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A B S T R A C T

Magnesium is essential in plants where it is associated with chlorophyll pigments and serves as a cofactor of
enzymes implicated in photosynthesis and metabolism. It is an essential nutrient for animals, involved in hun-
dreds metabolic reaction and crucial for the biological activity of ATP. Not surprisingly, magnesium deficiency is
detrimental for the health of plants and animals. In humans, subclinical magnesium deficiency is common and
generates chronic inflammation, which is the common denominator of a wide range of mental and physical health
problems from metabolic diseases to cognitive impairment, from osteopenia and sarcopenia to depression. It is
ascertained that magnesium content in fruits and vegetables dropped in the last fifty years, and about 80% of this
metal is lost during food processing. As a consequence, a large percentage of people all over the world does not
meet the minimum daily magnesium requirement. In this scoping review, we summarize how agronomic and
environmental factors, including global warming, affect magnesium content and availability in the soil and,
consequently, in the food chain, with the aim of attracting the interest of botanists, agronomists, animal and
human nutritionists and physicians to work on a strategy that grants adequate magnesium intake for everybody.
1. Introduction

Magnesium (Mg), an alkaline earth metal, has been essential for the
origin of life on our planet. As the central structural element of chlo-
rophyll, Mg is fundamental in photosynthesis, the process that removes
carbon dioxide and leads to the accumulation of gaseous oxygen in the
atmosphere, thus creating the environment that allowed life to arise and
evolve to highly complex biological systems. Mg is central in both plants
and animals because it is implicated in hundreds of enzymatic reactions.
In plants, Mg is the second most abundant cation. Uptaken from the soil
by the roots through the intervention of several transporters, Mg is then
translocated to the sprouts and the leaves, where it is accumulated in
chloroplasts [1]. In animals, Mg is required for the synthesis of all the
macromolecules and the antioxidant glutathione [2]. In addition, Mg
has a role in controlling the transport of calcium and potassium ions,
crucial event in nervous conduction, muscle contraction and in main-
taining heart rhythm. In the bone, beyond its biochemical functions, Mg
zzola).

8 September 2020; Accepted 27
evier Ltd. This is an open access a
has also a structural role in shaping apatite crystals [2]. In an adult,
body Mg content is around 20–28 g. About 55 % is located in the bone,
bound to apatite, 25 % is in the muscle, and 19.3 % in soft tissues [2].
Less than 1% is found in the serum, mainly as free cation, which is the
bioactive form, and also conjugated to proteins [3]. Even if measuring
serum Mg concentrations does not reflect total body content, this is a
simple and widely used method to investigate Mg status [4]. The normal
range of serum Mg falls within 0.75 and 0.95 mmol/L. Levels below
0.75 mmol/L define hypomagnesemia. Malabsorption syndromes, dis-
orders of the kidney tubules, alcohol abuse, rare genetic diseases and
some therapeutic regimens cause Mg deficiency. However, an insuffi-
cient dietary intake is the frequent root of an overlooked low Mg status
in western populations [5, 6, 7, 8]. The intent of this scoping review is to
offer insights into the mechanisms involved in reducing Mg availability
in the food chain. Mg depletion in the soil results in lower concentra-
tions in plants, therefore altering animal intake and resulting in human
Mg deficient intake.
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2. A glimpse of the relation between Mg intake and diseases

The recommended dietary allowance (RDA) for Mg in North America
is 310–320 and 410–420 mg per day for females and males, respectively
[9], while the European Food Safety Authority (EFSA) recommends 300
mg for women and 350 mg for men as the adequate daily intake of the
mineral [10, 11]. Regardless of these indications, Mg intake has
decreased in most individuals [12] and this is aggravated by the
concomitant use of medications that inhibit Mg absorption (i.e. proton
pump inhibitors) or increase its excretion in the urine (e.g. diuretics)
[13]. Low Mg intake has been linked to chronic inflammation and
increased oxidative stress [2], since several surveys have demonstrated
that dietary Mg is inversely related with the plasma levels of the C
reactive protein, a marker of inflammation, and thiobarbituric acid
reactive substances, which reflect the content of lipid peroxides [14]. It is
well known that subclinical, latent chronic inflammation and oxidative
stress are two pathogenic factors in many common pathologies, from
cardiovascular diseases to diabetes, from neurological and psychiatric
disorders to sarcopenia and osteoporosis (Figure 1).

