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Abstract: In this paper, we reviewed the role of dairy products in dietary zinc absorption. Dairy
products can have a reasonable contribution for dietary zinc intake in Western diets, where dairy
consumption is high. However, the co-ingestion of dairy products can also improve zinc absorption
from other food products. Such improvements have been observed when dairy products (e.g., milk
or yoghurt) were ingested together with food such as rice, tortillas or bread products, all of which are
considered to be high-phytate foods with low inherent zinc absorption. For foods low in phytate, the
co-ingestion of dairy products did not improve zinc absorption. Improved zinc absorption of zinc
from high-phytate foods following co-ingestion with dairy products may be related to the beneficial
effects of the citrate and phosphopeptides present in dairy products. Considering that the main
dietary zinc sources in areas in the world where zinc deficiency is most prevalent are typically high
in phytate, the inclusion of dairy products in meals may be a viable dietary strategy to improve zinc
absorption.
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While the nutrient content of food products is typically determined on an individual
product basis, the nutritional value is, in many, cases difficult to assess on a product
basis. This is because in most cases, food products are consumed as meals rather than
as single products. As a result, while the nutrient content of the meal can be considered
as the sum of the nutrients in the products making up the meal, this is not true for its
nutritional value. The combination of different products into a meal can both improve
but also reduce its nutritional value. Examples of (non-)complementary different food
products can be observed when considering the proteins in different food products [1].
The nutritional value of proteins is typically expressed based on amino acid composition
and the digestibility of the proteins, i.e., proteins that deliver high levels of each of the
indispensable amino acids (IAA) in digestible form are scored higher [2]. The lack of one
or more IAA in a protein source can result in a lower score for proteins [3]. Such is the
case for wheat protein, where the IAA Lys is present only at comparatively low levels [4].
However, some other proteins, including milk proteins, contain Lys in digestible form at
levels in excess of those required based on the protein reference patterns [5]. Therefore, the
combined consumption of milk protein and wheat protein, e.g., in the form of a breakfast
cereal consumed with milk, can create a situation where one protein source, e.g., milk
protein, compensates for the deficiencies in another protein sources, e.g., wheat protein [6].
There are, however, instances where the combination of two food sources impairs the
digestibility of proteins. This has, for instance, been observed in the case of egg protein,
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which, when combined with black tea, was shown to have lower digestibility than without
black tea [7]. This effect was related to the interaction of polyphenols from the tea with the
protein, resulting in impaired digestibility [7,8]. In addition to proteins, the bioavailability
of several other nutrients is also affected by co-ingestion with other products, including
minerals. In this case, the combination of different products and their mixing in a bolus
in the gastro-intestinal tract can lead to the interaction of minerals from one product with
constituents from another product. Hurrell et al. [9], for instance, showed that beverages
containing polyphenols, such as tea and cocoa could strongly impair the absorption of
(non-heme) iron. Likewise, it is also well established that high phytate diets can lead to a
reduced absorption of essential minerals such as iron, zinc and calcium, even if they are
not present in the same food product [10,11]. Milk and dairy products are found to be an
important source of these dietary minerals, supplying more than 50% of dietary calcium in
many regions across the world [12,13], but for iron and zinc, milk and dairy products are
not the most suitable dietary sources as concentrations of iron and zinc in these products
are rather low. However, the consumption of other foods that act as dietary sources of these
minerals together with milk and dairy products has been shown to impact absorption. In
this paper, we review the impact of dairy products on zinc absorption from other food
products. We will consider the physicochemical reasons for the observed in vivo effects, so
as to provide a mechanistic understanding of these interactive effects with regard to the
meal level. Dietary zinc supplements are not within the scope of this review.
2. Zinc in Human Nutrition
Zinc is an essential element because it is required in several cellular processes, such
as differentiation, apoptosis and proliferation, which affect growth and development [14].
The adult human body contains ~2–3 g of zinc and most of this zinc is found in the bones
and skeletal muscles (>85%), although smaller portions are found in the skin (~4%) and
liver (~3%) [15]; the prostate gland contains the highest concentrations of zinc of any soft
tissue in the human body [16]. Plasma zinc concentration in healthy individuals range
from 12 to 16 µM [17–19], but this can be lower during acute infections and inflammation,
due the redistribution of zinc from the plasma to the liver [20]. Approximately 60% of
plasmatic zinc is associated with albumin, 30% with α-macroglobulin, and the rest with
transferrin [21]. Zinc deficiency in humans was first reported in 1961 by Prasad et al. [22],
followed by many subsequent reports [23,24], and is currently a worldwide problem
that affects ~17% of the global population [25]. South and Southeast Asia, Sub-Saharan
