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A B S T R A C T

Remarkable advances have been made over the last 30 y in understanding the role of dietary protein in optimizing muscle health across the
lifespan. That is, acute (<24 h) stable isotope-derived measures of muscle protein synthesis have led to established recommendations for
protein quantity, quality, source, and timing of protein ingestion to support muscle health at rest, post exercise, and to overcome age-related
anabolic resistance in older adults. Although muscle health is undoubtedly important, moving from muscle to other associated or disease-
specific outcomes is a critical next step for the field, given the mounting evidence documenting the effects of dietary protein on measures of
chronic disease and age-related decline (for example, cardiovascular disease, type 2 diabetes mellitus, obesity, frailty, and osteoporosis). In
this narrative review, we posit that future studies evaluating the potential role of dietary protein build off of the existing knowledge base
generated from decades of past research and focus their efforts on closing unanswered knowledge gaps pertaining to dietary protein and
health across the lifespan. Throughout this review, we highlight potential methodologies and novel outcome measures that researchers may
consider as starting points to facilitate the next 30 y of advances in the field of dietary protein and health.

Keywords: low and high protein diets, strength, sarcopenia, cardiovascular disease, type 2 diabetes mellitus, physical function, bone fracture
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In this narrative review, we make the case that tremendous gains have been made in our understanding of dietary protein and muscle over the
last three decades, but that future studies evaluating the potential effects of dietary protein should emphasize outcomes critical to optimizing
health across the lifespan, focusing their efforts on closing the unanswered gaps in knowledge pertaining to cardiometabolic health, frailty, bone
accrual and maintenance, and weight management. We provide recommendations for the methodologies and outcome measures to help facilitate
the next 30 y of advances in the field of dietary protein and health.
Introduction

Data generated from nearly three decades of highly controlled
laboratory studies evaluating the effects of dietary protein intake
on isotopic measures of whole-body or muscle protein turnover
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serve as the basis for dietary interventions in long-term clinical
trials and for many contemporary dietary protein recommenda-
tions to optimize muscle health across the lifespan. For example,
recommendations that advocate for equally distributing dietary
protein intake across meals [1], how much protein to consume
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within eachmeal [2], post exercise [3], and the amount necessary
to overcome age-related anabolic resistance [4] were derived
from tracer studies quantifying muscle protein synthesis or net
whole-body protein balance in response to ingesting free-form
amino acids, isolated intact proteins, protein-containing foods,
or mixed meals.

Although undoubtedly important, manipulating protein
intake beyond the recommended dietary allowance (RDA; 0.8 g/
kg/d) may also confer other meaningful health benefits. For
example, altering dietary protein quantity, quality (that is,
essential amino acid content, digestibility, and bioavailability),
and source (that is, amino acids, isolated protein, protein-rich
foods, or protein in mixed meals) may modulate insulin sensi-
tivity, cardiovascular disease (CVD), frailty, osteoporosis and
fracture risk, appetite, and obesity. However, although quality
research continues to expand our understanding of how dietary
protein intake plays an important role in mediating a variety of
health outcomes, critical gaps in knowledge remain. As such,
future research on dietary protein should consider extending
beyond commonly used assessments of muscle protein synthesis
and whole-body protein turnover and identify appropriate out-
comes and credible biomarkers needed to clearly define how
increasing dietary protein beyond the RDA or altering the source
of protein consumed may or may not optimize health across the
lifespan (Table 1).

Recognizing that the broad range of health conditions
affected by diet is beyond the scope of any one review, and given
the state of the science, we chose to focus on how dietary protein
affects cardiometabolic health, frailty, bone, and weight man-
agement. Throughout our review, we emphasize research
methodologies and data collection techniques that researchers in
this field should consider as a foundation for future studies to
best assess how dietary protein intake affects health (Table 2).
Cardiometabolic Health

Cardiometabolic health encompasses known risk factors that
increase the likelihood of impaired metabolism (for example,
insulin resistance) and cardiovascular events (for example,
myocardial infarction and stroke). Dietary protein intake can
influence measures that are useful for assessing, and reflective of,
cardiometabolic health, such as blood pressure and plasma lipid
concentrations. Similarly, dietary protein intake has been asso-
ciated with risk of insulin resistance, a known comorbidity and
contributor to the development of CVD. The potential influences
of dietary protein on cardiometabolic health are examined here.
Insulin resistance
As the foundational building block for muscle, dietary protein

intake and its constituent amino acids have been theorized to
enhance glucose disposal through greater muscle uptake. Indeed,
greater skeletal muscle mass is associated with improved meta-
bolic function (for example, glucose disposal, protein metabolism,
mitochondrial function, decreased arterial stiffness, and lower
oxidative stress) that lowers the risk of emergent CVD [5,6].

