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ABSTRACT

This review draws attention to the significancerzfgnesium in milk, both the technical and
human health aspects. Magnesium has been subjesstoesearch than calcium in both
aspects. Magnesium is present in cows’ milk in ~I3%me concentration of calcium. About
two-thirds of the magnesium is soluble, whereasiaiboe third of calcium is soluble.
Although magnesium is less significant than calciardairy systems, it warrants more
investigation. Magnesium plays numerous physioklgigles in the human body and is
implicated in many critical health issues such asammolic syndrome and skeletal muscle
loss. Despite its well-established significanceeaalth, magnesium is often reported as an
under-consumed nutrient. Milk and dairy productsaready one of the main sources of
dietary magnesium. There is an opportunity to dgvehilk and dairy products as efficient
vehicles for supplementary dietary magnesium deliveth more research into fortification

options.




38

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

Table of contents

1. Introduction
2. Measurement of magnesium
2.1. Total magnesium
2.2. lonic magnesium
3. Content in milk
4, Distribution between casein micelles and serumilk and milk products
4.1. Association with the casein micelle and colloidalcaum phosphate
4.2. Magnesium in milk serum
4.3. Effect of heating on the distribution of magnesiumnmilk
5. Interactions with proteins
5.1. Interaction of magnesium with caseins
5.2. Interaction of magnesium with whey proteins
5.3. Alkaline phosphatase
6. Magnesium supplementation and fortification/enrieimtnof milk
7. Absorption of magnesium from dairy food
8. Significance of magnesium in health
9. Conclusion
References



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

1. I ntroduction

Magnesium is the fifth most abundant mineral inithenan body after potassium,
calcium, phosphorus and sodium, but until recenttpuld be termed the forgotten mineral.
It is the major intracellular divalent cation andys a major role in many biochemical
processes. Its functions include, protein andeio@cid metabolism, neuromuscular
transmission, bone growth and metabolism, ion chbstabilisation, energy metabolism,
regulation of blood pressure, contraction of myd@muscle cells and as a cofactor in a
large number of enzymatic reactions (Volpe, 2013y, 2011).

Its significance in milk has been largely overshaeld by calcium, its more-abundant
alkaline earth relative, which plays a pivotal sie the structure of milk through its role in
colloidal calcium phosphate, and hence the intggfithe casein micelle, and also in the heat
stability of milk. Calcium in milk is also widelyrlown for its nutritive value and
bioavailability. As a consequence, much less has Ipeiblished on magnesium than on
calcium in milk and milk products. However, magmesiin milk and milk products is a
major contributor of dietary magnesium and warramdése attention. This review collates
much of the available information on magnesium itk @nd discusses its importance in

human health and disease.

2. M easur ement of magnesium

2.1. Total magnesium

Total magnesium in milk can be measured instrunigraaby wet chemistry

methods. Instrumental methods of analysis requin@ifial mineralisation procedure to
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eliminate organic material. This can be achiewedHdy digestion by incineration (AOAC
975.03) or by a wet procedure involving, for exam@l nitric acieperchloric acid (4:1)
mixture (Moreno-Torres, Navarro, RdLopez, Artacho, & lbpez, 2000) or microwave-
assisted combustion using nitric acid and hydrqegoxide (Khan et al., 2014). Moreno-
Torres et al. (2000) claimed that the wet methadguthe nitric acigperchloric acid mixture
was superior to the dry incineration method, bdéas and easily controlled, and achieving
complete destruction of caseins that are diffituitemove by dry incineration. Khan et al.
(2014) concluded that microwave assisted digestias suitable for milk products and that it
eliminated the inaccuracy of conventional digestieethods and reduced analysis time.
Following mineralisation of the sample, the magaesiand other minerals, are commonly
analysed by atomic absorption spectroscopy (AAS),(&Jdabage, McKinnon, & Augustin,
2000), inductively coupled plasma-atomic emissipactrometry (ICP-AES) (e.g., van
Hulzen, Sprong, van der Meer, & van Arendonk, 2Q@f9nductively coupled plasma-
optical emission spectrometry (ICP-OES) (e.g., Kégal., 2014). Total magnesium can also
be determined by ion chromatography after pre4tmeat of the milk with nitric acid (Sato,
Harada, & Tanaka, 1992).

There are two major traditional wet chemistry meth@Nalstra & Jenness, 1984).
The first involves two EDTA titrations, one usingacium-specific indicator, such as
murexide, and one using Eriochrome Black T thattseaith both calcium and magnesium.
The difference between the two results is a meagurmegnesium concentration. The second
involves an EDTA titration of the supernatant aftalcium has been precipitated as calcium

oxalate.

2.2.  lonic magnesium
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The ionised form of magnesium (fYyis regarded as the biologically active form and
hence there has been considerable interest ietésrdination (Zhang, 2011). In blood, it is
commonly performed with Mg-selectiveslectrodes. Dimeski, Badrick, and St John (2010)
reported that these were introduced in the mid-$39@ that there were three Mg
electrodes available for clinical measurementswéi@r, despite the fact that other ion-
selective electrodes, some of which have been dpedlfor blood analysis, e.g., Ca
electrodes (Lewis, 2011), are routinely used faiysis of milk, Md" electrodes do not
appear to have been used for this purpose. Coabideexperience with these electrodes has
been gained in clinical laboratories and is avéaldbr access by dairy scientists. Dimeski et
al. (2010) concluded that the selectivity and djeti of Mg®* electrodes in relation to &a
were not ideal and that the interference from'®aries between electrodes from different
suppliers. Some of the clinical Kiganalysers correct for this interference but thisiore
challenging for analysis of milk with its high calm content.

