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2.3 Understanding the Metabolic Syndrome Using  
a Biomedical Chemistry Profile

2.3.1 Introduction

For quite some time, it has been identified that high blood pressure, dyslipidemia 
[increased triglycerides and reduced high-density lipoprotein (HDL) cholesterol 
levels], impaired glucose homeostasis and abdominal obesity take place concurrently 
more than by random, supporting the existence of the metabolic syndrome (MetSyn). 
Additionally, hyperuricemia, a prothrombotic state, oxidative stress, chronic low-
grade inflammation, increased levels of apolipoprotein-B and small dense low-
density lipoprotein (LDL) cholesterol (contributing to atherogenic dyslipidemia), 
non-alcoholic fatty liver disease and/or non-alcoholic steatohepatitis, obstructive 
sleep apnea and/or polycystic ovarian disease (Fulop, 2006; Alberti, 2009; Roberts, 
2009; Ma, 2012; Matsuda, 2013; Mule, 2014; Carson, 2015) are quite often present on 
the MetSyn, although not yet included in its current/actual definition. Taking this into 
consideration, it is not surprising that the MetSyn associates with an increased risk 
of type 2 diabetes mellitus (T2DM) and atherosclerotic cardiovascular disease (Fulop, 
2006; Qiao, 2007; Carson, 2015). 

Epidemiological and experimental evidence has demonstrated beneficial effects of 
dietary magnesium, calcium, potassium and bicarbonate on the MetSyn or some of its 
individual components (Luft, 1990; Van Leer, 1995; Schorr, 1996; Whelton, 1997; Franch, 
2004; Rylander, 2004; Schoppen, 2004; Franzoni, 2005; Karppanen, 2005; Schoppen, 
2005; He, 2006; Feldeisen, 2007; Schoppen, 2007; Champagne, 2008; Rylander, 2008; 
Volpe, 2008; Perez-Granados, 2010; Adeva, 2011; Rice, 2011; Lee, 2013). 

Natural mineral-rich waters are good sources of highly absorbable and bioavailable 
minerals (such as calcium, magnesium and potassium) and bicarbonate (Heaney, 
1989; Bohmer, 2000; Kessler, 2000; Sabatier, 2002; Bacciottini, 2004; Kiss, 2004; 
Heaney, 2006; Karagulle, 2006; Petraccia, 2006; Karagulle, 2007; Sabatier, 2011). So, 
the particular composition of natural mineral-rich waters would be responsible for 
their favorable effects. In fact, the World Health Organization has recognized that 
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mineral-rich drinking-waters may provide substantial contributions to total intakes 
of calcium and magnesium in some populations or population subgroups (Cotruvo, 
2009). In line, two recent and exhaustive studies revealed that consumption of public 
drinking waters and bottled natural mineral waters is a relevant complementary 
source of calcium and magnesium in Spain (Vitoria, 2014; Maraver, 2015).

Beneficial effects of natural mineral-rich waters ingestion on MetSyn features, 
included or not in its definition, and MetSyn complications (Luft, 1990; Simunic, 1990; 
Schorr, 1996; Polushina, 1998; Polushina, 2002; Rylander, 2004; Schoppen, 2004; 
Schoppen, 2005; Schoppen, 2007; Benedetti, 2009; Botvineva, 2010; Perez-Granados, 
2010; Santos, 2010; El-Seweidy, 2011) as well as on the MetSyn itself (Pereira, 2012a; 
Pereira, 2013; Pereira, 2014a; Pereira, 2014b; Pereira, 2014c; Pereira, 2015) have been 
published.

