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Abstract

:

Featured Application


This work highlights secreted protein acidic and rich in cysteine (SPARC) and its pathways as pharmacological targets/tools for conditions and diseases in which muscle properties enhancement would provide therapeutic benefits.




Abstract


We previously identified secreted protein acidic and rich in cysteine (Sparc) as an exercise-induced gene in young and elderly individuals. Via this animal experiment, we aim to identify selected implications of SPARC mainly within the muscle in the contexts of exercise. Mice were divided into eight groups based on three variables (age, genotype and exercise): Old (O) or young (Y) × Sparc knock-out (KO) or wild-type (WT) × sedentary (Sed) or exercise (Ex). The exercised groups were trained for 12 weeks at the lactate threshold (LT) speed (including 4 weeks of adaptation period) and all mice were sacrificed afterwards. Body and selected tissues were weighed, and lactate levels in different conditions measured. Expression of skeletal muscle (SM) collagen type I alpha 1 chain (COL1A1) and mitochondrially encoded cytochrome c oxidase I (MT-CO1) in addition to SM strength (grip power) were also measured. Ageing increased the body and white adipose tissue (WAT) weights but decreased SM weight percentage (to body weight) and MT-CO1 expression (in WT). Exercise increased SM COL1A1 in WT mice and MT-CO1 expression, as well as weight percentage of the tibialis anterior muscle, and decreased WAT weight (trend). Compared to WT mice, Sparc KO mice had lower body, muscle and WAT weights, with a decrease in SM MT-CO1 and COL1A1 expression with no genotype effect on lactate levels in all our blood lactate measures. Sparc KO effects on body composition, adiposity and metabolic patterns are toward a reduced WAT and body weight, but with a negative metabolic and functional phenotype of SM. Whereas such negative effects on SM are worsened with ageing, they are relatively improved by exercise. Importantly, our data suggest that the exercise-induced changes in the SM phenotype, in terms of increased performance (metabolic, strength and development), including lactate-induced changes, are SPARC-dependent.
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1. Secreted Protein Acidic and Rich in Cysteine as an Exercise-Induced Gene


The modern lifestyle, characterized by the lack of physical activity combined with an unhealthy diet, leads to an increase in health problems typical of our era such as obesity and diabetes. In addition, the improvement of health care systems increased the life expectancy and, therefore, geriatric health problems, such as sarcopenia, are also increasing. Interestingly, exercise is considered as a “panacea” for many of these problems [1]. Whereas exercise benefits have been widely documented, many exercise-related molecular mechanisms are yet to be fully elucidated. In addition to its direct metabolic implications, skeletal muscles (SM) represent secretary organs producing myokine, such as secreted protein acidic and rich in cysteine (SPARC) [2]. Within the exercise context, functional genomics studies (mainly but not only in the energy metabolism context [3]) have identified genes related to physical activity among which we have SPARC/Sparc. Indeed, beyond the known implications of SPARC in wound healing and tissue repair [4,5], this gene was characterized (for the first time) as an exercise-induced gene [6] and also as an electrical pulse stimulation (considered as an in vitro model of exercise)-induced gene in muscular cells [7]. Moreover, SPARC secretion is induced by exercise [8,9,10] after which the concentrations of myokines (including SPARC, interleukin 6 and fibroblast growth factor) increase in the circulation [11]. Therefore, we hypothesize that at least some of the exercise benefits and biological consequences, mainly the muscular phenotype adaptation to exercise, would be mediated by SPARC or the pathways it controls. Therefore, in this study we aim to explore the implication of Sparc (via it knock-out (KO)) in mice with a focus on exercise effects on muscles. In addition, age was also introduced as a variable in this study. Therefore, we would find out the combinatory impacts of Sparc KO, exercise and age on selected patterns related to SM physiological properties and metabolic performance. We explore the lactate levels and their implications with the SM phenotype changes (both structural and metabolic) in a SPARC-dependent way.




2. Animal Experimental Design, Material and Methods


Our study was carried out on male mice and involved both wild-type (WT) mice (C57BL/6J, the most commonly used strain for genetic and/or transgenic study that also consistently showed the highest level of voluntary wheel-running [12]) and Sparc KO mice (129/Sv-C57BL/6J) fed with chow diet (Teklad global 18% protein rodent diets [13]). Mice had access to food and water ad libitum during the whole experimental period (except for fasting periods during which they had access to water only). WT mice were from the Jackson Laboratory (https://www.jax.org/) and Sparc KO mice were generated via in vitro fertilization using Sparc KO mice sperm generously provided by Dr. Amy D. Bradshaw. Sparc KO mice of Dr. Amy D. Bradshaw were generated as previously described [14,15]. Each age-group of mice (young (Y) and old (O)) was divided based on the genotype (KO or WT) to obtain 4 groups: Y-KO, Y-WT, O-KO, O-WT. Finally, each of these 4 groups was further subdivided into two groups according to whether they were exercising (Ex) or sedentary (Sed) mice. Therefore, our experimental design included 8 groups: Y-WT-Sed, Y-WT-Ex, Y-KO-Sed, Y-KO-Ex, O-WT-Sed, O-WT-Ex, O-KO-Sed and O-KO-Ex. Each group had 11 to 12 mice (n). Mice were housed at the animal facility of the CHU de Québec-Université Laval Research Center (12-h light/dark cycle) and periodically checked by animal care technicians for health and wellness. The exercise groups were trained during the dark phase.



The exercising mice were trained during 12 weeks (starting at the age of 9 weeks for Y mice and 66 weeks for O mice) on running wheels (Lafayette instrument Co, Lafayette, IN, USA) placed horizontally (no angle adjustment). Whereas Y mice were sacrificed at the age of 21 weeks, old mice were sacrificed at the age of 78 weeks. Mice were sacrificed following a 12-h fasting (postprandial period) by cardiac puncture following isoflurane inhalation anesthesia. The coming sub-sections detail the measures performed before, during and after the training, as well as on and after the sacrifice day.



All animal experimentation was conducted in accord with the guidelines of the Canadian Council on Animal Care and approved by the Animal Protection Committee of Laval University (Identifications: 2014165 and 2014168). Mice with any type of illness were immediately euthanized by cervical dislocation and excluded from the study. Mice found with anatomical abnormalities (during the sacrifice) were also excluded from the study.



2.1. Mice Exercise Protocol and Running Speed Determination


At the beginning of the training, mice had an adaptation period of 4 weeks. During those 4 weeks, mice performed the incremental exercise. They were trained through a progressive (gradual) increase in both running speed and duration (up to their maximum endurance) throughout this adaptation step, at the end of which we determined the speed at the lactate threshold (LT). The LT level [16] is a parameter indicating the level of physical activity corresponding to the metabolic point at which the muscle production of lactate starts to increase and overcome the blood clearance of lactate. This indicates that the energy produced via oxidative phosphorylation is insufficient to meet energetic needs and, therefore, the muscles trigger anaerobic energy production that generates lactate at a level superior to its blood clearance. At the end of the adaptation period, LT levels were determined following a measure of running speed-dependent blood lactate level curves, based on previously reported protocols [12,17]. Briefly, the mouse run at a determined speed for 4 min, after which we immediately measure the blood lactate level (within 1 min), after that it ran at the next speed (higher) and again the blood lactate speed was measured. We repeated this procedure until the mouse was not able to run (cannot maintain the speed). At the end, we obtained the curve representing blood lactate levels corresponding to the different running speeds, based on which we obtained the speed at the LT. The blood lactate levels were measured, as described in the next section (1.2). The LT speed was chosen as a parameter for our study, based on evidence showing that exercise at LT generates metabolic and functional benefits, including improved insulin sensitivity, peripheral glucose effectiveness, lipid profile, blood pressure, physiological fitness [18,19,20,21] and body fat weight percentage decrease [6]. The LT was determined for each mouse of the exercise groups. After that, for each set of mice trained at the same period, the running speed of the 8 remaining weeks of training was a value chosen among the average values (range) of all the mice of that set.



