ISSN 0030-5987. Opronenist, TpaBMarosoris Ta npore3yBanHs. 2023. Ne 4

121

OIJISIIN TA PEIEH3II

VIK 616.71/.72+616.71-007.234]:615.326Mar](045)=161.2=111

DOI: http://dx.doi.org/10.15674/0030-598720234121-127

Effect of magnesium deficiency on bone health
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Objective. To assess the impact of magnesium deficiency on bone
metabolism based on an analytical analysis of current literature,
as well as to systematize data on the impact of magnesium defi-
ciency on the development of osteoporosis, bone regeneration,
and to consider it as a risk factor for fracture. Methods. The re-
view is based on the analysis of literature sources from PubMed,
Scopus, Web of Science, Cochrane Library, Google, Google
Scholar, and RLNS. The search was conducted by keywords:
magnesium, deficiency, magnesium and bone tissue, magnesium
and osteoporosis, magnesium and fractures, magnesium and
bone regeneration. Results. Magnesium is a key element in the
metabolic and regulatory processes of the body. Its effects on
bone tissue are direct and indirect. The direct magnesium effect
on genes involved in osteogenesis is accompanied by prolifer-
ation of mesenchymal stem cells and osteoblasts, but magne-
sium deficiency leads to their reduction and apoptosis. In case
of magnesium deficiency, the number and activity of osteoclasts
increases. Magnesium regulates bone mineralization in a con-
centration-dependent manner. Magnesium deficiency increases
bone resorption and affects osteopenia and osteoporosis, which
can occur indirectly through decreased vitamin D levels, in-
creased biosynthesis of parathyroid hormone, increased oxi-
dative stress and biosynthesis of proinflammatory cytokines.
However, data on bone mineral density at different skeletal sites
in magnesium deficiency are ambiguous. Magnesium deficiency
is considered a risk factor for fracture. It is of great importance
for bone regeneration, affecting in various ways: it stimulates
the proliferation and differentiation of mesenchymal stem cells
and osteoblasts, periosteum cells, increases the movement of os-
teoblasts to the area of traumatic bone injury, and activates sig-
naling pathways. At the early stage of regeneration magnesium
has a positive effect on macrophages, its specificity of action
is inhibition of transformation of M2 macrophages into M1 at
the tissue-specific stage of regeneration. One of the mechanisms
stimulating regeneration may be the effect of magnesium on ax-
ons, release and increase of calcitonin-related polypeptide a.
Conclusions. Since hypomagnesemia is a potentially modifiable
factor, this opens up prospects for maintaining bone health and
requires further research in this area.

