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ABSTRACT

The DRIs define a range of acceptable dietary intakes for each nutrient. The range is defined from the minimum intake to avoid risk of inadequacy
(i.e., the RDA) up to an upper limit (UL) based on a detectable risk of adverse effects. For most nutrients, the minimum RDA is based on alleviating
a clear deficiency condition, whereas higher intakes are often recommended to optimize specific health outcomes. Evidence is accumulating that
similar logic should be applied to dietary recommendations for protein. Although the RDA for protein of 0.8 g/kg body weight is adequate to avoid
obvious inadequacies, multiple studies provide evidence that many adults may benefit from protein quantity, quality, and distribution beyond
guidelines currently defined by the RDA. Further, the dietary requirement for protein is a surrogate for the constituent amino acids and, in particular,
the 9 considered to be indispensable. Leucine provides an important example of an essential amino acid where the RDA of 42 mg/kg body weight is
significantly less than the 100–110 mg/kg required to optimize metabolic regulation and skeletal muscle protein synthesis. This review will highlight
the benefits of higher protein diets to optimize health during aging, inactivity, bed rest, or metabolic dysfunction such as type 2 diabetes. Adv Nutr
2020;11:S1058–S1069.
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The optimum protein intake for adult health remains
controversial. Dietary recommendations for protein are often
narrowly shaped by the RDA, which is defined as the
minimum amount of protein to prevent inadequacies in
97.5% of healthy adults based on data derived largely from
short-term studies of nitrogen balance in young adults
(1). In 2002, the Institute of Medicine of the National
Academies for Science created DRIs emphasizing that for
every nutrient there is a range of acceptable intakes from
the RDA defining the lower limit up to an upper limit (UL)
defined by a detectable risk of adverse effects (Figure 1). The
Acceptable Macronutrient Distribution Range (AMDR) for
protein is stated as a minimum of 10% of dietary energy
(%En) ≤35%En or 0.8 g/(kg body weight · d) ≤ ∼ 2.5
g/(kg · d). For nutrients such as vitamins C or D, the
RDAs were established to prevent known deficiencies of
scurvy or rickets and most researchers acknowledge that
there can be benefits for intakes above the minimum RDA.
Further, the RDA for carbohydrates of 130 g/d is not even
included within the current Dietary Guidelines range of 40
to 65% of daily energy intake, yet the RDA for protein is
rigidly followed and often treated as a maximum healthy
intake.

Although nitrogen balance methods appear adequate
to define intakes to maintain healthy growth patterns in
children and to prevent symptoms of protein-calorie malnu-
trition in adults, there are numerous studies demonstrating
that older adults have reduced efficiency for protein usage
and obtain physical or metabolic benefits with protein intakes
above the RDA. This review highlights the benefits of dietary
protein intakes above the RDA for adults related to aging,
inactivity, bed rest, and metabolic dysfunction.

The Anabolic Role of Dietary Protein during
Aging
The RDA for protein has been previously reviewed and
found to be inadequate for older persons (2). A presumed
reason for the inadequacy of the protein RDA for older
persons is a phenomenon known as the “anabolic resistance”
of skeletal muscle. Anabolic resistance is the phenomenon
within skeletal muscles of older persons when there is an
attenuated response of muscle protein synthesis (MPS) to
resistance exercise (3) and ingestion of protein (4, 5). Protein
synthesis is a critical component of the natural turnover of
proteins required for continuous repair and remodeling of
skeletal muscle to maintain strength and functional mobility.
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The age-related reduction in the sensitivity of MPS to
exercise or protein can be overcome with greater volumes
of resistance exercise (6) or greater doses of protein (4);
however, greater exercise volumes may be impractical for
many older persons. There is also no doubt that a reduction
in either habitual physical activity or muscle disuse also bring
about a state of anabolic resistance (7, 8). Thus, inactivity or
disuse as part of aging per se may be a predominant reason
for older persons requiring more protein.

The current protein requirement recommendations are
based on a thorough meta-analysis of available nitrogen
balance studies conducted by Rand et al. (9) in 2003. The
nitrogen balance method has been the traditional method to
determine protein requirements. Nitrogen balance identifies
the minimum protein needs for adults that is sufficient to
achieve body nitrogen equilibrium in healthy persons of
acceptable body composition at energy balance (1). The
limitations of nitrogen balance have been well documented
(13), with general recognition that the results underestimate
requirements (1). Using the limited nitrogen balance data
available for older adults (14 of 235 subjects, all men), Rand
et al. (9) concluded that there was no impact of age on
protein requirements. Similarly, Campbell et al. (10) utilized
nitrogen balance to study 19 older persons (8 men and
11 women) and concluded that both younger and older
persons had protein requirements of 0.85 ± 0.21 g/(kg ·
d), which was not statistically different from the RDA of
0.8 g/(kg · d).

