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The quality of a dietary protein refers to its ability to provide the EAAs necessary 
to meet dietary requirements. There are 9 dietary amino acids that cannot 
be metabolically produced in the body and therefore must be consumed as part 
of the diet to avoid adverse metabolic consequences. These essential amino 
acids (EAAs) serve a variety of roles in the body. The amount and profile of the 
dietary EAAs relative to the individual EAA requirements and the digestibility of 
the dietary protein are the key factors that determine its quality. Currently the 
Digestible Indispensable Amino Acid Score (DIAAS) is the best available approach 
to quantifying protein quality. The most prominent metabolic role of dietary 
EAAs is to stimulate protein synthesis by serving as signals to activate molecular 
mechanisms responsible for the initiation of protein synthesis and, most importantly, 
to provide the necessary precursors for the synthesis of complete proteins. Current 
dietary recommendations generally do not consider protein quality. Accounting 
for protein quality in dietary patterns can be accomplished while staying within 
established ranges for dietary protein consumption. Poor protein quality can 
be compensated for to some extent by eating more low-quality protein, but to 
be effective (“complementary”) the limiting EAA must differ between the low-
quality protein and the base diet to which it is being supplemented. Adding a 
high-quality protein to a dietary pattern based on low-quality protein is more 
effective in meeting EAA goals than increasing the amount of low-quality protein, 
even if the low-quality proteins are complementary. Further, reliance entirely on 
low-quality protein food sources, particularly in circumstances that may benefit 
from a level of dietary EAAs greater than minimal requirements, is likely to include 
excessive caloric consumption. While protein consumption in high-income nations 
is generally perceived to be adequate or even excessive, assessment of dietary 
patterns indicates that a significant percentage of individuals may fall short of 
meeting optimal levels of EAA consumption, especially in circumstances such 
as aging in which the optimal EAA consumption is greater than basal values for 
healthy young individuals. The case is made that protein quality is an important 
consideration in meeting EAA requirements.
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Introduction

Dietary protein has been recognized for more than 100 years as 
vital for growth, health, and even survival (1). Amino acids are the 
building blocks of dietary protein, and it is the amino acids absorbed 
from digested dietary protein that serve the various metabolic roles. 
Dietary amino acids serve as precursors for the synthesis of 
neurotransmitters, nucleotides, and a variety of other important 
products. Dietary amino acids also support multiple aspects of 
immune function, and influence satiety. Most prominently, dietary 
amino acids serve as precursors for the synthesis of new proteins in 
the body. There are thousands of different proteins in the body, all with 
specific functions. Proteins comprise about two-thirds of the mass of 
the body that is not water. Each protein is distinguished by the unique 
amount and profile of amino acids of which it is composed. All 
proteins in the body are in a constant state of turnover, meaning 
continuous breakdown and synthesis (2). Protein turnover enables a 
replenishing of older, less functional proteins with new, better-
functioning proteins (3). Most adults are in a steady state in which the 
synthesis of proteins over the course of the day balances breakdown.

Protein turnover proceeds continuously throughout the day and 
night, regardless of whether amino acids from dietary protein are 
being absorbed. The amount of time throughout the day that dietary 
amino acids are being absorbed varies according to patterns of 
consumption. Eating patterns vary in different cultures. In the 
United States, it is common to eat discrete meals (usually three) per 
day containing dietary protein, but most protein is often consumed in 
the evening meal. The consumption of discrete meals results in 
periods of 3–6 h each throughout the day during which amino acids 
are absorbed (post-prandial state), depending on the composition of 
the meal. Regardless of the pattern of consumption of dietary protein 
there are periods when dietary amino acids are not being absorbed 
(post-absorptive state). The post-absorptive state is characterized by a 
net breakdown of body proteins due to the rate of protein breakdown 
exceeding the rate of protein synthesis. Although the amino acids 
released by protein breakdown can serve as precursors for the 
synthesis of new proteins, the availability of certain amino acids from 
protein breakdown is insufficient to allow protein synthesis to balance 
the rate of breakdown in the post-absorptive state because of the 
irreversible oxidation of those amino acids and the inability of the 
body to replace them metabolically. Also, amino acids are lost directly 
from the body via routes such as the gastrointestinal tract and skin. 
The amino acid components of body protein that cannot 
be synthesized in the body are called the dietary essential amino acids 
(EAAs). The necessity of including EAAs in the diet has been 
recognized for close to 100 years (4). The EAAs for human nutrition 
are histidine, leucine, lysine, isoleucine, methionine, phenylalanine, 
threonine, tryptophan, and valine. There are an additional 11 dietary 
dispensable amino acids that are also components of body proteins 
but can be produced in the body. The extent of oxidation of each EAA 
released in the process of protein breakdown largely defines its dietary 
requirement. Consumption of at least that amount of each EAA is 
necessary to maintain protein balance over the course of the day.

The post-absorptive state generally lasts for a matter of hours, but 
it is possible for humans to survive for a month or more without 
dietary protein consumption (5). Protein turnover occurs in all tissues 
and organs in the body and sustained negative protein balance in 
certain tissues and organs, such a skin, heart, brain, etc. is not 

compatible with life. In this circumstance skeletal muscle serves as a 
“reservoir” of amino acids for the tissues and organs with a high 
priority to maintain protein balance. The net breakdown of muscle 
protein and release of amino acids into plasma in the absence of 
dietary protein intake enables sufficient availability of EAAs to 
maintain protein balance in the other tissues and organs in the body.

While consumption of dietary protein promotes protein synthesis 
throughout the body, stimulation of muscle protein synthesis in the 
post-prandial state to replenish protein lost in the post-absorptive 
state is a primary metabolic role of dietary protein. Skeletal muscle 
protein metabolism is not only central to maintaining protein 
homeostasis throughout the body, but muscle serves a variety of other 
roles. The importance of maintaining muscle mass and function in 
relation to physical activity is well-known (6). Less well appreciated, 
skeletal muscle protein turnover plays an important role in 
maintaining energy balance, as both muscle protein synthesis and 
breakdown require energy in the form of ATP (7). The difficulty in 
maintaining weight loss after caloric restriction weight loss is related 
in part to the extent of loss of muscle mass (8). Maintaining the 
metabolic function of muscle is central to avoiding metabolic 
syndrome and type 2 diabetes, since muscle is the primary site of 
glucose clearance from plasma (7). Muscle contraction puts torque on 
bone that is essential for bone strength (9). These multiple and varied 
roles of skeletal muscle are important for all individuals, and especially 
for vulnerable populations such as the elderly, and must be supported 
by adequate EAA consumption.

The quality of a dietary protein can be described as its ability to 
provide the EAAs necessary to maintain protein balance in the body 
by stimulating protein synthesis. Evaluation of the importance of 
protein quality therefore requires consideration of the role of EAAs in 
stimulating protein synthesis (10), and the factors that determine the 
effectiveness of the dietary protein in delivering the necessary EAAs 
to the tissues and organs of the body. These factors include the amount 
and profile of EAAs in a dietary protein relative to nutritional 
requirements, and the digestibility of the protein. Fundamental issues 
related to the importance of protein quality include the scoring of 
protein quality, the relation between the true ileal digestibility of 
dietary EAAs and the stimulation of protein synthesis, the mechanism 
of stimulation of protein synthesis by EAAs, the accuracy of EAA 
requirements that are targeted in assessing protein quality, whether 
consideration of protein quality can be incorporated into diet planning 
while staying within established nutritional recommended ranges for 
dietary protein consumption, the effect of physiological and metabolic 
circumstances on optimal EAA consumption the significance of 
non-protein components of protein food sources, if poor protein 
quality can reasonably be compensated for by eating more protein, 
and the relevance of the quality of dietary protein in high-income 
nations. We will briefly discuss these issues in relation to the Digestible 
Indispensable Amino Acid Score (DIAAS) to quantify protein quality.

Scoring protein quality: a case for DIAAS

A variety of approaches have been used to describe the quality of 
a dietary protein. Some approaches have been based entirely on 
digestibility. These include oro-ileal true amino acid digestibility, total 
(fecal) crude protein digestibility and a dual isotope tracer method 
that compares circulating amino acids from an intrinsically labeled 
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test protein with a reference protein labeled differently with known 
digestibility (11). Biological value (BV) is based on measures of 
nitrogen digestibility and urinary nitrogen excretion, whereas net 
protein utilization (NPU) is based on nitrogen intake and urinary 
nitrogen excretion. The Protein Efficiency Ratio (PER) reflects the 
physiological response to the dietary protein and is based on the ratio 
of weight gain to protein consumed by the test group as compared to 
the control (most commonly casein) over time (12). The first efforts 
to consider EAAs as individual nutrients and to assign a numerical 
value to the quality of a dietary protein involved chemical scores such 
as the Protein Digestibility Corrected Amino Acid Score (PDCAAS). 
PDCAAS is based on the fecal digestibility of crude protein and the 
content and profile of EAAs (11). The Digestible indispensable Amino 
Acid Score (DIAAS) was published in 2013 as a more accurate 
estimation of the factors comprising PDCAAS (13). The underlying 
concept of protein quality as quantified by both PDCAAS and DIAAS 
is that the amino acids in a dietary protein must be digested and 
absorbed to have metabolic value, and that the amount and profile of 
the absorbed EAAs should be in line with the dietary requirements for 
each EAA. The improved accuracy of DIAAS as compared to 
PDCAAS derives from the use of true ileal digestibility of each 
essential amino acid (EAA) in the dietary protein rather than the fecal 
digestibility of crude protein, and DIAAS (but not PDCAAS) is not 
truncated in the case of high-quality proteins. DIAAS also specifically 
accounts for the availability of lysine in processed foods. While DIAAS 
most conventionally applies to single dietary proteins, the DIAAS of 
a complete diet can also be calculated (13). Thus, DIAAS is the most 
accurate method currently available to provide a basis for dietary 
recommendations for protein consumption to account for quantitative 
differences in dietary protein quality. The validity of DIAAS for this 
purpose has two principal aspects: the use of true ileal amino acid 
digestibility and the role of EAAs in controlling protein synthesis in 
the body. We  have previously analyzed the validity of the factors 
comprising DIAAS in depth (14). One possible shortcoming of DIAAS 
is that the value is expressed in terms of the percent of dietary EAA 
requirements met when the EAR for protein is consumed. Using the 
EAR value is useful on a population basis, but it may be  more 
appropriate to express the percent of requirements met when the RDA 
for protein is consumed when determining dietary recommendations 
on an individual basis.

