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LAY ABSTRACT
Skeletal muscle stem cells, known as satellite cells (SC), are essential for skeletal muscle regeneration/repair and have been linked to muscle hypertrophy in humans. SC activate and proliferate in response to external stimuli, such as mechanical damage or exercise. However, the effect of nutritional supplementation in conjunction with exercise on SC biology is not fully understood.  This may, in part, be due to varying responses by individuals to specific nutritional ingredients. In this regard, multi-ingredient supplementation (MIS) has been implemented with the intention of eliciting a maximal adaptive response across all participants. Therefore, this study examined the efficacy of a multicomponent supplement containing whey protein isolate, leucine, creatine monohydrate, calcium citrate, and vitamin D, all of which have independently been shown to confer beneficial effects for skeletal muscle mass or function. Our findings suggest 10-weeks of resistance exercise is capable of increasing the basal SC population, SC activation, myonuclear accretion, and myonuclear domain. Nutritional Supplementation had no further effect. Importantly, however, consuming a MIS lead to greater increases in type II CSA, when compared to a control supplement. 








ABSTRACT
[bookmark: _GoBack]Background: Skeletal muscle stem cells, known as satellite cells (SC), are essential for skeletal muscle regeneration/repair and have been linked to muscle hypertrophy in humans. There is a consensus within the literature that SC activate and proliferate in response to external stimuli, such as mechanical damage or exercise. However, the effect of nutritional supplementation in conjunction with exercise on SC function is not fully understood.  This may, in part, be due to varying responses of individuals to specific nutritional ingredients. Therefore, this study examined the efficacy of a multicomponent supplement containing whey protein isolate, leucine, creatine monohydrate, calcium citrate, and vitamin D, all of which have independently been shown to confer beneficial effects to skeletal muscle mass or function. Accordingly, when considering individual variability, a multicomponent nutritional strategy, when combined with resistance exercise, may be more likely to produce an augmented response compared to isolated supplements. 
Methods: Healthy, young males and females (18-26 y; ± 0.55) were randomly assigned to a multi-ingredient supplement (MIS)(n=13, 7M) or collagen peptide (CP)(n = 13, 6M) group. Participants performed a whole-body linear resistance-training program 4 times a week for 10-weeks. Skeletal muscle biopsies were obtained from the vastus lateralis pre and post 10 weeks of resistance training. Additionally, biopsies were obtained following an acute bout of damaging eccentric exercise prior to and following the 10 weeks of training.  Thus, this design provided a resting and an acute damage response (48-hours post damage) before and after 10-weeks of resistance exercise and supplementation. 
Results: Training resulted in an 83% and 40% increase in the basal SC population for mixed fibres in the MIS and CP group (P < 0.05), respectively, with no group differences. No effect of time or group was found for acute SC proliferation. However, when collapsing groups, a 635% increase was observed in the relative delta SC activation following 10 weeks (P < 0.05). Also, similar increases were observed in both groups for myonuclear accretion and myonuclear domain (P < 0.05). The MIS group had a 16% larger increase in type II CSA compared to the CP group (P < 0.05). 
Conclusion: Irrespective of supplementation, our findings suggest 10-weeks of resistance exercise is capable of increasing the basal SC population, SC activation, myonuclear accretion, and myonuclear domain. Furthermore, consuming a MIS lead to superior increases in type II CSA, compared to the CP group.
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1.0 INTRODUCTION
1.1 OVERVIEW OF SKELETAL MUSCLE 
	In humans, skeletal muscle is one of three major muscle types, the others being cardiac and smooth muscle. Unlike the latter two, skeletal muscle is voluntarily controlled by the somatic nervous system which permits locomotion. Aside from mechanical functionality, skeletal muscle serves as a metabolic storage basin – capable of storing carbohydrates, fats, and amino acids for instances when these substrates are in demand. 
From an anatomical perspective, skeletal muscle is comprised of individual fibers that run the length of the muscle and form into bundles known as fasciculi. Within each fiber are repeating contractile units (sarcomeres), giving skeletal muscle a striated appearance and the inherent ability to contract and generate force. Skeletal muscle fibers can generally be classified into type I and type II, though it is of importance to consider the existence of sub-fiber types such as type IIa, type IIb, and type IIx fibers, where type IIb have only been identified in rodents (119). Type I fibers are innervated by type I motor neurons and are fatigue resistant, highly oxidative, and exhibit a slower contractile speed whereas type II fibers are innervated by type II neurons and are fast contracting, highly fatigable, and primarily rely on glycolytic energy metabolism (142). The relative proportion of these distinct myofiber isoforms determine the specific contractile properties of the muscle. Despite fiber type differences, initiating muscle contraction is the same, action potentials from the motor neuron trigger a sequence of events leading to cross-bridge cycling and contraction (126). During contraction, skeletal muscle tissue must endure large amounts of mechanical stress which could potentially damage vital cellular machinery. To prevent this occurrence, connective tissue surrounds the whole muscle (epimysium), fasciculi (perimysium), and each individual fiber (endomysium) to ensure the structural integrity of various cellular components. 
Skeletal muscle boasts a remarkable capacity to adapt and is one of the more plastic tissues in the human body. When considering endurance exercise, skeletal muscle adapts by increasing mitochondrial content and thus oxidative capacity (77, 139), whereas resistance training results in cell growth/hypertrophy and increased force generation (80). Although skeletal muscle cells are highly adaptable and have the capacity to respond to a variety of stimuli, they lack the ability to repair and regenerate and cannot re-enter the cell cycle. Therefore, several cell types are heavily relied upon to mediate the repair and regeneration of skeletal muscle tissues such as side population cells (130), progenitor interstitial cells (88), hematopoietic stem cells (35), and most notably satellite cells (SC) (118). 
1.1.1 Brief Origins of Skeletal Muscle 
The process of skeletal muscle development in vertebrates begins early during gestation. In the initial stages, three distinct germ layers are formed – the ectoderm, mesoderm, and endoderm. The mesoderm is anatomically separated into the paraxial, intermediate, and lateral mesoderm, relative to the midline of the embryo. Nearby fluctuations in gene expression and morphogen gradients result in condensing of the paraxial mesoderm into somites progressing from head to tail (4). The somite subsequently forms ventral and dorsal compartments, where the dorsal region becomes the dermomyotome (101). Skeletal muscles of the body are derived from this region with the exception of axial muscles. Cells in this region express paired box transcription factors Pax3 and Pax7 and basic helix-loop-helix transcription factor Myf5. The lips of the dermomyotome will form the myotome and express anther basic helix-loop-helix transcription factor MyoD. At this stage, cells expressing Myf5 and MyoD are considered to be committed to the muscle lineage (107). Finally, as the embryo continues to develop, the central region of the dermomyotome fragments and muscle progenitors migrate into the primary myotome, eventually giving rise to post-natal muscle-resident stem cells, which help regenerate and maintain skeletal muscle throughout the life span (48).
1.1.2 Muscle Stem Cells
SC were first identified via electron microscopy by Mauro in 1961 (82) and were described as quiescent cells residing beneath the surface of the myofiber. This finding immediately thrusted SC into the spotlight as a potential candidate for being the source of myogenic cells during skeletal muscle growth and repair. 
	The initial basis supporting SC as myogenic precursors arose from studies where thymidine was used to label DNA and trace the incorporation of new nuclei into growing or regenerating rodent skeletal muscle fibers (49). Studies using this technique collectively led to the generally accepted agreement that SC divide to provide myonuclei to growing myofibers (90) prior to becoming mitotically quiescent in normal mature muscle (120). Eventually, work from Bischoff (12) and Konigsberg et al (70) effectively provided conclusive evidence of this phenomenon by demonstrating that cultured SC isolated from rodent myofibers proliferate, thus giving rise to SC-derived progeny, known as myoblasts. Myoblasts then differentiated to form multi-nucleated myotubes. Collectively, these studies highlighted a role for SC in contributing to skeletal muscle growth during development and repair, yet the extent to which they did remained unknown. 
	Technological advances in the field of cell biology allowed researchers to conduct lineage-tracing studies, where specific cells, such as Pax7+ cells, could be traced via immunofluorescent reporter genes. This technique evidently allowed researchers to confirm that SC are indeed capable of repairing damaged muscle tissue (76). Recently, studies have used novel genetic models allowing the conditional ablation of SC and have demonstrated a requirement of SC during muscle repair and regeneration (24, 64, 91, 118). Taken together, decades of research have unveiled the absolute necessity of SC during muscle regeneration. 
1.1.3 Pax7 and the Myogenic Regulatory Factors
	The Pax7 gene is a member of the paired box (Pax) containing gene family of transcription factors and is distinctly expressed in quiescent and activated SC (121). The role of Pax7 is not entirely clear, though it appears essential for survival as Pax7-/- mice die in 2-3 weeks after birth (121). Additionally, Pax7 null mice display reduced muscle growth, elevated muscle wasting, severe impairment in muscle regeneration following acute injury, and an absence of functional SC (72, 121). The evidence in the literature regarding the importance of Pax7 to give rise to healthy skeletal muscle is indisputable. More specifically, Pax7 is thought to have a significant role in the maintenance of SC, such that ChIP-seq analysis revealed Pax7 binds to specific DNA motifs to activate genes involved in promoting proliferation and inhibiting differentiation (123). Furthermore, over expression of Pax7 in primary adult myoblasts promotes cell cycle exit and downregulates genes critical to myogenic commitment (98). This data supports an essential role of Pax7 in the self-renewal and maintenance of the SC population.  
	The myogenic regulatory factors (MRFs) are part of a superfamily of basic helix-loop-helix transcription factors consisting of MyoD, Myf5, myogenin, and MRF4 (116). The MRFs have each been shown to heterodimerize with E proteins and bind to DNA in a sequence-specific hierarchical manner at sites known as E-boxes (CANNTG). This DNA motif is present in the promoters of many skeletal muscle-specific genes allowing the MRFs to be the primary determinants of myogenic fate (16, 21). Studies introducing null mutations into the germline of mice for each of the MRFs have unraveled an intricate spatio-temporal relationship with potential layers of biological redundancy. This characteristic has made the study of the individual MRFs very challenging. For instance, MyoD deficient mice exhibit a normal muscle phenotype but have a four-fold increase in Myf-5 expression (114) and mice that lack Myf-5 display normal skeletal muscle (14). However, mice deficient in both Myf5-/- and MyoD-/- die at birth (115). Together, these studies demonstrate the necessity of Myf-5 and MyoD in skeletal muscle development and suggests the existence redundant mechanisms. In general, the role of MyoD and Myf-5 is to direct myogenic determination whereas myogenin and MRF4 are downstream and act as differentiation factors (116). Collectively, these MRFs communicate and cooperatively function to initiate and [image: ]direct the myogenic program.







