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Ageing is a process of declining bodily function and a major risk factor of chronic diseases. The
declining bodily function in ageing can cause loss of proteostasis (protein homeostasis), which is a balance
between protein synthesis, folding, modification and degradation. For the elderly, adequate protein intake is
necessary to prevent sarcopenia, frailty, fracture and osteoporosis as well as reduced resistance to infection.
However, increasing the protein intake can enhance the risk of oxidized protein formation, loss of proteostasis
and degenerative disorder occurrence. On the other hand, several studies show that protein restriction would
increase longevity. The aim of this review was to explain the importance of determining the right amount and
composition of protein intake for the elderly. Oxidative stress and molecular mechanism of proteostasis loss
in ageing cells as well as its suppression pathway by protein restriction are discussed in this review.
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T he global proportion of the elderly popula-
tion (>60 years old) expected to increase con-
tinuously from 600 million in 2000 to more
than 2 billion in 2050 [1]. Health varies between in-
dividuals as they age. Some generally have health
conditions similar to people of a younger age, while
others experience a deterioration of their physical
and mental capacity. Cellular and tissue dysfunction
in ageing process increase frailty and age-related
disease [2-4].

Ageing itself can be defined as a degenera-
tive process that decreases the fitness level and the
body’s ability to maintain homeostasis, increasing
the possibility of death [5]. Many theories explain
the molecular mechanism of ageing, however it falls
into 2 categories that are programmed and damage
or error theory. Programmed theory explains that
ageing occurres according to biological time clock
[6]. While the damage or error theory concern on en-
vironmental influence which stimulate accumulation
of damage at several stages as the cause of ageing.

There are three major sources which responsible for
accumulation of cellular damage, 1) excessive reac-
tive oxygen species (ROS) as a cause of oxidative
damage; 2) nutritional metabolites that interact with
ROS, 3) error in molecular process such as DNA
duplication, transcription, and translation [5, 8-10].
One of the sources of oxidative damage is oxidized
protein measured by carbonyl level. The increase in
carbonyl level can be found in patients with Alzhei-
mer’s, cancer, heart disease, diabetes mellitus, as
well as among the elderly [11-15].

The current recommended protein intake for
the elderly population is 0.8 g/kg/day, which is ap-
parently not adequate to maintain muscle mass. In
old age, often there is a reduction of muscle mass
or sarcopenia, which can increase morbidity and
mortality. Dietary essential amino acids (EAAS) has
an important role in stimulation of muscle protein
synthesis. Combination of EAAs and nonessential
amino acids (NEAAS) has same extent in muscle
protein synthesis compared with EAASs only [16-18].
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Along with the ageing process, a disturbance in pro-
tein anabolism and an increase in protein degrada-
tion occur, along with a high requirement of protein
intake [16, 19]. Increase in protein intake prevent
muscle mass loss by increasing the availability of
amino acids and activating mammalian target of
rampamycin (mTOR) for muscle mass synthesis. The
mTOR functiones as a regulator of growth and cell
proliferation, which is closely related to the lifespan
of cells and organisms [20].

On the other hand, high protein intake should
be well-advised, considering that in older age there
is a loss of homeostasis, which causes an increase
in oxidized protein. Accumulated oxidized protein,
which plays a role in degenerative diseases, cannot
be repaired or degraded. This condition leads to for-
mation of protein aggregates [2, 3, 5]. An animal
study aimed to show that protein restriction would
reduce tumor-related mTORC1 activities; the re-
searchers hoped that protein restriction could be
a choice in therapy not only for tumor but also for
other degenerative diseases [21]. Understanding pro-
tein intake and loss of protein homeostasis in the
elderly is necessary to determine the correct recom-
mendation for protein intake. In the present minire-
view, we studied several articles from two databases
(Pubmed & Science Direct) published over the past
three decades. The search terms from both databases
were oxidative stress, protein intake, muscle mass,
and proteostasis in ageing. A total of 23 studies were
retrieved and 49 per-reviewed articles were found to
be relevant to this review. Our objective here is to
elaborate the importance of appropriate protein in-
take in elderly in which the disturbance of protein
homeostasis occurred in ageing cells. In addition,
oxidative stress in ageing, molecular mechanism
of loss of proteostasis and its inhibition pathway
through protein restriction are described in this re-
view.