Studies using the indicator amino acid oxidation (IAAO)
method have derived a safe protein intake of ∼1.1–1.2 g/(kg
· d) (11–13) [for review see (2)]. The IAAO method is
generally accepted as a method for defining requirements
for individual essential amino acids but has also been
criticized as a means of estimating protein requirements (14).
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Nonetheless, older adults and particularly women are far less
well studied than are younger adults and true protein needs
remain unsettled. Importantly, if higher estimates of protein
requirement are correct, then older persons are not, at least
according to NHANES data, consuming these intakes (15).
For example, using actual (not ideal as many previous studies
have done) body weight, Berner et al. (15) reported that
∼25% of older (51–70 y) women and ∼10% of older men
were consuming the RDA, however, closer to 50% of older
(>71 y) women and ∼30% of older men were consuming
the RDA. Further, Berner et al. made the point that the
highest estimates of inadequacy of consuming the RDA were
seen when actual and not ideal body weight were used to
normalize protein intake (15). It is also pertinent to be
aware that protein intakes for older persons are established in
predominantly healthy persons as cautioned by the Institute
of Medicine in the DRIs (1). Given the current state of health
of many older North Americans with obesity, cardiovascular
disease, type 2 diabetes (T2D), and/or cancer affecting >75%
of all persons over the age of 65 y (16), it is important
to question the relevance and appropriate use of the RDA
estimate of 0.8 g/(kg · d).

Important developments in our understanding of anabolic
resistance and why protein requirements are elevated in older
persons, centers around the advanced understanding of MPS
regulation (4, 17), which occurs at multiple levels beginning
with gene transcription and ending with mRNA translation.
In skeletal muscle, the essential amino acid leucine provides
a unique translation signal. Indeed, the leucine content of
a meal is an important determinant of the potential of a
meal to support the complex process of protein synthesis.
Specifically, leucine stimulates the mTORC1 (mechanistic
target of rapamycin) signal cascade resulting in assembly
of the eIF4F (initiation factor 4F) initiation complex and
activation of the ribosomal protein S6. The eIF4F complex
accelerates the assembly of ribosomes on available mRNAs
and the S6 protein allows ribosomes to target mRNAs
that enhance the overall capacity for protein synthesis.
These signals are downregulated during short-term catabolic
conditions such as an overnight fast, acute bed rest, or
exhaustive exercise. When these signals are downregulated,
the composition of the next meal is critical to optimize the
anabolic recovery. This stimulation and regulation of muscle
protein anabolism becomes increasingly important with
advancing age as muscle becomes less sensitive to routine
anabolic signals from hormones (i.e., insulin and IGF-1:
insulin-like growth factor-1), protein ingestion, and physical
activity (4, 17). Discovery of the leucine-mTORC1 regulation
of MPS has led to a number of meal-based strategies to
improve/preserve muscle health, including manipulating the
distribution of daily protein intake to achieve a minimum
of 30 g of high-quality protein at each meal (18–20). It is
worth noting, however, that not all studies have observed an
effect of meal distribution on MPS (21) or in longer-term
studies (22, 23). However, discrepancies in the ages of study
subjects and of study design and sample sizes likely confound
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FIGURE 1 Dietary reference intakes (1). A–D are reference points. AI, average intake; EAR, estimated average requirement; RDA,
recommended dietary allowance; UL, upper limit.

the discovery of an effect of balanced protein distribution
if one is present. Observational data do lend support to the
concept that a more even, versus evening-meal “skewed”,
dietary protein intake does have functional benefits (24, 25)
and can result in an accretion of muscle (26).

An interesting thesis put forward (27, 28) is that con-
sideration of protein requirements should take into account
protein breakdown and not just protein synthesis. Using
whole-body (not muscle) measures, there is a continual
suppression of whole-body protein breakdown at intakes of
protein at which whole-body protein synthesis has previously
plateaued (27, 28). Given that muscle protein turnover
constitutes ∼25% of whole-body protein turnover in the
fasted state (29), the assumption is that the suppression of
whole-body proteolysis also reflects what is occurring in
muscle (27, 28). If true, however, the implications would be
that the ‘UL’ for protein intake to suppress muscle proteolysis
(muscle protein breakdown) needs to be measured, as
higher protein intakes than are currently suggested as being
adequate for older persons (2) do not reach the per meal
or total daily intake needed for maximal suppression of
proteolysis and thus retention of muscle (27, 28). However,
as we have pointed out (30) there is no evidence to support
this proposition. In fact, there is good reason to suspect
that whole-body proteolysis in the fed state would reflect far
more labile pools of protein, such as gut and blood proteins,
that turnover at rates ≥10–50 times faster than muscle (31,
32). Further, as we have speculated, it may be unwise to
promote a state of net suppression of proteolysis in muscle (or
elsewhere) as proteolysis provides the only mechanistic way
to remove proteins damaged via oxidation, misfolding, or
otherwise, the accumulation of which may not be beneficial
(30).

