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provide indispensable amino acids in proportions that meet 
metabolic requirements, has historically guided dietary rec-
ommendations. Animal-based protein sources are often con-
sidered higher quality when evaluated using conventional 
indices such as the protein efficiency ratio (PER), biological 
value (BV), and net protein utilization (NPU) [1]. However, 
these measures were developed under controlled experi-
mental conditions and may not adequately capture the com-
plexities of protein digestion, absorption, and metabolism 
within diverse real-world dietary patterns [2, 3].

More recently, advanced methods such as the Protein 
Digestibility Corrected Amino Acid Score (PDCAAS) and 
the Digestible Indispensable Amino Acid Score (DIAAS) 
have been developed to provide refined estimates of pro-
tein quality [4]. DIAAS is considered the reference method 
by the Food and Agriculture Organization (FAO) because 
it overcomes several limitations of PDCAAS, providing 
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Abstract
Purpose of Review  We examine the role and limitations of protein quality metrics, with a particular focus on the Digestible 
Indispensable Amino Acid Score (DIAAS), when applied beyond the assessment of amino acid adequacy. We situate dietary 
protein within the broader context of overall dietary patterns, emphasizing plant-rich diets and their relevance for long-term 
health outcomes in populations with overall adequate protein intake.
Recent Findings  Recent evidence from randomized controlled trials and large-scale prospective cohort studies indicates that, 
although animal-derived protein sources typically achieve higher amino acid–based quality scores, these differences do not 
consistently translate into superior cardiometabolic or mortality-related outcomes. Substitution analyses and intervention 
studies suggest that replacing animal-based proteins with plant-based sources is associated with favorable changes in car-
diovascular risk markers and reduced risk of chronic disease. These findings underscore the importance of the food matrix, 
including bioactive compounds, as well as the potential influence of components more prevalent in animal-based foods. In 
Western populations, where total protein intake often exceeds physiological requirements, modest differences in digestibil-
ity and amino acid scoring appear to have limited clinical relevance. Emerging evidence also suggest the may mediate host 
responses to different protein sources.
Summary  Current evidence supports a context-dependent interpretation of protein quality that integrates amino acid ade-
quacy within broader dietary and health frameworks. For clinical practice and dietary guidance, greater emphasis on overall 
dietary pattern quality, particularly plant-rich patterns, may be more informative for long-term health than reliance on protein 
quality scores alone.
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a more accurate assessment of amino acids absorbed by 
the human body and avoiding the overestimation inherent 
in fecal-based methods. Unlike PDCAAS, DIAAS scores 
are not capped at 1.0, enabling quantitative comparisons 
between proteins and revealing their capacity to comple-
ment other proteins in mixed diets [5]. By assessing ileal 
amino acid digestibility, DIAAS shows that animal-based 
protein sources such as egg, pork, and whey typically 
achieve values above 100, a threshold considered indica-
tive of high-quality protein [4, 6]. Most plant-based protein 
sources score lower, with notable exceptions including soy, 
potato, and certain plant-based meat alternatives, which can 
reach DIAAS values comparable to animal-based proteins 
[7].

However, several limitations have been raised with the 
DIAAS and should be noted. As outlined by Craddock et 
al. (2021), DIAAS applies a single nitrogen to protein con-
version factor of 6.25 instead of using food specific factors 
[8]. This approach tends to underestimate DIAAS values 
for many plant proteins and overestimate those of animal 
proteins, which is consistent with evidence on variation in 
nitrogen conversion factors across foods [9]. Most DIAAS 
values are derived from animal models, primarily pigs, 
which have been extensively validated for estimating ileal 
amino acid digestibility, although they may not capture all 
aspects of human digestion under free-living dietary condi-
tions [10–13]. Finally, DIAAS is established for individual 
foods and does not account for the effects of food combina-
tions within mixed meals, thereby not capturing potential 
interactions among foods that may influence overall amino 
acid availability and utilization in habitual diets [14].

Despite the technical nature of protein quality scoring 
systems, their terminology has strongly influenced how 
protein rich foods are perceived. The longstanding classi-
fication of animal proteins as “high quality” and plant pro-
teins as “lower quality” has contributed to the widespread 
assumption that animal derived proteins are inherently 
superior, an idea reinforced by traditional amino acid based 
scoring frameworks that feature heavily in nutrition educa-
tion and dietary guidance [14, 15]. Studies of consumer per-
ception further show that people commonly interpret these 
terms as general markers of nutritional superiority, which 
contributes to the view that plant proteins are less adequate 
even when total protein intake is unlikely to be limiting in 
typical Western diets [16]. Moreover, Katz et al. (2019) note 
the conventional framing of protein quality can be easily 
misunderstood outside its scientific context, encouraging 
assumptions that higher amino acid scores translate directly 
into better health outcomes [17]. These interpretations per-
sist even though protein quality metrics were not designed 
to predict long term health and do not reflect the broader 
dietary patterns in which proteins are consumed.

Building on the distinction between protein quality scor-
ing systems and real-world health outcomes, evidence from 
epidemiological studies and randomized controlled trials 
suggests that dietary patterns differing in protein quality 
scores can be associated with similar or divergent long-term 
health outcomes. This observation raises an important meth-
odological question in nutrition science: to what extent do 
protein quality metrics inform the interpretation of health 
effects within whole dietary patterns? Accordingly, this 
review examines the role and limitations of protein quality 
metrics when applied beyond amino acid adequacy and pro-
poses a context-dependent framework for evaluating dietary 
protein in relation to human health.