The training was at those values close to the LT levels (LT speed) because it was the LT level that was the speed used during the study in which SPARC has been characterised as an exercise-induced gene [6]. In addition, the exercise frequency of our study (60 min/day, five times/week) was also similar to the same study [6]. However, we extended the duration from 6 weeks to 12 weeks to be able to easily see the impacts with significant differences between groups. The literature reported studies exploring the effect of exercise in which mice were both trained for longer periods (over 12 weeks) with the same frequency (60 min/day, five times/week) [22] and also at least as young and as old (3 and 19 months of age) [23] as the mice in this study. In addition, the life span for C57BL/6 mice is around 104 weeks (26 months) [24,25]. Therefore, our choices of mice ages, exercise speed and frequency were within a range of the mice’s abilities and did not damage their muscles, nor were they limited by physiological parameters. Importantly, since LT speed was chosen, based on evidence showing that exercise at LT generates metabolic and functional benefits, our study will provide additional data for molecular and biochemical explanations of such training benefits.



During mouse training, and unlike other protocols, no electrical [17] or any potentially harmful stimulations were used to force the mice to run. Only a light air stimulation (using a small hand air pump) was applied for mice in some cases to ensure, as much as possible, that all mice ran during the same period and at the same speed throughout the same training period (optimize the protocol for similar exercise amounts). Moreover, mice were always handled gently when taken from the cage to the training device and vice versa. In addition, sedentary mice were also transported to the exercise training room and kept in their cages, while exercising mice were trained so that all mice received a similar environmental (light, noise, etc.) stimuli. Thus, any possible impacts of stress or environmental stimuli on the performed measures were reduced to minimum.



The last training session was 48 h prior to the sacrifice so that the measures we obtained during the sacrifice and those performed on tissues afterwards did not reflect any possible acute effect of exercise, such as dehydration or neuroendocrine changes that could impact gene expression, post-exercise energy intake or expenditure, etc. Our study aimed to investigate the effects of the 12 weeks of exercise (chronic).




2.2. Fasting Lactate and Oral Glucose Gavage-Dependant Lactate Levels


As a resting metabolic indicator in the muscle, blood lactate levels were measured before and after glucose (prepared from 45% solution, Sigma-Aldrich Canada Co., Oakville, ON, Canada) oral gavage (2 mg of glucose per 1 g of body weight). Mice were fasted for 6 h prior to the glucose gavage. Each measure had 5 time points (0, 15, 30, 60 and 120 min after glucose gavage) allowing us to obtain a curve and calculate the area under the curve (AUC). This test was performed three times (a total of three AUCs)—before the training, at week 5 and the end of week 12 of the training. In addition, we also measured blood lactate (single measure) at the sacrifice day (following 12 h fasting) and at the end of the last training session. Blood lactate levels were measured via tail pricking with a needle to collect blood samples on lactate test strips that were then inserted into the lactate meter (Lactate scout, Sports Resource Group, Inc., Minneapolis, MN, USA).




2.3. Grip Power Test


At the end of the training period, the muscle strengths of all the mice were evaluated through performing a grip power test with a grip strength meter (Columbus Instruments International, Columbus, OH, USA). The grip strength was measured by allowing a mouse to grab (with four limbs) pull bar assemblies attached to the force transducer while the mouse was pulled horizontally by the tail away from the bars, similar to what has been previously described [26,27]. The peak force applied by the mouse (g) was then shown on a digital display.



This test was conducted five times (5 min apart) for each mouse, after which the forces (both mean and maximum) were calculated both as absolute values as well as being normalized to the body weights of the corresponding mice.




2.4. Body and Tissue Weights


Body and selected tissues were weighted at the sacrifice day. The selected tissues were the brain, pituitary gland, hypothalamus, liver, heart, aorta, white adipose tissue (WAT), SMs (gastrocnemius, soleus, tibialis anterior and extensor digitorum longus muscles). The values are reported both as tissue weights as well as a weight percentages (normalized) to the body weights of the corresponding mice.




2.5. Western Blotting


We measured the SM (tibialis anterior muscle) expression of two proteins—collagen alpha 1 type I (COL1A1) and mitochondrially encoded cytochrome c oxidase I (MT-CO1). Whereas COL1A1 is important in the structure of the muscle [28], MT-CO1 is an indicator of mitochondrial oxidative phosphorylation [29]. At the day of sacrifice, the tibialis anterior muscle was removed and quickly put in liquid nitrogen (snap frozen) then moved to −80 °C and kept until the protein extraction procedure. To measure the expression of both COL1A1 and MT-CO1, total proteins were extracted from the tibialis anterior muscle, using a radio-immunoprecipitation assay (RIPA) buffer and protease inhibitors cocktail (Sigma-Aldrich Canada Co., Oakville, ON, Canada) and followed by a protein quantification of each protein extract using Bio-Rad protein assay (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada). Fifteen (MT-CO1) or ten (COL1A1) micrograms of proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the TGX Stain-Free FastCast acrylamide solutions (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada), and the trihalo compound in the gels was activated under UV light. Then, total proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada), and gels (before and after the transfer) and membranes were visualized under UV light by using the AlphaImager TM 1220 (Alpha Innotech Co., San Leandro, CA, USA).



Membranes were blocked using the Pierce™ Protein-Free (TBS) blocking buffer (Life Technologies Inc., Burlington, ON, Canada), incubated with 1/400 (sc-8784R for COL1A1 and sc-48143 for MT-CO1) dilution of primary antibodies (Santa Cruz Biotechnology Inc., Dallas, TX, USA) and secondary antibodies (sc-2004 for COL1A1 and sc-2350 for MT-CO1, 1/10000 dilution: Santa Cruz Biotechnology Inc., Dallas, TX, USA), and finally visualized with the Clarity™ Western ECL Blotting Substrate on a film (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada). The visualized total proteins on the membranes and target proteins on the films were quantified using ImageJ software (ImageJ bundled with 64-bit Java 1.8.0_172, U. S. National Institutes of Health, Bethesda, MD, USA) [30]. The methodology of lane and band quantifications, followed by expression evaluations, was performed according to Taylor et al. [31,32] as we have detailed in one of our previous works [33].