Figure 1. A schematic of the myogenic program in response to a physiological stimulus. Satellite cells are mitotically quiescent and found between the basal lamina and sarcolemma. Upon exposure to a stimulus, satellite cells are activated and begin proliferating as a result of the elevated expressions of MyoD and Myf5. Following proliferation, myoblasts may return to quiescence and replenish the SC pool or undergo myogenic commitment and fuse to an existing fibre. In the instance of the latter, transcription factor Pax7 is downregulated whereas myogenin and MRF4 are upregulated. Adapted from Nederveen et al. (93).




	Upon injury or exercise, SC activate and rapidly upregulate Myf-5, which is followed by the upregulation of MyoD as well as other proteins necessary for progression through the cell cycle. Following proliferation, myogenic progenitor cells (mpc) return to quiescence and replenish the SC pool or undergo myogenic commitment. In instance of the latter, MyoD and Myf-5 expression is down regulated while myogenin and MRF4 expression is elevated (116). Myogenic progenitors committed to the myogenic lineage can fuse with one another forming a myotube (embryo) or fuse with a pre-existing skeletal muscle fiber (post-natally) and “donate its nucleus” (53), an essential process in post-mitotic tissue (Figure 1).
1.1.4 Identification of Quiescent and Activated Satellite Cells
Historically, researchers have used microscopic techniques to identify SC based on distinct morphological features such as anatomic location, high nuclear-to-cytoplasmic ratio, and a smaller nuclear size (53). Technological advances in imaging and immunohistochemistry techniques have provided the opportunity to observe molecular markers through immunofluorescent microscopy. Since this breakthrough, several SC surface markers have been identified such as neural cell adhesion molecule (NCAM) (66), c-Met (86), and cell adhesion protein M-cadherin (M-Cad), though each marker presents with its own set of challenges. Unlike the previously mentioned proteins, Pax7 is a nuclear marker of SC and is expressed in mature muscle (79). Despite the antibody of choice, the cell must be situated in the hallmark location between the basal lamina and sarcolemma to be considered a SC.
When enumerating SC, the work by Mackey et al. (79)  suggests that including 50 type I and 75 type II fibers in analysis of human skeletal muscle cross sections to ensure accuracy of observations is adequate. Additionally, there is growing evidence indicating that SC must be enumerated in a fiber type specific manner due to the differential fiber type response to various demands (9, 20, 63). Quantifying SC content across various timepoints following acute stimuli such as damage, induced by eccentric contractions or electrical stimulation, and exercise has proven to be valuable when describing changes in the overall SC population. However, this technique offers no indication of the progression of the SC through the cell cycle (i.e. quiescent, proliferating, differentiating). More importantly, some exercise interventions have been shown to induce SC activity without concurrent expansion (63). To circumvent this limitation, researchers have used several markers of SC activation such as Ki67 (79), proliferating cell nuclear antigen (PCNA) (79, 83), and MyoD (62, 65, 85), to further describe the SC response to a stimulus. When considering the various markers, there is no consensus regarding which marker is best though there appears to be a discrepancy in the number of Ki67+ and PCNA+ cells following exercise in humans (20). 
1.2 MUSCLE STEM CELLS AND RESISTANCE EXERCISE
1.2.1 Satellite Cell Response to an Acute Stimulus 
	The acute SC response is routinely studied following a muscle-damaging bout of eccentric exercise, typically performed on a biodex dynamometer. This protocol has reliably demonstrated the capacity to induce ultrastructural damage (7, 134) to muscle fibers and initiate a robust activation and expansion of the SC pool, with proliferation peaking between 24 and 72 hours (20, 28, 65, 84–86, 94, 133, 143). Not surprisingly, this protocol appears to preferentially target type II (20, 94) fibers, resulting in a greater expansion of SC associated with type II fibers (20). The reasoning why this protocol can effectively induce a SC response is likely due to the severe damage inflicted by eccentric contractions. Work from Hyldahl et al. (57) demonstrated that acute eccentric, but not concentric contractions, can induce SC activation 24 hours post-exercise, despite being work- and intensity-matched. Collectively, this data confirms that SC are extremely sensitive to resistance exercise (RE) and respond by a rapid proliferation and activation of the SC pool. 
1.2.2 Satellite Cell Response to a Chronic Stimulus
	Prolonged RE significantly increases the basal SC population (9, 40, 67, 99, 102). Interestingly, in each study there is a concurrent increase in muscle fibre CSA. Skeletal muscle being post-mitotic is heavily reliant on the resident SC population for the addition of de novo nuclei, known as myonuclei. Various studies have suggested that myonuclei govern a given volume of myofibrillar cytoplasm (71, 102) and during periods of skeletal muscle growth, exceed a myofibre area/myonucleus threshold. This seemingly results in the fusion of SC to fibres resulting in SC-mediated myonuclear addition, thus the “myonuclear domain theory” was proposed (1). 
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Figure 2. A schematic of the myonuclear domain theory. Skeletal muscle hypertrophy induces an increase in the myofiber area per myonucleus via muscle protein synthesis. Following this increase, the myonuclear domain expands past a certain threshold. This expansion signals SC to activate, proliferate, and fuse with the myofibre, donating its nucleus and restoring the myonuclear domain. Adapted from Forcina et al. (35).