In contrast, select epidemiological research has shown asso-
ciations between higher relative dietary protein intakes (for
example, quartile 4 compared with quartile 1) and the devel-
opment of insulin resistance [7]. Similarly, dietary protein
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restriction has been reported to improve insulin sensitivity, as
measured via hyperinsulinemic–euglycemic clamp [8]. This
observation, however, was in a small number of individuals with
metabolic syndrome who lost 6.6% of initial body weight after a
dietary intervention. Weight loss is a well-known confounder
when assessing the effect of dietary interventions on insulin
resistance [9].

The dynamic insulin sensitivity and secretion test (DISST) can
be used to assess changes in insulin sensitivity in response to
dietary interventions [10–12]. DISST measures in women with
overweight and obesity with a family history of type 2 diabetes
mellitus (T2DM) reveal beneficial changes in cardiometabolic
biomarkers paired with a reduction in insulin sensitivity after
weight loss on a high-protein (30% daily kcal), high-fiber diet
(>30 g/d) [11]. DISST assessments may not always align with
static measures of glucose utilization [for example, fasting blood
glucose and insulin concentrations, homeostatic model assess-
ment for insulin resistance (HOMA-IR)]. The study authors
described these seemingly opposing results as the potential for
metabolic adaptations to illustrate the physiological need to
regulate glucose homeostasis, as opposed to as an indicator of
metabolic dysregulation. Regardless, markers of CVD risk were
improved after a dietary intervention emphasizing energy re-
striction and higher fiber and protein intakes.

This relationship between dietary protein intake and insulin
sensitivity may be mediated by impaired BCAA catabolism
[13–16]. Based on clinical data, enhancing BCAA disposal can
resolve insulin resistance [17]. Related controlled interventions
have shown remission of prediabetes with a high-protein diet
(30% daily kcal) [18,19], but care must be taken when consid-
ering whether to ascribe this effect to high-protein intakes
compared with displacing carbohydrates in the diet with more
protein. Similarly, a diet containing 30% energy intake from
protein reduced insulin resistance and improved daily blood
glucose concentration variability—a known risk factor for
T2DM—in insulin-resistant women with obesity in a crossover
study, relative to a Mediterranean diet [20]. Total red meat
intake was not associated with changes in T2DM biomarkers,
including fasting blood glucose, insulin, HOMA-IR, and hemo-
globin A1c (HbA1c) [21]. These observations again highlight the
importance of the food matrix and overall dietary quality, as well
as the need to utilize sound scientific research when building
evidence-based dietary interventions.
Genetic and microbiome influences on T2DM
Genetic risk scores, calculated via the identification of single-

nucleotide polymorphisms (SNPs) associated with T2DM, sug-
gest that increased protein intake (25% daily kcal) may reduce
fasting insulin in White individuals with higher risk scores [22].
Those with lower risk scores, however, experienced reduced
fasting insulin and HOMA-IR on a protein-adequate diet (15%
daily kcal). It is important to note, therefore, that genetic vari-
ations may also influence the individual cardiometabolic
response to dietary protein intake, with significant interactions
relating to glucose metabolism and insulin sensitivity.

Protein-rich foods generally have a lower glycemic index (GI)
than their carbohydrate-rich counterparts, which can be bene-
ficial in moderating postprandial glucose uptake and insulin
secretion [23]. There are noted sex differences in postprandial
glycemic control, however, with high GI foods tending to induce



TABLE 1
Measures for consideration of use in future research to assess the effects of dietary protein intake on selected health outcomes (listed alphabetically
by domain).

Outcome measures Benefit

Cardiometabolic
BCAA catabolism Associated with the development of insulin resistance
Blood Lipids (for example, TC, LDL, HDL, and TG) CVD risk profile
Blood pressure Indicator of overall cardiovascular health
Computed tomography (CT) Capable of differentiating skeletal muscle from other lean mass and assessing change over time
D3-creatine Associated with functional capacity, insulin resistance, and mortality
DXA Easily obtained body composition measures, including trunk and appendicular lean mass, fat mass,

and bone mineral content
Genetic Risk Scores based on SNPs associated with

T2DM
Greater individualized precision in identifying both disease risk and method of dietary intervention
most likely to mitigate that risk

Insulin sensitivity (for example,
hyperinsulinemic–euglycemic clamp, DISST,
HOMA-IR) and blood glucose control [for
example, plasma (glucose), HbA1c]

Predictors of insulin resistance and T2DM development

MRI Capable of differentiating skeletal muscle from other lean mass and assessing change over time
Microbiome profiling Determine the balance between microbes known to negatively compared with positively affect

glucose metabolism and insulin sensitivity
Nutrimetabolomics Identification of food components and metabolites linked to cardiometabolic health
Serum trimethylamine N-oxide Predictor of future cardiovascular events (for example, myocardial infarction and stroke) and

mortality
Frailty
CT Capable of differentiating skeletal muscle from other lean mass and assessing change over time
D3-creatine Associated with functional capacity, insulin resistance, and mortality
DXA Easily obtained body composition measures, including trunk and appendicular lean mass, fat mass,

and bone mineral content
MRI Capable of differentiating skeletal muscle from other lean mass and assessing change over time
Mobility assessments (for example, gait length

and speed, 30-s sit-to-stand test,
4-stage balance test)