Oxidative Stress in Ageing

Harman first mentioned the ageing theory
related to free radicals in 1956 [10, 22]. This theo-
ry postulated the ability of free radicals to cause
ageing as a result of material damage accumulation.
Reactive Oxygen Species (ROS) is the main cause
of oxidative stress. Considering the importance of
oxygen in maintaining human life, oxidative process
and ROS formation were inseparable. ROS is formed
not only from the bodily process but also from en-
vironmental exposure. The oxidative process can

trigger an increase in macromolecular damage as in
the Deoxyribonucleic acid (DNA), lipid, and protein
[3,5, 23].

Mitochondria is an organelle that plays an im-
portant role in energy metabolism and other cellular
processes such as fatty acid f-oxidation, maintaining
calcium concentration in mitochondria matrix, me-
tabolism of amino acid, and regulation of cell life
span, including apoptosis, steroid synthesis, and
hormonal signals. This organelle breaks down or-
ganic components into water and carbon dioxide to
release energy in the form of adenosine triphosphate
(ATP). Mitochondria is the main organelle that pro-
duces ROS formed in the electron transport chain.
The electron released in this process bind with oxy-
gen and produce free radicals in the short lifespan.
Free radicals can change non-radical components
into radical components causing oxidative dama-
ge [23-25]. Oxidative stress that causes molecular
damage can induce both repair and degradation
system. During ageing, those systems are less effec-
tive and cause accumulation of damage, leading to
cellular defects, tissue dysfunction, and decreasing
physiologic function [26]. The impact of oxidative
stress to ageing process can be seen in Fig. 1.

Pandey et al. studied 80 healthy adults aged 18
to 85 years and found that an increase in age would
reduce the plasma antioxidant capacity and increase
the plasma protein carbonyl [15]. An increase in
protein carbonyl has a significant correlation with
a decrease in plasma antioxidant activity in ageing.
The decreasing degradation system in the muscle
during ageing is still controversial. It is caused by
the use of different models or analysis of different
muscle types. Type II fibers are more prone to atro-
phy during ageing than type I fibers [11, 27].

Recommended Dietary Protein
Intake for the Elderly

The recommended dietary allowance (RDA)
for protein by the Food and Nutrition Board of the
United States National Academy of Science is 0.8
g/kg/day for adults, regardless of age. The latest
evidence showed that higher protein more than rec-
ommended would increase health, accelerate the
disease healing process, and maintain functional
state in older years. Higher protein demand among
older adults is due to disorder in protein anabolic re-
sponse, and extensive protein catabolism following
inflammation, chronic disease, and nutrient deficien-
cy. Therefore, appropriate protein intake is impor-

31



ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 1

Body

Protection ROS

A

( Oxidative stress }

4

Molecular damage:
DNA
Protein
Lipid

* Inflammation

* Repair mechanism

» Degradation the
molecular damage

-

% 2

L Cellular defects

* Inflammation

* Repair mechanism

» Degradation the
cellular damage

-

A ¢

Tissue
dysfunction

&

Ageing:
 Decreasing physiologic
function
» Susceptible to
degenerative disease
« Shorten lifespan

Fig. 1. Oxidative stress in the ageing process. An imbalance between free radical and body protection,
including antioxidants, can cause oxidative stress and then molecular damage. The damage can accumulate
and lead to cellular defects, tissue dysfunction, and decreasing physiologic function to maintain homeostasis.
Abbreviations: ROS — reactive oxygen species; DNA — deoxyribose nucleic acid

tant to maintain good health in the elderly population
[17-19].

