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This narrative review summarizes key concepts in dairy nutrition for supporting human
health throughout the life course. Milk and dairy products have been a staple component
of our diet for thousands of years and provide a wide range of important nutrients that
are otherwise difficult to obtain from dairy-free diets. In this review, we provide a broad
perspective on the nutritional roles of iodine and dairy protein in supporting human
health during pregnancy and early life, childhood and adolescence, mid- and later-life.
New methodologies to identify biomarkers of dairy intake via high-throughput mass
spectrometry are discussed, and new concepts such as the role of the food matrix in dairy
nutrition are introduced. Finally, future policy and research related to the consumption
of dairy and non-dairy alternatives for health are discussed with a view to improving
nutritional status across the lifespan.
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INTRODUCTION

The clinical implications of dairy nutrition encompass somatic growth and development,
neurological and cognitive development, and cardiometabolic health, including risk and incidence
or cardiovascular disease (CVD), type 2 diabetes and sarcopenia. Hence, the nutritional value of
dairy products is relevant across the lifespan. The over-arching aim of this narrative review is to
summarize the state-of-the-art regarding the myriad of health implications associated with dairy
intake across the life course, and how this science could be used to help shape future policy. The
review is organized into three sections: (i) pregnancy, childhood and adolescence, (ii) mid life, and
(iii) older age. While milk and dairy products provide a variety of nutrients that are important
across the life course, for example calcium and vitamin B12, this review focuses on the health

Frontiers in Nutrition | www.frontiersin.org

1 February 2022 | Volume 9 | Article 800559


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.800559
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.800559&domain=pdf&date_stamp=2022-02-10
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:oliver.witard@kcl.ac.uk
https://doi.org/10.3389/fnut.2022.800559
https://www.frontiersin.org/articles/10.3389/fnut.2022.800559/full

Witard et al.

Dairy Across the Life Course

implications of the constituent protein and iodine content of
milk and dairy products. We focus on these nutrients because
they are of current concern from both the perspective of
population deficiency risk, and because there are implications
for these nutrients when plant-based milk-alternatives are used
as a substitute to cows milk, a practice that is becoming
increasingly common in many countries, including the UK. For
information on the health impact of other dairy-derived macro-
and micronutrients, such as calcium, we refer the reader to
other publications (1, 2). In this review, we also focus on new
methodologies for assessment of dairy intake and considerations
for future research into dairy nutrition and health, including
vitamin D fortification.

DAIRY IN PREGNANCY, CHILDHOOD, AND
ADOLESCENCE

lodine

Milk and dairy products are the primary dietary source of iodine
in the UK and many other European countries (3), especially
where iodised salt is not mandatory or widely available. Iodine
is essential for thyroid hormone production [tri-iodothyronine
(T3) and thyroxine (T4)] which are crucial for brain and
neurological development during pregnancy and early life.
Iodine deficiency disorders include goiter (thyroid enlargement),
impaired neurological development, and negative effects on
child growth and development (4, 5). Iodine deficiency during
pregnancy has considerable implications for the developing
child and the iodine-intake recommendation is higher for
pregnant/lactating women than adults according to WHO (250
vs. 150 pg/day for non-pregnant adults), although in the UK
recommendation is the same (140 jLg/day) (6, 7), as it is assumed
that iodine stores are maximized prior to pregnancy, which can
be used to meet additional demands (7). Emerging evidence
suggests that even mild-to-moderate iodine deficiency during
pregnancy may be negatively associated with child cognition and
behavior (8, 9). This observation underpins the need for follow
up interventional studies in pregnant women that utilize milk
and dairy products as a vehicle to reverse iodine deficiency and
improve the cognitive health of new-borns.

Cow’s milk has a naturally low iodine concentration but is a
rich source of iodine through standard farming practices such
as the addition of iodine salts to cattle feed and use of iodine-
based disinfectants (10-12). Iodophors mainly increase iodine
concentration in milk through skin absorption of the iodine
from topical application to teats (either pre or post milking)
(13) and to a lesser extent through residues on the teat that
transfer to the milk, especially if the teats are not dried sufficiently
(14). In some countries, iodophors have been replaced with
other disinfectants, and this is one explanation suggested for
the decline in milk iodine concentrations in those countries
[e.g. Australia and New Zealand (15, 16)]. Iodophors continue
to be permitted and used in the UK, and in other countries.
Indeed, a recent study in Switzerland found that teat dipping
with iodine-containing disinfectants significantly increased milk-
iodine concentration (17).

There is considerable variability in the iodine content of
milk between countries, which is likely a result of differences
in farming practice (12). UK milk has a relatively high iodine
concentration compared with many other countries (12) at 427
pg/L (18). In the UK, a glass of milk (200 ml) provides 85 pg
of iodine, constituting ~57 and 34% of the WHO recommended
iodine intake for adults (150 pg/day) and pregnant women
(250 pg/day), respectively (19). Seasonal variation in milk-iodine
concentration exists whereby winter milk has a higher iodine
concentration than summer milk (11, 20). This is a result of
greater reliance on mineral-fortified feed during winter months
when cattle are housed indoors rather than grazing on pasture
(12), and possibly also related to goitrogenic components of
feed being lower in winter milk (i.e., reducing competition
with iodine and allowing greater excretion into milk). In the
UK, and other European countries, studies have previously
found also demonstrate that organic milk is lower in iodine
content than conventional milk (~40% lower) (21, 22), largely
as a result of restrictions on mineral fortified feed and higher
goitrogen components of feed; however organic milk is still a
good source of iodine in the UK, with a concentration of 241
pg/L and more recent UK research suggests that there is no
overall difference in iodine concentration between organic and
conventional milk (23), likely because of changes in organic
farming methods. However, these sources of variation mean that
milk is an inconsistent source of iodine, and the value assigned in
food tables may be inaccurate, making it difficult to assess iodine
intake and to provide dietary recommendations for optimal
iodine intake.

Milk and dairy products have been shown to be determinants
of iodine status in pregnant women. For example, in a study
in three European countries [the Netherlands, Spain and the
UK (24)], of all food groups, “milk and dairy products” was
the only food group that was positively associated with iodine
status. A UK study demonstrated that milk (out of a number
of investigated dietary factors) was significantly associated with
iodine status in pregnant women (25) (median iodine-to-
creatinine ratio in women with milk intake 140 vs. 280 ml/day:
72 vs. 150 ng/g), whereas seafood intake was not (median
iodine-to-creatinine ratio in women with seafood intake 2 vs.
2 portions/wk: 107 vs. 99 g/g). The seasonal variability in
milk-iodine concentration (18) translates to iodine status in
pregnancy, with higher iodine status in winter months and the
greatest difference between seasons in those who consumed the
most milk (25). This observation underpins the need for a reliable
and constant source of iodine so that individuals are not affected
by underlying changes in milk-iodine concentration associated
with farming practice.

Milk and dairy consumption contribute 51% of total iodine
intake in UK children aged 4-10 years. A relatively high milk
intake in children is one possible explanation for the iodine-
sufficiency observed in UK children (4-10 years) in the National
Diet and Nutrition Survey [NDNS (3)] and other UK studies
(26). In contrast, there have been reports that 27% of girls aged
11-18 years have a low iodine intake (3) and pregnant women
are classified as deficient (25). Given that milk intake, and thus
iodine status, is higher in children than adults in countries where
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milk is an important iodine source is problematic for population
monitoring. This issue stems from the WHO recommendation
that population iodine status is monitored through assessment
of school-aged children, however, this is likely to lead to an
overestimation of population iodine status if a child’s iodine
intake (skewed by milk intake) is not representative of other
population groups, such as women of childbearing age (27).
Indeed, women of childbearing age are susceptible to low iodine
intake and cross-sectional studies of adolescent girls (14-15
years) in the UK (n = 737) (28) and Ireland (n = 903) (29)
demonstrate a positive association between milk intake and
iodine status. In those studies, other dietary sources of iodine
(such as fish) were not significantly associated with iodine status.
Although fish (e.g., cod, haddock) is a rich natural source of
iodine (30), in countries, such as the UK, these iodine sources
make a relatively small contribution to population iodine intake
[10 vs. 34% for milk and dairy products for adults 19-64 years
(3)] because of their relatively infrequent consumption.

Historically, in the UK there was a concern that high
consumers of milk would be at risk of excess iodine intake. This
concern was especially true for young children, who have a higher
milk intake than adults and who may exceed the Tolerable Upper
Limit (TUL) for iodine from milk intake alone [TUL: 250 pg/d
for 7-10 yr olds (31)]. Therefore, in the 1980s and 1990s, the
milk-iodine concentration of UK milk was monitored by the
(then) Ministry of Agriculture Fisheries and Food (MAFF), and
estimated exposure was calculated for different age groups (32).
Since then, the regulation for the permitted iodine content of
cattle feed has been revised over concerns of potential toxicity
of iodine from milk (33); the maximum concentration has been
reduced from 40 mg/kg dry matter, to 5 mg/kg (33). The health
implications of excess iodine intake in children are relatively
unexplored but iodine excess can lead to both hyper- and hypo-
thyroidism and should be avoided, especially in those with
previous history of iodine deficiency (34).

Protein

The consumption of adequate amounts of high-quality protein
during childhood and early adolescence is crucial for optimizing
growth and development (35). The role of milk consumption for
growth and maturation in children is widely recognized in both
developing and developed countries (36). For example, a trial
in Bangladesh compared the growth of children in households
which kept dairy cows with those that did not (37). The study
reported that children in dairy cow owning households had
increased height-for-age Z scores (+0.52 standard deviations)
during the rapid growth period of 6- to 23-months of age
compared with children in households without dairy cows.
Moreover, children aged 0-11 months from the households with
dairy cows were 21.7% less likely to be breastfed than those in
households without cows. These findings suggest that easy access
to cows’ milk can substantially reduce the incentive for mothers
to adopt breast feeding.

The benefit of milk consumption on linear growth during
childhood is now understood to be primarily attributed to the
casein fraction stimulating the secretion of hepatic insulin-like
growth factor 1 (IGF-1) (38). Consistent with this notion, a

recent study in pre-pubescent (8 years old) boys demonstrated
that 7 days of casein administration increased serum IGF-1
concentrations to a greater extent than whey, with whey eliciting
a greater insulin response (38). Moreover, the report of Locatelli
et al. (39) highlights the mechanistic role of IGF-1 in the
longitudinal growth of bone and skeletal maturation, as well as
bone mass development and its remodeling in adult life. The
regulation of bone length is linked to changes in chondrocytes
of the proliferative and hypertrophic zones of the growth plate
(40) and it now understood that activation of the Peroxisome
Proliferator- Activated Receptor gamma (PPARy) regulates
changes in hepatic IGF-1 secretion and gene expression resulting
from dietary protein intake (41). Allied with growth hormone
(GH), IGF-1 mediates bone mass accretion by reducing collagen
degradation and increasing the recruitment of osteoblastic cells
and deposition of the collagen matrix (42). Furthermore, in
vitro studies using chondrocytes have provided evidence that GH
directly stimulates the formation of immature precondrocytes,
whereas IGF-1 stimulates cells at a later stage of maturation.
Hence, IGF-1 exerts a direct action on osteoblast function which
is potentiated by the presence of GH and IGFBP-3 (insulin-like
growth factor binding protein-3) (39). Taken together, these data
provide important mechanistic insight regarding how dietary
protein and related amino acids stimulate the hepatic secretion
of IGF-1 and promote bone health during childhood.