Mema. Ha niocmasi ananisy cyuacnux oxcepen aimepamypu cuc-
memamu3syeamu iHgopmayio wooo enausy degiyumy MacHiro Ha
Memabonizm Kicmkoeoi mKaHunu, po36uUmMoK OCmeonoposy, pe-
2eHepayito KiCmKu ma po3anianHymu 1020 AK YUHHUK PUSUKY nepe-
nomy. Memoou. Cucmemamuuruil 02130 IPYHMYEMbC HA AHANI3]
doicepen nimepamypu 3 PubMed, Scopus, Web of Science, Cochrane
Library, Google, Google Scholar ma RLNS. Ilowyk npogedero 3a
KIIOUOBUMU CLOBAMU: MACHIL, Oeiyum, MAsHill | 6NIUE HA KICM-
KO8Y MKAHUMY, MA2HIU I 0CMeonopo3, MazHill i nepeiomu, MazHitl
i pecenepayia xicmxu. Pe3ynomamu. Mazenitl € 00HUM i3 K110408UX
eneMenmia y MemaboniuHux i pe2yisAmopHUX NPOYecax opeamismy.
Hozo snnue na xicmxosy manuny mae npamuii i onocepeokosa-
nuil xapaxmep. Ilpsma 0is mazuiio na eenu, AKi bepyms yuacmeo
y ocmeozeHesi, CYRpo8OONCYEMbCI NPOAIPePayiero Me3eHXIMATb-
HUX CMosOYposux KIimux ma ocmeobnacmis, a 1io2o degiyum
npu3600UMb 00 3HUIICEHHS. IXHbOI Kitbkocmi U anonmo3sy. B ymo-
6ax Oeiyumy MacHilo NiOBUWLYEMbCS YUCETLHICY | AKIMUBHICb
0CMEeOKNACMIE, NOCUIOEMbCSL Pe30POYisn KICMKU, PO36UBAEMbCS
OCmeonenis ma ocmeonopos, Wo modxce 8i00Y6amucs HenpsImMum
WASXOM: Yepe3 3HUNCEHHsL pieHs simaminy D, niosuwenns Oio-
cunmesy napamupeoiono2o OpMOoHy, NOCUNEHHS OKCUOAMUBHOO
cmpecy ma 6iocunmesy npo3anaibHux yumokinie. dechiyum mae-
HII0 PO32710aiomb K YUHHUK PUBUKY GUHUKHEHHs hepenomy. Bin
Mae enuxe 3naveHHs 01 pecenepayii KICmxu, Gnaueardu pisHumu
WAAXamu: CmumMynroe npoaigepayiio ma oughepenyiayiro me3eHxi-
MATbHUX CMOBOYPOBUX KIIMUH A 0OCMeoOAcmis, KIimuH OKicms,
nioguwye pyx ocmeodiacmis 00 30HU MPASMAMUUHO20 YUIKO-
00iCeHHsl KICmKU, aKmugye CueHanvHi wiaaxu. Ha pauniti cmaoii
pecerepayii MaeHiu NO3UMUGHO GNIUBAE HA MAKpoghazu, 1020 0coo-
aueicmio € ineioyeanns mparcgopmayii maxpogacie M2 y M1 na
MKAHUHHO-Cheyughiuniti cmaoii pecenepayii. OOHUM i3 MEXAHIZMIE,
AKUIL CIMUMYTIOIOMb pe2eHepayilo, Moxce O6Ymu 6naue MasHilo Ha
AKCOHU, BUBLTILHEHHS MA NIOBUWEHHS NONINENMUOY-0., NO8 A3AHO0
3 eenom kaavyumoniny (CGRP). Bucnosku. Ockinbku cinomazHe-
3051 € NOMEHYINIHO MOOUGDIKOBAHUM YUHHUKOM, e 8iOKpUBAc nep-
CcneKkmusu niompuMKu 300po8’s. Kicmok i nompeoye nooanvuiux
docniodcenv y yvomy Hanpamy. Kuouosi crnosa. Maenitizanesxcri
NOpYUWeHHs KiCmKo80i MKAHUHU, 0CMeonopos, nepeiomu, pe2eHe-
payisa Kicmxu.
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Introduction

The key determinants of bone health are minerals,
but researchers have focused their attention mainly
on calcium, despite the fact that many other minerals
and nutritional components also influence bone me-
tabolism Among minerals, the attention of research-
ers in recent years has been directed to magnesium,
which in the form of an ion (Mg?") is present in every
type of cell, affects their vitality and has a multifacto-
rial effects on the body [1-6].

The total content of magnesium in the body
of a healthy adult weighing 70 kg is about 24 g,
of which 99 % of magnesium is found in bones, mus-
cles and soft tissues and less than 1 % — in blood
serum [7]. Bones contain between 53—-67 % of mag-
nesium. Magnesium during bone tissue remodeling
can enter other tissues and organs of the body.

The recommended daily dose of magnesium (Stand-
ing Committee on the Scientific Evaluation of Dietary
Reference Doses, Food and Nutrition Board, Institute
of Medicine) is 420 mg/day for men and 320 mg/day for
women 31 years to 51 years of age and older [8]. There
is evidence that the global average magnesium intake is
low for men and women: in Germany at 250 mg/day and
200 mg/day, in Taiwan 250 mg/day and 216 mg/day (68—
70 % of the daily requirement), in the USA 323 mg/day
and 228 mg/day, respectively, according to other data
50 % of Americans and in the south of France 71.7 %
of men and 82.5 % of women consume less than the cal-
culated average requirement [1].

