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Abstract. Athletes and physically active people take nutritional supplements to improve their health, maintain their
physical qualities and optimise the recovery process. At the same time, the specifics of their use and the mechanism
of action in acute energy deficiency have not yet been definitively investigated, which makes the study of the effect of
proteins and amino acids in the hypocaloric state of a person an urgent problem. The purpose of the study was to clarify
the role and mechanism of the plastic and regulatory effect of proteins and amino acids with a branched chain on the
body of athletes in hypocaloric conditions. The analysis of the literature was carried out using the methods of analysis,
synthesis, systematisation and generalisation according to the method of using keywords in the electronic databases
PubMed and SPORTDiscus. The peculiarities of the athlete’s hypoenergetic condition and dietary protein supplements
to preserve the athlete’s muscle mass in the conditions of long-term physical tests have been clarified. It was found that
with a limited level of calories and a low supply of fat, the need for protein increases almost twice. Taking protein within
2 hours after training or before going to bed stimulates a significant acceleration of muscle protein biosynthesis. The
amino acid lysine in the composition of proteins activates the central regulator of anabolism of skeletal muscles - the
intracellular multimolecular signalling target of rapamycin complex. Its regulatory signals are propagated by the cyclase
system. As a result of the action of the appropriate protein kinase, reactions of phosphorylation of chromatin proteins,
participants in processing, splicing, etc. occur. It is assumed that in this way lysine stimulates the rate of synthesis of
various regulators and factors of anabolism, remodelling and growth. A hypothetical mechanism of the influence of
leucine on the anabolic processes of muscle tissue is proposed in a graphic version. The study will be useful for specialists
in biochemistry, sports nutrition, sports and wellness industries
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Introduction

Long-term hypocaloric diets have certain disadvantages
because they cause loss of fat and lean mass. A negative bal-
ance between them leads to muscle exhaustion, reduces the
effectiveness of physical exercises and increases the risk of
injuries. At the same time, low body weight is an important

success factor in many sports, including gymnastics, mar-
tial arts, and figure skating. Athletes can use effective nutri-
tional strategies to reduce body weight, which contribute to
the preservation of muscle mass and athletic performance.
In this context, increased protein intake prevents muscle
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wasting and supports physical performance during periods
of energy restriction. Production and sales of sports nutri-
tion and supplements are growing in the European Union.
Athletes may sometimes consume them indiscriminately
or choose products that have not been evaluated and ap-
proved by scientific evidence. In this sense, information
about the interaction of the body, physical activity and
nutrition contributes to making informed decisions about
sports nutrition.

The International Society of Sports Nutrition pre-
sented its position paper on the effects of essential ami-
no acid supplementation on skeletal muscle maintenance
and performance. This position was published in the work
of A.A. Ferrando et al. (2023). Several key provisions are
highlighted from the published findings. Essential amino
acids play the main role in stimulating the synthesis of
muscle protein. Protein is critical for replacing degraded
or damaged muscle proteins and increasing functional per-
formance. With age and with energy deficiency, the pro-
portion of leucine must be increased to overcome reduced
muscle sensitivity. In the study of M. Holecek (2021) the
emphasis is on skeletal muscles, which play a dominant role
in the catabolism of branched-chain amino acids (BCAAs;
valine, leucine, and isoleucine). The main role of skeletal
muscles in the catabolism of these amino acids, according
to the author, is determined by their mass and high activity
of BCAA-aminotransferase, which is absent in the liver. A
decrease in the level of amino acids in liver cirrhosis and
an increase in their concentration in diabetes have been
shown. The authors of this study considered it expedient
to clarify the role of changes in BCAA metabolism in other
pathologies. C. Tinline-Goodfellow et al. (2023) presented
a concise description of the mechanisms underlying the
target of rapamycin 1 complex (mTOR) mediated activa-
tion of muscle protein synthesis. It is recommended that
future research be directed to further study mTORCI acti-
vation at the periphery of skeletal muscle fibres. A group of
researchers S. Allard et al. (2024) have shown that in mam-
mals, mTORCI controls cellular metabolism in response
to energy availability. Transmitting mTORCI signalling
affects the regulation of energy intake, storage, and utilisa-
tion. In the authors’ opinion, elucidating the mechanism of
transmission of mMTORCI signals from one cell and organ
to another can be a key factor for the development of safe
methods of using proteins in sports practice and medicine.