	Despite correlational-based evidence, this theory has held strong and led many to adopt the firm belief that SC are indeed required for skeletal muscle hypertrophy. Not surprisingly, this has sparked an ongoing debate which still holds strong today. In an attempt to better understand the muscle hypertrophy-SC interplay, McCarthy et al. (64) elegantly designed a tamoxifen-induced Pax7-diphtheria toxin a (DTA) knockout mouse model allowing for a 90% conditional ablation of the SC pool. Following two weeks of overload induced hypertrophy via synergistic ablation, mice demonstrated a robust increase in muscle hypertrophy illustrated by a doubling of respective muscle weight (64). Despite this convincing data, the fact that 10% of the SC pool remained intact cannot be dismissed as trivial as SC boast the remarkable capacity to undergo rapid expansion, potentially permitting replenishment of the SC pool. Contrary to these findings, Egner et al. (37) repeated these experiments but conducted a more robust investigation of the skeletal muscle hypertrophic changes. Despite observing increases in muscle mass, researchers measured fiber CSA and reported overload hypertrophy was attenuated in SC-deficient mice (37). Importantly, this evidence suggests that the increase in muscle mass is unrelated to the actual changes in muscle fiber hypertrophy and thus the growth of other structures may be contributing to this phenomenon. In support of this notion, using the same Pax7-DTA mouse model, a significant accumulation of extracellular matrix (ECM) occurred along with a blunted hypertrophic response following 8 weeks of synergist ablation in SC-deficient mice (44). Additionally, myogenic progenitor cells were shown to hinder fibroblast ECM mRNA expression (44), suggesting that SC play a role in regulating the microenvironment during periods of skeletal muscle growth. It appears that the observed increases in muscle mass are in fact not attributable to muscle protein accretion but rather are attributed to the lack of SC regulation, potentially causing uncontrolled growth of structures of the ECM. Contrary to these findings, Jackson et al. (59) used the Pax7-DTA mouse in a hindlimb suspension and reloading model to induce atrophy and subsequently regrowth. The SC-deficient mice did not exhibit any hinderance in force production, muscle mass, CSA, or myonuclear accretion following reloading of the hindlimbs (59). 
	SC activation is elevated subsequent to an acute bout of RE (65). Interestingly, work from Nederveen et al. (65) demonstrated an increased capacity to activate the SC pool subsequent to an acute bout of exercise, following 16 weeks of RE. This enhanced ability to activate the SC pool may be an adaptive response allowing for an augmented postexercise response to an acute bout of exercise. Additionally, activated SC have been observed to be situated closer to capillaries (65) and prolonged RE may increase capillarization (43, 135), though this remains uncertain as these findings have been observed in the elderly population. Collectively these findings suggest RE may be driving an increase in capillarization resulting in the reduced distance between SC and nearby capillaries, thus increasing exposure to circulating nutrients and/or growth factors known to induce SC activation. Unlike activation, acute SC proliferation has been shown to decrease following prolonged resistance training (29), suggesting that SC may have a more dominant role in muscle repair during earlier stages of prolonged RE. Additionally, this lack of proliferation could be attributed to the already enlarged basal SC pool present following chronic RE. Taken together, it appears that SC respond to prolonged RE through increased activation and decreased proliferation in response to acute exercise and undergo an expansion of the basal SC pool.
1.3 MUSCLE STEM CELLS AND SUPPLEMENTATION 
	There is an abundance of literature investigating the effects of various forms of nutritional supplementation on human skeletal muscle, especially muscle hypertrophy and strength. Considering the apparent link between muscle hypertrophy and SC, the lack of research investigating the effects of nutritional supplementation on the SC response is surprising and warrants further investigations. 
1.3.1 Whey Protein and Leucine
	Dietary protein is a critical substrate for providing amino acids to facilitate skeletal muscle hypertrophy and regeneration induced by exercise. Of these amino acids, the most potent in stimulating muscle hypertrophy is leucine, as it has been shown that a given amount of leucine must be consumed to initiate a robust increase in muscle protein synthesis (MPS) (1.7 - 2.4 grams of leucine) (31). Remarkably, recent findings suggest that leucine plays other functional roles beyond the fundamental role as a substrate for MPS. Work from the early 1970s reported leucine accelerates muscle regeneration after crush injury to the hind limb in mice (112). Also, in vitro studies have shown enhanced proliferation and differentiation of C2C12 myoblasts (an immortalized myogenic murine cell line) when cultured with branched chain amino acids (BCAAs) (36) or leucine alone (22). This relationship appears to be modulated by microRNA-27a (miRNA-27a), a molecule that is stimulated by leucine and inhibits myostatin, inevitably increasing proliferation of myoblasts (22). In line with these findings, Averous et al. (5)  illustrated that leucine deprivation inhibits differentiation of C2C12 myoblasts and primary myoblasts. Accordingly, mouse models and in vitro studies have provided clear evidence that BCAAs, specifically leucine is able to affect myogenesis through modulating proliferation and differentiation.
	Unfortunately, the effect of protein supplementation on SC in humans is far less clear due to the inherent difficulties encountered when translating rodent work to humans. When paired with RE in an acute time-course, numerous studies have demonstrated that ingesting protein may accentuate myogenic regulatory gene expression and promote SC activation and proliferation (55, 110, 113) while another study observed no effect (111). Notably, this study measured SC activation using MyoD mRNA expression, a technique heavily criticized when used in isolation as mRNA is known to be unstable and highly variable (87). 
	Across longer periods of resistance training and protein supplementation, the effects on SC remain equivocal. Olsen et al. (99) were the first to observe that chronic protein supplementation and RE augmented SC expansion and myonuclear accretion compared to a placebo. In support of these findings, it was shown that 12 weeks of unilateral RE paired with 20g of whey protein per day resulted in a superior SC expansion compared to a placebo (40). However, not all studies reported added benefits of protein supplementation on SC activity following prolonged RE (33, 109, 125). The reasoning for these discrepant outcomes is not entirely clear though they may partially be explained by inherent differences in study design and analytical methodology. Numerous studies implemented exercise protocols with vastly different quantity of sets, repetitions, and rest, inevitably impacting total volume of work. Also, assessment timepoints via muscle biopsy are highly variable and quite sporadic owing to the fact that in most cases SC analyses were conducted as secondary outcomes in the study. Lastly, the use of different SC markers (i.e. Pax7 vs. NCAM) between studies may have introduced some variability. 
1.3.2 Creatine
	Creatine is an amino acid derivative naturally found in skeletal muscle, cardiac muscle, brain, testes, and other organs (81). During intense exercise, intramuscular ATP is rapidly depleted and subsequently resynthesized by the “phosphocreatine circuit” (131), where phosphocreatine, ADP, and a H+ enter a reaction catalyzed by creatine kinase producing ATP and creatine. Thus, it has been shown that creatine and phospho-creatine (PCr) exist in equilibrium, such that oral creatine supplementation can increase PCr stores (51), which in theory will prolong maximal power output. A maximal power output sustained for a longer duration would result in a larger stimulus initiating superior increases in respective muscular adaptations. Accordingly, creatine supplementation is often paired with RE in an attempt to achieve superior increases in muscular hypertrophy (95) and strength (73). When supplementing with creatine, typically a “loading” and “maintenance” phase is prescribed. The loading dose is 20-25 grams daily for 5 days and the maintenance dose is 2 grams daily for an extended duration (56). Without a loading phase, 3 grams daily has been shown to increase creatine stores to a similar extent in 28 days (56). Aside from the critical role creatine plays in energy metabolism, evidence suggests that creatine may be directly involved in myogenesis. 
	In vitro (58, 137) and in vivo rodent studies (30) have demonstrated that creatine supplementation alone or in combination with RE induces SC proliferation and differentiation. Also, Olsen et al. (99)  demonstrated that ingesting creatine (loading phase: 24g/day, 7 days; maintenance phase: 6g/day, 15 weeks) and performing RE for 16 weeks increased SC content and myonuclear accretion in human skeletal muscle more than that of supplementing with whey protein or RE alone. Taken together, research suggests that SC are indeed influenced by creatine availability with and without RE, yet the mechanisms underpinning these adaptations remain poorly understood. In an attempt to better understand this apparent relationship, Safdar et al. (117) conducted a study investigating the global and targeted gene expression and protein content in human skeletal muscle following short-term creatine monohydrate supplementation. The researchers reported increases in several genes involved in myoblast differentiation such as sphingosine kinase (SPHK) and p38 mitogen-activated protein kinase (MAPK)(117). This evidence suggests that along with the ability to augment energy metabolism, creatine has the remarkable ability to upregulate genes belonging to highly conserved signaling pathways critical for cell survival and differentiation. 
1.3.3 Vitamin D 
	Vitamin D is an important hormone with a wide range of functions, it’s primary role being the regulation of calcium homeostasis, which appears to be necessary for bone development and growth (23). The 2 primary forms of vitamin D are D2, ergocalciferol and D3, cholecalciferol, which are both converted into their biologically active form, calcitriol (1,25[OH]2D). The serum concentration of calcidiol (25[OH]D), the precursor of calcitriol, is the best indicator of vitamin D status due to its long half-life of 15 days (23). Vitamin D deficiency is medically diagnosed at serum values ranging from 12 to 20 ng/ml (23). 
	Vitamin D levels have been shown to impact muscle function and strength, such that deficiencies of vitamin D have manifested as an increased risk of falls in the elderly and decreased strength in both young and older individuals (42, 47, 60, 138). From a physiological standpoint, vitamin D receptors have been identified on the muscle fibre membrane (10) and evidence suggests through these receptors, vitamin D may control intramuscular calcium concentrations, impacting muscle contraction (50). In support of this, in vivo and in vitro avian studies have shown vitamin D can influence calcium uptake (13, 106) and intracellular calcium levels via activation of secondary messenger pathways (19). Furthermore, work from Buitrago et al (17) and Srikuea et al (127) demonstrated that vitamin D can regulate the activation of mitogen-activated protein kinase (MAPK) signaling pathways in muscle, which are well established to regulate cell proliferation and differentiation. Collectively, these findings highlight the important interplay between vitamin D and calcium and suggests adequate vitamin D levels are influential in the regulation of calcium uptake into the muscle cell. Thus, to my knowledge there has been no investigations on the effect of vitamin D and SC.
1.3.4 Calcium Citrate
	Increasing calcium intake from dietary sources or supplementation has long been understood to result in increased bone mineral density (BMD) (129). Along with increases in BMD, calcium supplementation has been linked to skeletal muscle function in the elderly population. In a study of 242 community-dwelling seniors, supplementation with 1000 mg of calcium resulted in a decrease in the number of participants with first falls by 27% at month 12 and 39% at month 20 (104). Often times, vitamin D and calcium are supplemented together to mitigate the risk of osteoporotic fractures. In a different study, 445 elderly men and women were supplemented with 700 I.U. of vitamin D and 500mg of calcium citrate or a placebo for three years (11). Researchers reported a reduced risk of falling in women but not men, suggesting the existence of a gender dimorphism in response to vitamin D, calcium citrate, or both (11). Conversely, a large trial compared 800 I.U. of vitamin D per day with or without calcium in 5292 elderly individuals who were mobile before developing a “low trauma fracture” (45). This study revealed incidence of new, low-trauma fractures was not significantly different between any of the treatments but did note that low compliance could have factored into the result (45). Considering the current literature, most studies suggest that supplementing with vitamin D and/or calcium will reduce risk of falls in the elderly (11, 41, 74, 104), though this still remains controversial (45). To date, to the best of my knowledge there has been no investigations on the effect of calcium citrate and SC.