2.3.2 Natural Mineral-rich Waters and MetSyn

The consumption of sodium bicarbonate containing/mineral-rich waters decreased 
systolic blood pressure in mildly hypertensive men (3 L day-1, 7 days) (Luft, 1990) and 
mean arterial blood pressure in elderly normotensive individuals (1.5 L day-1, 4 weeks) 
(Schorr, 1996). The ingestion of sulfate, calcium, magnesium and bicarbonate-rich 
natural mineral water (at least 1 L day-1, 4 weeks) reduced systolic and diastolic blood 
pressure in adults with borderline hypertension and low urinary magnesium and 
calcium excretion levels (effect perceived after 2 weeks of consumption and sustained 
until the end of the dietary protocol) (Rylander, 2004). Vaquero et al. showed that, in 
moderately hypercholesterolemic young adults, the ingestion of bicarbonated natural 
mineral water, rich in sodium, chloride and potassium, and with a high bicarbonate to 
sodium ratio (1 L day-1, 8 weeks), reduced systolic blood pressure (an effect already seen 
after 4 weeks), apolipoprotein-B, total-cholesterol and LDL-cholesterol fasting serum 
levels as well as total-cholesterol and LDL-cholesterol to HDL-cholesterol ratios (Perez-
Granados, 2010). The same group showed, in healthy postmenopausal women, that 
a) the ingestion of the previous water (1 L day-1, 2 months) increased HDL-cholesterol 
and decreased endothelial dysfunction markers, glucose, total-cholesterol and LDL-
cholesterol fasting serum levels as well as total-cholesterol and LDL-cholesterol to 
HDL-cholesterol ratios (Schoppen, 2004), and b) the consumption of sodium-rich 
bicarbonated mineral waters (0.5 L each) with a standard fat-rich meal increased 
insulin sensitivity [more distinctly in the women with higher homeostasis model 
assessment (HOMA) index values] and decreased lipemia (Schoppen, 2005; Schoppen, 
2007). Both a decrease in lipid and protein oxidation products and an increment of total 
antioxidant capacity and total thiol plasma levels were observed in healthy individuals 
drinking a sulfurous mineral water (0.5 L day-1, 2 weeks) (Benedetti, 2009).

Our group evaluated the effects of the ingestion of a Portuguese natural mineral-
rich water, and some of the possible mechanisms involved, on metabolic function in  
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a well-validated MetSyn animal model (Polizio, 2006; Rayssiguier, 2006; Oron-
Herman, 2008): male Sprague-Dawley rats treated with 10% fructose in drinking water,  
for 8 weeks. Animals were randomly assigned into three groups with free access to 
food and a) tap water, b) 10% fructose in tap water or c) 10% fructose in Portuguese 
natural mineral-rich water. As expected, 10% fructose in tap water induced metabolic 
features characteristic of the MetSyn, such as increased plasma levels of triglycerides, 
insulin and leptin [with a strong tendency toward decreased insulin sensitivity index 
(Cacho, 2008)] and decreased plasma levels of magnesium as well as increased systolic 
blood pressure and heart rate. Fructose-induced effects in the redox state (liver), 
endoplasmic reticulum homeostasis (liver), glucocorticoid and insulin signalling 
pathways (liver and visceral and/or subcutaneous adipose tissue) and endothelial 
dysfunction markers expression (cavernous tissue) may have contributed to explain 
the induction of MetSyn; some compensatory mechanisms against fructose-ingestion 
were also revealed. Importantly, the co-ingestion of the Portuguese natural mineral-
rich water reduced and/or prevented most of the changes induced by fructose and, 
additionally, strengthened the compensatory mechanisms and induced per se 
protective pathways in response to stress (Pereira, 2012a; Pereira, 2013; Pereira, 2014a; 
Pereira, 2014b; Pereira, 2014c; Pereira, 2015). This Portuguese natural mineral-rich 
water also increased hepatic catechol-O-methyltransferase activity in healthy Wistar 
Han rats (Bastos, 2014). Its high-content of protective minerals, such as magnesium, 
calcium and potassium, as well as bicarbonate, and low chloride content may explain 
the favourable results obtained (Pereira, 2012a; Pereira, 2013; Pereira, 2014a; Pereira, 
2014b; Pereira, 2014c; Pereira, 2015).