One company, C-CIT Sensors AG (www.c-cit.ch), affarMd " ion-selective
electrode that contains a replaceableé Maglective membrane that is claimed to be suitable
for milk. The selectivity for M§' is more than 1,000 times higher than fof NeK" and
more than 100 times higher than foCa\ccording to the manufacturer, for milk with @1
L™ of Mg** and 1.25 g ! of C&*, 5-10% of the measured Kigconcentration may be
attributable to C4. Therefore such an electrode may be suitable fdt ifihis level of
accuracy is tolerable.

Another method for measuring Kfgs by binding it with a dye such as Magnesium
510 (Ursa BioScience LLC, www.ursabioscience.cdrh)s dye has a strong emission
spectrum with a maximum at 510 nm at an excitatvamelength of 280—-415 nm. It is

claimed to have high sensitivity and to react omith ionic species. While the
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manufacturers consider it is suitable for milk,adp of its use for this purpose have not been
located.

lonic magnesium has also been measured by the Ddviembrane Technique
(DMT) (Bijl, van Valenberg, Huppertz , & van Hoogdk, 2013; Gao et al., 2009). A

detailed description of the DMT theory and equiptneas provided by Gao et al. (2009).

3. Content in milk

The average content of magnesium in cows’ milkli@ thg L* (4.6 mmol %)
although quite wide ranges have been reported: 130tng L* (White & Davies, 1958); 81—
268 mg L* (Cerbulis & Farrell, 1976); 97—146 mg‘l(Gaucheron, 2005); 82—129 mg L
(Tsioulpas, Lewis, & Grandison, 2007); 115.9 + 1G\X) mg L* (van Hulzen et al., 2009);
and 114 + 1(SD) mg L (Bijl et al., 2013). On a dry weight bass, the megjum content of
milk (~ 1300 mg kg for skim milk powder, Table 1) is in the mid-higgnge for foods.
Micinski et al (2017) reported higher levels in the first colostr(340 and 311 mgtfor
primiparous and older cows, respectively); the ledecreased to normal milk levels (120
and 100 mg L, respectively) after 5 d. These authors commeifit@magnesium in
colostrum has a role in activating intestinal gef&s, which reduces the density of
meconium and facilitates its expulsion. After tlsdostrum stage, the magnesium content
shows little variation. Gaucheron (2005) reporeekls in early, mid and late lactation to be
137, 120 and 130 mg, respectively. These were similar to the valugsried earlier by
White and Davies (1958), namely, 130, 118 and &&j8.", respectively. The level also
appeared to be little affected by mastitic infectwath the average level in milk from cows

with sub-clincal mastitis reported to be 118 m(White & Davies, 1958).
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In a large study involving the milk from 1860 prparous Dutch Holstein-Friesian
cows from 388 herds in the Netherlands, van Hu&tead. (2009) concluded that the variation
in genetic effects for magnesium (as well as caicand phosphorus) concentration was
much greater than the variation in herd effectss Trhplies that there are better prospects for
altering the levels of these minerals by seledbrezding than by nutritional manipulation.

In another large Dutch study, bulk milk samplesenvesllected weekly from dairy
plants in 20 regions throughout The Netherlandsthed mixed to give a representative
weekly sample. From this study, which was conduotezt one year, Bijl et al. (2013) were
able to compare the levels of magnesium and otlegrals found in their study with levels
found 50-75 y earlier in The Netherlands. Theyfbthat the magnesium, calcium and
phosphorus contents had increased by 7.2, 12.8.&@46lin line with a similar increase in
protein content. The authors found that the cortéptich of these minerals had a significant
positive correlation with protein content which wasgely due to their association in the
casein micelle.

Goats’ milk contains a similar magnesium conceiunato cows’ milk (mean, 122
mg L"; range 110-144 mg1) while ewes milk contains a higher concentratioren, 193
mg LY; range 175-212 mg1) (de la Fuente, Olano, & dez, 1997). Dorea (2000)
reviewed several reports of magnesium in human aritk found a range of 15 to 61 mg, L
with 75% being less than 35 m@ LHence the concentrations in the milk of cows tgaad

ewes are much higher than that in human milk.

4, Distribution between casein micellesand serum in milk and milk products

The distributions of magnesium and calcium in comagk, various milk products and

milk fractions are given in Tables 1 and 2. Twgandifferences are apparent: the total
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magnesium contents are all much lower than thé ¢ateium levels and the distribution
between the serum and colloidal phases of millddferent. A large proportion (~ 2/3) of
magnesium is in the serum fraction (Bilj et al. 20Gaucheron, 2005; Pyne, 1962; Udabage
et al., 2000; White & Davies, 1958). This propantis remarkably consistent between the
reports listed; it even holds for milks with addadgnesium sulphate (Abdulghani, Ali,
Prakash, & Deeth, 2015). A similarly large propamtof calcium is in the colloidal fraction,
associated with the casein micelle. Goats’ milk engs’ milk have been reported to have
~66% and ~56% soluble magnesium, respectivelygdeiente et al., 1997).