2.6. Statistical Analyses and Sample Size Determination


The data were analyzed by three-way (age, genotype and exercise) and the four-way (for the lactate AUC) ANOVA. When the ANOVA revealed a significant interaction between two or three variables, the Tukey Kramer post hoc test was performed to identify the significant difference between the groups (p < 0.05). A trend corresponds to 0.05 ≤ p < 0.1. In the results section, all the effects are significant (p < 0.05), unless mentioned as a trend.



The number of mice (11–12 mice per experimental condition) was based on the results of power analysis by setting the statistical power at 80% (α = 0.05 and β = 0.2) with our previous study, which used the same strain of WT mice [34].





3. Results


3.1. Exercise Patterns, Running Speed and Lactate Concentrations


Table 1 and Table 2 report the data collected during the 4 weeks of incremental exercise, the weeks of the LT speed training and the day of sacrifice. During the 4 weeks of incremental exercise, we have the effect of age on both LT speed (Y > O) and blood lactate level at rest (O > Y). However, for lactate at rest, this genotype effect is attributed to the Sparc KO mice since, for the WT, there is no difference between Y and O mice, but for the Sparc KO mice, O mice have a higher lactate concentration at rest than Y mice (significant effects of genotype×age interaction). We also have the effect of age (Y > O) for both the mean exercise speed as well as the total exercise distance during the 12 weeks of training. The same effect of age (Y > O) is observed during the last training session for both speed and lactate concentration, measured at the end of that last running hour (Table 1).



In Table 2, we notice effect of age (Y > O) for blood lactate level (trend) on the sacrifice day (measured after 12 h of fasting). For the curve of post glucose–gavage lactate concentrations at different time points (0, 15, 30, 60 and 120 min), we only have an effect of the age (Y > O). The value of the AUC was measured three times—before the training and at week 5 and the end of the week 12 of the training. Each time, mice had a 6 h fasting period prior to glucose gavage.




3.2. Body and Tissue Weights


Mice were weighed the morning of the sacrifice. During the sacrifice, tissues were removed and weighed as well (Table 3). Analyzed data are both as absolute values (weight) and percentages of the tissues weights to the body weight.



We found the effect of age (O > Y) on body weight as well as on the weights of pituitary gland, hypothalamus, liver, heart, and WAT, in addition to the weight percentage of WAT; the opposite effect of age (Y > O) on the weight percentages (to the body weight) of the brain, heart, aorta, SM and tibialis anterior muscle. We also found an effect (trend) of age (Y > O) on the weights of both SM and the tibialis anterior muscle.



We found an effect of genotype (WT > KO) on the body, aorta, WAT, SM and tibialis anterior muscle weights, and another effect (KO > WT) on the brain weight and weight percentage, liver and heart (both weight percentage). Coming to the last variable, exercise, we also report these exercise effects—Sed > Ex (trend) for body weight and liver weight percentage and WAT weight. Ex > Sed (trend) for weight percentages of both the brain and the hypothalamus. Ex > Sed for tibialis anterior muscle weight and Sed > Ex for liver weight.




3.3. Muscle Strength (Grip Power Tests)


As a measure of muscle strength for the four limbs (simultaneously), the grip power tests results (Table 4) show effect of the age (Y > O) for the both the mean and the maximum grip power as well as for the percentage of each of these two values (mean and the maximum grip power) on body weight. We also have an effect of the genotype (WT > KO) for both mean and the maximum grip powers. For the effect of exercise, we have a trend (Ex > Sed) for the percentage of the maximum grip power to the body weight.




3.4. COL1A1 and MT-CO1 Expressions in Tibialis Anterior Muscle


Protein expression of both COL1A1 and MT-CO1 was measured in the SM tibialis anterior muscle. The results (Figure 1) indicate an effect of genotype (WT > KO) on both proteins and an effect of exercise (Ex > Sed) on COL1A1 (trend) and MT-CO1. For the interactions, we found one between genotype and exercise for COL1A1 (Ex > Sed in WT) and one between age and genotype for MT-CO1 (high in Y-WT).





4. Discussion and Interpretation


As per Table 1, there is no effect in the genotype for the LT speed (in all the performed measures both during the 4 weeks of adaptation and during the 8 weeks of LT training), exercise speed, exercise time, exercise distance and even lactate concentrations during exercise. This has a key importance, since it means that mice of the two different genotypes (KO and WT) had equal amounts of exercise training (speed, distance, time and frequency) and blood lactate levels. Therefore, genotypes effects seen for the other measures will be, indeed, due to the genotype itself (consequence of Sparc KO) rather than difference in the exercise amount.



SPARC (osteonectin or BM-40) is a three-modular-domain [35,36] calcium binding extracellular matrix-associated glycoprotein [37,38]. The Sparc gene localized to the central region of chromosome 11 in mice [39] and in the chromosomal site at 5q31–q33 in humans [40]. It is well known for its roles in extracellular matrix (ECM) organization, growth, cellular differentiation, cell–matrix communication, wound healing, cell cycle and tissue response to injury [35,36,41,42,43]. SPARC is also implicated in metabolism [44,45], cancer [46] and inflammatory [47] homeostasis. Importantly, for the SM, a key metabolic tissue and the key organ for the exercise performance, SPARC represents an important element for its development [28] and function [7].



Indeed, SPARC is known for its importance is SM development and regeneration (satellite cells/myoblasts. myotubes and muscle fibers) [48]. Moreover, whereas during embryogenesis SPARC is highly expressed, its expression is mainly restricted to tissues undergoing changes and remodeling during adulthood [35,49,50,51] which indicates its importance for exercising muscle; which does undergo remodeling as an adaptation to exercise [52,53]. Importantly, SPARC modulates actin cytoskeleton within the SM structure which results in defective force recovery following in vitro fatigue stimulation in muscle from Sparc KO mice [54]; but in normal and uninjured muscles, SPARC is not detectable [48]. This further indicates the importance of SPARC in the context of healing, repair, remodeling and development, especially that the ECM (important for the cellular remodeling, for instance) repair, disassembly and degradation is mediated by SPARC [55]. These impacts on regeneration and during embryogenesis suggest that SPARC deficiency could impact some tissue development and growth, as illustrated by the loss of bone mass (osteopenia) in Sparc KO mice [56].



Another structural importance for SPARC in SM derives from its ability to interact with collagens. It interacts with collagen I and procollagen I [57], binds to fibrillar collagens [58], maintains SM stiffness (collagen accumulation regulation) [59] and specifically binds several molecules, including collagen types I, III and IV [60]. SPARC deficiency has also been shown to reduce the expression of different types of collagen such as collagen type I in mesangial cells [61], collagen in skin [62] and fibrillar collagen accumulation in tibialis anterior muscle [59].



Moving from SPARC-related structural muscle properties to metabolic implications, SPARC has been shown to be required for the expression of the exercise-induced (in vitro model of) mitochondrial enzymes (oxidative phosphorylation) [28] and is suggested to enhance the muscle mitochondrial biogenesis [63] as supported by the fact that small interfering RNA (siRNA) of SPARC reduces 5-aminoimidazole-4-carboxamide-1-β-Dribofuranoside (AICAR)-stimulated adenosine monophosphate-activated protein kinase (AMPK) phosphorylation [64], which is known to induce mitochondrial biogenesis via the activation/induction of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PPARGC1A, also known as PGC1α) [65,66,67], a master regulator of mitochondrial biogenesis. Importantly, knowing the importance of the mitochondria during regeneration [68,69], SPARC would impact regeneration. In addition, SPARC regulates glucose transporter type 4 expression [64] and improves glucose tolerance [70]. These are selected illustrations of SPARC importance and implications for the metabolism, mainly for the SM that we focus on in our study.