Magnesium deficiency can be caused by nutri-
tional deficiencies, decreased intestinal absorption,
tubular absorption in the kidneys, medications, oral
contraceptives, diabetes mellitus, alcoholism, sickle
cell anemia, and others. Several inherited forms
of hypomagnesaemia have been identified, caused by
mutations in transient receptor potential melastatin
type 6 (TRPMO6), claudin 16, paracellular transport
and reabsorption of magnesium and calcium from
the renal tubule, and cyclin M2 (CNNM?2), the pro-
tein is considered essential for renal Mg?* reabsorp-
tion [9]. Magnesium deficiency can affect all body
systems, including the neuromuscular, cardiovascu-
lar, endocrine, renal, respiratory, bone and gastroin-
testinal systems [10].

From food and water, magnesium is absorbed in
the intestine, filtered and excreted through the kid-
neys, as well as through feces.

Objective: on the basis of analytical analysis
of modern literature sources to evaluate the influence
of magnesium deficiency on bone tissue metabolism,
as well as to systematize the data of magnesium de-

ficiency manifestations in osteoporosis, bone regene-
ration, and to consider it as a risk factor for fracture.

Material and methods

The review is based on the analysis of literature
sources from PubMed, Scopus, Web of Science,
Cochrane Library, Google, Google Scholar, and
RLNS. The search was conducted by keywords: mag-
nesium, deficiency, magnesium and bone tissue, mag-
nesium and osteoporosis, magnesium and fractures,
magnesium and bone regeneration.

Results and their discussion

General ideas about the role of magnesium in
the regulation of metabolic processes in the body

Magnesium is involved in metabolic and regula-
tory processes, is a cofactor of more than 600 en-
zymes and an activator of about 200 more enzymes [1].
Adenosine triphosphate (ATP), the main source of ener-
gy in cells becomes biologically active by binding to
Mg?*. Magnesium plays a role in the stability of all
polyphosphate compounds in cells; due to its positive
charge Mg?* stabilizes cell membranes. Magnesium
is associated with DNA and RNA synthesis, essential
in DNA replication, repair and stability, in RNA tran-
scription and takes part in protein biosynthesis, cell
replication and plays a key role in many other impor-
tant biological processes [11]. Magnesium is actively
involved in the process of neuromuscular excitability;
it is indispensable in protein, carbohydrate and lipid
metabolism [1]. There are at least 500 magnesium-de-
pendent proteins in the human body. Mg**is involved
in maintaining the normal function of the nervous
and cardiovascular systems [12].

A close relationship between magnesium and vi-
tamin D, which increases magnesium absorption in
the intestine and maintains its homeostasis, has been
proven; in turn, magnesium is closely functionally
related to vitamin D [11-14].

The research-based data (1, 11-14) are summa-
rized in fig. 1.

Methods of magnesium determination

The most widely used method for determining
magnesium status in norm and disease is its deter-
mination in blood serum. Reference values for mag-
nesium levels in human blood are 0.7-1.0 mmol/l (or
1.7-2.4mg/dL). However, there are additional methods
to assess Mg?" status: Mg?* content in erythrocytes,
hair, muscle and bone (biopsy), Mg?* level in daily
urine, the ratio of ionized Mg*" to total, oral magne-
sium load test [15]. The use of a correlation coefficient
between daily magnesium intake and Mg*" deter-
mined in serum is also suggested, and if the concen-
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tration is 0.29, this figure corresponds to providing an
optimal individual Mg?" concentration [16].

Magnesium and bone

The role of Mg in cell differentiation is complex and
strictly depends on the cell type. In the presented review,
the role of Mg?* in bone tissue function will be presented.

A tight control of Mg* homeostasis is crucial for
bone health. According to experimental and epidemi-
ological studies, Mg*" deficiency in the body has det-
rimental effects on bone. There are several ways in
which Mg?** deficiency affects bone tissue, both direct
pathways and indirect pathways (fig. 2, 3).

Direct effect of Mg**

To date, the molecular mechanisms of Mg?* action
have been partially established. One of the pathways
is MAPK/ERK (mitogen-activated protein kinase /
extracellular-signal-regulated kinase) signaling path-
way. This is one of the major signaling pathways that
is involved in osteogenic differentiation of mesenchy-
mal stem cells (MSCs) [17]. This pathway is associated
with the activation of bone morphogenetic proteins
(BMP) and through the ligands of the WNT (wing-
less-related integration site), the specificity of differen-
tiation of progenitor cells in the osteogenic direction is
determined. The MAPK/ERK signaling pathway also
controls the signaling modulator of mitochondrial bio-
genesis, mTOR, which regulates cellular energy me-
tabolism. The role of Mg?* in complex with its trans-
porter-1 (MagT1), one of the major Mg*" transporters,

in the activation of this signaling pathway has been es-
tablished. MagT1 significantly affects various cellular
behaviours including cell proliferation, differentiation
and immunomodulation specific to T cells [9].

