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Macro- and micro-element deficiencies are widely diffused in older people. The
deficiency of these elements in older people is often attributable to malnutrition, even if
other medical conditions (such as gastrointestinal problem) or non-medical conditions
(such as polypharmacy) can lead to these deficiencies [1]. It is estimated that malnutrition is
present in 1.3-47.8% of older people living in the community, being higher in other settings
and in low-middle income countries [2].

Malnutrition is often followed by deficiency in both macro-elements (i.e., minerals with
a requested amount of at least 100 mg, e.g., calcium (Ca), sodium (Na) or Magnesium (Mg)
and micro-elements (<100 mg/day, such as iron (Fe), Zinc (Zn) or Selenio (Se). Moreover,
the scarcity of trace elements, such as Chromium (Cr+++), Silicium (Si), or Vanadium (V),
could be present in malnourished older people.

At the same time, for several years, it was assumed that malabsorption of both macro-
and micro-elements was a common problem among older people [3], but increasing litera-
ture has suggested that it is not ever true, since older persons who malabsorb macronu-
trients often do so because of a disease (such as cancer or gastrointestinal problems), not
because of age itself [3].

From an epidemiological point of view, the limited introduction of macro- and micro-
elements is traditionally associated with a wide spectrum of medical conditions common
in geriatric medicine, especially metabolic and cardiovascular diseases [4], dementia [5],
frailty [6], sarcopenia [7] and, finally, mortality [8].

For these reasons, in this Special Issue entitled Magnesium and Micro-Elements
in Older Persons and published in Nutrients, we decided to report the state-of-the-art
regarding the deficiency of both Mg and micro-elements and the consequences in terms of
higher risk of certain diseases in geriatric medicine.

In particular, the interest in Mg is due to several reasons. First, Mg is sometimes
defined as “the forgotten electrolyte” [9], since it is less frequently required in our patients
than other similar elements. Despite this, as also shown in our Special Issue, poor Mg status
is associated with several negative outcomes in older people. For example, novel data on
Mg and dementia in more than 10,000 older participants followed-up for about 25 years
were reported, showing that low midlife serum Mg is associated with increased risk of
incident dementia, independently from several confounder factors [10]. Other authors
have explored the importance to supplement Mg for increasing vitamin D levels in post-
menopausal women [11] and for improving several cardiovascular biomarkers [12]. These
novel findings could partly explain the role of Mg in improving outcomes in infectious
diseases [13] and for improving hypertension [14], one of the most common condition in
older subjects, as discussed in two reviews. Furthermore, the correct assessment of Mg
status, particularly in older people, is often problematic. Serum Mg, in fact, could be not
considered as a good proxy of Mg deposits in human bodies, since it is poorly correlating
with intracellular Mg [15]. Other laboratory assessments are expensive and difficult to
realize in daily clinical practice, particularly in older subjects [16]. It is important to note
that about 2/3 of older people did not consume enough amounts of this micronutrient [17]
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and as previously mentioned, Mg deficiency is associated with several conditions in
geriatric medicine.

In our Special Issue, we have also collected data regarding micro-elements. In our
opinion, this aspect better completes the scenario of poor nutritional status in older people.
Cardiovascular aspects are also covered by a systematic review that shows the importance
of low sodium intake and a high potassium/sodium intake for preventing cardiovascular
conditions in older people [18]. These topics are of critical importance since cardiovascular
diseases are the leading cause of mortality in aged people. Furthermore, our Special Issue is
completed by other studies regarding the importance of some micro-elements in sarcopenia,
such as omega-3 fatty acids, and vitamins D, A, and K [19]. Finally, an interesting Review
regarding iron metabolism is presented [20]. Iron deposits, in fact, can contribute to the
development of inflammation, abnormal protein aggregation, and degeneration in the
central nervous system that may increase the risk of several neurological disorders such as
multiple sclerosis, Parkinson’s disease, Alzheimer’s disease, or stroke [20].

We hope that with this Special Issue the Reader can better understand the importance
of Mg and micro-elements in healthy aging and in some medical conditions in older people,
further highlighting the impelling necessity to frequently monitor the nutritional status of
aged subjects, a topic often forgotten in actual geriatric medicine.
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Abstract: Reduced magnesium (Mg) intake is a frequent cause of deficiency with age together with
reduced absorption, renal wasting, and polypharmacotherapy. Chronic Mg deficiency may result in
increased oxidative stress and low-grade inflammation, which may be linked to several age-related
diseases, including higher predisposition to infectious diseases. Mg might play a role in the immune
response being a cofactor for immunoglobulin synthesis and other processes strictly associated
with the function of T and B cells. Mg is necessary for the biosynthesis, transport, and activation
of vitamin D, another key factor in the pathogenesis of infectious diseases. The regulation of
cytosolic free Mg in immune cells involves Mg transport systems, such as the melastatin-like transient
receptor potential 7 channel, the solute carrier family, and the magnesium transporter 1 (MAGT1).
The functional importance of Mg transport in immunity was unknown until the description of the
primary immunodeficiency XMEN (X-linked immunodeficiency with Mg defect, Epstein—Barr virus
infection, and neoplasia) due to a genetic deficiency of MAGT1 characterized by chronic Epstein-Barr
virus infection. This and other research reporting associations of Mg deficit with viral and bacterial
infections indicate a possible role of Mg deficit in the recent coronavirus disease 2019 (COVID-19)
and its complications. In this review, we will discuss the importance of Mg for the immune system
and for infectious diseases, including the recent pandemic of COVID-19.

Keywords: magnesium; oxidative stress; inflammation; aging; infectious diseases; vitamin D; COVID-
19

1. Introduction

About eleven thousand years ago, with the introduction of agriculture, the human be-
ings radically modified their way of living from the remote and primitive hunter—gatherer
organization towards a new form of more sedentary cohabitation, which also included the
domestication of animals. The new epidemiological scenario allowed the coexistence of mi-
croorganisms, wild and domestic animals, and the human beings, which is now recognized
as the origin of the most important human infectious diseases [1]. These diseases can only
be sustained in large dense human populations that did not exist anywhere in the world
before agriculture. Despite the fact that this story began so long ago and notwithstanding
the advances in the development of vaccines and antibiotics, infectious diseases continue
to be a major burden in global public health [2]. Furthermore, new emerging infectious dis-
eases continue to be described and can lead, as at the present time, to pandemics that reveal
our unpreparedness to face new infectious noxae. In fact, overcrowding and population
movements can make a local infectious problem turn into a serious and feared pandemic
attack in a short period of time as a consequence of globalization.

Historians increasingly recognize that infectious diseases have shaped the course of
history as in the emblematic example of how more Native Americans died from microbes
brought by the European conquerors rather than by their swords and guns allowing the
relatively easy conquest of the new discovered territories [1]. Humanity today is again
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witnessing the profound changes that infectious diseases can produce in history with
the tragic mortality toll and economic hardship caused by the coronavirus disease 2019
(COVID-19) pandemic.

Infections are more frequent in vulnerable populations such as older adults for a
number of reasons, including the physiologic changes that accompany “normal” aging
and the multimorbidity frequent in older populations with various simultaneously occur-
ring chronic diseases as well as the medical, diagnostic, and surgical interventions that
accompany them. Not only are infections more frequent in older adults, but they can be
more injurious generating a cascade of complications that result in substantial human and
financial costs [3].

Magnesium (Mg), a mineral of primary physiological importance, is the most abun-
dant divalent cation in living cells. In the human body, Mg is the second most abundant
intracellular cation after potassium and the fourth most common mineral in the whole body
after calcium, sodium, and potassium. Mg is an essential cofactor for numerous biological
processes (estimated at over 600) acting both on the enzymes as a structural or catalytic
component and on the substrates [4] and it is required for oxidative phosphorylation,
energy production, protein synthesis, glycolysis, and nucleic acid synthesis and stabil-
ity [5,6]. This fundamental ion also plays an essential role in the active transport of other
ions across cell membranes, therefore modulating neuron excitability, muscle contraction,
and normal heart rhythm [7]. In the serum, Mg exists in three forms: a protein-bound
fraction (25% bound to albumin and 8% bound to globulins), a chelated fraction (12%),
and the metabolically active ionized fraction (55%) [5,6].

For all these reasons, Mg is a critical factor for normal cellular and body homeostasis,
including the processes involving the immune system. In particular, Mg has a strong
relationship with both innate and acquired immune responses, playing a key role in the
signaling pathways that regulate the development, homeostasis, and activation of immune
cells [8]. Mg deficiency, frequent in old age, can cause inflammation by diverse mechanisms,
including activation of phagocytic cells, opening of calcium channels, activation of the N-
methyl-d-aspartate (NMDA) receptor and of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B) [9], while it can also increase oxidative stress [10,11]. The discovery
of a genetic disease, X-linked immunodeficiency with magnesium defect (XMEN), that
can lead to severe and chronic Epstein—Barr virus infections and neoplasia confirmed the
important role of Mg as a second messenger in immunity [12-14].

Over the past decades, the clinical relevance and biological significance of Mg have
been documented, as well as the impact of Mg on molecular and physiological processes of
aging, especially those regarding the immune system and infectious diseases [11,15]. Older
adults, together with the frequent magnesium deficiency due to a variety of reasons [15],
undergo modifications of the immune response that can make them particularly susceptible
to infections and their complications [3].

In this review, we will discuss the importance of Mg for the immune system and for
infectious diseases, including the recent pandemic of COVID-19, with particular focus on
older populations.

2. Mg and the Immune Responses

Previous and also subsequent studies have shown that Mg plays a role in the immune
response as a cofactor for immunoglobulin (Ig) synthesis, C3 convertase, immune cell
adherence, antibody-dependent cytolysis, IgM lymphocyte binding, macrophage response
to lymphokines, and T helper-B cell adherence [8,16]. Mg reduces the expression and
release of substance P and other proinflammatory molecules by controlling NF-«B activity
under physiological Mg conditions and leads to increased NF-«B activation and cytokine
production when in suboptimal concentrations [17]. Mg also affects acquired immunity by
regulating the proliferation and development of lymphocytes [18]. Most of these studies
have been carried out on experimental animals fed Mg-deficient diets. These animals
also exhibited altered polymorphonuclear cell number and function together with an
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increased number of neutrophils, which was related to increased phagocytosis [19]. Mg
deficiency also alters mast cell proliferation and function (histamine storing and secretion)
and might be involved in mast cell-dependent hepatic fibrosis and steatosis [20,21]. This
cation participates in human cell apoptosis, because Fas-induced B cell apoptosis is a
Mg-dependent process. Elevation of intracellular free Mg concentrations are needed for
Fas molecule binding expression on the B cell surface to trigger signaling pathways that
cause apoptosis and cellular death [22]. Other studies confirm the importance of Mg in
immunoinflammatory processes with the evidence that Mg-deficient experimental animals
exhibit increased inflammation, exacerbated immune stress responses, and decreased
specific immune responses [23-26].

A remarkable effect observed in Mg-deficient animals is the accelerated thymus
involution even at early stages of Mg deficiency. Malpuech-Brugere et al. showed a higher
level of apoptosis in thymuses from Mg-deficient rats compared to the control normally
Mg-fed group starting from the second day of deficiency and accompanied by the presence
of inflammatory cells. Later on, after eight days, they observed an increased proportion of
epithelial reticular cells in the cortex, indicative of a remodeling process [27]. Altogether,
these findings suggest that Mg deficiency can be associated with a significant impaired
function in T cells.

The regulation of cytosolic free Mg in the immune cells involves Mg transporters,
channels, and exchangers, such as the Mg/Na exchanger and the melastatin-like tran-
sient receptor potential 7 (TRPM7) channel [28]. TRPMY is a non-selective Mg channel
(also conducts Ca, Zn, and Na) that is expressed ubiquitously [28-32]. TRPM7 has a
serine/threonine kinase domain, whose activity can modulate the gating of TRPM?7 [33].
TRPM?7 is fundamental for Mg homeostasis in immune cells. This is illustrated by the
fall in cytosolic free Mg and cell cycle arrest in TRPM7-deficient B cell lines, which was
partially rescued by culturing the cells in a high Mg-containing medium and by the im-
paired development of T cells in TRPM7 conditional knockout mice [33]. In a mouse
model with a specific T cell deletion of TRPM?7, T lymphocyte development was blocked
at the CD4CDS8 stage, resulting in decreased CD4 and CD4CDS8 cells in the thymus [34].
In addition, TRPM7-deficient T cells seemed to be protected from Fas receptor-induced
apoptosis [35]. Other regulators of free Mg homeostasis in immune cells include members
of the solute carrier (SLC) family SLC41A1 and SLC41A2, which are homologous to the
bacterial Mg transporter and expressed quite ubiquitously [29,31]. The role of SLC41A1/2
in Mg homeostasis in immune cells has been confirmed by their ectopic expression in a B
cell line deficient in TRPM?7, which was able to restore the reduced intracellular Mg con-
centrations and defective proliferation [36,37]. The third type of Mg transporter, MAGT1,
is crucial in immune signaling [38,39]. With respect to the other transporters, MAGT1 is
expressed at higher levels in immune and epithelial cells [40,41]. The functional importance
of Mg transport in immunity was unknown until the description of a new primary immun-
odeficiency named XMEN (X-linked immunodeficiency with Mg defect, Epstein-Barr virus
infection, and neoplasia) due to a genetic deficiency of MAGT1 [12-14] suggesting that Mg
could function as a second messenger in cellular signaling. Patients with XMEN Patients
with chronic Epstein—Barr virus infections, low CD4+ T cell counts, and defective T lym-
phocyte activation. These effects are hypothesized to result from a loss of phospholipase C
(PLC)-g1 activation due to reduced Mg influx via MAGT1. Indeed, XMEN patients display
impaired PLC signaling with reduced Ca/Mgresponses after T cell receptor stimulation
and abolished expression of the natural killer activating receptor NKG2D in natural killer
and CDS8T cells [12-14]. The MAGT1-dependent Mg flux is essential for the optimal activa-
tion of PLC-g1, inositol triphosphate (IP3) generation, protein kinase Cu phosphorylation,
and calcium mobilization via store-operated calcium entry [12]. MAGT1 deficiency also
leads to decreased cytosolic free Mg and decreased Mg uptake in T cells and B cells [12,13].
Furthermore, it was shown that in some patients, oral Mg supplementation restored the
concentration of intracellular free Mg in XMEN patients [13]. After the discovery of the
XMEN disease [12-14], new variants of the XMEN disease have been described [42], as well
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as new mechanisms explaining the immunodeficiency, such as the glycosylation defects of
a specific subset of N-glycoproteins and reduced killing function of cytotoxic immune cells
in cells from XMEN patients [43,44].

In patients with asthma, Mg administration has been shown to promote bronchodi-
lation and improve lung function [45-47]. In addition to its bronchodilating effects, one
study showed that Mg supplementation was able to modulate the immune responses of
acute asthmatic CD4+ T cells and decrease the secretion of type 2 CD4+ T lymphocyte
cytokines [48].

3. Magnesium, Inflammation, and Oxidative Stress
3.1. Inflammation

Poor Mg diets are associated with a low-grade chronic inflammatory state, a condition
associated with several chronic diseases in older people [49]. The Mg-associated low-grade
chronic inflammation might be explained in in vitro studies by initiating excessive produc-
tion and release of interleukin (IL)-1f and tumor necrosis factor (TNF)-« and by activating
phagocytic cells, opening calcium channels, activating the NMDA receptor, and NF-«B
signaling, as well as by stimulating the synthesis of nitric oxide and inflammatory mark-
ers [9,50]. Mg deficit also increases platelet aggregation and adhesiveness and inhibits
growth and migration of endothelial cells, potentially altering microvascular functions [9].
Moreover, some evidence has shown that Mg concentration in acutely inflamed tissues is
reduced through the activation of the IL-33/ST2 axis, further indicating the importance of
Mg in inflammatory pathways [51].

In animal models, it was reported that Mg deprivation may cause several conse-
quences that finally lead to increased inflammatory parameters and in particular to (i)
marked elevation of proinflammatory molecules TNF-«, IL-1-f3, IL-6, vascular cell ad-
hesion molecules, and plasminogen activator inhibitor-1 [24]; (ii) increased number of
circulating inflammatory cells [16]; and (iii) increased hepatic production and release of
acute phase proteins (i.e., complement, x2-macroblobulin, fibrinogen) [9,19]. Endothelial
dysfunction associated with low magnesium exposure has also been linked to the release of
inflammatory mediators [52]. Conversely, magnesium sulfate supplementation was shown
to mediate anti-inflammatory effects in stimulated murine macrophages via attenuation
of endotoxin-induced upregulation of inflammatory mediators and NF-«B, as well as by
activation of phosphoinositide 3-kinase and inhibition of L-type ion channels [53]. The cal-
cium channel-blocking effects of Mg lead to the downstream suppression of NF-«B, IL-6,
and CRP [54].

In human beings, it has been reported that low serum Mg concentrations as well as
inadequate dietary Mg intake are associated with low-grade systemic inflammation [55—
57]. Other studies have confirmed an inverse relationship between Mg intake, serum Mg,
and inflammation markers [58-60]. Probably one of the most important contributions was
made by the Women’s Health Study, in which Mg intake was found to be inversely related
to systemic inflammation, as measured by serum CRP concentrations, partly justifying a
higher prevalence of metabolic syndrome in those with lower Mg intake [58]. Similar re-
sults were evident using the 1999-2002 National Health and Nutrition Examination Survey
(NHANES) databases [55]. Of interest, in the study by King et al. conducted in 70% of the
NHANES population not taking supplements, Mg intake below the recommended daily
allowance (RDA) was significantly associated with elevated CRP [55]. Recently, a study per-
formed in a large Finish population confirmed once more the inverse relationship between
low dietary magnesium intake and serum hs-CRP concentrations [60]. A meta-analysis of
eight randomized controlled trials (RCTs) evaluating the impact of Mg supplementation
on CRP found a significant reduction in serum CRP concentrations following Mg supple-
mentation, which was independent of the dosage of Mg supplementation or the duration
of follow-up. [61]. Nevertheless, these results in small RCTs should be confirmed by larger
and longer future investigations.
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3.2. Oxidative Stress

Mg deficiency has been associated with increased oxidative stress and decreased
antioxidant defense barriers. Previous in vitro studies have shown that Mg deficiency
results in an increased production of oxygen-derived free radicals in various tissues [9,
10], increased free radical-elicited oxidative tissue damage [10], increased production of
superoxide anion by inflammatory cells [62], decreased antioxidant enzyme expression and
activity [63], decreased cellular and tissue antioxidant concentrations [63], and increased
oxygen peroxide production [64].

In animal models, Mg deficiency has been shown to increase lipid peroxidation and
malondialdehyde and to decrease hepatic glutathione, superoxide dismutase, and vitamin
E [65]; therefore, increasing oxidative stress concentrations. In this regard, our group
has suggested an association between the action of Mg deficit in altering the antioxidant
capacity and in activating oxidative stress, inflammation, and lipid oxidation that justify
a high presence of metabolic conditions in people with low Mg intake or low serum Mg
concentrations [7]. Mg itself seems to have antioxidant properties scavenging oxygen
radicals, possibly by affecting the rate of spontaneous dismutation of the superoxide
ion [64].

It has been shown that low serum Mg concentrations can stimulate Mg transporters
such as TRPM7 and SLC41A [66], provoking the outflow of Mg from cells in order to
increase serum Mg concentrations. As a consequence, intracellular Mg concentrations may
decrease leading to modifications in cellular signaling functions depending on Mg and
ATP. The reduction of intracellular Mg may elicit Mg stores in the mitochondria to release
Mg [67] through SLC41A3 [68]. This drop in mitochondrial Mg content may further alter
Mg- and ATP-linked mitochondrial signaling and functions, which may help explain the
mitochondrial overproduction of free radicals, also called reactive oxygen species (ROS),
and the reduction in ATP observed in Mg-deficient animal models [69,70].

Recently, it was shown that diabetic mice with Mg deficiency had increased mitochon-
drial oxidative stress, which contributed to cardiac diastolic dysfunction reversed after
Mg supplementation [69]. This confirms that Mg can act as a mitochondrial antioxidant.
According to a number of experimental studies, Mg deficiency disrupts mitochondrial func-
tion by diverse mechanisms, including alterations in coupled respiration [71-73], increased
mitochondrial ROS production [9,10,69,70,74], suppression of the antioxidant defense sys-
tem (e.g., superoxide dismutase, glutathione, catalase, vitamin E) [63-65,75-77], induction
of calcium overload via the mitochondrial calcium uniporter [69,78,79], attenuation of
pro-survival signaling [80-82], as well as by promoting the opening of the mitochondrial
ATP-sensitive potassium channel [83], the inner membrane anion channel [84], and the
mitochondrial permeability transition pore [85]. All these actions lead to the depolarization
of the mitochondrial membrane potential [78]. Contrariwise, there are studies showing
that Mg repletion improves mitochondrial function by diverse mechanisms, including the
suppression of mitochondrial ROS overproduction [69,70], inhibition of the mitochondrial
permeability transition pore opening and cytochrome C release [86—88], preservation of
the mitochondrial membrane potential [89,90], reduction of the mitochondrial calcium
accumulation [91-93], increase in protein expression of the anti-apoptotic B cell lymphoma
2 (Bcl-2) family and concurrent decrease of pro-apoptotic protein expression (such as
of the Bcl-2-associated X protein) [80,90], decreasing apoptosis by quenching the activa-
tion of hypoxia-inducible factor 1-alpha and p38 mitogen-activated protein kinase/c-Jun
N-terminal kinase (p38/JNK) signaling [90], and downregulating autophagy [93].

As mentioned, aging is characterized by a chronic low-grade inflammatory state that
involves several tissues and organs frequently associated with multiple chronic diseases,
and that has been named “inflammaging” [49]. Franceschi et al. [94] propose that the major
source of inflammatory stimuli and oxidative stress is represented by endogenous/self,
misplaced, or altered molecules resulting from damaged and/or dead cells and organelles
(cell debris) recognized by receptors of the innate immune system, which are increased in
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old age due to a progressive decline in their disposal by the proteasome via autophagy
and/or mitophagy.

Given all the abovementioned background, we proposed that the Mg deficiency,
through its role in facilitating an impairment of the redox status and low-grade inflamma-
tion, might be considered a link to several age-related diseases and/or accelerated aging
including a major predisposition to infectious diseases [11,15].

4. Mg and Vitamin D in Infectious Diseases

The study of vitamin/hormone D has undergone an enormous boost in the past
decade, while its role as a hormone has been confirmed in various enzymatic, metabolic,
physiological, and pathophysiological processes related to many organs and systems of
the human body [95]. This growing interest is mostly due to the evidence that modest to
severe vitamin D deficiency is widely prevalent around the world [96]. There is extensive
agreement that an optimal vitamin D status is necessary not only for bone and muscle, but
also for general health due to its association with multiple disorders including infectious
diseases, primarily respiratory infections [95-97]. There is convincing evidence that vitamin
D is an immunomodulatory hormone with significant biologic effects on the innate and
adaptive immune systems [97].

4.1. Interaction between Mg and Vitamin D

The overall metabolism and effects of vitamin D in numerous organs are well known [96].
Several steps in the metabolism of vitamin D, such as the binding of vitamin D and 25-
hydroxyvitamin D —25(OH)D or calcifediol— to their transport protein and the conversion
of vitamin D into the active hormonal form 1,25-dihydroxyvitamin D (calcitriol) by hepatic
and renal hydroxylation, depend on Mg as a cofactor [98-102]; therefore, in the presence
of Mg deficit, these actions would be blunted (Figure 1). Magnesium also plays a critical
role in the synthesis and metabolism of parathyroid hormone (PTH), hence Mg deficiency
inhibits PTH secretion or synthesis [103-106]. Mg-depleted patients with hypocalcemia de-
spite high PTH levels suggest bone and kidney resistance to PTH [107]. Mg deficit-related
hypocalcemia secondary to peripheral PTH resistance or decreased PTH secretion is further
complicated by the loss of PTH stimulation of renal 1-alpha-hydroxylation with worsening
vitamin D deficit [98]. Mg deficiency leading to reduced calcitriol and impaired PTH
response [98] has been implicated in “Mg-dependent vitamin D-resistant rickets” [99,108].
Two studies in patients with Mg deficiency [98,109] showed that Mg infusion alone resulted
in a non-significant increase in calcitriol and in 25(OH)D [98], while Mg infusion added to
oral vitamin D markedly increased both serum calcitriol and 25(OH)D [109], confirming the
interaction between Mg and vitamin D. These findings should be tested in larger clinical
trials. Of note, vitamin D, in turn, plays a key role in the metabolism of Mg both by stimulat-
ing intestinal Mg absorption and by preventing renal Mg excretion [110]. Thus, it appears
that the deficit of each of these compounds, Mg and vitamin D, feeds the deficit of the other,
which may lead to a perverse cycle with further worsening of both deficits. The combined
effects of Mg and vitamin D deficiency may lead to clinically relevant outcomes, such as a
higher risk of fragility fractures, particularly in women [111]. It is plausible that similar
harmful effects of this detrimental combination could be observed in other major clinical
outcomes, such as infections.
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Figure 1. Mg and vitamin D metabolism. Vitamin D3 is produced in the skin through the action of
UVB radiation reaching 7-dehydrocholesterol in the skin, followed by a thermal reaction. That vitamin
D3 or oral vitamin D (D2 (ergocholecalciferol) or D3 (cholecalciferol) are converted to 25(OH)D in the
liver and then to the active hormonal metabolite 1,25(OH), D (calcitriol) in the kidneys or other organs
as needed. As shown in the graph, Mg is a cofactor that is required for the binding of vitamin D to its
transport protein, for the conversion of vitamin D by hepatic 25-hydroxlation, for the transport of
25(OH)D, and for renal 1x-hydroxylation into the active hormonal form. Therefore, all these steps
are Mg-dependent. DBP: vitamin D-binding protein.

A study by Deng et al. [112] investigated potential interactions between Mg intake,
vitamin D status, and mortality. They analyzed data from NHANES 2001 to 2006 and
NHANES III reporting that 12% of participants had a severe 25(OH)D deficit (<12 ng/mL)
and 30% had an insulfficient level of vitamin D (12 to 20 ng/mL). High total Mg intake
(dietary or supplemental) was independently associated with reduced risk of vitamin D
deficit or insufficiency. They also found an inverse association of serum 25(OH)D with
mortality (particularly due to cardiovascular disease and colorectal cancer) that was mod-
ified by high Mg intake (i.e., the inverse association was primarily present among those
with Mg intake above the median). Thus, Mg intake alone or its interaction with vitamin D
intake may contribute to vitamin D status and the association of 25(OH)D with mortality
risk may be modified by the level of Mg intake. A recent nested RCT within the Person-
alized Prevention of Colorectal Cancer Trial tested whether Mg supplementation affects
vitamin D metabolism, evaluating 180 participants in a double-blind 2 x 2 factorial RCT
and measuring plasma vitamin D metabolites by liquid chromatography—mass spectrom-
etry. The analyses showed that an optimal Mg status was related to improvement of the
25(OH)D status [113].

4.2. Vitamin D and Infections

In addition to its musculoskeletal actions, vitamin D seems to have an important
role in infectious diseases. One of the first evidences regards the impact of vitamin D
on Mycobacterium tuberculosis infection. In this specific condition, the crucial role played
by vitamin D in the immune response consists in promoting phagolysosome formation,
as well as the production of the human antimicrobial peptides cathelicidin LL-37 and
defensins [114,115]. The effects of vitamin D supplementation and tuberculosis have been
subsequently extensively studied [116]. Furthermore, it was reported that vitamin D
concentrations are associated with other infectious diseases, including acquired immune-
deficiency syndrome, and respiratory diseases, particularly pneumonia [117], even if
measurement of serum vitamin D concentrations may be profoundly perturbed [118].
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In fact, it is still debated whether low vitamin D levels are a cause or a consequence of
disease. However, it could be considered that during the course of a severe infection,
the increase in energy consumption and in the demand for ATP and Mg closely related to
it may decrease the efficacy of the immunomodulatory actions of vitamin D. As discussed
above, low Mg can further decrease the activation of vitamin D, initiating a vicious cycle
that may lead to even worse deficiencies, which are difficult to correct if they are not taken
into account and detected early.

As mentioned, compelling evidence shows that vitamin D is an immunomodulatory
hormone [97], while vitamin D deficit has been linked to various infective diseases, in-
cluding upper respiratory and enteric infections, pneumonia, otitis media, Clostridium
infections, vaginosis, urinary tract infections, sepsis, influenza, dengue, hepatitis B, hep-
atitis C, and HIV infections [119,120]. The protective properties that vitamin D exerts
during infections have been attributed to upregulation of the expression of cathelicidin
and beta-defensin 2 in phagocytes and epithelial cells [119]. Particular attention has been
given to respiratory infections and the mechanisms of the protection given by vitamin D.
This includes the maintenance of tight junctions, gap junctions, and adherens junctions,
as well as induction of antiviral cytokines to interfere with the viral replicative cycle, in
addition to the mentioned effects on cellular innate immunity partly through the induction
of antimicrobial peptides, i.e., human cathelicidin LL-37 and defensins [120,121].

We cited the frequent association of low vitamin D status with a number of chronic
diseases [95-97]. Intervention trials have rarely shown benefits of vitamin D supplemen-
tation as treatments or preventive measures, except for mortality in older adults [122].
Nevertheless, another important exception to the general trend is for upper respiratory
tract infections: a recent meta-analysis involving 25 RCTs and data from 10,933 participants
aged 0 to 95 years showed that vitamin D supplementation reduced the risk of acute
respiratory tract infection among all participants. In subgroup analyses, the protective
effects were better for those receiving daily or weekly doses compared to those receiving
boluses and stronger for those with baseline 25(OH)D below 25 nmol/L (10 ng/mL), in
whom there was a remarkable 70% lower incidence of acute respiratory infections [123].

4.3. Mg and Infectious Diseases

The close relationship of Mg and vitamin D and the necessity of an optimal Mg status
for the synthesis, transport, and activation of vitamin D discussed in the previous sub-
section suggest that the higher incidence of infectious diseases associated with vitamin
D deficiency can be at least in part explained by a deficit of Mg. Even if most studies
regarding the direct association between poor Mg status and poor immune system function
are derived from animal models (see above section on “Mg and the Immune Responses”),
in human beings, Mg deficiency seems to be associated with a higher rate of infectious
diseases, particularly when considering older people. As mentioned, the functional impor-
tance of Mg transport in immunity was put in evidence with the discovery of the XMEN
disease that presents with defective T lymphocyte activation and chronic Epstein—Barr
virus infection due to a genetic deficiency of MAGT1 and showing for the first time that
Mg could function as a second messenger in cellular signaling [12-14]. Recent studies have
added new mechanisms explaining the immunodeficiency and the development of chronic
Epstein—Barr virus infection [43,44].

It has been suggested that Mg deficiency may play a role in liver diseases, especially
in their progression due to a disruption in mitochondrial function, defective protein C
translocation, inflammatory responses, oxidative stress, or metabolic disorders [124]. Mg
may play a vital role in inhibiting the progression of HBV infection to hepatocellular cancer
(HCC) [125]. Once HBV infection is established, the viral regulatory protein hepatitis B
virus X amplifies the transforming growth factor (TGF)- signal, which functions as a
tumor promoter enhancing cancer metastasis and invasion by HCC. Mg administration
can increase the expression of protein phosphatase Mg-dependent 1A, blocking TGF-
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f signaling by dephosphorylating p-Smad2/3 and thus preventing the transcription of
specific genes needed for HCC growth [125].

A recent study showed that altered Mg status seems to have a prognostic role in
older people affected by bacterial pneumonia. Of interest, hypomagnesemia and hyper-
magnesemia were both associated with excessive short-term mortality, 18.4% and 50%,
respectively, compared to normal values of serum Mg [126]. Moreover, low serum Mg
status was a significant predictor of frequent readmissions for acute exacerbation of chronic
obstructive pulmonary disease (COPD) in a retrospective study of older adults [127].

5. Infectious Diseases in Old Age

Infections are a common cause of increased morbidity and mortality in older adults
due to the various physiological modifications and progressive deterioration of homeostatic
mechanisms, which lead to organ alterations, functional decline, multimorbidity, frailty,
disability, and associated medical interventions [128], as well as to alterations in the immune
response with aging [129]. Infectious diseases in older adults are usually more injurious
than in younger populations and frequently generate a series of complications that result
in substantial human and financial burden [3]. This is particularly true for residents in long
term care facilities [130].

Data from the first-listed infectious disease (ID) hospitalizations in the USA using
the Nationwide Inpatient Sample for 1998-2006 indicated that the mortality caused by
acute infections was more than fifty-fold higher in persons aged over 65 years compared
to that of persons aged 30-50 years [131]; older adults have a four times higher risk of
being admitted to hospital for an acute infection compared to the general population [132].
In fact, infections are a frequent cause of hospitalization in older adults and hospitalization
itself may lead to life-threatening nosocomial infections often caused by invasive diagnostic
procedures and inappropriate use of urinary and venous catheters [133]. Older adults
who survive a serious infection may afterwards have a functional deterioration that later
leads to loss of self-sufficiency [134,135]. For example, pneumonia carries elevated long-
term morbidity and mortality after hospitalization; over 70% of the surviving patients
were reported to be readmitted to hospital at least once within the next 3 years of being
hospitalized for pneumonia [136].

In the past century, there was a conspicuous decreasing trend of infectious diseases in
developed countries, such as the USA, where infectious diseases went from 797:100,000
population in 1900 to 97:100,000 population in 1996 [131,137]. Conversely, taking into
account only older adults, the hospital admission rate for infectious diseases increased by
13% from 1990 to 2002 [137].

The modifications in the immune system during aging, described with the term “im-
munosenescence” (Table 1), alter the organism’s capacity to overcome external noxae. All
older adults exhibit the features of immunosenescence with variable severity; neverthe-
less, the degree of frailty is associated with the degree of immunocompetence [138]. As
people grow old, the immune system loses the normal ability to fight infections, there is an
increased susceptibility to get infections, to develop neoplasms and autoimmunity, and a
reduced ability to heal skin lesions [129,139]. In general, older adults have a mild degree of
immunosuppression consequent to immunosenescence in addition to the age-associated
organ decline, multimorbidity, malnutrition, frailty, functional failure, geriatric syndromes,
and polypharmacotherapy. All these factors together worsen the prognosis of older adults
with infections [128,138].
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Table 1. Immunosenescence: modifications of the immune response with aging.

Decreased

Increased

Innate immune system

Anatomical and biochemical barriers:

Regeneration, sweat production, and barrier function of the
skin and mucus

Hematopoietic tissue:

Total number of HSCs and hematopoietic tissue in the bone
marrow, proliferative capacity of HSCs

Macrophages:

Bone marrow precursors, phagocytic capacity, and oxidative
killing activity of macrophages

Neutrophils:

Chemotactic responses, migration capacity, phagocytic
capacity, and superoxide generation

NK cells:

CD56Prisht NK cell number

NK cells:
CD56dim
NK cell number

Adaptive immune system

T cells

B cells

Thymus gland involution

Number of thymic precursors

Number of naive

T cellsT cell repertoire

Functional activity of regulatory T cells (Treg)
Number of CD4+ T cells

Number of CD28+ T cells

B cell precursors in the bone marrow
Number of B cells

Plasma cell differentiation

Specific antibody production

B cell response to antigen exposure
Diversity of the B cell repertoire
Opsonizing capacity of immunglobulins

Number of CD8+ T cells

Autoreactive serum antibodies

HSCs: hematopoietic stem cells; NK: natural killer; CD: cluster of differentiation; CD4+: T helper cell; CD8+: cytotoxic T cell.

Functional decline and deterioration of the immune system competence are linked
to disease burden rather than chronological age. Older adults with chronic diseases (e.g.,
COPD, heart failure, diabetes) are more susceptible to common infections and exhibit
reduced responses to vaccines when compared to those without comorbidity [140]. Thus,
not all older adults exhibit hyporesponsiveness towards vaccination and some are able
to maintain a fully functional immune system during old age. However, due to the
deterioration of the immune response, any infection may be associated with a high risk
of complications or mortality in frail older adults. For example, an influenza infection
may be benign and self-limiting, but it can as well lead to complications and death or
require hospital admission in a more vulnerable older patient. In the current COVID-19
pandemic, older adults and patients with pre-existing comorbidities (i.e., cardio- and
cerebrovascular disease, diabetes, COPD, malignancy, chronic kidney disease, dementia)
are those bearing the highest fatality rate of the disease, which is affecting the frailest
groups of the population [141,142].
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6. Magnesium and COVID-19 Pandemic

The outbreak of COVID-19 caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV2), a variant of coronavirus thought to originate in the Wuhan province
in China [143], was declared a pandemic by the World Health Organization (WHO) in
March 2020. According to the WHO, the confirmed cases reported worldwide at the time
this review was written (14 December 2020) are over 70 million with 1,605,091 related
deaths [144].

A portion of these patients develop interstitial pneumonia, which can evolve into
acute respiratory distress syndrome (ARDS), requiring active hyperoxic ventilation with
possible fatal outcomes [145]. COVID-19 not only affects lungs, but the virus can extend and
impact profoundly many other organs and systems, including the cardiovascular system,
the kidneys, the intestines, the liver, and the brain; hence, now it is considered a systemic
disease. COVID-19 is characterized by a heterogeneous clinical presentation ranging from
mild influenza-like symptoms to life-threatening pneumeonia, cytokine storm, and multiple
organ failure. Older adults are more susceptible to severe illness, to be admitted to the
ICU, and to die from this disease [146,147]. This trend has been persistently present
since the onset of the disease, and it is particularly high for older adults living in long-
term care homes [148] due to their advanced age, poor health, multiple chronic diseases,
living environment, immunosenescence, and exposure to potentially asymptomatic care
providers. So far, there is no effective therapy available against COVID-19; therefore,
supportive care is used currently as the mainstay of management of patient with the
disease [149]. Although the mechanisms of respiratory involvement and multiple organ
failure in COVID-19 are not completely clear and under investigation, cytokine storm
seems to significantly contribute to the pathogenesis of the most severe manifestation of
the disease [145].

Nutritional issues seem to be important in COVID-19 pathogenesis and prognosis.
For example, obesity, a condition associated with low Mg intake [150,151], seems to be a
negative factor for increasing mortality and hospitalizations in people affected by COVID-
19 [152,153]. Moreover, as mentioned before and shown in Figure 1, Mg is a cofactor
necessary for vitamin D biosynthesis, transport, and activation, while both Mg and vitamin
D deficiencies have been associated with several chronic diseases. Both Mg and vitamin D
deficiencies seem to be important in the pathogenesis of COVID-19 as reported by some
investigations [121,154-159]. COVID-19 is associated with relevant lung [160] and cardiac
impairment [161]. Again, the literature suggests that Mg plays an important role in lung and
heart function [11,15,45-47,162]. In addition to obesity, other coexisting conditions such as
hypertension [163], diabetes [164], and primarily old age [165] are associated with increased
severity of COVID-19, plausibly because of an underlying chronic inflammatory state or
a lower threshold for the development of organ dysfunction from the immune response.
All these conditions, including old age and a chronic inflammatory state discussed above,
have been associated with a low Mg status [7,11,15,166].

Patients with severe manifestations of COVID-19 may need hospitalization in inten-
sive care units (ICU). Interestingly, up to 60% of critically ill patients in ICU have been
reported to present some degree of Mg deficiency [167-169], predisposing these patients
to serious, even life-threatening effects, also because of the consequent hypokalemia and
hypocalcemia. Unfortunately, so far, no direct data regarding the importance of Mg in
COVID-19 is available, probably because Mg is not measured routinely in major databases
and studies [154]. In addition, serum concentrations representing only 1% of total body
Mg do not accurately reflect intracellular concentrations and, finally, total body status [15].
In a thoughtful review, Wallace reported that constant monitoring of ionized Mg status
with repletion, when appropriate, might be an effective strategy to influence disease con-
traction and progression [155]. In this regard, the literature supports several aspects of
Mg as an anti-COVID-19 nutrient, including its “calcium channel-blocking” effects that
lead to downstream suppression of NF-«B, IL-6, CRP [54], and other related endocrine
disrupters; its role in regulating renal potassium loss; and its ability to activate and enhance
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the functionality of vitamin D [158], among others [155]. In a cohort observational study
by Tan et al., among 43 consecutive hospitalized patients with COVID-19 aged > 50 years
and not requiring oxygen therapy at admission, 17 patients received a combined daily oral
supplementation with 1000 IU of vitamin D3, 150 mg of Mg, and 500 mcg of vitamin B12,
while 26 patients did not receive the supplementation. They found significant differences in
the clinical course with fewer treated patients than controls requiring oxygen therapy (17.6
vs. 61.5%) and/or intensive care support (6 vs. 32%) during hospitalization. This small but
significant study illustrates the importance of providing sufficient supplementation of these
nutrients in circumstances where the requirements are most likely higher while fighting
COVID-19 [156]. Other authors reviewing potential actions of Mg on SARS-Cov2 infection
point toward Mg as a possible supporting treatment of COVID-19 patients, especially
those critically ill and/or at highest risk of complications [154,157], including also pregnant
women [157].

The hypothesis that COVID-19 pneumonia may have a vascular basis is strong [170,
171]. Again, Mg has robust anti-thrombotic effects [52], while low Mg concentrations have
been associated with endothelial dysfunction [172,173]. A recent systematic review and
meta-analysis summarized the effects of oral Mg supplementation on vascular function in
RCTs. Even if few studies were available and heterogeneity was high among the studies,
in subgroup analyses, oral Mg significantly improved flow-mediated dilation in studies
longer than 6 months, including unhealthy persons, persons older than 50 years, or with
the BMI higher than 25 kg/m? [174]. Therefore, it is possible that a chronic Mg deficiency,
very frequently seen in old age [15], might create a favorable microenvironment for the
virus to promote thromboembolism [154], the main feature of COVID-19.