Rethinking Protein Quality: Implications for 
Muscle Health and Function

Protein quality has traditionally been considered a key 
determinant of functional outcomes related to dietary pro-
tein intake, including muscle mass and strength. Although 
many dietary plant protein sources score lower on estab-
lished protein quality metrics, this does not appear to com-
promise these functional outcomes. Evidence from dietary 
patterns relying exclusively on plant-based protein sources, 
such as vegan diets, shows that gains in lean body mass and 
strength performance can be comparable to those observed 
in omnivorous diets when total protein and energy intake 
are matched [18]. An important consideration when inter-
preting evidence on protein quality is its interaction with 
total protein intake. Differences in protein quality are most 
relevant when protein intakes are close to physiological 
requirements, whereas at higher intakes their practical sig-
nificance diminishes. In many randomized controlled trials 
examining muscle mass, strength, and metabolic outcomes, 
total protein intakes typically range between approximately 
1.2 and 1.6  g·kg⁻¹·day⁻¹, well above the recommended 
dietary allowance [19–21]. Under these conditions, total 
indispensable amino acid requirements are readily met, 
reducing the likelihood that modest differences in amino 
acid digestibility or composition translate into meaningful 
functional differences. Moreover, it is important to note that, 
in athletic populations, exercise enhances nitrogen retention 
by improving the efficiency of dietary protein utilization 
[22]. Through adaptations to mechanical tension, metabolic 
stress, and muscle repair signaling, trained individuals retain 
a greater proportion of dietary nitrogen, such that increases 
in training load enhance protein utilization efficiency rather 
than requiring substantially higher absolute protein intakes 
[23, 24].

In older adults, a population particularly vulnerable to 
anabolic resistance and sarcopenia, consuming a variety of 
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plant-based proteins within an isocaloric, isonitrogenous 
vegan diet supports muscle protein synthesis at rates sim-
ilar to those of omnivorous diets [25, 26]. These findings 
suggest that plant proteins can effectively maintain muscle 
mass even in the context of age-related declines in anabolic 
responsiveness. Collectively, this evidence indicates that for 
outcomes such as muscle maintenance and sarcopenia pre-
vention, the total amount and diversity of amino acids con-
sumed may be more important than protein quality scores 
alone [27], demonstrating that proteins traditionally consid-
ered “lower quality” can adequately sustain muscle function 
across the lifespan.

Protein Quality and Health Outcomes: 
Evidence for a Paradox

Historically, protein quality has been defined, operational-
ized, and communicated within scientific, regulatory, and 
dietary contexts, primarily to assess amino acid adequacy in 
relation to physiological requirements. Authoritative bodies, 
including the Food and Agriculture Organization (FAO) and 
World Health Organization (WHO), have addressed protein 

quality within broader nutritional approaches focused on 
growth, maintenance, and functional outcomes, rather than 
as a direct predictor of long-term disease risk [28, 29]. In 
this context, the 2013 FAO report associated protein quality 
with numerous physiological and clinical outcomes, includ-
ing cardiovascular disease, cancer, hypertension, oxidative 
stress, aging, linear growth, cognitive function, immunity, 
and tissue repair, implying that higher-quality proteins con-
fer superior health effects [29]. Within these frameworks, 
plant-derived proteins were often characterized as having 
lower protein quality on the basis of amino acid composi-
tion and digestibility, leading to recommendations focused 
on protein complementation or increased intake to ensure 
adequacy. Although these approaches were not intended to 
evaluate the overall healthfulness of foods or dietary pat-
terns, their framing has contributed to the broader percep-
tion that animal-derived proteins are inherently superior for 
human health, whereas plant-based proteins are nutrition-
ally inadequate unless specifically balanced.

Although animal-based protein sources score higher on 
established protein quality metrics such as DIAAS, they do 
not consistently confer superior health outcomes (Table 1). 
In fact, a recent network meta-analysis of randomized 
controlled trials found that replacing red meat, a protein 
source with a high DIAAS score, with plant-based protein 
sources was associated with favorable changes in several 
cardiovascular risk factors, including total cholesterol and 
low-density lipoprotein cholesterol (LDL-C) [32]. Large 
epidemiologic studies similarly show that isocaloric sub-
stitution of plant-based proteins, particularly legumes and 
nuts, for animal proteins such as red or processed meat is 
linked to lower risks of multiple non-communicable chronic 
diseases and all-cause mortality [33, 37, 38]. For example, 
replacing 3% of energy from animal protein with plant pro-
tein has been associated with reductions of approximately 
10% in all-cause mortality and 11–12% in cardiovascular 
mortality, while substitutions of 5% have been linked to 
greater reductions, reaching 24% for all-cause mortality and 
22% for cardiovascular mortality [39, 40]. Consistent with 
these findings, analyses of the Nurses’ Health Study (NHS), 
NHS II, and Health Professionals Follow-up Study cohorts 
further revealed that a higher plant-to-animal protein ratio, 
which may correspond to a lower average protein quality 
according to conventional metrics, was associated with 
reduced risks of cardiovascular disease and coronary artery 
disease [41].

In light of this evidence, the scientfic report of the 2025 
Dietary Guidelines Advisory Committee of the United 
States has prioritized plant-based proteins, especially 
legumes, over animal-based sources such as meat, poultry, 
and eggs [42, 43]. These findings challenge the traditional 
assumption that higher protein quality, as defined by amino 

Table 1  Comparison of protein quality (DIAAS) with health outcomes 
across protein sources
Source Protein 

quality 
(DIAAS)

Surrogate markers
(RCT evidence)

All-cause mor-
tality (Epidemi-
ologic evidence)

Red meat 111 [30]
vs. legumes 83–103 

[6, 31]
↓ total cholesterol 
and low-density 
lipoprotein cho-
lesterol [32]

0.97 (0.92–1.03) 
[33]

vs. nuts 83 [34] 0.93 (0.91–0.95) 
[33]

vs. whole grains 68 [6] 0.96 (0.95–0.98) 
[33]

Dairy 123 [35]
vs. nuts/legumes 83–103 

[6, 31, 
34]

↓ low-density 
lipoprotein cho-
lesterol, and blood 
pressure [36]

0.96 (0.94–0.99) 
[33]

vs. nuts 83 [34] 0.94 (0.91–0.97) 
[33]

vs. whole grains 68 [6] 0.91 (0.85–0.97) 
[36]

Eggs 111 [6] ↓ low-density 
lipoprotein 
cholesterol, and 
high-density lipo-
protein choles-
terol [74, 75]

vs. legumes 83–103 
[6, 31]

0.85 (0.82–0.89) 
[33]

vs. nuts 83 [34] 0.90 (0.89–0.91) 
[33]

Protein quality data are expressed as mean individual DIAAS values. 
Representative DIAAS values correspond to the following foods: red 
meat (beef and pork), legumes (soy, beans, and peas), nuts (pista-
chios), and whole grains (oats). All-cause mortality is reported as 
summary hazard ratios (HRs) with 95% confidence intervals, derived 
from substitution meta-analyses examining the replacement of ani-
mal-based foods with plant-based foods
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with potentially adverse effects [54, 55], higher intake of 
plant-based protein sources is consistently associated with 
favorable health outcomes [33, 56]. This apparent contradic-
tion likely reflects the broader dietary context. Plant-based 
protein sources are typically consumed alongside fiber and 
other bioactive compounds that modulate microbial activ-
ity and promote host health [57, 58]. Notably, adjustments 
for dietary fiber intake in recent large cohort studies did 
not alter the beneficial associations of plant-based protein 
sources with health outcomes, suggesting that these benefits 
extend beyond those attributable to fiber alone [59, 60].