1.3.5 Collagen Peptides
	Collagen is the most represented protein in the human body and supplementation appears to aid in skin hydration (3), joint function (34), and decreasing muscle soreness (25). Recently, prolonged RE combined with collagen peptide supplementation (15 grams per day) was shown to increase fat-free mass and strength in elderly sarcopenic men (141) and premenopausal women (61), compared to a placebo. In support of this, Kirmse et al. (69) followed recreationally active young men through twelve weeks of RE consuming either collagen peptides (15 grams per day) or a placebo and found significant increases in FFM in the collagen group compared to the placebo (69). Notably, this increase in FFM was not represented in the muscle fibre cross-sectional area (CSA), suggesting the increase in FFM may be a result of passive connective tissue adaptations from the collagen supplementation. Similarly, in healthy young men, a different study reported superior increases in FFM and strength in the collagen group (15 grams per day) compared to the placebo, following twelve weeks of RE (96). Interestingly, the latter study conducted proteomic analysis and reported 177 proteins higher in abundance in the collagen group versus the placebo, most of which were associated with protein metabolism of the contractile fibres (96). Despite the increase in protein abundance, the lack of true muscle hypertrophy across the literature seems sensible because although collagen contains an abundance of non-essential amino acids, like proline and glycine, it has relatively low amounts of essential amino acids like leucine, the main “trigger” for MPS (31). The inability of collagen to effectively initiate MPS has been reported, such that following energy restriction and step reduction, collagen peptide supplementation, unlike whey protein, was unable to increase rates of integrated MPS (97). Taken together, the current literature suggests that combining prolonged collagen peptide supplementation with RE may augment increases in LBM compared to RE alone. These increases in LBM appear to be driven by the accretion of connective tissue, which is illustrated by the lack of muscle fibre hypertrophy and the inability to stimulate MPS (69, 97). Since collagen is indeed a protein, it may be important to use as a control when investigating the potential of a new protein-based supplement to enhance skeletal muscle hypertrophy since it can be implemented in an isonitrogenous and isocaloric fashion. Similar to vitamin D and calcium citrate, to the best of my knowledge there has been no investigations on the effect of collagen peptides on SC.
1.4 INDIVIDUAL RESPONSE VARIABILITY
1.4.1 Responder variability to exercise and supplementation
	Exercise physiologists have long recognized that there are large variances in the response to certain interventions such as exercise type, intensity, and nutrition. Skeletal muscle adaptation to RE is dynamic and highly variable between individuals (6, 54), making the interpretation and generalization of research findings very difficult. One of the primary outcomes of prolonged RE is muscle mass accretion which is largely affected by age, nutrition, training status, and genetic disposition. When controlling for these variables, large variation in the hypertrophic response is still prevalent (52). Evidence suggests that miRNAs may be partially responsible for this variation since miR-133a/b, miR-206, and miR-1 have all been shown to regulate muscle differentiation in vitro (108). 
	Aside from the hypertrophic response to RE, considerable variation has also been observed regarding the response to nutritional ergogenic aids such as dietary protein and creatine. Dose-response studies to incremental amounts of whey protein reveal considerable variation in leucine oxidation for each protein amount given (89, 140). The oxidation of amino acids is indicative of the amino acid not being used for synthesis and is rather oxidized and excreted (105). Thus, variability in leucine oxidation at given protein amounts suggests individuals exhibit varying capacities to uptake and utilize dietary protein, though some of this variability may be due to the sensitivity of measure. Nonetheless, the discrepancy in leucine oxidation at given amounts of protein intake supports the notion of “responders” and “non-responders” to dietary protein. Similarly, literature suggests that 20-30% of individuals “do not respond” to creatine supplementation, characterized by less than a 10 mmol/kg dry weight (dw) increase in resting total muscle creatine following 5 days of creatine ingestion of 20 grams daily (46). In support of this, Syrotuik and Bell (128) had participants undergo a “loading phase” where 11 participants ingested 0.3 grams/kg of body weight/day for 5 consecutive days and measured total intramuscular creatine. Following this intervention  researchers effectively demonstrated three varying levels of responders bolstering resting total intramuscular creatine concentrations of 29.5 mmol/kg dw (n=3), 14.9 mmol/kg dw (n=5), and 5.1 mmol/kg dw (n=3) (46). Taken together, it is clear that humans express large variability in response to certain interventions. Whether it be RE or supplementation, this variability has an immense effect on the efficacy of intervention, and it is of paramount importance to consider when investigating various forms of exercise and ergogenic aids. 
1.4.2 Multi-ingredient Supplementation 
	Due to the variability of response to individual supplements, many researchers have implemented multi-ingredient nutritional strategies in an attempt to maximize skeletal muscle adaptations following interventions with and without RE. Multi-ingredient supplements (MIS) typically are comprised of a variety of ingredients in addition to whey protein such as creatine, vitamin D, polyunsaturated fatty acids, and calcium citrate (8, 122), all of which have been suggested to offer some beneficial impact on muscle function. When comparing MIS to isoenergetic carbohydrate or non-protein controls, combined with prolonged RE, MIS offer superior increases in lean body mass, FFM, and strength (92). Despite these findings, studies could not reveal whether the augmented adaptations were due to increased protein availability or the nature of the MIS itself. To better answer this question, O’Bryan et al. (15) performed a meta-analysis of 35 trials to determine if MIS provided superior training adaptations compared to supplementing with protein alone (15). When combined with strength training (>6 weeks), supplementing with MIS or protein only increased FFM and strength but no group-based differences were reported (15). These findings suggest that whey protein is likely the primary ingredient in the MIS supplement driving exercise-induced skeletal muscle adaptations. Nonetheless, in the latter study, consuming MIS lead to greater gains in LBM in untrained versus trained individuals (15), suggesting a greater responsiveness to MIS in exercise-naive individuals. To my knowledge, there has been one study investigating the effect of MIS on SC. In the study by Snijders et al. (122) elderly men consumed a MIS or a carbohydrate control for 7 weeks and performed an acute bout of exercise, taking muscle biopsies before, 24 and 48 hours following exercise. Type I and type II muscle fibre SC content was significantly increased at 24 and 48 hours following exercise compared to baseline, though no differences were apparent between groups (122). Despite no differences between groups, these findings may not reflect the true effect of MIS on SC as the study was conducted in elderly individuals. In this regard, skeletal muscle tissue from the elderly population has been shown to exhibit anabolic resistance (18) and SC dysfunction (124), which may have impacted the results reported by Snijders and colleagues. 
1.5 CONTENT OF THESIS 
1.5.1 Purpose 
	The overarching purpose of this thesis was to explore the effect of a MIS on the SC response. Specifically, we sought to investigate whether prolonged RE, combined with a MIS, could augment the expansion of the basal SC pool. Furthermore, we were interested in examining acute SC activation and proliferation following RE training and MIS consumption.  
1.5.2 Hypothesis
	We hypothesized that we would observe a greater expansion of the basal SC pool in the MIS group compared to the control (CP) group, following 10 weeks of RE and supplementation. Additionally, we hypothesized that there would be similar decrease in SC proliferation and similar increases in activation in both groups following an acute bout of eccentric exercise after 10 weeks of RE and supplementation.