For other tissues, the implication of SPARC in tissue regeneration and development (including tissue repair, cell turnover, cellular differentiation and remodeling) [35,38,44,71,72], especially with the known implications of SPARC in the functions of stem cells [73,74] and other types of cells such as erythroid progenitors [74], could indicate that SPARC-deficient mice could exhibit impairments in terms of development for certain tissues under selected conditions.



4.1. Lactate Concentrations among the Indicators of Muscles Metabolic Performance


Lactate is not just produced by SM and WAT [75] but it is also consumed by muscles [76] with special metabolic patterns [77] and serves as a gluconeogenic precursor [78]. Therefore, the blood lactate levels represent the outcome of the balance between the production and the consumption (clearance) of lactate [79] mainly (but not only) by SM [80]. The production of lactate by SM does not always mean insufficient energy production through oxidative phosphorylation, but could also be due to the lack of oxygen [81], as illustrated by the production of lactate in the adipose tissue of obese subjects as a consequence of hypoxia in this adipose tissue [75]. Importantly, exercise-produced lactate both upregulates the expression cytochrome oxidase gene and protein expression and is a mitochondrial biogenesis activation signal [79]. All these changes seem to result from negative feedback, aiming to increase the oxidative phosphorylation ability and, therefore, reduce lactate production and increase its clearance (usage). The liver and heart also contribute to lactate clearance and, whereas myocardia oxidases lactate as a fuel, the brain also takes it when its levels increase in the blood and the liver uptakes it to form glucose [80]. The fact that no genotype effect has been seen for lactate levels, at similar amount of exercise indicates that Sparc KO mice are able to maintain the lactate concentrations at a homeostatic level (similar to that of WT mice) in spite of the impaired muscular functions (compared to WT mice), suggesting a compensatory effect of other tissues to re-balance blood lactate (as we detail below). This compensatory pathway highlights the importance of lactate blood homeostasis.




4.2. Body and Tissue Weights (Table 3)


The importance of SPARC is tissue development, embryogenesis, regeneration, its interaction with collagen and ECM, in addition to its role in collagen accumulation [59] would explain why Sparc KO reduces body weight and SM weights, including the tibialis anterior muscle (correlated with what Omi et al. reported [59]) in addition to other tissues (aorta and WAT), as a result of regeneration and development deficiency, similar to the decrease in bone mass (osteopenia) as a result of SPARC deficiency [56]. However, the observed increased weights or weight percentages of other tissues, such as the brain, liver and heart in Sparc KO mice, could result from feedback signals. Indeed, the reduced development and metabolic deficiency in Sparc KO mice would lead to the production of signals aiming to correct this developmental and metabolic deficiency (resulting from muscle low oxidation capacity, myokines secretion reduction, etc). Such signal effects would target selected tissues (those increased with Sparc KO, such as the brain, which is the center of numerous neuroendocrine signals and in which Compolongo et al., have shown that the neuronal activity levels of Sparc KO mice are increased in the brain region dentate gyrus [82] which could support the hypothesis of such signals in Sparc KO mice) and either be nonspecific or with insufficient impacts on other tissues (those for which Sparc KO does not reduce the weights). For instance, the increased heart weight percentage in Sparc KO mice could be adaptive to the fact that these mice have reduced oxidative phosphorylation ability (as shown by the low MT-CO1 expression) and would have more muscle-produced lactate. The developed heart could be an adaptation to the increased lactate production in order to increase the circulation and, therefore, increase lactate clearance, which could be taken by the liver to form glucose [80], which could also explain the increased weight (percentage) of the liver in Sparc KO mice. Therefore, although Sparc KO mice SM produced more lactate (weak oxidation capacity), they have the same blood lactate levels as WT mice because they would compensate via increased lactate blood clearance through enhanced blood circulation (increased heart weight percentage) combined to an increased intake by the liver (increased weight percentage), the brain (increased weight and weight percentage) and probably other tissues leading to that weight/weight percentage increase in those tissues in Sparc KO mice. This correlates with the liver weight percentage for which we have Ex-KO>Ex-WT, meaning that, in the exercised groups, the liver (weight percentage) of Sparc KO mice is superior to the liver (weight percentage) of WT mice (even though both had similar amount of training). This could indicate more tissue glycogen storage [83] (in a hydrated form that adds more water weight to the liver [84]) built from glucose made of the taken lactate because the Sparc KO mice SM would produce more lactate (weak oxidative phosphorylation reflected by the decrease in MT-CO1 expression in the Sparc KO mice) but clear it better through an increased blood circulation (increased heart weight percentage in Sparc KO) combined with lactate uptake (clearance) by the liver [80] and also by the brain [80] (that also increased in weight in Sparc KO mice) to compensate the low oxidation ability of the SM (supposed to contribute to lactate clearance but remains insufficient in terms of lactate clearance in Sparc KO mice). Overall, there is no genotype-related difference in lactate level because there would be compensation. Indeed, whereas WT mice have good muscle lactate clearance (with low lactate production), Sparc KO mice (although they have higher lactate production) have increased lactate clearance via the liver, brain, heart (that have increased weight percentage, compared to those in WT mice), etc.



Furthermore, the known implications of SPARC in the functions of erythroid progenitors [74] could suggest that Sparc KO mice would have reduced hemoglobin (low blood cells cancer) and, therefore, reduced oxygen transport ability. This would require one to increase the blood supply to different tissues to compensate low blood oxygenation via increased blood circulation that would require a developed cardiac pump and, thus, explains the increased weight (percentage) of the heart in Sparc KO mice; such low oxygenation further worsens the weak oxidative phosphorylation capacity in SM that Sparc KO mice already have.



The other tissues patterns (age- and exercise-dependant) are in accordance with the known effects of both ageing and exercise on diverse tissues. For instance, the increased brain and hypothalamus weight percentages (trend) with exercise fits with the ability of exercise to enhance neurogenesis [23,85,86], the exercise also reduces (trend) both body weight and liver weight percentage and WAT weight, whereas it increases the tibialis anterior muscle weight percentage. All these elements correlate with the ability of exercise to increase energy usage (WAT lipids and liver glycogen) as well as muscle weight. Regarding the tibialis anterior muscle, in addition to its increase (weight percentage) with exercise, it decreases with both age (weight percentage) and Sparc KO (weight). It is for these patterns in changes according to genotype, age and exercise that we have chosen the tibialis anterior muscle to measure the expression of COL1A1 and MT-CO1; which allowed us to make a correlation between the genotype-dependent changes in muscle weight and power and the corresponding changes in the expression of these two proteins, depending on SPARC expression. Additionally, the decrease in brain weight percentage with ageing correlates with age-related neurodegeneration and related diseases [87,88], which are improved by exercise [89,90,91] and that, also, correlate with our data, showing an increase (trend) in the brain weight percentage with exercise.



