathy (sick fat) an endocrine disease? Int. J. Clin. Pract. 2008, 62, 1474–1483. [Google Scholar] [CrossRef] [PubMed]

	



Castro, A.M.; Macedo-de la Concha, L.E.; Pantoja-Meléndez, C.A. Low-grade inflammation and its relation to obesity and chronic degenerative diseases. Rev. Médica Hosp. Gen. México 2017, 80, 101–105. [Google Scholar] [CrossRef]

	



Van Gaal, L.F.; Mertens, I.L.; De Block, C.E. Mechanisms linking obesity with cardiovascular disease. Nature 2006, 444, 875–880. [Google Scholar] [CrossRef]

	



Astrup, A.; Bügel, S. Overfed but undernourished: Recognizing nutritional inadequacies/deficiencies in patients with overweight or obesity. Int. J. Obes. 2019, 43, 219–232. [Google Scholar] [CrossRef]

	



Sajjadi, S.F.; Mirzababaei, A.; Abdollahi, A.; Shiraseb, F.; Mirzaei, K. The association between deficiency of nutrient intake and resting metabolic rate in overweight and obese women: A cross-sectional study. BMC Res. Notes 2021, 14, 179. [Google Scholar] [CrossRef]

	



Fiamenghi, V.I.; Mello, E.D.d. Vitamin D deficiency in children and adolescents with obesity: A meta-analysis. J. Pediatr. 2021, 97, 273–279. [Google Scholar] [CrossRef]

	



Purdy, J.C.; Shatzel, J.J. The hematologic consequences of obesity. Eur. J. Haematol. 2021, 106, 306–319. [Google Scholar] [CrossRef] [PubMed]

	



Damms-Machado, A.; Weser, G.; Bischoff, S.C. Micronutrient deficiency in obese subjects undergoing low calorie diet. Nutr. J. 2012, 11, 34. [Google Scholar] [CrossRef] [PubMed]

	



McKay, J.; Ho, S.; Jane, M.; Pal, S. Overweight & obese Australian adults and micronutrient deficiency. BMC Nutr. 2020, 6, 12. [Google Scholar]

	



Via, M. The malnutrition of obesity: Micronutrient deficiencies that promote diabetes. ISRN Endocrinol. 2012, 2012, 103472. [Google Scholar] [CrossRef]

	



Hosseini, B.; Saedisomeolia, A.; Allman-Farinelli, M. Association Between Antioxidant Intake/Status and Obesity: A Systematic Review of Observational Studies. Biol. Trace Elem. Res. 2017, 175, 287–297. [Google Scholar] [CrossRef] [PubMed]

	



Beserra, J.B.; Morais, J.B.S.; Severo, J.S.; Cruz, K.J.C.; de Oliveira, Ana Raquel Soares; Henriques, G.S.; do Nascimento Marreiro, D. Relation Between Zinc and Thyroid Hormones in Humans: A Systematic Review. Biol. Trace Elem. Res. 2021, 199, 4092–4100. [Google Scholar] [CrossRef] [PubMed]

	



Cruz, K.J.; Morais, J.B.; de Oliveira, A.R.; Severo, J.S.; Marreiro, D.D. The Effect of Zinc Supplementation on Insulin Resistance in Obese Subjects: A Systematic Review. Biol. Trace Elem. Res. 2017, 176, 239–243. [Google Scholar] [CrossRef]

	



Khorshidi, M.; Zarezadeh, M.; Sadeghi, A.; Teymouri, A.; Emami, M.R.; Kord-Varkaneh, H.; Aryaeian, N.; Rahmani, J.; Mousavi, S.M. The Effect of Zinc Supplementation on Serum Leptin Levels: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Horm. Metab. Res. 2019, 51, 503–510. [Google Scholar] [CrossRef]

	



Kang, D.; Lee, J.; Wu, C.; Guo, X.; Lee, B.J.; Chun, J.; Kim, J. The role of selenium metabolism and selenoproteins in cartilage homeostasis and arthropathies. Exp. Mol. Med. 2020, 52, 1198–1208. [Google Scholar] [CrossRef]

	



Hariharan, S.; Dharmaraj, S. Selenium and selenoproteins: It’s role in regulation of inflammation. Inflammopharmacology 2020, 28, 667–695. [Google Scholar] [CrossRef]

	



Tinkov, A.A.; Ajsuvakova, O.P.; Filippini, T.; Zhou, J.C.; Lei, X.G.; Gatiatulina, E.R.; Michalke, B.; Skalnaya, M.G.; Vinceti, M.; Aschner, M.; et al. Selenium and Selenoproteins in Adipose Tissue Physiology and Obesity. Biomolecules 2020, 10, 658. [Google Scholar] [CrossRef]

	