Plant-based protein sources promote the growth of Lacto-
bacillus and Bifidobacterium and are associated with higher 
alpha diversity and enrichment of beneficial taxa such as 
Bacteroidetes, Prevotella, and Roseburia, a butyrate pro-
ducer essential for gut health [61, 62]. In contrast, long-term 
consumption of animal-protein-rich diets has been linked to 
an increased abundance of Alistipes and Bacteroides and a 
reduction in Roseburia [61]. Moreover, certain components 
of animal-based protein sources, such as choline in red 
meat, can be metabolized by the microbiota into TMAO, 
which is associated with adverse health effects [63]. These 
findings highlight the important role of the gut microbiota in 
modulating the health effects of dietary protein and under-
score the need for future studies to clarify these complex 
interactions.

Protein Quality in Context

Given that total protein intake in Western populations gen-
erally exceeds established physiological requirements, an 
emphasis on protein quality alone may be misplaced, and 
greater attention may be warranted on the overall quality of 
dietary patterns. The estimated average requirement (EAR) 
for protein is 0.66 g per kilogram per day, while the recom-
mended daily allowance (RDA) is 0.8 g per kilogram per 
day [64, 65]. Even among individuals consuming entirely 
plant-based diets, such as the EPIC Oxford cohort who 
averaged 0.99 g per kilogram per day, they surpassed the 
recommended intake by approximately 24% [8]. At this 
intake level, meeting the FAO WHO UNU requirement 
for total indispensable amino acids (0.184 g per kilogram 
per day) equates to roughly 19% of total protein [19]. This 
requirement can be met by the intrinsic amino acid compo-
sition of common plant foods, which contain an average of 
26% indispensable amino acids, with relatively little varia-
tion across staples such as oats, wheat, rice, peas, corn and 
potatoes [66], a proportion that exceeds the reduced indis-
pensable amino acid requirement at typical intake levels 
[67]. Consistent with this, a meta analysis of nitrogen bal-
ance studies reported no significant differences in protein 

acid composition and digestibility, automatically translates 
into better health outcomes. They suggest that the context 
in which protein is consumed, including the broader dietary 
pattern or the food matrix, plays a crucial role in modulating 
health effects. These observations support a more nuanced, 
holistic framework for evaluating dietary protein within the 
context of overall health.

Beyond Protein: The Role of the Food Matrix 
in Health Outcomes

Resolving this apparent paradox requires acknowledging a 
fundamental principle of nutritional science: food compo-
nents do not act in isolation, and the health effects of diets 
rich in plant-based foods reflect a dual influence [43]. First, 
such diets avoid potentially harmful components commonly 
found in animal-based matrices, including saturated fat, 
cholesterol and heme iron [44–46]. Higher intakes of satu-
rated fat have been linked to activation of proinflammatory 
pathways such as interleukin-1 (IL-1), interleukin-6 (IL-6) 
and tumor necrosis factor-alpha (TNF-α) and are associ-
ated with elevated C reactive protein concentrations [47]. In 
addition, animal based diets tend to produce higher circulat-
ing concentrations of trimethylamine N-oxide (TMAO) due 
to gut microbial metabolism of carnitine and choline, com-
pounds primarily found in animal products, with evidence 
linking TMAO to cardiovascular disease and low-grade sys-
temic inflammation [48, 49]. Second, they provide benefi-
cial compounds inherent to plant foods, such as dietary fiber 
and bioactive compounds including phytochemicals and 
antioxidants [17, 50]. These compounds have been shown 
to reduce oxidative stress, modulate inflammatory path-
ways and improve endothelial function, contributing to the 
more favourable inflammatory and cardiometabolic profiles 
observed in plant-based dietary patterns [51, 52].

This reflects a conceptual mismatch in which a single-
factor metric, such as when DIAAS is used to predict a 
complex, multifactorial outcome like overall health [53]. 
For chronic disease prevention, focusing on a high-quality 
dietary patterns, rich in whole plant-based foods is more 
informative than concentrating solely on protein quality.

The Gut-Protein-Health axis

The effects of dietary protein on human health are influ-
enced not only by amino acid composition and digestibility 
but also by interactions with the gut microbiota. Plant-based 
protein sources are generally less digestible than animal-
based protein sources, resulting in a greater proportion 
reaching the colon and undergoing microbial fermentation. 
Although protein fermentation can produce metabolites 
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⚬ This perspective article argues for a broader, pub-
lic health–oriented definition of protein quality that 
extends beyond amino acid adequacy to incorpo-
rate long-term health outcomes and dietary pattern 
context.

	● Glenn, A.J.; Wang, F.; Tessier, A.-J.; et al. Dietary Plant-
to-Animal Protein Ratio and Risk of Cardiovascular 
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nal of Clinical Nutrition 2024, 120, 1373–1386, doi:​h​t​t​p​​
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⚬ This large prospective cohort analysis links higher 
plant-to-animal protein ratios to lower cardiovascu-
lar disease risk, supporting the relevance of protein 
source and dietary patterns over amino acid–based 
quality scores alone.
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requirements among diets dominated by plant protein, ani-
mal protein or mixed protein sources, indicating that over-
all protein intake rather than protein quality is the primary 
determinant of adequacy in healthy adults [68]. Within this 
context, modest differences in protein quality indices have 
limited nutritional relevance for most individuals in West-
ern settings. Previous studies have suggested that protein 
quality metrics such as DIAAS are most relevant in con-
texts of protein energy malnutrition and food insecurity, and 
that in developed nations, emphasis on protein quality may 
shift attention away from more impactful dietary priorities 
including fibre intake and overall dietary pattern quality, 
which are likely to exert far greater influence on long term 
health outcomes [53].