V.V. Kuibida et al. (2022a; 2022b) considered the role
of heat shock proteins in adaptation to physical load and
growth of bone tissue, which is important for creating opti-
mal methods of the training process and recovery. Viewing
metabolism through the prism of the biology of physical
activity has proven to be an accessible and practical strate-
gy for gaining new insights into local and systemic regula-
tion of metabolism. Recent methodological developments
of J.A.B. Smith et al. (2023) improved understanding of the
central role of skeletal muscle and nutrition in promoting
health. Studying the signalling role of proteins and some
amino acids is a new and promising direction of scientif-
ic research. The scientific literature is dominated by works
devoted to some biochemical, physiological, medical and
sports problems of the use of proteins in sports practice.
However, it is quite rare to find works in which the men-
tioned aspects are comprehensively combined with the

mechanisms of adaptation of the body in conditions of en-
ergy deficiency. This direction of research is relevant and
can bring significant results in the theoretical and practical
plane. Therefore, the purpose of the article was to find out
the plastic and regulatory features of the action of proteins
and amino acids under conditions of physical exertion and
energy deficit and the methods of their use.

The purpose was achieved through the consistent use
of traditional scientific theoretical methods: analysis, syn-
thesis, systematisation and generalisation of data from spe-
cial literature and Internet sources within the framework
of the selected problem. The literature search was carried
out on the basis of the above keywords in the PubMed
and SPORTDiscus electronic databases. Using the anal-
ysis method, the research object, in particular: proteins,
branched-chain amino acids, lysine, physical activity, tar-
get of rapamycin, energy deficit of the body, mechanism
of action, was analysed and broken down into separate
component parts. These components were studied in de-
tail, without taking into account their interrelationships.
The above-mentioned abstract elements are combined in
concrete integrity and interaction by the method of syn-
thesis. As a result of the conducted analysis and synthesis
of essential properties, characteristics, features of sports
dietary practice and metabolic reactions, the prerequisites
for applying the method of systematisation were created.
Consequently, this review material is presented in the form
of two components or subdivisions: the role of proteins and
methods of their use in the nutrition of athletes and phys-
ically active people; and the athlete’s hypocaloric state and
the mechanism of action of branched-chain amino acids.
By the final method of generalisation, general signs, prop-
erties, trends are recorded and the transition from facts to
certain regularities and conclusions is made.

Proteins in the Nutrition of Athletes

and Physically Active People
The effectiveness of sports activities depends on the effec-
tiveness of the training process and nutrition strategies,
which form the basis of the multi-vector process of ad-
aptation to physical activity. The building and regulatory
function of amino acids with a branched chain, primarily
leucine, is one of the aspects of the mechanism of adap-
tation to physical exertion. Current evidence suggests that
dietary protein intake is necessary to support metabolic ad-
aptation, repair, remodelling, and protein turnover. In tra-
ditional methodological approaches, a protein dose of 1.2
to 2.0 g/kg/day is recommended. Use of a higher dose may
be recommended for short periods during intense exercise
or when energy intake is reduced.

A significant number of athletes in various sports re-
ceive at least one musculoskeletal injury during their sports
career. Most often, injuries are recorded during competi-
tion periods. A balanced protein diet is of great importance
for the recovery and rehabilitation of athletes and physi-
cally active people. Eating for recovery after sports injuries
has a lot in common with sports nutrition. However, there
are differences regarding prevention of the risk or presence
of sarcopenia, hypotrophy, or dysphagia. Increased protein
consumption with an even distribution of food throughout
the day helps to minimise the loss of muscle and strength
during immobilisation. Dietary supplement strategies can
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be helpful in addressing issues related to appropriate ca-
loric intake, timing, and decreased appetite. Rehabilitation
nutrition, combined with training, leads to an improvement
in the physical condition and acceleration of the return of
athletes to the training process after surgery or injury.

The post-traumatic recovery of an athlete often leads
to a long period of muscle shutdown, which leads to a loss
of muscle mass. As a result of the lack of physical activity,
the metabolic health and functional capacity of the athlete
deteriorates. The most intense loss of muscle mass occurs
during the first two weeks of not using the muscles. The de-
gree of loss of post-traumatic muscle mass determines the
level and duration of the necessary rehabilitation. Atrophy
of muscle failure is associated with a decrease in the basal
rate of protein synthesis and the development of anabolic
resistance to food consumption. In this situation, the pro-
tein content of the food is crucial for stimulating the rate of
its synthesis in the muscles. Increasing your daily intake of
protein/amino acids of a specific type at specific times can
limit the loss of muscle mass and strength.

Skeletal muscle mass is one of the indicators of human
longevity and health. Human muscle mass is determined
by the balance of two cellular processes — the synthesis of
muscle protein and its breakdown. The balance between
the processes of anabolism and catabolism is sensitive to
the characteristics of physical activity and protein nutri-
tion. Understanding the molecular mechanisms underlying
this process shortens the way to the informed use of nutri-
tional technology in sports and in overcoming age-related
anabolic resistance of skeletal muscle. Knowledge of the
molecular mechanisms of protein and amino acid effects
facilitates the delineation of recommendations for future re-
search directions that may advance knowledge in this field.