Ageing is also related to the progressive dete-
rioration of the resting metabolic rate by as much as
1-2% for each decade starting from 20 years old.
This deterioration is closely related to the decrease
in fat-free mass, which consists of tissues with an
active metabolism. More than 50% of the total body
weight of the young population is muscle mass, but
this can decrease by up to 25% at 75-80 years old.
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Loss of muscle mass is followed by an increase in fat
mass without an increase in body weight. The big-
gest loss, up to 40%, occurs at the lower extremity
muscles [28-31]. Declines in muscle mass and func-
tion during ageing increase the prevalence of both
sarcopenia and frailty. This condition lead to mor-
bidity and mortality [32, 33].

In order to inhibit sarcopenia and frailty, the
right amount and composition of protein intake such
as EAAs composition for elderly must be well con-
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sidered. EAAs especially leucine are robust stimu-
lators for muscle protein synthesis. The stimulation
related to the protein kinase mTORCL1 [34]. A con-
trolled clinical trial shows increasing the propor-
tion of leucine in EAAS can be overcome response
of muscle protein synthesis following ingestion of
low doses of amino acid. The data indicate a po-
tential beneficial effect of leucine in formulation of
any amino acid or supplement [35]. Moreover, the
type of protein intake such as whey and casein pro-
tein for elderly should be evaluated. Elderly adults
showed an increment in body protein after consum-
ing whey protein compared to younger adults. In
younger men, casein protein stimulated a bigger in-
crease in protein compared to whey protein. In older
subjects, the protein quickly rises after whey protein
intake and slowly rise after casein intake [36, 37].
Therefore, whey protein can be more beneficial in
preventing protein loss in older age. However, we
still need more studies to understand the mechanism
of protein loss in the ageing process. Other studies
show an increase in muscle strength in elderly adults
after 20 g/day supplementation of whey protein com-
bined with resistance training compared to casein
supplementation [38]. Aside from the difference in
the metabolism rate of protein in older adults, there
is also a decrease in chewing ability. For example,
minced meat is easier to digest than whole meat and
is thus more effective in increasing body amino acid.
The texture of protein food source must be conside-
red [28, 39].

In older age, there is a disturbance in protein
anabolism response (anabolic resistance). There-
fore, the combination of protein intake with physical
training can be effective to maintain muscle mass.
The long-term effect of physical training increase
insulin sensitivity, which also plays a role in protein
synthesis regulation. Besides, the supplementation of
branched-chain amino acid, especially leucine, can
increase protein anabolism response. Protein sup-
plementation gains muscle mass and strength during
prolonged resistance exercise in younger and older
people [19, 40, 41].

A study by Campbell et al. showed that healthy
elderly people would have a negative nitrogen balan-
ce after consuming protein according to the dietary
requirement for 10 days [42]. A longitudinal study
of men and women aged 55 to 77 years showed that
a protein intake of 0.8 g/kg/day for three months
would cause physiological adaptation in the reduc-
tion of muscle mass while the body’s leucine me-
tabolism would be maintained in good physiologi-

cal condition [43]. Many studies highlighted that the
current recommendation for protein intake 0.8 g/kg/
day is not sufficient to fulfill an individual’s physio-
logical need and metabolism in older age. Low pro-
tein intake for a long period can force the body to
adapt by breaking down muscle mass to maintain
nitrogen balance, causing sarcopenia, vulnerability,
and deterioration of quality of life. The European
Society for Clinical Nutrition and Metabolism (ES-
PEN) recommend for healthy older people, at least,
1.0-1.2 g/kg/day proteins with EAAs components
and daily activity or exercise training [28, 44, 45].

Loss of Proteostasis in the Elderly

Proteostasis is achieved by good coordina-
tion of many actions, including protein synthesis,
folding, and degradations. The Proteostasis pro-
cess involves the autophagy machinery, molecular
chaperones, and ubiquitin-proteasome system (UPS)
[46]. Maintaining proteostasis requires control not
only in the folding process but also in the confor-
mational, localization, and degradation. Production
of misfolded protein increase by stochastic errors in
protein synthesis at the level of transcription, nRNA
maturation, translation, and post-translational modi-
fication. Surveillance system inside cells detect the
damage protein then repair or eliminate from the
cells. Poor surveillance can promote damage protein.
Misfolded protein, abnormal cleavage or undesirable
post-translational modification cause self-assembling
into toxic structure or aggregation into cytosolic in-
clusion [46-49].