2.0 METHODS
Participants 
	Twenty-six healthy young men and women (18-26 ± 0.55) were recruited to participate in this study. All participants were recreationally active with no formal weight training experience in the previous year. Exclusion criteria included smoking, diabetes, the use of nonsteroidal anti-inflammatory drugs (NSAIDs), and/or statins, and history of respiratory disease and/or any major orthopedic disability. Participants were excluded if they were consuming any of the following supplements in the 6 months prior to their commencement: whey protein, vitamin D, calcium citrate, creatine monohydrate, leucine, or collagen peptides. The study was approved by the Hamilton Health Sciences Integrated Research Ethics Board (HIREB #4449) and conformed to the guidelines outlined in the Declaration of Helsinki. Participants gave their informed written consent before their inclusion to the study.Values are means ± SEM. CP, collagen peptide; LBM, lean body mass; MIS, multi-ingredient supplement.

	TABLE 1
	
	
	
	

	Participant characteristics
	 
	 
	 

	
	
	MIS supplement
	CP Supplement
	

	 
	 
	(n = 13, 7M)
	(n=13, 6M)
	P Value 

	Age, y
	
	22.9 ± 0.6
	20.9 ± 0.5
	0.4

	Height, m
	
	1.71 ± 0.03
	1.70 ± 0.03
	0.9

	Body mass, kg
	
	70.2 ± 2.6
	66.8 ± 3.4
	0.4

	LBM, kg
	
	48.2 ± 2.7
	45.3 ± 2.4
	0.6

	Body fat, %
	
	29.0 ± 2.1
	28.9 ± 2.5
	0.4

	BMI, kg/m^2
	 
	24.0 ± 0.6
	23.0 ± 0.9
	0.4

	
	
	
	
	


Experimental Outline
	Participants were randomly assigned to the control (collagen peptide; CP) or experimental group (multi-ingredient supplement; MIS). All participants underwent 10-weeks of RE training, while ingesting their respective supplement twice daily. On training days, the supplement was ingested immediately following training and once before bed. On non-training days, the supplements were ingested two hours after breakfast and once before bed. There were 4 assessment timepoints in this study – T1, T2, T3, T4. During assessments T1 (pre-training) and T3 (post-training), participants visited the laboratory in the morning while fasted and one resting skeletal muscle biopsy was taken from the vastus lateralis. Following each resting biopsy, participants completed an acute bout of damaging eccentric exercise. Assessments T2 and T4 were 48 hours after T1 and T3, respectively (Figure 3). Again, participants visited the laboratory in the morning while fasted and one resting muscle biopsy was taken from the same leg. Figure 3. A schematic of the experimental design. Muscle biopsies (bx) were obtained from the vastus lateralis at 4 time points throughout the study; baseline pre-training (T1), 48h following eccentric damage before 10 weeks of training (T2), baseline post-training (T3) and 48h following eccentric exercise after 10 week of training (T4). 
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Resistance training protocol
Participants underwent 10-weeks of progressive full body resistance training consisting of four training sessions per week. Each week consisted of two upper body and two lower body training sessions. The upper body exercises were divided by day, one concentrating on pulling, the other on pushing. The exercises performed on the “push” day were flat chest press, standing shoulder press, incline chest press, skull crusher, assisted dip, close-grip chest press, and sit-up. The exercises performed on the “pull” day were pronated lat pulldown, single-arm row, seated row, supinated lat pulldown, bicep curl, and abdominal plank. The lower body exercises were also separated by day, one being more anteriorly dominated, the other more posteriorly dominated. The exercises performed on the anterior-focused day were barbell back squat, lunge, close-stance leg press, leg extension, hamstring curl, calve raise. The exercises performed on the posterior-focused day were deadlift, leg press, single-leg press, leg extension, hamstring curl, and calve raise. All exercises were performed in 3-5 sets of 8-12 repetitions at ~80% of 1RM, with 45s-90s of rest between sets. 
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Figure 3. Resistance exercise training program. A 10-week linear RE progressive training program. Four days of RE per week, two upper body days, and two lower body days. Exercises were performed in 3-5 sets of 8-12 repetitions at ~80% of 1RM, with 45s-90s of rest between sets. 





Nutritional Supplementation
	The MIS was composed of whey protein isolate (20g), leucine (2g), creatine monohydrate (2.5g), calcium citrate (300mg), and vitamin D3 (cholecalciferol)(1000IU). The control supplement was comprised of collagen peptides (20g), alanine (1.4g), and glycine (0.6g), thus the supplements were isoenergetic and isonitrogenous. All ingredients were packaged in individual sachets and labelled in a blinded manner (Infinit Nutrition, Windsor, Ontario). Subjects prepared the beverage at home by mixing their respective powder with 425 mL of water and consumed twice daily, separated by at least 2 hours of caloric consumption. The powder in both the experimental and control condition was matched for flavor and odor to the active forms. All study beverages were labeled in a blinded manner (Infinit Nutrition, Windsor, Ontario).
	TABLE 2

	Supplementation Information
	 
	 

	MIS
	CP

	Whey protein isolate
	20g
	Collagen peptides
	20g

	Leucine
	3g
	Alanine
	1.4g

	Creatine monohydrate
	5g
	Glycine
	0.6g

	Calcium citrate
	300mg
	
	

	Vitamin D3
	1000IU
	 
	 






CP, collagen peptide; LBM, lean body mass; MIS, multi-ingredient supplement.

Eccentric damage
Maximal isokinetic unilateral muscle-lengthening contractions of the quadriceps femoris were performed on a Biodex dynamometer (Biodex-System 3, Biodex Medical Systems, Inc., USA) at 3.14 rads-1. Briefly, for each subject, the leg that corresponded to the baseline muscle biopsy was selected. Movement at the shoulders, hips, and thigh were restrained with straps in order to isolate the knee extensors during the protocol. Immediately prior to the intervention, subjects underwent a brief familiarization trial involving 5 to 10 submaximal lengthening contractions of the leg under investigation. Subjects were required to perform 30 sets of 10 maximal muscle-lengthening contractions with one-minute rest between sets, for a total of 300 lengthening contractions. During each set, investigators provided verbal encouragement in an attempt to elicit a maximal effort. It has been well documented that our protocol induces a significant level of skeletal muscle damage and substantial cellular disruption evidenced by extensive z-band streaming, desmin disruption (7, 134), a significant increase in plasma creatine kinase (38), decreased force production (38), and an upregulation of the myogenic regulatory factors (84).
Muscle biopsy sampling
	Four total percutaneous needle biopsies were taken from the mid portion of the vastus lateralis under local anesthetic (1% lidocaine (lignocaine)) using a 5-mm Bergstrom needle adapted for manual suction (2). All biopsies were performed on a single leg, which was randomized for each participant. One muscle biopsy was obtained pre-training at rest (T1). This biopsy was used for baseline measures. Another biopsy was obtained pre-training, 48 hours following eccentric damage (T2). Another two biopsies were obtained post-training, one at rest (T3), and one 48h following eccentric damage (T4). Approximately 150 mg of muscle tissue was collected from each biopsy. Following collection of the muscle sample, the muscle was dissected free of adipose and connective tissue and flash-frozen in liquid nitrogen, then stored at −80°C for later analysis. For immunohistochemistry, a fresh piece of muscle (approximately 40mg) was sectioned from the biopsies, orientated in cross-section, mounted in OCT compound (Tissue-Tek, Sakura Finetek, USA) and frozen in isopentane cooled with liquid nitrogen. The embedded samples were stored at −80°C and then sectioned (5 μm) at −20°C using a cryostat microtome. The cross-sections were mounted on slides and stored at −80°C for immunohistochemical analysis.
Immunofluorescence
﻿	Muscle cross-sections (7 µm) were prepared from unfixed optimal cutting temperature embedded samples, allowed to air dry for 30 min, and stored at −80°C. Two immunohistochemical experiments were completed, one to analyze SC content for I and II fibres, CSA, MND, myonuclei, and the other to investigate SC activation. Slides were then stained with antibodies against Pax7 (neat; Developmental Studies Hybridoma Bank), MyoD (anti-MyoD1; clone 5.8A, 1:100; Dako), A4.951 [myosin heavy chain (MHC) type I, slow isoform, 1:1; Developmental Studies Hybridoma Bank], and MHC-II (fast isoform, 1:1000; ab91506; Abcam). Secondary antibodies used were Pax7 (Alexa Fluor 488 or 594, 1:500; Invitrogen, Molecular Probes), MyoD (biotinylated secondary antibody, 1:200; Vector Canada; and streptavidin-594 fluorochrome, 1:200; Invitrogen, Molecular Probes), A4.951 (Alexa Fluor 488, 1:500), MHC-II (Alexa Fluor 647, 1:500), and laminin (Wheat Germ Agglutinin 488 or 647, 1:200; Vector Laboratories). Nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI; 1:20,000; Sigma- Aldrich) before cover slipping with fluorescent mounting media (Dako). Slides were viewed with a Nikon Eclipse Ti Microscope (Nikon Instruments) and equipped with a high-resolution Photometrics CoolSNAP HQ2 fluorescent camera (Nikon Instruments). Images were captured and analyzed by using Nikon NIS Elements AR 3.2 software (Nikon Instruments). All images were obtained with the 20× objective, and ≥150 ﻿fibers/subject per time point were included in the analyses for SC content, activation status, fiber cross-sectional area, and myonuclear accretion. The activation status of satellite cells was determined via the colocalization of Pax7, MyoD, and DAPI (i.e., Pax7+/MyoD+). Slides were blinded for both group and time point. All immunofluorescent analyses were completed in a blinded fashion.