Because no vaccinations (or definitive therapies) are available against COVID-19, we
encourage specific research regarding the role of Mg in this infection, since the role of
Mg in inflammation, oxidative stress, endothelial dysfunction, and immune response in
infectious diseases, particularly in viral infections, is largely supported by preclinical and
clinical evidence.

We discuss below some salient points intensely studied in COVID-19, which have
been shown to be related to Mg in previous investigations. Below we discuss some salient
points and those most studied with respect to Covid-19 and which have also been shown
to be related to Mg.

They are plausible mechanisms that support the indication of maintaining an optimal
Mg status to combat the severity and complications of COVID-19.

6.1. Cytokine Storm in COVID-19

Even if there are still many unresolved questions regarding the pathogenesis and the
extreme variability in the clinical course of COVID-19, the available evidence indicate that
the so called “cytokine storm”, which refers to uncontrolled overproduction of soluble
markers of inflammation and which, in turn, maintains an aberrant systemic inflammatory
response, is a major contributor to the occurrence of ARDS [145].

It appears that the collateral damage caused by excessive production of inflammatory
mediators as the immune response attempts to clear the pathogen can be more injurious
than the pathogen itself. This exuberant inflammatory response may be initially appro-
priate to control the infection, but if uncontrolled and continuous, the secondary multiple
organ dysfunction can follow. The cascade of inflammatory mediators released during
cytokine storm includes many immunoactive molecules, such as interferons, interleukins,
chemokines, colony-stimulating factors, and TNF-« [175]. As we have discussed above,
there is extensive evidence in experimental animals and in observational studies in hu-
mans confirming that low Mg status is associated with a chronic inflammatory state with
increased levels of inflammation markers, particularly IL-6, TNF-«, and IL-33/ST2 axis
(see subsection “Magnesium, Inflammation, and Oxidative Stress”). Hence, the preceding
deficient Mg status associated with conditions that favor a detrimental course of COVID-19,
such as aging, hypertension, and diabetes [7,11,15,166] and the Mg deficiency frequently
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seen in critical patients [167-169] may exacerbate the inflammatory response induced by
SARS-CoV2, which in turn may determine increased Mg consumption resulting in further
decreased intracellular levels, maintaining and propagating the uncontrolled inflammatory
reaction, or cytokine storm.

Another well-known action of Mg relates to its calcium channel antagonist proper-
ties [176,177]. Indeed, Mg counteracts calcium as a physiological calcium blocker, similarly
to synthetic calcium antagonists [178]. Interestingly, the calcium channel-blocking effects
of Mg lead to the downstream suppression of NF- B, IL-6, and CRP [54], which may limit
systemic inflammation (Figure 2).
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limit systemic inflammation. NF-kB: nuclear factor 70 kappa-light-chain-enhancer of activated B cells; IL-6: interleukin 6;
CD4+: T helper cell; CD8+: cytotoxic T cell.

6.2. COVID-19 and Endothelial Dysfunction

Another pathophysiological mechanism that has been invoked and discussed exten-
sively in the medical literature to explain the protean manifestations of COVID-19 and
its multiorgan involvement is endothelial dysfunction [171]. The vascular endothelium is
crucial for the maintenance of homeostasis, controlling fibrinolysis, vasomotion, inflam-
mation, oxidative stress, vascular permeability, and structure. All these functions, acting
in a concerted manner, regulate many host defense mechanisms against external noxae,
but they can also contribute to disease at multiple levels when their usual homeostatic
functions overreach and turn against the host, as has been reported in COVID-19 [179].

SARS-CoV-2 infects the host through the angiotensin-converting enzyme (ACE2)
receptor, which is expressed in several organs, including the lung, heart, kidneys, and in-
testines. ACE2 receptors are also expressed by endothelial cells [179]. It is uncertain
whether vascular alterations in COVID-19 are due to endothelial cell involvement by the
virus. However, the endothelial cell involvement across vascular beds of different organs
has been reported in a series of patients with COVID-19 [180] and anticoagulant treatment
(i.e., heparin) is considered for the prevention of thromboembolic complications [181].

Mg is key for the preservation of endothelial function and vascular integrity. Low
concentrations of extracellular Mg reduce endothelial cell proliferation, stimulate monocyte
adhesion, and impairs vasoactive molecules, such as nitric oxide and prostacyclin [182].
Mg deficiency promotes platelet aggregation and the release of beta-thromboglobulin and
thromboxanes [183]. In humans, oral Mg supplementation is significantly associated with
improvement in the brachial artery’s endothelial function and exercise tolerance in patients

17



Nutrients 2021, 13, 180

> %i ﬁ'
S /" Cathelicidin i
ﬁ MACROPHAGE <} X / Defensins //\
7 ‘ %

with coronary artery disease [173] and in diabetic older adults [172]. A recent systematic
review and meta-analysis reported a significantly improved flow-mediated dilation in
studies with Mg supplementation for over 6 months of the follow-up, including unhealthy
persons, persons older than 50 years, or with BMI > 25 kg/m? [174].

6.3. COVID-19 and Vitamin D

As mentioned, there is convincing evidence showing that vitamin D is an immunomod-
ulatory hormone and that its deficit has been linked to various infective diseases (see
subsection “Vitamin D and Infections”). In a recent review, Grant et al. argued that vitamin
D supports innate immunity, keeps the integrity of the tight junctions and the pulmonary
barrier, provides immunoregulatory activity, and modulates the renin—-angiotensin system,
all factors of potential relevance for acute pneumonia and hyperinflammation observed in
patients with COVID-19 [121](Figures 3 and 4).
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Figure 3. Active vitamin D (calcitriol or dihydroxycholecalciferol) helps maintain tight junctions, gap junctions, and adherens
junctions in order to prevent the spread of SARS-CoV2 and induces the proliferation of macrophages and the release of
cathelicidin and defensins, which are antimicrobial peptides active against a spectrum of microbes including viruses. Mg is
a cofactor that is necessary for the synthesis, transport, and activation of vitamin D. ACE2: angiotensin-converting enzyme
2 receptor; DPP-4/CD26: dipeptidyl peptidase-4 receptor.

It is proposed that vitamin D may affect the response to COVID-19 infection by
(i) supporting the production of antimicrobial peptides in the respiratory epithelium,
thus making virus infection and development of COVID-19 symptoms less likely and (ii)
helping to reduce the inflammatory response to SARS-CoV-2 infection. Deregulation of
this response is characteristic of COVID-19 and the degree of overactivation is associated
with poorer prognosis.
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The medical literature on the possible actions of vitamin D in COVID-19 has exploded
encouraging results.
For example, a retrospective study in a single center showed that the deficit of vitamin
D was associated with increased COVID-19 risk [159], and a meta-analysis of 27 studies
found that severe cases of COVID-19 more frequently had vitamin D deficiency compared
increased possibility
vational trial in 186
cases of severe COVID-19 found that low 25(OH)D levels on admission were associated
with COVID-19 disease stage and mortality [185]. A study including 91 asymptomatic
participants and 63 severely ill patients with COVID-19 reported a vitamin D deficiency
of 33% and 97%, respectively. Serum inflammatory markers and fatality rate were higher
in those with vitamin D deficiency [186]. All these results are encouraging, but it is
synthesis, transport,
and activation of vitamin D (Figure 1). As mentioned above, the combination of oral
supplementation with Mg, vitamin D, and vitamin B12 in a sample of patients with COVID-
19 showed a reduction in the need for oxygen support, intensive care hospitalization, or
both [156]. Therefore, it would be advisable to correct not only vitamin D deficiency, but

in recent months. Small observational studies and trials have shown

with mild cases, while vitamin D insufficiency was associated with an
of hospitalization and mortality [184]. Another retrospective obser

essential to keep in mind that Mg is an indispensable cofactor for the

also Mg deficiency.

7. Conclusions

In this review, we reported the potential role of Mg in infectious diseases, particu-
larly those affecting older people, a population frequently affected by deficiency of this
fundamental cation. The evidence regarding the importance of Mg in these kinds of dis-
eases is derived from animal models reporting that low-Mg diets were associated with an
unfavorable profile in the immune response, oxidative stress, and inflammatory markers.
bservational studies.
The discovery of XMEN, an immunodeficiency characterized by chronic Epstein—Barr
virus infection, opened a particularly interesting field of research demonstrating for the
first time that a cation can be a second messenger in cellular signaling and revealed the
potential key role of Mg in viral infections. Mg is a cofactor for the synthesis, transport,
and activation of vitamin D, which has evidence of being an important immunomodulator
in several infectious diseases, including SARS-Cov2 infection responsible for the current

These findings have been confirmed in humans by epidemiological o

19
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COVID-19 pandemic. Other mechanisms described in COVID-19, such as the immune
hyperresponsiveness with excessive release of inflammatory mediators leading to the
cytokine storm, endothelial dysfunction, thrombotic complications, and preexisting predis-
posing conditions that worsen the prognosis of the COVID-19 clinical course, such as old
age, diabetes, and hypertension, have all been associated with Mg deficit. Although direct
data are not yet available, these concepts introduce the importance of Mg in COVID-19,
a recent pandemic that is particularly harmful in older people also at higher risk for Mg
deficiency and for which a definitive therapy or vaccination is still not available. It is
foreseeable that an optimal Mg status might also provide healthy persons and patients that
will be vaccinated against SARS-Cov2/COVID-19 with better tolerance due to the same
mechanisms proposed above for possible therapeutic and disease-modulating actions.

Figure 5 summarizes the mechanisms by which maintaining an optimal Mg status
may be of benefit in COVID-19.
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Figure 5. Summary of Mg's possible effects in COVID-19.

We all are struggling to decode a new and unknown hazard which has alarmed
everyone, from health providers to scientists, economists, sociologists, and rulers since
December 2019. Even if Mg is not curative, it is important to ensure the correction of its
deficit in order to eventually help reduce the severity of the clinical course of COVID-19.
Nevertheless, further research showing the potential association between poor Mg status
and COVID-19 prevalence and outcomes is consequently necessary.
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Abstract: Higher serum magnesium is associated with lower risk of multiple morbidities, including
diabetes, stroke, and atrial fibrillation, but its potential neuroprotective properties have also been
gaining traction in cognitive function and decline research. We studied 12,040 participants presumed
free of dementia in the Atherosclerosis Risk in Communities (ARIC) study. Serum magnesium was
measured in fasting blood samples collected in 1990-1992. Dementia status was ascertained through
cognitive examinations in 2011-2013, 20162017, and 2018-2019, along with informant interviews and
indicators of dementia-related hospitalization events and death. Participants’ cognitive functioning
capabilities were assessed up to five times between 1990-1992 and 2018-2019. The cognitive function
of participants who did not attend follow-up study visits was imputed to account for attrition.
We identified 2519 cases of dementia over a median follow-up period of 24.2 years. The lowest
quintile of serum magnesium was associated with a 24% higher rate of incident dementia compared
to those in the highest quintile of magnesium (HR, 1.24; 95% CI, 1.07, 1.44). No relationship was
found between serum magnesium and cognitive decline in any cognitive domain. Low midlife serum
magnesium is associated with increased risk of incident dementia, but does not appear to impact
rates of cognitive decline.

Keywords: dementia; cognitive decline; magnesium

1. Introduction

Minerals and their role in cognition have been attracting attention in dementia and cognitive
decline research. Magnesium, in particular, has a potential beneficial effect on multiple morbidities,
including diabetes, stroke, atrial fibrillation, and other cardiovascular diseases [1-4]. Given the role of
these conditions as risk factors for cognitive decline, interest in the role of magnesium as a preventive or
therapeutic approach in cognitive decline and dementia is growing. Magnesium’s potentially protective
effect against cognitive decline has been demonstrated in several animal models [5-7], but human
studies are limited with conflicting results, and mainly focus on dietary intake of magnesium [8,9].
The only study to date to examine the relation between serum magnesium and cognition within a
cohort found a U-shaped—rather than linear—association of baseline serum magnesium with cognitive
decline over a 10-year period (i.e.: high and low baseline serum magnesium were associated with
increased risk of dementia) [10].
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With the goal of growing our understanding on the role that magnesium can play in cognitive
decline and dementia, we studied the association of mid-life circulating magnesium with incident
dementia and cognitive decline over a 27-year period within a large community cohort.

2. Materials and Methods

2.1. Study Population

The Atherosclerosis Risk in Communities (ARIC) study is an ongoing, community-based cohort
study based in four communities across the US: Jackson, Mississippi; Washington County, Maryland;
Forsyth County, North Carolina; and select suburbs in Minneapolis, Minnesota [11]. To date,
participants have been examined in 7 visits spanning a 30-year time period, with the first visits
taking place in 1987-1989. Participants have also taken part in regular phone calls (annual until 2012,
twice-yearly thereafter). The recruited sample was exclusively black in Jackson, and representative of
the underlying population in the other three sites (white and black in Forsyth County, and predominately
white in Washington County and Minneapolis). For the purposes of this study, visit 2 (1990-1992) was
considered the baseline, since it was the first time that cognitive function was assessed. This study has
been approved by each study center’s institutional review board, with all ARIC participants having
provided written informed consent at each visit.

Exclusion criteria for this analysis were based on the following: refusing consent for genetic
testing for APOE genotyping (n = 45), prevalent dementia at visit 2 (n = 9), and missing magnesium
measurements (n = 58). Additionally, because ARIC participants are predominately black and white,
Asian and Native American participants were excluded (n = 40). Furthermore, black participants from
Minneapolis and Washington County were excluded due to low counts (n = 50). Finally, those with
missing covariates at visit 2 were also excluded (n = 2106). Selection into a secondary analysis looking
at visit 5 as baseline can be found in Supplementary Figure S1.

2.2. Incident Dementia

ARIC utilized several approaches to ascertain dementia status. Briefly, starting from visit
5 (2011-2013), all participants who attended in-person evaluations underwent cognitive exams,
with results of these assessments, along with earlier cognitive assessments (see below), evaluated
and adjudicated by an expert committee. Of those that were unable or refused to attend visits,
or to detect earlier cases of incident dementia (prior to visit 5), dementia status was based on
over-the-phone dementia screeners and/or informant interviews. Additionally, hospitalization
for, or death due to, dementia—as determined by ICD-9/10-CM discharge codes and/or death
certificates—was classified as having dementia, with discharge codes reviewed from over the entire
study follow-up. The methodology for diagnosing dementia in the ARIC study has been described in
detail elsewhere [11].

2.3. Cognitive Function

We evaluated cognitive functioning at ARIC visits 2 (1990-1992), 4 (1996-1998), 5 (2011-2013),
6 (2016-2017), and 7 (2018-2019), using three cognitive tests designed to evaluate functioning in three
cognitive domains. The delayed word recall test (DWRT) assesses verbal learning and short-term
memory, by asking participants to memorize 10 words, use them in a sentence, and then recall the words
again after a 5-min break. The digit symbol substitution test (DSST) evaluates executive functioning
by giving the participant 90 s to draw symbols that correspond to a set of numbers based on a key.
The word fluency test (WFT) measures expressive language by having the participant list as many
words as they can in 60 s that start with the letters F, A, and S. The testing procedures have been
described in detail elsewhere [11].
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We calculated z-scores for each test at all study visits, and then scaled the results to the visit 2 mean
and standard deviation. We also generated z-scores for overall cognition by averaging the z-scores and
standardizing to the visit 2 mean and standard deviation.

2.4. Serum Magnesium

Blood was drawn at visit 2 into vacuum tubes designated for either lipids or chemistries, and then
centrifuged for 10 min at 3000x g at 4 °C. The blood samples were stored at —70 °C and then shipped to
the ARIC central laboratories for analysis. Serum magnesium was measured using the metallochromic
dye calmagite [1-(1-hydroxy-4-methyl-2-phenylazo)-2-napthol-4sulfonic acid] under the Gindler and
Heth method [12]. Repeated measurements in 40 participants were sent to the same lab, with at least
one week in between samples, to assess between-person variability (magnesium reliability coefficient
= 0.69) and in-person variability (coefficient of variation = 3.6%).

2.5. Covariates

Along with assessing the impact of magnesium categorized into quintiles, we also examined
associations of magnesium as a continuous variable, expressed as per standard deviation decrease of
serum magnesium. Except for education status and diet scores which were measured at visit 1 and
visit 3, respectively, analyses using visit 2 as baseline used covariates measured at visit 2, whereas
analyses using visit 5 as baseline used covariates measured at visit 5. Educational attainment was
categorized into 3 levels: did not complete high school; completed high school or general education
development (GED) or 1-3 years of vocational school; or at least some college. The following blood
analytes were measured from fasting blood samples taken at respective visits: estimated glomerular
filtration rate, C-reactive protein, potassium, sodium, calcium, total and HDL cholesterol. Smoking
and drinking status were self-reported. Blood pressure estimates were the average of the 2nd and 3rd
measurements taken over the course of 15 min. Participant diets were assessed through principal
component analysis using food frequency questionnaires to analyze the consumption of 32 food
groups, generating scores characterizing how much of their dietary patterns were considered “Western”
(characterized by consumption of meats, processed foods, sweetened drinks, etc.) and “prudent”
(characterized by consumption of whole grains, fresh fruits and vegetables, etc.) [13]. The prevalence
of coronary heart disease was based on the presence of myocardial infarction (MI) from adjudicated
visit 1 electrocardiogram data, history of MI, or previous coronary bypass. Stroke history was based on
prevalent stroke at visit 1 or stroke hospitalization before or at visit 2. Diabetes status was based on
serum glucose (fasting cutoff >126 mg/dL; non-fasting cutoff >200 mg/dL), self-reported physician
diagnosis of diabetes, or use of diabetes medication.

2.6. Statistical Analysis

The association between serum magnesium (in quintiles) measured at baseline and incident
dementia was measured using Cox proportional hazard models. Model 1 was adjusted for age,
the combination of race and center (Jackson black people, Forsyth black people, Forsyth white people,
Minneapolis white people, Washington white people), sex, and education (did not complete high
school; high school graduate or vocational school; or at least some college). Model 2 adjusted
for model 1 covariates, along with smoking history (ever smoked/never smoked), drinking status
(current drinker/not current drinker), waist-to-hip ratio, diet scores, estimated glomerular filtration rate
(mL/min/1.73m?), C-reactive protein (mg/L), potassium (mmol/L), sodium (mmol/L), calcium (mmol/L),
coronary heart disease (prevalent/not prevalent), history of stroke (yes/no), systolic blood pressure
(mmHg), diastolic blood pressure (mmHg), antihypertensive medication use (antihypertensive diuretic,
non-diuretic antihypertensive, no antihypertensive use), total cholesterol-to-HDL cholesterol ratio,
diabetes status (diabetes/no diabetes), and APOE e4 carrier status (allele/no allele). The proportional
hazards assumption was checked by testing interactions with log-time.
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In a secondary analysis, to determine if more proximal measurements of magnesium
(i.e.: magnesium in late life) influenced rates of incident dementia, we estimated the association
between visit 5 serum magnesium and incident dementia, using Cox proportional hazard models.

We used linear models to assess cognitive decline from visit 2 through visit 7, based on visit
2 serum magnesium quintiles and fit them with generalized estimating equations (GEE), with an
unstructured correlation matrix to account for repeated testing. Time was modeled using two linear
spline terms with knots at 6 years (corresponding to visit 4) and 21 years (corresponding to visit 5) to
account for the pronounced decline that is typically expected in later life. Models also incorporated
interaction terms with the time splines and covariates. We also assessed differences in baseline cognitive
function at visit 2 across magnesium quintiles to better understand baseline cognition. Additionally,
in order to evaluate potential floor effects, we conducted a sensitivity analysis, excluding the bottom
5% of test scores within each race at baseline.

Significant attrition was expected over the course of 27 years [14], so we utilized multiple
imputation with chained equations (MICE) in order to impute missing values [15]. Twenty datasets
with imputed values were calculated based on dementia diagnosis, surveillance information based
on telephone screeners and informant interviews, and visit 2 covariates. All cognitive decline results
presented have been imputed.

All analyses were conducted using SAS 9.4 (Cary, NC; SAS Institute Inc).

3. Results

Figure 1 presents a flowchart for selection into the study, using visit 2 as baseline. There were
14,348 participants at visit 2, and after applying the exclusion criteria, the final analytic cohort included
12,040 participants free of dementia and with available magnesium at visit 2 (mean age: 56.9 years
(SD: 5.7), 56.3% female, 24.6% black). The median follow-up time was 24.2 years (25th, 75th percentiles:
17.3,27.1 years).

Participants with lower baseline serum magnesium were more likely to be female, black, and have
less education than those with higher magnesium (Table 1). Those with lower serum magnesium were
also more likely to be diabetic and on antihypertensive medication.

Table 1. Cohort characteristics by baseline magnesium quintile, ARIC 1990-1992.

Characteristics Magnesium Quintiles

Ist 2nd 3rd (L6 mg/dL)  4th (1.7 mg/dL) 5th

(<1.4 mg/dL) (1.5 mg/dL) (>1.8 mg/dL)

N =1650 N = 2370 N = 3255 N = 2599 N = 2166

Age, years 57.1(5.8) 56.7 (5.8) 56.8 (5.6) 57.0 (5.7) 57.2(5.7)
Female, % 63.0 56.6 56.7 54.0 53.0
African American, % 43.8 29.2 22.0 18.5 16.3

Education, %

Did not complete high school 29.8 224 20.0 18.5 18.5
High school graduate and/or vocational school 39.1 411 423 422 42.6
At least some college 31.1 36.5 37.7 39.4 39.0

Sodium, mmol/L 140.3 (2.6) 140.6 (2.3) 140.8 (2.3) 141.0 (2.2) 141.2 (2.2)

Potassium, mmol/L 4.06 (0.42) 4.15 (0.38) 4.18 (0.38) 4.22 (0.40) 4.24 (0.40)

Calcium, mmol/L 0.521 (0.027) 0.518 (0.023) 0.518 (0.023) 0.519 (0.023) 0.520 (0.023)

Waist-to-Hip Ratio 0.93 (0.08) 0.93 (0.08) 0.92 (0.08) 0.92 (0.08) 0.93 (0.08)
Ever smoked, % 59.0 60.5 59.1 59.2 61.6
Current drinker, % 48.1 54.8 57.8 59.0 60.5
Prevalent coronary heart disease, % 6.8 6.4 5.9 5.2 5.2
Previous stroke, % 2.9 1.9 1.5 1.6 1.6
Diabetes, % 334 194 13.1 11.0 9.0

Systolic BP, mmHg 125.4 (20.4) 121.7 (19.0) 121.0 (18.2) 119.5 (17.9) 120.6 (17.8)
Diastolic BP, mmHg 73.1 (10.6) 72.2 (10.2) 72.1 (10.3) 71.6 (10.1) 71.9 (10.0)
Total Cholesterol-to-HDL cholesterol ratio 4.76 (2.06) 4.73 (2.00) 4.62 (1.81) 4.65 (1.74) 4.76 (1.93)
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Table 1. Cont.

Magnesium Quintiles

Characteristics
st 2nd 5th
(<1amgdl) (15mgdp Ordems/dl) ath@7mg/dl) o)
N =1650 N =2370 N = 3255 N =2599 N = 2166
Antihypertensive medication, %
Diuretic 25.5 15.7 12.3 10.7 9.4
Non-diuretic, antihypertensive 5.0 3.0 3.1 3.3 2.6
No antihypertensive medication 69.6 81.3 84.7 86.0 88.0
eGFR, mL/min/1.73m? 97.2(20.1) 96.1 (17.2) 96.1 (16.1) 94.5 (15.7) 92.3 (16.3)
APOE &4 allele, % 31.4 31.2 30.8 29.6 30.9
C-reactive Protein, mg/L 5.9(8.8) 4.6 (6.9) 42(7.1) 39(7.1) 3.8(6.3)
Western Diet Score -0.018 (0.981) —0.012(1.000)  —0.031 (0.979) -0.046 (0.967)  —0.009 (0.996)
Prudent Diet Score —0.025 (0.988)  0.021 (1.027) 0.011 (0.950) 0.032 (0.987) 0.019 (1.00)

Values correspond to mean

Visit 2
1990-1992

(standard deviation) or percentage.

n = 14,348
(Baseline covariate
me as ure ments)

Analytic Cohort

Exclusion criteria
n=2308
Revoked consent: 45
Prevalent dementia: 9
Missing magnesium measurements: 58
Asian/Native American: 40
Black participants in Minneapolis and
Washington County: 50
Missing covariates: 2106

n = 12,040

Died: 652
Refused visit: 1700

Visit 4
1996-1998
n =9688

Visit 5
2011-2013
n=>5192

Visit 6
2016-2017
n =3097

Visit 7
2016-2017
n =2516

Died: 2577
Refused visit: 1919

Died: 765
Refused visit: 1330

Died: 194
Refused visit: 387

Figure 1. Diagram of the analytic cohort selection from visits 2 through 7 within Atherosclerosis Risk

in Communities (ARIC) cohort.
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3.1. Incident Dementia

A preliminary analysis found no evidence of a U-shaped association when using the 3rd quintile
as the referent group. Therefore, subsequent analyses use the 5th quintile as the referent group.
When minimally adjusting for sex, race and center, age, and education, participants in the lowest
quintile had a 34% higher rate of dementia [HR: 1.34; 95%CI: 1.17, 1.54] (Table 2). Additional adjustment
for diet, cardiovascular disease correlates, APOE4 carrier status, and other micronutrients resulted in a
slight attenuation, but remained significant, with a 24% higher rate of incident dementia [HR: 1.24;
95%ClI: 1.07, 1.44]. A one SD lower serum magnesium concentration [SD: ~0.009 mmol/L] was
associated with a 7% higher rate of dementia when adjusted for model 2 covariates [95%CI: 2%—-11%].
When using visit 5 as baseline, no significant associations or trends were found between magnesium
and incident dementia (Supplementary Table S1).

Table 2. Association of baseline magnesium with incident dementia, ARIC 1990-2019.

Quintile of Person Years Dementia Cases IR Model 1 * HR Model 2 ** HR

Magnesium of Follow-Up (95%CI) (95%CI)
Quintile 1 32,306 367 11.36 1.34(1.17,1.54) 1.24(1.07,1.44)
Quintile 2 49,507 475 9.59 1.11(0.97,1.26)  1.08 (0.95, 1.24)
Quintile 3 70,753 681 9.63 1.03(0.91,1.16) 1.03(0.91, 1.16)
Quintile 4 56,470 559 9.90 1.07 (0.95,1.21)  1.08 (0.95, 1.22)
Quintile 5 47,188 437 9.26 1 (Ref) 1 (Ref)

Per 1 standard deviation (~0.009 mmol/L) decrease in Mg

1.09 (1.05, 1.14)

1.07 (1.02, 1.11)

HR, hazard ratio; 95%CI, 95% confidence interval. } Crude incidence rate, per 1000 person-years. * Model 1 adjusted
for sex, race and center, education, and age. ** Adjusted for Model 1 variables, along with history of smoking,
drinking status, western and prudent diet scores, waist-to-hip ratio, estimated glomerular filtration rate, c-reactive
protein, sodium, potassium, calcium, prevalent coronary heart disease, previous stroke, antihypertensive medication
use, systolic and diastolic blood pressure, total-cholesterol-to-HDL cholesterol ratio, apolipoprotein E4 carrier status,
diabetes status.

Race- and sex-stratified models revealed similar patterns of association, with no real differences
found between black people and white people [race interaction, p = 0.51] nor between men and women
[sex interaction, p = 0.46] (Supplementary Tables S2 and S3).

3.2. Cognitive Decline

Low magnesium was associated with poorer performance at baseline in the DSST, WFT, and the
global composite score (Supplementary Table S4). Table 3 presents rates of cognitive decline during
the 27-year follow-up period by serum magnesium at visit 2. There was no clear association between
serum magnesium and cognitive decline, with magnesium modeled in quintiles for the composite
cognitive score or any of the individual cognitive tests, even after excluding the bottom 5% of test
scores at baseline (Supplementary Table S5).
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Table 3. Cognitive change over 27 years by baseline magnesium quintile, ARIC 1990-2019.

Test Quintiles Model 1 * Model 2 **
Global

1 —0.031 (-0.092, 0.029)  0.003 (—0.060, 0.067)
2 0.052 (—0.0004, 0.104) 0.063 (0.011, 0.115)
3 0.027 (—0.022, 0.075) 0.030 (—0.017, 0.077)
4 —0.021 (-0.074, 0.031)  —0.022 (-0.073, 0.028)
5 0 (Referent) 0 (Referent)

Per 1-SD *** decrease in Mg 0.004 (-0.013, 0.020) —0.003 (-0.022, 0.016)

DWR
1 —0.023 (—0.126, 0.080)  0.001 (—0.106, 0.107)
2 0.058 (—0.033, 0.149) 0.066 (—0.027, 0.158)
3 0.052 (-0.035, 0.139) 0.053 (-0.034, 0.141)
4 —0.051 (—0.145, 0.043)  —0.054 (—0.146, 0.038)
5 0 (Referent) 0 (Referent)
Per 1-SD decrease in Mg 0.011 (-0.017, 0.039) 0.007 (-0.028, 0.042)
DSS
—0.0004 (—0.056,
1 —0.039 (-0.096, 0.017) 0.055)
2 0.048 (0.006, 0.090) 0.063 (0.021, 0.105)
3 0.020 (—0.018, 0.059) 0.027 (—0.011, 0.065)
4 —0.023 (-0.069, 0.022)  —0.023 (—0.068, 0.022)
5 0 (Referent) 0 (Referent)
Per 1-SD decrease in Mg 0.002 (-0.014, 0.017)  —0.010 (—0.027, 0.008)

WF
1 —-0.017 (-0.082,0.047)  0.018 (—0.052, 0.089)
2 0.034 (—0.017, 0.085) 0.047 (—0.003, 0.097)
3 0.009 (-0.041, 0.059) 0.011 (-0.038, 0.061)
4 0.013 (—0.039, 0.064) 0.012 (—0.039, 0.063)
5 0 (Referent) 0 (Referent)

Per 1-SD decrease in Mg

—0.001 (—0.018, 0.017)

—0.007 (—0.030, 0.015)

SD, standard deviation; DWR, delayed word recall; DSS, digit symbol substitution; WE, word fluency. * Model 1
adjusted for sex, race and center, education, and age, and interactions of all covariates with time. Time modeled as
spline term with knots at 6 years and 21 years. ** Adjusted for model 1 variables, along with history of smoking,
drinking status, western and prudent diet scores, waist-to-hip ratio, estimated glomerular filtration rate, c-reactive
protein, sodium, potassium, calcium, prevalent coronary heart disease, previous stroke, antihypertensive medication
use, systolic and diastolic blood pressure, total-cholesterol-to-HDL cholesterol ratio, apolipoprotein E4 carrier status,
and diabetes status, and interactions of all covariates with time. Time modeled as spline terms with knots at 6 years
and 21 years. *** SD being equal to ~0.009 mmol/L.

4. Discussion

Within a large, community-based cohort, we found low levels of mid-life serum magnesium
to be associated with an elevated risk of incident dementia, with a 24% increased risk of dementia
for participants in the bottom compared to the top magnesium quintile, even when adjusting for
demographics, lifestyle, cardiovascular risk factors, APOE4 carrier status, and other micronutrients.
Mid-life magnesium, however, was not associated with decline over a 27-year period. No meaningful
differences were found between race or sex.

The discrepancy between incident dementia and decline may in part be explained by differences in
baseline cognition and education levels. Cognitive performance at visit 2 was poorer among participants
with lower serum magnesium compared to those with higher magnesium. Low magnesium participants
also on average had less formal education than their higher magnesium counterparts, which has
been shown to primarily affect baseline cognition while remaining unrelated to cognitive change [16].
Even after excluding the lowest 5% of scores at baseline to account for possible floor effects, rates of
decline did not appear to differ across magnesium levels. Based on our findings, though the rates
of decline do not seem to differ across magnesium levels, it may not take much decline to reach
the dementia “threshold” for low magnesium individuals.
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Magnesium may target multiple pathways in dementia pathology. N-methyl-D-aspartate (NMDA)
receptors play critical roles in learning processes and the formation of memories [17]. Through
the glutamatergic excitation of NMDA receptors, calcium ions flow into cells and trigger other signaling
pathways important in dementia and cognitive decline pathology [18]. Over-excitation of NDMA
receptors, however, may impair synaptic activity and lead to neuronal necrosis [19]. Magnesium
is able to block this NMDA-induced excitotoxicity by inhibiting NMDA receptors and subsequent
cellular cascades [20,21]. Another pathway targets neuroinflammation triggered by beta-amyloid (Af)
leakages through the blood brain barrier, which can lead to the release of proinflammatory cytokines,
such as interleukins, tumor necrosis factor alpha (TNF-«), and nitric oxide [22,23], all resulting in a
higher rate of neurodegeneration. Magnesium has shown to inhibit excessive Af3 production and
prevent this inflammatory cascade [24]. Additionally, elevated magnesium may be able to induce
amyloid precursor protein cleavage, which would also prevent the accumulation of Af3 [25].

Our results confirm much of the previous literature. Cross-sectional studies comparing those
with diagnosed dementia against healthy controls found patients with dementia to have lower
serum magnesium than their non-impaired peers [26]. In the Rotterdam study, serum magnesium
at either extreme was associated with increased risk of dementia compared to the average serum
levels (third quintile) [10]. Magnesium intake, whether through diet or supplements, seems to also
be associated with better cognitive functioning in both mice and human models [7,27]. For instance,
over a ten-year follow-up period, patients in Taiwan using magnesium oxide had a decreased risk
of developing dementia compared to those not on magnesium oxide therapy [9]. Magnesium
oxide is commonly prescribed as an antacid or laxative, and has been shown to increase serum
magnesium [28]. Other studies have found benefits in having a more balanced intake of magnesium.
In the Women’s Health Initiative Memory Study, women in the third quintile of dietary magnesium
intake (corresponding to about 216-263 mg/day) had a lower risk of mild cognitive impairment or
dementia than those in the first quintile; no association was found comparing the fifth quintile against
the first quintile [8].

Though the evidence is promising, determining the utility of serum measurements versus dietary
intake of magnesium in dementia pathology requires a critical examination of each of their shortcomings.
Magnesium homeostasis is dependent on its interaction with calcium and phosphorus within the small
intestines, bones, and kidneys [29]. Consequently, it is difficult to separate the effects of dietary
magnesium from the overall quality of one’s diet. Conversely, though serum magnesium offers a more
direct measurement of circulating magnesium than perhaps through supplement or dietary intake,
serum magnesium has very little correlation with total body magnesium, most of which is present
in either the bones and teeth or in the intracellular space [30]. When blood concentrations are low,
magnesium may be pulled out of the cells to maintain normal levels in the blood [30], which could mask
possible hypomagnesemia when determined through serum measurements alone. That said, though
the association of blood magnesium with brain magnesium has been difficult to establish up to this
point, previous research has found that both brain [31] and serum magnesium levels [32] are diminished
in Alzheimer’s patients, suggesting some level of positive correlation between the two measurements.

Strengths of this study include the ability to use data from a large, prospective cohort study,
which grants us significant time to follow-up with participants. We were also able to adjust our
models for a variety of cardiovascular risk factors, diet, and other micronutrients. On the other hand,
the limitations of this study warrant a cautious interpretation of the results. First, even though we were
able to assess the impact of both mid-life and late-life magnesium on dementia and cognitive function,
two measurements may not be enough to account for the impact of micronutrient fluctuations over a
life course. Second, the cognitive change analyses may be influenced by possible “floor effects”, though
we attempted to account for this in a sensitivity analysis by excluding the bottom 5% of scores within
each race. Furthermore, though the MICE method for imputing missing data has been previously
validated in the ARIC cohort [33], estimation errors may occur for data over 50% missing [34], and with
over 80% of the cohort missing by visit 7, results should be interpreted with caution. Additionally,
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though we were able to follow-up with the cohort for over two and a half decades, because the baseline
for this analysis corresponds to mid-life for our participants, we are unlikely to fully capture cognitive
trajectories over a life course. Finally, though we adjusted for many biological and lifestyle factors and
undertook the rigorous adjudication of dementia status, there may be some level of confounding by
socioeconomic factors or possible malnutrition, biasing our results and potentially inflating the effect
of serum magnesium in dementia pathology.

5. Conclusions

In conclusion, consistent with some prior studies, we found that low circulating magnesium in
midlife was associated with increased risk of dementia. Confirming this association across multiple
forms of magnesium intake and measurements (i.e.: blood magnesium, brain magnesium) and
elucidating the underlying pathways may offer new avenues for the prevention of dementia in
the community.
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Abstract: Hypertension is a complex condition in which various actors and mechanisms combine,
resulting in cardiovascular and cerebrovascular complications that today represent the most fre-
quent causes of mortality, morbidity, disability, and health expenses worldwide. In the last decades,
there has been an exceptional amount of experimental, epidemiological, and clinical studies confirm-
ing a close relationship between magnesium deficit and high blood pressure. Multiple mechanisms
may help to explain the bulk of evidence supporting a protective effect of magnesium against hy-
pertension and its complications. Hypertension increases sharply with advancing age, hence older
persons are those most affected by its negative consequences. They are also more frequently at
risk of magnesium deficiency by multiple mechanisms, which may, at least in part, explain the
higher frequency of hypertension and its long-term complications. The evidence for a favorable
effect of magnesium on hypertension risk emphasizes the importance of broadly encouraging the
intake of foods such as vegetables, nuts, whole cereals and legumes, optimal dietary sources of
magnesium, avoiding processed food, which are very poor in magnesium and other fundamental
nutrients, in order to prevent hypertension. In some cases, when diet is not enough to maintain an
adequate magnesium status, magnesium supplementation may be of benefit and has been shown to
be well tolerated.

Keywords: magnesium; hypertension; aging; ions; insulin resistance; cardiovascular disease;
diet; supplement

1. Introduction

Magnesium is the most present divalent intracellular cation in the human body,
and the second intracellular ion after potassium. This primary cation has been traditionally
considered as cofactor of about 300 regulatory enzymes [1], but current databases list over
600 enzymes for which magnesium is cofactor [2]. Magnesium is involved in fundamental
cellular reactions comprising ATP-dependent biochemical processes as part of the activated
MgATP complex, DNA synthesis, RNA expression, muscular and neural cell signaling,
glucose metabolism, and blood pressure control [3,4].

Although magnesium was first recommended as treatment for malignant hyperten-
sion as early as 1925 [5], subsequent studies failed to demonstrate reliable results. In 1983,
a study by Resnick et al. [6], showed a close inverse relationship of serum ionized magne-
sium and plasma renin activity. The following year (1984) Resnick and Gupta, using novel
3IP-NMR technique that allowed precise assessment of intracellular cytosolic magnesium
concentrations, published a seminal paper showing that persons with essential hyperten-
sion had consistently lower levels of intracellular magnesium with an inverse relationship
between these concentrations and blood pressure values, the lower intracellular magne-
sium, the higher blood pressure [7]. This close quantitative relationship confirmed the
presence of a powerful link between magnesium deficiency and human essential hyperten-
sion. Afterwards, a number of experimental, clinical, and epidemiological studies exploring
the relationship of this key cation with hypertension have been undertaken. Magnesium
is involved in blood pressure regulation by diverse mechanisms including modulation of
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vascular tone and reactivity acting as a calcium antagonist [8,9], the renin—angiotensin—
aldosterone system (RAAS) [6], endothelial function [10-12], vascular remodeling and
stiffness [13], and catecholamine release [14]. Magnesium deficiency has been also related
to low-grade inflammation, oxidative stress [12,15,16], insulin resistance, and metabolic
syndrome [3].

High blood pressure is the strongest independent and modifiable risk factor for heart
failure, ischemic heart disease, cerebrovascular events, chronic kidney disease, and cog-
nitive decline worldwide [17]. Hypertension was associated with 4.9, 2.0, and 1.5 million
deaths due to ischemic heart disease, hemorrhagic stroke, and ischemic stroke, respectively,
in 2015 [18]. According to the World Health Organization, 1.13 billion adults have hyper-
tension currently [19]. The prevalence of hypertension rises remarkably with advancing
age and due to the continuous and global increase in aging populations, the prevalence
of hypertension and its derived detrimental consequences are still increasing [20]. Hence,
public health preventive actions are urgently needed, comprising nutrition, to combat the
hypertension pandemic.

A number of investigations have assessed the association of dietary and supplemental
magnesium with the development of high blood pressure and meta-analyses on cohort
studies and RCTs have confirmed protective effects [21-24]. A recent summary of meta-
analyses on the effects of electrolytes on hypertension revealed that the greatest beneficial
effect on blood pressure lowering was ascribed to magnesium intake followed by potassium
intake and by salt reduction [25]. Dietary magnesium intake is deficient in a large propor-
tion of European and US populations where Western dietary patterns full of processed
food are very frequent [26-29]. Indeed, magnesium is abundant in green leafy vegetables,
nuts, legumes, and whole cereals, while it is practically absent in processed food and sugar
sweetened beverages [30]. Chronic inadequate magnesium intake, particularly frequent in
old age, has been associated with an increased risk of multiple clinical conditions including
hypertension and stroke [3,8,31]. The Dietary Guidelines for Americans recommend a daily
intake of 420 mg of magnesium for men and 320 mg for women [32], but estimates indicate
that more than 60% of Americans are under the recommendation [28].