The different distribution between the serum anitbatal phases explains the large
difference between calcium and magnesium in predo@sed on casein such as cheese.
Almost all (~ 99%) of the magnesium and calciunocated in the skim milk. The low

percentage associated with the fat is reflectedenvery low contents in butter (Table 1).

4.1.  Association with the casein micelle and colloidal calcium phosphate

According to Cashman (2011), about half (~ 20 rify &f the magnesium in the
colloidal fraction of cows’ milk is associated wittne colloidal calcium phosphate (CCP) and
about half (~ 20 mgt) is bound to casein phosphoserine residues; tiesgmnding figures
for calcium in the colloidal fraction are 75% (~60@ L*) as CCP and 25% (~200 mg)L
attached to phosphoserine residues. Dalgleish and(1989) reported the effect of pH
reduction on the distribution of magnesium in milkhey found a reduction in micellar
magnesium with reduced pH in parallel with the effen calcium. Micellar magnesium
decreased from 1.3 mmot‘lat pH 6.7 to 0.2 mmoltat pH 4.9. Since no inorganic
phosphate remained in the micelle at pH 4.9, it suggested that the remaining magnesium

may be bound to non-phosphorylated caseins. DadatgE, Montes, Guerreroa, ahdarez
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(2003) investigated the distribution of magnesiwrtween the sedimentable (casein micelle-
associated) and the non-sedimentable (solublejdracin yoghurt and found that 88-97%
was soluble (note that at the pH of yoghurt, ~dlbminerals associated with CCP in the
casein micelle are solubilised). Somewhat surgglgirthis was lower than that found for
calcium of 96.7-99.1%, in spite of the fact thatmilk, a much higher proportion of
magnesium than calcium is soluble. These auth@gested that more magnesium than
calcium is bound to non-phosphorylated bindingssite the caseins.

The low proportion of magnesium found in the caseicelles may be at least
partially attributable to its low affinity for inganic phosphate and citrate in CCP. This is
supported by the results obtained by adding varsailts to isolated casein micelles or
ultrafiltrate. Philippe, Le Graét, and Gauchero®0®) studied the effect of adding salts of
five different cations, F&, zr**, C&*, CU** and Md", to dispersions of isolated casein
micelles. The amount of each cation which was aasmtwith the casein micelles following
ultrafiltration was measured. Of the five catioktg®" showed the lowest percentage (25—
30%) associated with the micelles and"Fowed the highest (98-99%). Philippe et al.
(2005) also added each of the five salts to mitiatiltrates and measured the amounts of
each cation precipitated as insoluble salts. THeraof precipitate formation was ¥e C&*
>7Zn**>Cu** >Mg?*. Precipitation indicates association of the catiaith inorganic anions
such as phosphate and citrate forming insolubts.s&bout half of the magnesium added at
9.6 mmol kg' precipitated. Calcium, zinc and iron added at .86 mmol kg showed
much higher precipitation levels. The associatibmagnesium appeared to be mostly with
phosphate as the citrate levels remained almostaonwith added magnesium. The authors
found a reasonable correlation between the amaiibe cations precipitated as phosphate

and citrate and the stability constants of theocatanion combinations. For example, for
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inorganic phosphate, the stability constants fdf &ed Md* were 3.61 and 0.6 ,

respectively, and for citrate they were 11.2 ai®] &spectively.

4.2.  Magnesiumin milk serum

In milk serum, the concentrations of magnesiunmatatand magnesium hydrogen
phosphate are 2.0 and 0.3 mmd| kespectively; the corresponding values for cafcare
6.9 and 0.6 mmol &, respectively (Neville, 2005). The higher concatitm of magnesium
citrate than magnesium hydrogen phosphate differa the results of Phillipe et al. (2005)
that showed greater association of magnesium watganic phosphate than citrate when a
soluble magnesium salt was added to milk ultraifér

A larger percentage of magnesium than calcium ik imipresent as the free or ionic
form, although the absolute concentration of ionagnesium is much lower than that of
ionic calcium. According to Christianson, Jennessl Coulter (1954), ionic magnesium is
0.82—0.85 mmol I which is similar to 0.81 mmolt.calculated for milk diffusate by Holt,
Dalgeish, and Jenness (1981), a value now gene@tlypted. However, Bijl et al. (2013),
using the Donnan Membrane Technique, reported @abiat lower M§" value of 0.61
mmol L. Gao et al. (2009) also used this technique ttysaaeconstituted skim milk (200 g
skim milk powder dissolved in 1800 g deionised waamd found the Mg concentration to
be 0.58 mmol [X. The concentration of the ionic form of calciumciows’ milk is ~ 2 mmol
L (Lewis, 2011).

