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Abstract

Muscle growth is a complex biological process that is limited by both environmental and
genetic factors. This review paper explores the integration of genetic and non-genetic factors
and how they impact muscle growth and variation among individuals. Both of these influences
have the potential to significantly guide muscle growth, causing a widespread contrast in muscle
mass within individuals.

Key genes, which are the Androgen Receptor gene, Myostatin gene, IGF-1 gene, and the
ACTN3 gene, cause the largest impacts on muscle hypertrophy, leading to a widespread
variation in muscle mass within humans. Other genes, including KDM5B, OBSCN, GIGYF1,
TTN, RB1CC1, and EIF3J, have been found to increase strength. Crucial non-genetic factors
have also been identified to significantly impact muscle hypertrophy and largely contribute to the
overall variation in muscle mass among humans. These factors are sleep, hormones, physical
training, nutrition, and age. This knowledge allows personalized fithess and nutrition practice to
maximize muscle growth potential and find applications in varied fields from sports science to
interventions in medicine.

Introduction

Muscle mass differences between people is a human characteristic with different
environmental and genetic causes. New evidence indicates that specific genes control the kind
of muscle fiber produced, the rate of protein synthesis, and the endocrine response to exercise
stimulus. Genetic variants that impact fast-twitch muscle fibers, such as ACTN3, as well as
IGF-1, which affects muscle growth and repair, will impact how well you respond to strength
training (Yang, 2003; Yoshida, 2020). Genetic mutations that change androgen receptors, and
those that interfere with myostatin and inhibit muscle hypertrophy, impact muscle strength and
muscle mass variation (Walsh 2005; Campbell 2009; Sheppard 2011). Through identification
and discussion of such genetic factors, we can further our understanding of causal processes
underlying variance in individuals' responses to exercise training, together with inherent
variation in muscle strength and performance potential among individuals.

Beyond genetic factors, there is a broad range of environmental influences as well.
These environmental influences include nutritional factors, like the consumption of protein and
micronutrients, or training and exercise, such as lifting weights. These non-genetic factors are a
keystone for muscle growth and muscle mass variation in a population.

Although a great deal of research has been done on the effects on human muscle, further
investigation is needed in this complex area. Muscle growth involves a complicated interplay
between environment and genetics, so it needs to be researched.,

This paper will provide a deep insight into the various muscle growth factors we currently
know of, as well as why there is so much variation in the muscles of humans. Knowing your
genetic predispositions can assist you with your fitness, nutrition, and other goals while allowing
you to prepare yourself for what is best for you. Because of the understanding it provides of our
body, this information can also be helpful in various fields of medicine, such as sports medicine.
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In terms of methodology, this review paper will take an integrative approach toward discussing
what influences muscle development while causing a variation in muscle mass.

Muscle development

Muscle development, or myogenesis, starts during embryonic development and
continues throughout life. This process involves the formation of muscle fibers from precursor
cells called myoblasts (Chal, 2017). Muscle stem cells located between the basal lamina and
sarcolemma of muscle fibers are called satellite cells. These cells are important for muscle
growth, repair, regeneration, and other muscular processes (Chal, 2017). The muscle tissue can
adapt to stress and recover from injury thanks to these satellite cells. This indicates the
importance of satellite cells in maintaining the structure of muscles. Several transcription factors,
including MyoD, Myf5, myogenin, and MRF4, all known as myogenic regulatory factors (MRFs),
can control muscle development (Chal, 2017).

The process of myogenesis is composed of several stages. It begins with the
determination of muscle progenitor cells which is followed by the myoblast proliferation.
Subsequently, they undergo differentiation into myocytes, and ultimately myocytes fuse to form
multinucleated myofibers (Chal, 2017).This process ensures the proper formation of functional
muscle tissue. Genetic and environmental factors like hormones and mechanical stimuli can
affect and influence muscle development (Chal, 2017). Thus, muscles can develop in ways
apart from the natural development of muscles. The population as a whole regularly varies in
muscle mass because of the different environments they live in and their differing genetics.
Skeletal muscle fibers are formed during the first year of life via muscular hyperplasia. Later in
life, muscle growth is primarily driven by muscular hypertrophy of the existing fibers, which is
caused by various hormonal factors and mechanical stress (Reggiani, 2020). This transition
from hyperplasia to hypertrophy demonstrates the changing mechanisms of muscle growth
throughout the lifespan. When using a chick embryo model, muscle fiber development is nearly
complete at the time of hatch, with embryonic growth characterized by an increase in myoblast
cell number through hyperplasia, while posthatch growth occurs through hypertrophy (Velleman,
2007).