2.3.3 Magnesium and MetSyn/MetSyn Features – Associated 
Mechanisms

Chronic deficiency of magnesium (in animal models with low magnesium intake) is 
associated with hypertension and increased heart rate (and somewhat higher plasma 
corticosterone levels) as well as dyslipidemia, insulin resistance and oxidative stress 
(Caddell, 1991; Balon 1994; Laurant, 1999; Busserolles, 2003; Takaya, 2012).  

Clinical and experimental studies point to magnesium intake/status being 
inversely associated with the risk of hypertension, T2DM and coronary heart disease. 
Additionally, magnesium intake may decrease triglycerides and increased HDL-
cholesterol circulating levels (Balon, 1994; Touyz, 2003; Takaya, 2004; Barbagallo, 
2007; Belin, 2007; Abete, 2011; Heer, 2015). 

Individuals with MetSyn (or with some of its individual components) frequently 
show reduced magnesium status and reduced magnesium intake as compared with 
non-MetSyn (or healthy) subjects (Barbagallo, 2007; Belin, 2007; Evangelopoulos, 
2008; Abete, 2011; Heer, 2015). Interestingly, hypomagnesaemia has been associated 
with metabolic abnormalities characteristic of MetSyn in the absence of obesity and, 
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conversely, normal circulating levels of magnesium seem to be protective against the 
development of metabolic complications in obese individuals (Guerrero-Romero, 
2013). Often, circulating and/or intracellular magnesium levels are reduced under 
insulin resistance/T2DM in (obese) children, adolescents and adults (Takaya, 2004; 
Huerta, 2005; Belin, 2007; Wells, 2008; Celik, 2011). Lecube et al. provided evidence 
that T2DM was the main factor accounting for the hypomagnesemia found in morbidly 
obese individuals. They observed that the percentage of morbidly obese individuals 
with serum magnesium concentration lower than 0.75 mmol L-1 was three fold 
higher in T2DM patients than in non-T2DM subjects. They also found that not only 
the degree of blood glucose control (when considering fasting plasma glucose and 
HbA1c levels) and serum magnesium concentration were significantly and negatively 
correlated but also fasting plasma glucose and HbA1c levels were, in multiple linear 
regression analysis, independently associated with serum magnesium concentration. 
Additionally, in the morbidly obese patient subgroup that went through bariatric 
surgery, serum magnesium levels increased in T2DM subjects in whom diabetes 
resolved; serum magnesium levels lasted unchanged in whom T2DM did not resolve 
(the same happened in non-T2DM obese subjects) (Lecube, 2012). 

The mechanisms by which T2DM could lead to low serum magnesium levels 
remain to be fully understood. However, insulin resistance, hyperinsulinemia, 
hyperglycemia and/or glycosuria may negatively interfere with renal reabsorption 
of magnesium, contributing to hypomagnesemia (McNair, 1982; Djurhuus, 1995; 
Barbagallo, 2007; Belin, 2007; Lecube, 2012; Takaya, 2012). Insulin has a prime role 
in magnesium metabolism regulation and insulin resistance/inhibition of insulin-
stimulated glucose uptake may decrease magnesium uptake by tissues and increase 
magnesium efflux from tissues (Takaya, 2004; Barbagallo, 2007; Belin, 2007). 