Prepubertal males and females are in a state of constant
growth, increasing stature by on average ~5 and 8.3 cmly,
respectively (43). Furthermore, the velocity of weight gain
increases from 3 to 9kg per year during puberty and almost
entirely consists of lean mass. Underlying this growth in stature
particularly during puberty is a chronic positive net muscle
protein balance whereby rates of muscle protein synthesis (MPS)
exceed muscle protein breakdown (MPB) (44). Traditionally,
protein quality for muscle health is determined by the interplay
of two factors, namely the digestive properties (and subsequent
absorption kinetics) (45) and amino acid profile of an isolated
intact protein source (i.e., whey, casein, soy protein). Collectively,
these factors determine the bioavailability of protein-derived
amino acids to the muscle for stimulation of MPS (46). Regarding
amino acid composition, a complete profile of all indispensable
(also known as “essential”’) amino acids (IAA) is required
to provide the building blocks necessary for MPS. Of the
IAA, leucine serves as a key anabolic signal by activating the
mechanistic target of rapamycin complex one pathway, leading to
greater protein translational efficiency and ultimately increased
MPS rates (47). Hence, it is generally accepted that rapidly
digested protein sources that are rich in leucine content and
contain a full complement of all IAA provide the highest quality
protein. This has led to the general consensus that animal-derived
protein sources are of higher quality than plant-derived protein
sources. The potency of cow’s milk to stimulate MPS in children
aged 7-11 yrs has been shown by Karagounis et al. (48). In
this study protein doses of >7g at breakfast resulted in the
attenuation of overnight protein losses in the subsequent 9h.
Furthermore, a protein dose-dependent increase in net muscle
protein balance was observed, highlighting the importance of
(milk-derived) protein intake with breakfast.
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DAIRY IN MID-LIFE

lodine

Maintaining sufficient iodine levels during midlife is clinically
relevant, especially for women of childbearing age who need
to maximize thyroidal stores of iodine prior to pregnancy
(49). Iodine stores can be used to maintain thyroid hormone
production during periods of suboptimal iodine intake and
increasing evidence suggests that long-term iodine sufficiency
prior to pregnancy is preferable to an abrupt increase in iodine
intake at the onset of pregnancy (50). Adults need to maintain
thyroid hormone production through adequate iodine intake,
not only to prevent thyroid enlargement (and eventually goiter)
but also as iodine deficiency (especially moderate-to-severe)
is associated with certain types of thyroid cancer (51) and
hypercholesterolemia (52).

While data presented in the NDNS suggest that adults exhibit
an adequate overall iodine status, a significant proportion of
adult women have low iodine intake (i.e., intake below the Lower
Reference Nutrient Intake) (53). In the UK, dairy consumption
contributes 34% of total iodine intake in adults (19 to 64 years),
and a positive association has been observed between milk
intake and iodine status in women of reproductive age (54),
underpinning the importance of milk as a source of iodine at
this life stage. Dairy products provide an effective means to
raise iodine status in women of childbearing age. Support for
this notion is provided by a 12-week randomized controlled
trial in women of childbearing age in Northern Ireland (55)
that reported a higher iodine status in the intervention group
(who were provided with additional milk) after 6 and 12 weeks
compared with the control group (who continued their usual
milk intake). Indeed, milk intake was 340 vs. 130 ml/day at 6
weeks and 260 vs. 120 ml/day at 12 weeks in the intervention and
control group respectively) (55).

Protein

The role of protein nutrition in maintaining skeletal muscle mass
and strength is crucial for healthy aging (56). Numerous studies
have demonstrated an acute stimulation of MPS with protein
ingestion, with a graded protein dose-MPS response relationship
observed up to 20-30g of ingested high-quality protein (57).
Most studies investigating the MPS response to protein ingestion
have focussed on isolated protein sources such as whey, casein
and soy. In these studies, the milk protein fractions (whey and
casein) were shown to elicit a greater MPS response compared
with plant derived proteins (58). Nevertheless, most individuals
consume dietary protein in whole foods. In this regard, milk
has been shown to promote muscle accretion to a greater extent
than soy proteins when consumed after resistance exercise (59).
Moreover, consuming an isonitrogenous dose of whole milk
elicited a similar MPS response in middle-aged men when
compared with whey protein, despite greater digestion rates and
leucine availability with whey protein ingestion (60). A study by
Burd et al. investigated the digestion and absorption kinetics, and
subsequent MPS response, following the consumption of milk
and beef in healthy young (18-35 y) men. Both protein sources
increased the MPS response after resistance exercise, with milk

eliciting a greater MPS response during the early postprandial
phase (61).

A series of recent studies have investigated the response of
MPS to the ingestion of alternative protein sources. For instance,
a recent study demonstrated that ingesting a 35g bolus of
intact or hydrolysed wheat protein initiated a robust increase
in circulating essential amino acid concentrations, however
failed stimulate myofibrillar protein synthesis rates above basal
values (62). Instead, a 60 g bolus of wheat protein was required
to stimulate an increased response of MPS in older adults.
Moreover, the ingestion of 30 g of corn protein (63) and 70g
of mycoprotein (64) was recently demonstrated to increase the
stimulation of MPS in healthy young males. Taken together,
these findings have implications for future dietary guidelines that
might, besides supporting optimal nutritional guidelines, also
support a more sustainable future for protein nutrition.

Whereas most studies have explored the amount of protein
necessary to maximally stimulate MPS, a study by Mitchell et al.
(60) investigated the minimal dose of milk protein concentrate
required to enhance the anabolic signaling response to a bout
of resistance exercise, concluding that 9 grams of milk protein
was sufficient to enhance signaling proteins related to muscle
protein anabolism. These studies highlight the capacity for dairy
proteins, particularly milk and its respective protein fractions
(whey and casein), to stimulate MPS to the same extent as isolated
protein sources. Studies evaluating the efficacy of protein (dairy)
nutrition to maintain skeletal muscle mass specifically during
mid-life are scarce, but, to date, underscore their importance for
healthy aging.

DAIRY IN LATER-LIFE (65 YEARS+)

lodine

Most studies that have investigated the impact of iodine
deficiency on human health outcomes have been conducted
in children and young adults; hence, data on the impact of
iodine status in later life are currently limited. However, it has
been hypothesized that long-term iodine deficiency may have
a detrimental effect on cognitive function and brain volume in
older age. In this regard, a study of 189 individuals in the Lothian
Birth cohort demonstrated an association between low iodine
intake (mainly related to low consumption of dairy products)
and inner brain atrophy (65). However, there are inherent
challenges with estimating iodine intake over many years,
including fluctuations in milk-iodine content, meaning that these
results are hypothesis-generating and require exploration in
future research using a prospective-study design.

Protein

A decline in skeletal muscle mass, strength and function
(sarcopenia) is observed with advancing age and presents
a clinical threat to independence by reducing mobility and
increasing the risk of falls, fractures and hospitalization (66).
Hence, the preservation of skeletal muscle mass is critically
important for healthy aging. The causal mechanisms that
underpin sarcopenia are clearly multifactorial, but ultimately
stem from a chronic period of negative muscle protein balance
(67). Contributing to this negative net muscle protein balance
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with age is the phenomenon termed “anabolic resistance” that
describes the reduced capacity for older adults to mount a
“youthful” MPS response to a meal-like (20-30g) quantity of
ingested protein (68). Hence, identifying high-quality protein
sources that can stimulate a robust increase in MPS is crucial in
mitigating sarcopenia and its associated morbidities.

Based on the superior quality of animal-derived protein
sources, and in particular dairy, the postprandial MPS response
to ingesting 20 or 40 g of whey protein (69) exceeded that of
soy protein (70) in healthy older adults. Moreover, a recent
study demonstrated a greater response of MPS to ingesting
intact micellar casein compared with a dose-matched quantity
of whole wheat; the most abundant plant-based protein in the
diet comprising ~25% of total protein intake (62). The superior
MPS response to the ingestion of milk proteins was primarily
attributed to the more favorable IAA and leucine content of
intact whey or casein compared with soy or wheat. Moreover,
milk proteins are the only protein sources that exhibit a higher
constituent IAA composition than human skeletal muscle, whilst
boasting a complete IAA profile. In contrast, soy and wheat
proteins are deficient in one or more IAA, namely methionine
and lysine, and have lower leucine concentrations, rendering
their TAA profile inferior to that of dairy proteins. Accordingly,
based on typical dietary intake patterns across Europe (71) and
North America (72), dairy holds a prominent position as a readily
available and commonly consumed protein-rich food source for
older adults in combating the threat of sarcopenia.

Specific protein intake guidelines for older individuals are
currently lacking. The RDA of 0.8 g/kg/day for protein intake
has recently been challenged and an alternative protein intake
of 1.0-1.2 g/kg/day has been proposed (73). Furthermore, as a
consequence of age-related anabolic resistance, the required per
meal-protein dose is greater in older compared with younger
individuals (74). To maximally stimulate MPS with each meal,
older individuals require ~0.4 g/kg body mass of protein,
whereas younger individuals require only 0.31 g/kg body mass
of a high-quality protein (75). In the context of a mixed meal,
a higher protein dose is likely necessary to maximally stimulate
MPS. To aid the development of a framework for healthy aging,
protein intake guidelines should be conceptualized not only in an
age-specific but also in a meal-specific (breakfast, lunch, dinner
and snacks) manner.

Whereas numerous studies have demonstrated a robust
stimulation of MPS in response to ingesting an isolated intact
protein source (i.e., whey, casein or soy protein), relatively
few studies have compared the postprandial MPS response
to different protein-rich foods. Moreover, limited information
exists regarding how various food components modulate
this process. This gap in knowledge has led to the recent
emergence of evidence indicating a biological role for the
food matrix in determining the anabolic capacity of commonly
consumed protein-rich foods (76). As such, ingesting whole milk
immediately following exercise resulted in greater muscle uptake
of amino acids compared with an isonitrogenous dose of fat-free
milk in young adults (77). These data suggest that an unidentified
component or mechanism within the dairy matrix is able to
increase the bioavailability of amino acids for MPS stimulation.