Genetic factors that impact muscle growth.

One of the most powerful predictors of how far any person can progress in muscular size
or strength is genetics. Genetic ability controls everything from early muscle-cell formation to the
overall ability of the body to build bigger muscles. Often missing for athletes and coaches alike,
these invisible influences are what can let training plans become fine-tuned to the human
biological reality and the genetic factors that impose subtle limits.

Androgen Receptor (AR) Gene.
The androgen receptor gene, a gene with a CAG-repeat region of variable length, has a
powerful effect on muscle development genes. Receptor activity can increase due to fewer or
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shorter repeats. This increase in sensitivity enables androgens to push muscle cells to increase
in size and strength (Walsh, 2005; Campbell, 2009). Because the AR protein also partners with
diverse myogenic transcription factors and kinase-driven signaling cascades, even minor
genetic changes can affect the processes regulating myoblast proliferation and differentiation as
well as the muscular phenotype (Braun, 2011; Mohammadabadi, 2021).

Myostatin (MSTN) Gene.

On the contrary, myostatin is a molecular brake. In both animals and humans, rare
mutations or lowered expressions of MSTN cause a dismantle of that brake, which results in a
tremendous gain in muscle. When myostatin's suppression of the Smad pathway is removed,
myoblasts divide and fuse more frequently. Furthermore, resistance exercise produces outsized
increases in muscle size, and total skeletal muscle mass rises well above normal (Dennis, 2008;
Verbrugge, 2018; Colorado, 2023).

Insulin-like Growth Factor 1 (IGF-1) Gene.

While MSTN restrains growth, IGF-1 propels it. Variants that increase the levels of IGF-1
accelerate protein synthesis through the Akt-mTOR pathway and promote tissue regeneration in
the aftermath of high load (Yoshida 2020; Verbrugge 2018; Liu 2020). Cascading growth
hormones in the circulation and genes such as GHR2 and IGFR1 functionally associated with
the IGF-1 signalling that adapts to a nutrient surplus or resistance work and orchestrates
compensatory hypertrophy (Verbrugge, 2018; Liu, 2020).

Alpha-actinin-3 (ACTN3) Gene.

The ACTNS3 gene is the cornerstone for explosiveness. The gene encodes the
alpha-actinin-3 protein, which is found in fast-twitch fibres. The famous R577X polymorphism
shows how simple a single substitution can occur to modify athletic potential. The functional R
allele encourages high-powered output, while the homozygous XX state removes the protein
altogether and pushes fibres towards endurance properties (Yang, 2003; Mohammadabadi,
2021).

Other genes.

Genes such as KDM5B, OBSCN, GIGYF1, TTN, RB1CC1, and EIF3J have been
identified to contribute to hand grip strength, a key measure of overall muscular strength
(Huang, 2023). Some other genes like PGC-1a, STARS, JunB, and TRPC1 are involved in
muscle metabolism and myogenesis and muscle hypertrophy occurring through transcriptional
and signalling mechanisms controlling muscle growth (Braun, 2011; Fu, 2021).

Non-genetic Factors That Impact Muscle Growth
Muscle hypertrophy does not depend on DNA alone; there are also several
environmental factors that play a role. Because these variables can steer both performance and
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long-term health, anyone hoping to maintain or build an athletic frame must understand these
key factors.

Sleep

Across most training programs, the recovery window offered by sleep is still the piece
most overlooked, even though deep rest is when growth hormones surge and muscle is built
(Morrison, 2022). Remove that nightly repair and the body wakes inside a subtly damaged state,
struggling to compensate for incomplete recovery. This can also lead to slower or even stalled
hypertrophy. One disturbed or shortened night of sleep is enough to cause an 18 % drop in
muscle protein synthesis, illustrating just how sensitive skeletal tissue can be to lost hours of
sleep (Lamon, 2020).