Steinbrenner, H. Interference of selenium and selenoproteins with the insulin-regulated carbohydrate and lipid metabolism. Free Radic. Biol. Med. 2013, 65, 1538–1547. [Google Scholar] [CrossRef]

	



Wang, N.; Tan, H.; Li, S.; Xu, Y.; Guo, W.; Feng, Y. Supplementation of Micronutrient Selenium in Metabolic Diseases: Its Role as an Antioxidant. Oxid. Med. Cell Longev. 2017, 2017, 7478523. [Google Scholar] [CrossRef]

	



Li, J.; Cao, D.; Huang, Y.; Chen, B.; Chen, Z.; Wang, R.; Dong, Q.; Wei, Q.; Liu, L. Zinc Intakes and Health Outcomes: An Umbrella Review. Front. Nutr. 2022, 9, 798078. [Google Scholar] [CrossRef] [PubMed]

	



Tabrizi, R.; Akbari, M.; Moosazadeh, M.; Lankarani, K.B.; Heydari, S.T.; Kolahdooz, F.; Mohammadi, A.A.; Shabani, A.; Badehnoosh, B.; Jamilian, M.; et al. The Effects of Selenium Supplementation on Glucose Metabolism and Lipid Profiles Among Patients with Metabolic Diseases: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Horm. Metab. Res. 2017, 49, 826–830. [Google Scholar] [CrossRef]

	



Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [Google Scholar] [CrossRef]

	



Ranasinghe, P.; Wathurapatha, W.S.; Ishara, M.H.; Jayawardana, R.; Galappatthy, P.; Katulanda, P.; Constantine, G.R. Effects of Zinc supplementation on serum lipids: A systematic review and meta-analysis. Nutr. Metab. 2015, 12, 26. [Google Scholar] [CrossRef] [PubMed]

	



Thoen, R.U.; Barther, N.N.; Schemitt, E.; Bona, S.; Fernandes, S.; Coral, G.; Marroni, N.P.; Tovo, C.; Guedes, R.P.; Porawski, M. Zinc supplementation reduces diet-induced obesity and improves insulin sensitivity in rats. Appl. Physiol. Nutr. Metab. 2019, 44, 580–586. [Google Scholar] [CrossRef]

	



Qi, Y.; Zhang, Z.; Liu, S.; Aluo, Z.; Zhang, L.; Yu, L.; Li, Y.; Song, Z.; Zhou, L. Zinc Supplementation Alleviates Lipid and Glucose Metabolic Disorders Induced by a High-Fat Diet. J. Agric. Food Chem. 2020, 68, 5189–5200. [Google Scholar] [CrossRef] [PubMed]

	



Plummer, J.D.; Postnikoff, S.D.; Tyler, J.K.; Johnson, J.E. Selenium supplementation inhibits IGF-1 signaling and confers methionine restriction-like healthspan benefits to mice. eLife 2021, 10, e62483. [Google Scholar] [CrossRef]

	



Hafez, L.M.; Aboudeya, H.M.; Matar, N.A.; El-Sebeay, A.S.; Nomair, A.M.; El-Hamshary, S.A.; Nomeir, H.M.; Ibrahim, F.A.R. Ameliorative effects of zinc supplementation on cognitive function and hippocampal leptin signaling pathway in obese male and female rats. Sci. Rep. 2023, 13, 5072. [Google Scholar] [CrossRef]

	



Zavros, A.; Giannaki, C.D.; Aphamis, G.; Roupa, Z.; Andreou, E. The Effects of Zinc and Selenium Supplementation on Body Composition and Thyroid Function in Individuals with Overweight or Obesity: A Systematic Review. J. Diet. Suppl. 2022, 20, 643–671. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, E.C.; Galuska, D.A.; Kettel Khan, L.; Gillespie, C.; Serdula, M.K. Weight regain in U.S. adults who experienced substantial weight loss, 1999–2002. Am. J. Prev. Med. 2007, 33, 34–40. [Google Scholar] [CrossRef] [PubMed]

	



Hall, K.D.; Sacks, G.; Chandramohan, D.; Chow, C.C.; Wang, Y.C.; Gortmaker, S.L.; Swinburn, B.A. Quantification of the effect of energy imbalance on bodyweight. Lancet 2011, 378, 826–837. [Google Scholar] [CrossRef]

	



Oussaada, S.M.; van Galen, K.A.; Cooiman, M.I.; Kleinendorst, L.; Hazebroek, E.J.; van Haelst, M.M.; Ter Horst, K.W.; Serlie, M.J. The pathogenesis of obesity. Metabolism 2019, 92, 26–36. [Google Scholar] [CrossRef] [PubMed]

	



Agnihothri, R.V.; Courville, A.B.; Linderman, J.D.; Smith, S.; Brychta, R.; Remaley, A.; Chen, K.Y.; Simchowitz, L.; Celi, F.S. Moderate weight loss is sufficient to affect thyroid hormone homeostasis and inhibit its peripheral conversion. Thyroid 2014, 24, 19–26. [Google Scholar] [CrossRef]