Leucine is now recognized as a key signal in stimulating
MPS in older adults (33–35) and a number of studies have
shown that the provision of ≥2.5 g/meal of leucine in older
persons has a “restorative” impact on MPS (34–37). Thus,
although older persons appear to have a greater protein need,
the requirement is, at least in part, driven by the increased
need for the essential amino acid leucine. The leucine content
of individual proteins ranges from ∼6% in grain proteins to
∼12% in whey proteins (38). The net leucine content of a
typical meal averages ∼8% leading to the recommendation
for 30 g of high-quality protein for a meal to stimulate
MPS (41). Hence, the protein needs of older adults become
increasingly dependent on both the quantity and quality
of dietary protein. Protein quality is characterized by the
combination of the essential amino acids present and the
digestibility of the protein and expressed as either the protein
digestibility-corrected amino acid score (PDCAAS) or the
digestible indispensable amino acid score (DIAAS), which
are the best defined and scientifically validated means of
evaluating protein quality (39). The proposed advantages
of the DIAAS over the PDCAAS method are well detailed
(39), with DIAAS gaining greater acceptance because of
accurate amino acid scoring and improved measurement
of digestibility. Nonetheless, the concept of a rate-limiting
amino acid according to either method is the amino acid that
is in lowest abundance for the synthesis of proteins according
to the needs of the population. Thus, it may be, based
on an increased dietary need for leucine to overcome the
anabolic resistance of aging (34–37), that the leucine content
of proteins becomes an increasingly important component of
protein quality in older persons.

Early balance studies defined the leucine requirement at
39 mg/kg body weight (∼2.2 g/d) (40) and the RDA is
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currently set at 42 mg/kg (1). These values are the foundation
for the amino acid score (AAS) used in PDCAAS and DIAAS.
Based on these guidelines, the AAS for leucine is set at 59
mg/g of protein for assessing the quality of a protein (41).
Using the AAS combined with the RDA for protein set at 0.8
g/kg body weight suggests that the daily leucine requirement
is 3.3 g/d for a 70 kg individual. Contrary to these values, the
leucine amount necessary to overcome anabolic resistance in
adults and initiate MPS requires ≥2.5 g/meal with 3 meals
per day for a daily total of ∼7.5 g of leucine (18, 42). Similarly,
the IAAO method for essential amino acids defines the adult
leucine requirement for older men and women at ∼7.3 g/d (G
Courtney-Martin, The Hospital for Sick Children, Toronto,
Canada, personal communication, 2020). These values are
more than twice the amount of the current RDA or the AAS
used for evaluating protein quality.

Rutherfurd et al. (43) provided the amino acid refer-
ence ratios (AARRs) for some common isolated proteins
comparing the amino acid content of a food protein to the
FAO reference standard (i.e., AAS) used for the calculation
of protein quality. Leucine AARRs for select proteins are
plotted in Figure 2 and illustrate a diversity in leucine
content in isolated proteins. What needs to be appreciated
is that the AAS for leucine is not considered to be the
limiting amino acid based on the current RDA and the
FAO reference standard designed to optimize growth in
younger populations. However, the leucine AARR is more
relevant for estimates of protein quality for older adults,
who have reduced efficiency of leucine usage for MPS. In
addition, the leucine AARR shown in Figure 2 is for isolated
or concentrated protein sources with antinutritional factors,

FIGURE 2 The leucine (Leu) amino acid reference ratio (AARR,
defined as the content of leucine in the protein measured
compared with a hypothetical best protein to provide the specific
EAA (essential amino acid), in this case leucine, needed for various
protein concentrates and protein isolates. Whey protein isolate
(WPI) and concentrate (WPC 392) from the Fonterra Co-operative
Group; soy protein isolate (SPI) A (Supro 670) and SPI B (Supro XF)
from Solae; pea (PPC) (Nutralys S85) from Roquette; and rice (RPC)
(Oryzatein 90) from Axiom Foods. Values are from reference (43).

such as fiber which would affect digestibility of the same
proteins in foods, removed. Thus, future studies are required
to evaluate the impact of protein quality and amino acid
availability, with particular emphasis on leucine, in real foods
and the intact food matrix.