Most studies have shown inverse associations of dietary magnesium intake with
hypertension [33-35] or risk of incident hypertension [36—40], while fewer studies have
reported negative or inconclusive results [41-43]. A systematic review and meta-analysis
of cohort studies reported that a 100 mg/day increment of magnesium dietary intake
was significantly associated with 5% reduction in incident hypertension [21]. Three meta-
analyses of 11, 34, and 28 RCTs found that supplementation with oral magnesium resulted
in significant reductions in blood pressure vs. controls [22,23,44]. Earlier meta-analyses
suggested benefit with less prominent effect, possibly due to heterogeneity and to the
inclusion of persons with and without other chronic diseases in the analyses [24,45].

The present article aims to review the role of alterations of magnesium metabolism
in the pathophysiology of high blood pressure, condition which is particularly frequent
in old age. We discuss the possible mechanisms involved and the available evidence of
the effects of dietary and supplemental magnesium on blood pressure lowering and risk
of hypertension.

2. Magnesium Metabolism, Dietary Sources, and Requirements

Approximately 24 g (1 mole) of magnesium are present in the human body, of which
almost 2/3 stored in the bone and 1/3 in the cellular compartment. Blood serum contains
less than 1% of the total body magnesium with normal concentrations ranging between
0.75 and 0.95 mmol/L (1.7-2.5 mg/dL or 1.5-1.9 meq/L). Magnesium concentrations in the
serum are extremely constant and are tightly controlled and kept within this narrow range
by the kidney and small intestine increasing their fractional magnesium absorption during
magnesium deprivation. If the lack of magnesium persists, bone stores help maintaining
serum magnesium concentration through exchange with extracellular fluid [3].
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Serum magnesium exists in three forms: 25% is bound to albumin and 8% bound to
globulins (protein-bound fraction); 12% corresponds to the chelated fraction; while 55% rep-
resents the metabolically active ionized fraction. Hypomagnesemia is generally identified
as a serum magnesium concentration below 0.75 mmol/L [3]. Magnesium is an intracellu-
lar regulator of the cell cycle physiology and apoptosis; its intracellular concentrations are
as well highly regulated. Most intracellular magnesium exists in bound form. Circulating
magnesium concentrations do not always correspond to intracellular or total magnesium.

Magnesium equilibrium depends on magnesium intake, its absorption through intestine
(mainly small intestine), its renal excretion, and its requirements in all tissues [46]. Magne-
sium’s requirement per day in healthy adults is estimated at 300400 mg (5 to 6 mg/kg/day)
but in several physiological conditions this requirement may be increased (i.e., exercise,
aging, pregnancy, etc.), as well as in some pathological conditions (diabetes, infections, etc.).
Because magnesium stored in bone tissue cannot be quickly exchanged with magnesium in
the extracellular fluids, the rapid magnesium needs are provided by magnesium stored in
the intracellular compartment. About 120 mg of magnesium are eliminated into the urine
every day contributing substantially to magnesium homeostasis [47]. Renal magnesium ex-
changes are closely dependent on magnesium body status, because magnesium depletion
increases magnesium reabsorption. Thus, urinary excretion is reduced in magnesium-
depleted conditions [48]. Diuretic, drugs that are commonly used in hypertension and
heart failure, may as well modify renal magnesium exchanges by reducing the reabsorption
of magnesium [49]. No known hormonal factor is specifically involved as a main regulator
of magnesium homeostasis. Nevertheless, several hormones have been shown to exert
actions on magnesium balance and transport, including parathyroid hormone, calcitonin,
catecholamines, and insulin [3,50].

Table 1 depicts some food sources of magnesium, which correspond to foods belong-
ing to dietary patterns generally considered healthy. Contrariwise, the foods contained
in the Western diet, most of them ultra-processed, are very poor in magnesium. Ultra-
processed food, according to NOVA classification, the most widely used classification
of processed food, is defined as the “formulations of food substances often modified by
chemical processes and then assembled into ready-to-consume hyper-palatable food and
drink products using flavors, colors, emulsifiers and other cosmetic additives” [51]. In the
last decades, the global supply of food products derived from industrial processes has
increased substantially. The percentage of energy intake derived from ultra-processed
foods has been reported to be 29.1% in France [52], 42% in Australia [53] and 57.9% in the
USA [54]. Parallel to this transition towards diets based on processed food, a remarkable
increase of non-communicable diseases, including obesity and hypertension, has been
reported worldwide [55]. There is growing evidence linking consumption of this type
of foods with poor diet quality, increased cardiovascular risk factors (e.g., hypertension,
dyslipidemia), and harmful health outcomes such as obesity, metabolic syndrome [51]
and also with increased mortality risk [52,56,57]. Negative nutritional characteristics of
ultra-processed foods include its high content of low-quality fat, added salt and sugar,
as well as low vitamin, mineral and fiber content [51].

Regarding the actual dietary sources of magnesium, in the USA, where 57.9% of en-
ergy intake comes from ultra-processed food [54], a study analyzing data from the National
Health and Nutrition Examination Survey (NHANES) 2003 to 2008 among 25,351 partici-
pants, found that minimally processed food contributed only 27.6% to total magnesium
intake, whereas ready-to-eat foods and packaged ready-to-eat foods contributed 28.8%
and 26.3% to dietary magnesium intake, respectively [58]. This corresponds with the low
consumption of foods rich in magnesium reported by the Dietary Guidelines for Americans
(estimated % of persons below recommendation across all ages and both sexes in the USA
was near 100% for whole grains, near 90% for total vegetables, over 80% for beans and peas,
and near 60% for nuts, according to data from NHANES 2007-2010), which also indicated
that 49% of the USA population, considering all age-groups, had a magnesium intake
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below the estimated average requirement [32]. Other estimates indicated that over 60% of
Americans are under the recommended daily intake [28].

Table 1. Some Food Sources of Magnesium.

Food Serving Magnesium (mg)
Cereal all bran 1/2 cup 112
Cereal oat bran /2 cup dry 96
Brown rice, medium-grain, cooked 1 cup 86
Fish, mackerel, cooked 3 ounces 82
Spinach, frozen, chopped, cooked 1/2 cup 78
Almonds 1 ounce (23 almonds) 77
Swiss chard, chopped, cooked 1/2 cup 75
Lima beans, large, cooked 1/2 cup 63
Cereal, shredded wheat 2 biscuits 61
Peanuts 1 ounce 48
Molasses, blackstrap 1 tablespoon 48
Hazelnuts 1 ounce (21 hazelnuts) 46
Walnuts 1 ounce (14 walnuts) 44
Okra, frozen, cooked 1/2 cup 37
Milk, 1% fat 8 fluid ounces 34
Banana 1 medium 32

Data from the European Prospective Investigation into Cancer and Nutrition (EPIC) study
reported that in Nordic and central European countries (i.e., Germany, UK, the Netherlands,
Denmark, Sweden, and Norway), a large proportion (76 to 79%) of magnesium intake
comes from highly processed foods. In Southern European countries, (i.e., Italy, Spain,
and Greece) a lower proportion of magnesium intake derives from highly processed foods
(43 to 67%), which is lower than in Nordic and central European countries, but still high [59].
Because highly processed foods are in general poor in magnesium, this may mean that
people, both from the USA and European countries, consume large amounts of this type of
foods to obtain magnesium, which is in any case insufficient, as indicated by the finding of
frequent dietary magnesium deficiency at the population level [26-29].

The main sources of dietary magnesium, some examples shown in Table 1, contain
also other components known to have beneficial health effects, i.e., other minerals and
micronutrients, vitamins, fiber, and phytochemicals with recognized antioxidant and anti-
inflammatory actions. Therefore, magnesium intake may be a marker of adherence to a
healthy diet at a population level. Analyses of data from the Seguimiento Universidad de
Navarra (SUN) prospective project showed that a higher adherence to the Mediterranean
dietary pattern was associated with a lower prevalence of inadequacy for the intake of
vitamins and minerals, including magnesium. Conversely, participants with a higher adher-
ence to the Western dietary pattern (with greater consumption of red and processed meat,
eggs, sauces, precooked food, fast-food, energy soft drinks, sweets, whole dairy and pota-
toes) were less likely to achieve adequate intakes of vitamins and minerals, including
magnesium. Participants in the fifth quintile of adherence to Western dietary pattern had a
2.5-fold increased risk for having more than ten nutrient intake recommendations unmet,
comprising magnesium, when compared to the first quintile of adherence to Western
dietary pattern [60].

3. Mechanistic Insights on the Relationship of Magnesium and Hypertension

Several mechanisms can help explain the connection between magnesium and high
blood pressure, including its calcium antagonist actions and its effects on endothelial
function, vascular tone, reactivity, vascular cells growth, vascular calcification, oxidative
stress and chronic inflammation, and glucose metabolism, as will be discussed in the below
subsections (Table 2).
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Table 2. Main Mechanisms of Magnesium-related Blood Pressure Regulation.

e  Regulation of vascular tone and contraction

Calcium antagonism
Endothelial function
RAAS

Catecholamine secretion
Vascular calcification

OO0OO00O0

. Insulin resistance
Oxidative stress and inflammation

RASS: Renin-Angiotensin-Aldosterone System.

3.1. Regulation of Vascular Tone and Contraction

Magnesium is a major physiological regulator of vascular tone, and modulates periph-
eral vascular resistance by enhancing relaxation responses and mitigating agonist-induced
vasoconstriction. The effects of magnesium as a modulator of vascular tone are also
connected to its competitive action with calcium, while other mechanisms may be also
involved as discussed below.

3.1.1. Magnesium as a Calcium Antagonist

Calcium ion plays a crucial role in the control of vascular smooth muscle cells exci-
tation, contraction and impulse propagation. All modifications of the endogenous mag-
nesium status determine changes in vascular tone and, consequently, variations in blood
pressure [4,8]. Although magnesium is not directly involved in the contraction process,
it plays a role in blood pressure regulation through modulation of vascular smooth muscle
tone and contractility by controlling calcium ion concentrations and availability [61,62].
Thus, a reduction of magnesium levels raises smooth muscle calcium content; while on the
contrary, an increase of magnesium concentrations reciprocally lowers calcium content in
the cells [63,64]. Extracellular magnesium levels and cellular-free magnesium concentra-
tions modulate vascular smooth muscle cells tone by voltage-dependent L-type calcium
channels [64]. Furthermore, magnesium can itself function as a natural physiologic cal-
cium channel blocker [65], modulating the activity of the calcium-channels [66]. Thus,
magnesium counteracts calcium and functions as physiological calcium blocker, similarly
to synthetic calcium antagonists [67].

Magnesium binds hydration water more than calcium. Hence, the hydrated magne-
sium, with a radius of about four hundred times larger than its radius after dehydration,
is more challenging to dehydrate. This dissimilarity clarifies many of magnesium biological
properties, including its calcium antagonistic actions, in spite of similar chemical charge
and reactivity of both ions. As such, it is almost impossible for magnesium to pass through
narrow channels in biological membranes, opposite to calcium, because of its hydration
cover [68].

Two mechanisms are proposed for the extracellular magnesium-inhibition of calcium
current in vascular smooth muscle cells. On one hand, extracellular magnesium would
stabilize the excitable membranes and raise the excitation threshold which diminishes the
current via the voltage-gated calcium channels by neutralizing the negative charges on
the external surface of the cell membrane. On the other hand, it has been suggested that
extracellular magnesium may reduce calcium current by directly binding to the calcium
channels. Magnesium may either cause an allosteric modulation of the channel gating,
or mechanically block the channel pore, thus causing its closure [69].

In vascular smooth muscle cells, the concentration of intracellular magnesium mod-
ulates their tone by means of its effects on ion channels and calcium signal transduction
pathways. As mentioned, decreased extracellular magnesium activates calcium influx,
while raised extracellular magnesium levels inhibit calcium influx through calcium chan-
nels [64]. Variations in intracellular magnesium modulates channels activity by altering its
amplitude, activation/inactivation kinetics, and by factors such as phosphorylation, thus re-
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ducing calcium entry. The magnesium-related activation of the calcium-ATPase pump in
the sarcoplasmic/endoplasmic reticulum sequesters intracellular calcium into the sarcoplas-
mic reticulum. Elevated intracellular magnesium stimulates inositol-1,4,5-trisphosphate
(IP3) breakdown, inhibits IP3-induced calcium release from the sarcoplasmic reticulum,
and competes with intracellular calcium for cytoplasmic and reticular binding sites [69].
Contrariwise, low concentrations of intracellular magnesium stimulate IP3-mediated mobi-
lization of calcium from the sarcoplasmic reticulum and reduce calcium-ATPase activity,
reducing calcium efflux and reuptake by the sarcoplasmic reticulum. This causes an ac-
cumulation of cytosolic calcium and a raised cellular calcium concentration, which is a
crucial factor for vasoconstriction [64]. Magnesium can also block sarcoplasmic reticulum
calcium release through the ryanodine receptor [70]. The action of magnesium to compete
with calcium for binding sites on troponin C also modulates the activity of contractile
proteins and their dynamics [71]. In addition, intracellular magnesium regulates vascular
smooth muscle cells G-protein-coupled activity of various receptors, including those for
angiotensin II (type 1), endothelin-1, vasopressin, and norepinephrine and epinephrine,
as well as intracellular calcium signal transduction pathways, such as translocation of
phospholipase C and activation of protein kinase C [69].

Considering all those previously described direct and indirect actions of magnesium
on the vascular smooth muscle cells, it is plausible to propose a role of magnesium de-
ficiency in the pathophysiology of alterations of blood pressure homeostasis, such as
hypertension. Thus, elevation of blood pressure and vascular hyperreactivity can be in-
duced in experimental models by diminishing magnesium both in the in vitro environment,
or depleting magnesium in experimental animals [72].

3.1.2. Magnesium and Endothelial Function

Magnesium stimulates vascular endothelial functions by affecting the release of nitric
oxide, endothelin-1, and prostacyclin [73]. Magnesium ions directly trigger the produc-
tion of prostacyclin and nitric oxide [74,75] and its concentrations were found inversely
related to endothelin-1 in hypertension experimental models [76], further supporting the
ability of magnesium to modulate vasodilatation. Magnesium deficit have been shown
to potentiate endothelial dysfunction by means of the activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), a well-known transcription mediator
of proinflammatory pathways [77], Low concentrations of extracellular magnesium re-
duces endothelial cell proliferation, stimulates monocytes adhesion, and impairs vasoactive
molecules, such as nitric oxide and prostacycline [78]. Another key mediator of magne-
sium’s effects on the endothelium is interleukin (IL)-1alpha, regulated by NF-kB, which in
turn may be an inducer of NF-kB. IL-1alpha increases sharply in a low magnesium content
environment and induces the production of various chemokines and adhesion molecules
in vascular endothelial cells by activating NF-kB, hence, provoking adhesion, aggregation,
and diapedesis of monocytes. Reduced magnesium concentrations trigger the secretion of
IL-8 and chemokines overexpressed in human atherosclerotic plaques, promoting mono-
cyte adhesion and chemotaxis to endothelial cells. IL-8 also stimulates proliferation and
migration of vascular smooth muscle cells. The secretion of IL-lalpha induced by low
serum magnesium stimulates overexpression of vascular cell adhesion molecule (VCAM)-1
on the surface of endothelial cells, which contributes to leukocyte migration. Granulocyte-
macrophage colony-stimulating factor is also significantly higher in endothelial cells with
magnesium deficit [78].

Supporting the key role of magnesium on endothelial function, oral magnesium
supplementation was significantly associated with improvement in exercise tolerance and
brachial artery endothelial function, in patients with coronary artery disease [11]. Likewise,
oral magnesium improved endothelial function in type 2 diabetic older adults evaluated
by non-invasive flow-mediated dilatation of the brachial artery [10]. A recent systematic
review and meta-analysis summarized the effects of oral magnesium supplementation
on vascular function in RCTs. Even if available studies were scarce and heterogeneity
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was high among the studies included, in subgroup analyses oral magnesium significantly
improved flow-mediated dilation in studies longer than 6 months, including unhealthy
persons, older than 50 years, or with BMI higher than 25 kg/ m? [79].

3.1.3. Magnesium and the Renin-Angiotensin-Aldosterone System (RAAS)

In 1983, a study by Resnick et al. evaluated the relationship between plasma renin
activity and serum concentrations of ionized calcium and magnesium in normotensive
and hypertensive patients clustered into low-renin, normal-renin, and high-renin groups.
Overall, the range of plasma renin activity in hypertensive participants showed a con-
tinuous and close inverse relation with serum ionized magnesium concentrations and a
positive relation with serum ionized calcium [6]. The authors concluded that plasma renin
activity may reflect modifications in calcium and magnesium fluxes across cell membranes
in hypertension.

In experimental models, it has been shown that magnesium has some direct effects
on the synthesis of aldosterone and indirect effects through the RAAS [80]. Aldosterone
secretion is a calcium-dependent process, which can be affected by magnesium due to
its calcium antagonist properties mentioned above. Rats maintained in a magnesium-
deficient diet exhibited a slight reduction of the thickness of the inner zones and an
increment of the juxtaglomerular granulation index and width of the zona glomerulosa
of the adrenal cortex. When magnesium was restored in the diet, the thickness of the
zona glomerulosa returned to normal [81]. Infusion of magnesium in humans decreased
the production of aldosterone induced by angiotensin II, and on the contrary, dietary-
induced magnesium deficiency enhanced angiotensin-induced aldosterone synthesis [82].
Magnesium supplementation has been shown to improve the pressor effects of angiotensin
IT and stimulate the production of vasodilator prostacyclin [74,75].

3.1.4. Magnesium and Catecholamines

The release of catecholamines from the adrenal gland and from adrenergic nerve
terminals in response to sympathetic stimulation is a calcium-mediated process. As dis-
cussed above, magnesium competes with calcium for membrane channels, blocking the
calcium entrance, and consequently modifying these calcium-linked responses. The ability
of magnesium to prevent the release of catecholamines from both the adrenal gland and
peripheral adrenergic nerve terminals was shown in earlier laboratory experiments [83].
Based on these effects, magnesium sulfate was used with benefit in patients with phaeochro-
mocytoma undergoing surgery in order to help control cardiovascular changes at induction
and tracheal intubation during anesthesia [84]. Subsequent cases confirmed the beneficial
effects of magnesium sulfate on life-threatening pheochromocytoma crisis with hyperten-
sive encephalopathy and catecholamine-induced cardiomyopathy [85]. Also in patients
undergoing anesthesia for other reasons, pretreatment with magnesium sulfate attenuated
the systolic blood pressure upsurge and the rise in norepinephrine and epinephrine after
tracheal intubation [86]. Magnesium is needed for the catalytic action of adenylate cyclase.
As such, in the absence of magnesium the decreased activity of adenylate cyclase leads to
an increased secretion of acetylcholine from preganglionic nerves, which in turn triggers
further release of catecholamines from the adrenal glands [87].

Experimental animals fed with a magnesium-deficient diet showed a significant rise
in catecholamines excretion [88]. Also in an experimental model of hypertension, it has
been reported that magnesium has important sympatholytic effects by blocking N-type
calcium channels at nerve endings, inhibiting norepinephrine release, and decreasing
blood pressure independently of its direct vasodilating actions [89]. These effects are very
relevant considering that sympathetic stimulation plays a pivotal role in the regulation of
arterial blood pressure [83]. A recent systematic review and meta-analysis evaluating the
effectiveness of intravenous magnesium sulfate on the hemodynamic fluctuations associ-
ated with the creation of pneumoperitoneum in adults undergoing laparoscopic surgery
showed a consistent reduction in the magnesium treated groups compared to placebo in
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heart rate, systolic, diastolic and mean blood pressures, at 5 min, 10 to 15 min, and 30 min
after pneumoperitoneum, confirming its ability to blunt the physiologic sympathetic re-
sponse associated with exposure to injurious stimuli [90].

3.1.5. Magnesium and Vascular Calcification

Vascular calcification refers to the deposit of calcium in the arterial wall and is closely
linked to high blood pressure. Hypertension is a risk factor for atherosclerosis and intimal
calcification. Nevertheless, not all vascular calcifications take place with atherosclerosis,
while calcification of the vessel media is associated with reduced elasticity and arterial
stiffness, a major cause of isolated systolic hypertension particularly frequent in old age.
Notably, vascular calcification, independent of its anatomical site, is itself a risk factor for
cardiovascular mortality [91]. Some studies have indicated a protective effect of magne-
sium against vascular calcification, attributable to its calcium antagonistic effects including
hydroxyapatite formation and calcium transport into the cells [92,93]. The possible mech-
anism to explain such protective effect has not been yet fully clarified. In experimental
models, it has been reported that calcium deposition in the rat aortic wall dramatically
increased when the magnesium concentration was increased considering also calcium
concentration (ratio of magnesium:calcium = 1:1) compared to low magnesium concen-
tration and high calcium concentration (ratio magnesium:calcium = 1:3), suggesting that
the impact of magnesium on vascular calcification might be studied in association with
calcium levels [9].

In primary human aortic vascular smooth muscle cells, increasing magnesium concen-
trations improved cell viability and normalized the release of proteins involved in vascular
calcification [94]. In this in vitro experimental model, the formation of calcium-phosphate—
apatite crystals assessed with a qualitative analysis suggested a potential beneficial effect of
magnesium in reducing the number and intensities of crystal formation. The authors sug-
gested that their results seem to exclude a physicochemical role of magnesium in altering
crystal growth, composition or structure, but that this attenuating effect should be linked to
an active cellular role [67]. Also in bovine vascular smooth muscle cells higher magnesium
concentrations prevented calcification and inhibited the expression of osteogenic proteins,
apoptosis and further progression of already established calcification [95]. One of the
intracellular mechanisms identified as possible mediator of magnesium’s anti-calcifying
effect is the inhibition of the Wnt/beta-catenin signaling pathway [96].

In community-dwelling participants of the Framingham Heart Study without any car-
diovascular disease at baseline, self-reported dietary and supplemental magnesium intake
was inversely associated with coronary and abdominal artery calcification [97], supporting
a protective role of magnesium on vascular calcification and derived complications, such as
isolated systolic hypertension, stroke and coronary heart disease events.

3.2. Magnesium, Insulin Action, Diabetes, and Cardiometabolic Syndrome

Hypertension is common among patients with diabetes, and it is a strong risk factor for
atherosclerotic cardio-vascular disease, heart failure, and microvascular complications in
diabetic patients [98]. A recent analysis of the tendency of diabetics to develop hypertension
and of hypertensives to develop diabetes concluded that the development of diabetes and
hypertension track each other over time and that a reduced insulin sensitivity is a common
feature of both pre-diabetes and pre-hypertension and an index of progression to the two
conditions [99]. The constellation of risk factors known as metabolic syndrome including
hypertension, obesity, and impaired glucose tolerance/insulin resistance has compelling
evidence of its association with magnesium deficiency [3,39,50,100-104]. Cardiometabolic
syndrome represents a strong risk factor for cardiovascular events and for the progression
to type 2 diabetes. There is also convincing evidence of the link between magnesium
deficit and diabetes. Type 2 diabetes has been associated with both intracellular and
extracellular magnesium depletion, mostly in patients with poorly controlled glycemic
profiles, longer duration of the disease, and in those with macro- and microvascular chronic
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complications [50,105-107]. Reduction in intracellular and/or ionized plasma magnesium
has been reported in diabetic patients with normal values of total magnesium [108-110].

One of the key mechanisms that may induce magnesium depletion in diabetes is a low
dietary magnesium intake and an increase in magnesium urinary loss, while absorption and
retention of dietary magnesium appears to be unmodified in these patients [111]. A diet de-
ficient in magnesium, very common in western dietary patterns full of ultra-processed food,
has been associated with an impaired cellular insulin-mediated glucose uptake and with a
remarkably high risk of developing glucose intolerance and type 2 diabetes [50]. On the
other hand, magnesium depletion in diabetic patients has been related to renal calcium and
magnesium wasting. It has been suggested that both, hyperglycemia and hyperinsulinemia,
may play a role in the increased urinary magnesium excretion contributing to magnesium
reduction. Urinary magnesium excretion rates were more than doubled in diabetic patients
during hyperglycemia, in parallel with a reduction in plasma magnesium [112]. An ef-
fective metabolic control is associated with a reduced urinary magnesium wasting [107].
In addition, hyperinsulinemia, associated with insulin resistant conditions, may contribute
per se to the urinary magnesium depletion, while reduced insulin sensitivity may itself
affect magnesium transport [113]. In this way, lower magnesium levels may not only be a
consequence, but may also predispose to the development of diabetes. Insulin resistance
reduces renal magnesium reabsorption leading to urinary magnesium wasting. Thus,
persons with type 2 diabetes may end up in a vicious circle in which hypomagnesemia
causes insulin resistance and insulin resistance reinforces magnesium depletion [50,105].

After the introduction of insulin-containing extracts from animal pancreas as a life-
saving therapy for diabetes in the early 1920s [114], a study published in 1933 reported
increased blood magnesium and sodium concentrations during therapy with impure in-
sulin extracts [115]. Only 30 years later in 1960 when synthetic insulin was available and
methods of magnesium measurements improved, it became apparent that insulin regulates
magnesium renal reabsorption [116]. Afterwards, microperfusion experiments in mouse
thick ascending limb of Henle loop showed an increased magnesium permeability after
addition of insulin [117]. Furthermore, insulin stimulated magnesium uptake in mouse
distal convoluted tubule cells [118]. It seems then clear that magnesium transport is a key
molecular target to help explain the actions of insulin in the kidney.

In the last decades there have been advances in the study of magnesium transport
systems, but the results of the available studies are still inconsistent. For example, in 2012,
transient receptor potential melastatin type 6 (TRPM6) was identified as the molecular
target of insulin signaling and some mutations in TRPM6 were proposed as responsible
for rendering the channel insensitive to insulin stimulation in patch clamp analyses [119].
This was not confirmed when higher amounts of magnesium intake were examined to-
gether with possible genetic variations. Analyses of fifteen studies from the CHARGE
(Cohorts for Heart and Aging Research in Genomic Epidemiology) Consortium providing
data from 52,684 participants showed that magnesium intake was significantly and in-
versely associated with fasting glucose and insulin, after adjustment for age, sex, energy in-
take, body mass index, and behavioral risk factors. No magnesium-related SNP (single
nucleotide polymorphism) or interaction between any SNP and magnesium reached signif-
icance after correction for multiple testing [120]. Also in experimental models, the mRNA
expression of TRPM6 in diabetic rats, are contradictory with some reports showing in-
creased TRPM6 expression [121], and others showing downregulation of TRPM6 [122].
These inconsistencies, as in other animal studies, may depend on the different experi-
mental model used. Moreover, because hypomagnesemia may per se stimulate TRPM6
expression [123], it is difficult to isolate the effects of hypomagnesemia from those of
diabetes itself.

Another transport system involved in the renal actions of insulin is the thiazide-
sensitive Na-Cl cotransporter in the distal convoluted tubule [124-127]. Insulin stimulation
of this system has been shown to increase sodium reabsorption by activating an intra-
cellular signaling cascade that includes mTOR complex 2 and stress-activated protein
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kinase/oxidative stress responsive kinase to increase Na-Cl cotransporter phosphorylation
and activity [124,126,127]. It is noteworthy that, as mentioned above, all phosphoryla-
tion reactions are magnesium dependent. It has been suggested that hyperinsulinemia in
patients with diabetes may cause an increased activation of Na-Cl cotransporter, hence,
of renal sodium reabsorption, contributing to hypertension that is so common in type
2 diabetic patients [98]. This assumption is backed by studies in Zucker obese rats and
db/db mice showing hypertension, hyperinsulinemia, and increased Na-Cl cotransporter
activity [125,126].

In epidemiological studies magnesium deficit has been linked to an increased risk
of glucose intolerance, type 2 diabetes and cardio-metabolic syndrome [39,100,128].
Depletion of intracellular magnesium inducing an altered activity of the tyrosine kinase
insulin receptor, as well as all other magnesium-dependent kinases of the insulin signaling,
impairs insulin sensitivity and may contribute to the development of clinical conditions
associated with a reduced insulin sensitivity, such as glucose intolerance, type 2 diabetes
and hypertension. Additional mechanisms proposed to explain the link of magnesium with
insulin resistance/metabolic syndrome are inflammation and oxidative stress. In general,
conditions commonly associated with magnesium deficiency, such as diabetes and aging,
are also associated with increased free radical formation and derived damage to cellular
processes [50,129]. The view that a dietary magnesium deficit may cause and/or exacer-
bate insulin resistance is confirmed by data, both in experimental animals [130] and in
humans [82], showing that a diet poor in magnesium is associated with insulin resistance.
A magnesium-deficient diet caused a significant impairment of insulin-mediated glucose
uptake in sheep [131], while magnesium supplementation delayed the development of
diabetes in a rat model of diabetes [132]. A higher intake of magnesium was related to
lower fasting insulin concentrations among non-diabetic women [133], and a significant
inverse association was present between total dietary magnesium intake and the insulin
responses to an oral glucose tolerance test [134]. Because of this reported increased risk for
developing glucose intolerance and type 2 diabetes in persons with dietary magnesium
deficits, it has been proposed a potential benefit of dietary magnesium supplementation,
as a preventive tool in persons with diabetes or at risk for developing type 2 diabetes.
However, the number of studies concerning magnesium supplementation in people with
or at risk of diabetes is still limited [135]. Benefits of Mg supplementation on glucose
control improvements have been suggested in most, but not all, studies. A systematic
review and meta-analysis from our group including eighteen double-blind randomized
controlled trials (RCTs), twelve in people with diabetes and six in people at high risk of
diabetes, showed that magnesium supplementation appears to have a beneficial effect im-
proving glucose parameters in persons with diabetes and also improving insulin-sensitivity
parameters in those at high risk of diabetes [136].

3.3. Magnesium, Oxidative Stress and Chronic Inflammation

The etiology of hypertension involves the complex interaction among various ele-
ments, including genetic, environmental, anatomic, adaptive, neural, endocrine, humoral,
and hemodynamic factors, first described by Irvine Page in his mosaic theory [137].
Since then, with the enormous progress in hypertension research it has become apparent
that common molecular and cellular events in various organs lie beneath many features
of the original mosaic theory. In 2013, David Harrison highlighted oxidative stress and
inflammation as major drivers harmonizing diverse cellular events and organ systems
involvement in hypertension, revisiting Page’s theory. Harrison proposed that oxidative
stress and inflammation increase neuronal firing in specific brain centers, increase sym-
pathetic outflow, alter vascular tone and morphology, and cause sodium retention in the
kidney together with other cellular signals, including calcium signaling and endoplasmic
reticulum stress [138]. The crucial role of inflammation in cardiovascular and metabolic
disease was first proposed by Ross in the 1990s, showing that excessive inflammatory-
fibroproliferative responses to various forms of injury to arterial endothelium and smooth
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muscle are soundly involved in atherogenesis [139]. Nowadays, there is compelling experi-
mental and clinical evidence indicating that hypertension is associated with inflammation,
fibrosis, and activation of immune cells, processes that are driven in large part by oxida-
tive stress [140]. Expression of vascular cell adhesion molecules (VCAMs), production of
inflammatory mediators (e.g., tumor necrosis factor [TNF], IL-1, IL-6, 1L-17), stimulation
of proinflammatory signaling pathways (e.g., mitogen-activated protein kinase [MAPK],
signal transducer and activator of transcription [STAT]), activation of transcription factors
(e.g., NF-kB, STAT activator protein 1, hypoxia-inducible factor 1), and circulating levels of
inflammatory biomarkers (e.g., C-reactive protein [CRP], plasminogen activator inhibitor
[PAI]-1, ILs) are all increased in hypertension [141-143]. Although it still remains unclear
whether inflammation is a cause or an effect of hypertension, it is clear that the immune
system and oxidative stress are important players.

Along with all the above-mentioned actions on key mediators of hypertension, it has
been convincingly shown that low blood concentrations of magnesium are associated
with an increased production of oxygen free radicals also known as reactive oxygen
species (ROS). Also diets with poor magnesium content have been linked to a low-grade
chronic inflammatory state, mainly by two mechanisms: first, by initiating an excessive
production and release of IL-1beta and TNF-alfa, and second, by triggering the synthesis of
nitric oxide and of some inflammatory markers [144,145]. Magnesium deficiency increases
platelet aggregation and adhesiveness, and inhibits growth and migration of endothelial
cell, potentially altering microvascular functions [145].

Several studies in experimental models have shown that magnesium deficiency
causes: (i) elevation of proinflammatory molecules TNF-alfa, IL-1-beta, IL-6, VCAM-1,
and PAI-1 [145,146]; (ii) increased circulating inflammatory cells [147]; and (iii) increased
hepatic production and release of acute phase proteins (i.e., complement, alfa2-macroglobulin,
fibrinogen) [145,148]. As mentioned above, endothelial dysfunction associated with low
magnesium exposure has been linked to the release of inflammatory mediators [149].

In humans, clinical data have demonstrated that reduced serum magnesium levels as
well as low dietary magnesium intakes are strongly associated with low-grade systemic
inflammation [12,28,150]. Other studies have shown an inverse relationship of dietary
magnesium intake and serum magnesium with inflammation markers. The Women's
Health Study has shown that magnesium dietary intake was inversely related to systemic
inflammation, measured by serum CRP concentrations, as well as with the prevalence of the
metabolic syndrome in adult women [103]. Magnesium intake was inversely longitudinally
related to incident diabetes in a large population of American adults, at least in part
explained by the inverse association of magnesium intake with systemic inflammation
and insulin resistance [151]. In addition, using the 1999-2002 NHANES databases, it was
found that magnesium intake was inversely associated with CRP levels. Among 70% of the
population studied, not taking magnesium supplements, dietary magnesium intake below
the RDA was significantly related to an increased risk of having elevated CRP [28]. A recent
investigation confirmed the significantly inverse relationship of low dietary magnesium
intake with serum hs-CRP concentrations in a large Finish population [152].

Magnesium deficits have also been associated with decreased antioxidant defense
competence and increased oxidative stress. There is evidence showing that magnesium
depletion may cause an increased production of oxygen-derived free radicals in different
tissues, decreased antioxidant enzyme expression and activity, decreased cellular and tissue
antioxidant levels, increased production of superoxide anion by inflammatory cells and
increased oxygen peroxide production and increased oxidative tissue damage [145,153].

Low serum magnesium (i.e., extracellular) can trigger magnesium transporters such
as TRPM7 and solute carrier family 41 Al (SLC41A1), a mammalian magnesium car-
rier [154], inducing magnesium efflux from cells to increase serum magnesium concentra-
tions. This may decrease intracellular magnesium altering magnesium- and ATP-dependent
cellular signaling functions. A decreased intracellular magnesium may trigger magnesium
stores in the mitochondria to release magnesium [155] through SLC41A3 [156]. Reduced mi-
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tochondrial magnesium content may further compromise magnesium- and ATP-associated
mitochondprial signaling and functions. This may explain the mitochondrial overproduction
of ROS and decreased ATP observed in magnesium deficient mice [157,158]. Recently,
it has been shown that magnesium deficiency in diabetic mice increased mitochondrial
oxidative stress and contributed to cardiac diastolic dysfunction, which was reversed
by magnesium supplementation [157]. Thus, magnesium can act as a mitochondrial
antioxidant. Magnesium deficiency has been shown to alter mitochondrial function by
several mechanisms, including alterations in coupled respiration [159-161], increasing
mitochondrial ROS production [157,158,162], suppressing the antioxidant defense system
(e.g., superoxide dismutase, glutathione, catalase, vitamin E) [163-166], inducing calcium
overload via the mitochondrial calcium uniporter [157,167,168], attenuating pro-survival
signaling [169-171], and promoting opening of mitochondrial ATP-sensitive potassium
channel [172], inner membrane anion channel [173], and mitochondrial permeability tran-
sition pore [174]. These effects result in depolarization of the mitochondrial membrane
potential [167]. Conversely, magnesium repletion has been shown to improve mitochon-
drial function by suppression of mitochondrial ROS overproduction [157,158], inhibition
of mitochondrial permeability transition pore opening and cytochrome C release [175-177],
preservation of mitochondrial membrane potential [178,179], reduction of mitochondrial
calcium accumulation [180-182], increase of protein expression of the anti-apoptotic B-cell
lymphoma 2 (Bcl-2) family and concurrently decreasing pro-apoptotic protein expression
such as Bcl-2-associated X protein [169,179], decrease of apoptosis by suppressing activa-
tion of hypoxia-inducible factor lalpha and p38 mitogenactivated protein kinase/c-Jun
N-terminal kinase (p38/JNK) signaling [179], and by downregulation of autophagy [182].

We have previously proposed a link between the action of magnesium to alter the
antioxidant capacity and to increase oxidative stress, inflammation, and lipid oxidation
with the possible development of insulin resistance, type 2 diabetes, hypertension and
cardio-metabolic syndrome [50]. Aging, very frequently associated with cardiovascular
disease including hypertension, as well as with other chronic diseases, is characterized by
a chronic, low-grade inflammatory state that involves several tissues and organs, and that
has been named “inflammaging” [183]. Our group has suggested a link between the
magnesium deficit through its role in causing a pro-oxidant —pro-inflammatory state to
several age-related diseases and the low-grade inflammation associated with aging [15,129].
Magnesium itself has antioxidant properties scavenging oxygen radicals possibly by af-
fecting the rate of spontaneous dismutation of the superoxide ion [184] and all the other
mechanisms described above.

4. Hypertension in Old Age and Magnesium Deficit—Two Frequent
Coexisting Conditions

Aging is accompanied by significant hemodynamic changes, leading to an ever-
growing pandemic of hypertension. Modifications in central arterial structures are char-
acterized initially by a decline in aortic distensibility with an increased diastolic blood
pressure, followed by a sharp increase in pulse wave velocity (PWYV), pulse pressure (PP)
and systolic blood pressure, beyond the sixth decade. These trajectories of PWV and PP
differ with advancing age. In addition, there is an increased prevalence of salt-sensitive hy-
pertension in old age [185]. Epidemiological data from the Framingham Study suggest that
the lifetime risk of incident hypertension is over 90% for a person aged 55 to 65 years [186].
Arterial stiffness is the major cause of elevated systolic blood pressure and PP (systolic
minus diastolic blood pressure) as well as lower diastolic blood pressure in older adults.
These age-related vascular alterations are powerful determinants of major cardiovascular
disease events and all-cause mortality [187-191]. Vascular aging entails modifications in the
properties of all the elements of the vascular wall, including endothelium, vascular smooth
muscle, and extracellular matrix, leading to vascular stiffness and possible elevation of
systolic blood pressure. These age-related arterial changes and those associated with hy-
pertension (and with diabetes and atherosclerosis) are strictly connected at the cellular and
molecular levels [192]. In the young adult, arterial vessels adapt blood flow and pressure
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during cardiac systole to facilitate perfusion to tissues during diastole. This is largely
determined by elasticity, distensibility, and compliance of the arterial wall. Increased
stiffness and loss of elasticity need greater force to accommodate blood flow, leading to
increased systolic blood pressure and consequent increased cardiac work load. Various
interrelating factors at the systemic (blood pressure, hemodynamics), vascular (vascular
contraction/dilatation, extracellular matrix remodeling), cellular (cytoskeletal organization
and inflammatory responses in endothelial cells and vascular smooth muscle), and molecu-
lar (oxidative stress, intracellular signaling, and mechanotransduction) levels contribute to
arterial stiffness in hypertension [187-189]. Modifications in magnesium status and cellular
content play a key role in many of these processes as discussed in previous subsections.
Hence, interventions focused on correcting magnesium deficiency and maintaining an
optimal magnesium balance may prove to be an appropriate strategy against arterial aging
due to its positive effects on various mediators of the vascular aging process.

In experimental models, the effects of magnesium deficit and supplementation on
the mechanical properties of common carotid artery were assessed continuously with
an echo-tracking device. Histological examination showed a larger cross-sectional area,
increased intima-media thickness and a greater media:lumen value in carotid artery of
magnesium-deficient rats, suggesting growth and/or proliferation of arterial wall com-
ponents in this condition. A negative linear relationship between intima-media thickness
and plasma magnesium concentration was reported [193]. Another experimental study
compared young and old rats with long-term magnesium-deficient diet vs. magnesium-
supplemented diet. Old rats fed a normal diet (not deficient or supplemented) showed
increased PP, increased aortic wall thickness, loss of endothelium-dependent relaxation,
and a decrease of the aortic wall elastin/collagen ratio. Long-term magnesium deficiency
progressively increased systolic blood pressure and intra-arterial PP. Histological exami-
nation showed that magnesium deficiency increased the age-induced deleterious effects
on composition and structure of aorta (media thickness, increased collagen content and
reduction in the elastin/collagen ratio), which led to large artery rigidity [194]. In humans,
aortic distensibility measured with MRI imaging in the descending thoracic and abdominal
aorta in relation to 3!P-MR spectroscopic measurement of in situ intracellular free magne-
sium levels in brain and skeletal muscle showed that aortic distensibility in hypertensive
patients was consistently and significantly reduced as was brain and muscle intracellular
magnesium, while systolic blood pressure was inversely related to aortic distensibility [13].
Another frequent characteristic of hypertension associated with aging is sodium sensitiv-
ity [195]. It has been shown that the ability of a high salt diet to elevate blood pressure is
related to intracellular free magnesium in humans [196].

