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Preface

Magnesium is the fourth most abundant mineral in the body and is essential to good
health. Approximately 50% of total body magnesium is found in bone. The other half is
found predominantly inside cells of body tissues and organs. Only 1% of magnesium is found
in blood, but the body works very hard to keep blood levels of magnesium constant.
Magnesium is needed for more than 300 biochemical reactions in the body. It helps maintain
normal muscle and nerve function, keeps heart rhythm steady, supports a healthy immune
system, and keeps bones strong. Magnesium also helps regulate blood sugar levels, promotes
normal blood pressure, and is known to be involved in energy metabolism and protein
synthesis. There is an increased interest in the role of magnesium in preventing and managing
disorders such as hypertension, cardiovascular disease, and diabetes. Dietary magnesium is
absorbed in the small intestines. Magnesium is excreted through the kidney. This new book
presents the latest research in the field.

Short Communication - Magnesium (Mg) is the most abundant intracellular divalent
cation and free cytoplasmic Mg can modulate the activity of a number of cellular enzymes,
including key enzymes in phospholipase C signalling pathway which are initiated by antigen
receptors on lymphocytes. The concentration of Mg may change after the cell activation.
Lymphocytes have a role in the pathogenesis of COPD and recent studies indicate their
abnormal function. As result of the above findings we determined the concentrations of total
magnesium (tMg) and ionised magnesium (iMg) in isolated mononuclear cells (MNC) by
using group of 46 COPD stable phase patients (past smokers, current smokers and non-
smokers) and 61 control subjects (24 healthy smokers and 37 healthy non-smokers). Due to
the antagonism of magnesium towards calcium we determined in the same sample the
concentrations of the total (tCa) and ionised calcium (iCa). We found an increased of
biologically active iMg in isolated MNC of the COPD patients compared to the group oh
healthy non-smokers (median 22.09 pmol/10° cells, CI 5.67-50.00 vs. median 17.02 pmol/10°
cells, CI 10.84-38.89, p<0.05) and increased concentration of tCa (36.01 pumol/10° cells, CI
4.81-82.14 vs. 18.18 pmol/10° cells, CI 3.84-74.66, 17.99 umol/10° cells, CI 2.77-33.33,
p<0.05) compared to the group of healthy non-smokers and healthy smokers respectively.

In isolated MNC of the patients the ratio of total calcium/total magnesium (tCa/tMg) was
significantly increased (2.55, CI 0.57-6.33) compared to the group of healthy non-smokers
(1.48, CI 0.20-6.22) and healthy smokers (1.51, CI 0.17-3.84). The MNC iMg value in COPD
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patients shows significant correlation with iCa (1=0.94, p=0.0000) and tMg with tCa (r=0.41,
p=0.0237). Above study findings indicates that differential in the magnesium mobilization
response has an impact on the resulting cellular response and will regulate cellular response
to given stimulus.

Chapter 1 - Magnesium is an essential mineral with several dietary sources including
whole-grains, green leafy vegetables, legumes, and nuts. Emerging evidence indicates that
high magnesium intake from diet or supplements may favorably affect a cluster of metabolic
abnormalities including insulin resistance, hypertension, and dyslipidemia, known as
metabolic syndrome. The metabolic syndrome is prevalent worldwide and is associated with
increased risks of major chronic diseases, such as type 2 diabetes mellitus (DM),
cardiovascular diseases (CVD), nonalcoholic fatty liver diseases, polycystic ovary syndrome,
and certain forms of cancer. In observational studies, magnesium intake has been inversely
associated with chronic inflammation, dyslipidemia, insulin resistance, hypertension, type 2
DM, CVD, and colorectal cancer. Some small clinical trials with short durations appeared to
support the potential efficacy of magnesium supplementation in the prevention and/or
treatment of metabolic syndrome in human populations, although the long-term benefits and
safety of magnesium treatment remain to be determined in future large-scale, well-designed
randomized controlled trials with long follow-up periods. This article provides a systematic
review of the current literature from human population studies on dietary magnesium intake
and a host of metabolic disorders, focusing primarily on the role of magnesium intake in the
development of metabolic syndrome, type 2 DM, hypertension, CVD, and colorectal cancer.

Chapter 2 - Asthma is a chronic, inflammatory disorder of the airways leading to airflow
limitation. Its worldwide rise, mainly in developed countries, is a matter of worldwide
concern. Inflammation of the bronchial mucosa and bronchial hyperresponsiveness are the
hallmark features of asthma of all severities. Nocturnal asthma (NA) frequently occurs and
would concern two thirds of asthmatics. But, it remains controversial whether NA is a distinct
entity or is a manifestation of more severe asthma. Generally, it is considered as an
exacerbation of the underlying pathology. The pathological mechanisms likely involve
endogenous circadian rhythms with pathological consequences on both respiratory
inflammation and hyperresponsiveness. A decrease in blood and tissue magnesium levels is
frequently reported in asthma and often testifies to a true magnesium depletion.

The link with magnesium status and chronobiology are well established. The quality of
magnesium status influences directly the Biological Clock (BC) function, represented by the
suprachiasmatic nuclei. Reversely, BC dysrythmias influence the magnesium status. Two
types of magnesium deficits must be clearly distinguished: deficiency corresponding to an
insufficient intake which can be corrected through mere nutritional Mg supplementation and
depletion due to a dysregulation of the magnesium status which cannot be corrected through
nutritional supplementation only, but requests the more or less specific correction of the
dysregulation mechanisms. Both in clinical and in animal experiments, the dysregulation
mechanisms of magnesium depletion associate a reduced magnesium intake with various
types of stress including biological clock dysrythmias. The differentiation between Mg
depletion forms with hyperfunction of BC (HBC) and forms with hypofunction of BC (hBC)
is seminal and the main biological marker is melatonin (MT) production. We hypothesize
that, magnesium depletion with HBC or hBC may be involved in chronopathological forms
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of asthma. Nocturnal asthma would be linked to HBC, represented by an increase in MT
levels. The corresponding clinical forms associate diverse expressions of nervous
hypoexcitability: depression, nocturnal cephalalgia (i.e. cluster headaches), dyssomnia
mainly advanced sleep phase syndrome, some clinical forms of chronic fatigue syndrome and
fibromyalgia. The main comorbidities are depression and/or asthenia. They take place during
the night or the “bad” seasons (autumn and winter) when the sunshine is minimum. The
corresponding chronopathological therapy relies on phototherapies with sometimes additional
psychoanaleptics. Conversely, asthma forms linked to hBC are less frequently studied and
present a decrease in MT levels. They associate various signs of nervous hyperexcitability:
anxiety, diurnal cephalalgia (mainly migraine), dyssomnia, mainly delayed sleep phase
syndrome and some clinical forms of chronic fatigue syndrome and fibromyalgia. The
treatment relies on diverse forms of “darkness therapy”, possibly with the help of some
psycholeptics. Finally, the treatment of asthma involves the maintenance of conventional
dosing schedule of anti-asthma drugs, a balanced magnesium intake and the appropriate
treatment of the chronopathological disorders.

Chapter 3 - Magnesium deficiency in pregnant women is frequently seen because of
inadequate or low intake of magnesium. Magnesium deficiency during pregnancy can induce
not only maternal and fetal nutritional problems, but also consequences that might last in
offspring throughout life. Many epidemiological studies have disclosed that restricted fetal
growth, i.e. intrauterine growth retardation (IUGR), is associated with an increased risk of
insulin resistance in adult life.

We previously postulated that intracellular magnesium of cord blood platelets is lower in
the small for gestational age group than in the appropriate for gestational age group,
suggesting that intrauterine magnesium deficiency may result in [UGR.

Taken together, intrauterine magnesium deficiency in the fetus may lead to or program
the insulin resistance after birth.

We hypothesize that intrauterine magnesium deficiency may induce metabolic syndrome
in later life. Intracellular magnesium of the cord blood platelet may be a marker of early fetal
growth, and can be used as a novel predictor of adult diseases. Low intracellular magnesium
may represent the prenatal programming of insulin resistance and may have lifelong effects
on metabolic regulation.

Chapter 4 - People with metabolic syndrome, a cluster of obesity, high blood pressure,
dyslipidemia, and hyperglycemia, have at increased risk for cardiovascular disease and
diabetes. Although components of the metabolic syndrome are related with inappropriate
dietary patterns, the role of dietary constituents in the pathogenesis of the syndrome is poorly
understood.

Evidence show that low dietary intakes of magnesium contributes to development of
insulin resistance, a major component of the metabolic syndrome, supporting the hypothesis
that suboptimal intake of magnesium might play a significant role in the development of the
syndrome. On the other hand, recently has been reported that magnesium depletion is
independently associated to low chronic inflammatory syndrome, suggesting that
hypomagnesemia and low-grade inflammation are interactive risk factors for the metabolic
syndrome and chronic disease.
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Cross-sectional analyses of data from population based studies show that intake of
magnesium is inversely related with the prevalence and incidence of metabolic syndrome. In
addition, data from controlled randomized clinical trials provide evidence that oral
magnesium supplementation restores serum magnesium levels decreasing inflammation and
improving insulin sensitivity, high blood pressure, lipid profile, and serum glucose levels.

Nonetheless, to determine whether low dietary intake of magnesium is associated with an
increased risk for the metabolic syndrome and, its potential usefulness in the prevention
strategies of cardiovascular disease and diabetes requires confirmation, and further research.

We review the clinical evidence that show the association between dietary intake of
magnesium and the metabolic syndrome; furthermore, we present results from a randomized
double-bind clinical trial showing the efficacy of oral magnesium supplementation in the
reduction of inflammation.

Chapter 5 - An increasing body of evidence suggests that low vitamin D status may
impair both insulin secretion and action, ultimately increasing the risk of type 2 diabetes
mellitus (DM). Experimentally, vitamin D repletion improves insulin sensitivity and insulin
secretion in animal studies of rats. Cross-sectional studies in humans suggest an inverse
association between circulating vitamin D levels and impaired glucose tolerance, insulin
resistance, and risk of type 2 diabetes. Prospective data, albeit limited, also indicate an
inverse association between intake of dietary and supplemental vitamin D and type 2 diabetes
risk. Calcium and magnesium may exert both independent and interactive effects on the risk
of type 2 diabetes through metabolically related pathways. Genetic variants of these
pathways, including the vitamin D receptor (VDR) pathway and calcium and magnesium
homeostasis related pathways, also appear to play a role in affecting the risk of type 2
diabetes in humans.

Chapter 6 - Plant and crop nutrition drives all terrestrial food-webs. Nutrient composition
of crops can be manipulated through agronomy and genetics to optimize the delivery of
essential minerals to humans and livestock. Our aim is to dissect and exploit the
physiological and genetic bases for magnesium homeostasis in plants. Understanding how
plants regulate Mg uptake from the rhizophere, as well as transport and cycling could have
significant implications for plant nutrition and human health. With the knowledge of genes
governing Mg homeostasis, it will be possible to reduce the need for fertilisers and to develop
crops that grow efficiently on nutrient-poor soils. Furthermore, biofortification strategies
through conventional breeding and transgenic approaches could lead to Mg-rich edible parts
of crops, which would offer humans improved sources of this essential cation and overcome
mineral malnutrition.

Chapter 7 - The ruminal epithelium is a stratified squamous epithelium that has evolved
to display functions essential for the unique ability of cows and sheep to ferment dietary
components like carbohydrates and protein, and to selectively absorb nutrients and minerals
for the production of milk. A characteristic property of this tissue is its pronounced ability to
transport magnesium against an electrochemical gradient. Absorption of magnesium is
reduced by dietary elevation of ruminal potassium, leading to hypomagnesaemia that can
reach clinical significance. Studies of the intact tissue and of isolated cells suggest that
cellular magnesium uptake is decreased by apical depolarization of the ruminal membrane,
resulting in both a lower cytosolic concentration and transepithelial transport of the element.
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Another characteristic feature of this unusual epithelium is the expression of a sodium-
conducting channel with functional properties that are clearly distinct from the epithelial
sodium channel (ENaC) found in most mammalian epithelia. Thus, it has not been possible to
demonstrate direct regulation of ruminal sodium transport by aldosterone, and the effects of
amiloride are clearly limited to an inhibition of the sodium proton exchanger (NHE3)
expressed by this tissue. Studies at the level of the animal and the tissue suggest that sodium
conductance is enhanced by depolarization of the apical membrane. Recent in vitro studies
have demonstrated that ruminal epithelial cells express non-selective cation channels in the
apical membrane that are regulated by changes in cytosolic magnesium. We propose that the
reduction in ruminal magnesium uptake observed after ingestion of high potassium fodder
may be related to a role for magnesium in a signaling cascade that leads to an increase in the
permeability of this non-selective cation channel for sodium, thus enhancing absorption of
this ion from the rumen and restoring ruminal osmolarity, while contributing to the retention
of potassium.

Chapter 8 - The role of trace elements in the pathogenesis of liver cirrhosis and its
complications is still not clearly understood.

Zinc, copper, manganese and magnesium are essential trace elements whose role in liver
cirrhosis and its complications is still a matter of research.

Zinc is associated with more than 300 enzymatic systems. Zinc is structured part of Cu-
Zn superoxide dismutase, important antioxidative enzyme. Zinc acts as an antioxidant, a
membrane and cytosceletal stabilizator, an anti-apoptotic agent, an important co-factor in
DNA synthesis, an anti-inflammatory agent, etc. Copper is an essential trace element which
participates in many enzymatic reactions. Its most important role is in redox processes.
Reactive copper can participate in liver damage directly or indirectly, through Kupffer cell's
stimulation. Scientists agree that copper's toxic effects are related to oxidative stress.
Manganese is a structural part of arginase, which is an important enzyme in the urea
metabolism. Manganese acts as an activator of numerous enzymes in Krebs cycle,
particularly in the decarboxilation process.

Magnesium is important for the protein synthesis, enzyme activation, oxidative
phosphorilation, renal potassium and hydrogen exchange etc.

Since zinc, copper, manganese and magnesium have a possible role in the pathogenesis
of liver cirrhosis and cirrhotic complications, the aim of our study was to investigate the
serum concentrations of mentioned trace elements in patients with liver cirrhosis and
compare them with concentrations in controls.

Serum concentrations of zinc, copper, manganese and magnesium were determined in
105 patients with alcoholic liver cirrhosis and 50 healthy subjects by means of plasma
sequential spectrophotometer. Serum concentrations of zinc were significantly lower (median
0.82 vs. 11.22 pmol/L, p<0.001) in patients with liver cirrhosis in comparison to controls.
Serum concentrations of copper were significantly higher in patients with liver cirrhosis
(median 21.56 vs. 13.09 pmol/L, p<0.001) as well as manganese (2.50 vs. 0.02 umol/L,
p<0.001). The concentration of magnesium was not significantly different between patients
with liver cirrhosis and controls (0.94 vs. 0.88 mmol/L, p=0.132). There were no differences
in the concentrations of zinc, copper, manganese and magnesium between male and female
patients with liver cirrhosis. Only manganese concentration was significantly different
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between Child-Pugh groups (p=0.036). Zinc concentration was significantly lower in patients
with hepatic encephalopathy in comparison to cirrhotic patients without encephalopathy
(0.54 vs. 0.96 pmol/L, p=0.002). The correction of trace elements concentrations might have
a beneficial effect on complications and maybe progression of liver cirrhosis. It would be
recommendable to provide analysis of trace elements in patients with liver cirrhosis as a
routine.
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Abstract

Magnesium (Mg) is the most abundant intracellular divalent cation and free
cytoplasmic Mg can modulate the activity of a number of cellular enzymes, including key
enzymes in phospholipase C signalling pathway which are initiated by antigen receptors
on lymphocytes. The concentration of Mg may change after the cell activation.
Lymphocytes have a role in the pathogenesis of COPD and recent studies indicate their
abnormal function. As result of the above findings we determined the concentrations of
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total magnesium (tMg) and ionised magnesium (iMg) in isolated mononuclear cells
(MNC) by using group of 46 COPD stable phase patients (past smokers, current smokers
and non-smokers) and 61 control subjects (24 healthy smokers and 37 healthy non-
smokers). Due to the antagonism of magnesium towards calcium we determined in the
same sample the concentrations of the total (tCa) and ionised calcium (iCa). We found an
increased of biologically active iMg in isolated MNC of the COPD patients compared to
the group oh healthy non-smokers (median 22.09 pmol/10° cells, CI 5.67-50.00 vs.
median 17.02 umol/10° cells, CI 10.84-38.89, p<0.05) and increased concentration of tCa
(36.01 umol/10° cells, CI 4.81-82.14 vs. 18.18 umol/10° cells, CI 3.84-74.66, 17.99
umol/10° cells, CI 2.77-33.33, p<0.05) compared to the group of healthy non-smokers
and healthy smokers respectively.

In isolated MNC of the patients the ratio of total calcium/total magnesium (tCa/tMg)
was significantly increased (2.55, CI 0.57-6.33) compared to the group of healthy non-
smokers (1.48, CI 0.20-6.22) and healthy smokers (1.51, CI 0.17-3.84). The MNC iMg
value in COPD patients shows significant correlation with iCa (1=0.94, p=0.0000) and
tMg with tCa (1=0.41, p=0.0237). Above study findings indicates that differential in the
magnesium mobilization response has an impact on the resulting cellular response and
will regulate cellular response to given stimulus.

Introduction

COPD is characterised by chronic local, and according to the latest data, systemic
inflammation and oxidative stress. Various studies have shown that the lung inflammatory
response is characterised by:

1. Increased numbers of neutrophils, macrophages and T-lymphocytes with CD8+
predominance.

2. Augmented concentrations of proinflammatory cytokines.

3. Evidence of oxidative stress [1].

It is currently accepted that an excessive/inadequate inflammatory response of the lungs
to variety of noxious inhaled gases or particles (mostly cigarette smoke) is a key pathogenic
mechanism in COPD [2]. Several studies have shown alteration in various circulating
inflammatory cells including neutrophils and lymphocytes in COPD [3,4,5,6]. Circulating
lymphocytes in patients with COPD have been less investigated than circulating neutrophils.
Under normal conditions, the majority of lung T-cells is relatively hyporesponsive and
become functional only after undergoing activation process. Recent studies indicate abnormal
lymphocyte function in COPD [7]. Mg participates in immune response in numerous ways: as
cofactor for immunoglobulin synthesis, C3 convertase, immune cell adherence, macrophage
response to lymphokines, T helper-B cell adherence [8]. Recent data indicate that the
concentration of free cytoplasmic magnesium may also change during the process of
lymphocyte activation [9].

The majority of investigations determined the concentration of magnesium in serum or
plasma, as only 1% of the magnesium is in blood plasma. This does not reflect the true state
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of the supply of the organism with magnesium. With regard to cells it is considered that
different types of cells have different kinetic interchange of magnesium and other
electrolytes.

It is still not completely clear which type of cells best reflect the status of magnesium in
the organism [10,11,12].

Because of the ever increasing number of patients with COPD in the world and the
aforementioned role of magnesium in inflammations, in this study the concentrations of total
and ionised magnesium were determined (tMg and iMg) in the mononuclear cells (MNC) of
patients with COPD. As magnesium is a known antagonist toward calcium [13] the
concentration of total and ionised calcium (tCa and iCa) and the ratios of both forms of
magnesium and calcium, were determined, in the same groups of patients and healthy
subjects.

Materials and Methods
Subjects

The examination was performed on 46 patients with stable COPD (13 women and 33
men, mean age 66 years, range 44-80 years). Control subjects was 37 non-smokers, (3
women and 21 man age 49 years, range 33-63 years), and 24 healthy smokers, (6 women and
31 men, mean age 53 years, range 40-72 years).

Approval for the study was given by the local Ethics Committee and all of the subjects
gave their informed consent.

The subjects completed a questionnaire which contained questions on smoking, blood
pressure and possible other diseases. For all subjects spirometry and standard laboratory tests
in blood and urine were performed on the same day. Healthy subjects were included in the
study on the basis of the values of standard blood and urine tests in a referent interval and
normal finding of spirometry.

Subjects with COPD, treated in the Clinical Hospital for Lung Diseases "Jordanovac",
Zagreb, had been in the stable phase of the disease for at least three months, without
hospitalisation and without change in therapy. The group of patients with COPD comprised
11 non-smokers and 34 smokers with forced expiratory volume (FEV;) 30% - 70% of the
predicted value. Table 1 shows the pulmonary function test of patients group with COPD.

Table 1. Pulmonary function test for patients with COPD,
healthy control non-smokers and smokers

COPD Healthy non-smokers Healthy smokers
X (+/-SD) X (+/-SD) X (+/-SD)
FEVI1 % 49.26 (14.58) 103.19 (18.41) 102.12 (19.54)
FEVI/FVC x100 51.29 (9.75) 80.83 (5.45) 81.53 (6.57)

FEV1% - forced expiratory volume in 1 sec.

FEVI1/FCV - ratio of forced expiratory volume in 1 sec. and forced volume capacity.
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According to the GOLD classification patients were classified in grade 2 and 3 COPD.
Therapy consisted of a combination of B,-agonist, anticholinergic and xanthic preparations,
without corticosteroids. Subjects with diabetes, kidney disease, arterial hypertension, heart
diseases, gastrointestinal diseases, endocrine diseases and asthma were excluded from the
investigation. Subjects were taking drugs such as calcium antagonists, diuretics, digoxin,
laxatives, antibiotics, or who consumed more than 50g alcohol daily, and those taking
vitamin and mineral preparations, were also excluded from the investigation.

Samples

The blood of patients with COPD and healthy volunteers was taken in the morning
between 7-10 hrs, and on the same day spirometry was performed. Sample was obtained by
taking 10 ml of blood in a plastic test-tube with vacuum, coated with anticoagulant Li-
heparin 15 000 IU/L (Venosafe, Terumo) and centrifuged for 10 minutes at 600g. The MNC
obtained was stored at -20°C until analysis.

The MNC obtained were modified by the method of isolation according to Bojum [14]:

Blood is taken into a plastic test tube coated with anticoagulant Li-heparin 15000 IU/L
(Venosafe, Terumo). 10 ml blood is mixed with 2.6 ml freshly prepared solution of dexstran
(Dextran 500, 50g/L) in a glass test-tube and left to stand for 60 min. at room temperature.
Plasma rich in leukocytes is carefully layered on solution Ficoll-Paque-plus (<0.12 EU/ml
Amersham Pharmacia Biotech AB) ratio 2:1 and centrifuged at 400g 35 min. Because of the
gradient of density during centrifugation MNC is situated between the layer of Ficoll-Paque
solution and the plasma. The upper layer of plasma is removed and the layer of MNC is
transferred to the test tube for centrifugation. The remaining part of the Ficoll-Paque solution
and plasma in the MNC layer is removed by rinsing with approximately 6 ml cold solution of
NaCl (9g/L) and centrifuging at 500 g for 10 min. Finally, removal of erythrocytes is carried
out successively by adding 3 ml cold distilled water, mixing for 45 seconds and then adding 3
ml of cold NaCl (18 g/L) and mixing for a further 45 seconds. The suspension is centrifuged
for 10 min. at 500 g. The procedure of removing the erythrocytes is performed at least three
times. The MNC sediment is suspended in 1 ml of cold NaCl (9g/L) and the cells counted on
a haematological counter (Nihon Kohden Mek 5100). The remaining suspended cells are
sonicated with an ultrasound homogenisation (Cole-Parmer 4710), holding the eppendorf test
tube in ice, 3x30 seconds, in intervals of 45 seconds. Such a lysate of cells is divided into 0.5
ml in two eppendorf test tubes and stored at -20°C until analysis.

Methods

The concentration of tMg and tCa was determined in MNC by the method of atomic
absorption spectrophotometry (Atomic absorption spectrophotometer 2380, Perkin Elmer).
The concentration of iMg and iCa in MNC was determined by the method of direct
potenciometry on analyser Nova Ultra Stat Profile M (Nova Biomedical, USA Ltd.).
Normalised values were taken at a temperature of 37°C and pH 7.4.
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Procedure for Spirometry

Before starting the measurements the patient's height and weight was measured without
shoes. The test was performed in a seated position. After applying noseclips, the subject was
instructed to take a full inspiration, hold it briefly then exhale through a mouthpiece into the
spirometer as forcefully and completely as possible. The test was repeated a minimum of
three times, maximum eight times, until two reproducible efforts were obtained. The two
largest FVCs and FEV;s had to show <5% variability. After the spirometry measurement,
according to standard procedure, the patient inhaled 400 pg of salbutamol from the MDI.
After 30 minutes, spirometry was repeated three times and the highest FEV, value recorded.
Before testing, regularly prescribed bronchodilators were withheld for 6 hours for inhaled
short acting B2-agonist, 12 hours for long acting B2-agonist, 6 hours for inhaled
anticholinergics, 12 hours for short acting theophylline preparations and 24 hours for long
acting theophylline preparations. Bronchodilatory test was considered negative if the FEV,
value after salbutamol was less than 200 ml and/or 12% before testing. Reference values
were used according to ECCS, 1983 [15].

Statistical Methods

Mean values of parameters for each group of subjects are presented in medians and
ranges. Differences between the examined and control groups were tested by non-parametric
Mann-Whitney U test. A p-value of <0.05 was taken significant.

Results

Table 2. presents median and analogous ranges in concentration of magnesium, calcium,
and their ratio in MNC of the subjects.

In MNC patients with the COPD concentration of iMg was significantly higher in
relation to the control group of healthy non-smokers (median 22.09 pmol/10° cells, CI 5.67-
50.00 vs. median 17.02 umol/10° cells, CI 10.84-38.89, p<0.05). A statistically significant
increase in the concentration of tCa was found in MNC of patients with COPD compared to
the control group of healthy non-smokers and healthy smokers (36.01 pmol/10° cells, CI
4.81-82.14 vs. 18.18 pumol/10° cells, CI 3.84-74.66, 17.99 umol/10° cells, CI 2.77-33.33,
p<0.05). Concentration of the tCa in MNC within COPD patients was increased in relation to
the control group of non-smokers and healthy smokers, with no change in its ionising form.

The tCa/tMg ratios in MNC of COPD patients were greater (2.55. CI 0.57-6.33) then
control group of non-smokers (1.48, CI 0.20-6.22) and smokers (1.51, CI 0.17-3.84). This
indicates relative tMg deficiency with regard to the concentration of tCa.

In addition to above, the concentration of tMg was not changed in MNC of COPD
patients compared to both control groups. There was no change in the concentration of iMg
in MNC of the patients with COPD compared to the control group of smokers.
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Table 2. Median and ranges for concentration of magnesium
and calcium and their ratios in COPD patients and control subjects
of healthy non-smokers and healthy smokers

COPD (n=46) Healthy non-smokers Healthy smokers (n=24)
analyts (n=37)
MNC (umol/10° cells) MNC (umol/10° cells) MNC (umol/10° cells)

iMg 22.09* 17,02 20.29

(5.67-50.00) (10,84-38,89) (9.35-30.00)
tMg 13.09 13,42 12.31

(4.96-36.36) (7,50-26,09) (6.5-20.00)
iCa 33.73 28,35 34.21

(10.63-107.14) (16,90-77,78) (18.12-61.9)
tCa 36.01e%* 18,18 17.99

(4.81-82.14) (3,84-74,66) (2.77-33.33)
iCa/iMg 1.63e 1,70 1.81

(1.22-2.15) (1,26-2,15) (1.44-2.27)
tCa/tMg 2.55e% 1,48 1.51

(0.57-6.33) (0,20-6,22) (0.17-3.84)

"Statistically significantly differences compared to the control group of healthy non-smokers; p<0.05.

“Statistically significantly differences compared to the control group of healthy smokers; p<0.05 Mann-
Whitney U test; (tMg and tCa) concentration of total magnesium and calcium; (iMg and iCa)
concentration of ionized magnesium and calcium.

There is also no statistically significant difference in any parameters between smokers
(past smokers and current smokers) and non-smokers in the group of patients with COPD.
Because of that but also because of the fact that the number of non-smokers was low a group
of patients with COPD which included past smokers, current smokers and non-smokers was
used in order to determine a statistically significant difference. In addition, The MNC iMg
value in COPD patients shows significant correlation with iCa (r=0.94, p=0.0000) and good
correlation of tMg with tCa (r=0.41, p=0.0237). This results show that there is a possibility
that a differential Mg mobilization response will have an impact on resulting Ca increase and
both cations will regulate cellular response to given stimulus.

Conclusion

The most recent definition of COPD has introduced the concept that inflammation is a
key event in the pathogenesis of the disease, highlighting the need for a better knowledge of
the mechanisms involved in the perpetuation of the inflammatory response [7]. COPD is
characterised by local chronic inflammation involving the airways, parenchyma and blood
vessels of the lungs. In this different parts of the lungs macrophages, T-lymphocytes (mainly
CD8+) and neutrophils occur in an increasing number [2].The analysis of bronchial biopsies
and lung parenchyma obtained from COPD patients compared with those from smokers with
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normal lung function and non smokers has provided new insight on the role of the different
inflammatory and structural cells. Their signalling pathways and mediators, contribute to a
better knowledge of the pathogenesis of COPD [16]. Cigarette smoke produces an innate
immune response that, in those smokers who develop COPD, persists and is coupled with an
adaptive immune response, involving T and B-cells [7]. According to GOLD standards [15,
17] parameters such as FEV, and pO, are generally used for diagnosis and determination of
the degree and prognosis of COPD. More recently there was an increasing amount of data
which indicates that COPD is not only a disease of the lungs but also a systemic
inflammatory disease which includes activation of inflammatory cells, increased
concentration of primary proinflammatory and anti-inflammatory cytokines [1].

Circulating lymphocytes in patients with COPD was less investigated than circulating
neutrophils. Salueda et al [6] for example in the lymphocytes of patients with COPD
compared to healthy non-smokers showed increased activity of cytochrom oxidase, terminal
enzyme in the mitochondric electron transport chain. In study of Gupta et al [18] an alteration
in alphal- AT and T lymphocyte subsets in COPD patients suggested that interplay of these
factors may be responsible for the progression of COPD.

Magnesium has an important role as cofactor in number of biochemical processes within
cells, including the key enzymes in the phospholipase C (PLC) transmembrane signalling
pathway. Activation of lymphocytes trough ligation of the antigen receptor complex initiates
activation of PLC and Mg is cofactor for numerous enzymes in phosphatidilinositol
metabolism. InsP3 mediates the release of Ca from intracellular stores into cytoplasm, while
InsP4 and InsP3 mobilize extracellular Ca. Mg may thus regulate the cellular response to
given stimulus [9]. The rise in Ca has important consequences for cell function and
importance of Mg in activation of lymphocytes is well known [19,20,21]. As result of the
above we have defined concentration of the tMg, tCa and their ionized form in MNC of
patients with COPD and in control groups of smokers and non-smokers. Increased
concentrations of tCa and tCa/tMg ratio in MNC of patients with COPD in this investigation
suggest the conclusion of potentiated activity of calcium in these types of examined cells.
Statistically significantly increased concentration of iMg was determined in MNC of patients
with COPD compared to the group of healthy non-smokers. With our findings and an existing
data found in literature on this subject [22] we can conclude that increase of tCa
concentration in MNC results increase of the iMg concentration.

In our previous work on PMN (polymorphonuclear cells) of the COPD patients the
concentration of tCa and the ratio of tCa/tMg increased compared to the control group of
healthy non-smokers and healthy smokers. In the same work we found decreased biological
active iMg in PMN compared to the group of healthy non-smokers (5.42, 1.98-17.31
umol/10° cells vs. 7.50, 3.27-15.15 pmol/10° cells, p<0.05). There were no change in the
concentration of tMg and iMg in the plasma of patients with COPD, while statistically
significantly increased ratio tCa/tMg was determined compared to control group [23]. Above
findings together with the MNC results indicates that there is relative tMg deficiency in both
type of cells.

Depending on the cell type, iMg increase in MNC and decrease in PMN leads to
conclusion that different types of cells have different distribution and regulation of iMg
within these cells.
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It is tempting to speculate that a differential Mg mobilization response will have
consequences for the resulting cellular response. Current available techniques allow the
experiments design to address these issues which will enable to clarify a differential iMg
mobilization response in different type of cells.

The drugs used today in the treatment of stable COPD do not slow down the significant
progression of the disease [24]. Based on the results of this study it can be hypothesised that
the supplementation of magnesium salts to standard therapy, in patients with stable COPD,
can improve the symptoms and possibly reduce the number of exacerbations of the disease.
The hypothesis is justified by magnesium participation in oxidative stress defence reactions,
regulation in leukocytes activation, and relaxing effect on smooth bronchial muscles.

In conclusion there is a need for the further longitudinal study and continued monitoring
in order to determine effectiveness with magnesium salt therapy on the magnesium
concentration in different cells and correlation with FEV1.
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Abstract

Magnesium is an essential mineral with several dietary sources including whole-
grains, green leafy vegetables, legumes, and nuts. Emerging evidence indicates that high
magnesium intake from diet or supplements may favorably affect a cluster of metabolic
abnormalities including insulin resistance, hypertension, and dyslipidemia, known as
metabolic syndrome. The metabolic syndrome is prevalent worldwide and is associated
with increased risks of major chronic diseases, such as type 2 diabetes mellitus (DM),
cardiovascular diseases (CVD), nonalcoholic fatty liver diseases, polycystic ovary
syndrome, and certain forms of cancer. In observational studies, magnesium intake has
been inversely associated with chronic inflammation, dyslipidemia, insulin resistance,
hypertension, type 2 DM, CVD, and colorectal cancer. Some small clinical trials with
short durations appeared to support the potential efficacy of magnesium supplementation
in the prevention and/or treatment of metabolic syndrome in human populations,
although the long-term benefits and safety of magnesium treatment remain to be
determined in future large-scale, well-designed randomized controlled trials with long
follow-up periods. This article provides a systematic review of the current literature from
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human population studies on dietary magnesium intake and a host of metabolic disorders,
focusing primarily on the role of magnesium intake in the development of metabolic
syndrome, type 2 DM, hypertension, CVD, and colorectal cancer.

Introduction

Magnesium is an essential mineral critical for many metabolic functions in the body.
Magnesium is primarily found in many unprocessed foods, such as whole grains, green leafy
vegetables, legumes, and nuts [1-3]. The Dietary Reference Intake (DRI) for magnesium is
420 mg per day for adult men (over age 30) and 320 mg per day for women (over age 30) [1-
3]. Surveys indicate that the average magnesium intake in the US general population is far
below the DRI, particularly among adolescent girls, women, and the elderly [1, 3-5]. Because
magnesium content tends to be lost substantially during the refining and processing of foods,
the adoption of a “Western diet” characterized by low intake of vegetables and fruits and
high intake of red and processed meat as well as other highly refined or prepared foods, is
believed to contribute to suboptimal intake of dietary magnesium in the general population of
industrialized countries [1-3].

Mg balance is regulated by the interaction among dietary magnesium intake, intestinal
absorption, renal magnesium excretion, and magnesium exchange from bone [6, 7].
Magnesium deficiency refers to depletion of total body stores and is associated with several
acute and chronic illnesses [7, 8]. Although serum magnesium may not reflect total body
magnesium stores, serum magnesium levels are commonly used as the standard for defining
magnesium deficiency (also known as hypomagnesemia) [8, 9]. Magnesium is a cofactor for
hundreds of enzymes, particularly for those cellular reactions involved in the transfer,
storage, and utilization of energy [3, 10, 11].Abnormalities in intracellular magnesium
homeostasis have been hypothesized to be a link among insulin resistance, type 2 diabetes
mellitus (DM), hypertension, and cardiovascular disease (CVD) [10]. However, a valid and
feasible method for assessing intracellular magnesium (Mg) status is not available in clinical
studies. The beneficial effects of magnesium intake may be explained by several mechanisms
[see Figure (1)], including improvement of glucose and insulin homeostasis [12, 13],
oxidative stress[10, 14, 15], lipid metabolism [16-19], vascular or myocardial contractility
[10, 11, 20], endothelium-dependent vasodilation [10, 11, 14, 21], anti-arrthythmic effects [7,
22], anti-coagulant or anti-platelet effects [20, 21, 23, 24], and anti-inflammatory effects [25,
26]. Although numerous epidemiologic studies have extensively examined the association
between magnesium intake and chronic disorders, most of them are ecologic or cross-
sectional by design and are potentially confounded by other aspects of diet, lifestyle or
socioeconomic factors. Their results need to be interpreted cautiously, although these data
help to postulate hypotheses, implicating a role of magnesium in the etiology of metabolic
abnormalities. In observational studies, prospective cohort design is considered optimal for
the study of long-term dietary intake in the primary prevention of chronic diseases. However,
prospective data for magnesium intake are relatively limited. In human intervention trials, a
randomized double-blinded and placebo-controlled trial is considered the best approach to
examine a cause-effect relation.
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Figure 1. Scheme showing the possible mechanisms for a link between magnesium intake and chronic
metabolic disorders.

However, short-term controlled trials are usually performed in the secondary prevention
setting of chronic disease because of cost and logistical considerations. Oral magnesium
supplementation with relatively infrequent side effects and no severe adverse effects may be
effective in improving metabolic profiles in the general population. However, the long-term
benefits and safety of magnesium treatment in metabolic abnormalities remain unclear with
the lack of reliable data from large-scale, well-designed randomized controlled trials with
long follow-up periods.

This review focuses on epidemiologic evidence on magnesium intake and the risk of
developing metabolic syndrome-related chronic diseases, especially from prospective cohort
studies and intervention trials, which help to elucidate the causal association between
magnesium intake and these chronic diseases.

Magnesium Intake
and Metabolic Syndrome Components

In recent years, emerging evidence has linked abdominal obesity, abnormal glucose
metabolism, hypertension, and dyslipidemia (low high-density lipoprotein [HDL] cholesterol
and elevated triglyceride) as a cluster of metabolic abnormalities defined as the metabolic
syndrome [27, 28]. All components of the metabolic syndrome are risk factors for developing
type 2 DM and CVD. As shown in Figure 1, adequate magnesium intake may protect against
diabetes and CVD by improving these metabolic syndrome components.
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Abdominal Obesity and Insulin Resistance

Obesity, particularly abdominal or visceral adiposity, has consistently been demonstrated
as a fundamental cause of insulin resistance and type 2 DM [27, 29]. Some epidemiologic
studies have examined directly the effects of whole grains on body weight and weight
changes [30-32]. The observed associations between improved insulin sensitivity and
components in whole grains including magnesium have been attributed, at least in part, to the
beneficial effects of whole grains on body weight or weight changes. However, few studies
have specifically examined the direct effect of magnesium intake on body weight.

Experimental data support a role of magnesium in glucose and insulin homeostasis [6,
10, 33]. Although the underlying mechanisms are not well understood, several pathways,
affecting insulin secretion and action, have been proposed to explain the influence of
magnesium status on insulin resistance. First, intracellular magnesium balance is critical for
peripheral glucose utilization [34, 35] and insulin receptor-mediated signaling [36].
Magnesium also plays a role in glucose-stimulated insulin secretion in pancreatic  cells
through its effects on cellular calcium homeostasis and/or oxidative stress [10, 37].

Epidemiologic evidence suggests an important role of magnesium in insulin sensitivity.
Some cross-sectional studies have shown an inverse association between plasma or
erythrocyte magnesium levels and fasting insulin levels in both diabetic patients and
apparently healthy individuals [38, 39]. Several epidemiologic studies have also found an
association between dietary magnesium intake and insulin homeostasis quantified by insulin
clamp technique [40]. Similarly, a significant inverse association between dietary magnesium
intake and fasting insulin concentrations was observed in several population-based cross-
sectional studies [38, 41-43]. However, as in any cross-sectional studies, the observed
associations cannot be established as causal.

Several short-term metabolic studies and small randomized trials have specifically
examined the efficacy of magnesium supplementation in improving insulin sensitivity among
nondiabetic individuals but the results have varied. Rosolova et al. have reported a
relationship between plasma magnesium concentration and insulin-mediated glucose disposal
[39, 44]. In a study of 18 nondiabetic participants, those with low levels of fasting plasma
magnesium (< 0.80 mmol/L) had significantly higher plasma glucose and insulin
concentrations after a 75-g oral glucose tolerance test (OGTT) and were more resistant to
insulin-mediated glucose disposal reflected by higher steady state plasma glucose
concentrations after a modification of insulin suppression test than those with high levels of
plasma magnesium (> 0.83 mmol/L) [44]. Both groups were comparable in terms of sex,
family history of diabetes, history of hypertension, cigarette smoking, alcohol consumption
and steady-state insulin concentrations. Similar associations between plasma magnesium
concentrations and insulin-mediated glucose disposal were also observed when the same
investigators enrolled 98 healthy nondiabetic individuals [39]. One nonrandomized trial
examined the effect of magnesium supplementation on insulin sensitivity in 12 nondiabetic
participants with normal body weight [12]. Magnesium-deficient diet (<0.5 mmol/day) for 4
weeks led to approximately 25% reduction in an insulin sensitivity index determined by
minimal model analysis using a modified intravenous glucose tolerance test [12]. Two
randomized double-blind placebo-controlled trials have also assessed the effects of
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magnesium in both insulin secretion and action among nondiabetic participants [45, 46]. In
one trial of 12 nonobese elderly participants, daily magnesium supplementation (4.5 g
magnesium pidolate, equivalent to 15.8 mmol) for 4 weeks significantly improved glucose-
induced insulin response and insulin-mediated glucose disposal [46]. In another randomized
double-blind placebo-controlled trial, 60 apparently healthy participants who had low serum
magnesium concentrations and insulin resistance assessed by the homeostasis model analysis
for insulin resistance (HOMA-IR) were randomly allocated to receive either magnesium
supplement (2.5 g/day magnesium chloride [12.5 mmol elemental magnesium]) or placebo
[45]. Magnesium treatment for 3 months significantly improved insulin resistance as reflected
by fasting glucose (5.8+0.9 to 5.0+0.6 mmol/L), insulin (103.2+56.4 to 70.2+29.6 mmol/L),
and HOMA-IR (4.6+2.8 to 2.6£1.1, P<0.0001) [45]. Due to limited evidence, the beneficial
effect of magnesium supplementation in improving insulin sensitivity in nondiabetic people
has yet to be conclusively demonstrated and future long-term and well-designed controlled
trials are warranted.

Dyslipidemia

Dietary magnesium may be related to lipid metabolism independent of its effects on
insulin sensitivity. Malkiel-Shapiro (1956) et al. first reported that intramuscular injection of
magnesium sulfate lowered serum B-lipoprotein in patients with coronary heart disease [47].
Animal studies have also suggested favorable effects of magnesium intake on lipid
metabolism [16, 48-50]. For example, Altura and colleagues noted that magnesium
supplements lowered serum cholesterol by 24% and triglycerides by 33% and attenuated the
development of atherosclerotic lesions in cholesterol-fed rabbits [16]. Several hypothesized
mechanisms have been proposed to explain the impact of magnesium on lipid profiles. As a
cofactor for many rate-limiting enzymes critical for lipid metabolism, magnesium may
decrease the activity of lecithin:cholesterol acyl-transferase (LCAT) [18] and HMG-CoA
reductase, and increase lipoprotein lipase activity [S1]. LCAT is an enzyme for the
esterification of free cholesterol, which lowers LDL cholesterol (LDL-C) and triglyceride
levels and raises HDL cholesterol (HDL-C) levels. HMG-CoA reductase is a rate-limiting
enzyme in cholesterol biosynthesis. Lipoprotein lipase is responsible for the conversion of
triglycerides to HDL-C and thus leads to a decrease in hepatic VLDL-triglyceride synthesis
and secretion.

Because of limited data in humans, epidemiologic evidence for the role of magnesium in
improving blood lipid profiles remains controversial. In a cross-sectional study of 192
Mexicans with metabolic syndrome and 384 age and sex-matched disorder-free controls, low
serum magnesium levels were independently related to dyslipidemia (defined as fasting
triglycerides >1.7 mmol/L and/or HDL-C <1.0 mmol/L) [52]. In the ARIC cohort of women
and men free of CVD, serum magnesium intake was inversely related to serum triglycerides
and positively related to LDL-C among whites while dietary magnesium intake was
positively associated with plasma HDL-C among whites, independent of age and BMI [38].
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Several trials have evaluated the effect of magnesium supplements on blood lipids among
normal or hyperlipidemic patients. In the 1960s, a clinical trial reported that a combination of
magnesium chloride and potassium chloride lowered a and f lipoproteins by 10% [53]. In a
nonrandomized clinical trial, Davis et al. (1984) reported that an oral magnesium chloride (18
mmol/day) for 118 days significantly decreased total cholesterol, LDL-C, and VLDL
cholesterol (VLDL-C) concentrations and increased HDL-C in 16 patients with
hyperlipidemia [17]. Four randomized, double-blind, placebo-controlled trials have been
conducted to evaluate the effects of oral magnesium supplementation on blood lipids among
nondiabetic participants. Among 33 apparently healthy Japanese, oral supplementation of
magnesium hydroxide (548 mg [9.82 mmol] for men and 411 mg [7.36 mmol] for women
daily) for 4 weeks significantly increased HDL-C and apolipoprotein (apo) Al and decreased
serum LDL-C concentrations [18]. In the magnesium treatment group, HDL-C increased
from 1.28+0.35 mmol/L to 1.37+£0.34 mmol/L (7%); apoAl from 1362+203 to 1386+195
mg/L (2%) while LDL-C decreased from 3.52+1.10 to 3.25+0.97 mmol/L (8%) after 4 weeks
[18]. Magnesium supplementation also appeared to improve the lipid profile among
hyperlipidemic patients with other overt chronic diseases. In a controlled trial by Rasmussen
et al, 47 patients with ischemic heart disease and acute myocardial infarction (MI) were
randomly allocated to either magnesium hydroxide (15mmol/day [360 mg]) or placebo for 3
months [19]. Magnesium supplementation led to a significant decrease in apo B (15%), minor
increase of HDL-C (6%) and nonsignificant reduction in triglycerides and VLDL-C with no
differences in apoAl and LDL-C [19]. Magnesium supplementation was also observed to
decrease total cholesterol and triglycerides in a trial of 30 patients with chronic renal
insufficiency [54]. In contrast, one randomized, double-blind, placebo-controlled trial failed
to demonstrate the efficacy of magnesium supplementation in improving lipid profile among
healthy people [55]. In this trial of 50 normal volunteers, magnesium supplementation
(magnesium oxide, 800 mg/day [20 mmol]) for 60 days did not result in any significant
changes in lipid profile including total cholesterol, HDL-C, LDL-C, and VLDL-C
concentrations, and triglycerides [55]. There is still insufficient evidence to draw definitive
conclusions about the effect of magnesium supplementation on lipid metabolism in
nondiabetic patients.

Indeed it is difficult to tease out the causal effect of magnesium on lipid metabolism
independent of glucose and/or insulin homeostasis. One randomized double-blind placebo-
controlled trial has examined the effect of magnesium supplementation on plasma lipid
concentrations in people with insulin resistance [45]. Among 60 apparently healthy
participants who had insulin resistance and low serum magnesium concentrations,
magnesium supplementation (2.5 g/day magnesium chloride [12.5 mmol]) for 3 months
significantly reduced total cholesterol (10.7%) and triglycerides (39.3%) and LDL-C (11.8%)
and increased HDL-C (22.2%) [45]. Several studies (at least one nonrandomized trial and 6
randomized double-blind placebo-controlled trials) have focused on whether magnesium
intake affects lipid profiles in diabetic patients [56-61]. A marked decrease in mean
triglyceride levels after magnesium supplementation (300 mg/day elemental magnesium) was
observed in one open trial of 9 patients with type 2 DM without insulin therapy [62]. In
contrast, none of 6 randomized double-blind placebo-controlled trials found change in plasma
lipids in type 2 DM patients after oral magnesium supplementation (15-30 mmol/day) from 6
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weeks to 4 months [56-61]. Likewise, the effects of magnesium intake on plasma lipids in
patients with type 1 DM were reported in an open study with 10 participants [63], but were
not replicated in another double-blind, placebo-controlled study with 28 patients with type 1
DM [64]. Thus far, whether oral magnesium supplementation improves lipid profiles in
diabetic participants remains unsettled.