Sarcopenia is defined as a progressive, age-related loss
of muscle mass and function (44) beginning in the third
decade of life. Although preservation of muscle mass is
laudable, it is loss of muscle function that is the greater
determinant of independence in older age (45). Sarcopenia
is thought to affect ≥30% of individuals aged over 60 y
and >50% of those over 80 y leading researchers to focus
on mechanisms contributing to this muscle atrophy. A
variety of observational studies have reported an associa-
tion between greater dietary protein intakes and improved
physical function (46–51) and the benefits may be greater in
women (52). Although observational evidence is interesting,
interventional trials examining the efficacy of higher protein
intakes alone in improving muscle mass or strength are
less convincing with some meta-analyses showing no effect
(53, 54), whereas others have observed improved physical
function with protein supplementation in compromised
older populations (55, 56).

Part of the inconsistency among intervention trials is
likely associated with the relatively short duration of the
studies. Most protein or amino acid supplementation trials
with older adults have lasted 6 mo or less. Contrary to
this timeline, sarcopenia is estimated to be a gradual loss
of muscle mass of 3 to 8% per decade, so it is perhaps
not surprising that no effects of protein supplementation
on muscle have been observed. For example, a recent
trial which was comparatively long in duration (6 mo)
had functionally compromised older men (mean age 70 y)
consume either the protein RDA [0.8 g/(kg · d)] or an
increased protein intake [1.3 g/(kg · d)] and either with
or without testosterone supplementation (57). Focusing on
only the protein intervention treatments, there were 21 men
who completed the trial in each of the 0.8 and 1.3 g/(kg ·
d) protein groups. Given that a primary outcome was lean
body mass measured by DXA (57) and given the recognized
variability in the estimates of fat- and bone-free mass (i.e.,
lean body mass) from DXA measurements (58, 59), with
only 21 participants per group this trial was not powered
to detect differences in lean body mass due to protein
supplementation. This assertion is based on a liberal estimate
of 2% loss of lean body mass per year in men over 70 y. These
men had lean body mass of ∼55 kg and could potentially lose
≤ ∼550 g of mass (at the whole-body level) during the 6 mo
trial. This magnitude of loss is well within the measurement
error for estimates of lean body mass with DXA even with
21 persons per group. Thus, the authors were not able to
definitively conclude that “The RDA for protein is sufficient
to maintain LBM (lean body mass)” as they were not powered
to detect a difference if one existed. In fact, experimental
evidence to the contrary comes from several trials that have
shown feeding men protein at the RDA resulted in declines
in muscle area (60) or appendicular lean mass (61).
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Although evidence is accumulating that the RDA for
protein may be inadequate to maintain muscle health in
aging populations, there is reluctance to recommend higher
protein intakes. Resistance to changing the dietary protein
recommendations may be due to the perceived downside
of consuming “too much” protein associated with (or even
a direct cause of) bone loss (62, 63) and declining renal
function (64–66). Nonetheless, neither of these scenarios
have evidential support and in fact protein appears to
be protective for bone health especially in the presence
of adequate calcium and vitamin D (67, 68). Likewise,
interventional studies to establish cause and effect show no
evidence of decline in renal function in persons consuming
higher versus lower protein diets (64–66). Interestingly, in
large-scale observational cohorts, there is also no association
between estimated protein intake and changes in renal
function in persons with normal baseline renal function
(69). Given the lack of evidence to suggest higher protein
intakes increase the risk of developing renal disease or
bone loss we see little impediment to the recommendation
for older persons to consume higher protein intakes.
Importantly, a higher protein intake in older persons (>65 y)
is also associated with a reduction in cancer-related
mortality (70).

Use of Protein to Mitigate the Catabolic Effects
of Acute Trauma or Bed Rest
The debilitating catabolic effects of illness, injury, and disuse
on skeletal muscle mass, muscle function, and metabolic
control are readily observed and generally well understood
(71). As a research tool, bed rest and disuse protocols allow
investigators to mimic the physical inactivity experienced
during hospitalization while controlling many of the lifestyle
factors that influence anabolism and catabolism (e.g., sleep,
diet, activity, stress). If well executed, these research models
provide an evidence-based platform for the clinical prescrip-
tion of nutrition interventions. However, it must also be
recognized that most bed rest/disuse studies with a protein-
related intervention, particularly those enrolling younger,
healthy volunteers, have limited specific/direct translation
to clinical practice. Clinical populations experience a myr-
iad of catabolic stressors and many have specific dietary
requirements and challenges. Nevertheless, most if not all
physically inactive patient populations are at increased risk
of disuse atrophy and stand to benefit from optimized
protein/nutrition support.

