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Abstract
D-amino acids (D-AAs) are increasingly recognized as measurable components of dietary exposure, arising mainly 
from microbial racemization and food-processing-related conversion. Dairy products, particularly fermented dairy 
foods, provide a useful model for examining this exposure because proteolysis, microbial metabolism and processing 
conditions can reshape enantiomer-resolved amino-acid profiles and enrich selected D-AAs. In this review, we sum-
marize current evidence regarding the occurrence of D-AAs in dairy products, their possible gastrointestinal fate after 
ingestion, and their potential relevance to the gut microbiota. Available studies indicate that dairy-derived D-AAs may 
become more accessible during digestion and may contribute transiently to intestinal luminal D-AA pools. Moreover, 
at least some orally delivered D-AAs can undergo host uptake, systemic distribution and clearance. However, dietary 
D-AAs enter an intestinal environment that already contains substantial microbiota-derived D-AA pools and are sub-
ject to active host regulation. Thus, current evidence does not support the conclusion that dairy-derived D-AAs repro-
ducibly remodel the gut microbiota. Rather, they are better viewed as minor but potentially relevant, context-dependent 
contributors at the diet–microbiota interface. From a nutritional and safety perspective, dairy-derived D-AAs do not 
currently appear to pose major concerns under normal consumption conditions. Future studies should use standardized 
chiral analytical methods and well-controlled human dietary intervention studies to clarify exposure, gastrointestinal 
fate and functional relevance.
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Introduction

L-amino acids are the predominant forms of amino acids in 
biological systems, whereas D-amino acids (D-AAs) have 
traditionally been considered trace or incidental compounds 
of limited physiological relevance (Das et al. 2024; Rosk-
jær et al. 2024). However, this view has gradually changed. 
D-AAs are not merely detectable constituents but biologi-
cally relevant molecules in foods, microorganisms and host 

systems (Ishii and Hamase 2023; Felletti et al. 2024; Hao 
2024). Furthermore, recent studies indicate that D-AAs can 
be generated through several routes, particularly microbial 
racemization and non-enzymatic conversion during food 
processing and storage (Radkov and Moe 2014; Marcone et 
al. 2020; Das et al. 2024; Roskjær et al. 2024). Thus, D-AAs 
are now understood as bioactive molecules, although their 
abundance and functional relevance may differ markedly 
among food matrices, microbial communities and physio-
logical conditions (Das et al. 2024; Roskjær et al. 2024).
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Among foods, dairy products are of particular interest 
because they are widely consumed and represent a broad 
range of dietary matrices. Dairy products include raw, 
heat-treated, fermented and ripened products, in which 
the profiles of D-AAs are substantially different (Brückner 
et al. 1992; Tian et al. 2017; Marcone et al. 2020). Dur-
ing fermentation and ripening, microbial activity and 
proteolysis further modify chiral amino-acid profiles and 
promote the accumulation of selected D-AAs. Moreover, 
comparative chiral profiling studies have shown that milk 
samples from different origins can be differentiated based 
on the D/L amino-acid patterns (Ianni et al. 2015; Tian et 
al. 2017). These findings suggest that dairy products may 
provide a useful model for examining how food matrix, 
processing conditions and microbial activity shape dietary 
D-AA exposure.

Of note, food-derived D-AAs are not the only source of 
D-AAs in physiological systems, and the gut microbiota 
can produce a variety of D-AAs via racemase- or epime-
rase-dependent amino acid metabolism (Matsumoto et al. 
2018; Roskjær et al. 2024; Pollegioni et al. 2025). More-
over, intestinal microbes actively consume, transform 
and exchange amino acids with the host, suggesting that 
dietary D-AAs may interact with microbial amino-acid 
metabolism in the gut (Li et al. 2024; Han et al. 2025). Im-
portantly, D-AAs are also involved in bacterial physiology 
and interspecies interactions, including cell-wall-related 
processes and biofilm-associated responses (Lam et al. 
2009; Kolodkin-Gal et al. 2010; Roskjær et al. 2024; Polle-
gioni et al. 2025). However, whether food-derived D-AAs, 
particularly those derived from dairy products, exert 
measurable effects on the gut microbiota under realistic 
dietary conditions remains unclear.