Metanalyses have demonstrated an inverse relationship between Mg
intake and hypertension, fatal ischemic heart disease and stroke [15, 16,
17, 18]. At the cellular and molecular levels, these results might be
explained by the detrimental effects of low Mg on vascular cells, which
results in endothelial dysfunction and altered smooth muscle cell
behavior [19].

A significant inverse correlation between Mg intake and the risk for
diabetes has been reported [20, 21]. Moreover, recent systematic reviews
and metanalyses associate hypomagnesemia with the diagnosis and
progression of type 1 and 2 diabetes [22, 23]. Significant lower levels of
erythrocyte Mg were observed in gestational diabetes [24]. To get in-
sights into the connection between Mg and glucose homeostasis, it is
noteworthy that Mg is important in regulating the activity of enzymes
involved in glucose metabolism. It is also required for the proper acti-
vation of insulin receptor, whose kinase domains bind Mg. In addition,
chronic Mg deficiency induces oxidative stress and the release of in-
flammatory cytokines such al IL-1, IL-6 and TNFα, conditions that
contribute to insulin resistance [2]. It is challenging to propose that a Mg
rich diet might ease glycemic control in diabetic patients.

A systematic review andmetanalysis reports a link betweenMg intake
and bone mineral density in total hip and femoral neck [25]. Recently, a
metanalysis has demonstrated lower amounts of serum magnesium in
postmenopausal women [26]. These results are in line with the evidence
Figure 1. A summary of the relationships existing between low Mg intake and vario
adequate daily intake are reported [10].
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that Mg is involved in regulating bone development and constructing
bone mineral matrix [27].

Mg is also crucial for healthy and performing skeletal muscles. A
recent study demonstrates a strong association between dietary Mg
intake and indices of skeletal muscle mass in middle to older-aged adults
[28] and another shows that sarcopenic elderly consume significantly
reduced amounts of Mg [29]. Interestingly, transcriptomic data from
skeletal muscle biopsies indicate a substantial difference between young
and old men in terms of Mg transport and homeostasis [30].

In the nervous system, Mg has a relevant role in nerve transmission,
shelters from neuroinflammation and protects against excessive excita-
tion, which could lead to neuronal cell death [2]. Consequently, Mg
deficiency is implicated in many neurological disorders. A recent
metanalysis discloses a negative correlation between dietary intake of Mg
and depression, and a slight inverse relationship was reported also be-
tween dietary Mg intake and subjective anxiety [31, 32]. These data
might be due to the action of Mg on the N-methyl-D-aspartate (NMDA)
receptor and, therefore, on glutamatergic transmission.

Because reduced Mg intake is frequent and associated with common
diseases, we addressed some important, albeit overlooked, questions:
why are our foods Mg depleted? Are there food interactions that might
lead to a low Mg status? What about Mg bioavailability in food? The
following paragraphs will offer an overview on the roots of reduced Mg
intake, which is the first step toward a low Mg status, a sneaky trigger of
inflammatory and oxidative stress and, therefore, diseases.

3. Soil and agronomic factors affecting magnesium availability in
food plant

Mg is the 8th most abundant mineral element of earth's continental
crust [33]. Rocks are the source of all soil mineral materials and the
origin of all plant nutrients except for nitrogen, hydrogen, and carbon.
The mineral material from which the soil is formed is called the parent
material. Mg in soils originates from parent material containing various
types of silicates. The Mg content of different silicates varies considerably
andmost soil Mg (90–98%) is not directly available for plant uptake [34].
Parent material is transformed into secondary minerals through
chemical-physical alterations induced by atmospheric agents. Secondary
minerals found in the clay and fine silt fractions of soil are the sources of
Mg available for plant nutrition [35]. The extent of these sources is
influenced by several factors, including the pH and the interactions of Mg
with other ions, especially Kþ, Ca 2þ and ammonium. Higher amounts of
us diseases. The recommendations of the European Food Safety Authority about
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Hþ reduce Mg absorption from plant roots and increase the release of
exchangeable alluminium from the soil, which is harmful to plants, ex-
acerbates Mg deficiency and reduces the yield and the quality of agri-
cultural products [34]. Notably, higher soil concentration of Kþ, Ca2þ