Statistical Analysis
	Two-way repeated measures analysis of variance (ANOVA) was performed to make comparisons for time (T1, T2, T3, and T4) and supplement (MIP or CP) for CSA, SC content, SC activation, myonuclear accretion, and myonuclear domain. Statistical analysis was performed using IBM SPSS Version 23.0 software (Armonk, NY, USA).


















3.0 RESULTS
3.1 Increased basal SC population, irrespective of supplement. 
           There was an 83% and 40% increase in the basal SC pool for mixed fibres in the MIS (16.17  2.4 to 29.60  3.6 SC/100 myofibres)(p < .05)  and CP group (14.94  2.3 to 24.54  3.5 SC/100 myofibres)(p < .05), respectively, with no group interaction (Figure 6A). Also, there was a 50% and 40% increase in the basal SC population associated with Type I fibres in the MIS (9.34  1.8 to 14.02  2.2 SC/100 myofibres)(p < .05) and CP group (8.38  1.5 to 11.66  1.7 SC/100 myofibres)(p < .05), respectively, with no group interaction (Figure 6B). Finally, there was a 128% and 96% increase in the basal SC population associated with type II fibres in the MIS (6.83  0.1 to 15.57  2.3 SC /100 myofibres)(p < .05) and CP group (6.56  0.9 to 12.89  2.0 SC/100 myofibres)(p < .05), respectively, with no group interaction (Figure 6C).
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Figure 5. An immunofluorescent image of a type I-associated SC. (A), representative image (merge) of a Pax7/WGA/MHCI/MHCII immunofluorescent stain. Single channel views of (B) Pax7 (red) and (C) DAPI (blue). Double channel view of (D) Pax7 (red) colocalized with DAPI (blue). Yellow arrow denotes a Pax7+ cell associated with a type I fibre. 
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Figure 6. The basal SC population in response to 10 weeks of RE and supplementation. Quantification of these cells as total Pax7+ cells per 100 myofibres in mixed fibres (A), type I fibres (B), and type II fibres (C). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values. *denotes a significant difference from pre- time point (p <.05).












	

3.2 No change in SC proliferation in response to eccentric damage prior to or following 10 weeks of RE and supplementation. 
           There was no effect of time or group found in SC proliferation of mixed fibres (Figure 7A), type I fibres (Figure 7B), or type II fibres (Figure 7C) (p >.05). 
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Figure 7. The change in SC proliferation following 10 weeks of training and supplementation. The delta SC pre (T1-T2)- and post (T3-T4)-training and supplementation. Quantification of these cells as total Pax7+ cells per 100 myofibres in mixed fibres (A), type I fibres (B), and type II fibres (C). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values.







	





3.3 Increased SC activation following 10 weeks of training and supplementation, no difference between supplements. 
           There was an increase observed in Pax7+/MyoD+ cells across time in mixed fibres in the MIS (0.52  0.2 to 2.71  0.4 Pax7+/MyoD+ cells/100 myofibres) (p <.05) and CP group (0.001  0.3 to 1.12  0.5 Pax7+/MyoD+ cells/100 myofibres)(p <.05)(Figure 9A), with no differences between groups. Also, there was an increase in Pax7+/MyoD+ cells across time in type II fibres in the MIS (0.51  0.2 to 2.35  0.7 Pax7+/MyoD+ cells/100 myofibres) and CP group (0.09  0.3 to 1.23  0.6 Pax7+/MyoD+ cells/100 myofibres)(p <.05)(Figure 9C), with no differences between groups. No changes were observed in type I fibres (Figure 9B). When collapsing group and fibre-type data, there was a 635% increase in SC activation following 10 weeks of resistance training (0.26  0.24 to 1.91  0.45 Pax7+/MyoD+ cells/100 myofibres)(p <.05)(Figure 9D). 
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Figure 8. An immunofluorescent image of a type II-associated activated SC. (A), representative image (merge) of a MyoD/Pax7/MHCII/WGA/DAPI immunofluorescent stain. Double channel view of (B) MyoD (red) colocalized with Pax7 (green). Single channel views of (C) Pax7 and (D) MyoD. Red arrow denotes an activated SC expressing Pax7 and MyoD. Yellow arrow denotes a quiescent SC expressing Pax7 and not MyoD. 





Mixed fibres
Figure 9. The change in SC activation following 10 weeks of training and supplementation. The delta SC activation pre (T1-T2)- and post (T3-T4)-training and supplementation. Quantification of these cells as total Pax7+/MyoD+ cells per 100 myofibres in mixed fibres (A), type I fibres (B), type II fibres (C), and combined group and fibre-type (D). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values. *denotes a significant difference from pre- time point (p <.05).
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3.4 Superior increases in CSA in the MIS group. 
           There were increases of 38% and 24% in type I fibres in the MIS (2062.05  389.1 um2 delta)(p <.05) and CP group (1178.2  278.4 um2 delta)(p < .05), respectively, with no difference between groups (Figure 10A). Conversely, in type II fibres, the MIS group had a 48% increase in CSA (2835.96  477.7um2 delta)(p <.05), which was significantly greater than the 32% increase in the CP group (1546.12  312.6 um2 delta) (p <.05) (Figure 10B).  
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Figure 10. The change in muscle CSA following 10 weeks of training and supplementation. The delta CSA in type I (A) and type II fibres (B). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values. *denotes a significant effect of time (p <.05). # denotes a difference between groups (p <.05).














	


3.5 Similar increases in myonuclear accretion in the MIS and CP group. 
           In mixed fibres, there was a 22% and 19% increase in myonuclear accretion for the MIS (2.88  0.1 to 3.50  0.2 myonuclei/myofibre)(p < .05) and CP group (2.88  0.1 to 3.42  0.2 myonuclei/myofibre)(p <.05), respectively, with no difference between groups (Figure 11A). There were increases of 17% and 13% in myonuclear accretion for type I fibres in the MIS (2.96  0.1 to 3.45  0.2 myonuclei per myofibre)(p <.05) and CP group (3.00  0.1 to 3.38  0.2 myonuclei per myofibre) (p <.05) (Figure 11B), respectively, with no differences between groups. Finally, there were increases of 26% in myonuclear accretion in type II fibres for both the MIS (2.81  0.2 to 3.55  0.2 myonuclei/myofibre)(p <.05) and CP group (2.74  0.1 to 3.45  0.2 myonuclei/myofibre)(p <.05)(Figure 11C).Mixed fibres
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Figure 11. Myonuclear accretion following 10 weeks of resistance training and supplementation. The myonuclear accretion in mixed (A), type I (B), and type II fibres (C). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values. *denotes a significant effect of time (p <.05). 




3.6 Similar increases in MND in the MIS and CP group.
           Increases of 14% and 9% were observed for MND in mixed muscle fibres in the MIS (1888.21  89.9 to 2158.67  128.0 myofibre area/nuclei)(p <.05) and CP group (1701.41  58.1 to 1853.63  80.8 myofibre area/nuclei) (p <.05), respectively, with no differences between groups (Figure 12A). Likewise, the MND in the MIS (1789.55  93.1 to 2035.43  123.2 myofibre area/nuclei)(p <.05) and CP group (1614.54  59.0 to 1798.92  102.2 myofibre/ nuclei) (p <.05) increased by 14% and 11%, respectively, with no difference between groups (Figure 12B). For type II fibres, the MND for the MIS increased by 15% (1986.86  129.9 to 2281.9  150.2 myofibre area/nuclei) (p <.05), whereas CP group increased by 6.7% (1788.3  82.2 to 1908.34  95.5 myofibre area/nuclei) (p <.05), with no differences between groups (Figure 12C). Mixed fibres
Type I fibres
Type II fibres
Pre
Post
Pre
Post
Pre
Post
= MIS
= CP












Figure 12. Myonuclear domain following 10 weeks of resistance training and supplementation. The myonuclear domain in mixed (A), type I (B), and type II fibres (C). The box plot shows the median (line) and the mean (+), with the box representing the interquartile range (IQR), and the whiskers representing the maximum and minimum values. *denotes a significant effect of time (p <.05). 