Interleukin 6 (among other myokine) is produced by the muscles during exercise [92,93], which reduces appetite [94] and WAT [93]. This correlates with our results, indicating an effect (trend) of exercise on reducing the body weight and WAT weight percentage, but without any interaction effect on genotype and exercise. This indicates that SPARC absence would not impact the ability of exercise to reduce adiposity. The possibilities could be whether the effect of SPARC is partial since (in Sparc KO mice) the WAT weight is lower in Y mice compare to O mice, or there are other SPARC-independent pathways linking myokine to adiposity reduction, such as IL-6 or also because both WT and Sparc KO mice spent similar amounts of exercise, leading to similar exercise-induced energy expenditure (would have similar impacts of reducing the WAT).



For the WAT, both for the age and age × genotype (both in WT and Sparc KO mice), we always found an increase in adiposity (weight and weight percentage) with ageing. In addition, there is also a reduction in the muscle mass (percentage) with age and for both WT and Sparc KO mice, which corresponds to the classical ageing profile (decreased muscle mass and increased adiposity) along with increased body weight with ageing [95,96,97,98], as our data show. It is worth noting that, while looking into the effects of genotype × age, both for the decrease in SM mass percentage and the increase in WAT weight (as well as weight percentage), we notice that these ageing-induced changes (musculature decrease and adiposity decrease), are more important in O mice than in Y mice. This could be explained by the implication of SPARC in these changes. Indeed, since SPARC expression is downregulated by ageing [8], the consequences of its KO would be more important in Y mice compared to O mice, where its expression is already reduced by ageing.



This ageing effect on SM explains the results of Table 1, showing that ageing reduces the LT speed (adaptation phase), mean exercise speed, total exercise distance (12 weeks of training) and both running speed and the lactate concentration of the last running session at the end of the 12 weeks training. However, the lactate at rest level (week 4 of the adaptation phase), which increases with age, indicates a reduced aerobic metabolic performance of the muscle. Importantly, the effect of genotype × age interaction reveals that the age effect comes from the Sparc KO mice rather than WT mice, meaning that it is the Sparc KO in O mice that leads to an increase in the resting lactate compared to both WT mice and KO-Y mice. This also explains, in part, how ageing is both a risk factor for numerous diseases and health conditions [99,100,101,102,103].



Since Norose et al. reported that, when handled, Sparc KO mice reduced physical activity [104], we deduce that our Sparc KO mice had reduced energy expenditure (compared to WT mice), but with a lower body and WAT weights they most probably had less food intake compared to the WT mice. This could indicate an effect (direct or indirect) of Sparc KO on appetite. This appetite (in addition to the physical activity patter), both impacting the body weight, could be explained by the increased levels of anxiety and reduced depression-related behaviors in Sparc KO mice [82]. Such variations in mood states would impact food intake and energy balance [105,106] and, therefore, body and tissue weights.




4.3. Protein Expressions (Figure 1) and Muscle Strength (Table 4)


The reduced expression of COL1A1 in Sparc KO mice fits with what Omi et al. reported [59] and confirms the importance of SPARC for COL1A1 expression, as we have previously shown [28], and as reported by Norose et al. [104] and Bradshaw et al. [107].



In addition, MT-CO1 decreased expression with Sparc KO highlights the implication of SPARC in mitochondrial enzyme expression [28] and mitochondrial regeneration [63], whereas MT-CO1 increases expression with exercise, which fits with our previous gene expression studies, showing an increase in oxidative phosphorylation genes with training at LT intensity [6], which further validates the choice of the exercise speed in this study.



Sparc KO mice have been reported as passive and with reduced physical activity compared to WT mice [104], this would indicate weak muscles and correlates with reduced grip power (both mean and maximum) in Sparc KO mice compared to WT mice of our study. The importance of SPARC in myoblast fusion [28] and, more important, the interaction of SPARC with actin in SM (actin cytoskeleton modulator) [54] also support our data, indicating a decrease in muscle strength with SPARC deficiency. This SPARC deficiency also reduced COL1A1 expression; indicating an impact on muscle structure (for which collage is a key element) and correlated with the Sparc KO-induced muscle strength decrease.



The effect of age (Y > O) on the muscle strength and the effect of exercise (Ex > Sed, trend of the percentage of maximum grip power) is an additional illustration of how ageing worsened the effects of SPARC deficiency (reduce the muscle power) while exercise improved it (increase in both SM strength and expression of both COL1A1 and MT-CO1 with exercise represents muscle adaptation to exercise).





5. Conclusions and Hypothetical Mechanisms


Sparc KO effects are toward a reduced body and WAT weights with a negative SM phenotype (metabolism and strength). Such negative effects worsen with ageing but relatively improve through exercise (Figure 2). While exercise reduces risk factor for many diseases, ageing increases those risks [108].



Within this context, Aoi et al. reported 24 genes (including SPARC) that are both upregulated by exercise and downregulated by ageing [8] suggesting, once more, that some of the exercise-induced benefits such as mitochondrial biogenesis [109] could be SPARC-dependent or partially mediated by SPARC. It is within this perspective that we developed our hypothesis.



The exercise-produced lactate induces both an up-regulation of the expression of the cytochrome oxidase gene and protein, as well as a mitochondrial biogenesis activation signal [79], and since Sparc KO did not induce any genotype effect on the different lactate levels we measured (both WT and Sparc KO mice had statistically similar lactate levels) but reduced the expression of the MT-CO1 (WT and Sparc KO mice have similar lactate levels but WT mice express more MT-CO1 than Sparc KO mice), we hypothesize that the exercise-produced lactate-induced cytochrome oxidase upregulation and mitochondrial biogenesis activation do require SPARC (Figure 3A). This would, at least in part, explain why SPARC deficiency reduces tumor growth. Indeed, cancer cells require glycolytic energy and produce lactate, leading to lower pH, compared to normal tissue extracellular pH [110,111], and lactate would be an attempt to increase oxidative phosphorylation capacity via improving mitochondrial biogenesis. However, in the absence of SPARC this lactate-induced mitochondrial biogenesis remains limited, which worsens the tumor bioenvironment and results in tumor progress inhibition. This concept of lactate-related signaling correlates with the theory presenting lactate as a signaling molecule “lactormone” in the context of lactate shuttle [112,113] of lactate formation, utilization and exchange between tissues [114].



The results of Figure 1B further support our hypothesis that SPARC-dependent exercise impacts SM. Indeed, whereas there is a significant effect of exercise (increase in COL1A1 expression) in WT mice (WT-Ex > WT-Sed), there is no such effect in Sparc KO mice (both KO-Ex and KO-Sed mice have statistically similar expression of COL1A1). This also correlates with the genotype-induced decrease in COL1A1 expression (WT > KO) although both WT and Sparc KO mice had equal amounts of exercise (as detailed in the introduction of Section 4), therefore, indicating that exercise-induced COL1A1 is SPARC-dependent (Figure 3A). Moreover, since exercise-induced COL1A1 seems SPARC-dependent, and based on the importance of collagens in the SM structure (and fibrillar collagen I is reported to bind SPARC [115]) and development [116], this could also explain, in part, the low tibialis anterior muscle weight in Sparc KO mice compared to WT mice, even though all mice had similar amounts of exercise. Thus, this also suggests that SM development (tibialis anterior weight percentage increase; Table 3), as a part to the adaptation to exercise, would also be SPARC-dependent (Figure 3A).