In 2023, the use of nutritional supplements by athletes
was among the most significant problems. A group of re-
searchers led by C.C. Carey et al. (2023) found that among
405 participants in the experiment, 52% take nutritional
supplements to improve health, and 35% to maintain their
physical qualities or recovery. A ranking of the processes
and qualities of athletes and active people, which are signit-
icantly dependent on sports nutrition, has been compiled:
more effective muscle recovery; increasing endurance; in-
creasing strength and power. Except for performance in the
peak power range, a protein intake of 1.6 g/kg/day appears
to be sufficient to maximise gains in lean mass, muscle
strength, performance, and aerobic capacity as when con-
suming 1.6 or 3.2 g/kg/day for 16 weeks. This daily amount
of protein is effective and safely tolerated by young, healthy
adults. R. Bagheri et al. (2023) recommended daily protein
intake in excess of reccommended doses to maximise meta-
bolic adaptation to exercise.

In the study of E.R. Goldstein et al. (2023) after train-
ing, master class athletes consumed one of three beverag-
es during a 2-hour recovery period: placebo (electrolytes
and water), carbohydrates (1.2 g/kg), or a mixture of car-
bohydrates and proteins (0.8 g/kg + 0.4 g/kg). It has been
established that the use of carbohydrates and a carbohy-
drate-protein mixture is equally effective in enhancing
glycogen resynthesis during the 2-hour recovery period.
Water and electrolytes alone were not effective in restoring
endurance during the second bout of strenuous exercise.
J. Zhang et al. (2023) studied 427 young people (217 women)

aged 21 to 35 years who did 240 min of aerobic and re-
sistance training per week. Strength training was found to
be positively associated with intake of protein, vitamins B2,
B3, B5, B6, and B12, and percent of total calories from pro-
tein, and negatively associated with percent of total calories
from carbohydrate. Time spent in aerobic exercise was pos-
itively associated with fibre, pectin, and vitamin B6 intake
and negatively associated with percentage of total calories
from protein. It is assumed that it is worth paying attention
to the negative relationship between physical exercises and
carbohydrate consumption.

Milk proteins contain essential amino acids (with a
sufficient amount of leucine), 80% casein and 20% whey
protein. Whey protein belongs to the “fast” proteins, and
casein - to the “slow” proteins. In an 8-week experiment by
H. Yapici et al. (2023), 8 exercises/training were performed
with a volume of 3 sets of 8 repetitions and a rest interval
between them of 120 s. Two experimental groups partici-
pated in the experiment: first group performed combined
strength training + consumption of 500 ml of chocolate milk
(30 g of protein), second group - strength training without
consumption of chocolate milk. The participants of the first
group had higher indicators of muscle thickness, lean body
mass, maximum strength, length of the jump against the
movement, and peak power than the representatives of the
second group. The authors concluded that chocolate milk
should be considered as a promising post-workout nutri-
tional supplement. M. Ummels et al. (2023) evaluated the
nutritional value and absorption kinetics of processed bar-
ley/rice proteins extracted from brewer’s waste grain and
compared them with pea proteins. E. Li et al. (2021) report-
ed that isolated soy protein supplementation (40 g/day, 5
days per week, 8 weeks) combined with aerobic exercise
(8 weeks at an intensity of 40-65% heart rate reserve) im-
proved body composition, anthropometric characteristics,
and cardiovascular pulmonary endurance in women.

The traditional dietary intake of protein for adults
is 0.8-0.9 g/kg/day body weight. These guidelines differ
from the authoritative recommendations of the Academy
of Nutrition and Dietetics, Dietitians of Canada, and the
American College of Sports Medicine of 1.2-2.0 g/kg/day.
Athletes training for endurance and strength are recom-
mended to consume 1.2-1.7 g/kg/day. Population protein
requirements are still based on nitrogen balance. However,
this approach is quite debatable. Achieving a balanced in-
take and excretion of nitrogen is not essential for athletes,
for whom the main goal is the successful performance of
physical exercises. Nutritional strategies are necessary, for
example, for people with type 1 diabetes to control glyce-
mia after exercise. ER. Muntis et al. (2023) monitored glu-
cose levels in 112 adolescents aged 14.5 years and 36.6%
overweight or obese. Intensive insulin therapy led to an
increase in body weight. Adolescents were recommended
to participate in 60 min/day of physical activity of medium
and intense power.