DAIRY NUTRITION ACROSS THE LIFE
COURSE-FUTURE RESEARCH AND
IMPLICATIONS FOR POLICY

Research

Since there is considerable variation in the iodine content of
milk in the UK, for instance because of season or organic
farming (22, 23), further research is warranted to understand
the factors that influence the iodine concentration of milk and
how these may be manipulated to increase the reliability of
milk as a source of iodine. For example, no data exist regarding
the effect of key aspects of organic feed (such as white clover)
on milk-iodine concentration, or whether the seasonal effects
seen in the past are as pronounced today with the increasing
practice for year-round housing for dairy cows on large farms.
Furthermore, seaweed is starting to be used in farming (e.g., to
reduce greenhouse gas emissions), either given to cows or used
as a fertilizer on grassland; seaweed use in the dairy industry has
been shown to increase milk-iodine concentration (78, 79) but
further research on ways to incorporate it without risking iodine
excess is required.

There also is a need for research to establish a reliable
biomarker of individual iodine status so that risk of iodine
deficiency can be established, both for future research studies and
for clinical practice. Currently, the preponderance of evidence
relies on urinary iodine concentration (which can be corrected
for urinary creatinine concentration), but this is an imperfect
marker on an individual basis and limits the exploration of
associations between dietary intake and iodine status. Thus,
establishing a more reliable biomarker, or combination of
existing biomarkers (such as UIC with thyroglobulin measures)
to provide a more robust assessment of long-term intake in
individuals, would enable the impact of milk and dairy products
on iodine status to be better understood, as well as identifying
potential risk of deficiency in those who are not consuming
iodine-rich foods.

With regards to protein, future research is warranted
to elucidate the interaction between protein and other
macronutrients on muscle metabolism. A study by Elliot
et al. (77) showed a trend for increased uptake of the IAA
phenylalanine and threonine when whole milk was provided
after resistance exercise as opposed to fat-free milk and an
isocaloric fat-free milk. These results are indicative of an
interaction between the nitrogen utilization of the ingested
protein and the other nutrients. The importance of the food
matrix on MPS has been confirmed by van Vliet et al. that
demonstrated a superior stimulation of MPS after resistance
exercise when whole eggs, as opposed to egg whites only, were
consumed (80). Therefore, future studies should investigate the
effects of mixed nutrient meal ingestion on MPS rather than
isolated protein sources.

Policy—-Milk Alternatives

Given that milk and dairy products are the primary source
of iodine in many countries, including the UK, any policy
that includes a shift away from milk and dairy products [e.g.,
based on the EAT Lancet report (81)] must consider adequate
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iodine intake and possibly alternative sources of iodine. Over
the past 40 years, milk consumption in the UK has decreased,
as demonstrated by data on the purchase of milk (82) and while
the consumption of cow’s milk exceeds other types of milk, the
popularity of plant-based milk-alternative products (e.g., soya,
almond, oat) has increased (83). For example, data from the US
(84), Norway (85) and the UK (86) show that unless fortified
with iodine, these milk-alternatives have a low iodine content
compared with cow’s milk (i.e., 7.3 vs. 438 pg/kg) (86). Most
milk-alternative drinks on the UK market are not fortified with
iodine (unlike calcium), although this may change in the future
as more companies add iodine to their products.

The low iodine content of unfortified milk alternative
products, coupled with the positive trend in consumption,
might be particularly concerning in countries with limited
availability of iodised salt, such as the UK. Indeed, in a study
that extracted data from the UK NDNS (between 2014 and
2017; when most milk alternatives on the market were not
iodine-fortified), individuals who exclusively consumed milk-
alternative drinks had a significantly lower iodine intake (94
vs. 129 pg/day) and iodine status (measured by the median
urinary iodine concentration (UIC): 79 vs. 132 pg/L) than cow’s
milk consumers, suggesting that consumers of milk alternatives
were not replacing the iodine elsewhere in the diet (87). The
results are meaningful from a public health perspective, as
those who consumed cow’s milk were classified as iodine-
sufficient according to the WHO criterion (median UIC 100
ng/L), whereas the exclusive consumers of milk alternatives were
classified as iodine deficient.

Changes in food patterns are likely to affect iodine status in
the UK, particularly in specific population groups that are more
likely to avoid and/or substitute cow’s milk for milk alternatives
(i.e., women of childbearing age, vegans, or individuals with a
milk allergy) (83). Hence, it may be considered presumptuous
to assume that milk alternatives are viable substitutes in the
context of meeting dietary iodine recommendations across the
life course, particularly in countries without an iodised salt policy.
The nutritional content and micronutrient fortification of more
recently emerging milk-alternative dairy products (e.g., cheese,
yogurt, cream alternatives) and their impact on population
nutritional status is unclear and should also be considered.

Manufacturers of plant-based alternative milk drinks (and
other products sold as alternatives to dairy) should be encouraged
to fortify their products with an appropriate amount of iodine.
Indeed, the British Dietetic Association have recently launched
a campaign to raise awareness about iodine and to ask for a
commitment for iodine fortification from manufacturers of milk
alternatives (88). The iodine content of these products should
be similar to the (average) iodine concentration of milk so that
consumers are not put at risk of iodine deficiency. Fortification
should be with potassium iodide/iodate, rather than a seaweed-
based ingredient in order to ensure reliable iodine concentration
and avoid risk of excessive iodine.

In recent years, advocates of commonly consumed animal-
based protein sources, including dairy, have been challenged by
a social movement attributing, in part, the increase in worldwide
greenhouse gas emissions (GHGE) to livestock production (89).

Consistent with this idea, on a per gram basis, plant-derived
proteins are associated with lower GHGE (<4kg of carbon
dioxide per kg of edible weight) than most animal-derived
protein sources, including dairy (90). However, as outlined above,
the reduced potency of plant-based proteins to stimulate MPS
means that, in theory, a considerably larger amount of plant-
based protein food is required to support the maintenance of
muscle mass with aging. Furthermore, most plant proteins are
high in fiber which impairs the digestive properties of the protein
source, and are deficient in at least one IAA (91). Accordingly,
if GHGE are expressed relative to the amount of food required
to satisfy daily TAA requirements, the benefits of a plant-based
protein diet over an animal-derived protein diet, including dairy,
may become less clear-cut than is often espoused (92).

If milk and dairy products are not consumed (for various
reasons), public-health messages need to ensure alternative
sources of key nutrients are clearly signposted. In the case
of iodine, other dietary sources would include fish and eggs,
or appropriately fortified milk-alternative products. Although
seaweed is a rich source of iodine, intake of brown seaweeds
and supplements (e.g., kelp) can lead to excess iodine intake and
therefore should be avoided as an iodine source (93).

Potential Fortification of Milk and Milk
Alternatives With Vitamin D

Milk and dairy products are not rich sources of Vitamin D.
In this regard, UK cows milk has trace concentrations (94) or
0.06 pg/100 ml according to recent analysis of whole milk in
Northern Ireland (95). In contrast to iodine, milk-alternative
drinks are often fortified with vitamin D, at approximately 0.75
pg/100 ml, which means that they are a better source of Vitamin
D than cows milk in the UK. In the US and Canada milk
is fortified with vitamin D to a concentration of 0.875-1.125
pg/100 ml) (96). A recent study that modeled (using NDNS
data) the impact of vitamin D fortification of milk at varying
concentrations (1 pg/100ml, 1.5 pg/100ml or 2 pg/100 ml)
showed that fortification had the greatest effect in children (1.5-3
years) with predicted vitamin D intake increasing to 4.8, 6.2, and
7.6 wg/day, respectively (95) [the vitamin D recommendation
for is 10 pg/day (400 IU) (97)]. These data suggest that vitamin
D fortification of milk could be a strategy to address vitamin
D deficiency. This is significant as Vitamin D is essential for
bone formation through its role in intestinal calcium absorption
(98) and low vitamin D status can lead to rickets in children
and a subsequent increased risk of osteoporosis in later life. At
the beginning of the 20th century, around 80% of children in
North America and Europe had severe rickets but was essentially
eradicated by the late 1930s due to food fortification with vitamin
D and provision of cod liver oil to children (99). Today, a sub-
optimal vitamin D status is widespread in children and adults
and it is of concern that cases of rickets are again increasing in
the US (100), UK (101) and worldwide (102, 103) and vitamin
D deficiency is similar for older adults as children, teenagers and
middle-aged adults (104).

Maintaining adequate vitamin D levels (>50 nmol/L) in older
individuals is important for bone health, muscle maintenance
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and several other health-related outcomes. Low plasma levels
of 25(0OH)D are associated with a higher risk of osteoporosis
and is a key underlying factor for fractures in women and
men aged >50 yrs (105). A study by Sahni et al. examined
the association between dairy consumption and bone loss in
older individuals and examined whether these associations were
modified by vitamin D supplementation (106). The findings
revealed a protective effect of dairy consumption on bone mineral
density in those individuals who supplemented their diet with
vitamin D. Taken together, these findings highlight the potential
role of fortified dairy-derived vitamin D on bone health.

Recent evidence also suggests a potential role for vitamin D in
the maintenance of muscle mass with advancing age (107, 108).
A meta-analysis investigating the impact of dairy-derived protein
and vitamin D supplementation demonstrated a positive effect of
protein on body weight, whereas vitamin D facilitated small, but
physiologically relevant improvements in physical performance
in frail, inactive older individuals (109). Whilst acknowledging
the value of fortifying dairy products with vitamin D, this
intervention might not be adequate to fulfill daily vitamin D
needs. Therefore, additional food sources, such as eggs (110) and
orange juice (111) are often fortified in vitamin D and could
contribute to overall adequate vitamin D status.

NEW CONCEPTS AND METHODOLOGIES
IN DAIRY RESEARCH

The accurate measurement of dairy intake represents a
distinct challenge for epidemiological studies investigating the
association between dairy intake and cardio-metabolic health
across the life course. In this regard, identifying biomarkers
of dairy intake is generally accepted to be an important
strategy to overcome the limitations of traditional dietary
assessment methods.

Biomarkers of Dairy Fat

Several potential biomarkers of dairy fat have been explored
including individual fatty acids such as odd-chain saturated
pentadecanoic (C15:0) and heptadecanoic (C17:0) acids, along
with ruminant trans-fatty acids such as trans-palmitoleic acid
(t16:1n-7). Limited studies have assessed the relationship
between reported dairy intake and C15:0 or C17:0 circulating
and adipose tissue levels, and consistently favor C15:0 as the
better biomarker of dairy fat compared to C17:0 (112). Moreover,
circulating trans-palmitoleic acid was strongly correlated with
whole-fat dairy products in a large American prospective study
(113). However, these circulating fatty acids may respond to
non-dairy dietary sources (e.g., fish, meat), endogenous synthesis
and other nutrient intakes such as dietary fiber (114). Thus,
the reliability of these results in the context of varied study
populations and dietary patterns remains unclear.