4.0 DISCUSSION
	The current investigation is the first to assess the acute SC response prior to and following prolonged RE and multi-ingredient supplementation. When consumed in isolation, whey protein, leucine, creatine monohydrate, calcium citrate, and vitamin D have all been shown to induce increases in muscle hypertrophy, increased force production, or decreased risk of falls in the elderly (31, 42, 47, 60, 73, 95, 104, 138). Many researchers have implemented a multi-component nutritional strategy in hopes to initiate a combinatory effect of these supplements and elicit a maximal adaptive response. A meta-analysis investigating multi-ingredient supplements paired with RE reported greater gains in fat-free mass and strength in healthy adults (15). Considering these added benefits and the apparent link between SC and hypertrophy, the lack of research investigating SC adaptation to RE and multi-ingredient supplementation is surprising. In this regard, we aimed to investigate the SC adaptations following 10-weeks of RE and multi-ingredient supplementation. Though our study lacked a non-supplement exercise control, our findings support previous literature  from our laboratory and others suggesting SC basal population (9, 40, 67, 99, 102) and activation (65) increase with chronic RE training.
Basal SC Population
	Following 10-weeks of RE and supplementation, in mixed fibres, there were increases in the basal SC population of 83% and 40% in the MIS and CP group (P < 0.05), respectively, with no significant differences between groups. The increase in SC content was expected as numerous studies have observed similar findings following prolonged RE, with (40, 99) and without (9, 40, 67, 99, 102) supplementation. In line with previous studies, the increase in SC content was concurrent with increases in CSA for both groups. This may suggest that as myofibre size increases there is a concomitant increase in the SC pool to maintain and support growth of the myofibre. Though we expected an increase in SC content in both groups, the lack of difference between groups is somewhat surprising. A study conducted by Olsen et al.(99) reported a superior expansion of the basal SC pool in participants consuming creatine or whey protein versus a placebo, following 4-weeks of RE and supplementation. Since creatine and whey-protein both induce proliferation and differentiation of myogenic cells in vitro (36, 58, 137), it is sensible to expect a greater expansion of the SC pool in those consuming a MIS compared to the CP group. Despite this, our study is not the first to report no difference in SC content between a supplemented and control group following chronic RE. A study by Reidy et al.(109) had participants perform 12-weeks of RE and reported similar increases in basal SC content in those consuming a soy-dairy protein blend, whey protein isolate, or a placebo. These discrepant findings in the literature could potentially be attributed to many aspects inherent to the field such as high inter-person variability, small effect sizes, heterogeneity in the SC pool, timing of analysis, and the specific biomarker used for SC identification (Pax7 or NCAM).
Acute and Chronic SC Proliferation
	The lack of SC proliferation following an acute bout of eccentric damage prior to or following 10 weeks of RE and supplementation was unexpected. Though this study is not the first to report a lack of SC proliferation following eccentric damage (39), it is surprising since our lab has reliably demonstrated an expansion of the SC pool 24, 48, and 72 hours following damage (9, 20, 83, 85, 94). Notably, our study was conducted in men and women whereas the latter findings were only demonstrated in men. This may help explain our null finding as estrogen appears to have a protective effect against exercise-induced muscle damage. Work from Dieli-Conwright et al.(32) reported that post-menopausal women on hormone replacement therapy (HRT) experience less muscle damage after eccentric exercise, indicated by a lower mRNA expression of IL-6, IL-8, IL-15, TNF-a, and lower serum concentrations of creatine kinase compared to the non-HRT control. The idea of estrogen attenuating exercised-induced muscle damage is supported through work in rodents, where researchers observed blunted post-exercise CK activities, calpain-like activities, and muscle neutrophil infiltration in estrogen supplemented ovariectomized rats (132). Therefore, this apparent sex-based difference reported by other groups may have attributed to the large variance observed in our acute proliferation data, which seems to have had an impact on our findings. Interestingly, when collapsing groups and comparing SC proliferation between males and females pre-training (T1-T2), we observed significantly greater proliferation in males compared to females (p <.05). Furthermore, the lack of acute SC proliferation may have simply been a failure to elicit muscle damage, though this does not seem likely.	Comment by Gianni Parise: Fair to say but does this play out when you separate the men from the women in your cohort?  If it does or even looks like it may then it is worth actually mentioning that.	Comment by S. Fortino: When looking at proliferation from T1-T2 (acute bout pre-training), I collapsed groups and compared males (13) to females (13) (independent samples t-test) there was a significant difference. Since this is not “scientifically sound” as it wasn’t pre-planned I put it into a supplementary slide as I’m sure it will be brought up in my defence. What do you think of this? Should I also include something here?	Comment by S. Fortino: If I leave in this blurb should I add a figure? Values?
	SC proliferation occurs after an acute bout of exercise but recent evidence suggests acute SC proliferation and muscle damage is attenuated following chronic RE training (29). The basal SC pool substantially increases with resistance training, thus when exposed to an acute exercise bout, SC content is already elevated and may not need to undergo as many rounds of proliferation. In line with these findings, we expected to see a decrease in SC proliferation in both groups following our intervention. As mentioned previously, it is possible that a differential gender response could have increased variance to a certain point, which may have masked any true effects. 
SC Activation
	Recently, work from Nederveen et al. (65)  reported an increase in relative SC activation following 16-weeks of RE. In line with these findings, when pooling our conditions together, there was a 635% (P < 0.05) in the SC activation 48 hours post-eccentric damage, following 10 weeks. Though the exact reason underlying the increase in activation remains unknown, we presume this is an adaptive response that permits an augmented postexercise response to an acute bout of eccentric damage. Interestingly, activated SC are situated closer to capillaries (65) and some evidence suggests prolonged RE may increase capillarization (43, 135). In this regard, increasing capillarization through RE may result in the reduced distance between SC and nearby capillaries, thus increasing exposure to circulating nutrients and/or growth factors known to induce SC activation. 
	We hypothesized both groups would demonstrate similar increases in SC activation following an acute bout of eccentric exercise. To the best of our knowledge, there has been no evidence to suggest prolonged supplementation and RE can generate greater increases in SC activation compared to that of a control. 
Myonuclear Accretion and Domain
	The myonuclear domain theory states that ﻿each myonucleus controls mRNA transcription and protein synthesis for a finite amount of cytoplasm, known as the myonuclear domain. Accordingly, increases in myofibre volume expands the myonuclear domain past a given threshold (2200um2 or ~26% of fibre CSA), which would drive the requirement of SC-mediated myonuclear addition (1, 25, 95). Therefore, this two-phase model proposes that the increase in MND would precede the addition of myonuclei. Despite greater increases in type II fibre CSA in the MIS group, similar increases were found for myonuclear accretion and MND in type I and II fibres in both groups. Although seemingly contradictory, this finding is not completely unexpected since some studies have reported myofibre hypertrophy is accompanied by myonuclear accretion (9, 68, 75, 99, 102) whereas others have observed no detectable increases in myonuclei with fiber growth (67, 78, 103, 136). This incongruency in the literature may be explained by the high variance observed in regard to myonuclear accretion, such that it appears the degree of hypertrophy does not always reflect the magnitude of myonuclear accretion. A meta-analysis conducted by Conceicao et al.(27) effectively demonstrated the high heterogeneity present between the level of hypertrophy and the corresponding increase in myonuclear accretion, which inevitably would affect the variability in myonuclear domain. These discrepancies in the literature make it very difficult to interpret our results. Nonetheless, our study revealed following 10-weeks of resistance training and supplementation, there was a greater increase in type II CSA in the MIS group, but similar increases in MND and myonuclear accretion. 
Limitations
	Though this study was designed and conducted in a rigorous manner there are limitations. When considering the expansion of the basal SC pool, the MIS group nearly doubled that of the CP group in mixed fibres, though it appears our study was statistically underpowered to detect a difference between groups. This study was part of a larger project which was statistically powered on LBM, thus if we powered the study based on the basal SC population effect size (0.33, small) revealed in this study, we would need ~120 participants to observe a difference. Another limitation in this study was the time-course, such that we only evaluated SC at resting and 48-hours post eccentric exercise. A more extensive time-course such as 6, 24, 48, and 72 hours post-exercise would provide a more comprehensive data set to detect subtle differences in the SC response. Males and females were included in this study not to investigate sex-based differences but rather to increase the applicability of the supplement. To my knowledge sex-based differences in the SC response to supplementation and RE have yet to be compared, however recent evidence suggests  differences may exist (26). Therefore, without appropriately powering our study to detect sex-based differences, we may have introduced variation into our data by grouping sexes. Also, although the eccentric protocol utilized is proven to reliably induce muscle damage (9, 20, 83, 85, 94), in this study we have no true validation that we effectively damaged the muscle. Finally, it can be argued that this investigation lacked a true control group. Despite collagen peptides displaying a weak anabolic profile, no study has explored the effect of collagen peptide supplementation on SC and therefore the idea of collagen peptides influencing SC behaviour cannot be ruled out. 
Future Directions
	Upon completion of this study, there are future considerations to be made with follow-up or associated work. Adaptation to chronic resistance exercise is manifested through repeated bouts of exercise and subsequent responses.  Over time these responses accumulate generating a phenotypic change, such as a gain in LBM. Thus, the magnitude of each acute stimulus and subsequent response will modulate the degree of chronic adaptation.  In this regard, future studies should also observe the acute effects of the supplement under investigation, as chronic adaptations take longer to accrue and detect and may even be missed due to the length of intervention. Also, a large degree of heterogeneity exists within the SC population and some SC exhibit very different behavioral tendencies within the muscle such as differential mitotic cycling rates and varying propensities to either self-renew or differentiate (100). Because of these differences in the SC population, it is critical to implement an extensive time-course when observing SC behaviour following an acute stimulus, however this approach is resource-intensive and may not always be feasible. 
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APPENDIX I: RAW DATA AND STATISTICS