Hypertension

A substantial body of research has accumulated for decades, implicating a pivotal role of
magnesium intake in blood pressure (BP) regulation [11]. In vitro studies have shown that
magnesium has multiple functions that may contribute to its antihypertensive effects [11].
Proposed underlying mechanisms include the inhibition of intracellular calcium mobilization
as a calcium antagonist, attenuation of the adverse effect of sodium by stimulating activity of
sodium-potassium (Na-K) ATPase or increasing urinary excretion of sodium, decreased
release of catecholamine [11, 20], improvement of myocardial contractility and vascular
smooth muscle tone [20], endothelium-dependent vasodilation [11, 21, 65], systemic
inflammation [25, 26], and insulin secretion and action [10, 14].

The hypothetical relation between magnesium intake and BP was suggested by the
results from ecologic studies that showed a negative correlation between water hardness and
BP and hypertension [66, 67]. It should be noted that interpretation of such comparisons at
population levels is always problematic because ecologic correlations based on grouped data
at the population level may not reflect the corresponding association at the individual level
due to confounding (known as ecological fallacy) [68]. In addition, the intake of magnesium
from drinking water is negligible compared with total magnesium intake from diet [69] and
thus may not be crucial in the prevention of magnesium deficiency.

The majority of epidemiologic data relating dietary magnesium to lower prevalence of
hypertension is provided by numerous cross-sectional studies. Results from most, but not all
cross-sectional studies suggest that magnesium intake reduces BP in diverse populations [65,
70]. Results from observational studies have been thoroughly reviewed elsewhere [70, 71]. A
qualitative review of 29 observational studies concluded that there was an inverse association
between dietary magnesium intake and BP, which was relatively consistent across studies
using different study populations and sample sizes, various methodologies of diet assessment,
and different statistical analyses [70]. However, the evidence from cross-sectional studies
does not necessarily imply any causal relation due to the inherent limitation of this study
design. Intriguingly, apparent gender and ethnic-differences were observed in some cross-
sectional studies and deserve further investigation. For example, a Belgian study found a
negative correlation between dietary magnesium and systolic BP in women only [72]. Simon
et al. found a negative correlation between dietary magnesium intake and diastolic BP in
white girls in 3 American cities, but not in African-American girls [73]. In a nationally
representative sample of 6,046 white participants and 2,226 African-American participants in
the National Health and Nutrition Examination Survey III (NHANES III), Ford et al. reported
that a negative correlation between dietary magnesium intake and hypertension prevalence
was more evident in African Americans than whites [74].
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Prospective data on the relation of magnesium intake with the development of
hypertension are very limited [75-77]. In the Women’s Health Study, Song et al. reported that
high intake of magnesium at baseline was modestly associated with a lower 10-year risk of
incident hypertension among apparent healthy middle-aged and older US women [78].
Similar effects were observed among those nonsmokers with no history of diabetes or high
cholesterol levels who were less likely to change diet. These data are similar to those from
the Nurses’ Health Study and the Health Professionals Follow-up Study, which have reported
a significant inverse association between dietary magnesium intake and BP [75, 76]. In the
Nurses’ Health Study, Ascherio et al. observed an inverse relation of dietary magnesium with
self-reported BP but not with the incidence of hypertension. After adjusting for age, BMI, and
alcohol intake, the RR of incident hypertension was 1.10 (95% CI: 0.92-1.32; P for
trend=0.56) and the average BP was 1.3/1.0 mm Hg lower in women with high intake (=350
mg/d) than those with low magnesium intake (<200 mg/d) [79]. In contrast, the
Atherosclerosis Risk in Communities (ARIC) study failed to detect a significant association
between dietary magnesium and hypertension [77]. Although the ARIC study found a modest
inverse association between serum magnesium levels and incident hypertension, the
correlation between serum and dietary magnesium in this study was very low (correlation
coefficient=0.053) [77]. In the Coronary Artery Risk Development in Young Adults Study
(CARDIA) with follow-up of 15 years, dietary magnesium intake was inversely associated
with incident hypertension (P for trend<0.01), but this association was substantially
attenuated towards the null after adjustment for dietary factors including total energy, fiber,
polyunsaturated fat, saturated fat and total carbohydrates [80]. Available evidence for the role
of magnesium in primary prevention of hypertension is not compelling, but we cannot rule
out a small effect of high magnesium intake in lowering blood pressure among normotensive
people. To reconcile the discrepancies in the results from these previous prospective cohort
studies, the data regarding the association between dietary magnesium intake and incidence

of hypertension were pooled using a classic random-effect meta-analysis (Table 1) [81]. A xz
statistic was used to test between-study heterogeneity [82]. The summary estimate of RR is
0.88 comparing the highest category of dietary magnesium intake with the lowest category of
intake (95% CI: 0.80-0.97; P=0.87 for between-study heterogeneity). Considering the partial
influence shared by other highly correlated variables such as fiber, calcium, and potassium,
dietary magnesium may have only a modest effect on the risk of hypertension.

Numerous small clinical trials have assessed the therapeutic effect of magnesium
supplements in hypertension but yielded inconsistent results [70, 83]. Many sources of
heterogeneity may have contributed to the inconsistency in these trials including small
sample size, incomplete randomization, the lack of blinding in design, variable duration of
follow-up, high rates of noncompliance, and differences in magnesium treatment protocols,
magnesium formulation and dose, and study populations. In a recent meta-analysis of clinical
trials between 1983 and 2001, Jee et al. identified 20 randomized trials with a sample size
from 13 to 461 participants (median: 31 per trial) and a follow-up period from 3 to 24 weeks
(median: 8.5 weeks) [83]. Their results showed that magnesium supplementation led to a
small overall reduction in BP in a dose-dependent manner. For each 10 mmol/day (240
mg/day) increase in magnesium dose, systolic BP decreased by 4.3 mmHg (95% CI: -6.3 to —
2.2; P for trend <0.001) and diastolic BP by 2.3 mmHg (95% CI: -4.9 to 0; P for trend=0.09)
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[83]. Furthermore, the pooled results of 14 double-blind randomized trials among
hypertensive patients showed that a 10 mmol/day (240 mg/day) increase in magnesium intake
was associated with a decrease in both systolic BP (3.3 mmHg, 95% CI: -0.1 to 6.8) and
diastolic BP (2.3 mmHg, 95% CI: -1.0 to 5.6) [83]. Overall, the evidence from these trials
suggests a modest antihypertensive effect by magnesium supplementation, although
additional research is needed to assess whether magnesium therapy is beneficial for the
general population.

Table 1. Prospective Studies for the relationship between
dietary magnesium intake and incident hypertension

Author (publication year), . Incident Follow- Multivariate RR and
Population *
study cohort cases up, years p for trend
Witteman et al. (1989), 58218 (women) 3,275 4 0.78 (0.62-0.98), p=0.03
NHS [75]
Ascherio et al. (1992), 30681 (men) 1,248 4 0.89 (0.64-1.25), p=0.66
HPFS [76]
Peacock et al. (1999), 7731 (4190 women | 822 6 0.99 (0.69-1.43) for
ARIC [77] and 3541 men) women, p=0.73
0.98 (0.68-1.41) for men,
p=0.68
He et al. (2006), 4637 (men and 932 15 0.87 (0.69-1.10), p=0.11
CARDIA [80] women)
Song et al. (2006), WHS 28349 (women) 8,544 10 0.93 (0.86-1.02) p=0.03
(78]

NHS, the Nurses’ Health Study; HPFS, the Health Professionals Follow-up Study; ARIC, the
Atherosclerosis Risk in Communities Study; CARDIA, the Coronary Artery Risk Development in
Young Adults Study; and WHS, The Women’s Health Study.

"Multivariate-adjusted relative risk (RR; 95% confidence interval, CI) represented those comparing the
highest category with the lowest category of magnesium intake; p for trend indicated the linear
trend across quartiles or quintiles of magnesium intake.

Systemic Inflammation and Endothelial Dysfunction

Although low-grade inflammation, as measured by C-reactive protein (CRP) with a high-
sensitivity assay, has not been included in the definition of the metabolic syndrome, CRP
levels have been associated with risk of CVD, insulin resistance, type 2 DM, hypertension,
and features of the metabolic syndrome and with the metabolic syndrome itself [84]. Previous
studies have also shown that CRP levels are positively correlated with many correlated
metabolic components that are not incorporated into the metabolic syndrome definitions
being used, such as endothelial adhesion molecules [85, 86], microalbuminuria [87], and
impaired fibrinolysis [88]. Circulating concentrations of inflammatory cytokines have been
highly correlated with insulin resistance and its related metabolic abnormalities. The
underlying mechanisms by which magnesium intake influences systemic inflammation
remains to be elucidated, although the most likely explanation is a causal link between
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magnesium homeostasis and insulin resistance [10, 14]. Alternatively, magnesium may
influence insulin resistance through modulation of systemic inflammation.

Accumulating evidence from animal and human studies suggests that magnesium may
also play a role in immune function [89]. A cross-sectional study of 371 non-diabetic, non-
hypertensive obese Mexicans reported an inverse association between serum magnesium
concentrations and high-sensitivity CRP concentrations [25]. It thus seems plausible to
speculate that the beneficial effects of magnesium on chronic diseases may be partially
mediated by its potential anti-inflammatory effect. Epidemiologic data, though very limited,
have provided some cross-sectional evidence linking magnesium intake to systemic
inflammation as reflected by elevated concentrations of CRP. The inverse association
between magnesium intake and CRP was first reported in a large population of 11,686
apparently healthy women in the Women’s Health Study [43]. In a large representative
sample of US adults aged >20 years from the NHANES 1999-2000, individuals who
consumed less than the recommended daily allowance (RDA) of magnesium were 1.48-1.75
times more likely to have elevated CRP (=23.0 mg/L) than those who consumed > RDA, with
control for demographic and cardiovascular risk factors [90].

There is growing recognition that systemic inflammation and endothelial dysfunction
may be two integral components of the metabolic syndrome, as common antecedents for the
initiation of atherosclerosis and type 2 diabetes [91, 92]. Several lines of experimental
evidence have also suggested that magnesium intake has beneficial effects on endothelial
function [93-95]. Endothelial dysfunction has been closely related to insulin resistance [86,
92] and precedes the onset of early atherosclerotic CVD and type 2 DM [96]. Elevated
plasma concentrations of soluble forms of endothelial adhesion molecules, released from
shedding or proteolytic cleavage from the endothelial cell surface, are considered useful
indicators of endothelial dysfunction/activation [92, 96]. Due to limited data, it is unclear
whether magnesium intake is inversely related to circulating concentrations of endothelial
biomarkers. In a recent cross-sectional study of 657 apparently healthy women from the
Nurses' Health Study, Song et al found that magnesium intake was inversely associated with
plasma concentrations of CRP and E-selectin, independent of age, BMI, smoking, physical
activity, alcohol consumption, and postmenopausal hormone use. The multivariate adjusted
geometric means for women in the highest quintile of dietary magnesium intake were 24%
lower for CRP (1.70£0.18 vs. 1.30£0.10 mg/dL, P for trend =0.03) and 14% lower for E-
selectin (48.5£1.84 vs. 41.9£1.58 ng/mL, P for trend=0.01) than those in the lowest quintile.
Because of inherent limitations from observational study design and dietary measurement,
their results are likely to reflect overall beneficial effects of magnesium intake from
consuming magnesium-rich foods such as whole-grains, green leafy vegetables, legumes, and
nuts on systemic inflammation and endothelial function.

Several lines of experimental evidence have also suggested that magnesium
supplementation had beneficial effects on endothelial function [93]. In a randomized trial
conducted in 35 patients with chronic heart failure, oral magnesium citrate 300 mg/day
significantly reduced blood levels of CRP after 5 weeks (log CRP from 1.4+0.4 to 0.8+0.3;
P<0.001), with a concomitant increase in intracellular magnesium levels (6118 to 67+12
mmol/g cell protein; P=0.01) [97]. Future prospective studies or intervention trials are
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warranted to examine a causal effect of magnesium in systemic inflammation and endothelial
function.

The Metabolic Syndrome

Metabolic syndrome comprises a constellation of metabolic abnormalities including
visceral obesity, glucose intolerance, hypertension, and dyslipidemia [27, 28]. It is important
to note that almost all epidemiologic studies of magnesium and the metabolic syndrome
relied on the National Cholesterol Education Program (NCEP) Adult Treatment Program III
(ATP III) diagnosis criteria [98], although there are other commonly used diagnosis criteria,
such as those of the World Health Organization (WHO) [99], the European Group on Insulin
Resistance (EGIR) [100], the American Association of Clinical Endocrinologists (AACE)
[101], and the International Diabetes Federation (IDF) [102]. The evidence that magnesium
favorably affects these metabolic abnormalities, though not entirely consistent, has led us to
hypothesize that magnesium intake is related to a lower risk of metabolic syndrome.
Regardless of diverse definitions used for the metabolic syndrome as an entity in different
studies, this notion has been supported by epidemiologic evidence (summarized in Table 2).

Two cross-sectional studies have related serum magnesium level to metabolic syndrome
and/or its components. In a cross-sectional population-based study of 192 individuals with
metabolic syndrome and 384 matched healthy control subjects, low serum magnesium levels
were associated with elevated risk of metabolic syndrome defined by the presence of at least
two of the features (hyperglycemia, high BP, elevated fasting triglycerides, low HDL-C, and
obesity) [52]. In another cross-sectional study, low levels of serum ionized magnesium were
associated with the metabolic syndrome and serum magnesium level was inversely related to
triglycerides and waist circumference. However, it remains controversial whether serum
magnesium levels can reflect long-term magnesium intake or total magnesium status in the
human body [103]. Serum magnesium did not appear to be correlated well with dietary
magnesium intake and the intracellular magnesium pool; a biologically active portion of
magnesium store [103, 104].

Magnesium intake has been observed to be associated with all features of the metabolic
syndrome. Song et al. first reported an inverse relation between dietary intake of magnesium
and the prevalence of metabolic syndrome among 11,686 apparently healthy American
women in the Women’s Health Study [43]. Compared with those who in the lowest quintile
of magnesium intake, women in the highest quintile of intake had 27% lower risk of the
metabolic syndrome according to the ATP-III criteria (OR: 0.73; 95% CI: 0.60-0.88; p for
trend < 0.001). This inverse association also appeared to be more pronounced among women
who were overweight and those who ever smoked. The authors suggested that a possible
beneficial effect of magnesium intake on diabetes and cardiovascular disease might be related
to its roles in ameliorating systemic inflammation and/or the development of the metabolic
syndrome. Using data from the NHANES III, Ford et al. provided consistent evidence from a
cross-sectional analysis that magnesium intake is inversely associated with the prevalence of
the metabolic syndrome in both men and women [105].



Table 2. Epidemiologic evidence for the relationship between magnesium intake and the metabolic syndrome

Author, year Participants Age Me‘ts Mets Magnesium categories and Multivariate RR (95%CI) Adjusted variables
Study Cohort (range) | definition | proportion *
Song et al. 14719 US 39-89 Modified Prevalence: | Quintiles of dietary magnesium intake (mg/d) and ORs | Age, smoking, exercise,
(2005), WHS | women NCEP ATP | 24.4% (95% Cls): total calorie, alcohol use,
[84] (mostly III criteria Q1 (116-277): 1.00 (referent); multivitamin use, parental
Caucasian) Q2 (277-309): 0.89 (0.75-1.06); history of myocardial
Q3 (309-341): 0.84 (0.70-1.02); infarction, dietary intakes
Q4 (341-383): 0.78 (0.63-0.96); of total fat, cholesterol,
Q5 (383-837): 0.65 (0.52-0.83); folate, glycemic load, and
(P for trend =0.0004) fiber.
No significant associations with triglycerides
Ford et al. 7669 26-82 NCEP ATP | Prevalence: | Quintiles of dietary magnesium intake (men and Age, sex, race, education,
(2007), Americans 111 criteria 25.6% women, mg/d) and Ors (95% Cls): smoking, CRP, alcohol use,
NHANES I | (3799 women Q1 (men<221 and women<164): 1.00 (referent); physical activity, family
[105] and 3870 men) Q2 (222 t0 292 and 165 to 213): 0.84 (0.58-1.23); history of early CHD,

Q3 (293 to 376 and 214 to 263): 0.76 (0.54-1.07);
Q4 (377 to 465 and 264 to 336): 0.62 (0.40-0.98);
Q5 (=466 and >337): 0.56 (0.34-0.92);

(P for trend <0.0001)

No significant associations with individual metabolic
syndrome components

vitamin use, history of
diabetes, fat, carbohydrate,
fiber, total energy intake.




3;1;1;025:(?; Participants (rilggee) del;;[rfit:on proﬁf)ittison « | Magnesium categories and Multivariate RR (95%CI) Adjusted variables

He et al. 4637 (2363 18-30 NCEP ATP | 13% Quartiles of total magnesium intake (median, mg/d) Age, gender, race,

(2000), Blacks and 111 criteria incidence and ORs (95% Cls): education, smoking,

CARDIA [80] | 2274 Whites) (Including for 15 years | Q1 (96.0): 1.00 (referent); physical activity, family
diabetic of follow-up | Q2 (121): 0.98 (0.79-1.21); history of diabetes, alcohol
cases) Q3 (147): 0.75 (0.59-0.96); intake, dietary intakes of

Q4 (191): 0.69 (0.52-0.91);
(P for trend<0.01)

No significant associations with blood pressure and
triglycerides.

fiber, polyunsaturated fat,
saturated fat, total
carbohydrates, total energy
with additional adjustment
for each component of the
metabolic syndrome at
baseline.

WHS, The Women’s Health Study; NHANES III, Third National Health and Nutrition Examination Survey; MetS, the metabolic syndrome; CARDIA, the
Coronary Artery Risk Development in Young Adults Study; NCEP ATP III, the National Cholesterol Education Program (NCEP) Adult Treatment Panel
111
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The multivariable OR of metabolic syndrome (according to the criteria of the ATP-III) for
participants in the highest quintile of magnesium intake was 0.56 (95% CI: 0.34-0.92; p for
trend=0.029) compared with those who in the lowest quintile of intake. The results remained
after vitamin or mineral supplement users were excluded.

Recently, He et al. conducted a longitudinal study and prospectively examined the
relations between magnesium intake and incident metabolic syndrome and its components
(defined by the ATP-III definition) in American young adults [80]. During the 15 years of
follow-up, the investigators documented 608 incident cases of the metabolic syndrome
among 4,637 Americans, aged 18 to 30 years, who were free from metabolic syndrome and
diabetes at baseline. After adjustment for potential confounders and baseline status of each
component of the metabolic syndrome, magnesium intake was inversely associated with
incidence of metabolic syndrome. The multivariable hazard ratio of metabolic syndrome for
participants in the highest quartile was 0.69 (95% CI: 0.52-0.91; p for trend < 0.01) compared
with those in the lowest quartile of magnesium intake. The inverse associations were not
appreciably modified by gender and race (Caucasian and African American). Particularly,
significant inverse relations were also observed between magnesium intake and fasting
glucose level, waist circumference, and HDL cholesterol. All the data appeared to support the
hypothesis that higher magnesium intake or a diet rich in magnesium is important to
cardiometabolic health.

Magnesium Intake and Chronic Diseases

The available evidence from human populations suggests that dietary magnesium intake
is associated with a host of metabolic syndrome-associated chronic diseases, including type 2
DM, CVD, and colorectal cancer.

Type 2 Diabetes Mellitus (DM)

A large body of data from clinical case studies and cross-sectional studies provided
further evidence for the correlation between blood magnesium levels and type 2 DM [13, 38,
106-112]. Hypomagnesemia is common among patients with diabetes, especially those with
poor metabolic control [108, 111, 113]. Polyuria caused by hyperglycemia, coupled with
hyperinsulinemia, tended to increase renal excretion of magnesium or decrease renal re-
absorption of magnesium, thereby resulting in hypomagnesemia in type 2 DM [114, 115].
Inadequate intake of dietary magnesium in diabetic patients may also cause hypomagnesemia
[116]. However, these results are inconclusive in testing the hypothesis regarding the role of
magnesium due to confounding by other aspects of diet, physical activity, smoking, obesity,
socioeconomic status, and drug therapies such as hypoglycemic medication, diuretics, and
insulin. Thus, whether low plasma magnesium is a cause or consequence of suboptimal
glycemic control remains inconclusive.
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Results from prospective studies of magnesium intake and risk of type 2 DM have been
generally consistent (Figure 2). Previous reports from the Nurses” Health Study [117, 118],
the lowa Women’s Health Study [119], the Health Professionals Follow-up Study [120], the
European Prospective Investigation Into Cancer and Nutrition(EPIC)-Postdam Study [121],
and the Black Women’s Health Study [122] all indicated an inverse association between
magnesium intake and risk of incident type 2 DM, although such an association was not
found in the ARIC study with relatively small number of incident cases [123].

Author, year Study Cohort Cases/Total populations RR (95% CI)
Kao, 1999 (White) ARIC 739/9,348 i ¥ 0.98 (0.56-1.71)
Kao, 1999 (Black) ARIC 476/2,722 574.7 1.08 (0.77-1.49)
Meyer, 2000 (Women)  IWHS  1,141/35,988 + 0.67 (0.55-0.82)
Lopez-Ridaura, 2004 (Men) HPFS 1,333/42,872 —I— 0.73 (0.65-0.82)
Lopez-Ridaura, 2004 (Women) ~ NHS 4,085/85,060 + 0.72 (0.58-0.89)
Song, 2004 (Women) ~ WHS 918/39,345 %—Fi 0.88 (0.71-1.10)
Hodge, 2004 (Both) MCCS 365/31,641 ] i 0.50 (0.32-0.97)
van Dam, 2006 (Women) BWHS 1,964/41,186 —H 0.65 (0.54-0.78)
Schulze, 2007 (Both) ~ EPIC 844/25,067 “—l—‘ 0.90 (0.72-1.12)
Combined 11,865/313,229 <I> 0.76 (0.69-0.85)

.%0 7|5 1‘.00 1 ‘50
Relative Risk

ARIC, the Atherosclerosis Risk in Communities Study; IWHS, Iowa Women’s Health Study; HPFS,
Health Professionals Follow-up Study; NHS, Nurses’ Health Study; WHS, Women’s Health Study;
MCCS, Melbourne Collaborative Cohort Study; BWHS,Black Women’s Health Study; EPIC,
European Prospective Investigation Into Cancer and Nutrition-Postdam Study

Figure 2. A meta-analysis of prospective studies regarding the association between dietary magnesium
intake and incidence of type 2 diabetes.

However, the prospective ARIC study showed an inverse association between serum
concentrations of magnesium at baseline and subsequent risk of type 2 DM [123]. Since there
is a lack of correlation between serum levels and dietary magnesium intake (r=0.06) [123-
125], such an association may not reflect the impact of long-term magnesium intake.

When the data from these prospective cohorts were pooled (Figure 2), the summary
estimate of RR was 0.76 comparing the highest category of dietary magnesium intake with
the lowest category of intake (95% CI: 0.69-0.85; P= 0.04 for between-study heterogeneity).
Our results were consistent with two recent meta-analyses that were independently conducted
but did not include all the prospective studies available. In one meta-analysis of eight
independent cohorts with 286,668 participants and 10912 diabetes cases, the overall RR for a
100 mg/day increase in magnesium intake was 0.85 (95% CI, 0.79-0.92; P= 0.002 for
between-study heterogeneity). Results were similar for dietary magnesium (RR, 0.86; 95%
CI, 0.77-0.95) and total magnesium (RR, 0.83; 95% CI, 0.77-0.89) [126]. In another separate
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meta-analysis of eight cohorts involving 271,869 participants and 9,792 cases, the RR for the
highest category compared with the lowest category was 0.77 (95%CI, 0.72-0.84; P= 0.04 for
between-study heterogeneity) for total magnesium intake [121]. Although cereal fiber that is
always highly correlated with magnesium intake may explain in part the observed beneficial
effect of magnesium intake, cereal fiber has been associated with a lower diabetes risk
independent of magnesium in several previous cohort studies and meta-analyses [80, 121,
122]. Thus, the evidence from prospective cohort studies is strongly supportive of the role of
magnesium intake in the development of type 2 DM.

In an earlier report from the Nurses’ Health Study, women in the highest quintile
compared with the lowest quintile of magnesium intake had a relative risk (RR) of 0.68 (95%
confidence interval [CI], 0.45-1.01; P for trend=0.02) for women with a BMI less than 29 and
0.73 (95% CI, 0.53-1.02; P for trend=0.008) for women with a BMI of 29 or higher [117]. In
another large cohort of 39,345 middle-aged and older US women participating in the
Women’s Health Study with an average of 6-year follow-up, this inverse association
remained significant albeit only among women with a BMI of 25 or more (RR, 0.78; 95% CI,
0.62-0.99; P for trend=0.02) [43]. Because the extent to which magnesium intake influences
insulin sensitivity may differ among women with different body weights, we speculated that
the potential beneficial effects of high intake of magnesium may be greater among
overweight persons who are prone to insulin resistance. It remains to be confirmed in future
studies whether magnesium intake has differential beneficial effects in individuals with
different levels of metabolic status.

There are as yet no clinical trials examining the efficacy of magnesium supplementation
or consumption of major magnesium-rich foods on the primary prevention of type 2 DM. In
the 1980s, several nonrandomized and uncontrolled trials for secondary prevention in
diabetic patients showed that oral magnesium supplementation may improve glucose
tolerance and reduce insulin requirement among patients with type 2 DM [62, 127-129]. Nine
randomized controlled trials of oral magnesium supplementation have assessed diabetes-
related phenotypes (e.g., glycemic control, or insulin sensitivity) among patients with type 2
DM [56, 57, 59-61, 127, 130-132]. A total of 370 patients with type 2 DM were enrolled in
these 9 trials evaluating oral magnesium supplementation (median dose: 15 mmol/day [360
mg/day]) from 4 to 16 weeks (median:12 weeks) to improve diabetes control. Of them, four
randomized double-blind trials showed beneficial effects by oral magnesium supplementation
on glycemic control among patients with type 2 diabetes [59, 130-132]. By contrast, five
randomized double-blind placebo-controlled trials showed no beneficial effects of oral
magnesium supplementation on glycemic control among patients with type 2 DM [56, 57, 60,
61, 127]. Because almost all trials included small numbers of participants and were of
relatively short duration, these randomized controlled trials have been underpowered to
reliably assess the efficacy of oral magnesium supplementation. In addition, differences in
study population, duration of diabetes, glycemic treatment, and intervention periods, coupled
with different magnesium doses and formulations used, have led to difficulties in interpreting
the potential benefits of oral magnesium supplementation for patients with type 2 DM. Oral
magnesium supplementation as adjunct therapy may be effective in improving glycemic
control among type 2 DM patients. Side effects were relatively infrequent among diabetic
patients in the magnesium treatment group. No severe adverse effects, including
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cardiovascular events or deaths, were reported. The most common side effects were
gastrointestinal symptoms including diarrhea and abdominal pain [56, 57, 59-61, 127, 130-
132]. However, the long-term benefits and safety of magnesium treatment on glycemic
control remain to be determined in future large-scale, well-designed randomized controlled
trials with long follow-up periods.

Cardiovascular Disease

The relationship between magnesium and CVD has been studied extensively for nearly
seventy years. The first evidence in the English literature can be traced to the 1935, when
Zwillinger reported that intravenous magnesium sulfate suppressed digitalis-induced cardiac
arrhythmia in humans [20]. Subsequently, many nonrandomized and uncontrolled clinical
trials demonstrated that the use of different magnesium supplements, either oral or
intravenous treatment, appeared to be protective against arrhythmias and death due to acute
myocardial infarction (MI) or chronic heart failure [7, 20, 22]. Animal studies showed that
magnesium deficiency accelerated the atherosclerotic process and magnesium
supplementation suppressed the development of atherosclerosis [16, 133]. Several lines of
evidence from earlier autopsy studies showed lower magnesium content in the myocardium
of patients with sudden coronary deaths than in those who died of other causes such as
accidents [134-137]. Proposed mechanisms include inhibition of intracellular calcium
overload due to ischemia [10, 11, 20], preservation of energy-dependent cellular activity by
conserving cellular ATP [6, 11, 14, 20], anti-arrhythmic effect [7, 22], improvement of
myocardial contractility [10, 11, 20], decreased release of catecholamine [11], delayed
progression of myocardial ischemia [20, 21], reduced reperfusion injury [10, 20, 21],
improved lipid metabolism [16-19], and anti-coagulant or anti-platelet effects [20, 21].

In the late 1950s, the hypothesis that magnesium lowers the risk of CVD gained further
support from ecologic studies. Since Kobayashi (1957) reported an inverse correlation
between water hardness and the death rate from cerebrovascular disease in Japan [138], many
ecologic studies in different geographic area and diverse populations showed similar
correlations relating the hardness of drinking water to reduced cardiovascular mortality [20,
67, 139-141]. As discussed above, the difficulties in the use of ecologic data at the population
level for making causal inferences at the individual level is widely recognized because of the
potential confounding bias due to inherent limitations of the study design [68]. It has been
pointed out that magnesium intake from drinking water is often negligible compared with
magnesium intake from diet [69], and thus may not be crucial in the prevention of
magnesium deficiency.

Some large population-based cross-sectional studies have also suggested a negative
correlation between magnesium status and CVD phenotypes [38], [142]. Two large cohort
studies have prospectively examined the relationship between serum magnesium levels and
risk of developing coronary heart disease (CHD) [104, 143]. Higher serum magnesium
concentrations have been associated with a lower risk of coronary heart disease in both the
National Health and Nutrition Examination Survey I Epidemiologic Follow-up Study
(NHEFS) [143] and the ARIC Study [104]. However, it is unclear whether such an
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association with serum magnesium reflects the impact of long-term dietary intake in the
development of CVD.

RR (95% CI)

CHD Risk
Elwood (1996), CCS (men) ° : 0.66
Lia]‘j'(19(9189>’9$R/I:;¥‘zme“; — 1.32 (0.68-2.55)
1a0 men |
> ——- 0.69 (0.45-1.05)
A‘.bbott (2003), HHS (men) —— ! 0.59 (0.39-0.89)
Al-Delaimy (2004), HPFS (men) _._=_ 0.86 (0.65-1.13)
Song (2006), WHS (women) + 1.08 (0.84-1 .38)
Pooled RR —— ’ b
Total Stroke ! 0.86 (0.67-1.10)
|
Asherio (1998), HPFS (men) —— 0.70 (0.49-1.01)
Iso (1999), NHS (women) —— 0.80 (0.63-1.01)
Song (2005), WHS (women) —— ’ U
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Figure 3. A meta-analysis of prospective studies regarding the association between dietary magnesium
intake and incidence of cardiovascular disease.

Despite the data from ecologic and cross-sectional studies linking low magnesium intake
and CVD, few epidemiologic studies have evaluated the role of magnesium intake in the
primary prevention of CVD. Of note, an inverse association between dietary magnesium and
the risk of CHD, though generally weak, has been observed in the Honolulu Heart Study
[144] and the HPFS [145]. In the ARIC study with 13,922 middle-aged US adults with 4 to 7
years of follow-up, dietary magnesium assessed by 61-item food frequency questionnaire
(FFQ) had a modest inverse association with risk of CHD in men but not in women. In
contrast, neither the Caerphilly cohort of 2,172 men aged 45-59 with 10-year follow-up [146]
nor the WHS of 39,876 women aged 39-89 with 10-year follow-up [147] found that dietary
magnesium intake assessed by FFQ was associated with CHD risk after control for traditional
CHD risk factors. When the data from these prospective cohorts were pooled (Figure 3), the
random-effect pooled estimate of RR was 0.86 comparing the highest category of dietary
magnesium intake with the lowest category of intake (95% CI: 0.67-1.10; P= 0.06 for
between-study heterogeneity). Overall, the findings of cohort studies suggest that magnesium
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is unlikely to decrease substantially the risk of CHD, although a modest association cannot be
ruled out. The efficacy of magnesium treatment on the secondary prevention of CVD,
especially arrhythmias and mortality after acute MI, has received much attention in many
small clinical trials [22].

The apparently conflicting trial results have led to extensive discussions on this issue in
many systematic reviews [20, 22, 148], meta-analyses [149-152], and clinical commentaries
[153-155]. In particular, three large secondary prevention trials in patients with MI have
yielded inconsistent results. The first large randomized, double-blind, placebo-controlled
study (The Second Leicester Intravenous Magnesium Intervention Trial, LIMIT2) showed
that intravenous magnesium therapy before thrombolytic therapy caused a 24% relative
reduction in mortality after 28 days following acute MI and a 25% lower incidence of left
ventricular failure [156]. Subsequently, two large-scale randomized trials failed to support the
efficacy of intravenous magnesium therapy for patients with acute MI [157, 158]. A critical
examination of trial data with updated meta-analysis also raised serious doubts on the
benefits of intravenous magnesium following MI [149]. Inconsistencies in the trial data may
be due, in part, to differences in the time course of therapy and optimal dosage of magnesium
for the prevention of CHD complications [153-155]. Thus, there is still considerable
controversy about the true effect of magnesium therapy in the secondary prevention of CHD
mortality or other complications.

Another area of controversy is the relationship between magnesium intake and the
development and progression of stroke. Some animal studies [159-161], though not all [162],
have suggested potential neuroprotective effects by magnesium supplementation in rodent
stroke models. In addition to its cardiovascular effects, magnesium may also play a role in
reducing cerebral ischemia, including inhibition of ischemia-induced glutamate release, N-
methyl-D-aspartate receptor blockade, calcium entry via voltage gated channels antagonism,
enhancement of mitochondrial calcium buffering, prevention of ATP depletion, and
vasodilatation of cerebral blood vessels [163-165]. However, the relation between
magnesium intake and stroke is less well studied in epidemiologic studies, especially large
prospective studies. During 8 years of follow-up of the HPFS study with 328 strokes
documented, dietary magnesium intake was inversely associated with risk of total stroke; the
multivariate-adjusted RR was 0.70 (95% CI, 0.49-1.01) comparing the highest quintile of
magnesium intake (median: 452 mg/day) with the lowest quintile (median: 243 mg/day). This
inverse association was apparent among hypertensive men. Among 85,764 US women
followed for 14 years, the Nurses’ Health Study showed no significant associations between
magnesium intake and total stroke and stroke subtype, although a modest effect of
magnesium on ischemic stroke could not be excluded [166]. Both the WHS [147] and the
Alpha-Tocopherol Beta-Carotene Lung Cancer Prevention Study (ATBC) [126] found that a
high magnesium intake was associated with lower risk of ischemic stroke but not with
hemorrhagic stroke. Because the number of incident cases of hemorrhagic stroke was small,
each study individually was underpowered to address differential effects of magnesium
intake on stroke subtypes. As shown in Figure 3, the pooled results appeared to be different
for ischemic stroke (RR, 0.85; 95% CI, 0.76-0.95; P= 0.99 for between-study heterogeneity)
and hemorrhagic stroke (RR, 0.98; 95% CI, 0.78-1.22; P= 0.65 for between-study
heterogeneity) [126]. Different stroke subtypes have disparate pathophysiologies and may
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explain differential effects of magnesium intake on them. Overall, the evidence is still not
convincing due to relatively limited data and further investigation in prospective studies with
sufficient cases of incident stroke is warranted.

In addition, the efficacy of intravenous magnesium treatment in the secondary prevention
of stroke has been suggested in some small pilot trials [165, 167] but was not confirmed in
the IMAGES study (Intravenous Magnesium Efficacy in Stroke), an international,
multicenter, double-blind, placebo-controlled trial [168]. Magnesium treatment given within
12 hours of stroke onset in 2589 patients failed to reduce mortality or disability at 90 days,
although subgroup analyses suggested possible benefit in ischemic lacunar strokes [168].
Taken together, the evidence is not convincing and this area requires further investigation.

Colorectal Cancer

The possible beneficial effect of magnesium on patients with insulin resistance and type
2 diabetes have led to the hypothesis that magnesium deficiency contributes to the
pathogenesis of colorectal cancer, which has been linked to insulin homeostasis. Magnesium
may play an important role in regulating cell proliferation, differentiation, apoptosis, and
angiogenesis [169]. Magnesium is also involved in maintaining genomic stability [170],
inhibiting c-myc oncogene expression in the colon cancer cells [171], and potentially
reducing toxic effects of bile acids on colonic epithelial cells [172]. Experimental data in
animals have linked magnesium intake to colon cancer development. Magnesium
supplementation in animals with experimentally induced colon cancer resulted in fewer colon
tumors and smaller cryptal cells of the colon [65]. A recent population genetic study reported
that magnesium intake was associated with a lower risk of colorectal adenoma in both men
and women, suggesting that magnesium protects against colorectal carcinogenesis at an early
stage [97].

Observational studies of the association between magnesium intake and colorectal cancer
incidence are very sparse. Recently, the Swedish Mammary Screening Cohort Study (SMSC)
and the lowa Women's Health Study (IWHS) reported an inverse association between total
magnesium intake and colon cancer risk [126, 173]. While the Swedish cohort study reported
an inverse association with rectal cancer risk [126], the results from the IWHS suggested an
inverse association with colon cancer. However, two recent large cohort studies did not
replicate the observations. In the Women’s Health Study, there was no significant association
between magnesium intake and colorectal cancer incidence [174]. The Netherlands Cohort
Study found no association, although the study observed statistically significant inverse
trends in colorectal cancer across increasing quintiles of magnesium intake in overweight
individuals [175].

When the data from these four prospective cohorts were pooled (Figure 4), the random-
effect pooled estimate of RRs comparing the highest category of dietary magnesium intake
with the lowest category of intake were 0.81 for total colorectal cancer (95% CI: 0.69-0.95;
P=0.45 for between-study heterogeneity), 0.81 (95% CI: 0.68-0.97; P= 0.02 for between-
study heterogeneity) for colon cancer, and 0.84 (95% CI: 0.63-1.12; P= 0.40 for between-
study heterogeneity) for rectal cancer. Overall, there is suggestive evidence for an inverse
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association between total magnesium intake and colon cancer incidence, although there was
significant heterogeneity in the study results. Due to limited data, further investigation in
large prospective cohort studies is warranted to elucidate the true role of magnesium in
colorectal cancer development.
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Figure 4. A meta-analysis of prospective studies regarding the association between dietary magnesium
intake and incidence of colorectal cancer.

Conclusion

In summary, biological and epidemiologic evidence suggest that magnesium may be an
important nutrient required for human health. A large body of evidence has shown that high
magnesium intake from diet or supplements may favorably affect a cluster of metabolic
abnormalities including insulin resistance, hypertension, and dyslipidemia, known as
metabolic syndrome. However, there are still many important questions in previous studies
that require answers before we are able to obtain conclusive evidence.

First, errors in the dietary assessment, including potential dietary change over the course
of follow-up and residual confounding by poorly measured or unmeasured variables and
highly correlated nutrients, may have substantially limited the ability of large cohort studies
to elucidate the causal effect of any single nutrient on disease risk.



32 Yiqing Song

While much uncertainty exists regarding the validity of epidemiologic studies, obviously,
the best approach to confirm a cause-effect relation is to perform a double-blinded and
placebo-controlled randomized trial. Nevertheless, conducting such a trial would be difficult
for primary prevention of chronic diseases such as type 2 DM and CVD because of cost,
logistical, and compliance issues. The evidence for the benefits of magnesium
supplementation in the secondary prevention of chronic disease remains a matter of debate. It
is obvious that future large well-conducted secondary prevention trials are warranted to
unravel the efficacy and safety of magnesium supplements.

Few studies, especially intervention trials, have examined the relation between
magnesium intake and these metabolic disorders that are not included in the metabolic
syndrome definition such as oxidative stress, microalbuminuria [87], and impaired
fibrinolysis [88]. It remains to be addressed whether or to what extent these abnormalities
could be ameliorated by magnesium intake and contribute to the overall benefit of
magnesium intake.

From a mechanistic perspective, there is compelling need for the development of a
reliable method to measure total body magnesium store and levels of intracellular
magnesium, or biologically active ionized or free magnesium. Extracellular magnesium
levels are under tight homeostatic regulation in the human body. Thus, normal levels of
serum magnesium are within a narrow range and do not correlate well with total magnesium
status or with intracellular magnesium pool [103, 104]. However, serum magnesium
concentrations are still the most commonly used metric to define magnesium deficiency in
humans. More accurate, reliable, and affordable means to assess individual magnesium status
in large population studies would provide more informative answers regarding magnesium
intake and the risk of metabolic-related disorders.

The precise mechanisms underlying magnesium metabolism are far from clear. Recent
genetic studies about links between a mitochondrial mutation, TRPM6 (an ion channel kinase
of the “transient receptor potential” gene family) mutations, and hypomagnesemia have shed
light on the underlying molecular basis for magnesium metabolism and helped identify
genetic variants in modifying the metabolic effects of magnesium intake [176-178].
However, there are few population data available on common genetic susceptibility to
magnesium deficiency in the general population. Recent studies have implicated the
interaction of genetic variants in TRPM7 or TRPM6 with magnesium intake to affect disease
risk. Future replication in large, well-defined, and population-based studies are warranted. In
addition, the application of microarray technology in randomized-controlled setting will not
only enable us to analyze the expression levels of thousands of genes simultaneously, but also
afford us the opportunity to gain important insight into the molecular mechanism for complex
biological systems of inflammation, insulin resistance, and metabolic abnormalities in
response to magnesium supplementation.

In summary, available evidence suggests that higher intake of magnesium may contribute
to a reduction in the risk of type 2 DM, hypertension, and CVD. In particular, the evidence
for the beneficial effect of magnesium intake on risk of type 2 DM is relatively consistent and
parallels the findings from metabolic studies showing the role of adequate magnesium status
in improving insulin sensitivity. Until more definitive data are available, the collective
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evidence regarding the potential benefits of magnesium intake is consistent with prevailing
dietary recommendations for primary prevention of type 2 DM, hypertension, and CVD by
consuming foods rich in magnesium such as vegetables, whole grains, legumes, and nuts.
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Abstract

Asthma is a chronic, inflammatory disorder of the airways leading to airflow
limitation. Its worldwide rise, mainly in developed countries, is a matter of worldwide
concern. Inflammation of the bronchial mucosa and bronchial hyperresponsiveness are
the hallmark features of asthma of all severities. Nocturnal asthma (NA) frequently
occurs and would concern two thirds of asthmatics. But, it remains controversial whether
NA is a distinct entity or is a manifestation of more severe asthma. Generally, it is
considered as an exacerbation of the underlying pathology. The pathological mechanisms
likely involve endogenous circadian rhythms with pathological consequences on both
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respiratory inflammation and hyperresponsiveness. A decrease in blood and tissue
magnesium levels is frequently reported in asthma and often testifies to a true magnesium
depletion.

The link with magnesium status and chronobiology are well established. The quality
of magnesium status influences directly the Biological Clock (BC) function, represented
by the suprachiasmatic nuclei. Reversely, BC dysrythmias influence the magnesium
status. Two types of magnesium deficits must be clearly distinguished: deficiency
corresponding to an insufficient intake which can be corrected through mere nutritional
Mg supplementation and depletion due to a dysregulation of the magnesium status which
cannot be corrected through nutritional supplementation only, but requests the more or
less specific correction of the dysregulation mechanisms. Both in clinical and in animal
experiments, the dysregulation mechanisms of magnesium depletion associate a reduced
magnesium intake with various types of stress including biological clock dysrythmias.
The differentiation between Mg depletion forms with hyperfunction of BC (HBC) and
forms with hypofunction of BC (hBC) is seminal and the main biological marker is
melatonin (MT) production. We hypothesize that, magnesium depletion with HBC or
hBC may be involved in chronopathological forms of asthma. Nocturnal asthma would
be linked to HBC, represented by an increase in MT levels. The corresponding clinical
forms associate diverse expressions of nervous hypoexcitability: depression, nocturnal
cephalalgia (i.e. cluster headaches), dyssomnia mainly advanced sleep phase syndrome,
some clinical forms of chronic fatigue syndrome and fibromyalgia. The main
comorbidities are depression and/or asthenia. They take place during the night or the
“bad” seasons (autumn and winter) when the sunshine is minimum. The corresponding
chronopathological therapy relies on phototherapies with sometimes additional
psychoanaleptics. Conversely, asthma forms linked to hBC are less frequently studied
and present a decrease in MT levels. They associate various signs of nervous
hyperexcitability: anxiety, diurnal cephalalgia (mainly migraine), dyssomnia, mainly
delayed sleep phase syndrome and some clinical forms of chronic fatigue syndrome and
fibromyalgia. The treatment relies on diverse forms of “darkness therapy”, possibly with
the help of some psycholeptics. Finally, the treatment of asthma involves the
maintenance of conventional dosing schedule of anti-asthma drugs, a balanced
magnesium intake and the appropriate treatment of the chronopathological disorders.

Key words: asthma, magnesium deficiency, magnesium depletion, hyperfunction of the
biological clock (HBC), hypofunction of the biological clock (hBC), melatonin,
phototherapy, darkness therapy

Main Abbreviations

NA = nocturnal asthma

NNA = non nocturnal asthma

COPD = Chronic obstructive pulmonary disease
FEV, = forced expiratory volume in one second
PEF = Peak expiratory flow

BC = biological clock

SCN = suprachiasmatic nuclei

MT = melatonin
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HBC = hyperfunction of the biological clock
NhE = neural hypo excitability

hBC = hypofunction of the biological clock
NHE = nervous hyperexcitability

Introduction

Asthma is an important health priority worldwide because of its high and increasing
prevalence, its high morbidity and mortality despite effective treatment and innovative
research developments and its direct or indirect costs [166, 336]. It affects approximately 5-
12% of the population and is a frequent cause of emergency hospital admission [34, 135]. It
is the most common inflammatory chronic disease in childhood [48, 155, 166, 258, 268, 302].
A number of distinct mechanisms underlie the development of this disorder [54]. The
National Heart, Lung and Blood Institute has stratified asthma severity and distinguished
between mild intermittent asthma and three categories of persistent asthma, mild, moderate
and severe, including in this characterization the frequency of nocturnal awakenings [318].
While many asthma attacks are relatively mild and can be treated and controlled at home,
some are more severe and may even require hospitalization.

The striking increase in prevalence and severity of asthma over recent decades in affluent
societies and the rarity of this disease in less affluent populations confirms the importance of
environmental factors in the cause of asthma, although which environmental factors are
responsible is still not clear [86, 226]. Accumulating evidence points towards an important
role of diet, obesity and gastrooesophageal reflux in determining the expression of the disease
[17, 18, 155, 360]. Family studies show that genetic factors are also important in determining
individual susceptibility to asthma [86, 340]. Finally, the role of psychological factors in the
development and exacerbation of asthma, as well as in the precipitation and provocation of
asthma attacks, is known [206, 366].

Asthma is a clinical syndrome consisting of chronic airway inflammation, airway
hyperresponsiveness, and expiratory airflow limitation with recurring episodes of wheezing,
dyspnea, tightness in the chest, and cough that reverses after bronchodilator treatment [318,
332]. The prognosis for asthma depends on the levels of obstruction and bronchial
hyperresponsiveness [41, 302].

It has long been recognized that asthma presents a diurnal rhythm in the occurrence and
severity of symptoms with nocturnal worsening between 4 AM and 8 AM [67, 224]. Up to
74% of asthmatics awaken at night at least once a week due to wheezing, chest tightness or
cough [350]. This nocturnal aggravation appears to be related to an exaggerated response to a
circadian rhythm in lung function observed in healthy individuals [67]. It is generally
admitted that it would result from both several circadian rhythms and fading effect of
medication administered at bedtime [30]. Nocturnal asthma (NA) indicate severe asthma and
asthma deaths generally occurs between midnight and 8 AM [39]. However, it remains
controversial whether NA is a distinct entity or is a manifestation of more severe asthma [53].
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We showed recently that different manifestations linked to chronopathological forms of
magnesium depletion were regularly observed in various, rather common pathologies
including migraine, sudden infant death, multiple sclerosis or affective disorders [95, 96, 98,
99, 100, 102] that greatly improved from treatments based upon these chronobiological data
[94]. For instance, photic cephalalgia (mainly migraine) often related to magnesium depletion
with hypofunction of the BC may greatly improved after treatment correcting both
magnesium imbalance and the chronobiological disorder by darkness therapies in addition to
conventional treatments. At the opposite, seasonal affective disorder (SAD) or winter
depression may be related to magnesium depletion with hyperfunction of the BC. Its
treatment relies on correcting both magnesium imbalance and chronobiological disorder by
light therapies [100, 102].