C. Ruiz-Castellano et al. (2021) provided recommen-
dations for diet, nutrition, and nutritional supplemen-
tation for the weight loss phase of strength-trained ath-
letes. Protein intake (2.2-3.0 g/kg/day) should be spread
throughout the day (3-6 meals) to ensure sufficient pro-
tein in each meal (0.40-0.55 g/kg body weight/food) and
eat within 2-3 hours before and after training. Military
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personnel experience long periods of energy deficits dur-
ing combat and training, making them susceptible to
harmful weight loss. Research results of R.E. Anderson et
al. (2023) support the recommendation that more than
0.8 g/kg/day is needed to moderate the effect of energy
deficit on lean body mass reduction, whereas intakes of
up to 1.6 g/kg/day may be better. However, precise rec-
ommendations cannot be made because the severity and
duration of energy deficits varies between studies. Longer
and larger studies are needed to elucidate the role of pro-
tein during energy deficits in the military.

Consumption of compounds rich in amino acids im-
proves collagen content in tendons and their biomechan-
ical properties. N.W.C. Campbell et al. (2023) found: if an
oral bolus of essential amino acids is not combined with ex-
ercise, it leads to only a moderate increase in the concentra-
tion of amino acids in the peritendinous Achilles tendon; in
combination with exercise with a gap in the consumption
of essential amino acids resulted in a higher concentration
of amino acids in the tendons compared to no exercise.

D. Mercer et al. (2020) calculated the average need for
protein consumption for female athletes in the period be-
fore menopause. It is close to the needs of those who train
in the mode of aerobic endurance (1.28-1.63 g/kg/day),
engage in resistance exercises (1.49 g/kg/day) and period-
ic physical exertion (1.41 g/kg/day) lasting ~60-90 min.
Pre- and post-workout protein intake of 0.32-0.38 g/kg has
been shown to be beneficial for female athletes perform-
ing resistance exercise and periodic exercise. However, in
further studies, researchers need to identify the influence
of the phase of the menstrual cycle or the use of hormonal
contraceptives on the need for protein.

Nutrition has a significant impact on injury preven-
tion and recovery due to its impact on the athlete’s overall
physical and psychological well-being and improved tissue
healing. In particular, amino acid and protein intake, anti-
oxidants, creatine, and omega-3 have been studied for their
role in preventing muscle loss and anabolic resistance and
healing injuries. An adequate nutritional strategy plays an
important role in recovery and rehabilitation after injury,
and nutritional interventions should become part of stand-
ard practice in post-injury care (Smith-Ryan et al., 2020).

A group of researchers led by P. Rodriguez-Lopez et
al. (2022) analysed and screened commercial protein sup-
plements for sports practice and identified the types of test-
ed protein products. Among them, whey (milk) is a pro-
tein of high biological value with a high concentration of
branched amino acids, including leucine. There are three
types of protein: concentrated (with 70-80% protein and
a small amount of carbohydrates and fats); isolated (with
90% protein and a minimum amount of carbohydrates
and fats); hydrolysed (a protein in which long polypeptide
chains are broken into short peptides, due to which their
absorption occurs faster). Casein (milk) is a protein of high
biological value, which makes up 80% of milk protein. Due
to the acidic environment of the stomach, it forms blood
clots that slow down its absorption. Egg albumin is a pro-
tein of high biological value without fat or carbohydrates.
Soy protein has a high biological value, its digestion is fast.
It is usually low in leucine unless it is additionally fortified.
Other plant proteins have lower biological value unless
multiple sources are mixed or fortified.

Protein supplements have certain features and char-
acteristics, in particular, a sufficient amount of branched
chain amino acids (BCAA - leucine, isoleucine, valine)
and high biological value, digestibility and bioavailabili-
ty. They correspond to the classification of the Australian
Institute of Sport as isolated protein supplements from a
certain source: whey, casein, egg albumin, plant sources
(soy, hemp, peas, chickpeas, rice, etc.). There are no special
regulations for protein supplements that regulate the pro-
duction and marketing of this type of sports nutrition. Sup-
plement usage patterns for different purposes, dosages, and
regimens do not always align with the protein that works
best. In addition, supplements may contain substances that
are classified as doping according to World Anti-Doping
Agency. They contain substances that are not prohibited,
but reduce their quality. In particular, this is furosine, which
appears in whey proteins during their preparation at high
temperatures due to the Maillard reaction. R.J. Maughan et
al. (2018) and P. Rodriguez-Lopez et al. (2022) noted that
in some places supplements may contain enzyme and aller-
gen impurities and ingredients that lead to absorption or
doping problems. The content of BCAA in the blood plas-
ma can signal certain diseases. Significant changes in the
content of combinations of amino acids leucine/isoleucine/
valine, etc. were revealed in blood plasma of patients with
coronary heart disease with atrial fibrillation.