Magnesium is a cofactor of several enzymes involved in insulin and glucose 
metabolism, among other processes (Takaya, 2004; Barbagallo, 2007; Belin, 2007; 
Guerrera, 2009; Takaya, 2012). Briefly, insulin binds to its receptor (IR) inducing 
its autophosphorylation on tyrosine residues and, subsequently, tyrosine residues 
phosphorylation of its substrates (IRS) and Src homology 2 domain containing 
transforming protein 1 (Shc). Phosphorylated IRS, particularly IRS1 and 2, activate 
phosphatidylinositol 3-kinase (PI3K), which converts phosphatidylinositol (4,5)-
bisphosphate into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) on the plasma 
membrane. PIP3 recruits, binds and activates phosphatidylinositol-dependent protein 
kinase-1 (PDK1), which phosphorylates protein kinase B (Akt) contributing to its 
activation. Akt activation mediates insulin-induced glycogen and protein synthesis, 
gluconeogenesis inhibition and glucose transporter 4 (GLUT4) translocation to the 
plasma membrane (what increases glucose uptake by insulin sensitive tissues). 
Instead, phosphorylation of Shc by IR promotes a parallel signaling pathway, leading 
to the activation of serine/threonine kinases, such as MAPK-kinase (MEK-1/2) and 
extracellular receptor kinase (ERK), responsible for insulin-induced cell growth and 
differentiation (Cohen, 2006; Tsatsoulis, 2013). Interestingly, magnesium has a positive 
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impact on tyrosine kinase activity at the IR level as well as on the translocation of 
the GLUT4 to the cellular membrane (Takaya, 2004; Barbagallo, 2007; Belin, 2007; 
Guerrera, 2009; Takaya, 2012). Moreover, magnesium deprivation, in a renal epithelial 
cell line (Madin-Darby canine kidney cells), inhibited cell proliferation and decreased 
ERK1/2 phosphorylation; re-addition of magnesium increased phosphorylated ERK1/2 
levels. The use of a specific inhibitor of the MEK-ERK cascade inhibited this last effect, 
indicating that magnesium is involved in the regulation of the MEK-ERK cascade and 
cell proliferation, at least in this cell line (Ikari, 2010).  

Magnesium deprivation may also increase glucocorticoid exposure, even during 
fetal development (Caddell, 1991; Laurant, 1999; Takaya, 2011a; Takaya, 2012), which 
is involved in insulin resistance/T2DM and dyslipidemia (Pereira, 2011; Pereira, 
2012b; Pereira, 2012c; Paredes, 2014; van Raalte, 2014). Takaya et al. investigated the 
effects of feeding pregnant rats a very-low magnesium diet (0.003% magnesium) 
upon cytosine-guanine dinucleotides methylation in hepatic glucocorticoid genes of 
neonatal offspring versus controls (0.082% magnesium). Mean methylation of the 11β-
hydroxysteroid dehydrogenase type 2 gene (Hsd11b2) promoter (11β-hydroxysteroid 
dehydrogenase type 2 inactivates tissue’s glucocorticoids) in the magnesium-deficient 
offspring was three times higher than in controls, predicting higher hepatic intracellular 
glucocorticoid exposure (Takaya, 2011a). Additionally, in female weanling Wistar/NIN 
rats, maternal and postnatal Mg deficiency played important (and different) roles in 
the programming of increased body adiposity, insulin resistance and impaired glucose 
tolerance and insulin secretion in rat offspring (Venu, 2005; Venu, 2008).

Magnesium deficiency is associated with vascular smooth muscle cells (SMC) 
proliferation, intimal thickening, thinning and fragmentation of elastic membranes, 
collagen accumulation and calcification as well as inflammation [increased 
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) and C-reactive protein (PCR) 
circulating levels], high rate of free-radical formation (which leads to an increased 
NO degradation by superoxide anions), increased susceptibility of lipoproteins to 
peroxidation and increased tissue lipid peroxidation. All these effects contribute 
to/have been associated with hypertriglyceridemia, pro-atherogenic alterations in 
lipoprotein metabolism, cardiovascular lipid deposition and/or the pathogenesis 
of vascular lesions following magnesium deficiency (Bussière, 1995; Gueux, 1995; 
Laurant, 1999; Busserolles, 2003; Rayssiguier, 2006; Rayssiguier, 2010).