Two types of magnesium deficits exist: Magnesium deficiency corresponds to an
insufficient intake which can be corrected through mere nutritional Mg supplementation
whereas Mg depletion due to a dysregulation of the magnesium status cannot be corrected
through nutritional supplementation only, and requests the more or less specific correction of
the dysregulation mechanisms. Depletion is frequently due to the association of a reduced
magnesium intake with various types of stress including biological clock dysrhythmias. The
differentiation between Mg depletion forms with hyperfunction and forms with hypofunction
of the Biological Clock (BC) is seminal and the main biological marker is melatonin (MT).

We hypothesize hereafter that some forms of nocturnal asthma (NA) would be linked to a
Hyperfunction of the Biological Clock (HBC) where magnesium status could be implicated.
We would show that some other forms of asthma among non-nocturnal asthma patients
(NNA) could be, on the contrary, linked to a magnesium depletion with hypofunction of the
Biological Clock (hBC). It may be assumed that all these asthma patients must be treated
with the same conventional asthma treatment, the same balanced magnesium intake but will
benefit from either light or darkness therapies according to their asthma chronobiological
phenotype.

The aim of the present study is to consider (i) the frequency of magnesium depletion in
asthma (ii) the two opposite forms of associated chronopathological disorders i.e hyper-
function (HBC) or hypo-function (hBC) of the biological clock (BC) (iii) the interaction
between magnesium and the various treatments with light (phototherapies) or dark (“darkness
therapies”) therapies on the chronopathological forms of magnesium depletion.

1. Magnesium Deficit in Asthma

Magnesium has been implicated in respiratory diseases although conclusions were too
often drawn from effects of parenteral high pharmacological MgSO, doses [202, 325]. Its
well-known muscle relaxing effect induce a reduction of bronchospasm and an increase in
airways diameter [34, 36, 59, 72, 88, 142, 144, 150, 151, 170, 218, 245, 254, 256, 282, 283,
303, 311, 319, 325]. It relaxes bronchial smooth muscle in vitro [325] and bronchodilate
asthmatic airways in vivo thus improving lung function in human patients [254, 319].
Potential mechanisms of the smooth muscle relaxation induced by magnesium
pharmacological doses may be linked to (i) direct relaxation of bronchial smooth muscle,
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[325] (ii) calcium channels blocking properties together with an activation of adenylate
cyclase, both leading to inhibition of myosine kinase resulting in myorelaxation [47, 74,
303], (iii) inhibition of cholinergic neuromuscular transmission with decreased sensibility to
depolarizing action of acetylcholine [79], (iv) increased beta receptor affinity favoring the
effects of beta-2 mimetics [106, 285], (v) stabilization of mast cells and T-lymphocytes (vi)
stimulation of nitric oxide and prostacyclin generation. Some of these effects may be
responsible for the anti-inflammatory properties of magnesium [26, 47, 85, 151, 161, 243,
319]. In addition, magnesium favors many pulmonary immunological defense mechanisms
[26] and intervenes in melatonin regulation [98, 102] (cf 1.4).

I.1. Hypomagnesemia in Asthma

Relevant epidemiologic studies showed that plasma magnesium concentrations in
asthmatics from various countries are generally lower compared to healthy controls [11, 17,
18, 257]. Serum total magnesium level under 0.74 mmol/L is almost always associated with
more severe asthma and more hospitalizations while patients with mild or moderate asthma
may have normal magnesium levels (0.82 + 0.08 mmol/L) [11, 373]. Multiple regression
analysis showed that severe asthma is the only factor associated significantly with
hypomagnaesemia [11]. No effect is observed in chronic asthma for inhaled beta-agonist,
inhaled steroid or theophylline therapy on serum Mg level [11]. No alteration in serum Mg
level was observed during asthmatic attacks [110, 175] or histamine and methacholine
challenge [85, 373].

I1.2. Other Magnesium Disturbances in Asthma

A urinary magnesium significant loss (6.81 + 3.9 vs. 2.79 + 1.39 mmol/day, p = 0.01)
was observed in placebo-treated persistent moderate asthmatic children [25] or babies
suffering from bronchial obstructive bronchitis [26].

Tissue magnesium may also decrease, as shown by reduced erythrocyte levels during
asthmatic attacks or histamine and methacholine challenge [85, 104, 373] which normalized
in the symptom-free period [111].

Stable asthmatics have a low skeletal magnesium content which reveals the Mg
deficiency in asthmatics [146]. This deficit in body stores is revealed by the parenteral
loading test in some patients with stable bronchial asthma: the ratio of magnesium retention
to urinary excretion and bronchial reactivity to inhaled methacholine is significantly inversely
correlated with the erythrocyte magnesium level [149].
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1.3. The Two Forms of Magnesium Deficits in Asthma

Hypomagnesemia has been implicated in chronic asthma through mechanisms involving
modulation of inflammatory processes [52, 104] and regulation of bronchomotor tone [254,
319]. The magnesium deficit can be characteristic of an insufficient magnesium intake and of
alterations in magnesium retention mechanisms as well. In addition, beta-2 agonists which
are the first line of asthma therapy and theophylline can stimulate magnesium efflux in
peripheral tissues [165, 177] leading to an aggravated magnesium deficit of the cells [25].

The various biological markers of magnesium deficit may not be due to magnesium
deficiency, but testify to a clinical form of magnesium depletion. We have highlighted the
possible importance of several types of magnesium depletion in the aetiopathogenesis of
diverse diseases, particularly of magnesium depletion caused by the association between an
insufficient intake of magnesium and a chronopathological stress [95, 96, 98, 99, 102].

1.3.1. Magnesium Deficiency

Magnesium deficiency is linked to an insufficient intake and may be corrected through a
physiological nutritional oral magnesium supplementation, over a long period of time. It is
noteworthy that chronic magnesium deficiency in human beings is frequent. On all the
continents a large part of the population has a dietary intake lower than the recommended
dietary allowances (RDAs) for magnesium. The RDA for magnesium intake is 350 mg/day
for an adult male, 280 mg/day for a female and 10-13 mg/kg/day for growing children [250].
The magnesium requirement of almost all healthy adults is 6 mg/kg/day [97]. In France 23%
of women and 18% of men have dietary magnesium intakes lower than the 2/3 of the RDAs
for Mg [42, 94, 97, 158, 294, 374].

A pharmacological magnesium therapy involving in clinical practice mainly oral or
intravenous high doses of magnesium sulfate are completely inappropriate in that indication.
It is reserved to some indications generally in emergency situations. These two magnesium
treatments are basically different in nature and action. The first one is devoid of any toxicity.
The second, causes a iatrogenic magnesium load, whatever the magnesium status, and may
induce magnesium toxicity. It is a real scientific fraud and an ethical misconduct to fail to
differentiate between the safety of a nutritional physiological oral magnesium
supplementation and the potentially dangerous effects of high pharmacological doses. But
this basic distinction between the two types of magnesium treatments is too often overlooked
in papers on magnesium therapy.

Magnesium deficiency in asthma: Poor magnesium intake is associated with
impairment of pulmonary function, objectived by a decrease in forced expiratory volume in
one second (FEV;) and a higher risk of both wheezing and airway hyperreactivity.
Consequently, individuals with a low Mg intake may be at increasing risk of developing
asthma or a chronic airflow obstruction [322]. A suboptimal intake of dietary nutrients such
as Mg was recently recognized to be a potential risk factor for asthma, especially in
childhood [18, 155]. The decrease in dietary Mg intake could be, at least in part, the reason of
the increasing allergic diseases.
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Atoxic nutritional magnesium therapy may palliate the coexistent magnesium deficiency.
A beneficial effect of magnesium on lung function, airway reactivity or wheeze was observed
in two observational studies [42, 158, 322] but not confirmed in others [50, 320]. These
conflicting results could be attributable to the fact that supplementation is only effective in
magnesium deficiency whereas it would be without effect in magnesium depletion [98].
Pharmacological magnesium treatment for chronic obstructive pulmonary diseases or asthma
is not very efficient and may be potentially hazardous in that indication [98].

To sum up: Magnesium deficiency may be considered as an adjuvant nutritional disorder
in asthma but asthma per se does not only depends on the deficiency

1.3.2. Magnesium depletion

Magnesium depletion is due to a dysregulation of the magnesium status which cannot be
corrected through nutritional supplementation only, but requires the most specific correction
of the dysregulation mechanism. There exists as many clinical forms of magnesium depletion
as many possibilities of the dysregulation of the magnesium status. But both in clinical
therapeutics and in animal experiment, the dysregulation mechanisms of magnesium
depletion frequently associates reduced magnesium intake with various types of stress [94,
95, 98, 102]. Among these, dysrhythmias by dysregulation of the Biological Clock must be
considered.

Magnesium depletion in asthma: Many disturbances of magnesium levels clearly
indicate magnesium deficit in asthmatic patients. Serum (or plasma) and erythrocyte
magnesium are usually normal, but in both severe or acute asthma, lower erythrocyte
magnesium is often reported while magnesium plasma remains unchanged. Decreases in Mg
levels in both polymorphonuclear cells and muscles can be observed. Magnesium depletion
in asthma may result from the coexistence of major magnesium deficits together with a
chronobiological dysrythmia of the biological clock [11, 78, 84, 88, 90, 91, 94, 95, 104, 110,
111, 271, 284, 374).

1.4. Links between Magnesium Status and Chronobiology

Circadian rhythms are endogenously generated by the biological clock (BC) represented
by the suprachiasmatic nuclei (SCN) of the anterior hypothalamus. The links with magnesium
status and chronobiology are well established [98]. The quality of magnesium status
influences directly the Biological Clock function.. Reversely, BC dysrythmias influence the
magnesium status. A close relationship exists between BC and the magnesium status.

1. Magnesium from physiological to pharmacological concentrations can directly
enhance melatonin secretion by stimulating serotonin N-acetyltransferase, the
magnesium key enzyme for synthesis of melatonin (MT) and to enhance indirectly
the production of MT through an increased activity of the SCN [91, 240, 241].

2. Magnesium deficiency may decrease MT production and SCN function [91, 92].

3. MT can decrease magnesemia through its effects on Mg distribution [73, 91].
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Consequently it obviously appears that chronobiology and nutritional magnesium intake
interact with a possible central magnesium regulation. MT production is controlled both by
photoperiod and magnesium status. Light, through SCN, decreases MT production, darkness
having the opposite effect [244, 276-278, 346-348]. Mg deficiency decreases MT production
whereas Mg overload stimulates it [91, 96]. It could be assumed that a balanced magnesium
status might be necessary for an optimal MT function and a darkness therapy effectiveness.
Reversely MT might potentiate the effects of Mg therapy [3, 61, 96, 108, 112]. We will
develop the clinical forms of magnesium depletion associating Mg deficiency with
dysfunction of the Biological Clock (BC), either hyper- (HBC) or hypo-function (hBC) in

asthma. Finally, the interaction between magnesium and the various treatments with light or
darkness therapies on the chronopathological forms of magnesium depletion will be
discussed.

1l. Chronopathological Forms of Asthma
I1.1. Hyperfunction of the Biological Clock (HBC) in Asthma

HBC may be due to either primary disorders of BC (SCN and pineal gland) or
secondary with an increased homeostatic response in the case of hyposensitivity to inducing
light. This means that the biological clock behaves in homeostatic hyperfunction resulting in
Nervous hypoExcitability (NhE). The corresponding clinical forms associate diverse
expressions of NhE: depression, nocturnal cephalalgia without photophobia (i.e. cluster
headaches), dyssomnia mainly advanced sleep phase syndrome (ASPS), some clinical forms
of chronic fatigue syndrome and fibromyalgia. The main comorbidities are depression and/or
asthenia. They take place during the night or the “bad” seasons (autumn and winter) when the
sunshine is minimum. The therapy relies on classical asthma treatment, a balanced
magnesium intake and sometimes additional psychoanaleptics and adequate
chronopathological therapy [98-100, 102].

11.1.1. Clinical Form of Asthma with HBC: Nocturnal Asthma

Lung function in a healthy individual varies in a circadian rhythm, with peak lung
function occurring near 4:00 PM (1600 hours) and minimal lung function occurring near 4:00
AM (0400 hours). An episode of NA is characterized by an exaggeration in this normal
variation in lung function from daytime to nighttime, with diurnal changes in pulmonary
function generally higher than 15%. There is also a circadian variation in bronchial
hyperresponsiveness with an eightfold increase in bronchial reactivity overnight as opposed
to a twofold increase in non nocturnal asthma (NNA) [227, 318]. Approximately, 75% of
asthmatics suffering from nocturnal symptoms awakened one night per week, 64% three
nights per week and 39% every night [350]. The occurrence of NA is associated with
increased morbidity and inadequate asthma control, and has an important negative impact on
quality of life [55, 225]. But, it remains controversial whether NA is a distinct entity or is a
manifestation of more severe asthma [55]. According to the National Heart, Lung and Blood
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Institute, NA is a variable exacerbation of the underlying asthma condition associated with
increases in symptoms, need for medication, airway responsiveness, and/or worsening of lung
function [224]. The distal lung units, specifically the collateral channels, may be selectively
altered at night in NA, possibly because of smooth muscle contraction, inflammation and/or
oedema [192].

The mechanisms by which nocturnal asthma develop remain unclear and may vary from
patient to patient [55]. Several factors may contribute to NA (allergen exposure in bed,
supine position, interruption of the bronchodilator therapy, gastro-oesophageal reflux,
tenseness of the airways and secretion accumulation) but they do not constitute a general
concept for the explanation of nightly exacerbation [221].

In patients with NA, circadian variations in airflow limitation are seen, with decreases in
peak expiratory flow rate (PEF) and forced expiratory volume in one second (FEV)).
According to Sutherland et al. [332, 333], in this asthma phenotype, the circadian worsening
in NA is associated with increased airway inflammation [226] increased airways
responsiveness [227], and worsened airflow limitation [355]. Aggravation of dyspnoea at
night, reduction of PEF when awaking [197, 354], bronchostriction mainly during rapid eye
movement [310] have been reported. Many hormonal, neural, cellular and humoral factors
show diurnal fluctuations which favour a constrictive bronchial response in the night [221].
The better marker that varies in a circadian rhythm is melatonin which increases during the
nighttime (cf. 11.1.2.1.). In vitro studies have shown exogenous melatonin to be pro-
inflammatory in asthma but it is unknown whether endogenous melatonin levels are a
controller of airway inflammation in nocturnal asthma [332]. Under physiological conditions,
the melatonin level increases when the anti-inflammatory cortisol level is decreased. This
suggests that melatonin levels may influence the secretion of hypothalamic-pituitary-adrenal
axis thus inducing inflammation [184]. Other markers also show circadian fluctuations and
correlate with the overnight decrement in lung function. For instance, nadirs in epinephrine
and cortisol levels that occur in the body around 10 PM to 4 PM and elevated histamine and
other mediator levels that occur between midnight and 4 AM play a major role in the
worsening of asthma during the night [188]. The other circadian variations include alveolar
tissue inflammation [189, 190], intrinsic adrenergic hormonal milieu changes [22],
hypothalamic-pituitary-adrenal axis dysfunction [334], alterations of both the affinity and
activity of glucocorticoid receptors [191] and B-adrenergic receptors [349], increase in
alveolar tissue CD4+ lymphocytes which play a pivotal role in eosinophil recruitment,
increase in peripheral blood and alveolar eosinophil and macrophage number and function
[22, 53, 118, 189, 190, 352.] (i) T-lymphocytes are though to play a major role in the
pathogenesis of asthma by producing inflammatory cytokines and possibly chemokines
allowing eosinophils to migrate from the blood through the vascular endothelium [122, 123,
190, 214, 332] (ii) Mast cells release after antigen activation TNF-a, arachidonic acid
metabolites, proteases, histamine, serotonin and nitric oxide that contribute to cellular influx
into the lung [229]. Interestingly, in agreement with our hypothesis, recent findings indicate
that melatonin is also important in the control of cell recruitment from the bone marrow and
the migration of the inflammatory cells to the lungs since pinealectomy in an experimental
model of allergic airway inflammation in rats reduced the total cell number count in the lung
and at the same time bone marrow proliferation that both returned to control levels after
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treatment with melatonin [229]. This could be related to the facts that T lymphocytes have
cell surface G protein—linked and nuclear melatonin receptors [190]and macrophages and
CD4+ lymphocytes have been proposed as major sites of melatonin’s actions [129]. As a
whole, melatonin is pro-inflammatory [332]. But, it is also reported that melatonin may also
exert protective effects in inflammation as well as in other pathologies by stimulating several
anti-oxidative enzymes and by inhibiting the inducible nitric oxide synthase (iNOS) activity
in neutrophils and macrophages responsible for the overproduction of nitric oxide (NO) in
UM range in inflammation [248]. However, a recent study on 5 nocturnal asthma subjects
showed an increase in exhaled NO, with a circadian variation. The peak of NO was reached
at 4 PM, the time of best pulmonary function [127] whereas exhaled NO decreased during the
night. The authors suggest that the significant decrease in exhaled NO may reflect an
important chronobiological defect in NO production which in view of its bronchodilator
action could play a role in nocturnal exacerbations of asthma [127]. If this hypothesis is true,
then melatonin would also act in a negative fashion by inhibiting iNOS. (iii) Cell influx
includes eosinophils, neutrophils and lymphocytes capable of secreting various inflammatory
mediators that lead to subsequent tissue damage, bronchoconstriction and airway
hyperreactivity. Airway neutrophilia has been reported in severe persistent asthma which is
often associated with increased nocturnal symptoms [172]. These human peripheral blood
mononuclear cells may also synthesize melatonin [115]. Finally, matrix metalloproteinase-9
(MMP-9) expression increased in nocturnal sputum of severe asthma patients compared with
patients with mild asthma or normal subjects. MMP-9 are responsible for remodelling of the
extracellular matrix (ECM) and may facilitate leukocytes migration through the ECM and
between endothelial cells [230]. Interestingly, we reported also an increase in MMP-9 in
magnesium-deficient mice [262].

All these chronobiological events promote nocturnal worsening of asthma and increased
nocturnal deaths [336].

11.1.2. Characteristics of HBC in Asthma

11.1.2.1. Biological Characteristic (increase in the Melatonin)

The major biological characteristic is represented by an increase in the melatonin
levels in various fluids, corresponding to the elective marker of the biological clock [98,
333]. Plasma melatonin measurement has long been the reference, but salivary melatonin
measurement was shown as a reliable, sensitive and easy method to monitor changes in the
circadian rhythms of melatonin [358, 375].

A 1 hour delay of peak serum melatonin levels was reported in NA [333]. In this NA
phenotype alone, melatonin levels are negatively correlated with overnight change in FEV,
suggesting a chronopathological mechanism of asthma, melatonin being, in our opinion, only
a biological marker. However, many recent data must be taken into account (i) melatonin is
also synthetized by several other tissues of the body including the immune system [115], (ii)
it may have a role in modulating airway function, since melatonin receptors have been shown
to be present in the lungs of experimental animals [264], (iii) it exhibits immunoenhancing
properties by regulating cytokine production of immunocompetent cells [56] (iv) it affects
asthma severity because it enhances allergic airway inflammation [229] and airway smooth
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muscle tone in animal models [272, 359]. When melatonin was added in vitro to peripheral
blood mononuclear call samples collected from patients with NA and healthy subjects at 4
P.M. and 4 A.M., an inflammatory response was observed with increased production of
interleukin-1, intereukin-6 and tumor necrosis factor alpha at both times. In NA patients, the
cytokine response could not be further stimulated at 4 A.M., as observed in non nocturnal
asthma, suggesting chronic overstimulation in vivo [332].

Consistent with the concept of HBC is the common observation that pediatric active
asthma abates when puberty occurs [251, 372], while melatonin levels decrease
physiologically. This physiological decrease in melatonin corresponds to a real improvement
of both NA prevalence and severity. Similarly, specific immunotherapy in children sensitized
to pollens led to a significant improvement of their symptoms at the end of treatment and to a
decrease in both melatonin and beta endorphin levels. These results suggest the
disappearance of the opioid-melatonin system stimulating influence on the immune system
[130]. Asthma is one of the most common medical conditions that can complicate pregnancy
[147]. Various stresses in pregnant women may convert a simple Mg deficiency into Mg
depletion including environmental factors such as smoking, viruses, pollens but the role of
chronopathological stress appears to be too often neglected [100]. The measurement of
melatonin levels in pregnant women was never reported to our knowledge but aggravations
were reported in 16-22% of mild asthmatics and in 83% of severe asthmatics, the majority of
them improving after delivery [132, 327]. This suggest an increase in melatonin levels during
pregnancy which would return to the previous situation after delivery.

A beneficial effect of light (or at least cessation of darkness) on lung function was
observed in two observational studies. In an intractable nocturnal asthma woman, resistant to
various bronchodilators and steroids, significant improvement of asthma was observed by
awakening the patient quietly at 3 AM (thus interrupting darkness) before the melatonin peak
with inhalation of 2.5 mg salbutamol [298]. Similarly, phototherapy and partial sleep
deprivation lead to an improvement in 4 asthmatics [215, 216].

An immediate and long term efficacy of the high mountains climate (1560 m) was
reported in various allergic diseases including asthma, involving insolation as an important
factor of asthma improvement [105]. Conversely, clear and consistent seasonal patterns are
observed for asthma hospitalizations with an autumn peak, when light decreases (and viral
infections increase) and a summer trough when light is maximum in the northern hemisphere
[70, 126, 238].

11.1.2.2. The Clinical Forms of Neurohypoexcitability (NhE) Resulting from
HBC are Both Central and Peripheral

All the clinical forms of NhE resulting from HBC may coexist with the same
chronobiological characteristics: nocturnal and hibernal pathologies, increase in melatonin
levels, and clear improvement by light. The major comorbidity is represented by depressive
states and asthenia. We called that type of persons “photophile” patients, in that they are
clearly improved during the daylight and the “nice seasons” [98].
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I1.1.2.2.1. The Central Forms Associate Psychic, Algic and Hypnic
Manifestations:

a) Depression whose main type corresponds to the seasonal affective disorder (SAD) or
winter depression. Psychic asthenia (psychasthenia) would somewhat represent a minor form
of SAD. An important comorbidity of depression with asthma (31-34 % of asthma patients)
was shown in random and representative population samples, rather than in a clinical sample
[4, 135, 247]. Three specific symptoms, dyspnoea, wakening at night with asthma symptoms,
and morning symptoms, are particularly strongly associated with depression. There was also
a significant and clinically important impact on the quality of life of those who reported
wakening at night, morning symptoms and dyspnoea. A link between asthma and respiratory
disease and suicidal ideation and suicide attempts has been reported [139].

» Sleep disturbances. The changes which characterize NA have been reported not
only to circadian events but also to sleep itself [224, 318]. The most common sleep
disturbances among asthmatic patients were (i) obstructive sleep apnea
representing a source of severe sleep fragmentation [28, 370] and (ii) advanced
sleep phase syndrome with early morning awakening (51%), difficulty in
maintaining sleep (44%) and daytime sleepiness (44%) [27, 35, 172].

In asthmatic shift workers, exacerbations took place during the daytime, when they slept.
Circadian variation was intimately related to sleep (when melatonin increases) and virtually
independent of solar time [66], but these results were repudiated later by the same group
[154].

In a rat model of asthma, sleep (particularly rapid eye movement, REM) deprivation,
reliably suppressed eosinophils in either the bronchoalveolar lavage fluid or the bronchial
lamina propria, underlying the role of REM sleep in NA [167].

» Cephalalgia without photophobia (and even with photophilia) represents a
nocturnal and hibernal disorder. It is the case of cephalalgia with obstructive sleep
apnea periods and of cluster headaches [62]. The patient is healthier during the
“nice” seasons [98, 202, 230].

I1.1.2.2.2. The Peripheral Manifestations are Neuromuscular, Mainly Represented
by Myalgia and Muscular Asthenia

Some clinical forms of the fibromyalgic syndrome with HBC associating to muscular
troubles, depression, chronic fatigue syndrome, cephalalgia and dyssomnia may be a type of
nervous hypoexcitability linked to HBC [152, 180, 183, 236, 274, 342].

In women with endometriosis, hypothyroidism, fibromyalgia, chronic fatigue
syndrome, autoimmune diseases, allergies and asthma are significantly more common than
in women in the general population [315]
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11.2. Hypofunction of the Biological Clock in Asthma

11.2.1. Clinical Form of Asthma With hBC

Whereas nocturnal asthma gave rise to a great number of clinical and epidemiological
studies, non nocturnal asthma (NNA) is rarely studied as a whole. We do not suggest that all
the NNA are asthma with hBC but we hypothesize that among them, some forms may be
related to hBC when they associate decreased melatonin levels and clinical symptoms of
nervous hyperexcitability (NHE) ie. anxiety ranging from generalized anxiety to panic
attacks, diurnal cephalalgia (mainly migraine), dyssomnia, such as delayed sleep phase
syndrome, some clinical forms of chronic fatigue syndrome and of fibromyalgia [98, 102].
They may be due to either primary disorders of the BC or to a secondary homeostatic
response to light hypersensitivity. The organism responds to the pathogenic effect of this
light hypersensitivity by protective reactive photophobia, whose mechanism is still unclear
[217]. The treatment relies on diverse forms of darkness therapies, possibly with the help of
some psycholeptics [98, 102].

11.2.2. Characteristics of hBC in Asthma

11.2.2.1. Biological Characteristic

The main biological marker of hBC is a decrease in melatonin (or its metabolite) levels
in various fluids [98, 102]. An important decrease in the 24-h mean level and amplitude of
both plasma melatonin [184] and salivary melatonin [114] was observed in mild intermittent
or persistent and moderate to severe asthma patients. Chronic glucocorticotherapy reduced
activity of the pituitary adrenal axis and suppressed melatonin rhythm [184, 203].

The decrease in amplitude (difference between the low daytime melatonin and the higher
level at night) observed in asthma patients might be related to the pathological state of asthma
[114]. The underlying mechanism of the decrease in melatonin parameters is unknown.
However, in stressed rats, increased corticosterone may have a direct effect on pinealocytes
or melatonin is more rapidly metabolized during the stress [21, 224].

11.2.2. 2. Clinical Characteristics

The clinical characteristics of the secondary forms of chronobiological NHE are of
circadian as well as of seasonal type: the symptomatology is mainly diurnal and observed in
spring and summer, when light hyperstimulation is obviously maximum during daylight or
during the fair seasons. The clinical forms of NHE are both central and peripheral [95, 98, 99,
102].

[1.2.2.2.1. The Central Forms Associate Psychic, Algic and Hypnic
Manifestations

a) Nervous hyperexcitability: Migraine and chronic respiratory inflammation like
rhinitis, sinusitis, and asthma have been reported to be the most commonly seen
disorders in chemical sensitivity patients [376]. A chemical odor intolerance was also
reported that would indicate a phenomenon of dishabituation leading to
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generalization with both hypersensitivity to light and odors) [51]. Dishabituation is
the contrary of habituation, a physiological phenomenon characterized by a more or
less gradual decrease of the responses to repetitive stimuli of constant parameters
[237]. Dishabituation, corresponds first to a decrease in habituation leading to a
rapid recovery of the initial sensory reactivity and secondly may even lead to
potentiation (or sensibilization) and sometimes to generalization involving other
stimuli [237]. Dishabituation is often reported nowadays in pathological studies,
such as photic cephalalgia (headaches with photophobia i.e. migraine). A common
background of these “dishabituated” patients is the presence of a magnesium
depletion with hypofunction of the biological clock (hBC) [102]. Chemical odor
intolerance and anxiety sensitivity in asthma patients were significant predictors of
physical symptoms [51].

b) Cephalalgia mainly migraine: A frequent association between migraine and
various allergic disorders have been reported [75, 213, 316]. Bronchial asthma is,
like migraine, a paroxysmal disorder with attacks and symptom-free intervals which
alter the quality of life [253]. In addition, both migraine and asthma are
psychosomatic disorders [205, 366]. Finally, recent studies using anti-inflammatory
drugs (montelukast, a leukotriene receptor antagonist or coxibs, inihibitors of
cyclooxygenase) demonstrated consistent beneficial results in both asthma and
migraine prevention [71, 77, 83, 117].

The prevalence of migraine is significantly higher in children with atopic disorders
compared to those without [239]. Rhinitis in children was found to be associated with
maternal migraine [145]. Among children whose mothers had neither migraine nor
asthma/allergies, 3.2% had asthma while this incidence was found to be more than 6% for
children whose mothers had migraine, but not asthma/allergies [60]. The risk of asthma
among children born of women who had both migraine and asthma/allergies was greater than
the risk associated with each maternal disease [316]. Headaches in adults were found to be
more prevalent among those whose family members were reported to have allergy, asthma
and migraine [160]. Genetic-epidemiological studies showed that migraine and asthma co-
segregate in the family, indicating a possible common genetic background, involving some
specific HLAs [60, 128, 222, 316]. The comorbidity asthma-migraine may rely on increased
plasma levels of endothelin-1, a potent vasoconstrictor and a mediator in the inflammatory
process (through matrix-metalloproteinase 9 (MMP-9) particularly [230, 323]. These
disorders are inkeeping with the well-known similar disturbances due to magnesium deficit
[99, 262].

c) Dyssomnia, mainly represented by delayed sleep phase syndrome. In asthma and
COPD, the night sleep is delayed or shortened and deep sleep is often reduced or
even absent [197]. A large study showed that asthma individuals are in addition at
increased risk for complaints of difficulty with inducing sleep [224].

d) Anxiety. A strong and consistent link between asthma and anxiety disorders has
been often reported. An important comorbidity of anxiety with asthma (40-53% of



Chronopathological Forms of Asthma due to Magnesium Depletion 59

asthma patients) was shown in random and representative population samples and in
clinical samples [4, 7, 135, 247, 260]. This relationships appear strongest among
those with more severe disorders in terms of both asthma and anxiety disorders. The
strongest links appear between lifetime severe asthma and generalized anxiety
disorder (GAD), as well as panic attacks and panic disorder [5, 49, 58, 124, 133,
137-140, 247, 260, 269, 335, 357, 369]. An association between respiratory diseases
and panic attacks was documented among adults [137, 260, 369] and youths [135,
260]. Several studies have also noted elevated rates of asthma among psychiatric
inpatients and outpatients with anxiety disorders [44, 232].

11.2.2.2.2. Peripheral Manifestations

The central and peripheral manifestations are neuromuscular, mainly represented by
photosensitive epilepsia, which may be either generalized or focal, authentified through EEG
with intermittent light stimulation (ILS) with its corresponding form observed among TV
viewers and video game players [99, 148, 265, 299]. Some migraine equivalents may be
associated in this context.

Accessorily, the nervous form of chronopathological magnesium depletion with hBC
may appear clinically as chronic fatigue syndrome (CFS) [93, 301] or as fibromyalgia [99,
363].

11.2.3. Indirect Evidences Suggesting the Possible Role of HBC in Asthma
Physiological and chronobiological factors for decrease in melatonin production are
similarly deleterious factors for asthma with hBC.

a) For instance, in some mild or moderate asthma patients (about 12%) asthma improved
during pregnancy. This results mirrors the worsening previously described in a majority of
severe asthma with HBC and would indicate an increase in melatonin during pregnancy.

b) Aspirin sensitive asthma patients usually suffer from an active disease, despite the
avoidance of aspirin and cross-reactive drugs, attributed to a decreased melatonin synthesis
and an increased sensitivity of platelet to melatonin (and its metabolite) as compared to
aspirin-tolerant asthma patients [109].

¢) Diurnal, seasonal, climatic photostimulation must be at risk in those patients. A
retrospective study, on a cohort of 108 cases of asthma death in 1-19-year-old in Denmark,
showed that death occurred predominantly in summer in the 15-19-year age group [174]. The
authors attributed the death to an insufficient medical survey. But, we suggest that the
decrease in melatonin levels at puberty aggravated by light exposure in summer could be also
involved. Increased visits to hospital were also reported during the wet season in Trinidad,
i.e. during summer, when the sunlight is obviously important [168].

d) Finally both corticotherapy and hormone replacement therapy cause a decrease in
daily melatonin secretion without disturbing circadian rhythm [185]. This data must be taken
into account by clinicians in those forms of asthma with hBC.

To sum up: The frequency of asthma linked to Mg depletion with HBC or hBC is
presently unknown. It may be assumed that a number of nocturnal asthma are probably
related to magnesium depletion with HBC, and conversely that some forms of non nocturnal
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asthma are linked to magnesium depletion with hBC. The response would be brought by
appropriate measurements of both magnesium and melatonin levels in various fluids or
tissues.

11l. Treatment of Asthma with Dysfunctions of BC

The two opposite chronobiological forms of asthma would benefit from the same
pharmacologic asthma treatment, the same balanced magnesium intake but the right opposite
treatments of the chronobiological disorders.

I11.1. Conventional Pharmacological Treatment

Asthma management guidelines recommend the use of preventive medication in
sufficient amounts to control asthma symptoms [353]. Nonadherence to treatment is often
implicated in the aggravation of asthma. According to current US guidelines, nocturnal
symptoms of asthma occurring more often than once weekly may indicate inadequate control
of asthma [249].

111.1.1.General Considerations
The therapeutic agents used for the management of chronic asthma are mainly inhaled

long-acting beta-2 agonists and steroids. Acute exacerbations can occur and are challenging
to manage. Supplemental oxygen, repeated doses of inhaled beta-2 agonists and systemic
corticosteroids (oral if tolerated or inhaled) [40, 121, 313] are the mainstay therapies used to
relieve bronchospasm and airway obstruction. Because all patients do not respond to maximal
therapy, other strategies either older (theophylline, magnesium) or more recent (heliox,
leukotriene modifiers) are being evaluated [329].

Understanding the kinetics of the different drug preparations allowed most effective
timing of dose [225, 318]. Chronopharmacology should optimize the desired effects of
medications and minimize undesired ones in asthmatic patients [114, 321].

However, the treatment of asthma is not under the scope of the present paper and will not
be developed hereafter, with exception of beta-2 agonists and magnesium. We would only
point out some informations on current asthma agents which may be important in
chronopathological asthma.

Briefly, beta-2 agonists which are detailed below (cf I11.1.2) are the first line of asthma
therapy, but their safety is debated [101]. The mortality rate in patients with acute severe
asthma is still rising and has been partly attributed to their adverse effects [11].

The anti-inflammatory properties of corticosteroids make them reference for the
treatment of acute asthma. All of them (including prednisone, methylprednisolone,
hydrocortisone and dexamethasone) are efficient in acute asthma whatever the administration
route (oral, intravenous or intramuscular) [14]. However, controlled trials found that a single
dose of dexamethasone suppressed melatonin production in eleven healthy volunteers [80] or
in asthma patients [185, 203]. These observations may be of clinical relevance in
chronobiological asthma. Finally, in vitro, in peripheral blood mononuclear cell from patients
with nocturnal asthma, or in vivo, in glucocorticoid-resistant asthma, a reduced
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responsiveness to corticosteroids at night, requiring an increase dosing has been reported.
This resistance to the effects of steroids was attributed to an inhibition of glucocorticoid
receptor (GR) linked to a circadian increased expression of GRbeta, an endogeneous inhibitor
of steroid action, mainly in macrophage [55, 120, 192, 208]. The dosing of corticosteroids in
the morning optimally improve bronchial potency in asthma while the risks of adrenal
suppression and of osteopenia observed with dosing at other times are significantly reduced
or even suppressed [275]. A retrospective study showed that inhaled corticosteroid
dispensing to adult asthmatics led to a reduced risk of intensive care unit admission for
asthma, a surrogate for life threatening exacerbation (103). Finally, a large retrospective
study showed that inhaled corticosteroids administered chronically and prudently within the
recommended dose ranges do not endanger the functioning of the hypothalamic-pituitary-
adrenal axis whereas the increasing tendency to use higher doses of inhaled corticosteroids is
not supported by reliable published information [63].

Theophylline may have some interesting therapeutic effect, but given its toxicity profile,
it is unclear whether it offers any advantage over maximal beta-2 agonist.

Ironically, different electrolyte disturbances are induced by acute asthma medications.
Among them, hypomagnesemia which is attributed to an increased urinary magnesium
excretion and/or to various indirect mechanisms including lipolysis and calcium
redistribution [95] appears as a side effect of beta agonists, steroids and xanthines, used for
the management of acute asthma [11, 37, 181, 284]. Hypomagnesemia, as the other
electrolyte disturbances, may result in exacerbation of the overall condition. Consequently,
nebulized beta-2 agonists and aminophylline which are the mainstay therapies for asthma
exacerbation must be used carefully in subjects presenting abnormal electrolyte levels. In
contrast to acute asthma, therapeutic agents used to treat patients with chronic asthma would
not induce electrolyte disturbances [12]. In addition, the toxicity of theophylline, a
phosphodiesterase inhibitor that lowers myocardial magnesium levels, is intensified by beta-
adrenergic agonists and corticosteroids and may lead to severe nervous and cardiac effects
with often fatal issue [309].

Newer therapies such as ventilation strategies with heliox (helium and oxygen) and
intravenous leukotriene modifiers currently being evaluated may or may not prove to be
beneficial in the future [329]. A substantial improvement has been observed with the
combination of salbutamol and ipratropium bromide [280] and from the triple combination
of salbutamol, ipratropium and flunosolide [47, 281].

The data evaluating the use of magnesium in asthmatic patients are scare and most are
small trials or case reports. In addition the results are often conflicting (cf 111.4.2.1.2.) In any
case, our purpose is to focus mainly on beta-mimetics and magnesium, to take stoke on the
possibility of magnesium therapies in asthma and to differentiate between cases where the
therapeutic association of beta-2 mimetics and magnesium is beneficial and those where it is
deleterious hence contraindicated.

111.1.2. Beta-2 Agonists
For acute asthma, repeated doses of nebulized beta-2 agonists and to a lesser extent IV

aminophylline are the mainstays therapies used to relieve bronchospasm and airway
obstruction [181, 365]. Beta-2 agonists are the first line of asthma therapy, but their safety is
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debated. Importantly, beta stimulation may have consequence on regulation of magnesium
status. Physiological beta stimulation during magnesium deficiency may induce an
homeostatic increase in magnesemia. In contrast, excessive beta stimulation, by use of
pharmacological high doses of beta-2 agonists, may induce a decrease in magnesemia
which could be deleterious for asthmatic patients [101].

111.1.2.1. Nature and Action of Beta-2 Adrenergic Receptors

Adrenergic receptors are classified as alpha (a-1, a-2) and beta (B-1, B-2, p-3) according
to their responses to diverse adrenergic stimulations. Generally, adrenergic stimulations have
an excitatory effect on alpha receptors and an inhibitory effect on beta receptors [9]. Beta-1
receptors mainly concern the heart. Beta-2 receptors are implicated in smooth muscle
relaxation in pulmonary, vascular and uterine apparatus particularly. Beta-3 receptors are the
main beta adrenoreceptors in adipocytes with some distinctive links with magnesium status.
Beta adrenergic receptors belong to the very large family of seven transmembrane domain-
containing stimulatory G protein-coupled membrane receptors. They interact with guanine
nucleotide regulatory proteins and magnesium dependent adenylate cyclase. Their activation
increases the intra-cellular concentration of cyclic AMP (cAMP) which induces
phosphorylation of many key proteins of muscle contraction through activation of a cAMP
dependent-Protein Kinase A (PKA) [10, 87, 141, 164, 223, 304, 362]. cAMP induces
myorelaxation directly by inhibiting myosine-kinase through phosphorylation by PKA and
indirectly (i) by decreasing cellular free Ca?" resulting from Ca’" reuptake by the
sarcoplasmic reticulum (ii) by activating K+ channels by phosphorylation thus provoking cell
hyperpolarization and inhibition of calcium inflow [364].

A genetic variation in beta adrenergic receptors influencing both susceptibility for
asthma and therapeutic response was reported recently [106]. Indeed, A/J inbred mice bound
less dihydroalprenolol (beta-antagonist) than C57/BL/6J inbred mice in the absence but not in
the presence of magnesium. The gene responsible for the Mg?**-sensitive dihydroalprenolol
binding was named “Badm” for beta-adrenergic magnesium effect.

Two main genetic variations in beta 2 receptor itself were reported in a group of asthma
patients [273]. The more frequent polymorphism (arginine1 6> glycine) identified a subset of
asthmatic patients likely to be steroid-dependent and to require immunization therapy. This
severe phenotype, frequent in nocturnal asthma patients, was found only in homozygous
patients [349]. It corresponds to an increase in agonist-promoted down-regulation of beta-2
receptor expression [143, 273, 339] resulting in an inefficiency of beta-2 agonist treatment
[187, 209, 228]. This mutation could have a role in NA [349]. Indeed, the beta2-adrenergic
receptors in circulating white blood cells are down regulated at 4AM in patients with NA,
which does not happens in normal subjects [337]. The other polyporphism (Glutamine 27>
glutamic acid) was resistant to agonist-promoted down-regulation of receptor expression
[143] and was found to be associated with elevated levels of IgE in subjects from asthmatic
families [82], supporting previous data relating increased levels of cAMP to increased IgE
synthesis [113]. These studies allowed highly significant associations with a number of
phenotypes related to asthma, including steroid dependence and bronchodilator
responsiveness.
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Beta adrenergic receptors play a major role in the regulation of the magnesium status
since they can modify exchanges between intra-cellular and extra-cellular magnesium.
Activation and modulation of beta-adrenergic receptors might intervene among the
neurohormonal factors of the physiological regulation of magnesium status [37, 38, 89-91,
95, 102, 288-290, 177, 361]. Beta receptor physiological stimulation may induce
hypermagnesemia through an efflux of magnesium out of the cell via a Na'-dependent
mechanism. But the regulating feedback mechanism of magnesium status through beta-
adrenergic receptors may become ineffective when an excessive beta stimulation occurs.
These last beta-adrenergic effects are coupled to lipolysis which reduces magnesemia
mainly through (i) chelation of magnesium by non esterified fatty acids, (ii) increased
magnesium uptake by adipocytes, and (iii) at least partly, enhanced urinary excretion of
magnesium [37, 38, 89-91, 95, 102, 288-290, 177, 361].

To sum up, the physiological beta stimulation may be involved in the regulation of
magnesium status by an homeostatic increase in magnesemia during magnesium deficiency.
Reversely, excessive beta stimulation by pharmacological high doses of beta 2 agonists
may induce a deleterious decrease in magnesemia. Reversely, magnesium homeostasis is
required for beta receptor function .

111.1.2. 2. Beta-2 Agonists and Obstructive Disorders

The short acting beta-2 agonists (salbutamol, fenoterol, terbutaline, pirbuterol) are
essential in emergency treatment of severe asthma and have an important prophylactic role in
the prevention of exercise-induced bronchoconstriction. Different routes of administration
may beused including inhalation, nebulisation, subcutaneous or intravenous injection.
Inhaled beta-2 agonists are initially used. In absence of response, intravenous associated beta-
2-agonists are generally useful. The therapeutic response should be evaluated mainly by
using the peak expiratory flow (PEF) determination [199, 308].

Long acting beta-2-agonists (salmeterol, formeterol, bambuterol), used in inhalation or
per os, have provided advantages on short acting beta-2 agonists such as prolonged
bronchodilation, reduced diurnal and nocturnal symptoms, improved sleep quality and
reduced requirement for short acting beta-2-agonists. When added to inhaled corticosteroids,
they produce greater improvement in lung function than increased steroid dose alone [199,
308].

Their mechanism of action is pharmacodynamic. Through stimulation of beta-2 receptor,
these drugs lead to bronchorelaxation either directly by enzymatic stimulation or indirectly
through Ca®" redistribution (cf above). These mechanisms agree with the beta-adrenergic
theory of atopic abnormality in bronchial asthma [338] and with the « calcium hypothesis of
asthma » [101, 136].

111.1.2. 3. Side Effects of Beta-2 Agonists

Little if any benefit seems to be derived from regular use of short acting beta-2 agonists.
Regular or frequent use can increase the severity of the pathological status. There has been
controversy about the possible relationship between use of beta-2 agonists and morbidity or
mortality related to asthma and COPD. For instance, the relatively non beta-2 selective
agonist, fenoterol doubled the risk of asthma [324]. However results from a cohort study
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including 12.301 patients suggested that increased asthma deaths and near-deaths would be
better a class effect of beta agonists and would not be reduced to a specific molecule such as
fenoterol [324]. Various authors pointed out the severity of asthma as a potential confounding
factor. However, a stratified analysis utilizing markers of chronic asthma severity showed,
after adjustment by available markers of asthma severity, that the increased risk of death
either persisted or disappeared. This discrepancy was attributed to differences in the
populations studied [2, 23, 24, 107, 125, 207, 267, 324].

Beta-2 agonists used in COPD treatment can induce numerous side-effects including
consequences on cardiac function. They increase heart rate, prolong the electrical action
potential duration, induce abnormal myocardial repolarisation. They may cause
hyperglycemia, hypokaliemia and hypomagnesaemia with low potassium and magnesium
concentrations in skeletal muscles. These biochemical changes may induce at the cardiac
level alterations of the conduction pathways, arrhythmias leading to an increased risk of
cardiac death [29, 146, 207, 210, 331, 351].

To sum up, beta-2 adrenergic receptor agonists are first-line of asthma therapy but their
safety is debated. Fixed combination seems particularly indicated for severe asthma. Free
combination appears as first-line therapy for patients with mild to moderate asthma [2, 29,
146, 207, 210, 331].

I11.2. Indirect Asthma Therapies
Eviction of allergens, psychotherapic and alternative therapies will be also considered.

111.2.1. Environmental Control Measures
Environmental control measures are essential and should focus on limiting the

patient’s exposure to allergens. Removal of pets from the bedroom, use of mattress and
pillow covers, and carpet-free floors are some examples of helpful changes [318]. Food
allergy and intolerance can have a major part to play . Identification and elimination of
certain foods or additives can have a major benefit.

111.2.2. All the Pathological Entities Accompanying Asthma Should be
Diagnosed and Treated Appropriately [318]

a) Allergic rhinitis should be treated with anti-inflammatory medications;

b) Obstructive sleep apnea syndrome and snoring may be improved by continuous
positive airway pressure;

¢) Classical pharmacotherapy using psychoanaleptics (HBC) or psycholeptics (hBC)
may be successful.

111.2.3. Asthma Education Programs
Asthma education programs that teach about the nature of the disease, medications, and

trigger avoidance tend to reduce asthma morbidity. Other promising psychological
interventions as adjuncts to medical treatment include training in symptom perception, stress
management, hypnose, yoga and several biofeedback-assisted relaxation and breathing
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exercises are beneficial for stress reduction in general and may be helful in further controlling
asthma [169, 206]. The need for ongoing education of the patient’s family, the patient and
doctors on long-term management and management of acute attacks has be underlined
(Jorgensen et al, 2003).

111.2.4. Herbal Medicine
Herbal Medicine has been shown in a number of trials to be beneficial in the treatment of

asthma [162]. Safe herbs such as Boswellia and Ginkgo may be used as adjuncts to
comprehensive plan of care while staying alert for drug-herb interactions [32, 169].

111.2.5. Needle Acupuncture

Needle Acupuncture is also useful if used regularly. Initially weekly treatments are
reduced to, possibly monthly, enabling reduction of conventional medication in many cases.
[32, 169, 320].

111.2.6. Homeopathic Remedies

Homeopathic remedies based on extreme dilutions of the allergen may be beneficial in
allergic rhinitis but requires collaboration with an experienced homeopath. But they have not
been yet validated.

111.2.7. Diet Is Important.
Asthmatics may benefit from hydration and a diet low in sodium and in omega-6 fatty

acids and transfatty acids, but high in omega-3 fatty acids, in antioxidant vitamins and
magnesium [32, 169, 320].

111.3. Balanced Magnesium Intake

As previously reported, about half the asthma are accompanied by symptoms of latent
tetany due to primary Mg deficiency. Reversely, the frequency of allergic antecedents is high
in cases of neural forms of primary magnesium deficit (39%). Today the main form of
magnesium therapy is oral physiological magnesium supplementation. These palliative
nutritional magnesium doses needed to balance magnesium deficiency are obviously devoid
of any toxicity since their purpose is to normalize the insufficient magnesium intake [90, 91,
95, 98-102, 134]. It evenly can cause mild side-effects like diarrhea and abdominal cramps
[303].