SC content (raw data and statistical outputs)
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SC activation (raw data and statistical outputs)


[image: ]











































CSA (raw data and statistical outputs)





















	
Myonuclear accretion (raw data and statistical outputs)












	








	
MND (raw data and statistical outputs)
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Basal SC Content Type Il

Within-Subjects
Factors

Measure: _Basal_SC_Typel

Dependent
Time | Variable

T Pre
2 Post

Between-Subjects

o
v
S T 5
2 B
Multivariate Tests®
Hypothesis
Effect Value ¥ df Error df Sig.
Time Pillai's Trace 397 | 15.820° 1.000 24.000 001
Wilks' Lambda 603 | 15.820° 1.000 24.000 001
Hotelling's Trace 659 | 15.820° 1.000 24.000 .001
Roys Largest 659 | 15.8200 Lo0o | 24000 | 001
Time * Supp  Pillai's Trace 020 496" 1.000 24.000 488
Wilks' Lambda 980 .496° 1.000 24.000 488
Hotelling's Trace 021 496° 1.000 24.000 488
Roy's Largest 021 | ave Looo | 24000 | a8
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Basal SC Content Type |

Within-Subjects
Factors

Measure: _Basal_SC_Typell

Dependent
Time | Variable

T Pre
2 Post

Between-Subjects

Foeiors
w
T 5
2 B
Multivariate Tests®
Hypothesis
Effect Value F df Error df Sig.
Time Pillai's Trace 537 | 27.799° 1.000 24.000 000
Wilks' Lambda 463 | 27.799° 1.000 24.000 000
Hotelling's Trace 1.158 | 27.799" 1.000 24.000 000
Roy's Largest 5
Ror 1158 | 27.799 Lo0o | 24000 | 000
Time * Supp  Pillai's Trace 029 711" 1.000 24.000 407
Wilks' Lambda 971 711° 1.000 24.000 407
Hotelling's Trace 030 711° 1.000 24.000 407
Roy's Largest 030 | 71 Looo | 24000 | 407
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Type | Delta SC Proliferation

Group Statistics

S S Error
Group Mean Deviation Nean

Delta_proit 1 3 | 3.3430 847116 234948
2 13 | 1669 9.62540 266961

Independent Samples Test

Tevene's Test for Equality of

Variances t-test for Equality of Means
95% Confidence Interval of
Sig. (2- Mean std, Error the Difference
F Sig. 1 df tailed) Difference Difference Tower Upper
Defta_Proli_Equa varances o7 s | s | 24 S81 ] aa7e0s | ssseas | t0s1s77 | ateser
Equal varances
Equal varian _s03 | 23619 ss1 | 37605 | 3sse2s | 1052205 | 416994
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Type Il Delta SC Proliferation

Group Statistics

w7 ST Eor

Group vean | Devaton | san
Delta_Prolif 1 13 -.7229 15.04619 4.17306

2 13 | 19102 | ssaes | 2s1eze

Independent Samples Test
Levene's Test for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of
Sig. (2- Mean std, Error the Difference
F Sig. ‘ df tailed) Difference Difference Tower Upper

Defia_Prolf_Equalvariances 2202 MR ss | 26318 | 477wz | wzasiz | 721537

Equal variances _ss2 | 18743 sss | 263318 | a77ise | 1262097 | 736362
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Group1

Group2

Gender
anF
503 F
553 F
q1F
n9F
a2
109 F
w2
s
34
s
a2
928 F

Gender
101 M
106 M
19 M
181 M
201
309 M
62 M
24w
27w
288 M
M
s01m
21m

T
5271318
17.216429
111803515
841611787
352404643
32.1203953
10.3309587
550376606
632067575
214606635
28.077957
141901392
318639573

T
17.4369748
22.2647935
113820787
458112129
13.3985607
2716763
17.3947265
583158777
216450216
1456743295
108482215
113105483
816060845

n Delta
238802524 -4.646879
960472309 7.5717059
982615268 13541992
906334199 064782412
104622682 693822175
327751744 065677511
126753749 233541621
116023392 209857312
685001273 052933298
181977253 -3.2629386
25.3858608 -2.6920962
571457727 84795615
17.197775 1457718

™ 22674164
Sem 155718034
) 561449355
n Delta

135661325 38708423
432628657 209980722
39.2006803 27.8177015
554170662 086058532
116644052 17341554
193434494 27673136
30.5010893 13.1063628
193151212 134835334
20.7049661 805994445
261909715 11525642
17.4996577 66514362
876674954 -2.5437984
10.3840246 222341613
™ 72161988
Sem 274003874
5. 9.87835017
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_Gender differential Delta SC Proliferation T1-T2

Group Statistics

w7 ST Eor

Gender | N | mean | pevsion | > iean
Delta_Prolif 1 13 | -2.2674 5.61449 1.55718

2 13| 7212 | omross | 274004

Independent Samples Test
Levene's Test for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of
Sig. (2- Mean std, Error the Difference
F Sig. ‘ df tailed) Difference Difference Tower Upper

Defia_Prolf_Equalvariances Py ois | 3000 | 24 006 | oassez | aistel | 1sess1 | 297902

Equal variances

Equal varan 3009 | 19019 007 | oassez | 31sie1 | 1607955 | 288768
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MND Type Il

Within-Subjects
Factors
Measure: _MND_Type

Dependent
Time | Variable

T Pre
2 Post

Between-Subjects

o
v
Sop T 5
2 B
Multivariate Tests®
Hypothesis
Effect Value F df Error df Sig.
Time Pillai's Trace 149 4.209° 1.000 24.000 051
Wilks' Lambda 851 4.209° 1.000 24.000 051
Hotelling's Trace 175 4.209 1.000 24.000 051
Roys Largest 175 | az00t 1000 | 24000 | 051
Time * Supp  Pillai's Trace 002 056° 1.000 24.000 815
Wilks' Lambda .998 056° 1.000 24.000 815
Hotelling's Trace 002 056" 1.000 24.000 815
Roys Largest o0z | oser Lo00 | 24000 | s15
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MND Type |

Within-Subjects
Factors

Measure: _MND_Type

Dependent
Time | Variable

T Pre
2 Post

Between-Subjects

o
v
S T 5
2 B
Multivariate Tests®
Hypothesis
Effect Value F df Error df Sig.
Time Pillai's Trace 197 5.883° 1.000 24.000 023
Wilks' Lambda .803 5.883% 1.000 24.000 023
Hotelling's Trace 245 5.883% 1.000 24.000 023
Roys Largest 245 | sasn Looo | 24000 | 023
Time * Supp  Pillai's Trace 003 0617 1.000 24.000 808
Wilks' Lambda 997 061° 1.000 24.000 808
Hotelling's Trace .003 061° 1.000 24.000 808
Roy's Largest 003 | os2® Looo | 24000 | 508





