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Abstract

Most human cells can only replicate a limited number of times in cultures before they lose the ability
to divide, a phenomenon known as replicative senescence, which seems to play a role in aging at the
organismal level. Recent studies have shown that culture in low magnesium (Mg) accelerates the
senescence of human endothelial cells and fibroblasts. Given the numerous critical roles of Mg, it
seems likely that Mg inadequacy would interfere with cellular metabolism, which could affect the
senescence process. Since i) several pieces of evidence link low Mg to aging and age-related diseases
and ii) the Occidental diet is relatively deficient in Mg, we propose that broadly correcting nutritional
intakes of Mg might contribute to healthier aging and the prevention of age-related diseases.
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Aging is characterized by the progressive deterioration of physiological functions. This
complex process has been proposed to be under the influence of both genetic and environmental
(nutrition, lifestyle) influence at a ratio of approximately 30:70 [1], not counting stochastic
variation. Several pieces of evidence link low magnesium (Mg) to aging and age-related
diseases. In turn, it is noteworthy that aging itself constitutes a risk factor for Mg deficit [2,
3], thus creating a vicious circle that drives the clinical patterns seen in aging. Interestingly, a
long-term moderate Mg-deficient diet aggravates cardiovascular risk associated with aging in
rats by significantly increasing blood pressure and inflammatory markers [4]. In addition, low
Mg is associated with age-associated memory decline [5], neurodegenerative disease [6],
decreased muscle performance [7], insulin-resistance [8], osteoporosis [9], and development
of some cancers [10] in human studies. All these data underscore the contribution of Mg
deficiency to aging in vivo. The cellular mechanisms that drive the aging phenotype are not
fully characterized, but growing evidence supports the involvement of senescent cells in these
processes. Given the numerous critical roles of Mg, it seems likely that Mg inadequacy would
interfere with cellular metabolism, which could affect the senescence process.

Only recently, some light has been shed on the cellular and molecular mechanisms involved,
as it has been demonstrated that culture in low Mg promotes cellular senescence of human
endothelial cells and fibroblasts [11,12].
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Cellular senescence

Reminiscent of aging at the organismal level, normal human diploid cells in culture divide only
for a limited number of times before entering cellular senescence. As cell doublings reach their
limit, changes occur in hundreds of variables from the molecular to the whole cell and these
changes are analogous to those seen in humans and animals as they age [13]. The senescence
theory of aging proposes that gradual accumulation of senescent cells in adult organisms
contributes to the aging phenotype by depleting the renewal capacity of the tissue and by
interfering with tissue homeostasis [14]. Indeed, senescent cells cease to proliferate and
undergo dramatic changes in gene expression, probably because of the reorganization of
chromatin structure [15]. Replicative senescence in human cells can invariably be induced by
repeated serial passaging in vitro, which leads to telomere shortening. Alternatively, various
types of stressful conditions, such as DNA damage and oxidative stress, can induce premature
senescence [15]. Multiple molecular pathways leading to senescence exist, which seem to
converge on the tumor suppressors p53 and pRb. One of the targets of p53 is p21, an inhibitor
of the cyclin dependent kinase (Cdk)-E, whose increased expression is mediated by activated
p53 upon DNA damage and/or telomere shortening [16]. p21 has been shown to play a role in
senescence since it is strongly increased in senescent human fibroblasts and endothelial cells
[17]. The pRb pathway, instead, seems to mediate premature senescence induced by specific
stresses that activate the Cdk4-Cdk®é inhibitor p16 [15]. The emerging notion is that the p53/
p21 pathway is primarily responsible for senescence induced by oxidative stress and/or
telomerase shortening, whereas p16-pRb pathway mediates premature senescence induced by
other stresses.