When poor sleep becomes a habit, the hormones suffer. Sleep deprivation spikes cortisol
which pushes testosterone and IGF-1 down. The resulting atmosphere is proteolytic which
means it breaks down existing fibers and prevents new ones from developing (Dattilo, 2011). On
the other hand, extending sleep could sharpen performance, dull pain, and enhance the
anabolic impact of GH and IGF-I, all substances connected to recovery from exercise-related
injury (Chennaoui, 2021). Therefore, restoring adequate, high quality sleep protects from the
accumulated damage of hard training while also allowing injured fibers to recover faster (Yang,
2019).

Hormonal Factors

Hormones are a critical factor when regarding muscle hypertrophy. Growth-promoting
agents, pituitary growth hormone, thyroid hormones, and insulin, encourage expansion, while
glucocorticoids such as cortisol apply the brakes and favor catabolism (Florini, 1987; Kraemer,
2020). Insulin-like growth factors and fibroblast growth factors add further nuance, acting as
core anabolic drivers in cultured myoblasts and pushing them toward differentiation and
enlargement (Florini, 1987).0n the other hand, transforming growth factor-beta and interferon
can block differentiation outright, highlighting the multifaceted nature of the role of hormones in
muscle cell growth (Florini, 1987). Testosterone, growth hormone, and IGF-1 orchestrate
hypertrophy through both genomic and non-genomic routes (Kraemer, 2020). Yet their
effectiveness can vary according to IGF-1 binding proteins that fine-tune the peptide’s reach and
potency. Strategic manipulation of these pathways, whether through natural training methods or,
controversially, supraphysiologic courses of anabolic-androgenic steroids, exogenous growth
hormone, and IGF-1, can accelerate mass gains. However, such interventions carry
well-documented risks (Fink, 2018).

Exercise and Training

Mechanical tension remains the most widely known way to make muscle grow. The
tension produced during such movements stimulates local IGF-1 release, which launches
protein synthesis and sparks satellite cells into action, two processes essential for muscle
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growth (Harridge, 2003). At the microscopic level, hypertrophy arises either by adding new
nuclei from stem cells or by expanding the cytoplasm surrounding each nucleus, both of which
are triggered most reliably by high-force contractions (Attwaters, 2021). Still, load is not the only
driver: metabolic stress also matters. Low-load resistance sets pushed to failure can yield size
increases comparable to heavier protocols (Ozaki, 2016), and pairing modest weights with
blood-flow restriction produces similar hypertrophic results, thanks largely to elevated metabolic
strain (Pearson, 2015).

Growth unfolds through three structural avenues: the increase in muscle cell numbers,
fiber diameter, and fiber length, yet adults can exploit only the latter two, since increases in cell
number are confined to prenatal and early postnatal life (Pearson, 1990). Both anaerobic and
aerobic exercise appear capable of activating the IGF-1 pathway, a phenomenon that becomes
especially helpful for preserving function during aging (Li, 2022). Even so, when the goal is
maximal size or strength, resistance exercise remains the most effective, outpacing endurance
work in its ability to enlarge skeletal muscle (Li, 2022).

Training programs that focus on single-muscle-group training elicit larger hypertrophic
responses compared with multi-muscle-group training (Khlaifawi, 2024). While repetition times
of 0.5 to 8 seconds have been found beneficial for muscle growth, long repetition times with
significant delays (longer than 10 seconds) have been shown to be less effective (Schoenfeld,
2015).

Nutritional Factors

Nutrition plays a significant role in muscle growth and development, affecting a broad
range of processes accountable for muscle growth. The anabolic drive is significantly affected
by insulin, playing a central role in the perception of indispensable amino acid consumption and
the stimulation of muscle protein synthesis, both required for muscle growth (Millward, 1989).
Evidence also suggests that the combination of resistance training and proper nutrition is a
powerful stimulus for muscle protein synthesis and the overall development of the muscle. The
combination of both of these factors has been shown to lead to greater muscle anabolism
compared to either resistance training or nutrition alone (Rasmussen, 2003). Nutrition also
impacts skeletal muscle growth because of its impact on satellite cells, which contribute greatly
to postnatal muscle development. In addition, nutrition has a significant effect on the activity and
production of growth hormones such as fibroblast growth factor and IGF-2, both of which play
key roles in repairing and increasing muscle (Thornton, 2019).