Another difference between magnesium and calciutherserum phase is that some
calcium (about 0.5 mmoltin milk) is bound tax-lactalbumin ¢-La), whereas no
magnesium is bound to this protein. Calcium is lobwmma one atom per molecule

stoichiometry (Hiroaka, Segawa, Kuwajima, SugaMé&rai, 1980).
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4.3.  Effect of heating on the distribution of magnesiumin milk

Thermal processing followed by cooling has littteeet on the distribution of
magnesium between the major fractions of milk (AgHani et al., 2015). However, when
milk was heated to 90 °C, a decrease (~ 18%) oedunrthe concentration of magnesium in
the soluble phase, at that temperature. This wasrshy analysing the permeate from
ultrafiltration performed at this temperature rattien on the soluble phase obtained after
cooling the heated milks (Pouliot, Boulet, & Paquif89a,b,c; Holt 1995). The decrease in
soluble calcium under the same conditions was ngueater, ~ 33%. The decrease in soluble
minerals is due to their migration into the calciphosphate microgranules as evidenced by
the increase in the size of these particles. geaps to occur in two phases, whereby most of
the redistribution occurs rapidly, in less than amaute, in the first phase and a further
smaller decrease occurs over several minutes, 2nfon a second phase. According to Holt
(1995), the difference in redistribution behavioimagnesium and calcium suggests that
magnesium is associated with the surface of th@uwalphosphate microgranule while
calcium is associated with the bulk of this paeticlOn cooling heated milk, the redistribution
of magnesium and calcium is almost totally revees{Pouliot et al., 1989b), which explains
why other authors have observed little changestridution after heating (e.g., Abdulghani
et al., 2015). Similarly, Le Ray et al. (1998) fdumo change in mineral distribution between
casein micelles and the serum of a casein miceipension when heated to 95 °C for up to
30 min.

On heat treatment of skim milk concentrate to ~ AB¢heated in a glass tube in an
oil bath at 135 °C for 45 s), both magnesium andwa in the soluble phase decreased (by

15 and 6% respectively). However, on storage &C3fdr up to 120 d, the soluble



13

289  magnesium increased by ~ 22% while the solublawaldecreased by ~25%.

290 Concomitantly, soluble casein increased approxiipéteee-fold to account for about 2/3 of
291  total casein after 120 d (Aoki & Imamura, 1974)e$a results further reflect the different
292  associations of calcium and magnesium with theicasad CCP.

293

294 5. I nteractions with proteins

295

296 5.1. Interaction of magnesiumwith caseins

297

298 It has long been known that caseins can be prat#pitoy magnesium (or calcium or
299  acid) from milk (O’Mahony & Fox, 2016). Althoughttie magnesium is naturally associated
300 with proteins in milk, added magnesium ions caeriatt with casein and induce formation of
301 agel oracoagulum when milk is heated to ~ 7in°@uch the same way as do calcium ions
302 (Ramasubramanian, 2013; Ramasubramanian, D’Ardyeé&th, 2012; Ramasubramanian,
303 D’Arcy, Deeth, & Oh, 2014). The strength of thé gecoagulum is strongly influenced by
304 the prior heat treatment; for example, treatme®0atC for 60 min leads to high-strength
305 gels or coagulums while UHT treatment (140 °C f&) deads to very weak gels or

306 coagulums. Gels form in heated milk with 12.5-20@hhi* added magnesium chloride

307  (Lim, 2015) and coagulums form at >20 mmd! (Ramasubramanian, 2013). While

308 magnesium ions have a similar destabilising effecialcium ions on the casein in milk

309 during heating, they have “a much inferior role’remnet coagulation (Pyne, 1962).

310 Cuomo, Ceglie, and Lopez (2011) investigated tleeipitation of sodium caseinate
311 (4 mg mL*in 0.1m NaCl) by magnesium and calcium ions. Magnesiugimmmol L* did
312 not cause casein precipitation from the caseiraitetisn heated to 90 °C, at 5 mmot it

313  caused precipitation at- 70 °C, at 7.5 mmol L precipitation occurred &t~ 50 °C, and at
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10 mmol L* precipitation occurred &t~ 40 °C. Precipitation occurred more readily with
calcium than with magnesium. For example, 5 mmbtalcium precipitated caseinate>at
60 °C compared with~ 70 °C for magnesium. Interestingly, a combinat.5 mmol L
calcium plus 2.5 mmol £ magnesium caused precipitationrat65 °C. The interaction of
calcium with casein was influenced by both tempgeaand solvent (the authors compared
precipitation in both KD and BO) but the interaction with magnesium was influehbg
temperature only. They concluded that the two lwange different binding sites on the casein:
phosphoserine for calcium, and glutamic and aspacids for magnesium. They suggested
that this enabled the calcium and magnesium toamperatively and the presence of calcium
aids the binding of magnesium by making more siteslable; this may explain the
synergistic effect of magnesium and calcium ionemvhoth are added at 2.5 mmal.L

Le Ray et al. (1998) added 19 mmol'kealcium chloride and magnesium chloride to
dispersions of casein micelles and found that batts reduced the pH of the dispersion with
the effect of the calcium being greater than tliahagnesium, calcium caused a decrease in
the micellar water content (by ~8%) but magnesiuadeno significant change. The authors
suggested the difference could be attributed talifierent hydrated ionic radii (Ga= 0.412
nm, Mg* = 0.428 nm and electronegativities (calcium = lnagnesium = 1 on the Pauling
scale). Addition of magnesium ions caused a patisgglacement of the calcium in the casein
micelles such that the concentration of calcium magnesium ions in the centrifugation
supernatant was almost equal to that of the adadephesium. On heating to 90 °C for 30
min, and adding magnesium chloride at 2.6, 9.31#nh8 mmol kg, the proportion of protein
precipitated was 33, 95, and 96%; calcium chloaddition at 10.5, 13.7 and 19.0 mmolkg

resulted ir> 95% precipitated.