and ammonium results in lower Mg availability to plant roots because of
competition during the uptake process. Kþ in the soil is a potent Mg
antagonist, because the root cells have specific K-transport systems, while
Mg is uptaken by non-specific transporters that are shared with several
different ions, including Kþ itself [34].

Since the second half of the last century, the increase in food demand
consequent to the impressive population growth has led to an exponen-
tial increase in the exploitation of fertile soil: it is the so-called Green
Revolution.

This evolution of agriculture allowed a dramatic increase in agricul-
tural production of the main species of food interest (corn, rice, wheat,
etc.) through the use of new hybrid varieties created by artificial selec-
tion techniques, new agricultural technologies, pesticides, and fertiliza-
tion based on N, K, and P, but not Mg. However, large amounts of Mg are
necessary to sustain intensive crop forage and harvest, so that the soil is
in a negative balance with respect to Mg unless Mg fertilizers do not
compensate them. Furthermore, the massive use of K fertilizer has
determined a progressive reduction in the ability of plant roots to absorb
Mg from the soil. Over time, this has resulted in a gradual widespread
decline of Mg in soils [34, 36] and consequently in cereals, fruits, and
vegetables [37]. Therefore, while the green revolution has led to indis-
putable benefits by increasing the availability of food energy per capita
per day by 35%, on the other hand, the consumption of cereals increas-
ingly poor in Mg has contributed to a growing deficiency of this nutrient
in the world population.

4. The effects of global warming on Mg content in crop

The change in earth climate is occurring faster than ever, endangering
plant growth and productivity and significantly impacting on the quan-
tity and quality of plant nutrients. Crop yields, nutritional values and
safety of foods are particularly dependent on climate, therefore a large
amount of the food produced for human nutrition is under threat [38,
39]. Even though large efforts have been undertaken to increase global
food availability, the worldwide problem of malnutrition and micro-
nutrient deficiencies remains worrisome and strongly linked to climate
changes, especially in low income communities [40]. Several factors
derived from climate changes, such as water scarcity, soil waterlogging,
elevated CO2 and elevated temperature, impact directly plant nutrition
and physiology [39]. In particular, the CO2-induced increase of growth
rates and soil acidity has promoted significant losses of Mg in the soil
[41]. In addition, climate change has different effects on plant physiology
at the level of molecular function, developmental processes, and
morphological traits. The release of anthropogenic greenhouse gases to
the atmosphere, which is one of the principal causes of climate change,
has gradually increased from the 280 ppm preindustrial levels [42, 43] to
the current levels which are above 400 ppm [44]. The increase of at-
mospheric CO2 will accelerate warming and exacerbate changes of the
climate system [42]. There are increasing evidences on the influence of
climatic changes and elevated CO2 on crop plants mineral concentrations
[45]. In particular, it has been shown that an elevated CO2 decreases N,
Mg, Fe, and Zn, but not P, K, S, Cu, Mn concentrations in the edible part of
vegetables. A challenging study deals with the effect of elevated CO2 on
the growth and nutrient composition of Triticum durum under normal or
Mg deficient conditions. Low Mg plants respond to high CO2 by
decreasing biomass, particularly in roots. Elevated CO2 increases
photosynthesis in adequate-Mg plants, but not in Mg deficient plants
[46]. The same authors report that low plant Mg and elevated CO2
decrease carbohydrate transport from source to sink tissues.