Use of true ileal amino acid digestibility 
(TID) in quantifying protein quality

It is self-evident that for a dietary protein to have metabolic 
value it must be digested and the amino acids absorbed. Thus, there 
is little argument that an accurate scoring of protein quality should 
take account of digestibility. There are two basic approaches to 
determining protein digestibility directly: fecal or ileal digestibility. 
Digestibility determined at the ileal level is fundamentally superior 
to determining digestibility at the fecal level since there is little 
absorption of amino acids in the large intestine and there is an 
abundance of microflora that digests and utilizes undigested protein, 
peptides or amino acids exiting the small intestine (15, 16). In 
addition, amino acids can also be  synthesized and microbial 
degradation products absorbed in the large intestine (17). The 
catabolism and synthesis of amino acids by the microflora in the 

large intestine confounds fecal measurements of protein or amino 
acid digestibility and will usually result in the over-estimation of the 
true digestibility of the EAAs in the test protein. Further, the amino 
acid composition of fecal protein bears no necessary resemblance to 
the undigested dietary protein leaving the ileum. Accounting for 
digestibility at the end of the small intestine (ileal digestibility), as is 
done with calculation of DIAAS, overcomes the problems of 
interpreting fecal digestibility data.

Use of true ileal amino acid digestibility (TID) in quantifying 
protein quality is important because TID can vary across amino acids, 
even within the same protein source. For example, TID of dietary 
proteins in India was found to differ by more than 20% across the 
dietary EAAs for many foods and food ingredients examined (18). 
Even for highly digestible protein sources the range in true ileal amino 
acid digestibility within a protein source can be significant (18). TID 
generally varies more in plant-based dietary proteins than animal 
proteins. For example, TID of EAAs in beef sirloin ranges from 
98–100%, while the corresponding measurements in boiled potato 
protein range from 56% (tryptophan) to 83% (lysine) (19). Failure to 
take account of true ileal digestibility in this example would result in 
not only an overestimation of the quality of potato protein but would 
change the limiting amino acid from histidine to lysine. This is not to 
imply that all plant proteins have low and variable digestibility. For 
example, amino acid digestibility is relatively high for soy isolate, but 
in general animal proteins have higher and less variable digestibility. 
The main concerns with ileal measurement of amino acid digestibility 
include how well digesta samples reflect the total digesta, if the 
contribution of the non-dietary EAAs derived from digestion of 
digestive enzymes and other intestinal proteins has been accurately 
accounted for, and whether any effects that small intestinal bacteria 
may have on digestibility is considered. The primary factor limiting 
the use of TID in scoring protein quality is that values have not been 
determined in some dietary proteins A major effort to determine TID 
in a wide range of dietary proteins is under way and completion of that 
work will enable a broader application of TID in scoring 
protein quality.

EAAs and protein synthesis

In addition to TID, accurate scoring of protein quality must 
account for the amount and profile of the EAAs in a test protein 
relative to the corresponding values in the reference protein, and 
the accuracy of EAA requirements on which the amino acid 
scoring pattern of the reference protein is based (14). The 
mechanisms responsible for how EAAs regulate protein synthesis 
are thus central to understanding the basis for DIAAS. Further, 
accounting for how EAAs regulate protein synthesis is important 
in determining the adequacy of protein consumption in a variety 
of physiological states.

Dietary EAAs are primarily responsible for the stimulation of 
protein synthesis in the post-prandial state. Consumption of a 
relatively small dose of only EAAs in the profile of beef protein 
stimulates muscle protein synthesis (MPS) as much as a mixture of 
the same amount of EAAs plus additional dispensable amino acids 
(DAAs) that can be produced in the body (10). When only EAAs 
are consumed the DAAs that are also required for the synthesis of 
new proteins can be  derived from reutilization of endogenous 
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DAAs released by protein breakdown or synthesized in the body, 
often from simple nitrogenous precursors. In contrast to the 
stimulatory effect of EAAs on protein synthesis, ingestion of a 
mixture of DAAs in the profile found in whey protein failed to 
stimulate MPS (20). Further, the magnitude of increase in whole-
body protein synthesis appears to be directly related to the amount 
of EAAs in a dietary protein, provided that high-quality proteins 
with high digestibility are considered (21, 22) (Figure 1). Dietary 
proteins with low digestibility would not yield the same relation 
between the amount consumed and the stimulation of 
protein synthesis.

While the EAAs are primarily responsible for the stimulation of 
protein synthesis, the dietary DAAs may also play a role. The 
importance of dietary DAAs in maintaining N balance was 
documented in the early studies of amino acid metabolism. The 
efficiency of utilization of the EAAs as assessed by N-balance was 
shown to be enhanced by the amount of DAAs given concurrently 
(23). The exact amounts of either total or individual dietary DAAs 
that are necessary to maximize the effectiveness of dietary EAAs 
have not been determined. Agricultural science literature indicates 
that the ideal composition of feed for the maximum growth and 
muscle development of farm animals consists of approximately 
two-thirds amino N in the form of EAAs (24), but comparable data 
for humans are not available. Thus, although there is some 
(uncertain) need for DAA intake, it is most likely that the prevalence 
of DAAs and other nitrogenous compounds in dietary protein is 
more than adequate to provide ample DAAs when sufficient protein 
is ingested to meet EAA requirements. Dietary protein ranges 
between 30 and 50% EAAs, which means that the contribution of 
DAAs to amino acid composition of proteins is likely more than 
adequate to meet requirements if the animal literature can 
be  extrapolated to human diets. Further, normal dietary 
consumption of DAAs is sufficient to support protein synthesis 
resulting from ingestion of a relatively small amount of free EAAs 
(25, 26).

Mechanisms of stimulation of protein 
synthesis by EAAs

Measures of protein quality must be  consistent with the 
mechanisms whereby EAAs stimulate protein synthesis. Much of what 
we know about EAAs and protein synthesis in humans comes from 
studies of muscle protein synthesis (MPS). The mechanisms whereby 
EAAs affect protein synthesis in general and MPS specifically fall into 
two general categories: transcription and translation. The transcription 
of messenger RNA (mRNA) from DNA results from activation of the 
relevant genes. Activation of genes is reflected in the number of 
specific mRNAs in the cell on which the assembly of new proteins 
occurs. Several studies have used mRNA content of specific proteins 
as an index of the rate of synthesis of those proteins, but there is 
generally a poor correlation between mRNA content and MPS (27). 
Consequently, it is likely that in most circumstances, mRNA content 
is not rate limiting for MPS.

The translational control of protein synthesis by EAA availability 
has been recognized since 1958 (28). Translation involves the 
sequential bonding of amino acids in the order dictated by the mRNA 
code. Free intracellular amino acids are bound to specific transfer 
RNAs (tRNAs) inside the cell that have codons of three nucleotides 
that correspond to the codons on the mRNA for specific amino acids. 
Charged tRNA molecules sequentially transfer the attached amino 
acids to the sites on the mRNA dictated by the mRNA code. 
Translational elongation can only proceed to completion if adequate 
amounts of all required amino acid precursors are available. A relative 
deficiency of any EAA will make that EAA limiting. Lack of availability 
of the limiting EAA will cause the termination of translational 
elongation of protein synthesis before the process is complete, and the 
partially synthesized protein being degraded.

Translation of the mRNA is initiated by a complex process which 
consists of several linked stages that are mediated by eukaryotic 
initiation factors (eIFs). The mammalian target of rapamycin complex 
1 (mTORC1) is a key regulator of the activation of downstream eIFs 
that are mediators of MPS initiation. Translational initiation of the 
protein synthetic process can be stimulated by an increased availability 
of EAAs, and leucine in particular is a potential regulator of mTORC1 
(29, 30). The activation of mTORC1 by leucine seems to be especially 
important in anabolic-resistant states such as aging (31). When older 
individuals were given a mixture of EAAs in the profile of whey 
protein the net anabolic response of muscle protein increased only 
about half of the amount of the response to the same mixture of EAAs 
in younger individuals (32). Decreased responsiveness of MPS to 
nutritional stimulation is termed anabolic resistance. When 
comparable older individuals consumed a different mixture of the 
same amount of EAAs in which leucine comprised approximately 35% 
of the total mixture, the anabolic response doubled but the enhanced 
mixture had no greater effect in younger individuals than the profile 
of EAAs in whey protein (33). The potential role of leucine in 
triggering the initiation of protein synthesis highlights the importance 
of considering protein quality in designing dietary plans, particularly 
in circumstances such as aging (34). The concentration of leucine in 
plasma must increase approximately 3- fold to activate mTORC1 (35), 
which translates to consumption of approximately 2.5–3 g of leucine. 
A relatively large proportion of a dietary protein must be comprised 
of leucine to achieve that level of intake. Circumstances benefitting 
from a high leucine intake generally means reliance on animal 

FIGURE 1

Relationship between increase in essential amino acid content of a 
protein source and the gain in whole-body protein balance 
(represented as grams per hour) (14, 15).
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proteins, which generally contain greater amounts of leucine than 
plant-based dietary proteins (36), although there are some specific 
plant proteins that contain relatively high amounts of leucine.

The prevalence of all the EAAs, and perhaps specific EAAs such 
as leucine, is thus an important aspect of protein quality. In addition, 
the amount of the limiting EAA in a dietary protein determines the 
amount of body protein that can be synthesized.

Use of DIAAS to evaluate protein quality of 
a meal

DIAAS was developed for the comparison of the quality of dietary 
proteins, with a particular focus on regulatory issues. For this reason, 
DIAAS is normalized for the amount of the test protein. As such, 
DIAAS is not directly relevant to the protein quality of a meal or 
dietary patern. DIAAS can be calculated for mixtures of proteins as 
occurs in a meal, but the DIAAS of different proteins in a mixture is 
not additive because the DIAAS of individual proteins in a meal may 
be  based on different limiting amino acids. Rather, the digestible 
amounts of each amino acid in a meal are additive. As referred to in 
FAO Dietary Protein Quality Evaluation in Human Nutrition 13, each 
EAA in a meal should be treated as an individual nutrient. Thus, the 
amount of each EAA in the meal, corrected for TID of that amino 
acid, is compared to the amino acid scoring pattern to determine how 
well each EAA meets dietary requirements. Whereas the amino acid 
scoring patterns for DIAAS conventionally match the individual EAA 
requirements as promulgated by the FAO, alternative scoring patterns 
to determine the adequacy of each EAA in a meal can be used to better 
match specific circumstances, such as aging, exercise, etc. Better 
defining appropriate amino acid scoring patterns for different 
circumstances should be a high research priority.