Misfolded and aggregated proteins must be re-
moved from the system by the protein degradation
process. Increasing aggregated and damage protein
formation is exacerbated in aging, disease-associa-
ted mutation, and environmental stress [47]. Protein
can be degraded either individually or in groups by
proteasome or lysosomes. Proteasomes are large
complexes that consist of a 19S regulatory cap and
a 20S proteolytic core. The regulatory part recog-
nizes the substrate that binds to ubiquitin chains.
Regulatory particles remove ubiquitin chains and
rapidly degrade into peptides in the 20S core. The
process initiated by addition of polyubiquitin chains
with stepwise activity of E1 activating enzymes,
E2 conjugating enzymes, E3 ubiquitin ligases. This
system cannot degrade unfolded or large protein
complexes. Alternatively, the large substrate can be
directed to the lysosome as the terminal steps of au-
tophagy [46, 50]. Autophagy complements work in
three mechanism, they are macroautophagy, chape-
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rone-mediated autophagy, and microautophagy.
Autophagy is controlled by mTOR complex 1
(MTORC1) and mTOR complex 2 (MTORC?2), con-
nect to proteostasis network based on nutritional
status of organism, cellular metabolic rate, and pro-
tein synthesis rate [50, 51].

The ability to maintain homeostasis is critical
for survival. Loss of proteostasis plays an impor-
tant role in the ageing process at the cellular level
through the accumulation of protein aggregates,
misfolded protein, oxidative damage, post-transla-
tional modification, and change in the rate of protein
turnover. The protein refolding process is mediated
by the chaperone, and the protein degradation sys-
tem is run by lysosome and proteasome [26]. Mo-
lecular chaperones or heat shock proteins are stress
factor induced in response to elevated temperature
and other stress condition. Chaperone participated
in control of quality for proteins located in cytosol
or in intracellular compartments [49, 52].

The molecular chaperone increases during
stress as a feedback from the transcription of heat
shock factor-1 (HSF-1) and molecular chaperone
Hsp90. Normally, HSF-1 is inactive and bound
to Hsp90. But during stress, there is an increase
in misfolded proteins, which also bind to Hsp90,
thereby detaching the previous bind with HSF-1 and
resulting in the activation of HSF-1. This process
adds molecular chaperones assisting the refolding of
denatured protein. The chaperone system can main-
tain homeostasis during mild stress or transition. But
during chronic stress, the balance between chapero-
nes and misfolded protein cannot be maintained,
causing the damaged protein to gather and form ag-
gregates. The effect of increased damaged protein,
protein aggregation, and a decrease in the protein
degradation process plays a role in reducing protein
homeostasis along with age [2, 53, 54].

Age can decrease the function of the protea-
some system. Previous studies stated that, along with
age, there is an increase in post-translational oxi-
dized protein and a reduction in peptidase activity
[65, 56]. Disturbance in the lysosomal system related
to ageing is described by Brunk and Terman [24].
During the ageing process, there is a dysfunction in
lysosome pH regulation and a reduction in lysosome
stability. This condition reduces the lysosome’s abili-
ty to degrade the oxidized protein and defend against
free radical formation [57]. Moreover, a change in
protein expression pattern occurred in ageing pro-
cess [58]. Tanaka et al conducted proteomic profiling
on 240 healthy people ages between 22-93 years in
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order to elaborate aging biomarkers. There were 197
proteins positively associated with age in which the
strongest one was Growth differentiation factor 15
(GDF15) [58]. Secretion of GDF15 act as a marker
for mitochondrial dysfunction and its expression is
induced by oxidative stress in aging process. (59) In
order to maintain normal function of mitochondria,
well proteostasis system is required. Accumulation
of unfolded and misfolded protein in mitochondria
stimulate GDF15 expression to control energy ho-
meostasis [60].