	



Marzullo, P.; Minocci, A.; Mele, C.; Fessehatsion, R.; Tagliaferri, M.; Pagano, L.; Scacchi, M.; Aimaretti, G.; Sartorio, A. The relationship between resting energy expenditure and thyroid hormones in response to short-term weight loss in severe obesity. PLoS ONE 2018, 13, e0205293. [Google Scholar] [CrossRef]

	



Radetti, G.; Longhi, S.; Baiocchi, M.; Cassar, W.; Buzi, F. Changes in lifestyle improve body composition, thyroid function, and structure in obese children. J. Endocrinol. Investig. 2012, 35, 281–285. [Google Scholar]

	



Saleh, V.; Afroundeh, R.; Siahkouhian, M.; Asadi, A. Relationship between Resting Metabolic rate and Body Composition Factors in Obese and Normal Weight Gymnast Children. Int. J. Pediatr. 2021, 9, 14331–14340. [Google Scholar]

	



Miller, W.M.; Spring, T.J.; Zalesin, K.C.; Kaeding, K.R.; Nori Janosz, K.E.; McCullough, P.A.; Franklin, B.A. Lower than predicted resting metabolic rate is associated with severely impaired cardiorespiratory fitness in obese individuals. Obesity 2012, 20, 505–511. [Google Scholar] [CrossRef]

	



Wada, L.; King, J.C. Effect of low zinc intakes on basal metabolic rate, thyroid hormones and protein utilization in adult men. J. Nutr. 1986, 116, 1045–1053. [Google Scholar] [CrossRef] [PubMed]

	



Maxwell, C.; Volpe, S.L. Effect of zinc supplementation on thyroid hormone function. A case study of two college females. Ann. Nutr. Metab. 2007, 51, 188–194. [Google Scholar] [CrossRef] [PubMed]

	



Hawkes, W.C.; Keim, N.L. Dietary selenium intake modulates thyroid hormone and energy metabolism in men. J. Nutr. 2003, 133, 3443–3448. [Google Scholar] [CrossRef]

	



Hawkes, W.C.; Keim, N.L.; Diane Richter, B.; Gustafson, M.B.; Gale, B.; Mackey, B.E.; Bonnel, E.L. High-selenium yeast supplementation in free-living North American men: No effect on thyroid hormone metabolism or body composition. J. Trace Elem. Med. Biol. 2008, 22, 131–142. [Google Scholar] [CrossRef]

	



Dreher, M.; Kabitz, H.J. Impact of obesity on exercise performance and pulmonary rehabilitation. Respirology 2012, 17, 899–907. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Martinez, X.; Petermann, F.; Leiva, A.M.; Garrido-Mendez, A.; Salas-Bravo, C.; Martinez, M.A.; Labrana, A.M.; Duran, E.; Valdivia-Moral, P.; Zagalaz, M.L.; et al. Association of physical inactivity with obesity, diabetes, hypertension and metabolic syndrome in the chilean population. Rev. Med. Chil. 2018, 146, 585–595. [Google Scholar]

	



Lankhaar, J.A.; de Vries, W.R.; Jansen, J.A.; Zelissen, P.M.; Backx, F.J. Impact of overt and subclinical hypothyroidism on exercise tolerance: A systematic review. Res. Q. Exerc. Sport. 2014, 85, 365–389. [Google Scholar] [CrossRef]

	



Trouwborst, I.; Verreijen, A.; Memelink, R.; Massanet, P.; Boirie, Y.; Weijs, P.; Tieland, M. Exercise and Nutrition Strategies to Counteract Sarcopenic Obesity. Nutrients 2018, 10, 605. [Google Scholar] [CrossRef]

	



Kaidar-Person, O.; Person, B.; Szomstein, S.; Rosenthal, R.J. Nutritional deficiencies in morbidly obese patients: A new form of malnutrition? Part B: Minerals. Obes. Surg. 2008, 18, 1028–1034. [Google Scholar] [CrossRef]

	



McClung, J.P. Iron, Zinc, and Physical Performance. Biol. Trace Elem. Res. 2019, 188, 135–139. [Google Scholar] [CrossRef]

	



Wesolowski, L.T.; Semanchik, P.L.; White-Springer, S.H. Beyond antioxidants: Selenium and skeletal muscle mitochondria. Front. Vet. Sci. 2022, 9, 1011159. [Google Scholar] [CrossRef] [PubMed]

	



Baltaci, A.K.; Mogulkoc, R.; Akil, M.; Bicer, M. Review—Selenium—Its metabolism and relation to exercise. Pak. J. Pharm. Sci. 2016, 29, 1719–1725. [Google Scholar] [PubMed]