Required vs. flexible protein and EAA 
consumption

Accounting for protein quality in formulating dietary guidelines 
could impact current recommendations for protein intake. If a diet is 
comprised of predominantly low-quality proteins, a level of protein 
consumption greater than the RDA of protein could potentially 
be  necessary to meet all EAA requirements. It is reasonable to 
evaluate if it is possible to increase dietary protein consumption above 
the RDA and stay within recommended dietary guidelines. The 
Dietary Reference Intakes published by the US Institute of Medicine 
cites the RDA for protein as 0.8 g high-quality protein /kg/day, and 
the RDA for carbohydrate as 130 g /day (37). There is no RDA for fat 
intake, but the adequate intake (AI) of linoleic acid is given as 17 and 
12 g/day for men and women, respectively, and the AI for linolenic 
acid is 1.5 and 1.1 g/day for men and women, respectively (37). For a 
representative 30-year-old adult man weighing 80 kg these 
recommendations correspond to 256 kcal/day of protein, 520 kcal/day 
of carbohydrate, and 166 kcal/day of fat, for a total of 942 Kcal/day. 
The total energy requirement for such a man is dependent not only 
on body weight but also height, sex, and activity level. An average 
daily energy expenditure for the representative man is approximately 
3,000 kcal/day, and the corresponding value is approximately 
2,500 kcal for a representative woman (37). These recommendations 

indicate that the required amounts of protein, carbohydrate and fat 
constitute as little as 30–40% of the total caloric requirement to 
maintain energy balance. The remaining 60–70% of energy 
consumption could be considered to be discretionary. While it would 
be reasonable for part of the discretionary energy consumption to 
be in the form of dietary carbohydrates and fat, it is equally reasonable 
that dietary protein consumed at a rate greater than the RDA would 
comprise at least a component of the discretionary energy intake. 
Increasing dietary protein intake above the RDA is consistent with the 
Acceptable Macronutrient Distribution Range (AMDR) also 
published in the Dietary Reference Intakes (37). The AMDR for 
protein ranges from 10 to 35% of total energy intake; the RDA for 
protein accounts for approximately 10% of energy intake. These data 
indicate that an increase in dietary protein consumption well above 
the RDA to accommodate a greater need for EAAs can 
be accomplished while staying within current guidelines for dietary 
protein consumption.

A potential problem with dietary protein constituting as much as 
30–35% of protein is whether all nutrient requirements can be met, 
particularly with a relatively low caloric content. We performed a 
modeling exercise in which two single-day menus were created, each 
consistent with the USDA food group serving recommendations for 
a (relatively low) 2000-kcal healthy U.S.-style eating pattern (38). 
We  found a diet with 30% of energy derived from protein can 
be  achieved without compromising food group serving intake 
recommendations for fruits, vegetables, grains, including whole 
grains, and dairy foods, meeting all nutrient requirements (38). A 
variety of sources of high-quality protein food sources, including fish, 
poultry, milk, and cheese in addition to meat were used in the diets. It 
was necessary to rely on these sources of protein in the meal plans, as 
the protein density relative to total calories in plant-based protein 
sources alone is generally low. A meal plan relying on plant-based 
protein sources alone could only be used in a meal plan targeting a 
higher caloric intake (38). The necessity of relying on animal proteins 
in this modeling exercise implies an importance of protein quality in 
not only providing an optimal level of EAAs, but also meeting all other 
nutrient requirements. It is possible, and potentially desirable, to 
increase intake of plant-based proteins, but protein quality needs to 
be  carefully considered. High-quality plant proteins (eg, soy) and 
animal proteins play an important role in maintaining overall dietary 
protein quality.

Physiological circumstances benefitting 
from increased protein and EAA 
consumption

The preceding discussion makes clear that current estimates of 
requirements for dietary EAAs are minimal values and suggest that 
there is room within traditional nutritional recommendations for a 
level of protein intake that exceeds the RDA to optimize EAA 
consumption. It is therefore relevant to evaluate if different 
physiological circumstances increase the optimal level of protein and 
EAA consumption significantly above the RDAs. It is of further 
interest if the optimal profile of EAAs may differ in various 
physiological circumstances from the profile of the FAO reference 
protein, which is predicated on basal EAA requirements in young, 
healthy individuals.
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Several studies have demonstrated beneficial effects of dietary 
protein intake greater than the RDA and that EAAs are primarily 
responsible for the responses. For example, increased dietary 
protein improves muscle mass and strength in older individuals 
(39), and EAAs can be  credited with the beneficial response. 
Supplementation of the normal diet with 11 g twice per day of EAAs 
in older individuals improved LBM, strength and functional tests 
(40, 41). When low-function elderly consumed increased dietary 
protein in the form of whey protein (DIAAS = 0.96) for 16 weeks, 
muscle strength and function were significantly improved as 
compared to a control group given only nutritional education (42). 
Improvements in all aspects of physical function measured were 
greater when the same amount of EAAs as whey protein were 
provided, indicating that the EAA component of the whey protein 
was responsible for the improvements in physical function (42). 
Similarly, the loss of LBM and muscle strength that occurred with 
28 days of bed rest in healthy young subjects (43, 44) as well as 
10 days of bed rest in elderly individuals (45) was ameliorated by 
supplementation with additional dietary protein or EAAs. The 
results from the bed rest studies are particularly significant because 
all known factors other than total protein or EAA intake that might 
potentially affect LBM changes, including activity and other 
macronutrient intake, were completely controlled. Increased EAA 
consumption has also been shown to have beneficial effects in a 
variety of circumstances, including rehabilitation (46–49); stroke 
(50, 51); peripheral artery disease (52); renal failure (53–57) 
inflammation (58, 59); critical illness (60); lung cancer (61); cystic 
fibrosis (62); chronic obstructive pulmonary disease (63–65); 
wound healing (66); brain injury (67, 68); metabolic syndrome and 
cardiovascular risk factors (69–71); obesity (8, 72); liver fat (69, 
73–75); and diabetes (76–80).

The optimal profile of dietary EAAs may also be  affected by 
different physiological circumstances. For example, selective oxidation 
of leucine or the branched chain amino acids commonly occurs in 
stressful conditions, such as serious injury or illness, due to activation 
of branched chain keto-dehydrogenase (81). Aerobic exercise causes 
a greater increase in the oxidation of leucine as compared to the other 
EAAs (82). Further, some conditions involving anabolic resistance, 
such as aging, may stem in part from decreased activity of mTORC1. 
In this case a greater proportion of leucine in a dietary protein or a 
composition of EAAs may serve as a nutraceutical by activating 
mTORC1 (29, 30).

While the many studies that have reported beneficial effects of 
increasing EAA consumption provide a strong rationale for 
quantifying protein quality on the basis of the EAA profile and 
amount, it should be recognized that many of the above-mentioned 
studies used free EAA compositions to raise EAA consumption. It is 
unclear if a reasonable amount of even high-quality dietary protein 
alone can elicit the same metabolic and physiological responses. 
Plasma EAA concentrations increase more rapidly and to higher levels 
when free EAA compositions are consumed than when the same EAA 
are components of dietary protein (22). Further, free EAA mixtures 
often have little or no associated DAAs or non-protein components 
that may elicit different physiological responses than dietary protein 
food sources.

In contrast to the many studies demonstrating beneficial effects of 
increased protein and EAA consumption, there has never been a study 
to our knowledge in which the RDA for protein or EAA consumption 

was compared with a higher level of protein intake and the lower level 
of protein consumption was found to be superior.

An ideal approach to scoring protein quality would account for 
known effects of specific physiological circumstances on optimal EAA 
consumption at a group level, and even at an individual level (i.e., 
“personalized nutrition”). A recent publication describes such an 
approach for any situation in which the optimal amount and profile 
of EAAs is known (83). DIAAS can also account for altered demand 
for EAAs in specific circumstances by using a scoring pattern 
reflecting the optimal amount and profile of EAA consumption for 
that circumstance rather than the FAO scoring pattern based on the 
RDAs for the individual EAAs. However, the value of any protein 
quality scoring is dependent on the accuracy of the target for EAA 
consumption, and more data in this regard may be necessary for the 
successful implementation of personalized nutrition.

Current protein nutrition guidelines

Recommendations for dietary protein intake have been expressed 
in terms of grams of protein or nitrogen (N) per day for more than 
100 years. While occasionally the proviso that recommendations apply 
to “good quality” protein has been included (e.g., DRIs), in general 
protein recommendations have not directly specified the source or 
quality of dietary proteins.

Evaluation of the relevance of protein quality to nutritional 
guidance is timely. The Dietary Guidelines for Americans (DGAs) 
published by the United States Department of Agriculture (USDA) 
have made a pronounced shift over the past 40 years away from animal 
protein toward plant-based protein food sources. Such a shift may 
have a significant impact on the overall protein quality of the diet, as 
animal proteins generally are higher quality (as reflected by DIAAS) 
than are plant-based proteins (14). Although only about 5% of the US 
population classifies themselves as vegetarian and about 2% classify 
themselves as vegan (84), there has been a progressive shift away from 
consumption of animal-based protein food sources in individuals who 
do not consider themselves to be vegetarian. For example, between 
1970 and 2005 there was a 17% drop in consumption of red meat and 
of eggs in the U.S. (85), and the downward trend in red meat 
consumption has continued, in part due to perceived concerns about 
health and growing publicity regarding the environmental impact of 
the beef industry in particular (86). However, calls for reduced 
consumption of animal-based protein food sources have not taken 
account of the potential physiological implications of a significant 
reduction in the overall protein quality of the diet.