Hypocaloric State of the Athlete
and the Mechanism of Action

of Amino Acids with a Branched Chain
It is advisable to consider in more detail the hypocaloric
condition and the mechanism of action of amino acids. In
cases of energy restriction or sudden inactivity resulting
from injury, there is a need for increased protein intake to
2.0 g/kg/day or higher (Burke et al., 2023). T.J. O'Leary et
al. (2023) found that short periods of severe energy depri-
vation and heavy exercise (in the form of 36-hour military
field exercises) can suppress bone formation for at least 96
hours. Inhibition of bone formation in men and women
did not differ. Protein feeding did not compensate for de-
creased bone formation during severe energy deficits.

In the studies of C. Hiroux et al. (2023) exogenous ke-
tosis did not affect body composition but was effective in
weight control, maintained declines in physical capacity,
and improved general stress parameters. Protein require-
ments increased when athletes became calorie restricted or
low fat. In 2014, the team led by E.R. Helms et al. (2014)
studied the effect of dietary protein on the body compo-
sition of energy-restricted athletes subjected to strength
training. It was concluded that the need for protein for
them is 2.3-3.1 g/kg, taking into account the limitation of
caloric content and leanness.

Targeted weight loss in obese older adults is a risk
factor for accelerated muscle loss. In the experiment
AM. Verreijen et al. (2017) were involved 100 overweight
and obese adults aged 55-80. The effect of a high-protein
diet and/or physical exercise on the preservation of fat-free
mass during weight loss was studied. During the 10-week
weight loss programme, all subjects followed a hypocalor-
ic diet and performed strength exercises 3 times a week:
the first group consumed food with a high (1.3 g/kg) and
the second with a normal (0.8 g/kg) protein content. It was
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concluded that in the group with the combined use of a
high-protein diet and strength exercises, the index of fat-
free body mass increased significantly more.

Consuming high doses of protein during energy defi-
cits combined with intense exercise results in effective mus-
cle gain and fat loss. In the experiment of T.M. Longland et
al. (2016) used hypoenergetic diets (~ 40% of requirement)
that provided 33 + 1 kcal/kg. Young men of group I con-
sumed a small amount (1.2 g/kg/day), and men of group II
consumed an increased amount (2.4 g/kg/day) of protein.
All participants of the experiment performed resistance ex-
ercises in combination with high-intensity interval training
for 4 weeks 6 times a week. It was concluded that during
marked energy deficit, intake of 2.4 g protein kg/day was
more effective than intake of 1.2 g protein kg/day in lean
body mass gain and fat loss in combination with high vol-
ume resistance and anaerobic exercises.

Energy deficiency leads to a decrease in the formation
of bone tissue, increased resorption, or a combination of
them. Physiological adaptation to low energy availability
includes changes in the concentration of regulatory hor-
mones: a decrease in trilodothyronine (T3), insulin-like
growth factor-1, leptin, and testosterone. M. Papageor-
giou et al. (2017) recorded changes in the ovulatory cycles
of women due to inhibition of gonadotropin-releasing hor-
mone, reduction of pulsation of luteinising hormone and
concentration of estrogens. The effect of a short-term low
energy deficit at 15 kcal/kg on bone metabolism in women
and men was studied. It has been established that with a
lack of energy, the process of bone formation slows down
and the resorption of bone tissue increases only in women.
These metabolic changes are accompanied by a decrease in
the response to insulin and leptin.

The results of studies by J. Kwon et al. (2023) expand-
ed the understanding of the role and mechanism of action
of leucine. It has been shown that dietary protein is nec-
essary for the body’s recovery process and its adaptation
after training. Previous reports suggest that many athletes
meet their total daily protein requirement at dinner. In
contrast, an even distribution of protein doses >0.24 g/
kg body weight consumed throughout the day provides
rapid rates of anabolism in skeletal muscle compared to
a skewed intake pattern. Leucine is considered the main
driver of the anabolic reaction after eating, and its con-
tent determines the quality of the protein. Adaptation to
speed-force load occurs by stimulating the activity of the
protein synthetic mechanism. Increasing the biosynthesis
of muscle proteins is an adaptive response to an increase
in the concentration of leucine and exogenous amino ac-
ids. The above-mentioned amino acid is not synthesised in
the human body. It participates in the process of building
and restoring muscle mass. It is part of a complex of three
amino acids (leucine, isoleucine, valine) for sports nutri-
tion and is designated as BCAA (branched-chain amino
acids). The most leucine is in meat, dairy products, fish,
soybeans, beans and other legumes. With a lack of ami-
no acids in the body, growth slows down, muscle tissue
breaks down, and body weight decreases. The main part of
food amino acids is metabolised in the liver. At the same
time, according to the research of Y. Huang et al. (2011)
amino acids with branched side chains undergo cata-
bolic transformations in skeletal muscle, heart, neurons,

adipose tissue, and kidney. They ensure the stability of the
tertiary structure of proteins.