There are several studies showing that Mg deficiency increases the
susceptibility of plants toward heat stress [47, 48, 49]. Plants tolerate
heat stress conditions if supplied with an adequate amount of Mg, while
3

when heat stress is accompanied by Mg deficiency the tolerance is
reduced. In particular, Mg deficiency increases susceptibility of wheat
and maize plants to heat stress [49], and the effect was hypothesized to
be caused by an increased oxidative cellular damage caused by free
radicals. Interestingly, an in silico study showed that Mg induced ther-
mostability of the Mg-dependent phosphatases PP2C heterodimer and
this was ascribed as one of the mechanisms behind the heat stress
response by plants [47]. Even more stimulating is the finding that Mg
deficiency elicits an alteration of circadian clock gene expression in the
roots of Arabidopsis thaliana [48]. This finding provides a further evi-
dence on the influence of Mg on circadian rhythms in different organ-
isms, since treatments affecting intracellular Mg concentration influence
key clock parameters in human cells, mouse fibroblasts, marine unicel-
lular alga, and a filamentous fungus [50]. The clear message is that Mg
rhythms are crucial to cellular circadian timekeeping. It is therefore
extremely fascinating to emphasize the concept that intracellular Mg
oscillations provide an amazingly effective way to dynamically tune
cellular biochemistry and time energy. It is therefore evident that an
alteration of a fundamental physiologic characteristic of living organ-
isms, evolved over a billion years ago, would have a profound impact on
the entire cycle of life.

5. Food sources of magnesium

Rich Mg food sources are whole grains and grain products, green
vegetables (e.g. spinach and broccoli), nuts and seeds. Legumes (soy-
beans and black beans), fruit (e.g. banana), berries, meat and fish have an
intermediate Mg content. Lastly, dairy products have a low Mg content
[5, 10, 51]. It is important to point out that all these food categories are
essential not only to have a balanced diet, but also to satisfy Mg needs.
However, the contribution to the diet of each of these food groups is very
different. Cereal grains are the most important source of calories to most
of the world population. In particular, rice is the single most important
source of calories for humans, followed by wheat [52]. The results of a
worldwide longitudinal study based on country-level data of 124 coun-
tries indicate that the major source of energy in the diet is represented by
cereals (40.3%), followed by sugar and sweeteners (10.8 %), vegetables
(9.3%), meats (7.5%), starchy roots (6.4%), dairy products (6.3%), fruit
(3.7%), animal fats (3.5%), legumes (2.1%) and vegetable oils (1.9%)
[53].

5.1. Plant sources

Plant sources can interact with Mg absorption, reducing its
bioavailability due to their non-fermentable fibres (lignin, cellulose),
oxalate (OA), and phytate (PA) contents. These latter are two anti-
nutrients that limit the absorption of mineral salts, including Mg [51].
It is known that Mg forms insoluble, non-absorbable complexes with
oxalic acid in the gastrointestinal tract. In 2004, Bohn and collaborators
evaluated the absorption of Mg from two vegetable sources characterized
by different oxalic acid content, i.e. spinach (6.6 mmol oxalate) and kale
(0.1 mmol oxalate). Their results demonstrate that the mean Mg ab-
sorption from spinach is about 35 % lower than Mg absorption from kale
because of the high OA content of spinach. However, since native Mg
content of spinach is 26 % higher than kale's, the significantly lower Mg
absorption from spinach can be counterbalanced by the high Mg content
[54]. In relation to the amounts of Mg and OA in the same food,
particularly in cereals and beans, it should be noted that OA is present in
soluble and insoluble forms. OA becomes more soluble under gastric acid
condition (pH 1.5–2) and forms a sparingly soluble complex with Mg in
the intestine [55]. However, at intestinal pH, only a small part of soluble
OA-Mg complex may be absorbed in the small bowel. Besides, PA is
present with OA and Mg in the same food, in a higher concentration than
OA. PA chelates Mg reducing its bioavailability in a dose-dependent
manner [56], but at the same time increases OA bioavailability [55].
Consequently, PA and OA highly reduce the bioavailability of Mg in



Table 1.Magnesium content in whole and refined most popular cereals (adapted
from [61, 62, 63, 64]).

Cereal food Mg (mg/100 g)

Whole Refined

Wheat flour 120 20

Rice 107.8 � 6.6 37.7 � 15

Corn 127

flour 93 18

masa flour 93 93

Table 2. Magnesium content in selected foods of animal origin (adapted from
[65, 67, 69, 70]).

