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Abstract
The determination of whether increased dietary protein can positively affect health outcomes is hindered by the absence of prospective,
randomized trials directly addressing this issue in which all pertinent variables are controlled. Consequently, we can only address the question deductively by considering the support for the rationale underlying the notion of a beneficial effect of increased dietary protein intake.
With regard to health outcomes, we have focused on older individuals. Muscle mass and function are progressively lost with aging, so that
by the age of 60 many individuals have reached a threshold where function begins to be affected. An association between reduced muscle
mass and strength and unfavourable health outcomes is more likely to be revealed in individuals who have significant decrements in
muscle mass and strength. In this article support for the rationale underlying the notion of a beneficial effect of increased dietary protein
intake is considered. Dietary protein intake, and the resulting increased availability of plasma amino acids, stimulates muscle protein synthesis. If all other variables are controlled, increased muscle protein synthesis leads to improved muscle mass, strength and function over
time. Increased muscle mass, strength and function are related to improved health outcomes in older individuals. Since adverse effects of
reasonable increases in protein intake above the recommended dietary allowance (RDA) of 0·8 g protein/kg/day have not been reported, it
is reasonable to conclude that the optimal protein intake for an older individual is greater than the RDA.
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Introduction
There are few data directly addressing the role of dietary protein in optimizing muscle function and health outcomes in an
experimental environment in which all other relevant factors
are controlled. Consequently, a systematic approach will be
taken to develop a conclusion on this topic that is derived
from the current state of knowledge on relevant topics. The
first pertinent issue is understanding the metabolic basis by
which dietary intake would be expected to influence muscle
function. Thus, the role of amino acid availability in regulating
the rate of muscle protein synthesis will be discussed. Secondly, evidence will be discussed to substantiate the perspective that stimulated muscle protein synthesis translates to
greater mass, strength and function. Finally, the relation
between improved muscle mass, strength and function and
improved health outcomes will be discussed.

Amino Acid Availability Regulates Muscle Protein
Synthesis
The prevalent thinking through the 1970s and 80s, as
expressed in the classic book on protein turnover authored
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by Waterlow, Garlick and Millward, was that “. . .control mechanisms for protein synthesis in muscle involve factors other
than amino acids”(1). The rationale for this perspective was
that low plasma amino acid concentrations may be associated
with high or low rates of growth and protein synthesis, and
that high amino acid concentrations may be associated with
high or low rates of growth and protein synthesis(1). Although
the role of amino acids as regulators of muscle protein synthesis is now widely accepted, it is noteworthy that recommendations for amounts of dietary protein have not been
significantly revisited since the perspective that amino acids
do not regulate protein synthesis was predominant.
Understanding the regulation of muscle protein synthesis
and breakdown in human subjects was limited by the available methodologies. We therefore developed a method
based on arterial-venous (A-V) sampling and muscle biopsies,
utilizing stable isotopes of various naturally-occurring amino
acids as tracers, to simultaneously quantify rates of muscle
protein synthesis, breakdown, and amino acid trans membrane transport(2). At the same time, we also used the more
traditional approach of determining the fractional synthetic
rate (FSR) to support results from the A-V sampling approach.
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This series of studies clearly established a predominant role of
amino acid availability in the regulation of muscle protein
synthesis.
We have shown in a variety of studies that increased availability of amino acids stimulate muscle protein synthesis. This
response was evident when amino acids were infused(e.g., 3),
ingested(e.g., 4,5), or increased in the context of digested purified protein(e.g., 6) or in a beef patty(7). Not only is muscle protein synthesis stimulated acutely by the ingestion of amino
acids or protein, chronic supplementation of the diet with
amino acids results in an increase in the post-absorptive rate
of muscle protein synthesis as well(8). Only the dietary essential amino acids (EAAs) are involved in the stimulation of synthesis. Muscle protein synthesis was stimulated to the same
extent when a mixture of EAAs plus nonessential amino
acids (NEAAS) in the profile found in beef protein was
given in one trial and only the EAA component of the mixture
was given in the other trial(9). In contrast, the NEAA component of the mixture failed to elicit any response of muscle
protein synthesis(10). The magnitude of response depends on
the dose given(3), the profile of the amino acids(11), and the
physiological condition of the subject(12). The stimulatory
effect of amino acid intake is amplified if combined with the
performance of resistance exercise(13). The magnitude of
amplification is dependent on the timing of intake in relation
to the performance of exercise(14).