	



Hashemipour, M.; Kelishadi, R.; Shapouri, J.; Sarrafzadegan, N.; Amini, M.; Tavakoli, N.; Movahedian-Attar, A.; Mirmoghtadaee, P.; Poursafa, P. Effect of zinc supplementation on insulin resistance and components of the metabolic syndrome in prepubertal obese children. Hormones 2009, 8, 279–285. [Google Scholar] [CrossRef]

	



Payahoo, L.; Ostadrahimi, A.; Mobasseri, M.; Khaje, B.Y.R.; Asghari, J.M. Effects of zinc supplementation on serum leptin level and insulin sensitivity in obese people. Ann. Nutr. Metab. 2013, 63, 173. [Google Scholar] [CrossRef]

	



Nazem, M.R.; Asadi, M.; Jabbari, N.; Allameh, A. Effects of zinc supplementation on superoxide dismutase activity and gene expression, and metabolic parameters in overweight type 2 diabetes patients: A randomized, double-blind, controlled trial. Clin. Biochem. 2019, 69, 15–20. [Google Scholar] [CrossRef] [PubMed]

	



Guarino, G.; Ragozzino, G.; Della Corte, T.; Fontana, S.; Strollo, F.; Cecaro, M.; Gentile, S. Selenium Supplementation in Obese Patients with Subclinical Hypothyroidism and Type 2 Diabetes. J. Nutr. Health Sci. 2018, 5, 202. [Google Scholar]

	



Sheehan, M.T. Biochemical Testing of the Thyroid: TSH is the Best and, Oftentimes, Only Test Needed—A Review for Primary Care. Clin. Med. Res. 2016, 14, 83–92. [Google Scholar] [CrossRef]

	



Khandelwal, D.; Tandon, N. Overt and subclinical hypothyroidism: Who to treat and how. Drugs 2012, 72, 17–33. [Google Scholar] [CrossRef]

	



Diaz, A.; Lipman Diaz, E.G. Hypothyroidism. Pediatr. Rev. 2014, 35, 336–347. [Google Scholar] [CrossRef]

	



Compher, C.; Frankenfield, D.; Keim, N.; Roth-Yousey, L. Evidence Analysis Working Group Best practice methods to apply to measurement of resting metabolic rate in adults: A systematic review. J. Am. Diet. Assoc. 2006, 106, 881–903. [Google Scholar] [CrossRef]

	



Kear, B.M.; Guck, T.P.; McGaha, A.L. Timed Up and Go (TUG) Test: Normative Reference Values for Ages 20 to 59 Years and Relationships With Physical and Mental Health Risk Factors. J. Prim. Care Community Health 2017, 8, 9–13. [Google Scholar] [CrossRef] [PubMed]

	



Muñoz-Bermejo, L.; Adsuar, J.C.; Mendoza-Muñoz, M.; Barrios-Fernández, S.; Garcia-Gordillo, M.A.; Pérez-Gómez, J.; Carlos-Vivas, J. Test-Retest Reliability of Five Times Sit to Stand Test (FTSST) in Adults: A Systematic Review and Meta-Analysis. Biology 2021, 10, 510. [Google Scholar] [CrossRef]

	



Goele, K.; Bosy-Westphal, A.; Rumcker, B.; Lagerpusch, M.; Muller, M.J. Influence of changes in body composition and adaptive thermogenesis on the difference between measured and predicted weight loss in obese women. Obes. Facts 2009, 2, 105–109. [Google Scholar] [CrossRef]

	



Schwartz, A.; Doucet, E. Relative changes in resting energy expenditure during weight loss: A systematic review. Obes. Rev. 2010, 11, 531–547. [Google Scholar] [CrossRef]

	



Trexler, E.T.; Smith-Ryan, A.E.; Norton, L.E. Metabolic adaptation to weight loss: Implications for the athlete. J. Int. Soc. Sports Nutr. 2014, 11, 7. [Google Scholar] [CrossRef]

	



Martins, C.; Gower, B.A.; Hunter, G.R. Metabolic adaptation delays time to reach weight loss goals. Obesity 2022, 30, 400–406. [Google Scholar] [CrossRef]

	



Martins, C.; Roekenes, J.; Gower, B.A.; Hunter, G.R. Metabolic adaptation is associated with less weight and fat mass loss in response to low-energy diets. Nutr. Metab. 2021, 18, 60. [Google Scholar] [CrossRef]

	



Fothergill, E.; Guo, J.; Howard, L.; Kerns, J.C.; Knuth, N.D.; Brychta, R.; Chen, K.Y.; Skarulis, M.C.; Walter, M.; Walter, P.J.; et al. Persistent metabolic adaptation 6 years after “The Biggest Loser” competition. Obesity 2016, 24, 1612–1619. [Google Scholar] [CrossRef]