Thus, in this review, we use dairy products, with par-
ticular emphasis on fermented dairy foods, as a practical 
model to examine dietary D-AA exposure. We summarize 
current evidence regarding the occurrence of D-AAs in 
dairy products, their possible release and handling during 
gastrointestinal digestion, and their potential relevance to 
the gut microbiota. We also discuss dairy-derived D-AAs 
in the context of the substantial pool of microbiota-de-
rived D-AAs already present in the intestinal environ-
ment. The conceptual framework of this review is sum-
marized in Fig. 1, emphasizing that exposure plausibility 
and biological plausibility do not necessarily demonstrate 
reproducible gut microbiota remodeling.

Literature search and review 
approach

This narrative mini-review was based on literature search-
es conducted in PubMed, Web of Science, and Google 
Scholar from database inception through April 2026. 
Search terms included combinations of “D-amino ac-
ids”, “dairy products”, and “gut microbiota”, together with 
closely related terms where appropriate. Primary studies 

and relevant reviews were considered if they addressed 
the occurrence of D-amino acids in dairy products, their 
gastrointestinal handling, or their potential microbial 
and host effects. Studies without chiral discrimination 
or without clear relevance to the scope of this review 
were not emphasized.

Occurrence of D-AAs in dairy 
products

D-AAs in raw and heat-treated milk

Dairy products comprise a wide range of matrices that 
undergo different processing procedures, including heat-
ing, fermentation and ripening. These procedures may 
affect the formation, release and accumulation of D-AAs 
through microbial racemization and processing-relat-
ed chemical conversion, including Maillard reactions 
(Brückner et al. 1992; Kim and Lee 2008; Li et al. 2023; 
Gan et al. 2025). Thus, raw milk provides a useful refer-
ence matrix for evaluating how subsequent processing 
may modify D-AA profiles.

Raw milk was reported to contain individual free 
D-AAs at 0.14–4.32 mg/L, with D/(D + L) ratios gener-
ally around 1–4% (Brückner et al. 1992; Rubio-Barroso 
et al. 2006; Marcone et al. 2020). Moreover, comparative 
analyses of milk from different animal species, including 
cow, goat and sheep, suggest that baseline D/L amino-ac-
id profiles are not identical among milk matrices (Tian et 
al. 2017; Marcone et al. 2020). These observations indi-
cate that raw milk contains low baseline levels of D-AAs. 
Thermal processing, including pasteurization and ul-
tra-high-temperature treatment, can alter protein struc-
ture and amino-acid accessibility. However, routine heat 
treatment appears to have only limited effects on amino 
acid stereochemistry in milk (Petrucelli and Fisher 1994; 
Marcone et al. 2020). For example, when whole and skim 
milk were heated for 10 min by either microwave treat-
ment or a water bath at 80 °C, the additional racemiza-
tion induced by heating was less than 0.25%, with no 
significant difference from the control groups (Petrucelli 
and Fisher 1994). Thus, under ordinary dairy-processing 
conditions, heating alone may not be the major factor 
responsible for D-AA enrichment.

Enrichment of D-AAs in fermented dairy prod-
ucts

Compared with raw or routine heat-treated milk, ferment-
ed dairy products often contain higher or more diverse 
detectable D-AAs, although the strength of direct chiral 
evidence varies among studies (Brückner and Hausch 
1989b; Marcone et al. 2020; Li et al. 2023). For instance, 
the relative proportions of selected D-AAs were reported 
to reach 20.9% for D-aspartate, 12.4% for D-glutamate and 



Emir. J. Food Agric ⋅ Volume 38 ⋅ 2026 3

Emirates Journal of Food and Agriculture

61.3% for D-alanine in yogurt, whereas the corresponding 
values in kefir were 17.6%, 4.9% and 37.4%, respectively 
(Brückner and Hausch 1989a; Marcone et al. 2020).

During fermentation and ripening, milk proteins are 
hydrolyzed into smaller peptides and free amino acids, 
thereby increasing the pool of substrates available for 
subsequent stereochemical conversion or selective accu-
mulation (Curtin et al. 2001; Mansour et al. 2008; Wang 
et al. 2023; Warakaulle et al. 2025). Moreover, lactic acid 
bacteria and related microorganisms can produce selected 
D-AAs through racemase- or epimerase-dependent path-
ways, providing a mechanistic basis for the occurrence 
of D-enantiomers in fermented dairy matrices (Muta-
guchi et al. 2018; Kobayashi 2019; Sugahara et al. 2021; 
Kanauchi and Matsumoto 2023; Roskjær et al. 2024). 
Therefore, both proteolysis and microbial amino acid 
metabolism contribute to the accumulation of D-AAs in 
fermented dairy foods.