Biomarkers of Dairy Proteins

The limited number of studies that have explored potential
biomarkers for dairy protein have produced mixed results. In
a randomized controlled cross-over trial (115), 47 participants
consumed meat-derived protein, dairy products or grain.
Investigators identified potential urinary and plasma biomarkers

for meat- and grain-derived protein but not for dairy protein.
Potential biomarkers of whey protein (a globular protein
isolated from whey) and casein (a major component of cheese)
protein intake were identified in several other randomized
cross-over studies, including linear dipeptides and y-glutamyl
conjugates (116). Nevertheless, these trials were small-scale,
and more validation studies are warranted to confirm these
results. In addition to dairy fat and protein biomarkers, other
potential dairy biomarkers relate to gut microbiota, which could
potentially provide signatures of specific dairy product intake.
However, a paucity of studies has been conducted to evaluate
the gut microbiota as a “biomarker” of dairy intake, and more
prospective cohort studies or randomized trials are warranted.

Untargeted Approaches to Identify Novel

Biomarkers: Metabolomics and Lipidomics
Odd-chain fatty acids and trans-16:1n-7 have been consistently
associated with dairy consumption and offer promising
biomarkers of dairy fat intake. However, their limitations
suggest a need for identifying novel biomarkers. Contrary to
the candidate biomarker approach, the exponential increase
in the use of metabolomics and lipidomics over the last few
decades due to the development of high-throughput methods
including proton nuclear magnetic resonance (H-NMR) and
mass spectrometry (MS) offers a promising hypothesis-free
approach to identify novel nutritional biomarkers (117).
Metabolomics is the study of low-molecular weight metabolites
(usually <1,500 Da) (117). Several studies have assessed the
metabolomic profiles of blood (118-121), urine (122-126) or
feces (125) samples, using MS (118-120, 122, 123) or H-NMR
(121, 123-126), in a trial (119-126) or observational (118)
study design among healthy adults, patients (120, 121) or
children (124). More recently, Drouin-Chartier et al. (127)
investigated numerous (n = 385) plasma metabolites in relation
to dairy consumption among participants from the PREDIMED
intervention study (n = 1,833) and a confirmatory cohort
of 4,932 participants from the PREDIMED study year 1, the
Nurses' Health Study, the Nurses Health Study II, and the
Health Professionals Follow-Up Study. This study identified 38
metabolites associated with total dairy consumption declared in
food frequency questionnaires [Pearson correlation, r (95%CI)
= 0.37 (0.33-0.40)] and 30 metabolites associated with intakes of
reduced fat dairy [r = 0.24 (0.19-0.30)]. Among the metabolites
measured, higher plasma levels of C14:0 sphingomyelin and
C34:0 phosphatidylethanolamine, together with reduced levels of
y-butyrobetaine, were consistently associated with higher dairy
intake. Furthermore, authors observed an inverse association
between a score based on identified dairy-related metabolites
and incident risk of type 2 diabetes in the PREDIMED baseline
cohort [HR per 1 SD increment of metabolite score = 0.76
(0.63-0.90)], but not among the follow-up PREDIMED cohort
or the US cohorts investigated, providing new evidence on
potential biomarkers to study the mechanisms underlying the
relationship between dairy nutrition and type 2 diabetes.

Whilst these studies have successfully utilized untargeted
approaches to identify metabolite signals for dairy consumption,
several limitations warrant consideration. As such, the inclusion
of patient populations (120, 121) limits the generalisability and
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the identification of unspecific biomarkers of dairy consumption
(122-126). The use of metabolomics for dairy consumption
biomarker discovery is promising but still in its infancy, and
the identified metabolites thus far still have their limitations.
Therefore, further metabolomics studies are needed using a
combination of metabolites in order to contribute toward
the discovery of novel and more specific biomarkers of
dairy consumption.

Food Matrix Effect

The health and nutritional properties of foods are conventionally
assessed according to their individual nutrient composition. This
approach associates one nutrient with one health effect, e.g., the
diet-heart hypothesis. According to this hypothesis, saturated fat
foods, such as dairy, are often associated with higher cholesterol
levels. However, a growing body of evidence suggests that
postprandial responses are strongly affected by the food matrix
(128), which is the arrangement of the food constituents and
their interactions at the multiple length scales (129), e.g., from
the molecular to the physical structure. This matrix is created
naturally or modified by processing and can affect nutrient
bioavailability and, subsequently, the metabolic responses.

Dairy products often provide the predominant dietary source
of saturated fat. Historically, dietary fat intake has been linked
with an increased risk of cardiovascular disease (CVD) resulting
from elevations in serum concentrations of cholesterol and low
density lipoprotein cholesterol (LDL-C) (130). This association
has led to many dietary guidelines proposing a restriction of
saturated fat intake to <10% of total energy intake (131). Despite
being a major source of saturated fatty acids, there is now
a substantial body of evidence from prospective studies and
associated meta-analyses that suggest the overall intake of dairy
foods is not associated with an increased risk of CVD. Indeed,
a recent study reported a reduced risk of stroke and type 2
diabetes (132). However, there is an increasing body of evidence
that supports the idea that specific fatty acids, rather than total
saturated fatty acids, may exacerbate the adverse effects on CVD
risk (133).

A key feature of any food source is the possible influence of
the so-called food matrix that can modulate the amount of fat
digested and absorbed. This notion was elegantly demonstrated
by Hjerpsted et al. (134). In this study, 23 participants underwent
two 6-week crossover periods whereby a proportion of their
habitual dietary fat intake was replaced by either cheese or butter,
both of which provided 80 and 36 g/day of total fat and saturated
fatty acids, respectively. The calcium content of cheese and butter
was 834 and 19 mg/100g, respectively. Relative to baseline,
cheese intake was not associated with an increase in serum total
cholesterol or LDL-C concentrations, whereas the butter diet was
associated with an increase in both lipids. Cholesterol and LDL-C
concentrations in the cheese diet were 5.7 and 6.9% respectively
lower than the butter diet. Further evidence for the food matrix
effect can be found in a review by Thorning et al. (128).

Several mechanisms have been proposed to underpin the
health benefits of manipulating food matrix. For instance, studies
that provided a hard cheese resulted in an increased fecal fat and

calcium excretion. This observation stemmed, at least in part,
from the saponification reaction in the gastro-intestinal tract
between calcium and fatty acids that resulted in the production
of largely indigestible soaps. In addition, several studies have
demonstrated increased fecal bile acid excretion that may be
linked with their absorption onto amorphous calcium phosphate.
An increased fecal bile acid excretion is indicative of reduced
enterohepatic recycling of bile acids. Hence the liver synthesizes
bile acids from cholesterol, and reduces bile acid recycling that
may lead to reduction in circulating cholesterol concentrations
(128). Finally, there is evidence that in some dairy foods the milk
fat globule membrane can protect the dairy fat from digestion
and absorption (135).

CONCLUSIONS

Milk and dairy products provide important nutrients across
the life course, some of which (e.g., iodine) are likely
underappreciated by the consumer. Milk and dairy products
(as a rich source of dietary iodine) intake should remain a
staple component of the diet for pregnant/lactating women,
given that iodine deficiency during pregnancy is associated
with cognitive implications for the developing child. However,
excessive iodine intake may be of concern in those who consume
high quantities of iodine-rich milk (e.g., winter UK milk),
and hence it is important to continue to monitor milk-iodine
concentration, especially in relation to changes in the iodine
content of cattle feed. Milk proteins, and specifically the casein
fraction, are fundamental to supporting musculoskeletal growth
and development during childhood and adolescents, mediated
primarily by the secretion of IGF-1. With advancing age (mid and
later life), dairy proteins play a prominent role in maintaining
skeletal muscle mass and strength via the stimulation of MPS.
Likewise, maintaining a sufficient iodine status with advancing
age is particularly relevant given the emerging link between
iodine deficiency and brain health in older age. Moving forward,
it is critically important that policy and practice reflects the role
that milk and dairy products play in the provision of important
nutrients for metabolic health in humans across the life course.

AUTHOR CONTRIBUTIONS

All authors were involved in conceptualization, writing and
editing of the narrative review and have read and agreed to the
published version of the manuscript.

ACKNOWLEDGMENTS

We would like to thank the Rank Prize Funds for the organization
of the Nutrition Mini Symposium, from which came the idea
for this review. Iin particular we thank Prof Ian Givens and
Prof Christine Williams for their suggestions and insights during
the development of the paper. We would like to express our
gratitude to Dr. Eirini Trichia for her insights. Finally, we would
like to extend our gratitude to all the symposium attendees
and organizers.

Frontiers in Nutrition | www.frontiersin.org

February 2022 | Volume 9 | Article 800559


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Witard et al.

Dairy Across the Life Course

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Williams,

. Willett WC, Ludwig DS. Milk and health. N Engl | Med. (2020) 382:644—

54. doi: 10.1056/NEJMral903547

. Willett W, Ludwig DS. Milk and health. Reply N Engl ] Med. (2020) 382:¢86.

doi: 10.1056/NEJMc2005220

. Public Health England. National Diet and Nutrition Survey Results

from Years 7 and 8 (combined) of the Rolling Programme (2014/2015 to
2015/2016). A survey carried out on behalf of Public Health England and the
Food Standards Agency. (2018). Available online at: https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_data/file/
699241/NDNS_results_years_7_and_8.pdf (accessed July 6, 2018).

GR. Neurodevelopmental neurophysiological
actions of thyroid hormone. ] Neuroendocrinol. (2008) 20:784-
4. doi: 10.1111/j.1365-2826.2008.01733.x

and

. Velasco I, Bath SC, Rayman MP. Iodine as essential nutrient during the first

1000 days of life. Nutrients. (2018) 10:290. doi: 10.3390/nu10030290

. Department of Health (1991) Report on Health and Social Subjects:

41. Dietary Reference Values for Food, Energy and Nutrients for the
United Kingdom. London: The Stationery Office.

. Scientific Advisory Committee on Nutrition (2014) SACN statement on iodine

and health. Available online at: https://www.gov.uk/government/uploads/
system/uploads/attachment_data/file/339439/SACN_Iodine_and_Health_
2014.pdf (accessed January 9, 2017).