Africa and Central America are regions with the highest risk of zinc deficiency [25]. Zinc
deficiency can lead to diarrhea, a lack of appetite, hair loss, skin problems, disorders of
the gustatory, immunodeficiency and an increased incidence of bacterial, fungal and viral
infections [26,27]. Such deficiencies can be related to low intake or the low bioavailability
of dietary zinc [28].
Because the human body does not synthesize zinc, the intake of zinc through foods
or supplements is required. The population reference intake is 9.4 and 7.5 mg per day
for adult (>18 y) males and females, respectively, for those consuming a low phytate diet
(300 mg/d), but is notably higher if diets contain more phytate [29]. Among the various
food products, red meat, some seafoods, dairy products, nuts, seeds, dried legumes, and
whole-grain cereals are considered good dietary sources of zinc [30,31]. For the dietary
source of zinc, it is important that these products do not only contain sufficient zinc, but
that it is available for absorption. The basic process of zinc absorption is described in
Section 3, with the aim of providing the basis for understanding zinc absorption from
dairy products and meals containing dairy products, as described in Sections 4 and 5,
respectively.
3. Zinc Absorption
The absorption of zinc occurs within the small intestine and the absorbed zinc is released in portal circulation through transporters [32–34]. Small intestinal perfusion studies
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in humans have shown that the sites of maximal absorption of zinc are the duodenum [35]
and the jejunum [32]. Zinc is absorbed in its ionized form, so, for the absorption of dietary
zinc, it is important that zinc is released from foods and ionized during the digestion
process [36]. These liberated zinc ions, however, may form complexes with ligands such as
phytates, phosphates, amino acids and other organic acids [34,37,38], which affects their
solubility and absorption.
The absorption of zinc in the small intestine occurs by both active (saturable carriermediated process) or passive transport (unsaturable diffusion-mediated process) mechanisms, with the former occurring more often at a low luminal zinc concentration and the
latter at high concentrations [39]. An active transport of zinc occurs through the following
two carriers: ZIP proteins regulate the influx of zinc into enterocytes from the lumen, serum
or intracellular compartments, whereas ZnT proteins facilitate the efflux of zinc from the
enterocytes into the extracellular environment or into intracellular organelles [39]. Both ZIP
and ZnT transporters are present across the entire the gastrointestinal tract, and also in the
colon [40]. Zinc exported into the portal vein binds to albumin (60%), with α-macroglobulin
(30%), and transferrin [21] for transport to the peripheral tissues. Zinc accumulated in the
intestinal epithelial cells can be excreted through their desquamation [41,42].
In general, ~33% of dietary zinc is absorbed in humans [43,44], but this depends on the
state of the foods consumed. Zinc absorption from liquid foods is higher (60–70% in fasting
subjects) than from solid foods [45]. The amount of zinc in a meal will, in itself, affect zinc
absorption: increasing zinc intake from a meal decreases fractional zinc absorption [28,46],
which is probably due to the saturation of zinc transporters [47].
4. Zinc Absorption from Dairy Products
In countries with a high dairy intake, dairy products contribute significantly to overall
zinc intake. For instance, in the Netherlands, >20% of dietary zinc is supplied by dairy
products [48]. Dairy consumption provides ~15% of total energy intake, so dairy products
proportionally contribute more to zinc intake than to caloric intake [48]. Bovine milk
contains ~3–4 mg/L of zinc, of which 95% is associated with the casein micelles and the
rest is associated with citrate molecules in the aqueous phase [49].
Human studies concerning the absorption of zinc from dairy products are rather
scarce. Sandstrom et al. [50], investigated the absorption of zinc from 450 mL of human
milk (casein-whey protein ratio, 40:60), bovine milk with 3% fat (casein-whey protein
ratio, 80:20), humanized bovine milk formula (casein-whey protein ratio, 40:60) and soy
formula in 54 healthy human adults. Milks and formulas were extrinsically labeled with a
radioisotope (65 Zn) and their absorption was determined by measuring the whole-body
retention of the isotope. Even though the zinc content of the formulas was similar to, or
higher, than that of human milk, zinc absorption from the formulas and bovine milk was
found to be significantly lower (p < 0.05) than from human milk (Table 1) [50].
The greater bioavailability of zinc from human milk compared to bovine milk was
hypothesized to due to the different chemical composition of the two milks, particularly
the different casein:whey protein ratio [50]. This hypothesis based on the importance of the
casein:whey protein ratio was later substantiated by findings that proved that adjusting
the ratio of casein to whey protein from 80:20 to 40:60 (similar to human milk) significantly
(p < 0.001) increased zinc absorption from bovine milk, i.e., from 21% to 32% [51]. Moreover,
Sandstrom et al. [50] reported a significantly (p < 0.05) higher zinc absorption from bovine
milk compared to a soy formula (28 vs. 14%) that was high in phytic acid (200 mg/L), which
is agrees with the understanding that phytates are powerful inhibitors of zinc uptake [15].
Talsma et al. [52], using a dual stable isotope technique, found lower zinc absorption from
bovine milk compared to water (25.5 vs. 72.3%). This is probably because water does not
contain inhibitory factors that reduce zinc absorption [53].
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Table 1. Fractional zinc absorption in humans from milk and dairy products.
Meals