In addition to the total accumulation of D-AAs, the 
compositional profile of D-AAs is not uniform among 
fermented dairy products (Brückner and Hausch 1989b; 
Li et al. 2023). Enantiomer-resolved studies indicate that 
D-AA profiles vary according to starter composition, 
fermentation conditions and product type (Curtin et al. 
2001; Csapó et al. 2007; Li et al. 2023; Warakaulle et al. 
2025). Experimental studies on lactic acid bacteria further 
show substantial species- and strain-level differences in 
D/L amino-acid production patterns, which may explain, 
at least in part, the batch-to-batch and product-to-prod-
uct differences observed in dairy foods (Mutaguchi et al. 
2018; Sugahara et al. 2021; Lee et al. 2022).

Moreover, metabolomic and peptidomic studies of fer-
mented milk systems indicate that fermentation can re-
shape amino-acid-related metabolic profiles rather than 
merely increase the total free amino acid pool (Peng et al. 
2022; Wang et al. 2023; Warakaulle et al. 2025). Accord-
ingly, the biochemical environment for D-AA formation 
in fermented dairy products may be shaped by microbial 
ecology, substrate availability and processing conditions.

Dietary D-AAs reaching the gut 
environment

During digestion, dairy matrices are disrupted and dairy 
proteins are hydrolyzed into smaller peptides and free 
amino acids (Lorieau et al. 2018; Brodkorb et al. 2019; 
Van Lieshout et al. 2020). This process may increase the 
accessibility of D-AAs that are already present in dairy 
matrices. Thus, the importance of dairy-derived D-AAs 
at the diet-microbiota interface depends on their release 
from the food matrix and their subsequent presence 
in the intestinal lumen.

In vitro digestion models, particularly INFO-
GEST-based workflows, have shown extensive proteoly-
sis of dairy proteins under physiologically relevant con-
ditions (Lorieau et al. 2018; Brodkorb et al. 2019; Punia 
et al. 2020; Van Lieshout et al. 2020; Shaukat et al. 2022). 
These findings indicate that gastrointestinal digestion 
can increase access to amino-acid species that are em-
bedded in or associated with dairy matrices. Against this 

Figure 1. Framework for dairy-derived D-amino acids at the diet-microbiota interface. Fermented dairy products 
may contain enriched D-AAs, which can be released during digestion and enter an intestinal environment already 
containing microbiota-derived D-AA pools. Intestinal microorganisms may take up, transform, racemize, or ex-
change selected D-AAs, with potential consequences for microbial amino-acid metabolism, cell-wall remodeling, 
and biofilm-related responses. In parallel, host processes, including intestinal transport and absorption, systemic 
distribution, DAAO-related metabolism and mucosal defense, and renal excretion, regulate the persistence and 
biological availability of luminal D-AAs. These interactions may transiently influence local D-AA availability and 
host-microbe communication.
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background, digestion should not be regarded as a major 
source of de novo D-AA formation. Rather, it is more rea-
sonably considered a process that enhances the luminal 
availability of pre-existing D-AAs (Brodkorb et al. 2019; 
Marcone et al. 2020; Sousa et al. 2020).

Furthermore, high-affinity active transport of D-ser-
ine has been demonstrated for the intestinal transporter 
ATB0+, with a Kt of approximately 150 μM for both L-ser-
ine and D-serine. The same transporter also transports 
D-alanine, D-methionine, D-leucine and D-tryptophan, 
and is expressed predominantly in the distal intestine and 
colon (Hatanaka et al. 2002). This transporter is well posi-
tioned to participate in the uptake of luminal D-AAs.

Evidence from in vivo studies further indicates that 
selected luminal D-AAs can be absorbed and distributed 
systemically. An in vivo study in germ-free mice showed 
direct intestinal absorption and time-dependent biodistri-
bution of gut-absorbed D-alanine after administration of 
isotopically labeled D-alanine. Significant accumulation 
was observed in pancreatic tissues, brain and pituitary, 
whereas no endogenous L-to-D alanine racemization 
was detected within the experimental timeframe (Qiu 
et al. 2023). Moreover, in humans, a single oral dose of 
1–3 g D-alanine produced a maximum plasma concentra-
tion of 588.4 ± 40.9 μM at 0.60 ± 0.06 h after the lower 
dose. The estimated clearance was 12.5 ± 0.3 L/h, with a 
distribution volume of 8.3 ± 0.7 L and a half-life of 0.46 
± 0.04 h, indicating rapid absorption followed by rapid 
clearance (Kimura et al. 2024). These observations suggest 
that at least some luminal D-AAs are absorbable and can 
enter the systemic circulation.