Conclusions

Although animal-based protein sources generally score 
higher on established protein quality metrics, available evi-
dence indicates that plant-based protein sources can support 
comparable functional outcomes and favorable long-term 
health profiles when consumed within appropriate dietary 
contexts. Protein quality captures an important but limited 
aspect of nutritional adequacy and should not be interpreted 
as a proxy for the overall healthfulness of foods or dietary 
patterns. In populations with adequate protein intake, mod-
est differences in protein digestibility or amino acid scoring 
are therefore unlikely to translate into meaningful differ-
ences in long-term health outcomes, underscoring the need 
to evaluate dietary protein within whole dietary patterns 
rather than in isolation.

Key References

	● Craddock, J.C.; Genoni, A.; Strutt, E.F.; et al. Limita-
tions with the Digestible Indispensable Amino Acid 
Score (DIAAS) with Special Attention to Plant-Based 
Diets: A Review. Current Nutrition Reports 2021, 10, 
93–98, doi:​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​3​6​6​8​-​0​2​0​-​0​0​3​4​
8​-​8.

⚬ This review critically examines the methodologi-
cal limitations of DIAAS, including the use of a 
single nitrogen-to-protein conversion factor and re-
liance on animal models, and discusses how these 
factors may bias the evaluation of plant-based pro-
tein sources.

1 3

Page 5 of 8     35 

https://doi.org/10.1093/advances/nmz023
https://doi.org/10.1093/advances/nmz023
https://doi.org/10.1016/j.ajcnut.2024.09.006
https://doi.org/10.1016/j.ajcnut.2024.09.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/S13668-020-00348-8
https://doi.org/10.1007/S13668-020-00348-8


Current Nutrition Reports           (2026) 15:35 

Adv Nutr. 2019;10:755–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​A​D​​V​A​N​C​E​S​
/​N​M​Z​0​2​3.

18.	 López-Moreno M, Rossi EV, López-Gil JF, et al. Are plant-Based 
diets detrimental to muscular strength? A systematic review and 
meta-analysis of randomized controlled trials. Sports Med Open. 
2025;11:62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​4​​0​7​9​8​-​0​2​5​-​0​0​8​5​2​-​7.

19.	 Rand WM, Pellett PL, Young VR. Meta-analysis of nitrogen bal-
ance studies for estimating protein requirements in healthy adults. 
Am J Clin Nutr. 2003;77:109–27. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​A​J​​C​N​/​
7​7​.​1​.​1​0​9.

20.	 Butterfield GE. Whole-body protein utilization in humans. Med 
Sci Sports Exerc. 1987;19:S157–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​4​9​​/​0​0​​0​
0​5​​7​6​8​​-​1​9​8​​7​1​​0​0​0​1​-​0​0​0​1​0.

21.	 Campbell WW, Crim MC, Young VR, et al. Effects of resistance 
training and dietary protein intake on protein metabolism in 
older adults. American Journal of Physiology-Endocrinology and 
Metabolism. 1995;268(6):E1143. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​A​J​​P​E​N​​
D​O​.​​1​9​9​5​​.​2​​6​8​.​6​.​E​1​1​4​3.

22.	 Monteyne AJ, Dunlop MV, Machin DJ, et al. A mycoprotein-
based high-protein vegan diet supports equivalent daily myofi-
brillar protein synthesis rates compared with an isonitrogenous 
omnivorous diet in older adults: a randomised controlled trial. Br 
J Nutr. 2021;126:674–84.

23.	 Domić J, Pinckaers PJM, Grootswagers P, et al. A well-Balanced 
vegan diet does not compromise daily mixed muscle protein syn-
thesis rates when compared with an omnivorous diet in active 
older adults: a randomized controlled cross-over trial. J Nutr. 
2025;155:1141–50. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​j​n​u​t​.​2​0​2​4​.​1​2​.​0​1​9.

24.	 Arentson-Lantz EJ, Von Ruff Z, Connolly G, et al. Meals con-
taining equivalent total protein from foods providing complete, 
complementary, or incomplete essential amino acid profiles do 
not differentially affect 24-h skeletal muscle protein synthesis in 
healthy, middle-aged women. J Nutr. 2024;154:3626–38. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​j​n​u​t​.​2​0​2​4​.​1​0​.​0​1​0.

25.	 Food and Agriculture Organization of the United Nations & 
World Health Organization. 1991. Protein quality evaluation: 
Report of the Joint FAO/WHO Expert Consultation (FAO Food 
and Nutrition Paper No. 51).

26.	 Food and Agriculture Organization of the United Nations. 2013. 
Dietary protein quality evaluation in human nutrition: Report of 
an FAO expert consultation.

27.	 López-Moreno M, López-Gil JF, Bravo-Sánchez A, et al. Effect 
of red meat consumption on cardiovascular risk factors: a system-
atic review and Bayesian network meta-analysis of randomized 
controlled trials. Clin Nutr. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​
0​2​5​.​0​9​.​0​0​1.

28.	 Neuenschwander M, Stadelmaier J, Eble J, et al. Substitution of 
animal-based with plant-based foods on cardiometabolic health 
and all-cause mortality: a systematic review and meta-analysis of 
prospective studies. BMC Med. 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​S​1​​
2​9​1​6​-​0​2​3​-​0​3​0​9​3​-​1.

29.	 Al-Shaar L, Satija A, Wang DD, et al. Red meat intake and risk of 
coronary heart disease among US men: prospective cohort study. 
BMJ. 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​b​m​​j​.​m​4​1​4​1.

30.	 Cai H, Qin X, Lai M, et al. Processing of Dairy Products Can 
Affect the Digestible Indispensable Amino Acid Score (DIAAS): 
An In Vivo Study in Bama Minipigs. J Nutr. 2025;155:2195–204. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​j​n​u​t​.​2​0​2​5​.​0​5​.​0​0​6.

31.	 Kiesswetter E, Neuenschwander M, Stadelmaier J, et al. Substi-
tution of Dairy Products and Risk of Death and Cardiometabolic 
Diseases: A Systematic Review and Meta-Analysis of Prospec-
tive Studies. Curr Dev Nutr. 2024;8:102159. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​c​d​n​u​t​.​2​0​2​4​.​1​0​2​1​5​9.