A large epidemiological study carried out in 2633 subjects showed that a high dietary
magnesium intake was associated with better lung function and reduced risk of airway
hyperreactivity and wheezing [41, 42]. In another study on 20 asthmatics, it was associated
with significant improvement of asthma symptom scores whereas FEV1, PEF variables or
decrease in use of a bronchodilator was not improved. But, the duration of Mg
supplementation may have been too short to detect any improvement in their pulmonary
function [158]. A decrease in airway responsiveness was observed in hyperresponsive
asthmatics after 6 weeks of nutritional Mg supplementation [24]. Long lasting Mg
supplementation (200 mg/day to 7-year old and 290 mg/day to older children) was clearly of
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benefit in moderate asthma children and was recommended as a concomitant drug in stable
asthma [25]. As a whole, nutritional magnesium therapy for pulmonary obstructive diseases
physiologically palliates the coexistent primary Mg deficiency. The atoxic adjuvant therapy
is always beneficial without side effects [100, 101].

But, when different stress transform the Mg deficiency into Mg depletion related to a
dysregulation of the control mechanisms of magnesium status, nutritional physiological
magnesium supplementation alone is ineffective. Mg depletion needs not only a balanced Mg
intake but also and mainly the correction of its causal dysregulation. In the case of
chronobiological forms of asthma treatment must include either “phototherapies” or
“darkness therapies”.

I11.4. Chronobiological Treatments

111.4.1. Asthma with HBC

The different forms of HBC may be treated by various phototherapies. It is obvious that
in chronobiological asthma with HBC, supplemental over-the-counter melatonin must be
carefully avoided since it is yet present in large excess .

111.4.1.1. Bright Light Phototherapy

As for the other diseases based upon Mg depletion with HBC, BLT may be beneficial in
this clinical form of NA. Even though not yet evaluated in proper clinical trials, three studies
reported on a small number of patients the beneficial effects of BLT in asthma [193, 215,
216]. Therapeutic effect of the method occurs because of correction of internal asynchronism,
stimulation of endogeneous synthesis of corticosteroids and antidepressive action [216]. The
aim of bright light phototherapy is to lengthen the photoperiod, the marker of its efficiency
being the decrease in plasma MT. BLT protective effect may result not only from melatonin
suppression but also from multiple other mechanisms i.e. depression of immune response
with suppression of inflammatory leukotrienes and cytokines [98, 270].

Classically, bright light phototherapy used in seasonal affective disorder requires full
spectrum light with an intensity higher than 2000 lux, the best timing being early morning,
optimally about 8.5 hours after melatonin onset [341, 342]. Conventional therapy uses full
spectrum light without infrared nor ultraviolet rays. The circadian resetting response in
humans, as measured by the pineal melatonin rhythm, is wavelength dependent, the peak of
sensitivity of the human circadian pacemaker to light being blue-shifted (460 nm) relative to
the three cone visual photopic system, the sensitivity of which peaks at approximately 555
nm [211, 317]. Since the 1980s numerous studies have shown that light therapy has
beneficial effects when applied in certain types of sleep and mood disorders [292, 343]. Early
clinical studies exposed subjects to 2,500 lux for 2-6 hours daily. These lengthy daily
treatments induced two serious difficulties: compliance to treatment and side effects
(headaches or vision problems) in some users. Shorter exposure (30 min) to brighter 10,000
lux light therapy produced a 75% rate of improvement in SAD without increasing side effects
[341, 343]. However the treatment must be applied for the whole winter duration, since SAD
symptoms rapidly reappear after treatment has ceased [201]. If conventional BLT constitutes
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now the therapeutic tool considered as inseparably linked to SAD, it has been also used in
non seasonal depressions, senile dementia and sleep disorders in the elderly. In those
indications, bright light therapy appears as a non specific antidepressant agent and constitutes
a speedy and efficient adjuvant to antidepressant medication [194, 234]. Non migrainous
headaches, without photophobia, may be also an indication for bright light therapy through
this antidepressant action [102]. We consequently think that BLT must be efficient in asthma
with HBC, by improving chronobiolocal dysfunction of the BC and consequently both
biological and clinical consequences.

Bright light therapy is operative through various neural and perhaps humoral
mechanisms. Today, the mean central neural mechanisms of phototherapy seem to be
increased serotoninergy, hypoactivity of inhibitory modulators such as taurine and kappa
opioid receptors, and finally stimulation of inflammatory and oxidative processes [98]. An
evolutive perspective suggests that heme moieties and bile pigments in animals mediate some
non visual influence of light upon neuroactive gases (including CO and NO) and upon
biorythms [259] through humoral phototransduction. Bright light can break the
carboxyhemoglobin (HbCO) bond releasing CO and stimulate nitric oxide synthase to
produce NO. If one considers hemoglobin not only as a scavenger but also as a transporter, it
may convey photic information to all tissues, notably the brain, through the neuroactive
gases: CO and NO in blood [119, 198, 259, 356]. Bright light is also able to reduce
circulating levels of bilirubin and biliverdin, thus removing their vasoconstrictive and
sedative effects [259]. The fall in bile pigments may result in vivo from the absorption of
photons by the photo-sensitizer riboflavin [186] and from an effect of light on plasma
albumin [6, 255].

111.4.1.2. Chromatotherapy

According to Agrapart’s theory, the physical energy brought by one wavelength could
act like the energy brought by the corresponding oligoelement [7, 8]. For instance, purple for
4-8 minutes would bring the same energy as magnesium ions. Chromatotherapy uses a short
exposure to a specific wavelength once a week and like other energetic therapies carefully
takes into account the nocturnal or diurnal prevalence of clinical symptoms. In asthma with
nocturnal prevalence, purple irradiation of the chest for 4 minutes followed by 20 min of
darkness once a week would be beneficial. More specific treatment of asthma using
chromatotherapy on acupuncture points would give better result but may be used only by
specialists. Even though successfully used in clinical practice, this method has not yet been
validated [98, 102]. However, we could show the neuroprotective effects of one wavelength
used in chromatotherapia on a validated neuropharmacological nutritional model, in DBA2
mice [261, 263].

111.4.1.3. Low Power Laser Biostimulation

A prospective analysis including 50 asthmatics showed that daily laser irradiation of
acupuncture points for 10 days lead to a significant improvement of bronchial asthma which
was achieved in a short time and last for several weeks, even months [235].
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111.4.1.4. Pharmacotherapy of the Clinical Manifestations of HBC

The many studies demonstrating the efficacy of pharmacotherapy in mood disorders have
supported the use of conventional, first-line antidepressant pharmacotherapy (i.e.
amitryptilline, fluoxetin, d-fenfluramine) [297, 343]. Analeptics such as psychostimulants
(including caffeine) have also been found effective in other diseases with HBC [98, 102].

111.4.2. Asthma with hBC
The best physiologic stimulation of the BC is induced by light deprivation.

111.4.2.1. Stimulating “Darkness Therapies™:
They may be physiologic, psychotherapic, physiotherapic or pharmacologic.

I11.4.2.1.1. Physiological Darkness Therapies:

Darkness therapy per se and chromatotherapy
I1.4.2.1.1.1. Darkness Therapy Per Se

Light deprivation may be obtained by placing the patient in a closed room, in a totally
dark environment, with an eye mask on. This genuine darkness therapy may be used in
acute indications, but should be of short duration. It is not compatible with any activity and is
frequently associated with induction of bed rest, inactivity and sleep [13, 98].

Relative darkness therapy may be obtained by wearing dark goggles or dark sun
glasses but the number of lux passing through is not negligible. This relative darkness
therapy may be used as an accessory treatment in the restoration of a light dark schedule: a
transition before a totally dark environment [98, 259].

111.4.2.1.1.2. Chromatotherapy

The diurnal forms of asthma may be benefit from a 4-min exposure of the chest once a
week to yellow wavelength, the complementary color of purple indicated in the treatment of
asthma with HBC. It must be followed by 20 minutes of darkness. Chromatotherapy on
acupuncture points would be even more efficient. This method, although successfully used in
practice, has not been validated yet [7, 8, 98-102, 104].

[I1.4.2.1.2. Psychotherapeutic Darkness Therapies

Asthma education programs are important (cf. IT11.2.3.). Cognitive behavioral strategies
have been efficient for the treatment of photosensitivity. The treatment was to gradually
increase exposure to computer monitor and television screen photostimulation. This
desensitization procedure resulted in a complete removal of the patient’s phobic anxiety from
photostimulation and of avoidant behavior. This behavioral therapy has been used in photo-
sensitive epilepsy and in migraine [204, 252]. Psychological therapies of migraine in
childhood, such as relaxation training and biofeedback, were potentially superior to
pharmacological treatment [153, 316].
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I11.4.2.1.3. Physiotherapic Darkness Therapy

Magnetic fields may be used to stimulate the BC in a variety of ways to treatment using
very weak (picotesla), extremely low frequency (2 to 7 Hz) electromagnetic fields.
Transcranial treatment with alternative currents pulsed electromagnetic fields of picotesla
flux density may stimulate various brain areas (hypothalamus particularly) and the pineal
gland (which functions as a magneto-receptor). Clinical studies showed an improvement in
both FEV1, PEF and other variables of lung function by pulsatile electromagnetic fields in
both asthma children and in adults with asthma or COPD [295, 296].

II1.4.2.1.4. Pharmacological Darkness Therapy
Three agents may stimulate the BC: magnesium, L-tryptophan and taurine but their
efficiency seems limited.

II1.4.2.1.4.1. Magnesium Treatment for Obstructive Disorders: A Reappraisal

As previously reported in this paper, two different types of magnesium therapy must be
distinguished: nutritional physiological oral magnesium supplementation (cf II.3) and
pharmacological magnesium therapy. Their nature and action are basically different. It is a
real scientific fraud and an ethical misconduct to fail to differentiate between the safety of a
nutritional physiological oral magnesium supplementation and the potentially dangerous
effects of high pharmacological doses [90, 91, 95]. But this basic distinction between the two
types of magnesium treatments is too often overlooked in papers on magnesium therapy. To
discriminate between the two types of magnesium therapy it is necessary to kept in mind that
the only indication for nutritional magnesium therapy is the disorder related to magnesium
deficiency i.e to an insufficient magnesium intake, whereas pharmacological magnesium
therapy is indicated whatever the magnesium status.

111.4.2.1.4.1.1. Pharmacological Magnesium Therapy

Pharmacodynamic effects of pharmacological magnesium therapy in obstructive
pulmonary disorders are mainly bronchodilatation and antiinflammatory properties. In order
to use the pharmacological properties of magnesium, whatever the magnesium status, it is
necessary to over pass the magnesium homeostasis mechanisms and to induce a therapeutic
magnesium overload i.e. a genuine iatrogenic hypermagnesemia. The parenteral route is
suitable for acute applications whereas large doses of magnesium orally given are advisable
for chronic indications. Both types of pharmacological magnesium treatments may induce
magnesium toxicity [90, 91, 95, 102]. Early signs of Mg toxicity during intravenous
treatment include vomiting, nausea, feeling of warmth, flushing, hypotension, bradycardia
and other cardiac arrythmias, somnolence, double vision, slurred speech and weakness [303].
These side effects usually occur at total plasma Mg of 3.5-5 mmol/l. Hyporeflexia (loss of
patella reflex), muscular paralysis, respiratory or cardiac arrest develop only at extremely
high plasma Mg concentration (5-15 mmol/l). Magnesium toxicity is exaggerated in presence
of hypocalcemia, hyperkalemia and uremia [303].

Indications for pharmacological magnesium therapy are of 3 types including purely
pharmacodynamic, etiopathogenic [in three particular situations i.e. emergency, necessity
(when the oral form is impossible) and sometimes after failure of nutritional oral



70 Jean Durlach, Nicole Pages and Pierre Bac

physiological therapy] and mixed when the pharmacological magnesium treatment combines
its useful pharmacodynamic effects and a etiopathogenic treatment for magnesium deficiency
[90, 91, 95].

Obstructive pulmonary diseases per se constitute pure pharmacodynamic indications of
pharmacological magnesium therapy, irrespective to the magnesium status. But their frequent
association with concomitant primary magnesium deficiency [41, 90, 97, 102, 157, 294]
constitutes a mixed indication of magnesium pharmacological treatment. The efficiency of
such pharmacological magnesium therapy is dubious, the results being conflicting and
sometimes negative [34, 36, 45, 59, 72, 88, 142, 144, 151, 170, 218, 254, 256, 279, 282, 305,
325].

111.4.2.1.4.1.2. Use of Magnesium Sulfate in Acute Asthma

A. Intravenous administration

The initial clinical use of intravenous MgSQ, in bronchial asthma, in 1936, by Rosello
and Pla [291] relieved dyspnea and stridor in an asthmatic patient. Subsequent observations
(cf above) led to progressive partial disinterest [303]. In the last decade, the potential role of
IV Mg in acute asthma has gained renewed interest [34, 65, 81, 256, 312, 313, 314]. The
main effects of magnesium sulfate include decrease in airway resistance, increase in FEV1,
increased in forced vital capacity and decrease in dyspnea and respiratory frequency [81, 249,
254,256, 311, 319, 302]. There have been a number of case reports and uncontrolled studies
indicating its effectiveness in relieving bronchospasm [34, 45, 64, 65, 81, 131, 195, 256, 282,
306, 312, 313, 314, 319, 344]. Generally, magnesium sulfate is administered intravenously to
patients either children or adults with severe exacerbations of asthma. An intravenous
administration of 2 g magnesium sulphate, as an adjunct to standard therapy, led to a
significant improvement in pulmonary function [47]. However, recent controlled clinical
trials have nor agreed on its efficacy [34, 36, 142, 254, 344]. Nevertheless, it seems in FEV,
did not significantly improved in the moderate-group (FEV; >25% on presentation) of
patients receiving as an adjunct to standardized emergency procedure 2 g of MgSO,. In
contrast, in the severe group (FEV| <25% on admission), there was a significant improvement
in FEV| at 120 and 204 min and a decrease admission rate as compared to the placebo-treated
group [34, 293].

In any case, this mode of administration requires careful monitoring for prevention of
local and mainly systemic symptoms of magnesium overload, since peripheral vasodilatation
and systolic hypotension can occur and patients sometimes have unpleasant flushing, nausea,
and venous phlebitis from the infusion [94, 96, 98, 11, 161].

Monitoring of pulse, arterial pressure, deep tendon reflexes, hourly diuresis,
electrocardiogram and respiratory rhythm recording is necessary [34, 36, 45, 72, 94, 96, 98,
101, 142, 144, 150, 151, 170, 254, 257, 311, 319, 325].

The possible role of the anion SO4 ™ as regards toxicity must be discussed. The selection
of a particular magnesium salt among others should take into account reliable
pharmacological and toxicological data. It seems necessary to determine the therapeutic
index (LD50 / ED50) of the various available magnesium salts before any pharmacological
use.
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Finally, the combination of intravenous relatively high doses of magnesium
(pharmacological magnesium therapy) and beta-2 mimetics may be toxic, more often in
obstetrical indications than in pulmonary diseases since the doses are clearly lower in
pulmonary indications. Contra-indications of this latter form of pharmacological magnesium
treatment combined with beta-2 mimetics for pulmonary indications are less imperative than
for tocolysis [101, 199, 219, 285].

B. Nebulized administration

Eventhough intravenous MgSO4 has been shown to increase the bronchodilating
response and to improve lung functions in treatment of severe asthma, however, its effect by
the nebulized route is uncertain [161] (table I).

Table I — Pharmacological effects of nebulized magnesium (MgSQ,) in obstructive
pulmonary disorders [47, 161]

Patients | Response | Reference
Magnesium alone before challenge testing in provocation tests
Direct stimuli using either histamine or | Dose-dependent decrease in bronchial 286,
methacholine. hyperresponsiveness 287
Indirect stimulus using indirect Dose-dependent decrease in bronchial 246
bronchostrictor (sodium metabisulfite) | hyperresponsiveness
Provocation test using histamine No effect on bronchial hyperresponsiveness 157
Magnesium alone
Acute exacerbation of asthma (adults) | Bronchodilatation (magnitude similar in to 218
salbutamol)
Acute exacerbation of asthma Bronchodilatation (magnitude and duration of
. 233
(children) the effect were less than due to salbutamol)
Stable asthma No effect on bronchodilatation 156
Magnesium as an adjunct to nebulized salbutamol or albuterol
Severe Asthma Improvement in PEF vs salbutamol in isotonic 246
saline*
Severe asthma; 30 min after 2-5 mg Increase in bronchodilator response (twice the
nebulized salbutamol increase in FEV) vs salbutamol in isotonic 161
saline*
Mild to Moderate asthma exacerbations | No benefits vs salbutamol therapy alone 31,
305

*according to Kurtaran et al. [196] nebulized saline is not a placebo since it may trigger asthma [15,
307]

Beta-2-mimetic and magnesium therapies have common pulmonary indications. The
specific beta-2-agonists represent the priority treatment. Combination with corticosteroids is
useful and efficient. Other associated treatments failed to demonstrate their efficiency as
adjunctive treatments but magnesium use may be of interest. Indeed, the possible additive
bronchodilating effects of magnesium and salbutamol has shown that a mild sustained



72 Jean Durlach, Nicole Pages and Pierre Bac

increase in serum magnesium concentration caused a significant leftward shift of the dose
response curve to inhaled salbutamol in asthmatic patients, with no change in the maximum
response. This finding suggests that magnesium increased beta2-receptor affinity [47].

When isotonic magnesium sulfate was used as a vehicle for nebulized salbutamol for
patients with acute asthma, it increases the peak flow response to treatment in comparison
with salbutamol plus normal saline in severe asthma [161, 246] but failed in mild to moderate
asthma exacerbations [31]. It seems that bronchodilator effectiveness of adjuvant Mg is seen
in life-threatening, rather than less severe exacerbations of asthma [34]. The increase in peak
expiratory flow (PEF) is inversely related to the baseline value, which supports the
observation that magnesium is particularly effective in the most severe asthma exacerbations
[314]. However, nebulized saline used as a vehicle for salbutamol is not a placebo since it
may trigger asthma [15, 196, 307].

Nebulisation of three 2.5 mg doses of salbutamol at 30 min intervals is within the
therapeutic range recommended for treatment of severe asthma in emergency department.
They can be mixed with 2.5 mL isotonic magnesium sulphate [161].

Inhaled magnesium seems well tolerated [59, 218, 282]. However, according to Hughes
et al. [282] most crucial in terms of use of magnesium as an adjuvant was its formulation as
an isotonic solution (250 mmol/L, resulting in a tonicity of 289 mosmol). Both hypotonic and
hypertonic nebulizer solutions cause bronchostriction in patients with asthma.

111.4.2.1.4.1.3. Oral Administration of Magnesium in Stable Asthma

Long term Mg repletion may be achieved by the daily administration of 300-600 mg of
Mg orally [1, 25]. A randomized, double blind placebo-controlled, prospective study showed
that long lasting Mg supplementation (200 mg in children < 7 years old and 290 mg
magnesium citrate in older children) is clearly benefit (lower requirement of short term
inhaled beta-2 mimetics, higher FIV,) in mild-moderate asthmatic children and is
recommended as a concomitant drug in stable asthma [25]. Similarly, a daily magnesium
intake of 400 mg/day can improve clinical symptoms in adults [158].

Beta-2 mimetics and palliating nutritional magnesium therapies may be associated in
the COPD treatment. This combination may be beneficial and remains atoxic. In asthmatic
patients, the coexistence of other clinical manifestations of magnesium deficiency such as
neuromuscular hyperexcitability must be investigated: Chvostek sign click, iterative EMG
tracings, idiopathic mitral valve prolapse. But the dynamic oral physiological magnesium
load test (Smg/kg/day) constitutes the best evidence of magnesium deficiency [41, 42, 90, 91,
94, 95,97, 101, 157, 158, 294].

111.4.2.1.4.2. L Tryptophan or 5-OH Tryptophan

L tryptophan or 5-OH tryptophan may stimulate the tryptophan pathway but they are
unspecific as they do not only concern melatonin production but also serotonin synthesis.
They may induce toxicity: eosinophilia-myalgia syndrome particularly [1, 98-102, 231, 328].
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111.4.2.1.4.3. Taurine

Taurine is a sulfonated aminoacid which is present in the whole body in high
concentration, mainly in the brain. It is the most abundant free aminoacid in many tissues
mainly in proinflammatory cells such as polymorphonuclear leukocytes and tissues exposed
to elevated levels of oxidants [326]. It has multiple function in cell homeostasis such as
membrane stabilization, buffering, osmoregulation and antioxidant activities together with
effects on neurotransmitter release and receptor modulation. Taurine may act as a protective
inhibitory neuromodulator which participates in the functional quality of the neural apparatus
and in melatonin production and action. Taurine plays a role in the maintenance of
homeostasis in the central nervous system, during central nervous hyperexcitability
particularly. This volume-regulating aminoacid is released upon excitotoxicity induced cell
swelling. It has an established function as an osmolyte in the central nervous system. In the
course of Mg deficit, the organism appears to stimulate taurine mobilization to play a role of
a “magnesium vicariant agent”. But this compensatory action is rather limited [94-100, 102,
163, 200, 212, 266]. In addition, taurine either intracellularly or released into the extracellular
medium, may protect cells against attack by oxidants either directly or via the formation of its
chlorinated derivatives taurine-chloramine [69, 326]. It decreases the release of inflammatory
mediators by neutrophils and macrophages and modulate T-cell activation in vitro [220, 345].
It reduces in vivo lung oxidant damages induced by a number of chemicals including ozone,
nitrogen dioxide, paraquat, amiodarone and bleomycin [69]. At a daily oral dose of 1-3
mmol/Kg for 7 days before challenge, taurine did not reduce the bronchospasm produced by
antigen challenge in an experimental model of asthma using sensitized Brown-Norway rats,
but it prevented airway hyperreactivity, reduced the number of eosinophils and of lipid
hydroperoxides and prevented dye extravasation in bronchoalveolar fluid [69]. This means
that taurine, in addition to reducing the number of inflammatory cells, may lessen the oxidant
burden by diminishing the generation by these cells of superoxide anion and other cytotoxic
mediators [69]. Finally, taurine levels in bronchoalveolar fluid from antigen-challenged rats
were higher than control values but treatment with taurine fails to further increase this levels
[69]. This is of importance, since taurine levels in bronchoalveolar lavage fluid and airway
secretions were increased in asthma patients [159]. The same results were obtained while
replacing taurine by a daily dose of the antioxidant N-acetylcysteine (1 mmol/Kg for 7 days)
[33].

111.4.2.2. “Substitutive Darkness Therapy” or Darkness Mimicking Agents
Because of the limited efficiency of the previous chemical agents, palliative treatments of
hBC may be necessary.

111.4.2.2.1. Mechanisms of the Action of Darkness

The mechanisms of action of the darkness appear as the reverse of those obtained with
bright light where direct cellular and neural effects intervene. Increased melatonin production
is the best marker of darkness but it is only an accessory mechanism in the darkness effect.
The main central neural mechanisms of darkness therapy associate decreased serotoninergy
together with stimulation of the inhibitory neuromodulators (GABA, taurine) and stimulation
of anti-inflammatory and anti-oxidative processes, which may lead to neural hypoexcitability
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(sedative and anticonvulsant). Humoral transduction may reinforce these last effects by
decreasing neuroactive gases (CO and NO) through binding of CO with haemoglobin and by
increasing melatonin, bilirubin and biliverdin, three antioxidants which have the capacity to
quench NO. Apart from the exception of decreased serotoninergy, these effects of darkness
are similar to those of magnesium.

Substitutive darkness therapy should palliate all the mechanisms of the action of
darkness. The only available darkness mimicking agents are melatonin (its analogous and its
precursors, L-tryptophan, 5-hydroxytryptophan) [98, 102].

I11.4.2.2.2. Melatonin, an Accessory Darkness Mimicking Agent

Melatonin is the prototype of darkness mimicking agents. But, although the production
of melatonin is the best marker of photoperiod, it appears to be only an accessory factor
among the mechanisms of photoperiod actions. Most of the other mechanisms of the effects
of darkness have been overlooked, which may account for the controversy around the
therapeutic efficiency of MT. Its dosage varies from physiological doses (around 0,3 mg) to
pharmacological doses: usually 3 mg/per dose and per day and even up to 300 mg as a
contraceptive (testifying to the weak toxicity of the hormone). In case of chronopathology,
with decreased MT production, MT constitutes a substitutive treatment of its deficiency [43,
68, 98, 99, 102, 348, 367, 368, 371]. Melatonin (3 mg for 4 weeks) was shown to improve
subjective sleep quality in asthma whereas it did not induce significant difference in asthma
symptoms [57]. Further studies looking into long-term effects of melatonin on airway
inflammation and bronchial hyperresponsiveness are needed before melatonin can be
recommended in patients with asthma [57]. Our paper indicates that it would be at least
avoided in asthma forms with HBC.

Conclusion

Asthma prevalence and severity are increasing over the world besides effective
treatments and may led in some cases to fatal death. Many factors may interact in the
physiopathology of the disease and contribute to the severity of asthma. Nocturnal asthma
seem very frequent and represent a severe form of asthma leading to the idea that asthma is
chronopathological.

We recently suggested that various pathologies, including asthma would be linked to a
magnesium depletion with chronopathological dysfunction of the BC either HBC or hBC.
These forms are characterized mainly by variations of their biological marker, melatonin and
by well identified clinical symptoms of either hypo- or hyper-nervous excitability
respectively. This led us to suggest the measurement of plasma or salivary melatonin and
plasma or erythrocyte magnesium levels in asthma patients. This would allow first to identify
the possible presence of a chronopathological form of asthma thus justifying, in addition to
conventional treatments, a complementary beneficial treatment including a balanced
magnesium intake and either phototherapies or darkness therapies in asthma with either HBC
or hBC.
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Abstract

Magnesium deficiency in pregnant women is frequently seen because of inadequate
or low intake of magnesium. Magnesium deficiency during pregnancy can induce not
only maternal and fetal nutritional problems, but also consequences that might last in
offspring throughout life. Many epidemiological studies have disclosed that restricted
fetal growth, i.e. intrauterine growth retardation (IUGR), is associated with an increased
risk of insulin resistance in adult life.

We previously postulated that intracellular magnesium of cord blood platelets is
lower in the small for gestational age group than in the appropriate for gestational age
group, suggesting that intrauterine magnesium deficiency may result in [IUGR.

Taken together, intrauterine magnesium deficiency in the fetus may lead to or
program the insulin resistance after birth.

We hypothesize that intrauterine magnesium deficiency may induce metabolic
syndrome in later life. Intracellular magnesium of the cord blood platelet may be a
marker of early fetal growth, and can be used as a novel predictor of adult diseases. Low
intracellular magnesium may represent the prenatal programming of insulin resistance
and may have lifelong effects on metabolic regulation.
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Introduction

Exposure of the fetus to maternal malnutrition is a well-known causal factor for
intrauterine growth retardation, both in humans and other animals. Several studies have
shown the association of size at birth or indices in poor fetal growth with later development
of metabolic syndrome in adulthood characterized by insulin resistance such as type 2
diabetes, hypertension, dyslipidemia and coronary heart disease [1, 2]. Barker and Hales [2]
proposed that impaired glucose tolerance and type 2 diabetes may arise as a result of
programming, a term used to describe persistent changes in organ structure and function
caused by exposure to adverse environmental influences during critical periods of
development [3]. Because size at birth is determined largely by non-genetic factors, these
findings have led to the “fetal origin” hypothesis, which proposes that fetal adaptation to an
adverse intrauterine environment affecting fetal growth may program lifelong physiological
changes [4].

As magnesium (Mg) is an important cofactor for the enzymes involved in carbohydrate
metabolism, an important role of Mg in insulin action has been reported (5). Mg deficiency
occurs in patients with diabetes and vascular diseases [6,7,8,9]. Taken together, these
experimental and epidemiological results suggest that the correlation between Mg and birth
weight are important determinants of insulin resistance.

In this review, we hypothesize that intrauterine Mg deficiency may induce metabolic
syndrome in later life, and discuss the potential contribution of aberrant Mg regulation to low
birth weight and to the pathogenesis metabolic syndrome.

Magnesium Deficiency in Pregnant Woman

It is reported that the amount of maternal Mg intake is not only associated with
pregnancy outcome but also with infant [10]. Based on the cohort study consisting of 912
people, aged 50 years, born as term singletons around the time of the 1944-1945 Dutch
famine, coronary heart disease, raised lipids, altered clotting and obesity were more
frequently observed after exposure to famine in early gestation compared to those not
exposed to famine, and decreased glucose tolerance was more frequently found in people
exposed to famine in later gestation [11]. These findings show that maternal under-nutrition
during gestation has serious effects on health in later life. Another study demonstrated that a
risk of having very low birth weight infants (less than 1,500g of birth weight) is reduced in
mothers’ drinking water containing higher amount of Mg [12]. By the end of normal
pregnancy, the fetus is believed to acquire approximately 28g of calcium (Ca), 16g of
phosphorous and 0.7g of Mg, mostly during the third trimester: 80 % of fetal accretion of Mg
occurs during the third trimester (Figure 1) [13].

From these findings, maternal under-nutrition including Mg deficiency during gestation
obviously affects health of the fetus in adult life, while the timing of the nutritional insult on
the mother is an important determinant. Barker speculated that fetal undernutrition in middle
to late gestation, which leads to disproportionate fetal growth, programmed later metabolic
disease [4].
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Figure 1. Total fetal content of calcium, phosphorus, and magnesium with increasing gestational age
(adapted from Widdowson (Reference [13]).

Mineral Concentration of Meconia

The mineral concentration of meconia of small for gestational age (SGA) newborns were
compared with those of appropriate for gestational age (AGA) newborns of similar
gestational ages to determine whether differences may provide clues of possible nutritional
deficits of SGA infants, given that levels of meconium minerals could indicate the use of
minerals by the fetus and the sufficiency of the maternal supply of minerals [14]. In the less
than 35-week subgroups, the SGA infants had lower meconium iron and manganese
concentrations than that of the AGA. Among more than 36-week newborns, SGA infants had
a higher birthweight-adjusted copper concentration than AGA infants, but no differences
were observed for the zinc, Ca, Mg, and phosphorus. These results may reflect either a
greater use or a decreased maternal supply [14].

Placental Transport of Magnesium

The levels of total Ca, ionized Ca, and Mg are higher in the fetal circulation compared to
those in the maternal blood [15]. Copper and selenium share the same transport pathway in
the placental membrane along a concentration gradient in maternal-fetal direction, while an
active transport plays a predominant role for Mg and iron [16]. In fact, the existence of an
active transport mechanism for Mg in the placenta was suggested by using cultured
trophoblast cells, i.e. a functional Na’/Mg®" exchanger that functions to maintain low
intracellular Mg in the cells [17]. The activity of this exchanger might be influenced by
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maternal plasma sodium concentration because acute maternal hyponatremia in experimental
rats reduced the maternal-fetal transfer of Mg via placenta [18], while there may be other
pathways of Mg transport in the placenta. Whereas mean levels of ionized Ca do not change
during labor, the mean maternal serum levels of ionized Mg and total Mg fall at delivery,
which suggests the presence of homeostatic mechanisms in the fetus and placenta, indicating
that free Mg in umbilical venous blood may enhance Mg transport to the fetus [19].

In mammals, the nutrient exchange process takes place across the placenta, a highly
developed organ with numerous functions throughout the most of gestational period, and
maternal-fetal homeostasis depends on a properly functioning placenta. Maternal Mg
deficiency obviously affects health of the fetus.

Placental Vascular Flow and Magnesium

Calcium and Mg are co-factors in the synthetic activity of a variety of enzymes. A
variety of hormones, cytokines and growth factors produced by fetal membranes and placenta
can act locally on the myometrium [20]. The ability of the uterine artery to dilate during
pregnancy may be specifically related to upregulation of multiple pathways for production of
nitric oxide (NO) [21].

The activity of constitutive NO synthase is dependent on Ca and is inhibited by a
reduction in the concentration of Mg [22]. Markedly reduced permeability to Ca and Mg of
fetal membranes in preterm labor suggests that this abnormality could be an important factor
for the activation of the myometrium in preterm labor [23]. Placental insufficiency as well as
maternal malnutrition is also an important cause for intrauterine growth retardation (IUGR)
(Figure 2). Model experiments of IUGR have been conducted by the reduced uterine blood
flow. One of these [UGR models is prepared by uterine artery ligation in pregnant dams and
their offspring were studied: Jansson and Lambert reported that this IUGR model was
associated with impaired glucose tolerance in adult life only in female rats [24].

Mg has an immediate effect on placental vascular flow as well as Ca and NO. Reduced
placental vascular flow is at least, in part, responsible for placental insufficiency and IUGR.

Experimental Consequences of Gestational
Magnesium Deficiency in Animal Studies

Maternal Mg restriction that continued through lactation and weaning decreased the
pup’s body weight at weaning and thereafter, indicating the importance of neonatal and
postnatal Mg nutrition in developing rat pups [25,26].

In rat experiment, Venu et al reported that maternal Mg restriction irreversibly increases
body fat and induces insulin resistance in pups by 6 months of age [27]. Additional perinatal
Mg deficiency impairs glucose tolerance.
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Figure 2. A placenta possesses an active transport mechanism for magnesium. A variety of hormones,
cytokines and growth factors produced by fetal membranes and placenta can act on the myometrium.
The ability of the uterine artery to dilate may be related to nitric oxide. There are several candidates for
explaining gestational programming, i.e. epigenetic modification of gene. (adapted from Takaya, J.,
Yamato, F., and Kaneko, K. (2006): Possible relationship between low birth weight and magnesium
status: from the standpoint of “fetal origin” hypothesis. Magnes. Res. 19, 63-9).

Mg Supplement and Pregnancy Outcome

It is well known that plasma Mg falls in pregnancy because of accumulation of ions in
the placenta and fetus. Many women, especially those from disadvantaged backgrounds, have
lower Mg intakes than recommended doses [28]. Mg is therefore widely given as a
supplement during pregnancy, particularly in cases of preterm labor. There are several reports
that oral Mg supplementation in pregnancy is safe and that it has a positive effect on the fetal
morbidity [29]. Patients in preterm labor have significantly depressed serum Mg levels, while
in patients with pre-eclampsia Mg levels were not significantly different from controls (30).
Several papers reported that Mg supplementation during pregnancy could reduce fetal growth
retardation and pre-eclampsia and increase birth weight [29,31,32]. Mg therapy decreased the
rate of [UGR, premature rupture of membranes and premature delivery in risk pregnancies
treated with betamimetics [31]. Oral Mg treatment from before the 25th week of gestation
was associated with a lower frequency of preterm birth, a lower frequency of low birth
weight and fewer SGA infants compared with a placebo [32]. Mg intake of 513 women
towards the end of the first trimester of pregnancy was calculated from a record of food
consumption. Mg intake was correlated with weight, length, and head circumference at birth
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as well as length of gestation up to a threshold of around 3,200g birth weight [33]. In
addition, the supplement of Mg (100mg/day) during the second and third trimesters had no
effect on the outcome of pregnancy.

Mg supplementation is beneficial in the management of pregnancy-induced hypertension.
The effect of Mg was compared with that of placebo in a randomized double-blind controlled
study of patients with pregnancy-induced hypertension [34]. Mg supplementation reduced
maternal mean arterial blood pressure.

On the other hand, some papers reported that Mg supplementation during pregnancy did
not improve pregnancy outcome. Between 13 and 24 weeks’ gestation, 400 young
normotensive primigravid women randomly received oral Mg (365mg/day) or a placebo. The
Mg-supplemented group had significantly higher Mg levels at delivery. However, between
the groups there were no differences in either systolic or diastolic blood pressure, incidence
of pre-eclampsia, fetal growth retardation, preterm labor, birth weight, gestational age at
delivery, or number of infants admitted to the special care unit [10].

Any influence of Mg is confined to the first trimester or before. However, the timing and
dose of Mg supplementation may alter the pregnancy outcome.

Intracellular Mg in Cord Blood Platelets

Human platelets are often used for the study of cellular cation metabolism in various
diseases [35] because they are readily available and are thought to share a number of features
with vascular smooth muscle cells. In addition, they have been shown to have insulin
receptors with similar characteristics as those in other cells [36].

We and other investigators reported that insulin action could be mediated by intracellular
Mg ([Mg*']) in platelets [37,38]. In fact, Mg deficiency occurs in adult patients with
diabetes mellitus and vascular diseases [7,8,9] and children with diabetes and obesity have
been reported to have [Mg®']; deficiency [39].

Taken together, we hypothesized that decreased [Mg®‘]; might underlie the initial
pathophysiologic events leading to insulin resistance and further tested whether the origin of
[Mg%]i deficiency may start from fetal life in SGA caused by genetic factors or intrauterine
environment.

(A) Intracellular Mg and Small for Gestational Age

By using a fluorescent probe, mag-fura-2, we examined [Mg*"]; of platelets in the cord
blood of infants with SGA and with AGA [40]. Mean [Mg”'];, but not plasma Mg, was lower
in the SGA than in the AGA group ( 291£149 pumol/L vs 468£132 pumol/L, p<0.001 ).
[Mg?*]; was significantly correlated with the birth weight (p<0.001) and birth length
(p<0.001). (Figure 3, 4)
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As [Mg”']; plays a promotive role in fetal growth, low [Mg*']; may partly be responsible

for SGA. In regard to fetal life, it has been postulated that nutritional and environmental
factors during pregnancy, as well as hormonal factors such as insulin and IGF-1 [41] play
important roles in addition to genetic predisposition.
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Figure 3. The correlation between intracellular Mg2+ and birth weight. The basal level of intracellular
Mg2+ of cord blood platelets is significantly correlated with birth weight (p<0.001, r=0.61). O, AGA;
@, SGA. (adapted from Reference [40]).
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Figure 4. The correlation between intracellular Mg2+ and birth length. The basal level of intracellular
Mg2+ of cord blood platelets is significantly correlated with birth length (p<0.001, r=0.48). O, AGA;
@, SGA. (adapted from Reference [42]).
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(B) Correlation of [Mg®*]; and Insulin Resistance

Adiponectin and IGF-1 were lower in SGA than in AGA, while plasminogen activator
inhibitor (PAI)-1 and ghrelin were higher in SGA (Table 1). Quantitative insulin sensitivity
check index (QUICKI) was lower in the SGA than in the AGA (Table 1). Birth weight was
correlated with cord plasma IGF-1 (p<0.001), adiponectin (p<0.001) and leptin (p<0.005).
[Mg?*]; and adiponectin were correlated with QUICKI in all subjects (Figure 5) [42].

Table 1. A comparison of the metabolic hormones between SGA and AGA

SGA AGA

(n=20) (n=45)
[Mg?*]i (umol/L) 284433%*x* 468+132
Plasma Mg(mg/dL) 1.4520.07 1.48+0.04
Adiponectin(pug/mL) 11.4£1.8%* 17.1£1.0
IGF-1(ng/mL) 14.342.1%* 30.3£2.2
Leptin(pg/mL) 845+215 1,260+137
Ghrelin(fmol/mL) 76.8£11.0%* 53.745.1
PAI-1(ng/mL) 13.20£2.52* 7.97+0.94
QUICKI 0.3520.02%** 0.41+0.01

#p<0.05, **p<0.005, ***p<0.0001.

Table 2. Correlation between [Mg2+]i and anthropometric indices
and other metabolic hormones

Parameters r P values
[Mg?*]i Gestational age 0.485 <0.0001
Birth weight 0.618 <0.0001
Length 0.476 <0.0001
Ponderal Index 0.053 0.691
Glucose 0.014 0.908
Insulin -0.138 0.253
IGF-1 0.272 0.030
QUICKI 0.592 <0.0001
Leptin 0.073 0.547
Ghrelin -0.227 0.064
Adiponectin 0.246 0.040

PAI-1 -0.180 0.138
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Figure 5. The correlation between intracellular Mg2+ and QUICKI. The basal level of intracellular
Mg2+ of cord blood platelets is significantly correlated with QUICKI (p<0.001, r=0.59). O, AGA; @,
SGA. (adapted from Reference [42]).

These results show that SGA has the tendency of insulin resistance. [Mg2+]i was
significantly associated with adiponectin (1=0.246, p=0.04), IGF-1(r=0.272, p<0.03),
QUICKI (r=0.592, p<0.0001) (Table 2). From these findings, [Mg*']; as well as leptin and
IGF-1 reflects the extent of fetal growth. Decreased [Mg®']; may be involved in the
underlying processes to insulin resistance.

Thus, [Mg*']; of the cord blood platelet may be a marker of early fetal growth, and can
be used as a novel predictor of adult diseases. Low [Mg”'];, may represent the prenatal
programming of insulin resistance, and may have lifelong effects on metabolic regulation.
Our results indicate a possible role of [Mg2+]i in fetal life for future disorders characterized by
insulin resistance.

Fetal / Early Childhood Antecedents and Adult
Chronic Diseases

Epidemiological studies in humans have shown that impaired intrauterine growth is
associated with an increased incidence of cardiovascular, metabolic, and other diseases in
later life [43,44]. Low birth weight is often followed by accelerated postnatal growth, and
this may be important for risk of metabolic syndrome in adult life. People who had low birth
weight or who subsequently showed catch-up growth have higher susceptibility for central
obesity, type 2 diabetes, and cardiovascular disease in later life [45].
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(A) Fetal Programming

Fetal programming is the phenomenon whereby alteration in fetal growth and
development in response to the prenatal environment has long-term or permanent effects. The
mechanisms are supposed to be as a direct effect on cell number, altered stem cell function
and resetting of regulatory hormonal axes (Figure 2).

There are several candidates for explaining gestational programming as follows: [1] a
potential role for the hypothalamic-pituitary-adrenal (HPA) axis has been suggested, as the
mediators of the fetal response to nutrient stress, i.e. maternal low protein diet, were
profoundly suppressed [46,47]; [2] fetal programming of the growth hormone insulin-like
growth factor (GH-IGF) axis also has been proposed to serve as a link between fetal growth
and adult-onset disease [48].

(B) Thrifty Phenotype Hypothesis

The “thrifty phenotype hypothesis”, which postulates that fetal programming for
adaptation to an adverse intrauterine environment results in lower insulin sensitivity in utero,
is one of the hypotheses to explain the association between low birth weight and insulin
resistance in later life [49].

Decreased in [Mg®']; in infants with SGA can be the initial pathophysiologic events of
fetal programming. In fact, a recent animal study supported our data demonstrating that the
maternal Mg restriction irreversibly increases body fat and induces insulin resistance in pups
by 6 months of age [27].

(C) Epigenetic Modification of Gene

It is intriguing in clinical practice that the intrauterine environment can program adult
disease susceptibility by altering the epigenetic state of the fetal genome, hence affecting the
phenotype without changing the DNA sequence [50]. The changes in the intrauterine
environment may ultimately lead to altered gene expression via alterations in DNA
methylation and other epigenetic mechanisms, resulting in an increased susceptibility to
chronic disease in adulthood [51]. Biological methylation reaction is dependent on dietary
methyl donors and on cofactors. Mg acts as a cofactor for the binding of protein to its specific
site in DNA by inducing conformational changes in the protein [52]. Mg also changes the
conformation to a more helical structure which could provide specific geometrical constraints
complementary to those of DNA helix.
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Conclusion

The fetal origin hypothesis by Barker et al. states that fetal under-nutrition in middle to
late gestation leading to disproportionate fetal growth programs later metabolic diseases. As
low [Mg?']; is an intrinsic abnormality seen in infants with low birth weight, it is considered
that the fetal Mg deficiency resulting in low birth weight is an important determinant of
insulin resistance in later life. Further exploration is, however, obviously needed to
investigate the pathophysiological mechanism underlying the development of metabolic
syndrome in the light of the unknown developmental abnormalities during the fetal period.
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Abstract

People with metabolic syndrome, a cluster of obesity, high blood pressure,
dyslipidemia, and hyperglycemia, have at increased risk for cardiovascular disease and
diabetes. Although components of the metabolic syndrome are related with inappropriate
dietary patterns, the role of dietary constituents in the pathogenesis of the syndrome is
poorly understood.

Evidence show that low dietary intakes of magnesium contributes to development of
insulin resistance, a major component of the metabolic syndrome, supporting the
hypothesis that suboptimal intake of magnesium might play a significant role in the
development of the syndrome. On the other hand, recently has been reported that
magnesium depletion is independently associated to low chronic inflammatory syndrome,
suggesting that hypomagnesemia and low-grade inflammation are interactive risk factors
for the metabolic syndrome and chronic disease.

Cross-sectional analyses of data from population based studies show that intake of
magnesium is inversely related with the prevalence and incidence of metabolic
syndrome. In addition, data from controlled randomized clinical trials provide evidence
that oral magnesium supplementation restores serum magnesium levels decreasing
inflammation and improving insulin sensitivity, high blood pressure, lipid profile, and
serum glucose levels.
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Nonetheless, to determine whether low dietary intake of magnesium is associated
with an increased risk for the metabolic syndrome and, its potential usefulness in the
prevention strategies of cardiovascular disease and diabetes requires confirmation, and
further research.

We review the clinical evidence that show the association between dietary intake of
magnesium and the metabolic syndrome; furthermore, we present results from a
randomized double-bind clinical trial showing the efficacy of oral magnesium
supplementation in the reduction of inflammation.

Introduction

Magnesium is an essential cofactor of high-energy enzymatic pathways involved in the
energetic metabolism, synthesis of protein, and modulation of glucose transport across cell
membranes [1-3]. Furthermore, an interaction between magnesium and other ions occurs at
the cellular level, regulating calcium, sodium, and potassium transmembrane movement [4,
5]

Magnesium deficiency is a common and frequently multifactorial entity [6], regularly
induced by a diet and drinking water low in magnesium and/or increased magnesium loss [7,
8]. Hypomagnesemia has been associated with developing of type 2 diabetes [9], high blood
pressure, [10] atherogenic alterations [11, 12], and micro-, and macro-vascular diabetic
complications [13-15]. Furthermore, hypomagnesemia also has been strongly associated with
metabolic syndrome [16].

The metabolic syndrome a co-occurrence of disturbed glucose metabolism, overweight
and abdominal fat distribution, dyslipidemia, and high blood pressure has been associated
with the subsequent development of cardiovascular disease and type 2 diabetes [17]. The
metabolic syndrome was defined by the presence of at least three of the following risk
factors: Fasting plasma glucose >100 mg/dL, abdominal obesity (waist circumference >102
cm in men and >88 in women), triglycerides >150 mg/dL, low HDL-cholesterol (<40 mg/dL
in men and <50 mg/dL in women), and systolic and diastolic blood pressures >130 and 85
mmHg [19, 18]. The pathogenesis of the syndrome has multiple origins, but obesity and
sedentary lifestyle coupled with diet and still largely unknown genetic factors clearly interact
to produce the syndrome [20].

In addition, cross-sectional analyses of data from population based studies show an
inverse correlation between both serum magnesium and dietary intake with the metabolic
syndrome [16, 21].

On the other hand, Pickup et al [22] showed that elevated acute-phase/stress reactants
(the innate immune system's response to environmental stress) and their major cytokine
mediator are associated with the occurrence of metabolic syndrome, and may thus provide a
unifying pathophysiological mechanism for this condition. Abnormalities of the innate
immune system showed to be contributors to the hypertriglyceridemia, low HDL-cholesterol,
hypertension, glucose intolerance, insulin resistance, and accelerated atherosclerosis [22].

On this regard, a growing body of evidence showing that coronary heart disease has an
inflammatory component [23, 24] and that elevated plasma C-reactive protein (CRP)
concentration predicts cardiovascular disease [25-27] is rapidly accumulating. In addition,
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data from observational studies show a strong relationship between hypomagnesemia and
elevated serum concentrations of pro-inflammatory cytokines, CRP [28, 29], and pro-
inflammatory neuropeptide levels [30] that may contribute to cardiovascular disease.
Furthermore, recently, King et.al. [31] demonstrated that subjects with dietary intake of
magnesium at levels below the recommended daily allowance are more likely to have
elevation of CRP levels [31], defined as CRP serum concentration in the range of 3.0-10.0
mg/1 [32].

We review the clinical evidence showing the association between dietary intake of
magnesium and the metabolic syndrome; furthermore, we present results from a randomized
double-bind clinical trial showing the efficacy of oral magnesium supplementation in the
reduction of inflammation.