. van Mil NH, Tiemeier H, Bongers-Schokking JJ, Ghassabian A, Hofman A,

Hooijkaas H, et al. Low urinary iodine excretion during early pregnancy
is associated with alterations in executive functioning in children. J Nutr.
(2012) 142:2167-74. doi: 10.3945/jn.112.161950

. Bath SC, Steer CD, Golding J, Emmett P, Rayman MP. Effect of inadequate

iodine status in UK pregnant women on cognitive outcomes in their
children: results from the avon longitudinal study of parents and children
(ALSPAC). Lancet. (2013) 382:331-7. doi: 10.1016/S0140-6736(13)60436-5

Bath SC, Rayman MP. Trace element concentration in organic
and conventional milk -what are the nutritional implications
of the recently-reported differences? Br ] Nutr. (2016) 116:3-

6. doi: 10.1017/S0007114516001616

Phillips DI. Iodine, milk, and the elimination of endemic goitre in Britain: the
story of an accidental public health triumph. J Epidemiol Community Health.
(1997) 51:391-3. doi: 10.1136/jech.51.4.391

van der Reijden OL, Zimmermann MB, Galetti V. Iodine in dairy milk:
Sources, concentrations and importance to human health. Best Pract Res Clin
Endocrinol Metab. (2017) 31:385-95. doi: 10.1016/j.beem.2017.10.004
Conrad LM, Hemken RW. Milk iodine as influenced by an iodophor teat dip.
J Dairy Sci. (1978) 61:776-80. doi: 10.3168/jds.50022-0302(78)83648-0
Galton DM, Petersson LG, Merrill WG, Bandler DK, Shuster DE.
Effects of premilking udder preparation on bacterial population,
sediment, and iodine residue in milk. J Dairy Sci. (1984)
67:2580-9. doi: 10.3168/jds.S0022-0302(84)81616-1

Thomson CD. Selenium and iodine intakes and status in New Zealand and
Australia. Br ] Nutr. (2004) 91:661-672. doi: 10.1079/BJN20041110

Li M, Waite KV, Ma G, Eastman CJ. Declining iodine content of milk
and re-emergence of iodine deficiency in Australia. Med ] Aust. (2006)
184:307. doi: 10.5694/j.1326-5377.2006.tb00248.x

van der Reijden OL, Galetti V, Hulmann M, Krzystek A, Haldimann
M, Schlegel P, et al. The main determinants of iodine in cows’ milk in
Switzerland are farm type, season and teat dipping. Br | Nutr. (2018)
119:559-69. doi: 10.1017/S0007114517003798

Stevenson MC, Drake C, Givens DI Further studies on
the iodine concentration of conventional, organic and UHT
semi-skimmed milk at retail in the UK. Food Chem. (2018)

239:551-5. doi: 10.1016/j.foodchem.2017.06.135

WHO, UNICEF, ICCIDD. Assessment of lodine Deficiency Disorders and
Monitoring Their Elimination. Geneva: WHO (2007).

Flachowsky G, Franke K, Meyer U, Leiterer M, Schone F. Influencing
factors on iodine content of cow milk. Eur J Nutr. (2014) 53:351-
65. doi: 10.1007/s00394-013-0597-4

Srednicka-Tober D, Baranski M, Seal CJ, Sanderson R, Benbrook C,
Steinshamn H, et al. Higher PUFA and n-3 PUFA, conjugated linoleic acid,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

alpha-tocopherol and iron, but lower iodine and selenium concentrations
in organic milk: a systematic literature review and meta- and redundancy
analyses. Br ] Nutr. (2016) 115:1043-60. doi: 10.1017/S0007114516000349
Bath SC, Button S, Rayman MP. Iodine concentration of organic and
conventional milk: implications for iodine intake. Br ] Nutr. (2012) 107:935-
40. doi: 10.1017/S0007114511003059

Qin N, Faludi G, Beauclercq S, Pitt J, Desnica N, Pétursdottir A, et al.
Macromineral and trace element concentrations and their seasonal variation
in milk from organic and conventional dairy herds. Food chem. (2021)
359:129865. doi: 10.1016/j.foodchem.2021.129865

Dineva M, Rayman MP, Levie D, Guxens M, Peeters RP, Vioque J, et al.
Similarities and differences of dietary and other determinants of iodine status
in pregnant women from three European birth cohorts. Eur J Nutr. (2019)
59:371-387. doi: 10.1007/500394-019-01913-w

Bath SC, Furmidge-Owen VL, Redman CW, Rayman MP. Gestational
changes in iodine status in a cohort study of pregnant women from the
United Kingdom: season as an effect modifier. Am ] Clin Nutr. (2015)
101:1180-7. doi: 10.3945/ajcn.114.105536

Bath SC, Combet E, Scully P, Zimmermann MB, Hampshire-Jones
KH, Rayman MP. A multi-centre pilot study of iodine status in
UK schoolchildren, aged 8-10 years. Eur ] Nutr. (2016) 55:2001-
9. doi: 10.1007/500394-015-1014-y

Caldwell KL, Makhmudov A, Ely E, Jones RL, Wang RY. Iodine status of
the population US. National health and nutrition examination survey, 2005-
2006 and 2007-2008. Thyroid. (2011) 21:419-27. doi: 10.1089/thy.2010.0077
Vanderpump MP, Lazarus JH, Smyth PP, Laurberg P, Holder RL, Boelaert K,
et al. Iodine status of UK schoolgirls: a cross-sectional survey. Lancet. (2011)
377:2007-12. doi: 10.1016/S0140-6736(11)60693-4

Mullan K, Hamill L, Doolan K, Young I, Smyth P, Flynn A, et al. Iodine
status of teenage girls on the island of Ireland. Eur ] Nutr. (2019) 59:1859-
67. doi: 10.1007/s00394-019-02037-x

Public Health England. The Composition of Foods Integrated Dataset
(CoFID). (2021). Available online at: https://www.gov.uk/government/
publications/composition-of-foods-integrated- dataset- cofid (accessed
December 20, 2021).

Scientific Committee on Food. Opinion of the Scientific Committee on Food
on the tolerable upper intake level of iodine. SCF/CS/NUT/UPPLEV/26 Final.
European Commission (2002). Available online at: http://ec.europa.eu/food/
fs/sc/scf/out146_en.pdf (accessed 11th January 2012).

Ministry of Agriculture Fisheries and Food (MAFF). MAFF Iodine In Milk
Food Survey Information Sheet Number 198. (2000). Available online at:
http://archive.food.gov.uk/maff/archive/food/infsheet/2000/n0198/198milk.
htm (accessed October 12, 2010).

European Food Safety Authority. Scientific opinion on the safety and efficacy
of iodine compounds (E2) as feed additives for all species: calcium iodate
anhydrous and potassium iodide, based on a dossier submitted by HELM
AG. EFSA Journal. (2014) 11:3101. doi: 10.2903/j.efsa.2013.3101

Burgi H. Iodine excess. Best Pract Res Clin Endocrinol Metab. (2010) 24:107-
15. doi: 10.1016/j.beem.2009.08.010

Moore DR. Protein metabolism in active youth: not just little adults. Exerc
Sport Sci Rev. (2019) 47:29-36. doi: 10.1249/JES.0000000000000170

Eriksen KG, Christensen SH, Lind MYV, Michaelsen KF. Human

milk composition and infant growth. Curr Opin Clin  Nutr
Metab  Care.  (2018)  21:200-6. doi:  10.1097/MCO.00000000000
00466

Choudhury S, Headey DD. Household dairy production and child
growth: Evidence from Bangladesh. Econ Hum Biol. (2018) 30:150-
61. doi: 10.1016/j.ehb.2018.07.001

Hoppe C, Molgaard C, Dalum C, Vaag A, Michaelsen KF. Differential
effects of casein versus whey on fasting plasma levels of insulin,
IGF-1 IGF-1/IGFBP-3: randomized = 7-day
supplementation study in prepubertal boys. Eur ] Clin Nutr. (2009)
63:1076-83. doi: 10.1038/ejcn.2009.34

Locatelli 'V, Bianchi VE. Effect of
metabolism  and  osteoporsosis.  Int ]
2014:235060. doi: 10.1155/2014/235060

Yakar S, Werner H, Rosen CJ. Insulin-like growth factors: actions on the
skeleton. ] Mol Endocrinol. (2018) 61:T115-t137. doi: 10.1530/JME-17-0298

and results from a

bone
(2014)

GH/IGF-1  on
Endocrinol.

Frontiers in Nutrition | www.frontiersin.org

February 2022 | Volume 9 | Article 800559


https://doi.org/10.1056/NEJMra1903547
https://doi.org/10.1056/NEJMc2005220
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/699241/NDNS_results_years_7_and_8.pdf
https://doi.org/10.1111/j.1365-2826.2008.01733.x
https://doi.org/10.3390/nu10030290
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/339439/SACN_Iodine_and_Health_2014.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/339439/SACN_Iodine_and_Health_2014.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/339439/SACN_Iodine_and_Health_2014.pdf
https://doi.org/10.3945/jn.112.161950
https://doi.org/10.1016/S0140-6736(13)60436-5
https://doi.org/10.1017/S0007114516001616
https://doi.org/10.1136/jech.51.4.391
https://doi.org/10.1016/j.beem.2017.10.004
https://doi.org/10.3168/jds.S0022-0302(78)83648-0
https://doi.org/10.3168/jds.S0022-0302(84)81616-1
https://doi.org/10.1079/BJN20041110
https://doi.org/10.5694/j.1326-5377.2006.tb00248.x
https://doi.org/10.1017/S0007114517003798
https://doi.org/10.1016/j.foodchem.2017.06.135
https://doi.org/10.1007/s00394-013-0597-4
https://doi.org/10.1017/S0007114516000349
https://doi.org/10.1017/S0007114511003059
https://doi.org/10.1016/j.foodchem.2021.129865
https://doi.org/10.1007/s00394-019-01913-w
https://doi.org/10.3945/ajcn.114.105536
https://doi.org/10.1007/s00394-015-1014-y
https://doi.org/10.1089/thy.2010.0077
https://doi.org/10.1016/S0140-6736(11)60693-4
https://doi.org/10.1007/s00394-019-02037-x
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
http://ec.europa.eu/food/fs/sc/scf/out146_en.pdf
http://ec.europa.eu/food/fs/sc/scf/out146_en.pdf
http://archive.food.gov.uk/maff/archive/food/infsheet/2000/no198/198milk.htm
http://archive.food.gov.uk/maff/archive/food/infsheet/2000/no198/198milk.htm
https://doi.org/10.2903/j.efsa.2013.3101
https://doi.org/10.1016/j.beem.2009.08.010
https://doi.org/10.1249/JES.0000000000000170
https://doi.org/10.1097/MCO.0000000000000466
https://doi.org/10.1016/j.ehb.2018.07.001
https://doi.org/10.1038/ejcn.2009.34
https://doi.org/10.1155/2014/235060
https://doi.org/10.1530/JME-17-0298
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Witard et al.