32.	 Lee YQ, Chia A, Whitton C, et al. Isocaloric substitution of 
plant-Based protein for animal-Based protein and cardiometa-
bolic risk factors in a multiethnic Asian population. J Nutr. 

References

1.	 Adhikari S, Schop M, de Boer IJM, et al. Protein quality in per-
spective: a review of protein quality metrics and their applica-
tions. Nutrients. 2022;14:947. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​N​U​​1​4​0​5​0​
9​4​7.

2.	 Boye J, Wijesinha-Bettoni R, Burlingame B. Protein qual-
ity evaluation twenty years after the introduction of the pro-
tein digestibility corrected amino acid score method. Br J Nutr. 
2012;108:S183–211. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​1​2​0​0​2​3​0​
9.

3.	 Schaafsma G. Advantages and limitations of the protein digest-
ibility-corrected amino acid score (PDCAAS) as a method for 
evaluating protein quality in human diets. Br J Nutr. 2012. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​1​2​0​0​2​5​4​1.

4.	 Cong Y, Zhang R. Applications and challenges of protein quality 
assessment in food. Int J Biology Life Sci. 2024;8:68–74. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​5​​4​0​9​​7​/​8​​8​M​M​3​G​2​8.

5.	 Lee WTK, Weisell R, Albert J, et al. Research approaches and 
methods for evaluating the protein quality of human foods 
proposed by an FAO expert working group in 2014. J Nutr. 
2016;146:929–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​J​N​​.​1​1​5​.​2​2​2​1​0​9.

6.	 Herreman L, Nommensen P, Pennings B, et al. Comprehensive 
overview of the quality of plant- and animal-sourced proteins 
based on the digestible indispensable amino acid score. Food Sci 
Nutr. 2020;8:5379–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​F​S​​N​3​.​1​8​0​9.

7.	 López-Moreno M, Kraselnik A. The impact of plant-based pro-
teins on muscle mass and strength performance: a comprehensive 
review. Curr Nutr Rep. 2025;14:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​
3​6​6​8​-​0​2​5​-​0​0​6​2​8​-​1.

8.	 Craddock JC, Genoni A, Strutt EF, et al. Limitations with the 
Digestible Indispensable Amino Acid Score (DIAAS) with 
special attention to plant-based diets: a review. Curr Nutr Rep. 
2021;10:93–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​3​6​6​8​-​0​2​0​-​0​0​3​4​8​-​8.

9.	 Mariotti F, Tomé D, Mirand PP. Converting nitrogen into pro-
tein–beyond 6.25 and Jones’ factors. Crit Rev Food Sci Nutr. 
2008;48:177–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​0​​4​0​8​3​9​0​7​0​1​2​7​9​7​4​9.

10.	 Wolfe RR, Rutherfurd SM, Kim IY, et al. Protein quality as 
determined by the Digestible Indispensable Amino Acid Score: 
evaluation of factors underlying the calculation. Nutr Rev. 
2016;74:584–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​N​U​​T​R​I​T​/​N​U​W​0​2​2.

11.	 Rowan AM, Moughan PJ, Wilson MN, et al. Comparison of 
the ileal and faecal digestibility of dietary amino acids in adult 
humans and evaluation of the pig as a model animal for digestion 
studies in man. Br J Nutr. 1994;71:29–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​9​​
/​B​J​​N​1​9​9​4​0​1​0​8.

12.	 Deglaire A, Bos C, Tomé D, et al. Ileal digestibility of dietary 
protein in the growing pig and adult human. Br J Nutr. 
2009;102:1752–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​0​9​9​9​1​2​6​7.

13.	 Burd NA, Beals JW, Martinez IG, et al. Food-First Approach to 
Enhance the Regulation of Post-exercise Skeletal Muscle Protein 
Synthesis and Remodeling. Sports Med. 2019;49:59–68. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​4​​0​2​7​9​-​0​1​8​-​1​0​0​9​-​Y.

14.	 Mariotti F, Gardner CD. Dietary Protein and Amino Acids in Veg-
etarian Diets—A Review. Nutrients. 2019;11:2661. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​N​U​​1​1​1​1​2​6​6​1.

15.	 Derbyshire EJ. Flexitarian Diets and Health: A Review of the 
Evidence-Based Literature. Front Nutr. 2017;3:55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​8​9​​/​F​N​​U​T​.​2​0​1​6​.​0​0​0​5​5.

16.	 Hartmann C, Siegrist M. Consumer perception and behaviour 
regarding sustainable protein consumption: A systematic review. 
Trends Food Sci Technol. 2017;61:11–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​J​.​​T​I​F​S​.​2​0​1​6​.​1​2​.​0​0​6.

17.	 Katz DL, Doughty KN, Geagan K, et al. Perspective: The Public 
Health Case for Modernizing the Definition of Protein Quality. 

1 3

   35   Page 6 of 8

https://doi.org/10.1093/ADVANCES/NMZ023
https://doi.org/10.1093/ADVANCES/NMZ023
https://doi.org/10.1186/s40798-025-00852-7
https://doi.org/10.1093/AJCN/77.1.109
https://doi.org/10.1093/AJCN/77.1.109
https://doi.org/10.1249/00005768-198710001-00010
https://doi.org/10.1249/00005768-198710001-00010
https://doi.org/10.1152/AJPENDO.1995.268.6.E1143
https://doi.org/10.1152/AJPENDO.1995.268.6.E1143
https://doi.org/10.1016/j.tjnut.2024.12.019
https://doi.org/10.1016/j.tjnut.2024.10.010
https://doi.org/10.1016/j.tjnut.2024.10.010
https://doi.org/10.1016/j.clnu.2025.09.001
https://doi.org/10.1016/j.clnu.2025.09.001
https://doi.org/10.1186/S12916-023-03093-1
https://doi.org/10.1186/S12916-023-03093-1
https://doi.org/10.1136/bmj.m4141
https://doi.org/10.1016/j.tjnut.2025.05.006
https://doi.org/10.1016/j.tjnut.2025.05.006
https://doi.org/10.1016/j.cdnut.2024.102159
https://doi.org/10.1016/j.cdnut.2024.102159
https://doi.org/10.3390/NU14050947
https://doi.org/10.3390/NU14050947
https://doi.org/10.1017/S0007114512002309
https://doi.org/10.1017/S0007114512002309
https://doi.org/10.1017/S0007114512002541
https://doi.org/10.1017/S0007114512002541
https://doi.org/10.54097/88MM3G28
https://doi.org/10.54097/88MM3G28
https://doi.org/10.3945/JN.115.222109
https://doi.org/10.1002/FSN3.1809
https://doi.org/10.1007/S13668-025-00628-1
https://doi.org/10.1007/S13668-025-00628-1
https://doi.org/10.1007/S13668-020-00348-8
https://doi.org/10.1080/10408390701279749
https://doi.org/10.1093/NUTRIT/NUW022
https://doi.org/10.1079/BJN19940108
https://doi.org/10.1079/BJN19940108
https://doi.org/10.1017/S0007114509991267
https://doi.org/10.1007/S40279-018-1009-Y
https://doi.org/10.1007/S40279-018-1009-Y
https://doi.org/10.3390/NU11112661
https://doi.org/10.3390/NU11112661
https://doi.org/10.3389/FNUT.2016.00055
https://doi.org/10.3389/FNUT.2016.00055
https://doi.org/10.1016/J.TIFS.2016.12.006
https://doi.org/10.1016/J.TIFS.2016.12.006