	



Federico, A.; Iodice, P.; Federico, P.; Del Rio, A.; Mellone, M.C.; Catalano, G.; Federico, P. Effects of selenium and zinc supplementation on nutritional status in patients with cancer of digestive tract. Eur. J. Clin. Nutr. 2001, 55, 293–297. [Google Scholar] [CrossRef] [PubMed]

	



De Mello, A.H.; Costa, A.B.; Engel, J.D.G.; Rezin, G.T. Mitochondrial dysfunction in obesity. Life Sci. 2018, 192, 26–32. [Google Scholar] [CrossRef] [PubMed]

	



Zampino, M.; Semba, R.D.; Adelnia, F.; Spencer, R.G.; Fishbein, K.W.; Schrack, J.A.; Simonsick, E.M.; Ferrucci, L. Greater Skeletal Muscle Oxidative Capacity Is Associated With Higher Resting Metabolic Rate: Results From the Baltimore Longitudinal Study of Aging. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 2262–2268. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, C.; Zhu, K.; Feng, R.N.; Sun, C.H. Effects of multivitamin and mineral supplementation on adiposity, energy expenditure and lipid profiles in obese Chinese women. Int. J. Obes. 2010, 34, 1070–1077. [Google Scholar] [CrossRef]

	



Drabsch, T.; Holzapfel, C.; Stecher, L.; Petzold, J.; Skurk, T.; Hauner, H. Associations Between C-Reactive Protein, Insulin Sensitivity, and Resting Metabolic Rate in Adults: A Mediator Analysis. Front. Endocrinol. 2018, 9, 556. [Google Scholar] [CrossRef] [PubMed]

	



Cavedon, E.; Manso, J.; Negro, I.; Censi, S.; Serra, R.; Busetto, L.; Vettor, R.; Plebani, M.; Pezzani, R.; Nacamulli, D.; et al. Selenium Supplementation, Body Mass Composition, and Leptin Levels in Patients with Obesity on a Balanced Mildly Hypocaloric Diet: A Pilot Study. Int. J. Endocrinol. 2020, 2020, 4802739. [Google Scholar] [CrossRef]

	



Wang, C.; Liu, L.; Chou, S.; Lee, B. Correlation of Calcium, Copper, Iron, Magnesium and Zinc Content in Hair with Basal Metabolic Rate and Bioelectrical Impedance in Adolescent Females. Tzu Chi Med. J. 2008, 20, 58–62. [Google Scholar] [CrossRef]

	



Khorsandi, H.; Nikpayam, O.; Yousefi, R.; Parandoosh, M.; Hosseinzadeh, N.; Saidpour, A.; Ghorbani, A. Zinc supplementation improves body weight management, inflammatory biomarkers and insulin resistance in individuals with obesity: A randomized, placebo-controlled, double-blind trial. Diabetol. Metab. Syndr. 2019, 11, 101. [Google Scholar] [CrossRef]

	



Gómez-García, A.; Hernández-Salazar, E.; González-Ortiz, M.; Martínez-Abundis, E. Effect of oral zinc administration on insulin sensitivity, leptin and androgens in obese males. Rev. Med. Chil. 2006, 134, 279–284. [Google Scholar]

	



Banaszak, M.; Górna, I.; Przysławski, J. Zinc and the Innovative Zinc-α2-Glycoprotein Adipokine Play an Important Role in Lipid Metabolism: A Critical Review. Nutrients 2021, 13, 2023. [Google Scholar] [CrossRef]

	



Shinde, A.B.; Song, A.; Wang, Q.A. Brown Adipose Tissue Heterogeneity, Energy Metabolism, and Beyond. Front. Endocrinol. 2021, 12, 651763. [Google Scholar] [CrossRef] [PubMed]

	



Elattar, S.; Dimri, M.; Satyanarayana, A. The tumor secretory factor ZAG promotes white adipose tissue browning and energy wasting. FASEB J. 2018, 32, 4727–4743. [Google Scholar] [CrossRef]

	



Hasani, M.; Saidpour, A.; Irandoost, P.; Golab, F.; Khazdouz, M.; Qorbani, M.; Agh, F.; Mohammad Sharifi, A.; Vafa, M. Beneficial effects of Se/Zn co-supplementation on body weight and adipose tissue inflammation in high-fat diet-induced obese rats. Food Sci. Nutr. 2021, 9, 3414–3425. [Google Scholar] [CrossRef] [PubMed]

	



