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Abstract 
 

      Protein-based structures are indispensable to maintain life, 

so identification and removal of worn out structures achieved 

through proteostasis, the sum of micro and macro-autophagy 

(autophagy) plus ubiquitin-proteasome system, must balance 

renewal by new synthesis. Many of the elements controlling 

dynamically equilibria between protein synthesis and protein 

degradation have been identified and modalities of activation 

actively studied, still we are quite far from mastering how this 

balance is ruled. Failure to maintain a positive balance 

between protein synthesis and protein degradation would 

result in sarcopenia, defined as the loss of skeletal muscle 

mass and function, a major clinical problem frequently 

accompanying chronic illnesses, but peculiarly spotted in 

cancer and in elderly patients. Also, how cancer is fed, and 

how nutrition in cancer patients may affect evolution and 

therapy effectiveness is another field of opinions and 

uncertainty. On the other hand, exercise and nutrition tailored 

to provide adequate amounts of amino acids are widely 

considered a necessary strategy for prevention and treatment 

of protein synthetic deficits in muscles. This paper will 

synthetically review how different nutritional strategies and 

energy production may interconnect efficiently synthesis and 

scavenging of aged and overused protein molecules by 

autophagy. Finally, since energy availability rules life and 

death of cells and organisms, an hypothesis predicting how 

energy may control the ratios among protein synthesis and 

autophagy is proposed: in normal conditions, protein syntheses 

have a key role in autophagy activation by consuming large 

amounts of energy when forming peptidic bonds, that is 

adenosine tri-phosphate (ATP) is consumed to mono-

phospahate (AMP), thus decreasing ATP to AMP ratios. 

Conversely, both protein syntheses and autophagy may be 

scarcely activated when low availability of ATP would result 

also in lowest concentrations of AMP. In this peculiar setting, 

reduced rates of both protein syntheses and autophagy would 

be observed, resulting in worsening of protein balance and 

functions.  
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Body Energy Needs and Protein Reservoirs 

 

      Two tissues, skeletal appendicular muscles and skin 

comprise by weight the first and second major organs, and are 

also containers of the largest amounts of proteins in humans. 

Indeed, muscles should be considered also as organ acting as a 

reservoir of amino acids in a dynamic view of human 

metabolism requirements either in health or disease states, and 

it is so also in cancer [1]. 
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      But, when evaluating metabolism in the human body, and 

peculiarly in cancer bearing patients, it is often overlooked 

that the most abundant protein in human body is collagen, 

with the vast majority stored within the skin dermis, which is 

indeed significantly dismantled to refuel energy sources 

utilized by cancer cells [2]. Also maintenance of protein 

structures require both syntheses and removal of worn-out 

molecules, which are intertwined. The two main pathways 

controlling identification, elimination, and partial recycling of 

protein molecules are autophagy, the sum of both micro and 

macro autophagy (autophagy) , and the ubiquitin-proteasome 

system (UPS) whose activities (proteostasis) are needed and 

balanced with healthy protein synthesis through different 

mechanisms [3]. 

 

      Food also should be considered most important “message” 

through which natural environment communicates with our 

body, so both quantity and quality of food provide messages 

that would influence metabolism and manage the balance of 

synthesis and proteostasis [3]. But, how? There is a lot yet to 

be understood in how “messages from environment” , that is 

how materials and energy coming from the environment we 

are living in [4] convey information’s elaborated by DNA and 

then adaptively modulated through epigenetic responses in any 

cell, but energy production is the absolute priority for life [5]. 

Of notice, all macronutrient may be efficiently funneled to 

energy production, although from amino acids both carbohydrates 

and lipids may be synthesized by metabolic pathways, with 

the unique exception of some non-saturated fatty acids 

therefore identified as essential for life. Also, only by amino 

acids nitrogen can be introduced into metabolism of mammals. 

Carbohydrates, lipids and amino acids have similar carbon 

skeletons, and energy (ATP) is derived mostly by oxidative 

breaking of those carbon to carbon covalent bonds [6].Thus, as 

resumed and outlined in Synoptic Figure, being at roots of life, 

energy production decides dimensions of ratios between 

protein synthesis and autophagy. 

 

 
 

Synoptic Figure: Energy levels rule reciprocal levels of both protein synthesis and autophagy. Of notice, in this system two 

controlling loops are described, both dependent on ATP production. Production of ATP by mitochondrial oxidation of citrate produces 

reactive oxygen species, which recently have been shown to be key positive regulators of autophagy. Conversely, low energy levels 

following ATP consumption for building thousands of peptidic bonds necessary to protein syntheses, would directly and indirectly, by 

activating AMP dependent kinase (AMPK), which in turn, activates autophagy so providing substrates for replenishing ATP 

production pathways. 