“Ounce equivalents” of dietary protein

The DGA’s aim to create recommended dietary patterns that 
meet or exceed RDAs for both micro- and macronutrients. Levels of 
protein intake are not the primary focus of the DGAs, perhaps in 
part because the RDA for dietary protein can be met with almost 
any western diet that maintains caloric balance. However, the RDA 
expresses the minimal amount of dietary protein consumption 
necessary to avoid deficiencies in young, healthy individuals, and, 
as discussed above, there are many circumstances in which the 
optimal amount of dietary protein may be  greater than the 

https://doi.org/10.3389/fnut.2024.1389664
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Wolfe et al. 10.3389/fnut.2024.1389664

Frontiers in Nutrition 07 frontiersin.org

RDA. Further, the DGAs do not currently address the issue of 
protein quality. DIAAS indicates that animal proteins can more 
readily provide the daily requirement of EAAs than plant 
proteins (14).

MyPlate is designed to simplify for the public the key elements of 
the DGAs (87). MyPlate recommends meeting protein needs by eating 
a variety of “ounce equivalents” of protein food sources. The DGAs 
state that 1 ounce (28 g) of meat is equivalent to 1 cooked egg, ¼ cup 
(70 g) of red kidney beans, 1 tablespoon (15 g) of peanut butter, 2 
ounces (56 g) of tofu and 0.5 ounces (14 g) of mixed nuts. The labeling 
of these disparate protein food sources as “equivalents” implies an 
equal metabolic benefit should be obtained from each of the “ounce 
equivalents” of protein food sources, although neither the DIAAS nor 
the amount of EAAs provided are in fact equivalent. To determine if 
the different protein food sources provide the same anabolic stimulus, 
stable isotope tracer methodology was used to quantify the response 
to ingestion of each of the “ounce equivalents” (88). The changes from 
baseline following consumption of one of seven different protein food 
sources were compared to the baseline value for that individual. 
Consumption of ounce equivalents of animal-based protein food 
sources (beef sirloin, pork loin, eggs) resulted in a greater gain in 
whole-body net protein balance above baseline than the ounce 
equivalents of plant-based protein food sources (tofu, kidney beans, 
peanut butter, mixed nuts; p < 0.01). Most importantly, the magnitude 
of the whole-body net balance (anabolic) response was correlated with 
the EAA content of the protein food source (p < 0.001) (Figure 1). 
These data illustrate the limitations of dietary guidelines failing to 
consider protein quality.

Beyond protein quality: the significance of 
non-protein components of protein food 
sources

DIAAS quantifies the quality of a single protein or a group of 
proteins. Neither DIAAS nor any other measure of protein quality 
accounts for the non-protein components of a dietary protein food 
source. However, apart from nutritional supplements, dietary protein 
is normally consumed in a food source that contains non-protein 
components. Dietary carbohydrate and fat components of protein 
food sources may potentially affect many aspects of the physiological 
response, including the net gain in body protein (the anabolic 
response). Carbohydrate is well known to amplify the protein 
synthetic response to dietary protein (89). Dietary fat also increases 
the magnitude of response to dietary protein. For example, whole milk 
increases the protein synthetic response to dietary protein as 
compared to the same amount of protein in the form of skim milk 
(90). Furthermore, an acute increase in plasma fatty acids improved 
muscle protein synthesis despite inducing insulin resistance (91).

It is not obvious how the role of the non-protein components of 
protein food sources can be included in the assessment of protein 
quality. One approach is to normalize the anabolic response to the 
protein food source by the corresponding caloric value. In the example 
of the ounce equivalent protein food sources discussed above, the 
protein food sources with the highest DIAASs (beef, pork, eggs and 
tofu) stimulated the anabolic response with less caloric intake than 
those with the lower DIAASs (kidney beans, peanut butter, and mixed 
nuts) (Figure 2).

The potential physiological significance of the non-protein 
components of protein food sources can be appreciated by calculating 
the caloric content of the amount of each dietary protein food source 
that would be required to fully meet all EAA requirements (Figure 3). 
For lower quality proteins such as nuts and beans the entire diet would 
have to be comprised of only those protein food sources to avoid a 
positive energy balance (i.e., weight gain). These data highlight the 
importance of considering the total caloric content when translating 
DIAASs to dietary recommendations. Accounting for the non-protein 
components of protein food sources is particularly important during 
caloric restriction weight loss (CRWL). CRWL induces a negative energy 
balance that impairs the anabolic response to dietary protein. For that 
reason, an intake of at least 1.2 g protein /kg/day is necessary to maintain 
muscle mass during CRWL (92). To reach this goal, it is necessary to rely 
entirely on high quality protein food sources so that the accompanying 
caloric value associated with the non-protein components is minimized.

Protein quantity vs. quality

Can consumption of more of the same dietary protein food sources 
compensate for low protein quality? This question can be addressed by 
considering the utilizable protein in a diet pattern. The utilizable protein 
in a single mixed meal or the entire daily protein consumption can 
be calculated by multiplying the overall DIAAS (as described in ref. 13) 
by the amount of protein consumed. The rationale underlying this 
approach is that the synthesis of complete proteins from dietary EAAs 
requires the availability of all the EAAs, and when the demand for the 
limiting EAA exceeds the amount of that EAA absorbed, further 
protein synthesis from the non-limiting dietary EAAs cannot proceed.

To illustrate the interaction of dietary protein quantity and quality 
we will consider a simplified numerical example in which the daily 
intake of dietary protein is comprised of two proteins, with one of the 
proteins being low-quality protein (DIAAS = 50%) and one being high-
quality (DIAAS = 100%), and to simplify the math the limiting amino 
acid is assumed to be the same for both proteins. We will assume that 
total daily protein intake is 50 g, which would correspond to a 70 kg 
person consuming slightly more than the EAR (0.66 g protein/kg/day), 
and that 25 g of each protein is consumed. The DIAAS of this 
combination would be  75%, and the utilizable protein is (25 g × 
0.5) + (25 g × 1.0) = 37.5 g, which would be  less than the EAR. If 
consumption of the low-quality protein is increased to 50 g and the high-
quality protein consumption remains at 25 g, the overall DIAAS would 
be reduced to 66%, but the total utilizable protein consumption would 
increase to 49.5 g (approximately equal to the EAR) because of the 
increase in total protein consumption. However, this approach would 
require consumption of 75 g of dietary protein, which may be difficult 
for some to achieve due to issues of cost, taste and convenience. These 
factors are important drivers of food consumption (93). Further, since 
low-quality proteins are usually plant based (14), increasing consumption 
would likely significantly increase the associated caloric content of the 
protein food sources of the diet. If we consider another example in which 
the initial parameters are the same, but the consumption of the high-
quality protein is increased to 50 g while consumption of the low-quality 
protein is maintained at 25 g, the overall DIAAS would increase to 83%. 
The product of DIAAS and protein consumption would increase the 
utilizable protein to 62.5 g and would likely involve a smaller increase in 
caloric intake than when the low-quality protein consumption is 
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increased. Thus, increasing the quantity of both low-quality and high-
quality protein can help to meet dietary EAA targets, but the increase in 
EAA consumption will be greater when the overall DIAAS is increased 
by increasing the consumption of the high-quality protein.

This simplified example illustrates that, when the limiting amino 
acid is the same for different dietary proteins, increasing the amount of 
high-quality protein consumed increases the utilizable protein more 
effectively than increasing the amount of low-quality protein consumed. 
However, in more realistic dietary patterns, proteins may 
be complementary, due to the limiting amino acids being different. The 
amount that complementary proteins improve the overall quality of the 
dietary protein (i.e., DIAAS) is dependent on the magnitude of the 

difference between the EAA content relative to the reference protein of 
the limiting EAAs of the two proteins. In addition, the EAA content 
relative to the reference protein for next-limiting EAAs in the two 
proteins will impact the extent to which the proteins are complementary. 
While specific numerical examples would be  complicated, some 
generalizations are possible. Complementary low-quality proteins have 
the potential to increase the DIAAS more than with complementary 
high-quality proteins, because the discrepancies between the limiting 
EAAs are likely to be greater with low-quality proteins. High-quality 
proteins have DIAASs >100%, meaning that there is not a large difference 
between the values for the limiting EAAs (14). While combining 
complementary low-quality dietary proteins will increase the utilizable 
protein, this approach will not achieve the same increase in utilizable 
protein as combining a low-quality protein with a high-quality protein, 
particularly if the limiting EAAs in the low- and high-quality proteins 
differ (i.e., they are complementary). Combining low- and high-quality 
complementary proteins will result in a DIAAS greater than the DIAAS 
of the low-quality protein, but lower than the DIAAS of the high-quality 
protein, with corresponding impact on the amount of utilizable protein.

Differences in the metabolic fate of EAAs

Nutritional guidelines for dietary protein have been derived from 
whole-body measurements, primarily N-balance or isotopic tracer 
methods. However, differences in tissue- and organ-specific responses 
may arise in response to varied protein food sources that are not evident 
from the whole-body responses yet have physiological significance. For 
example, the response of peripheral blood levels of EAAs following 
consumption of soy protein is limited by extensive splanchnic clearance 
of absorbed EAAs (94, 95). As a result, there may be minimal stimulation 
of muscle protein FSR by soy protein consumption (96), even though 
the whole-body protein net balance response (which includes splanchnic 

FIGURE 2

Anabolic response determined by stable isotope tracer methodology 
of ounce equivalents protein food sources normalized for energy 
content of the non-protein components (81).

FIGURE 3

Net whole-body protein balance per calorie of intake with different “ounce equivalent” protein food sources.
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uptake) is comparable to that following consumption of the same 
amount a different high-quality protein such as beef. Consumption of 
beef protein, on the other hand, results in a relatively rapid and greater 
total plasma EAA response than soy, with a corresponding greater 
stimulation of MPS (92). The differences in splanchnic and peripheral 
responses to dietary protein are demonstrated by the results of a recent 
study we  performed comparing the MPS and whole- body protein 
responses to consumption of a 4 oz. beef patty vs. the responses to 
consumption of a 4 and to an 8 oz (97). “Impossible Burger” comprised 
of soy-based protein. The response of plasma EAA concentrations was 
greater following consumption of the 4 oz. beef patty than the 4 oz. 
Impossible Burger, which corresponded to the differences in EAA 
contents of the two proteins. As a result, both whole-body and MPS were 
significantly stimulated by the beef patty, but neither were stimulated by 
consumption of the 4 oz. Impossible burger (98). More relevant to the 
issue of differing fates of ingested EAAs, the response of plasma EAAs 
following consumption of 4 oz. beef burger was greater than the 
Impossible Burger despite the greater total EAA content of the 8 oz. 
Impossible Burger (corrected for the lower digestibility of soy protein) 
(Figure 3). As a result of greater splanchnic extraction of absorbed EAAs 
following soy protein consumption, MPS was stimulated to a greater 
extent by the 4 oz. beef patty than the 8 oz. of Impossible Burger despite 
equivalent increases in whole body net protein balance (98).