Fatmi, W.; Kechrid, Z.; Nazıroğlu, M.; Flores-Arce, M. Selenium supplementation modulates zinc levels and antioxidant values in blood and tissues of diabetic rats fed zinc-deficient diet. Biol. Trace Elem. Res. 2013, 152, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoodianfard, S.; Vafa, M.; Golgiri, F.; Khoshniat, M.; Gohari, M.; Solati, Z.; Djalali, M. Effects of Zinc and Selenium Supplementation on Thyroid Function in Overweight and Obese Hypothyroid Female Patients: A Randomized Double-Blind Controlled Trial. J. Am. Coll. Nutr. 2015, 34, 391–399. [Google Scholar] [CrossRef]

	



Marreiro, D.N.; Geloneze, B.; Tambascia, M.A.; Lerario, A.C.; Halpern, A.; Cozzolino, S.M. Effect of zinc supplementation on serum leptin levels and insulin resistance of obese women. Biol. Trace Elem. Res. 2006, 112, 109–118. [Google Scholar] [CrossRef] [PubMed]

	



Karandish, M.; Mozaffari-Khosravi, H.; Mohammadi, S.M.; Cheraghian, B.; Azhdari, M. The effect of curcumin and zinc co-supplementation on glycemic parameters in overweight or obese prediabetic subjects: A phase 2 randomized, placebo-controlled trial with a multi-arm, parallel-group design. Phytother. Res. 2021, 35, 4377–4387. [Google Scholar] [CrossRef]

	



Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative review: The role of leptin in human physiology: Emerging clinical applications. Ann. Intern. Med. 2010, 152, 93–100. [Google Scholar] [CrossRef]

	



Mahmoud, A.H.; AbdElMonem, H.A.; Abbas, M.M. The role of selenium and zinc oxide nanoparticles on mitigating side effects of obesity in rats. Braz. J. Biol. 2022, 84, e264004. [Google Scholar] [CrossRef]

	



Austin, S.B.; Yu, K.; Liu, S.H.; Dong, F.; Tefft, N. Household expenditures on dietary supplements sold for weight loss, muscle building, and sexual function: Disproportionate burden by gender and income. Prev. Med. Rep. 2017, 6, 236–241. [Google Scholar] [CrossRef]

	



Watanabe, M.; Risi, R.; Masi, D.; Caputi, A.; Balena, A.; Rossini, G.; Tuccinardi, D.; Mariani, S.; Basciani, S.; Manfrini, S.; et al. Current Evidence to Propose Different Food Supplements for Weight Loss: A Comprehensive Review. Nutrients 2020, 12, 2873. [Google Scholar] [CrossRef]

	



Abdollahi, S.; Toupchian, O.; Jayedi, A.; Meyre, D.; Tam, V.; Soltani, S. Zinc Supplementation and Body Weight: A Systematic Review and Dose-Response Meta-analysis of Randomized Controlled Trials. Adv. Nutr. 2020, 11, 398–411. [Google Scholar] [CrossRef]

	



Scott, D.; Blizzard, L.; Fell, J.; Giles, G.; Jones, G. Associations between dietary nutrient intake and muscle mass and strength in community-dwelling older adults: The Tasmanian Older Adult Cohort Study. J. Am. Geriatr. Soc. 2010, 58, 2129–2134. [Google Scholar] [CrossRef]

	



Gunanti, I.R.; Al-Mamun, A.; Schubert, L.; Long, K.Z. The effect of zinc supplementation on body composition and hormone levels related to adiposity among children: A systematic review. Public. Health Nutr. 2016, 19, 2924–2939. [Google Scholar] [CrossRef]

	



Hernández-Camacho, J.D.; Vicente-García, C.; Parsons, D.S.; Navas-Enamorado, I. Zinc at the crossroads of exercise and proteostasis. Redox Biol. 2020, 35, 101529. [Google Scholar] [CrossRef]

	



Wang, L.; Yin, J.; Zhang, F.; Yu, H.; Chen, F.; Zhang, Z.; Zhang, X. Selenium Status Affects Hypertrophic Growth of Skeletal Muscle in Growing Zebrafish by Mediating Protein Turnover. J. Nutr. 2021, 151, 1791–1801. [Google Scholar] [CrossRef]

	



Perri, G.; Mendonça, N.; Jagger, C.; Walsh, J.; Eastell, R.; Mathers, J.C.; Hill, T.R. Dietary Selenium Intakes and Musculoskeletal Function in Very Old Adults: Analysis of the Newcastle 85+ Study. Nutrients 2020, 12, 2068. [Google Scholar] [CrossRef]

	



Nguyen, J.C.D.; Killcross, A.S.; Jenkins, T.A. Obesity and cognitive decline: Role of inflammation and vascular changes. Front. Neurosci. 2014, 8, 375. [Google Scholar] [CrossRef]

	



Cheng, B.; Wang, J.; Meng, X.; Sun, L.; Hu, B.; Li, H.; Sheng, J.; Chen, G.; Tao, F.; Sun, Y.; et al. The association between essential trace element mixture and cognitive function in Chinese community-dwelling older adults. Ecotoxicol. Environ. Saf. 2022, 231, 113182. [Google Scholar] [CrossRef] [PubMed]