Along with the higher prevalence of hypertension, especially systolic due to arterial
stiffness, aging is frequently associated with magnesium deficiency [129]. The total body
and intracellular magnesium content tend to decrease with age. Aging is often associ-
ated with magnesium deficiency due to reduce intake and/or absorption, increased renal
wasting and/or reduced tubular reabsorption, as well as age-related diseases and their
treatment with certain pharmacological therapies [129]. In general, total plasma magne-
sium concentrations do not change with age [197]. Variability in magnesium circulating
concentrations is generally associated with the presence of age-related diseases and mod-
ifications in renal function. An increased magnesium retention rate has been shown in
old age, suggesting a significant subclinical magnesium deficit, not detected by the usual
measurements of total serum magnesium [198]. We observed a decline in intracellular free
magnesium with age; specifically, we studied the trend of intracellular magnesium content
with age, using the gold standard method (*'P-NMR spectroscopy) in healthy young and
older persons and observed a continuous age-dependent fall of intracellular magnesium
levels in red blood cells of healthy older adults [199], while total serum magnesium was not
modified in the different age groups. Many older adults are susceptible to chronic latent
magnesium deficiency and epidemiological data from the US and Europe have confirmed
that low magnesium intake is very common [26-29,200], in societies in which it is usual
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that processed and ultra-processed foods are the basis of the diet [51,53,54]. This type of
dietary pattern is very poor in components of high nutritional value, that is, essential macro
and micronutrients including magnesium [30].

Malnutrition is a common geriatric syndrome, frequently connected to frailty [201,202],
particularly in very old persons. A multicenter study from Ireland showed that 63% of
persons aged over 70 years were malnourished or at risk for malnutrition [203]. Another
multicenter study including 4500 older adults from twelve European countries in diverse
geriatric settings reported that two-thirds of participants were at risk of malnutrition or
malnourished [204]. Numerous factors contribute to malnutrition in old age including
decreased appetite due to reduced sense of smell and taste, poor oral health, loss of
vision and hearing, and depression-associated anorexia; decreased ability to purchase
and prepare food, altered energy need, decreased physical activity and sarcopenia, loss of
self-sufficiency, isolation, and financial limited access to food [201]. All these factors may
certainly result in poor diets lacking essential nutrients including magnesium. A former
study showed that magnesium intake in older persons was near half of recommended
dietary allowance (RDA) [205]. Other studies confirmed the fact that older populations
have low dietary intake of magnesium [206-208]. Perhaps older adults are more likely to
experience low magnesium intake for the reasons described above, but indeed, this is a
problem in the whole population regardless of age [209]. The RDA of magnesium in the
US is 420 mg/day for men and 320 mg/day for women, requirement that do not seem to
change with age [210], but the mean intake of magnesium in the US older population is far
below this recommendation (225 and 166 mg/day for men and women, respectively) [26].
Sixty-eight per cent of US adult population has been shown to consume less than the RDA
of magnesium, 45% consume less than 75% of the RDA, and 19% consume less than 50% of
the RDA [28]. The “Suppléments en Vitamines et Minéraux AntioXydants” (SU.VL.MAX)
French study showed that 77% of women and 72% of men had dietary magnesium intakes
lower than RDA; and 23% of women and 18% of men consumed less than two thirds of the
RDA [200]. The problem of dietary magnesium deficiency is even worse in nursing home
residents [211-217].

Data from the NHANES III showed that magnesium intake tend to decrease with
age [26]. Additionally, older people who suffer from chronic diseases and who use multiple
medications have a higher risk of magnesium deficiency [15]. Decreased intestinal mag-
nesium absorption may further contribute to its deficiency in old age [218]. Magnesium
absorption occurs mainly in the duodenum and ileum by both passive and active trans-
port. Alterations of magnesium intestinal absorption in old age may be worsen by the
common age-related impaired vitamin D homeostasis [29]. Latent primary renal disorders
frequent in older adults may also be associated with an increased magnesium loss linked
to a reduced renal tubular reabsorption.

Secondary magnesium deficiencies may be associated with the use of multiple medica-
ments, known as polypharmacotherapy (i.e., loop diuretics, thiazides, proton pump in-
hibitors, cytotoxic drugs, digoxin, aminoglycosides, steroids), or with some pathological
conditions (e.g., type 2 diabetes, insulin resistance, alcoholism, hyperadrenoglucocorticism,
HIV/AIDS, acute myocardial infarction, stroke, etc.). One of the most frequently used
drugs in the cure of hypertension are diuretics, which by increasing magnesium urinary
loss can be a frequent cause of hypomagnesemia [219]. It has been reported the finding
of hypomagnesemia in 38% to 42% of hypokalemic patients. The correction of potassium
and/or calcium deficits may be difficult to achieve unless the magnesium deficit is also
corrected, hence in patients with hypokalemia and/or hypocalcemia, a magnesium defi-
ciency should be considered [220]. Unfortunately, there are no readily and easy methods
to accurately assess magnesium status. The serum magnesium (only 1% of total body
magnesium) is easily available but may not adequately reflect body magnesium stores
which are mostly intracellular. Normal circulating concentrations may be found even if
intracellular magnesium is depleted because intracellular stores are recruited to keep serum
concentrations within normal range [3,110]. Therefore, as no fully accurate and robust
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method to measure magnesium status is available, the biochemical measurements should
always be supported by a clinical assessment of patients at risk for magnesium deficiency
in order to timely star a proper therapy.

Many other medications may reduce magnesium absorption and/or diminish mag-
nesium circulating concentrations (e.g., proton pump inhibitors, antacids, H2 block-
ers, antibiotics, antivirals, antiepileptic drugs, and antihistamines, among others) [220].
Hypomagnesemia can become severe when different factors are combined, such as those
described in a case report of posterior reversible encephalopathy syndrome (PRES) with as-
sociated hypertension, and reversal of symptoms after normalization of magnesium blood
levels by magnesium administration and suspension of a proton pump inhibitor [221].

Western diets are generally very low in green vegetables and whole grains (as those
examples in Table 1), and rich in refined foods, and are often severely deficient in mag-
nesium. Most of the magnesium present in processed food is lost in refining procedures,
and thus, diets that provide a high proportion of daily calorie requirements from refined
or processed foods are likely to be low in magnesium [222]. Magnesium deficiency in
plants is becoming an increasingly severe problem linked to the development of industrial
agriculture [223]. Moreover, some pesticide agents, commonly used in the crops, such as
glyphosate, may chelate minerals including magnesium [224] further decreasing the content
of magnesium in soil and in some crops. Organic food, from pesticide-free soils, has been re-
ported to have significantly more magnesium than non-organic control food [225]. Table 3
summarizes the mechanisms of magnesium deficiency in old age.

Table 3. Main Mechanisms of Magnesium Deficit with Aging.

e  Primary magnesium deficit:

O Inadequate magnesium dietary intake
O Reduced efficiency of magnesium absorption (associated with reduced vitamin
D levels)?
O Increased urinary excretion of magnesium (associated with age-dependent reduction

of kidney function and of magnesium tubular reabsorption)
e  Secondary magnesium deficiency:

O Associated with age-related diseases and comorbidities
O Increased urinary magnesium loss secondary to drugs (i.e., diuretics) frequently
used in hypertensive older adults

5. Methods

We searched, from database inception to 16 December 2020, in Pubmed the topics
of magnesium and hypertension using the following search for including all the studies
(observational or interventional) eligible: “hypertension” [tiab] AND “magnesium” [tiab]
Filters: Meta-Analysis, Observational Study, Randomized Controlled Trial, Systematic
Review. A similar search was made in Scopus. Altogether, 200 title/abstracts were eligible
from Pubmed and 627 from Scopus. After removing the duplicates, 758 title/abstracts were
retrieved for a total of 40 works potentially eligible. Finally, a total of 18 eligible studies
were considered for this narrative review (Figure 1 and Table 4).

Papers were considered eligible if: a. they included magnesium as treatment in
placebo-controlled RCTs or if they assessed circulating or dietary magnesium in cohort
studies, including meta-analyses of these works; b. they investigated hypertension as
main condition in RCTs or as outcome in cohort studies. Concomitant supplementations
(e.g., vitamin D), not clear definition of age or hypertension or cross-sectional/case—control
design/no randomized controlled trials, studies made in children/adolescents/pregnant
women were reasons of exclusion.
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Records identified through
database searching in
Pubmed: 200
Scopus: 627

Additional records identified
(n=10)

Records after duplicates were removed

(n=758)

b

Records screened
(n=758)

A

Full-text articles
assessed for eligibility
(n=40)

Records excluded based on
title/abstract
(n="718)

v

Studies included in
the review
(n=18)

Publications excluded (n = 22)
14 cross-sectional studies

4 case-control studies

3 age not clear

1 concomitant treatment

Figure 1. PRISMA flow-chart for the search and study selection.
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Table 4. Summary of results from prospective studies and meta-analyses of trials and cohort studies on the association of magnesium and hypertension included in the review.

N. of Trials or . . Duration of
. N. of Partici- Study Magnesium
Authors/Country  Year Prospective e Follow-up Summary of Results
. pants/Cases Characteristics Dose .
Cohort Studies or Trials
Witteman et al. Prospective For women with high intakes of magnesium vs. low intakes,
USA [36] 1989 58,218/3275 cohort 4 years the RR of hypertension was 0.65 (95% CI, 0.53-0.80).
Among male health professionals, dietary magnesium was
Ascherio et al. Prospective significantly associated with lower risk of hypertension after
USA [38] 1992 30,681/1248 cohort 4 years adjustment for age, relative weight, alcohol consumption,
and energy intake.
Among women who did not report hypertension during
follow-up, magnesium was significantly inversely associated with
Ascherio et al. Prospective self-reported systolic and diastolic BP, after adjusting for age, BMI,
USA [37] 1996 41,541/2526 cohort 4 years alcohol consumption, and energy intake. Dietary magnesium was
not significantly associated with risk of hypertension,
after adjusting for age, BMI, alcohol, and energy intake.
Significant trend for the association of serum magnesium and
Peacock et al Prospective incident hypertension in women, after adjustment for age, race,
USA [41] ’ 1999 - 7731/1577 COI;OI‘ R - 6 years and other risk factors (p trend = 0.01) but not in men
(p trend = 0.16). No association between dietary magnesium
intake and incident hypertension.
. Similar intakes of magnesium and other minerals in hypertensive
10,033/1045 in . .. .
and non-hypertensive participants in both surveys. The pattern of
Townsend et al. NHANES III Two waves S . . . -
2005 - . . - significantly lower mineral intake (potassium + calcium +
USA [43] 2311/299 in national survey . . o .
magnesium) emerged as unique to persons with isolated systolic
NHANES IV S
hypertension in both waves.
Magnesium intake was inversely associated with incidence of
metabolic syndrome after adjustment for major lifestyle and
Heetal. USA[39] 2006 . 14637/608 MS Prospective . 15 years dletary' variables and bas'ehne status o'f egch component of ’Fhe
cohort metabolic syndrome. The inverse associations were not modified

by gender and race. Magnesium intake was also inversely related
with individual component of the metabolic syndrome.
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Table 4. Cont.

N. of Trials or

N. of Partici-

Study

Magnesium

Duration of

Authors/Country  Year Prospectlv? pants/Cases Characteristics Dose Follovy-up Summary of Results
Cohort Studies or Trials
Among women, magnesium intake was inversely associated with
the risk of hypertension (p for trend < 0.0001 of magnesium
Sone et al Prospective quintiles). This inverse association was attenuated but remained
& ’ 2006 - 28,349/8544 P - 9.8 years significant after further adjustment for known risk factors
USA [40] cohort .. .
(p for trend = 0.03). Similar associations were observed for
women who never smoked and reported no history of high
cholesterol or diabetes at baseline.
Apparent dose-dependent effect of magnesium on BP,
Meta-analvsis of with reductions of 4.3 mm Hg in systolic BP and of 2.3 mm Hg in
Jee et al. Korea, 2002 20 (14 in 1220 interven t}i,onal 1040 324 wks diastolic BP for each 10 mmol/d increase in magnesium dose.
USA [45] hypertensives) studies mmol/d Limiting the analysis to the 14 trials in hypertensives, for each
10 mmol/d of magnesium SBP was reduced by 3.3 mm Hg and
DBP by 2.3 mm Hg.
o Cochrane review- On average, people receiving magnesium achieved slightly but
Dickinson et al. 2006 12 545 Meta-analvsis of 10-40 826 wks significantly lower DBP (mean difference: —2.2 mmHg).
UK [226] RCTz mmol/d Poor quality and heterogeneity of the trials. None of the studies
reported any serious side effects.
Meta-analysis of Small but significant reduction in SBP of 3-4 mm Hg and DBP of
Kass et al. - g 120-973 . . S . .
2012 22 1173 interventional 3-24 wks 2-3 mm Hg, with greater increased in trials with crossover design
UK [24] . mg/d .
studies and magnesium dose >370 mg/d.
. Significant mean reduction in SBP (mean —18.7 mmHg) and DBP
Meta-analysis of . . .
Rosanoff et al. 2013 7 135 interventional 10.5-18.5 6-17 wks (mean —10.9 mmHg) in hypertensives on continuous
USA [227] studies mmol/d anti-hypertensive medication for at least six months, with no more
than a two-week washout, and mean starting SPB > 155 mmHg.
Significant reduction in SBP (mean —2.0 mmHg) and DBP (mean
Zhang et al. USA, . : .
. Meta-analysis of 238-960 3 wks to —1.78 mmHg) accompanied by 0.05 mmol/L rise in serum
China, Canada, 2016 34 2028 . . L. .
Japan [23] RCTs mg/d 6 months magnesium vs. placebo. Greater BP reduction found in trials with
p - high quality or low dropout rate.
Dibaba et al. 2017 11 543 Meta-analysis of 365-450 1-6 months S;iréllf;;; :;cgasiilggllj in) ezﬁfsdzﬁilsoyvgifr}fuﬁﬁzitlar;nscleap
USA, Israel [22] RCTs mg/d ’ & p P ’

prediabetes, or other noncommunicable chronic diseases.
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Table 4. Cont.

N. of Trials or

Duration of

Authors/Country  Year Prospective N. of Partici- Stud)'r . Magnesium Follow-up Summary of Results
. pants/Cases Characteristics Dose .
Cohort Studies or Trials
. Significant reduction in SBP (weighted mean
28 (19 trials difference = —3.056 mmHg) with greater beneficial effect in
Verma et al. included for HTN Meta-analysis of 300-1006 . . - . 8 gree . .
. 2017 . 1694 4-24 wks diabetic patients with hypomagnesaemia. High heterogeneity of
India [44] analyses, 4 in RCTs mg/d . . .
hypertensives) the trials. In meta-regression, elemental magnesium dose was
yp inversely DBP (p < 0.001).
Inverse association between dietary magnesium intake and the
Han et al. China, Meta-analysis of risk of hypertension. A 100 mg/d increment in magnesium intake
Sweden, USA, 2017 9 180,566/20,119 prospective - 4-15 years was associated with a 5% reduction in the risk of hypertension.
Norway [21] cohort studies The association of serum magnesium concentration with the risk
of hypertension was marginally significant.
Total: Comparing highest vs. lowest category of circulating magnesium
W et al. China, 38,808 /4437 Meta-analy'sw of . goncentratlon, the pooled RR was 0.91 (?5 % CI 0.8.0, 1'.02) foF
2017 11 (3 on HTN) prospective - 6-8 years incident hypertension. Every 0.1 mmol/L increment in circulating
USA [228] HTN: . . . o o
cohort studies magnesium levels was associated with 4% (RR 0.96; 95% CI: 0.94,
14,876/3149 S R
0.99) reduction in hypertension incidence.
The summary showed SBP reductions in the range of
—0.2 and —18.7 mmHg, and DBP reductions between —0.3 and
RCTs: —10.9 mmHg. The meta-analysis [227] showing the largest effect,
8 (5 of RCTs, 3 of 3-24 wks; included a small sample of treated hypertensive patients,
Ikbal. etal 2019 observational RCTs: 135-1694 Summary of 120-1006 observational ~ which probably responded highly to magnesium. When omitting
Austria [25] . meta-analyses mg/d . . - . .
studies) studies: this meta-analysis, the BP lowering effects of magnesium were
4-15 years attenuated to a low to moderate level. Observational studies
showed a lower risk for hypertension with increasing magnesium
intake or higher circulating magnesium levels.
High class evidence for the association of diastolic blood pressure
RCTs: 2262 L . . : .
- ; . RCTs: and magnesium in intervention studies with magnesium
Veronese et al. participants in Umbrella review . .
. 3-24 wks; supplementation vs. placebo and moderate class evidence for
Italy, UK, 34 RCTs; of systematic 120-1006 . . . .
; . 2020 16 meta-analyses . ! observational systolic blood pressure. Large heterogeneity found for this
Australia, Spain Observational reviews and mg/d . . . s
. studies: outcome. The evidence was suggestive for the association of a
[31] studies: meta-analyses . . . . . . .
180,566,/20119 4-15 years higher dietary magnesium intake with a lower risk of stroke in

observational studies.

BMI: body mass index; BP: blood pressure; CI: confidence interval; d: day; DBP: diastolic blood pressure; HTN: hypertension; MS: metabolic syndrome; RR: relative risk; SBP: systolic blood pressure; wks: weeks.
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6. Available Evidence of the Effects of Dietary and Supplemental Magnesium
on Hypertension

The role of magnesium as a therapy for hypertension in young and older adults,
although first reported over 90 years ago for malignant hypertension and pre-eclamptic
pregnancies [5], remains not completely defined. It is noteworthy that the use of intra-
venous magnesium sulfate in pregnancy-associated hypertension and especially in the
prevention and treatment of seizures and PRES in eclampsia is well-established. This is
based on evidence of beneficial effects in RCTs like the Magpie trial [229] and recommended
in current guidelines [230-232], which prospects its validity in the third millennium after
practically one hundred years of use. It should be noted that very high doses are used
in pre-eclampsia and eclampsia and that the collateral effects are minimal considering
that pregnant women are patients in whom particular caution is warranted due to the
eventual consequences for both the mother and the newborn. Older hypertensive adults
are frequently frail persons with multiple comorbidities who could potentially benefit from
magnesium treatment.

Following the first use in 1925, magnesium continued to be utilized in hypertension
associated with eclampsia, acute nephritis, and various vascular disorders, as testified
by an article from 1942 including 40 cases with variable results [233], which discouraged
further studies and recommendations of a regular use at that time. Results from different
small trials remained non-homogeneous later on. Subsequent epidemiologic cross-sectional
studies in the 1980’s and 1990’s suggested an inverse relationship between magnesium
dietary intake and hypertension [33-35,234]. Straightforward recommendations were not
possible upon cross-sectional studies, but the results suggested that foods rich in mag-
nesium, such as vegetables, nuts, legumes, and whole grains may be protective against
hypertension. The heterogeneous results of magnesium supplementation on the risk of
hypertension, with some positive and some negative results, gave rise to a 2006 Cochrane
review and meta-analysis suggesting that there was not yet enough information to recom-
mend a wide use of magnesium in hypertension despite a small statistical reduction in
diastolic blood pressure [226].

Currently, in addition to the former cross-sectional studies mentioned above [33-35,234],
there is convincing evidence from prospective studies of an inverse relationship of di-
etary magnesium intake and of magnesium supplementation with the risk of incident
hypertension [36—40], confirming a protective effect of the ion. There are few studies
with non-optimal designs, two cross-sectional and one longitudinal, reporting negative
or inconclusive results: one cross-sectional study from South Africa including a multi-
ethnic heterogeneous population of 325 participants was inconclusive for a relationship
between magnesium intake and blood pressure [42]; a longitudinal analysis of data from
the Atherosclerosis Risk in Communities Study showed a significant inverse association
of serum magnesium concentrations with incident hypertension in women that did not
reach statistical significance in men (although the trend confirmed an inverse relationship),
and no association between dietary magnesium intake and incident hypertension [41];
a cross-sectional analysis in two waves of data from the NHANES III and NHANES
IV reported similar intakes of magnesium and other minerals in hypertensive and non-
hypertensive participants in both surveys. However, the pattern of significantly lower
mineral intake (potassium + calcium + magnesium) emerged as unique to persons with
isolated systolic hypertension in both NHANES III and NHANES IV [43].

Three meta-analyses of RCTs found that participants receiving magnesium supple-
mentation had a significant reduction in blood pressure values vs. controls [22,23,44].
The meta-analysis by Dibaba et al. included 11 RCTs and 543 participants followed up for
periods ranging from one to six months. The daily dose of elemental magnesium used in
the trials ranged from 365 to 450 mg. The pooled results indicated that magnesium sup-
plementation had a significantly greater reduction in systolic and diastolic blood pressure
when compared to controls without supplementation in patients with insulin resistance,
prediabetes, or other non-communicable chronic diseases [22]. A second meta-analysis by
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Zhang et al. included 34 RCTs and 2028 participants with a median dose of magnesium
supplementation of 368 mg/d for a median duration of 3 months. The authors reported a
significant reduction in systolic and diastolic blood pressure, accompanied with an eleva-
tion of serum magnesium concentrations when compared to placebo. One month of therapy
with 300 mg/d was sufficient to elevate serum magnesium and reduce blood pressure
according to restricted cubic spline curve analyses. A greater reduction of blood pressure
were found in trials with high quality or low dropout rate, but residual heterogeneity
was also found when these factors were considered [23]. A third meta-analysis of RCTs
by Verma et al. evaluating the effect of magnesium supplementation on cardiovascular
risk factors (including hypertension) in diabetic and nondiabetic participants found a
favorable effect of magnesium supplementation on systolic blood pressure, together with
reductions in fasting plasma glucose, high-density lipoprotein and low-density lipopro-
tein cholesterol and triglycerides, effects that were stronger in diabetic participants with
hypomagnesemia. The meta-analysis included 28 RCTs, but only four were conducted in
hypertensive participants [44].

Former meta-analyses suggested benefit with less prominent but still positive effects,
possibly due to heterogeneity of the studies included in the analyses [24,45]. A meta-
analysis by Kass et al., included 22 RCTs and 1173 participants with a range of follow-up
between 3 and 24 weeks, and a daily dose of elemental magnesium ranging from 120 to 973
(mean dose of 410 mg/d). Although not all trials showed a significant blood pressure reduc-
tion, combining them there was a significant decrease in systolic (minus 3-4 mm Hg) and
diastolic (minus 2-3 mm Hg) blood pressure, which was stronger for trials with crossover
designed and doses higher than 370 mg per day. Overall, the size of the effect increased in
parallel with the dose increment. The authors concluded that magnesium supplementa-
tion had a small but significant reducing effect on blood pressure, which warranted the
implementation of larger RCTs [24]. Another meta-analysis by Jee et al., including 20 RCTs,
most of them very small, with a total 1220 participants and a daily dose of magnesium
supplementation ranging from 241 to 964 mg (median dose 371.1 mg/d), resulted in a
small but significant effect for systolic blood pressure; diastolic blood pressure was also
reduced without reaching the statistical significance. Nevertheless, there was an apparent
dose-dependent effect of magnesium on blood pressure with reductions of 4.3 mm Hg in
systolic blood pressure and of 2.3 mm Hg in diastolic blood pressure for each 241 mg/day
increment in magnesium dose. Because the trials included were heterogeneous, the au-
thors suggested that adequately powered trials with sufficiently high doses of magnesium
supplements were needed to confirm their results [45].

Another meta-analysis with a different design by Rosanoff et al., examining 44 studies
that were sorted according to hypertension status, magnesium dose and anti-hypertensive
medication usage, showed that some studies reported significant lowering of blood pres-
sure with magnesium supplementation, while others did not. Therefore, they performed
analyses of a uniform subset of seven studies from the original studies identified involv-
ing 135 hypertensive participants on anti-hypertensive medication continuously for at
least six months, with no more than a two-week washout, and with a mean starting
systolic blood pressure higher than 155 mm Hg. In this subset of studies, the authors
showed significant blood pressure reductions with magnesium supplementation (mean
reductions in mm Hg of 18.7 mm Hg for systolic blood pressure and 10.9 mm Hg for
diastolic blood pressure). The rest of the original trials, not fulfilling the characteristics
described above, showed heterogeneous results, probably including high- and low- or
non-responder participants combined [227]. The authors argued that the modest results
reporter in former meta-analyses by Kass et al. [24], Jee et al. [45], and the Cochrane review
by Dickinson et al. [226], were probably due to the fact that they blended dissimilar studies,
which contributed to underestimate the potential of magnesium in hypertension in some
(but not all) participants. Un umbrella review of systematic reviews and meta-analyses of
observational and interventions studies from our group found a high-class evidence for
the association of diastolic blood pressure and magnesium in intervention studies with
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magnesium supplementation vs. placebo and moderate class evidence for systolic blood
pressure. The evidence was suggestive for the association of a higher dietary magnesium
intake with a lower risk of stroke in observational studies [31].

Regarding dietary magnesium intake, a systematic review and meta-analysis of cohort
prospective studies assessed the association of dietary magnesium intake and serum
magnesium with incident hypertension. The meta-analysis included nine studies (6 on
dietary magnesium, 2 on serum magnesium, and 1 in both) of ten cohorts and 20,119 cases
of hypertension in 180,566 participates. Results showed a significant inverse relationship
between dietary magnesium intake and the risk of incident hypertension when comparing
the highest intake group with the lowest. For each 100 mg/day increment in magnesium
intake there was a 5% lower risk of incident hypertension. The relation between the
serum magnesium levels and the risk of hypertension was only marginally significant [21].
Dietary patterns reported to significantly reduce blood pressure in hypertensive and pre-
hypertensive patients include Dietary Approaches to Stop Hypertension (DASH) and
Mediterranean diet [235], both rich in foods such as vegetables, nuts, whole cereals and
legumes—optimal dietary sources of magnesium. Interestingly, DASH, ranked as the most
effective dietary model in reducing blood pressure [235], emphasizes the high content of
minerals, including magnesium.

Concerning blood magnesium levels, a meta-analysis of cohort studies evaluated the
association of circulating magnesium concentrations with the incidence of coronary heart
disease, hypertension, and type 2 diabetes, including 11 studies (3 with results on hyper-
tension, 14,876 participants with 3149 cases and mean 6.7-year follow-up). The pooled
relative risk of incident hypertension was 0.91 (95% confidence intervals 0.80, 1.02; NS)
comparing the highest to the lowest category of circulating magnesium concentration.
However, the trend was significant with every 0.1 mmol/L increment in circulating mag-
nesium being associated with a 4% reduction in hypertension incidence [228]. A recent
review examining meta-analyses on the effects of electrolytes on hypertension including
32 meta-analyses showed that magnesium had the greatest blood pressure lowering effect
followed by potassium and by sodium/salt reduction [25]. Table 4 summarizes the results
from prospective studies and meta-analyses of trials or cohort studies on the association of
magnesium and hypertension included in the review.

In summary, almost all (five out of seven) prospective observational studies exploring
the association of dietary magnesium intake with incident hypertension reported significant
inverse associations, sometimes varying among men and women. Only one of these studies
reported data on serum magnesium showing a significant inverse association of serum
magnesium with incident hypertension in women but not in men. All seven meta-analyses
on RCTs testing the effects of magnesium supplementation on blood pressure reported
significant blood pressure lowering effects. A meta-analysis of observational studies
evaluating the association of dietary magnesium with the risk of hypertension reported
a significant inverse association with each 100 mg/d increment of magnesium intake
being associated with a 5% reduction in hypertension risk. A meta-analysis of serum
magnesium concentrations with the risk of hypertension reported marginally significant
effects. A summary of meta-analyses and an umbrella review reported generally positive
effects as well. Nevertheless, it should be taken into account that all meta-analyses indicated
the presence of large heterogeneity among the hitherto available trials.

7. Conclusions

Over the past decades, there has been an outstanding amount of experimental,
epidemiological, and clinical evidence showing a close relationship between magnesium
deficit and high blood pressure. As shown in Figure 2, the multiple effects of magnesium
on key mechanisms linked to the generation of arterial hypertension and its complications
make this link strongly plausible and help to explain the bulk of evidence supporting a
protective effect of magnesium against hypertension.
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Figure 2. Combination of effects of magnesium by which magnesium deficit may lead to hypertension.

Magnesium has been used empirically for a century to treat severe hypertensive con-
ditions, and in some cases, the most severe, such as pre-eclampsia, eclampsia-associated
seizures and PRES, continues to be included in the guidelines of the third millennium,
a century after having started its use. Hypertension is a complex condition in which various
actors and mechanisms combine, resulting in cardiovascular and cerebrovascular compli-
cations that today represent the most frequent causes of mortality, morbidity, disability,
and health expenses worldwide. This condition increases sharply with advancing age,
hence older persons are those most affected by the negative consequences of hypertension.
They are also more frequently at risk of magnesium deficiency by multiple mechanisms
(Table 3), which may, at least in part, explain the higher frequency of hypertension and
its long-term complications. Thus, older people have concurrently a higher risk for these
two complex conditions. Moreover, the frequent use of diuretics as a therapy for hyper-
tension and for one of its long-term complications, heart failure, can even worsen the
magnesium deficiency.

Notwithstanding the convincing evidence that validates the possible key role of mag-
nesium in hypertension, it is important to keep in mind that magnesium alone is not enough
for hypertension prevention and/or treatment purposes. As mentioned, hypertension
involves complex interactions among numerous endogenous and environmental factors;
hence, the idea that it can be prevented or treated with a “magic bullet” is overstated and
senseless. Furthermore, the main sources of dietary magnesium, i.e., vegetables, legumes,
whole cereals, and nuts, contain also other components with health benefits, such as vita-
mins, other minerals and micronutrients, fiber, and phytochemicals with anti-inflammatory
and antioxidant effects. At present, nutrition research emphasizes the impact of foods and
nutrients combinations, as opposed to the reductionist approach based on single nutrients
or foods, which was extensively considered in the past when diseases due to specific
nutritional deficiencies were described and prevailing. Nevertheless, studies adjusted
for multiple confounders have still reported independent associations of magnesium and
hypertension. Moreover, at a population level, magnesium may be a marker of other signif-
icant risk factors for hypertension and of adherence to a healthy diet. Other non-dietary
components of a healthy lifestyle are generally associated with a healthy diet [236]. Hence,
dietary magnesium intake may be a marker of a healthy diet and lifestyle and may not
only reflect the biological effect of an isolated healthy nutritional component.

The evidence for a beneficial effect of magnesium on hypertension risk emphasizes
the importance of broadly encouraging the consumption of foods such as vegetables,
nuts, whole cereals and legumes, optimal dietary sources of magnesium, avoiding pro-
cessed foods, which are very poor in magnesium and lack other fundamental nutrients
as well, in order to prevent hypertension. In some cases when diet is not enough to main-
tain an adequate magnesium status, magnesium supplementation may be of benefit and
has been shown to be well tolerated.
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Abstract: (1) Background: Magnesium supplementation may be effective for the prevention of
cardiometabolic diseases, but the mechanisms are unclear. Proteomic approaches can assist in
identifying the underlying mechanisms. (2) Methods: We collected repeated blood samples from 52
individuals enrolled in a double-blind trial which randomized participants 1:1 to oral magnesium
supplementation (400 mg magnesium/day in the form of magnesium oxide) or a matching placebo
for 10 weeks. Plasma levels of 91 proteins were measured at baseline with follow-up samples
using the Olink Cardiovascular Disease III proximity extension assay panel and were modeled as
arbitrary units in a log, scale. We evaluated the effect of oral magnesium supplementation for
changes in protein levels and the baseline association between serum magnesium and protein levels.
The Holm procedure was used to adjust for multiple comparisons. (3) Results: Participants were
73% women, 94% white, and had a mean age of 62. Changes in proteins did not significantly differ
between the two intervention groups after correction for multiple comparisons. The most statistically
significant effects were on myoglobin [difference —0.319 log, units, 95% confidence interval (CI)
(—=0.550, —0.088), p = 0.008], tartrate-resistant acid phosphatase type 5 (-0.187, (-0.328, —0.045),
p = 0.011), tumor necrosis factor ligand superfamily member 13B (-0.181, (-0.332, —0.031), p = 0.019),
ST2 protein (—0.198, (—0.363, —0.032), p = 0.020), and interleukin-1 receptor type 1 (—0.144, (-0.273,
—0.015), p = 0.029). Similarly, none of the associations of baseline serum magnesium with protein
levels were significant after correction for multiple comparisons. (4) Conclusions: Although we
did not identify statistically significant effects of oral magnesium supplementation in this relatively
small study, this study demonstrates the value of proteomic approaches for the investigation
of mechanisms underlying the beneficial effects of magnesium supplementation. Clinical Trials
Registration: ClinicalTrials.gov NCT02837328.

Keywords: magnesium; proteomics; randomized trial

1. Introduction

Mounting evidence suggests that moderately elevated concentrations of circulating magnesium
may reduce the risk of coronary heart disease and atrial fibrillation. This evidence comes from
prospective observational studies [1,2], Mendelian randomization studies [3,4], and studies of
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magnesium supplementation in secondary prevention [5], even though observational studies do
not support an effect of dietary magnesium on cardiovascular disease [6]. Mechanisms underlying this
potential protective effect are unclear, but may include antiarrhythmic effects, improved glucose
homeostasis, better vascular tone and endothelial function, and reduced oxidative stress and
inflammation [1,7-9].

Recent advances in the field of proteomics allow the efficient evaluation of multiple proteins in
biological tissues. This provides an opportunity to assess simultaneous multiple markers of distinct
mechanistic pathways [10]; however, this approach has rarely been applied to the study of the effects
of oral magnesium supplementation [11].

To provide novel insights into the pathways linking magnesium and cardiovascular risk, we
evaluated the effect of oral magnesium supplementation on multiple cardiovascular-related circulating
proteins measured using a novel proteomic assay. This analysis was done using repeated blood samples
collected from 52 participants in a double-blind randomized trial testing efficacy and tolerability of 400
mg/day of magnesium oxide compared to placebo for the prevention of supraventricular arrhythmias.

2. Methods

2.1. Study Population

Between March and June 2017, we recruited and randomized 59 men and women to receive
400 mg/daily of oral magnesium in the form of magnesium oxide or a matching placebo for 12
weeks to determine the effect of oral magnesium supplementation on supraventricular arrhythmias
(ClinicalTrials.gov #NCT02837328). Details about recruitment, inclusion and exclusion criteria,
and study procedures have been published elsewhere [12]. Briefly, we included men and women
55 years of age or older without a prior history of heart disease (coronary heart disease, heart
failure, atrial fibrillation), stroke, or kidney disease, not using magnesium supplements, and living in
the Minneapolis/St. Paul, MN area. Eligible participants attended a baseline visit where they underwent
a basic physical exam, blood collection, and had a heart rhythm monitor applied (Zio® XT, iRhythm
Technologies, Inc., San Francisco, CA, USA). After wearing the monitor for two weeks, participants were
randomized 1:1 to 400 mg/daily of magnesium or a matching placebo and the study intervention was
mailed. Twelve weeks after the baseline exam (10 weeks after starting study intervention), participants
underwent a follow-up visit, which included blood collection. For this analysis, we included 52 trial
participants with blood samples available for proteomic analysis at baseline (pre-randomization) and
the follow-up visit. The University of Minnesota Institutional Review Board approved the study
protocol and all participants provided written informed consent.

2.2. Intervention

The University of Minnesota Institute for Therapeutics Discovery and Drug Development
manufactured the study intervention (400 mg of magnesium in the form of magnesium oxide
capsules) and the placebo (lactose) following Good Manufacturing Practices. The University of
Minnesota Investigational Drug Service managed bottling. Participants and study staff were blinded
to the treatment given. Compliance with the intervention was excellent. As previously reported,
the magnesium group participants took 75% of tablets, whereas those in the placebo group took 83.4%,
based on pill count. During the course of the trial, 50% of the participants who were assigned to
magnesium and 7% who were assigned to the placebo commented on gastrointestinal changes at any
point in the study, but only one participant in the magnesium arm discontinued the blinded study
treatment [12].

2.3. Blood Biomarker Analysis

Participants were asked to fast for eight hours prior to blood draws at the baseline and follow-up
visits. Serum and plasma samples were obtained and processed using standard procedures and stored
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in —80 °C freezers. Circulating magnesium was measured in serum samples using the Roche Cobas
6000 at the University of Minnesota Advanced Research and Diagnostic Laboratory.

2.4. Proteomic Measurements

Relative levels of 92 proteins were measured in never-thawed plasma samples using the Olink
Cardiovascular III panel (www.olink.com, Olink Proteomics, Uppsala, Sweden). The Olink panel
uses a proximity extension assay (PEA) to measure multiple protein biomarkers simultaneously [13].
Briefly, for each protein, a unique pair of oligonucleotide-labeled antibody probes bind to the targeted
protein and if the two probes are brought into close proximity, the oligonucleotides will hybridize
in a pairwise manner. The addition of a DNA polymerase leads to a proximity-dependent DNA
polymerization event, generating a unique polymerase chain reaction target sequence. The resulting
DNA sequence is subsequently detected and quantified using a microfluidic real-time polymerase
chain reaction instrument (Biomark HD, Fluidigm, South San Francisco, CA, USA). Data are then
quality controlled and normalized using an internal extension control and an interplate control to adjust
for intra- and inter-run variation. The protein levels are given in Normalized Protein eXpression (NPX)
units, which is an arbitrary measure on the logy-scale, with higher values corresponding to higher
protein concentrations. All assay characteristics, including detection limits and measurements of assay
performance and validations, are available from the manufacturer’s webpage (http://www.olink.com).
The analyses were based on 1 uL of plasma for each panel of 92 assays. To avoid batch effects, samples
from the two intervention groups and the two visits were randomized across assay plates. Each
plate included internal controls, as described previously, to adjust for technical variation and sample
irregularities [13]. Due to technical issues, one of the protein assays (C-C motif chemokine 22) was not
performed, resulting in measurements of 91 proteins.

2.5. Other Covariates

At the baseline and follow-up clinic visits, participants self-reported their age, sex, race, and
smoking status. Trained technicians measured height, weight and blood pressure, and performed
a phlebotomy. Anthropometric measures were obtained with the participant wearing light clothing and
no shoes. Blood pressure was measured three times with the participant sitting after a five-minute rest.

2.6. Statistical Analysis

The primary goal of the analysis was to evaluate the effect of magnesium supplementation versus
placebo for change in levels of multiple cardiovascular-related circulating proteins. Of the 91 measured
proteins in the array, we excluded those with >25% values below the limit of detection across both
groups combined as well as those with excessive within-person variability, for which an intervention
effect would be unlikely to be detected. One protein [spondin-1 (SPON1)] was excluded due to a large
number of values below the limit of detection. To evaluate within-person variability, we determined
pairwise correlations between measurements from samples collected at the baseline and follow-up
visits in the placebo group and excluded proteins with r <0.3. Three proteins were identified as having
excessive variability and were subsequently excluded: ephrin type-B receptor 4 (EPHB4), azurocidin
(AZU1), and kallikrein-6 (KLK6). Supplementary Table S1 presents complete results for the pairwise
correlations and the proportion of samples with values below the limit of detection. All 87 proteins
were available for analysis.

We used multiple linear regression with robust variance estimation to evaluate the effect of oral
magnesium supplementation on change in levels of individual proteins (modeled as log,-transformed
units). The dependent variable was the difference in protein levels (follow-up visit minus baseline
visit). Models adjusted for randomization stratification factor (age <65 vs. >65) and baseline value of
the protein. Since this was an exploratory hypothesis-free analysis, multiple comparisons were taken
into account using the Holm procedure [14]. A secondary analysis was performed adjusting for sex. In
an additional analysis, we assessed the baseline cross-sectional associations of serum magnesium with
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individual proteins considering baseline levels of the protein as the dependent variable and serum
magnesium, modeled as a continuous variable, as the main independent variable, adjusting for age
(continuous), sex, and race. The analyses were conducted using SAS version 9.4 (SAS Inc., Cary, NC,
USA).

The sample size of the original trial (n = 60) was determined to detect a difference in the change of
ectopic supraventricular beats (primary endpoint) between treatment groups of 0.79 standard deviation
units with 80% power and 5% type I two-sided error and assuming that five participants would not
complete the follow-up.

3. Results

Of 59 participants in the trial, 52 provided samples at baseline and follow-up visit and had available
proteomic data. Of these, 24 were assigned to the magnesium intervention and 28 to the placebo group
(Figure 1). The mean age of the two groups was similar (62 years), but the proportion of women was
higher in the magnesium intervention group: 88% versus 61% in the placebo group (Table 1). Change in
magnesium concentration was significantly higher for those assigned to magnesium supplementation
compared to placebo (0.035 mmol/L, 95% confidence interval 0.015, 0.06, p = 0.003). This magnitude of
change is equivalent to 0.6 standard deviations of baseline magnesium concentration.

Assessed for eligibility (n = 119)

Excluded (n = 60)
— - Not meeting inclusion criteria {(n = 30)
*  Declined to participate (n = 31}

h 4

Randomized (n = 59)
]

¥ 4
Allocated to magnesium (n = 29) Allocated to placebo (n = 30)
. Received allocated intervention (n = 29} . Received allocated intervention (n = 30}
«  Did not receive allocated intervention (n = 0} *  Did not receive allocated intervention (n = 0)

v h 4

Lost to follow-up {n = 0) Lostte foliowsup [n=0j

Discontinued intervention due to side effects and ) . . .
Discontinued intervention (n = 0)
dropped out of study (n = 1)

Did not have repeated blood samples for

Did not have repeated blood samples for .
proteomic assay (n = 2)

proteomic assay (n = 5)

Analyzed (n = 24) Analyzed (n = 28)

Excluded from analysis (n = 0) Excluded from analysis (n = 0}

Figure 1. Participant flow diagram.
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Table 1. Baseline characteristics of study participants by treatment assignment. Values presented are
mean (SD) or frequency (%) where indicated.