The drive of increased amino acid availability to stimulate
muscle protein synthesis is powerful enough to overcome,
to at least some extent, signals to inhibit synthesis. A striking
case in point is the response of children to severe burn
injury. Our model to quantify amino acid and protein kinetics
in muscle enables the distinction of amino acids appearing
intracellularly from protein breakdown as opposed to
inward transport(2). Using this model, we have quantified
muscle protein and amino acid kinetics in more than 200
severely burned children(e.g. 15,16,17). Severe burn injury
induces a pronounced catabolic state in which there is a net
loss of muscle protein that is not readily reversible with nutrition(18). The overall catabolic state and the lack of responsiveness to nutritional intake, the change in the hormonal profile
(decreased testosterone, IGF1 and growth hormone) and
elevations in cytokines would all suggest that an inhibition
of synthesis was a central part of the response. However,
studies have consistently shown that muscle protein synthesis
is increased following severe burn injury(19). The catabolic
state is driven by a large increase in the rate of breakdown.
The increased availability of amino acids resulting from accelerated breakdown overcomes, to some extent, the inhibitory
signals to synthesis. The stimulation of synthesis is insufficient
to overcome the increased rate of breakdown because of the
increased release of amino acids to plasma and increased
intracellular oxidation. Nonetheless, the increased flux from
protein breakdown is sufficient to induce the seemingly paradoxical response of stimulated synthesis in the face of a net
catabolic state.
The stimulation of muscle protein synthesis after ingestion
or infusion of amino acids is accompanied by an increased
flux of amino acids across the cell membrane(20). However,
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the increased flux of amino acids into the cell and into protein
is not necessarily reflected in increased intracellular concentrations. We performed an experiment in which amino acids
were infused at three doses into normal volunteers(3). The
lowest rate of infusion stimulated muscle protein synthesis,
and approximately doubling the rate of infusion resulted in
a proportionately greater stimulation of protein synthesis.
However, increasing the infusion rate to four times the
second rate failed to elicit a further stimulation of synthesis.
In response to the two lowest infusion rates intracellular concentrations of free essential amino acids did not increase. It
was only in response to the highest infusion rate that the intracellular concentrations increased. Thus, at the lower infusion
rates the increased flux of amino acids into the cell was
matched by increased flux into protein, so that no change in
concentrations resulted. It was only when the inward flux
from plasma exceeded the rate of flux into protein (during
the highest infusion rate) that intracellular concentrations
increased. This study indicates that in the basal state the availability of essential amino acids limits muscle protein synthesis,
and when there is increased uptake of amino acids the intracellular concentrations do not increase until protein synthesis
is saturated.
It is more difficult to assess the response to decreased availability of amino acids than increased availability. Plasma concentrations of amino acids are generally regulated closely, and
even prolonged fasting may not lower levels if the individual
has a large enough muscle mass. We used haemodialysis in
normal pigs in order to create an experimental paradigm to
acutely lower plasma amino acid levels(21). In one group a
two hour basal period was followed by four hours of dialysis.
The second group also received dialysis for four hours after a
basal period of two hours. In addition, amino acids were also
infused at a rate adequate to return the plasma concentration
to the basal values over the last two hours of dialysis. The rate
of muscle protein synthesis closely paralleled the changes in
plasma concentrations. Synthesis decreased in response to
the decrease in concentration induced by dialysis, and replacement of the lost amino acids during dialysis restored the
basal rate of protein synthesis.
Thus, it would seem that there is little doubt that amino acid
availability plays a crucial role in regulating muscle protein
synthesis. The lack of relationship between both amino acid
flux into the cell and flux into protein and the prevailing intracellular amino acid concentrations may explain in part why
earlier perceptions about the lack of a role of amino acids
has proven to be incorrect.