	



Gau, J.; Chavan, B.; Li, Y.; Clark, B.C.; Haile, Z.T. Association between serum zinc levels and basic physical functioning: Secondary data analysis of NHANES 2011-14. BMC Nutr. 2021, 7, 57. [Google Scholar] [CrossRef] [PubMed]

	



Stegemöller, E.L.; Nocera, J.; Malaty, I.; Shelley, M.; Okun, M.S.; Hass, C.J. NPF Quality Improvement Initiative Investigators Timed up and go, cognitive, and quality-of-life correlates in Parkinson’s disease. Arch. Phys. Med. Rehabil. 2014, 95, 649–655. [Google Scholar] [CrossRef] [PubMed]

	



Tah, P.C.; Lee, Z.; Poh, B.K.; Abdul Majid, H.; Hakumat-Rai, V.; Mat Nor, M.B.; Kee, C.C.; Kamarul Zaman, M.; Hasan, M.S. A Single-Center Prospective Observational Study Comparing Resting Energy Expenditure in Different Phases of Critical Illness: Indirect Calorimetry Versus Predictive Equations. Crit. Care Med. 2020, 48, e380–e390. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 15 03133 g001 550] 





Figure 1. Consort 2010 Flow Diagram. 
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Figure 2. Resting metabolic rate changes after the intervention period. * Significant time × group interaction. 
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Table 1. Basic characteristics and body composition data divided into two groups according to the assigned intervention (bold indicates statistical significance). All data are mean ± SD.
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Variables

	
Supplementation

	
Placebo

	
Main Effects and Interactions

(p-Value)






	
Weight (kg)

	
Time

	
Time × Group

	
Group




	
Baseline

	
83.3 ± 20.0

	
79.3 ± 12.2

	
0.098

	
0.776

	
0.593




	
post

	
82.0 ± 18.7

	
78.4 ± 10.9




	
Δ change

	
−1.3 ± 3.1

	
−0.9 ± 2.9




	
Body mass index—BMI (kg/m2)

	
Time

	
Time × Group

	
Group




	
Baseline

	
29.1 ± 4.4

	
28.3 ± 4.5

	
0.111

	
0.823

	
0.663




	
post

	
28.7 ± 3.9

	
27.9 ± 3.9




	
Δ Change

	
−0.4 ± 1.1

	
−0.3 ± 1.1




	
Total Body Fat (%)

	
Time

	
Time × Group

	
Group




	
Baseline

	
30.4 ± 8.0

	
28.3 ± 9.1

	
0.014

	
0.144

	
0.664




	
post

	
28.9 ± 7.3

	
27.9 ± 9.0




	
Δ Change

	
−1.5 ± 1.7

	
−0.4 ± 1.7




	
Fat-free mass (%)

	
Time

	
Time × Group

	
Group




	
Baseline

	
57.5 ± 14.1

	
56.6 ± 9.8

	
0.493

	
0.183

	
0.812




	
post

	
58.1 ± 14.3

	
56.4 ± 9.9




	
Δ Change

	
0.6 ± 1.4

	
−0.2 ± 1.3




	
Muscle Mass (%)

	
Time

	
Time × Group

	
Group




	
Baseline

	
54.6 ± 13.4

	
53.7 ± 9.4

	
0.498

	
0.186

	
0.810




	
post

	
55.2 ± 13.6

	
53.6 ± 9.5




	
Δ Change

	
0.5 ± 1.3

	
−0.1 ± 1.2
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Table 2. Resting metabolic rate, thyroid hormones, and blood selenium and zinc levels before (baseline) and after the intervention (post) in the two groups (bold indicates statistical significance). Data are mean ± SD.






Table 2. Resting metabolic rate, thyroid hormones, and blood selenium and zinc levels before (baseline) and after the intervention (post) in the two groups (bold indicates statistical significance). Data are mean ± SD.





	
Variables

	
Supplementation

	
Placebo

	
Main Effects and Interactions

(p-Value)






	
Resting Metabolic Rate (kcal/day)

	
Time

	
Time × Group

	
Group




	
Baseline

	
1923 ± 440

	
2467 ± 367

	
0.086

	
0.045

	
0.078




	
post

	
2364 ± 410

	
2429 ± 484




	
Δ change

	
441 ± 594

	
−38 ± 308




	
Respiratory Quotient

	
Time

	
Time × Group

	
Group




	
Baseline

	
0.88 ± 0.05

	
0.91 ± 0.07

	
0.835

	
0.436

	
0.094




	
post

	
0.86 ± 0.06

	
0.92 ± 0.11




	
Δ Change

	
−0.02 ± 0.07

	
0.01 ± 0.12




	
Free Triiodothyronine (pmol/L)