Current Nutrition Reports           (2026) 15:35 

47.	 Richter CK, Skulas-Ray AC, Champagne CM, et al. Plant Protein 
and Animal Proteins: Do They Differentially Affect Cardiovascu-
lar Disease Risk? Adv Nutr. 2015;6:712–28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​
4​5​​/​A​N​​.​1​1​5​.​0​0​9​6​5​4.

48.	 Fresán U, Sabaté J. Vegetarian Diets: Planetary Health and Its 
Alignment with Human Health. Adv Nutr. 2019;10:S380–8. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​A​D​​V​A​N​C​E​S​/​N​M​Z​0​1​9.

49.	 Craddock JC, Neale EP, Peoples GE, et al. Plant-based eating pat-
terns and endurance performance: A focus on inflammation, oxi-
dative stress and immune responses. Nutr Bull. 2020;45:123–32. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​N​B​​U​.​1​2​4​2​7.

50.	 Szeto YT, Kwok TCY, Benzie IFF. Effects of a long-term vegetar-
ian diet on biomarkers of antioxidant status and cardiovascular 
disease risk. Nutrition. 2004;20:863–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​
.​​N​U​T​.​2​0​0​4​.​0​6​.​0​0​6.

51.	 Russell WR, Gratz SW, Duncan SH, et al. High-protein, 
reduced-carbohydrate weight-loss diets promote metabolite pro-
files likely to be detrimental to colonic health. Am J Clin Nutr. 
2011;93:1062–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​1​1​0​.​0​0​2​1​8​8.

52.	 Beaumont M, Portune KJ, Steuer N, et al. Quantity and source 
of dietary protein influence metabolite production by gut micro-
biota and rectal mucosa gene expression: a randomized, paral-
lel, double-blind trial in overweight humans1. Am J Clin Nutr. 
2017;106:1005–19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​1​1​7​.​1​5​8​8​1​6.

53.	 Song M, Fung TT, Hu FB, et al. Animal and plant protein intake 
and all-cause and cause-specific mortality: results from two pro-
spective US cohort studies. JAMA Intern Med. 2016;176:1453. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​J​A​​M​A​I​​N​T​E​​R​N​M​E​​D​.​​2​0​1​6​.​4​1​8​2.

54.	 Chen Z, Glisic M, Song M, et al. Dietary protein intake and all-
cause and cause-specific mortality: results from the Rotterdam 
Study and a meta-analysis of prospective cohort studies. Eur J 
Epidemiol. 2020;35:411–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​0​6​5​4​-​0​2​
0​-​0​0​6​0​7​-​6.

55.	 Nemzer BV, Al-Taher F, Kalita D, et al. Health-Improving Effects 
of Polyphenols on the Human Intestinal Microbiota: A Review. 
Int J Mol Sci. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​6​0​3​1​3​3​5.

56.	 Cheng B, Feng H, Li C, et al. The mutual effect of dietary fiber 
and polyphenol on gut microbiota: implications for the metabolic 
and microbial modulation and associated health benefits. Carbo-
hydr Polym. 2025;358:123541. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​r​​b​p​o​​l​.​
2​0​​2​5​​.​1​2​3​5​4​1.

57.	 Budhathoki S, Sawada N, Iwasaki M, et al. Association of animal 
and plant protein intake with all-cause and cause-specific mortal-
ity in a Japanese Cohort. JAMA Intern Med. 2019;179:1509–18. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​j​a​​m​a​i​​n​t​e​​r​n​m​e​​d​.​​2​0​1​9​.​2​8​0​6.

58.	 Farahbod K, Slouha E, Gerts A, et al. The effects of diet interven-
tion on the gut microbiota in type 2 diabetes mellitus: a system-
atic review. Cureus. 2024;16:e56737. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​7​5​9​​/​c​u​​r​
e​u​s​.​5​6​7​3​7.

59.	 Dominika Ś, Arjan N, Karyn RP, et al. The study on the impact 
of glycated pea proteins on human intestinal bacteria. Int J Food 
Microbiol. 2011;145:267–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​j​f​​o​o​d​​m​i​c​
r​​o​.​​2​0​1​1​.​0​1​.​0​0​2.

60.	 Arias N, Arboleya S, Allison J, et al. The Relationship between 
Choline Bioavailability from Diet, Intestinal Microbiota Compo-
sition, and Its Modulation of Human Diseases. Nutrients. 2020. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​2​0​8​2​3​4​0.

61.	 Trumbo P, Schlicker S, Yates AA, et al. Dietary reference intakes 
for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, pro-
tein and amino acids. J Am Diet Assoc. 2002;102:1621–30. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​0​2​-​8​2​2​3​(​0​2​)​9​0​3​4​6​-​9.

62.	 Scientific Opinion on Dietary Reference Values for protein. EFSA 
J. 2012;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​9​0​3​​/​J​.​​E​F​S​A​.​2​0​1​2​.​2​5​5​7.

63.	 Sobiecki JG, Appleby PN, Bradbury KE, et al. High compli-
ance with dietary recommendations in a cohort of meat eaters, 
fish eaters, vegetarians, and vegans: results from the European 

2023;153:1555–66. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​T​J​N​U​T​.​2​0​2​3​.​0​3​.​0​2​
4.