Is protein quality relevant in high income 
countries?

Average protein consumption in underdeveloped countries may 
be insufficient to meet all EAA requirements (99). In high-income 
countries there is less concern that dietary protein consumption is 
inadequate to provide adequate EAAs. Rather, the notion that dietary 

protein is “over-consumed” is commonly expressed in publications 
ranging from scientific to lay articles in high-income countries. 
However, a careful analysis of dietary protein intake in high income 
countries that takes protein quality into account has been lacking. This 
issue has recently been addressed by analyzing the implications of 
variations in dietary protein quality for the adequacy of dietary protein 
intake in the United States (100). The analysis used published FAO 
food supply data sets giving overall total protein intakes, as well as 
NHANES survey data across a well described population. Account was 
taken of potential differences in dietary protein quality, as quantified 
by DIAAS. Data were analyzed for healthy adults, as well as for specific 
nutritional states that may affect the optimal level of protein and EAA 
consumption, such as caloric restriction weight loss diets, aging, 
aerobic and resistance exercise training, and vegan/vegetarian diets. 
Protein consumption data were compared with both the EAR (0.66 g 
protein/kg/day) and the RDA (0.83 g protein/kg/day) for different 
populations. To account for protein quality, the utilizable protein 
intake (calculated as described above) was calculated (Figure 4).

Data from the US National Health and Nutrition Examination 
Surveys for 2001–2018 was used to assess the percentage of the adult 
population having utilizable protein intakes potentially less than 
recommended levels. Utilizable protein intake was calculated for 
DIAASs ranging from 1.0 to 0.6. An analytical sample of 44,018 (22,079 
males and 21, 939 females) was used, stratified by age and gender. 11% 
of the adult population had estimated utilizable protein intakes below 
the EAR even if a DIAAS of 1.0 is assumed (i.e., all protein consumption 
was “high quality” protein), and the percentage increased to 20% in the 
71+ age group if the DIAAS of the total protein intake was 1.0. The 
percentage of the population 19–50 year of age consuming protein 
intakes below the EAR when DIAAS was assumed to be 1.0 was higher 
for women than men (16% versus 5%), and the percentage increased 
with age (71+ years male and female = 20%). The percentage of the 

FIGURE 4

Energy requirements to meet minimal EAA requirements with different “ounce equivalent” protein food sources. Total energy requirements are 
approximately 35  kcal/kg/day (Adapted from (98), licensed under CC BY 4.0).
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population with utilizable protein intakes potentially falling below the 
EAR increased considerably as DIAAS declined, with potentially 72% 
of the 71+ year-old population having utilizable protein intakes falling 
below the EAR if DIAAS was taken to be 0.6, and that number increased 
to 88% if compared to the RDA. While these values are theoretical, the 
data analysis highlights the potential importance of protein quality in 
meeting EAA requirements, even in a high-income country.

Conclusion

Dietary protein quality, defined generally as the ability to provide to 
the body an optimal amount and profile of EAAs per gram protein 
consumed, in accord with dietary requirements, varies between 
proteins. EAAs cannot be synthesized in the body, and consumption of 
at least the RDAs for each EAA is required for optimal protein nutrition. 
Currently, protein quality can most accurately be quantified by the 
DIAAS, although DIAAS has potential shortcomings when applied to 
dietary planning. DIAAS is based on the EAR for protein, and individual 
dietary planning will most commonly be based on the RDA for protein.

When account is taken of protein quality by means of the DIAAS, 
utilizable dietary protein may fall below the amount needed to meet 
EAA requirements, even in high-income countries. Moreover, optimal 
EAA consumption is likely well above the minimal acceptable amount 
in a wide range of metabolic and physiological circumstances. In such 
circumstances it is important that dietary protein consumption is 
composed largely of high-quality proteins. Reliance on low quality 
proteins to meet elevated EAA recommendations will usually involve 
a significant increase in caloric intake due to the non-protein 
components of the low-quality protein food source. The next major 
advance in protein/amino acid nutrition will be the tailoring of dietary 
patterns to individual needs, predicated on the metabolic and 
physiological state of the individual. This progression will require 
better understanding of optimal levels of EAA consumption in 
different circumstances, coupled with use of a scoring system such as 
DIAAS, to quantify the utilizable protein in a dietary pattern.

Author contributions

RW: Conceptualization, Writing – original draft, Writing – review 
& editing. DC: Data curation, Formal analysis, Visualization, Writing 
– review & editing. AF: Writing – review & editing. PM: Writing – 
review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. DDC is 
currently supported by a National Institutes of Health (NIH) 
Clinical Research Loan Repayment Award. Research reported in 
this publication was supported by the National Center for 
Advancing Translational Sciences of the National Institutes of 
Health (Award nos. TL1 TR003109 and UL1 TR003107). The 
content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of 
Health. There are no relationships or activities that could appear to 
have influenced the submitted work. The findings are presented 
clearly, honestly, and without fabrication, falsification, or 
inappropriate data manipulation. All the authors have primarily 
been government funded independent of industry or any related 
body of interest. They have undertaken some specific research 
projects for industry bodies such as the US Soy Board, Zespri Ltd 
(Kiwi fruit), the US Pork Board, the National Dairy Council, and 
the National Cattlemen’s Beef Association (US).

Conflict of interest

Robert R. Wolfe is a founder and part owner of The Amino 
Company. He is an inventor of multiple patents for EAA-based dietary 
supplements. Arny Ferrando is a co-inventor on three patents related 
to Essential Amino Acid formulations.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
 1. Carpenter KJ. The history of enthusiasm for protein. J Nutr. (1986) 116:1364–70. 

doi: 10.1093/jn/116.7.1364
 2. Waterlow JC, Garlick PJ, Millward DJ. Protein turnover in mammalian tissues and 

in the whole body. Amsterdam: Elsevier-North Holland (1978).
 3. Fitts RH, Romatowski JG, Peters JR, Paddon-Jones D, Wolfe RR, Ferrando AA. The 

deleterious effects of bed rest on human skeletal muscle fibers are exacerbated by 
hypercortisolemia and ameliorated by dietary supplementation. Am J Physiol Cell 
Physiol. (2007) 293:C313–20. doi: 10.1152/ajpcell.00573.2006

 4. Rose WC. The amino acid requirements of adult man. Nutr Abstr Rev. (1957) 
27:631–47.

 5. Felig P, Owen O, Wahren J, Jr C. Amino acid metabolism during prolonged 
starvation. J Clin Invest. (1969) 48:584–94. doi: 10.1172/JCI106017

 6. Paddon-Jones D, Short KR, Campbell WW, Volpi E, Wolfe RR. Role of dietary 
protein in the sarcopenia of aging. Am J Clin Nutr. (2008) 87:1562S–6S. doi: 10.1093/
ajcn/87.5.1562S

 7. Wolfe RR. The underappreciated role of muscle in health and disease. Am J Clin 
Nutr. (2006) 84:475–82. doi: 10.1093/ajcn/84.3.475

 8. Coker RH, Miller S, Schutzler S, Deutz N, Wolfe RR. Whey protein and essential 
amino acids promote the reduction of adipose tissue and increased muscle protein 
synthesis during caloric restriction-induced weight loss in elderly, obese individuals. 
Nutr J. (2012) 11:105. doi: 10.1186/1475-2891-11-105

 9. Bettis T, Kim BJ, Hamrick MW. Impact of muscle atrophy on bone metabolism and 
bone strength: implications for muscle-bone crosstalk with aging and disuse. Osteoporos 
Int. (2018) 29:1713–20. doi: 10.1007/s00198-018-4570-1

https://doi.org/10.3389/fnut.2024.1389664
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1093/jn/116.7.1364
https://doi.org/10.1152/ajpcell.00573.2006
https://doi.org/10.1172/JCI106017
https://doi.org/10.1093/ajcn/87.5.1562S
https://doi.org/10.1093/ajcn/87.5.1562S
https://doi.org/10.1093/ajcn/84.3.475
https://doi.org/10.1186/1475-2891-11-105
https://doi.org/10.1007/s00198-018-4570-1


Wolfe et al. 10.3389/fnut.2024.1389664

Frontiers in Nutrition 11 frontiersin.org

 10. Volpi E, Kobayashi H, Sheffield-Moore M, Mittendorfer B, Wolfe RR. Essential 
amino acids are primarily responsible for the amino acid stimulation of muscle protein 
anabolism in healthy elderly adults. Am J Clin Nutr. (2003) 78:250–8. doi: 10.1093/
ajcn/78.2.250

 11. Moughan PJ, Wolfe RR. Determination of dietary amino acid digestibility in 
humans. J Nutr. (2019) 149:2101–9. doi: 10.1093/jn/nxz211

 12. FAO/WHO Protein Quality Evaluation. Report of the joint FAO/WHO expert 
consultation. Rome: Food & Agriculture Org (1991).

 13. FAO Dietary Protein Quality Evaluation in Human Nutrition. Report of an FAO 
expert consultation. Auckland: FAO (2013).