Magnesium
(400 Igng Daily) Placebo
N 24 28
Age, years 62 (5) 62 (6)
Women, 7 (%) 21 (88) 17 (61)
Non-white, 1 (%) 2 (8) 1(4)
Body mass index, kg/m? 28.3 (5.1) 27.8 (4.2)
Systolic blood pressure, mmHg 118 (15) 119 (17)
Diastolic blood pressure, mmHg 73 (8) 71 (8)
Serum magnesium, mmol/L 0.86 (0.06) 0.84 (0.05)
Hypomagnesemia, 1 (%) * 2 (8.3) 2(7.1)

* Hypomagnesemia defined as circulating magnesium <0.75 mmol/L.

An analysis of pairwise correlations between baseline protein levels showed most proteins were not
strongly correlated to each other with three clusters, including a total of eleven proteins, correlated with
r >0.8 (Figure 2). The first cluster included P-selectin (SELP), bleomycin (BLM) hydrolase, junctional
adhesion molecule A (JAMA), caspase-3 (CASP3), platelet-derived growth factor (PDGF) subunit A,
and platelet endothelial cell adhesion molecule (PECAM1). The second cluster included tumor necrosis
factor receptor 1 (TNFR1), tumor necrosis factor receptor 2 (TNFR2), and interleukin-18-binding protein
(IL18BP). Finally, the third cluster included carboxypeptidase Al (CPA1) and carboxypeptidase B
(CPB1).
solitiesmmemninssssisiletarsamiesnitde ;

gaa |
®

-1

Figure 2. Pairwise correlations between baseline levels of individual proteins.
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The effect of oral magnesium supplementation versus placebo on 87 circulating proteins is reported
in Figure 3 and Supplementary Table S2. None of the associations were statistically significant after
accounting for multiple comparisons with the Holm procedure. The strongest effect was on levels of
myoglobin, with a difference of —0.319 NPX units (95% confidence interval —0.550, —0.088; p = 0.008) in
the change over time between the intervention and placebo groups. Table 2 and Supplementary Figure
S1 present results for the five proteins with between-group differences with p-value <0.05. Associations
were of similar magnitude after adjustment for sex (Supplementary Table S3).

10

0.8

0.4

.,...,,......”...u|||||||||||\|\HHM

MPH units

0.0
|

]"ﬁ | " W (L L
-0.2 q .
-0.4

-0.6
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Figure 3. Mean difference in 12-week change of individual protein levels in Normalized Protein
eXpression (NPX) units comparing oral magnesium supplementation to placebo. Error bars correspond
to 95% confidence. Green bars indicate differences with p <0.05, yellow bars with p-value >0.05 and
<0.10.

Table 2. Effect of magnesium supplementation on selected circulating proteins, expressed as a difference
in change between magnesium and placebo group, in Normalized Protein eXpression (NPX) units.
Results for effects with p-value <0.05.

Difference in

Protein Change in Protein 95% CI p-Value
(NPX Units)
MB Myoglobin —-0.319 —0.550, —0.088 0.008
TR-AP Tartrate-resistant acid ~0.187 ~0.328, ~0.045 0.011
phosphatase type 5
Tumor necrosis factor
TNFSF13B ligand superfamily —-0.181 —0.332, —0.031 0.019
member 13B
ST2 ST2 protein —0.198 —0.363, —0.032 0.020

Interleukin-1 receptor
type 1
Results from the general linear model with a difference in protein values between follow-up and baseline

measurements in Normalized Protein eXpression (NPX) units as the dependent variable, treatment assignment as
the main independent variable, adjusted for baseline levels of the protein and age stratum.

IL-1RT1 —-0.144 -0.273, -0.015 0.029
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When evaluating the association of serum magnesium with circulating protein levels, we did not
identify any statistically significant associations using the Holm procedure to account for multiple
comparisons (Figure 4 and Supplementary Table S4). Four proteins had associations with a p-value
<0.05 (Table 3). The strongest was the association between serum magnesium and epidermal growth
factor receptor (beta = 0.053 NPX units, 95% CI 0.013, 0.093, p = 0.011, per 0.04 mmol/L difference in
serum magnesium).

0.6

0.4
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0.4
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Figure 4. Baseline association of serum magnesium with individual protein levels in Normalized
Protein eXpression (NPX) units. Coefficients correspond to the difference in protein levels per 0.04
mmol/L difference in serum magnesium. Error bars correspond to 95% confidence intervals. Green
bars indicate differences with p <0.05, yellow bars with p-value >0.05 and <0.10.

Table 3. Association of baseline serum magnesium with levels of selected circulating proteins. Estimates
correspond to a difference in protein levels, expressed in Normalized Protein eXpression (NPX) units,
per 0.04 mmol/L difference in serum magnesium. Results for associations with p-value <0.05.

Difference in

Protein Protein Levels 95% CI p-Value
(NPX Units)
EGFR Epidermal growth factor 0.053 0.013, 0.093 0.011
receptor
JAM-A Junctional adhesion 0.180 0.020, 0.339 0.028
molecule A
PON3 Paraoxonase 3 0.137 0.039, 0.007 0.039
PECAM-1 Platelet endothelial cell 0.121 0.002, 0.241 0.046

adhesion molecule

Results from general linear model with baseline levels of protein in Normalized Protein eXpression (NPX) units as
the dependent variable, serum magnesium as the main independent variable, adjusted for age, sex, and race.

4. Discussion

In this analysis, we evaluated the effect of oral magnesium supplementation on the circulating
levels of multiple proteins related to cardiovascular disease. We observed that, compared to placebo,
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oral magnesium supplementation led to changes in levels of several proteins. For those with
p-values <0.05, all associations were in the hypothesized direction, with Mg supplementation versus
placebo associated with more advantageous levels of cardiovascular proteins. Similarly, we observed
associations between baseline serum magnesium and several circulating proteins. However, none of
the associations explored were statistically significant after correcting for multiple comparisons.

Growing observational evidence indicates that lower levels of circulating magnesium are associated
with increased risk of atrial fibrillation and coronary heart disease [1,2]. In addition, experimental
studies show that magnesium supplementation can be effective in the secondary prevention of cardiac
arrhythmias [5,15]. Mechanisms underlying these associations, however, are unknown. Though we
failed to identify significant effects of magnesium on circulating proteins, the magnitude of the protein
changes after a relatively short intervention supports the use of proteomic panels in future larger
studies of magnesium supplementation. These panels will facilitate the identification of biomarkers
and physiological pathways responsible for the potential effects of magnesium on cardiovascular risk.

To date, the use of proteomic approaches to evaluate effects of magnesium supplementation has
been extremely limited. In a crossover trial of 14 healthy overweight individuals, supplementation with
500 mg/day of magnesium (in the form of magnesium citrate) vs. placebo for 4 weeks did not result
in consistent changes in circulating inflammatory biomarkers. However, urine proteomic profiling
identified significant differences in the expression profiles of the proteome, but not specific proteins [11].
Similarly, a study of 52 overweight and obese individuals randomized to 350 mg/day of magnesium or
placebo for 24 weeks evaluated the effect of the intervention on multiple circulating biomarkers of
inflammation and endothelial dysfunction. No significant differences were reported between the two
intervention groups [16].

The proteins, for which we observed some evidence of effect (albeit not significant after multiple
correction), are involved in muscle structure and oxygen storage (myoglobin) [17], immune function
and inflammation (tumor necrosis factor ligand superfamily member 13B [18], ST2 protein [19],
interleukin-1 receptor type 1) [20], and bone metabolism (tartrate-resistant acid phosphatase type
5 [21]). Of interest, higher circulating levels of ST2 have been linked to adverse cardiovascular
outcomes [22]. Similarly, in our cross-sectional analysis, higher concentrations of serum magnesium
were associated with higher levels of proteins involved in multiple functions (epidermal growth factor
receptor) [23], cell adhesion (junctional adhesion molecule A [24], platelet endothelial cell adhesion
molecule [25]), and oxidative stress protection (paraoxonase 3) [26]. These effects were consistent with
some of the proposed effects of magnesium supplementation, including reductions in oxidative stress
and inflammation [7,8].

Our study had some strengths, including the randomized design, the demonstrated efficacy
of the intervention in increasing circulating magnesium [12,27], and the simultaneous assessment
of multiple circulating proteins. However, this analysis was hindered by the limited sample size
and absence of replication in an independent sample. The limited sample size precluded studying
specifically participants with hypomagnesemia. Also, we lacked information on kidney function,
which influences levels of numerous proteins. However, by including a healthy sample, this was
less likely to be an issue. Finally, we did not collect data on dietary magnesium and, among female
participants, menopausal status, use of hormone therapy, or circulating estrogens. We are uncertain of
the potential effect of these variables on our effect estimates. However, the randomized design would
contribute to balancing them across the control and intervention groups.

5. Conclusions

In summary, our study demonstrated the potential value of proteomic approaches for
the investigation of mechanisms underlying the beneficial effects of magnesium supplementation.
Future trials in larger samples are needed to establish with certainty the physiological impact
of magnesium and, therefore, inform the development of magnesium-based interventions for
the prevention of cardiovascular and metabolic diseases.
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magnesium supplementation vs placebo on levels of circulating proteins, adjusted for baseline levels of the protein
and age stratum, Table S3. Effect of oral magnesium supplementation vs placebo on levels of circulating proteins,
adjusted for baseline levels of the protein, age stratum, and sex., Table S4. Association of baseline serum magnesium
with levels of selected circulating proteins.
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Abstract: Menopause is a stage of hormonal imbalance in women which, in addition to other
physiopathological consequences, poses a risk of deficiency of key micronutrients such as magnesium
and vitamin D. A study was made of the influence of a magnesium intervention upon vitamin D
status in a postmenopausal population from the province of Granada (Spain). Fifty-two healthy
postmenopausal women between 44-76 years of age were included. Two randomized groups—placebo
and magnesium (500 mg/day)—were treated during eight weeks. Nutrient intake was assessed using
questionnaires based on 72-h recall. Vitamin D was analyzed by liquid chromatography—tandem
mass spectrometry. Baseline vitamin D proved deficient in over 80% of the subjects. The administration
of magnesium resulted in significantly increased vitamin D levels in the intervention group versus
the controls (p < 0.05). Magnesium supplementation improved vitamin D status in the studied
postmenopausal women.

Keywords: vitamin D; magnesium; liquid chromatography—tandem mass spectrometry;
post-menopause

1. Introduction

Menopause is characterized by physiological changes with important variations in hormone levels.
If left unchecked, this situation can lead to disease [1], including an increased risk of different types
of cancer, cardiovascular disorders, osteoporosis and type 2 diabetes, among other conditions [2,3].
During this stage of life, women may experience weight gain and a redistribution of fat mass. Added
to the hormonal alteration, this could adversely affect the status of different key micronutrients such as
magnesium (Mg) and vitamin D in this population [4,5].

Magnesium is necessary for most reactions in the human body, and is a cofactor of more than
300 enzymes [6]. Mg is essential for the functioning of parathyroid hormone (PTH) and vitamin
D. Hypomagnesemia during postmenopause needs to be monitored together with the status of
those minerals closely related to phosphorus-calcium metabolism, in order to optimize homeostatic
equilibrium and bone health. Magnesium supplementation may offer benefits in this regard [7,8].
The inclusion of Mg supplementation in postmenopausal women in the event of deficiency has been
suggested by a number of authors, as it seems to improve postmenopausal symptoms, avoiding
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long-term systemic consequences [9-11]. In recent years, the interest in vitamin D has increased,
due to the high prevalence of vitamin D deficiency worldwide [12]. Vitamin D plays a key role in
phosphorus-calcium metabolism, improving the intestinal absorption of Ca, and regulating bone
mineralization and the renal excretion of Ca [13,14]. To prevent poor vitamin D status, the monitoring
of risk populations such as postmenopausal women is recommended with a view to preserving
bone health [15]. However, new studies have also addressed the role of vitamin D in non-skeletal
diseases [16,17].

Nowadays, the routine analytical determination of vitamin D is recommended in healthy
risk groups such as postmenopausal women. However, such determinations are characterized by
variability of the results obtained—thus suggesting the need to standardize the laboratory test protocol
employed [18]. One of the methods currently used to measure vitamin D is enzyme immunoassay (EIA),
which is the most widely used method in hospitals [19,20]. Use is currently also made of chromatography,
which yields stable and reproducible results, and distinguishes between 25-OH-D3 and 25-OH-D; [12].
In this respect, Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS) is regarded as the
gold standard, offering greater sensitivity, flexibility and specificity [18]. Unfortunately, LC-MS/MS
cannot always be used, due to its high cost [20,21]. The technique of choice is therefore conditioned by
the availability of resources [22,23]. In general, all techniques measure mainly 25-hydroxy-vitamin D
(25-OH-D), because of its long half-life (one month) in plasma. Plasma vitamin D concentrations are
conditioned not only by homeostatic regulation but also by lifestyle, environmental and sociocultural
factors such as the use of sunscreens, the female gender, postmenopausal status and fat mass [24-28].
During postmenopause, vitamin D supplementation could be recommended in women with confirmed
vitamin D deficiency, since it seems to be associated with an increase in bone mineral density and
could improve future quality of life [29].

Therefore, the postmenopausal period could be associated with a genuine risk of deficiency of
various minerals and vitamins, particularly Mg and vitamin D [30,31]. The present study was carried
out to assess vitamin D status in a population of postmenopausal women in the province of Granada
(Spain), with evaluation of the influence of a magnesium intervention.

2. Materials and Methods

2.1. Study Design and Intervention

This is an eight-week, double-blinded, placebo-controlled, randomized intervention trial (Figure 1).
Participants were randomly assigned to one of two treatment groups: Placebo group (PG: 25 women)
and Magnesium Group—b500 mg/day of Mg (MG: 27 women). Randomization was performed in a
1:1 ratio using a table of random numbers, prepared by a researcher who did not participate in the
data collection. Allocation concealment was ensured, as the referred researcher did not release the
randomization code until the participants were recruited into the trial after all baseline measurements
were completed. Mg supplements were supplied by Botanica Nutrients SL, Seville, Spain (Number
B91070797), following the period of eight weeks recommended. Placebo capsules were made of the
same size and color as Mg supplements for identical appearance and taste. The intervention was
carried out in winter from January 15th to March 15th. The study was registered at the US National
Institutes of Health (ClinicalTrials.gov) NCT03672513.
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Figure 1. Study design. MG = Magnesium Group. PG = Placebo Group.
2.2. Study Participants

Fifty-two healthy postmenopausal women volunteers from the province of Granada, Spain aged
between 44 and 76 years were recruited once they had been informed about the protocol. Inclusion
criteria were (i) to present postmenopausal status (with at least 12 months of amenorrhea), (ii) to
present low status in Mg obtained in a previous biochemical assessment, (iii) not present any pathology
that could affect their nutritional status, (iv) not to be subjected to hormone replacement therapy
(HRT), (v) not to take vitamin and mineral supplements. Women were excluded if they were unwilling
to accept the randomization procedure. Written informed consent was obtained from all patients
taking into account the approval of the Ethics Committee and the Research Committee of the Centre.
The present study was conducted according to the principles of the Declaration of Helsinki and the
approval by the Ethics Committee of the University of Granada (149/CEIH/2016), in accordance with
the International Conference on Harmonization/Good Clinical Practice Standards.

Eligible participants of this study were 121 participants. Of these, 39 menopausal women
were excluded because 18 women did not meet the inclusion criteria and 21 women declined to
participle in the study after the initial interview, and so, 82 menopausal women were enrolled in
the study and randomly assigned to the two arms (Figure 2). Of the 41 postmenopausal women
that were allocated to intervention in the PG, a total of 16 women withdrew the study due time and
supplementation commitment. In reference to the 41 postmenopausal women allocated into MG,
a total of 13 postmenopausal women withdrew due to time and supplementation commitment, illness
severity or not giving any reason. Of the 28 women included in the data analysis, one woman was
excluded from the analysis because of insufficient blood sample was collected. Thus, 25 women in PG
and 27 women in MG were enrolled in the present study.
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Figure 2. Flowchart of participants recruited, enrolled and involved in the clinical study.

2.3. Randomization and Blinding

Women were randomly assigned (simple randomization) to study groups (parallel design).
In order to ensure comparable distribution across the treatment arms, women were stratified to balance
baseline covariates. Both study participants and investigators were blinded to the group allocation.
Initial and follow-up visits for evaluating dietary intake, body composition, biochemical and hormonal
determination and antioxidant status parameters were performed at baseline and after two months
of intervention.

2.4. Sample Size

We performed sample size calculation for our primary aim of a randomized controlled trial based
on the influence of a Mg supplementation on vitamin D status. The number of participants to be
included in the study was calculated on the basis of the change in vitamin D status after Mg intervention.
To the best of our knowledge there were no available information regarding group difference changes
on vitamin D in Mg intervened postmenopausal women. Therefore, we assumed a difference of
2.63 ng/mL as clinically meaningful based on previous observations in our group (unpublished data).
A total of 68 participants were needed to detect a mean group difference of 2.63 ng/mL and a standard
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deviation of 3.85 ng/mL in vitamin D with a power of 80% and an alpha of 0.05, and assuming a
maximum loss of 20% of participants (n = 82).

2.5. Compliance Evaluation

Adherence/compliance to nutritional intervention was determined as the percentage of all of the
supplement capsules ingested throughout the study period. In addition, subjects were asked to keep
daily records about side effects or other problems related to the supplements. Moreover, biochemical
and clinical-nutritional parameters were taken at baseline and follow-up to evaluate the safety of the
product and to verify the adverse effects.

2.6. Data Collection

All recorded data were obtained through the use of manual questionnaires administered by
the interviewer that reflected information on personal data, sociodemographic aspects, an adequate
diagnosis of the postmenopausal situation, smoking habits and physical activity [30].

2.7. Body Composition Analysis

Anthropometric recorded data were height (SECA® Model 274), waist circumference (SECA®
Model 201), and body composition by bioelectrical impedance (Tanita MC-980 Body Composition
Analyzer MA Multifrequency Segmental, Barcelona, Spain). The analyzer complied with the applicable
European standards (93/42EEC, 90/384EEC) for use in the medical industry. Participants were informed
in advance of the required conditions prior to the measurement: no alcohol less than 24 h before
the measurement, no vigorous exercise less than 12 h prior to the measurement, no food or drink
less than three h prior to the measurement, and no urination immediately before the measurement.
All measurements were taken simultaneously during the morning in fasting conditions. Weight
and BMI measurements were calculated and the compartmental analysis measured fat mass, fat free
mass and muscle mass. The following measurements were taken: age, height, weight, BMI and
fat percentage.

2.8. Intake Rating

Dietary nutrient intake was assessed using a manual 72 h-recall [30], taking into account a
holiday and two non-holidays days, both at baseline and follow-up, which was administered by the
interviewer. Recall accuracy was recorded with a set of photographs of prepared foods and dishes
that are frequently consumed in Spain. The food intake assessment was converted to both energy
and nutrients, determining the adequacy of the macronutrient and micronutrient intake according to
the Recommended Dietary Allowance (RDA) for the female Spanish population within the age range
included in our study [32] using Nutriber® software (1.1.5. version, Barcelona, Spain).

2.9. Sample Treatment

A blood extraction in the morning in fasting conditions was performed at baseline and follow-up,
being centrifuged at 4 °C for 15 min at 3000 rpm to extract the plasma. Once the plasma was removed
from the tube, it was frozen at —80 °C until the analytical determination of the different parameters.
All samples were measured in one run, in the same assay batch and blinded quality control samples
were included in the assay batches to assess laboratory error in the measurements.

Measurement of Biochemical Parameters

PTH and osteocalcin levels were measured using EIA by colorimetric method (ECLIA, Elecsys
2010 and Modular Analytics E170, Roche Diagnostics, Mannheim, Germany). Vitamin D levels
were measured by LC-MS/MS (Acquity UHPLC System I-Class Waters, Milford, USA) [33]. The
biochemical values of vitamin D obtained were classified according to the reference values of 25-OH-D
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in plasma, being sufficiency >30 ng/mL, insufficiency 20-30 ng/mL and deficiency <20 ng/mL for total
vitamin D [33]. The remaining biochemical parameters such as glucose, urea, uric acid, creatinine,
triglycerides, total cholesterol, high density lipoprotein (HDL) and low density lipoprotein (LDL)
cholesterol, total proteins, transferrin, albumin, homocysteine, bilirubin and transaminases levels,
were determined in the Analysis Unit at the Virgen de las Nieves Hospital, Granada (ECLIA, Elecsys
2010 and Modular Analytics E170, Roche Diagnostics, Mannheim, Germany).

2.10. Statistical Analysis

The statistical analysis was performed using the SPSS 22.0 Software for MAC (SPSS Inc. Chicago,
IL, USA). Descriptive analysis has been used for data expression, indicating the results of the numerical
variables such as arithmetical mean, standard deviation (X + SD) and standard error of the mean (SEM),
and the results of the categorical variables were expressed in frequencies (%). As a previous step to the
execution of a parametric model or not, the hypothesis of normal distribution was accepted using the
Kolmogorov-Smirnov test. For the comparative analysis based on categorical variables, chi square
test was used. For the comparative analysis based on baseline and follow-up, the paired t-test for
parametric samples was used. For the comparative analysis based on groups, the unpaired t-test for
parametric samples was used. Correlation analyses and partial correlation coefficients were performed
with Pearson test. A p value less than 0.05 was considered statistically significant.

3. Results

The mean levels of plasma and erythrocyte Mg were 1.85 + 0.25 (1.70-2.60) and 4.03 + 0.71
(4.20-6.70) respectively. Our results showed that 27% of the postmenopausal women were deficient
in plasma Mg and 67% were deficient in erythrocyte Mg at the beginning of the study. Given the
deficiency justified here, the study population was randomly supplemented with Mg.

Table 1 shows the general characteristics of the study population by groups. In both study groups,
body mass index (BMI) was above and energy intake was below the reference values. Regarding
Ca, 16.7% and 10.7% of the postmenopausal women in PG and MG did not reach two-thirds of the
RDA at baseline. After the intervention, 20.0% of the women in PG and 11.1% of those in MG did
not reach two-thirds of the RDA referred to Ca intake. With regard to Mg intake, 41.7% and 46.4% of
the women in PG and MG, respectively, were below two-thirds of the RDA at baseline. Nevertheless,
after Mg supplementation, 30% of the postmenopausal women in PG and 100% of those in MG reached
two-thirds of the RDA for Mg. In the case of vitamin D intake, our results showed that 87.5% and 81.5%
of the postmenopausal women in PG and MG, respectively, were below two-thirds of the vitamin D
recommendations. After Mg supplementation, these figures were 75% and 92.6%.

Table 2 shows the biochemical parameters by group. In both groups, total cholesterol was above
its reference values, and prealbumin significantly decreased in PG (p < 0.05) after the intervention.
When using the LC-MS/MS method, the 25-OH-D levels were seen to have increased significantly after
the intervention comparing baseline and follow-up (p < 0.05), though the levels were still below the
recommended values. However, although an increase in 25-OH-D3 and 25-OH-D;, levels was also seen
intra (MG) and inter-groups, the results were not statistically significant.
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Table 1. General characteristics of the study population by group.

PG (n =25) MG (n =27)
p Value PG p Value MG p Value
Features Reference Values Baseline Follow-Up Baseline Follow-Up Follow-Up Follow-Up Inter-Groups
(Mean + SD) (Mean + SD) (Mean + SD) (Mean + SD)
Age (Years) - 59.7 £9.15 59.7 +9.15 57.7 +7.58 57.7 +7.58 - - -
Weight (Kg) - 69.1 +11.0 67.8 +11.2 69.3 +14.2 69.7 +13.6 0.23 0.43 0.62
Height (cm) - 157.2 + 6.01 157.2 + 6.01 160.2 + 6.11 160.2 + 6.11 - - -
BMI (Kg/m?) 22.0-27.0 28.0 +4.30 27.7 +4.41 26.9 +4.88 27.7 + 441 0.21 0.49 0.65
Blood pressure 1 (%)
Normal blood pressure - 10 (40) - 14 (51) - - - -
High blood pressure - 15 (60) - 13 (49) - - - -
Physical exercise 1 (%)
Sedentary - 9 (36) - 6 (23) - - - -
Non-sedentary - 16 (64) - 21 (77) - - - -
Smoking habit 1 (%)
Non-smoker - 18 (75) - 23 (82) - - - -
Smoker - 6 (25) - 5(18) - - - -
Educational level 1 (%)
Basic educational level - 10 (40) - 11 (40) - - - -
Secondary or high educational level - 15 (60) - 16 (60) - - - -
Energy intake (Kcal) 2000.0 1339.5 + 283.1 1232.9 + 2855 1307.1 + 323.3 1323.4 + 264.5 0.17 0.66 0.27
CHO intake (g/day) 275.0 146.6 + 40.3 146.5 + 334 149.5 + 482 150.5 + 48.5 0.84 0.89 0.75
Protein intake (g/day) 50.0 59.7 +14.2 57.1+104 61.1+17.6 63.4+15.6 0.47 0.42 0.12
Fat intake (g/day) 70.0 56.1+17.2 479 + 185 532 +14.7 51.8 +12.7 0.15 0.66 0.41
Cholesterol intake (mg/day) <300.0 150.6 + 61.6 151.7 + 64.4 154.1 + 64.6 158.3 + 76.8 0.87 0.81 0.75
Fiber intake (g/day) >25.0 17.1 +£10.6 16.2 + 4.07 15.7 +7.72 16.5 +7.50 0.42 0.53 0.88
P intake (mg/day) 800.0 996.1 + 257.7 993.9 +219.1 1002.6 + 318.9 1038.8 + 282.5 0.86 0.57 0.55
Ca intake (mg/day) 800.0-1000.0 7282 +223.1 679.9 + 168.6 873.5 +250.2 832.5 +210.6 0.69 0.56 0.01
Mg intake (mg/day) 320.0 2374 +87.0 232.7 +55.8 2193 +71.1 726.4 +£59.9 0.99 0.001 0.001
Vitamin D intake (pg/day) 10.0 3.36 + 3.00 434+291 3.89 +3.62 3.62 +257 0.35 0.72 0.57

n =52. BMI = Body Mass Index. CHO = Carbohydrates. P = Phosphorous. Ca = Calcium. Mg = Magnesium. Baseline and follow-up values are expressed as mean + standard deviation.
Both for intra-group and inter-groups p-value, paired and unpaired t-student test was used. Categorial variables are expressed as continuous as sample size (1) and percentage of subjects
(%), and chi-square test was used. PG = Placebo Group. MG = Magnesium Group.
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Table 2. Biochemical parameters of the study population by group.

PG (n =25) MG (n=27)

Features Reference Values i i p Value PG p Value MG p Value
Baseline Follow-Up Baseline Follow-Up Follow-Up Follow-Up Inter-Groups
(Mean + SD) ((Mean + SD) ((Mean + SD) ((Mean + SD)
Glucose (mg/dL) 70.0-110.0 96.0 = 19.8 95.8 +19.9 90.1 +11.1 95.8 +18.9 0.63 0.25 0.047
Transferrin (mg/dL) 200.0-360.0 285.9 +39.7 272.8 +43.4 284.2 +47.7 272.8 +43.4 0.89 0.18 0.71
Prealbumin (mg/dL) 20.0-40.0 26.6 +5.03 24.7 +5.01 24.8 + 6.45 24.7 +5.01 0.001 0.06 0.62
Albumin (mg/dL) 3.50-5.20 4.50 + 0.20 445 +0.27 450 +0.21 445 +0.27 0.62 0.055 0.57
Homocysteine (umol/L) <13.0 12.5 + 6.45 12.7 +4.78 11.5 +4.25 12.7 +4.78 0.27 0.66 0.46
Creatinine (mg/dl) 0.50-0.90 0.75 +0.16 0.75 +£0.16 0.68 + 0.11 0.75 +0.16 0.31 0.81 0.08
Total bilirubin (mg/dL) 0.10-1.20 0.49 +0.13 0.55 + 0.21 0.47 +0.11 0.55 +0.21 0.13 0.95 0.26
LDH (U/L) 110.0-295.0 182.8 £29.3 181.1 £ 26.1 192.5 £ 26.7 181.1 £ 26.1 0.96 0.41 0.81
Urea (mg/dL) 10.0-50.0 36.2 +10.2 36.7 £9.35 34.3 +898 36.7 £9.35 0.87 0.65 0.44
Uric acid (mg/dL) 2.40-5.70 4.51 +0.98 4.70 £ 1.02 443 +1.23 4.70 £ 1.02 0.21 0.26 0.21
Triglycerides (mg/dL) 50.0-200.0 115.8 + 68.9 1123 £ 62.2 111.1 + 50.6 112.3 +62.2 0.79 0.41 0.80
HDL (mg/dL) 40.0-60.0 62.6 +11.2 64.1+12.3 66.6 + 144 64.1+123 0.04 0.06 0.95
LDL (mg/dL) 70.0-190.0 134.5 +35.3 137.6 £ 30.5 1304 + 264 137.6 + 30.5 0.76 0.06 0.19
Total cholesterol (mg/dL) 110.0-200.0 224.1 +£39.7 2214 +314 224.7 +30.1 2214 +314 0.86 0.09 0.64
Osteocalcin (ng/mL) 15.0-46.0 17.4 +£9.45 18.1+7.21 16.8 +10.4 181+7.21 0.69 0.22 0.91
PTH (pg/mL) 20.0-70.0 50.7 + 15.8 533 +344 529 +17.2 533+ 344 0.46 0.07 0.29
Ca (mg/dL) 8.60-10.2 9.31 +0.31 9.14 + 0.44 9.27 +0.51 9.13 + 0.49 0.31 0.07 0.98
P (mg/dL) 2.70-4.50 3.45 +0.45 3.57 £ 0.55 342+ 053 3.60 + 0.49 0.49 0.07 0.88
25-OH-D LC-MS/MS (ng/mL) 30.0-100.0 23.0 +£8.99 242 +7.71 23.6 +5.70 27.8 +7.56 0.81 0.049 0.14
25-OH-D3 LC-MS/MS (ng/mL) >20 18.0 + 8.37 19.7 + 8.00 17.7 + 6.25 21.1+7.40 0.52 0.13 0.57
25-OH-Dy LC-MS/MS (ng/mL) >10 499 +211 455 +274 5.86 + 3.05 6.80 +7.16 0.31 0.41 0.22

n =52. LDH = Lactate dehydrogenase. HDL = High density lipoprotein. LDL = Low density lipoprotein. PTH = Parathyroid hormone. Ca = Calcium. P = Phosphorous. LC-MS/MS =
Liquid chromatography—tandem mass spectrometry. Baseline and follow-up values are expressed as mean + standard deviation. For intra-group and inter-groups p-value, paired and
unpaired t-student test were used respectively. PG = Placebo Group. MG = Magnesium Group.
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Figure 3a shows the distribution of 25-OH-D in the study population at baseline and after Mg
intervention. Lesser data dispersion of the 25-OH-D levels was obtained after Mg supplementation
when compared with baseline. Figure 3b shows the percentage of postmenopausal women with
different vitamin D statuses by group. We found 80.8% of the study population to initially have vitamin
D deficiency as established by LC-MS/MS. After the Mg intervention, the percentage of women in MG
lacking in vitamin D decreased by about 20%.
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Figure 3. (a) Data distribution of 25-OH-D levels at baseline and follow-up. (b) Vitamin D status in the
study population by groups. PG = Placebo Group. MG = Magnesium Group.

4. Discussion

Previous scientific evidence indicates that postmenopausal women are at risk of suffering numerous
micronutrient deficiencies. However, although vitamin D and Mg could be candidates for deficiency in
this population, there is currently not enough evidence of the interaction between them. On the other
hand, a large part of our study population was deficient in vitamin D as evidenced by LC-MS/MS and
the vitamin D status was seen to improve in MG after the Mg intervention.

Authors such as Rosanoff et al. [34] have affirmed that western populations (including Spain) are
characterized by a low intake of Mg, since the latter is a predominant mineral in vegetables, and current
consumption trends are towards an increased intake of animal products. Our results evidenced a
pattern of low Mg consumption below the RDAs, with the exception of the MG population following
the Mg intervention. In our study, Ca intake was seen to be within the recommended range for
postmenopausal women. This is in contradiction to the findings of another study conducted in Spanish
postmenopausal women, in which Ca intake fell short of the RDA. However, the data coincided with
our own observation of vitamin D intakes below 50% of the RDA [35]. Another study involving a
sample of 144 African women, in which dairy product consumption was lower, found that over 90% of
the menopausal women analyzed failed to reach the RDA for Ca [36]. On the other hand, it should be
noted that vitamin D intake in menopause is very low, as evidenced by studies such as that published
by Rizzoli et al. [37], in which vitamin D intake among most postmenopausal women was seen to be
very low in nine European countries. This is consistent with our own study, where most of the women
failed to reach the RDA corresponding to vitamin D.

In the present study, Mg intake showed a significant correlation (r = 0.451; p = 0.03) to the 25-OH-D
levels. Authors such as Deng et al. [38] have argued that Mg intake is inversely proportional to
25-OH-D deficiency, independently of whether Mg is administered alone or in combination with
vitamin D. This association was suggested to be due to the close relationship between Mg and vitamin
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D metabolism. Moreover, in our population, Mg and Ca intake were correlated (r = 0.689; p = 0.001).
Authors such as Olza et al. [39] have mentioned the fact that Mg and Ca intake is based fundamentally
on two food groups, namely cereals and dairy products, which are among the most widely consumed
products in the Spanish population. Other authors such as Al-Musharaf et al. [40] have found vitamin
D status to improve with the intake of Ca, as many food rich in Ca also have high a content of vitamin
D. Nevertheless, we found no significant association between them, as well as no correlation to vitamin
D intake, as this was too low—presenting high deficiency levels in almost all the women analyzed.
These results could be explained by the data from studies such as that of Harris et al. [41], indicating
that such correlations with vitamin D intake cannot be made, since its contribution depends on other
elements such as genetic factors, as well as on exposure to the sun.

Vitamin D levels are deficient in a large percentage of the population (Figure 3), and this pattern
is observed in all parts of the world and at any latitude [42]. In our study, a large percentage of the
population presented 25-OH-D levels below the reference values when analyzed by LC-MS/MS. Authors
such as Park et al. [43] analyzed 25-OH-D levels by LC-MS/MS in a population of postmenopausal
women, and recorded the same high prevalence of vitamin D deficiency (82%) as in our study.
This confirmed that despite use of the gold standard for the analytical determination of vitamin
D, the levels of this vitamin were low. Schmitt et al. [44] studied 25-OH-levels by EIA among 463
postmenopausal women and found only 32% of them to have sufficient levels. Vitamin D deficiency
therefore is a generalized finding in the postmenopausal population, with high deficiency levels being
reported by both chromatographic and immunological laboratory test methods.

Several authors [38,45—47] have reported Mg to exert synergic action with vitamin D, placing
special emphasis on the effect of Mg upon the vitamin D binding protein (DBP), as well as on the
enzymes that mediate in the hydroxylation of vitamin D in the liver and kidney. Thus, a high intake
of either dietary or supplemented Mg could lessen the risk of vitamin D deficiency. According to
our results, there was a significant increase in 25-OH-D levels after Mg supplementation (p < 0.05)
when analyzed by LC-MS/MS. However, authors such as Melamed et al. [48] have pointed out that
the administration of Mg supplements does not increase the 25-OH-D levels, despite the fact that Mg
has a direct relationship with vitamin D metabolism. This could be explained by considering that
if a population has very low vitamin D levels, the supplemented Mg might not be able to mediate
the hydroxylation of enough vitamin D to improve vitamin D status. Hence, Mg supplementation is
usually recommended together with vitamin D, advising Mg in greater proportion than vitamin D,
in order to prevent all the Mg from being depleted by the hydroxylation of vitamin D [49].

On considering the results referred to vitamin D obtained with LC-MS/MS when comparing
baseline with follow-up, different values were observed (Figure 3) according to the level of deficiency
with respect to the reference values. The LC-MS/MS technique provided data indicating higher vitamin
D deficiency at baseline compared with the data obtained (p < 0.05) in MG after the intervention.
Granado-Lorencio et al. [50] studied the 25-OH-D levels of 32,363 general population samples using
the EIA method, and suggested that the results obtained were unable to predict vitamin D deficiency,
since the technique usually underestimates vitamin status, and even more so when 25-OH-D is present
in low amounts. Other authors such as Klapkova et al. [51] consider that different methods other than
LC-MS/MS likewise underestimate vitamin D status, thus affecting clinical decision making. Nikooyeb
et al. [26] analyzed 275 general population serum samples using different methods, and argued that
although the chromatographic techniques are the gold standard for the laboratory test determination
of vitamin D, the results are comparable, since there are no major differences among the techniques.
However, other authors such as Garg et al. [52] stated that although the differences in results obtained
by the various vitamin D analytical methods have been reduced in recent years, it is advisable
to use chromatographic techniques until full harmonization of the analytical methods for vitamin
D is achieved. To date, the immunochemical methods have not been able to match the precision
and specificity of the chromatographic techniques [53]. Accordingly, LC-MS/MS would be a more
appropriate method in this scenario, since the results exhibit less dispersion, and do not usually
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underestimate the values, in coincidence with Atef et al., [12] who found the LC-MS/MS technique to
estimate within normality ranges in the studied adult subjects.

In addition to described findings, the present study has some strengths and limitations.
As strength, the study is a randomized, placebo-controlled study in which nutritional intake of
energy, macronutrients and related Mg and vitamin D minerals were controlled at baseline and
follow-up. In this regard, we found that nutritional intake and high compliance to supplementation
remained stable during the nutritional intervention. The present study used LC-MS/MS which is the
gold standard analytical method, offering greater sensitivity, flexibility and specificity [18]. Despite
it, this study has some limitations that should be considered as the small sample size. Although
initially 82 women were randomly assigned to be supplemented, a total of 52 postmenopausal women
completed the study (Figure 2). Although the primary outcome of the trial was to assess the influence
of a Mg diet strategy on vitamin D status in postmenopausal women, the sample size in each group
would allow us to preliminarily obtain significant results, although the results should be carefully
considered. Clinical trials of the same nature and a similar sample size have shown a positive effect
of different interventions on some parameters status in postmenopausal women [54-56]. Likewise,
the sample size limitation did not allow us to make a more complex statistical approach since we did
not have enough power to perform multivariate analyses and to be able to adjust our model based on
possible confounding variables such as previously described age or BMIL

5. Conclusions

Magnesium supplementation in the postmenopausal women of our study had a significant
positive impact upon their vitamin D status. Most of the postmenopausal population presented
inadequate plasma 25-OH-D levels. Future studies are needed to shed light on the vitamin D status of
this risk population and to define protocols and strategies such as Mg intervention in postmenopausal
women, with a view to improving their health and quality of life.
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Abstract: Muscle weakness and physical performance impairment are common geriatric conditions
that raise morbidity and mortality. They are known to be affected by nutrition, but only a few
longitudinal studies exist. This study aims to fill this gap by exploring the association, over 3 years,
between variations of nutrient intakes, as well as, on one side, the variations of handgrip strength,
as a surrogate of muscle strength, and on the other side, the physical performance, assessed by gait
speed. Participants from the SarcoPhAge study, a Belgian cohort of people aged 65 years and older,
were asked to complete a self-administered food frequency questionnaire (FFQ) at the second (T2)
and the fifth (T5) year of follow-up. Daily macro- and micronutrient intakes were measured and
their changes in consumption over the three years of follow-up were then calculated. The association
between changes in nutrients consumption and the variations in muscle parameters were investigated
through multiple linear regressions. Out of the 534 participants included in the cohort, 238 had
complete data at T2 and T5 (median age of 72.0 years (70.0-78.0 years), 60.9% women). In the
cross-sectional analysis, calories, omega-3 fatty acids, potassium, and vitamins D, A, and K intakes
were positively correlated with muscle strength. In the longitudinal analysis, neither the gait speed
nor the muscle strength changes were significantly impacted by the variations. Other longitudinal
investigations with longer follow-up are required to improve knowledge about these interrelations.

Keywords: malnutrition; SarcoPhAge; macronutrients; micronutrients; muscle strength; physical
performance; gait speed

1. Introduction

Muscle function decline and impaired physical performance characterize, among others factors,
the aging process [1,2]. These two parameters are significant indicators of muscle health as they are
part of the definition of sarcopenia, a common muscle disease in older adults defined by a low muscle
mass, a reduction in muscle strength, and/or a decrease in physical performance [3]. The age-associated
decline in muscle strength is more rapid than muscle mass loss, with an annual rate decline varying from
1.9% to 5.0% [4,5], compared to a maximum of 1% for muscle mass in older adults [5]. Although the
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decline in muscle strength is associated with the decline in muscle mass in older adults, maintaining or
increasing muscle mass does not prevent the loss of muscle strength [5]. Regarding the measure of the
gait speed, it is a major indicator of the independence level of older adults in daily activities [6] and,
therefore, provides a good predictive value for the onset of disability.

These two muscle health components are associated with real public health challenges. Indeed,
their deterioration increases the risk of health-related adverse consequences such as longer hospital
stays, higher risk of institutionalizations and falls, lower quality of life, and increased mortality [7-14].
In terms of costs, it is recognized that all these consequences significantly increase health care
costs both for society and the patient [15,16]. The age-associated muscle wasting disorders are
impacted by multiple factors, including biological (i.e., hormones, inflammation, insulin resistance),
psychosocial (i.e., self-efficacy, fear of falling), and lifestyle factors like nutrition and exercise [17].
Since the lifestyle factors are modifiable, research focusing on these is essential to help to improve
strategies in the prevention and treatment of impaired function and disabilities.