Dietary Intake of Magnesium

Magnesium is a widely occurring element, and its primary paths of entry into the
organism are through water and food [33]. Magnesium absorption is inversely proportional to
intake and occurs principally from the ileum and colon [6].

In addition to modern food processing, that cause magnesium lost in food, several other
factors are involved in the reduction of magnesium within the ecosystem as whole; among
these, acid rain causes exchanges between magnesium and aluminium in the soil that coupled
with intensive farming have reduced magnesium within the food chain [6].

The U.S. Recommended Dietary Allowances (RDA) of magnesium for adult women is
320 mg/day and for adult men 420 mg/day [34, 35]. However, the RDA for magnesium in
adults of various countries varies widely; as an example, in the Japanese women and men are
240 and 310 mg/day, in the English women and men 270 and 300 mg/day, in Australians
women and men 270 and 320 mg/day, in Russian women and men 400 mg/day [36].
Although, small amounts of magnesium are required in the diet to ensure the capacity for
energy expenditure and to maintain optimal physiological functions, surveys show that the
dietary intake of magnesium is inadequate in the U.S. and other populations [37-40]. On this
regard, about 23% of U.S. adults aged 25-74 years had a serum magnesium concentration
lower than 1.9 mg/dL, a concentration that is consistent with hypomagnesemia [41],
supporting the finding that dietary magnesium intake continues to be inadequate among large
numbers of people in the US [40]; on the other hand, data on magnesium intake and serum
magnesium concentrations in the vast majority of people living in developed and
undeveloped countries is unknown. The findings of magnesium intake below
recommendations should encourage the intake of foods with high magnesium content such as
whole grains, nuts, shellfish, fish, green leafy vegetables, beans, dried fruit, cereals, and
legumes [33, 42-44].

Despite the growing interest in the relations between dietary patterns and disease is
necessary to keep in mind some limitations of the methodology for assessing micronutrients
in diet: First, the main approach in the analysis of the link between dietary factors and the
risk of chronic illnesses has been focused on individual nutrients or food items [45], which
could be a limitation because the analysis of individual nutrients do not take into account the
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interactions of mixing different foods that could affect absorption of some micronutrients
[46]; Second, measurement of the dietary data requires an appropriate instrument for
capturing and analyzing the components of the foods of interest that minimize the bias in
measuring magnesium intake; Third, because the tool used to evaluate the pattern of habitual
food consumption generally are questionnaires listing food items to the choice of
respondents, dietary changes during the period of study are not considered and the possibility
of bias recall is high. Nonetheless, because the most frequent source of magnesium
deficiency is an inadequate diet, results of follow-up studies evaluating the role of dietary
magnesium intake on the risk of developing type 2 diabetes consistently show that deficient
magnesium intake is associated with its development [9, 47-51].

Magnesium Intake and Systemic Low-Grade
Inflammatory Syndrome

In response to stress and environmental insult, there is a significant change in the
concentration of certain plasma proteins, the called acute-phase proteins [22, 52]. These
proteins, synthesized in the liver by the stimulus of cytokines, have a major action that
contributes to host defense and adaptation to insult [53]. The acute-phase reaction, a response
of the innate immune system, is seen in many chronic inflammatory diseases. Among the
main proinflammatory cytokines, Interleukine-1 (IL-1) and IL-6, and Tumor Necrosis Factor-
alpha (TNF-a) act on the liver to stimuli the production of acute-phase proteins but also
decrease the production of HDL-cholesterol [54-56]. On the other hand, among the main
acute-phase proteins, the CRP, fibrinogen, serum amyloid, and others, are atherosclerotic risk
factors contributing to hypertension, dyslipidemia, and insulin resistance [57, 58]. Thus, the
mechanisms involved in the acute-phase response can be major contributors to the
pathophysiology of many features of metabolic syndrome, type 2 diabetes, and
cardiovascular disease [22, 59].

The antecedent of an association between magnesium and immune function derives from
findings showing the early appearance of clinical signs of inflammation in magnesium
deficient rats, the activation of immune cells during experimental magnesium deficiency, and
the elevation of acute-phase proteins in the magnesium deficiency status [60-65].

The sequence of early events that produces the acute-phase response linked to
magnesium deficiency is currently unknown; however, new data are emerging [61, 63, 66,
67]. It appears that abnormal calcium handling induced by extracellular magnesium
deficiency may be the origin of an exacerbated inflammatory response [62], and that the
activated or primed state of immune cells is an early event occurring in magnesium
deficiency [62]. In addition, there is increasing evidence showing that these mechanisms
could be mediated by an increase of substance P during magnesium deficiency.

Previously, we have reported data from a case-control study showing that
hypomagnesemia is a trigger of both low-grade chronic inflammatory and metabolic
syndrome [68], results agree with experimental data that suggest that hypomagnesemia
elevates circulating pro-inflammatory neuropeptide levels [66], and clinical data showing that
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low serum magnesium levels and deficient dietary magnesium intake are strongly related to
low-grade systemic inflammation [21, 31].

In this regard Barbagallo et.al. [69] have hypothesized that magnesium could be the
missing link in the pathophysiology of insulin resistance, type 2 diabetes and cardiovascular
disease. Based in the interaction hypomagnesemia — inflammation and hypomagnesemia —
insulin resistance, we propose that magnesium deficiency may be the link between low-grade
chronic inflammation and metabolic syndrome (Figure 1).

[
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b v
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Figure 1. Relationship between magnesium deficiency with insulin resistance and the acute phase
response in the pathophysiology of metabolic syndrome. Epidemiological, experimental, and clinical
data supports the association between magnesium deficiency and both the triggering of acute phase
response and insulin resistance that are in the base of the pathophysiology of metabolic syndrome.

Because available data regards the interaction between hypomagnesemia and
inflammation have been obtained from cross-sectional analysis, recently we conducted a
randomized double-bind clinical trial for evaluating the efficacy and security of oral
magnesium supplementation in the reduction of inflammatory and pro-inflammatory markers.
For this purpose, besides the institutional approval of protocol and after obtaining the subject
informed consent, apparently healthy subjects were eligible to participate if they had both
hypomagnesemia and elevated CRP and TNF-a levels.

Based on previous results on healthy subjects from our community, hypomagnesemia
was defined by serum magnesium concentration equal or lower than 0.74 mmol/L [16, 29],
and elevated CRP and TNF-a levels by serum concentration equal or greater than 3 mg/L,
and >3.5 pg/mL, respectively [28, 68].

Chronic diarrhea, alcohol intake (equal or more than 30 g per day), smoking, diabetes,
high blood pressure, malignancy, surgical stress, chronic diseases, diuretic therapy, and
reduced renal function were exclusion criteria. In addition, subjects who received magnesium
supplementation before randomization were not included.
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The primary trial end point was the change in CRP and TNF-a levels. Sample size was
determined based on a statistical power of 80%, alpha value 0.05, and allowing non-improve
in the serum insulin level of 40 and 80% for the subjects who received magnesium
supplementation and placebo, respectively. The required sample size to detect a treatment
effect was of 26 subjects in each group [70]. To compensate potential withdrawn, finally 31
and 30 subjects were randomly allocated to daily receive either magnesium chloride (MgCl,)
2.5 g (that represents approximately 300 mg/day of magnesium) or placebo during 12-weeks.
Magnesium chloride solution (50 gr of MgCl, by 1000 ml of solution) was the magnesium
supplement used. In fasting conditions, subjects in the MgCl, group drank 50 ml of the 5%
solution; thus they received 2.5 g of MgCl, daily.

Adherence to magnesium supplementation was assessed every month by personal
interview and measurement of residual solution of MgCl,. All the participants and personnel
assessing outcomes were blinded to group assignment.

There were not dropped out nor serious adverse events or side effects due to MgCl, or
placebo. All the randomized subjects satisfactorily completed the follow-up. Adherence to
treatment was achieved for 28 (90.3%) subjects in the MgCl, group and 29 (96.7%) subjects
in the placebo group.

At baseline there were not differences by age, anthropometric, or laboratory
characteristics between the magnesium-supplemented and control subjects (Table 1).

Subjects who received MgCl, significantly increased their serum magnesium
concentrations compared with subjects in the placebo group (0.81 £ 0.09 versus 0.74 £+ 0.11
mmol/L, p<0.0001). In addition, at end of follow-up, magnesium-supplemented subjects
significantly reduced their CRP and TNF-a. levels (Figure 2).

Our data show that restore of hypomagnesemia decrease inflammatory and pro-
inflammatory markers in apparently healthy subjects with decreased serum magnesium
levels. We can hypothesize that magnesium deficiency could be the trigger of the acute-phase
response that and the release of CRP and TNF-a that may contribute to the development of
metabolic syndrome.

Table 1. Baseline characteristics of subjects randomly allocated to receive either 12-
weeks of 50 ml of magnesium chloride (MgCl,) solution (50 g of MgCl;, by 1000 ml of
solution, equivalent to 300 mg of magnesium) or placebo

MgCl, Placebo p value
n=31 n=230
Age, years 392173 40.1 6.1 0.34
Body Mass Index, Kg/m? 30.5+4.7 31.1£4.1 0.23
Fasting glucose, mg/dL 110.1£17.2 107.6 £ 13.3 0.13
C-reactive protein, mg/L 10.2£4.7 10.1£3.9 0.21
TNF-alpha, pg/mL 7.9+2.7 7.7+£3.1 0.09

Serum magnesium, mmol/L 0.72£0.16 0.74£0.15 0.08
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Although this is the first report based on randomized clinical trial showing the efficacy
and security of oral magnesium supplementation as an alternative treatment for the low-grade
chronic inflammatory syndrome, its clinical implications in the prevention of metabolic
syndrome remained to be established.
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Figure 2. Variation of serum C Reactive protein (CRP) and Tumor Necrosis Factor Alpha (TNF-alpha)
in the subjects who daily received 50 ml of magnesium chloride solution (50 g of MgCl2 by 1000 ml of
solution, equivalent to 300 mg of magnesium) (white bar) or placebo (black bar). At 12-weeks of
treatment, subjects receiving MgCl2 significantly reduced both CRP and TNF-alpha levels. Bars
represent the percent variation between baseline and end conditions.

Magnesium Intake and Metabolic Syndrome

Whether low intake of magnesium is certainly associated with an increased risk of
developing metabolic syndrome is important to determine in light of the syndrome’s
increasing prevalence in the U.S. population and the suboptimal intake of magnesium [40,
71].

Major determinants of the metabolic syndrome are obesity and insulin resistance [72,
73]. Because in the genesis of obesity, overeating and lack of physical activity are its main
contributors, and obesity leads to alterations of the normal physiological balance of
adipokines, insulin resistance, endothelial dysfunction, and a atherogenic state [74],
components and style of diet play an important role in the development of metabolic
syndrome; in addition, previously has been reported that hypomagnesemia and the low
intakes of magnesium contribute to insulin resistance [47, 75, 76]. Thus, there is a rationale
base supporting the hypothesis that inadequate diet with low dietary magnesium intake may
play a role in the pathogenesis of metabolic syndrome.
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Recently, Ford et.al. [71] using data from the Third National Health and Nutrition
Examination Survey (1988 to 1994) test the hypothesis that dietary intake of magnesium is
associated with the prevalence of metabolic syndrome. Their results showed an inverse
association between dietary magnesium intake and the prevalence of metabolic syndrome in
agree with findings from the Women’s Health Study, and the Coronary Artery Risk
Development in Young Adults Study [21, 77]. These based populations studies consistently
indicate a protective role for the individuals in the highest magnesium intake. Data from the
Third National Health and Nutrition Examination Survey (1988 to 1994) and Women’s
Health Study, were analyzed in a cross-sectional way; they showed an Odds Ratio, that
computes the association between dietary magnesium and metabolic syndrome for the
participants women, for the highest quintile of magnesium intake of 0.73 (95% CI, 0.60 —
0.88) and 0.55 (95% CI 0.2- 1.03), respectively [21, 71]. On the other hand, the Coronary
Artery Risk Development in Young Adults Study [77], a 15 years follow-up study,
prospectively analyzed the relationship between dietary magnesium and metabolic syndrome
among young American people who were free from metabolic syndrome at baseline. They
found that magnesium intake was associated inversely, in a dose-response manner, with the
risk of incident metabolic syndrome; the Hazard Ratio for the subjects in the highest quartile
of magnesium intake was 0.69 (95% CI 0.52 — 0.91).

Although results from these studies consistently shown an inverse relationship between
dietary magnesium intake and metabolic syndrome, the interaction of nutrients other than
magnesium and dietary fiber, that also are in the main sources of dietary magnesium were not
controlled. Undoubtedly, further research is warranted to provide new data in this field.

However, taking into account that experimental and clinical evidence suggest that the
amount of magnesium intake in the western diet is insufficient to meet individual needs and
that magnesium deficiency may be related to the risk of high blood pressure, hyperglycemia,
hypertriglyceridemia, low HDL-cholesterol, insulin resistance, and inflammation [78, 79, 80]
there is strong biological plausibility for the direct impact of magnesium intake on metabolic
and cardiovascular risk factors [81].

With regards of the association between magnesium dietary intake and the components
of metabolic syndrome, data from the three large population based studies analyzing
magnesium intake and metabolic syndrome [21, 71, 77] are inconsistent. On one hand, Ford
et.al. [71] did not find association of none of the five components of metabolic syndrome
with magnesium intake after adjustment for demographic variables and potential
confounders. On the other hand, also after adjusted analysis, Song et.al. [21] reported that the
prevalence of each of the components of the metabolic syndrome was lower in the women in
the highest quintile of magnesium intake compared with women in the lowest quintile, and
He et.al. [77] found that magnesium intake was inversely associated to components of
metabolic syndrome, particularly between magnesium intake and fasting glucose, waist
circumference, and HDL-cholesterol.

Although data are no entirely consistent, accumulating evidence from experimental,
observational, clinical, and epidemiological studies suggests that magnesium deficiency is
strongly related to individuals components of metabolic syndrome [82-86], suggesting that
diets rich in magnesium could be beneficial for cardiometabolic health. Improves of insulin
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sensitivity and down-regulation of markers of inflammation [76, 79] may be the mechanisms
by which a higher dietary magnesium intake reduce the risk of developing metabolic
syndrome.

Conclusion

There is a growing body of evidence showing that magnesium intake is inversely
associated with metabolic syndrome and its components. Deterioration of insulin sensitivity
and the triggering of low inflammatory chronic syndrome seems to be the link between
magnesium deficiency and metabolic syndrome. Results from long-term randomized clinical
trials are needed to evaluate the safety and efficacy of diets rich in magnesium for reducing
the incidence of metabolic syndrome.
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Abstract

An increasing body of evidence suggests that low vitamin D status may impair both
insulin secretion and action, ultimately increasing the risk of type 2 diabetes mellitus
(DM). Experimentally, vitamin D repletion improves insulin sensitivity and insulin
secretion in animal studies of rats. Cross-sectional studies in humans suggest an inverse
association between circulating vitamin D levels and impaired glucose tolerance, insulin
resistance, and risk of type 2 diabetes. Prospective data, albeit limited, also indicate an
inverse association between intake of dietary and supplemental vitamin D and type 2
diabetes risk. Calcium and magnesium may exert both independent and interactive effects
on the risk of type 2 diabetes through metabolically related pathways. Genetic variants of
these pathways, including the vitamin D receptor (VDR) pathway and calcium and
magnesium homeostasis related pathways, also appear to play a role in affecting the risk
of type 2 diabetes in humans.

I. Introduction

Several lines of evidence support the hypothesis that low vitamin D status is associated
with impaired B-cell function, insulin resistance, impaired glucose tolerance, and type 2
diabetes. Experimental studies have identified vitamin D receptors (VDR) on the pancreatic
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B-cells that may promote transcription of genes (human insulin gene) necessary for insulin
secretion[1]. Low bioavailability of vitamin D can therefore negatively impact insulin
production and potentially lead to impaired glucose tolerance and type 2 diabetes, although
the exact mechanism of this action and the extent of influence on B-cell function and insulin
resistance are not fully understood.

The vitamin D endocrine system is complex, involving multiple pathways and
interactions, and it is possible that the effects of vitamin D on insulin and glucose metabolism
are mediated by metabolically related minerals. Vitamin D is principally responsible for
calcium and phosphorus homeostasis and may play a role in magnesium absorption.
Accumulating evidence suggests that calcium and magnesium may exert independent and
interactive effects on insulin secretion, insulin resistance, and type 2 diabetes, although the
extent of influence and interaction with vitamin D is uncertain.

This chapter will review and summarize the physiology and metabolism of vitamin D in
the body and consider potential interactions with calcium, magnesium, and other minerals.
Animal and epidemiologic evidence linking low vitamin D status to insulin secretion, insulin
resistance, and type 2 diabetes will also be assessed. We will also explore potential biological
mechanisms and future research directions with a special emphasis on genetic polymorphisms
of the vitamin D receptors (VDR) and magnesium and calcium homeostasis related pathways.

I11. A Brief Overview of the Vitamin D
Endocrine System

A. Overview

Vitamin D consists of a group of fat-soluble steroid prohormones that are essential for
healthy body functioning. There are two main forms of vitamin D, cholecalciferol (vitamin
D;), and ergocalciferol (vitamin D,). Vitamin D3 can be obtained in small amounts from fatty
fish such as salmon, mackerel, tuna, and cod. In addition, some dairy and cereal products are
fortified with vitamin Dj in the U.S. Yet, the major source of vitamin D in the body is still
synthesized in the skin after direct exposure to sunlight or ultraviolet light whereby 7-
dehydrocholestrol in the plasma membrane of the epidermal cells is converted to
cholecalciferol. The amount of cholecalciferol the skin produces depends on the duration of
exposure, time of day, season, latitude of the location, sunscreen use and skin pigmentation
[2]. Vitamin D, is produced by ultraviolet irradiation of plant sterols and is added to some
foods. After consumption of vitamin D containing food or endogenous production in the
body, vitamin D is further metabolized by the liver and the kidney into the hormonally active
form of the vitamin, 1,25-dihydroxyvitamin D (25(OH),D). (Hereinafter, vitamin D refers to
both cholecalciferol [vitamin Ds] and ergocalciferol [vitamin D;] unless otherwise specified).
The first step in vitamin D metabolism is transport to the liver where it is hydroxylated into
25-hydroxyvitamin D (25(OH)D) and released into the blood stream. If there are adequate
stores of 25(OH)D circulating in the bloodstream, it is then converted into the vitamin D
hormone 1,25-dihydroxyvitamin D (1,25 (OH),D), or calcitriol, in the kidney. The production
of 1,25 (OH),D in the kidney is homeostatically regulated through a negative feedback loop
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controlled by parathyroid hormone (PTH). When serum calcium (Ca”") levels drop, PTH is
secreted from the parathyroid gland and directly stimulates 1,25 (OH),D production in the
kidney to increase Ca®>" absorption and ensure the maintenance of calcium homeostasis.

Conversely, 1,25 (OH),D synthesis is suppressed in states of hypercalcemia due to low

secretion of PTH (Figure 1)[3].
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Figure 1. Vitamin D Endocrine System.
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1,25 (OH),D is a potent steroid hormone with strong regulatory effects
homeostasis, and it is considered the active metabolite of vitamin D in the body. 1,25 (OH),D
binds to vitamin D receptors (VDR) which can be found in more than thirty cell types

on calcium

throughout the body, including intestinal cells, muscle cells, osteoblasts, parathyroid cells,
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epidermal cells, vascular endothelial cells, neurons, immune cells, and pancreatic B-cells [4].
VDR acts as a transcription factor to regulate the rate of gene transcription in many cell types
throughout the body, exerting effects on calcium homeostasis, cell proliferation and
differentiation, immune function, and various endocrine functions including insulin resistance

[5].

B. Interaction with Calcium and Phosphorous

The major physiologic functions of vitamin D in the body include the regulation of
calcium and phosphorous homeostasis in the blood and the promotion of bone mineralization
and growth. Target organs of the system include the intestine, bone, and kidney[6].
Homeostatic control of extracellular calcium (Ca”") is essential for numerous cellular and
tissue functions, and a feedback system involving vitamin D controls the balance of intra- and
extracellular calcium[7]. Levels of extracellular Ca** must be maintained within the range of
7 mgCa/100 ml to 12 mg/100 ml for optimal physiological functioning[8]. When Ca**
concentrations fall below the optimal level, 1,25 (OH),D acts to increase Ca>" through
increasing the absorption of calcium from the gastrointestinal tract and reabsorption of
calcium into the kidney. 1,25 (OH),D binds to nuclear receptors in the intestinal cells which
stimulate the synthesis of messenger RNA molecules that code for calcium binding protein
(CaBP), a protein responsible for transporting calcium into the bloodstream. Synthesis of
CaBP is dependent on the presence of 1,25 (OH),D in the blood. Therefore, if circulating
serum vitamin D falls below the optimal level (80 nmol/L; 32 ng/dL)[9-12], dietary calcium
absorption is impaired and stores of calcium from the bones must be mobilized to maintain
normal functioning of the neuromuscular system.

Phosphorous is an essential mineral required by the body for bone and teeth
mineralization, ATP production, utilization of macronutrients for growth, and cell and tissue
repair[13]. Excessive serum phosphate can inhibit the production of 1,25 (OH),D in the
kidneys, reduce extracellular Ca>* concentrations, and increase the production of parathyroid
hormone (PTH)[14], which may lead to secondary hyperparathyroidism, a condition
associated with osteoporosis and bone degradation. 1,25 (OH),D acts to maintains normal
phosphorous levels in the blood through a mechanism similar to the control of extracellular
Ca®'. 1,25 (OH),D increases absorption of dietary phosphorus in the gut, reabsorption in the
kidney, and mobilization of phosphate from the bone through stimulation of osteoclastic
activity[5].

C. Interaction with Calciotropic Hormones

Calcium homeostasis is principally mediated by the actions of the calciotropic hormones
including 1,25 (OH),D, PTH, and calcitonin. 1,25 (OH),D interacts with PTH and calcitonin
to exert direct and indirect effects on hundreds of physiological processes. PTH, released in
response to low extracellular levels of calcium (Ca®"), is an important endocrine regulator of
calcium homeostasis and stimulates the production of 1,25 (OH),D in the kidney. A negative
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feedback loop exists between calcium, PTH, and 1,25 (OH),D that ensures that extracellular
calcium levels (Ca*") are maintained within the narrow limits required for cellular function.
PTH works to maintain Ca®" levels through several mechanisms including the stimulation of
the production of 1,25 (OH),;D in the kidney and subsequent absorption of calcium in the
small intestine, the mobilization of calcium from the bone, and suppression of calcium loss in
urine [15]. Calcitonin, a calciotropic hormone produced primarily in the C cells of the thyroid
gland, is also involved in the endocrine control of calcium. Calcitonin exerts effects on the
bone and kidney to decrease elevated extracellular Ca®* levels in the blood and maintain
calcium balance in the body [16].

Calcium homeostasis is essential for numerous physiological functions including proper
functioning of the neuromuscular system, secretion of hormones and enzymes, blood clotting,
and the mineralization of bone and teeth. Given the close metabolic interconnections of the
hormones involved in the homeostatic control of calcium, it is imperative to consider the joint
and interactive effects when discussing the physiological effects of vitamin D.

D. Interaction with Magnesium

Vitamin D may also play an important role in magnesium absorption[17], although the
extent of influence is not completely understood. Magnesium, an essential intracellular cation
that acts as a co-factor in hundreds of enzymatic reactions in the body, has been shown to
interact with calciotropic hormones and is highly involved in calcium homeostasis [18]. Just
as PTH is secreted in response to low extracellular concentrations of Ca**, PTH is released in
response to low extracellular concentrations of Mg [19]. PTH stimulates Mg reabsorption in
the Loop of Henle and the distal tubule [20, 21], releases Mg from the bone [18], and
increases intestinal absorption[22, 23]. In addition, PTH leads to increased production of 1,25
(OH),D in the kidney which may mediate this process further enhancing Mg absorption in the
intestine (Figure 2) [24, 25].

I11. Vitamin D Status

Serum levels of 25(OH)D are currently the best marker of vitamin D bioavailability in
humans and are used to measure vitamin D status [26]. There is currently no clear consensus
among researchers as to what constitutes a deficiency in vitamin D. One proposed
categorization includes deficiency (0-25 nmol/l; 0-10ng/ml), insufficiency (<25-50.0 nmol/I;
<10-20ng/ml), hypovitaminosis D (<50-100 nmol/l; <20-40 ng/ml), adequacy (70-100 to 250
nmol/l; 28-40 to 100 ng/ml), and toxicity (>250 nmol/l; >100 ng/ml) [27]. Recent work in the
field suggests that higher levels of vitamin D may have beneficial effects on a number of
adverse health outcomes. It has been suggested that the optimal physiologic level of serum
vitamin D for calcium absorption, PTH concentration, and a number of other health outcomes
including bone health, lower-extremity function, dental health, and colorectal cancer
prevention falls between 75 nmol/L (30 ng/mL) to 100 nmol/L (40 ng/dL)[9-12, 28, 29].
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Hormones.

Low vitamin D status is an increasingly recognized problem worldwide, and recently it
has been identified as an “epidemic” in the United States. [11]. A number of factors,
including limited sun exposure, dark skin pigmentation, lack of dietary vitamin D, and
obesity have been identified as risk factors for low vitamin D status. High risk groups for low
vitamin D status include the elderly, especially those living in nursing homes [30]; the obese
[31, 32]; and dark skinned individuals who do not produce adequate amounts of
cholecalciferol from sunlight exposure due to high skin pigmentation [2, 33, 34]. However,
increasing evidence suggests low vitamin D status is also common among apparently healthy
populations, especially in the winter time. One cross-sectional study assessing serum vitamin
D levels in Boston found a 36% prevalence of vitamin D insufficiency among healthy young
adults aged 18-29 (n=69) at the end of winter [35].

A. Vitamin D Status and the Elderly

Low vitamin D status among the elderly is a well-documented problem and may lead to
decreased bone and muscle strength and the increased incidence of bone fractures due to
impaired calcium absorption [30]. Several serological studies have found a high prevalence
of vitamin D deficiency among older populations [36, 37]. This may be partially explained by
a decrease in the concentration of important vitamin D precursors, including 7-
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dehydrocholesterol and previtamin Dj, in the skin of older individuals. A reduction in these
vitamin D precursors can potentially result in the decreased production of vitamin Ds.
McLaughlin et al.[38] found a strong negative association (r = -0.89) between age and levels
of 7-dehydrocholesterol in the skin independent of the total mass of the epidermis.
Furthermore, the production of previtamin Ds in the epidermis and dermis was more than two
times greater among 8-year-olds (442 ng/cm® preD-3) than among 82-year-olds (183 ng/cm?
preD-3) after exposure to ultraviolet radiation. These findings suggest that aging affects the
ability of skin to produce the necessary precursors for vitamin D synthesis, making elderly
individuals more susceptible to low vitamin D status. The elderly may also increase their risk
of vitamin D deficiency by staying indoors longer or consuming a diet poor in vitamin D[2].

B. Vitamin D Status and Obesity

Overweight and obese individuals are also at high-risk for low vitamin D status.
Although this association is not completely understood, one possible explanation is that
overweight individuals have inadequate exposure to UV radiation in sunlight due to clothing
choices or limited mobility[39]. Alternatively, it is possible that increased production of 1,25
(OH),D in obese individuals exerts negative feedback on hepatic synthesis of 25(OH)D[40].

It has also been suggested that vitamin D may accumulate in excess adipose tissue in
obese individuals resulting in reduced bioavailability of the vitamin in the bloodstream, and
several recent reports indicate that total adiposity may be an important predictor of low
vitamin D status. In a study of the cutaneous synthesis of vitamin Ds in response to UV-B
irradiation (n=13 controls, BMI: 22.2+0.04; n=13 obese participants, BMI: 38 £+ 1.7), basal
concentrations of 7-dehydrocholesterol and vitamin D; were not significantly different
between obese and control participants. However, 24 hours after exposure to whole body
irradiation (wavelength 260-330 nm), the increase in circulating vitamin D3 concentrations
was significantly less in obese participants than in controls (Difference between basal and
post-irradiation vitamin D3 concentrations: Controls: 38.3 + 5.5 nmol/L vs obese participants:
17.4 £ 3.6 nmol/L; p=0.0029)[41]. These findings support the hypothesis that vitamin D
synthesized by the skin is not readily available in the bloodstream in obese individuals,
perhaps due to excessive storage in body fat. In addition, total body fat percentage measured
with dual-energy x-ray absorptiometry (DXA) was negatively associated with circulating
levels of 25(OH)D (r= -0.13, p=.013) in a cross-sectional study of healthy women (n=410,
aged 20-80 years old, BMI ranging from 17-30 kg/m?) after controlling for race, age, season,
and dietary vitamin D intake [42]. More recently, DXA total body fat percentage was
negatively associated with 25(OH)D levels in a sample of men and women (n=453) aged 65
years and older (r= -0.261, p< 0.001). The association was attenuated with the use of
anthropometric measures (i.e BMI, waist circumference, waist-to-hip ratio) indicating that fat
mass, not total body weight, is the most important factor driving the inverse relation between
obesity and circulating 25(OH)D concentrations [43].

However, it is also possible that obesity is the consequence of low vitamin D status.
Excess parathyroid hormone (PTH), released in response to low circulating 25(OH)D
concentrations, stimulates the production of 1,25 (OH),D in the kidney to increase



134 Sara Chacko and Simin Liu

extracellular calcium (Ca?") concentrations and maintain calcium homeostasis. However,
excess 1,25 (OH),D also stimulates the influx of extracellular Ca*" into the adipocytes, and
thus may enhance lipogenesis and weight gain [44, 45]. Several studies have reported an
inverse relation between calcium levels and obesity [46-49].

Irrespective of the underlying biological mechanism, cross-sectional studies of obese
individuals consistently show decreased serum vitamin D levels in overweight and obese
individuals [31, 32, 39, 43, 50-53]. A small cross-sectional study (n=13 obese white
participants; n=13 nonobese white participants) showed that serum 25(OH)D levels were
significantly lower in obese white subjects than non obese subjects (Mean 25(OH)D levels in
obese 11 £ 1 ng/ml vs. Nonobese: 16 £ 2 ng/ml; p< 0.05) [32]. Among morbidly obese
females (n=60) tested for vitamin D deficiency, 62% were found to be below the “normal”
range (defined as 16-74 ng/ml). In addition, serum vitamin D levels were negatively
correlated to BMI (r=-0.49; p<0.001) [31]. Among middle-aged Caucasian subjects from the
1958 British birth cohort (n=1,798), serum 25(OH)D levels decreased with increasing BMI
(25(OH)D <75 nmol/l among 80% of obese participants vs 68% of nonobese subjects; p for
trend < 0.001)[54]. Results from the Third National Health and Nutrition Examination
Survey (NHANES 111, 1988-1994) were consistent with these findings. After controlling for
multiple risk factors, the odds of abdominal obesity increased linearly across decreasing
quintiles of serum concentrations of 25(OH)D [25(OH)D >96.4 nmol/l: OR= 0.30
(0.21,0.42); 78.2-96.3 nmol/l: OR=0.55 (0.41, 0.72); 63.5-78.1 nmol/L: OR=0.65 (0.52,0.81);
48.5-63.4 nmol/l: OR=0.78 (0.61,0.98); p for trend < .0001) [53]. Furthermore, among
10,066 women aged >45 years in the Women’s Health Study, means of waist circumference
and BMI increased significantly across decreasing quintiles of total vitamin D intake [Waist
circumference: Highest quintile of vitamin D intake (511-2369 IU/day): 39.7 inches; Lowest
quintile (6.0-159 1U/day): 43.5 inches, p for trend = 0.0004; BMI: Highest quintile: 14.4
kg/m*; Lowest quintile: 20.2 kg/m?, p for trend < 0.0001][55].

C. Vitamin D Status and Ethnicity

Ethnic, cultural, and geographic factors such as skin color, dress, diet, and latitude
influence vitamin D status, and substantial variation in vitamin D status is observed across
ethnic groups and countries. Ethnic groups with dark skin pigmentation, especially African
Americans, are at increased risk for low vitamin D status due to high levels of melanin in the
skin. Research suggests that melanin in the skin competes with 7-dehydrocholesterol (7-
DHC) for UVB rays, thereby limiting the synthesis of vitamin D-3 in individuals with dark
skin [56]. Observational studies assessing vitamin D status in humans show that African-
Americans have lower circulating levels of 25(OH)D and are more likely to be vitamin D
deficient that other ethnic groups [33, 50, 56-58]. Mean levels of 25(OH)D were found to be
lower in African Americans than in Caucasians in a clinical intervention study (n=26)
assessing the vitamin D endocrine system [6+1 vs 20£2 ng/ml, p<0.001][57]. Likewise, in a
cross-sectional study of 379 obese African American and Caucasian adults, 43% of African
Americans had 25(OH)D levels < 37.5 nmol/L as compared with 11.7% of the Caucasians.
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[50]. Furthermore, results from NHANES III (1988-1994) suggest that almost 50% of African
American women of reproductive age in the United States have 25(OH)D levels < 37.5
nmol/L, indicating high levels of vitamin D deficiency [33].

Low vitamin D status is also common in many Asian countries and the Middle East [59].
In a cross-sectional survey of adolescent girls in Beijing (n=1,277),[60] more than 40% of
girls had 25(OH)D concentrations of <12.5 nmol/L. The latitude of Beijing and the lack of
sunlight in the winter may partially explain this high prevalence of low vitamin D status.
Similarly, low serum concentrations of vitamin D were reported in a young adult population
of Japanese women[61], with 42.1% of the population having serum 25(OH)D concentrations
< 30 nmol/L. Low vitamin D status is prevalent among Indian populations as well. In a study
of postmenopausal women living in south India (n=164) [62], varying degrees of low vitamin
D status were reported in approximately 82% of the women. Likewise, in a population of
pregnant women in northern India (n=207) [63], 43% of the population had serum 25(OH)D
concentrations <10 ng/ml, and 67% had concentrations <15 ng/ml. Middle Eastern
populations such as the Lebanese[64], Turkish[65, 66], Jordanians[67], Iranians[68], and
Saudi Arabians[69] also exhibit low vitamin D status. Prevailing patterns of dress among
Muslims may explain the high prevalence of low vitamin D status in India and the Middle
East where many women wear the traditional veil covering most of the body. Cross-sectional
studies [64, 65, 67] suggest a higher prevalence of low vitamin D status among veiled
females when compared with non-veiled females and males, indicating that culture and dress
may be an important predictor of vitamin D status.

D. Health Effects of Low Vitamin D Status

Severe vitamin D deficiency was first defined as a serious health problem in Europe and
North America during the late 19" and early 20™ century when infants began developing
rickets, a disease characterized by weakening of the bones and muscles, due to lack of
sunlight exposure[3]. This disorder is now rare in the United States, although it can be found
in developing countries and among some high-risk groups. Milder forms of low vitamin D
status, however, are now endemic across all areas of the world and are related to an
increasing number of illnesses and disorders, including cardiovascular disease, hypertension,
inflammatory and autoimmune diseases, and type 2 diabetes [4].

Vitamin D is essential for the absorption of calcium and phosphorous in the body, and
inadequate levels of vitamin D can result in impaired intestinal absorption of calcium and
phosphorous leading to decreased bone mineral density, bone fragility, and bone loss [70].
This increases the risk of bone fractures and falls, especially in the elderly [30]. In addition,
low levels of calcium in the blood can lead to secondary hyperparathyroidism, the
overproduction of parathyroid hormone in the body, further worsening deleterious effects on
the bone.

Given that vitamin D may play a role in the intestinal absorption of magnesium, it is
possible that low vitamin D status may also lead to number of health effects mediated by the
effects of low intracellular Mg concentrations [(Mg?");]. Previous reports indicate that (Mg?");
levels are frequently low in diabetic and hypertensive patients[71-74], and it is possible that
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(Mg*"); plays an important role in insulin-mediated glucose uptake and vascular tone. In
addition, dietary magnesium intake is associated with a number of health conditions
including cardiovascular disease[75], stroke[76], hypertension[77], and type 2 diabetes|[74,
78], suggesting that magnesium exerts a range of health effects that could potentially be
associated with low vitamin D status and impaired Mg absorption.

In recent years, research attention has shifted toward the investigation of the role of
vitamin D in the pathogenesis of chronic diseases, including type 2 diabetes. An
accumulating body of research suggests that the role of vitamin D in the human body extends
far beyond calcium absorption and bone mineralization, although the interactions with
calcium, magnesium, and other minerals remain an essential part of inquiry in this area. The
identification of VDR in numerous tissues throughout the body has generated much research
interest in a wide range of potential health effects of vitamin D. Increasing evidence indicates
that vitamin D influences the immune system and response to infections, the development of
inflammatory and autoimmune diseases, and chronic diseases such as cancer, cardiovascular
disease, and diabetes mellitus. It has even been suggested that fluctuating vitamin D levels
are responsible for the seasonality of epidemic flu [79]. The evidence for these relationships
has been reviewed extensively elsewhere [4, 11, 70]. Hereinafter, we will focus our
discussion on the role of vitamin D in the development of type 2 diabetes, the animal and
epidemiologic evidence examining this association, and potential biological mechanisms
including possible interactions with calcium, magnesium, and other minerals.

IV. Vitamin D and Type 2 Diabetes
A. Animal Evidence

The discovery of VDR in the pancreatic B-cells in chicks over 25 years ago provided
evidence that vitamin D may affect insulin secretion [80, 81]. This finding, combined with
the identification of vitamin D-dependent calcium-binding protein (CaBP) in the pancreas of
several other animals [82-84] prompted a host of depletion and repletion studies of vitamin D
in animals that consistently demonstrate the importance of vitamin D in the pancreatic
secretion of insulin.

Vitamin D repletion significantly improved insulin secretion in an in vitro study of
isolated perfused pancreases from vitamin D-deficient rats [85]. Over a 30 minute period of
glucose and arginine perfusion, insulin secretion was reduced by 48% in those pancreases not
replenished with vitamin D. Kadowaki and Norman [86] reported similar effects in a series of
in vitro experiments in isolated perfused rat pancreases controlling for the effects of caloric
intake and serum calcium levels. In the first experiment, vitamin D deficient (-D) and vitamin
D sufficient (+D) rats were pair-fed, receiving identical quantities of food, to assure equal
caloric intake. After treatment with arginine-glucose, the +D rats exhibited significantly
higher insulin secretion than the —D rats, suggesting that vitamin D status, not caloric intake,
was responsible for the insulin response. The second experiment investigated the effects of
varying calcium levels on the insulin response. Results indicated that serum calcium levels
did not influence arginine-glucose-induced insulin secretion in rats [86].
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In vivo studies have reported comparable findings regarding the effects of vitamin D on
insulin secretion. Vitamin D deficient rats injected with 1,25 (OH),D exhibited over an 100%
increase in peripheral blood levels of insulin (17 microunits/ml increase) as compared with
the control group[87]. Similarly, among live +D rats and -D rats, glucose-mediated insulin
secretion and glucose tolerance declined significantly in the -D rats as compared with the +D
rats after a glucose load. Additionally, repletion with vitamin D recovered insulin function
and improved glucose tolerance in the —D rats [88]. Findings from an intervention study of
the effects of vitamin D-deficiency on insulin secretion and glucose tolerance in rabbits were
consistent. Rabbits on a vitamin D-deficient diet exhibited a significant reduction in insulin
secretion and glucose tolerance after only 2 months on the diet. Furthermore, repletion with
an injection of vitamin D restored normal insulin function [89].

It has been suggested that reductions in insulin secretion observed in —D rats can be
explained, at least partially, by the difference in caloric intake between the —D and +D rats. In
a study assessing the effects of decreased food intake and vitamin D-deficiency on impaired
glucose secretion in rats, Chertow et al. [90] observed an association between vitamin D-
deficiency and inhibition of insulin release, but only in the rats were not pair-fed. When +D
and —D rats were pair fed, there was no significant difference in insulin secretion. This study
suggests that total caloric intake, not vitamin D deficiency, is responsible for impaired insulin
secretion. However, subsequent studies explored this possibility with similar methods and
concluded that the effect of caloric intake on insulin secretion was secondary to the effect of
vitamin D status [86]. Overall, the totality of the evidence supports the role of vitamin D in
pancreatic insulin secretion.

Little is known about the direct effects of vitamin D on insulin resistance in animals, and
scant animal research has investigated this topic. In several in vitro studies of rat adipocytes,
pre-treatment with 100 nM 1,25 (OH),D suppressed insulin-induced glucose uptake via
activation of the PKCP pathway[91, 92]. These findings suggest that excess calcitriol in
insulin-responsive cells can lead to hyperglycemia and insulin resistance. Elevated levels of
1,25 (OH),D are generally the result of low circulating 25(OH)D levels and impaired calcium
absorption, and excess 1,25 (OH),D has been shown to stimulate the influx of intracellular
free calcium [Ca’'] into adipocytes, leading to weight gain, insulin resistance, and the
development of type 2 diabetes in humans[44].

B. Evidence from Studies in Humans

In addition to animal studies, numerous clinical and epidemiologic studies have
investigated the association of serum and dietary vitamin D with insulin secretion, impaired
glucose tolerance, insulin resistance and type 2 diabetes in humans.

Cross-Sectional Evidence

A number of cross-sectional studies have reported inverse associations between vitamin
D and risk factors for type 2 diabetes, including decreased insulin secretion, glucose
intolerance, insulin resistance, as well as established type 2 diabetes (Table 1).



Table 1.

Cross-sectional studies of Vitamin D and Type 2 Diabetes

Reference

Study Population

Outcome

Outcome Measurement

Results

Scragg et al. 1995

5,677 men and women aged
40-64 yrs:
New Zealand

IGT
Type 2 Diabetes

Fasting & 2-hr plasma glucose/
Serum insulin level
T2D

Inverse association btw 25(OH)D and T2D/IGT
[Mean (SD) of cases vs controls: 69(31) vs 76(34)
nmol/l; p=.001]

subjects (Mean age 26):
California

B-cell function
Insulin Sensitivity

1* and 2™ phase insulin response
(Hyperglycemic clamp)

Baynes et al. 1997 | 142 elderly Dutchmen aged IGT Fasting and 2-hr plasma glucose Inverse association btw 25(OH)D and insulin secretion
70-88: Seven Countries Study | Type 2 Diabetes & glucose [Insulin concentration AUC: r=-0.23,
p<0.05; Glucose AUC: r=-0.23, p<0.01]
Isaia et al. 2001 799 postmenopausal white Type 2 Diabetes Self-report of T2D Inverse association btw 25(OH)D and T2D (Mean (SD)
women: Italy of cases vs controls (11(9.8) vs 9(11.3) ng/ml, p<0.01)
Chiu et al. 2004 126 healthy glucose-tolerant IGT Fasting & 2-hr plasma glucose / Inverse association btw 25(OH)D and fasting glucose

[OGTTZ BlZOmin: -0.52];
Positive association btw 25(OH)D and insulin
sensitivity (r=0.46, p<.0001)

Scragg et al. 2004

6,228 adults aged >20yrs:
NHANES III

IGT
Type 2 Diabetes

T2D: Fasting and 2 hr plasma
glucose

Inverse association btw 25(OH)D & IR: Whites [Broc
noma R (SE) =-0.009 (0.004); p=0.058]; Mex Amer
[BLoc Homa r (SE) =-0.016 (0.005); =.0024]

Ford et al. 2005

8,421 adults aged >20yrs:
NHANES 111

Metabolic Syndrome

NCERP criteria

Inverse association btw 25(OH)D and hyperglycemia
[Highest quartile of 25(OH)D: OR=.44 (0.29, 0.68)]

polycystic ovarian syndrome
(Mean age: 28):
Germany

Insulin Sensitivity

and insulin

Need et al. 2005 753 postmenopausal white IGT Fasting plasma glucose Inverse association btw 25(OH)D and fasting glucose
women (r=-0.15, p<0.01)

Hyponnen and 7,189 Caucasians aged 45 IGT HbAI1C (%) Inverse association btw 25(OH)D and A1C [25(OH)D

Power 2006 years: >75 nmol/l: HbA1C = 5.12%; 25(OH)D <25 nmol/I:
British birth Cohort HbA1C = 5.37%; p for trend <0.0001)

Hahn et al. 2006 120 female patients with IGT Fasting & 2-hr plasma glucose Inverse association btw 25(OH)D and insulin resistance

(r=-0.19, p=0.03) and hyperinsulinemia (r=-0.19,
p=0.04)

IGT= Impaired glucose tolerance; OGTT= Oral glucose tolerance test; IR= Insulin resistance.




Table 2. Prospective cohort studies of Vitamin D and Type 2 Diabetes

Reference Study Population Outcome Outcome Measurement Results

Liu et al. 2005 10,066 female health | Type 2 Diabetes Self-report Inverse association btw total and dietary vitamin D and metabolic
professionals ~ >45 syndrome [Highest total quartile: OR=0.89 (0.72-1.09); Highest
years: Women’s dietary quartile: OR=0.85 (0.70-1.02)] ; No association after
Health Study controlling for dietary Ca

Pittas et al. 2006 83,779 female nurses | Type 2 Diabetes Self-report Inverse association btw total vitamin D and risk of T2DM [Highest

aged 30-55 years:
Nurses Health Study

total quartile: OR=0.77 (0.63-0.94); Highest dietary quartile:
OR=0.81 (0.64-1.01)]; No association after controlling for Mg and
Ca




Table 3. Clinical Intervention studies of Vitamin D and Type 2 Diabetes

Reference Study Population Treatment Follow-up Outcome Results
Gedik et al. 1986 4 severe vitamin D- 2,000 IU vitamin D3/d 6 months Insulin Secretion Improved insulin secretion after treatment [Insulin
deficient females AUC (mu/min) Pre-treat: 9.09 £ .07 Post-treat:13.6
10 healthy controls +0.5; P<0.05]
Orwoll et al. 1994 | 35 established type 2 1 ug/d calcitriol for 4 days | 1 month IGT No improvement in insulin secretion or glucose among
diabetics Insulin Secretion established diabetics;
Improvement in diabetics [Change in insulin AUC: <3
yrs: 337 £301 pmol/L vs. >6yrs: 0.7+93 pmol/L]
Boucher et al. 44 “at risk” (IGT) cases | Single bolus injection of 12 weeks IGT Improved insulin secretion in IGT group [Specific
1995 and 15 “low” controls 100,000 IU vitamin D3 Type 2 Diabetes insulin (mIU/1): Pre-treat: 36.84+24.4; Post-treat:
96.2+82.4; p<0.01]
Abnormal glucose tolerance unchanged
Fliser et al. 1997 18 healthy males 1.5 ug/d calcitriol 7 days Fasting plasma No significant change in mean glucose or insulin
(mean age 26+3yrs) glucose
Borissova et al. 10 postmenopausal 1332 U vitamin D 1 month Insulin Secretion Baseline FPIS: 34.7+£12.9 mU/1 vs. Post-treat FPIS:
2003 females with T2DM IGT 46.6£16.1 mU/l; p<0.05
17 matched controls
Pittas 2007 314 adults aged 65 Combined vitamin D and | 3 years IGT Increases in FPG & IR smaller in treated than placebo

years and over

Ca (700IU vitamin D3 &
500mg Ca)

Insulin resistance

group [Increases: Treatment FPG: 0.02 + 0.09 nmol/L
vs. Placebo FPG: 0.34 + 0.11 nmol/L; Treatment IR:
0.05+ 0.19; Placebo: 0.91 + 0.31, p=0.031).