Dairy Across the Life Course

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wan X, Wang S, Xu ], Zhuang L, Xing K, Zhang M, et al. Dietary protein-
induced hepatic IGF-1 secretion mediated by PPARYy activation. PLoS ONE.
(2017) 12:e0173174. doi: 10.1371/journal.pone.0173174

Yakar S, Rosen CJ, Beamer WG, Ackert-Bicknell CL, Wu Y, Liu JL, et al.
Circulating levels of IGF-1 directly regulate bone growth and density. J Clin
Invest. (2002) 110:771-81. doi: 10.1172/JCI10215463

Tanner JM, Whitehouse RH. Clinical longitudinal standards for height,
weight, height velocity, weight velocity, and stages of puberty. Arch Dis Child.
(1976) 51:170-9. doi: 10.1136/adc.51.3.170

Beckett PR, Jahoor E Copeland KC. The efficiency of dietary protein
utilization is increased during puberty. J Clin Endocrinol Metab. (1997)
82:2445-9. doi: 10.1210/j¢.82.8.2445

Biolo G, Fleming RY, Maggi SP, Wolfe RR. Transmembrane transport and
intracellular kinetics of amino acids in human skeletal muscle. Am J Physiol.
(1995) 268:E75-84. doi: 10.1152/ajpendo.1995.268.1.E75

Wolfe RR, Baum ]I, Starck C, Moughan PJ]. Factors contributing to
the selection of dietary protein food sources. Clin Nutr. (2018) 37:130-
8. doi: 10.1016/j.cInu.2017.11.017

Apro W, Moberg M, Hamilton DL, Ekblom B, Rooyackers O, Holmberg HC,
et al. Leucine does not affect mechanistic target of rapamycin complex 1
assembly but is required for maximal ribosomal protein s6 kinase 1 activity
in human skeletal muscle following resistance exercise. FASEB ]. (2015)
29:4358-73. doi: 10.1096/1j.15-273474

Karagounis LG, Volterman KA, Breuille D, Offord EA, Emady-Azar S, Moore
DR. Protein intake at breakfast promotes a positive whole-body protein
balance in a dose-response manner in healthy children: a randomized trial. J
Nutr. (2018) 148:729-37. doi: 10.1093/jn/nxy026

Moleti M, Di Bella B, Giorgianni G, Mancuso A, De Vivo A,
Alibrandi A, et al. Maternal thyroid function in different conditions
of iodine nutrition in pregnant women exposed to mild-moderate
iodine deficiency: an observational study. Clin Endocrinol. (2011)
74:762-8. doi: 10.1111/j.1365-2265.2011.04007.x

Bath SC. The effect of iodine
on child development.  Proc
60. doi: 10.1017/S0029665118002835
Zimmermann MB, Galetti V. Iodine intake as a risk factor for thyroid cancer:
a comprehensive review of animal and human studies. Thyroid research.
(2015) 8:8. doi: 10.1186/s13044-015-0020-8

Herter-Aeberli I, Cherkaoui M, El Ansari N, Rohner R, Stinca S, Chabaa
L, et al. Jodine supplementation decreases hypercholesterolemia in iodine-
deficient, overweight women: a randomized controlled trial. J Nutr. (2015)
145:2067-75. doi: 10.3945/jn.115.213439

Bath SC, Rayman MP. Has the UK really become iodine sufficient? Lancet
Diabetes Endocrinol. (2018) 6:89-90. doi: 10.1016/52213-8587(17)30133-X
Bath SC, Sleeth ML, McKenna M, Walter A, Taylor A, Rayman MP.
Iodine intake and status of UK women of childbearing age recruited
at the University of Surrey in the winter. Br J Nutr. (2014) 112:1715-
23. doi: 10.1017/S0007114514002797

O’Kane SM, Pourshahidi LK, Mulhern MS, Strain JJ, Mackle EM, Koca
D, et al. Cow milk consumption increases iodine status in women of
childbearing age in a randomized controlled trial. J Nutr. (2018) 148:401-
8. doi: 10.1093/jn/nxx043

Witard OC, McGlory C, Hamilton DL, Phillips SM. Growing older with
health and vitality: a nexus of physical activity, exercise and nutrition.
Biogerontology. (2016) 17:529-46. doi: 10.1007/s10522-016-9637-9

Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. Myofibrillar
muscle protein synthesis rates subsequent to a meal in response to increasing
doses of whey protein at rest and after resistance exercise. Am J Clin Nutr.
(2014) 99:86-95. doi: 10.3945/ajcn.112.055517

van Vliet S, Burd NA, van Loon LJ. The skeletal muscle anabolic response to
plant- versus animal-based protein consumption. J Nutr. (2015) 145:1981-
91. doi: 10.3945/jn.114.204305

Wilkinson SB, Tarnopolsky MA, MacDonald MJ, MacDonald JR, Armstrong
D, Philips SM. Consumption of fluid skim milk promotes greater muscle
protein accretion after resistance exercise than does consumption of an
isonitrogenous and isoenergetic soy-protein beverage. Am J Clin Nutr. (2007)
85:1031-40. doi: 10.1093/ajcn/85.4.1031

deficiency ~ during pregnancy

Nutr  Soc.  (2019)  78:150-

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Mitchell CJ, McGregor RA, D’Souza RE, Thorstensen EB, Markworth JF,
Fanning AC, et al. Consumption of milk protein or whey protein results in a
similar increase in muscle protein synthesis in middle aged men. Nutrients.
(2015) 7:8685-99. doi: 10.3390/nu7105420

Burd NA, Gorissen SH, van Vliet S, Snijders T, van Loon LJ. Differences
in postprandial protein handling after beef vs. milk ingestion during
postexercise recovery: a randomized controlled trial. AJCN. (2015)
102:828:36. doi: 10.3945/ajcn.114.103184

Gorissen SH, Horstman AM, Franssen R, Crombag JJ, Langer H, Bierau J,
et al. Ingestion of wheat protein increases in vivo muscle protein synthesis
rates in healthy older men in a randomized trial. J Nutr. (2016) 146:1651-
9. doi: 10.3945/jn.116.231340

Pinckaers PJM, Weijzen MEG, Houben LHP, Zorenc AH, Kouw IWK, de
Groot LJC, et al. The muscle protein synthetic response following ingestion
of corn protein, milk protein and their protein blend in young males. Curr
Dev Nutr. (2020) 4:651. doi: 10.1093/cdn/nzaa049_044

Monteyne AJ, Coelho MOC, Porter C, Abdelrahman DR, Jameson TSO,
Jackman SR, et al. Mycoprotein ingestion stimulates protein synthesis rates
to a greater extent than milk protein in rested and exercised skeletal muscle
of healthy young men: a randomized controlled trial. Am ] Clin Nutr. (2020)
112:318-33. doi: 10.1093/ajcn/nqaa092

Hernandez M, del Vades C, Kyle ], Allan J, Allerhand M, Clark H, et al.
Dietary iodine exposure and brain structures and cognition in older people.
exploratory analysis in the lothian birth cohort 1936. ] Nutr Health Aging.
(2017) 21:971-9. doi: 10.1007/512603-017-0954-8

Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz AV,
et al. The loss of skeletal muscle strength, mass, and quality in older adults:
the health, aging and body composition study. ] Gerontol A Biol Sci Med Sci.
(2006) 61:1059-64. doi: 10.1093/gerona/61.10.1059

Volpi E, Sheffield-Moore M, Rasmussen BB, Wolfe RR. Basal muscle amino
acid kinetics and protein synthesis in healthy young and older men. JAMA.
(2001) 286:1206-12. doi: 10.1001/jama.286.10.1206

Cuthbertson D, Smith K, Babraj ], Leese G, Waddell T, Atherton P, et al.
Anabolic signaling deficits underlie amino acid resistance of wasting, aging
muscle. FASEB J. (2005) 19:422-4. doi: 10.1096/1j.04-2640fje

Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne TA, Josse
AR, et al. Resistance exercise enhances myofibrillar protein synthesis with
graded intakes of whey protein in older men. Br J Nutr. (2012) 108:1780-
8. doi: 10.1017/S0007114511007422

Yang Y, Churchward-Venne TA, Burd NA, Breen L, Tarnopolsky MA,
Phillips SM. Myofibrillar protein synthesis following ingestion of soy protein
isolate at rest and after resistance exercise in elderly men. Nutr Metab. (2012)
957-66. doi: 10.1186/1743-7075-9-57

Tieland M, Borgonjen-Van den Berg KJ, Van Loon L], de Groot LC. Dietary
protein Intake in Dutch elderly people: a focus on protein sources. Nutrients.
(2015) 7:9697-706. doi: 10.3390/nu7125496

Mangano KM, Sahni S, Kerstetter JE, Kenny AM, Hannan MT.
Polyunsaturated fatty acids and their relation with bone and
muscle health in adults. Current osteoporosis reports. (2013)
11:203-12. doi: 10.1007/s11914-013-0149-0

Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, et al.
Evidence-based recommendations for optimal dietary protein intake in older
people: a position paper from the PROT-AGE study group. ] Am Med Dir
Assoc. (2013) 14:542-59. doi: 10.1016/j.jamda.2013.05.021

Moore DR, Churchward-Venne TA, Witard O, Breen L, Burd NA, Tipton
KD, et al. Protein ingestion to stimulate myofibrillar protein synthesis
requires greater relative protein intakes in healthy older versus younger men.
] Gerontol A Biol Sci Med Sci. (2015) 70:57-62. doi: 10.1093/gerona/glul03
Moore DR. Maximizing post-exercise anabolism: the case for relative protein
intakes. Front Nutr. (2019) 6:147. doi: 10.3389/fnut.2019.00147

Burd NA, Beals JW, Martinez IG, Salvador AF, Skinner SK. Food-
First approach to enhance the regulation of post-exercise skeletal
muscle protein synthesis and remodeling. Sports Med. (2019) 49:59-
68. doi: 10.1007/s40279-018-1009-y

Elliot TA, Cree MG, Sanford AP, Wolfe RR, Tipton KD. Milk ingestion
stimulates net muscle protein synthesis following resistance exercise. Med Sci
Sports Exerc. (2006) 38:667-74. doi: 10.1249/01.mss.0000210190.64458.25

Frontiers in Nutrition | www.frontiersin.org

10

February 2022 | Volume 9 | Article 800559


https://doi.org/10.1371/journal.pone.0173174
https://doi.org/10.1172/JCI0215463
https://doi.org/10.1136/adc.51.3.170
https://doi.org/10.1210/jc.82.8.2445
https://doi.org/10.1152/ajpendo.1995.268.1.E75
https://doi.org/10.1016/j.clnu.2017.11.017
https://doi.org/10.1096/fj.15-273474
https://doi.org/10.1093/jn/nxy026
https://doi.org/10.1111/j.1365-2265.2011.04007.x
https://doi.org/10.1017/S0029665118002835
https://doi.org/10.1186/s13044-015-0020-8
https://doi.org/10.3945/jn.115.213439
https://doi.org/10.1016/S2213-8587(17)30133-X
https://doi.org/10.1017/S0007114514002797
https://doi.org/10.1093/jn/nxx043
https://doi.org/10.1007/s10522-016-9637-9
https://doi.org/10.3945/ajcn.112.055517
https://doi.org/10.3945/jn.114.204305
https://doi.org/10.1093/ajcn/85.4.1031
https://doi.org/10.3390/nu7105420
https://doi.org/10.3945/ajcn.114.103184
https://doi.org/10.3945/jn.116.231340
https://doi.org/10.1093/cdn/nzaa049_044
https://doi.org/10.1093/ajcn/nqaa092
https://doi.org/10.1007/s12603-017-0954-8
https://doi.org/10.1093/gerona/61.10.1059
https://doi.org/10.1001/jama.286.10.1206
https://doi.org/10.1096/fj.04-2640fje
https://doi.org/10.1017/S0007114511007422
https://doi.org/10.1186/1743-7075-9-57
https://doi.org/10.3390/nu7125496
https://doi.org/10.1007/s11914-013-0149-0
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1093/gerona/glu103
https://doi.org/10.3389/fnut.2019.00147
https://doi.org/10.1007/s40279-018-1009-y
https://doi.org/10.1249/01.mss.0000210190.64458.25
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Witard et al.