 14. Wolfe RR, Rutherfurd SM, Kim IY, Moughan PJ. Protein quality as determined by 
the digestible indispensable amino acid score: evaluation of factors underlying the 
calculation. Nutr Rev. (2016) 74:584–99. doi: 10.1093/nutrit/nuw022

 15. Mason VC, Just A, Bech-Anderson S. Bacterial activity in the hindgut of pig 2. Its 
influence on the apparent digestibility of nitrogen and amino acids. Z Tierphysiol 
Tierernaehr Futtermittelkd. (1976) 36:310–24. doi: 10.1111/j.1439-0396.1975.tb01150.x

 16. Rowan AM, Moughan PJ, Wilson PJ, Maher K, Tasman-Jones C. Comparison of 
ileal and faecal digestibilities of dietary amino acids in adult humans and evaluation of 
the pig as a model for animal digestion studies in man. Br J Nutr. (1994) 71:29–42. doi: 
10.1079/BJN19940108

 17. van der Wielen N, Moughan PJ, Mensink M. Amino acid absorption in the large 
intestine of humans and porcine models. J Nutr. (2017) 147:1493–8. doi: 10.3945/
jn.117.248187

 18. Rutherfurd SM, Bains K, Moughan PJ. Available lysine and digestible amino acid 
contents of proteinaceous foods of India. Br J Nutr. (2012) 108:S59–68. doi: 10.1017/
S0007114512002280

 19. Project Proteos. Determination of true Ileal amino acid digestibility in dietary 
protein sources commonly consumed by humans: Towards an international database of 
the protein quality of human foods. Palmerston North: Project Proteos. (2023).

 20. Katsanos C, Chinkes DL, Paddon-Jones D, Zhang X-J, Aarsland A, Wolfe RR. 
Whey protein ingestion in elderly persons results in greater muscle protein accrual than 
ingestion of its constituent essential amino acid content. Nutr Res. (2008) 28:651–8. doi: 
10.1016/j.nutres.2008.06.007

 21. Kim IY, Deutz NEP, Wolfe RR. Update on maximal anabolic response to dietary 
protein. Clin Nutr. (2018) 37:411–8. doi: 10.1016/j.clnu.2017.05.029

 22. Church DD, Hirsch KR, Park S, Kim IY, Gwin JA, Pasiakos SM, et al. Essential 
amino acids and protein synthesis: insights into maximizing the muscle and whole-body 
response to feeding. Nutrients. (2020) 12:3717. doi: 10.3390/nu12123717

 23. Osborne T, Mendel LB, Ferry EL, Wakeman AJ. Mendel LB. J Biol Chem. (1916) 
25:1–12. doi: 10.1016/S0021-9258(18)87509-3

 24. Heger J. Essential to non-essential amino acid ratios In: JPF D’Mello, editor. Amino 
acids in animal nutrition. 2nd ed. Wallingford: CAB International (2003). 103–24.

 25. Paddon-Jones D, Sheffield-Moore M, Aarsland A, Wolfe RR, Ferrando AA. 
Exogenous amino acids stimulate human muscle anabolism without interfering with the 
response to mixed meal ingestion. Am J Phys. (2005) 288:E761–7. doi: 10.1152/
ajpendo.00291.2004

 26. Paddon-Jones D, Sheffield-Moore M, Katsanos CS, Zhang XJ, Wolfe RR. 
Differential stimulation of muscle protein synthesis in elderly humans following 
isocaloric ingestion of amino acids or whey protein. Exp Gerontol. (2006) 41:215–9. doi: 
10.1016/j.exger.2005.10.006

 27. Toth MJ, Tchernof A. Effect of age on skeletal muscle myofibrillar mRNA 
abundance: relationship to myosin heavy chain protein synthesis rate. Exp Gerontol. 
(2006) 41:1195–200. doi: 10.1016/j.exger.2006.08.005

 28. Crick FH. On protein synthesis. Symp Soc Exp Biol. (1958) 12:138–63.

 29. Dodd KM, Tee AR. Leucine and mTORC1: a complex relationship. Am J Physiol 
Endocrinol Metab. (2012) 302:E1329–42. doi: 10.1152/ajpendo.00525.2011

 30. Drummond MJ, Rasmussen BB. Leucine-enriched nutrients and the regulation 
of mammalian target of rapamycin signalling and human skeletal muscle protein 
synthesis. Curr Opin Clin Nutr Metab Care. (2008) 11:222–6. doi: 10.1097/MCO.0b013 
e3282fa17fb

 31. Drummond MJ, Dreyer HC, Pennings B, Fry CS, Dhanani S, Dillon EL, et al. 
Skeletal muscle protein anabolic response to resistance exercise and essential amino 
acids is delayed with aging. J Appl Physiol. (1985) 104:1452–61. doi: 10.1152/
japplphysiol.00021.2008

 32. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR. Aging is 
associated with diminished accretion of muscle proteins after the ingestion of a small bolus 
of essential amino acids. Am J Clin Nutr. (2005) 82:1065–73. doi: 10.1093/ajcn/82.5.1065

 33. Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR. A high 
proportion of leucine is required for optimal stimulation of the rate of muscle protein 
synthesis by essential amino acids in the elderly. Am J Physiol Endocrinol Metab. (2006) 
291:E381–7. doi: 10.1152/ajpendo.00488.2005

 34. Zaromskyte G, Prokopidis K, Ioannidis T, Tipton KD, Witard OC. Evaluating the 
leucine trigger hypothesis to explain the post-prandial regulation of muscle protein 
synthesis in young and older adults: a systematic review. Front Nutr. (2021) 8:685165. 
doi: 10.3389/fnut.2021.685165

 35. Volpi E. Is leucine content in dietary protein the key to muscle preservation in 
older women? Am J Clin Nutr. (2018) 107:143–4. doi: 10.1093/ajcn/nqy009

 36. U.S. Department of Agriculture, Agricultural Research Service, Beltsville Human 
Nutrition Research Center. (2024). FoodData Central. Available at: https://fdc.nal.usda.
gov (Accessed April 23, 2024).

 37. Institute of Medicine of the National Academies. Dietary reference intakes for 
energy, carbohydrates, fiber, fat, protein and amino acids (macronutrients). Washington, 
DC: The National Academies Press (2002/2005).

 38. Wolfe RR, Cifelli AM, Kostas G, Kim IY. Optimizing protein intake in adults: 
interpretation and application of the recommended dietary allowance compared with 
the acceptable macronutrient distribution range. Adv Nutr. (2017) 8:266–75. doi: 
10.3945/an.116.013821

 39. Wolfe RR, Miller SL, Miller KB. Optimal protein intake in the elderly. Clin Nutr. 
(2008) 27:675–84. doi: 10.1016/j.clnu.2008.06.008

 40. Dillon EL, Sheffield-Moore M, Paddon-Jones D, Gilkison C, Sanford AP, 
Casperson SL, et al. Amino acid supplementation increases lean body mass, basal muscle 
protein synthesis, and insulin-like growth factor-I expression in older women. J Clin 
Endocrinol Metab. (2009) 94:1630–7. doi: 10.1210/jc.2008-1564

 41. Borsheim E, Bui QU, Tissier S, Kobayashi H, Ferrando AA, Wolfe RR. Effect of 
amino acid supplementation on muscle mass, strength and physical function in elderly. 
Clin Nutr. (2008) 27:189–95. doi: 10.1016/j.clnu.2008.01.001

 42. Azhar G, Wei JY, Schutzler SE, Coker K, Gibson RV, Kirby MF, et al. Daily 
consumption of a specially formulated essential amino acid-based dietary supplement 
improves physical performance in older adults with low physical functioning. J Gerontol 
A Biol Sci Med Sci. (2021) 76:1184–91. doi: 10.1093/gerona/glab019

 43. Stuart CA, Shangraw RE, Peters EJ, Wolfe RR. Effect of dietary protein on bed-
rest-related changes in whole-body-protein synthesis. Am J Clin Nutr. (1990) 52:509–14. 
doi: 10.1093/ajcn/52.3.509

 44. Paddon-Jones D, Sheffield-Moore M, Urban RJ, Aarsland A, Wolfe RR, Ferrando 
AA. The catabolic effects of prolonged inactivity and acute hypercortisolemia are offset 
by dietary supplementation. J Clin Endocrinol Metab. (2005) 90:1453–9. doi: 10.1210/
jc.2004-1702

 45. Ferrando AA, Paddon-Jones D, Hays NP, Kortebein P, Ronsen O, Williams RH, 
et al. EAA supplementation to increase nitrogen intake improves muscle function during 
bed rest in the elderly. Clin Nutr. (2010) 29:18–23. doi: 10.1016/j.clnu.2009.03.009

 46. Aquilani R, Zuccarelli GC, Condino AM, Catani M, Rutili C, Del Vecchio C, et al. 
Despite inflammation, supplemented essential amino acids may improve circulating 
levels of albumin and Haemoglobin in patients after hip fractures. Nutrients. (2017) 
9:637. doi: 10.3390/nu9060637

 47. Aquilani R, Zuccarelli Ginetto C, Rutili C, Pisano P, Pasini E, Baldissarro E, et al. 
Supplemented amino acids may enhance the walking recovery of elderly subjects after 
hip fracture surgery. Aging Clin Exp Res. (2019) 31:157–60. doi: 10.1007/
s40520-018-0941-x

 48. Baldissarro E, Aquilani R, Boschi F, Baiardi P, Iadarola P, Fumagalli M, et al. The 
hip functional retrieval after elective surgery may be  enhanced by supplemented 
essential amino acids. Biomed Res Int. (2016) 2016:9318329. doi: 10.1155/2016/9318329

 49. Ferrando A, Bamman MM, Schutzler S, Spencer H, Evans RP, Wolfe RR. Increased 
nitrogen intake following hip arthroplasty expedites muscle strength recovery. J Aging 
Res Clin Prac. (2013) 2:369

 50. Aquilani R, Boselli M, D'Antona G, Baiardi P, Boschi F, Viglio S, et al. Unaffected 
arm muscle hypercatabolism in dysphagic subacute stroke patients: the effects of 
essential amino acid supplementation. Biomed Res Int. (2014) 2014:964365. doi: 
10.1155/2014/964365

 51. Aquilani R, Emilio B, Dossena M, Baiardi P, Testa A, Boschi F, et al. Correlation 
of deglutition in subacute ischemic stroke patients with peripheral blood adaptive 
immunity: essential amino acid improvement. Int J Immunopathol Pharmacol. (2015) 
28:576–83. doi: 10.1177/0394632015608249

 52. Killewich LA, Tuvdendorj D, Bahadorani J, Hunter GC, Wolfe RR. Amino acids 
stimulate leg muscle protein synthesis in peripheral arterial disease. J Vasc Surg. (2007) 
45:554–60. doi: 10.1016/j.jvs.2006.11.033

 53. Bauerdick H, Spellerberg P, Lamberts B. Therapy with essential amino acids and 
their nitrogen-free analogues in severe renal failure. Am J Clin Nutr. (1978) 31:1793–6. 
doi: 10.1093/ajcn/31.10.1793