Although older adults (>70 y) are more likely to be phys-
ically incapacitated or hospitalized, emerging data suggest
that the susceptibility to accelerated net catabolism may
also impact outwardly healthy, middle-aged adults (72–74).
For example, despite having a baseline phenotype similar
to healthy younger adults (∼ 30 y), middle-aged adults
(∼ 50 y) lose 2 to 3 times more lean leg mass over a 7-
to 14-d period of inactivity. This rate and magnitude of
loss is comparable to previously studied cohorts of older
adults (75, 76). The mechanisms contributing to periods of
accelerated catabolism are complex, initiated during the first

few days of inactivity (76–79) and likely facilitated by induced
defects in the regulation of muscle protein metabolism. In
practical terms, this includes an impaired ability to mount a
robust anabolic response to regular protein-containing meals
consistent with the anabolic resistance typical of aging.

In addition to pharmacologic support (80, 81), there are
2 primary options to protect muscle and metabolic health
during catabolic periods of disuse: physical activity and
nutritional support. Compelling data support the neuromus-
cular health benefits of physical activity in young and older
populations (82–85). Clearly, physical activity is a logical
counter to disuse.

However, exercise options available to hospitalized
individuals are usually limited (i.e., walking, physical/
occupational therapy) and discriminate against those
physically incapable of substantive weight bearing (86,
87). Specifically, although studies in ambulatory clinical
populations report that resistance training or aerobic
exercise reduces the loss of functional capacity (88–90), what
may be theoretically or selectively effective does not always
correspond to what is clinically feasible. For example, older
inpatients are often limited to 5 min/d of walking (91, 92)
and typically experience a reduction in functional capacity
(93). The volume and/or intensity of activity required to
counter catabolism in these compromised patients may be
optimistic, unrealistic, or even flatly contraindicated (94,
95), however, there is a clear need for alternate, context-
appropriate interventions that: 1) are efficient, effective, and
practical and 2) do not place an undue financial or human
resource burden on the health care delivery system.

As noted previously, the RDA for protein is broadly
recognized by health care providers and the general public yet
is often misinterpreted as “the optimal quantity of protein that
should be consumed, but not exceeded” (96, 97). Although the
RDA for protein has considerable relevance for healthy adults
at a population/public health level, it is perhaps of limited
prescriptive utility for individuals and not appropriate for
clinical, health-compromised populations (Figure 1). In
terms of defining what constitutes “healthy” or “unhealthy,”
we posit that any individual experiencing anabolic resistance
(via any mechanism) or increased catabolic burden, warrants
a dietary intervention that includes an appropriately greater
absolute and relative amount of high-quality dietary protein
(98).

Optimizing the quantity of protein consumed each day
is contingent upon a host of modifiable and persistent
individual factors, including energy requirements and expen-
diture, appetite, cost and availability, physical activity levels,
body composition goals, and health status. More nuanced
strategies such as leucine supplementation (76), and evenly
distributing protein intake across multiple meals (18) (e.g.,
30 g protein/meal) may be too subtle to produce significant
phenotypic changes (e.g., lean mass or physical function)
in traditional 8–12 wk feeding/exercise trials in healthy
community-dwelling adults (23, 99). Specifically, although
supplemental leucine has a well-documented and reliable
acute stimulatory effect on translation initiation and skeletal
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TABLE 1 Metabolic regulation with diets high in glucose versus amino acids

High-carbohydrate, low-protein diet (>50% of energy from carbohydrates; 0.8 g/kg protein)
� Produces rapid postmeal increases in blood glucose
� Postmeal hyperglycemia must be eliminated within 2 h
� Rapid increase in insulin; biphasic response from the pancreas
� Increased recycling of glucose via lactic acid to gluconeogenesis (Cori cycle)
� Inhibition of fatty acid oxidation in skeletal muscle

Moderate carbohydrate, higher protein (25 to 40% of energy from carbohydrates; 1.6 g/kg protein)
� Free amino acids have slow postmeal metabolism; >5 h
� Amino acids slowly produce glucose via gluconeogenesis
� Amino acids stimulate Phase I insulin only
� Amino acids recycle glucose via alanine and not lactic acid
� Stimulation of fatty acid oxidation in skeletal muscle
� Stimulation of muscle protein synthesis

MPS, its ability to chronically impact muscle mass/function
is not guaranteed in situations where there is sufficient
habitual physical activity and protein consumption (99,
100). Nevertheless, in conditions where anabolism is blunted
and/or catabolism increased, supplementing daily meals with
a small quantity of leucine (∼3–4 g/meal) may offer modest,
temporary benefits. Specifically, several bed rest studies in
middle-aged and older adults suggest that improving dietary
protein quality via supplemental leucine has the potential to
positively impact and partially protect muscle lean mass (76,
101). Notably, this protective effect of leucine was observed
in the context of a modest total protein intake [∼ 0.9–
1.0 g/(kg · d)]. A recent study employing a whey-protein-
augmented diet [0.9 g/(kg · d)], to improve overall dietary
protein quality, also demonstrated the potential to partially
counter the negative effects of bed rest on body composition
and contribute to the recovery of muscle strength following
rehabilitation (101).