Malnutrition accentuates age-related physical function loss [18,19], furthermore raising disability,
morbidity, and mortality [20-22]. It is frequent for older individuals to experience a loss of appetite and
therefore decrease their food consumption [23-25]. This condition, called anorexia of aging, has multiple
determinants including medical, social, environmental, and psychological factors [24-27]. The altered
eating habits affect the amount of food intake, as older adults consume from 16% to 20% lower calories
than younger adults [26,28], and worsen the risk of nutrient inadequacy in older adults [29]. There is
now evidence that links nutrition to muscle health parameters [18,30-33], highlighting the relevance of
appropriate nutritional strategies to limit the decline of muscle strength and physical performance.
However, the literature mostly includes cross-sectional studies with inconsistent results. Indeed,
some studies provide evidence that higher nutrient intake benefits muscle health, while others provide
no findings [33]. A recent study, performed in the sarcopenia and physical impairment with advancing
age (SarcoPhAge) cohort, has indicated a cross-sectional association between low nutrient consumption
and sarcopenia [34].

Longitudinal analyses would be required to investigate the impact of dietary changes on muscle
parameter changes. Longitudinal studies exist, such as those on protein [35,36], vitamin D [37,38],
C, and E intakes [39], but they only measure the longitudinal change in muscle parameters according
to baseline dietary intakes, and do not measure the change in dietary intakes during follow-up. This is
important because there is a decline in energy consumption with advancing age that can compromise
nutrient intake in older adults [40], due to several reasons mentioned above, especially regarding
anorexia of aging. Additionally, the absorption of nutrients decreases with age [41]. Given the fact that
dietary intake varies broadly with increasing age, measuring the change in dietary intake during the
follow-up of the study therefore appears essential to establish a causal relationship with the decline
in muscle health. This is exactly the aim of the present longitudinal study: To explore the effect of
variations of macro- and micronutrient intakes on muscle parameters changes, specifically muscle
strength and physical performance, in the SarcoPhAge cohort.

2. Materials and Methods

2.1. Participants’ Characteristics

Participants from the SarcoPhAge study were included in the present analysis. The full
methodology and protocol of the SarcoPhAge study have already been described in detail
previously [34]. Briefly, the SarcoPhAge study is an observational study, which included 534 older
adults in Liege, Belgium, followed up from June 2013 to September 2019. The cohort includes
community-dwelling adults aged 65 years or older with an annual follow-up. No specific exclusion
criteria related to health or demographic characteristics were applied, except for the exclusion criteria
established for the Dual-energy X-ray Absorptiometry scan for individuals with an amputated limb or
with a body mass index (BMI) above 50 kg/m?. Written informed consent was provided by participants,
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and the study was approved by the ethics committee of our institution (reference 2012/277), with two
amendments in 2015 and 2018.

During the second year of follow-up of the participants (T2), a food frequency questionnaire (FFQ)
was self-administered to assess the macro- and micronutrient intakes of the participants. Although the
questionnaire has not been validated in an older population, it has been developed by a group of
experts in the field. The FFQ was self-administered for a second time during the last year of follow-up
(T5). Thus, we have two full sets of data, separated by three years, which offer the possibility of
prospective analyses. The present longitudinal study is based on the population still participating
in the SarcoPhAge study at T5 and who completed the FFQs at both T2 and T5. Among the 534
participants included in the SarcoPhAge study, 238 met this condition.

2.2. Data Collection

Participants were seen in the Polyclinique Lucien Brull in Liége, Belgium, by one research
assistant for a mean time of 1 h. During their follow-up visits, among a series of tests and evaluations,
their muscle health was evaluated and they were asked to complete an FFQ.

2.3. Assessment of Physical and Muscle Parameters

Physical performance was assessed by the usual gait speed on a 4-m distance [42].
Muscle function was assessed by muscle strength using the hand-held hydraulic dynamometer
(Saehan Corporation—MSD Europe BVBA, Belgium), calibrated each year for 10, 40, and 90 kg. For this
test, participants had to squeeze the device as hard as possible, three times with each hand. The highest
measure was recorded, as advised by the Southampton protocol [43].

2.4. Energy and Nutrient Intakes

The complete methodology and protocol for the treatment of FFQs and their analyses have already
been described in detail elsewhere [34]. The same methodology of processing FFQs was applied for T2
and for T5, which is briefly recalled here.

Each participant was asked to complete a self-administered FFQ to assess their usual food intake
over one month and to bring this completed questionnaire at the T2 and T5 follow-up visits. For each
food in the FFQ, the daily amount consumed was calculated according to the following formula:

Quantity consumed = Frequency X portion size

The quantity consumed, calculated from the FFQ data, was expressed in g/day for solid food and
in mL/day for drinks. For non-standardized portions, a list of images representing seven different
sizes of portions of various food was used. Participants had to choose between them the image that
best represented, in their opinion, the size of their portions. Then, for each of the food items of the
FFQ, a detailed nutrient composition was calculated using the NutriNet-Santé table [44]. This food
composition table is used in the NutriNet-Santé study, a large prospective cohort followed across
10 years to collect information on nutrition and health. When items grouped several foods, such as the
low-fat cheese item which includes several kinds of cheese, the nutritional composition was calculated
as the mean composition of all the corresponding foods from the NutriNet-Santé table. The mean
composition was then weighted by the frequency of sex-specific consumption of each food among the
older participants of the NutriNet-Santé study. We then measured the total energy intake, and the
consumption of micro- and macronutrients per day and per participant. The following macronutrients
were selected for the study: Proteins, lipids, saturated fatty acids (AGS), polyunsaturated fatty
acids (AGP), omega 3 and 6 fatty acids, monounsaturated fatty acids (AGM), and carbohydrates.
For micronutrients, sodium, potassium, magnesium, phosphorus, iron, calcium, zinc, and vitamins D,
A, E, C, and K were studied.
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2.5. Covariate Data Collection

In this study, we also used the following information that had been collected for all participants
during the annual follow-ups: Age, sex, body mass index (BMI), smoking status (yes/no), number of
comorbidities, number of drugs consumed, and the level of physical activity based on the Minnesota
leisure time activity questionnaire [45]. These covariates are known to significantly affect muscle health
and dietary intake [46-50]. Furthermore, they have been identified as such in previous studies of the
SarcoPhAge cohort [51].

2.6. Statistical Analyses

The data were processed using the SPSS Statistics 24 (IBM Corporation, Armonk, NY, USA)
software package. The normality of the variables was checked by examining the histogram,
the quantile-quantile plot, the Shapiro-Wilk test, and the difference between the mean and the
median values. The characteristics of the population and the consumption of micronutrients and
macronutrients were expressed as median (twenty-fifth to seventy-fifth percentile) because they did
not follow a Gaussian distribution. Binary and categorical variables were described by absolute (1) and
relative (%) frequencies. A global evaluation of all participants’ baseline characteristics was performed.

Differences in socio-demographics and clinical characteristics, and in the consumption of
micronutrients and macronutrients between T2 and T5 were investigated through Wilcoxon paired tests
for skewed variables. Both the associations between nutrient consumption and either muscle strength
or gait speed at T2 were studied by multiple linear regressions with one of the muscle parameters
as a dependent variable and each nutrient as independent variable. The multiple covariates that
were incorporated into the model are shown here at the bottom of each of the corresponding tables.
In order to study the association between the evolution of nutrient consumption and the evolution
of muscle parameters between T2 and T5, multiple linear regressions were performed including
the confounding variables presented above. The evolution of muscle parameters was calculated by
the absolute difference between the variables at T2 and T5. To calculate the evolution of nutritional
parameters, macronutrient intakes were calculated as a percentage relative to the total caloric intake
of the participant and for micronutrients, the amount was expressed per 1000 kcal. Both macro- and
micronutrient changes correspond to the difference between T2 and T5. This method corresponds to an
adjustment method called the density method. It uses the quotient of the nutrient intake over the total
energy intake [52]. Indeed, because of the strong correlation between nutritional intake and caloric
intake, it was essential to adjust the nutrient intake on the energy intake if we wanted to know the
isolated effect of each nutrient. Other adjustment methods could have been applied, but the density
method appeared to be the most easily interpretable, and nutrient densities are used in the Belgian
national nutritional recommendations [53].

Sensibility analyses were performed to assess the robustness of our results, with the relative
difference of muscle parameters between T2 and T5 instead of the absolute difference. The relative
difference was obtained by dividing the absolute difference by the initial value (at T2) of the parameter.

The results were considered statistically significant at the 0.05 critical threshold.

3. Results

3.1. Characteristics of Participants

Out of the 534 older adults initially included in the SarcoPhAge study, a total of 238 individuals
completed both FFQs at T2 and T5 and were included in the present study (median age of 72 years
(70.0-78.0), 60.9% of women) (Figure 1). Sociodemographic and clinical characteristics of the whole
population are presented in Table 1. As a summary, participants had good cognitive status (mini-mental
state examination (MMSE) >24 points), a median of 4 concomitant diseases at T2 and T5, consumed
daily 6 drugs at T2 and 7 drugs at T5, and 7.6% (n = 18) were smokers. The level of physical activity
increased between the two time points for both men and women (p < 0.001), and the body mass
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index significantly decreased (p = 0.01). Included participants were compared to the patients who did
not complete the FFQ to investigate the potential differences. Lost-to-follow-up patients were older
(median age of 74.6 (69.6-79.7) vs. 70.4 (67.5-75.3), p <0.001), had lower muscle strength (median of
25.0 (18.0-35.0) vs. 28.0 kg (22.0-39.0) p <0.001) and were composed of more malnourished patients
according to the mini-nutritional assessment questionnaire (18.5% vs. 9.3%, p = 0.003) than patients

included in this study.

Total participants in the SarcoPhAge study

-~

Participants not assessed (1 = 197)

n =534
—_
Total participants at T2
n =337
s

T2 and T5
n =238

Total participants who completed FFQs at

~

- 12 unable to contact

- 106 refusal to participate
- 59 physically disable

- 20 deaths

.

Figure 1. Flow chart.

/Participants not assessed (n = 95)\

- 43 unable to contact

- 6 physically disable

- 46 deaths
Non-exploitable FFQs at T2 or T5
(n=4)

/

Table 1. Socio-demographic and clinical characteristics of participants at inclusion (T2) and after three

years of follow-up (T5).

T2 (n = 238) T5 (n = 238) p-Value
Age (years) 72.0 (70.0-78.0) 76 (73.0-81.0) <0.001
Sex
Women 145 (60.9) 145 (60.9) —
Number of drugs 6.0 (4.0-8.0) 7.0 (5.0-10.0) <0.001
Number of concomitant diseases 4.0 (2.7-5.0) 4.0 (3.0-5.0) 0.001
MMSE (/30 points)
25-30 points 231 (97.1) 222 (93.3) 0.04
21-24 points 2(0.8) 13 (5.5)
<20 points 3(1.2) 2(0.8)
Level of physical activity (kcal/day)
Women 1323.0 (677.2-2527.2) 1484.5 (847.0-2697.0) <0.001
Men 1687.0 (1011.5-2761.7) 1837.0 (847.0-3265.9) <0.001
Smoking
Yes 18 (7.6) * 18 (7.6) * —
Body mass index (kg/m?) 26.9 (23.9-29.4) 26.4 (23.6-29.5) 0.01
Gait speed (m/s) 1.2 (1.0-1.3) 1.2 (1.0-1.4) 0.01
Grip strength (kg)
Women 21.0 (18.0-24.0) 16.0 (12.0-18.5) <0.001
Men 39.5 (34.5-44.0) 32.0 (26.5-39.0) <0.001

Quantitative variables were expressed as median (twenty-fifth to seventy-fifth percentile), and binary or categorical
variables were described by absolute (1) and relative (%) frequencies. * Baseline data (T0).
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3.2. Dietary Nutrient Consumption

The nutritional intakes of the population at T2 and T5 are displayed in Table 2. Overall, FFQ analyses
revealed that participants had a lower total energy intake at T5 than at T2 (1615.4 versus 1767.9 kcal/day,
p-value = 0.002). Regarding macronutrients, the volunteers at T5 consumed less carbohydrates than at
T2 (32.68% at T5 and 34.76% at T2, difference of —2%, p-value < 0.001). The participants at T5 also
consumed more saturated fatty acids than at T2 (+0.53%, p-value = 0.038). The following micronutrients
were significantly less consumed by participants at T5 than at T2: Sodium, magnesium, iron, calcium,
and zinc (all p-values < 0.05). No other significant difference between the consumption of micro-
and macronutrients between T2 and T5 were observed. Absolute consumption of these macro- and
micronutrients (in terms of quantity/day) is presented in the Appendix A Table A1).

Table 2. Dietary characteristics of participants at T2 and at T5 and mean change over a 3-year follow-up
(studied sample n = 238).

Median T2 Median T5 .

(P25-P75) (P25-P75) Diff ! p-Value
Total energy intake (kcal/day) 1767.9 (1439.0-2071.0)  1615.4 (1264.3-2050.2)  —159.4 0.002 8
Macronutrients
(% in relation to the calorie intake)
Proteins 18.3 (16.7-20.3) 18.6 (16.4-21.0) 0.3 0.124
Carbohydrates 34.8 (30.7-39.4) 32.7 (28.5-37.9) -2.0 <0.001 8
Lipids 41.6 (37.7-45.5) 42.4 (37.7-46.5) 0.8 0.052
Saturated fatty acids 15.6 (14.2-17.5) 16.4 (14.1-18.6) 0.5 0.038§
Polyunsaturated fatty acids 6.0 (5.1-7.2) 6.0 (4.9-8.0) 0.0 0.413
Omega 3 fatty acids 0.8 (0.7-1.0) 0.8 (0.6-1.0) -0.0 0.065
Omega 6 fatty acids 4.7 (4.0-5.9) 4.8 (3.9-6.5) 0.0 0.238
Monounsaturated fatty acids 15.9 (13.9-18.3) 16.2 (13.8-18.5) 0.5 0.307
Micronutrients (per 1000 kcal)
Vitamin D (ug/day) 1.3 (1.0-1.8) 1.3 (1.0-1.9) 0.0 0.226
Vitamin A (ug/day) 497.0 (409.6-565.3) 479.4 (391.9-569.1) -13.4 0.530
Vitamin E (mg/day) 5.8 (4.9-7.0) 5.6 (4.7-7.2) -0.0 0.770
Vitamin C (mg/day) 51.4 (37.2-71.7) 49.5 (35.8-65.7) —-0.6 0.768
Vitamin K (png/day) 70.8 (54.9-85.6) 67.0 (52.5-88.5) -2.7 0.176
Iron (mg/day) 8.3 (7.1-9.8) 7.8 (6.7-8.7) -0.5 <0.001 8
Calcium (mg/day) 508.8 (435.6-602.6) 481.0 (390.0-572.1) -33.5 0.005 8
Sodium (mg/day) 1512.8 (1360.1-1720.9)  1374.5 (1232.3-1514.8) 141.5 <0.001 8
Potassium (mg/day) 1823.7 (1620.1-2030.7)  1820.0 (1608.8-2047.0) -11.4 0.975
Magnesium (mg/day) 263.0 (220.4-308.3) 236.3 (195.0-275.7) -22.0 <0.001 8
Phosphorus (mg/day) 730.8 (653.1-782.7) 727.1 (643.0-794.4) -2.3 0.834
Zinc (mg/day) 6.6 (5.9-7.4) 6.4 (5.6-7.2) -0.2 0.004 8

I Median of the absolute difference between T2 and T5. § Results for which the p-value was statistically

significant (<0.05).

Moreover, less than half of the participants met the Belgian national recommendations for the
carbohydrates, saturated fatty acids, omega-3 and omega-6 fatty acids, vitamins D, C, and K, sodium,
and potassium (Table A3) [53].

3.3. Association between Macro- and Micronutrients and Muscle Health Components

From the cross-sectional analyses on our baseline population (Table 3) at T2, it emerged that
muscle strength seemed to be positively associated, after adjustment for potential confounding
variables, with calorie intake (p = 0.003) and the consumption of omega-3 fatty acids (p = 0.03),
potassium (p = 0.04), and vitamins D (p = 0.03), A (p = 0.045), and K (p = 0.01).

When we carried out further longitudinal analyses to assess the changes of nutritional consumption
between T2 and T5 and their effect on changes of muscle parameters during the same period (Table 4),
no association was found to be statistically significant between either changes in gait speed or muscle
strength and changes in dietary intakes.
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Table 3.
health components.

Baseline associations between macro- and micronutrient consumption and muscle

Muscle Parameters at T2 Gait Speed Muscle Strength
Intake at T2 B p-Value * B p-Value *
Macronutrients

Calorie 5.538 x 107 0.122 0.003 0.003 §
Protein 0.003 0.606 0.26 0.098
Carbohydrate 0.000 0.898 -0.077 0.280
Lipid 0.000 0.882 0.046 0.524
Saturated fatty acids 0.002 0.666 -0.031 0.828
Polyunsaturated fatty acids -0.006 0.480 0.116 0.599
Omega 3 fatty acids -0.056 0.230 2578 0.0318
Omega 6 fatty acids —-0.006 0.562 0.015 0.951
Monounsaturated fatty acids 0.002 0.610 0.120 0.311
Micronutrients

Vitamin D —-0.013 0.419 0.899 0.0318
Vitamin A 0.000 0.291 0.006 0.045
Vitamin E —0.009 0.373 0.119 0.630
Vitamin C 0.001 0.403 0.019 0.276
Vitamin K 0.001 0.247 0.042 0.013§
Iron -0.005 0.552 -0.179 0.427
Calcium -9.261x 107° 0.463 0.004 0.231
Sodium 6.525 x 107> 0.221 0.002 0.176
Potassium 5.335x 107 0.316 0.003 0.035 8
Magnesium -3.843 x 107° 0.987 0.005 0.376
Phosphorus -5.244 x 107° 0.744 0.005 0.207
Zinc 0.006 0.585 0.119 0.685

* p-values obtained from linear regression including age, sex, BMI, number of drugs, number of concomitant
diseases, physical activity level, smoking status, and kcal consumed at T2 as covariates. § Results for which the

p-value was statistically significant (<0.05)

Table 4. Association between longitudinal changes in macro- and micronutrient consumption and

longitudinal changes in muscle health components.

Change of Muscle Health Components between T2 and T5 Gait Speed Muscle Strength
Change of Consumption between T2 and T5 B p-Value * B p-Value *
Macronutrients

Calorie 1.645 x 107 0506  4612x107°  0.99%
Protein 0.004 0.326 -0.112 0.245
Carbohydrate -2.795 x 107° 0.988 -0.079 0.077
Lipid 0.001 0.513 0.077 0.077
Saturated fatty acids 0.003 0.375 0.183 0.051
Polyunsaturated fatty acids 0.001 0.875 0.013 0.927
Omega 3 fatty acids —-0.024 0.567 —-0.206 0.838
Omega 6 fatty acids 0.001 0.814 0.024 0.873
Monounsaturated fatty acids 0.001 0.741 0.139 0.086
Micronutrients

Vitamin D -0.009 0.550 —0.485 0.164
Vitamin A -7.567 x 107 0.300 0.000 0.904
Vitamin E —-0.003 0.621 0.024 0.877
Vitamin C 0.000 0.789 0.016 0.141
Vitamin K 0.000 0.631 0.015 0.174
Iron -0.011 0.122 —0.260 0.112
Calcium 0.000 0.158 —0.001 0.792
Sodium —-5.914 x 107> 0.230 —-0.001 0.620
Potassium -1.716 x 107° 0.655 0.001 0.445
Magnesium 0.000 0.212 —0.002 0.628
Phosphorus 0.000 0.066 —-0.005 0.111
Zinc 0.003 0.789 -0.274 0.232

* p-values obtained from linear regression including age, sex, BMI, smoking status, number of drugs, number of
concomitant diseases, physical activity level, kcal consumed at T2, and muscle parameters value at T2 as covariates.
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In the sensitivity analysis, when we performed similar longitudinal analyses but with the relative
difference of muscle parameters between T2 and T5 instead of the absolute difference, we found similar
conclusions except for one nutrient: An increase in saturated fatty acids seemed to have a positive
impact on the muscle strength evolution (p = 0.039) (Table A2 in the Appendix A).

4. Discussion

At the baseline, a higher consumption of calories, omega-3 fatty acids, potassium, and vitamins
D, A, and K seemed to be positively associated with better muscle strength. However, when we
analyzed the impact of the changes in nutrient intake across years on the muscle parameters changes,
no nutrient was correlated with changes of gait speed or muscle strength between the baseline and
the three-year follow-up. In our older population from the SarcoPhAge cohort, the absolute dietary
intake had significantly decreased for almost every macro- and micronutrient over a period of three
years (i.e., between T2 and T5). This was in line with the fact that the older adults from our cohort
experienced a deficit in food consumption also called “anorexia of aging” [26]. People suffering
from this condition are at high risk of protein-energy malnutrition, sarcopenia, and frailty, leading to
higher morbidity and mortality [26,54]. Furthermore, adjusted on the calorie intake, the amount of
carbohydrates, sodium, magnesium, iron, calcium, and zinc taken by the population of our sample
has significantly declined. When we compared dietary intakes to Belgian national recommendations
(Table A3) [53], less than half of the participants met these recommendations for the carbohydrates,
saturated fatty acids, omega-3 and omega-6 fatty acids, vitamins D, C, and K, sodium, and potassium.
Regarding the muscle parameters, both muscle strength and gait speed significantly decreased at the
end of the three-year follow-up. The median decline in muscle strength after three years of follow-up
reached the minimal clinical important difference (MCID) value ranged between 5.0 and 6.5 kg [55],
but the median difference in gait speed between the two time points did not reach the MCID value of
1.0 m/s [56]. This could have impacted our analyses because this change in gait speed would have
been too small to detect an influence of dietary intake on it.

Several studies, mentioned below, have already investigated the cross-sectional impact of macro-
and micronutrients on muscle parameters. Some of them, like our study, investigated the dietary
intake alone, while others studied the biochemical status with or without the nutrient consumption.
Two reviews focusing on the relationship between muscle strength and, either or both, the biochemical
status of nutrients and the dietary intake, corroborate our results regarding omega-3 fatty acids.
Indeed, they concluded that omega-3 fatty acids were positively correlated to muscle strength among
older adults in cross-sectional studies [57,58]. Regarding vitamin A, one of these reviews discussed
the carotenoid status, where a lower blood concentration of carotenoids was associated with lower
muscle strength in cross-sectional analyses including older adults [57]. Moreover, the carotenoid
status was found to have a long-term impact on muscle strength in the INCHIANTI study, where older
community-dwelling adults with lower plasma carotenoids levels were at higher risk of low grip
strength (OR = 1.88, 95% CI, 0.93-3.56, p = 0.07) [59]. The anti-inflammatory and antioxidant potentials
of these two nutrients, vitamin A and omega-3 fatty acids, could explain the effects observed [60,61].
Regarding vitamin D, several studies have investigated the biochemical status, the 25-hydroxyvitamin
D blood concentration, and its association with muscle strength and physical performance in older
adults. A first study of Houston et al. found a positive association between a low serum concentration
of vitamin D and low handgrip strength (p < 0.05) and with poor physical performance too, measured
by the short physical performance battery test (p < 0.05) [62]. While these results are in line with
ours concerning the association with muscle strength, it is contrasting with our results concerning
physical performance. These cross-sectional results were confirmed in a second study of Houston et al.,
and longitudinal associations were also explored in this study, where patients with a low blood serum
concentration of 25-hydroxyvitamin D at the baseline had poorer physical performance at 2 and 4 years
of follow-up (p < 0.01) but not lower grip strength (p > 0.05) [38]. Inconsistent longitudinal results
were found in the study by Visser et al. regarding muscle strength, where participants with a low
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blood concentration of vitamin D at the baseline had 2.57 (95% CI 1.40-4.70) more risk of experiencing
low muscle strength [37]. Evidence suggests that this vitamin can stimulate the proliferation and the
differentiation of the skeletal muscle fibers, thus enhancing muscle strength [63]. Concerning vitamin
K, one study, including 1089 community-dwelling older adults and investigating the biochemical status
of this vitamin, found a statistically significant positive association both with muscle strength (p < 0.04)
and gait speed cross-sectionally [64]. While these results are in line with ours concerning the association
with muscle strength, it is contrasting with our results concerning gait speed. Nowadays, the role of
vitamin K on muscle health is not yet fully understood, and more studies on its biological mechanisms
and its impact on muscle function are needed [65]. To our knowledge, no research investigating the
link between potassium and muscle strength has been performed, except for the study of Beaudart et al.
in the same cohort as the one of the present study, where potassium intake was associated with lower
risk of sarcopenia (p = 0.04) [34]. Potassium is necessary for nerve activity and therefore contributes to
the contractibility of the muscle [66].

From a longitudinal perspective, we cannot confirm the relationships observed in the cross-sectional
analyses. In fact, the muscle parameters changes did not seem to be impacted by the nutrient intake
changes during the three years of follow-up. Several possible hypotheses could explain the different
results between the cross-sectional and longitudinal analyses. Firstly, the length of follow-up,
potentially too short, could have impacted the statistical power of our study and secondly, we can
mention the biases inherent to the dietary assessment method like the recall bias. Moreover, these are
two different investigations. Indeed, the cross-sectional analyses evaluated a precise value at a given
time, while the longitudinal analyses measured a difference between T2 and T5. Therefore, the results
and the conclusions are difficult to compare adequately. To our knowledge, no study exists on the
longitudinal association between changes in dietary intake and changes in muscle parameters, in older
adults aged over 65 years. Longitudinal research on this topic only studied food consumption at
baseline and its impact on the muscle strength and physical performance changes over time. Therefore,
we cannot compare our results regarding the longitudinal analysis since the nutritional data evaluated
were not similar. Moreover, our conclusions were confirmed by the assessment of the robustness of
our results, which were identical to the analyses performed on the relative variations instead of the
absolute variations of muscle parameters. Only the saturated fatty acids became significantly positively
associated with muscle strength. Yet, this relationship has not been investigated elsewhere. There is a
real lack of research on the longitudinal effects of nutrient intake changes on muscle parameter changes.
Nonetheless, food consumption of older adults can vary broadly over a period of only three years as
described in this present study. This type of longitudinal research is therefore essential.

Strengths and Limitations

This study has an original design. It is one of the first studies to consider longitudinal changes in
the intake of a large number of nutrients and to evaluate how those changes impact individual muscle
parameter changes. Another strength of this study is the adjustment of the macro- and micronutrient
intakes on the total energy intake according to the density method. This allowed us to avoid the impact
of any existing correlation between the consumption of calories and nutrients on our results.

Several aspects mustbe taken into consideration when interpreting our results. Firstly, we measured
the dietary intake but not the biochemical status of macro- and micronutrients. Dynamic factors
could alter single nutrient absorption, when consumed with other nutrients [29], such as the known
synergy between vitamin D and calcium. Moreover, the biochemical status of some micronutrients,
such as calcium and magnesium, is complex to evaluate because they have no specific markers [29].
Secondly, we did not take into account the potential impact of a more global diet. In fact, we studied
the impact of each specific nutrient, but it is a necessary first step before considering the overall
nutritional quality. In addition, we adjusted our analyses on a large number of covariates, known to
affect dietary intake and the muscle parameters, but other confounding factors could have been
considered. Indeed, we took into account the level of physical activity of the participants but not
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the type of physical activity. It is now well established that resistance exercise training and aerobic
exercise training are two types of exercise that have a positive effect on muscle and even help
prevent a decline in mobility [67]. These exercises may enhance the myofibrillar protein synthesis,
and it has been suggested that it was due to nutrient-stimulated vasodilatation and improvement
in nutrient delivery to muscle [68]. Additionally, the results indicated that the effects of these types
of physical activity, particularly resistance training, may be impacted by nutritional status [69] and
nutrient supplementation [70]. Ethnicity is also known to influence muscle parameters and nutritional
status [71,72], but we did not adjust our analyses on this variable since the included participants in our
cohort were homogeneous in terms of ethnicity. The probability that this could predominantly have
impacted our results remains low.

The FFQ entailed an inevitable reporting bias in the data reporting since it is based on participants’
memory. This dietary assessment method was chosen for the following reasons: It does not require
trained interviewers, it can be self-administrated, and it can be used for large scale studies. Nevertheless,
other methods to record daily dietary intake are available and could have been used. Moreover,
a selection bias was brought by the constitution of our population that was composed of volunteers.
Indeed, they were presumably in better health than the general population, and the evolution of their
muscle parameters was therefore potentially better. Additionally, the decline observed for gait speed
did not even reach the small detectable change threshold of 0.05 m/s [56], which could eventually
partially explain why we did not find any association between nutrient consumption and gait speed.
There was also a potential attrition bias because of the patients lost to follow-up. They possibly
underwent a more important health decline than the participants interviewed throughout the entire
follow-up. In fact, as presented in the results section, the volunteers included in the study had a better
muscle strength and physical performance, were younger, and were composed of less malnourished
patients than those lost to follow-up. Consequently, our results are probably not truly representative
of the target population and they cannot be generalized to other populations or geriatric settings.
Finally, we did not estimate one potential confounding factor, which is the consumption of nutritional
supplements among participants. The intake of any supplemented nutrients could have been increased
without being assessed in our analyses, and thus have an indirect positive impact on the muscle
components, affecting the potential significant observations in our models. However, these data were
not available.

5. Conclusions

Based on an FFQ dietary assessment method, muscle strength seems positively associated with
caloric intake, omega-3 fatty acids, potassium, and vitamin D, A, and K consumption at a given time.
When studying variations over a period of three years, no association was found between the evolution
of nutrient intake and either gait speed or muscle strength. The longitudinal impact of dietary intake
on muscle parameters needs further investigation to fill the gap in the current knowledge on this
subject. Cohort studies with a longer follow-up and longitudinal investigations on dietary patterns
and their impact on muscle health are needed to elaborate on our findings. It is important to better
understand these interrelations to enable the implementation of optimal nutritional strategies for the
prevention of age-related muscle disabilities.
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Appendix A
Table Al. Dietary consumption at T2 and T5 (absolute values of consumption).
Median T2 Median T5 Difl\f/zgrllacre1 gittv}\l::en p-Value
(P25-P75) (P25-P75) T2 and T5

Total energy intake (kcal/day) 1767.88 (1439.02-2070.96)  1615.41 (1264.34-2050.16) -151.97 0.002
Macronutrients

Proteins (g/day) 80.95 (64.42-97.07) 73.88 (54.54-101.21) -4.15 0.020
Carbohydrates (g/day) 151.41 (124.52-180.36) 133.15 (100.49-162.91) -18.64 <0.001
Lipids (g/day) 80.25 (61.86-98.12) 75.78 (57.35-98.67) -5.30 0.083
Saturated fatty acids (g/day) 29.84 (22.99-38.51) 29.20 (21.39-37.94) -1.51 0.121
Polyunsaturated fatty acids (g/day) 11.70 (8.65-15.47) 11.17 (7.96-15.61) -0.64 0.188
Omega 3 (g/day) 1.56 (1.17-2.08) 1.40 (1.04-1.96) -0.17 0.004
Omega 6 (g/day) 9.30 (6.85-12.25) 9.12 (6.37-12.90) -0.38 0.299
Monounsaturated fatty acids (g/day) 30.84 (25.14-38.63) 29.26 (21.84-39.11) -2.57 0.048
Micronutrients

Sodium (mg/day) 2686.85 (2148.48-3228.33)  2190.19 (1717.06-2711.49) —467.19 <0.001
Potassium (mg/day) 3210.88 (2615.01-3857.28)  2964.15 (2328.73-3685.18) -249.92 <0.001
Magnesium (mg/day) 449.30 (362.82-575.20) 385.85 (307.86—467.27) -69.45 <0.001
Phosphorus (mg/day) 1249.66 (1027.50-1543.91)  1181.27 (871.23-1524.57) -79.40 0.002
Iron (mg/day) 14.53 (11.30-18.34) 12.43 (9.93-15.68) ~1.80 <0.001
Calcium (mg/day) 884.41 (703.09-1122.55) 784.78 (575.14-1045.49) -91.62 <0.001
Zinc (mg/day) 11.60 (9.04-14.56) 10.28 (7.80-13.08) -1.20 <0.001
Vitamin D (ug/day) 2.32 (1.63-3.17) 2.29 (1.54-3.49) -0.04 0.657
Vitamin A (ug/day) 880.88 (644.14-1097.42) 789.27 (550.44-1047.74) -66.28 0.006
Vitamin E (mg/day) 10.04 (7.78-13.29) 9.43 (7.18-12.68) -0.31 0.037
Vitamin C (mg/day) 87.79 (62.72-126.79) 83.44 (57.71-112.70) -6.14 0.010
Vitamin K (ug/day) 120.08 (92.41-163.89) 104.02 (74.77-151.08) -9.92 0.003

Table A2. Association between longitudinal changes in macro- and micronutrient consumption and
longitudinal relative changes in muscle health components.

Change of Muscle Health Components between T2 and T5 Gait Speed Muscle Strength
Change of Consumption between T2 and T5 B p-Value B p-Value
Calorie 1.621 x 10~ 0.512 2527 x107° 0.997
Protein 0.004 0.343 -0.113 0.235
Carbohydrate -9.7219x 107  0.961 -0.085 0.058
Lipid 0.001 0.481 0.083 0.059
Saturated fatty acids 0.004 0.356 0.195 0.039
Polyunsaturated fatty acids 0.001 0.846 0.024 0.864
Omega-3 fatty acids —-0.024 0.565 —-2.220 0.826
Omega-6 fatty acids 0.002 0.784 0.037 0.806
Monounsaturated fatty acids 0.001 0.708 0.146 0.071
Vitamin D -0.009 0.546 -0.486 0.162
Vitamin A -7.492 x 107° 0.307 0.000 0.846
Vitamin E -0.003 0.646 0.036 0.816
Vitamin C 0.000 0.797 0.015 0.146
Vitamin K 0.000 0.623 0.014 0.183
Iron -0.011 0.110 —-0.282 0.087
Calcium 0.000 0.154 -0.001 0.801
Sodium -6.001 x 107° 0.224 -0.001 0.583
Potassium -1.691 x 107° 0.660 0.001 0.444
Magnesium 0.000 0.199 -0.002 0.548
Phosphorus 0.000 0.068 —-0.005 0.106
Zinc 0.002 0.816 —-0.290 0.204

* p-values obtained from linear regression including age, sex, BMI, smoking status, number of drugs, number of
concomitant diseases, physical activity (Minnesota), kcal consumed at T2, and muscle parameters value at T2.
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Table A3. Adequation of the consumption of macro- and micronutrients at T2 and T5.

Population with an Population with an Val
Adequate Intake at T2 (%) Adequate Intake at T5 (%) p-vatue

Macronutrients

Proteins 90.3 79.4 0.001
Carbohydrates 1.3 0.8 0.625
Lipids 46.2 454 0.039
Saturated fatty acids 20.2 31.1 0.003
Polyunsaturated fatty acids 45.0 40.3 0.417
Omega-3 fatty acids 15.1 14.7 0.538
Omega-6 fatty acids 43.3 38.2 0.210
Monounsaturated fatty acids 69.7 55.9 0.006
Micronutrients

Vitamin D 0.8 0.0 0.485
Vitamin A 85.7 79.8 0.059
Vitamin E 60.1 54.6 0.193
Vitamin C 46.2 42.4 0.391
Vitamin K 3.8 42 0.644
Iron 97.1 94.5 0.210
Calcium 69.3 56.7 0.001
Sodium 0.8 5.5 0.007
Potassium 29.8 30.7 0.002
Magnesium 95.8 85.7 <0.001
Phosphorus 97.5 94.5 0.092
Zinc 82.4 76.5 0.070

The prevalence of participants below the recommended daily allowance (RDA) for macronutrients,
measured from the Belgian nutritional recommendations [53], and below the estimated average
requirement (EAR) for micronutrients were computed. Since the EAR was not available in the Belgian
nutritional recommendations, the following formulas were used [73,74]:

- For vitamins D, A, E, K, iron, calcium, sodium, potassium, phosphorus, and zinc: 0.77 * RDA
- For magnesium and vitamin C: 0.83 * RDA

It was established that the EAR is a reliable estimate of the usual intake requirements of a group
of subjects [75].

RDA tailored to populations aged over 60 years where applied when available. Alternatively,
recommendations for adults older than 18 years were used.
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Abstract: This review aims to examine the relationship of sodium and potassium intake and
cardiovascular disease (CVD) among older people. Methods: We performed a literature search
using PubMed and Web of Science (January 2015 to July 2020) without language restriction.
Observational and experimental studies that reported the relationship between sodium, potassium,
or sodium-to-potassium ratio with CVD among older adults aged higher than 60 years were included.
The authors independently screened all identified studies, extracted information, and assessed
the quality of included studies. Risk of bias was assessed using the Risk of Bias Assessment
Tool for Nonrandomized Studies (RoBANS) for observational studies and the revised Cochrane
risk-of-bias tool (RoB 2 tool) for randomized trials. Results: We included 12 studies (6 prospective
cohort studies, 5 cross-sectional studies, and 1 experimental study). Five of the studies reported on
sodium-to-potassium ratio (n = 5), and the others on potassium and/or sodium intake. Cardiovascular
events (e.g., stroke and heart failure) were the most reported outcome (n = 9). Of the 12 studies
included, five observational studies had low bias risk and the randomized controlled trial was judged
as uncertain risk of bias. We found inconsistent results for the effect of the reduction of sodium intake
in this population for lower risk of CVD. We found that both the increase of potassium intake and the
decrease of sodium-to-potassium ratio were associated with lower risk of hypertension and CVD,
particularly stroke. Conclusion: The present review suggests that both higher potassium and lower
sodium-to-potassium ratio are associated with lower risk of CVD.

Keywords: cardiovascular disease; hypertension; older people; sodium; potassium

1. Introduction

The world is facing a critical healthcare challenge in rising and potentially unsustainable
healthcare costs, mainly due to the increasing prevalence of unhealthy lifestyles, chronic diseases, and a
growing ageing population that requires more diversified care and increased societal demands [1,2].
Indeed, the number of older persons (>60 years) in world is expected to double until 2050, when it is
projected to reach nearly 2.1 billion of persons; the process of population ageing will be most advanced
in Europe and North America [1]. It will be essential for countries to develop and implement policies
to face an ageing population with a high burden of chronic conditions, including cardiovascular
diseases (CVD). Multi-morbidity will increase the demand to strengthen disease prevention and
integrate service delivery around people’s needs for health and social care.
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On top of health-related age frailty, ageing people have non-communicable chronic diseases such
as CVD that are the main contributors to the total burden of disease and mortality in low-, middle- and
high-income countries [3,4]. CVD consists of a group of heart and blood vessels disorders that include
coronary heart disease (e.g. heart attack), cerebrovascular disease (e.g., stroke), and diseases of the aorta
and arteries, including hypertension and peripheral vascular disease [5]. In older persons, CVD imposes
a huge burden in terms of mortality, morbidity, disability, functional decline, and healthcare costs [6].
Hypertension is the most powerful preventable risk factor for death and disability from CVD [7] and
also for cognitive decline and loss of autonomy later in life [8]. Hypertension prevalence and severity
increase with age, and treating healthy subjects aged 75 years and older with moderate to severe
hypertension reduces non-fatal strokes, cardiovascular morbidity and mortality, and the incidence of
heart failure [9]. The American College of Cardiology/American Heart Association (ACC/AHA) defines
for most adults >65 years old a blood pressure (BP) goal of <130/80 mmHg [10], and the European
Society of Cardiology/European Society of Hypertension (ESC/ESH) recommends for persons between
the ages of 65 and 79 years (elderly) and above 80 years (very old) a BP target of <130-139/70-79 mmHg [11].

There is strong scientific evidence that behavioral (such as unhealthy diet) and metabolic (such as
hypertension) risk factors play a key role in the etiology of CVD. High dietary intakes of salt and
low intake of fruits and vegetables are linked to increase CVD risk [12,13], mainly due to its impact
on BP. Both a lower sodium and a higher potassium intake have been associated with lowered BP
and a reduction in CVD [14,15], particularly in adults with hypertension. A recent meta-analysis of
32 randomized controlled trials found a U-shaped relationship between potassium supplementation
and BP, with stronger lowering effects in participants with hypertension and at higher levels of
sodium intake [16]. In this line, the World Health Organization strongly recommends a reduction to
<2000 mg/day in sodium intake (5 g/day salt) [17], and an increase in dietary potassium intake of at
least 3510 mg/day to reduce BP and the risk of CVD, stroke, and coronary heart disease in adults [18].
Urinary sodium-to-potassium ratio is an alternative indicator of cardiovascular risk, and the proposed
ideal ratio of sodium-to-potassium intake (1:1) is achieved when sodium and potassium intake are
within WHO recommended values [18]. A recent meta-analysis of prospective and retrospective
observational studies reported that higher sodium intake and higher sodium-to-potassium ratio
are associated with higher risk of stroke [15]. However, most published systematic reviews and
meta-analyses on the relationship between dietary sodium, potassium, and CVD are done among
adults regardless of age, ignoring the complexity of older people. Thus, this review aims to examine
the relationship of sodium and potassium intake and CVD in older people (>60 years).

2. Materials and Methods

The present systematic review was reported according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement [19].