Stimulated muscle protein synthesis translates to
increased mass, strength and function
Several studies have attempted to address this issue both
experimentally and epidemiologically. For example, a recent
study indicated that in older individuals increased protein
intake corresponds to a slower rate of loss of lean body
mass over a three year period(22). However, such studies
are conceptually flawed in two respects. In free-living subjects
it is difficult to accurately assess dietary patterns, and
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impractical to completely control food intake. Whereas some
have nonetheless successfully accomplished complete dietary
control for a period of time, accounting for all variables that
might affect changes in muscle mass or function in freeliving subjects is virtually impossible. Quantifying the impact
of the level of activity is the most challenging problem. Exercise is likely to have at least as much of an effect as the level of
protein intake on retention of lean body mass. Accounting for
variations in activity level is complicated by the multitude of
types of exercise, and the corresponding metabolic consequences. Intense resistance exercise will affect muscle protein
differently than aerobic training, and the response to walking
will probably differ from both of the other forms of exercise.
The timing of protein intake in relation to the performance of
exercise will also influence the response(14). Consequently, it
is basically impossible to account for self-reported levels of
physical activity when evaluating the response to different
levels of dietary protein over a prolonged period.
We have performed a series of studies utilizing strict bed
rest in order to simulate the consequences of prolonged space
flight on skeletal muscle mass and function. In these studies
individuals are maintained under complete dietary control and
must lie prone for the entire duration of the experiment,
which was up to 28 days. Thus, with this experimental protocol
we had complete control of activity and dietary intake.
Bed rest induces a drop in basal muscle protein synthesis
and breakdown(23). The decrease in breakdown is less than
the drop in synthesis, with a loss of muscle mass resulting(23,24). Importantly, the decrease in net protein balance
measured acutely with our A-V model across the leg corresponded quantitatively with the amount of muscle loss as
estimated by DEXA measurement(24). This provides strong
support for the notion that the acute changes in protein synthesis described in the section above correspond to longterm changes in muscle mass, strength and function if all
other important variables are maintained constant. To test
this hypothesis, normal healthy volunteers were restricted to
complete bed rest for 28 days. In both groups energy requirements were estimated by means of the Harris-Benedict
equation. This approach enabled maintenance of body
weight in both groups throughout bed rest. Carbohydrate,
fat and protein intake represented an average of 59, 27 and
14 % of caloric intake from meals. In one group, a dietary supplement containing 16·5 g EAAs and 30 g of carbohydrate was
given between meals three times a day throughout the 28 days
of bed rest. Other dietary intake was modified so that total
caloric intake was similar relative to the estimate from the
Harris-Benedict equation for both groups. Protein synthesis
was measured over an 18 hour duration at the outset of bed
rest and after 28 days.
As was predicted from the studies cited above, the
EAA-based supplementation increased 18- hour muscle protein synthesis significantly. Further, whereas synthesis
dropped on the last day as compared to the first in the control
group, in the EAA-supplemented group there was no significant decline in the 18 hour FSR from beginning to end of
the bed rest. The increased FSR translated to improvements
in all aspects of muscle protein metabolism. Net balance of

protein across the muscle was greater in the supplemented
group than the controls, and this corresponded to significant
differences in leg muscle mass. The differences in leg
muscle mass were predicted from the differences in balances
over the 18 hour study period. In fact, the EAA supplementation prevented any significant loss in leg muscle mass.
Strength (leg extension one repetition maximum) declined in
both groups, but less in the group receiving EAA supplementation. Not only was mass and strength significantly improved
in the group with the stimulated rates of muscle protein synthesis (i.e., EAA supplementation), but muscle function assessed
at the single fiber level was also improved(25).
We utilized the same experimental model to assess the
response of elderly people to prolonged (10 days) bed
rest(26) and the effect of supplementation with EAAs(27). The
overriding goal of this project was to assess the impact of
enforced bed rest in older individuals in hospitals or other
institutions. The elderly proved to be far more sensitive to
the catabolic effects of bed rest than their younger counterparts. Thus, three-times as much muscle was lost in the
10 days of bed rest in the elderly as compared to the 28 day
bed rest in the young. This large decrease in muscle mass
was consistent with a reduction in muscle protein synthesis
of almost 50 %. The elderly started the bed rest with much
lower functional capacity than the younger subjects, and it
was therefore possible to quantify decline in functional
status in the elderly. Three standardized tests of function
were used to characterize overall functional status (floor transfer, stair ascent, and standing plantar flexion). Decreases in
performance of these tests ranged from 20 % (stair ascent) to
80 % (standing plantar flexion) following bed rest. Supplementation of the diet throughout bed rest with the EAA-glucose
mixture three times per day, as in the other study, prevented
the decrease in muscle protein synthesis that occurs in
response to bed rest when extra amino acids or protein are
not given. The maintenance of muscle protein synthesis by
EAA supplementation prevented the decrements in the performance of any of the functional tests that occurred in the
group not receiving supplemental amino acids.