 54. Eustace JA, Coresh J, Kutchey C, Te PL, Gimenez LF, Scheel PJ, et al. Randomized 
double-blind trial of oral essential amino acids for dialysis-associated hypoalbuminemia. 
Kidney Int. (2000) 57:2527–38. doi: 10.1046/j.1523-1755.2000.00112.x

 55. Ferrando AA, Raj D, Wolfe RR. Amino acid control of muscle protein turnover in 
renal disease. J Ren Nutr. (2005) 15:34–8. doi: 10.1053/j.jrn.2004.09.014

 56. Hecking E, Kohler H, Zobel R, Lemmel EM, Mader H, Opferkuch W, et al. 
Treatment with essential amino acids in patients on chronic hemodialysis: a double 
blind cross-over study. Am J Clin Nutr. (1978) 31:1821–6. doi: 10.1093/ajcn/31.10.1821

 57. Unverdi S, Ceri M, Uz E, Akgul B, Altay M, Kirac Y, et al. The effectiveness of oral 
essential aminoacids and aminoacids containing dialysate in peritoneal dialysis. Ren 
Fail. (2014) 36:1416–9. doi: 10.3109/0886022X.2014.950933

 58. Kato H, Miura K, Nakano S, Suzuki K, Bannai M, Inoue Y. Leucine-enriched 
essential amino acids attenuate inflammation in rat muscle and enhance muscle repair 

https://doi.org/10.3389/fnut.2024.1389664
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1093/ajcn/78.2.250
https://doi.org/10.1093/ajcn/78.2.250
https://doi.org/10.1093/jn/nxz211
https://doi.org/10.1093/nutrit/nuw022
https://doi.org/10.1111/j.1439-0396.1975.tb01150.x
https://doi.org/10.1079/BJN19940108
https://doi.org/10.3945/jn.117.248187
https://doi.org/10.3945/jn.117.248187
https://doi.org/10.1017/S0007114512002280
https://doi.org/10.1017/S0007114512002280
https://doi.org/10.1016/j.nutres.2008.06.007
https://doi.org/10.1016/j.clnu.2017.05.029
https://doi.org/10.3390/nu12123717
https://doi.org/10.1016/S0021-9258(18)87509-3
https://doi.org/10.1152/ajpendo.00291.2004
https://doi.org/10.1152/ajpendo.00291.2004
https://doi.org/10.1016/j.exger.2005.10.006
https://doi.org/10.1016/j.exger.2006.08.005
https://doi.org/10.1152/ajpendo.00525.2011
https://doi.org/10.1097/MCO.0b013e3282fa17fb
https://doi.org/10.1097/MCO.0b013e3282fa17fb
https://doi.org/10.1152/japplphysiol.00021.2008
https://doi.org/10.1152/japplphysiol.00021.2008
https://doi.org/10.1093/ajcn/82.5.1065
https://doi.org/10.1152/ajpendo.00488.2005
https://doi.org/10.3389/fnut.2021.685165
https://doi.org/10.1093/ajcn/nqy009
https://fdc.nal.usda.gov
https://fdc.nal.usda.gov
https://doi.org/10.3945/an.116.013821
https://doi.org/10.1016/j.clnu.2008.06.008
https://doi.org/10.1210/jc.2008-1564
https://doi.org/10.1016/j.clnu.2008.01.001
https://doi.org/10.1093/gerona/glab019
https://doi.org/10.1093/ajcn/52.3.509
https://doi.org/10.1210/jc.2004-1702
https://doi.org/10.1210/jc.2004-1702
https://doi.org/10.1016/j.clnu.2009.03.009
https://doi.org/10.3390/nu9060637
https://doi.org/10.1007/s40520-018-0941-x
https://doi.org/10.1007/s40520-018-0941-x
https://doi.org/10.1155/2016/9318329
https://doi.org/10.1155/2014/964365
https://doi.org/10.1177/0394632015608249
https://doi.org/10.1016/j.jvs.2006.11.033
https://doi.org/10.1093/ajcn/31.10.1793
https://doi.org/10.1046/j.1523-1755.2000.00112.x
https://doi.org/10.1053/j.jrn.2004.09.014
https://doi.org/10.1093/ajcn/31.10.1821
https://doi.org/10.3109/0886022X.2014.950933


Wolfe et al. 10.3389/fnut.2024.1389664

Frontiers in Nutrition 12 frontiersin.org

after eccentric contraction. Amino Acids. (2016) 48:2145–55. doi: 10.1007/
s00726-016-2240-1

 59. Rittig N, Bach E, Thomsen HH, Johannsen M, Jorgensen JO, Richelsen B, et al. 
Amino acid supplementation is anabolic during the acute phase of endotoxin-induced 
inflammation: a human randomized crossover trial. Clin Nutr. (2016) 35:322–30. doi: 
10.1016/j.clnu.2015.03.021

 60. Jones C, Eddleston J, McCairn A, Dowling S, McWilliams D, Coughlan E, et al. 
Improving rehabilitation after critical illness through outpatient physiotherapy classes 
and essential amino acid supplement: a randomized controlled trial. J Crit Care. (2015) 
30:901–7. doi: 10.1016/j.jcrc.2015.05.002

 61. Engelen M, Safar AM, Bartter T, Koeman F, Deutz NEP. High anabolic potential 
of essential amino acid mixtures in advanced nonsmall cell lung cancer. Ann Oncol. 
(2015) 26:1960–6. doi: 10.1093/annonc/mdv271

 62. Engelen MP, Com G, Wolfe RR, Deutz NE. Dietary essential amino acids are 
highly anabolic in pediatric patients with cystic fibrosis. J Cyst Fibros. (2013) 12:445–53. 
doi: 10.1016/j.jcf.2012.12.011

 63. Dal Negro RW, Aquilani R, Bertacco S, Boschi F, Micheletto C, Tognella S. 
Comprehensive effects of supplemented essential amino acids in patients with severe 
COPD and sarcopenia. Monaldi Arch Chest Dis. (2010) 73:25–33. doi: 10.4081/
monaldi.2010.310

 64. Dal Negro RW, Testa A, Aquilani R, Tognella S, Pasini E, Barbieri A, et al. Essential 
amino acid supplementation in patients with severe COPD: a step towards home 
rehabilitation. Monaldi Arch Chest Dis. (2012) 77:67–75. doi: 10.4081/monaldi.2012.154

 65. Jonker R, Deutz NE, Erbland ML, Anderson PJ, Engelen MP. Effectiveness of 
essential amino acid supplementation in stimulating whole body net protein anabolism 
is comparable between COPD patients and healthy older adults. Metab Clin Exp. (2017) 
69:120–9. doi: 10.1016/j.metabol.2016.12.010

 66. Corsetti G, Romano C, Pasini E, Marzetti E, Calvani R, Picca A, et al. Diet enrichment 
with a specific essential free amino acid mixture improves healing of undressed wounds in 
aged rats. Exp Gerontol. (2017) 96:138–45. doi: 10.1016/j.exger.2017.06.020

 67. Borsheim E, Bui QU, Wolfe RR. Plasma amino acid concentrations during late 
rehabilitation in patients with traumatic brain injury. Arch Phys Med Rehabil. (2007) 
88:234–8. doi: 10.1016/j.apmr.2006.11.003

 68. Boselli M, Aquilani R, Baiardi P, Dioguardi FS, Guarnaschelli C, Achilli MP, et al. 
Supplementation of essential amino acids may reduce the occurrence of infections in 
rehabilitation patients with brain injury. Nutr Clin Pract. (2012) 27:99–113. doi: 
10.1177/0884533611431068

 69. Borsheim E, Bui QU, Tissier S, Cree MG, Ronsen O, Morio B, et al. Amino acid 
supplementation decreases plasma and liver triacylglycerols in elderly. Nutrition. (2009) 
25:281–8. doi: 10.1016/j.nut.2008.09.001

 70. Coker RH, Deutz NE, Schutzler S, Beggs M, Miller S, Wolfe RR, et al. Nutritional 
supplementation with essential amino acids and Phytosterols may reduce risk for 
metabolic syndrome and cardiovascular disease in overweight individuals with mild 
hyperlipidemia. J Endocrinol Diabetes Obes. (2015) 3:1–14. doi: 10.47739/2333- 
6692/1069

 71. Marquis BJ, Hurren NM, Carvalho E, Kim IY, Schutzler S, Azhar G, et al. Skeletal 
muscle acute and chronic metabolic response to essential amino acid supplementation 
in Hypertriglyceridemic older adults. Curr Dev Nutr. (2017) 1:e002071. doi: 10.3945/
cdn.117.002071

 72. Coker RH, Shin K, Scholten K, Johannsen M, Tsigonis J, Kim IY, et al. Essential 
amino acid-enriched meal replacement promotes superior net protein balance in older, 
overweight adults. Clin Nutr. (2019) 38:2821–6. doi: 10.1016/j.clnu.2018.12.013

 73. Coker MS, Ladd KR, Kim J, Murphy CJ, DeCort R, Newcomer BR, et al. Essential 
amino acid supplement lowers intrahepatic lipid despite excess alcohol consumption. 
Nutrients. (2020) 12:254. doi: 10.3390/nu12010254

 74. Jegatheesan P, Beutheu S, Ventura G, Sarfati G, Nubret E, Kapel N, et al. Effect of 
specific amino acids on hepatic lipid metabolism in fructose-induced non-alcoholic fatty 
liver disease. Clin Nutr. (2016) 35:175–82. doi: 10.1016/j.clnu.2015.01.021

 75. Theytaz F, Noguchi Y, Egli L, Campos V, Buehler T, Hodson L, et al. Effects of 
supplementation with essential amino acids on intrahepatic lipid concentrations during 
fructose overfeeding in humans. Am J Clin Nutr. (2012) 96:1008–16. doi: 10.3945/
ajcn.112.035139

 76. Brocca L, D'Antona G, Bachi A, Pellegrino MA. Amino acid supplements improve 
native antioxidant enzyme expression in the skeletal muscle of diabetic mice. Am J 
Cardiol. (2008) 101:57E–62E. doi: 10.1016/j.amjcard.2008.03.002

 77. Natarajan Sulochana K, Lakshmi S, Punitham R, Arokiasamy T, Sukumar B, 
Ramakrishnan S. Effect of oral supplementation of free amino acids in type 2 diabetic 
patients-- a pilot clinical trial. Med Sci Monit. (2002) 8:CR131–7.