Evidence showed that the ageing process would
increase the level of oxidized protein in the brain.
The protein is vulnerable to oxidative disorder
causing conformation or covalent damage. Almost
all covalent damage is irreversible and so must be
degraded to prevent accumulation and cross-linking.
Different from conformational damage, which can
be repaired by molecular chaperone binding to the
hydrophobic surface and assisting in refolding, the
chaperone system becomes ineffective when there
is increased damage as seen in the ageing process
[2, 52, 61].

Loss of proteostasis, which occurs in the ageing
process, can be suppressed by calorie restriction,
reduction of insulin-like growth factor-1 (IGF-1)
signal, and administration of rapamycin. Calorie
restriction and administration of rapamycin inhibit
mTOR work target, which is protein translation,
and provide an opportunity for the cell to carry out
a repair mechanism and degrade damaged protein.
Calorie restriction also induces the upregulation of
several heat shock proteins that have a crucial role in
quality control in proteostasis. Starvation in NEEAS
reported extent replication lifespan in yeast. Mean-
while, an increase in protein intake increase mTOR
activity, which plays a role in the ageing process
[62, 63].

The mTOR Inhibition by Protein
Restriction to Increase Lifespan

The activity of mTOR is correlated with the
regulation of cell growth, proliferation, apoptosis,
and inflammation. Therefore, the mTOR activity af-
fect the ageing process and lifespan of the organism.
The mTOR protein kinase is found in 2 complexes,
mTORC1 and mTORC2. Each has a different sub-
strate. The mTOR signal pathway is the controller of
growth regulation and cell proliferation. Activation
of mTORCI1 takes place in cellular organelles, such
as peroxisome or lysosome. Activation of mTORC1
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needs energy sources, such as glucose, amino acid,
lipids, oxygen, and a high ratio of ATP to AMP. Be-
sides that, a high concentration of amino acid, es-
pecially arginine and leucine, stimulate mTORC1
activation. In humans, protein or amino acid con-
centration produce activation of mTOR and insulin
secretion which increase blood pressure. The mTOR
activation also affect cognitive, tissue physiology,
stem cell, and other bodily functions. The mTOR
activation by high protein intake, in the long run,
decrease the state of health by increasing the risk of
some conditions, such as neurodegenerative diseases
including Alzheimer and Parkinson [21, 64, 65].
Calorie restriction achieves mTOR inhibition
through decreased Phosphoinositol-3-kinase (PI3K)
activity and increased AMP-activated Protein Ki-
nase (AMPK) activity. The ageing process, cancer,
and energy sources (glucose, amino acids, lipid) ac-
tivate PI3K and increase mTORCI activity. In other

Ageing

hand, calorie and protein restriction activate AMPK
which leads to autophagy in the protein degradation
process. Degradation of protein, including misfolded
protein, prevent the formation of protein aggregates
and prolong lifespan [66, 67]. The process is illus-
trated in Fig. 2.

Many studies about amino acids restriction
show the protein restriction inhibit mTOR and in-
crease lifespan. This is because mTORCL inhibition
reduce the mRNA translation, giving the body an
opportunity to conduct protein degradation or repair
itself to maintain homeostasis and prevent the ac-
cumulation of damaged protein and protein aggre-
gation, both important in combating many degene-
rative diseases [66, 68-70]. In 2017, Kolodziej et al.
studied the effect of long-term high protein intake on
the saliva gland of test animals and found that long-
term protein intake can increase oxidative damage
markers and total oxidant state [71]. Ayala et al. in

Glucose
Amino acids
Lipid

Cancer

Degenerative
disease

Fig. 2. mTORC1 inhibition to increase lifespan. Calorie and protein restrictions decrease mTOR activity
through the activation AMPK that increases the autophagy process. Autophagy prevent the accumulation
of misfolded protein and formation of protein aggregates. This condition decreased the risk of degenerative
diseases and prolong lifespan. Abbreviations: PI3K — Phosphoinositol-3-Kinase; AMPK — AMP-activated
protein kinase; mTORC1 — Mammalian target of rapamycin complex 1; ROS — reactive oxygen species
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2007 found that calorie and protein restrictions can
reduce ROS production in mitochondria and reduce
oxidative damage in DNA, protein, and lipid in mice
liver tissue [72]. The mTOR activity inhibition it-
self does not delay the ageing process but is more
inclined towards preventing age-related chronic
diseases [21].