Mg (mg/kg fresh wt)

Chicken (range) 196–210

Breast 210

Drumstick 196

Chicken meat products 135–142

Pork (range) 195–290

Loin 207

Neck 212

Hind leg 237

Shoulder 195

Pork products (e.g. sausages) 117–289

Fish seafoods (range) 171–2371

Fish 282

Molluscs and crustaceans 1040

Cephalopoda 278

Milk (range) 86–100

Colostrum 400

Whole (3.25% fat) 98–110

Reduced Fat (2% fat) 98–111

Low fat (1% fat) 98–112

Skim 98–113

Goat 139

Sheep 180

Water Buffalo 311

Dairy products

Cream 60

Butter 20

Cheese (range) 130–425

Parmesan 380
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Mg-rich foods. Germination and soaking of seeds, legumes and grains and
sour-dough methods in the bakery process activate endogenous phytase
that reduces PA levels [57]. Therefore, these treatments seem to restrict
the negative effects of PA onMg bioavailability. Conversely, the presence
of low or indigestible carbohydrates like short-chain fructo-oligo-
saccharides, inulin, lactulose, mannitol and fructose in plant foods im-
proves Mg uptake and balance [6, 51]. Finally, food processing is another
important factor influencing Mg content of plant food, especially of
cereal grains (Table 1). In fact, the milling process removes important
nutrients from the grains, including Mg. Unfortunately, most of wheat
and rice used for human nutrition are milled to remove the bran and
germ, mainly to satisfy the taste of the consumers [58, 59]. However, in
recent years, in many countries, the growing number of scientific pub-
lications confirming the health effects of whole grain consumption has
led to dietary guidelines with recommendations to replace refined grain
foods with foods derived from whole grains [52]. Finally, it is important
to note that although the whole grains contain more PA and fibre than
refined, the reduced bioavailability of their Mg is considerably
compensated by its higher concentration [60].

5.2. Animal sources

5.2.1. Mg in meat and seafood products
As reported above, seeds, nuts and green vegetables are characterized

by a high Mg content; but, due to their low consumption rates, they do
not constitute a remarkable source of dietary Mg. In the literature, a few
studies have been conducted in Europe to evaluate Mg content and intake
in various meat and fish products. In Spain, Jodral-Segado and co-
workers [65] determined Mg content in 243 food, 69 drinks and 11
potable water samples. Focusing on Mg in meat and fish, they found the
highest Mg levels in molluscs and crustaceans (up to 2300 mg/kg),
which, however, do not contribute significantly to Mg intake because of
the low consumption rate of these foods and their low edible portion. By
contrast in Spain, chickenmeat andmilk have been identified as themain
contributors to Mg daily intake. This was mainly due to their high con-
sumption rate that compensates their intermediate Mg content [65]. In
Poland, meats and seafood contribute to 13.1% of Mg in the diet. In
particular, the main contributors were meat products, namely poultry
and red meat [66]. These results are in line with other studies [67] in
which the highest Mg levels were found in dried meat products obtained
from pork and poultry. Specifically, pork cuts and products contain
higher Mg levels than chicken cuts and chicken meat products [67].
These data are summarised in Table 2. Therefore, even though seafood
seems to be good source of Mg in western diets, their limited consump-
tion hinders their potential, while pork and poultry meat, thanks to their
higher consumption rates, are among the main contributors to Mg intake
in human diets (Figure 2). In this respect, it is important to underline that
Mg supplementation is nowadays a routine practice in animal nutrition to
guarantee an adequate Mg concentration in animal products [68].