From these studies it is clear that when the most prominent
variables with relation to muscle mass and strength (dietary
intake and activity level) are completely controlled, stimulated
muscle protein synthesis translates to increased muscle mass,
strength and function.

Greater muscle mass, strength and function are related to
improved health outcomes
Various boards, such as the Nutrition Board of the National
Academy of Sciences (USA) that publish the Dietary Reference
Intakes, generally do not recognize differences in requirements for protein intakes for different age groups beyond
early childhood. Nonetheless, it is appropriate to focus on
the relationships between protein intake, muscle function
and health outcomes in the elderly because this group is
most vulnerable to deficiencies. Younger individuals may
function adequately with a wide range of protein intakes,
and have an adequate reservoir of protein to enable an
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adequate response to stress. However, muscle mass and function are progressively lost with aging, so that by the age of
60 many individuals have reached a threshold where function
begins to be affected. Substantial loss of muscle mass, strength
and function may in turn be associated with impaired health
outcomes. Unfavourable health outcomes occur much more
frequently in the elderly population than in other age
groups. The issue in older individuals is therefore not so
much whether the minimal amount of dietary protein
needed to avoid clinically-evident deficiencies changes with
aging, but rather if beneficial effects in terms of function and
health outcomes can be reasonably expected as a result of
eating significantly more protein than the recommended
dietary allowance (RDA). Since there is little direct experimental evidence on this topic, we will have to rely on developing the rationale supporting the benefits of increased
protein intake, particularly in older individuals.
There is a progressive loss of muscle mass with aging. Significant loss of muscle mass with aging is termed sarcopenia.
Class I sarcopenia refers to individuals with an amount of lean
body mass that is more than one standard deviation below the
normal value for a gender-specific young person, and class II
sarcopenia refers to the circumstance of lean body mass being
more than two standard deviations below the normal value.
Whereas sarcopenia is generally considered a syndrome
occurring only in elderly, some degree of sarcopenia extends
across the age spectrum above 18 years(28). The prevalence of
sarcopenia increases progressively until age sixty, where it
plateaus at just under 50 % for men and about 60 % for
women(28). In a study of over 4,500 individuals 60 years of
age and older, Janssen et al.(28) found that the likelihood of
functional impairment and disability was approximately two
times greater in the older men and three times greater in the
older women with Class II sarcopenia than in the older men
and women with a normal body mass index (BMI), respectively, even after adjustment for age, race, body mass index,
health behaviours, and comorbidity.
The correlation between decreased muscle mass and
impaired physical function is not surprising, and several
studies support the study cited above. Further, the level of
physical function is a major determinant of the quality of life
of older individuals. However, whereas most would consider
physical function to be an important endpoint, most would
not consider physical function itself to be a true health outcome. There are several examples of recent studies that
have established a relation between muscle mass or strength
and health outcomes. There appears to be an age-dependent
threshold in the relationship between muscle mass or strength
and health outcomes. The age at which the progression of sarcopenia plateaus corresponds to the age at which muscle loss
is sufficient for a threshold effect to become evident in the
relation between parameters of muscle mass and strength
with health outcomes. For example, Ruiz et al. examined the
association between muscular strength and mortality in men
in a prospective cohort study of more than 8,000 subjects(29).
The average follow up was 18·9 years. They found a strong
relationship between strength and all cause mortality as well
as mortality from cancer in men over sixty years of age,
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even after adjustment was made for cardiorespiratory fitness
and other potential confounders. In contrast, no such associations were observed in men under 60 years of age(29). The
importance of skeletal muscle strength as a predictor of allcause mortality in men is supported by the results of other
studies as well(e.g., 30). The threshold at which muscle loss is
sufficient to significantly affect health outcomes may in some
circumstances be related to the severity of the disease. Thus,
Marquis et al.(31) evaluated mid-thigh muscle cross-sectional
area (MTCSA) as a predictor of mortality with chronic obstructive pulmonary disease. They found that MTCSA has a strong
impact on mortality in patients with severe disease, but not so
much with lesser symptoms.