Direct indicators of muscle functionality

Bone health
Biomarkers (for example, parathyroid hormone,
osteocalcin, sclerostin, phosphorous, and
ionized calcium)

Easily measured indicators of bone formation and resorption, though less accurate and not specific to
areas of higher fracture risk

Calcium stable isotopes Measure calcium absorption, excretion, exchange with bone, and whole-body retention
DXA Measure bone mineral content and density; associated with fracture risk
High-resolution peripheral quantitative computed

tomography
Determine bone volume and differentiate between trabecular and cortical bone

Serum IGF-1 and IGF-1 BP3 Predictors of bone calcium accretion in adolescence
Weight management
Appetite-regulating hormones (for example, GLP-

1, PYY, CCK, and leptin)
Related to energy intake and changes in body mass

Body weight Determine changes in body mass over time
DXA Determine changes in %BF over time
Genetic risk scores based on SNPs associated with

the microbiome
Related to changes in fat mass and adipose distribution

Resting energy expenditure Typically represents the greatest contributor to daily energy expenditure
Sleep measures (for example, actigraphy, sleep
time, and sleep onset latency)

Associated with the risk of weight gain and regain

Abbreviations: %BF, percent body fat; CCK, cholecystokinin; CVD, cardiovascular disease; DISST, dynamic insulin sensitivity and secretion test;
DXA; GLP-1, glucagon-like peptide-1; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model assessment for insulin resistance; IGF-1, insulin-like
growth factor 1; IGF-1 BP3, insulin-like growth factor binding protein-3; PYY, peptide YY; SNP, single-nucleotide polymorphism; TC, total
cholesterol; T2DM, type 2 diabetes mellitus.
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a greater glycemic response in women than men [24]. As such,
future investigations with dietary protein interventions should
account for sex-related disparities while continuing to evaluate
glucose utilization, including assessment of fasting and post-
prandial blood glucose and insulin concentrations, 24-h contin-
uous glucose monitoring, and, for studies of sufficient duration
(that is, �12 wk), pre- and postintervention HbA1c and
HOMA-IR assessments [25].

The gut microbiome likely also influences glycemic control
and CVD risk [26,27]. Certain gut bacteria (for example, genus
3

Lachnoclostridium) have the potential to generate metabolic
byproducts that negatively affect glucose metabolism and lower
insulin sensitivity [20], whereas others (for example, genus
Coprococcus) may play a beneficial role in maintaining plasma
glucose homeostasis. Higher genetic risk scores, based on 20
SNPs associated with the relative abundance of gut microbes,
were associated with greater reductions in fat mass and per-
centages of both fat mass and trunk fat after 6 m of energy re-
striction (~83% baseline kcal intake) with adequate protein
intake (15% daily kcal) [28]. Genetic risk scores were not



TABLE 2
Suggested outcome measures and recommendations for their use in future dietary protein-related research (listed alphabetically by domain).

Outcome measures Effect of
dietary
protein

Recommendations

Cardiometabolic
Blood Lipids (for example,
TC, LDL, HDL, and TG)

¼ Control for confounding effects of the food matrix, particularly fat and carbohydrate amount and type

Blood pressure ↑, ¼ Determine whether protein source and food matrix affect observed changes
Insulin sensitivity ↑, ¼, ↓ Control for confounding effects of weight loss/gain and assess efficiency of plasma BCAA catabolism to

delineate the effect of dietary protein intake from impaired metabolism
Microbiome ? Determine how protein source (that is, amino acid profile, food matrix) affects relative abundance of

beneficial microbes
Muscle mass ↑, ¼ Evaluate protein intake in the context of overall energy intake; relate changes to glucose disposal and

insulin sensitivity
Frailty
Mobility and functionality
assessments

↑, ¼ Utilize longitudinal measures to relate changes over time to protein intake; preintervention
supplementation trials (for example, cancer and surgery) to assess differences relative to current standard
care

Muscle mass ↑, ¼ Evaluate influence of protein intervention in isolation or when combined with physical activity; when
available, use tools to differentiate skeletal muscle from leanmass (for example, CT, MRI and D3-creatine)

Bone
Bone mineral content ↑ Use of HR-pQCT to assess incremental changes and differences in trabecular compared with cortical bone;

DXA suitable for larger and longer assessments
IGF-1, osteokines ↑ Continued exploration of protein’s impact on muscle–bone crosstalk
Parathyroid hormone ↓ Confirm dietary protein’s role in suppressing increased bone turnover