33.	 Huang J, Liao LM, Weinstein SJ, et al. Association between plant 
and animal protein intake and overall and cause-specific mortal-
ity. JAMA Intern Med. 2020;180:1173–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
1​​/​J​A​​M​A​I​​N​T​E​​R​N​M​E​​D​.​​2​0​2​0​.​2​7​9​0.

34.	 Erlich MN, Ghidanac D, Blanco Mejia S, et al. A systematic 
review and meta-analysis of randomized trials of substituting 
soymilk for cow’s milk and intermediate cardiometabolic out-
comes: understanding the impact of dairy alternatives in the tran-
sition to plant-based diets on cardiometabolic health. BMC Med. 
2024;22(1):1–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​S​1​​2​9​1​6​-​0​2​4​-​0​3​5​2​4​-​7.

35.	 Missimer A, Fernandez ML, DiMarco DM, et al. Compared to an 
Oatmeal Breakfast, Two Eggs/Day Increased Plasma Carotenoids 
and Choline without Increasing Trimethyl Amine N-Oxide Con-
centrations. J Am Coll Nutr. 2018;37:140–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
8​0​​/​0​7​​3​1​5​​7​2​4​​.​2​0​1​​7​.​​1​3​6​5​0​2​6.

36.	 Maki KC, Palacios OM, Kramer MW, et al. Effects of substituting 
eggs for high-carbohydrate breakfast foods on the cardiometa-
bolic risk-factor profile in adults at risk for type 2 diabetes mel-
litus. Eur J Clin Nutr. 2020;74:784–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​
1​4​3​0​-​0​2​0​-​0​5​9​9​-​2.

37.	 Sun Y, Liu B, Snetselaar LG, et al. Association of major dietary 
protein sources with all-cause and cause-specific mortality: pro-
spective cohort study. J Am Heart Assoc. 2021;10:1–24. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​6​1​​/​J​A​​H​A​.​1​1​9​.​0​1​5​5​5​3.

38.	 Glenn AJ, Wang F, Tessier A-J, et al. Dietary plant-to-animal 
protein ratio and risk of cardiovascular disease in 3 prospective 
cohorts. Am J Clin Nutr. 2024;120:1373–86. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​a​j​c​n​u​t​.​2​0​2​4​.​0​9​.​0​0​6.

39.	 2025 Dietary Guidelines Advisory Committee. 2024. Scientific 
Report of the 2025 Dietary Guidelines Advisory Committee: 
Advisory Report to the Secretary of Health and Human Services 
and Secretary of Agriculture. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​2​5​7​​0​/​D​​G​A​C​2​0​2​
5

40.	 Aguilera JM. The food matrix: implications in processing, nutri-
tion and health. Crit Rev Food Sci Nutr. 2019;59:3612–29. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​0​​4​0​8​​3​9​8​​.​2​0​1​​8​.​​1​5​0​2​7​4​3.

41.	 Hooper L, Martin N, Jimoh OF, et al. Reduction in saturated fat 
intake for cardiovascular disease. Cochrane Database Syst Rev. 
2020;5:CD011737. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​1​4​​6​5​1​​8​5​8​​.​C​D​0​​1​1​​7​3​7​
.​p​u​b​2.

42.	 Aglago EK, Cross AJ, Riboli E, et al. Dietary intake of total, heme 
and non-heme iron and the risk of colorectal cancer in a European 
prospective cohort study. Br J Cancer. 2023;128:1529–40. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​1​6​-​0​2​3​-​0​2​1​6​4​-​7.

43.	 Sasso A, Latella G. Role of heme iron in the association between 
red meat consumption and colorectal cancer. Nutr Cancer. 
2018;70:1173–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​1​​6​3​5​​5​8​1​​.​2​0​1​​8​.​​1​5​2​1​4​
4​1.

44.	 Rocha DM, Bressan J, Hermsdorff HH. The role of dietary fatty 
acid intake in inflammatory gene expression: a critical review: 
O papel da ingestão dos ácidos graxos da dieta na expressão 
de genes inflamatórios: uma revisão crítica. Sao Paulo Med J. 
2017;135:157. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​1​5​​1​6​-​​3​1​8​​0​.​2​0​​1​6​​.​0​0​8​6​0​7​0​
7​2​0​1​6.

45.	 Wang M, Wang Z, Lee Y, et al. Dietary Meat, Trimethylamine 
N-Oxide-Related Metabolites, and Incident Cardiovascular Dis-
ease Among Older Adults: The Cardiovascular Health Study. 
Arterioscler Thromb Vasc Biol. 2022;42:E273–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​6​1​​/​A​T​​V​B​A​​H​A​.​​1​2​1​.​​3​1​​6​5​3​​3​/​S​U​​P​P​L​​_​F​I​​L​E​/​​S​U​P​​P​_​P​O​​S​T​​
A​C​C​​E​P​T​_​​C​O​M​​B​I​N​​E​D​_​V​2​_​1​6​5​3​3​-​T​.​P​D​F.

46.	 Yang JJ, Shu XO, Herrington DM, et al. Circulating trimeth-
ylamine N-oxide in association with diet and cardiometabolic 
biomarkers: an international pooled analysis. Am J Clin Nutr. 
2021;113:1145. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​A​J​​C​N​/​N​Q​A​A​4​3​0.