Evaluation of death risk in over 12,000 haemodialysis
patients supports the importance of muscle mass in survival
under physiologically stressful circumstances. Serum creatinine arises from muscle, and therefore can be used as an
index of muscle mass under normal conditions. However,
since poor creatinine clearance is a hallmark of renal disease,
one might expect creatinine to be disproportionately higher in
renal patients than would be anticipated from their muscle
mass. Nonetheless, low (rather than high) creatinine levels
are associated with mortality in patients with end stage renal
disease(32), thereby strongly supporting the notion that
depletion of muscle mass in these patients had a negative
impact on outcome. The impact of depletion of lean body
mass is further supported by the results of nutritional assessment of approximately 1000 patients admitted to the hospital(33). Low fat-free mass was associated with increased
length of stay in the hospital. Further, in a separate study of
101 patients(34), the occurrence of infections in hospitalized
elderly patients could be related to the existence of sarcopenia
on admission, where a variety of other potential indicators of
nutritional status, such as weight, body mass index, albumin
level, and C-reactive protein, were ineffective as predictors.
Sarcopenia is conventionally considered in the context of
low BMI. As such, it could be argued that it is the low BMI,
not specifically the reduced muscle mass, that contributes to
impaired health outcomes. However, it has recently become
appreciated that a number of older individuals suffer from sarcopenic obesity. In this syndrome, individuals with high BMIs
may nonetheless qualify as sarcopenic on the basis of their
depleted muscle mass(35). This is true in cancer patients as
well as healthy elderly(36). In this setting it was clearly demonstrated by Tan et al.(36) that depleted muscle mass, per se, is
related to reduced survival in patients with cancers of the
lung or GI tract. They were able to identify 250 patients
with similar BMIs but muscle masses that differed significantly.
They showed that sarcopenia was an independent predictor
of reduced survival(36). Decreased survival in these patients
could have been related to intolerance to chemotherapy, as
Prado et al. showed that sarcopenia significantly increased
the toxicity of chemotherapy with capecitabine(37).
It is evident from the literature discussed above, as well
as a variety of other studies, that there is a strong association between depleted muscle mass and strength and
unfavourable health outcomes. It is tempting to conclude
from this association that maintenance of muscle mass through
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diet and exercise will reverse those unfavourable outcomes.
However, it is also possible that the association between
depleted muscle mass and strength and unfavourable health
outcomes reflects the catabolic response to stress. Accelerated
breakdown of muscle protein is a principle characteristic of
cachexia(37). Consequently, it is possible that accelerated
muscle protein breakdown occurs in response to severe disease, and the resulting depletion of muscle mass is a reflection
of the severity of disease rather than a major contributor to the
ultimate outcome. The true situation can only be resolved by
prospective, randomized trials in which all variables other
than muscle mass and strength are controlled. When all of
the potentially confounding variables are considered, such
studies would be extremely difficult to perform and interpret.
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Summary, Conclusions, and Speculation
The determination of whether increased dietary protein can
positively affect health outcomes is hindered by the absence
of prospective, randomized trials directly addressing this
issue in which all pertinent variables are controlled. Furthermore, it is hard to imagine that it would ever be possible to
perform such a study. We can only address the question
deductively by considering the support for the rationale
underlying the notion of a beneficial effect of increased
dietary protein intake. Increased dietary protein, and the
resulting increased availability of plasma amino acids, stimulates muscle protein synthesis. If all other variables are controlled, increased muscle protein synthesis leads to improved
muscle mass, strength and function over time. Increased
muscle mass, strength and function is related to improved
health outcomes in older individuals. Consequently, it is
reasonable to deduce that greater protein intake will translate
to improved health outcomes, particularly in the elderly.
Whereas that cause-effect relationship between muscle
mass, strength and function and health outcomes is subject
to debate, it is clear that increased muscle mass and function
in the elderly translates to an improved ability to perform
activities of daily living and therefore quality of life. Improved
quality of life is sufficient reason to increase dietary protein
intake. Since there is no evidence that a reasonable increase
in dietary intake adversely affects health outcomes, and
deductive reasoning suggests beneficial effects of a higher
protein intake, it is logical to recommend that the optimal
dietary protein intake for older individuals is greater than
the recommend dietary allowance of 0·8 g protein/kg/day.
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