 

Protein Synthesis Entangled Relationships among 

Substrates and Energy Production 

 

      Some amino acids may be synthesized by intermediates of 

metabolism, but nitrogen necessary for those syntheses is 

always derived from some amino acids, and those amino acids 

have to be introduced in sufficient amounts since mammals 

are unable to synthesize them. Matching amino acids needs is 

a life-threatening requirement that brought to distinguish 

amino acids in two categories: non-essential and essential ones 

[7]. Notably, the ratio between essential (E) and non-essential 

(NE) amino acids (AA) both in human [8] orin alimentary 

proteins [9] is largely <0.9, thus NEAA are largely prevalent 

in foods .This imbalanced ratio underlines that variations both 

of quantity or quality of nitrogen provided by food may elicit 

significant adaptive mechanisms targeting any tissue or organ 
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and, finally, influencing phenotype and life span more or less 

successfully [10].  

 

      Therefore, both quality (EAA/NEAA) and quantity of 

amino acids introduced by nutrition would evidently regulate a 

more or less efficient balance between protein synthesis and 

protein turnover [11]. 

 

Adequate protein intakes are necessary to match AA needs 

and as a countermeasure to sarcopenia was suggested, so that 

meeting a protein threshold (25–30 g/meal) could be a 

promising yet still largely unexplored dietary strategy to help 

maintain muscle mass and function [12]. Conversely, some 

peculiar molecular link among metabolism of amino acids and 

muscle dismantling and connected to cancer energy needs and 

thus sarcopenia genesis, has been finally identified: high 

mobility group box-1 (HMGB1) released during tumor genesis 

recruits muscle proteins to supply glutamine to cancer cells as 

an energy source, and for this purpose proteolysis by 

autophagy is triggered, and amino acids from muscles proteins 

are generated [13]. 

 

      Another point is that protein syntheses depend on energy 

production since peptidic bonds are extremely energy 

consuming [14] , but another important consideration is that 

total energy costs for the body are also proportional to 

physical activity, which increases energy requirements 

necessary for maintenance of integrity of the body [15]. 

Epidemiological studies have demonstrated that even short, 

regular periods of non-intense exercise reduce mortality, and 

also prolong life span in various populations [16],[17].On the 

contrary, inactivity, especially with aging and even for 

medical reasons, may cause permanent damage to muscles 

[18], along with muscle mass loss which “is predictive of all- 

cause mortality in older men regardless of age, BMI, lifestyle, 

physical performance, health status and body composition” 

[19], and also in cancer patients muscle integrity correlates 

with outcomes [20]. Those observations suggest some 

favorable modifications being associated with systematically 

increasing energy expenditure and stressing contractile 

proteins. The costs of exercise, in turn, require matching 

nutritional intakes with exercise-linked requirements, or 

exercise linked metabolic stress may not exert the expected 

advantages peculiarly in the elderly [21]. Therefore, muscles 

integrity is a balance among workloads indispensable to 

activate syntheses, removal of aged proteins and food intake 

sufficient to match energy and synthetic requirement 

precursors. 

 

Some Considerations on Molecular Signaling By Nutrition, 

And Effects of Caloric Restriction  

 

      Protein synthesis is indispensable for life, and at molecular 

levels control of synthesis involves activation of the two 

signaling pathways, extracellular signaling regulated 

kinase/mitogen activated protein kinase (ERK/MAPK) [22], 

and mammalian or mechanistic target of rapamycin 

components (mTORCs, commonly identified as C1 and C2), 

which are necessary to promote translation also in cancer cells 

[23]. After so many years of studies, yet a major question is at 

what extent protein synthesis would be associated witha 

shorter or longer lifespan. The question arises from studies 

linked to pharmacological mTORC1 inhibition [24] and 

observations that caloric restriction both reduced mTORC1 

phosphorylation, and prolonged lifespan in some animal 

models [25]. Since then, many studies have explored different 

severity levels and techniques of caloric restrictions effects, 

but with time much has changed from the enthusiasm at the 

beginning of those studies, and caloric restriction in humans 

most recently has been defined as “a reduction in energy 

intake below the amount that would be consumed ad libitum 

while maintaining adequate intake of essential nutrients”, and 

finally, increased proportions of proteins intakes has been 

suggested to be necessary for maximal safety and prevention 

of malnutrition [26]. Also, caloric restriction as well as 

mTORCs pharmacological inhibition by rapamicin has been 

shown to be contra-indicated in aging [27]. If caloric 

restriction has to be considered quantitative, that is 

maintaining intakes of all macronutrients in normal ratios [28], 

or should be qualitative, that is a strictly monitored caloric 

intake summed to marked restriction of at least one among 

carbohydrates, lipids or proteins, would be discussed in the 

following paragraphs. 