IGT= Impaired glucose tolerance; IR= Insulin resistance; Insulin AUC= Insulin area under the curve; FPG= Fasting plasma glucose.
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With regard to insulin secretion and glucose metabolism, 25(OH)D concentrations were
inversely associated with insulin secretion and OGTT glucose concentrations (Insulin
concentration AUC: r= -0.23, p<0.05; Glucose AUC: r=-0.23, p<0.01) among elderly
Dutchmen (n=142) aged 70-88 years[93]. Similarly, Need et al[94] reported an inverse
association between serum 25(OH)D levels and fasting glucose (r=-0.150, p<0.001) among
postmenopausal white women (n=753; aged 34-94 years). Among 8,421 men and
nonpregnant women >20 years who had fasted >8 hours (NHANES 111, 1988-1994), a test for
a linear trend indicated increasing risk for hyperglycemia across decreasing quintiles of
vitamin D intake [25(OH)D > 96.4 nmol/l: OR of hyperglycemia = 0.44 (0.29,0.68);
25(0OH)D: 48.5-63.4 nmol/l: OR of hyperglycemia = 0.92 (0.69, 1.23) p<.001][53]. In this
same population, Vitamin D status was inversely associated with fasting and 2-hr glucose in
non-Hispanic whites [25(OH)D: > 80.0 nmol/l: Fasting glucose OR= 0.25 (0.11,0.60); 2-hr
glucose OR=0.25 (0.11, 0.60)] and Mexican Americans [25(OH)D: > 80.0 nmol/l: Fasting
glucose OR= 0.17 (0.08, 0.37); 2-hr glucose OR= 0.45(0.15, 1.38)], but not in non-Hispanic
blacks[58]. The lack of inverse association among non-Hispanic blacks may possibly be
explained by the small numbers of African Americans within the highest quartile of serum
vitamin D, although it has been suggested that African Americans metabolize vitamin D and
other related hormones differently that other ethnic groups[57].

Long term measures of glucose metabolism (i.e. HbA1C) were also associated with
vitamin D status. In the 1958 British birth cohort (n=7,189), as 25(OH)D levels decreased,
HbAIC levels increased [25(OH)D >75 nmol/l: HbA1C = 5.12%; 25(OH)D <25 nmol/l:
HbAIC = 5.37%; p for trend <0.0001)[54]. The effect was strongest for 25(OH)D
concentrations <65 nmol/L, suggesting an interaction between 25(OH)D and glucose levels.
In addition, adjustment for BMI and waist circumference weakened the negative association
between 25(OH)D and HbA1C [Unadjusted percentage change in A1C per 10-unit increase
in 25(OH)D: -0.49 (-0.58, -0.40); vs Adjusted for BMI and A1C: -0.16 (-0.22, -0.10),
indicating that BMI may mediate the relation between 25(OH)D concentration and glucose
metabolism.

Inverse associations between 25(OH)D concentrations and insulin resistance have also
been reported. Among healthy, glucose-tolerant subjects living in California (n=126),
25(OH)D concentrations were positively associated with insulin sensitivity (r=0.4600,
p<.0001), first-phase insulin response (r=-0.2513, p=.0045), and second-phase insulin
response (r=-0.3487, p=0.0001) measured with the hyperglycemic clamp. No association was
reported between 25(OH)D concentration and B-cell function. However, the significant
inverse association between 25(OH)D levels and fasting glucose concentrations [Regression
coefficients: Bfasting: -0.114; B30min: -0.092; B()Omin: -0698, B90min: -0.605; BlZOmin: -052]
indicates that low 25(OH)D levels do exert effects on p-cell function. If B-cell function was
optimal, then glucose concentrations would be expected to remain normal even with low
circulating 25(OH)D. Among the NHANES III population[58], insulin resistance was
inversely associated with vitamin D levels among non-Hispanic whites [Brog noma i (SE) = -
0.009 (0.004); p=0.058] and Mexican Americans [Broc moma R (SE) = -0.016 (0.005);
p=0.0024]. Consistent with these findings, 25(OH)D was inversely associated with insulin
resistance among German women with polycystic ovarian syndrome (PCOS)[52].
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In addition to risk factors for type 2 diabetes, cross-sectional studies suggest an
association between low 25(OH)D concentrations and prevalent type 2 diabetes. Scragg et
al[95] assessed serum 25(OH)D levels among workforce members aged 40-64 years in New
Zealand (n=5,677). After adjustment for potential confounders, serum 25(OH)D levels were
significantly lower in both newly diagnosed diabetics and impaired glucose tolerant cases
when compared with controls matched on sex, age, ethnicity, and date of interview [Mean
(SD): 69 (31) vs 76 (34) nmol/l; p=0.0016). Adjusted odds ratios associated with serum
25(OH)D levels showed a decreased risk of type 2 diabetes among the middle [OR=.57 (0.32,
1.02), p=0.059] and highest [OR=.36, (0.19,0.71), p=0.003) tertiles of 25(OH)D
concentrations when compared with the lowest. Similarly, among 799 postmenopausal Italian
women (n=66 diabetics)[96], mean levels of serum 25(OH)D were significantly lower in
diabetic patients than in controls (Means of 25(OH)D + SD: 11 + 9.8 vs. 9 £ 11.3 ng/ml,
p<0.008) and the prevalence of vitamin D-deficiency was higher among this group
(Diabetics: 39% vs. Controls: 25%).

Prospective Cohort Evidence
Several prospective cohort studies have investigated the long-term effects of vitamin D

on insulin secretion, glucose metabolism, insulin resistance, and incident type 2 diabetes
(Table 2). Liu et al[55] reported an inverse association between total and dietary vitamin D
and the metabolic syndrome over an average of 8.8 years of follow-up in the Women’s
Health Study (n=10,066) [Highest total vitamin D quartile: OR=0.89 (0.72,1.09); Highest
dietary vitamin D quartile: OR=0.85 (0.70,1.02)]. After controlling for calcium however, the
association between total and dietary vitamin D and metabolic syndrome disappeared,
suggesting calcium as a potential mediator of this relation. Similarly, total and dietary
vitamin D intake were inversely associated with risk of type 2 diabetes over a 20-year follow
up period in the Nurses Health Study[97] (n=83,779) [Highest total quartile: OR=0.77 (0.63,
0.94); Highest dietary quartile: OR=0.81 (0.64, 1.01)], but the linear trend was not significant
after controlling for both dietary calcium and magnesium intake, indicating that the effects of
vitamin D may be mediated by these metabolically related micronutrients.

Clinical Intervention Trials

Although the majority of research exploring the role of vitamin D in the pathophysiology
of diabetes thus far has been cross-sectional in nature, several clinical trials have explored the
effects of vitamin D supplementation on type 2 diabetes with varied results (Table 3).

Insulin secretion, but not glucose levels, improved significantly after vitamin D treatment
in several small clinical trials[98-100]. After 6 months of treatment with 2,000 IU vitamin D3
daily (n=4 female patients with severe vitamin D deficiency; n=10 healthy volunteers),
insulin secretion in the vitamin D-deficient group improved significantly [Insulin AUC
(mu/min) Pre-treat: 9.09 + .07 vs. Post-treat:13.6 £0.5; P<0.05], surpassing baseline levels in
the healthy group. Insulinogenic indices followed a similar pattern and rose significantly after
treatment in the vitamin D-deficient group [Pre-treatment: 1.71+0.4 vs. Post-treatment:
2.48+0.3]. Plasma glucose levels remained unchanged after treatment[98]. Consistent
findings were reported in a trial of East London Asians [n=44 subjects “at risk™ for diabetes
(spot blood glucose level > 6.0 mmol/l < 2 hr post cibum, or > 4.6 mmol/l > 2 hr post cibum
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on two separate occasions), n=15 age and sex-matched “low risk” controls]. Eight to twelve
weeks after a single bolus injection of 100,000 IU of vitamin D, insulin secretion, but not
glucose levels improved significantly [Specific insulin (mIU/l): Pre-treatment: 36.8+24.4;
Post-treatment: 96.2+82.4; p<0.01][99]. Similarly, first phase insulin secretion (FPIS)
improved significantly in diabetics (n=10 postmenopausal females with type 2 diabetes, n=17
age- and BMI-matched controls) after treatment with 1332 IU vitamin D daily for 1 month
[Baseline FPIS: 34.7+12.9 mU/l vs. Post-treatment FPIS: 46.6+16.1 mU/l; p<0.05]. In
addition, there was a strong correlation between the change in FPIS and the change in
25(0OH)D levels (1=0.7234, p=0.018), indicating a role of vitamin D in insulin secretion[100].

With regard to insulin resistance, two trials[100, 101] have reported positive effects of
vitamin D supplementation. In the largest double-blinded, randomized controlled trial to date
(n=314 Caucasian adults aged 65 years and over)[101], participants were randomly assigned
to a combined calcium-vitamin D supplement (700 IU vitamin D3, 500 mg CA) or placebo
for 3 years. Among impaired glucose tolerant participants, increases in fasting plasma
glucose and insulin resistance (measured by HOMA-IR) over the study period were
significantly smaller than those increases in the placebo group [Increases: Treatment Fasting
Plasma Glucose (FPG): 0.02 £ 0.09 nmol/L vs. Placebo FPG: 0.34 + 0.11 nmol/L; Treatment
IR: 0.05+ 0.19; Placebo: 0.91 £ 0.31, p=0.031). In a smaller trial of type 2 diabetics[100],
HOMA-IR decreased after one month of treatment with vitamin D [Post-treatment: 7.82+2.31
mU/l.mmol/l vs. Pretreatment: 6.15 mU/l.mmol/l; p>0.8], although the change was not
significant.

However, several clinical trials have observed no effect on insulin secretion, glucose
homeostasis, and insulin resistance[102, 103]. In a randomized, placebo-controlled, crossover
trial of 1,25 dihydroxyvitamin D3 treatment (1 pg/day for 4 days) in established diabetics
(n=35, aged 40-70 years)[102], no effect on fasting insulin or glucose concentrations was
reported. However, those subjects with a shorter duration of diabetes showed greater
improvements in insulin secretion after administration of vitamin D [Change in insulin area
under the curve for diabetics <3 yrs duration: 337 £301 pmol/L vs. 3-6 yrs: 3.6+ 122 pmol/l
vs. >6 yrs: 0.74£93 pmol/l], suggesting that vitamin D does not influence insulin secretion in
established diabetics, but may exert effects earlier in the development of the disease.
Similarly, in a randomized, placebo-controlled study of 1,25 (OH),D; treatment (1.5 ug/ day
for seven days) in healthy white males (n=18)[103], there were no significant changes in
mean glucose, insulin, or insulin sensitivity after treatment [Pre-treatment mean glucose
disposal rate: 7.0+1.4 mgkg'min™. Post-treatment: 7.2+1.4 mgkg'min"). However, mean
PTH levels decreased [Pre-treatment: 2.6+ 0.9 pmol/I"' vs. Post-treatment: 1.7+0.9] and
urinary excretion increased [Pre-treatment: 4.3+1.5 vs. Post-treatment: 6.0+2.2 pmol/l] after
treatment, indicating biological actions of 1,25 (OH),Ds.

Taken together, these studies suggest that vitamin D supplementation may have
beneficial effects on type 2 diabetes. Diverse study populations, vitamin D supplements,
doses, and follow-up periods make comparisons difficult; however, the majority of the
evidence seems to support the advantageous role of vitamin D supplementation in improving
markers of type 2 diabetes, especially when given in larger doses for longer durations of time.
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V. Potential Biological Mechanisms
A. Insulin Secretion

Independent Effects of Vitamin D

Vitamin D is necessary for normal pancreatic secretion of insulin, and animal models
consistently show an improved insulin response to glucose stimulation after treatment with
vitamin D;[85-87]. Reports from studies in humans described earlier in this review support
this model[54, 58, 95, 98-100, 102, 104]. The presence of specific vitamin D receptors on the
pancreatic B-cells and evidence of involvement in gene transcription provides a plausible
biological explanation for this association.

Joint Effects of Vitamin D and Calcium

Several lines of evidence suggest that calcium may be a potential mediator of the relation
between vitamin D and insulin secretion. In an in vitro study of rat pancreatic islets, Kikuchi
et al examined the role of intracellular calcium ([Ca*" ]))stores on insulin release. Control
islets were those with normal [Ca’ ]; levels, and a second set of islets was loaded with [Ca**
]i- Glucose-stimulated first-phase insulin release was 3.5 times greater in the islets loaded
with [Ca?" ];. These findings suggest that calcium may play a role in first phase insulin release
in rats [105]. Similarly, in a study assessing the respective role of vitamin D and calcium on
insulin response, calcium repletion alone normalized glucose tolerance and insulin secretion
in vitamin D-depleted rats [106].

Insulin secretion is dependent on the balance between extracellular and intracellular
calcium levels[107], and evidence that intracellular Ca®" ([Ca*" ];) levels in various cell types
rise with the administration of vitamin D provides additional support for the mediating role of
calcium in insulin secretion[108-110]. It is possible that vitamin D stimulates the entry of
extracellular (Ca®") into the B-cells through voltage dependent Ca®* channels and leads to the
activation of second messenger systems involving protein kinase A and cAMP [111]. A
vitamin D induced influx of [Ca*" ] into the B-cells may potentially affect the balance
between intra- and extracellular calcium levels and affect insulin secretion through a
nongenomic pathway. However, the role of vitamin D and calcium in insulin secretion is still
disputed due to animal models demonstrating the independent role of vitamin D[86, 88, §9]
combined with evidence from clinical intervention studies in humans demonstrating
improved insulin secretion after treatment with vitamin D[98-100]. Based on the totality of
the evidence, it is likely that vitamin D and calcium exert both independent and interactive
effects on insulin secretion. However, further research assessing the independent effects of
each on insulin secretion is essential to further our understanding of the role of vitamin D in
the development of type 2 diabetes.

Joint Effects of Vitamin D and Magnesium

Vitamin D plays a role in the absorption of magnesium, and it is well-established that
magnesium is a key regulator of insulin and glucose metabolism[71, 78]. Clinical and
prospective studies in humans[112, 113] suggest that dietary magnesium may improve insulin
secretion and glucose response. However, the direct effects of magnesium on insulin
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secretion are not completely understood. Magnesium is required for insulin secretion from
the pancreatic B-cells, and a deficiency in magnesium has been shown to lead to impaired
insulin secretion and disturbances in glucose homeostasis in animal models[114, 115]. In
vitro studies[116, 117] suggest that the balance of extra- and intracellular Mg®" in the
pancreatic B-cells may regulate the secretion of insulin. Given that intracellular Mg** is
dependent upon the influx of extracellular Mg®" through the voltage dependent Ca®*
channels, it is possible that extracellular Mg** competitively inhibits this pathway and in turn,
inhibits the secretion of insulin which is dependent on this pathway[117]. Another possible
mechanism through which the balance of intra- and extracellular Mg”" may affect insulin
secretion is the hypothesis that extracellular Mg?* plays a role in ATP-sensitive potassium
channels involved in insulin secretion[116]. However, the role of magnesium in the
pancreatic secretion of insulin is still unclear, and it is possible that the effects of magnesium
on glucose metabolism are mediated via effects on insulin sensitivity[71, 78, 118, 119].

B. Insulin Resistance

Independent Effects of Vitamin D
Vitamin D receptors (VDR) identified on numerous cell types throughout the body,

including insulin responsive tissues such as muscle cells[120], suggest that vitamin D may
affect insulin responsiveness and glucose uptake. Vitamin D may regulate insulin receptor
gene expression at the genomic level by increasing the total insulin receptor number through
an increase in the levels of mRNA of the insulin receptor gene. An increase in insulin
receptors may potentially increase the binding of insulin, stimulating the cascade of
intracellular events leading to the translocation of GLUT-4 transporter to the plasma
membrane and greater influx of glucose into cell[121, 122]. This effect has been
demonstrated in human promonocytic cells, generally considered to be a good in vitro model
to study insulin receptors, and it is possible that this same biological process occurs in other
insulin responsive cells, such as muscle and adipose tissue.

Joint Effects of Vitamin D and Calcium
Vitamin D may also indirectly affect insulin resistance by influencing intracellular free

calcium ([Ca®" ];) levels in insulin responsive target tissues. 1,25 (OH),D stimulates the influx
of calcium into insulin responsive cells such as adipocytes[46] and can lead to elevated [Ca®"
]i levels. An optimal range of [Ca2+ ]i is required for insulin-stimulated glucose transport in
skeletal muscle and adipose tissue[123, 124], and high levels of [Ca*" ]; in adipocytes can
contribute to insulin resistance [125, 126]. It is possible that elevated levels of [Ca" ]; inhibit
the dephosphorylation of the glucose transporter, Glut4, and decrease insulin-stimulated
glucose tranport[127]. Increased [Ca®" ]; may also affect insulin sensitivity via protein kinase
C activation and inactivation of the insulin receptor[128]. Inverse associations between
vitamin D status and insulin resistance observed in several cross-sectional studies[52, 53, 58,
104] support the role of vitamin D in insulin resistance. However, the inverse association was
not independent of calcium intake in the Women’s Health Study[55], suggesting a possible
mediating role of calcium. Results from intervention trials are limited and report inconsistent
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findings[100, 103]. Based on this evidence, it seems reasonable to conclude that vitamin D
and insulin resistance are inversely associated, although the exact causal mechanism, and
whether the association is driven by low vitamin D status or a related mineral such as
calcium, remains to be determined.

Joint Effects of Vitamin D and Magnesium

Intracellular Mg?* concentrations are known to be an important mediator of insulin action
and glucose homeostasis, and depletion of intracellular Mg®* is a well-recognized
characteristic of type 2 diabetes [73, 118, 119]. Insulin has been shown to regulate influx of
Mg”" into the intracellular space [129], and Mg*" also influences the action of insulin.
Decreased intracellular Mg®* concentrations are associated with an impairment in insulin
action and glucose uptake in insulin sensitive tissues such as skeletal muscle tissue[130],
heart muscles[131], and adipocytes[132]. Animal models[133] suggest that a defect in the
tyrosine kinase activity of insulin receptors may be responsible for the decrease in insulin
sensitivity associated with decreased intracellular Mg®* concentrations, a plausible
explanation given the critical role of intracellular Mg** in the Mg-ATP complex and
phosphorylation reactions, including phosphorylation of the insulin receptor [134]. Although
the connection between vitamin D and magnesium is not fully characterized, vitamin D may
possibly influence the balance of intra- and extra-cellular Mg?" in insulin-responsive tissues
through its effects on the absorption of Mg in the small intestine, thereby exerting effects on
insulin resistance via alterations in Mg?* concentrations.

V1. Genetic Variants
A. Vitamin D Receptor (VDR) Polymorphisms

Biological actions of vitamin D are mediated by the vitamin D receptor (VDR), a ligand-
activated member of the steroid/thyroid hormone-receptor superfamily[3]. Vitamin D
influences gene transcription through a series of steps involving high affinity and highly
selective bonds to the VDR. 1,25 (OH), D binds to retinoid X receptor (RXR), forming a
heterodimer which binds to specific DNA sequence elements in the promoter regions of
hormone responsive genes called Vitamin D Response Elements (VDRE)[6]. The VDR gene
is located on chromosome 12cen-q12 and contains 14 exons[135]. Genetic variations in the
VDR may potentially lead to deleterious effects on gene expression, including the
dysregulation of insulin and glucose levels in the body and the development of type 2
diabetes.

Genetic polymorphisms, or common genetic variants that appear in more than 1% of the
population, have been identified on the VDR gene in humans[3]. Examples of
polymorphisms identified in the VDR gene include Tru9l1, Fokl, Taqgl, Bsml, EcoRV, and
Apal[136]. The effects of VDR polymorphisms on type 1 diabetes have been studied
extensively in varied populations, and published findings have been conflicting[137-141].
The b allele of the Bsml polymorphism was associated with susceptibility to Type 1 diabetes
in a population of South Indians (53/84; p=0.016) [139]. Bsml and 4Apal were linked to Type
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1 diabetes in a Taiwanese population [Bsml: BB OR=6.74 (4.54, 8.94); Apal: AA OR=2.46
(1.68,3.24)][141]. No such associations were found in Finnish[138] and Chilean[140]
populations. In a recent meta-analysis of the studies in this area, little evidence was found to
suggest an association between VDR polymorphisms, including Apal, Bsml, Fokl, and Tagq,
and type 1 diabetes[142]. However, it is plausible that there are alternative VDR
polymorphisms other than those well-studied that may play a role in type 1 diabetes.

The role of VDR polymorphisms in insulin secretion, glucose homeostasis, insulin
resistance, and risk of type 2 diabetes has been explored in several studies, and findings have
been inconsistent. In a study of healthy Bangladeshi Asians (n=171)[143], the Apal, Bsml,
and Taql polymorphisms were positively associated with insulin secretion but not insulin
resistance [Insulin secretion Index (ISI): 4Apal: AA genotype = 146.8 (112.8, 191.0); aa =
68.5 (48.9-95.8); Bsml: BB = 120.5(89.0, 163.1); bb = 80.7 (64.6, 100.7); Tagl: TT = 87.5
(72.2, 106.0); tt = 173.3 (102.0, 294.4)]. In the Rancho Bernardo Study[144], a community-
based study of nondiabetic Caucasians (n=1,545), the Apal polymorphism was associated
with the prevalence of glucose intolerance [AA genotype: 30.9%; aa: 39.9%, p for trend
<0.05], and fasting plasma glucose was significantly higher in individuals with the aa
genotype compared to those with the AA genotype (5.43 + 0.56 mmol/L vs. 5.35 + 0.57
mmol/L, p<0.05]. The Bsml polymorphism was associated with insulin resistance, with
higher insulin resistance reported among individuals with the bb genotype [HOMA IR: BB
genotype: 2.8 £ 1.5 vs bb: 3.2 £ 2.2, p<0.05].

With regard to prevalent type 2 diabetes, several studies reported no association with
VDR polymorphisms[144-146]. Specifically, Bsml, Tru9l, and Apal were not associated with
prevalent type 2 diabetes in a population of French Caucasians (n=309 diabetic patients; 143
healthy controls)[145], and the Fokl, Apal, Bsml, and Taql were not associated with type 2
diabetes in a homogenous Polish population (n=308 diabetic patients, 240 healthy
controls)[146]. However, the B allele of the Bsml polymorphism was associated with
increased odds of having prevalent type 2 diabetes [BB genotype: OR=3.64 (1.53, 8.55),
p=0.002] in a population of German patients at high risk for coronary artery disease
(n=293)[147].

Further research is required to unravel the role of VDR polymorphisms in the
development of type 2 diabetes. It is likely that conflicting findings in this area stem from
inadequate power to detect associations, a common problem among genetic association
studies, combined with tight linkage disequilibrium between several of the selected
polymorphisms (i.e. Apal, Bsml, Taql, EcoRV). In addition, most of the VDR
polymorphisms studied thus far are located in nonfunctional introns of the VDR gene.

Observed associations may reflect linkage disequilibrium with a functional variant
elsewhere in the VDR gene that has not been considered[135]. Further exploration of these
selected polymorphisms and other potential candidate genes in larger studies is essential to
deepen our understanding of the molecular impact of genetic variants of the VDR in the
development of Type 2 diabetes.
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B. Magnesium and Calcium Homeostasis-Related Genetic Variants

Magnesium and calcium homeostasis in the body is tightly regulated, and imbalances in
intra- and extracellular levels of these ions can disrupt a number of cellular and systemic
processes that may play a role in the pathogenesis of disease, including type 2 diabetes.
Recently, several genes encoding proteins responsible for Mg?" cellular influx have been
identified, including members of the transient receptor potential (TRP) family of cation
channels[148-150]. TRPM6, an Mg®>" and Ca®" channel permeable channel localized in the
kidney tubules and intestinal epithelia, has been shown to play a critical role in intestinal and
renal Mg”" absorption[151]. Mutations in TRPM6 lead to hypomagnesemia with secondary
hypocalcemia, an autosomal recessive disorder characterized by impaired intestinal Mg*"
absorption, decreased PTH, and decreased serum Ca’" levels[148, 149]. TRPM?7, a closely
related intracellular ligand-gated ion channel, may interact with TRPM6 to form channel
complexes regulating the influx of Mg?" into the cell[150, 152]. These findings suggest that
TRPM6 and TRPM7 play a crucial role in intracellular Mg levels, a key factor in insulin and
glucose metabolism[71, 78]. Similarly, TRP channels play an important role in Ca®>" signaling
and may exert effects on a range of Ca*" dependent functions including the balance of intra-
and extracellular calcium, known to affect insulin secretion[107] and insulin resistance[124,
125]. Given the close interconnection between TRP channels and mineral absorption and
homeostasis, defects in these ion channels are critically important to examine in future
research into the pathogenesis of type 2 diabetes. It is possible that genetic variation in these
channels may help to explain variations in risk of type 2 diabetes in the general population.

Conclusion

The link between low vitamin D status and type 2 diabetes is of critical public health
importance due to the severity of the diabetes epidemic and the urgent need for prevention
efforts. An extensive body of literature suggests the potential important role of low vitamin D
status in the development of type 2 diabetes. However, the vitamin D endocrine system is an
elaborate system, involving a complex interplay of interactions between calcium, phosphorus,
magnesium, and other minerals and hormones. Disentangling the independent and interactive
effects of these factors is of critical importance, and further research is essential in this area.
To date, the majority of the human research in this area has been cross-sectional in design,
hindering the ability to make causal inferences. Future research should therefore focus on
assessing the effects of vitamin D supplementation in prospective studies of large and diverse
populations with careful assessment of vitamin D status as well as in randomized controlled
settings in diverse populations. In addition, mechanistic and interaction studies assessing the
role of metabolically related minerals are needed to understand the interrelations among
vitamin D and insulin secretion, insulin resistance, and type 2 diabetes. Consideration of
gene-environment interactions, including genetic variants of the vitamin D receptor and other
pathways involved in mineral homeostasis should also be investigated further. Research of
this nature is essential to further our understanding of the pathophysiology of type 2 diabetes
and the potential use of vitamin D and other minerals in primary prevention and treatment.
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Abstract

Plant and crop nutrition drives all terrestrial food-webs. Nutrient composition of
crops can be manipulated through agronomy and genetics to optimize the delivery of
essential minerals to humans and livestock. Our aim is to dissect and exploit the
physiological and genetic bases for magnesium homeostasis in plants. Understanding
how plants regulate Mg uptake from the rhizophere, as well as transport and cycling
could have significant implications for plant nutrition and human health. With the
knowledge of genes governing Mg homeostasis, it will be possible to reduce the need for
fertilisers and to develop crops that grow efficiently on nutrient-poor soils. Furthermore,
biofortification strategies through conventional breeding and transgenic approaches
could lead to Mg-rich edible parts of crops, which would offer humans improved sources
of this essential cation and overcome mineral malnutrition.

1. Magnesium in Plant Physiology

Plants require magnesium to harvest solar energy and to drive photochemistry. This is
probably the most eminent physiological function of this metal in planta. Other roles such as
the cation-mediated grana stacking of thylakoid membrane (Kaftan et al.,, 2002), the
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activation of enzymes in metabolic biochemistry (Cowan, 2002), including those in the
Calvin cycle (Pakrasi et al., 2001), the nucleotidyl phosphate Mg-chelated forms in the cell
energy budget (Igamberdiev and Kleczkowski, 2001), the involvement in nucleic acids
folding and the chemical catalysis of RNA splicing (Pyle, 2002), and the involvement in
antioxidative mechanisms (Camak and Kirby, 2008) have been the substance of numerous
reviews. Our intent here is not to cover extensively that literature but to provide some
interesting accounts of recent publications on Mg physiology in plants. In particular, focus
will be (1) on the impact of Mg deficiency on sugar partitioning and biomass allocation and
(2) on mechanisms regulating Mg homeostasis with possible applications in biofortification.

1.1. Incidence of Magnesium Deficiency in Forestry and Agriculture

Magnesium deficiency in plants is a widespread problem, affecting productivity and
quality in agriculture (Bennett, 1997; Aitken et al., 1999; Graeft et al., 2001; Ding et al.,
2006), in horticulture (Shaahan et al., 1999; Troyanos et al., 2000) and forestry (Mehne-
Jakobs, 1995; Mitchell et al., 1999; Laing et al., 2000, Sun et a/., 2001). Mg deficiency is
distributed worldwide in forest regions, and is associated with the ‘upper mid crown
yellowing’ of conifers in New Zealand (Mitchell et al., 1999) and the ‘new type forest
decline’ or ‘crown thinning’ in Europe and the North-Eastern part of North America.
Intensive monitoring of forest ecosystems across Europe also revealed that one third of the
beech stands are subject to Mg limitation, based on foliar mineral analyses (BFH, 2000). In
agriculture, the incidence of Mg deficiency symptoms is increasing, due to greater crop
growth rates, which increases the demand on soil Mg, and intensive harvesting. Signs of Mg
deficiency in most crop plants usually make their appearance first on old mature and recently
expanded leaves, and systematically progress from them towards the youngest ones. Visible
symptoms of Mg starvation are manifested as chloroses between leaf veins, which remain
green (see Figure 1 for symptoms in sugar beet).

The energy-intensive manufacture and application of mineral fertilizers has been used for
decades to increase crop yield and to attempt to biofortify crops in industrialized countries.
However, the future of sustainable farming in these countries requires that mineral fertilizer
applications are optimized to minimize environmental pollution and to preserve economic
margins. In fast-developing countries such as China, the introduction of chemical fertilizers is
a blessing for the agriculture but turns out to be a curse for the environment mainly due to
leaching of mineral in groundwater basin and increased riverine transport (Liu et al., 2008).
Because not all farmers understand the importance of balanced application of nutrients (Jiyun
et al., 1999), a nutrient disequilibria in the agroecosystem mirrored by a lack of secondary
essential elements (e.g. magnesium) has begun to have an impact on production worldwide.
Irrational application is leading to a relative increase of K and Ca?" content in soil,
compared to Mg”". Since high levels of these cations exert a competitive inhibition of Mg>*
uptake in plants (Marschner, 1995), induced Mg deficiency is becoming more and more
frequent. Experiments in controlled conditions illustrate this occurrence. For example,
increasing K' concentration in nutrient solution reduces Mg”" inflow and concentration in
plants and aggravates Mg deficiency symptoms (Troyanos et al., 2000; Ding et al., 20006).
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Figure 1. Magnesium deficiency symptoms observed in sugar beet. (A) Interveinal chlorosis in most
recently developed leaf. (B) Chlorosis and necrotic necrotic lesion in plants at a severe stage of
deficiency. (C) Comparison of Mg deficient (left) and control (right) plants, 22 d after omitting Mg
from the nutrient solution.



162 Christian Hermans and Nathalie Verbruggen

1.2. Involvement of Magnesium in Assimilates Partitioning

Plants are photoautotrophic organisms, as they convert solar light as a useful biological
energy source to fix atmospheric CO, and to build complex carbohydrates components.
However, plants also contain sink organs (typically roots, fruits and immature leaves), which
are heterotrophic and therefore require a carbon import from photosynthesizing organs. Sink
and source organs are separated from each other in space but connected together through the
phloem vasculature. Partitioning is the differential distribution of photosynthates within the
whole plant. Phloem loading of sucrose (the carbon currency for long distance transport) in
sieve elements of source leaves is considered as an essential step of carbon exportation and
partitioning to sink organs (Figure 2B). These tissues are of economic importance because
they are the crop final products (e.g. cereal grains, sugar beet taproots, potato tubers,...). Few
reports exist concerning the effects of a Mg shortage on physiological processes but those
that do exist, essentially describe an early impairment in sugar partitioning (in Arabidopsis:
Hermans and Verbruggen, 2005; bean plants: Fisher and Bremer, 1993, Cakmak et al., 1994
a,b; rice: Ding et al., 2006; spinach: Fisher et al., 1998; spruce: Mehne-Jakobs, 1995 and
sugar beet Hermans et al., 2004, 2005). Proper knowledge of the molecular mechanisms
underpinning this metal role in sugar partitioning and biomass allocation is currently scarce.
One dramatic effect of Mg starvation is sucrose and starch accumulation in source leaves,
before any noticeable effect on photosynthetic activity. A later effect of Mg deficiency is a
reduction of plant growth. On one hand, Mg deficiency is described not redirecting carbon
resources to root growth and deeply impact on biomass allocation (Cakmak et al., 1994 a,b;
Ericsson and Kahr, 1995). On the other hand, some species like Arabidopsis (Hermans and
Verbruggen, 2005, Hermans et al., 2006), rice (Ding et al., 2006) and sugar beet (Hermans et
al., 2004, 2005) do not present a decrease in root biomass or it comes relatively late after the
outbreak of chlorotic symptoms in aerial parts.

Figure 2 illustrates the susceptibility of sucrose partitioning to low Mg availability in
sugar beet. As a first step in the study of altered sucrose partitioning upon Mg deficiency, the
1[C]-sucrose distribution in sugar beet was analyzed (Figure 2A). Mg-deficient and control
plants were abraded and labelled apoplasmically with '“[C]-sucrose according to Grusak et
al. (1990) in order to track sucrose movement. Whole plants were autoradiographed. Fewer
1[C]-sucrose molecules were exported from the young mature leaf to sink organs of Mg
deficient plant compared to the radioactive pattern from old mature leaf (Figure 2A). There is
a debate as to the cause of restricted growth of sink organs. It has been proposed that either
(i) a decrease in sucrose export is responsible for the inhibition of growth of sink organs (in
bean plants, Cakmak at al., 1994 a,b) or that (ii) a decrease in the metabolic activity in sink
organs causes inhibition of sucrose export (in spinach, Fisher et al., 1998). (i) According to
Cakmak et al. (1994a,b), the high susceptibility of sucrose partitioning to low Mg levels may
be related to the carrier-mediated uptake of sucrose in the conducting complex of phloem
(Figure 2B). Mg is possibly involved in sucrose phloem loading because it interacts with
nucleotidyl tri-phosphates (Igamberdiev and Kleczkowski, 2003) fuelling the H'-ATPases
which creates the protonmotive force energizing the sucrose symporters. Likewise,
pyrophosphatases, playing a role in the long-distance transport of sugars (Lerchl et al., 1995),
also require Mg for pyrophosphate hydrolysis.
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Figure 2. Model of sugar partitioning and biomass allocation upon Mg deficiency in sugar beet. (A)
Autoradiographs of whole sugar beet plants labelled with 14C-sucrose. Transfer to Mg free solution
was done with plants having 4 expanded leaves and labelling study was performed at d 11 after Mg
withdrawal. Plants were labeled apoplasmically after deposition of 25ul droplets containing
14[C]sucrose (37kBq) on abraded zones of old mature leaves (a,b) or young mature leaves (c,d) which
are indicated by asterisks. Plants were kept in light for 3.5 hours and thereafter immediately frozen and
lyophilized before exposure to x-ray film. Quantification of labeled sucrose molecules between donor
blade, petiole and sink organs (taproot, root and youngest immature leaves) is reported somewhere in
Hermans et al. (2005). (B) Sucrose pathways for long distance transport between source leaves and sink
organs upon Mg starvation. Sucrose is synthesized in mesophyll cell of source tissues and its production
is balanced between export and storage in vacuole. From its point of synthesis, sucrose is loaded into
the SECC (sieve element — companion cell) complex via an apoplasmic route (N.B. in sugar beet, the
SECC complex is almost isolated from the surrounding cells, making it indispensable to include an
apoplasmic step). The entry into the SECC complex is mediated by sucrose/H+ symporters (e.g.
BvSUT1), which are localized in companion cells or sieve tube elements. The H+ potential difference is
generated by H+-ATPase localized in the plasma-membrane of companion cells. Phloem loading of
assimilates results in a difference in water potential that causes water uptake into SECC complex.
Phloem unloading in sink may occur through plasmodesmata or via an apoplasmic path (not represented
for clarity reason).
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Figure 2. (Continued) The model here represents the partitioning of sucrose from young mature source
leaves to sink immature leaves in an Mg deficient plant. Mg starvation increases the concentrations of
sugars and starch (visible in black after staining with iodine) in leaves. A clear inverse relationship
between leaf Mg concentrations and sugar content is demonstrated in sugar beet (Hermans et al., 2005).
It is proposed that reduced sucrose export is due to impaired phloem loading, because this process
requires Mg (as MgATP substrate for H+-pumps). In our model, the sucrose allocation to the root is
proportionally less affected than that to the youngest leaves because sucrose export is relatively
unaffected from the oldest leaves, which contain higher Mg content and which are preferentially
feeding the roots. Since carbon allocation to the youngest leaves is likely more affected than carbon
allocation to the root, an increase in root:shoot ratio is observed in that species.

All these arguments suggest that phloem loading in source leaves may be limited by low
Mg availability. (ii) According to Fischer et al. (1998), a congestion of metabolites in source
leaves from Spinacia oleracea arises from a limited consumption in sink leaves. In that work,
phloem loading did, however, not appear to be the most susceptible process, as sucrose
content in phloem sap of mature leaves was identical in Mg-deficient plants and in control
plants. Limited use of assimilates in sink organs could result from growth inhibition by low
Mg supply. As a result, sucrose would accumulate in source organs. This in turn points to a
regulation of sucrose synthesis in the source depending on consumption in the sink tissues.
Recent works support the hypothesis that Mg deficiency in Arabidopsis and sugar beet affects
sucrose export from source leaves (starting with the youngest mature ones), rather than sink
metabolism (Hermans et a/., 2004; Hermans and Verbruggen, 2005; Hermans et al., 2006).

The present experiment also provides an explanation of the unrestricted root growth
under low Mg status observed in certain species (Arabidopsis and sugar beet). In fact, the
proximity between source and sink organs is a significant factor in the distribution of
photosynthates between organs. Generally, the upper mature leaves are thought to provide
photosynthates to the growing shoot tip and young immature leaves; whereas the lower oldest
leaves predominantly supply the root system, and the intermediate leaves export in both
directions. This model of distribution can significantly differ between species and during
plant development though. Upon Mg deficiency, sucrose export to the root is proportionally
less affected than that to the youngest leaves in sugar beet (Figure 2A). Those leaves, where
the deficiency symptoms first manifest, have the highest starch and sucrose contents (Figure
2B) and the lowest Mg content among all plant organs (Hermans et a/., 2005), and they
provide less carbon resources to growing shoot. Consequently, the overall aerial biomass is
decreased compared to control plants. With the ongoing severity of the deficiency,
intermediate and lower leaves also accumulate higher starch amount; and finally the root and
taproot growth was restricted when treatment is prolonged.

2. Magnesium in Human Nutrition
2.1. Incidence of Magnesium Deficiency in Human Body
Main plant derived sources of magnesium are cereals, nuts and green vegetables, which

contain chlorophyll (Buttriss, 2003). In most instances, elevated Mg content in edible plant
tissue improves the nutritional quality for animal and human diet (Shaul, 2002). Mg
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deficiency in human body is recognized as a worldwide clinical problem and is related to
muscle dysfunction, myocardial ischemia, migraines, attention deficit disorder, ... (Meij et
al., 2002). Mg starvation is one of the most under-recognized electrolyte disorders causing
arrhythmia and sudden cardiac death (Klevay and Milne, 2002; Chiu et al., 2005). Inadequate
diet containing low Mg is primarily responsible of hypomagnesaemia. Human Mg
concentration in the body depends on the balance between intestinal absorption and renal
excretion (Schlingmann et al., 2007). There are also indications of genetic inheritance in Mg
requirement and hypomagnesaemia susceptibility, primarily due to defect in Mg intestinal
absorption and renal-wastage. The involvement of TRPM6 and TRPM7, members of
transient receptor potential (TRP) ion channels family, was demonstrated in the intestinal Mg
absorption process and body Mg homeostasis (Schlingmann et al., 2007; Chubanov et al.,
2007). Knowledge of these novel Mg transporters and platforms for future investigations for
a better understanding of Mg deficiency disorders were recently reviewed by Quamme
(2008). Hypomagnesaemia is also a serious disorder for ruminants, finding its roots in low
Mg content of grass or forages, especially in the spring when lactation demands substantial
Mg amount.

2.2. Research on Magnesium Homeostasis: Insights on Mechanisms in
Regulating Magnesium Content in Edible Plants

Our pursued goal is the acquisition of new molecular knowledge of Mg homeostasis and
of responses to external Mg supply in the model plant Arabidopsis thaliana. In particular, the
research is based on the variation of Mg content in tissues, as well as the identification and
the dissection of transcriptome changes associated to Mg availability (Figure 3). Comparative
genomics through a model-to-crop pipeline (Arabidopsis-Brassica) could allow the
development of crops that grow efficiently on nutrient-poor soils, and to reduce the need for
fertilizers. Furthermore, Mg homeostasis research in plants could also lead to Mg-rich food,
which would offer humans improved sources of that essential element. Biofortification is the
process of increasing the bioavailable nutrients (such as vitamins and essential mineral
elements) in edible portions of crops through fertilizer application, conventional breeding or
transgenic strategies (Broadley and White, 2005; Zhu et al., 2007; Mayer et al., 2008).
Through this process, we, scientists, can provide cultivators with crop varieties that through
the higher nutritive provision can overcome mineral malnutrition.



166 Christian Hermans and Nathalie Verbruggen

Mg homeostasis in the model plant
Arabidopsis thaliana

- Sy

Exploiting ionomic Identifying
variation transcriptome changes

Natural variation Transcriptional profiling of

Induced variation by genes il'f response to Mg
mutagenesis or transgen esis availability

S~ R
-

Galning knowiedge of genes
regulating Mg homeostasis

Transfer to Brassica

Increasing Mg content in edible portions
of crops

Figure 3. Research strategies developed in order to dissect the mechanisms of magnesium homeostasis
in the model plant Arabidopsis thaliana. (1) The exploitation of the variation in the ionome is realized
through the study of the natural variation of the Mg content in accessions of Arabidopsis, the
characterization of mutants impaired in their Mg content (Ionomics data base mutants and insertion
mutants for permeases potentially involved in Mg transport). (ii) The identification of transcriptomic
changes in response to Mg deficiency and restoration is realized through different profiling methods
(e.g. cDNA-AFLP and microarrays). A transfer of the knowledge acquired in the model species
Arabidopsis thaliana to closely related crops of the Brassicaceae family is foreseen.

Successful creation of genotypes with increased nutrient densities has already been
accomplished for some minerals, such as a carrot with increased Ca content (Park et al.,
2005) and with better body absorption in fine in mice and humans (Morris et al., 2008).

Transgenic approaches to biofortification have mainly focused on micronutrient (e.g. Fe
and Zn), but rarely on Mg despite the recognition of its deficiency in human diet. This is
probably due to the fact that tissue Mg concentration typically shows less, but nevertheless
significant, variation among genotypes (reviewed in Broadley and White, 2005). Here, we
propose to briefly depict some intervention strategies recently developed to increase Mg
dietary value of plants.
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2.2.1. Exploiting Magnesium Content Variation Induced by Mutagenesis or
Genetic Engineering in Plants

Arabidopsis Mutants Which Contain Abnormal Levels of Mg

The ionome is defined as the mineral nutrient and trace element (both essential and non-
essential) composition of an organism (Lahner et al., 2003). The study of the plant ionome
(so called ionomics) involves the quantitative measurement of the composition in elements
and changes in this composition associated with physiological stimuli, developmental state
and genetic modifications. The analytical technologies, bioinformatics aspects and workflow
tools (PiiMS- Purdue Ionomics formation Management System) of ionomics were recently
reviewed by Salt et a/. (2008). In early development of their project, Lahner et al. (2003)
isolated more than fifty mutants in a fast neutron mutagenized Arabidopsis thaliana
population, with altered mineral profile in the shoot. The characterization of four mutants
with abnormal Mg content compared to wild type plant was undertaken (Figure 4A).

| snaat " | ‘

Arctic Circle

Col Lev 5la ©m

Figure 4. Studying the mutagenized induced variation of Mg content in Arabidopsis thaliana (A)
Hydroponics culture of wild type and four of the [onomics Project (Lahner et al., 2003) mutants. (B)
Changes in the mineral profile of mutants compared to wild type. Mutant 79:48 presents lower Mg
content than WT, while 117:20, 132:01 and 136:31 have higher Mg content.
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A striking correlation between magnesium, arsenic and lithium incorporation was
observed. This observation points to possible negative side effect of Mg biofortification in
plants. Genetic analysis is under way to investigate co-segregation of higher content in Mg,
As and Li. Positional cloning and microarray-based cloning procedures are both used to
identify the mutations in genes responsible for Mg-profile changes and visual phenotypes.

Genetic Engineering of Mg Transporters

To date, the Mg transporters characterized in planta are the Mg*'/H" exchanger AtMHX
(Shaul et al., 1999) and the MRS2 homologues family (Schock et al., 2000; Li et al., 2001;
Gardner et al., 2003). An early attempt to modify the expression of Mg transporter in plant
was realized by Deng et al. (2006).

These authors expressed the Arabidopsis transporter gene AtMGT1/AtMRS2-1 under the
control of the cauliflower mosaic virus CaMV 35S promoter (which is strong and
constitutive) in Nicotiana benthamiana. AtMGTI overexpression favorably increased by 30%
the Mg content in transgenic plants. This result is therefore encouraging for the development
of further transgenic strategies for Mg nutritional enhancement of plants.

2.2.2. Exploiting Natural Magnesium Content Variation
in Arabidopsis Populations
The natural variation in Arabidopsis thaliana ecotypes (Figure 5A) can be exploited to

identify loci controlling Mg concentration in tissues. These ecotypes which grow on a wide
range of soil conditions (Figure 5B) provide a rich source of genetic diversity to explore
potentially adaptive differences in the ionome. Magnesium partitioning between organs
throughout the life cycle of Arabidopsis presents contrasted patterns between a small
numbers of ecotypes studied so far (Waters and Grusak, 2008). With a high marker density
(over 250,000 single nucleotide polymorphisms, or one SNP every 500 base pairs in the
Arbidopsis genome) and the existence of over 1,000 accessions, association mapping, also
referred as linkage disequilibrium mapping (Kim et a/., 2006), is emerging as a powerful tool
for identifying alleles or /oci responsible for the natural variation of a given trait. The genetic
basis of adaptively traits to the abiotic environment in Arabidopsis thaliana, such as
flowering-time, has already begun to be investigated through the genome-wide association
mapping strategy (Zhao et al., 2007).

Likewise, a similar strategy is currently adopted in collaboration with D. Salt (Purdue
University, IN) and M. Nordborg (University of Southern California, CA) groups, initially
based on the analysis of numerous essential and non-essential ions in both roots and shoots of
96 accessions developed by Nordborg et al. (2005).

This collection includes stock center accessions and hierarchical sample from natural
populations. The accessions are grown hydroponically (Figure 5A,C), in order to find those
showing the most contrasted phenotypes (low and high Mg tissue concentration), and to
search for genetic determinants of Mg content.
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Figure 5. Studying the natural variation of Mg content in Arabidopsis thaliana accessions. (A)
Accessions of the collection of Nordborg et al. (2005) grown hydroponically. (B) Geographic
distribution of the Arabidopsis accessions of the Nordborg collection indicated by red spots. (C)
Preliminary results of the Mg content analysis in root and shoot of four principal accessions Columbia
(Col), Lansdberg (Ler), Shadara (Sha) and Cape Verde (Cvi).

2.2.3. ldentifying Transcriptome Changes in Early
and Late Signalling of Mg Deficiency

With the emergence of microarray technologies to monitor gene expression, plant
physiologists have begun to investigate the rapid transcriptional changes associated with
imbalance of mineral elements (Wang et al., 2003; Misson et al., 2005; Muller et al., 2007).
At present no transcriptomics data on Mg are available but we have undertaken a genome-
wide analysis of the rapid (within hours) and late (within days) responses to Mg deprivation
in Arabidopsis thaliana (Figure 6). This study was performed on the root and young mature
leaves, which are the first target of Mg deficiency (Hermans and Verbruggen, 2005). Because
genechips hybridizations are costly, a cDNA-AFLP approach covering on estimation 5% of
the Arabidopsis transcriptome was chosen as a pilot experiment, in order to decide about the
sampling time for further microarray studies. Subsequently, a microarray study was done with
full genome chips. A functional analysis of the differentially expressed genes is currently
under progress to uncover some of the relationships of specific downstream events (e.g. sugar
accumulation and chlorophyll degradation in leaves) to the signaling pathways that control
Mg deficiency responses in Arabidopis. A study of the expression of certain genes is
performed upon macro-element deficiencies in order to assess the specificity of the response
to Mg deficiency. That would help in the development of novel molecular diagnostic markers
of incipient Mg deprivation and of smart plant technology (Hammond et al., 2003) to monitor
plant Mg status. The whole data will enable to understand plant response to Mg deprivation
and allow developing new tools for Mg biofortification purpose.
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Figure 6. Transcriptomic study of Mg deficiency in Arabidopsis thaliana. Example of cDNA-AFLP gel
and transcript derived fragment differentially (> 2 fold) regulated by Mg starvation treatment. Open
symbols: control fully supplied samples, closed symbols: Mg deficient samples. Sampling times used
for microarrays studies are decided base on that pilot experiment.