Moving forward, attempts to translate bed rest studies
in healthy volunteers to inpatient/clinical populations need
to be cognizant of the balance between potential muscle-
centric anabolic benefits compared with more humanistic
concerns such as taste, palatability, and food volume. In
this regard, whey protein isolate appears well suited. Whey
is a high-quality protein with a high proportion of leucine
(∼12%; see Figure 2) (102). From a practical perspective,
whey protein isolate is low in lactose (<1%) (20) and has
a neutral taste profile. In addition to common commercial
flavored varieties (e.g., chocolate, vanilla etc.) unflavored
whey can also function as an ingredient and be incorporated
into common meals and menus (103).

Dietary Protein Enhances Glycemic Control for
T2D
Optimizing dietary protein intake generally focuses on
primary outcomes of nitrogen balance, protein synthesis,
or changes in lean body mass; however, protein is also
a macronutrient contributing to metabolic regulation and

energy balance and particularly glucose metabolism. Both
dietary carbohydrates and protein produce blood glucose,
both stimulate insulin release, and both impact skeletal
muscle metabolism, but dietary protein and carbohydrates
impact glycemic regulation in very different ways (Table 1).
The most obvious, and perhaps most important, differences
are in the ways the body manages postmeal changes in blood
glucose. Dietary protein and amino acid metabolism may be
leveraged to optimize glycemic regulations.

T2D is a clinically relevant disease that provides an
experimental model to evaluate the potential use of dietary
protein to modify and enhance glycemic regulation. Current
Standards of Care for T2D focus on glycemic control,
weight management, and cardiometabolic risk factors. The
American Diabetes Association asserts “there is not a single
ideal percentage of calories from carbohydrates, protein,
and fats for all people with diabetes,” however, there is
recognition that excess carbohydrate intake is problematic
and that dietary management of T2D requires regulation of
carbohydrate intake including controlling the composition
of individual meals plus exerting control over total energy
intake (104). Current dietary guidelines recommend a nearly
4:1 ratio of carbohydrates to protein (∼55%En to 15%En),
whereas the National Academy of Sciences defines the RDAs
for carbohydrate and protein as 130 g/d and ∼65 g/d or a ratio
of 2:1 (1) and many clinical studies substituting protein for
carbohydrates to control hyperglycemia use a ratio of ∼1:1
(105, 106).

The role of protein in glycemic regulation has been
investigated extensively but remains controversial. There are
epidemiological and experimental reports of negative effects
of protein on glycemic regulation (107, 108), but there are
also experimental and clinical studies showing that diets
with increased protein and reduced carbohydrates improve
glycemic regulation (105, 106, 109, 110). In young, physically
active, normal weight adults with normal insulin sensitivity,
glucose homeostasis can be achieved across a wide range
of dietary carbohydrate and protein intakes. However, in
aging adults, as muscle mass, physical activity, and insulin
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sensitivity decrease, and glucose tolerance declines, the
potential use of diets with higher protein and reduced
carbohydrates needs to be more fully studied.

Three aspects of metabolic regulation serve to highlight
critical differences arising from shifting the balance between
dietary carbohydrates and proteins. The first is postmeal
utilization of the metabolic substrates (i.e., glucose versus
amino acids), the second is the insulinogenic response of the
pancreas, and the third is the regulatory response in skeletal
muscle.

Current dietary guidelines provide nutrient recommen-
dations as daily requirements, however, evidence is accu-
mulating for both protein and carbohydrates that individual
meal responses may be at least as important as the total daily
intake. As discussed above, optimizing adult MPS requires
a meal containing ∼30 g of protein based on providing
≥2.5 g of leucine to stimulate the mTORC1 signal and the
initiation response (41). The full meal response range for
dietary protein to stimulate MPS is ∼25 to 45 g (24, 111).
The shape of the response curve appears to be logarithmic
with a triggering response at ∼25 to 30 g and with decreasing
efficiency and smaller response increments approaching
∼45 g (112). Other metabolic responses, including appetite
regulation and thermogenesis, also appear to be associated
with the meal distribution of protein with maximal responses
similarly within the range of 30 to 50 g/meal of protein
(113, 96).