 

Energy Metabolism, Carbohydrates and Lipids Restriction 

in Cancer 

 

      Carbohydrates, lipids and amino acids of proteins 

represent the largest percentage of what necessary for life of 

mammals. Any change in quantity of one single macronutrient 

would influence either total calories or the percentages of total 

calories provided by just the other two macronutrients, which 

would be proportionally increased to match shortage of one of 

them. This statement may seem obvious, but implications on 

quality and amounts of macronutrients provided by selective 

restrictions seem also too often underestimated when 

significant modifications are applied. Those considerations 

should be kept in mind any time that diets are modified, or 

consequences may be extremely significant, as shown by 

studies with altered EAA/NEAA ratios, as an example [10]. 

 

      The main task of cancer cells is to duplicate, and this 

requires spending energy. Production of energy should be 

fueled by availability of substrates, but duplication also needs 

substrates for matching completion of syntheses and make a 

copy of all cell structures (i.e.: enzymes, nucleotides, 

membranes). 

 

      Near 100 years ago improvement of knowledge of 

chemistry allowed facing cancer metabolism, and peculiarities 

of energy production linked to glycolysis were documented by 

Warburg [29], Cori and Cori, and discussed by Greenstein in a 

pivotal paper [30]. Energy production was identified as a 

central task for survival and duplication. Otto Warburg 

identified the abundant amounts of energy necessary for 

duplication as derived in tumors from cytoplasmic glycolysis 

to lactate even under aerobic conditions, but the finalistic 

advantages of incomplete glycolysis for cancer cells and 

reduced mitochondrial glycolysis, the so-called “Warburg 

effect”, are still unclear [31]. Also, extent of contribution of 
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glycolysis to energy needs of cancer is still debated [32]. Since 

carbohydrates and lipids metabolic pathways are strictly 

intertwined [33], how carbohydrates interface with fats and 

amino acids metabolism and are utilized by cancer cells is an 

evolving knowledge, recently revised [34]. On the other hand, 

in plasma insulin concentrations are strictly connected to 

glucose levels, and since 5.6% of all cancers are now 

attributed to hyperinsulinemic conditions such as obesity and 

type 2 diabetes due to the worldwide increasing prevalence of 

these metabolic diseases [35], therefore if and how many 

carbohydrates introduced by diets may be dangerous are 

controversial items [36].  

 

      Indeed, Mediterranean diet, although rich in carbohydrates, is 

associated to less cancer risk and greater chance of a favorable 

prognosis at least in some cancer [37], but complexity of 

Mediterranean diet and the many components it provides (g.e.: 

insoluble fibers rich vegetables are constantly mixed to 

carbohydrates rich recipes) complicate epidemiologic 

evaluations, since some specific component may exert 

relevant favorable effects that may antagonize eventually 

negative influences exerted by other food components [38]. 

 

      Anyway, carbohydrate restriction in diets adapted to 

cancer patients has been principally planned in terms of 

caloric restriction, with the simplistic idea that reducing 

nutrients support to tumor could limit energy production and 

so cancer cell proliferation. It should be remembered, anyway, 

that this basic principle should need also to be examined in the 

light of human’s evolutionary advantages over the frequent 

and forced long periods of fasting, since through ages, indeed, 

on scarce resources humans developed being able to survive 

by using stored fat [39]. 