Weight management
Appetite-regulating hormones
(for example, GLP-1,
PYY, CCK, and leptin)

↑ Continued assessment to differentiate effect of protein source and food matrix on satiety signals

Body mass and % body fat ? Reconciliation of short- compared with long-term study findings; control for dietary intervention
compliance

Microbiome ? Determine potential influence of bacterial amino acid metabolism on satiety signals
Sleep ↑ Continued examination of the effect of dietary protein on quantity and quality of sleep, particularly the

potential role for presleep protein ingestion

Abbreviations: ↑, improved by dietary protein; ↓, worsened by dietary protein; ¼, no observed effect from dietary protein; ?, unknown effect of
dietary protein; CCK, cholecystokinin; CT, computed tomography; DXA; GLP-1, glucagon-like peptide-1; HbA1c, hemoglobin A1c; HR-pQCT, high-
resolution peripheral quantitative computed tomography; IGF-1, insulin-like growth factor 1; PYY, peptide YY; TC, total cholesterol.
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associated with body composition changes for those consuming
protein at 25% daily kcal intake at 6 mo, and all associations
disappeared by 2 y post baseline, regardless of genetic risk score
and assigned protein intake, likely due to reduced dietary
compliance of study volunteers. In the near term, however, the
gut microbiome may serve a role in mediating the impact of
dietary interventions on body composition and cardiometabolic
health.

Changes in the gut microbiome were associated with
improved CVD risk factors [for example, total cholesterol (TC),
LDL, TG, HDL, TC/HDL ratio] in those after a U.S. Healthy Di-
etary pattern, again highlighting the importance of the food
matrix and overall dietary quality [29]. Much remains to be
learned regarding the microbiome and its potential impact on
cardiometabolic disease risk [30]. As such, future investigations
aimed at better understanding and modifying the diet-induced
influence of gut microbes on chronic disease risk will be bene-
ficial (Table 2).
CVD markers
In clinical research, a higher-protein, lower-fat meal (higher

protein: 30 g protein, 17 g fat, 52 g carbohydrate compared with
lower protein: 13 g protein, 25 g fat, 54 g carbohydrate)
increased plasma arginine concentrations, a known vasodilator,
though biomarkers associated with blood pressure were
4

unaffected, as was blood pressure itself in response to exercise
[31]. In adults with overweight and obesity, reductions in red
meat intake were associated with lower serum trimethylamine
N-oxide concentrations, a biomarker for atherosclerosis risk
[32]. Similarly, with the exception of isoflavone-containing soy,
protein-rich foods did not independently lower plasma total- and
LDL-cholesterol concentrations [30]. Total red meat intake also
did not influence inflammatory biomarkers associated with CVD
[21]. In contrast, the incorporation of milk protein isolate (0.7
g/kg/d) as a component of an energy-restricted diet (750 kcal/d
below estimated requirements) improved blood pressure and
plasma triglyceride concentrations, when compared with the
addition of a carbohydrate control (0.7 g/kg/d; primarily
maltodextrin) [33].

Clearly, much remains to be learned regarding how dietary
protein intake may influence blood pressure and plasma lipid
concentrations. Discerning the impact of the protein component
compared with the overall food matrix will be important to
identify future dietary interventions.
Nutrimetabolomics
A useful tool in evaluating food makeup and quality is

nutrimetabolomics, the determination of the inherent chemical
composition of food items and their post-consumption metabo-
lite production [34,35]. Nutrimetabolomic profiles have been
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used to identify bioactive compounds in the food matrix beyond
traditional classifications of animal- compared with
plant-protein sources, including BCAAs, phospholipids, citric
acid cycle intermediates, polyphenols, and gut microbiota me-
tabolites [36,37]. The differences between protein sources
illustrated via nutrimetabolomic profiles may underlie noted
disparities in health outcomes, which have typically been
ascribed more generally to animal- or plant-protein intakes.
Continued use of these tools will allow for a greater appreciation
of the impact of the protein-rich food matrix on disease risk
beyond just categorizing protein source (that is, animal
compared with plant). This point is of particular importance
when considering protein isolates, which may retain the amino
acid profiles of their sources but are without potential beneficial
or detrimental additional components of the native food matrix.
Considerations for observational research
The applicability of observational research is often limited by