Dietary guidelines for carbohydrates are also presented
as daily recommendations with the RDA set at 130 g/d
and AMDR set at 40 to 65% of daily energy intake (1).
Limiting this discussion to glucose, it is an important
fuel for the brain and RBCs and a unique fuel that can
produce ATP rapidly in skeletal muscle under anaerobic
conditions to support high-intensity exercise. But, when
clearance is inadequate, or intake is excessive, hyperglycemia
manifests as T2D and is directly linked to microvascular
damage including retinopathy, neuropathy, and nephropathy
plus protein glycosylation, impaired cellular immunity with
negative effects on insulin secretion, and peripheral insulin
action (108).

Dietary protein also produces blood glucose and stimu-
lates insulin release but with very different amplitude and
temporal characteristics. The majority of amino acid carbon
chains are glucogenic and converted into glucose through
gluconeogenesis (GNG). Unlike glucose metabolism, amino
acid catabolism is slow requiring ≥5 h after a meal before
blood amino acids return to fasting baseline generating
carbon at a slow rate for hepatic glucose production.
Amino acids are also insulinogenic, but gram for gram,
protein produces a lower insulin response than glucose
(114). Carbohydrates and protein each theoretically provide
∼4 kcal/g based on Atwater values but produce different
metabolic patterns and have different effects on glycemic
regulation, appetite, and thermogenesis (110, 113, 115).

A second perspective of glycemic regulation is to compare
meal effects of glucose versus amino acids on insulin release
from the pancreas. Numerous studies have reported that

amino acids induce hyperinsulinemia potentially contribut-
ing to insulin resistance (108, 116). Many of these studies
used the direct intravenous infusion of amino acids and
euglycemic clamp techniques to measure glucose uptake
and insulin resistance. Using these techniques, investigators
found that acute increases in plasma amino acid concentra-
tions resulted in higher plasma glucose concentrations, lower
glucose uptake, and elevated plasma insulin concentrations.

Contrary to these findings, Krezowski et al. (117) demon-
strated that substituting dietary protein for carbohydrates
reduced the meal responses of both plasma glucose and
insulin. They reported that for the consumption of a test
meal containing 50 g of protein versus 50 g of glucose, the
protein intake alone had essentially no impact on basal blood
glucose concentrations and the insulin response to the meal
was <20% of the response with the comparable energy intake
from glucose.

Further, the actual pattern of insulin release differs for
protein and glucose. Insulin release from the pancreas is
biphasic (109). After a carbohydrate meal there is a rapid
initial release of preformed insulin contained in vesicles
within the β-cells followed by a prolonged second phase
of newly synthesized insulin. During the early onset of
T2D (i.e., glucose intolerance) when fasting blood glucose
still appears normal, the glucose-induced Phase I release
disappears, and Phase II becomes progressively exaggerated.
Contrary to the characteristic T2D response of insulin to
glucose, amino acids (specifically leucine and arginine) only
stimulate Phase I insulin release (118) and the amino acid
stimulation of insulin release is unchanged during T2D
(108, 109).

A third aspect is evaluating fuel usage and glycemic
regulation in skeletal muscle. Skeletal muscle has received
considerable attention concerning the dysregulation of pe-
ripheral glucose disposal and insulin sensitivity. The primary
fuels for skeletal muscle are fatty acids and glucose plus some
energy is supplied from the branched-chain amino acids
(BCAA: leucine, valine, and isoleucine). Metabolomics reveal
blood profiles for obesity, Metabolic Syndrome, and T2D are
characterized by elevated concentrations of glucose, free fatty
acids (FFAs), and BCAA (119–122). Each of these fuels are
important for skeletal muscle but each has been proposed
as a central cause of impaired glucose tolerance and insulin
resistance.

Muscle metabolism of glucose, fatty acids, and BCAA
converge at mitochondria where each produces acetyl-CoA
(Figure 3). The precise mixture of fuel usage is deter-
mined by physical activity, oxygen availability, mitochondrial
capacity, and the need for glucose disposal (i.e., blood
glucose concentration). In inactive or sedentary muscle, the
primary fuel is fatty acids (>70% of energy). During exercise
glucose use increases with increasing intensity. As oxygen
becomes limiting and the mitochondria cannot keep up
with ATP demands, muscle increases anaerobic glycolysis to
generate ATP. Glucose becomes the primary fuel at >65%
of maximum oxygen consumption (VO2max) (i.e., heart rate
of ∼120 beats/minute). The rate of glucose usage in muscle
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FIGURE 3 Schematic of fuel usage in skeletal muscle. BCAT, branched-chain aminotransferase; BCKAD, branched-chain ketoacid
dehydrogenase; CPT-1, carnitine palmitoyltransferase-1; PDH, pyruvate dehydrogenase.

ranges from ∼30 g/h during low-intensity exercise up to ∼70
g/h at maximum intensity (123).