Recent studies have found that certain forms of supplementation, such as amino acids,
creatine, and B-hydroxy-B-methylbutyrate, have shown substantial gains in muscle mass in
older adults (Martin-Cantero, 2020). Yet, supplements such as protein alone were discovered to
have no contribution to any noticeable increase in muscle mass. This shows the emphasis on
utilizing diverse sources of nutrients to optimize muscle development (Martin-Cantero, 2020). A
study on the diets of a specific type of fish species, Megalobrama amblycephalae, also known
as Wuchang Bream, shows that high-energy diets rich in lipids and carbohydrates support the
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hyperplasia of muscles. High-energy dietary factors may thus play extremely crucial roles in
muscle growth (Huang, 2021). Moreover, the examination shows that a diet rich in lipids
increases the fiber diameter of muscles and the cross-sectional area of muscles when
contrasted with diets rich in carbohydrates (Huang, 2021).

The combination of a diet rich in protein and vitamin D with exercise has proven to
stimulate skeletal muscle growth effectively in elderly people (Voulgaridou, 2023). It was further
found that essential amino acids like leucine, arginine, cysteine, and glutamine play an essential
role in optimizing the production of muscles and combating the loss of muscle across different
population groups (Voulgaridou, 2023). Nutrition studies on Kenyan children have indicated that
meat-containing food supplements have significantly contributed to lean body mass, where the
children who received the meat supplement had 30-80% greater muscle mass in the mid-upper
arm than other diets (Grillenberger, 2003).

Other experiments have noted that high-fat diets in mice tend to cause a reduced
response of muscle growth with no apparent muscle atrophy (De Sousa, 2020). The evidence
shows that certain reactions towards certain nutritional components differ and change with time.
Omega-3 fatty acids have also proven significant in maintaining the health of muscles and
building greater muscle mass due to their contribution towards cellular signaling pathways, with
the inhibition of inflammation-induced oxidative stress (Alfonso, 2019).

Age-Related

Age is a significant factor in muscle hypertrophy. Muscle strength reduces with age, but
this can be corrected or delayed with dedication and careful planning (Moore, 2009). It is notably
an issue in cases of sarcopenia, a condition that is related to old age and involves diminishing
muscle strength and muscle mass. Muscles affected by sarcopenia have also been documented
with a shortage of contractile protein and poor force-producing ability (Haddad, 2006).
Furthermore, the process of aging suppresses the process of hypertrophy and disrupts muscle
regeneration. The muscles of the elderly also contain a higher ratio of RNA-to-protein, indicating
decreased efficiency in translating genetic codes for new protein synthesis (Haddad, 2006).
Aging affects muscle mass since the body loses 3—8% with each decade of age beyond 30
years, with this process further accelerating past 60 years of age (Volpi, 2005).

Despite the worsened hypertrophic response and the other age-related challenges, it is
important to note that aging does not impair training-induced increases in specific tension
(Welle, 1996). This means that older individuals are still able to yield significant benefits from
training. However, literature supports the fact that high-training intensity is not the most
appropriate for this population. For example, a study determined that intensification in training
resulted in a reduced increase in myosin heavy chain (MHC) |l fiber amount, suggesting that
older adults might not be as responsive to high-load training (Straight, 2020).
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Conclusion

In summary, human muscle hypertrophy is regulated by non-genetic and genetic factors
that influence muscle growth, strength, and physical function. Muscle hypertrophy can be
influenced by both non-genetic and genetic factors such as androgen receptor (AR) gene,
myostatin (MSTN) gene, insulin-like growth factor 1 (IGF-1) gene, ACTN3 gene, sleep, hormone
levels, exercise and diet. Quality sleep promotes muscle repair and protein synthesis. Disturbed
or low-quality sleep prevents growth by disrupting hormone levels. It also prevents skeletal
muscle from synthesizing protein. The two important ways to initiate muscle hypertrophy are
training, exercise and hormonal status for protein synthesis and the satellite cell activation. The
elderly adults require specific nutritional components of a diet i.e. protein, essential amino acids,
vitamin D, etc. for the growth of skeletal muscle. As we get older, our body experiences a lot of
changes that cannot be reversed. Aging causes age-associated atrophy and other disorders like
sarcopenia. Thus, it is important to learn and reverse the impact of ageing on muscle
hypertrophy. There must be a thorough understanding of, and appropriate regulation of these
factors for the maximization of muscle growth and to grasp the science of sport, medicine and
fitness. This information could also find practical applications in physiotherapy for the physically
disabled, but also for several other conditions such as age-related muscle atrophy, and genetic
defects affecting muscles.
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