 

      Historical studies by Haven, et al. suggested that cancer 

had peculiar and most elevated fatty acids needs: “the 

mobilization of fat occurred early in the growth of the tumor 

while the food intake was normal and before the carbohydrate 

and protein stores of the animal were exhausted. Both our 

experiments and those of Smedley-MacLean indicate that fat 

may be mobilized for the purpose of providing a plentiful 

supply of the essential unsaturated fatty acids for building 

tumor tissue” [40]. One hundred years later, still there is much 

interest but scattered consensus about the impact of diets 

modified by reducing carbohydrates and so necessarily 

increasing lipids, and also generally on which sort of caloric 

restricted diets may favorably act on cancer evolution. In our 

opinion, there is no clear cut indication about what 

macronutrient should be the main target of systematic 

restriction: carbohydrates, lipids or proteins? Conversely, it is 

not controversial that mortality is most prevalent in 

malnourished cancer bearing patients, and that malnutrition 

and sarcopenia are often coupled [41, 42]. Thus, caloric 

restriction (restriction of all macronutrients still in balanced 

ratios) and fasting [43] peculiarly in case of chemotherapy 

[44] have been cautiously explored as potentially helpful in 

reducing speed of cancer growth. Increased tolerability and 

effectiveness of chemotherapy are supported by some 

preclinical data, but always authors convene that yet 

unequivocal clinical evidences are lacking, so great caution is 

always necessary to carefully prevent malnutrition [42-44]. 

 

      Similar conclusions are reported by papers reviewing 

advantages of ketogenic diets [45], peculiarly if associated 

with strict carbohydrate restriction [46]. In obese patients, 

success of those diets in treating obesity by reducing weight 

has been proposed as potentially correlated with any possible 

improvement in efficiency of chemotherapy [47]. 

 

      Of notice, also by clinicians exploring carbohydrates 

restricted ketogenic diets in cancer patients, it was always 

underlined that a most individualized nutritional support is 

crucial in avoiding malnutrition in those delicate patients [48]. 

Although contribution of carbohydrates to cancer cells 

metabolism is established, some concern exist also for 

contribution of fats to cancer cells viability. Recently, 

advancements in understanding biology and contribution of 

fatty acids to cancer cell survival in hypoxic and acidic tumor 

microenvironment have been revised [35]. Fatty acid 

availability and metabolism support proliferation and 

invasiveness, and metabolic addiction of cancer for fatty acids 

was underlined, noticing also that this peculiarity may account 

for cancer progression associated with high fat diet. But, also, 

those authors suggest that fatty acid addiction for metabolism 

of tumor could represent “an Achilles heel”. They proposed 

thatn-3 polyunsaturated fatty acids may represent a class of 

lipids that can exert cytotoxic effects in tumors and therefore 

may possibly represent attractive diet supplementation 

improving cancer patient outcomes [39]. 

 

      It can be concluded by all those studies that epigenetic 

modifications following nutritional modifications of diet both 

by carbohydrates restriction and increased fats contribution to 

total calories, so ketogenic diets and /or fasting may be 

somehow useful, but with a constant warning to avoid 

malnutrition since this would correlate with sarcopenia, early 

discontinuation of chemotherapy and increased cancer 

mortality [49]. 

 

      At this point, it should be also remembered that if avoiding 

malnutrition is universally recommended, it should be kept in 

mind by the skilled clinician the constant possibility of a 

general risk of caloric malnutrition in those patients, and so 

this risk should be also carefully and regularly monitored. But, 

it should be recognized that malnutrition is not easily 

diagnosed, since both markers of syntheses or inflammation 

and measures of oral intake commonly performed routinely 

although are associated with clinical outcomes, alone, they 

poorly distinguish between risk of malnutrition, sarcopenia 

and cachexia, which often co-exist in patients with cancer 

[41,42].  

 

      In our opinion, present knowledge is insufficient to 

indicate if restricting carbohydrates or lipids, or total calories 

would be advantageous in all cancer patients. Also, we argue 

if a diet providing all macronutrients and matching patient’s 

need of all calories so sufficient to maintain a normal weight 

and body composition should be defined a normal diet, or 

instead a caloric restricted diet. Excess or deficiency of any 
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component of diet would alter weight or body composition, 

and so should not be identified as a normal diet: any diet 

deficient in amino acids would waste muscles, any diet 

providing excess calories by carbohydrates or fats would 

increase adipose tissue. 

 

Cancer Metabolism and Nutrition: The Multiple Roles of 

Amino Acids 

 

      Yet in 1951, Mider anticipated the complexity of the need 

to understand how body metabolism has to adapt to 

“neoplasia, which introduces into the body a new race of cells 

derived from tissues common to ontogeny but differing 

biologically, structurally, and chemically from their ancestors. 