Zinc Intake (mg)

Zinc Absorption (%) 1

1.3

41.0 ± 2.3

1.6

Significance

Methods

References

28.0 ± 6.1

S

Radioisotope

[50]

1.2

31.0 ± 1.8

S

1.7

14.0 ± 1.4

S

1.2

32.2 ± 1.4

3.2

21.3 ± 2.9

Radioisotope

[51]

Water (Control)

4.22

72.3 ± 1.7

Dual stable
isotopes

[52]

Bovine Milk

4.04

25.5 ± 1.8

450 mL Human Milk (Casein:Whey
Ratio, 40:60) (Control)
450 mL Bovine Milk, 3% Fat
(Casein:Whey Ratio, 80:20)
450 mL Humanized Bovine Milk
Formula (Casein:Whey Ratio, 40:60)
450 mL soy Protein-Isolate Formula
450 mL Bovine Milk Formula
(Whey:Casein 60:40) (Control)
450 mL Bovine Milk Formula
(Whey:Casein 20:80)

S

S

1

Values are mean estimates ± SEM S, significant difference vs. 1 the control sample in the study, as highlighted in the first row for each
study (for more information see text).

5. Zinc Absorption from Meals Containing Dairy Products
As outlined in Section 4, the contribution of dairy to total dietary zinc intake is not the
highest of all food groups. However, dairy products can still have a notable contribution. In
addition, dairy products can play another role in helping to combat zinc deficiency, which
is most common in low- and middle-income countries, where the main dietary zinc sources
are plant foods, from which zinc is poorly bioavailable [54]. One pathway to improve the
absorption of zinc from foods in which zinc is poorly bioavailable, such as cereals and
legumes, is the combined intake of these foods together with dairy products. Table 2 shows
results of published studies in humans that investigated the complementarity of dairy
products for zinc absorption from other products. In these studies, zinc absorption was
determined in vivo by isotope techniques.
Table 2. Influence of the inclusion of milk and dairy products to meals on zinc absorption from such meals in humans.

Meals

Zinc Intake
(mg)

Zinc
Absorption
(%) 1

90 g Cooked Rice + 600 mL Water (Control)

3.8

12.8 ± 0.9

90 g Cooked Rice + 600 mL Milk full Fat UHT

3.6

20.8 ± 0.9

Plant-Based Test Meal (Control)

4.8

7.1 ± 1.2

Plant-Based Test Meal + 250 mL of Milk

5.8

10.6 ± 1.2

S

Plant-Based Test Meal + 150 g of Yogurt

5.7

11.9 ± 1.2

S

60 g Wholemeal Bread (Control)
60 g Wholemeal Bread + 200 g Milk
60 g Wholemeal Bread + 200 g Milk + 42 g Cheese

3.5
3.1
3.2

8.2 (5.7–11.3)
9.9 (5.6–14.4)
14 (8.7–21.8)

S

Rolls with White Flour + 8.9 g Casein (Control)
Rolls with White Flour + 50.5 g Casein
Rolls with Whole Wheat Flour + 10.6 g Casein
(Control)
Rolls with Whole-Wheat Flour + 51.7 g Casein

4.1
3.9

13.0 ± 0.6
26.0 ± 2.2

S

3.9

8.0 ± 1.3

4.0

25.0 ± 2.2

Significance

Methods

References

Dual stable
isotopes

[52]

Dual stable
isotopes

[55]

Radioisotope

[56]

Radioisotope

[57]

S

S
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Table 2. Cont.

Meals

Zinc Intake
(mg)

Zinc
Absorption
(%) 1

Soybean Meals (Control)
Soybean Meals + 125 mL Milk

2.5
2.7

19.6 ± 2.0
14.1 ± 0.5

Turkey Meal + 250 mL Deionized Water (Control)

4.0

29.0 ± 2.2

Turkey Meal + 210 mL Milk

4.0

22.0 ± 2.5

Basal Diets (Control)

14.5

22.0 ± 6

Basal Diets + 400 mL Milk Per Day

16.0

23.0 ± 6

Significance

Methods

References

Radioisotope

[46]

Dual
isotopes

[58]

Dual
isotopes

[59]

S

NS

NS

1

Values are mean estimates ± SEM. NS, non-significant difference vs. control the control sample in the study, as highlighted in the first
column (for more information see text). S, significant difference vs. the control sample in the study, as highlighted in the first row for each
study (for more information see text). Basal diets, normal foods chosen to provide the U.S. Recommended Dietary Allowances.