the inability to determine causality [38]. A recent umbrella re-
view utilized Bradford Hill criteria to examine potential causal
relationships between dietary protein intake and both CVD and
T2DM [39]. The Bradford Hill method considers 9 view-
points—strength, consistency, specificity, temporality, biolog-
ical gradient (that is, dose–response curve), plausibility,
coherence, experiment, and analogy—when seeking to identify
potential causal relationships in non-experimental data [40].
This current work [39] assessed different protein sources, illus-
trating a potential link between red and processed meat intakes
and a higher risk of T2DM, but not to increased likelihood of
CVD. Lean chicken and beef have been associated with increased
total and fat mass loss during energy restriction, increased lean
body mass when combined with resistance exercise training
(RET) during energy balance, and lower plasma total and
LDL-cholesterol concentrations [41]. Notably, protein-rich foods
(that is, high protein density per kcal, such as poultry, eggs,
seafood, red meat, dairy, nuts, and lentils) are often not
well-described in the research literature and, when included,
descriptions are not standardized (for example, “lean” and
“processed”), which can make it difficult to reconcile findings
across studies [42]. Similarly, the overall macronutrient and
micronutrient composition of these protein-rich foods is critical
in mediating the health effects associated with their intake. As
such, the composition and nutrient profiles of protein foods used
in experimental research should be identified and clearly
described in future reports [43]. These factors, along with the
use of Bradford criteria and other similar assessment practices
(for example, STROBE [Strengthening the Reporting of Obser-
vational studies in Epidemiology], TRIPOD [Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis], and STARD [Standards for Reporting of
Diagnostic Accuracy Studies] criteria) [38], will be valuable for
increasing the utility of observational research.

In total, continued investigation of the effects of dietary pro-
tein intake on insulin sensitivity, gut microbiome modulation,
and CVDmarkers will help to expand the current knowledge base.
The assessment of relevant biomarkers (Table 1) is critical for
understanding these effects and for creating future opportunities
for targeted recommendations to enhance health and well-being.
5

Frailty Prevention

Aging is associated with declines in muscle mass, strength,
and physical function, collectively known as sarcopenia. A
fundamental question in aging biology is the degree to which
these declines are intractable or subject to mitigation through
diet and physical activity intervention [44]. There is little doubt
that RET is the most potent stimulus to ameliorate sarcopenia
[45], yet numerous attempts have been made to investigate how
supplemental dietary protein can augment RET-induced adap-
tations in aging adults [46–49]. The consensus is that protein
plays a small part in improving lean mass (note this is a proxy for
skeletal muscle) with RET [47]; however, clinically meaningful
enhancements in strength and, importantly, physical function
are far less commonly observed [46–49]. The small effects of
protein in augmenting lean mass, strength, and physical function
are likely due to the anabolic potency of RET, which is far more
robust compared with protein as a stimulus for anti-sarcopenic
adaptation [50].

In the absence of RET, no interventional trials, to date, have
shown an effect of increased dietary protein intake or protein
supplementation on improving body composition, strength, or
physical function [46,48]. This observation may be because no
trial has ever been analyzed with sufficient power (participants
or duration) to see such an effect with currently available
methods for quantifying skeletal muscle mass, let alone strength
and physical function. Further discussion is warranted, however,
because systematic reviews of observational trials have noted an
association between dietary protein intake above the RDA and
lower incidence of sarcopenia [51,52], preservation of lean mass
[53,54], and improved physical function [53].

Dietary and physiological stressors associated with
frailty

Certain stressors, including weight loss, disuse, and disease,
affect the aging process and, relevant to this discussion, can
impact protein requirements. During energy restriction,
increasing dietary protein intake enhances fat mass loss and lean
mass retention in older adults [55,56]. Disuse and unloading
precipitously reduce muscle mass and strength, which, in
humans, is mainly due to a reduction in muscle protein synthesis
[57]. In middle-aged adults, mixtures of amino acids enriched in
leucine maymitigate the decline in muscle protein synthesis seen
with disuse and thus ameliorate disuse atrophy [58,59].
Although plausible, to the best of our knowledge, there is still no
clear evidence to support the role of leucine-enriched mixtures of
amino acids on disuse atrophy in older adults [60,61]. Regard-
less, when considering that older adults: 1) may experience
disuse events more frequently than middle-aged or younger
adults; 2) are likely in a state of anabolic resistance [62,63]; and
3) have higher requirements for the essential amino acid leucine
than their younger counterparts [64], it is sensible to recom-
mend that older adults prioritize high-quality protein ingestion
anytime they experience a disuse event [65]. This thesis is pru-
dent because the recovery from disuse events is often delayed in
older compared with younger adults and is possibly absent
without loading activity and high leucine-containing protein
ingestion [66].
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Frailty outcomes measures
Future work in older adults needs to focus on determining

protein needs and optimal intake levels to mitigate declines in
mobility. Disuse events and diseases pose a particular risk for
older individuals, as age is a leading risk factor for many chronic
diseases. Disuse events are particularly deleterious in older in-
dividuals and can begin a sharp downward spiral in muscle mass,
strength, and physical mobility that could precipitate a step to-
ward the development of mobility disability and frailty [44].
Importantly, we need to use gold-standard measures (Table 1),
including limb computed tomography or MRI, to capture
changes in skeletal muscle (as the biological substrate of
mobility), not lean mass, with aging or stress. Another alterna-
tive is using stable isotope-labeled creatine (that is, D3-creatine)
to measure the body creatinine pool and estimate skeletal muscle
mass, a non-invasive measure associated with functional capac-
ity, insulin resistance, and mortality [67,68]. When access to, or
feasibility in using, such measures are limited (that is, cost,
equipment, and analytical capacity), bioelectrical impedance
analysis and bioelectrical impedance spectroscopy may be
effectively employed to estimate skeletal muscle mass [69].