Through calcium antagonism, magnesium promotes vascular relaxation and 
thus plays an important role on blood pressure control (Laurant, 1999; Rice, 2011). 
Conversely, magnesium deprivation activates the sympathetic nervous system which 
contributes to increased blood pressure and heart rate (Laurant, 1999; Rayssiguier, 
2010). Aldosterone, due to both genomic and non-genomic effects, also controls 
systemic vascular resistance, blood pressure and heart rate (MacFadyen, 1997; Freel,  
2004). In line, magnesium deficiency has been described to stimulate the synthesis 
and secretion of aldosterone, possibly by decreasing the antagonism to calcium influx 
in the zona glomerulosa of the adrenal glands (Laurant, 1999). 
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Magnesium supplementation during 4 weeks not only decreased fasting circulating 
C-peptide and insulin concentrations in healthy overweight/obese individuals but also 
altered whole blood gene expression [with negative regulation of 36 genes (including 
some involved in metabolic and inflammatory signaling pathways) and with positive 
regulation of 24 genes (some of them involved in magnesium homeostasis)] (Chacko, 
2011). Additionally, magnesium supplementation reduced liver damage induced by 
ethanol ingestion both in humans (Poikolainen, 2008) and in rats (Markiewicz-Gorka, 
2011). Although magnesium deprivation alone may induce metabolic abnormalities 
similar to those observed in rodents under chronic high-fructose feeding (model of 
diet-induced MetSyn), upon magnesium deficiency high-fructose feeding metabolic 
actions are potentiated (Busserolles, 2003; Rayssiguier, 2006). In this context, 
magnesium supplementation of rats submitted to high-fructose feeding prevented 
and/or improved the alterations induced by fructose. In particular, it ameliorated 
insulin sensitivity [evaluated as homeostasis model assessment insulin resistance 
(HOMA-IR) and muscle glucose utilization] and fasting circulating lipid profile, and 
decreased blood pressure as well as fasting circulating glucose, insulin and lipid 
peroxidation marker levels (Balon, 1994; Olatunji, 2007). 

In this regard, we have described that the Portuguese natural mineral-rich water 
mentioned above partially prevented the decrease of the hepatic magnesium content 
of fructose-fed Sprague-Dawley rats (Pereira, 2014a). 

2.3.4 Calcium and MetSyn/MetSyn Features – Associated 
Mechanisms

Serum calcium levels are increased in individuals with MetSyn and positively 
correlated with serum triglycerides and blood pressure values (Park, 2012; Cho, 
2011). Calcium and/or dairy products ingestion has been associated with decreased 
adipose tissue mass, lower blood pressure, better circulating lipid profile (increased 
HDL-cholesterol and decreased total-cholesterol and LDL-cholesterol levels as well as 
decreased total-cholesterol to HDL-cholesterol ratio and increased HDL-cholesterol to 
LDL-cholesterol ratio) and prevention/reduced incidence of insulin resistance, T2DM 
and MetSyn (Teegarden, 2006; van Meijl, 2008; Tremblay, 2009; Abete, 2011; Rice, 
2011). The inconsistency between serum calcium levels and dietary calcium intake 
values with MetSyn still needs to be clarified (Park, 2012; Cho, 2011).

The increase of fecal excretion of fat and inhibition of intestinal bile salts 
absorption (with the consequent increase of cholesterol conversion into bile acids 
in the liver) as well as the stimulation of lipolysis and inhibition of lipogenesis 
improve plasma lipid profile and decrease adipose tissue mass as a consequence of 
calcium intake (Abete, 2011; Rice, 2011). Regulation of parathyroid hormone and 1,25-
dihydroxycholecalciferol levels by dietary calcium mediates its effects on fat mass 
and insulin signaling/action (Teegarden, 2006). There is also evidence that adequate 
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calcium intake, by decreasing the concentration of 1,25-dihydroxycholecalciferol, 
decreased the uptake of calcium by vascular SMC and, so, impaired contraction and 
reduced peripheral resistance and blood pressure (Rice, 2011). Additionally, lowering 
of 1,25-dihydroxycholecalciferol associated with a calcium-induced decrease of 
reactive oxygen species, oxidative stress markers and pro-inflammatory markers 
(such as TNF-α, IL-6 and PCR) and increase of anti-inflammatory markers (such as 
adiponectin), in adipose tissue and/or blood in obese humans and/or obese mice 
(Zemel, 2008). Dietary calcium supplementation (started 120 days after birth and 
lasting for 2 months) in adult offspring rats programmed during lactation by maternal 
nicotine exposure restored insulin sensitivity, reversed the concentration of serum 
leptin as well as the percentage of both total body fat content and visceral fat mass, 
and decreased the mRNA expression of leptin in visceral adipose tissue versus the 
nicotine exposed/conditioned rat group. Dietary calcium supplementation of the 
programmed rats also increased the hepatic expression of sirtuin 1 (Sirt1) versus the 
control rat group (without nicotine exposure or calcium supplementation) (Nobre, 
2011). Regarding Sirt1, growing evidence suggests that its deacetylase activity 
regulates glucose-lipid metabolism, glucose production, inflammation, oxidative 
stress, autophagy and mitochondrial function and biogenesis as well as adiponectin 
and insulin secretion. Positive effects of Sirt1 overexpression and Sirt1 activators have 
been described (Kitada, 2013a; Kitada, 2013b; Xu, 2013; Li, 2014). 