Magnesium was also found to stimulate prolifera-
tion and osteogenic differentiation of bone marrow
MSCs through the Notch1 (Neurogenic locus notch ho-
molog protein 1) signaling pathway by increasing nu-
clear translocation of the Notchl intracellular domain
(NICD) [18]. At all Mg* concentrations (0.8, 1.2, and
1.8 mM), alkaline phosphatase activity, matrix minerali-
zation, and expression of osteogenic genes and proteins
(Runx2, Osterix, and Osteocalcin) were increased. In
the medium in which MSC were cultured, the level of fi-
broblast growth factor (FGF23) expressed by osteoblasts
and osteocytes, but not by MSC, increased.

When osteoblasts and osteoclasts were co-cul-
tured, the effect of super-high concentrations of mag-
nesium extract (3.5 to 26.67 mM) was evaluated.
Based on the results of intracellular alkaline phos-
phatase activity, protein and gene expression of mac-
rophage colony-stimulating factor (M-CSF), receptor
activator of nuclear factor kappa-B ligand (RANKL)
and receptor, osteoclast-associated receptor (OS-
CAR), tartrate-resistant acid phosphatase (TRAP)
proved proliferation and differentiation of osteoblasts
with inhibition of osteoclastogenesis [19].

Magnesium is involved in the regulation of bone mi-
neralization. However, conflicting data are available.
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Fig. 1. The role of magnesium in metabolic and regulatory processes

| Magnesium deficiency |

| Direct effects |

v

| Decreased osteogenic gene expression | |

Increasing osteoclasts

| | Bone mineralization disorders |

| * MSCs differentiation decrease| |

Reduction of osteoblasts |

v

| Increased bone resorption

A
Reduced bone strength

<

Fig. 2. The direct effect of magnesium deficiency on bone (*MSCs — mesenchymal stem cells)



124 ISSN 0030-5987. Oprornenis, TpaBMaTONOTis Ta MpoTe3yBanHs. 2023. Ne 4

| Magnesium deficiency |

Indirect effects

Parathyroid hormone biosynthesis |

Oxidative stress is increased

T

Biosynthesis of proinflammatory

is increased

| Vitamin D level is reduced |

v

| Bone formation is reduced |

cytokines is decreased

Y Y
Bone resorption is increases

Fig. 3. Mediated effects of magnesium deficiency on bone

One study shows that high Mg?" inhibits the inclu-
sion of extracellular matrix vesicles, and suppresses
mitochondrial Ca?" accumulation, level and expres-
sion of type 1 collagen, along which mineral crys-
tals grow [20]. High Mg?" concentrations have also
been found to impair the degree of bone mineraliza-
tion by inhibiting collagen and calcium phosphate
biosynthesis [21]. At the same time, magnesium de-
ficiency is manifested by impaired crystal formation
in bone, resulting in mineralization defects (fig. 2).
Studies show that both too low and too high magne-
sium levels can differentially control mineralization,
but the mechanisms of this process need further
investigation.

The indirect effect of magnesium deficiency on
bone is associated with increased secretion and ac-
tivity of parathyroid hormone (PTH) secretion and
vitamin D impairment, which contributes to inflam-
mation, oxidative stress and subsequent loss of bone
mass [22]. High levels of Mg?*" similarly to calcium,
suppress PTH secretion through activation of calci-
um-sensitive receptor (CaSR) present on parathyroid
gland principal cells [23]. Mg*" deficiency increases
oxidative stress and sluggish inflammation (fig. 3).

In turn, Mg?* is an important cofactor for vitamin D
synthesis and activation, vitamin D binding to the trans-
fer protein and vitamin D receptor expression [11, 13].