The new members of the community of organs and tissues 

intrude themselves on the nicely balanced economy of the 

organism. Adjustments are necessary.” For the first time 

energy production, amino acids, carbohydrates and lipids 

needs of cancer cells were systematically discussed and linked 

to appearance of sarcopenia and cachexia [50]. Following 

studies on cancer development identified 12 amino acids as 

indispensable for cancer cells survival: isoleucine, leucine, 

lysine, methionine, phenylalanine, threonine, tryptophan, and 

valine and in addition, arginine, cyst(e)ine, tyrosine, and 

histidine [51]. Most wisely, Eagle supposed “it may be that 

these cells are unable to make these 4 amino acids from their 

normal precursors. In such case, on a diet limited to the 8 

amino acids essential for nitrogen balance in man (of notice: 

histidine was recognized as an essential amino acid only years 

later), these 4 would presumably be provided either by the 

breakdown of other body cells, or by their overproduction in 

some other tissue” [51]. Also, it was shown that “sarcoma 

developed slower in animals well fed, where normal tissue 

developed maximally” [52], a result conflicting with data 

obtained by most limiting versions of caloric restrictions. 

Several decades later, we should notice that many researchers 

studied and discussed effects amino acids of proteins as a 

whole [53], and very few have tried to separate effects of EAA 

and NEAA, although since NEAA are most represented than 

EAA in food proteins, matching EAA needs is certainly more 

difficult than matching NEAA ones [54].  

 

      Syntheses of proteins in cancer cells have the same 

qualitative requirements of amino acids than in normal cells, 

but some feature in amino acid metabolism in cancer cells has 

been identified. Historic studies identified the source of amino 

acids used by cancer in the same tissues that serve as a 

reservoir during prolonged starvation [55], so amino acids 

identified as peculiarly important both for cancer energy 

metabolism and syntheses included proline, glutamine, glycine 

and serine, with the latter three being the most abundant amino 

acids in food proteins [52, 54]. Of notice, proline and glycine 

are peculiarly stored into collagen, and skin is a major 

reservoir for those amino acids [2]. Actually, there is no 

NEAA that could be considered useless in promoting cancer 

metabolism, either if roles in energy metabolism or utilization 

for protein synthesis are considered [56]. Also, when 

comparing the effects on cancer development of amino acids 

mixtures were one single NEAA was subtracted, some 

misleading interpretation was also originated by initially not 

recalculating how relevant were modifications of ratios among 

EAA and NEAA connected with this not compensated 

subtraction [57, 58]. Indeed, EAA have effects on cancer, and 

peculiarly if EAA are given in amounts sufficient to rise the 

ratio among EAA and NEAA usually found in foods. Leucine 

supplementation proved effective in both maintaining 

muscular masses and improving exercise effects on 

sarcopenia, while slowing cancer development [59], and in 

agreement, epidemiological studies showed that incidence of 

liver cancer in cirrhotic patients wasreduced by chronic 

assumption of branched chain amino acids (BCAA= leucine, 

isoleucine and valine) and some molecular mechanism of 

action was also identified [60]. 

 

      Also supplemental histidine intake has been suggested as 

positively correlating with chemotherapy outcomes, at least in 

experimental settings [61]. Conversely, although methionine- 

free diets may be toxic beyond a 24-hour regimen, appropriate 

methionine and cysteine/cystine restriction regimens have 

been recently revised and improved quantitative indications 

proposed, althoughby those restrictions in humans drop of 

anti-oxydant systems (N-Acetyl-Cysteine and Glutathione) 

was recorded [62]. By now, only in animals an increased 

efficiency of chemotherapy (and specifically 5Fluor-Uracyl) 

on tumor growth was identified [63]. 

 

      It is suggested that limiting to about 2-2.92 mg/kg-1 

methionine intakes that is a safe dietary methionine restriction 

but not depletion, may favorably improve chemotherapy 

tolerance and efficacy [62-64]. Also, pharmacological 

attempts of interfering with methionine metabolism in cancer 

are ongoing [65]. Of notice, methionine and cysteine/cystine 

metabolism are strictly interconnected, in absence of dietary 

cysteine/cystine, a substantial part of methionine should be 

transformed in cysteine/cystine unloading folates of methyl 

groups and forming homocysteine as metabolic intermediate. 

Cystine and cysteine being indistinguishable, since cystine is 

formed by two moieties of cysteine linked by a very labile 

hydrogen bond, spontaneously loosening up [66]. Certainly, 

focusing on single amino acids metabolism may be easiest and 

modulation of some amino acid intake helpful, but nitrogen 

intake in humans has also be considered in its complexity [67]. 