These conclusions are based on the fact that, as per Table 1, there is no effect of the genotype for LT speed, exercise speed, exercise time, exercise distance and lactate concentrations during exercise. This means that mice of two different genotypes (Sparc KO and WT) had equal amounts of training (similar speed, distance, time and frequency). Therefore, genotype effects seen for MT-CO1, COL1A1 (Figure 1) and grip power (Table 4) are, indeed, due to the genotype itself (Sparc KO) rather than the difference in the exercise amount; suggesting that these exercise-induced changes are SPARC-dependent/mediated. Such exercise-induced effects in the muscle represent a part of the adaptation via increasing the respiratory capacity, mitochondrial content [52] and contractile properties of the SM [53].



In addition to these SPARC-mediated effects, the similarity of exercise benefits and the effects shown to be regulated or modulated by SPARC, such as inflammation [22,47], cancer growth [8,46], metabolic and structural remodeling of the SM [53], and even neurite outgrowth [117,118] and neurogenesis [85,119], all suggest that some of the exercise benefits would indeed be mediated by or dependent on SPARC expression (Figure 3B).




6. Implications and Perspectives


Our data suggest that the benefits of exercise would also be reduced in Sparc KO mice, not only because some of exercise benefits are directly mediated via SPARC, but also because physical performance and muscle performance is reduced as a result of Sparc KO (indirect effects). As an illustration, Sparc KO increases tumor growth [120,121], loss of SPARC increases cancer progression [122] and the tumorigenesis is prevented and suppressed by exercise-induced SPARC [8,123,124]. More generally, since SPARC is also a myokine secreted during exercise [2,8], exercise benefits including metabolic benefits and inflammation regulation would also be reduced with the Sparc KO since SPARC has been shown to play roles in metabolism [44], inflammation regulation [47] and cancer homeostasis [46]. Thus, its absence from circulation would impact tissues other than the SM. For instance, even some of the mechanisms underlying the beneficial effects of exercise that have been shown to involve factors other than SPARC, such as tumor growth suppression through interleukin 6 and epinephrine [92], would also be deficient in Sparc KO mice, since the absence of SPARC would reduce the ability of SM to correctly secrete the other myokines involved in the related pathways.



Overall, SM, both as a secretory organ [2] and a metabolic engine, represents the key tissue upon which exercise benefits depend. SPARC represents a “booster” of the SM, with beneficial effects on some other tissues as well. Therefore, SPARC and the pathways it governs would represent good targets to pharmacologically mimic the effects of SPARC, including improved muscle strength and metabolic performances. This is of a particular importance for individuals suffering from health problems, such as heart failure or physical handicap and, therefore, are unable to perform the required physical activity although they need it (reduce obesity, treat lipid disorders, etc.). In such a scenario we could imagine an “exercise pill”, targeting SPARC-related pathways and inducing exercise-like effects that would also be of a high therapeutic importance for diseases, such as sarcopenia. Such a therapeutic goal still requires further investigations into the implications of SPARC, not only within the SM but also on other tissues and in the diverse aspects of homeostasis. This will both extend the expected benefits of such an “exercise pill” and anticipate the side effects to decide whether it would be better given as a systemic drug or rather target a specific tissue (that would be the SM based on this study) to optimize clinical efficiency. Importantly, the results obtained from studying SPARC/Sparc in mice would be expected to be valid in humans, due the high homology between mouse and human SPARC [104], which would reduce the bridge between results in animals and future clinical studies. Perspectives of the future studies on SPARC implications in SM metabolism and contractile properties, both for sedentary and exercise individuals, would be of great clinical importance not only for SM diseases but also for ageing-related health deterioration and, due to the importance of the SM in the energy homeostasis, energy balance-related pathologies such as obesity and diabetes.



Our study was conducted only on male mice. Therefore, we acknowledge the limitation of sex-determined factors. Similar studies in female subjects, as well as studies comparing male and female subjects, will add significant data of clinical importance, especially with the sex-related difference effects on SM and exercise patterns, such as exercise capacity [125], pinch force reproduction [126], maximal oxygen uptake [127], cardiac adaptation to exercise [125], as well as metabolism, including lactate levels [128,129], aerobic oxidation and anaerobic glycolysis [130]. The parameters illustrated by patterns, including differences between men/male animals and women/female animals in red pepper-induced metabolic phenotype (carbohydrate oxidation Vs lipid oxidation) [131,132], beta-oxidation [130], type I fiber percentage [133] and enzyme activities [134], explain beyond such sex-related differences in exercise and SM properties. Based on such sex-related differences, our results could also indicate that SPARC involvement in exercise-induced muscle phenotype changes could also be sex-dependent and points to a possible interaction between SPARC activities and sexual hormones based on the known impacts of sexual hormones on exercise patterns and the adaptation to exercise [135,136,137].



Our data indicate that the impacts of Sparc KO on body composition, adiposity and metabolic patterns point toward a reduced WAT and body weight, but with negative metabolic and functional phenotypes of SM. Whereas such negative effects on SM worsen with ageing, they are relatively improved by exercise. Importantly, we report, for the first time, evidence suggesting that the exercise-induced changes in the SM phenotype in terms of increased performance (metabolic, strength and development), including lactate-induced changes, are SPARC-dependent. Such important implications of SPARC highlight SPARC and its pathways as pharmacological targets/tools for conditions and diseases in which muscle properties enhancement would provide therapeutic benefits.
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Figure 1. Expression of both collagen type I alpha 1 chain (COL1A1) (A) and mitochondrially encoded cytochrome c oxidase I (MT-CO1) (B) in the tibialis anterior muscle. The results indicate an effect of genotypeG (WT > KO) for both proteins and an effect of exerciseEx (Ex > Sed) for COL1A1 (trend) and MT-CO1. For the interactions, we have one between genotype and exerciseG × Ex for COL1A1 (Ex > Sed in WT) and one between age and genotypeA × G for MT-CO1 (high in Y-WT). All data are mean ± SEM. The number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; Ex, exercise; G, genotype; KO, knockout; O, old; Sed, sedentary; WT, wild-type; Y, young. *: Trend (0.05 ≤ p < 0.1). 
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Figure 2. SPARC-deficiency impacts. Our data highlight that Sparc KO effects are toward a reduced body and white adipose tissue weights with a negative skeletal muscle phenotype (metabolic and strength). Such negative effects worsen with ageing but relatively improve through exercise. Abbreviations: KO, knockout; SPARC, secreted protein acidic and rich in cysteine. 
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Figure 3. Hypothetical mechanisms linking SPARC to the exercise-induced SPARC-mediated changes in the skeletal muscle phenotype. [A] Exercise induces the secretion and expression of SPARC as well as the production of lactate. Our data suggest that, whereas SPARC enhances collagen expression and muscle strength, the lactate increases mitochondrial enzyme expression in a SPARC-dependant manner (probably via mitochondrial biogenesis induction) and, therefore, the oxidative phosphorylation capacity. [B] The similarities between exercise benefits and effects shown to be regulated or modulated by SPARC, such as inflammation, cancer growth, metabolic and structural remodeling of the skeletal muscle, and even neurite outgrowth and neurogenesis, all suggest that part of exercise benefits would be mediated by or dependent on SPARC expression. Abbreviation: SPARC, secreted protein acidic and rich in cysteine. 
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Table 1. Summary of wheel exercise training.
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Young