Conclusion. Ageing affected functional sta-
tus of older adults by promoting catabolism and
thus adequate intake of protein is essential for
maintaining muscle mass and preventing sarcope-
nia. Regarding that, the body increases the need
for protein intake in older age, at least 1.0-1.2 g/kg/
day. But in the ageing process, there is also loss of
proteostasis, causing the accumulation of misfolded,
damaged, and aggregated protein, which is a domi-
nant factor in many degenerative diseases. Studies
on test animals demonstrated that protein restriction
is beneficial for reducing mTOR activity and mRNA
translation to provide an opportunity for cells to
carry out repair mechanisms and degradation of the
damaged protein. The recommendation for protein
intake must be determined correctly to be able to
prevent sarcopenia. Moreover, an appropriate of pro-
tein intake should be considered in order to prevent
oxidative damage in degenerative diseases due to
loss of proteostasis. Therefore, a long-term cohort
study on humans is needed to evaluate the effect
variation of protein intake toward oxidative stress.
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CrapiHHs — 1Ie TIporiec 3HIKEHHS (QyHKIIiH
OpraHi3My Ta TOJOBHUHU (aKTOp PHU3UKY XPOHIYHUX
3aXBOPIOBaHb. 3HWXEHHS (QYHKIIH OpraHizmy 3a
CTapiHHA MOXK€ CHPUYMHUTH BTPATy MpPOTEOCTa-
3y (IpOTETHOBOTO TOMEOCTa3y), TOOTO 3MaTHOCTI
M ATPUMYBaTH OalaHC Mi’K CHHTE30M, 3TOPTaHHSM,
MouGiKaliero Ta aerpaaariecro nporeinis. Jlromsim
MTOXUJIOTO BiKYy HEOOXiJTHE JOCTaTHE CIOXWBaHHS
MPOTETHIB 151 3aMI00ITaHHS CapKoTIeHii, cabKoCTi,
MepesIoMiB, OCTEONOpO3y, a TaKOXK 3HMIKEHOI
cTiKocTi A0 iH(ekmii. OmHak 30i7dbIIeHe CIOXKHU-
BaHHS MPOTETHIB MOXKE IMOCHIINTH PH3HUK yTBOPEH-
HSl OKHCJICHOTO TPOTEIHY, BTPATH NPOTEOCTa3y Ta
BUHHUKHEHHS JIETEHEPaTUBHUX PO3JIadiB. 3 1HIIOTO
0OKy, € JaHi Mpo Te, MO OOMEeXEeHe CIOXHWBaHHS
MpOTEIHIB MOXKE TIOJJOBKUTH TPHBAIICTh KUTTS.
MeTtoto 1poro orisay Oyio MOSICHUTH BasKIHBICTh
BHU3HAYEHHS KITBKOCTI Ta CKJIAMy TMPOTEIHIB IS
CIIOXKMBAHHS JIIOJBMH TOXMJIOro Biky. OGrosope-
HO PO3BHTOK OKCHIATHBHOTO CTpeCy B KIITHHAX,
0 CTapifoTh, MOJIEKYJISIPHI MeXaHi3MH BTpaTH
pOTeoCcTasy Ta HIIAXHM HOro 3amobiraHHs depes
00OMe)XeHHsI CITOKWBAHHS TTPOTEIHIB.

KnmodoBi cmoBa: crapiHas, mpoTeocTas,
MpOTEiHOBA Jai€Ta, OKcuaaTuBHUH cTpec, mMTOR.
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