The relationship of Mg deficiency to senescence

Mg, the second most abundant intracellular cation after potassium, plays an essential role in
fundamental cellular reactions. Indeed, several in vitro studies have provided evidence for the
interactions of Mg with phospholipids, proteins and nucleic acids [18]. In particular, Mg
influences the catalytic activity of various enzymes and this is well exemplified by the ability
of Mg to promote trans-phosphorylation reactions through the formation of ATP-Mg
complexes which anchor substrates to the active sites of enzymes [18]. In addition, Mg
stabilizes DNA, promotes DNA replication and transcription, influences RNA translation,
induces ribosome assembly and regulates the opening-closure of ion channels [18]. Mg
deficiency also induces oxidative stress in various cell types including human [19], which might
promote cellular senescence by promoting the shortening of telomeres. Increased oxidative
stress may result, in part, from alteration of mitochondrial function, as adequate Mg is essential
for normal mitochondrial function [20]; mitochondrial dysfunction is a frequently observed
phenomenon in aging. Low Mg might therefore accelerate cellular senescence by
compromising DNA stability, protein synthesis and cell energy metabolism.

Evidence suggests that the “Occidental or Westernized diet” is relatively deficient in Mg
because of a preference for calorie-rich, micronutrient-poor foods, low Mg content in water
and soil, and the processing of many food items, whereas the “Oriental diet” which is
characterized by a greater intake of fruits and vegetables, is rich in Mg [21,22]. This different
dietary intake of the cation may contribute to explaining the lower incidence of cardiovascular
diseases in Oriental than in Western populations. Moreover, it should be recalled that Mg
deficiency is a significant clinical complication arising in patients with diabetes mellitus, in
nephropathics, in individuals treated with some classes of diuretics or anticancer drugs, as well
as in alcoholics.
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Mg deficiency and endothelial senescence

Like most normal eukaryatic cells, endothelial cells have a finite capacity to replicate and
function whether they are cultured in vitro or transplanted as grafts in vivo. We have shown
that short-term [11] and long-term (unpublished results) exposure to low Mg promotes the
acquisition of some features that are typically associated with endothelial senescence. Indeed,
under Mg deficiency, cultured human endothelial cells became enlarged, elongated and
vacuolated, and expressed senescence-associated p-galactosidase activity. They also
upregulated p21, which induced premature senescence associated with cell dysfunction [23].
In low Mg, endothelial cells also overexpressed interleukin 1a (IL-1a) which is considered a
marker of endothelial senescence, because silencing of IL-1o extended the lifespan of
endothelial cells [24-26]. Additionally, exposure to low Mg upregulated plasminogen activator
inhibitor-1 (PAI-1) [24]. PAI-1 is considered not merely a marker of senescence, since it is
both necessary and sufficient for the induction of replicative senescence downstream of p53
[27]. The upstream events through which low Mg promotes endothelial senescence remain
unclear. Recently, Mg deficiency has been shown to induce a transient oxidative stress which
leads to oxidative DNA damage in endothelial cells [28]. It is therefore reasonable to propose
that Mg deficit initiates stress-induced premature senescence. To this end, it is noteworthy that
we have observed that endothelial cells overexpress hsp70 in low Mg (unpublished results), a
result which is in agreement with the evidence that hsp70 levels are increased in senescent cells
under basal, unstimulated conditions [29]. Interestingly, direct evidence has also been reported
that endothelial oxidative stress increases with aging in humans [30]. It is also possible that
low Mg might shorten telomeres, destabilize chromatin and induce the expression of
“senescence genes”.

Mg deficiency and fibroblast senescence

Primary diploid fibroblasts are a commonly used culture model for studies on cellular
senescence. Several short-term studies have previously demonstrated that low Mg affects
fibroblast growth [31-33]. More recently, Killilea and Ames demonstrated that long-term
culturing of human fibroblasts in moderately deficient Mg conditions resulted in accelerated
cellular senescence [12]. Similar to findings with endothelial cells, fibroblasts cultured in low
Mg responded with a dose-dependent increase in cell size and senescence-associated -
galactosidase activity. Cultures from Mg deficient conditions also exhibited increased
expression of p16 and p21, which could explain the loss of replicative capacity in this cell
population. Concomitantly, telomere lengths were shorter in cultures from low Mg conditions
compared to standard Mg cultures from the same passaging time. Greater telomere shortening
could also have contributed to accelerated replicative senescence in the fibroblasts maintained
in low Mg, although the relationship between telomere loss and senescence is complex.
Increases in telomere attrition in fibroblasts from Mg deficient conditions may have been driven
by other upstream stimuli, such as oxidative stress. In fact, Wright et al. using the same
fibroblast cell line as Killilea and Ames previously reported that population senescence
appeared to be governed more by oxidative stress levels than telomere attrition per se [34].
One possible cause of increased oxidative stress levels in cells is aberrant mitochondrial
homeostasis, which is well-established in aging cells and has been documented in other models
of micronutrient deficiencies [20,35]. Perhaps it is not surprising then that Killilea and Ames
have also observed evidence of mitochondrial dysfunction in fibroblast cultures maintained in
low compared to standard Mg conditions (unpublished data). Other reports have shown that
Mg deficiency affects mitochondrial metabolism and bioenergetics [36]. However, the initial
metabolic events triggered by exposure to low Mg that result in accelerated cellular senescence
are still being elucidated.
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Consequences of Mg deficiency and cellular senescence — age-related