Dairy Across the Life Course

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Rey-Crespo F, Lopez-Alonso M, Miranda M. The use of seaweed from the
Galician coast as a mineral supplement in organic dairy cattle. Animal.
(2014) 8:580-6. doi: 10.1017/S1751731113002474

Newton EE, Pétursdottir AH, Rikhard*sson G, Beaumal C, Desnica N,
Giannakopoulou K, et al. Effect of dietary seaweed supplementation in cows
on milk macrominerals, trace elements and heavy metal concentrations.
Foods. (2021) 10:1526. doi: 10.3390/foods10071526

van Vliet S, Shy EL, Abou Sawan S, Beals JW, West DW, Skinner
SK, et al. Consumption of whole eggs promotes greater stimulation of
postexercise muscle protein synthesis than consumption of isonitrogenous
amounts of egg whites in young men. Am J Clin Nutr. (2017) 106:1401-
12. doi: 10.3945/ajcn.117.159855

Willett W, Rockstrom J, Loken B, Springmann M, Lang T, Vermeulen
S, et al. Food in the Anthropocene: the EAT-Lancet Commission on
healthy diets from sustainable food systems. Lancet. (2019) 393:447-
92. doi: 10.1016/S0140-6736(18)31788-4

Affairs DfEFR (2017) Family Food 2015-report tables dataset. Available online
at: https://www.gov.uk/government/statistics/family-food-2015 (accessed
January 19, 2018).

Chambers L. Are plant-based milk alternatives putting people at risk of low
iodine intake? Nutrition Bulletin. (2018) 43:46-52. doi: 10.1111/nbu.12305
Ma W, He X, Braverman L. Iodine content in milk alternatives. Thyroid.
(2016) 26:1308-10. doi: 10.1089/thy.2016.0239

Groufh-Jacobsen S, Hess SY, Aakre I, Gjengedal EL,
Blandhoel Pettersen K, Henjum S. (2020) Vegans, vegetarians and
pescatarians are at risk of iodine deficiency in Norway. Nutrients.
12:3555. doi: 10.3390/nul2113555

Bath SC, Hill S, Infante HG, Elghul S, Nezianya CJ, Rayman
MP. drinks
in the UK in comparison with cows’ milk. Br ] Nutr.
118:525-32. doi: 10.1017/S0007114517002136

Dineva M, Rayman MP, Bath SC. Iodine status of consumers of milk-
alternative drinks v. cows’ milk: data from the UK national diet and nutrition
survey. Br ] Nutr. (2021) 126:28-36. doi: 10.1017/S0007114520003876
British Dietetic Association. Iodine: The Debate Around Fortification. (2021).
Available online at: https://www.bda.uk.com/resource/iodine-the-debate-
around-fortification.html (accessed December 20, 2021).

Macdiarmid JI. Is a healthy diet an environmentally sustainable diet? Proc
Nutr Soc. (2013) 72:13-20. doi: 10.1017/50029665112002893

Scarborough P, Appleby PN, Mizdrak A, Briggs AD, Travis RC, Bradbury
KE, et al. Dietary greenhouse gas emissions of meat-eaters, fish-eaters,
vegetarians and vegans in the UK. Clim Change. (2014) 125:179-
92. doi: 10.1007/s10584-014-1169-1

Gorissen SH, Remond D, van Loon LJ.
synthetic response to food ingestion. Meat
100. doi: 10.1016/j.meatsci.2015.05.009

Gorissen SHM, Witard OC. Characterising the muscle anabolic potential of
dairy, meat and plant-based protein sources in older adults. Proc Nutr Soc.
(2018) 77:20-31. doi: 10.1017/S002966511700194X

Zimmermann M, Delange F. Iodine supplementation of pregnant women
in Europe: a review and recommendations. Eur J Clin Nutr. (2004) 58:979-
84. doi: 10.1038/sj.ejcn.1601933

Public Health England. McCance and Widdowsons composition of
foods integrated dataset. (2015). Available online at: https://www.gov.
uk/government/publications/composition- of-foods-integrated- dataset-
cofid (accessed November 13, 2015).

Weir RR, Johnston M, Lowis C, Fearon AM, Stewart S, Strain JJ, et
al. Vitamin D(3) content of cows” milk produced in Northern Ireland
and its efficacy as a vehicle for vitamin D fortification: a UK model.
Int ] Food Sci Nutr. (2020) 72:447-55. doi: 10.1080/09637486.2020.18
37743

Mendes MM, Charlton K, Thakur S, Ribeiro H, Lanham-New SA. Future
perspectives in addressing the global issue of vitamin D deficiency. Proc Nutr
Soc. (2020) 79:246-51. doi: 10.1017/50029665119001538

Hin H, Tomson J, Newman C, Kurien R, Lay M, Cox J, et al. Optimum
dose of vitamin D for disease prevention in older people: BEST-D
trial of vitamin D in primary care. Osteoporos Int. (2017) 28:841-
51. doi: 10.1007/s00198-016-3833-y

Folven

available
(2017)

Iodine concentration of milk-alternative

The
Sci.

muscle
(2015)

protein
109:96—

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

and vitamin D
(2008)

Wagner CL, Greer FR. Prevention of rickets
deficiency in infants, children, and adolescents. Pediatrics.
122:1142-52. doi: 10.1542/peds.2008-1862

Holick MF. The vitamin D deficiency pandemic: a
hormone important for health. Public Health Rev.
32:267-83. doi: 10.1007/BF03391602

Thacher TD, Fischer PR, Tebben PJ, Singh RJ, Cha SS, Maxson JA, et
al. (2013) Increasing incidence of nutritional rickets: a population-based
study in Olmsted County, Minnesota. Mayo Clin Proc. (2012) 88:176-
83. doi: 10.1016/j.mayocp.2012.10.018

Goldacre M, Hall N, Yeates DG. Hospitalisation for children with
rickets in England: a historical perspective. Lancet. (2014) 383:597-
8. doi: 10.1016/S0140-6736(14)60211-7

Prentice A. Nutritional rickets around the world. J Steroid Biochem Mol Biol.
(2013) 136:201-6. doi: 10.1016/j.jsbmb.2012.11.018

Creo AL, Thacher TD, Pettifor JM, Strand MA, Fischer PR. Nutritional
rickets around the world: an update. Paediatr Int Child Health. (2017)
37:84-98. doi: 10.1080/20469047.2016.1248170

Cashman KD, Dowling KG, Skrabékov4 Z, Gonzalez-Gross M, Valtuefia J, de
Henauw C, et al. Vitamin D deficiency in Europe: pandemic? Am J Clin Nutr.
(2016) 103:1033-44. doi: 10.3945/ajcn.115.120873

van Staa TP, Dennison EM, Leufkens HG, Cooper C. Epidemiology
of fractures in England and Wales. Bome. (2001) 29:517-
22. doi: 10.1016/S8756-3282(01)00614-7

Sahni S, Mangano KM, Kiel DP, Tucker KL, Hannan MT. Dairy intake
is protective against bone loss in older vitamin D Supplement users: the
framingham study. ] Nutr. (2017) 147:645-52. doi: 10.3945/jn.116.240390
Bass JJ, Kazi AA, Deane CS, Nakhuda A, Ashcroft SP, Brook MS, et
al. The mechanisms of skeletal muscle atrophy in response to transient
knockdown of the vitamin D receptor in vivo. ] Physiol. (2020) 599:963—
79. doi: 10.1113/JP280652

forgotten
(2010)

Bass JJ, Nakhuda A, Deane CS, Brook MS, Wilkinson DJ,
Phillips BE, et al. Overexpression of the vitamin D receptor
(VDR) induces skeletal muscle hypertrophy. Mol Metab. (2020)

42:101059. doi: 10.1016/j.molmet.2020.101059

Dewansingh P, Melse-Boonstra A, Krijnen WP, van der Schans CP, Jager-
Wittenaar H, van den Heuvel E. Supplemental protein from dairy products
increases body weight and vitamin D improves physical performance in
older adults: a systematic review and meta-analysis. Nutr Res. (2018) 49:1-
22. doi: 10.1016/j.nutres.2017.08.004

Browning LC, Cowieson AJ. Vitamin D fortification of eggs for human
health. J Sci Food Agric. (2014) 94:1389-96. doi: 10.1002/jsfa.6425
Tangpricha V, Koutkia P, Rieke SM, Chen TC, Perez AA, Holick MF.
Fortification of orange juice with vitamin D: a novel approach for
enhancing vitamin D nutritional health. Am ] Clin Nutr. (2003) 77:1478-
83. doi: 10.1093/ajcn/77.6.1478

Pranger IG, Joustra ML, Corpeleijn E, Muskiet FAJ, Kema IP, Oude
Elferink S, et al. Fatty acids as biomarkers of total dairy and dairy fat
intakes: a systematic review and meta-analysis. Nutr Rev. (2019) 77:46-
63. doi: 10.1093/nutrit/nuy048

Mozaffarian D, Cao H, King IB, Lemaitre RN, Song X, Siscovick DS,
et al. Trans-palmitoleic acid, metabolic risk factors, and new-onset
diabetes in U.S. adults: a cohort study. Ann Intern Med. (2010) 153:790-
9. doi: 10.7326/0003-4819-153-12-201012210-00005

Jenkins B, West JA, Koulman A. A review of odd-chain fatty
acid metabolism and the role of pentadecanoic acid (c15:0) and
heptadecanoic acid (c17:0) in health and disease. Molecules. (2015)
20:2425-44. doi: 10.3390/molecules20022425