Assessing frailty on a continuum, using validated measures
[70], can allow for the identification of intervention points in
older adults who present with indicators of vulnerability despite
no obvious signs of functional limitation. Along these lines, it
will be valuable to begin incorporating multiple domains of
mobility assessment, including self-reporting, laboratory-based
measures, and real-life measures from wearable devices
(Table 2). The integration of these three domains of mobility can
provide a much more complete picture of how any dietary pro-
tein, activity-based, or combination intervention affects
functionality.
Bone Health

Considerable growth in the understanding of bone biology,
combined with recent advances in novel research methods for
assessing bone metabolism, tissue adaptation, and microstruc-
tural changes in humans skeleton, yields an opportune time to
study the effects of dietary protein on bone health and osteo-
porosis risk.

There are currently two evidence-based dietary protein-
related strategies for minimizing risk of low bone mass and
fracture. The first is to build the highest peak mass and strength
that is genetically possible during adolescent growth, when
bones are most sensitive to mechanical stress [71] and when the
rate of peak bone mineral accrual is greatest [72]. The second is
to continue to build bone mass and maintain those benefits
throughout adulthood, while also preventing the loss of bone
mass and strength that can accompanymenopause in women and
advancing age in all sexes [73].
Dietary protein and bone mass
Nutrient-dense diets and physical activity are the non-

pharmacologic cornerstones of building, maintaining, and pre-
venting loss of bone mass and strength throughout life. Nutrition
recommendations for bone health have focused on micro-
nutrients, especially calcium and vitamin D, which are
frequently deficient in populations around the world [74].
6

Despite the important structural role of protein in bone, in that
protein comprises half of bone volume and one-third of bone
mass, dietary protein intake has received much less focus than
calcium and vitamin D for bone health. This relative lack of
attention may be because protein intake is generally perceived as
meeting or exceeding the RDA, although this is not always true
for older adults [75]. Longitudinal observational and retrospec-
tive studies report a critical role of total dietary protein, as well
as the combination of higher-protein intakes and increased
physical activity, in building a strong skeleton during childhood
[76,77] and in maintaining skeletal health during adulthood and
old age [78].

There are a number of established mechanisms of dietary
protein effects on the skeleton. Dietary protein stimulates bone
collagen synthesis [79], suppresses serum concentrations of
parathyroid hormone [80], and regulates serum insulin-like
growth factor-1 (IGF-1). Serum IGF-1 and its binding protein,
insulin-like growth factor binding protein-3, are predictors of
bone calcium accretion [81]. Urinary calcium excretion in-
creases with protein intake but is offset by an increase in frac-
tional calcium absorption and a decrease in endogenous fecal
excretion of calcium. Net calcium and bone mineralization are
unaffected and not negatively impacted by increasing dietary
protein intake [82,83]. Loss of bone because of protein-induced
calciuria through the acid–base balance theory has largely been
debunked [84]. Individual L-amino acids may also activate the
calcium-sensing receptor, which regulates fractional calcium
absorption and retention when calcium intakes are low [85],
thereby leading to higher calcium and bone retention.

Recent advances in bone biology reveal novel roles for dietary
protein in the pursuit of lifelong bone health. For example, there
is mounting evidence that the skeleton is an endocrine organ unto
itself, regulating other organs throughout the body, including
skeletal muscle, through secretion of osteokines such as sclero-
stin, osteocalcin, and fibroblast growth factor-23, from the resi-
dent cells of bone—osteocytes [86,87]. Reciprocally, other organ
systems not traditionally thought to exert endocrine influences on
bone health are now known to do so. For example, myokines
secreted from muscle cells during exercise, such as irisin, IL-6,
and myostatin, have been shown to influence bone metabolism,
providing a novel muscle–bone connection outside of the classi-
cally recognized mechanical relationship [88,89]. Limited evi-
dence exists that dietary protein can stimulate myokine
expression and secretion from muscle cells [90], which in turn
favorably affects bone tissue [91]. These data highlight a prom-
ising hypothesis demanding more research that could add an
endocrine foundation to the existing mechanical narrative, that
dietary protein exerts positive effects on muscle, particularly with
exercise [92,93], that is then transferred to bone via mechanical
loading and subsequent bone functional adaptation [94,95].
Bone outcomes measures
Innovative bone metabolism research methods (Table 1),