Talsma et al. [52] examined the effect of milk on zinc absorption from rice in
18 young and healthy women using a dual stable isotopes technique and found a significant
(p < 0.05) increase (by 62%) in zinc absorption from rice when 90 g of high-phytate rice was
consumed together with 600 mL of UHT-treated whole milk, compared to when the same
amount of rice was consumed with water. Rosado et al. [55] studied zinc absorption in
48 healthy Mexican women, using a stable double isotope technique, and observed that
the addition of 250 mL of UHT low-fat milk or 150 g of flavored yogurt to the plant-based
test meal, consisting of 120 g of corn tortillas and 200 g of cooked black beans, significantly
(p < 0.05) increased zinc absorption by approximately 50% for milk and 68% yoghurt.
Sandstrom et al. [56] reported a significant (p < 0.001) increase in the zinc absorption from
whole meal bread with a high concentration of phytates when ingested with milk and
cheese, thereby counteracting the negative effect of phytates and facilitating the absorption
of zinc. Using a radioisotope technique, Hunt et al. [57] showed that increasing the amount
of casein (8.9 and 51.7 g) in a cereal-based meal, containing rolls made from wholemeal or
white flour, significantly (p < 0.0001) increased the absorption of zinc in adults. From these
studies, it thus appears that the consumption of dairy products in conjunction with food
products rich in phytate, i.e., rice [52], corn tortillas [55] or bread [56,57] could increase zinc
absorption. However, there are also some reported cases wherein the dietary inclusion of
dairy products did not improve zinc absorption, as described below.
Pecoud et al. [60] administered 50 mg of zinc (as 220 mg ZnSO4 in gelatin capsules)
to 18 subjects orally with breakfast and found that the consumption of 200 mL of milk
and 50 g of cheese with breakfast (100 mL coffee, 50 g jam, 10 g butter and 100 g brown
bread or 10 g white bread) reduced zinc absorption. It should be noted here, however,
that the zinc was provided as a supplement and not via a food product. Sandström and
Cederblad [46] reported a significant decrease (p < 0.05) in zinc absorption from a soybean
meal (consisting of soybeans, potatoes, tomatoes and white bread) by the addition of milk
(125 mL) and hypothesized that the additional calcium provided by milk could hinder
zinc absorption. A non-significant (p > 0.05) reduction in zinc absorption was observed by
Flanagan et al. [59] when 210 mL of milk (made up to 250 mL with water) was provided
with a turkey-based meal, compared when the meal was consumed with water. Wood and
Zheng [60] also found no significant effect (p > 0.05) on zinc absorption when 400 mL of
reconstituted non-fat dried milk per day (200 mL with breakfast and 200 mL with dinner)
was consumed with basal diets consisting of normal foods, selected to provide the U.S.
Recommended Dietary Allowances. Contrary to earlier studies where dairy products
improved zinc absorption from primarily phytate-rich foods, it appears that for other foods
this was not that case. As outlined in Table 2, the fractional absorption of zinc from the base
meal without dairy was notably higher (19–29%) than of that in studies with phytate rich
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foods (7–13%). It thus appears that the ability of dairy products to improve zinc absorption
is dependent on a product matrix, which is further described in Section 6.
6. Factors Affecting Zinc Absorption from Meals Containing Dairy Products
From Table 2, it is apparent that, cases where the consumption of dairy products in
a meal improved zinc absorption from other products, are cases where the dietary zinc
was provided by phytate-rich foods (e.g., rice, bread, tortilla). When analyzing the role
of dairy mechanistically, it is important to consider that milk and dairy products contain
various compounds that also have the ability to bind zinc, e.g., citrate, phosphate and
proteins. Two studies have reported that the absorption of zinc is strongly related to the
solubility of zinc salts in an aqueous solution [61,62]. Tang and Skibsted [63] compared the
solubility of zinc phytate and zinc citrate salts in water at ~37 ◦ C and noted that the former
had a solubility that was ~5 orders of magnitude lower (2.9 × 10−6 vs. 0.32 g/100 mL),
a finding that was also observed in concentrations of zinc ions in solution (1.6 × 10−7
vs. 0.017 mol/L). Dietary zinc can interact with dietary phytate in the intestinal lumen
(luminal pH 6–7.4) [64], forming stable and sparingly soluble complexes which precipitate,
and thus become poorly bioaccessible [28]. The precipitated zinc-phytate complexes are
therefore excreted with the feces [15]. In other words, dietary phytate interferes with zinc
uptake and is therefore considered to be one of the main inhibitors of zinc absorption.
According to the World Health Organization [65] a phytate:zinc molar ratio of higher than
15:1 inhibits zinc bioavailability.
The stability and solubility of the zinc/phytate complex depends on various factors such as the pH value, the molar ratio and the presence of other compounds in the
solution [66]. Phytate binds zinc with a stoichiometric ratio of 2:1 of the zinc/phytate
complex [15] with strong binding affinities, as follows: 1.8 × 106 L/mol (site 1) and
8 × 104 L/mol (site 2) [63]. On the other hand, citrate binds to zinc with a weaker strength
(1.2 × 104 L/mol) than phytate. Citrate is the main low molecular weight zinc ligand in
human milk and is known as a zinc absorption enhancer [15,28]. Human and bovine milk
contains 80 mg/100 mL and 150 mg/100 mL of citrate, respectively [67], which can help
to solubilize better zinc from other foods, providing that they are consumed at the same
time [68]. As a result, the bioavailability of zinc as a result of combining milk and other
dairy products with foods may be considerably higher than that of the foods themselves.
Several hypotheses have been posed for improved zinc absorption from phytate-rich
foods when consumed in combination with dairy products. It has been hypothesized that
this improvement in zinc absorption from phytate-rich foods by co-ingesting dairy products
may be due to a higher proportion of phytate-bound calcium in the gastrointestinal tract,
thereby blocking phytate binding sites and allowing more zinc to become available for
absorption [51]. However, Hansen et al. [69] observed no significant effect (p > 0.05) on zinc
absorption after the addition of a high amount of calcium to high phytate meals. Several
studies reported that a phytate x Ca:Zn molar ratio above 200 is needed to hamper zinc
absorption [70,71].
One suggested explanation for the improvement of zinc absorption by dairy products
is that amino acids (e.g., histidine, methionine) or peptides, that become liberated during
the digestion of milk proteins, bind zinc in the intestinal lumen at intestinal pH and
form complexes, thereby increasing both their bioavailability and solubility [28,72]. These
complexes are probably absorbed in the brush border membrane of enterocytes through
amino acid transporters [47].
Other studies suggest that the increase of zinc absorption by dairy products could
be due to casein phosphopeptides (CPPs), which are phosphorylated peptides that are
released when casein is digested and can bind zinc, thereby preventing it from binding to
phytate [28,46,73]. Reynolds [74] reported that one CPP molecule can chelate up to six zinc
ions. Hansen et al. [75] found a significantly higher (p < 0.05) zinc absorption in humans
after the addition of CPPs to a rice-based cereal (composition: rice flour, skimmed milk
powder, maltodextrin, vegetable fat, and dry ground peas, carrots, cauliflower, broccoli,

Nutrients 2021, 13, 4253

7 of 10

and leek) that was low in phytate (20 mg per serving), but no significant effect (p > 0.05) on
zinc absorption occurred when CPPs were added to whole grain cereal (composition: rice,
wheat, corn, oats, skimmed milk powder, lactose, vegetable fat, oat bran, maltodextrin) that
were high in phytate (198 mg per serving). Hansen et al. [69] found no significant effect
(p > 0.05) on zinc absorption after the addition of different amounts of CPP to breadbased meals (consisting of a roll served with 15 g of jam, 8 g of butter and 250 mL of
water) (Table 3). Three different bread rolls were formulated: high-phytate/high calcium,
high-phytate/low calcium, low-phytate/high calcium; however, the authors indicate that
even the “low-phytate/high calcium” rolls contained a rather high amount of phytate
(~101 mg) [69]. These results, taken together, suggest that the effect of CPPs on zinc absorption may depend on the phytate content of the meal. In particular, with foods containing
relatively low amounts of phytates, CPPs have a positive effect on zinc absorption, while
with foods relatively rich in phytates, a positive effect has not been observed. Higher
doses of CPPs are likely required for zinc to be released from the phytate complex [69].
Hansen et al. [76] observed an improvement in zinc absorption in rat pups by adding
CPPs to a phytate-containing meal (~264 mg phytate/L). In the latter study, the dose of
CPPs was higher than in previously reported human studies [69,75]. Furthermore, unlike
human studies, CPPs were added to an aqueous solution and were not administered in a
solid meal. It is reasonable to hypothesize that the food matrix may also have positively
influenced the effect of CPPs on zinc absorption. It is well known that zinc is more easily
absorbed from aqueous solutions than from solid foods [28]; moreover, CPPs may be better
absorbed by a liquid matrix [73].
Table 3. Influence of calcium, casein phosphopeptides (CCP) and phytates on zinc absorption.
Meals