Altorf-van der Kuil W, Brink EJ, Boetje M, Siebelink E, Bijlsma S, Engberink
ME et al. Identification of biomarkers for intake of protein from meat, dairy
products and grains: a controlled dietary intervention study. Br ] Nutr. (2013)
110:810-22. doi: 10.1017/S0007114512005788

Stanstrup J, Rasmussen JE, Ritz C, Holmer-Jensen J, Hermansen K, Dragsted
LO. Intakes of whey protein hydrolysate and whole whey proteins are
discriminated by LC-MS metabolomics. Metabolomics. (2014) 10:719-
36. doi: 10.1007/s11306-013-0607-9

Dunn WB, Broadhurst DI, Atherton HJ, Goodacre R, Griffin JL. Systems
level studies of mammalian metabolomes: the roles of mass spectrometry

Frontiers in Nutrition | www.frontiersin.org

11

February 2022 | Volume 9 | Article 800559


https://doi.org/10.1017/S1751731113002474
https://doi.org/10.3390/foods10071526
https://doi.org/10.3945/ajcn.117.159855
https://doi.org/10.1016/S0140-6736(18)31788-4
https://www.gov.uk/government/statistics/family-food-2015
https://doi.org/10.1111/nbu.12305
https://doi.org/10.1089/thy.2016.0239
https://doi.org/10.3390/nu12113555
https://doi.org/10.1017/S0007114517002136
https://doi.org/10.1017/S0007114520003876
https://www.bda.uk.com/resource/iodine-the-debate-around-fortification.html
https://www.bda.uk.com/resource/iodine-the-debate-around-fortification.html
https://doi.org/10.1017/S0029665112002893
https://doi.org/10.1007/s10584-014-1169-1
https://doi.org/10.1016/j.meatsci.2015.05.009
https://doi.org/10.1017/S002966511700194X
https://doi.org/10.1038/sj.ejcn.1601933
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://doi.org/10.1080/09637486.2020.1837743
https://doi.org/10.1017/S0029665119001538
https://doi.org/10.1007/s00198-016-3833-y
https://doi.org/10.1542/peds.2008-1862
https://doi.org/10.1007/BF03391602
https://doi.org/10.1016/j.mayocp.2012.10.018
https://doi.org/10.1016/S0140-6736(14)60211-7
https://doi.org/10.1016/j.jsbmb.2012.11.018
https://doi.org/10.1080/20469047.2016.1248170
https://doi.org/10.3945/ajcn.115.120873
https://doi.org/10.1016/S8756-3282(01)00614-7
https://doi.org/10.3945/jn.116.240390
https://doi.org/10.1113/JP280652
https://doi.org/10.1016/j.molmet.2020.101059
https://doi.org/10.1016/j.nutres.2017.08.004
https://doi.org/10.1002/jsfa.6425
https://doi.org/10.1093/ajcn/77.6.1478
https://doi.org/10.1093/nutrit/nuy048
https://doi.org/10.7326/0003-4819-153-12-201012210-00005
https://doi.org/10.3390/molecules20022425
https://doi.org/10.1017/S0007114512005788
https://doi.org/10.1007/s11306-013-0607-9
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Witard et al.

Dairy Across the Life Course

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

and nuclear magnetic resonance spectroscopy. Chem Soc Rev. (2011) 40:387-
426. doi: 10.1039/B906712B

Guertin KA, Moore SC, Sampson JN, Huang WY, Xiao Q, Stolzenberg-
Solomon RZ, et al. Metabolomics in nutritional epidemiology: identifying
metabolites associated with diet and quantifying their potential to uncover
diet-disease relations in populations. Am ] Clin Nutr. (2014) 100:208-
17. doi: 10.3945/ajcn.113.078758

Nestel PJ, Straznicky N, Mellett NA, Wong G, De Souza DP, Tull DP, et al.
Specific plasma lipid classes and phospholipid fatty acids indicative of dairy
food consumption associate with insulin sensitivity. Am J Clin Nutr. (2014)
99:46-53. doi: 10.3945/ajcn.113.071712

Pedersen SMM, Nebel C, Nielsen NC, Andersen HJ, Olsson J, Simren M,
et al. A GC-MS-based metabonomic investigation of blood serum from
irritable bowel syndrome patients undergoing intervention with acidified
milk products. European Food Research and Technology. (2011) 233:1013-
21. doi: 10.1007/s00217-011-1599-1

Pedersen SM, Nielsen NC, Andersen HJ, Olsson J, Simrén M, Ohman L, et al.
The serum metabolite response to diet intervention with probiotic acidified
milk in irritable bowel syndrome patients is indistinguishable from that
of non-probiotic acidified milk by 1H NMR-based metabonomic analysis.
Nutrients. (2010) 2:1141-55. doi: 10.3390/nu2111141

Hjerpsted JB, Ritz C, Schou SS, Tholstrup T, Dragsted LO.
Effect of cheese and butter intake on metabolites in urine using
an  untargeted metabolomics  approach. (2014)
10:1176-85. doi: 10.1007/s11306-014-0657-7

Munger LH, Trimigno A, Picone G, Freiburghaus C, Pimentel Gg, Burton
K]J, et al. Identification of urinary food intake biomarkers for milk, cheese,
and soy-based drink by untargeted GC-MS and NMR in healthy humans. J
Proteome Res. (2017) 16:3321-35. doi: 10.1021/acs.jproteome.7b00319
Bertram HC, Hoppe C, Petersen BO, Duus JO, Molgaard C, Michaelsen
KF. An NMR-based metabonomic investigation on effects of milk and
meat protein diets given to 8-year-old boys. Br J Nutr. (2007) 97:758-
63. doi: 10.1017/S0007114507450322

Zheng H, Yde CC, Clausen MR, Kristensen M, Lorenzen J, Astrup A,
et al. Metabolomics investigation to shed light on cheese as a possible
piece in the French paradox puzzle. J Agric Food Chem. (2015) 63:2830—
9. doi: 10.1021/jf505878a

Zheng H, Lorenzen JK, Astrup A, Larsen LH, Yde CC, Clausen MR.
Metabolic effects of a 24-week energy-restricted intervention combined
with low or high dairy intake in overweight women: an NMR-based
metabolomics investigation. Nutrients. (2016) 8:108. doi: 10.3390/nu80
30108
Drouin-Chartier

Metabolomics.

JP, Hernéndez-Alonso P, Guasch-Ferré M, Ruiz-
Canela M, Li J, Wittenbecher C, et al. Dairy consumption, plasma
metabolites, and risk of type 2 diabetes. Am ] Clin Nutr. (2021)
114:163-74. doi: 10.1093/ajcn/nqab047

128. Thorning TK, Bertram HC, Bonjour J-P, de Groot L, Dupont L, Feeney D,
et al. Whole dairy matrix or single nutrients in assessment of health effects:
current evidence and knowledge gaps. Am ] Clin Nutr. (2017) 105:1033-
45. doi: 10.3945/ajcn.116.151548

Parada ], Aguilera J.  Food
bioavailability of several nutrients.
32. doi: 10.1111/§.1750-3841.2007.00274.x
Griffin BA. Serum low-density lipoprotein as a dietary responsive biomarker
of cardiovascular disease risk: consensus and confusion. Nutrition Bulletin.
(2017) 42:266-273. doi: 10.1111/nbu.12282

Koutoukidis DA, Jebb SA. Public health nutrition in the UK. Medicine.
(2019) 47:199-203. doi: 10.1016/j.mpmed.2018.12.006

Soedamah-Muthu SS, de Goede J. Dairy consumption and cardiometabolic
diseases: systematic review and updated meta-analyses of prospective cohort
studies. Curr Nutr Rep. (2018) 7:171-82. doi: 10.1007/513668-018-0253-y
Chowdhury R, Warnakula S, Kunutsor S, Crowe F, Ward HA, Johnson L,
et al. Association of dietary, circulating, and supplement fatty acids with
coronary risk: a systematic review and meta-analysis. Ann Intern Med. (2014)
160:398-406. doi: 10.7326/M13-1788

Hjerpsted ], Leedo E, Tholstrup T. Cheese intake in large amounts lowers
LDL-cholesterol concentrations compared with butter intake of equal fat
content. Am J Clin Nutr. (2011) 94:1479-84. doi: 10.3945/ajcn.111.022426
Rosqvist F, Smedman A, Lindmark-Mansson H, Paulsson M, Petrus
P, Straniero S, et al. Potential role of milk fat globule membrane
in modulating plasma lipoproteins, gene expression, and cholesterol
metabolism in humans: a randomized study. Am J Clin Nutr. (2015) 102:20-
30. doi: 10.3945/ajcn.115.107045

129. affects  the

(2007) 72:R21-

microstructure
J Food Sci.

130.

131.

132.

133.

134.

135.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Witard, Bath, Dineva, Sellem, Mulet-Cabero, Dongen, Zheng,
Valenzuela and Smeuninx. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

12

February 2022 | Volume 9 | Article 800559


https://doi.org/10.1039/B906712B
https://doi.org/10.3945/ajcn.113.078758
https://doi.org/10.3945/ajcn.113.071712
https://doi.org/10.1007/s00217-011-1599-1
https://doi.org/10.3390/nu2111141
https://doi.org/10.1007/s11306-014-0657-7
https://doi.org/10.1021/acs.jproteome.7b00319
https://doi.org/10.1017/S0007114507450322
https://doi.org/10.1021/jf505878a
https://doi.org/10.3390/nu8030108
https://doi.org/10.1093/ajcn/nqab047
https://doi.org/10.3945/ajcn.116.151548
https://doi.org/10.1111/j.1750-3841.2007.00274.x
https://doi.org/10.1111/nbu.12282
https://doi.org/10.1016/j.mpmed.2018.12.006
https://doi.org/10.1007/s13668-018-0253-y
https://doi.org/10.7326/M13-1788
https://doi.org/10.3945/ajcn.111.022426
https://doi.org/10.3945/ajcn.115.107045~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Dairy as a Source of Iodine and Protein in the UK: Implications for Human Health Across the Life Course, and Future Policy and Research
	Introduction
	Dairy in Pregnancy, Childhood, and Adolescence
	Iodine
	Protein

	Dairy in Mid-Life
	Iodine
	Protein

	Dairy in Later-Life (65 Years+)
	Iodine
	Protein

	Dairy Nutrition Across the Life Course–Future Research and Implications For Policy
	Research
	Policy–Milk Alternatives
	Potential Fortification of Milk and Milk Alternatives With Vitamin D

	New Concepts and Methodologies in Dairy Research
	Biomarkers of Dairy Fat
	Biomarkers of Dairy Proteins
	Untargeted Approaches to Identify Novel Biomarkers: Metabolomics and Lipidomics
	Food Matrix Effect

	Conclusions
	Author Contributions
	Acknowledgments
	References