2.2.4. Transferring the Benefits from Arabidopsis Research to Brassica

Cultivated Brassica species are the group of crops most closely related to Arabidopsis
thaliana. Comparative genomics through a model-to-crop pipeline will allow genes
controlling tissue Mg content, including those identified in the strategies that we previously
described, to be studied in crop systems with relative ease. Ongoing genome sequencing of
Brassica oleracea will hasten this effort in the near future. We will be able to test the
hypothesis that shoot Mg content is controlled by conserved /oci in the closely-related model
and Brassica oleracea (Broadley et al., 2008). The ultimate goal would be to improve
mineral composition of Brassica. Genetic and environmental factors impacting plant Mg
concentrations will be quantified to determine the robustness of transgenic biofortification
strategies.

In conclusion, a proper understanding of Mg homeostasis in plant at a basic research
level is the key to the development of strategies to conserve natural resources, increase crop
yield but also to boost the nutritional value of crops, which would be of benefit to human
health. Improving Mg content in plants is not a trivial task. Nevertheless, Mg supplements
from plant origin could reduce the incidence and severity of hypomagnesaemia diseases in
humans.
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Chapter VII

A Role for Magnesium in the Regulation
of Ruminal Sodium Transport
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Department of Veterinary Physiology, Free University of Berlin, Germany

Abstract

The ruminal epithelium is a stratified squamous epithelium that has evolved to
display functions essential for the unique ability of cows and sheep to ferment dietary
components like carbohydrates and protein, and to selectively absorb nutrients and
minerals for the production of milk. A characteristic property of this tissue is its
pronounced ability to transport magnesium against an electrochemical gradient.
Absorption of magnesium is reduced by dietary elevation of ruminal potassium, leading
to hypomagnesaemia that can reach clinical significance. Studies of the intact tissue and
of isolated cells suggest that cellular magnesium uptake is decreased by apical
depolarization of the ruminal membrane, resulting in both a lower cytosolic
concentration and transepithelial transport of the element.

Another characteristic feature of this unusual epithelium is the expression of a
sodium-conducting channel with functional properties that are clearly distinct from the
epithelial sodium channel (ENaC) found in most mammalian epithelia. Thus, it has not
been possible to demonstrate direct regulation of ruminal sodium transport by
aldosterone, and the effects of amiloride are clearly limited to an inhibition of the sodium
proton exchanger (NHE3) expressed by this tissue. Studies at the level of the animal and
the tissue suggest that sodium conductance is enhanced by depolarization of the apical
membrane. Recent in vitro studies have demonstrated that ruminal epithelial cells express
non-selective cation channels in the apical membrane that are regulated by changes in
cytosolic magnesium. We propose that the reduction in ruminal magnesium uptake
observed after ingestion of high potassium fodder may be related to a role for magnesium
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in a signaling cascade that leads to an increase in the permeability of this non-selective
cation channel for sodium, thus enhancing absorption of this ion from the rumen and
restoring ruminal osmolarity, while contributing to the retention of potassium.

Introduction

Compared to the extensive research on various molecules involved in signal
transduction, Mg®" has not gotten much attention. One of the reasons for this may be that in
man, hypomagnesaemia is a fairly rare condition and one that is easily treated by magnesium
supplements when it does occur — as in pregnancy or lactation. Thus, the stimulus for
research in the area has been limited. Conversely and due to the large amounts of magnesium
lost in milk, hypomagnesaemia in cows and sheep continues to lead to deaths of afflicted
animals or even part of entire herds [32, 47, 92, 104, 118]. As a result, there has been
ongoing interest in the uptake of magnesium in this species.

In the following, the focus will be on the ruminant in general and on the very peculiar
organ that gives this species its name. Thus, this topic may not appear to be of general
interest. However, we feel that the story that is emerging from many decades of research on
how the ruminant has adapted to a dramatically altered nutritional situation by utilizing the
interactions of Mg”*" with uptake of other cations may have implications for other
physiological situations.

The Ruminant Species:
Adaptation to a Roughage Diet

The ruminant species and mankind evolved in parallel as survivors of a relatively short
period of mass extinction during which the forests of the Oligocene perished and were
replaced with vast grasslands [11]. During this era, the ancestral ruminant, a small and forest-
dwelling species [60], perfected its ability to utilize poorly digestible fiber and adapted to
uptake of grass and roughage for its nutritional requirements. This accomplishment has been
essential for the survival of these animals, and probably also for that of the humanoid apes
which left the dwindling forests and began to follow and hunt these herds of ruminants.

Central to the ability of ruminants to subsist on a diet of grass while excreting large
amounts of milk is the development of an advanced digestive system with several specialized
compartments (reticulum, rumen, and omasum) that precede the actual stomach (abomasum)
and the lower digestive tract (Figure 1). The largest of these forestomaches, the rumen, fills
almost half of the entire abdominal cavity of these animals with a volume reaching 60 to 100
1 in cows [138]. Lined with squamous, stratified epithelium which is keratinized and non-
glandular [48, 53], this pouch is probably of esophageal origin [98] and serves as both a
water reservoir [138] and a fermentation chamber in which poorly digestible forage is broken
down and reassembled into digestible nutrients by an abundant flora of microorganisms [8,
57, 58, 156]. Maintanance of a pH that should be slightly acidic (5.5 - 7.0) and an osmolarity
that is marginally hypotonic before or slightly hypertonic after a meal (to blood) is central to
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this fermentation process. Ruminal homeostasis is ensured by a number of factors that
include production of ample amounts of saliva, continuous mixing of saliva with ruminal
content by ruminal contractions and rumination of roughage, and the ability of the rumen to
serve as a barrier between blood and rumen content while absorbing certain minerals and
organic compounds in a controlled manner.

Saliva
100-250 I/d (cow)

Na* (50% +
(50%) Mg? Mandibular

- gfos- Mo Ca* Parotid
- NH,* ca Sublingual
Short chain Reticulum
fatty acids
co
NH. Omasum
Rumen Plasma
Na* (50%) 60-100 | (cow) 60 | (cow)
K* (90%) Abomasum

etc.

5

Fig 1: Schematic representation of the ruminant forestomach system: The glandular stomach (abomasum) is
preceded by three compartments lined with stratified, squamous epithelium: the reticulum, the rumen, and the
omasum. These forestomaches are involved in absorption of fermentation products and inorganic ions. Some 100
— 250 I/d of saliva are produced daily by the cow, representing 5 times the total plasma content of sodium, 50% of
which is reabsorbed by the forestomaches. Over 30% of plasma Mg?* content are excreted via saliva on a daily
basis and are absorbed primarily in the rumen. Substantial amounts of both elements are secreted in milk (40 I/d).

Saliva

A striking difference between ruminants and most monogastric species is the ability to
produce an extremely large stream of well-buffered saliva that amounts to about 6-16 1/d in
sheep [67] and 100 — 200 1/d in cattle [9, 15] with values of up to 250 I/d in lactating cows
[23, 138] (Figure 1). This saliva is low in chloride (22 mmol/l) and contains large amounts of
pH buffers such as HCO5™ (120 mmol/l) and PO4 (30 mmol/l). After feeding, the flow rate
but not the ionic composition of saliva increases, and can be so massive that the ADH and
renin-angiotensin mechanism is activated [138]. Postprandial stimulation of salivary flow can
be at least partially mimicked by the addition of volatile fatty acids to the rumen [15]. In
contrast, in experiments in which ruminal pH was altered by addition of HCI, or ruminal
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osmolarity by addition of mannitol, no impact on the flow rate or composition of saliva could
be observed in the sense of a feedback mechanism [15], although salivary secretion dropped
when pH reached very low levels (<3.5) [15]. When strongly hypertonic solutions of sodium
or potassium salts were infused into the rumen, or sodium salts or urea were infused into the
blood, production of saliva decreased and the concentration of those substances increased in
the saliva. Other treatments including physiological elevations of ruminal potassium content
had little effect on salivary composition [157]. Thus, evidence for sensors in the gut or rumen
are scarce and salivary flow appears to be regulated by the composition of the portal blood
[21, 138], possibly via hepatic sensors [119, 151].

A major fact that emerged from these studies is that if experimentally obtained saliva is
not returned to the rumen, flow rate decreases to 50% of the initial value within two hours
[15]. This decrease can be prevented by administration of NaHCO; containing solution to the
rumen [14] and points towards the importance of ruminal reabsorption of these elements.

With the saliva, the animal secretes an amount of Na' that is 1.2-1.5 mol/d in sheep and
15 — 30 mol/d in cows [82] and is thus five times higher than the sodium content of the body,
and 15 times higher than the amount of sodium consumed with the fodder [139]. Salivary
secretion of HCOj;™ reaches levels that can lead to acidaemia when salivary flow is high, as
after ameal [111, 112, 129, 139], stressing the importance of a rapid reabsorption of HCOj3'.

Sodium content of saliva is strongly regulated by aldosterone, which is of considerable
importance given the fact that in the natural diet of the ruminant, sodium is a scarce element.
In sodium depleted sheep, salivary content of this mineral can fall dramatically from
concentrations of about 180 mmol/l to as low as 40 mmol/l. Potassium excretion rises
concomitantly from a normal level of 4 to 6 mmol/l to values of over 130 mmol/l [14].
Conversely, ruminal reabsorption of Na" is not regulated by aldosterone [85].

Crisis situations can occur in spring, when animals are quickly transferred from a diet of
hay, which is comparably low in potassium, to a diet of fresh spring grass which is rich in
potassium. In these situations, potassium levels in the rumen can rapidly peak to over 100
mmol/l, while sodium levels drop to lows of 30 mmol/l. To restore the balance for sodium,
animals thus have to be able to absorb sodium actively against this very high background of
potassium, while any absorption of potassium has to be tightly coupled to its excretion in the
kidney. Given the enormous surface area and volume of the rumen, and the huge quantities of
potassium rich roughage, the demands on this organ are thus clear: it has to prevent
potassium from entering the blood stream too quickly, and it has to be highly able to transport
sodium, bicarbonate, magnesium and calcium from the rumen to the plasma against an
electrochemical gradient.

The Rumen
Histology and Organogenesis
Interestingly, the esophagus of mammals including humans has been shown to posses

transporting properties in that it forms a tight barrier against the efflux of K' [68] and has
considerable potential for the active transport of Na" [109]. The physiological function of this
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pronounced transport of electrolytes across the esophagus is unclear and probably merely
serves maintenance of cell equilibrium. However, it is tempting to speculate that these
transporting properties may have facilitated the adaptation of the esophageal wall to the
requirements of forming a chamber for fermentation in the evolutionary process.

Of course, dramatic differences between the two types of tissue predominate. From an
electrophysiological point of view, one pronounced difference is the fact that while
participation of the rumen in the total absorption of potassium is small [49, 113], the tissue is
depolarized by high apical potassium [37, 38, 136]. This characteristic feature will be
discussed in more detail further down.

The histology of ruminal epithelium has been studied in some detail [48] and shows a
typical structure with stratum corneum, granulosum, spinosum and basale; tight junctions
(claudin 1 and ZO1), gap junctions (connexin-43) and expression of increasing levels of the
a. subunit of the Na'/K'-ATPase towards the basal membrane of the multilayered epithelium.
The surface area is enlarged by leaf-like papillac of 10 to 15 mm length in the cow.
Conversely, the abomasum is lined with a glandular epithelium which secretes hydrochloric
acid and pepsin and is comparable to the gastric mucosa of animal with simple stomachs.

Studies of organogenesis in ruminant embryos show that the forestomach system
develops from an extension of the primordial esophagus to the dorsal side of the primordial
stomach, and is subsequently separated from the proper esophagus by constriction [98].

Ruminal Osmoregulation

For short periods of time following the ingestion of a meal, an osmotic gradient between
blood and rumen fluid may develop that can exceed 200 mosmol/kg [139], with prefeed
values usually being reached within about 3 — 4 hours [129]. The survival both of the
microorganisms that digest the roughage, and of the cells lining the rumen depends on a rapid
restoration of ruminal osmolarity to the normal level and a number of mechanisms have been
described that may facilitate this process. While saliva plays a major role in elevating ruminal
osmolarity after drinking [139], hypertonicity cannot be restored by influx of saliva in a
reasonable amount of time since saliva is isotonic with blood.

Hyperosmolarity after ingestion of a meal is based in part on an increase in fermentation
products that can cross the membrane via lipid diffusion (Figure 1). These include short chain
fatty acids (SCFA) [6, 75, 87, 108, 120, 132], ammonia, [1, 16, 17, 41, 54, 87, 93] and CO,
[6, 87, 97]. Besides lowering ruminal osmolarity and preventing the influx of water and
ruminal distention, absorption of SCFA is of essential importance for the energy metabolism
of ruminants [12, 13].

Conversely, ruminal hyperosmolarity following ingestion of non-ionic, non-diffusible
substances or fermentation of easily digestible carbohydrates such as glucose or starch can
lead to problems such as loss of apetite or even ruminal damage in unadapted animals [22,
105]. In vitro and in vivo experiments have established that in these cases, osmolarity is
restored by an increase in water influx into the rumen [31, 42, 78, 122, 129, 158, 160].
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Of the electrolytes, potassium shows the biggest rise in concentration [129]. Surprisingly
and in marked contrast to the problems that can occur when osmolarity rises after ingestion of
easily digestible carbohydrates, the rumen is highly able to deal with the osmotic challenge of
large amounts of fresh, potassium rich grass. As potassium in the rumen rises to values that
can reach 100 mmol/l, sodium concentration falls so that osmolarity within the rumen
remains constant (at about 130 mmol/l) (Figure 2). The inverse regulation of both ions seems
to be a constant factor under many different feeding regimes [24, 50, 59, 61, 80, 96, 113, 130,
131, 136, 149, 159, 160]. However, we are only beginning to understand the mechanism by
which this regulatory response occurs.

U=30mVv mmol/l  high K* diet U =60mV
o concentration in rumen %
S 100 - e
+ +
50
rumen rumen
|Na+T| |K+‘L | 0 hours to days |KT ||Na ‘L|
| —_—
< 130 mmol/l mmol/l oh K- diet renal K* excretion (sheep) < 130 mmol/l
1A igh K* die
0.5 7 l
0
) hours to days
kidney high K* diet )
mmol/l renal Na* excretion (sheep)
200
100 -/N
0 hours to days

Fig 2: Ruminal osmoregulation: When sheep are transfered from a low potassium diet (i.e. hay) to a high
potassium diet (i.e. grass), the concentration of potassium in the rumen continues to rise for a period of several
hours to days. Concomittantly, ruminal concentration of sodium falls, so that the sum of both ions remains
constant and ruminal osmolarity is restored. In vivo measurements show that the transepithelial potential
increases with the concentration of potassium. Simultaneously, sodium excretion in urine peaks, while potassium
excretion rises more slowly until maximum values are observed after about a week.

The Role of the Rumen in the Potassium Balance of Ruminants

Due to the large amounts of plant material that ruminants have to ingest to meet their
energy requirements, daily intake of potassium can exceed 30 % of the total amount to be
found in the body and is thus more than ten times higher than the dietary potassium intake of
man (as related to body weight) [46, 69, 130]. As in man, about 90% of total potassium
intake is absorbed [25, 46, 69, 112, 130, 149]. To prevent a rise to toxic concentrations in the
plasma, potassium absorbed by the gut is rapidly redistributed to the cytosolic compartment
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of muscle, bone, liver and red blood cells, while the much slower renal corrections of
disturbances in potassium balance require several hours [46, 70]. Thus, it should not come as
a surprise that after a rapid transfer from a low potassium diet to one rich in potassium, the
rumen is used as an additional storage space for this mineral [136] until urinary excretion of
potassium has reached the level of intake. In the ruminant, this can take several hours or even
days [149] (Figure 2).

Conversely, excretion of Na' sets in almost immediately after ingestion of a high
potassium meal (1-3 hours) [25, 111, 112, 137, 149, 158, 160]. The sodium content of the
diet does not appear to be related to this effect as natriuresis of sheep switched to a high
potassium, low sodium diet is larger than that of sheep switched to a medium potassium,
medium sodium diet [30]. The kidney of the sheep may retain sodium even when there are
ample amounts in the diet, and lose sodium when intake is severely reduced [160], thus
reflecting the replacement of Na” by K due to ruminal osmoregulation.

From what is known about renal potassium excretion [46], an increase in the delivery of
sodium to the distal nephron should stimulate uptake via ENaC, leading to a more lumen
negative potential, and enhanced potassium excretion. Therefore, the sodium absorbed from
the rumen should help to stimulate renal potassium excretion before ruminal K™ reaches the
gut and plasma potassium levels begin to rise. The ability of the rumen to absorb sodium thus
appears central both for potassium balance and ruminal osmoregulation after ingestion of
large amounts of potassium rich fodder.

Transport of Sodium and Chloride across the Rumen

Considering that the ability of ruminants to extract scarce sodium from grass and
concentrate it in milk has been known for a long time, studies of Na' transport across the
ruminal epithelium came relatively late. However, and perhaps for this reason, the ruminal
epithelium was among the first tissues in which active transport of ions was investigated
[143] following Hans Ussing’s discovery of active sodium transport in frog skin [152]. The
reasons for this interest are obvious: the ruminal epithelium is a moderately tight tissue [109]
and thus, very suitable for determining active transport. An additional advantage of this organ
is that due to its enormous size, experiments can easily be performed on animals in vivo by
surgical fistulation of the rumen. Ruminal content can be removed by hand from such fistulas
and exchanged for other solutions. It appears that animals adapt to this procedure reasonably
well and will continue to ingest hay, if provided, during manipulations of the rumen. The
solutions applied should not be dramatically out of the (considerable) physiological range and
should contain appropriate amounts of Na*, HCO5, Ca*" and Mg*" if influx of saliva into the
rumen is prevented in the technique of the isolated rumen.

The first study of ruminal transport was performed on goat rumen pouches in situ and left
no doubt that chloride was being transported against a chemical gradient from rumen to blood
[143]. In the same paper, and five years prior to the discovery of the Na'/K-ATPase [142],
the authors also noted absorption of Na' against an electrochemical gradient, and the
secretion of a small amount of K" into the ruminal pouch. Subsequently, Dobson [27-29]
published results from in vivo experiments in the sheep demonstrating that sodium is actively
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transported across the tissue. In these studies, electrodes were used to measure the potential
difference, PD;, generated across the ruminal epithelium. A mean PD; of 30 mV with the
blood side positive was observed, and many subsequent studies have confirmed the
hypothesis that this potential is generated by active transport of sodium across the ruminal
epithelium, with chloride following along the electrochemical gradient generated by this
transport [36-39, 53, 81, 83, 85, 86, 128, 131, 136, 160]. Half of the sodium that is secreted
by saliva is thus absorbed by the rumen [27], corresponding to a recirculation of total body
sodium 2-3 times a day across this tissue [138]. Thus, water and electrolyte balance in the
ruminant cannot be understood without taking the ruminal-portal-salivary exchanges into
account (Figure 1).

It has since been demonstrated that the major part of ruminal Na" transport takes place by
apical uptake of Na" via NHE3 exchange [42, 82, 83, 145], blockable by amiloride (1
mmol/l) (Figure 3). Conversely, bumetanide and furosemide have no effect on Na" transport
across the intact ruminal epithelium, and there is no other indication of Na'-K'-CI
cotransport in the rumen [83, 87].

HSCFA 3 Na*
Na*
Cl-
C =~
CO, H,CO,
-83 mV
Rumen / Blood

Fig 3: Current model of Na* transport across the ruminal epithelium: Na* transport from the rumen can occur
both via sodium-proton exchange (NHE) coupled to chloride-bicarbonate exchange and via an electrogenic
pathway. On the basolateral side, active transport of sodium occurs via the Na*/K*-ATPase which generates a
potential (blood side positive) that drives basolateral efflux of chloride through a channel. This, in turn, stimulates
apical uptake of CI via CI- /HCO-; exchange and Na* via NHE. Carbondioxide and short chain fatty acids (HSCFA)
are thought to diffuse freely through the lipid membrane and stimulate electroneutral sodium transport. (It should
be noted that the ruminal epithelium consists of more than two layers. Potential levels are for orientation and can
vary considerably from tissue to tissue.)

Basolateral extrusion of Na' takes place via the Na'/K'-ATPase mentioned above.
Substantial evidence suggests that K* is mainly recycled via basolateral potassium channels,
since apical potassium secretion is small [16, 39, 53, 73, 76]. The resulting negative cytosolic
potential drives CI” out of the cell through a basolateral CI” channel [1, 74] and into the blood.
This, in turn, may generate a chemical gradient for apical uptake of CI" via CI7HCO;5
exchange [27, 82], utilizing HCOj" that is continuously produced from CO, diffusing into the
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cell across the apical membrane. Accordingly, CI transport is sensitive to acetazolamide in
the manner known from many other transporting epithelia [36]. It should be noted that
electroneutral coupling of chloride with bicarbonate exchange ensures that the potential
gradient built up by the Na'/K'-ATPase does not break down. In line with this model,
changes in chloride concentration do not lead to large changes of PD; [52], although smaller
effects of exchanging chloride for sulfate have been noted [37, 80]. However, any apical or
paracellular conductance for chloride appears to be relatively small, or blocked by other ions
under most circumstances.

Apical Na'/H" exchange is stimulated both by CO, (<> H,CO3) and by the large amounts
of short chain fatty acids (SCFA) found in the rumen. Both diffuse through the apical
membrane in their lipophylic form, and donate a proton for exchange with Na' after
dissociation [40, 43, 45, 75, 133-135].

In contrast, the response of ruminal epithelium to the third major fermentation product of
the rumen, ammonia, depends on ruminal pH [1, 2]. At an (unphysiologically high) pH of
7.4, addition of ammonia to the ruminal epithelium in vitro inhibits the uptake of Na' via
NHE due to the influx of NH; with subsequent reconstitution to NH," [1] and an increase of
cellular pH [97]. At the more acidic values to be found physiologically (5.5-7.0), the amount
of NHj is reduced greatly due to protonation, and the dominant observation is a stimulation
of Na' uptake due to uptake of NH;" with subsequent cytosolic release of protons for
exchange in NHE [1]. Thus, in the healthy rumen with physiological pH values, the major
products of fermentation, short chain fatty acids, bicarbonate and ammonium, all stimulate
sodium reabsorption as a requirement for the postprandial stimulation of salivary flow.

Electrogenic Na® Conductance in the Rumen

The epithelial sodium channel (ENaC) is the channel that is responsible for the
conductance of sodium across most mammalian transporting epithelia in the lung, gut and
kidney [71, 115]. Characteristic features are block by low doses of amiloride in the
micromolar range, stimulation by aldosterone and lack of voltage dependence (although a
slightly higher open probability after hyperpolarization of the cell has been observed [114]).

In contrast, amiloride given in a dose as high as 1 mmol/l does not significantly affect the
PD, and the short circuit current across the ruminal epithelium, although Na" transport via
NHE is significantly reduced. In addition and contrary to expectations, extensive in vivo [85]
and in vitro experiments (unpublished results) by our laboratory failed to show any regulation
of ruminal sodium transport by aldosterone. Likewise, adrenalectomy did not affect the PD
of the ruminal epithelium in vivo [131]. In micropuncture experiments on the intact
epithelium, it was found that depolarization of the apical membrane decreases the fractional
apical resistance [72, 122] and increases the conductance of the ruminal epithelium for
sodium. Thus, the electrogenic Na" conductance of ruminal epithelium has none of the
properties associated with the expression of epithelial sodium channels (ENaC).

In an attempt to find further characteristics of the electrogenic sodium conductance of
forestomach epithelia, it was observed in Ussing chamber experiments that removal of
mucosal Ca*', Mg2+ or both increased the PD, and the short circuit current across the omasal
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[121] and ruminal epithelium [73]. At physiological concentrations of both divalent cations,
the conductance saturates at a Na' concentration of about 30 mmo/l [116]. In light of the
great physiological variability of ruminal Na* content (which varies from 25 mmol/l to above
100 mmol/1), this property is essential for maintaining sodium conductance at low levels of
Na', while preventing a massive Na" influx at higher concentrations which might damage cell
homeostasis.

It should be noted that these experiments were performed in absence of an
electrochemical gradient for sodium and can thus not be explained by opening of a
paracellular shunt pathway due to removal of divalent cations. Since both short circuit current
and potential difference rose almost immediately after removal of divalent cations, it can also
be concluded that the Na'/K'-ATPase is not the rate limiting step in sodium transport across
the ruminal epithelium.

In microelectrode experiments on intact epithelia, removal of mucosal divalent cations
led to a depolarization of the apical membrane [72], while paracellular conductance was not
affected. Maneuvers that have been shown to reduce cytosolic Mg>* concentration in isolated
cells such as the elevation of cAMP [77, 126], magnesium deprivation [73, 124], or reduction
of serosal Na'" [121], can also increase Na" conductance through forestomach epithelia.

In patch clamp experiments on isolated cells of the ruminal epithelium, we have observed
similar effects: conductance for both Na" and K" increases when external divalents cations
are removed. Interestingly, a further opening could be achieved by hyperpolarization, and it
was found that the voltage dependence of this conductance was altered by the cytosolic level
of Mg?" [77, 147]. A residual sodium conductance can also be observed in physiological
solutions with normal concentrations of external divalent cations (Figure 4 A and B).
However, when the Mg2+ concentration in the pipette is set to values at the upper end of the
range reported for intact ruminal epithelial cells [123, 124, 126], no significant conductance
for Na* can be seen (Figure 4 C). Under these high Mg®" conditions, sodium conductance
could be stimulated by elevation of cytosolic cAMP, either by direct application to the
cytosol via the patch pipette, or via PGE2 [146]. The latter effect may rest both on a
reduction of cytosolic magnesium [126], and/or upon direct effects on the channel protein. It
is noteworthy that an endogenous production of prostaglandins has been observed in intact
ruminal epithelium [40].

Although the precise nature of the Na" conducting channel in ruminal epithelium has yet
to be identified, our experiments suggest that electrogenic uptake of Na' by the sheep rumen
is regulated by voltage dependent binding of external and internal magnesium to sites in the
pore of a non-selective cation channel.

Mg?* Gating of lon Channels

Regulation of channel conductance by intracellular or extracellular magnesium is known
from a large number of ion channels, such as the inwardly rectifying potassium channel, the
NMDA receptor, a number of non-selective cation channels from the TRP family [3, 100,
154] or the epithelial sodium channel, ENaC [26].
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Fig 4. Sodium conductance of ruminal epithelial cells is blocked by external and internal Mg?*: Original
patch clamp recordings. Cells were filled with different pipette solutions, and currents in response to various
voltages (pulse protocol) were measured. Removal of Na* from a bath solution with physiological concentrations of
Ca?* and Mg?* resulted in a visable reduction of inward currents (A) and significant depolarization of the cells (B)
when filled with a pipette solution that contained no Mg?*. When Mg?* was added to the cytosolic medium in a
concentration of 0.9 mmol/l, effects of removing sodium from the bath solution were not significant. Removal of
external Ca?*, Mg?*, or both increased both sodium and potassium conductance of the cells.

While voltage gated channels respond to a change in membrane voltage by changes in
the conformation of the channel protein, in magnesium gated ion channels, removal of Mg**
in the solution eliminates the voltage dependence. Inwardly rectifying potassium channels
have been studied extensively for many decades [10, 56, 117], and it appears that voltage
dependence is related to binding of Mg®" to a binding site on the intracellular side (Figure 5
A). When the interior of the cell is hyperpolarized versus the outside, the resulting potential
gradient will tend to push positively charged ions into the cell and away from the cell
membrane. If the binding of Mg*" to the internal mouth of the channel is weak, the
probability that Mg?* will dissociate and move into the cell lumen rises, and thus, the number
of channels that are open at any given moment will increase. A characteristic and distinctive
property of the inward rectifier is that the conductance change is a function not of the
absolute potential E, but of the potential difference E — E(K") [56, 66] where E(K") is the
reversal potential for potassium. The reason for this is that as the external potassium
concentration rises, influx of potassium ions will push the blocking Mg** ion out of internal
mouth of the channel pore [55] and the channel will open at voltages where it would
otherwise have been closed. Thus, paradoxically, a channel that normally only opens when it
is hyperpolarized to low levels will also open when the external side is exposed to a high
concentration of potassium. The relatively simple mechanism of Mg®" block allows
depolarization of the cell when extracellular potassium concentration rises and allows influx
of potassium when the membrane voltage is below the Nernst potential for this ion, but
prevents efflux of potassium out of the cell at higher voltage levels.
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Fig 5: Voltage dependent block of ion channels by Mg?*: some models (see text)

NMDA receptors of neurons are channels with a high permeability for calcium and have
been studied extensively, facilitated undoubtedly in part by the low resting conductance of
the neuron’s cell membrane. These channels are opened by certain agonists, but conduct
poorly in normal bathing medium with physiological concentrations of magnesium, even in
the presence of an agonist [55]. However, when the cell is depolarized in the presence of an
agonist, their conductance increases [4, 62]. In these channels, the binding sites for Mg*" are
thought to be inside the channel pore, within the region where transmembrane voltage drops
from the external level to the level found on the internal side of the cell membrane. As above,
it has been established that the affinity to Mg®" changes as a function of membrane voltage
(Figure 5 B). However, at depolarized membrane voltages, the probability of Mg** occupying
these external sites is lower, the block is less pronounced, and the conductance of the NMDA
receptor increases. Interestingly, this block appears to be modulated by binding of permeant
monovalent cations to the external channel vestibule of NMDA receptors [110]. A further
feature is an additional block with different binding affinity by internal Mg®" [63]. It has
been suggested that Mg®" can permeate the channel at a low, voltage dependent rate and
would thus impede the flow of other ions through the pore, with the number of channels
blocked in this manner rising with the concentration of Mg*". The different blocking
properties of external or internal Mg”* can be explained by channel models in which several
ions move in single file through a long narrow pore with asymmetrical energy barriers [63],
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[56]. Note that the electrical field within the channel pore and thus, the forces that bind and
repel the blocking Mg*" ion, depend on the other ions within the pore. It has been proposed
that the combination of block by internal and external Mg®" make the NMDA-activated
channel a bidirectional rectifier with an optimal voltage range for conductance [63] (Figure 5
O).

The epithelial calcium channels ECaC 1 (TRPV6) and ECaC 2 (TRPVS) are known for
their extremely high Ca®" selectivity (Pco/Pna >100) in vitro, and appear to be involved in
Ca®" reabsorption in kidney and intestine [106, 154]. When divalent cations are removed,
they become permeable to monovalent cations and open at negative potentials with strong
inward rectification. As with the inward rectifier, this rectification depends at least in part on
the presence of intracellular Mg®*. Block by external divalent cations is decreased when
intracellular Mg2+ levels drop. As with the NMDA receptor, interaction with permeant
cations has been observed. At high potentials, Mg** block is relieved, indicating that Mg*"
may be able to permeate the selectivity filter of the channel if the driving force is high
enough [154].

In terms of conductance for sodium and block by divalent cations, the ruminal
conductance for sodium has striking similarity to channels belonging to the TRP family
[106]. However, in isolated cells of the ruminal epithelium, the blocking effects of divalent
cations are much larger than any currents that might be attributed to a conductance for Ca**
and Mg?", even if the electrochemical driving force is set to very high levels in patch clamp
experiments [148]. This is in line with the in vitro and in vivo observation that influx of Mg?*
into the cells and across the rumen saturates [85, 86, 123], although initial uptake rates are
high and fast. Thus, while it cannot and should not be excluded that Mg** uptake by the
rumen may involve channels from this group, these channels do not display the high rates of
Mg*" conductance reported for channels such as TRPM7 [95, 99].

Interestingly, low levels of messenger RNA of both TRPVS and TRPV6 have been found
in the rumen of sheep [162] where functionally, they may be involved in the transport of Ca**
[120]. In the same study, a higher expression of both channels not just on the mRNA but also
on the protein level was found in other parts of the gut of the sheep where absorption of Ca*"
is thought to play a minor role, and thus, the physiological role of these channels in the
gastrointestinal tract needs to be clarified.

In the case of TRPVS5, both high Ca®* selectivity and sensitivity to extracellular divalent
cations appear to depend on a single aspartate residue in the pore region between
transmembrane domains 5 and 6 [101]. Point mutations can be expected to dramatically alter
the conductance of ion channels, and the TRP family is no exception. Associated proteins
may lead to further differences [153]. It should be noted that buffering of Ca*" and Mg*" in
physiological solutions is by no means trivial [51, 79]. Since the cytosolic concentration of
these ions has impacts on the selectivity of these channels, a prediction of their conductance
in vivo from in vitro experiments has to be done with care. In most patch clamp studies [101]
including our initial experiments with ruminal epithelial cells, [1, 101], the concentration of
Mg*" in the pipette solution is higher than the free concentration of the ion that is found in
resting intact cells [123, 127], and the situation in the intact epithelium in vivo may be even
more complex.
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A recent study has shown that the esophageal epithelium of the rabbit possesses a sodium
conductance with similar properties, and it has been suggested that in this tissue, ENaC
subunits assemble to form a non-selective cation channel that is not blockable by amiloride
[7]. Data from RT-PCR experiments in our laboratory suggest that alpha subunits of ENaC
are expressed in ruminal epithelium (personal communication, Jatti Priesnitz). As mentioned,
regulation of ENaC by intracellular Mg?" has been demonstrated [26]. However, attempts to
demonstrate other subunits have not been convincing so far, and while this is certainly an
intriguing possibility, we do not feel that at this point that the involvement of other
cation channels (i.e. TRP channels [100]) in ruminal sodium transport should be ruled out in
light of the failure of aldosterone or amiloride to show any effects on electrogenic sodium
conductance in the forestomach.

It may be argued that since the greater amount of sodium absorbed by the rumen is
transported by the NHE as outlined above, any interest in a further mechanism is purely
academic. However, the apical electrogenic entry of sodium determines the magnitude of the
transepithelial potential (blood side positive), [27, 37-39, 82], and is thus an essential
contributor to the total driving force for the basolateral efflux of choride and other anions
such as bicarbonate [27]. Basolateral efflux of chloride drives apical uptake of chloride,
which, in turn, should stimulate Na" uptake via coupling of NHE with CI/HCO;™ exchange.
More importantly, perhaps, stimulation of electrogenic sodium transport should have a
negative impact on the electrochemical driving force for potassium efflux from the rumen.
The central importance of electrogenic sodium transport for transruminal potential thus
makes it a gate-keeper for the transport of ions across the rumen, and since the electrogenic
Na' conductance of ruminal epithelium is regulated by changes in cytosolic magnesium, the
uptake of this ion by the ruminal epithelium should be of some interest.

Absorption of Magnhesium

Interest in the uptake of magnesium by the ruminant is old and related to a surge of cases
of an affliction known as “grass tetany” that led to widespread loss of cattle in the last
century [90, 125]. After sudden transfer from normal winter rations to young spring grass,
animals became afflicted with excitability, salivation, ataxia, recumbency, and tetanic muscle
spasms [140, 141]. Despite normal magnesium content of the fodder, the animals were
apparently unable to absorb this mineral and thus suffered from hypomagnesaemia.
Sjollema’s hypothesis that the surge in frequency was related to the introduction of fertilizers
containing potash has since been confirmed by a solid body of evidence which has been
reviewed elsewhere [34, 90]. It should be noted that a number of other factors are known to
contribute to malabsorption of magnesium that include sodium deficiency [118] and high
protein content of the diet with subsequent high levels of ruminal ammonia [41].

Absorption of magnesium from the rumen has been studied extensively at the level of the
animal, the tissue, and the cell. It has been established that the main site for absorption of
magnesium in the ruminant is the forestomach [107]. When the rumen is bypassed, decreased
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plasma Mg”" concentrations, decreased urinary Mg®" excretion and increased fecal Mg”"
excretion is observed. This negative magnesium balance cannot be compensated for by post-
ruminal infusion of Mg®" [150].

Given that the serosal side of the rumen is positive versus the mucosal side (30 mV), any
paracellular transport will move Mg** from blood into the rumen [20]. Transport must thus be
transcellular and active and was first demonstrated by Martens and Harmeyer in 1978 [86]. In
the same study, it was shown that the transport is ouabain sensitive and saturable. The
presence of basolateral Na’/ Mg®>" exchange coupled to Na/K'-ATPase has since been
established [77, 126] as the mechanism underlying the active step of absorption (Figure 6 A).
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Fig 6: Reduction of Mg?" uptake by elevation of ruminal potassium: Apical Mg?* influx occurs down the
electrochemical gradient, driven by the negative potential across the apical membrane (A). Basolateral efflux
occurs in exchange for sodium. The stochiometry has not been identified.

After elevation of ruminal potassium (B), the apical membrane is depolarized and the gradient for uptake of Mg?*
decreases. Cytosolic Mg2+ concentration drops, and thus, also basolateral extrusion. Note that the relative
contribution of the potassium conductance to total membrane permeability may rise as ruminal potassium levels
increase.

In contrast, it has been shown that apical uptake depends on the electrochemical driving
force for Mg”" across the apical membrane (Figure 6 B). Depolarization of this membrane by
potassium was found to reduce transport of Mg*" across the rumen in vivo using various
approaches that include the temporary isolation of the rumen from influx of saliva [19, 50,
80, 85, 87, 89, 94, 164]. Experiments across isolated ruminal epithelium in the Ussing
chamber established that the potential difference, and not potassium concentration, were
central to the reduction in the uptake of Mg?* [76, 84]. Likewise, exposure of isolated cells of
the ruminal epithelium in culture to high potassium solution resulted in a reduced uptake of
Mg?[123, 124]. It has been shown that this maneuver depolarizes isolated cells of the
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ruminal epithelium via potassium channels [1]. In contrast, plasma magnesium concentration
had no influence on the rate of Mg”" absorption [91], and the effects of K on Mg*"
absorption are not attributable to high levels of absorbed K, but rather to the concentration
of K" present in the rumen [113]. From these experiments, a model has emerged that
resembles that developed for the distal convoluted tubule, where absorption occurs via an
apical Mg”" channel in conjunction with a basolateral Na’/ Mg®" exchanger [65, 161]. In the
context of this review, it is tempting to point out that in humans, a fall in plasma magnesium
is known to lead to kaliuresis [161] [64] [105], and that reduction in plasma Mg2+ levels
should thus help with excretion of potassium.

It should be noted that there is evidence for a second transporting process that is not
potential dependent and which facilitates uptake of magnesium into depolarized cells at
higher ruminal potassium concentrations of this mineral [61, 76, 124]. In addition, a number
of factors are known to stimulate absorption of magnesium from the rumen, including a rise
in bicarbonate, short chain fatty acids, and a low but physiological pH of around 6.4 [90].

Interestingly, reductions in the absorption of Mg*" were also observed after acute
exposure to ammonia [18, 41, 54, 87, 89]. For reasons that are not clear at present,
compensatory mechanisms set in after a few days [41] in this case, so that hypomagnesaemia
is transient. It is possible to speculate about the role that the electrogenic vacuolar H-ATPase
might play in this regulatory response [124] or about up-regulation of enzymes which are
involved in ammonia metabolism in the rumen epithelium [102, 103].

The practical implications of these physiological background facts are clear and have led
to a reduction in the frequency of the affliction. Adjusting cattle to a high potassium and high
protein diet with production of ammonia must be done slowly. Mg®" concentration in the
rumen must be elevated by feeding Mg*" salts to activate the non-potential dependent
magnesium uptake mechanism. Fertilization techniques which greatly raise potassium intake
should be avoided. In addition, care has to be taken that animals are not sodium depleted,
since this increases aldosterone levels, salivary excretion of potassium and thus, elevates
ruminal levels of potassium [90] [118] with the detrimental effect on Mg2+ absorption from
the forestomachs described above [88].

Ruminal transport of potassium

Given the high concentration of potassium in the ruminant diet and that the volume of the
rumen can exceed that of the plasma, it is clear that any absorption of potassium from this
organ has to be slow. When total potassium absorption is related to feed intake and
recirculation of saliva is not considered, the contribution of the rumen to total potassium
absorption is marginal, and most studies regard the small intestine as the major site for the
absorption of dietary potassium [69, 164].

However, when the rate of absorption is related to the concentration found in the rumen,
a certain permeability of the ruminal wall for potassium becomes apparent. Secretion of
potassium under experimental conditions with very low ruminal potassium concentration was
first noted by Sperber and Hyden [143], and this finding has been confirmed many times [35,
59, 80, 130, 160]. The simplest explanation for this observation is to assume a leak of
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potassium into the rumen paracellularly from the blood side (4-5 mmol/l K"), driven by the
positive PD; of about 30 mV (blood side positive). In this case, an increase in ruminal
potassium should lead to an increase in the potential across the ruminal wall, and such a
potential was, indeed, measured in feeding experiments [136]. Subsequent parallel in vivo
and in vitro investigations [37, 38] confirmed that the potential rose strongly with the luminal
concentration of potassium both in the completely isolated rumen in anaesthetized sheep, and
in isolated ruminal epithelium in the Ussing chamber. Conversely, raising Na' from a basal
level of 20 mmol/l had little (in vivo) or no (in vitro) effect [37, 38]. Later in vivo studies
(under more physiological conditions with HCOs™ and acetate instead of Cl” as the major
anions [18, 80]) confirmed the finding that K* concentration contributes more to overall
transepithelial potential than concentrations of Na’ exceeding 20 mmol/l.  However, it
should be noted that the increasing transepithelial potential with falling ruminal sodium
concentration in these experiments suggests that any paracellular leak of sodium into the
rumen has to be small. Thus, the simple model of a hypothetic “leak” pathway postulated
above cannot be quite so simple after all and must, at the very least, be highly selective for
potassium over sodium.

At first glance, these results seem to suggest that the efflux of potassium has to be
considerable since the transruminal potential has to be continuously maintained by a
corresponding flux of ions under in vivo non-equilibrium conditions. This is very clearly not
the case. The ability of the rumen to concentrate potassium has already been outlined above
(Figure 2). When sheep are transferred from a low potassium diet of hay and meals to a diet
of high potassium grass from a heavily fertilized meadow, ruminal potassium concentrations
can rise from levels of about 30 mmol/l to peaks of 100 mmol/l [136]. Concomitantly, the
concentration of sodium falls from levels as high as 100 mmol/I to values of 25 mmol/l. Thus,
while there can be no doubt about the coupling of potassium and transruminal potential [37,
38, 61, 76, 80, 84, 131, 155], and while a small passive flux of potassium down its
electrochemical gradient has been demonstrated [59,160], the major ion being absorped under
these conditions is sodium [59, 130, 144, 158, 160]. In line with this, a complete removal of
sodium (or application of ouabain) abolished the potential and the short circuit current across
the ruminal epithelium [53], establishing Na* as the major ion responsible for the potential
across the ruminal wall. An explanation for the failure to observe changes in transepithelial
potential in response to the elevation of ruminal sodium above 20 mmol/l [37, 38] has since
emerged: in vitro, electrogenic sodium conductance saturates at 30 mmol/l of Na' [116].
Thus, raising Na" concentration from 20 mmol/l to higher values should only have marginal
effects.

These data do not support the originally proposed model of a major paracellular leak
pathway for potassium and suggest a transcellular electrogenic uptake pathway highly
selective for potassium over sodium, with potassium channels being ideal candidates. In line
with this, a high concentration of potassium was found to depolarize the apical membrane of
ruminal epithelium and decrease the fractional apical resistance [76]. In vitro studies
showing that active, ouabain sensitive potassium secretion can take place under equilibrium
conditions [39, 53, 76, 163], with evidence for the existence of additional basolateral
potassium channels [76], support the model of channel mediated transcellular uptake.
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A similar notion of apical potassium channels evolved independently from in vivo
experiments on sheep, demonstrating that ruminal uptake of ammonia cannot be explained
exclusively by assumption of lipophillic diffusion of NH; [17]. In vitro experiments in the
Ussing chamber followed, that postulated electrogenic uptake of NH," via a quinidine
sensitive potassium channel [16]. This suggestion is supported by a recent study
demonstrating stimulating effects of NH;" on sodium transport, thus establishing that
transport of NH, " has to be transcellular [1]. Using the patch clamp technique, it was possible
to directly demonstrate corresponding quinidine sensitive potassium channels with a
conductance for both potassium and NH," in isolated ruminal epithelial cells [1].
Interestingly and typically [5, 33, 55, 56, 165], the open probability of these channels [1] rose
with the concentration of the permeant ion. This property of potassium channels may help to
explain why the cell is depolarized with increasing levels of potassium and falling levels of
sodium [39, 53, 76] despite the fact that in low potassium ringer, the conductance for sodium
exceeds that for potassium.

The assumption of transcellular flux via potassium channels integrates certain
observations in a satisfactory way, since uptake of NH," is favored by the electrochemical
gradient across the apical membrane of the rumen, whereas passive influx of K' into the
cytosol is not possible except at high ruminal potassium concentrations due to the high
cytosolic concentration of potassium. This is very much in line with the in vivo observations
of ammonia transport at low pH and low concentrations of ammonia [17], while very high
concentrations of potassium are necessary in order to observe sizable transport rates for
potassium [160]. However, the failure to observe a clear effect of quinidine on potassium
transport across the rumen in vivo does leave some room for a debate that should include the
very wide range of quinidine effects on cellular metabolism [35]. Despite this caveat, the in
vivo and in vitro evidence for the existence of potassium channels with a substantial
contribution to total conductance of the apical and basolateral membrane of the ruminal
epithelium is solid, and a viable model is needed to explain why nevertheless, potassium
movements across the ruminal wall remain small [69, 136, 160].

An attempt to integrate the various observations can be made by considering the
interaction of the electrogenic sodium conductance with potassium transport (Figure 7). As
stated before, this pathway is stimulated by the depolarization of the apical membrane [72]
and part of the potential generated by an increase of potassium in the rumen should be due to
stimulation of this sodium conductance. Now, the paradoxical observations fall into place:
potassium depolarizes the apical membrane, opens the sodium conductance [72, 77], the
transepithelial potential increases, the electrochemical driving force for the efflux of
potassium from the rumen falls. Therefore, we see an increase in sodium transport, a rise in
transepithelial potential, but potassium efflux from the rumen remains limited.
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Fig 7: Uptake of K* by the ruminal epithelium: Flux of K* across the ruminal epithelium is passive and
proportional to the transepithelial electrochemical driving force. With increasing concentration of ruminal K*, the
efflux of K* from the rumen into the plasma increases. However, stimulation of electrogenic Na* transport with
depolarization of the apical membrane and generation of a strong, lumen positive transepithelial potential limits the
amount of K* that leaks out of the rumen. In vivo, transepithelial potential can reach values of 60 — 70 mV.

A Role for Magnesium in Ruminal Osmoregulation

Numerous studies demonstrate that rising levels of potassium stimulate the absorption of
sodium across the rumen in vivo [59, 130, 144, 158, 160]. Harrison notes that in vitro
stimulation of Na" transport by elevation of K* only succeeded under open circuit conditions
[52], and thus, a potential dependent mechanism appears to be involved. This effect cannot
be attributed to a rise in osmotic pressure, since the effects of urea or mannitol on sodium
absorption were discrete [160]. As has been outlined above, a high increase in osmotic
pressure due to administration of non-ionic osmotic agents can even reduce Na" absorption,
and induce water influx into the rumen [44, 78, 122]. Conversely, potassium stimulates
absorption of sodium even in the absence of an osmotic gradient [85].

In light of the information we have at this point, it is possible to develop a fairly
consistent model that may describe the events that occur when sheep or cows are transferred
from a low potassium diet of hay to a diet higher in potassium, such as fresh spring grass
(Figure 8). As the concentration of potassium in the rumen increases, the conductance of the
apical membrane for potassium rises [1, 55] and the apical membrane is depolarized [76], the
binding affinity of divalent cations at the external mouth of the non-selective cation channel
is loosened, and simultaneously, uptake of magnesium decreases. Now, the non-selective
cation channel begins to open [77, 147].
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Fig 8: Stimulation of ruminal sodium transport by elevation of ruminal potassium: A) Divalent cations block
many of the non-selective cation channels in the apical membrane, limiting electrogenic sodium influx. Despite a
large concentration of apical Na*, total sodium flux is low. After elevation of the ruminal K* concentration (B), the
apical membrane is depolarized, uptake of Mg?* decreases and cytosolic Mg?* concentration drops. In addition,
depolarization relieves the block of the non-selective cation from the external side. Electrogenic Na* transport
rises creating an additional depolarizing stimulus and reducing the electrochemical gradient for the uptake of K *.