Zinc Intake (mg)

Zinc Absorption (%) 1

Significance

Methods

References

Rice-Based Cereal + 0 g CPP
Rice-Based Cereal + 1 g CPP
Rice-Based Cereal + 2 g CPP

1.29
1.29
1.29

19.4 ± 2.7
25.2 ± 2.3
23.9 ± 1.6

S
S

Radioisotope

[75]

Whole Grain Cereal + 0 g CPP
Whole Grain Cereal + 1 g CPP
Whole Grain Cereal + 2 g CPP

1.77
1.77
1.77

16.0 ± 1.5
15.3 ± 0.9
18.1 ± 1.3

NS
NS

Radioisotope

[75]

1.4

7.0 ± 0.5

1.4

7.7 ± 0.9

NS

Radioisotope

[75]

1.4

8.0 ± 0.8

NS

1.3

7.7 ± 0.8

1.3

7.0 ± 0.7

NS

Radioisotope

[69]

1.3

6.5 ± 0.5

NS

1.5

14.3 ± 1.4

1.5

16.7 ± 2.1

NS

Radioisotope

[69]

1.5

16.0 ± 2.8

NS

Bread Meal, High-Phytate/High
Calcium + 0 mg CPP
Bread Meal, High-Phytate/High
Calcium + 250 mg CPP
Bread Meal, High-Phytate/High
Calcium + 1000 mg CPP
Bread Meal, High-Phytate/Low
Calcium + 0 mg CPP
Bread Meal, High-Phytate/Low
Calcium + 250 mg CPP
Bread Meal, High-Phytate/Low
Calcium + 1000 mg CPP
Bread Meal, Low-Phytate/High
Calcium + 0 mg CPP
Bread Meal, Low-Phytate/High
Calcium + 250 mg CPP
Bread Meal, Low-Phytate/High
Calcium + 1000 mg CPP
1

Values are mean estimates ± SEM. NS, non-significant difference vs. the sample with no CPP added (for more information see text). S,
significant difference vs. the sample with no CPP added (for more information see text).

7. Conclusions
From the results explored above, it is clear that dairy products play a dual role with
regard to the absorption of dietary zinc. Both provide a source of dietary zinc, which
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in general has good bioavailability. However, in addition to this, they also modulate
the absorption of zinc from other food sources. Such effects are arguably not unique to
only dairy products or zinc, and warrant further investigation and the consideration of
the bioavailability of nutrients at a meal level rather than an individual product level.
Considering that areas where zinc deficiencies are most prominent are also those where
zinc is often ingested via high phytate products, dietary recommendations on the inclusion
of dairy products, or products with a comparable ability to modulate zinc absorption in
meals, can present significant advantages.
Author Contributions: Conceptualization, T.H.; Investigation, B.S., T.H.; Writing—Original Draft
Preparation, B.S.; Writing—Review and Editing, B.S., T.H.; Funding Acquisition, T.H. All authors
have read and agreed to the published version of the manuscript.
Funding: Financial support for this research was provided by the Dutch Dairy Association.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.

6.

7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.
18.