2.1. Search Strategy

PubMed and Web of Science were systematically searched from January 2015 up to 10 July 2020,
to assess the most recent evidence. The search was performed by one author (CG) using a combination
of MeSH terms and keywords related to population, CVD, and dietary sodium and potassium intake,
with no restriction on language. The search terms used in PubMed was the following, and then adapted
to Web of Science: (“sodium” OR “sodium chloride”) AND (“potassium”) AND (“cardiovascular
disease” OR “coronary heart disease” OR “ischemic heart disease” OR “myocardial infarction” OR
“stroke” OR “heart attack” OR “hypertension” OR “high blood pressure”) AND (“elderly” OR “older
adults” OR aging OR “later life” OR senior OR nonagenarian OR octogenarian OR centenarian).
The reference lists of included articles and reviews were also manually reviewed for additional
relevant studies.
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2.2. Eligibility Criteria and Study Selection

Studies were included in this review if: (1) the study was published in English, French, Portuguese,
or Spanish; (2) the study design was cohort, case-cohort, nested case-control, case-control with a follow
up of 12 months’ length or above, cross-sectional, or intervention studies with randomized groups
(the intervention/experimental group and the control group with no intervention/usual sodium or
potassium intake), and a minimum intervention duration of 4 weeks; (3) participants’ mean or median
age were > 60 years old, living in the community or institutionalized (nursing home) (for longitudinal
studies mean age were considered at baseline; studies with stratified analyses by age groups were
considered if results were available for ages > 60 years); (4) the exposure of interest was sodium,
potassium, or both assessed through dietary questionnaires or urinary measurements (for intervention
studies the intervention was performed using potassium-containing supplements or through dietary
modification only with sodium or potassium as target components); (5) the outcome of interest was
CVD (prevalence, incidence, or mortality), hypertension, systolic blood pressure (SBP), or diastolic
blood pressure (DBP). We excluded studies performed among participants with kidney disease and
studies that not exclusively targeted potassium or sodium intake but multiple health behaviors
(e.g., physical activity and diet). If multiple studies were published based on the same sample, we
chose to include the study reporting prospective analysis or the study that used the largest sample size
(for cross-sectional analyses). The review of titles and abstracts of all identified studies, and full-text
assessment were done independently by the authors (CG and SA). Any disagreement was resolved
through consensus.

2.3. Data Extraction

Data extraction of eligible studies was done independently by both authors using a standardized
form, with any disagreement resolved by consensus. The information extracted comprised: the first
author’s last name, publication year, country, study design, mean or median age of participants, number of
participants/case, sex, exposure identification and assessment method, outcome measure identification,
follow-up duration, covariates used in multivariable analysis, and results. For intervention studies,
details about the intervention was also extracted.

2.4. Quality Assessment

Both authors independently assessed the risk of bias for observational studies using the Risk of Bias
Assessment Tool for Nonrandomized Studies (RoBANS) [20], and the revised Cochrane risk-of-bias
tool (RoB 2 tool) for randomized trials [21]. RoBANS evaluated six bias domains: (1) selection
of participants; (2) confounding variables; (3) measurement of exposure; (4) outcome assessments;
(5) incomplete outcome data; and (6) selective outcome reporting. The risk of bias for each domain was
judged as low risk, high risk, or unclear risk. Overall risk of bias was evaluated according to three key
domains (the selection of participants, confounding variables, and incomplete outcome data). Then,
if one of the three domains was assessed having a risk of bias as low, unclear, or high overall risk was
classified according the more frequent classification. If each key domain was assessed differently the
overall risk was categorized as unclear.

RoB tool considered the assessment of bias in five domains due to (1) randomization process,
(2) deviations from intended interventions, (3) missing outcome data, (4) measurement of the outcome,
and (5) selection of the reported results. The possible risk-of-bias judgements in each domain are low
risk of bias, some concerns or high risk of bias. Additionally, an overall risk-of-bias judgement was
done according to each domain assignment. Therefore high risk of bias was assigned if study it was
judged to be at high risk of bias for at least one domain, some concerns if the study it was judged to
raise some concerns for at least one domain and low risk if the study it was judged to be at low risk of
bias for all domains.
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3. Results

The database search resulted in a total of 596 records. Additionally, six papers were identified from
the reference list. After the removal of duplicates (n = 43), the titles and abstracts of 559 records were
screened according to eligibility criteria. Then, from these, the full-text of 92 publication were screened,
and 12 papers were included in the present review for data extraction and quality assessment (Figure 1).

=
-3 Records identified on: Additional records
'§ Pubmed (n =119) identified from reference
= Web of Science (n =477) lists (n =6)
5
o
L
\4 \4
Records identified .|  Records excluded from duplication (1 = 43)
(n=602) "
oD
43
g
§ v
Records screened | Records excluded based on titles and abstracts
(n=559) i (n = 467)

Full-text articles excluded, with reasons (1 =80)
. - Mean/median age < 60 years (1 = 63)
= Full-text articles assessed for - Re?pm-‘ted outcome does not meet inclusion
= ligibilit criteria (n = 8)
& cugIbity - Sodium or potassium are not exposure variables
= (n=92) -

(n=2)

- Publication type (n =3)

- Full text published in Ukrainian (n = 1)

- Intervention with no control group (n =1)

- Participants with kidney disease (1 =1)

v - Duplicate study (n=1)

o Studies included in qualitative
E synthesis
£ (n=12)
L

Figure 1. Flowchart of systematic literature search for inclusion in the review of relationship of sodium
and potassium intake and cardiovascular disease among older people.

3.1. Characteristics of Studies

Tables 1-3 show the characteristics of the 12 included studies, ordered on publication year, which
examined the association between sodium and/or potassium intake and CVD among older people.
All included studies were carried out among population from developed countries, including USA
(n =5), France (n = 1), Italy (n = 1), Japan (n = 1), Korea (1 = 1), the Netherlands (n = 1), Poland (n = 1),
and Turkey (n = 1). Participants mean age ranged 60 to 79.7 years and all studies were conducted
in men and women. Some studies were restricted to population with a specific condition, including
type 2 diabetes (1 = 1) [22], acute stroke (n = 1) [23], hypertension (1 = 1) [24], and pre-hypertension
(n=1)[25].
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Table 1. Characteristics of included cross-sectional studies in systematic review of dietary sodium, potassium, sodium-to-potassium ratio, and cardiovascular disease.

Author, Year Count Participants Exposure Soamﬁljtzliteassmm Outcome Covariates Main Findings
[Reference] Ty Characteristics 4 Assessment Measures &
Cardlgmetabohc No significant differences for dietary sodium and potassium were
disease - . . . .
. n =239 (66 men) . . found between participants with hypertension or disease history
Guligowska Sodium 24-hour recall (hypertension, ; X .
AR, 2015 [31] Poland mean age = Potassium tionnair history of ischemi None and healthy peers, except for sodium intake that was lower in
’ ‘ 72.0 + 9.34 years otassiu questionnatre o e e patients with a history of MI (2680 + 1019 mg vs. 3471 + 1242 mg,
chronic HE or MI) p = 0.010) compared to their counterparts.
In univariate analysis lower sodium consumption was found
n = 13,033 with self History of ML HF among adults with a history of MI, HF, and stroke (p < 0.001) but
. y of MI, HE, . . AN .
Dolmatova EV, USA -reported hypertension Sodium 24-h recall Stroke Ace the difference did not remain significant after adjustment for age.
2018 [24] (6910 men) questionnaire BD & Higher SBP and lower DBP were associated with higher sodium
mean age = 60 + 14 years in univariate analysis, but the difference was no longer significant
after adjustment for age.
sﬁgli/isexslt:f:éhlt’, : Occi};nvgfé%gfé A one-unit higher value in estimated salt intake (per g/d) was
(cardi i 1 T b 1 Y associated with a higher SBP (adjusted difference: 1.73 mmHg,
n =288 (116 men) Cz;ci(:elisacllzi?sréac:;; r(;)gisectz:r, 95% CI10.71 to 2.76 mmHg). One SD higher value in estimated
Tida, 2019 [32] Japan mean age Salt (NaCl) Spot urine samples BP mellitus, dyslipi demlia alcohol salt intake (per g/d) was also associated with a higher SBP
=79.7 + 4.2 years s -‘{mgme e (adjusted difference: 4.13 mmHg, 95% CI 1.69 to 6.57 mmHg).
(antih ’ ertensive agents A one-unit or SD higher values in estimated salt intake (per g/d)
;z]r?d diuretics)g were not associated with higher DPB.
Nighttime blood pressure linearly increased with 24-h urine
sodium (SBP: 3 = 0.1706, 95% CI 0.0361-0.3052; DBP: 3 = 0.1440,
Sodium 95% CI10.0117-0.2763) and the sodium to potassium ratio
. n =217 (94 men) Potassium . Age, gender, BMI, smoking, (SBP: 3 = 0.1415, 95% CI 0.0127-0.2703; DBP: 3 = 0.1441 95% CI
Kyung Kim, R _ R 24-hour urine 24-hour £ antih . h h i vi ith X
2019 [33] Korea median age = 60 Sodium to excretion ambulatory BP and use of antihypertensive 0.0181-0.2700). The 24-h BP was linearly increased with sodium
- (IQR: 57-63) potassium medications to potassium ratio (SBP: § = 0.1325, 95% CI 0.0031-0.2620;
ratio DBP: 3 = 0.1234 95% CI 0.0025-0.2444).
Non-linear associations were found between daytime blood
pressure (SBP and DBP), 24-hour SBP and sodium (p < 0.05).
n = 82 (50 patients with
stroke (28 men) and Sodium Urinary sodium to potassium ratio was not significantly different
Koca TT, 32 controls (13 men)) Potfassmm ) betweerf stroke and cgntrol groups. Urmary pgtags%um, sodium,
2019 [23] Turkey mean age stroke group = Sodium-to- Spot urine samples Stroke None and sodium to potassium ratio excretion was significantly lower
: 65.9 + 14.6 years potassium in male patients with stroke compared to healthy male
ratio (p < 0.05 for all).

mean age contro groupl =

60.9 £ 14.1 years

BP, blood pressure; BMI, body mass index; CI, confidence interval; DBP, diastolic blood pressure; HF, heart failure; MI, myocardial infarction; PA, physical activity; SD, standard deviation;
SBP, systolic blood pressure; USA, United States of America; IQR, interquartile range.
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Table 2. Characteristics of included longitudinal studies in systematic review of dietary sodium, potassium, sodium-to-potassium ratio, and cardiovascular disease.

Participants
Characteristics

Study
Design

Follow-Up
(Years)

Exposure

Sodium/Potassium
Intake
Assessment

Outcome Measures

Covariates

Main Findings

Author,

Year Country
Kalogeropoulos
AP2015[26]  USA

Saulnier PJ, E
2017 [22] rance
Willey J,
2017 [27] usa
Lelli D, 2018
[29] Ttaly

1 = 2642 (1290 men)

mean age = 73.6 +
2.9 years

n = 1439 types 2
diabetes patients
(835 men)

mean age = 65.3 +
10.7 years

n = 2496 (902 men)

mean age= 68.7 +
10 years
(55% Hispanic)

n =920 (415 men)

mean age =
74.5 £ 6.99 years

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

10

Median = 5.7
(IQR: 3.1-8.8)

Mean=12+5

Sodium (as continuous
variable and categorical
variable into 3 groups:
<1500 mg/d; 1500-2300
mg/d; >2300 mg/d)

Sodium (as continuous
variable and categorical
variable into tertiles: low,
<69 mmol/L; intermediate,
69-103 mmol/L; high,
>103 mmol/L)
Potassium (as categorical
variable into tertiles—
not specified)

Sodium to potassium ratio

Potassium (as continuous
variables and quartiles)

Sodium

Incident CVD (ncases = 572)
(i.e., coronary heart disease
(MI, angina, or coronary
revascularization),

Food cerebrovascular disease (stroke,
frequency transient ischemic attack, or
questionnaire symptomatic carotid
(at the year artery disease),
2 visit) peripheral arterial disease
Incident HF (ncages = 398)
Spot urinary Cardiovascular death
sample (Ncases = 268)
Food Incident stroke (Ncases = 268)
frequency
questionnaire

(at baseline)
Incident ischemic stroke
(Ncases = 227)

Incident cardiovascular events

24-hour
urinary (Ncases = 169)
excretion (i.e., angina pectoris,

myocardial infarction, heart
failure, and stroke)

Age, sex, race, baseline
hypertensive status, BMI,
smoking status, PA, prevalent
CVD (for HF events),
pulmonary disease, diabetes
mellitus, depression, BP, heart
rate, electrocardiogram
abnormalities, and serum
glucose, albumin, creatinine,
and cholesterol levels

Age, sex, urinary sodium and
potassium, urine to plasma
creatine ratio, estimated 24 h
sodium excretion, BMI, history
of urinary albumin to creatine
concentration ratio, N-terminal
pro-brain natriuretic peptide

Age, sex, high-school
completion, race ethnicity, total
calories, Mediterranean diet
score, moderate alcohol use,
moderate heavy physical
activity, smoking, estimated
glomerular filtration rate, body
mass index, hypertension,
hypercholesterolemia, diabetes
mellitus, sodium consumption

Age, sex, education, estimated
creatinine clearance, SBP,
cigarette smoking,
hypertension, diabetes, BMI,
caloric intake/body weight,
antihypertensive drugs,
and diuretics

Ten-year incident CVD, or incident HE, were
not associated with sodium intake.

It was found significant relationships between
cardiovascular mortality, and sodium and
potassium tertiles (Log-rank p < 0.001), with
patients in the lower tertiles having the highest
mortality.

For each 1-SD increase of urinary sodium
concentration in the adjusted model,
cardiovascular mortality was 24% lower (HR:
0.76, 95% CI: 0.66-0.88).

In adjusted models, a higher sodium:potassium
ratio was associated with increased risk for
stroke (HR: 1.6, 95% CL: 1.19-2.14) and ischemic
stroke (HR: 1.58, 95% CI: 1.20-2.06).
Marginally positive association was observed
for potassium intake and stroke among those
with <2300 mg sodium/d and an inverse
association was observed for potassium intake
among those with >2300 mg sodium/d.

An association was found between 24-hour
sodium excretion and cardiovascular disease
(RR 0.95; 95% CI 0.90-1), which did not remain
after adjustment for confounders (RR: 0.96, 95%
CI: 0.90-1.02).
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Table 2. Cont.

.. Sodium/Potassium
A;lthor, Country Pamﬂpa}nt.s Stu}i Y Follow-Up Exposure Intake Outcome Measures Covariates Main Findings
ear Characteristics Design (Years) A
ssessment
Among men, the sodium to potassium ratio
was associated with incident hypertension
(OR: 1.11, 95% CI: 1.01 to 1.20; incidence
proportion at 25th percentile, 32.9%, 95% CI:
. <G 1 = 6897 (3125 men; Food £ Incident b yension ( A A bascli i 3044‘;:;;) 2515?‘:@ ;r;d th§8725t/h pErcelntile, 31;5.8%,
oward G, A rospective . . . ood frequency ncident hypertension (ncases = ge, race, and baseline systolic % CI: 33.5% to 38.2%; absolute ris
2018 [28] USA 1807 black partlapants)P co};ort 94 Sodium to potassium ratio questionnaire (at 836 (298 men) for black and blood pressure for the risk difference between black and white
baseline) 1679 (837 men) for white factor of incident hypertension participants, 2.9%, 95% CI: 0.4% to 5.5%).
participants) Among black men, the ratio of sodium to
potassium accounted for 12.3% (95% CI: 1.1%
t0 22.8%) of the excess risk of hypertension.
Among women, the sodium to potassium
ratio was associated with incident
hypertension (OR: 1.13, 95% CI: 1.04 to 1.22;
incidence proportion at 25th percentile, 31.1%,
mean age = 95% CI: 29.1% to 33.5% and the 75th percentile,
62+ 8 years 34.5%, 95% CI: 32.2% to 36.8%; absolute risk
- difference between black and white
Age, sex, race, diabetes participants, 3.3%, 95% CI: 1.1% to 5.5%).
mellitus, smoking (current and Higher dietary ratio of sodium to potassium
former), total cholesterol, accounted for 6.8% (95% CI: 1.6% to 11.9%) of
high-density lipoprotein the risk of hypertension among black women.
Incident CVD (Ncases = 781) cholesterol, treated
n = 6705 (3160 men) (ML, dlefmlfe anglr}a, stroke, hypertension, education, SBP,
transient ischemic attack, DBP, urine creatinine, hip
Averill MM, P " Spot urine coronary heart disease death) circumference, BMI, aspirin After adjustment, only sodium-to-potassium
2019, mean age= rospective 11.7 (£2.2) Sodium to potassium ratio samples (at Incident coronary heart disease use, intenti 0;1 al ex' ercise, ratio >1 was associated with the risk of stroke
USA [30] 61.2+10.2 cohort baseline) (Ncases = 530) (MI and angina) ! ¢

glomerular filtration rate,
dietary energy intake,
maximum of common carotid
artery intimal medial thickness,
and IL-6 (interleukin 6) levels

Incident HF (ncages = 274)
Incident peripheral vascular
disease (Neases = 104)
Incident stroke (ncases = 236)
SBP

(HR: 1.47, 95% CI: 1.07-2.00).

BP, blood pressure; BMI, body mass index; CI, confidence interval; CVD, cardiovascular disease; DBP, diastolic blood pressure; HF, heart failure; HR, Hazard ration; MI, myocardial
infarction; PA, physical activity; SD, standard deviation; SBP, systolic blood pressure; USA, United States of America; IQR, interquartile range; OR, odds ratio; RR, relative risk.
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Table 3. Characteristics of included trials in systematic review of dietary sodium, potassium, sodium-to-potassium ratio, and cardiovascular disease.

A;:l;)r, Country Cﬁ;i::tlfr?s‘lttiscs Follow-Up Study Design Intervention Details I\O/I:;cs‘t):?e: Main Findings
During sodium
After a 1-week run-in supplementation, office and
period, subjects were 24h-ambulatory were
_ randomly allocated to 3 significantly increased to ~ 8
n =36 untreat§d Randomized, times in one of the . . mmHg and ~4 mmHg,
. (pre)hypertensive . . Fasting office BP .
Gijsbers L, The double-blind, treatments: sodium respectively.
- (24 men) 4 weeks - 24-h ambulatory . A
2015 [25] Netherlands mean age = 65.8 placebo-controlledsupplementation (3 g/day, BP During potassium
egars_ ’ crossover equals 7.6 g/day of salt), supplementation, 24-h
Y potassium ambulatory SBP and DBP was
supplementation (3 g/day) significantly reduced by ~4
or placebo. mmHg and ~2 mmHg,

respectively.

BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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From the 12 included studies, the majority are prospective studies (n = 6) [22,26-30] and
cross-sectional studies (n = 5) [23,24,31-33], and only one was an experimental study [25]. Most of
the studies had as exposure variable sodium-to-potassium ratio (n = 5) [23,27,28,30,33] and both
potassium and sodium intake (n = 5) [22,23,25,31,33]. Of the 11 observational studies included,
the exposure variable was assessed by self-reported questionnaires (n = 5) [24,26-28,31], spot urine
(n = 4) [22,23,30,32], and 24-h urinary excretion (n = 2) [29,33]. Regarding outcome, most of the
studies analyzed cardiovascular events (n = 9) [22,23,26-31], three BP [25,32], and one both [24,33].
Outcome assessment were derived from medical records [22,26,27,29,31], death certificates [13,22,28],
BP monitors [24,25,28,32,33], and self-reported data [24,30]. One study not reported how outcome
variable (i.e., stroke) was assessed [23].

3.2. Quality Assessment

For the 12 selected studies, the overall risk of bias was rated high for four studies [23,24,31,32],
unclear for three studies [20,25,30] and low for five studies [22,26-29] (Figure 2). The randomized
controlled trial included [25] has low risk of bias in the “randomization process errors”,
“missing outcome data” and “systematic errors in measurement of the outcome” domains of the
quality assessment. However, the “deviations from the intended interventions” domain was rated
unclear because this is a cross-over trial and does not include a washout period between the treatments
as a mean of reducing the carry-over effect. The “selection of the reported result” domain was
also rated unclear mainly due to the impossibility to access the baseline differences for all outcome
variables in the randomized groups at the start of the cross-over trial. For the 11 observational studies
included, the “selection of participants” was judged as low risk of bias, except for four studies due
to retrospective data collection and unclear disease diagnosis assessment [31], generation of patients
definition by self-report [24], unclear confirmation of excluded patients from control group [32] and
insufficient data to prove that case and control group are from a comparable population group [23].
The “confounding variables” domain was only judged as high risk of bias in three studies [23,24,31],
mainly due to the fact that major confounding variables (age, gender, body mass index, smoking, alcohol
consumption, and race/ethnic group) were not considered. In relation to “incomplete outcome data”
domain, two studies was judged unclear risk of bias [20,30], because it is uncertain whether the
incomplete outcome data could affect the study outcome or not present data about differences between
included and excluded subjects. Finally, the “measurement of exposure” domain was considered as
low risk if sodium and/or potassium intake was estimated by 24-hour urinary collection considered the
“gold standard” method [20,29], other studies estimates these variables by spot urines, dietary recall or
food records and these methods may underestimate sodium consumption and/or do not consider the
salt used in food preparations [34-37].
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Figure 2. Risk of bias summary: review authors’ judgements about each risk of bias item for each
included study. (A)—randomized controlled trials included; (B)—non-randomized studies included.

3.3. Sodium Intake

A total of nine studies analyzed sodium intake, which five are cross-sectional studies [23,24,31-33],
three are prospective studies [22,26,29] and one is an experimental study [25]. Kyung Kim et al. [33]
evaluated the dose-response association of 24-h urine sodium excretion and 24-h ambulatory blood
pressure among community-based participants and found that nighttime BP linearly increased
with 24-h urine sodium; however, daytime BP and 24-hour systolic BP (SBP) showed a significant
non-linear relationship with sodium excretion. lida et al. [32] explored the association of salt intake
(NaCl) with BP and showed that estimated salt intake (per g/day) (per one-unit mean or standard
deviation-SD) was associated with higher SBP, but not with diastolic BP (DBP). In the other hand,
in another cross-sectional study [24] in adjusted models no association were found between sodium
consumption and cardiovascular events history and higher BP. Furthermore, cross-sectional studies of
Guligowska et al. [31] and Koca et al. [23] found that sodium was lower in patients with myocardial
infarction and stroke compared to their counterparts, respectively.

From prospective cohort studies, two reported no significant association with cardiovascular
events as the result of higher sodium intake [26,29] and one reported increased risk of cardiovascular
death as the result of lower urinary sodium concentration [22]. Saulnier et al. [22] evaluated the
relationship between spot urine sodium concentration and mortality and cardiovascular death among
type 2 diabetes patients and reported that an increase of one SD was associated with a decrease of 22%
of cardiovascular death.

Gijsberg et al. [25] conducted a randomized, placebo-controlled crossover study of 36 untreated
pre-hypertensive adults who were randomly assigned to three times in one of the following three groups:
sodium supplementation (3 g/day, equals 7.6 g/day of salt), potassium supplementation (3 g/day) or placebo.
Three times consecutive intervention periods of four weeks, without washout, were conducted for each
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of these groups. During sodium supplementation, office and 24 h-ambulatory SBP and DPB were
significantly increased to ~8 mmHg and ~3 mmHg compared to placebo period, respectively.

3.4. Potassium Intake

Potassium intake was explored in three cross-sectional studies [23,31,33], two prospective
studies [22,27] and one experimental study [25]. Among cross-sectional studies, two studies did
not find significant results between potassium intake and cardiovascular events [31] or BP [33].
Koca et al. [23] showed that urinary potassium excretion was significantly lower in male patients with
stroke compared to healthy counterparts. Willey et al. [27] explored data from the Northern Manhattan
Study (NOMAS) and stratified results according to sodium intake. Among those with sodium intake
<2300mg/d there was a positive association between potassium intake, total, and ischemic stroke,
whereas among those with sodium intake >2300 mg/d a marginally inverse association was observed
between potassium intake and stroke. Potassium intake was not the main outcome in the other
prospective study [22]; however, lower tertiles of urinary potassium concentration was associated
with higher cardiovascular mortality. In the experimental study, Gijsberg et al. [25] found during
the potassium supplementation that 24-h ambulatory SBP and DBP were significantly reduced by
~4 mmHg and ~2 mmHg, respectively.

3.5. Sodium-to-Potassium Ratio

Most of the studies that explored sodium-to-potassium ratio are prospective studies [27,28,30]
and two are cross-sectional studies [20,23]. All of the prospective studies reported increased risk
of cardiovascular events as the result of higher sodium-to-potassium ratio. Data from Multi-Ethnic
Study of Atherosclerosis (MESA) conducted among 6814 adults from different ethnic groups found in
full-adjusted model that a sodium-to-potassium ratio higher than one was associated with the risk of
stroke [30]. Likewise, Wiley et al. [27] reported a higher sodium-to-potassium ratio was associated
with a greater risk of ischemic and total stroke. Howard et al. [28] conducted a longitudinal cohort
study among adults” aged 45 years or older and explored results according to sex and black and white
participants. Among men and women, the sodium to potassium ratio was associated with incident
hypertension. Additionally, among black men and women the ratio of sodium to potassium accounted
for 12.3% and 6.8% of the excess risk of hypertension, respectively. Kyung Kim et al. [33] also found a
cross-sectional linear association between nighttime BP and 24-hour BP with sodium-to-potassium ratio.
Urinary sodium-to-potassium ratio was not significantly different between stroke and control groups
in Koca et al.’s study [23].

4. Discussion

The present review provides summarized evidence on the association between sodium and
potassium intake with CVD and hypertension among older people. We identified five non-randomized
trials with low bias risk and one randomized controlled trial with uncertain risk of bias that assessed the
impact of sodium, potassium, and sodium-to-potassium ratio on CVD. We found inconsistent results
that supports the recommendation to reduce sodium intake in this population, however we found
strong evidence to support the increase of potassium intake and the decrease of sodium-to-potassium
ratio in reducing the risk of hypertension and CVD, particularly stroke.

In the analysis of sodium intake, our findings shown a lack of evidence of an effect of dietary
sodium reduction on cardiovascular events and mortality that is in accordance with other authors [38].
Two included studies with low risk of bias shows that dietary sodium intake was not associated
with incident of CVD or heart failure [26,29], one study indicate that low sodium intake increased
the risk of CVD and mortality [22] and the other related increased BP with increasing sodium
intake [25]. This non-linear association between sodium excretion and mortality was already described,
suggesting a J-shaped association between sodium intake and cardiovascular events recommending
a moderate sodium intake in the general population (3-5 g/d), with targeting the lower end of the
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moderate range among those with hypertension [39]. Saulnier et al. [22] found that low urinary
sodium was associated with an increased risk of CVD and mortality in type 2 diabetes older persons
and Lelli et al. [29] found similar association with mortality but not with CVD in frail participants.
Diabetes and frailty are two prevalent conditions in older persons, and both have a recognized
influence on studied outcomes. The low sodium excretion maybe due to insulin therapy, because
the antinatriuretic effect of insulin may contribute to the relationship between insulin resistance and
hypertension, the authors also raises the question if kidneys ability to excrete sodium and urine
is implicated in the occurrence of fatal cardiovascular diseases [22]. The activation of sympathetic
nervous system and the renin-angiotensin—aldosterone system, implicated in the regulation of sodium
and volemia, are stimulated in frail persons, which may lead to increased risk for cardiovascular
events [29,40]. Another mechanism that could explain the association of the risk of mortality and
low sodium intake in frail persons is the lower caloric intake and malnutrition compromising cellular
metabolism and several biological processes [41]. Discrepant findings in studies can be also attributable
to differences in ranges of sodium intake, study populations and methods of sodium assessments.
Some of the included studies uses food frequency questionnaire to estimates sodium intake leading
to an underestimation of sodium intake and of an attenuated association between sodium and the
outcome [36]. Furthermore, another study used one single spot urine without consideration to the
circadian pattern of sodium excretion [42]. Although spot urine and dietary questionnaires may
provide useful population sodium estimates, they are poor predictors at individual level [36]. Finally,
older adults are inherently at higher risk for CVD and mean sodium intake are lower, mainly due to
lower caloric intake; therefore; the effect of high sodium might have been more difficult to ascertain [43].
Although our inconsistent results for the dietary sodium effect on CVD among older people, a large
body of evidence showed a favorable effect of low salt consumption on CVD, organ damage, and blood
pressure and support the public health recommendation that adult population likely benefit from
reducing sodium intake [44—47].

Regarding potassium intake analysis, increase potassium intake seems to be protective to CVD,
likewise other meta-analyses verified similar findings [48,49]. Moreover, those persons with high
sodium consumption could achieve great benefit with increased intake of potassium-rich foods to lower
stroke risk [27,50]. In the other hand, the relationship between dietary potassium and BP seems to be not
linear but U-shaped with stronger lowering-BP effect among those with high sodium intake as reported
in a recent meta-analysis of randomized clinical trial [15], providing important insight about the
combined effect of sodium and potassium intake. The combined association of sodium and potassium
was explored as sodium-to-potassium ratio in five of the 12 included studies suggesting an increased
risk of CVD and BP with higher sodium-to-potassium ratio. Likewise, it has been suggested that the
sodium-to-potassium ratio is more strongly associated with BP than either sodium or potassium alone,
being considered a superior metric in the evaluation of BP and incident hypertension [51]. Sodium and
potassium are significant regulators of BP. Dependent of pre-exiting electrolyte balance, particularly
sodium, reduced potassium intake leads to sodium retention, down regulation of vascular sensitivity
to catecholamines, stimulated renin activity and worsening endothelial function [52].

Such as previous systematic reviews of dietary interventions, we observed marked heterogeneity across
studies in terms of their population, sample size, methods, and follow-up. Regarding observational studies,
few studies included covariates as controlled or well-characterized diet (influences of alcohol,
coffee, salt addition in cooking, and DASH scores), dietary supplementation, or physical activity
characterization that may influence the association between dietary sodium, potassium, and CVD.
Additionally, other potentially important confounders or effect modifiers mediating factors [28] were
not taken in consideration such as gender, education level/socioeconomic status, body mass index,
waist circumference or stress. Race was also considered only in few studies [26-28,30], all from USA.

Our review has several strengths, including the most up-to-date synthesis of evidence on this topic
and focus on older persons. We conducted the review according to guidance from the PRISMA statement.
The main limitation of this review is that relevant studies may have been missed since we used only
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two databases for literature search. However, the PubMed and Web of Science have been used broadly
as primary databases in review on nutrition area. Additionally, searching in multiple databases may
cover more primary studies than using a single database [53]. Moreover, the inclusion of observational
studies do not allow drawing any conclusions related to cause and effect.

Our findings suggests that salt reduction advice in older persons should take in consideration
the previous characterization of usual level of consumption, for example by sodium excretion in
24-h urinary samples, in order to recommends reduction to ones that ingest more than 2000 mg/d.
This population could benefit with increased potassium-rich foods in daily diet in order to optimize
sodium-to-potassium ratio. Frailty, diabetes, ethnicity, and literacy could have an important role in the
mediation of these outcomes.

5. Conclusions

The present review suggests that both higher potassium and lower sodium-to-potassium ratio
are associated with lower risk of CVD. In contrast, our findings show a lack of evidence of dietary
sodium reduction affecting CVD, however, considering the quality of the included studies these results
should be interpreted with caution. To strengthen the study of these relationships further rigorous,
large long-term, and randomized controlled trials are necessary.
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Abstract: Iron is an essential element that participates in numerous cellular processes. Any disruption
of iron homeostasis leads to either iron deficiency or iron overload, which can be detrimental for
humans’ health, especially in elderly. Each of these changes contributes to the faster development
of many neurological disorders or stimulates progression of already present diseases. Age-related
cellular and molecular alterations in iron metabolism can also lead to iron dyshomeostasis and
deposition. Iron deposits can contribute to the development of inflammation, abnormal protein
aggregation, and degeneration in the central nervous system (CNS), leading to the progressive decline
in cognitive processes, contributing to pathophysiology of stroke and dysfunctions of body metabolism.
Besides, since iron plays an important role in both neuroprotection and neurodegeneration, dietary
iron homeostasis should be considered with caution. Recently, there has been increased interest in
sex-related differences in iron metabolism and iron homeostasis. These differences have not yet been
fully elucidated. In this review we will discuss the latest discoveries in iron metabolism, age-related
changes, along with the sex differences in iron content in serum and brain, within the healthy aging
population and in neurological disorders such as multiple sclerosis, Parkinson’s disease, Alzheimer’s
disease, and stroke.

Keywords: aging; Alzheimer’s disease; iron metabolism; multiple sclerosis; Parkinson’s disease; sex
differences; stroke

1. Introduction

Iron is an essential micronutrient because of its importance in the process of erythropoiesis,
oxidative metabolism, and cellular immune responses [1]. Healthy adults contain 4-5 g of iron, which
is mostly (65%) found in red blood cell hemoglobin (Hb), and 30-35% is stored in the liver in the form
of ferritin. Only 1-2% is in the form of iron-sulfur clusters or heme in the enzymes and multiprotein
complexes [2]. Despite its essential role in the human body [3], there are no effective means of excreting
iron [4]. Thus, a critical point in iron homeostasis is the regulation of the absorption of dietary iron
from the duodenum. The body absorbs 1-2 mg of dietary iron a day, and this intake must be balanced
with losses in the form of sloughed intestinal mucosal cells, menstruation, and other blood losses [5].
Maintaining the balance is very important because free iron is able to generate free radicals through
Fenton reaction, and it is highly toxic [6,7]. Therefore, organisms have developed sophisticated
pathways to import, chaperone, sequester, and export iron in order to maintain an appropriate iron
balance [8]. Any disruption of iron homeostasis leads to either iron deficiency (ID) or iron overload
(IO) [9].
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The pathophysiological consequences of ID are impairments in cognitive development,
cardiovascular diseases, endothelial disorders, and other health complications [10], especially in
elderly. A chronic low-grade inflammation present in the elderly leads to less efficient absorption
through hepcidin regulation and subsequent increase in ferritin concentrations. ID becomes more of a
problem because of age-related changes in Hb and sex hormones, effects of medication prescribed for
age-related diseases, and metabolic changes associated with inflammatory states [11].

IO leads to adverse manifestations in different tissues (brain, heart, liver, adipose, muscle, pancreas)
and it is implicated in the pathogenesis of several metabolic (e.g., type 2 diabetes, non-alcoholic
steatohepatitis, atherosclerosis, stroke, etc.) [12] and neurodegenerative diseases (e.g., Alzheimer’s
disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), etc.) [13], which could be found more
often in elderly.

Although physiological iron requirements do not differ between adult and elderly men,
and post-menopausal and elderly women, there is growing evidence that iron metabolism is affected
by the aging process [11]. Age-related cellular and molecular alterations in iron metabolism can
lead to iron dyshomeostasis and deposition [14]. Iron deposits can contribute to the development
of inflammation, abnormal protein aggregation and degeneration, especially in the central nervous
system (CNS), leading to the progressive decline in cognitive processes [13], and contributing to
pathophysiology of stroke [15].

An increased number of recent experimental and clinical discoveries about the sex-related
differences in iron metabolism present in certain neurological disorders [16-22] is raising attention,
and pointing to the need for future research exploring possible underlying mechanisms, which could
be responsible for the sex differences in the susceptibility to these diseases.

Whereas environmental factors are involved in most of the cases of neurodegenerative diseases, it is
important to take into consideration the role of nutrition in both neuroprotection and neurodegeneration.
Furthermore, there is sufficient evidence regarding ID having adverse health effects to justify correcting
it through diet or iron therapy. At the same time, it is important to ensure that the risk of high body iron
stores is not increased as this may have detrimental effects on the brain and cause neurodegeneration
and other neurological disorders [23,24]. Therefore, the aim of this review is to provide an up-to-date
discussion in iron metabolism, age-related changes, along with the sex differences in iron content in
serum and brain, within the healthy aging population and in neurological disorders such as MS, PD,
AD, and stroke.

2. Systemic Iron Metabolism

In the last 15 years, many new iron genes, proteins and pathways have been discovered thanks to
the application of genetic screens and transgenic technology in biomedical research. They brought a
new light in the understanding of iron absorption, trafficking, utilization, and regulation [25].

2.1. Iron Absorption

All iron enters the body from the diet. Normal diet should contain 13-18 mg of iron per day
but only 1-2 mg is absorbed [26]. Absorption of dietary iron mainly occurs at the apical surface of
the mature duodenal enterocytes [27]. Low pH of duodenum favors solubility of iron while further
down the intestine the formation of insoluble ferric complexes probably reduces bioavailability [26].
It is well known that vitamin C enhances iron uptake in the duodenum but it is also important at
cellular level since it enables efficient uptake of iron from transferrin, which is the only source of iron
for erythropoiesis [28].

Dietary iron can be in heme (10%) and non-heme (ionic, 90%) forms and they absorb via different
mechanisms [26]. Dietary non-heme iron primarily exists in an oxidized (Fe3*) ferric form that is not
bioavailable, and therefore must be reduced to the ferrous (Fe?*) form before the transport across the
intestinal epithelium [29,30]. The reduction of iron from the ferric to the ferrous state occurs at the
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enterocyte brush border by a duodenal cytochrome b (DCYTB), an iron-regulated ferric reductase
enzyme [27,29].

Ferrous iron is then transported across the apical plasma membrane of the enterocyte by divalent
metal transporter-1 (DMT1) [31,32]. Inside the enterocyte, iron may be stored as ferritin and excreted
in the faeces when the senescent enterocyte is sloughed. The other possibility is the transfer of iron
out of the enterocyte across the basolateral membrane to the plasma by the basolateral iron exporter
ferroportin-1 (FPN1) [33,34]. FPN1 is a 12 transmembrane domain protein (also known as SLC40A1,
IREGI, or MTP1) [35]. It transports ferrous iron, which must be oxidized by a multi-copper oxidase
protein called hephaestin (HEPH) to ferric iron [30,36], which binds to plasma transferrin (Tf) [37,38].

The research supports the existence of transferrin-independent routes of iron uptake. DMT1 was
thought to be responsible for non-transferrin-bound iron (NTBI) uptake by liver cells, but iron
loading of DMT1-deficient mouse hepatocytes indicates that there is at least one alternative
transferrin-independent uptake pathway [39]. The main candidate for this alternative pathway
is a zinc transporter Zrt-Irt-like protein 14 (ZIP14, SLC39A14). It is considered as the second major
carrier involved in NTBI uptake by hepatocytes [40].

Heme iron is absorbed into enterocytes by a heme carrier protein 1 (HCP1). It is a membrane
protein in the proximal intestine, where heme absorption is the greatest [41,42]. Once internalized in
the enterocytes, the most dietary heme iron is released as ferrous iron by heme oxygenase (HO) and
enters a common pathway with dietary non-heme iron before it leaves the enterocytes [1]. It remains
unclear whether some heme traverses the cells intact and leaves the enterocytes through the action
of the heme exporters breast cancer resistance protein/ATP-binding cassette subfamily G member 2
(BCRP/ABCG?2) and feline leukemia virus C receptor (FLVCR) [41].

2.2. Iron Transport and Distribution

Except for the duodenal enterocytes, the sources of iron in the plasma are iron-recycling
reticuloendothelial macrophages [43]. When iron enters the circulation, it binds to Tf and is transported
to sites of use and storage [44]. Human Tf is a 76-kDa glycoprotein mainly produced in the liver. One
Tf molecule can carry two ferric ions. Serum Tf can be in the non-iron bind (apo-Tf), monoferric, or
diferric (holo-Tf) forms [45,46].

The interaction between Fe>* and Tf is dependent on pH. Fe3* efficiently binds to Tf at pH 7.4 and
dissociates from Tf at acidic pH [46]. Iron enters cells that require iron through a transferrin receptor
1 (TfR1)-mediated mechanism [47]. Holo-Tf has a much higher affinity for TfR than monoferric-Tf.
Therefore, holo-Tf binds to TfR1 on the cell surface and the whole complex is internalized by
clathrin-mediated endocytosis forming clathrin-coated endosomes (siderosomes) [44]. In the acidic
endosomal milieu, Fe3* dissociates from Tf and is converted to FeZ* by metalloreductases [48]. Fe?* is
transported into the cytosol by DMT1 while Tf/TfR1 complex is transported to the cell surface and both
elements are reused in another cycle of cellular iron uptake [46]. TfR1 is expressed in all tissues [49] and
its expression is regulated by the cellular iron status at both the transcriptional and post-transcriptional
levels. In the presence of hypoxia or ID, the expression of hypoxia-inducible factors (HIF-1« and HIF-2«x)
increases, and these proteins bind to the hypoxia response element (HRE) in the promoter of transferrin
receptor (TFRC) gene, thereby promoting TFRC transcription [50]. At the post-transcriptional level,
the iron regulatory protein (IRP)/iron responsive element (IRE) system plays an important role [51].
Under intracellular iron-deficient conditions, intracellular iron sensors IRP1 and IRP2 bind to IREs
to stabilize the TFRC mRNA and enhance the expression of TfR1 protein. In the case of iron excess,
IRPs lose their interactions with IREs. IRP1 becomes an aconitase through conformational changes [52]
and IRP2 is degraded after ubiquitination [53,54], resulting in destabilization and degradation of
TFRC mRNA.

Transferrin receptor 2 (TfR2) mRNA is highly expressed in the liver and to a lesser extent in
spleen, lung, muscle, prostate and peripheral blood mononuclear cells [46,55]. It binds to holo-Tf with
20-fold lower affinity than TfR1 [56]. Since TfR2 lacks an IRE, it is not regulated in response to the
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plasma iron level. Instead, TfR2 expression is reciprocally regulated by Tf saturation, and consequently
upregulated in IO [5]. It was also suggested that TfR2 could be involved in the uptake of NTBI [57].