Since it was found that under conditions of mag-
nesium deficiency the proliferation and differentia-
tion of osteoblasts decreases, the number and activity
of osteoclasts increases, this may be due not only to
the direct action of Mg?*, but also indirectly, through
increased secretion of PTH, proinflammatory cytoki-
nes and decrease vitamin D [3, 24, 25].

Magnesium deficiency, osteopenia, and osteoporosis

Osteoporosis is a progressive systemic skeletal dise-
ase characterized by low bone mass, impaired bone mic-
rostructure and decreased bone mineral density (BMD)
and bone strength, which increases the risk of osteopo-
rotic fractures. Of particular interest is the role of Mg?*
in the development of osteoporosis, given its role in me-

tabolic and regulatory processes. The combined direct
and indirect effects of magnesium deficiency on bone
lead to osteopenia and osteoporosis (fig. 2, 3).

A meta-analysis showed that postmenopausal women
with osteoporosis, but not osteopenia, have lower serum
magnesium concentrations than healthy women [26]. It
was found that serum Mg?* levels in postmenopausal
women were positively correlated with estradiol levels,
BMD and markers of bone metabolism TRAP-5b and
negatively correlated with bone-specific alkaline phos-
phatase (BSAP) [27]. It was significantly found that
baseline BMD of the proximal femur and whole body
increased by 3 and 2 %, respectively, in women who
consumed > 422.5 mg/day magnesium [28]. There
was no correlation between BMD of vertebral bodies
and magnesium dose in the lumbar spine [28-30]. In
a two-year study of magnesium-deficient women con-
suming 265 mg/day, a statistically significant increase in
the level of a specific marker of bone resorption, type I
collagen C-telopeptide (CTX-1), was recorded [31].

In summary, controlling and maintaining Mg?**
homeostasis is an important link for bone health, and
magnesium deficiency leads to impaired bone quality
in various ways.

Magnesium deficiency and fracture risk

The incidence of low-energy fractures increases
significantly with age and continues to increase due
to aging populations worldwide. Given the impor-
tance of magnesium to bone tissue, research is be-
ing conducted on its role in fracture risk. Based on
a systematic review evaluating 119,755 individuals,
low serum Mg?*" concentrations were found to in-
crease the risk of fracture (RR = 1.58) [24]. In ano-
ther study, low serum magnesium levels in men,
after adjustment for the age-adjusted hazard ratio,
were independently associated with an increased
risk of total fractures (HR = 2.10). Statistical signifi-
cance was maintained for total fractures (HR = 1.80)
and hip fractures (HR = 2.13) after adjusting for
other parameters such as vigor, socioeconomic sta-
tus, renal function, and several trace elements [32].
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A low incidence of fracture was observed in men
with high magnesium intake (491 vs. 161 mg/day,
OR = 0.47) and in women (454 vs. 144 mg/day,
OR = 0.38) [33]. There is one study of 73,684 post-
menopausal women that found that the risk of fore-
arm or wrist fractures increased with magnesium
intake > 422.5 mg/day, a level slightly above the re-
commended dietary allowance. However, the authors
attributed this fact not to magnesium but to the in-
creased physical activity of the patients studied and,
consequently, to falls [28].

Meta-analyses have shown that high magnesium in-
take was not associated with an increased risk of proxi-
mal femur and other fractures [30], even when magne-
sium intake ranged from 250 to 1 800 mg/day [34].

Thus, these studies suggest that magnesium defi-
ciency may be considered as a factor that increases
the risk of fracture.

Magnesium and bone regeneration

Currently, biodegradable magnesium alloys have
been tested in animal models and used as implants for
temporary fixation of various types of fractures in hu-
mans [35, 36]. Magnesium can affect bone regenera-
tion in a variety of ways [15]. This ion stimulates pro-
liferation and differentiation of MSCs [37], increases
the movement of osteoblasts to the area of traumatic
bone injury by disrupting the representative protein
of tight contacts 1 (Zona-occludens 1) [3]. The pecu-
liarity of Mg?" action is a stimulating effect on M2
macrophages, which promotes bone regeneration and
inhibits the transformation of M2 macrophages into
M1 at the tissue-specific stage of regeneration [38].