	
Time

	
Time × Group

	
Group




	
Baseline

	
4.69 ± 1.02

	
4.17 ± 0.77

	
0.120

	
0.308

	
0.352




	
post

	
4.17 ± 0.65

	
4.06 ± 0.42




	
Δ Change

	
−0.52 ± 0.84

	
−0.11 ± 0.67




	
Free Thyroxine (pmol/L)

	
Time

	
Time × Group

	
Group




	
Baseline

	
15.22 ± 1.36

	
15.34 ± 1.82

	
0.007

	
0.810

	
0.943




	
post

	
16.04 ± 1.69

	
16.04 ± 2.51




	
Δ Change

	
0.82 ± 0.86

	
0.70 ± 1.16




	
Thyroid-Stimulating Hormone (mIU/L)

	
Time

	
Time × Group

	
Group




	
Baseline

	
1.52 ± 0.31

	
1.58 ± 0.34

	
0.083

	
0.218

	
0.650




	
post

	
1.46 ± 0.37

	
1.25 ± 0.456




	
Δ Change

	
−0.06 ± 0.44

	
−0.33 ± 0.40




	
Selenium (μg/L)

	
Time

	
Time × Group

	
Group




	
Baseline

	
83.04 ± 13.59

	
90.61 ± 23.23

	
0.006

	
0.004

	
0.159




	
post

	
119.40 ± 23.93

	
89.58 ± 10.61




	
Δ Change

	
36.36 ± 20.95

	
−1.03 ± 24.47




	
Zinc (umol/L)

	
Time

	
Time × Group

	
Group




	
Baseline

	
11.35 ± 3.40

	
10.82 ± 3.45

	
0.087

	
0.171

	
0.525




	
post

	
11.76 ± 3.40

	
14.23 ± 4.65




	
Δ change

	
0.41 ± 4.75

	
3.40 ± 3.26
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Table 3. Cardiorespiratory fitness and functional capacity for the two groups.
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Variables

	
Supplementation

	
Placebo

	
Main Effects and Interactions

(p-Value)






	
VO2max (mL/kg/min)

	
Time

	
Time × Group

	
Group




	
Baseline

	
27.2 ± 7.9

	
26.2 ± 9.1

	
0.722

	
0.695

	
0.700




	
post

	
28.0 ± 5.7

	
26.2 ± 8.6




	
Δ change

	
0.7 ± 5.3

	
−0.1 ± 2.3




	
STS-5 (s)

	
Time

	
Time × Group

	
Group




	
Baseline

	
12.7 ± 2.5

	
13.6 ± 1.6

	
0.000

	
0.563

	
0.384




	
post

	
11.5 ± 2.4

	
12.2 ± 1.8




	
Δ Change

	
−1.2 ± 0.7

	
−1.4 ± 1.2




	
STS-30 (rep)

	
Time

	
Time × Group

	
Group




	
Baseline

	
11.7 ± 2.6

	
11.8 ± 0.7

	
0.000

	
0.376

	
0.735




	
post

	
13.9 ± 3.2

	
13.2 ± 2.2




	
Δ Change

	
2.1 ± 1.6

	
1.4 ± 2.3




	
STS-60 (rep)

	
Time

	
Time × Group

	
Group




	
Baseline

	
23.8 ± 5.1

	
23.5 ± 2.1

	
0.000

	
0.350

	
0.598




	
post

	
28.2 ± 7.2

	
26.4 ± 4.1




	
Δ Change

	
4.4 ± 3.7

	
2.9 ± 3.6




	
Handgrip Left (kg)

	
Time

	
Time × Group

	
Group




	
Baseline

	
26.4 ± 10.5

	
27.1 ± 10.9

	
0.018

	
0.616

	
0.966




	
post

	
29.5 ± 13.2

	
29.2 ± 9.3




	
Δ Change

	
3.1 ± 5.1

	
2.1 ± 4.1




	
Handgrip Right (kg)

	
Time

	
Time × Group

	
Group




	
Baseline

	
28.9 ± 11.4

	
26.1 ± 9.8

	
0.010

	
0.957

	
0.568




	
post

	
31.5 ± 14.7

	
28.7 ± 7.9




	
Δ Change

	
2.5 ± 4.3

	
2.6 ± 4.1




	
TUG (s)

	
Time

	
Time × Group

	
Group




	
Baseline

	
6.8 ± 1.1

	
6.9 ± 0.5

	
0.093

	
0.010

	
0.157




	
post

	
6.1 ± 0.9

	
7.1 ± 0.3




	
Δ change

	
−0.6 ± 0.8 #

	
0.1 ± 0.4








Abbreviations: VO2max, maximal oxygen uptake; STS, sit-to-stand; and TUG, timed up-and-go test. Bold means # significantly different than the placebo group. All data are mean ± SD.
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