5.2.  Interaction of magnesiumwith whey proteins
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340 The association with-La accounts for about 1.5% of the calcium in nbilk a

341 negligible percentage of magnesium, although ttierlaan bind ta-La. Magnesium binds
342 weakly too-La in a molar ratio of 2:1 with two associatiomstants at 20°C of 2 x 1@nd 2
343  x 10°M™. These are much lower than the association carfstacalcium of 3 x 1dm™,

344  which explains the negligible amount of magnesiwuara toa-La in milk. One magnesium
345 atom binds to the calcium-binding site that is fethiby the carboxylic groups of three

346  aspartate residues (82, 87 and 88) and two carlgpayps of the peptide backbone (79 and
347  84), and the other magnesium binds to a secondiaaynly site (Permyakov & Berliner,

348  2000). Permiakov, Morozova, larmolenko, and Bursh{&982) earlier reported that

349  magnesium ions in millimolar concentrations hattéelieffect on the association of calcium
350 ions witha-La, which led them to suggest that calcium andmeamim ions bind to different
351 sites on the protein. It appears now that one®htgnesium binding sites is the same as the
352 calcium binding site but that the binding of magaesis much weaker than that of calcium.
353 When bovine serum albumin (BSA) dispersions i MlaCl containing 5 mmol t

354  Mg** (as MgSQ), were heated at 90 °C for 15 min, a gel with mpact matrix resulted that
355 was stronger that the control gel without#1gnd gels made with &Y F¢* and A", This

356 was attributed to magnesium binding to the dendtpretein forming small dense aggregates
357  of 0.05um diameter with small void spaces (length of maximuoid space of 0.4m); by

358 contrast, the other three metal ions formed lacgestered aggregates of 0.1-Qr& with

359  maximum void space lengths of 7.6+44@. The corresponding data for the control gel

360 without added metal ions were 0.1 and | 812respectively (Haque & Aryana, 2002). The
361 effect of calcium was not included in this study.

362 The effects of magnesium or calcium ions on heditided denaturation (as measured

363 by protein removed by centrifugation at the heaphi) and aggregation (as measured by
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protein removed by centrifugation at pH 4.6) of wipeoteins is dependent on pH
(Varunsatian, Watanabe, Hayakawa, & Nakamura, 1988en WPC was heated at 80 °C
for 15 min without added metal ions, denaturatiod aggregation of WPC were maximised
(> 90%) at the isoelectric point (~5.5); at pH.5, both aggregation and denaturation were <
80% while at pH values of 6.5-9.5, aggregation w&88% but denaturation was 30-80%.
When magnesium or calcium ions were added befatrgeat pH values of 5.5-9.5, both
denaturation and aggregation were > 90%. At pHasul.6, magnesium and calcium ions
had no effect on the extents of denaturation oregggion. The effect of magnesium on the
denaturation and aggregation was less than thatlaum. For example, heating WPC at pH
8 at 70 °C and 75 °C caused aggregation of ~ 53&#a respectively, in the presence of
Mg?* but ~75 and 90%, respectively, in the presencesbt. Consistent with this is the
different denaturation temperatures for the WPQgns in the presence of: no metals (75.2
°C), Mg?*(73.5 °C) and C4(71.5 °C) (Varunsatian et al., 1983).

Cerbulis and Farrell (1986) reported the precifmtabf whey proteins from cheese
whey by magnesium acetate (4%, w/v); 70% was pitatgal at pH 6.7 and ~100% at pH
10.5. Magnesium acetate was more effective thamuralhydroxide but a mixture of 1%
magnesium acetate and 1% calcium hydroxide (pH) J0eXipitated 98%; 2% magnesium
acetate and NaOH (to adjust the pH 9.9) precit@&®5% of the whey proteins.

Magnesium chloride, along with calcium chloride dexdous chloride, can induce
formation of whey protein gels through a cold gelaprocess (da Silva & Delgado, 2009;
Tomczyhiska-Mleko & Mleko, 2014). Gelation is achieved lajtsnduced aggregation of the
whey proteins that are unfolded by a pre-heat m®eaea pH and ionic strength that maintain
high electrostatic repulsion forces between theégme and prevent aggregation. Added
magnesium, calcium or iron salts decrease thereatic repulsion between the protein

molecules and form salt bridges between negatisiedyged groups on the proteins. Da Silva
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389 and Delgado (2009) used a pre-heat process of Wpeitions of 75 °C for 20 min. at pH
390 7.0. From trials with mixing solutions of variousrcentrations of magnesium chloride and
391  WPI at 25 °C, they constructed a phase diagramgsf Ebncentration versus WP

392 concentration which contained areas for each ektiphases, “sol”, “sol-gel” and “gel”. The
393  “gel” area included all points > about 10 mmé! Mg and 3% of WPI protein. Above 15
394  mmol L' magnesium and 3.5 wt % protein, the cold-set geibited no syneresis. From
395  penetrometer studies, the gel formed with 7.5% Wl ~ 30 mmol I Mg®* had a Young's
396 modulus of ~ 50,000 Pa. Tomewka-Mleko and Mleko (2014) used pre-heat conditimins
397 80 °C for 30 min at pH 6.68 and found that stroalgl gels were formed with 7% WPI at 30
398  mmol L't Mg, 20 mmol ' C&* or 10 mmol [* Zr?*. The gels formed with 30 mmol'L
399  Mg®* had a Gat 10 Hz of ~1800 Pa. They also produced a cooretipg aerated gel which
400 had a Gvalue of ~ 1500 Pa. These authors observed arslease of the magnesium from
401 the gels in simulated gastric conditions and suggethe gels could be used for