	
Old

	
2-Way ANOVA




	
Wild-type

	
Knockout

	
Wild-type

	
Knockout

	
A

	
G

	
A × G






	
During an incremental exercise test (wk 4)




	
LT speed

	
m/min

	
8.7± 0.4

	
7.8 ± 0.5

	
5.5 ± 0.6

	
5.4 ± 0.4

	
Y > O

	
-

	
-




	
Lactate at rest

	
mM

	
2.8 ± 0.2

	
2.6 ± 0.2

	
3.1 ± 0.4

	
3.8 ± 0.2

	
O > Y

	
-

	
KO: O > Y




	
Lactate at LT

	
mM

	
3.2 ± 0.2

	
3.1 ± 0.3

	
3.4 ± 0.4

	
3.3 ± 0.5

	
-

	
-

	
-




	
During LT training (wk 1–12)




	
Mean exercise speed

	
m/min

	
7.5 ± 0.2

	
7.6 ± 0.2

	
5.5 ± 0.0

	
5.3 ± 0.0

	
Y > O

	
-

	
-




	
Total exercise time

	
min

	
3332 ± 52

	
3353 ± 45

	
3334 ± 1

	
3335 ± 3

	
-

	
-

	
-




	
Total exercise distance

	
m

	
24,903 ± 763

	
25,445 ± 670

	
18,219 ± 41

	
17,811 ± 156

	
Y > O

	
-

	
-




	
During the last LT training (wk 12)




	
Speed

	
m/min

	
7.8 ± 0.2

	
7.9 ± 0.2

	
5.5 ± 0.0

	
5.3 ± 0.1

	
Y > O

	
-

	
-




	
Lactate

	
mM

	
2.7 ± 0.3

	
2.9 ± 0.3

	
2.1 ± 0.2

	
2.5 ± 0.2

	
Y > O

	
-

	
-








Data are mean ± SEM. Number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; G, genotype; KO, knockout; LT, lactate threshold; m, meter; min, minute; mM, millimolar; O, old; wk, week; Y, young. -: No effect.
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Table 2. Fasting and post glucose–gavage blood lactate levels.
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Young

	
Old

	
ANOVA




	
Wild-type

	
Knockout

	
Wild-type

	
Knockout




	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
A

	
G

	
Ex

	
A × G

	
A × Ex

	
G × Ex

	
A × G × Ex






	
At sacrifice (12 h fast)

	

	
3-way




	
 Blood lactate

	
mM

	
1.09 ± 0.12

	
0.88 ± 0.08

	
1.28 ± 0.38

	
1.24 ± 0.15

	
0.89 ± 0.07

	
0.99 ± 0.13

	
0.98 ± 0.08

	
0.75 ± 0.04

	
Y ˃ O *

	
-

	
-

	
-

	
-

	
-

	
-




	
Post glucose gavage (6 h fast)

	

	

	

	

	

	

	

	

	
4-way




	
 Blood lactate

	
AUC

	

	

	

	

	

	

	

	

	
Y > O

	
-

	
-

	
-

	
-

	
-

	
-




	
  Pre

	

	
615 ± 35

	
498 ± 63

	
479 ± 29

	
533 ± 44

	
429 ± 29

	
424 ± 24

	
473 ± 39

	
461 ± 54

	




	
  At wk 5

	
529 ± 32

	
509 ± 34

	
503 ± 41

	
519 ± 38

	
422 ± 27

	
450 ± 42

	
479 ± 44

	
392 ± 32




	
  After 12 wks

	
465 ± 34

	
391 ± 27

	
452 ± 22

	
486 ± 45

	
440 ± 56

	
381 ± 20

	
414 ± 35

	
371 ± 28








Data are mean ± SEM. Number of mice: 11–-12 mice per experimental condition. Abbreviations: A, age; AUC, area under the curve; Ex, Exercise; G, genotype; h, hour; KO, knockout; mM, millimolar; O, old; wk, week; Y, young. *: Trend (0.05 ≤ p < 0.1). -: No effect.
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Table 3. Body and tissue weights.
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Young

	
Old

	
3-Way ANOVA




	
Wild-type

	
Knockout

	
Wild-type

	
Knockout




	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
A

	
G

	
Ex

	
A × G

	
A × Ex

	
G × Ex

	
A × G × Ex






	
Body weight

	
g

	
29.5 ± 0.7

	
28.9 ± 1.0

	
27.8 ± 0.6

	
25.0 ± 0.8

	
37.4 ± 2.1

	
35.2 ± 1.0

	
31.3 ± 1.5

	
30.4 ± 0.7

	
O ˃ Y

	
WT ˃ KO

	
Sed > Ex *

	
-

	
-

	
-

	
-




	
Tissues weights

	




	
Brain

	
mg

	
430 ± 2

	
430 ± 6

	
448 ± 4

	
445 ± 3

	
432 ± 7

	
436 ± 2

	
451 ± 4

	
446 ± 4

	
-

	
KO ˃ WT

	
-

	
-

	
-

	
-

	
-




	

	
%

	
1.47 ± 0.03

	
1.50 ± 0.05

	
1.62 ± 0.04

	
1.80 ± 0.05

	
1.18 ± 0.05

	
1.25 ± 0.03

	
1.48 ± 0.07

	
1.47 ± 0.02

	
Y ˃ O

	
KO ˃ WT

	
Ex > Sed *

	
-

	
-

	
-

	
WT-Sed: Y ˃ O, WT-Ex: Y ˃ O, KO-Ex: Y >> O




	
Pituitary gland

	
mg

	
1.52 ± 0.20

	
1.49 ± 0.10

	
1.47 ± 0.10

	
1.33 ± 0.10

	
1.77 ± 0.16

	
1.76 ± 0.13

	
1.78 ± 0.04

	
1.65 ± 0.12

	
O ˃ Y

	
-

	
-

	
-

	
-

	
-

	
-




	

	
%

	
0.0052 ± 0.0007

	
0.0052 ± 0.0003

	
0.0053 ± 0.0004

	
0.0054 ± 0.0004

	
0.0049 ± 0.0006

	
0.0050 ± 0.0004

	
0.0059 ± 0.0003

	
0.0055 ± 0.0005

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Hypothalamus

	
mg

	
8.7 ± 0.7

	
9.1 ± 0.6

	
8.0 ± 0.5

	
8.9 ± 0.8

	
10.7 ± 0.9

	
10.8 ± 0.8

	
9.4 ± 0.8

	
11.0 ± 0.5

	
O ˃ Y

	
-

	
-

	
-

	
-

	
-

	
-




	