As Na' rushes in, the apical membrane is depolarized even further and a catastrophic
cascade of events would unfold but for the fact that at a certain potential level, residual
internal Mg2+ begins to block the pore from the inside, thus limiting a further depolarization.
It appears conceivable that at elevated cytosolic concentrations of sodium, basolateral Na"/
Mg*" exchange slows down so that internal Mg®" levels begin to rise again despite reduced
uptake. And thus, this model can predict that at medium levels of potassium, sodium
transport is stimulated, while at very high levels of potassium, sodium transport is depressed
[160].

An intriguing feature of this model is that as the transepithelial potential depolarizes due
to the electrogenic efflux of sodium, the driving force for the flux of potassium through leaks
from the rumen such as the paracellular pathway is decreased. Again, we can predict what
happens when potassium levels rise: as sodium transport is depressed, potassium conductance
begins to rise and this is, indeed, what is observed [160]. Thus, the introduction of potassium
channels in the apical membrane of the rumen does make “sense” from an evolutionary point
of view — or did, until potash fertilizers came up [140].
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Conclusion

Ruminants can deal with abrupt and extremely large rises in potassium intake due to their
ability to utilize the rumen as an additional reservoir for buffering K* until renal excretion of
K" has set in. Ruminal concentrations of potassium can rise to values of 100 mmol/l in these
situations, with sodium content decreasing in proportion so that osmolarity remains constant
throughout. This is essential since rising osmolarity would interfere with ruminal
fermentation processes and food uptake by the animal.

In contrast to the pronounced ability to maintain physiological ruminal osmolarity and
plasma potassium levels, hypomagnesemia is a known complication with economic
significance after transfer of ruminants to a high potassium diet. The pathogenesis of this
condition has been shown to involve a decrease in Mg”?" absorption by the rumen after
exposure to high ruminal potassium.

high potassium

diet
Ve
K* remains in
rumen
/ apical depolarization of
ruminal cells
Ruminal
osmoregulation 1
+ + . Ly e ffl f K*into pl
K*T Natd | inhibition of Mg2* uptake |-, ©"WX°* Intopasma
’
’ \
» 7 1 \
hypo- non-selective cation channel ) :
magnesemia opens renal excretion hypelrkalem|a
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grass tetany cardiac
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Fig 9: A role for magnesium in ruminal osmoregulation: The adverse effects of an inhibition of transcellular
ruminal Mg?* transport are balanced by the positive effects of a stimulation of Na* efflux from the rumen, namely,
inhibition of K* efflux into the plasma, stimulation of renal K* excretion, and regulation of ruminal osmolarity.

We feel that the two phenomena may be causally linked via a signaling cascade that
involves depolarization of the apical membrane by high potassium, reduced uptake of
magnesium, and opening of a sodium conductance with subsequent rise in sodium transport
out of the ruminal pouch (Figure 9). In evolutionary terms, the potassium-induced reduction
in digestibility of Mg2+ may be balanced by the increased ability to quickly ingest very large
amounts of fresh grass after a longer period of famine.
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Abstract

The role of trace elements in the pathogenesis of liver cirrhosis and its complications
is still not clearly understood.

Zinc, copper, manganese and magnesium are essential trace elements whose role in
liver cirrhosis and its complications is still a matter of research.

Zinc is associated with more than 300 enzymatic systems. Zinc is structured part of
Cu-Zn superoxide dismutase, important antioxidative enzyme. Zinc acts as an
antioxidant, a membrane and cytosceletal stabilizator, an anti-apoptotic agent, an
important co-factor in DNA synthesis, an anti-inflammatory agent, etc. Copper is an
essential trace element which participates in many enzymatic reactions. Its most
important role is in redox processes. Reactive copper can participate in liver damage
directly or indirectly, through Kupffer cell's stimulation. Scientists agree that copper's
toxic effects are related to oxidative stress. Manganese is a structural part of arginase,
which is an important enzyme in the urea metabolism. Manganese acts as an activator of
numerous enzymes in Krebs cycle, particularly in the decarboxilation process.

Magnesium is important for the protein synthesis, enzyme activation, oxidative
phosphorilation, renal potassium and hydrogen exchange etc.

Since zinc, copper, manganese and magnesium have a possible role in the
pathogenesis of liver cirrhosis and cirrhotic complications, the aim of our study was to
investigate the serum concentrations of mentioned trace elements in patients with liver
cirrhosis and compare them with concentrations in controls.

Serum concentrations of zinc, copper, manganese and magnesium were determined
in 105 patients with alcoholic liver cirrhosis and 50 healthy subjects by means of plasma
sequential spectrophotometer. Serum concentrations of zinc were significantly lower
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(median 0.82 vs. 11.22 pmol/L, p<0.001) in patients with liver cirrhosis in comparison to
controls. Serum concentrations of copper were significantly higher in patients with liver
cirrhosis (median 21.56 vs. 13.09 umol/L, p<0.001) as well as manganese (2.50 vs. 0.02
pmol/L, p<0.001). The concentration of magnesium was not significantly different
between patients with liver cirrhosis and controls (0.94 vs. 0.88 mmol/L, p=0.132). There
were no differences in the concentrations of zinc, copper, manganese and magnesium
between male and female patients with liver cirrhosis. Only manganese concentration
was significantly different between Child-Pugh groups (p=0.036). Zinc concentration
was significantly lower in patients with hepatic encephalopathy in comparison to
cirrhotic patients without encephalopathy (0.54 vs. 0.96 pmol/L, p=0.002). The
correction of trace elements concentrations might have a beneficial effect on
complications and maybe progression of liver cirrhosis. It would be recommendable to
provide analysis of trace elements in patients with liver cirrhosis as a routine.

Keywords: zinc, copper, manganese, magnesium, liver cirrhosis, trace elements.

1. Liver Cirrhosis
1.1. Epidemiology

According to data from the World Health Organization (WHO) chronic liver disease
causes more than 1.4 million death outcomes per year. Liver cirrhosis mortality rates vary
across the countries. A cirrhosis mortality rate in Great Britain is now among the highest in
Europe (28.9 per 100.000 in man and 12.8 in women). Between 1987-1991 and 1997-2001,
cirrhosis mortality in man in Scotland doubled more than once (112% increase) and in
women increase almost by two-thirds (67%) (Leon et al., 2006 a,b). On the contrary, in
Sweden decrease in liver cirrhosis mortality has been observed. In the last fifteen years an
age standardized mortality rate of liver cirrhosis was about 4 per 100.000 deaths per year
(Stokkeland et al., 2006).

The regional differences in cirrhosis mortality rates follow a north-south gradient, with
the lowest rates in Northern and the highest in Southern Europe. In 1995 cirrhosis mortality
rates in Northern Europe for men were about 12.2 per 100.000 and for women 4.8. On the
contrary, in Southern Europe cirrhosis mortality rates were about 33.7 for men and 12.1 for
women. Some exceptions were noticed in order to obtain general pattern. France has
substantially higher death rates than other southern European countries like Greece, Spain
and Italy (Ramstedt, 2002).

Taking into account that liver cirrhosis has important impact on overall mortality, even
small progress in explaining the liver cirrhosis pathogenesis could have positive influence on
disease progression.
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1.2. Definition

Liver cirrhosis is, according to the WHO, a diffuse process characterized by fibrosis and
conversion of normal liver architecture to structural abnormal nodules without normal lobular
organization.

1.3. Etiology

There are numerous causes of liver cirrhosis. Alcohol is the most common cause in the
Western countries but viral infection is the most common cause world-wide. Other causes,
like hereditary hemochromatosis, Wilson's disease, al-antitrypsin deficiency, galactosemia,
autoimune disease, Budd-Chiari syndrome, secondary biliary cirrhosis, hepatic venous
congestion, thrombosis of portal vein, infection, sarcoidosis, drugs, etc. are less common.

1.4. Alcoholic Liver Disease

Ethanol is metabolized in the liver through three pathways, by alcohol dehydrogenase /
aldehyde dehydrogenase (ADH), microsomal ethanol oxidative system (MEOS) and by
catalase.

More than 80% of ethanol is metabolized through first pathway. Consequently, an
increase in the NADH/NAD ratio occurs, what inhibits many NAD+ dependent enzymes.

Liver changes caused by alcohol consumption include fatty liver, alcoholic hepatitis and
alcoholic (Laenec's) liver cirrhosis. Fatty liver is initial, reversible phase of alcoholic liver
disease characterized by the development of fatty vacuole in hepatocytes due to the impaired
fatty acid metabolism.

Alcoholic  hepatitis is characterized by hepatocyte necrosis, infiltration of
polymorphonuclear leucocytes mainly in zone 3, then by dense cytoplasmic inclusions called
Mallory bodies and by hiatal sclerosis (Jensen et al, 1994 a,b). Mallory bodies are not
specific for alcoholic liver disease, because they can be found also in Wilson's disease and
primary biliary cirrhosis.

Liver cirrhosis is pathohystological term characterized by necrosis of liver parenchyma,
fibrosis and development of regeneratory lobules. According to the lobular size, liver
cirrhosis can be divided on micronodular, macronodular and mixed cirrhosis. Micrinodular
cirrhosis is characterized by lobules smaller than 3 mm in diameter and macronodular by
lobules above 3 mm in diameter.

Alcoholic liver cirrhosis is usually micronodular, but during the time can transform to
macronodular cirrhosis.
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1.5. Pathogenesis of Alcoholic Liver Disease

Alcoholic liver cirrhosis is caused by toxic effects of alcohol on the liver, lipid
peroxidation and immunologic alterations. After absorption, alcohol is transformed to
acetaldehyde. Accumulation of acetaldehyde alters hepatocyte function. Also, the product of
alcohol metabolism is reduced nicotinamide-adenine dinucleotide (NADH) which
accumulates in the cytosol and mitochondria of hepatocytes. That results in inhibition of
many NAD+ dependent enzymes like the enzymes of B-oxidation. All that cause decreased
oxidation of fatty acids with increased export of very low density lipoprotein (VLDL) and
hypertriglyceridemia which are commonly associated with alcohol use (Crabb & Estonius,
1998). Consequently, fat deposition occurs within the liver what cause so called fatty liver.
Acetaldechide can also modify liver proteins and DNA forming neoantigens which can be
recognized by the immune system and cause immunological reaction. Acetaldechyde
stimulates collagen synthesis by stellate cells. Acetaldechyde reduces mitochondrial
glutathione concentration. Alcohol by itself causes increased oxygen consumption with
consequent centrilobular hypoxia.

In the condition of low blood and tissue alcohol concentration, ADH has a key role in the
metabolism of alcohol. When tissue concentration increases above 10 mmol/L MEOS starts
to metabolize alcohol. MEOS is situated in microsomes of smooth endoplasmic reticulum.
Chronic alcohol consumption causes an increase in MEOS activity 5 to 10 times. Main role
in MEOS has isoenzyme CYP2E1l from cytochrom P450 family. CYP2E1 metabolizes
ethanol but also acetaldechyde and many other drugs what explains the increased toxicity of
therapeutic doses of some drugs in alcoholics (Vucelic et al., 2002).

Chronic alcohol consumption leads to the induction of CYP2El with generation of
oxygen radicals and lipid peroxidation. Also, alcohol sensitizes Kupffer cells and stellate
cells and probably inhibits regeneration of injured hepatocytes (Crabb & Estonius, 1998).
Reactive oxygen species cause hepatocyte injury by lipid peroxidation.

In pathogenesis of liver cirrhosis important occurrences are necrosis of hepatocytes,
hepatocellular regeneration, fibrosis and destruction of lobular structure with forming
pseudolobules.

In fibrogenesis, necrosis of hepatocytes occurs first. In the early phase, as mentioned
above, products of cell inflammation, like proteinases and free oxygen radicals, cause
necrosis of hepatocytes with consequent release of numerous cytokines. Changes of
extracellular matrix occur in further phase. Those changes include non-proportional increase
in a concentration of some extracelular matrix molecules, changes on molecules and their
transposition within the matrix.

There is a multiple increase in concentration of extracellular matrix molecules like
collagen, glycoproteins and proteoglycans. Chronic alcohol intake also stimulates production
and releasing of numerous cytokines by stimulated Kupffer cells. One of the most important
cytokine in fibrogenesis is certainly transforming growth factor B (TGF-B). Released
cytokines stimulate stellate cells on proliferation and collagen synthesis.

On the other hand, degradation of protein matrix has also important role in fibrogenesis
(Sherlock et al., 2002). Matrix degradation is regulated by metalloproteinase (Arthur &
Iredale, 1994; Arthur, 2000). The most important metalloproteinases are collagenases (MMP-
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1 and MMP-13, which disolve type I, II and III collagen), gelatinase (MMP-2 and MMP-9,
which disolve type IV collagen) and stromelisins (MMP-3 and MMP-10, which disolve
proteoglycans, laminin, fibronectin, etc.) (Takahara et al., 1995). All these enzymes are
synthesized by Kupffer cells and activated stellate cells. Metalloproteinases are inhibited by
tissue metalloproteinase inhibitors (TIMP). Activated stellate cells synthesize TIMP-1.
Therefore, stellate cells have important role in degradation and synthesis of connective tissue
(Iredale et al., 1992).

Fibrosis alters the liver structure and obstructs biliary and vascular pathways with
clinical consequences.

1.6. Clinical Manifestations of Liver Cirrhosis

Fatty infiltration causes nonspecific symptoms or abnormal laboratory results of liver
function. The liver is usually enlarged. In advanced alcoholic liver disease common
symptoms are loss of appetite, weight loss, nausea, jaundice, abdominal pain and edema.
Liver cirrhosis is characterized by an enlarged liver in the beginning and small, fibrous liver
in advanced stages, enlarged spleen, portal hypertension with esophageal varices, hepatic
encephalopathy, anemia, etc.

1.7. Treatment of Patients with Liver Cirrhosis

Treatment of liver cirrhosis is mostly symptomatically. Usually, the main problem in
patients with liver cirrhosis is the treatment of complications like hepatic encephalopathy,
hepatorenal syndrome and bleeding from esophageal varices.

Numerous studies have tried to focus on prevention of alcoholic liver cirrhosis and
progression of alcoholic liver disease to liver cirrhosis. There were also numerous studies
which have tried to slow down progression of liver disease and prevent complications. As the
oxidative stress has important role in pathogenesis of liver cirrhosis, trace elements have
become important substrate for investigations of pathogenesis of liver cirrhosis and its
complications.

Trace elements certainly have important role in pathogenesis of liver cirrhosis and its
complications.

2. Trace Elements
2.1. Definition

Trace elements are present in human body in very small concentration (ppm - pars per
million).
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Development of new laboratory methods has allowed better quality and quantity
determination of trace elements, as well as better understanding of their role in numerous
metabolic processes.

There are essential and nonessential trace elements. Essential trace elements are those
necessary for life and normal body function. According to Cotzias (Cotzias, 1967), essential
trace elements are iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), cobalt (Co), iodine (J),
molybdenum (Mo), selenium (Se) and chromium (Cr). There is an additional division of trace
elements on incontestable essential trace elements and »probably essential trace elements for
humans«. Incontestably essential trace elements are iron (Fe), zinc (Zn), copper (Cu),
chromium (Cr), iodine (I), cobalt (Co), molybdenum (Mo) and selenium (Se). Probably
essential trace elements are manganese (Mn), tin (Sn), nickel (Ni), fluor (F), silicon (Si),
vanadium (Va), calcium (Ca) and magnesium (Mg).

Trace elements entry includes ingestion by food and water. Normal nutrition satisfies
requirements of human body for trace elements.

Concentration of trace elements is different in different drinking waters. Food
processing, especially industrial, influences (mostly decrease) concentration of trace
elements. There is also a question of trace element supplementation in patients with long-
term parenteral nutrition.

All above mentioned suggests that an intake of trace elements in human body by food or
by drink water varies.

Trace elements form moderately stable complexes with enzymes, nucleic acids and other
ligands, changing and controlling their function, while other form compact static complexes
and become integral functional components of enzymes (Speech et al., 2001). Therefore, it is
obvious that some trace elements participate in numerous biochemical reactions which are
necessary for life, like oxygen transport and release, redox processes, etc.

Optimal concentration of trace elements is within narrow range between their deficiency
and toxicity.

Deficiency of trace elements is usually caused by the inadequate intake or other factors,
like an increased loss caused by diarrhea, malabsorption after surgical resection of small
intestine, by forming metal complexes with food ingredients which do not allow absorption,
increase urinary losses, increase losses caused by pancreatic juices or other exocrine
secretions, etc. The deficiency can as well be caused by the antagonistic actions of some trace
elements on absorption or transportation of other trace elements, for example, in the case of
intake of zinc and copper or copper and molibden. The intake of one trace element can also
cause the deficiency of the other trace elements.

Toxic effects of trace elements depend on chemical shape, way of entry in the body,
biological ligands, tissue distribution, concentration and velocity of elimination.

Toxicity mechanisms include enzyme inhibition by binding to essential amino-acid
residuum, changing both function and structure of nucleic acids, inhibition of synthesis,
influence on membrane permeability, inhibition of phosphorilation, etc (Kasper et al., 2005).

As it would be difficult to present role of all trace elements in liver cirrhosis we choose
to present only zinc, copper, manganese and magnesium according to data from our research.
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2.2. Zinc, Copper, Manganese and Magnesium in Liver Cirrhosis

The role of trace elements in pathogenesis of liver cirrhosis and its complications is still
not clearly understood. In fibrogenesis the initial occurrence is hepato-cellular necrosis. In
the early phase, inflammation cell products, proteinases and reactive oxygen radicals, may
initiate hepato-cellular necrosis with consecutive releasing of numerous cytokines. Following
hepatic injury, there is an increase in extracellular matrix, the activation of stellate cells, the
increase in rough endoplasmatic reticulum and expression of smooth muscle specific a-actin
(Friedman, 1993).

Activated stellate cells are influenced by numerous cytokines. Some of them have
proliferative effect on stellate cells while others stimulate fibrogenesis (Pinzani, 1995).

Zinc, copper, manganese and magnesium are essential trace elements whose role in liver
cirrhosis and its complications is still a matter of research. There are contrary reports about
their serum concentrations in patients with liver cirrhosis.

2.2.1. Zinc

Zinc is incontestably essential trace element in humans. In nature zinc is especially
present in sea food, cereals, vegetable, milk, walnuts etc. Average daily intake is
approximately 12-15 mg. From oral intake, only 20-30% will be absorbed. In the enteric cell
zinc induces synthesis of metalothionein, low molecular weight protein and when this process
ends further absorption of zinc decreases. About two thirds of absorbed zinc is bounded on
albumin and other is bounded on B-2 microglobulin. Normal plasma concentration of zinc is
0.85-1.10 pg/mL.

In adult people renal excretion is approximately 300-600 pg per day. Renal tubular
absorption decreases with tiazid diuretics administration (Prasad et al., 1996). Increased
urinary losses are common in nephrotic syndrome, liver cirrhosis and other hypoalbuminic
states, during penicillamine administration, catabolic states after burning, trauma, surgery,
hemolytic anemia, etc. Decreased serum concentration of zinc is common in patient with
acute myocardial infarction, infection, hepatitis, etc. (Kasper et al., 2005).

Lower serum concentration of zinc is common in patients with liver cirrhosis due to
decreased intake, decreased absorption, decreased bioavailability and increased losses due to
malabsorption, diarrhea or increased urinary losses.

There is a reduced liver protein synthesis in patients with liver cirrhosis with
consequently decreased zinc bioavailability.

Zinc participates in more than 300 enzymatic systems (Christianson, 1991). Zinc is
involved in synthesis of nucleic acid, protein synthesis, testosterone secretion, cerebral
function etc. Zinc presents natural defense from reactive oxygen radicals through
antioxidative enzyme, Cu-Zn superokside dysmutase (Speich et al., 2001). Its role in storage
and release of hormones, neurotransmision, visual processes and cognitive processes were
also described (Truong-Tran et al., 2000; Vallee et al., 1993).

Zinc acts as an antioxidant, membrane and cytoskeletal stabilizator, anti-apoptotic agent,
important cofactor in DNA synthesis, anti-inflamatory agent etc. (Truong-Tran et al., 2001).
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In the last decade role of zinc in apoptosis was considered intensively (Truong-Tran et
al., 2000; Zalewski et al., 1993; Sunderman, 1995; Wyllie, 1997). Apoptosis is important in
early embryonic development, what has been found in investigations with zinc deficient rats
(Record et al., 1985).

Ethanol consumption induces apoptosis in liver and lymphoid tissue as well as many
other. According to the published data it seems that zinc has influence on apoptosis of blood
mononuclear cells by inhibiting the mitochondrial pathway of cell death. It was suggested
that mitochondrial pathway of ethanol-related immune cell death may be inhibited by zinc
supplementation (Szuster-Ciesielska et al., 2005).

On the other hand, it seems that zinc at pharmacologic concentrations stimulates cytokine
expression and induces apoptosis of peripheral blood mononuclear cells (Chang et al., 2006).

The role of zinc in Alzheimer disease has also been investigated (Anderson et al., 1996).

Zinc has also role in glucose metabolism. Decreased secretion of insulin and impaired
glucose tolerance were found in zinc deficient patients (Marchesini et al., 1998). Zinc is also
integral part of insulin molecule and crucial for the synthesis, storage and secretion of insulin
in pancreatic islet cells (Grungreiff et al., 2005; Chausmer, 1998; Blostein-Fuji et al., 1997).
There has been hypothesed that zinc deficiency could be a link between liver cirrhosis and
"liver" diabetes mellitus (Grungreiff et al., 2005). Zinc supplementation increases glucose
disposal due to the increased non-insulin-mediated glucose uptake, without any systematic
effect on insulin secretion and sensitivity (Marchesini et al., 1998).

Zinc has an important role in fibrogenesis. Some of zinc metalloenzymes, like DNA and
RNA polymerases, have a great impact on regeneration of liver parenchyma. In fibrogenesis,
zinc acts antagonistically to copper (Arakawa et al., 2003).

Zinc inhibits the cross-linking of covalent bonds in collagen through lysyl oxidase (Sato
et al., 2005).

Zinc is a structure part of collagenasis. On the other hand, zinc is the inhibitor of prolyl
hydroxilase, which is important enzyme in collagen synthesis (Camps et al., 1992).

In some studies, in the early phase a positive correlation between liver regeneration and
zinc tissue concentration was found (Milin et al., 2005). In regenerated liver translocation of
metallothionein to the nuclei is noticed where zinc participate in cell cycle processes
(Tsujikawa et al., 1994).

Zinc is an activator of ornithin transcarbomoilase which participates in ammonia
metabolism.

Zinc also participates in amino-acid metabolism, therefore its role in portal
encephalopathy was investigated. Studies have showed that long-term oral zinc
supplementation in patients with liver cirrhosis improve urea synthesis from ammonia and
amino-acids with consequently decrease in concentration of ammonia and improvement
clinical features of liver cirrhosis (Marchesini et al., 1996).

According to the results from clinical trials, zinc has a positive effect on the oxydative
stress. Zinc supplementation in protein deficient rats resulted in increased activity of catalase,
glutathion peroxidase, glutathion reductase and glutathion-S-transferase (Sidhu et al., 2005).
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Zinc supplementation in those patients leads to significant increase in reduced glutathion
concentration (GSH) and increased superoxide dismutase (SOD) activity in comparison to
control group. By zinc supplementation in mentioned research serum concentration of
copper, iron and selenium were normalized.

The results suggested possible influence of zinc on antioxidative enzymes activity and its
possible effect on concentration of other trace elements.

The research on animal models showed that zinc supplementation has a protective effect
on ethanol induced liver damage.

Zinc supplementation decreases ethanol induced zinc depletion and decrease in
cytochrom P450 2E1 (CYP2E1) activity. Also, zinc supplementation increases activity of
alcohol dehydrogenase in liver. That partially can explain zinc influence on the oxidative
stress.

Zinc has also the important role in preserving of intestinal integrity as well as in
prevention of endotoxemia with consequent inhibition of TNF-a synthesis induced by
endotoxine (Kang et al., 2005).

Mentioned effects of zinc are independent from metallothioneine. Zinc supplementation
has protective effect on ethanol induced decreasing of glutathione concentration, decreasing
glutathione peroxidase activity and increasing glutathione reductase activity in liver (Zhou et
al., 2005).

Zinc inhibits free oxygen radicals generation and increases antioxidative pathways
activity.

According to Camps (Camps et al., 1992) zinc supplementation leads to decreased lipid
peroxidation, collagen deposition, inhibition of prolyl-hydroxilase and increased collagenase
activity.

Zinc induces synthesis of metallothionein. Metallothionein is effective cytoprotective
agent against ethanol induced liver damage. Its protective effect can be explained by its
influence on oxidative stress (Zhou et al., 2002).

Also, ZNF 267 (zinc finger protein 267) mRNA expression is increased in stellate cells
of patients with liver cirrhosis. ZNF 267 is binding for MMP-10 and presents negative
regulator of transcription MMP-10 and indirectly enhances fibrogenesis in the liver (Schnabl
et al.,, 2005). The role of MMP-10 was mentioned above. All mentioned suggests the
important role of zinc in fibrogenesis and pathogenesis of liver cirrhosis and its
complications.

2.2.2. Copper

Copper is an essential trace element which participates in many enzymatic reactions.
Copper has the most important role in redox processes, where presents donator of electron on
mitochondrial level.

Copper absorbed in duodenum, binds for ceruloplasmin, albumin and transcuprein. More
than 90% of copper in plasma binds for ceruloplasmin, and the rest binds for albumin and
transcuprein (Luza et al., 1996).

In hepatocite copper is incorporated into ceruloplasmin and metallothionein, cistein rich
protein, which binds also other heavy metals, like cadmium and mercury. Metallothionein
acts as a factor of detoxicaton in gastrointestinal mucosa, but also prevents copper induced
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cytotoxicity (Luza et al., 1996; Sato et al., 2005). Copper enters into the cell by two copper
transporting enzymes, ATP-ase ATP7A i ATP7B, products of genes for Menkel and Wilson's
disease. Copper elimination is mainly through hepatobiliary tract, and around 4% by urinary
tract.

Copper participates in gene expression. Copper is a cofactor of many enzymes, like
superoxide dismutase, important antioxidative enzime, furthermore enzyme tirosinase, which
is necessary for melanin synthesis in human body, as well as many other enzymes. Copper
influences on metabolism of iron, its absorption, incorporation in hemoglobin, etc.

Toxic effect of copper was focus of interest of many scientists. One of proposed model
was that metallothionein saturated with copper entry to lysosomes, where is incompletely
demolished and polymerized, forming insoluble material containing reactive copper which,
together with iron, run lisosomal lipid peroxidation. That consequently causes hepatocyte
Necrosis.

Reactive copper participates in liver damage directly or indirectly, through stimulation of
Kupffer and other cells (Klein et al., 1998). Toxic effect of copper is explained through its
role in production of oxygen radicals (Bremner, 1998). Oxygen radicals can cause destruction
of cell lipids, nucleic acids, proteins and carbohydrates, what results in the impairment of cell
function and cell integrity.

Copper is also very important in fibrogenesis. Copper is the cofactor of lysil oxidase,
which is involved in the formation of molecular bridges in collagen. An excessive
accumulation of copper in the liver and an increase in the copper concentration promote
hepatic fibrosis (Arakawa and Suzuki, 1993; Sato et al., 2005).

2.2.3. Manganese
Manganese is an essential trace element discovered in 1774. Manganese entries the

human body by ingestion. Only 3-4% of ingested manganese is absorbed. Proportion of
absorbed manganese can increase in specific states, like hypochromic anemia. In plasma
manganese is transported by transmanganin (Kasper et al., 2005). In the body manganese is
accumulated in mitochondria. The highest concentration of manganese is in enteric system,
liver, pancreas, kidney, lungs and muscles. It passes hemato-encephalic barrier and can be
accumulated in the brain in the state of prolonged exposition. Mainly, manganese is excreted
through hepatobiliary system. Partly is reabsorbed in small intestine and the rest is excreted
by feces.

Ingestion of manganese substances can cause destruction of gastrointestinal mucosa with
bleeding. Chronic intoxication with manganese leads to degenerative changes in basal
ganglia, especially in globus pallidus and corpus striatum (Spahr et al., 1996; Rose et al.,
1999). Decreased synthesis of dopamine and decreased conversion causes decreased
concentration of dopamine in corpus striatum. Possible explanation could be decreased
activity of tyrosine kinase and other oxidative enzymes situated in mitochondria, where
manganese is especially accumulated. Gradually, in three phases, symptoms like those in
Parkinson disease develop in patients intoxicated with manganese.

Manganese is a structural part of arginase, which is an important enzyme in the urea
metabolism. Manganese acts as an activator of numerous enzymes in Krebs cycle,
particularly in the decarboxilation process.
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Glutamine synthesis is also manganese metalloenzyme what confirms the role of
manganese in antioxidative system. Manganese influences on skeletal growth, synthesis of
nucleic acids, proteins, hemoglobin, lipid and carbohydrates metabolism, etc.

According to the results of the studies, there is a common increased serum concentration
of manganese in patients with hepatic encephalopathy. There are opinions that toxicity of
manganese contributes to occurrence of hepatic encephalopathy. Prevention of manganese
accumulation and decrease in serum manganese concentration could have beneficial effect on
mental status of patients with liver cirrhosis (Hauser et al., 1996).

Several studies have showed accumulation of manganese in basal ganglia in patients with
liver cirrhosis. Extrapyramidal symptoms could be explained as a result of copper toxicity on
dopaminergic function of basal ganglia (Spahr et al., 1996; Rose et al., 1999).

2.2.4. Magnesium

Magnesium is the fourth frequent cation in human body. It occurs in soft tissues and
bones. Only 1-5% of magnesium is situated extracellularly. The main part of magnesium
originates from ingested food. About 1/3 of ingested magnesium will be absorbed. Mostly,
magnesium will be excreted through urinary system. Around 30% is bounded to serum
proteins, 15% is in complexes and around 50% is available in ionized form. Magnesium
bounded to serum proteins is mainly (75%) bounded to albumins, a-1 and o-2 globulins.
Parathyroid hormone is important regulator of magnesium concentration acting through
regulation of renal tubular reabsorption.

Magnesium is important in protein synthesis, activation of enzymes, oxidative
phosphorilation, etc.

Magnesium also has an important role on the level of neuromuscular connection where
slows down neuromuscular impulse inhibiting acetylcholine. That is the main reason why
disturbance in magnesium equilibrium causes neuromuscular symptoms.

Magnesium deficiency is usually caused by kidney disease, chronic alcoholism,
excessive diuresis, malabsorption, sever diarrhea, etc. Magnesium deficiency causes
increased muscular excitability due to the increased acetylcholine activity, with consequent
muscular tremor. Mental disorders include confusion and hallucinations. Magnesium
influences on heart conductive system and magnesium deficiency can cause arrhythmia.
Magnesium intoxication usually caused by acute or chronic renal insufficiency, cause
hyporeflexity, cardiac arrhythmia, respiratory depression and coma.

According to the results of published studies, there is a decreased serum concentration of
magnesium in patients with liver cirrhosis (Rocchi et al., 1994). Study of Stergiou has
showed that spironolactone decreases magnesium excretion by decreasing furosemide-
induced renal excretion of potassium and magnesium (Stergiou et al., 1993).

Since zinc, copper, manganese and magnesium have the possible role in the pathogenesis
of liver cirrhosis and cirrhotic complications, the aim of our study was to investigate the
serum concentrations of mentioned trace elements in patients with liver cirrhosis and
compared them with concentrations in controls.
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3. Material and Methods
3.1. Subjects

The study included 105 patients with diagnosed liver cirrhosis of ethylic etiology who
were hospitalized from 2000 to 2005 in the Division of Gastroenterology at Dubrava
University Hospital, with median age 55 years. Seventy eight (74%) of them were male and
twenty seven (26%) were female. According to the Child-Pugh classification patients with
liver cirrhosis were divided in Child-Pugh A, B and C group. There were 35 subjects in every
Child-Pugh group.

Inclusion criteria were alcoholic liver cirrhosis (diagnosed by anamnestic data of alcohol
consumption, laboratory and pathohistological findings, negative markers of viral hepatitis
and normal values of ceruloplasmine), ability to sign the Informed consent and age 18 to 70.

Exclusion criteria were vegetarianism, Wilson’s disease, malign disease, acute liver
failure, impaired renal function (creatinine clearance <60 ml/min), multiorganic failure and
inability to sign the Informed consent.

The control group consisted of 50 healthy subjects (median age 52 years) who were
performed laboratory analysis as part of systematic medical examinations. There were 35
(70%) males and 15 (30%) females.

The Informed consent was obtained from all study subjects. The study protocol was
approved by the Ethics Committee of Dubrava University Hospital. The protocol was carried
out in accordance with the ethics guidelines of the Helsinki Declaration.

3.2. Methods

Blood samples were collected without anticoagulans and serum was stored in a freezer
on -20°C until processing. In processing 1 ml of serum was taken, 1.5 ml of concentrated
nitric acid and 0.5 ml 30% H,0, were added on account of the digestion. After the digestion
the sample was cooling for 20 minutes. The solution was transferred into a 10 ml container
and was supplemented with ultra clean water. The concentrations of trace elements were
determined by means of plasma sequential spectrophotometer TraceScan (Thermo Jarrell
Ash, USA). Data were presented with median and 5-95 percentile range and compared using
Wilcoxon and Kruskal-Wallis non-parametric tests. Statistics was done using MedCalc
software (MedCalc Software, Mariakerke, Belgium). Only p<0.05 was considered significant.

4. Results

The serum concentrations of zinc, copper, manganese and magnesium in patients with
liver cirrhosis and controls are presented in Table 1. The serum concentration of zinc was
significantly lower in patients with liver cirrhosis in comparison to the controls (0.82 umol/L
vs. 11.22 umol/L, p<0.001). The serum concentration of copper was significantly higher in
patients with liver cirrhosis in comparison to the controls (21.56 pmol/L vs. 13.09 umol/L,
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p<0.001) as well as manganese concentration (2.50 pmol/L vs. 0.02 pmol/L, p<0.001). The
concentration of magnesium was not significantly different between patients with liver
cirrhosis and controls (Table 1, p=0.132). There were no differences in the concentrations of
zinc, copper, manganese and magnesium between male and female patients with liver
cirrhosis (Table 2).

Table 1. Serum concentrations of zinc, copper, manganese and magnesium in patients
with liver cirrhosis and controls

Subjects (N=105) Controls (N=50) Statistics
Trace elements median and 5 - 95 median and 5 - 95 ; b
percentiles percentiles
Zinc (umol/L) 0.82 (0.24-1.74) 11.22 (9.23-15.10) 10.05  <0.001
Copper (umol/L) 21.56 (11.17-30.60) 13.09 (11.17-19.95) -7,66 <0.001
Manganese (pmol/L) 2.50 (0.01-29.65) 0.02 (0.01-0.40) -8,21 .001
Magnesium (mmol/L) 0.94 (0.63-1.36) 0.88 (0.56-1.12) -1.51 132

Table 2. Serum concentrations of zinc, copper, manganese and magnesium in male and
female patients with liver cirrhosis

Male (N=78) Female (N=27) Statistics
Trace elements median and 5 - 95 median and 5 - 95 ; o
percentiles percentiles
Zinc (umol/L) 0.84 (0.25-1.70) 0.74 (0.20-1.99) -0.32  0.750
Copper (umol/L) 21.18 (9.86-30.07) 23.56 (15.49-32.12) 1.58 0.113
Manganese (umol/L) 2.10 (0.01-31.20) 3.70 (0.08-29.55) 145  0.146
Magnesium (mmol/L) 0.96 (0.58-1.40) 0.88 (0.71-1.36) -1.05  0.293

Table 3. Serum concentrations of trace elements in Child-Pugh groups

Child-Pugh A Child-Pugh B Child-Pugh C Statistics
Trace (N=35) (N=35) (N=35)
elements medianand 5-95 medianand 5 - median and 5 - 95 H 0
percentiles 95 percentiles percentiles
Zinc(pmol/L) 1.06 (0.38-1.49) 0.78 (0.26— 0.54 (0.14-1.45) 19.24  0.053
1.94)
Copper 19.98 (13.75- 22.30 (10.51— 23.20 (9.75-29.76) 1.00 0.608
(umol/L) 29.84) 31.65)
Manganese 2.00 (0.12-9.42) 2.10 (0.01- 6.30 (0.01-35.75) 9.21 0.036
(umol/L) 27.62)
Magnesium 0.93 (0.65-1.18) 0.96 (0.65— 0.88 (0.40-1.53) 5.34 0.084
(mmol/L) 1.38)

The data in Table 3 show that the serum levels of manganese were significantly different
between Child-Pugh groups (H=9.21, p=0.036). An additional analysis showed that the
serum levels of manganese were significantly higher in patients with Child-Pugh C liver
cirrhosis (6.30 umol/L) in comparison to patients with Child-Pugh A (2.00 umol/L , z=-3.09,
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p=0.002) and B liver cirrhosis (2.10 umol/L, z=-2.06, p=0.039). The concentrations of zinc,
copper, and magnesium did not differ significantly between Child-Pugh groups (Table 3).

The serum concentrations of zinc, copper, manganese and magnesium in cirrhotic
patients with and without hepatic encephalopathy are represented in Table 4. The
concentration of zinc was significantly lower in patients with hepatic encephalopathy in
comparison to cirrhotic patients without encephalopathy (0.54 pmol/L vs. 0.96 pmol/L,
p=0.002). There were no differences in serum concentrations of other trace elements between
patients with or without encephalopathy. The serum concentrations of zinc, copper,
manganese and magnesium in cirrhotic patients with and without ascites are represented in
Table 5. Only manganese concentration was significantly different between patients with and
without ascites. Namely, serum manganese concentration was higher in cirrhotic patients
with ascites in comparison to the cirrhotic patients without ascites (4.10 pmol/L vs. 1.80
pmol/L, p<0.001).

Table 4. Serum concentrations of trace elements in cirrhotic patients
with and without hepatic encephalopathy

Trace elements Without encephalopathy With encephalopathy  Statistics

(N=83) (N=22)

median and 5 - 95 median and 5 - 95

percentiles percentiles z p
Zinc (umol/L) 0.96 (0.25-1.77) 0.54 (0.19-1.11) -3.07  0.002
Copper (umol/L) 21.56 (13.07-31.43) 21.31(9.85-29.31) -1.21 0.227
Manganese (pmol/L) 2.20 (0.01-31.38) 4.90 (0.01-26.94) 0.66 0.506
Magnesium (mmol/L) 0.95 (0.63-1.36) 0.90 (0.53-1.37) -1.72 0.086

Table 5. Serum concentrations of trace elements in cirrhotic patients
with and without ascites

Trace elements Without ascites (N=45) With ascites (N=60) Statistics
median and 5 - 95 median and 5 - 95
percentiles percentiles z p
Zinc (umol/L) 0.97 (0.36-1.57) 0.69 (0.18-1.78) 1.77 0.077
Copper (umol/L) 20.25 (11.84-30.47) 22.42 (10.74-30.82) 028  0.778
Manganese (umol/L) 1.80 (0.01-11.20) 4.10 (0.01-31.80) -3.43 <0.001
Magnesium (mmol/L) 0.92 (0.64-1.13) 0.94 (0.54-1.46) -0.58 0.564

5. Discussion

Mechanisms linked on ethanol metabolism, especially oxidative stress, redox potentials
and acetaldehyde, participate in the emergence of liver damage. Trace elements play an
important role in oxidative stress and redox potentials. A possible role of zinc, copper,
manganese and magnesium in pathogenesis of liver cirrhosis and its complications is still
subject of researches.
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In our research the serum levels of zinc were significantly lower in patients with liver
cirrhosis in comparison to controls (Table 1, median 0.82 pumol/L in patient with liver
cirrhosis and 11.22 pmol/L in controls, p<0.001). The results confirm Kugelmans' research
(Kugelmas et al., 2000), which explained low zinc levels with low ingestion due to protein
reluctance, increased loss in gastroenterological system due to diarrhea or intestinal
malabsorption and increased urinary losses. The assumption is also based on the research of
McClain (McClain et al., 1991) and Extremera (Extremera et al., 1990). Protein deficiency
occurs frequently due to the poor dietary intake. Our results confirm findings of decreased
serum concentrations of zinc in patients with liver cirrhosis. Possible explanations for the
decreased zinc levels in cirrhotic patients are mentioned above.

In Celik's research (Celik et al., 2002) the decrease in both serum and ascites zinc content
was found in patients with liver cirrhosis. The interaction between zinc and copper in their
intestinal absorption and their competition for binding sites on the carrier proteins and
cellular uptake may be regulators of their homeostasis. Maybe this can explain inverse
concentrations of zinc and copper. Zinc binds on albumin, transferrin and metalloproteins in
the cell, so relative concentrations of these proteins might regulate the serum concentration of
zinc (Celik et al., 2002; Mertz, 1981).

The serum copper content was found significantly increased in patients with liver
cirrhosis in comparison to the control group (Table 1, median 21.56 pmol/L in patient with
liver cirrhosis and 13.09 pmol/L in controls, p<0.001). It could be explained with copper's
role in the redox process. Redox cycling between Cu®’ and Cu'* can catalyze the production
of toxic hydroxyl radicals (Askwith et al., 1998; Harrison et al., 2000). It is a well known fact
that redox processes and oxidative stress play an important role in the pathogenesis of liver
cirrhosis.

Serum concentrations of manganese were significantly higher in cirrhotic patients in
comparison to the controls (Table 1, median 2.50 umol/L in cirrhotic patients and 0.02
umol/L in controls, p<0.001). Higher serum levels of manganese in Krieger's research
(Krieger et al., 1995) as well as in research of Layrargues and co. (Layrargues et al., 1998)
were also found in cirrhotic patients.

Moscarella did not find any significant difference in the concentrations of manganese
between the cirrhotic patients and the controls (Moscarella et al., 1994). After all, it seems
that serum levels of manganese are higher in patients with liver cirrhosis than in healthy
people. Manganese is secreted in bile so the concentration of manganese increases in
cholestatic liver disease, which could be one of the possible explanations why manganese
accumulation is common in liver cirrhosis (Krieger et al., 1995).

It has been suggested that a possible mechanism responsible for manganese accumulation
in the pallidum of patients include a decrease in biliary excretion and increased systemic
availability due to the portosystemic shunting.

Intrahepatic shunting or portosystemic shunting also have an additional effect on
manganese accumulation. In the study of Rose and co. (Rose et al., 1999) pallidal manganese
concentrations were the highest in shunted rats, which confirms that shunting is a major
determinant of manganese accumulation in the brain. Manganese accumulation in the brain
was confirmed by several clinical studies (Krieger et al., 1995; Rose et al., 1999; Hauser et
al., 1996, Spahr et al., 1996).
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The difference between serum concentrations of magnesium in cirrhotic patients and
controls was not significant (Table 1, median 0.94 mmol/L in cirrhotic patients and 0.88
mmol/L in controls, p= 0.132). Results are opposite to Kosch's research (Kosch et al., 2000).
In that research serum levels of magnesium were lower in patients with liver cirrhosis in
comparison to patients with liver steatosis and controls. In addition, the research of Rocchi
(Rocchi et al., 1994) and Suzuki (Suzuki et al., 1996) confirmed the same. Our research did
not confirm lower concentrations of magnesium in patients with liver cirrhosis. That partially
could be explained with influence of spironolactone on magnesium levels. Namely, in
Stergiou’s research (Stergiou et al., 1993) spironolactone in health subjects decreased urine
excretion of magnesium and in cirrhotic patients antagonized magnesiuric effect of
furosemide. Our patients with liver cirrhosis mostly have spironolactone in their standard
therapy. However, there were no differences in serum concentration of magnesium between
patients who were taking spironolactone and those who were not taking spironolactone.

There was a slight decrease in serum zinc concentrations in patients with more severe
clinical state of liver cirrhosis according to Child-Pugh classification but these differences in
our research were not significant.

As zinc is bound to albumin in the serum, it has been thought that the serum zinc
concentration would decrease with advancing grades of hepatic fibrosis (Hatano et al., 2000).
Yoshida found that patients with decompensated liver cirrhosis have lower levels of zinc than
patients with compensated cirrhosis (Yoshida et al., 2001). However, in Hatano's research
(Hatano et al., 2000) serum zinc levels did not differ significantly between grades of hepatic
fibrosis.

Copper levels in our research were similar in all three Child-Pugh groups (Table 3), as
well as in Hatano's research.

Serum levels of manganese were higher in patients with Child-Pugh C liver cirrhosis in
comparison to those in Child-Pugh A and B cirrhosis. Our results are contrary to Spahr's
research (Spahr et al., 1996) who found similar concentrations of manganese in all three
Child-Pugh groups. It seems that manganese concentrations are higher in patients with severe
liver cirrhosis possible due to the advanced intrahepatic and portosystemic shunting.

In our study magnesium levels were similar in all Child-Pugh groups. Moscarella's
research (Moscarella et al., 1994) also confirms similar levels in compensated and
decompensated liver cirrhosis. However, Wang found that magnesium deficiency occurs
more frequently in severe liver disease (Wang et al., 2004). Significantly lower zinc levels
were found in cirrhotic patients with hepatic encephalopathy

(Table 4, median 0.54 umol/L in patients with encephalopathy and 0.96 pmol/L without
encephalopathy, p= 0.002), which was confirmed in other studies (Grungreiff et al., 2000;
Riggio et al. 1992). There are some findings that zinc supplementation can cause increased
releasing of glutamine from skeletal muscle and also activate glutamine synthetasis, which
can decrease the level of ammonia and improve hepatic encephalopathy (Grungreiff et al.,
2000). That can be explained with the fact that zinc supplementation increases the hepatic
activity of ornithine transcarbamoylase, key enzyme of the urea cycle, which consecutively
increases urea formation and decreases ammonia levels (Riggio et al., 1992). The rationale
for use of zinc is also its ability to induce intestinal and hepatic metallothionein synthesis.
Zinc decreases copper absorption by increasing the formation of Cu-metallothionein in
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intestinal epithelial cells (Friedman, 2004). However, Riggio found that short-term zinc
supplementation has no influence on hepatic encephalopathy (Riggio et al., 1991).

Considering all, zinc supplementation could have a positive influence on hepatic
encephalopathy but before the implementation of this result in the treatment, further
researches are necessary.

The levels of manganese were not significantly different between patients with liver
cirrhosis and hepatic encephalopathy and patients without encephalopathy (Table 4,
p=0.506), which is opposite to the researches of Hauser (Hauser et al., 1996) and Krieger
(Krieger et al., 1995). They found increased concentrations of manganese and suggested a
beneficial effect of prevention of accumulation or decreasing manganese concentration in
patients with liver cirrhosis. Rose and Layrargues found increased concentrations of
manganese in basal ganglia of cirrhotic patients in comparison to the controls (Rose et al.,
1999; Layrargues et al., 1998).

Manganese concentrations were significantly higher in cirrhotic patients with ascites in
comparison to those without ascites (Table 5, median 4.10 umol/L in patients with ascites
and 1.80 pumol/L in patients without ascites, p<0.001). The levels of zinc, copper and
magnesium were within reference range. Our results are contrary to the research of
Pasqualetti and co. who found significantly lower magnesium concentrations in patients with
ascites (Pasqualetti et al., 1987). Therefore, it is necessary to research the possible role of
manganese in emergence of ascites in patients with liver cirrhosis.

Finally, decreased serum concentrations of zinc and increased levels of manganese in
patients with liver cirrhosis could have an important role in the pathogenesis of liver cirrhosis
and its complications, especially in hepatic encephalopathy. The supplementation of zinc
could improve hepatic encephalopathy. The decrease in manganese levels could also have a
beneficial effect on the neurological status in patients with liver cirrhosis and hepatic
encephalopathy. Increased concentrations of manganese in cirrhotic patients with ascites
inspire further researches about a possible role of manganese in the pathogenesis of ascites in
patients with liver cirrhosis. Maybe, decreasing of manganese levels might also have
beneficial effect on prevention or volume of ascites.

6. Conclusion

Considering all that, the correction of serum trace elements concentrations would have a
beneficial effect on some complications of liver cirrhosis and maybe on progression of the
disease, so it would be recommendable to provide laboratory analysis of trace elements in
patients with liver cirrhosis as a routine.
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