1 3

Page 7 of 8     35 

https://doi.org/10.3945/AN.115.009654
https://doi.org/10.3945/AN.115.009654
https://doi.org/10.1093/ADVANCES/NMZ019
https://doi.org/10.1093/ADVANCES/NMZ019
https://doi.org/10.1111/NBU.12427
https://doi.org/10.1111/NBU.12427
https://doi.org/10.1016/J.NUT.2004.06.006
https://doi.org/10.1016/J.NUT.2004.06.006
https://doi.org/10.3945/ajcn.110.002188
https://doi.org/10.3945/ajcn.117.158816
https://doi.org/10.1001/JAMAINTERNMED.2016.4182
https://doi.org/10.1001/JAMAINTERNMED.2016.4182
https://doi.org/10.1007/S10654-020-00607-6
https://doi.org/10.1007/S10654-020-00607-6
https://doi.org/10.3390/ijms26031335
https://doi.org/10.1016/j.carbpol.2025.123541
https://doi.org/10.1016/j.carbpol.2025.123541
https://doi.org/10.1001/jamainternmed.2019.2806
https://doi.org/10.1001/jamainternmed.2019.2806
https://doi.org/10.7759/cureus.56737
https://doi.org/10.7759/cureus.56737
https://doi.org/10.1016/j.ijfoodmicro.2011.01.002
https://doi.org/10.1016/j.ijfoodmicro.2011.01.002
https://doi.org/10.3390/nu12082340
https://doi.org/10.3390/nu12082340
https://doi.org/10.1016/S0002-8223(02)90346-9
https://doi.org/10.1016/S0002-8223(02)90346-9
https://doi.org/10.2903/J.EFSA.2012.2557
https://doi.org/10.1016/J.TJNUT.2023.03.024
https://doi.org/10.1016/J.TJNUT.2023.03.024
https://doi.org/10.1001/JAMAINTERNMED.2020.2790
https://doi.org/10.1001/JAMAINTERNMED.2020.2790
https://doi.org/10.1186/S12916-024-03524-7
https://doi.org/10.1080/07315724.2017.1365026
https://doi.org/10.1080/07315724.2017.1365026
https://doi.org/10.1038/s41430-020-0599-2
https://doi.org/10.1038/s41430-020-0599-2
https://doi.org/10.1161/JAHA.119.015553
https://doi.org/10.1161/JAHA.119.015553
https://doi.org/10.1016/j.ajcnut.2024.09.006
https://doi.org/10.1016/j.ajcnut.2024.09.006
https://doi.org/10.52570/DGAC2025
https://doi.org/10.52570/DGAC2025
https://doi.org/10.1080/10408398.2018.1502743
https://doi.org/10.1080/10408398.2018.1502743
https://doi.org/10.1002/14651858.CD011737.pub2
https://doi.org/10.1002/14651858.CD011737.pub2
https://doi.org/10.1038/s41416-023-02164-7
https://doi.org/10.1038/s41416-023-02164-7
https://doi.org/10.1080/01635581.2018.1521441
https://doi.org/10.1080/01635581.2018.1521441
https://doi.org/10.1590/1516-3180.2016.008607072016
https://doi.org/10.1590/1516-3180.2016.008607072016
https://doi.org/10.1161/ATVBAHA.121.316533/SUPPL_FILE/SUPP_POSTACCEPT_COMBINED_V2_16533-T.PDF
https://doi.org/10.1161/ATVBAHA.121.316533/SUPPL_FILE/SUPP_POSTACCEPT_COMBINED_V2_16533-T.PDF
https://doi.org/10.1161/ATVBAHA.121.316533/SUPPL_FILE/SUPP_POSTACCEPT_COMBINED_V2_16533-T.PDF
https://doi.org/10.1093/AJCN/NQAA430


Current Nutrition Reports           (2026) 15:35 

burgers than in plant-based burgers if determined in pigs. Eur J 
Nutr. 2022;61:461–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​3​9​4​-​0​2​1​-​0​2​6​5​
8​-​1.

67.	 Moughan PJ, Lim WXJ. Digestible indispensable amino acid 
score (DIAAS): 10 years on. Front Nutr. 2024;11:1389719. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​F​N​​U​T​.​​2​0​2​​4​.​1​3​​8​9​​7​1​9​/​B​I​B​T​E​X.

68.	 Bailey HM, Stein HH. Raw and roasted pistachio nuts (Pistacia 
vera L.) are ‘good’ sources of protein based on their digestible 
indispensable amino acid score as determined in pigs. J Sci Food 
Agric. 2020;100:3878–85. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​0​2​/​​j​​s​f​a​.​1​0​4​2​9.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Prospective Investigation into Cancer and Nutrition–Oxford 
study. Nutr Res. 2016;36:464–77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​N​U​T​
R​E​S​.​2​0​1​5​.​1​2​.​0​1​6.

64.	 Protein and amino acid requirements in human nutrition: report of 
a joint FAO/WHO/UNU expert consultation. Accessed December 
9, 2025. ​h​t​t​p​​s​:​/​​/​i​r​i​​s​.​​w​h​o​​.​i​n​t​​/​i​t​​e​m​s​​/​7​8​​c​0​3​​0​9​2​-​​b​c​​c​2​-​​4​0​f​5​​-​9​0​​d​1​-​​6​0​6​
4​1​e​c​d​f​6​e​a

65.	 Gorissen SHM, Crombag JJR, Senden JMG, et al. Protein con-
tent and amino acid composition of commercially available plant-
based protein isolates. Amino Acids. 2018;50:1685. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​7​​/​S​0​​0​7​2​6​-​0​1​8​-​2​6​4​0​-​5.

66.	 Fanelli NS, Bailey HM, Thompson TW, et al. Digestible indis-
pensable amino acid score (DIAAS) is greater in animal-based 

1 3

   35   Page 8 of 8

https://doi.org/10.1007/s00394-021-02658-1
https://doi.org/10.1007/s00394-021-02658-1
https://doi.org/10.3389/FNUT.2024.1389719/BIBTEX
https://doi.org/10.3389/FNUT.2024.1389719/BIBTEX
https://doi.org/10.1002/jsfa.10429
https://doi.org/10.1016/J.NUTRES.2015.12.016
https://doi.org/10.1016/J.NUTRES.2015.12.016
https://iris.who.int/items/78c03092-bcc2-40f5-90d1-60641ecdf6ea
https://iris.who.int/items/78c03092-bcc2-40f5-90d1-60641ecdf6ea
https://doi.org/10.1007/S00726-018-2640-5
https://doi.org/10.1007/S00726-018-2640-5

	﻿Protein Paradox: Protein Quality Based on Amino Acids Composition is Poorly Associated with Health Outcomes
	﻿Abstract
	﻿Introduction
	﻿Rethinking Protein Quality: Implications for Muscle Health and Function
	﻿Protein Quality and Health Outcomes: Evidence for a Paradox
	﻿Beyond Protein: The Role of the Food Matrix in Health Outcomes
	﻿The Gut-Protein-Health axis

	﻿Protein Quality in Context
	﻿Conclusions
	﻿Key References
	﻿References