402  supplementation of the human body with magnesiuom@zyiska-Mleko & Mleko, 2014).
403

404 53. Alkaline phosphatase

405

406 Magnesium is involved in many enzymatic reactigkscording to Volpe (2012)

407 there are more than 300 such reactions requirimgtite human body. In milk, magnesium
408  activates alkaline phosphatase and also strondigreaes reactivation of alkaline

409 phosphatase previously inactivated by heat. Mur@o,, and Kaylor (1976) reported

410  conditions for optimal reactivation of alkaline mphatase which included 64 mmét L

411 Mg*

412 Furthermore, magnesium ions also increase theitgativthe reactivated enzyme

413  ~15-fold while they activate the native enzyme ddipld. Methods based on this difference
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in activation are used to distinguish between eadind reactivated alkaline phosphatase.
This is important because inactivation of the reBnzyme is used to determine the adequacy

of pasteurisation of milk.

6. Magnesium supplementation and fortification/enrichment of milk

In a mineral supplement survey of 8,860 adut&q y) in the USA over the period
2003-2006, Bailey, Fulgoni, Keast, and Dwyer (20bind that the average daily
magnesium intake of male non-users of supplemeass268 mg, male supplement users was
449 mg, female non-users was 234 and female use 887 mg. They estimated that the
percentages of consumers with inadequate intakesmghesium to meet the Estimated
Average Requirement were 63% of male non-useraggdlements, 22% of male supplement
users, 69% of female non-users and 19% of fema&lesus

Magnesium is a necessary mineral for a healthy bddgh contains approximately
25 g of magnesium of which 50-60% resides in b@Wetpe, 2012). USDA (2009)
estimated that 57% of the US population may haveatequate intake of magnesium.
Therefore there is interest in enriching some foaududing water, with magnesium which
may be appropriate for some people (Abrams & Aixm<003; Cohen et al., 2002).

The increasing worldwide production of ultra-higimiperature (UHT)-processed
milk (Chavan, Chavan, Khedkar, & Jana, 2011),atglshelf-life at room temperature and
its relatively low natural content of magnesium@iig L, a serving of 250 mL contains <
10% of the adult RDI) makes it a suitable food pidor fortification. Abdulghani et al.
(2015) fortified UHT milk with up to 320 mg't magnesium (100% of recommended daily
intake, RDI) with magnesium sulphate. Because m&igneions above a certain

concentration destabilise milk proteins and caoséirfg when milk is heated in heat
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439  exchangers, trisodium citrate (5 mmat)lwas added to prevent this occurring. Sensory
440 evaluation of the fortified milks showed that adtitto 75% of RDI (190 mg L added

441  magnesium) caused a change in taste but no chan@le detected with addition to 50%
442  of RDI (60 mg ! added magnesium). Tateo, Bononi, Testolin, Ybama Fumagalli

443 (1997) also used trisodium citrate (8-9 mmd) hen preparing fortified milk containing
444 58 mg L' (2.5 mmol ) added magnesium lactate and 560 ritq14 mmol %) added

445  calcium lactate. Commercial magnesium-fortified Unilk has also been reported

446  (Mendoza, Olano, & Villamiel, 2005; Tateo et aR9¥). One commercial milk sample

447  analysed by Tateo et al. (1997) contained a téta#6 mg L (6.3 mmol L.

448

449 7. Absor ption of magnesium from dairy food

450

451 Magnesium is known to be absorbed in the duodemdnlaum in humans (Greger,

452  Smith, & Snedeker, 1981). Digestion leads to disdmn of magnesium from the digestate,
453  hence magnesium is released into the system dsldesoation. Lindberg, Zobitz,

454  Poindexter, and Pak (1990) suggested that magnesiliswith the greatest agueous

455  solubility resulted in the highest bioavailabili magnesium. The absorption of magnesium
456 is considered to be by both passive (diffusion) active transport (Harris, 2014).

457  Magnesium homeostasis in the human body is theffesdt of the intestinal absorption and
458  renal excretion of magnesium ions (Vormann, 2012).

459 Unlike calcium, there have been a limited numbemnwohan studies of the

460  bioavailability of magnesium. There is some indmathat the absorption of dietary

461 magnesium may decrease with ageing although a &mapsive study has not been reported
462  to date (Durlach et al., 1993; Verhas et al., 2082tudy in adult men showed the mean

463  magnesium absorption rate of 59% from mineral w@terhas et al., 2002). The reported
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absorption rates of magnesium from food vary widkdpending on the source, ranging from
10 to 75% (Schwartz, Spencer, & Welsh, 1984, Sejka., 1997; Verhas et al., 2002). Anti-
nutrients in plant-based food such as phytate aathte that are known to influence the
absorption of other minerals such as calcium, &od zinc also influence the absorption of
magnesium. Unleavened bread has been implicategd@asrce of such anti-nutrients. The
presence of phytate in pea flour showed an inmpigdfect on magnesium absorption in rats
by forming insoluble complexes with the minerak thigh levels of insoluble dietary fibre in
pea flour may also hinder the absorption of magmedy a solvent drag mechanism (Urbano
et al., 2007).