Leucine, isoleucine and valine are amino acids with
hydrophobic properties. Hydrophobic repulsion during
interaction with hydrogen and ionic bonds and Van der
Waals forces ensure the processes of formation and sta-
bilisation of the tertiary structure of the protein. Leucine
is involved in the stabilisation of the tertiary structure of
proteins, the binding of O, to myoglobin and haemoglo-
bin, and the interaction of enzymes with substrates. It
accelerates anabolic reactions, leads to increased muscle
mass and strengthens bones, ligaments and tendons. The
above-mentioned amino acid accelerates the process of
wound healing and recovery after injuries. Leucine pro-
vides backup energy in the event of a lack of glucose and
leads to an increase in endurance and strength. Before use,
it is diluted in a bottle with drinking water in the amount
of 2.5-5 g and used before, during or after training and
washed down with water. Leucine regulates the rate of
muscle protein synthesis by activating the mTOR complex
(mammalian target of rapamycin) and possibly other pro-
teins of this regulatory pathway.

The dose of leucine that is inside the protein (the leu-
cine threshold hypothesis) and its subsequent variables in
the plasma (the leucine trigger hypothesis; peak magnitude,
rate of rise, and total availability) determine the magnitude
of the response of muscle protein synthesis after exercise
and eating. K. Wilkinson et al. (2023) found a pronounced
correlation between the dose of leucine and muscle protein
synthesis after exercise in the elderly. On the other hand,
the correlation was less expressed in young people.

The manipulation of cellular signals is a powerful fac-
tor in the therapy of diseases and the implementation of
a strategy of influence on the motor system. Amino acids
with a branched chain enter the blood from the gastroin-
testinal tract faster than others. When the concentration
of leucine and necessary hormones increases, the synthesis
of proteins in the muscles is accelerated. Leucine activates
a special anabolic receptor - mTOR, which signals a suf-
ficient amount of building materials for the construction
of new proteins. The function of the above protein recep-
tor belongs to serine/threonine protein kinases (mech-
anistic target of rapamycin kinase). Due to the effects of
phosphorylation, leucine stimulates the rate of synthesis of
growth hormone, which strengthens the mechanostat of
bone tissue, accelerates the formation of muscle mass, car-
tilage and other connective structures. The mTOR receptor
is part of two multimeric protein complexes that differ in
activators, targets, and sensitivity to rapamycin. The first
complex — TORCI (target of rapamycin complex 1) stim-
ulates cell growth by accelerating ribosome biogenesis and
translation, slowing protein degradation, and activating the
uptake of nutrients from the environment. The rapamycin
complex 1 (mTORC1) complex includes: anabolic recep-
tor - mTOR and proteins raptor (regulatory-associated
protein of TOR), mLST8 (mammalian lethal with Sec13
protein 8), or GBL and PRAS40 (proline-rich PKB (protein
kinase B)/AKT substrate 40 kDa).

mTORCI is considered to be the main regulator of
muscle protein synthesis. The amino acid lysine activates
the mTORCI1 complex through the enzymes of the cy-
clic nucleotide system, in particular - GTPases (a type
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of G-proteins that belong to the Ras superfamily), which
leads to the relocalisation of the complex. Upon activation
of the mTORCI1 complex, muscle protein biosynthesis is
enhanced due to the phosphorylation of key regulators
of mRNA translation p70 kinase of ribosomal protein
S6 (S6K1). Instead, rapamycin inhibits mTORCI, blocks
cell proliferation, and suppresses the immune response
to transplanted organs. As a result of physical exertion,
branched-chain amino acids or other anabolic stimuli,
this complex moves to the periphery of the cell. Leucine
has the greatest anabolic effect among amino acids due
to its ability to independently modulate muscle protein
synthesis. Phosphorylation of RPS6 Ser240/244 (phos-
pho-S6 ribosomal protein) occurs in human muscle fi-
bres, where mTOR is translocated after anabolic stimuli.
Focal adhesion complexes (point contacts) are consid-
ered a potential site of mMTORCI regulation in vivo. There
are two types of adhesive contacts: cell-to-cell and cell-
to-matrix. Translocation and accumulation of receptors
on the cell membrane leads to binding of the cell to the
extracellular matrix through the actin cytoskeleton and
anabolic effects (Hodson et al., 2022). Food components
can cause epigenetic changes through DNA methylation,
or through changes in the expression of some miRNAs.
Carbohydrates, proteins, and fats are broken down dur-
ing digestion into monomeric compositions, respectively,

into monosaccharides, amino acids, and fatty acids (So-
hel, 2020; Norouzi et al., 2023).