With an opposite approach, female Wistar rats subjected to a very-low-calcium diet 
[(0.008% calcium) versus regular-calcium control diet-fed rats (0,9% calcium)], for 2 
weeks, showed lower fasting serum levels of adiponectin and higher HOMA-IR. Moreover, 
the mRNA expression of 11β-hydroxysteroid dehydrogenase type 1 (activates tissue’s 
glucocorticoids) in the liver was up-regulated (with the same tendency for the hepatic 
glucocorticoid receptor), before the animals developed obesity or other evident features 
of MetSyn (Takaya, 2011b), amplifying the glucocorticoid exposure in this tissue. 

2.3.5 Potassium and MetSyn/MetSyn Features – Associated 
Mechanisms

Dietary potassium is inversely associated with hypertension and potassium 
supplementation may improve and/or prevent hypertension (Whelton, 1997; Franzoni, 
2005; Rice, 2011). Inhibition of pro-inflammatory events in vascular SMC, reduction 
of platelet aggregation and reduction of renal vascular resistance seem to mediate 
potassium favorable effects on blood pressure (Rice, 2011). 

Potassium intake and serum potassium levels have also been negatively associated 
with MetSyn prevalence  (Lee, 2013; Sun, 2014). Lower serum potassium levels, and to 
a minor degree lower dietary potassium intake levels, have been associated with an 
increased risk of diabetes (Chatterjee, 2011; Lee, 2013). Even a moderate depletion of 
serum potassium (without frank hypokalemia) is associated with glucose intolerance/
insulin resistance and, hence, with an increased risk of T2DM, by reducing insulin 
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secretion (Norbiato, 1984; Lee, 2013). Serum potassium levels are closely regulated 
by homeostatic mechanisms and depend on dietary potassium intake and potassium 
excretion (and its regulators) as well as on partitioning between intracellular and 
extracellular spaces (modulated by insulin, catecholamines and thyroid hormone) 
(Chatterjee, 2011). Renal potassium excretion is primarily controlled by sodium 
delivery to the distal nephron and urine flow, vasopressin levels, acid-base status 
(also hormone regulated, as above) and the renin-angiotensin-aldosterone system 
(Chatterjee, 2011). As a consequence of the strict control of serum potassium levels, 
dietary and serum potassium levels are not inevitably associated (Chatterjee, 2011).

2.3.6 Bicarbonate and MetSyn/MetSyn Features – Associated 
Mechanisms

In fact, besides calcium, magnesium and potassium content on natural mineral-
rich waters, hydrogen carbonate concentration also deserves attention. Hydrogen 
carbonate-rich mineral waters may decrease calcium and magnesium renal excretion 
(by increasing their renal reabsorption) and, so, contribute to minerals´ homeostasis 
in the body (Brandolini, 2005; Rylander, 2008). Water pH and water hydrogen 
carbonate content are particularly relevant when considering the increased acid load 
of the Western diet, mainly related to the: a) high-ingestion of proteins (especially 
from animal origin), since sulfur ions are formed during amino acids metabolism, 
as well as high-sodium chloride consumption, and b) low-ingestion of fresh fruit, 
vegetables, tubers, roots and nuts, that are net base producers. As a result, the 
consumption of a Western diet induces a chronic, low-grade metabolic acidosis that 
worsens with the decline of kidney function, for example with aging (Cordain, 2005; 
Rylander, 2008; Zhang, 2009; Adeva, 2011). In line, it was observed that renal sulfate 
excretion negatively correlates with urine pH and is higher in insulin resistance 
versus normal insulin sensitivity, highlighting an association among (animal) protein 
ingestion, endogenous acid production and insulin resistance. Furthermore, insulin 
resistance has been linked with metabolic acidosis markers (such as low urine pH and 
low serum bicarbonate levels) (Adeva,  2011).