In addition, intestinal D-AA levels appear to vary across 
gut compartments and are subject to physiological regulation. 
In mice, multiple free D-AAs have been detected directly in 
colonic contents, and the gut microbiota has been shown to 
contribute substantially to these luminal D-AA pools (Mat-
sumoto et al. 2018; Gonda et al. 2023). Moreover, human me-
tabolomic studies indicate that intestinal luminal chemistry 
cannot be inferred directly from stool composition, because 
metabolite profiles differ markedly across gut compartments 
(Folz et al. 2023). Accordingly, stool-based measurements 
alone may not fully reflect the exposure of intestinal mi-
crobes to food-derived or microbiota-derived D-AAs.

D-AAs at the gut microbiota 
interface

Microbial production and host regulation of 
D-AAs

At the gut microbiota interface, dietary D-AAs enter an 
intestinal environment in which D-AA pools are already 
influenced by resident microorganisms. For example, 
Matsumoto et al. showed that 12 free D-AAs in colonic 
contents were attributable to the gut microbiota, and that 
the overall free D-AA profile differed markedly between 
germ-free and colonized mice (Matsumoto et al. 2018). 

Consistent with this observation, Gonda et al. reported 
that, in mice, most D-AAs except D-serine were microbi-
ota-related, whereas host catabolism and excretion acted 
to maintain systemic L-amino-acid predominance (Gon-
da et al. 2023). This interpretation is further supported by 
strain-level evidence. Rat gut-associated bacteria differ 
markedly in their ability to produce D-AAs, including 
D-alanine (Lee et al. 2022). Moreover, stable-isotope stud-
ies in mice have helped clarify the relationship between 
dietary and microbiota-associated D-AAs in vivo. Tracing 
of labeled D-AAs showed that orally delivered D-AAs can 
be absorbed and distributed systemically, whereas com-
parisons under different microbiota conditions indicated 
that microbiota status strongly shapes the overall D-AA 
pattern in vivo (Gonda et al. 2023; Qiu et al. 2023). How-
ever, comparable human evidence remains limited.

D-AAs in microbial physiology and host-microbe 
interactions

In addition to their origin, the biological relevance of 
D-AAs also depends on their function in microbial and 
host-microbe interactions. D-alanine and D-glutamate are 
well recognized as integral components of peptidoglycan. 
Moreover, later studies have shown that selected nonca-
nonical D-AAs can influence bacterial physiology under 
specific conditions (Radkov and Moe 2014; Pollegioni et al. 
2025). In particular, Lam et al. reported that diverse bacteria 
release D-AAs during the stationary phase, with total extra-
cellular D-AAs in Vibrio cholerae rising to approximately 
1.0 mM, and proposed that these molecules participate in 
peptidoglycan remodeling and adaptation to environmen-
tal change (Lam et al. 2009). Similarly, Kolodkin-Gal et al. 
showed that a mixture of D-leucine, D-methionine, D-ty-
rosine and D-tryptophan inhibited biofilm formation and 
promoted biofilm disassembly in Bacillus subtilis, and that 
similar effects were also observed in Staphylococcus aureus 
and Pseudomonas aeruginosa under the tested conditions 
(Kolodkin-Gal et al. 2010). Accordingly, these findings sug-
gest that D-AAs can act as ecologically active molecules in 
bacterial systems (Sasabe and Suzuki 2018). However, be-
cause much of this evidence comes from non-gut or simpli-
fied experimental models, its applicability to the gut micro-
biota remains uncertain.