2.3. Iron Storage and Recycling

The liver is the main storage site for excess iron [49]. The uptake of Tf-bound iron from plasma to
liver cells is through the TfR1 and TfR2. Since free intracellular iron is toxic, most of the iron in the
cells is stored in ferritin [58]. The poly(rC)-binding proteins act as intracellular iron chaperones and
deliver iron to ferritin and several enzymes [59].

Ferritin is the main form of iron storage and can be found in all tissues, but mostly in the liver,
spleen, and in bone marrow. It has the capacity to sequester up to 4500 atoms of non-heme iron in
its spherical structure [60]. This spherical structure consists of 24 subunits of heavy (H) and light (L)
ferritin in different ratios, depending on the tissue [61]. Within the ferritin, iron is stored in the ferric
form [62]. Ferritin shows enzymatic properties by converting ferric to ferrous iron as iron is sequestered
in the ferritin mineral core [63]. When high concentrations of iron-laden ferritin accumulate within the
cell, the ferritin molecules aggregate, and fuse with lysosomes. This process leads to the degradation
of ferritin, and the resulting mixture of Fe3* cores and peptides is known as hemosiderin [64]. Iron can
be efficiently mobilized from both ferritin and hemosiderin when it is required elsewhere in the body.

Another important feature of ferritin is that small amounts are secreted from the cell, and this
amount strongly correlates with the concentration of intracellular iron. This association makes serum
ferritin concentrations an accurate indicator of body iron stores [65].

Mitochondrial ferritin is also an iron-storage protein. Its amino acid sequence shares high homology
with H-chain ferritin, indicating similar functions [66,67]. It has been shown that mitochondrial ferritin
expression is limited to tissues with high metabolic activity and oxygen consumption, such as brain,
testis, and heart [68].

A significant part of iron (600 mg) is deposited in tissue macrophages [69], which respond to
systemic iron requirements by the interaction of hepcidin and FPN1 [70,71]. Iron storage at the
macrophages is safe and does not lead to oxidative damage [72]. The amount of iron required for daily
production of red blood cells (20-30 mg) is provided mostly by iron recycling by macrophages [1,73].
Splenic and hepatic macrophages phagocytize and degrade senescent and damaged erythrocytes
to recover iron, mainly to produce Hb in new erythrocytes but also for other carriers and enzymes
requiring iron [69]. In the phagocytic vesicles, heme is metabolized by HO and iron is exported to the
cytoplasm by a protein similar to DMT1 [1].

Erythropoietin reduces iron retention in macrophages by decreasing DMT1 and increasing FPN1
expression [72]. Macrophages obtain a certain amount of iron from plasma through the action of DMT1
and TfR1, and from apoptotic cells and bacteria [44].

2.4. Regulation of Systemic Iron Homeostasis

All the processes involved in maintaining iron homeostasis are regulated at the different levels,
mainly by the interaction and cooperation of three systems [74]. The first system consists of
hormone hepcidin and iron export protein FPN1. They act on systemic level and regulate serum iron
levels [75]. The post-transcriptional regulation of iron genes involved in intracellular iron homeostasis
is mediated by the interaction of IRPs and IRE while HIF2 « mediates transcriptional regulation of iron
homeostasis [76].

Hepcidin is a key regulator of iron level. Variations in body iron demand are communicated to the
liver which, in turn, modulates the expression of hepcidin [77], encoded by the hepcidin antimicrobial
peptide gene (HAMP) [78]. Hepcidin is primarily produced by liver sinusoidal endothelial cells in
response to iron levels [75,79], and in the small quantity by macrophages [80] and adipocytes [81].
Different physiological and pathological conditions such as increased erythropoiesis, hypoxia, anemia,
IO, endocrine, metabolic, and inflammatory processes affect hepcidin synthesis in hepatocytes [63,82].
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Hepcidin is upregulated in response to iron loading and inflammation and decreases in response to ID
and hypoxia [83,84].

Hepcidin transcription is regulated by bone morphogenic protein 6 (BMP6) [85], which acts on
hepatocytes through BMP receptor (BMPR) [86]. BMPR creates a supercomplex with hemojuvelin
(HJV), matriptase 2 (MT2) and neogenin [87].

Activated BMPR induces phosphorylation of s-mothers against decapentaplegic (SMAD)
molecules, which then cause an increase in hepcidin expression through activation of HAMP gene [38].
Tumor necrosis factor (TNF), pathogens, and interleukin-6 (IL-6) stimulate hepcidin synthesis via
signal transducer and activator of transcription 3 (STAT-3) activation [77,88]. Hepcidin expression
in macrophages is regulated mainly through toll-like receptor 4 (TLR4) associated with adaptor
proteins [89].

Iron sensing is dependent on an interaction of Tf, TfR1 and TfR2, aided by the hemochromatosis
protein (HFE). HFE has an extracellular transferrin receptor-binding region and forms a stable complex
with TfR1 [90]. When HFE binds to TfR1, HFE changes the conformation of the Tf-Fe binding site,
decreasing the affinity of TfR1 for Tf and iron entry into cells [49,84,91].

Hepcidin expression decreases the iron absorption from the duodenal enterocytes, iron release
from macrophages and its transport across the placenta [92,93]. The iron exporter required for iron
egress from enterocytes, macrophages, as well as all other iron exporting cells including placental
syncytiotrophoblasts and hepatocytes, is FPN1. It is not only the effector of cellular iron export, but
also the receptor for hepcidin, its primary regulator [94]. Hepcidin binds to FPN1 present on the cell
surface and induces the phosphorylation of amino acids located on an intracellular loop of FPN1,
triggering the internalization of the hepcidin-FPN1 complex, leading to the ubiquitination of FPN1
and lysosomal degradation of both proteins [65].

In the inflammatory conditions, upregulation of hepcidin is mainly through IL-6 [93,95], which
induces STAT-3 activation and its binding to the hepcidin promoter [96]. The increased hepcidin
synthesis causes iron sequestration in macrophages and decreases iron availability in tissues, limiting
the growth of microbes [70] and causing the characteristic hypoferremia and eventually anemia of
inflammation [93,95].

3. Brain Iron Metabolism

The brain is a very metabolically active organ and accounts for about 20% of the body’s total
energy consumption. These high-energy needs must be supported with an adequate supply of iron [97].
Therefore, iron is the most abundant metal in the brain [14]. It has an essential role as a co-factor
for many physiological processes in the CNS, including oxidative metabolism, myelination, and the
biosynthesis of neurotransmitters [98]. To ensure the normal course of these processes, brain iron levels
are tightly regulated [99].

The entry of iron from the blood into the brain is controlled by the blood-brain barrier (BBB) [100]
and to a lesser extent by the blood—cerebrospinal fluid barrier (BCSFB) [101]. The role of the BBB is
to prevent the brain from neurotoxic plasma components and pathogens [102]. At the same time,
it controls chemical composition of the neuronal milieu by regulating the transport of molecules
required for normal neuronal functioning [103]. The BBB is formed by a monolayer of tightly
sealed microvascular endothelial cells extending along the vascular tree [104] and expressing low
paracellular and transcellular permeability [105]. Those endothelial cells are surrounded by basal
lamina and astrocytic perivascular end-feet, forming the neurovascular unit [106]. Tf-bound iron
cannot cross the BBB directly and the mechanism of iron transcellular entry into the brain is not entirely
clear [107]. According to the recent models [108,109], there are two possible iron transport pathways:
transferrin-bound iron (Tf-Fe) and NTBI [107] (Figure 1).
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Figure 1. Iron transport inside the brain. A scheme of proposed transferrin-bound and
non-transferrin bound iron transport pathways in the brain. Abbreviations: BVEC—blood vascular
endothelial cell, Tf—transferrin, TfR1—transferrin receptor 1, Fe3*—ferric iron, Fe**—ferrous
iron, DCYTB—duodenal cytochrome b, DMT1—divalent metal transporter-1, FPN1—ferroportin-1,
LIP—Ilabile iron pool, CP—ceruloplasmin, HEPH—hephaestin, NTBI-—non-transferrin-bound iron,
FT—ferritin, H-FT—H-ferritin, TIM-1—T-cell immunoglobulin and mucin domain.

The Tf/TfR1 pathway is considered to be the major route for iron transport across the luminal
membrane of the capillary endothelium [107]. According to the widely established transcytosis
mechanism, Tf binds to TfR at the luminal side of the brain capillaries [32]. The complex traverses the
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cell in the endocytosis vesicle, where the acid environment facilitates the release of ferric iron from Tf
and its reduction to ferrous iron by endosomal reductase [110], possibly DCYTB or six-transmembrane
epithelial antigen of the prostate-2 (STEAP2) [111]. The next steps in this pathway are still not
completely clear. One possibility is that ferrous iron is transported from the endosome to the cytosol
by the DMT1 [112] and joins the intracellular labile iron pool (LIP) [113] (Figure 1). It could be
further utilized for metabolic purposes by the endothelial cells, stored in endothelial cell ferritin [114]
or imported into mitochondria via mitoferrins and TfR2 [115]. It could be also released into the
extracellular fluid by action of export protein FPN1 [108], and reoxidized to Fe** by ferroxidases HEPH
and ceruloplasmin (CP) [100]. Studies have confirmed that capillary endothelium of the BBB, neurons,
and astrocytes, has the ability to express FPN1 and HEPH [116,117]. The alternative mechanism that
has been proposed is that the endosome containing Tf-TfR1 complex goes all the way to the abluminal
side and releases iron between the endothelial cells and astrocyte end-foot processes [99]. The released
ferrous iron is then oxidized to ferric iron by the ferroxidase activity of CP or HEPH expressed on the
end-foot processes [112]. Oxidized iron binds to apo-Tf circulating within the brain [113] (Figure 1).
The main source of Tf in the brain interstitium is its diffusion from the ventricles and a certain amount
is synthesized in oligodendrocytes [118]. Because of the low concentrations of Tf in the cerebrospinal
fluid (CSF), iron saturation of CSF Tf is almost 100%, while serum Tf is saturated by about 30% [99].
Consequently, under conditions of 10, CSF Tf has much lower buffering capacity [119], NTBI levels
may be quite high [120], and the vulnerability of neuronal cells to iron toxicity increases [119].

Iron may also enter the brain through epithelial cells of the choroid plexus, which form the
BCSEFB [121]. The choroid plexus consists of fenestrated capillaries so the holo-Tf can cross them and
reach the choroidal epithelium [122]. Further, the iron is released the same way as from the BBB
endothelial cells by means of DMT1, FPN1 and ferroxidases [14]. When iron enters the CSF, there is no
diffusional barrier between CSF and interstitial fluid. Iron binds to Tf in CSF and supplies CNS cells
expressing TfR1 [123].

Different cell types in the brain acquire iron by distinct pathways. Neurons express high levels of
TfR1. Therefore, Tf is the main source of iron for neurons [112], although neurons can also uptake
NTBI from interstitial fluid [124]. Unlike them, oligodendrocytes and astrocytes do not express TfR1
and their main source of iron is NTBI [110]. Namely, ferrous iron in the brain interstitium can also bind
to ATP or citrate released from astrocytes and it is transported to oligodendrocytes and astrocytes as
NTBI [99] (Figure 1).

Oligodendrocytes acquire NTBI via the T-cell immunoglobulin and mucin domain (Tim-1). It is
a ferritin receptor exclusively expressed in oligodendrocytes that binds H-ferritin [125]. Astrocytes
express ferri-reductase on their plasma membranes to reduce ferric to ferrous iron and facilitate
iron uptake [126] (Figure 1). Once iron enters the brain cells, the iron pool is tightly regulated.
It has to provide enough iron for cellular functions and prevent the development of oxidative
stress [110]. Ferritin has an important role in iron sequestration and free iron level reduction [127],
whereas neuromelanin captures large amounts of iron in certain neurons for longer-term storage [128].
Namely, the pigment neuromelanin acts as a scavenger binding redox-active metal ion such as iron.
The expression of ferritin varies in different cell types according to their functional requirements for
iron. Neurons contain the least, and microglia contain the most amount of cytosolic ferritin [129]
but in the hypoxic conditions ferritin synthesis increases in cortical neurons and decreases in glial
cells [130]. Ferritin degradation by the autophagy-lysosome system [131] initiates iron release, mainly
through FPN1 [132]. Since hepcidin regulates the expression of FPN1, it modulates cellular iron level
as well [13]. Recent studies revealed that hepcidin can be produced by the brain endothelium [108]
or systemically derived by passing the BBB [133], and it is widely distributed in the brain [134,135].
Hence, hepcidin may be involved in the regulation of iron availability and circulation in the brain [108].
Cellular iron levels are also modulated at the post-transcriptional level by binding to the IREs of mRNA
of IRPs [13].
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When some of these cellular and molecular mechanisms of iron regulation are disrupted, the brain
iron homeostasis is disturbed as well. If there is either too much or too little iron in the brain,
numerous neurologic disorders can occur [14]. Excessive brain iron accumulation is found in MS,
PD and AD, amyotrophic lateral sclerosis (ALS), neurodegeneration with brain iron accumulation,
and Huntington’s disease [114]. ID is associated with significant cognitive, performance and brain
structural deficits [136].

4. Age-Related Iron Dyshomeostasis

Many iron homeostatic mechanisms appear to be affected during physiological aging (Figure 2).
Therefore, older age is associated with increased risk of ID, elevated body iron stores and increased
brain iron levels [23].

Iron deficiency is the most common nutrient deficiency worldwide [137]. The causes underlying
ID, i.e., ID anemia are diverse and include: inadequate oral iron intake resulting from poor diets,
excessive milk intake or vegetarian diets, inadequate iron absorption as a result of celiac disease and
others, or excessive iron loss, mainly because of the blood loss or as a result of parasitic infection [137].
Inadequate iron supply leads to cerebral hypoxia [138], insufficient neurotransmitter synthesis [13], poor
myelin integrity [139,140], and consequently to poor cognition, cognitive decline, and dementia [141].

Body iron levels may be elevated in older adults due to consumption of highly bioavailable forms
of iron, such as supplemental iron and red meat, or enhancers of nonheme-iron absorption like vitamin
C [142]. Studies have shown that high body iron stores were associated with increased risk of coronary
heart disease [143], type 2 diabetes [144], and cognitive impairment and dementia [145].
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Figure 2. Age-related changes in iron level and consequent brain disorders.
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Brain iron accumulation is considered as a hallmark of aging [146] and it is associated with the
progressive imbalance between antioxidant defenses and intracellular generation of reactive oxygen
species (ROS) [147]. This may explain the increased susceptibility of the aged brain to disease and the
reason why aging is the major risk factor in neurodegenerative diseases [14].

Post-mortem analyses showed a positive correlation between iron deposition and age as well as
the different iron contents in different brain regions [148]. Iron staining in older individuals (60-90 years
of age) showed a larger content of iron in the microglia and astrocytes of the cortex, hippocampus,
cerebellum, basal ganglia, and amygdala [149,150].

Increase in iron concentration, in the form of H- and L-ferritin, occurs in the substantia nigra [114]
with many extraneuronal iron deposits in individuals over 80 years of age, especially in oligodendrocytes.
Neuronal deposits in the substantia nigra are found in the neurons that do not contain neuromelanin [151].
Modern non-invasive methods, such as magnetic resonance imaging (MRI), revealed an age-related
increase in the non-heme iron concentration in the nucleus caudatus, putamen and globus pallidus [152,153].

The mechanism of increase in iron concentration in certain brain regions is not completely clear.
One of the proposed mechanisms is altered vascularization. It is observed during aging and in
neurodegenerative diseases [154]. Region-specific increase of total iron could be probably triggered
by inflammation [155], increased BBB permeability [156], redistribution of iron within the brain,
and changes in the iron homeostasis [13]. The increase in iron concentration inside the CNS cells
might directly damage these cells or affect the cellular environment, making it more susceptible to
toxins and activation of pathogenic processes [151]. Besides, during brain aging, iron is partially
converted from its stable and soluble form (ferritin) into hemosiderin and other oxyhydroxides that
contain iron at higher reactivity [157], inducing the neuronal vulnerability to oxidative stress [158].
An additional feature of brain aging that contributes to the development of oxidative stress is an
increase in the levels of monoamine oxidase (MAO). This enzyme catalyzes the oxidative deamination
of neurotransmitters, in which hydrogen peroxide (H,O;) and aldehydes as highly toxic by-products
are subsequently generated [159]. Since those by-products are inductors of lipid peroxidation, it is
assumed that activation of MAO is associated with age-related disturbances of the homeostasis and
generation of free radicals in the nervous tissue [160].

5. Sex-Related Differences in Iron Homeostasis during Healthy Aging and in Neurological Disorders

Increasing experimental and clinical evidence concerning iron metabolism support the idea that
healthy aging processes, as well as neurological disorders, differ between women and men, suggesting
the existence of different underlying mechanisms involved in the iron homeostasis and the pathogenesis
of diseases (Figure 3) [16-22,161]. Age and sex are important co-factors to consider when establishing
the differences between the pathological neurodegeneration from healthy aging.

As for healthy aging, a sex-specific negative association was found between dietary iron intake
and cellular aging markers. Iron intake showed deleterious effects on the peripheral blood leukocyte
telomere length in women and on the number of mitochondrial DNA copies in men [162].

These effects of iron imbalance on genomic stability and cellular aging markers must be considered
during dietary iron intake and iron supplementation [162]. In addition, brain iron concentration differs
between older men and women, showing that women have lower total subcortical brain iron levels
after expected menopause onset [17]. These findings indicate that age-related changes in estrogen
levels may be a mediating factor of such associations.

However, the overall data that involve sex-related differences in iron dyshomeostasis and
concomitant brain disorders are still limited and mainly concentrated on estrogen functions. Thus,
we are far away from the actual understanding of what underlies these differences in iron metabolism
during aging processes and therefore need further assessment.
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5.1. Iron and Multiple Sclerosis

Investigations in animal model of MS, experimental autoimmune encephalomyelitis (EAE),
showed worsening of clinical course in iron overloaded animals, which had an iron accumulation
in CNS (brain and spinal cord) [16]. Although female IO rats developed symptoms earlier, male
IO rats showed more severe clinical course and higher mortality rate, indicating the existence of
sex-dependent mechanisms [163]. During the acute phase of EAE, female IO rats sequestered more
iron in the liver and produced more ferritin than male EAE rats. Male rats, however, reacted on IO by
higher production of oxidative stress markers, malondialdehyde and 4-hydroxynonenal, in the neural
tissues and showed greater signs of plaque formation and gliosis in the spinal cord [16]. The data point
to sexual dimorphism in mechanisms that regulate peripheral and brain iron homeostasis and imply
that men and women during MS might be differentially vulnerable to exogenous IO.
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In patients with MS, iron content is elevated in deep grey matter structures and in the vicinity
of lesions and reduced in the white matter [164]. Iron content is low in remyelinated plaques [164],
suggesting that dynamic shuttling of iron continues through the MS disease process. This reveals that
the iron dysregulation associated with MS is, in fact, a redistribution of iron between different areas of
the brain [165]. Furthermore, quantitative MRI technique, i.e., quantitative susceptibility mapping
suggests that altered deep grey matter iron is associated with the evolution of MS and on disability
accrual, independent of tissue atrophy [166]. Excess iron enhances the generation of ROS, leading to
myelin and neuron loss followed by demyelination and neurodegeneration [140].

Contrary to the belief that iron is harmful and invariably causes oxidative damage, it may
paradoxically represent the key component of the entire antioxidant protection system of the
oligodendrocyte. Namely, oligodendrocytes need iron for the extremely high energy requirements
of producing and maintaining the complex myelin sheath [167], indicating that ID could seriously
compromise the viability of these cells. Iron is also an important element for the maturation of
oligodendrocyte progenitor cells (OPCs) into oligodendrocytes [168,169]. During remyelination,
the OPCs are recruited to the MS lesions and differentiated into mature oligodendrocytes, which can
further remyelinate the damaged axons. Considering the requirement for iron-containing enzymes
in all these processes, iron levels in oligodendrocytes have an important influence on remyelination
and neuronal repair. In the situation of reduced iron availability and iron-deficient oligodendrocytes,
whether through global ID [170], impaired iron trafficking [171] or its export from astrocytes [11,172],
it leads to reduced OPCs proliferation, disturbances in oligodendrocyte differentiation and following
remyelination. Furthermore, OPCs are very sensitive to oxidation and the depletion of antioxidants
such as glutathione, even more than mature oligodendrocytes [140]. This implies that these cells need
antioxidant protection during patient relapses when there is an increased concentration of inflammatory
mediators and ROS. Namely, iron is required for the production of ATP, which is essential for the
synthesis of NADPH. NADPH is the reducing power of the cell [173] needed for the synthesis of
lipids such as cholesterol, which are produced by oligodendrocytes for their membranes [173,174].
Heme cofactors in cytochrome P450 enzymes catalyze the essential hydroxylation reactions in the
synthesis of cholesterol.

Furthermore, the hydroxylations that produce active vitamin D (1,25(OH), D3, from cholesterol
are carried out by a cytochrome P450 enzyme called CYP27B1 [175]. Oligodendrocytes express vitamin
D3 receptors and respond to 1,25(0OH), D3 [176]. Thus, the relevant cytochrome P450 enzyme with
a heme group is synthesized only in the presence of sufficient iron. It is already well known that
sufficient vitamin D is protective against MS [177] and is associated with improved clinical and MRI
outcomes [178]. In addition, Vitamin D has been shown to decrease hepcidin, which inversely regulates
serum iron level, and the optimal function of hepcidin may be predicated upon the adequate presence
of vitamin D in the blood [179].

Recent data showed that elderly males suffer from a serious vitamin D deficiency compared
to elderly females. Nevertheless, old age is an independent risk factor for vitamin D deficiency, so
together with ID could worsen the MS progression [180]. A possible reason could be the connection of
ID with the age-related changes associated with chronic inflammatory states [11].

The link between ID and obesity may also be of relevance in MS, since obesity may be a risk
factor for MS [181]. Obesity is often present in elderly people, and ID in obese has been ascribed to
chronic, low-grade inflammation [182]. There is sufficient evidence linking ID, even moderate one,
with adverse health effects to justify the use of iron therapy. Therapy should be performed with caution
to prevent the risk of high body iron stores and its detrimental effects on the brain [23].

Females exhibit lower levels of serum iron [183] and lower levels of brain iron compared to men
from midlife to old age [184]. Pre-menstrual blood loss reduces serum iron levels in women and may
contribute to sex differences in brain iron accumulation [185]. Namely, histological data suggest that
lower serum iron levels may influence brain iron levels since anemia was found to reduce brain iron in
people postmortem [186]. Men have shown higher iron concentrations in the cortical white matter
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and subcortical nuclei according to MRI images [183,185,187]. Changing of the sex steroids levels in
post-menopause [188] may influence sex-related variations of brain iron levels as well [17]. However, a
lack of sex-related differences in brain iron levels have also been reported [153].

On the other hand, although elderly patients with late onset of MS (LOMS) represent a growing
minority of all patients with the diagnosis of MS, the LOMS (aged >65 years) has a worse prognosis,
which is still subject to debate [189]. However, it could be associated with the facts that brain iron
levels increase with age in healthy individuals [190] and that serum iron level is lowering at the same
time [23]. Namely, it can be hypothesized that a shift of iron from the blood compartment to the brain
compartment occurred due to iron dysregulation because of aging and leading to iron deposition due
to excess iron in the brain. If the iron does play a role in the etiology of MS, it could be possible that
some patients may need supplementation, and others’ attenuation of iron intake depending on their
genetic background, making the individualized treatment approach for subgroups of MS.

Another reason for taking into consideration the iron supplementation is the fact that MS patients
eat a more limited diet, with a lower average of 31 nutrients, including zinc, thiamin, and iron, when
compared with healthy controls. In a study by Armon-Omer et al., 2019 blood tests showed that MS
patients had significantly lower iron levels, with the lowest measures in the severe MS group [191].
In conclusion, it is possible that inadequate iron levels (both low and high) may be harmful in MS. Iron
excess might increase free radicals, which may elevate oxidative stress, while iron reduction could
decrease immune system function and cause an energy deficit due to loss of mitochondrial membrane
potential [11]. In addition, Armon-Omer and coworkers found lower dietary copper intake in the MS
group, which is an essential cofactor for many oxidative enzymes and is necessary for iron absorption
and transfer [191].

Some studies suggest that ID may play a role in MS disease progression as MS patients display
clinical improvement upon iron supplementation. However, other studies indicate improved disease
outcome in iron-limited MS patients [11]. These contradictory results may be due to differences in
nutritional, biochemical and sex-related factors between subjects, requiring further investigation.

5.2. Iron and Stroke

Both iron deficiency and excess have been associated with stroke risk. Previous studies have
found that both increase the risk of venous thromboembolism and carotid atherosclerosis [192]. Higher
iron status is protective against some forms of the atherosclerotic disease but increases the risk of
thrombosis related to stasis and is associated with increased stroke risk, in particular, cardioembolic
stroke [15]. Further investigation is required to determine the precise mechanism of these effects.
As previously reported, iron is a prooxidant cofactor associated with increased production of ROS.
In the animal model, a moderate IO markedly accelerated thrombus formation, impaired vasoreactivity,
and enhanced the production of ROS and systemic markers of oxidative stress [193]. Furthermore,
the administration of ROS scavenger completely abrogates the iron load-induced thrombus formation,
thus confirming that the iron accelerates thrombosis through a prooxidant mechanism [194].

Over the last few years, the association of ID and thrombophilia has also been increasingly studied.
Various kinds of thrombotic diseases including central retinal vein occlusion, cerebral venous sinus
thrombosis and carotid artery thrombus were observed to be associated with an ID. In addition,
numbers of cases of embolic and ischemic stroke have been reported to be associated with the ID [195].

An increased plasma Tf level is often seen in patients suffering from ID anemia [196]. Beside
the role of binding and transporting the plasma iron, Tf is also an important clotting regulator and
an adjuster in the maintenance of coagulation balance, which modifies the coagulation cascade.
In atherosclerosis, abnormally upregulated Tf interact with and potentiate thrombin/FXIla and blocks
antithrombin’s inactivation effect on coagulation proteases by binding to antithrombin, thus inducing
hypercoagulability [197]. Furthermore, elevated Tf found in plasma or CSF of patients with ischemic
stroke, ID anemia and venous thromboembolism interacts with clotting factors, suggesting that elevated
Tf causes thromboembolic diseases [195]. Another consequence of ID that would be highly relevant
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to stroke pathogenesis is enhanced platelet aggregation. The platelet aggregation is enhanced as a
response to serotonin (5 hydroxytryptophan, 5HT) in ID patients [198,199] because ID impairs the
activity of the iron-containing platelet monoamine oxidase that metabolizes 5HT [200].

Gender plays an important role in the incidence of stroke. The overall incidence of stroke in men
is estimated to be 33% higher than in women throughout most of the adulthood [201]. Findings from
the prospective study in men from Kaluza et al., 2013 indicate that a high heme iron intake, particularly
in normal-weight individuals, may increase the risk of stroke [202].

The epidemiology of stroke changes as women age and coincide with the loss of estrogen after
menopause [18]. Furthermore, elderly women have more severe strokes, poorer recovery, and greater
long-term disability [203], compared with men of the same age.

Estrogen is an immunomodulatory and neuroprotective agent with a suppressive action on
inflammation [204]. It is known that postmenopausal women have higher levels of circulating
TNEF-« [205], which is involved in many neurodegenerative diseases [206].

Research evidence showed that TNF is beneficial in injury repair, but high levels of TNF can be
neurotoxic [207]. Physiological levels of estrogen appear to attenuate TNF expression [208] while
estrogen deficiency (as in postmenopausal period) represents a loss of this attenuation with a subsequent
increase in TNF expression [18]. An increase of inflammatory agents in postmenopausal period could
be associated with the higher hepcidin production and subsequent decrease in iron absorption, which
could be an additional potential risk factor for ischemic stroke in women [205,209].

On the other hand, in the study from Miller [210], hormone replacement therapy was associated
with lower iron stores in post-reproductive women in the absence of uterine blood loss, indicating
potential homeostatic hormonal control of the iron status. Namely, higher serum iron in post-menopause
has traditionally been attributed to reduced menstrual bleeding and lack of iron loss that women
experience with menopause, in addition to estrogen deficiency [210]. With findings from studies on
the levels of ferritin and sex hormones, it can be concluded that as women age, their serum levels
of estrogen decrease, while serum ferritin levels increase [211]. This is probably due to an increase
in the iron regulatory hormone hepcidin since elevated levels of estrogen usually reduce hepcidin
synthesis [209], which regulates ferritin. Before the onset of menopause hepcidin levels in women are
nearly 50% lower than in males of corresponding ages. After the menopause, hepcidin levels tend to be
similar in both sexes [212,213] or slightly increased in men [214]. These results demonstrate a negative
correlation between ferritin and estrogen levels during the menopausal transition period [215]. On the
other hand, a synchronized pattern of changes in ferritin and testosterone levels was observed in men.
Namely, as the men age, ferritin levels decrease gradually following »andropause« [216]. These results
indicate that iron accumulation was a common process in aging women (but without the 10), which
may account for the observed differences between genders in the incidence of the aging disorder,
including the stroke [217].

Among older men with low testosterone levels, testosterone treatment can increase the serum iron
levels and correct ID anemia [218]. Also, data are showing significant overlap between the testosterone
administration and IO [219].

Furthermore, as the body is unable to eliminate excess iron, a negative feedback mechanism that
allows iron to inhibit testosterone production to maintain body iron homeostasis is proposed [219].
The body iron stores can be regulated by testosterone, and vice versa, the testosterone may be
reciprocally regulated by iron. Crosstalk between testosterone and iron has significant implications in
testosterone deficiency and therapy. Additionally, the regulation of testosterone by iron may indicate a
significant role of iron in the development of the hypogonadotropic hypogonadism in aging and chronic
disease in men [219-221]. In a study from Jeppesen et al., 1996 both total and free testosterone were
significantly inversely associated with stroke severity, and total testosterone was significantly inversely
associated with infarct size [222]. Furthermore, a study from Zeller et al., 2018 suggested that low
testosterone levels are associated with increased risk of future ischemic stroke in men [19]. The possible
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explanation lies in an increased level of hepcidin, which is inversely regulated by testosterone [223]
and leads to ID anemia with greater susceptibility to stroke.

These data also suggest another mechanism regarding stroke pathogenesis, which includes
initially increased serum iron level that negatively regulates testosterone level in men and promotes
susceptibility to stroke. However, low testosterone level is probably not an independent risk factor for
stroke, especially in older men. Low testosterone level is more likely to be found in overweight or
obese, which is significantly associated with cardiovascular risk factors, such as diabetes, high blood
pressure and high cholesterol. Namely, adipose tissue is able to control several functions of the testis
through its products secreted in the bloodstream (e.g., leptin, adipocytokines), which have a negative
impact on Leydig cell’s function and testosterone secretion [224].

On the other hand, testosterone exerts a significant inhibitory effect on adipose tissue formation
and the expression of various adipocytokines, such as leptin, TNF-«, IL-6, and IL-1, whereas a low
testosterone level correlates with increased expression of markers of inflammation [225]. Furthermore,
low chronic inflammation due to the excess adipose tissue upregulates hepcidin, which lowers the
iron serum levels and its absorption [163,226], so eventually serum iron levels will decrease and
subsequently lead to ID, present at the same time with the low testosterone level.

5.3. Iron and Parkinson’s Disease

Dopaminergic neurons in the substantia nigra are highly vulnerable to stress conditions, compared
to other neuronal types. Different factors seem to contribute to oxidative stress in PD, including IO,
neuroinflammation and aging [14,206,227].

Several researches have documented an increase in total iron concentration in the substantia nigra
in the most severe cases of PD, but no changes were found in milder cases [228,229]. Increased iron
concentrations in the substantia nigra might result from mutations in genes important for iron transport
and binding [230] or from peripheral iron influx through a damaged and discontinued BBB via the
Permeability-glycoprotein [165]. Furthermore, the ability of the lysosome to participate in autophagy
becomes slower with age, resulting in an increase of non-protein »garbage« within the cells, especially
in age-related diseases like PD [227].

Accumulated iron increases protein aggregation via enhanced generation of ROS and oxidative
stress [231]. As already mentioned, iron accumulation in the substantia nigra in PD patients was
confirmed, but the studies on alteration of iron levels in blood and CFS reported inconsistent results.
Blood levels of iron did not differ significantly between PD patients and the controls, but CSF iron
levels tended to be lower in PD patients compared to the controls [232].

Increasing experimental and clinical evidence supports the idea that PD differs between women and
men [21]. Although males exhibit greater susceptibility, most studies concentrate on the neuroprotective
effects of estrogens in females. It was shown that men and women experience the disease differently,
suggesting different mechanisms involved in the pathogenesis of the disease [21].

Although the sexual dimorphism in brain mitochondria has been proven [20], there are few recent
studies that have dealt with other possible causes of sex-related differences. A recent neuromelanin
imaging study found a larger neuromelanin-rich volume in the women substantia nigra compared
with men older than 47 years, suggesting that this difference may be the underlying cause of the high
male-to-female ratio of the PD prevalence [233]. Furthermore, experimental and epidemiological
evidence suggest that estrogens play a regulatory role in brain iron metabolism [223,234]. The striatum
of male mice showed greater susceptibility to iron accumulation than female [235]. A study conducted
on humans showed that at the same serum iron concentrations, women had a lower probability of
having PD [236]. Recently, several different pathways related to estrogen effects on iron metabolism in
both sexes were found. GPER1 (G Protein-Coupled Estrogen Receptor 1) mediates the suppressive
effects of estrogen on I0-induced autophagy in males, while estrogen receptor suppresses induced lipid
peroxidation in females [237]. Furthermore, the results from the study of Xu and coworkers, showed
that estrogen regulates differently the iron metabolism in astrocytes and neurons, i.e., increases the
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expression of iron exporter FPN1 and iron importer DMT1 by inducing HIF-1« in astrocytes, whereas
decreased expression of IRP-1 may account for the decreased DMT1 and increased FPN1 expression in
neurons [238].

Nutrition plays an important role in both neuroprotection and neurodegeneration, although there
are many conflicting results. A recent epidemiological study found that intake of meat was inversely
associated with PD risk in women [239]. Usually, the higher incidence of mortality, cardiovascular
diseases, and diabetes is associated with higher meat consumption [240,241]. Furthermore, a positive
correlation between red meat consumption and PD may be explained by the heme content that increases
intracellular iron concentrations and subsequent ROS production, contributing to iron deposits and
cell damage. In this context, iron intake from dietary nutrients may be related to a higher risk for
PD [242]. However, blood donations, which can decrease systemic iron stores, do not lower the risk of
PD [243]. On the other hand, conflicting results from Miyake et al., 2011 study showed that higher
intake of iron could be associated with neuroprotection in PD [244].

In contrast to higher iron level content in the body, certain authors disagree about the implication
of ID on the pathogenesis of PD [165]. ID anemia and low Hb have also been associated with PD i.e.,
with increased risk and disease severity [245]. Furthermore, it has been documented that PD patients
exhibit lower ferritin, TIBC, and serum iron levels [245]. A positive correlation between anemia and
PD was found in a recent large study of 86,334 newly diagnosed anemic patients. The study suggested
that de novo anemic patients may develop PD 4 or more years after the initial diagnosis of anemia [246]
and a higher risk for PD was independent of iron supplementation [247].

On the other hand, the meta-analysis from Mariani et al., 2013 showed that there is no difference
in iron between PD patients and healthy controls [248].

Possible reasons for these discrepancies may be that the total amount and the serum iron in
patients with PD did not change, but the distribution of iron changed [249], i.e., iron aggregated in
the substantia nigra. Besides, this heterogeneity can manifest as highly variable iron metabolism due
to sex-specific differences [250], which could lead to inconsistent results. However, epidemiological
studies have not identified any sex-specific factors in the risk of developing PD among anemic patients.

We must take into account that besides the dysregulated iron metabolism, the presence of anemia
in PD could also be an indicator of poor absorption of other nutrients [251].

5.4. Iron and Alzheimer’s Disease

Alzheimer’s disease is the most common cause of dementia characterized by short term memory
loss and a progressive decline in cognitive and motor functions [165]. In neurodegenerative diseases
including AD, where age is the major risk factor, iron dyshomeostasis coincides with neuroinflammation,
abnormal protein aggregation, neurodegeneration, and neurobehavioral deficits. Disruption of iron
homeostasis in the brain, both deficiency and overload, can affect neurophysiological mechanisms,
cognition, and social behavior, which eventually contributes to the development of a diverse set of
neuro-pathologies. Using MR, it was found that the iron content in the brains of AD patients was
significantly increased [252].

Whether the iron accumulation present in neurodegenerative diseases is a primary event or a
secondary effect of the disease is unclear. However, it is for sure that aging is the major risk factor for
age-related iron accumulation and neurodegeneration [13]. Iron seems to promote both deposition
of amyloid-f3 protein and oxidative stress, which is associated with the plaques [7,253]. In contrast,
some argued that, by binding iron, A-protein might protect the surrounding neurons from oxidative
stress [254].

Decreased antioxidant defenses and mitochondrial dysfunction present in elderly can allow the
release of excessive iron [255]. This can cause pathological 1O, resulting in cellular damage that is
considered to be a contributing factor in neurodegenerative diseases more prevalent with aging, such
as AD [165]. The results from recent studies showed that elevated ferritin in CSF was associated with
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poor cognitive function and probably can be used as a biomarker to measure the progression of mild
cognitive impairment and early AD [256,257].

Brain iron increases with age and is abnormally elevated early in the disease [258]. Higher brain
iron levels were associated with male gender and the presence of allelic variants in genes encoding
for iron metabolism proteins (hemochromatosis H63D (HFE H63D) and transferrin C2 (TfC2)). This
genotype effect was not observed in women, who had lower iron content in the brain than men [22,258].
The results showed worse verbal-memory performance associated with higher hippocampal iron
deposition in men but not in women, independent of gene status. Furthermore, independent of gender,
worse verbal working memory performance was associated with higher basal ganglia iron in the
non-carrier for HFE H63D/TfC2 gene variant but not in the carrier. These results suggest that in healthy
older individuals, increased deposits of iron in vulnerable gray matter regions may negatively impact
memory functions and could represent a risk factor for faster cognitive decline [22].

Furthermore, it was shown in many in vivo and in vitro studies that iron metabolism is integrally
involved in the regulation of glutamate metabolism and vice versa. The results from Burger et al.,
2020, showed association between iron metabolism and glutamate concentration in female, suggesting
stronger regulatory control between iron and glutamate metabolism than in men [259].

Aging is associated with a gradual decline in sex hormone levels in men and women, together
with a deterioration in general health, mood, and cognitive abilities [260,261]. Sex hormones are
also protective in keeping amyloid down, while depleted estrogen and testosterone levels result in a
massive rise in this toxic protein in the brain [260,262].

Estrogens are considered as potent neuroprotectants and the best-studied in vitro and in vivo
class of drugs for potential use in the prevention of AD [260]. In cell-free systems, estrogens inhibit
iron-induced lipid peroxidation [263,264]. However, this effect was not found with testosterone [264].

In elderly, anemia or abnormal Hb concentrations are associated with higher morbidity and
mortality, and with an increased risk for dementia and rapid cognitive decline [265].

The studies in elderly populations have confirmed that anemia and lower serum Hb were
associated with a twofold increased risk for developing AD over approximately 3 years [266,267].
The findings from Carlson, et al. 2008 suggest a role of neonatal ID in dysregulation of genes that may
set the stage for long-term AD and that this may occur through a histone modification mechanism [268].

It is important to have in mind that iron supplementation improves attention and concentration
irrespective of baseline iron status [269]. However, as said before, excess of iron mediates the oxidative
stress and causes neuronal disorders and neurodegeneration. In addition, it is thought that imbalance
in iron homeostasis is a precursor to AD as well, thus it is strongly suggested that older people should
be careful with diets excessive in iron.

6. Conclusions

Older age is associated with increased risk of ID, elevated body iron stores and increased brain iron
levels [23]. Inadequate iron supply, which often accompanies aging, leads to cerebral hypoxia [138],
insufficient neurotransmitter synthesis [13], impaired myelination [139], and consequently to poorer
cognition, cognitive decline, and dementia [141]. On the other hand, brain iron accumulation is
considered as a hallmark of aging [146] and it is associated with the progressive imbalance between
antioxidant defenses and intracellular generation of ROS [147]. This increases susceptibility of
aged brain to diseases and thus makes aging a major risk factor for neurodegenerative diseases
development [14]. Therefore, it would be very important for the future research to determine the exact
cellular and molecular mechanisms related to perturbations in iron metabolism in the aging brain to
distinguish between physiological and pathological aging and find possible therapeutic targets for
neurodegenerative diseases.

To counteract the ID during aging, one should certainly consider iron supplements recommended
by a physician to correct the anemic state.
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However, it should be noted how this supplementation may not be warranted for healthy elderly
people consuming a balanced diet. In contrary, it could be detrimental for those who are homozygous
or heterozygous for the HFE mutations, since recent studies showed that even moderate increases
in body iron may increase the risk for body disorders including neurological ones [270], or cause
irreparable damage to the brain neurons [137,271]. Because of that, older people should be careful
consuming a high-iron content diet as well.

The major unknown is still the sex-related differences in iron metabolism that come with aging.
Increasing experimental and clinical evidence support the idea that neurological disorders differ
between women and men, suggesting the existence of different underlying mechanisms involved in
their pathogenesis [16-22]. However, we are still far away from the actual understanding of what
underlies these differences. We need a better understanding of the underlying mechanisms of how sex
hormones can influence the iron metabolism and further, the development of neurological disorders.
New insights into aging processes, which include the impact of sex hormones on iron metabolism as
well, could enlighten the understanding of these differences during aging.
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