The stimulatory role of Mg** in bone regeneration is
associated with activation of the canonical WNT-sig-
naling pathway, which is accompanied by increased
expression of B-catenin, which controls the expres-
sion of LEF1 (Lymphoid enhancer-binding factor-1)
and Dkk1 (Dickkopfl is inhibitor of WNT signaling
pathway 1) genes [37]. Magnesium ions formed as
a result of biodegradation of magnesium implants
provide osteogenic microenvironment, control pH,
regulate gene expression and protein biosynthesis
by osteoblasts, such as runt-related transcription fac-
tor 2 (RUNX2), osteocalcin and insulin-like growth
factor 1 (IGF1) and increase autophagic activity [5].
The use of titanium implants coated with magnesium
revealed biocompatibility and adhesiveness of coated
osteoblast progenitor cells, their early differentiation,
increase of osteoblasts biosynthesis of osteopon-
tin, osteonectin, alkaline phosphatase, RUNX2 and
BMP-2, which promotes osteointegration [39].

One of the mechanisms that stimulate bone regene-
ration may be the penetration of Mg*" into axons, re-

lease and elevation of calcitonin-related polypeptide
o (CGRP), which induces CALCRL- and RAMPI-de-
pendent activation of cAMP-dependent element-binding
protein 1 (CREBI1) and osterix 7 (SP7) [40]. CGRP-se-
creting sensory nerves promote osteogenic differentia-
tion of periosteum stem cells containing a large number
of nerves, which in the early stage of fracture healing
is the main tissue that regenerates and participates in
the fracture healing process. CGRP deficiency, medi-
ated by the loss of Mg?" in bone, is associated with de-
layed healing or nonunion of the fracture.

Magnesium also promotes the secretion of vas-
cular endothelial growth factor, which accelerates
the process of bone regeneration. Magnesium sup-
plements stimulate the formation of osteoclast pre-
cursor cells expressing platelet-derived growth fac-
tor-BB, which takes part in osteogenesis through
the formation of H-type vessels [41]. Surrounded by
osteoprogenitor cells, H-type vessels express factors,
including the transcription factor Osterix, that stimu-
late the proliferation and differentiation of osteopro-
genitors in the bone marrow, thereby enhancing bone
formation [42]. The participation of Mg?* in bone re-
generation was confirmed using Mg?* enriched com-
plexes with cells that were implanted into critically
sized rat skull defects. After 4 weeks, vascularization
and healing of the defect were recorded [43].

Under experimental conditions, it was proved that
animals with magnesium deficiency (90 % deficiency
compared to controls) after titanium implant insertion
into the tibial metaphysis have reduced cortical layer
thickness and mechanical strength, which impaired
osteointegration [44]. In addition, under conditions
of magnesium deficiency, systemic changes in the ani-
mals’ body were revealed: a decrease in the BMD
of vertebral bodies, an increase in the level of parathy-
roid hormone in blood serum and deoxypyridinoline in
urine, a bone tissue-specific marker of resorption.

Calcium is of great importance for bone regene-
ration. The level of Ca*" and Mg?* in 117 people with
multiple fractures resulting from traffic accidents was
studied and the severity of injury was assessed un-
der the conditions of deficiency of these elements, as
well as after supplementation in the diet at the stages
of recovery [45]. Tt was found that Ca?* and Mg** de-
ficiency complicates regeneration, while supplemen-
tation of these elements promotes stimulation of frag-
ment consolidation during recovery. In addition,
magnesium supplementation significantly reduced
serum levels of C-reactive protein and nitrogen oxide,
markers of inflammation in human [46] which is im-
portant in the setting of fracture.
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Conclusions

Magnesium regulates important biological pro-
cesses. The presented review has systematised the lite-
rature data on the negative effects of magnesium de-
ficiency on bone health, in osteoporosis, osteoporotic
fractures and bone regeneration, and shows its role in
the osseointegration of magnesium-based implants.
Adequate magnesium levels stimulate an increase
in BMD and help to reduce the risk of osteoporosis.
The data presented support the key role that Mg** plays
in metabolism and bone health in a variety of condi-
tions. Identification of patients with hypomagnesaemia
offers great potential in the prevention of a range
of clinical disorders, including osteoporosis. As hy-
pomagnesaemia is a potentially modifiable factor, this
opens the door for further research in this direction.

Conflict of interest. The authors declare no conflict
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