D-AAs may also participate in host-microbe interac-
tions by triggering host epithelial responses (Miyamo-
to and Sujino 2026). In mice, microbiota-derived free 
D-AAs in the intestine were associated with the induction 
of epithelial D-amino acid oxidase (DAAO), including in 
goblet cells, and luminal DAAO was proposed to contrib-
ute to mucosal defense and microbial homeostasis in the 
small intestine (Sasabe et al. 2016). However, this mech-
anism should now be described with caution. Murtas et 
al. later suggested that microbiota selection may depend 
less on active luminal DAAO-generated H2O2 than on 
DAAO-derived antimicrobial peptides, which showed 
activity against several Gram-positive and Gram-negative 
bacteria but not against the tested lactobacilli (Murtas et 
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al. 2021). Thus, D-AA-related host responses appear bi-
ologically plausible, but the underlying mechanisms may 
be more complex.

Taken together, the potential relevance of D-AAs ex-
tends beyond changes in microbial composition. At the 
microbial level, D-AAs may be taken up, transformed, 
racemized, released, or incorporated into cell-wall struc-
tures, thereby influencing amino-acid metabolism, local 
D/L ratios, peptidoglycan remodeling, and biofilm-asso-
ciated phenotypes (Lam et al. 2009; Kolodkin-Gal et al. 
2010; Radkov and Moe 2014; Lee et al. 2022; Pollegioni et 
al. 2025). These processes may also modify the composi-
tion and turnover of the luminal amino-acid pool (Matsu-
moto et al. 2018; Gonda et al. 2023; Li et al. 2024; Han et 
al. 2025). At the host interface, microbiota-derived D-AAs 
may influence epithelial DAAO activity, antimicrobial de-
fense, and mucosal homeostasis (Sasabe et al. 2016; Mur-
tas et al. 2021; Miyamoto and Sujino 2026). However, most 
of these functional outcomes have been demonstrated in 
isolated bacterial systems or animal models. It remains 
unclear whether D-AAs supplied through ordinary dairy 
consumption reach sufficient concentrations or persist 
long enough to produce comparable effects in humans.

Dairy-derived D-AAs at the diet-microbiota in-
terface

Fermented dairy products may provide food-derived 
D-AAs that become available in the gastrointestinal lu-
men after ingestion, but the magnitude and persistence 
of this exposure remain uncertain. This exposure should 
be interpreted relative to the microbial D-AA background 
already present in the intestine (Matsumoto et al. 2018; 
Gonda et al. 2023; Qiu et al. 2023; Kimura et al. 2024). 
Thus, we speculate that dairy-derived D-AAs are more 
likely to transiently add to local D-AA pools or modestly 
alter local D/L ratios during digestion and early intestinal 
transit than to dominate gut D-AA dynamics.

Fermented dairy products can differ substantially in 
D-AA composition and D/(D + L) ratios, and these differ-
ences are influenced by product type, starter culture and 
microbial metabolism (Brückner and Hausch 1989b; Mar-
cone et al. 2020; Li et al. 2023). This heterogeneity may be 
biologically relevant because the microbial effects of D-AAs 
depend on both molecular species and local concentration. 
In bacterial systems, D-AAs released during the stationary 
phase have been implicated in cell-wall remodeling, where-
as selected noncanonical D-AAs can influence biofilm-re-
lated phenotypes under specific conditions (Lam et al. 
2009; Kolodkin-Gal et al. 2010). These observations make it 
biologically plausible that fermented dairy products differ-
ing in D-AA composition may also differ in their potential 
microbiota-related effects. Nevertheless, direct demonstra-
tion in human dietary settings remains limited.

The clearest microbiota-related effects reported so far 
have generally been observed under supplementation 
or disease-model conditions rather than under realistic 
dairy-consumption settings. In experimental colitis and 

cholangitis models, D-AA supplementation suppressed the 
growth of Proteobacteria, supporting the view that D-AAs 
can exert biologically meaningful microbiota effects under 
selected conditions (Umeda et al. 2023). In contrast, direct 
food-based human evidence remains limited. Tokumaru et 
al. reported a small open-label single-arm study using sake 
lees, a fermented food rather than a dairy product. In this 
study, 8 participants with chronic constipation consumed 
25 or 50 g/day sake lees for 6 weeks; plasma D-alanine in-
creased relative to baseline, whereas changes in gut micro-
biota composition were modest, with Firmicutes increas-
ing only slightly from 53% at baseline to 57% at week 6 
(Tokumaru et al. 2025). This study supports the feasibility 
of detectable human exposure to food-derived D-AAs, but 
does not show that such exposure alone causes large or re-
producible microbiota remodeling.