Herreman, L.; Nommensen, P.; Pennings, B.; Laus, M.C. Comprehensive overview of the quality of plant-And animal-sourced
proteins based on the digestible indispensable amino acid score. Food Sci. Nutr. 2020, 8, 5379–5391. [CrossRef] [PubMed]
Wolfe, R.R.; Baum, J.I.; Starck, C.; Moughan, P.J. Factors contributing to the selection of dietary protein food sources. Clin. Nutr.
2018, 37, 130–138. [CrossRef]
Wolfe, R.R.; Rutherfurd, S.M.; Kim, I.Y.; Moughan, P.J. Protein quality as determined by the Digestible Indispensable Amino Acid
Score: Evaluation of factors underlying the calculation. Nutr. Rev. 2016, 74, 584–599. [CrossRef]
Reynaud, Y.; Buffière, C.; Cohade, B.; Vauris, M.; Liebermann, K.; Hafnaoui, N.; Lopez, M.; Souchon, I.; Dupont, D.; Rémond, D.
True ileal amino acid digestibility and digestible indispensable amino acid scores (DIAASs) of plant-based protein foods. Food
Chem. 2021, 338, 128020. [CrossRef]
Mathai, J.K.; Liu, Y.; Stein, H.H. Values for digestible indispensable amino acid scores (DIAAS) for some dairy and plant proteins
may better describe protein quality than values calculated using the concept for protein digestibility-corrected amino acid scores
(PDCAAS). Br. J. Nutr. 2017, 117, 490–499. [CrossRef] [PubMed]
Fanelli, N.S.; Bailey, H.M.; Guardiola, L.V.; Stein, H.H. Values for Digestible Indispensable Amino Acid Score (DIAAS) Determined
in Pigs Are Greater for Milk Than for Breakfast Cereals, but DIAAS Values for Individual Ingredients Are Additive in Combined
Meals. J. Nutr. 2021, 151, 540–547. [CrossRef]
Kashyap, S.; Shivakumar, N.; Varkey, A.; Preston, T.; Devi, S.; Kurpad, A.V. Co-ingestion of black tea reduces the indispensable
amino acid digestibility of hens’ egg in Indian adults. J. Nutr. 2019, 149, 1363–1368. [CrossRef] [PubMed]
Cirkovic Velickovic, T.D.; Stanic-Vucinic, D.J. The role of dietary phenolic compounds in protein digestion and processing
technologies to improve their antinutritive properties. Compr. Rev. Food Sci. Food Saf. 2018, 17, 82–103. [CrossRef] [PubMed]
Hurrell, R.F.; Reddy, M.; Cook, J.D. Inhibition of non-haem iron absorption in man by polyphenolic-containing beverages. Br. J.
Nutr. 1999, 81, 289–295. [CrossRef]
Gibson, R.S.; Raboy, V.; King, J.C. Implications of phytate in plant-based foods for iron and zinc bioavailability, setting dietary
requirements, and formulating programs and policies. Nutr. Rev. 2018, 76, 793–804. [CrossRef]
Castro-Alba, V.; Lazarte, C.E.; Bergenståhl, B.; Granfeldt, Y. Phytate, iron, zinc, and calcium content of common Bolivian foods
and their estimated mineral bioavailability. Food Sci. Nutr. 2019, 7, 2854–2865. [CrossRef]
Welch, A.; Fransen, H.; Jenab, M.; Boutron-Ruault, M.; Tumino, R.; Agnoli, C.; Ericson, U.; Johansson, I.; Ferrari, P.; Engeset,
D. Variation in intakes of calcium, phosphorus, magnesium, iron and potassium in 10 countries in the European Prospective
Investigation into Cancer and Nutrition study. Eur. J. Clin. Nutr. 2009, 63, S101–S121. [CrossRef]
Guéguen, L.; Pointillart, A. The bioavailability of dietary calcium. J. Am. Coll. Nutr. 2000, 19, 119S–136S. [CrossRef]
Maret, W.; Sandstead, H.H. Zinc requirements and the risks and benefits of zinc supplementation. J. Trace Elem. Med. Biol. 2006,
20, 3–18. [CrossRef]
Maares, M.; Haase, H. A guide to human zinc absorption: General overview and recent advances of in vitro intestinal models.
Nutrients 2020, 12, 762. [CrossRef] [PubMed]
Mawson, C.A.; Fischer, M.I. The occurrence of zinc in the human prostate gland. Can. J. Appl. Sci. 1952, 30, 336–339. [CrossRef]
[PubMed]
Driessen, C.; Hirv, K.; Kirchner, H.; Rink, L. Zinc regulates cytokine induction by superantigens and lipopolysaccharide.
Immunology 1995, 84, 272. [PubMed]
Hess, S.Y.; Peerson, J.M.; King, J.C.; Brown, K.H. Use of serum zinc concentration as an indicator of population zinc status. Food
Nutr. Bull. 2007, 28, S403–S429. [CrossRef]

Nutrients 2021, 13, 4253

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.
49.
50.