	
%

	
0.030 ± 0.003

	
0.032 ± 0.003

	
0.029 ± 0.002

	
0.036 ± 0.003

	
0.030 ± 0.003

	
0.031 ± 0.003

	
0.030 ± 0.003

	
0.036 ± 0.002

	
-

	
-

	
Ex ˃ Sed *

	
-

	
-

	
-

	
-




	
Liver

	
mg

	
984 ± 27

	
954 ± 33

	
984 ± 35

	
899 ± 30

	
1370 ± 136

	
1114 ± 28

	
1174 ± 82

	
1101 ± 24

	
O ˃ Y

	
-

	
Sed ˃ Ex

	
-

	
-

	
-

	
-




	

	
%

	
3.34 ± 0.04

	
3.31 ± 0.09

	
3.54 ± 0.09

	
3.60 ± 0.04

	
3.59 ± 0.14

	
3.17 ± 0.04

	
3.71 ± 0.12

	
3.62 ± 0.05

	
-

	
KO ˃ WT

	
Sed ˃ Ex *

	
-

	
Sed: O ˃ Y *

	
Ex: KO ˃ WT

	
-




	
Heart

	
mg

	
138 ± 3

	
149 ± 7

	
146 ± 6

	
131 ± 4

	
159 ± 6

	
135 ± 4

	
152 ± 5

	
159 ± 7

	
O ˃ Y

	
-

	
-

	
KO: O ˃ Y

	
-

	
-

	
WT-Sed: O ˃ Y, WT-Ex: Y ˃ O *, KO-Ex: O ˃ Y




	

	
%

	
0.47 ± 0.01

	
0.51 ± 0.01

	
0.53 ± 0.02

	
0.53 ± 0.01

	
0.43 ± 0.01

	
0.38 ± 0.01

	
0.50 ± 0.02

	
0.52 ± 0.02

	
Y ˃ O

	
KO ˃ WT

	
-

	
WT: Y >> O

	
-

	
-

	
WT-Sed: Y ˃ O, WT-Ex: Y >> O




	
Aorta

	
mg

	
12.8 ± 1.5

	
12.0 ± 1.5

	
12.9 ± 1.3

	
9.0 ± 0.6

	
13.0 ± 1.5

	
12.3 ± 1.0

	
9.7 ± 1.0

	
9.9 ± 0.7

	
-

	
WT ˃ KO

	
-

	
-

	
-

	
-

	
-




	

	
%

	
0.044 ± 0.006

	
0.042 ± 0.006

	
0.047 ± 0.005

	
0.037 ± 0.003

	
0.034 ± 0.003

	
0.035 ± 0.003

	
0.031 ± 0.003

	
0.032 ± 0.002

	
Y ˃ O

	
-

	
-

	
-

	
-

	
-

	
-




	
White adipose tissue **

	
mg

	
1021 ± 206

	
812 ± 126

	
955 ± 138

	
684 ± 125

	
2913 ± 362

	
2649 ± 175

	
1804 ± 226

	
1505 ± 164

	
O ˃ Y

	
WT ˃ KO

	
Sed > Ex *

	
WT: O >> Y, KO: O>Y

	
-

	
-

	
-




	

	
%

	
3.36 ± 0.58

	
2.72 ± 0.36

	
3.36 ± 0.44

	
2.63 ± 0.38

	
7.52 ± 0.65

	
7.44 ± 0.32

	
5.51 ± 0.50

	
4.85 ± 0.43

	
O ˃ Y

	
WT ˃ KO

	
-

	
WT: O >> Y, KO: O > Y

	
-

	
-

	
-




	
Skeletal muscle ***

	
mg

	
532 ± 11

	
524 ± 15

	
432 ± 8

	
413 ± 7

	
508 ± 11

	
510 ± 6

	
416 ± 8

	
417 ± 7

	
Y ˃ O *

	
WT ˃ KO

	
-

	

	
-

	
-

	
-




	

	
%

	
1.81 ± 0.04

	
1.82 ± 0.05

	
1.56 ± 0.04

	
1.67 ± 0.05

	
1.39 ± 0.05

	
1.46 ± 0.05

	
1.36 ± 0.06

	
1.38 ± 0.03

	
Y ˃ O

	
WT ˃ KO

	
-

	
WT: Y >> O, KO: Y ˃ O

	
-

	
-

	
-




	
Tibialis anterior muscle

	
mg

	
133 ± 3

	
138 ± 4

	
117 ± 3

	
114 ± 2

	
133 ± 6

	
127 ± 3

	
110 ± 4

	
118 ± 3

	
Y ˃ O *

	
WT ˃ KO

	
-

	
-

	
-

	
-

	
WT-Ex: Y ˃ O




	

	
%

	
0.45 ± 0.01

	
0.48 ± 0.01

	
0.42 ± 0.01

	
0.46 ± 0.01

	
0.36 ± 0.02

	
0.36 ± 0.01

	
0.36 ± 0.01

	
0.39 ± 0.02

	
Y ˃ O

	
-

	
Ex > Sed

	
WT: Y >> O, KO: Y > O

	
-

	
-

	
-








Data are mean ± SEM. Number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; Ex, exercise; G, genotype; g, gram; KO, knockout; mg, milligram; O, old; Sed, sedentary; WT, wild-type; Y, young. *: Trend (0.05 ≤ p < 0.1); **: Inguinal and abdominal adipose tissues; ***: Gastrocnemius, soleus, tibialis anterior and extensor digitorum longus muscles. %: percentage to the body weight. -: No effect.
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Table 4. Grip Power at the End of Week 12.
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Young

	
Old

	
3-Way ANOVA




	
Wild-type

	
Knockout

	
Wild-type

	
Knockout




	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
Sedentary

	
Exercise

	
A

	
G

	
Ex

	
A × G

	
A × Ex

	
G × Ex

	
A × G × Ex






	
Grip power

	

	

	

	

	




	
Mean

	
g

	
240 ± 12

	
248 ± 11

	
226 ± 10

	
208 ± 11

	
216 ± 8

	
220 ± 8

	
182 ± 8

	
203 ± 9

	
Y ˃ O

	
WT ˃ KO

	
-

	
-

	
-

	
-

	
-




	
g/BW

	
8.2 ± 0.5

	
8.6 ± 0.4

	
8.1 ± 0.4

	
8.4 ± 0.4

	
5.8 ± 0.4

	
6.1 ± 0.2

	
5.9 ± 0.5

	
6.6 ± 0.3

	
Y ˃ O

	
-

	
-

	
-

	
-

	

	
-




	
Max

	
g

	
308 ± 12

	
301 ± 11

	
277 ± 11

	
250 ± 9

	
250 ± 8

	
257 ± 9

	
210 ± 8

	
235 ± 10

	
Y ˃ O

	
WT ˃ KO

	
-

	
-

	
-

	
-

	
-




	
g/BW

	
10.5 ± 0.4

	
10.5 ± 0.4

	
10.0 ± 0.4

	
10.1 ± 0.4

	
6.7 ± 0.5

	
7.2 ± 0.3

	
6.8 ± 0.5

	
7.6 ± 0.3

	
Y ˃ O

	
-

	
Ex > Sed *

	
-

	
-

	
-

	
-








Data are mean ± SEM. Number of mice: 11–12 mice per experimental condition. Abbreviations: A, age; BW, body weight; Ex, exercise; G, genotype; g, gram; KO, knockout; O, old; Sed, sedentary; WT, wild-type; Y, young. *: Trend (0.05 ≤ p < 0.1). -: No effect.
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