Since cancer cells evolve on a nutritional supply providing 

EAA/NEAA ratios that are largely < 0.9, and since increasing 

EAA/NEAA proved in vitro protective toward chemotherapy 

damages on mitochondria [68], a question was if inversion of 

EAA/NEAA ratio would have fed cancer cells favoring 

duplication and what kind of epigenetic modifications this 

would have triggered. What was observed leads to change 

many paradigms: increasing EAA over NEAA (that is: if 

EAA/NEAA ratios are substantially modified to be <1) 

powerfully activate autophagy instead of inhibiting as 

previewed by EAA driven signaling leading toMTORC1 

activation. Autophagy is activated so efficiently rapidly 

triggering apoptosis and killing cancer cells evidently 

overwhelming cancer adaptive mechanisms, also 

simultaneously inhibiting ubiquitin-proteasome system [69]. 

Studies on cancer development in animals are now ongoing, 

once that safety on healthy animals was established [10]. 
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      Essential amino acids, and peculiarly leucine, on the 

contrary, are still considered uniquely as positive effectors for 

protein syntheses and MTORC1, thus negative effectors for 

autophagy: this simplistic paradigm, proven to be false also in 

cancer cells [69] dates the beginning of studies on caloric 

restriction and rapamycin effects on MTORCs [70]. A theory 

that may predict all those apparently contrasting findings is 

therefore proposed in the following paragraphs. 

 

Connecting Energy Metabolism, Protein Synthesis and 

Autophagy by Epigenetic Modifications 

 

      A main positive effect ascribed to caloric restriction is 

activation of autophagy consequent to reduced energy 

availability, ATP utilization and increased AMP concentrations. 

Reduction of ATP/AMP ratios would in turn both inhibit 

mTORC1 dependent protein synthesis and activate autophagy 

[71]. Autophagy is a complex cellular function aimed both to 

removal of aged structures and to recycle cellular components 

after dismantling, also funneled into maintaining energy 

production [72]. Autophagy, in turn, would be inhibited when 

mTORC1 and protein syntheses are fully active and ATP is 

abundantly available, but it has been always omitted that, in 

turn, protein synthesis has huge costs and thus consumes 

enormous ATP amounts. The latter observation is of extreme 

relevance, since in our opinion this links energy production to 

protein synthesis and autophagy. For instance, it has been 

calculated that up to 80% of energy production in cells is 

dedicated to complete protein synthesis [73]. 

 

      Of notice, physical exercise, indispensable to promote 

muscular protein synthesis is not only associated to mTORC1 

dependent activation of protein synthesis [74], reduction in 

mortality and extended lifespan, but also is associated to 

increased autophagy [75], in evident contradiction with the 

predicted rapamycin/caloric restriction and blunted protein 

synthesis linked benefits. How to solve those apparent 

antinomies? To answer this question, we have to remember 

that physical exercise, if coupled with an adequate increase in 

food intake, not only improves protein synthesis throughout 

the body (muscles, heart, bones, tendons and ligaments), but 

exercise also increases needs of ATP, and ATP production by 

oxidation of citrate into mitochondria, in turn, increases 

production of reactive oxygen species (ROS) in proportion to 

energy requirements (that is of ATP molecules) necessary for 

matching both demands of workload and energetic costs of 

protein syntheses [76]. A clue to disentangle those elements, 

has been the important finding that ROS produced by 

mitochondria while producing ATP are also indispensable 

mediators tuning efficiently autophagy, and this kind of 

activation evidently links energy production to most efficient 

proteostasis [77].  

 

      Therefore, there are two very different mechanisms that 

can activate autophagy, 1) AMPK phosphorylation and 

MTORC1 inhibition, sensible to ATP consumption and driven 

by AMP rise, and 2) ATP production by active citric acid 

cycle. Most of ATP is produced by mitochondrial oxidation of 

citrate, and this is a ROS producing activity that in specific 

parts of cells is spatially limited by structured endogenous 

antioxidants systems. On the other hand, mitochondrial 

glucose oxidation would also trigger by ROS an efficient  

signaling that activates autophagy and is so indispensable for 

maintenance of protein synthesis and protein degradation by 

autophagy tightly balanced  [78,79]. 

 

      As an example, recently the need of ATP production and 

the linked ROS dependent balanced activation of both 

autophagy and protein synthesis has been identified as 

indispensable in successful cardiac remodeling after 

myocardial infarction [80]. 