Lonnerdal, Yuen, Glazier, and Litov (1993) reportiedt in suckling rat pups, there
was no significant difference between the magnesibsorption from human milk, cows’
milk and infant formula, despite the moderate \taies in the food sources. It was proposed
that magnesium from the different infant food sesraas similarly absorbed and retained as
it exists predominantly as low-molecular-weight gmunds (Lonnerdal et al., 1993). On the
other hand, Delisle, Amiot, and Dore (1995) invgastied the availability of magnesium and
calcium in dairy products to rats. The apparenbgiigon of magnesium from cheese was
found to be lower than that from yoghurt, skim nplkwder, skim milk and evaporated milk.
The authors attributed the lower absorption fromede to its lower lactose content compared
with the other dairy foods, referencing the positoorrelation between intestinal absorption
of magnesium and calcium, and the dietary lactoseéent.

Lactose has a stimulant effect on net absorptianagnesium along with calcium and
manganese in human infants (Ziegler & Fomon, 1988jtose may also aid apparent
absorption and/or retention of magnesium in rateg@ér, Gutkowski, & Khazen, 1989;
Heijnen, Brink, Lemmens, & Beynen, 1993). Heijne¢mle (1993) proposed that the

stimulant effect of lactose is caused by a loweahtdeal pH. However, the study by Brink,
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Vanberesteijn, Dekker, and Beynen (1993) impliexd thctose intake does not influence the
absorption of magnesium and calcium in healthypkestolerant adults, as hydrolysing
lactose did not affect the absorption of these naise

Lactulose is an indigestible oligosaccharide thagdresent in low concentrations in
heat-treated milk. Seki et al. (2007) demonstr#tati lactulose improved the absorption of
magnesium as well as calcium in adult males. Alainenhancing effect of lactulose on
magnesium absorption was reported in rats (Heigtexh., 1993). However, a high dietary
intake of lactulose is not advisable due to it teseaeffect.

The effect of other minerals on the absorption agnesium has been examined by
various researchers; however, there is no coheradénce that modest rises in calcium, iron
or manganese intakes influence magnesium balarmaii#s & Atkinson, 2003; Andon,
llich, Tzagournis, & Matkovic, 1996; Lonnerdal, %ojka et al., 1997). Mahalko,
Sandstead, Johnson, and Milne (1983) reportechharent mineral absorption and balance
were not affected by a modest increase in dieteotem intake (from 65 g to 94 g protein d
1). On the other hand, the types of protein in tie¢ mhay influence the absorption of
magnesium. For instance, Ishikawa, Tamaki, Arihand, Itoh (2007) indicated that egg yolk
protein reduced calcium and magnesium absorptiorpeced to casein and soy protein. In
terms of milk protein fraction$-casein was shown to improve magnesium absorpgterb

than the other fractions (Pantako, Passos, DesspgieAmiot, 1992).

8. Significance of magnesium in health

The USA recommended daily intake (RDI) of magnesisi#00 mg & for adult

males between 19 and 30 y and that of adult fenis@$0 mg &. For adults over 30y, the

RDI values increase slightly to 420 mg and 320 mg d for males and females,
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respectively. The European Food Safety AuthoritySE, 2015) uses Adequate Intake (Al)
values which are set at 350 mid fbr men and 300 mg'dfor women. Dietary reference
values are very similar amongst various countgesgerally between 300 and 400 my d

The average need for magnesium is dependent ombenwof factors, including gender, age,
body habitus, and individual variation in intestinad renal reabsorption, and excretion
(Glasdam, Glasdam, & Peters, 2016). In individwatlout renal failure, oral magnesium
supplementation cannot result in serum concentrdhiat could be harmful (Vormann,
2012).

Although magnesium is widely distributed in botlam and animal foods, the Dietary
Guidelines for Americans 2015-2020 listed magnesasrone of the under-consumed
nutrients along with calcium as the surveyed intakel did not meet the estimated average
requirement. The National Diet and Nutrition Sure¢y014 also reported a similar
observation in the UK population that a substamraportion of adults aged 19 y and over
had magnesium intakes below the Lower Referencadwuiintake (LRNI: the level of
intake considered likely to be sufficient to mdet heeds of only the small number of people
who have low requirements, 2.5% of the populatidre majority need more.). The
importance of milk and dairy products in meeting tlaily magnesium intake requirement is
often overshadowed by the strong emphasis placéeiog a significant food group for
calcium. Milk and dairy products are, in fact, afehe main dietary sources of magnesium
particularly for children, contributing approximbtd 0—30% of the total magnesium intake
(EFSA, 2015).

A low level of dietary magnesium intake has beeplicated in an array of health
issues in the current literature, including metabsyndrome, skeletal muscle loss, kidney
function decline and depression (Bain et al., 2Réhholz et al., 2016; Welch et al, 2016;

Yary et al., 2016; Zhang et al., 2016). The diwgrsf the health issues associated with
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magnesium reflects the multitude of roles magneglays in the human body. As the
second most abundant cation in the intracellulangartment after potassium, magnesium
activates many enzyme systems, including thosdvedadn energy metabolism and
functions as an essential regulator of calcium #og the intracellular actions of calcium
(Glasdam et al., 2016; Sales & Pedrosa, 2006) syhtheses of DNA, RNA and protein are
also dependent on magnesium (Vormann, 2012).