Metabolic acidosis may induce insulin resistance by impairing the insulin signaling 
pathway through inhibition of PI3K activity and, consequently, of its downstream 
effectors, in the skeletal muscle (Franch, 2004; Adeva, 2011). This gives dietary acid 
load a solid role in anticipating the metabolic dysfunction and the cardiovascular risk 
of the healthy, overweight and obese individuals as well as diabetic, hypertensive and 
chronic kidney failure patients (Zhang, 2009; Adeva, 2011; Odermatt, 2011). Moreover, 
acidosis-induced inhibition of PI3K activity blocked the antiproteolytic effect of 
insulin, which could be related to decreased lean body mass in chronic kidney failure 
patients (Franch, 2004). Metabolic acidosis increases both glucocorticoid secretion 
and plasma cortisol levels, which definitely contribute to insulin resistance, T2DM, 
MetSyn, blood pressure and inflammation. Contemporary acidogenic diet associates 
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with cortisol excess, the latter being prevented by bicarbonate administration (Zhang, 
2009; Adeva, 2011; Pereira, 2011; Pereira, 2012b; Pereira, 2012c). 

In this context, once more, natural mineral-rich water consumption would be 
extremely beneficial. 

2.3.7 Magnesium, Calcium, Potassium and Bicarbonate versus Sodium

As highlighted above, an adequate intake of magnesium, calcium or potassium has 
a favorable effect on metabolic regulation and/or blood pressure (Whelton, 1997; 
Geleijnse, 2005; Karppanen, 2005; Teegarden, 2006; Feldeisen, 2007; Olatunji, 2007; 
van Meijl, 2008; Cho, 2009; Tremblay, 2009; Chaudhary, 2010; Abete, 2011; Rice, 2011). 
However, their association, as occurs in the dietary approaches to stop hypertension 
(DASH diet), which includes, among others, magnesium, calcium and potassium-
rich foods, seems more effective, particularly in blood pressure control (Vaskonen, 
2003; Al-Solaiman, 2010). Furthermore, magnesium, calcium and potassium reduce 
sodium retention, which may contribute to their positive effects on blood pressure 
(Vaskonen, 2003; Rice, 2011). In some studies, sodium chloride is clearly associated 
with hypertension (Ziomber, 2008; Santos, 2010). This association depends on 
sodium being accompanied by chloride, as sodium per se (in the drinking solution) 
does not increase blood pressure (Ziomber, 2008; Santos, 2010). Possibly through 
sodium potassium ATPase inhibition (Blaustein, 2006), only sodium chloride seems 
to increase plasma volume and blood pressure (Kunes, 2004; Santos, 2010), although 
sodium salts, with chloride or other anions (with equimolar amounts of sodium), 
produce similar suppression of the renin-angiotensin axis (Luft, 1990; Santos, 2010). 

In line with these findings, natural mineral-rich waters intake, with a high 
content of both sodium and bicarbonate, decrease blood pressure (Schorr, 1996; 
Perez-Granados, 2010) or has no effect on it (Schoppen, 2004; Santos, 2010).

2.3.8 Conclusion

As shown above, an adequate body homeostasis of magnesium, calcium, potassium 
and bicarbonate has a prime role in preventing and/or improving MetSyn, or some 
of its features. The ingestion of natural mineral-rich waters could contribute to an 
adequate supply of those dietary micronutrients, being most relevant in the context 
of the Western diet.
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