 

      Additionally, it should be noticed that nutrition per se 

cannot overcome or substitute for exercise in the maintenance 

of muscle synthesis integrity. This is documented by recent 

research which demonstrated that immobilization activates a 

block of mTORC1 by blunted phosphorylation of one of its 

component, DEP domain-containing mTOR interacting 

protein, DEPTOR, which is very poorly activated by refeeding 

only, in absence of exercise [81]. A similar mechanism has 

been described for albumin synthesis by the liver, deeply 

influenced positively by EAA availability, but blunted by 

“inhibition of specific mRNA-synthesis in the hepatocellular 

nuclei induced by the direct interaction of the cell with the 

acute-phase cytokines” [82]. In authors opinion, those data 

suggests that in conditions where synthetic drive of proteins is 

blunted, more frequent and abundant loads of EAA are 

necessary to positively modify plasma concentrations and to 

favorably oppose epigenetic blocks of syntheses [67]. 

 

Authors Hypothesis: Protein Synthesis and Autophagy 

Regulation by Amino Acids 

 

      It is widely accepted that protein synthesis and autophagy, 

are both necessary to maintain a healthy muscle and to prevent 

or treat sarcopenia. Protein synthesis and autophagy are 

dynamically related processes ruled either by substrate 

availability necessary for syntheses (i.e.: peculiarly amino 

acids) and by changes in concentrations of ATP, since in turn 

protein syntheses control the amount of ATP consumed. 

Indeed, in cells, the most significant metabolic event 

consuming ATP and turning it into AMP is protein synthesis, 

which requires large amounts of energy necessary to match the 

costs of huge numbers of new peptidic bonds. Consequently 

and proportionally to the extent of protein synthesis dependent 

ATP consumption, AMP concentrations raise. In turn, changes 

in concentrations of ATP and AMP establish depth, frequency 

and duration of protein synthesis and autophagy by controlling 

the tightly regulated mTORC1 and AMPK reciprocal intensity 

of inhibition and activation, as pictorially resumed in (Figure 

1A, 1B and 1C). Thus, we suppose and propose that 

supplementation of consistent amounts of EAA would 

promote protein synthesis, and peculiarly the inversion of 

EAA/NEAA usual ratios provided by foods (< 0,9), reaching 

EAA/NEAA concentrations > or >> 1, may provide a 

metabolic strain to which cells would respond epigenetically 

by both increasing protein syntheses and linked ATP 

consumption. When abundance of EAA would promote 

protein assembly, the process may be restrained by the 

reduced availability of enough NEAA necessary to complete 
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synthesis. Synthesis of NEAA needed to match completion of 

protein synthesis would further trigger an increased ATP 

consumption to AMP [83], and so promote autophagy [69]. At 

the end, ATP to AMP shift is therefore linked also to the huge 

energetic costs of forming the many peptidic bonds necessary 

for completing syntheses of huge proteins, but also, as 

represented in (Figure 1 A), to different concentrations of 

ATP would correspond different amounts of AMP generated. 

Therefore, it is not surprising that physical exercise both 

triggers autophagy, but exercise may also rescue protein 

synthesis and reverse signaling triggering autophagy that is 

activated by starvation-induced decrease in insulin/IGF-I and 

serum amino acids, both effectively suppressing the 

mammalian target of rapamycin (mTor) [84]. Autophagy may 

be triggered also by a third mechanism, that is by the 

mTORC1-independent mTORC2 signaling described by 

Vlahakis et al [85], who demonstratedmTORC2 being a 

positive regulator of autophagy acting through its downstream 

target kinase, Ypk1.Vlahakis et al., indeed, demonstrated by 

starvation that that NEAA reduced availability, specifically of 

those NEAA required for maintaining endogenous non-

essential amino acids for protein syntheses, as glutamine, 

induces autophagy in a manner independent of TORC1 

inactivation, but instead requiring the general AA control 

(GAAC) response regulated by the eIF2α kinase, Gcn2 , via 

the Ca2+-dependent phosphatase calcineurin [82]. Glutamine 

synthetic needs, if not fully matched by adequate EAA 

intakes, are also implicated in cancer linked sarcopenia, as 

already mentioned [13]. 
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Figure 1. In (A): Cycling of dimensions of protein synthesis and autophagy according to reciprocal variations of energy consumption 

and ATP to AMP drive. Of notice, this is a typical pray/predator cycle diagram. In B: conditioned by the number of molecules of 