5.2.2. Mg in milk and dairy products
Although there are few studies about the bioavailability of Mg from

milk in humans, milk and dairy products are one of the main dietary
sources of Mg that contribute approximately 15–40% of the total Mg
4

intake and in particular to 16–21% of the total Mg intake in Western
countries [69] (Figure 3). The importance of milk and dairy products in
meeting the daily Mg intake requirement is often overshadowed by the
fact that milk is mainly known as a significant food source for calcium
and the content of Mg in dairy products is lower than in green vegetables,
nuts and whole grains [3, 70]. In general, milk mineral content is not
constant but is influenced by stage of lactation, nutritional status of the
animal, environmental and genetic factors. The average content of Mg in
cows' milk is 110 mg/L. Mg concentration in colostrum is 2–3 times
higher and decreases within the first 1–5 days of lactation, remaining
relatively constant thereafter. Milk Mg content is unaffected by cow di-
etary intake of Mg [69, 70], as well as by the milk fat removal (Table 2).
In cow's milk, about 98% of Mg is found in the skim milk phase and this
explains why Mg content is not affected by fat removal (Table 2). The
total Mg content is much lower than the total calcium level and the
distribution between the serum and colloidal phases of milk is different.
About two thirds of Mg are in the serum phase, while a similar proportion
of calcium is in the colloidal phase, associated with the casein micelles
[70]. In particular, in skim milk phase, 65% of the Mg is in a soluble form
(40% as Mg citrate, 7% as Mg phosphate, and 16% as free ion Mg2þ),
while the remainder is associated with the caseinmicelles (about one half
associated with colloidal calcium phosphate and the other half bound
directly to phosphoserine residues in caseins) [69]. Several studies have
shown that lactose contained in dairy products improves intestinal ab-
sorption of minerals including Mg in human infants and in animals. For
example, Ziegler and Fomon observed an enhanced intestinal absorption
of calcium, Mg and manganese in human infants thanks to the effect of
milk lactose content [71]. In 1993 Heijnen and collaborators evaluated
the effect of lactose on the intestinal absorption of Mg and other minerals
among which calcium. They demonstrate that lactose fermentation
lowers the pH in the ileal lumen and prevents the formation of insoluble



Figure 2. Mean percentage contribution of meat and meat products to total Mg intake in males and females at different age [10].

Figure 3. Mean percentage contribution of milk and dairy foods to total Mg intake in males and females at different age [10].
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Ca–Mg-phosphate complexes, an event that usually occur in the ileum,
thus improving ileal solubility of the minerals involved [72]. The
bioavailability of Mg in dairy products containing different quantities of
lactose has been investigated also in rats fed with cheese, skim milk and
yogurt [73]. Bioavailability was evaluated by apparent absorption and
bone mineralization. The results showed that cheese provided a lower
apparent absorption and a lower bone deposition of Mg if compared with
the other milk products. These results can be explained considering that
cheese contains lower levels of lactose than other dairy products, due to
maturing. Since differences in the intestinal absorption of Mg were
positively related to the dietary lactose content [71, 72], this may explain
the different absorptions of Mg observed in this study from the different
dairy products [73].

6. Conclusions

Even though Mg is one of the most important nutrients, it has been
overlooked by botanists, agronomists, nutritionists, and clinicians. It
is now emerging that Mg deficiency is an alarming problem for plant
and human health. In the past several decades, a significant decline of
Mg concentration in cereals, which represent the fundamental food
for billions of people, has been reported, due to heavy chemical
fertilization and the effects of the Green Revolution, worsened by
global warming and high concentrations of CO2.. No easy solution is
foreseen. For people on an omnivorous diet, animal sources, starting
5

with milk and dairy products, can help in compensating for the
reduced Mg content of cereals; however, their recommended daily
intake should not be exceeded as these foods are high in saturated fat,
cholesterol, and calories. For all people, increased consumption of no-
refined or unprocessed foods and whole grains is undoubtedly an
essential first step. In the short term, the consumption of whole grains
can be made more effective by a soil fertilization program that in-
cludes adequate amounts of Mg. In the long term, stopping defores-
tation, switching to alternative energy sources, and promoting more
environmentally friendly agronomic techniques are some useful
countermeasures to reduce the greenhouse effect and tame global
warming and, consequently, Mg soil depletion. In Paleolithic societies
daily Mg intake was about 600 mg, significantly higher than today's
[74]. However, we share the same homeostatic mechanisms with our
Paleolithic ancestors, thereby indicating that human metabolism is
tuned on a higher Mg intake than ours. Therefore, Mg should not
remain the forgotten cation with the urgent aim to prevent subclinical
Mg deficiency.
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