Pathways of regulation of metabolic processes may
involve common signalling links, for example, mTORCI.
S. Abou Sawan et al. (2020) stated that skeletal muscles are
characterised by high plasticity. Muscle tissue is capable of
remodelling in response to a number of physiological stim-
uli. Historically, the lysosome has been considered a cata-
bolic organelle that facilitates autophagy, phagocytosis, and
exo-/endocytosis. However, evidence has recently emerged
for several anabolic roles of lysosomes in the maintenance
of skeletal muscle mass. They have been implicated in the
mechanistic target of mTORCI1 intracellular signalling
centre and EB/lysosomal biogenesis transcription factor
signalling in the mTORCI1-mediated regulation of pro-
tein synthesis. It has been suggested that the lysosome is
an understudied organelle that has the potential to support
the adaptive response of skeletal muscle to anabolic stim-
uli. Regulation of autophagy protein expression rate in re-
sponse to chronic contractile activity in postmitotic cells
depends on lysosomes. A. Parousis et al. (2018) found that
chronic contractile activity enhances mitochondrial bio-
genesis, as well as the ability of lysosomes to improve mi-
tochondrial turnover. The hypothetical mechanism of the
effect of leucine on increasing muscle mass is presented in
a graphic version (Fig. 1).

Leucine activates

L

Complex mTORC1

.

GTP-ase

2

The mTORC1 complex is relocalised to the muscle fibre
membrane after activation of the cyclase system

2

Activates GTP-dependent protein kinases that
phosphorylate proteins

Chromatin

| |

Processing ‘ ’ Splicing ‘

N

N N

There is an increase in the synthesis of proteins that are factors of anabolism, remodelling, and growth ‘

Figure 1. Hypothetical mechanism of action of leucine and anabolic processes of muscle tissue

Source: created by the authors

Leucine plays a plastic and signalling role in the body;
it is considered the main driver of the anabolic reaction.
The content of leucine and some amino acids with a
branched chain and hydrophobic properties determine the
nutritional value of the protein. The introduced hydropho-
bic repulsion of the amino acid complements the forming
force of hydrogen bonds, ionic bonds and Van der Waals
forces, which ensure the processes of formation and stabi-
lisation of the tertiary structure of the protein. Lysine acti-
vates the central regulator of skeletal muscle anabolism -
the mTORCI complex, which consists of mTOR, Raptor,
mLST8, PRAS40 and DEPTOR proteins. The regulatory

signal is propagated with the participation of enzymes of
the cyclic nucleotide system, in particular - GTPases. This
complex is relocalised to the muscle fibre membrane. The
protein receptor (mechanical target of rapamycin mTOR)
belongs to serine/threonine protein kinases. As a result of
the reaction of phosphorylation of chromatin proteins, par-
ticipants in processing, splicing, etc., the amino acid stimu-
lates the rate of synthesis of various regulators and factors of
anabolism, remodelling, and growth. In particular, the pro-
duction of growth hormone accelerates, which strengthens
the mechanostat of bone tissue, accelerates the formation
of muscle mass, cartilage and other connective structures.
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In the course of the study, the following conclusions
can be reached: the synthesis of muscle protein is maxi-
mally enhanced after the consumption of 10 g of essential
amino acids in free form or in the form of a protein bolus
in a dose of 20-40 g. The total daily rate of replenishment
of the body with high-quality protein (~0.75-1.2 g/kg body
weight) should be evenly divided into three portions (~
0.25-0.40 g/kg body weight) and consumed every 3-4 hours
during the day. The specified scheme of protein consump-
tion is the most effective compared to other models of nu-
trition. Taking high-quality protein sources after exercise
within 2 hours after exercise or consuming casein protein
(~30-40 g) before bed stimulates a significant increase in
muscle protein synthesis and does not affect lipolysis. If
there is no physical exercise, then changing the frequency
of meals has a rather limited effect on weight loss and body
composition.

Conclusions
The need for protein increases when athletes are on a calo-
rie-restricted or low-fat diet. For them, the need for protein
can be 2.3-3.1 g/kg, taking into account the restriction of
caloric content and leanness. Consuming high doses of pro-
tein during energy deficits combined with intense exercise
results in effective muscle gain and body fat loss. Increased
protein intake prevents muscle wasting and supports phys-
ical performance during periods of energy restriction. Pre-
and/or post-exercise dietary interventions (carbohydrate +
protein or protein alone) may act as an effective strategy

some proven protein products of high biological value are
selected: whey (milk), casein (milk), egg albumin, and soy
protein. It is most effective to consume protein during the
day by dividing it into 3 meals, which qualitatively affects the
composition of the body compared to other types of food.
Without exercise, changing the frequency of meals has little
effect on body weight and composition. The use of protein
after training or before casein at bedtime stimulates signifi-
cant synthesis of muscle protein without affecting lipolysis.