The impact of diet on the fuel mixture has been the
subject of much debate. One theory suggests that the
“Western diet,” characterized as high fat and high protein,
leads to elevated blood FFA and BCAA inhibiting glucose
oxidation and ultimately producing insulin resistance (124).
The theory, known as the glucose-fatty acid cycle or the
Randle hypothesis, suggests that elevated FFA associated
with high-fat diets accelerate fat oxidation and increase
the concentration of acetyl-CoA in the mitochondria (118).
The increased concentration of acetyl-CoA was theorized to
inhibit glycolysis at pyruvate dehydrogenase (PDH), limiting
glucose disposal and producing insulin resistance. However,
subsequent research failed to support the glucose-fatty acid
hypothesis instead showing the reverse was true (125).
Glucose always dominates metabolism and postprandial
hyperglycemia leads to the suppression of fatty acid and
BCAA oxidation with corresponding increases in their
plasma concentrations. Because of the dominant role of
glucose in metabolic regulation, meal tolerance for glucose
becomes an important dietary concept. With a daily intake
of carbohydrates greater than 300 g, many meals contain in
excess of 50 g of glucose, and the postmeal blood glucose
must be cleared rapidly to avoid hyperglycemia. Substituting
dietary protein for carbohydrates serves to blunt postmeal
glycemic excursions (102, 114).

Consistent with the controversy about the fuel mixture,
the cause of insulin resistance in skeletal muscle remains
unresolved. Much of the attention has been focused on the
insulin receptor and the IRS-1 (insulin receptor substrate-
1) signaling complex, but studies provide conflicting results.
Individual studies suggest that the insulin receptor can be

inhibited by FFA (126), BCAA (127), or insulin (122, 128).
Numerous investigators have linked high-fat Western diets
with obesity, elevated blood FFA, and insulin resistance
(126, 129). These studies demonstrate that metabolic inter-
mediates of fatty acid metabolism including ceramides and
diacylglycerol can inhibit IRS-1 producing insulin resistance.
Likewise, elevated plasma BCAAs have been proposed to
explain the association of the high-protein, high-fat Western
diet with insulin resistance and T2D. Proposed mechanisms
include leucine activation of mTORC1 resulting in inhibition
of IRS-1 or BCAA metabolism leading to increased produc-
tion of acyl-carnitines that inhibit mitochondrial function
(123, 125). However, subsequent research has shown that the
increased plasma BCAA concentration is a secondary result
of metabolic dysregulation caused by excess dietary calories
and carbohydrates (120), and dietary supplementation of
leucine enhances insulin sensitivity (130). Further, the
leucine stimulation of mTORC1 appears to provide feedback
to the insulin IRS-1 signal to limit the duration of glucose
exposure to muscle (118).

An alternate line of evidence that has not been adequately
investigated is the direct impact of hyperinsulinemia to
produce insulin resistance (122, 128, 131). Hyperglycemia
produces compensatory hyperinsulinemia characteristic of
Metabolic Syndrome. Animal experiments and isolated
cell systems demonstrate that continuous insulin exposure
inhibits the insulin receptor (128, 131). Specifically, contin-
uous insulin-driven activation of the IRS-1 signal complex
stimulates downstream signals that feedback to reduce the
hormone signal. Feedback regulation of the insulin receptor
is consistent with minimizing risks of glucose toxicity
(119). Hence, reducing the carbohydrate content of the
diet, by either reducing total calorie intake or replacing
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carbohydrates with protein, reduces both hyperglycemia and
hyperinsulinemia (105, 106).

Summary
The DRI AMDR for protein established as 10–35% of
energy intake [0.8 g/(kg · d−1) to 2.5 g/(kg · d−1)] remains
unchanged but our understanding of the ideal protein intake
for individuals continues to evolve. Emerging evidence
reveals the optimal protein intake is more than simply a
percentage of daily energy but a meal-to-meal decision about
protein quantity and quality. Factors including increasing
age and declining physical activity reduce the efficiency
of protein turnover especially in skeletal muscle resulting
in reduced mass, strength, and metabolic regulation. The
reduced efficiency, characterized as anabolic resistance, can
be overcome, at least in part, by increasing protein quantity
and quality at individual meals. Research suggests that meals
containing ≥30 g of high-quality protein, defined by a
balanced profile of essential amino acids including ≥2.5 g of
leucine, can overcome anabolic resistance in older adults and
optimize muscle health.
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