Recent meta-analyses signal the importance of nsagneantake in the likelihood of
developing metabolic syndrome as an inverse adsutiaetween magnesium intake and
metabolic syndrome has been found (La et al., 2BMb&eown, Jacques, Zhang, Juan, &
Sahyoun, 2008; Sarrafzadegan, Khosravi-Boroujestfjzadeh, Pourmogaddas, & Salehi-
Abargouei, 2016). In particular, the link betweeagmesium and hypertension has been long
considered by many researchers. Zhang et al. (2@p6jted an effect of magnesium
supplementation on lowering blood pressure in adaid suggested the possibility of
recommending increased magnesium intake for theeptmn of hypertension. Bain et al.
(2015) showed that lower dietary magnesium inta&e melated to elevated blood pressure
and higher stroke risk in a UK representative papoih. A similar conclusion was drawn by
King, Mainous, Geesey, & Woolson (2005) in a gehe@A population where lower
magnesium in the diet was associated with elev@tegactive protein levels which indicate
increased risk of cardiovascular disease events.

Nielsen, Milne, Klevay, Gallagher, and Johnson {@0@ported that magnesium
deficiency induced by feeding a low-magnesium l#iétto impaired glucose tolerance, as
well as heart rhythm, cholesterol and oxidativeahetism changes in post-menopausal
women. It is worth noting that the diet used byghbjects in the Neilsen et al. (2007) study
was composed of ordinary western food, which wagtbe considered unusual except that

it was designed to provide only 101 mg magnesiun2p80 kcal for the research purposes.
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Magnesium has also been evaluated for its potantiedproving insulin sensitivity and
preventing diabetes. A meta-analysis by Fang €2@lL6) concluded that there is a
significant linear dose-response relationship betwdietary magnesium intake and the risk
of Type 2 diabetes, such that an additional dailgke of 100 mg magnesium was associated
with an 8-13% reduction in risk of Type 2 diabetdgpomagnesaemia is known to be
prevalent in Type 2 diabetes patients althoughutiderlying reasons have not been clearly
identified (Kurstjens et al., 2017).

Magnesium intake may be relevant in healthy agding.inversely correlated with
the occurrence of the metabolic syndrome in oldeita (McKeown et al., 2008). Ageing
itself is, in fact, a major risk factor for magnasi deficit. Bone is the main storage organ of
magnesium in the body. As the bone mass decreaieage, the total magnesium level in
the body also decreases (Barbagallo, Belvederep@&ibguez, 2009). Barbagallo et al.
(2009) suggested that the primary magnesium defitit ageing may be caused by
inadequate magnesium intake, lower efficiency ofjnegsium absorption and increased
urinary excretion associated with reduction in legifiunction. Magnesium is also directly
involved in muscle physiology. Dominguez et al.q@pdemonstrated that serum magnesium
concentrations were significantly linked to indexésnuscle performance, including grip
strength, lower-leg muscle power, knee extensiogqui® and ankle extension strength in
older adults. A cross-sectional study of women ksl et al. (2016) showed a positive
association of dietary magnesium with indices @lstal muscle mass and leg explosive
power, indicating dietary magnesium could be furiheestigated for its function in
maintaining skeletal muscle mass and power in worbess of skeletal muscle mass and
strength due to ageing are risk factors for diseaseh as sarcopenia and osteoporosis, which
draws attention to magnesium status of older a@uslch et al., 2016). Despite the

important roles magnesium may play in ageing hesdthBorg et al. (2015) reported that the
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magnesium intake of community-dwelling older adwiss inadequate along with their

calcium and other micronutrient intakes.

9. Conclusion

It is clear that maintaining the optimum magneshatance is important in human
health. Magnesium-fortified milk and dairy produntay contribute towards overcoming
reported magnesium deficiencies and address speeilth needs. With a better
understanding of magnesium in the dairy systemetisepotential for milk and dairy
products to be developed to deliver increased $evkbioavailable magnesium, as well as

calcium.
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Tablel

Comparison of magnesium with calcium contents itk gnd milk products and milk

fractions.®

Product Magnesium Calcium
Colostrum (d 1) 400 2600
Milk 110 1180
Cream (35-48% fat) 60 580
Skim milk powder 1300 12800
Evaporated milk (whole) 290 2900
Condensed milk (whole) 290 2900
Butter 20 180
Cheese - Cheddar 290 7390
Cheese - cottage 130 1270
Yoghurt 190 2000
Dairy ice cream 120 1000

2Values are in mg £ or mg kg'. Sources are: Alexander and Ford (1957); Christian
Jenness, and Coulter (1954); Cashman (2011); LaicdyHorne (2009); Marnila and
Korhonen (2011); Van Kreveld and Van Minnen (1955).



11
12
13

14

15
16

17

Table?2

Distribution of magnesium and calcium in variousctions of milk 2

Milk Magnesium Calcium Fraction with which associated MagnesiumCalcium

fraction o5 mmol LT % mmol L~ % mmolL" % mmol L'

Fat 1 1

Colloidal 36 1.9 66 19.4 Casein 18 50
Colloidal calcium phosphate 18 16

Serum 64 34 Magnesium or calcium citrate 40 2 23 6.9
Magnesium or calcium phosphate 7 0.3 2 06
lonic or free form 16 0.8 7 2
Bound toa-lactalbumin 0O O 15 0.5

@ Percentages are given as of total. Sources: Cas{#0a1); Lucy and Horne (2009);
Neville (2005).