Further research should examine the effect of combin-
ing an exercise programme with altered meal frequency
on weight loss and body composition. It is worth making
a comparative analysis between common regulatory blocks
of the signalling mechanism of action of branched-chain
amino acids and myokines, osteokines, hepatokines, adi-
pokines, microRNAs during physical activity of different
intensity, duration and during the recovery period. Use-
ful information may be gained by the broader use of [
C]-leucine and other labelled amino acids to investigate
mTORCI-lysosomal repositioning and intracellular utilisa-
tion of dietary amino acids in response to anabolic stimuli.
How lysosomal regulation may contribute to skeletal mus-
cle anabolism needs to be elucidated.
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AHoTauia. CroprcMeHu Ta (GisMYHO aKTVMBHI IOV NPUIIMAIOTbh XapdoBi [06aBKM JUIA THOKpAllleHHA 3[0pPOB’H,
HiATpUMKM CBOiX (iSMYHUX AKOCTEN Ta ONTMMI3alil npoliecy BifHOBIeHH:. BogHOYac 0cO6MMBOCTI iX BUKOPUCTAHHA
Ta MeXaHi3M gii mpu rocrpomy gedinti eHeprii i Joci ocTaTOYHO He JOCIIIKeH ], 0 pOOUTDh BUBYEHH: BIUIMBY Oi/lKiB
Ta aMiHOKVIC/IOT IIPY TilIOKATIOPIiTHOMY CTaHi JIOAVMHY aKTYaIbHOIO mpobjemo. MeTowo fpocmimpkeHus 6y1o 3’ scyBaTn
ponb i MeXaHi3M IUIACTMYHOTO 1 PETysATOPHOrO BIUIMBY OiNKiB Ta aMiHOKMCIOT i3 pO3rajy)KeHMM JIaHIIOTOM Ha
OpraHi3M CIIOPTCMEHIB y TilMOKa/MOpifiHMX yMoOBaX. AHai3 /liTepaTypu 3[iliCHEHO 3a HOIOMOTOI0 METOfiB aHaJi3y,
CUHTe3Y, CHCTeMaTH3allil Ta y3araJlbHEeHHA 32 METOAMKOIO BUKOPUCTAHHA KTIOYOBMX CITiB B €IEKTPOHHUX 0asax HaHMUX
«PubMed» ta «SPORTDiscus». 3’1coBaHO 0COOMMBOCTI TiIIOEHEPreTUYHOrO CTAHy CIIOPTCMeHa Ta HIETMYHUX OiTKOBUX
To0aBOK 1A 30epexKeHHs M A30BOI Macy CIOPTCMEeHa B yMOBaxX TpuBaMxX (pisMmyHux BUIpoOyBaHb. BusasieHo, 1o
py 06MeXeHOMY piBHI Ka/opiit Ta HUSBKOMY 3amaci xupy norpeba B 6inky spocrae Marbke Basivi. [Ipuitom mporeiny
BIIPOJOBX 2 TOAMH MIC/sI TpeHyBaHHs abo Iepef CHOM CTUMY/IOOTh 3HAYHE IPUCKOPEHHs 6I0CHHTe3y M sI30BOrO
6inka. AMIHOKMCIOTA JIiSVUH Y CK/Iafi IPOTEiHIB 3AiMICHIOE aKTUBALII0 [IeHTPaTbHOTO PEryasaTopa aHaboMi3My CKele THIX
M'513iB — BHYTpPIlIHBOK/TITMHHOTO MYyJIbTUMONEKYNAPHOTO CUTHAIBHOTO KOMIUIEKCY — MimeHi pamamiiuuy. Moro
PEry/IATOPHI CUTHA/IM HOIIMPIOIOTHCS LIVKIA3HOK CUCTeMOK. YHACIiOK il BinNoBigHOI mpoTeiHKiHa3y BifOyBaroThCA
peakuil pocdopumoBanHa 6iIKIB XpOMaTUHY, Y4aCHUKIB IIPOLIECUHTY, CIVIAJICUHTY TOLO. 3pO0/IeHO MIPUIYIIeHH, [0
TaKVM LNUIAXOM JIi3MH CTUMYJIIO€ IIBUKICTb CMHTe3y Pi3HOMaHITHUX pery/IATopis Ta GpakTopis aHabomi3My, peMomyAnii
Ta POCTy. 3alIpPOIOHOBAHO TiIOTETMYHMIT MeXaHi3M BIUIMBY JIEMI[VHY Ha aHaboJivHi Ipolieck M’A30BOI TKaHMHU B
rpadiuHomy BapianTi. Jocmimkenns 6yme xopucHuM ¢axiBusm i3 6ioximii, cmopTuBHOI AieTonorii, CIOpTUBHOI Ta
037J0pOBYOI Tanyseii
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