diseases

Counter to initial impressions, cellular senescence is not a completely unwanted process;
current understanding suggests that this process is a protective response that causes growth
arrest in cells which have acquired harmful levels of damage or mutations [37]. However, the
other side of the coin is that senescent cells - particularly senescent stromal fibro-blasts,
epithelial and endothelial cells - secrete factors that can disrupt tissue architecture.
Accumulating senescent cells within the tissues has been proposed to be one of the key
etiological events that drives age-related diseases. It is interesting to note that endothelial cells
with senescence-associated phenotypes are present in human atherosclerotic lesions and that
endothelial senescence has been shown to contribute to atherogenesis [38]. Senescent
fibroblasts have also been associated with aging-related morbidities, including reduced wound-
healing capacity in some models [39], but not others [40]. The preponderance of the evidence
links low Mg, cellular senescence, and age-related diseases.

Consequences of Mg deficiency and cellular senescence — cancer

Cellular senescence is a potent tumor suppressive mechanism that irreversibly arrests
proliferation to attenuate neoplastic transformation. It has been illustrated that senescent cells
can modify the tissue environment in a way that synergizes with oncogenic mutations to
promote the progression of age-related cancers [37,41]. It is possible that Mg deficiency could
accelerate the senescent phenotype of cells in vivo, which could be permissive to cancer growth.
Mg has a complex role in many biological aspects of cancer, from neoplastic transformation
to tumor growth and progression [10]. It is noteworthy that in an experimental murine model,
prolonged consumption of a Mg deficient diet inhibited primary tumor growth both directly
(by inhibiting tumor cell proliferation) and indirectly (by inhibiting angiogenesis and
promoting an inflammatory response), whereas it also seems to favour metastasis [42—43]. It
is tempting to speculate that the angiostatic effect of low Mg in vivo might be due to the
acquisition of a senescent-like phenotype in the endothelial cells, while the increased
metastases could be linked to the remodelling of the stroma by senescent cells which release
molecules that generate a pro-invasive microenvironment. A supporting observation from
several culture studies is that transformed cells have the ability to proliferate in lower Mg than
primary cell counterparts [12,31-33]. Thus in a moderately Mg deficient environment (the
likely scenario in the human population eating a Western diet), there may be a growth advantage
to the tumor cell if enough Mg is present to still permit tumor cell processes. Yet, the questions
about the role of Mg deficiency in cancer remain: friend or foe?

Concluding remarks

More studies are necessary to unravel the details connecting low Mg and cellular senescence,
however figure 1 summarizes the currently known pathways through which Mg inadequacy
might influence cellular senescence. The relevance of cellular aging to aging at the organismal
level is still controversial, but has growing support. If there is a causal relationship, the cellular
senescence-promoting effects of low Mg may have clinical relevance.

Aging is not only an important biological issue, but is also an important socioeconomical,
geopolitical, and emotional issue that affects industrialized nations with a rapidly growing
number of elderly citizens. Based on epidemiological, cellular and molecular evidences, we
propose that broadly correcting the nutritional intake of Mg might be a simple and inexpensive
solution that contributes to healthier aging and the prevention of age-related diseases.
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Figure 1.

Schematic of the cellular pathways that are activated during magnesium deficiency that can

promote age-related diseases.
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