ATP, [ATP], also concentration of AMP, [AMP] will change, and accordingly both the amounts of proteins synthesized or efficiency 

of autophagy triggered by AMP dependent AMPK activation will change. High [ATP] and high protein synthesis would drive to 

largest amounts of [AMP], and the rise of [AMP], in turn, would activate maximally the largest number of AMPK. In those 

conditions, high protein synthesis would be matched by high autophagy efficiency. On the contrary, as peculiarly evidenced in (B) and 

in (C), low [ATP] would allow low protein synthesis and since low [AMP] would be generated, therefore less AMPK would be 

activated, and less autophagy triggered. In (C) it is also shown that fluctuations of [ATP]/[AMP] may control not only relative 

dimensions of protein synthesis and autophagy (amplitude of pattern), but also wavelength, that is the time span necessary to perform 

protein synthesis or autophagy. Our hypothesis suggest therefore that not only variations of [ATP/AMP] control protein synthesis and 

autophagy reciprocal fluctuations, but also a most variable speed of modification of any element of this fraction may influence 

synthesis and autophagy dynamics. A corollary of those observations is that energy production is the most important regulator of 

balance between protein synthesis and autophagy. Also by those dynamics energy production controls life efficiency and span. 
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      Those observations reinforce the hypothesis that altering 

EAA to NEAA ratios by supplementing EAA may definitively 

control and regulate both protein synthesis and autophagy, so 

favoring muscle health maintenance. Since EAA improve 

mitochondrial biogenesis and function, and both are paralleled 

by endogenous anti-oxidants expression [86], an improved 

ATP availability and a most focused activation of autophagy 

(and mitophagy)also dependent by ATP production linked 

ROS signaling may contribute to ameliorate a balanced 

protein synthesis and renewal, resulting finally in a prolonged 

lifespan [10]. We believe, indeed, that ROS would be 

detrimental if spread throughout cell, but funneled and 

constrained by walls of endogenous anti-oxidants may exert a 

pivotal role in balancing ATP concentrations increased yields 

and autophagy [76-79]. 

 

      On the contrary, or preferably in agreement with those 

data, as shown in cancer HCT-116 cells, EAA 

supplementation triggers apoptosis by activating autophagy , 

without providing any damage to normal cells [69]. 

 

Conclusion 
 

      EAAare indispensable substrates for promoting and 

completing protein synthesis in muscles, but also may be 

driven to energy production into mitochondria, if ATP 

production becomes a priority issues. We should focus on 

providing adequate amounts of EAA, and not just providing 

nitrogen by undefined EAA/NEAA ratios, if we want to 

support protein metabolism integrity in our patients. 

Nutritional intake of EAA in adequate amounts must be 

associated with exercise to switch off the multiple epigenetic 

controls that inhibit muscle synthesis and so to activate muscle 

protein syntheses exercise is indispensable as well as adequate 

EAA introduction to antagonize sarcopenia.  

 

      Protein synthesis and autophagy are tightly regulated 

processes which alternate reciprocally in cells, but dimensions 

of those activities may vary significantly. Protein synthesis, 

although regulated at various levels, some yet to be elucidated, 

provides an intrinsic message activating autophagy by 

consuming enormous amounts of ATP necessary for 

completing all peptidic bonds and to accomplish synthesis of 

proteins, especially those of high molecular weight. As an 

example, large proteins, as enzymes often are, are formed by 

thousands of AAs linked at the cost of huge energy 

expenditure, and have short or even very short half-lifes. ATP 

and ADP consumption, and the resultant increase in AMP 

concentrations are therefore main effectors of AMPK 

phosphorylation and activation of autophagy. Also, the role of 

mitochondrial ATP and ROS linked production in activation 

of autophagy and protein remodeling has only recently been 

described. Thus, we propose, for the first time, that synthesis 

of proteins controls increased production of a second 

messenger, AMP, and this in turn triggers autophagy 

activation. This would be followed by blunted protein 

synthesis due to a reduction in energy rich compounds and 

necessity to replenish ATP availability necessary for new 

protein syntheses, which would be paralleled by ROS 

production, also triggering autophagy. Therefore, autophagy 

and the EAA/NEAA ratios are in continuous and tightly 

coordinated dynamical balance. Only large EAA availability 

may promote protein syntheses, which promote reduced 

ATP/AMP, while NEAA comprise the vast majority of protein 

sequences in mammals, and so reduced ratios of NEAA would 

activate autophagy by MTORC2, independently by MTORC1 

inactivation. The long term consequences of those dynamics, 

that in vitro have been shown to be linked to induction of 

apoptosis in cancer cells and not in normal ones, should be 

evaluated at best by measuring cohort lifespan and evaluating 

the specific changes in organs after prolonged intakes of 

selected EAA based formulations.  
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