 78. Pellegrino MA, Patrini C, Pasini E, Brocca L, Flati V, Corsetti G, et al. Amino acid 
supplementation counteracts metabolic and functional damage in the diabetic rat heart. 
Am J Cardiol. (2008) 101:49E–56E. doi: 10.1016/j.amjcard.2008.03.001

 79. Solerte SB, Fioravanti M, Locatelli E, Bonacasa R, Zamboni M, Basso C, et al. 
Improvement of blood glucose control and insulin sensitivity during a long-term (60 
weeks) randomized study with amino acid dietary supplements in elderly subjects with 
type 2 diabetes mellitus. Am J Cardiol. (2008) 101:82E–8E. doi: 10.1016/j.
amjcard.2008.03.006

 80. Solerte SB, Gazzaruso C, Schifino N, Locatelli E, Destro T, Ceresini G, et al. 
Metabolic effects of orally administered amino acid mixture in elderly subjects with 
poorly controlled type 2 diabetes mellitus. Am J Cardiol. (2004) 93:23–9. doi: 10.1016/j.
amjcard.2003.11.006

 81. Wolfe RR. Metabolic response to burn injury: nutritional implications. Semin 
Nephrol. (1993) 13:382–90.

 82. Wolfe RR, Goodenough RD, Wolfe MH, Royle GT, Nadel ER. Isotopic analysis of 
leucine and urea metabolism in exercising humans. J Appl Physiol Respir Environ Exerc 
Physiol. (1982) 52:458–66. doi: 10.1152/jappl.1982.52.2.458

 83. Forester SM, Jennings-Dobbs EM, Sathar SA, Layman DK. Perspective: developing 
a nutrient-based framework for protein quality. J Nutr. (2023) 153:2137–46. doi: 
10.1016/j.tjnut.2023.06.004

 84. Snapshot: Few Americans Vegetarian or Vegan. (2018). Available at: https://news.
gallup.com/poll/238328/snapshot-few-americans-vegetarian-vegan.aspx (Accessed 
August 1, 2018).

 85. Wells H, Buzby J. Dietary assessment of major trends in US food consumption, 
1970-2005. Washington, DC: United States Department of Agriculture, Economic 
Research Service (2008).

 86. Dopelt K, Radon P, Davidovitch N. Environmental effects of the livestock industry: 
the relationship between knowledge, attitudes, and behavior among students in Israel. 
Int J Environ Res Public Health. (2019) 16:1359. doi: 10.3390/ijerph16081359

 87. USDA. All about the protein food groups. Washington, DC: United States 
Department of Agriculture, Economic Research Service (2019).

 88. Park S, Church D, Schutzler S, Azhar G, Kim IY, Ferrando AA, et al. Metabolic 
evaluation of the dietary guidelines' ounce equivalents of protein sources in young 
adults: a randomized controlled trial. J Nutr. (2021) 151:1190–6. doi: 10.1093/jn/nxaa401

 89. Miller SL, Tipton KD, Chinkes DL, Wolf SE, Wolfe RR. Independent and combined 
effects of amino acids and glucose after resistance exercise. Med Sci Sports Exerc. (2003) 
35:449–55. doi: 10.1249/01.MSS.0000053910.63105.45

 90. Elliot TA, Cree MG, Sanford AP, Wolfe RR, Tipton KD. Milk ingestion stimulates 
net muscle protein synthesis following resistance exercise. Med Sci Sports Exerc. (2006) 
38:667–74. doi: 10.1249/01.mss.0000210190.64458.25

 91. Katsanos CS, Aarsland A, Cree MG, Wolfe RR. Muscle protein synthesis and 
balance responsiveness to essential amino acids ingestion in the presence of elevated 
plasma free fatty acid concentrations. J Clin Endocrinol Metab. (2009) 94:2984–90. doi: 
10.1210/jc.2008-2686

 92. Weijs PJM, Wolfe RR. Exploration of the protein requirement during weight loss 
in obese older adults. Clin Nutr. (2016) 35:394–8. doi: 10.1016/j.clnu.2015.02.016

 93. Aggarwal A, Rehm CD, Monsivais P, Drewnowski A. Importance of taste, 
nutrition, cost and convenience in relation to diet quality: evidence of nutrition 
resilience among US adults using National Health and nutrition examination 
survey (NHANES) 2007-2010. Prev Med. (2016) 90:184–92. doi: 10.1016/j.
ypmed.2016.06.030

 94. Luiking YC, Deutz NE, Jäkel M, Soeters PB. Casein and soy protein meals 
differentially affect whole-body and splanchnic protein metabolism in healthy humans. 
J Nutr. (2005) 135:1080–7. doi: 10.1093/jn/135.5.1080

 95. Yang Y, Churchward-Venne TA, Burd NA, Breen L, Tarnopolsky MA, Phillips 
SM. Myofibrillar protein synthesis following ingestion of soy protein isolate at rest and 
after resistance exercise in elderly men. Nutr Metab. (2012) 9:57. doi: 10.1186/1743- 
7075-9-57

 96. Phillips SM. Nutrient-rich meat proteins in offsetting age-related muscle loss. Meat 
Sci. (2012) 92:174–8. doi: 10.1016/j.meatsci.2012.04.027

 97. Fouillet H, Mariotti F, Gaudichon D, Bos C, Tome D. Peripheral and splanchnic 
metabolism of dietary nitrogen are differently affected by the protein source in humans as 
asses by compartmental modeling. J Nutr. (2002) 132:125–33. doi: 10.1093/jn/132.1.125

 98. Church DD, Hirsch K, Kviatkovsky SA, Ferrando A, Azhar G, Wolfe RR. The 
anabolic response to a ground beef patty and soy-based meat alternative: a randomized 
controlled trial. Am J Clin Nutr. (2024) 31:S0002-9165(24)00727-5. doi: 10.1016/j.
ajcnut.2024.08.030

 99. Moughan PJ. Population protein intakes and food sustainability indices: the 
metrics matter. Glob Food Sec. (2021) 29:100548. doi: 10.1016/j.gfs.2021.100548

 100. Moughan P, Wolfe RR, Fulgoni V III. The importance of dietary protein 
quality in mid- to high-income countries. J Nutr. 154:804–14. doi: 10.1016/j.
tjnut.2024.01.020

https://doi.org/10.3389/fnut.2024.1389664
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1007/s00726-016-2240-1
https://doi.org/10.1007/s00726-016-2240-1
https://doi.org/10.1016/j.clnu.2015.03.021
https://doi.org/10.1016/j.jcrc.2015.05.002
https://doi.org/10.1093/annonc/mdv271
https://doi.org/10.1016/j.jcf.2012.12.011
https://doi.org/10.4081/monaldi.2010.310
https://doi.org/10.4081/monaldi.2010.310
https://doi.org/10.4081/monaldi.2012.154
https://doi.org/10.1016/j.metabol.2016.12.010
https://doi.org/10.1016/j.exger.2017.06.020
https://doi.org/10.1016/j.apmr.2006.11.003
https://doi.org/10.1177/0884533611431068
https://doi.org/10.1016/j.nut.2008.09.001
https://doi.org/10.47739/2333-6692/1069
https://doi.org/10.47739/2333-6692/1069
https://doi.org/10.3945/cdn.117.002071
https://doi.org/10.3945/cdn.117.002071
https://doi.org/10.1016/j.clnu.2018.12.013
https://doi.org/10.3390/nu12010254
https://doi.org/10.1016/j.clnu.2015.01.021
https://doi.org/10.3945/ajcn.112.035139
https://doi.org/10.3945/ajcn.112.035139
https://doi.org/10.1016/j.amjcard.2008.03.002
https://doi.org/10.1016/j.amjcard.2008.03.001
https://doi.org/10.1016/j.amjcard.2008.03.006
https://doi.org/10.1016/j.amjcard.2008.03.006
https://doi.org/10.1016/j.amjcard.2003.11.006
https://doi.org/10.1016/j.amjcard.2003.11.006
https://doi.org/10.1152/jappl.1982.52.2.458
https://doi.org/10.1016/j.tjnut.2023.06.004
https://news.gallup.com/poll/238328/snapshot-few-americans-vegetarian-vegan.aspx
https://news.gallup.com/poll/238328/snapshot-few-americans-vegetarian-vegan.aspx
https://doi.org/10.3390/ijerph16081359
https://doi.org/10.1093/jn/nxaa401
https://doi.org/10.1249/01.MSS.0000053910.63105.45
https://doi.org/10.1249/01.mss.0000210190.64458.25
https://doi.org/10.1210/jc.2008-2686
https://doi.org/10.1016/j.clnu.2015.02.016
https://doi.org/10.1016/j.ypmed.2016.06.030
https://doi.org/10.1016/j.ypmed.2016.06.030
https://doi.org/10.1093/jn/135.5.1080
https://doi.org/10.1186/1743-7075-9-57
https://doi.org/10.1186/1743-7075-9-57
https://doi.org/10.1016/j.meatsci.2012.04.027
https://doi.org/10.1093/jn/132.1.125
https://doi.org/10.1016/j.ajcnut.2024.08.030
https://doi.org/10.1016/j.ajcnut.2024.08.030
https://doi.org/10.1016/j.gfs.2021.100548
https://doi.org/10.1016/j.tjnut.2024.01.020
https://doi.org/10.1016/j.tjnut.2024.01.020

	Consideration of the role of protein quality in determining dietary protein recommendations
	Introduction
	Scoring protein quality: a case for DIAAS
	Use of true ileal amino acid digestibility (TID) in quantifying protein quality
	EAAs and protein synthesis
	Mechanisms of stimulation of protein synthesis by EAAs
	Use of DIAAS to evaluate protein quality of a meal
	Required vs. flexible protein and EAA consumption
	Physiological circumstances benefitting from increased protein and EAA consumption
	Current protein nutrition guidelines
	“Ounce equivalents” of dietary protein
	Beyond protein quality: the significance of non-protein components of protein food sources
	Protein quantity vs. quality
	Differences in the metabolic fate of EAAs
	Is protein quality relevant in high income countries?

	Conclusion

	References