including the use of novel biomarkers of bone formation,
resorption, myokine, and osteokine concentrations in biological
tissues, may continue to reveal the relationships among dietary
protein, muscle–bone crosstalk, and bone health. Another
research method that continues to provide insight into bone
biology is the use of calcium isotope tracers, which can measure
calcium absorption, excretion, exchange with bone, and whole-
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body retention. Tracers can be used to calculate calcium body
pool sizes and rates of exchange when combined with compart-
mental modeling. Using this method and a crossover design,
whole-body retention of 47Ca at the midpoints of interventions of
moderate and low-protein diets (20% and 12% of daily energy,
respectively) consumed for 8 wk each in 13 healthy post-
menopausal women were not different because of protein intake
[83]. Similarly, crossover feeding trials in premenopausal
women using dual-stable calcium isotopes demonstrated no
benefit to supplementing a low-protein diet (0.7 g/kg/d) with
dibasic amino acids [96], nor a high-protein diet (2.1 g/kg/d) on
net bone balance [97]. Together, these studies confirm that
high-protein diets are not detrimental to bone but large and long
clinical trials are needed to clarify if protein provides benefit on
calcium absorption and bone health. Such methods could be
used to answer important questions about the influence of in-
dividual amino acids on calcium utilization from bone, the
impact of plant-based diets on bone, and understanding diet, gut,
muscle, and bone interactions.

Demonstrating cause and effect between any intervention,
including dietary protein intake and bone health, lies in
measuring actual changes in the bone tissue. Traditionally, the
planar nature of DXA scans and lack of imaging resolution have
limited the ability of DXA to delineate small but mechanically
meaningful changes in bone tissue and structure. Nevertheless,
bone imaging via DXA has been used to demonstrate increases in
areal bone mineral density (aBMD) over 18 mo in 82 pubertal
girls [98] and decreases in aBMD over 2 y in 173 post-
menopausal women [99] with a milk intervention. These studies
illustrate the sample sizes and durations required to discern di-
etary protein effects in humans on meaningful bone outcomes
using DXA.

Some of the limitations of DXA can be overcome with the
addition of second-generation high-resolution peripheral
quantitative computed tomography (HR-pQCT), which can be
used in longitudinal assessments to capture small changes in
bone [100,101] (Table 2). HR-pQCT also yields volumetric
assessment and differentiation of trabecular and cortical bone,
as well as assessment of trabecular microarchitecture, although
not necessarily at the most relevant sites for fracture. In a
cross-sectional study using HR-pQCT to study distal tibial bone
microarchitecture and finite-element analyses to study me-
chanical properties in 746 postmenopausal women, total, ani-
mal, and dairy protein but not plant-protein intake, measured
via FFQ, were positively associated with bone micro-
architecture, stiffness, and failure load at the distal tibia and
radius [102]. In another cross-sectional analysis of 1016 men
with a mean age of 84 y, using an FFQ and HR-pQCT, higher
dairy protein intake was associated with higher estimated
failure load at the distal radius and tibia; higher non-dairy an-
imal protein was associated with higher failure load at the
distal radius; and plant-protein intake was not associated with
failure load at any site [103]. Collectively, these studies suggest
that dietary protein is favorable for bone microarchitecture and
strength of the distal limbs.

Intervention studies are needed to more firmly establish a
causal relationship between protein intake and bone health.
High-resolution imaging technology holds promise to reveal the
magnitude and mechanical consequences of dietary protein-
derived benefits to bone.
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Weight Management

In the context of energy restriction for the purposes of losing
body fat mass, higher-protein diets on the order of 1.2–1.6 g/kg/
d have repeatedly been associated with greater weight loss, ad-
ipose loss, and lean mass preservation [104,105]. These results,
however, appear to be time-dependent. Well-controlled in-
terventions of 3–4 wk show consistent benefits toward
enhancing fat mass loss and muscle retention. In contrast, longer
duration free-living studies provide increasingly conflicting re-
sults in terms of the effect of prescribed dietary protein intake on
muscle and fat mass changes [104,106,107]. The POUNDS Lost
study noted greater weight loss over 2 y with a higher-protein
intake (25% compared with 15% daily kcal), though the
weight loss trajectory and total mass lost was greater in year 1 for
all diet groups, with weight regain observed in year 2 [108]. In
the free-living environment, dietary prescription compliance
typically decreases over time, serving as a contributor to the
disparity in research findings between short- and long-term
studies.
Dietary protein and satiety and energy expenditure
Protein intake augments postprandial satiety via enhanced

secretion of appetite-regulating hormones (for example,
glucagon-like peptide-1, peptide YY, cholecystokinin, leptin)
[104,109,110], which rise in a graded fashion with increased
dietary protein ingestion [104]. Specific amino acids (that is,
leucine, lysine, threonine, and tryptophan) may exert greater
effects on appetite hormones than others [109], though these
alterations do not appear to modulate energy intake at subse-
quent meals [104,107]. The protein source (for example, whey,
casein, soy, and pea) may also affect satiety, again suggesting a
role for specific amino acids in the underlying appetite response
to feeding [104,111]. Similarly, the food matrix matters in that
solid foods typically elicit a greater satiety response than do
beverages, including protein-rich beverages [104].