Dietary relevance and safety of 
dairy-derived D-AAs

Dairy-derived D-AAs are unlikely to make a major con-
tribution to classical protein nutrition. Dairy proteins are 
composed predominantly of L-amino acids, and protein 
quality is traditionally evaluated according to amino-acid 
composition, digestibility and utilization, without routine-
ly distinguishing between D- and L-enantiomers (Mar-
cone et al. 2020). Therefore, the main relevance is more 
likely related to intestinal exposure, microbial interactions 
and host responses than to direct nutritive contribution.

At the levels encountered through ordinary dairy in-
take, dietary D-AAs do not currently appear to pose an 
obvious toxicological concern (Marcone et al. 2020; Das 
et al. 2024; Roskjær et al. 2024). Historically, concerns re-
garding D-AAs have been more closely related to pharma-
cological dosing, experimental administration or patho-
logical accumulation than to habitual dietary exposure 
(Marcone et al. 2020). This distinction is important, be-
cause the amounts of D-AAs provided by ordinary intake 
are expected to be much lower than those used in many 
mechanistic or intervention studies.

In healthy volunteers, a single oral dose of 1–3 g D-ala-
nine was rapidly absorbed and cleared, and no adverse 
events were reported under the tested conditions (Ki-
mura et al. 2024). Similarly, a multicenter randomized 
pilot study evaluated short-term D-alanine intake at 3 or 
6 g/day in healthy adults. Plasma and urinary D-alanine 
levels increased during the intervention, but the intake 
was generally well tolerated, although nonserious adverse 
events were reported (Oshima et al. 2024). Although these 
studies were not designed to evaluate dairy foods or gut 
microbiota-related outcomes directly, they provide useful 
safety-related evidence that gram-level oral D-alanine in-
take can be tolerated by healthy adults.

From a food-safety perspective, ordinary dairy-derived 
D-AA exposure does not currently appear to represent a 
major concern. More attention may be warranted under 
intensive processing conditions or in populations with 
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potentially altered D-AA metabolism or clearance, such as 
infants and individuals with intestinal or renal dysfunc-
tion (Marchelli et al. 1992; Chen et al. 2019). This caution 
reflects limited direct evidence rather than established 
evidence of harm.

Conclusions and future 
perspectives

D-AAs are minor but biologically relevant constituents 
of dairy foods, particularly fermented dairy products, in 
which microbial metabolism and proteolysis can enrich se-
lected D-enantiomers. During digestion, these compounds 
may become more accessible and may contribute transient-
ly to intestinal luminal exposure. However, dairy-derived 
D-AAs enter an intestinal environment that already con-
tains microbiota-associated D-AA pools, and their per-
sistence may be limited by host uptake, metabolism and 
excretion. Thus, current evidence is more consistent with 
context-dependent and transient contributions of dairy-de-
rived D-AAs than with stable or reproducible remodeling 
of the gut microbiota. Under ordinary dairy intake, major 
nutritional or safety concerns are not evident at present. 
Nevertheless, important uncertainties remain, including the 
quantitative contribution of dairy-derived D-AAs relative 

to microbiota-derived D-AA pools, the extent to which 
processing and fermentation shape biologically relevant 
exposure, and whether these compounds exert functional 
effects beyond changes in gut microbiota composition.

Important analytical and study-design challenges 
should also be addressed in future research. Quantifica-
tion of D-AAs in dairy matrices requires adequate enan-
tiomeric resolution and careful control of sample prepa-
ration, because hydrolysis, heating, derivatization, and 
prolonged storage may introduce artificial racemization 
or matrix-dependent analytical bias. Studies should also 
distinguish free D-AAs from protein- or peptide-bound 
forms and report both absolute concentrations and D/L 
ratios using validated chiral analytical methods (Marcone 
et al. 2020; Ishii and Hamase 2023; Felletti et al. 2024; 
Hao 2024). In parallel, well-designed human intervention 
studies are needed. Randomized controlled or crossover 
studies should compare dairy products with distinct, ana-
lytically confirmed D-AA profiles while controlling for fer-
mentation status, nutrient composition, background diet, 
and starter-culture effects. Such studies should integrate 
measurements of dietary exposure, circulating or intesti-
nal D-AA levels, gut microbiota composition, microbial 
metabolites, and relevant host responses. Such integrated 
studies are required to determine whether dairy-derived 
D-AAs have measurable functional relevance under real-
istic dietary conditions.
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