9 of 10

Wessells, K.R.; Jorgensen, J.M.; Hess, S.Y.; Woodhouse, L.R.; Peerson, J.M.; Brown, K.H. Plasma zinc concentration responds
rapidly to the initiation and discontinuation of short-term zinc supplementation in healthy men. J. Nutr. 2010, 140, 2128–2133.
[CrossRef]
Singh, A.; Smoak, B.L.; Patterson, K.Y.; LeMay, L.G.; Veillon, C.; Deuster, P. Biochemical indices of selected trace minerals in men:
Effect of stress. Am. J. Clin. Nutr. 1991, 53, 126–131. [CrossRef]
Scott, B.J.; Bradwell, A.R. Identification of the serum binding proteins for iron, zinc, cadmium, nickel, and calcium. Clin. Chem.
1983, 29, 629–633. [CrossRef]
Prasad, A.S.; Halsted, J.A.; Nadimi, M. Syndrome of iron deficiency anemia, hepatosplenomegaly, hypogonadism, dwarfism and
geophagia. Am. J. Med. 1961, 31, 532–546. [CrossRef]
Prasad, A.S. Discovery of human zinc deficiency: 50 years later. J. Trace Elem. Med. Biol. 2012, 26, 66–69. [CrossRef]
Sandstead, H.H. Zinc nutrition from discovery to global health impact. Adv. Nutr. 2012, 3, 718–719. [CrossRef] [PubMed]
Wessells, K.R.; Brown, K.H. Estimating the global prevalence of zinc deficiency: Results based on zinc availability in national
food supplies and the prevalence of stunting. PLoS ONE 2012, 7, e50568. [CrossRef]
Livingstone, C. Zinc: Physiology, deficiency, and parenteral nutrition. Nutr. Clin. Prac. 2015, 30, 371–382. [CrossRef] [PubMed]
Nour, Z.G.; Lothar, R. Zinc in infection and inflammation. Nutrients 2017, 9, 624.
Lonnerdal, B. Dietary factors influencing zinc absorption. J. Nutr. 2000, 130, 1378S–1383S. [CrossRef] [PubMed]
European Food Safety Authority. Dietary Reference Values for Nutrients: Summary Report; EFSA Supporting Publications: Parma,
Italy, 2017.
Gibson, R.S. A historical review of progress in the assessment of dietary zinc intake as an indicator of population zinc status. Adv.
Nutr. 2012, 3, 772–782. [CrossRef]
Roohani, N.; Hurrell, R.; Wegmueller, R.; Schulin, R. Zinc and phytic acid in major foods consumed by a rural and a suburban
population in central Iran. J. Food Comp. Anal. 2012, 28, 8–15. [CrossRef]
Lee, H.H.; Prasad, A.S.; Brewer, G.J.; Owyang, C. Zinc absorption in human small intestine. Am. J. Physiol. Gastrointest. Liver
Physiol. 1989, 256, G87–G91. [CrossRef]
Sandström, B. Dose dependence of zinc and manganese absorption in man. Proc. Nutr. Soc. 1992, 51, 211–218. [CrossRef]
[PubMed]
King, J.C.; Brown, K.H.; Gibson, R.S.; Krebs, N.F.; Lowe, N.M.; Siekmann, J.H.; Raiten, D.J. Biomarkers of Nutrition for
Development (BOND)-zinc review. J. Nutr. 2016, 146, 858S–885S. [CrossRef]
Steinhardt, H.J.; Adibi, S.A. Interaction between transport of zinc and other solutes in human intestine. Am. J. Physiol. Gastrointest.
Liver Physiol. 1984, 247, G176–G182. [CrossRef]
Roohani, N.; Hurrell, R.; Kelishadi, R.; Schulin, R. Zinc and its importance for human health: An integrative review. J. Res. Med.
Sci. 2013, 18, 144.
McLoughlin, I.; Hodge, J. Zinc in depressive disorder. Acta Psychiatr. Scand. 1990, 82, 451–453. [CrossRef]
Krebs, N.F. Overview of zinc absorption and excretion in the human gastrointestinal tract. J. Nutr. 2000, 130, 1374S–1377S.
[CrossRef]
Cousins, R.J.; Liuzzi, J.P.; Lichten, L.A. Mammalian zinc transport, trafficking, and signals. J. Biol. Chem. 2006, 281, 24085–24089.
[CrossRef] [PubMed]
Cousins, R.J. Gastrointestinal factors influencing zinc absorption and homeostasis. Int. J. Vitam. Nutr. Res. 2010, 80, 243.
[CrossRef] [PubMed]
Jeejeebhoy, K. Zinc: An essential trace element for parenteral nutrition. Gastroenterology 2009, 137, S7–S12. [CrossRef]
Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The physiological, biochemical, and molecular roles of zinc transporters in zinc
homeostasis and metabolism. Physiol. Rev. 2015, 95, 749–784. [CrossRef] [PubMed]
Turnlund, J.; King, J.; Keyes, W.; Gong, B.; Michel, M. A stable isotope study of zinc absorption in young men: Effects of phytate
and a-cellulose. Am. J. Clin. Nutr. 1984, 40, 1071–1077. [CrossRef]
Cousins, R.J. Absorption, transport, and hepatic metabolism of copper and zinc: Special reference to metallothionein and
ceruloplasmin. Physiol. Rev. 1985, 65, 238–309. [CrossRef]
World Health Organization; Food and Agriculture Organization. Vitamin and Mineral Requirements in Human Nutrition, 2nd ed.;
World Health Organization: Geneva, Switzerland, 2004.
Sandström, B.; Cederblad, A. Zinc absorption from composite meals II. Influence of the main protein source. Am. J. Clin. Nutr.
1980, 33, 1778–1783. [CrossRef]
Sauer, A.K.; Pfaender, S.; Hagmeyer, S.; Tarana, L.; Mattes, A.-K.; Briel, F.; Küry, S.; Boeckers, T.M.; Grabrucker, A.M. Characterization of zinc amino acid complexes for zinc delivery in vitro using Caco-2 cells and enterocytes from hiPSC. Biometals 2017, 30,
643–661. [CrossRef]
Van Rossum, C.; Buurma-Rethans, E.; Dinnissen, C.; Beukers, M.; Brants, H.; Dekkers, A.; Ocké, M. The Diet of the Dutch: Results of
the Dutch National Food Consumption Survey 2012–2016; RIVM Report 2020-0083; RIVM: Bilthoven, The Netherlands, 2020.
Gaucheron, F. Milk minerals, trace elements, and macroelements. Milk Dairy Prod. Hum. Nutr. Prod. Compos. Health 2013, 172–199.
[CrossRef]
Sandström, B.; Cederblad, Å.; Lönnerdal, B. Zinc absorption from human milk, cow’s milk, and infant formulas. Am. J. Dis. Child.
1983, 137, 726–729. [CrossRef]

Nutrients 2021, 13, 4253

51.
52.

53.