Higher-than-RDA (that is, 1.2–1.6 g/kg/d) protein intakes
also enhance postprandial diet-induced thermogenesis and may
help to preserve resting energy expenditure (REE) during weight
loss [104]. The muscle-sparing role of higher-protein intakes
during weight loss likely contributes to this REE maintenance
[104,105]. Sex may also influence the appetite-related response
to higher-protein intakes, with differences observed between
men and women in both the appetite sensation response and
appetite-regulating hormones [110]. Estrogen is a known regu-
lator of these factors, so great care should be taken to account for
sex-based differences in future diet interventions and appetite
regulation studies. Although likely a minor influence, studies
using soy-based protein interventions should recognize and ac-
count for the potential phytoestrogen influence of soy iso-
flavones, more so in women than men [112–114].

Given that excess adiposity is a known risk factor for the
development of chronic kidney disease [115], it is prudent to
assess kidney function before initiating higher dietary protein
intakes in individuals with obesity. Past assertions that
higher-protein diets are damaging to otherwise healthy kidneys
are not supported by the research literature [116,117], but
established kidney disease still necessitates a dietary protein
restriction.



J.W. Carbone et al. Advances in Nutrition 16 (2025) 100347
Microbiome and dietary protein influences on
weight management

The gut microbiome likely plays a role in mediating the ef-
fects of dietary protein on weight management. Calculated
microbiome genetic risk scores, based on 20 SNPs associated
with relative abundance of gut microbes, reveal interactions
between dietary protein intake and changes in fat mass and ad-
ipose distribution [28,108]. As dietary protein intake increases,
more peptides and free amino acids reach the colonic bacteria
and influence microbiome metabolite production [118]. A better
understanding of the role of colonic bacterial amino acid
fermentation and metabolism is required to fully understand the
microbiome-mediated effects of dietary protein on weight
management and health outcomes. Similarly, the importance of
the food matrix and eating pattern must again be stressed, as
dietary fiber content, micronutrient load, and antinutritive fac-
tors influence the microbiome.
Sleep and dietary protein influences on weight
management

Lack of adequate duration and quality sleep is a known risk
factor for weight gain, with short-term sleep restriction
increasing weight gain and chronic sleep patterns of �6 h per
night associated with increased BMI [119]. Moderate and
high-protein (20% and 33% daily kcal, respectively),
energy-deficient (�750 kcal/d) diets resulting in 6 kg weight loss
over 12 wk were shown to improve both subjective sleep and
daytime sleepiness scores, as well as sleep efficiency measured
via actigraphy [120]. These improvements were independent of
objective sleep measures (for example, sleep time, sleep onset
latency, and time in bed), which did not change in response to
the dietary intervention. After successful weight loss, greater
sleep disturbances are associated with a higher likelihood of
weight regain after loss [108,119].

Presleep protein consumption, specifically casein ingestion,
has been revealed to support whole-body and muscle protein
synthesis during sleep, exercise recovery and adaptation, and
resting metabolic rate [121,122]. Eating before sleep has long
been discouraged over concerns that it can enhance adipose
deposition, yet presleep casein ingestion, as opposed to carbo-
hydrate, actually maintained overnight lipolysis and fat oxida-
tion and blunted the morning hunger response in an overweight
population [121]. Similarly, presleep protein ingestion has not
been reported to increase the risk of gastroesophageal reflux,
which is often a concern when sleeping soon after eating [122].
The relationship among sleep, dietary protein, and underlying
mechanisms affecting satiety and metabolic rate deserves addi-
tional attention.

Future research should continue to evaluate the impact of di-
etary protein on weight management (Table 2). In addition to
anthropometrics (for example, weight, percent body fat, and
muscle mass), attention should be paid to subjective hunger sen-
sations, microbiome influences, appetite-regulating hormones,
sleep influences, and subsequent energy intakes (Table 1).

Summary and Recommendations

Scientific research investigating the effects of dietary protein
intake on human health has expanded greatly over the last three
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decades. Although our related understanding has increased
dramatically, translating decades of acute laboratory studies
focused on muscle or whole-body protein turnover to long-term
health is challenging. We encourage future investigations to
utilize study designs and methodologies that best allow for the
determination of meaningful health outcome measures. We also
recommend that research distinguish the effects of dietary pro-
tein and its constituent amino acids from matrix effects of the
whole food or composition of the meal in which the protein
source is fed. As the field shifts emphasis to elucidating the role
of dietary protein in supporting and sustaining human health
throughout the lifespan, past research accomplishments provide
a foundation for innovative thinking and an approach for the
continued creation of an evidence base to best support future
public health policy guidance and nutrition initiatives.
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