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

10 of 10

Lonnerdal, B.; Cederblad, Å.; Davidsson, L.; Sandström, B. The effect of individual components of soy formula and cows’ milk
formula on zinc bioavailability. Am. J. Clin. Nutr. 1984, 40, 1064–1070. [CrossRef] [PubMed]
Talsma, E.F.; Moretti, D.; Ly, S.C.; Dekkers, R.; van den Heuvel, E.G.; Fitri, A.; Boelsma, E.; Stomph, T.J.; Zeder, C.; Melse-Boonstra,
A. Zinc absorption from milk is affected by dilution but not by thermal processing, and milk enhances absorption of zinc from
high-phytate rice in young Dutch women. J. Nutr. 2017, 147, 1086–1093. [CrossRef]
Galetti, V.; Kujinga, P.; Mitchikpe, C.E.S.; Zeder, C.; Tay, F.; Tossou, F.; Hounhouigan, J.D.; Zimmermann, M.B.; Moretti, D. Efficacy
of highly bioavailable zinc from fortified water: A randomized controlled trial in rural Beninese children. Am. J. Clin. Nutr. 2015,
102, 1238–1248. [CrossRef]
Hotz, C.; Brown, K.H. Assessment of the risk of zinc deficiency in populations and options for its control. Food. Nutr. Bull. 2004,
25, 94–204.
Rosado, J.L.; Díaz, M.; Gonzalez, K.; Griffin, I.; Abrams, S.A.; Preciado, R. The addition of milk or yogurt to a plant-based diet
increases zinc bioavailability but does not affect iron bioavailability in women. J. Nutr. 2005, 135, 465–468. [CrossRef] [PubMed]
Sandström, B.; Arvidsson, B.; Cederblad, A.; Björn-Rasmussen, E. Zinc absorption from composite meals I. The significance of
wheat extraction rate, zinc, calcium, and protein content in meals based on bread. Am. J. Clin. Nutr. 1980, 33, 739–745. [CrossRef]
Hunt, J.R.; Lykken, G.I.; Mullen, L.K. Moderate and high amounts of protein from casein enhance human absorption of zinc from
whole-wheat or white rolls. Nutr. Res. 1991, 11, 413–418. [CrossRef]
Pecoud, A.; Donzel, P.; Schelling, J. Effect of foodstuffs on the absorption of zinc sulfate. Clin. Pharmacol. Ther. 1975, 17, 469–474.
[CrossRef]
Flanagan, P.R.; Cluett, J.; Chamberlain, M.J.; Valberg, L.S. Dual-isotope method for determination of human zinc absorption: The
use of a test meal of turkey meat. J. Nutr. 1985, 115, 111–122. [CrossRef] [PubMed]
Wood, R.J.; Zheng, J.J. Milk consumption and zinc retention in postmenopausal women. J. Nutr. 1990, 120, 398–403. [CrossRef]
Solomons, N.W. Dietary sources of zinc and factors affecting its bioavailability. Food Nutr. Bull. 2001, 22, 138–154. [CrossRef]
Della Lucia, C.M.; Santos, L.L.M.; da Cruz Rodrigues, K.C.; da Cruz Rodrigues, V.C.; Martino, H.S.D.; Sant’Ana, H.M.P.
Bioavailability of zinc in Wistar rats fed with rice fortified with zinc oxide. Nutrients 2014, 6, 2279–2289. [CrossRef]
Tang, N.; Skibsted, L.H. Zinc bioavailability from phytate-rich foods and zinc supplements. Modeling the effects of food
components with oxygen, nitrogen, and sulfur donor ligands. J. Agric. Food Chem. 2017, 65, 8727–8743. [CrossRef]
Fallingborg, J. Intraluminal pH of the human gastrointestinal tract. Dan. Med. Bull. 1999, 46, 183–196.
Allen, L.; De Benoist, B.; Dary, O.; Hurrell, R. Guidelines on Food Fortification with Micronutrients; WHO/FAO: Geneva, Switzerland,
2006.
Oberleas, D. The role of phytate in zinc bioavailability and homeostasis. In Nutritional Bioavailability of Zinc; Inglett, G.E., Ed.;
American Chemical Society: Washington, DC, USA, 1983; pp. 145–158.
Linzell, J.; Mepham, T.; Peaker, M. The secretion of citrate into milk. J. Physiol. 1976, 260, 739–750. [CrossRef]
Pabón, M.L.; Lönnerdal, B. Effect of citrate on zinc bioavailability from milk, milk fractions and infant formulas. Nutr. Res. 1993,
13, 103–111. [CrossRef]
Hansen, M.; Sandström, B.; Jensen, M.; Sørensen, S. Effect of casein phosphopeptides on zinc and calcium absorption from bread
meals. J. Trace Elem. Med. Biol. 1997, 11, 143–149. [CrossRef]
Forbes, R.M.; Erdman, J.W., Jr.; Parker, H.M.; Kondo, H.; Ketelsen, S.M. Bioavailability of zinc in coagulated soy protein (tofu) to
rats and effect of dietary calcium at a constant phytate: Zinc ratio. J. Nutr. 1983, 113, 205–210. [CrossRef]
Bosscher, D.; Lu, Z.; Janssens, G.; Van Caillie-Bertrand, M.; Robberecht, H.; De Rycke, H.; De Wilde, R.; Deelstra, H. In vitro
availability of zinc from infant foods with increasing phytic acid contents. Br. J. Nutr. 2001, 86, 241–247. [CrossRef] [PubMed]
Wapnir, R.A.; Khani, D.E.; Bayne, M.A.; Lifshitz, F. Absorption of zinc by the rat ileum: Effects of histidine and other lowmolecular-weight ligands. J. Nutr. 1983, 113, 1346–1354. [CrossRef] [PubMed]
Miquel, E.; Farré, R. Effects and future trends of casein phosphopeptides on zinc bioavailability. Trends Food Sci. Technol. 2007, 18,
139–143. [CrossRef]
Reynolds, E.C. Phosphopeptides for the Treatment of Dental Calculus. World Patent WO 93/03707, 4 March 1993.
Hansen, M.; Sandström, B.; Jensen, M.; Sørensen, S.S. Casein phosphopeptides improve zinc and calcium absorption from
rice-based but not from whole-grain infant cereal. J. Pediatr. Gastroenterol. Nutr. 1997, 24, 56–62. [CrossRef] [PubMed]
Hansen, M.; Sandström, B.; Lönnerdal, B. The effect of casein phosphopetides on zinc and calcium absorption from high phytate
infant diets assessed in rat pups and Caco-2 cells. Pediatr. Res. 1996, 40, 547–552. [CrossRef]

