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1. LITERATURE REVIEW



A. MAGNESIUM

Magnesium (Mg), the most abundant intracellularatéat cation in living cells, with a
molecular weight of 24.305, plays a vital rolenmany cellular processes. It is the fourth most
abundant cation in the organism?C&*>Na>Mg?" and the second in the intracellular fluid
after K'. The abundance of Mgithin mammalian cells is consistent with its relav role in
regulating tissue and cell functions.

Almost every biological process requires Mg. It teeen suggested that free intracellular Mg
(IMg]i) may act as a second messenger which moelsile¢llular functions, affecting not only
channel activities and effectors but also the sexreof various biologically active substances

such as hormones and cell signaling mediators @rawand Touyz 2000; Takaya et al., 2000).

1. BIOCHEMICAL AND BIOLOGICAL ROLE OF MAGNESIUM

1.1 Biochemical role

Mg is essential for a number of metabolic actigit&nce it is associated with a number of
enzymes which control carbohydrate, lipid, proteimd electrolyte metabolism. In the cytosol,

the majority of Mgs bound to ATP and other phosphonucleotides, amdany enzymes.

» Mg and channel activityMg is an important membrane stabilizing agent amhysiologic

calcium (Ca) blocker. Because of its high intradell concentration, Mg plays an important role
as an ion pump and channel regulator. The reldtesween Magnd channel activity goes along
with the regulation of Ca, an important second megsr. It has been shown that Mgibits
Na/Ca exchange, influences the ATPases as welieagditage operated channels (VOC) (Bara
et al., 1989; Iseri and French, 1984 and LauradtTasuyz, 2000). Many works have pointed to
the role of Mgin regulating some receptors among which muscasamicdomorphics anfd-
receptor N-methyl-D-aspartate (NMDA) where Mg asysmodifying the membrane potential
(Begon et al., 2002; Crosby et al., 2000).

» Mg and plasma membran®g forms complexs with phospholipids (phosphatiditseiof

the plasma membrane. This complex increases membsdability and modifies the
transmembrane influx of electrolytes. Cytosolicefidgis constant in physiological conditions.
It has been proposed that the plasma membrane weseP a sensor or some very specific
uptake/release mechanism to maintain these valestant (Romani and Scarpa, 2000; Such
and Hille, 2007).



» Mg and enzymesMany enzymes appear to require and to be regllayeMg for their

activity but the exact number appears to be unice(@unther 2008). All the enzymes utilizing
ATP require Mg for substrate formation. Intracedlulconcentration of free Mg acts as an
allosteric activator of enzyme action includingtical enzyme system such as ATPases,
guanosine triphosphatase, phospholipase C, aderggatase and guanylate cyclase and others.
The ionic transport pumps such as Na/K-ATPase, TRake and H-ATPase require Nay
their activity. Therefore, transport of ions andiaas across the plasma membrane may also
require the presence of Mg (Dorup and Clausen, ;188#&inkel L and Garfinkel D, 1985).

» Mg and phosphate groupislgreacts with phosphate groups; hence an interaatitthevery

biological phophate-containing molecule is expectewt explains in part its biochemical
properties. Mgs necessary for triphosphate nucleotide synthgaissphorylation and redox
reactions in the mitochondria. Mg cofactor for adenosine triphosphate (ATP) ani ialso
linked to ATP, forming the Mg-ATP complexes, andyom this complex the ATPases can
hydrolyze ATP.

» Mg and nucleotidesMg is essential for every enzymatic reaction which hasleotides as

substrates. The mechanism by which it excertsftimstion is explained by its link to phosphate
groups. It is also involved in transcriptional, laic acid polimerization and translational
processes (Vernon, 1988). Mgs been shown to be related to the stabilizatmhdegradation

of DNA and RNA and to regulate the synthesis oflicy@adenosine monophosphate (CAMP), an

important intracellular second messenger (LauradtTeouyz, 2000; Takaya et al., 2000).

1.2 Biological role

Mg biological role is extremely versatile as it cegrve structural functions (e.g. fluidity and
stability of phospholipid bilayers, protein teryjaor quaternary structures and DNA double
helices) as well as dynamic functions (e.g. cofactallosteric modulator of enzyme activities).
It is expected that the multiple biochemical fuantiof Mg in the organism and hence its status
may influence several biological events among whitimone secretion. The secretion of
cathecolamine, acetylcholine, insulin, histamingrognin, parathormone can be modified by
extracellular Mg concentration ([Mg] Mg may therefore influence endocrine, nervous,

cardiovascular and immune system.



In the_central nervous syst¢lg]. stabilizes the nervous fiber membrane becoming les

excitable, increases the affinity of the agonisipaiinergic for the D2 receptors, the agorists
andf3, and blocks Mg central receptors such as NMDA (Beet al., 2002; Crosby et al., 2000;
Jeong et al., 2006; Mayer et al., 1984; Ulugol let 2002). As nervous and immune system
interact, the roles of neuromediators and theirseqgnences are related. In the immune system
Mg can exert an important function in blocking moty NMDA receptors but also the activation

of nuclear factor-kappa (NF-kB) (Mazur et al., 207

In the_hearit has been shown that [Mg]i modulates €#ux from the sarcoplasmic
reticulum and the cell, activates the NaKPase pump and reduces indirectly intracellular Ca
and muscular contraction (Berthelot et al., 200&)is coupling between ionic currents and
intracellular Ca homeostasis, together with thedase of membrane potential and the decrease
of the excitability of the muscular fiber by [Mg]einderlies the regulation of cardiac cell
function (Michailova and McCulloch, 2008).

In the vascular systeig influences vascular tone by regulating endagh@nd vascular

smooth muscle cell (VSMC) functions. Mg stimulafgsstacyclin production and nitric oxide
(NO) formation and promotes endothelium-dependemtd aendothelium-independent
vasodilatation. Isolated vessels exposed to reduesels of Mg display a transient
vasorelaxation followed by sustained constrictibnthe presence of endothelial damage, low
Mg induces a sustained contraction without thesiemt vasorelaxation phase, suggesting that
Mg could have a dual effect in the regulationofotdar reactivity depending on the integrity of
the endothelium (Gold ME et al., 1990; Touyz RM02))

Mg also modulates vascular tone and reactivity lgriag responses to vasoconstrictor and
vasodilator agents. Increased [Mdplunts vasoconstrictor and vasorelaxant propertés
vasoactive agents (Ko EA et al. 2005; Soltani Milet2005). These effects may be related to
altered binding of agonists to their specific aglémbrane receptors and/or to production of
vasoactive agents such as endothelin-1 (ET-1)oemgin Il (ANG Il) and prostacyclin (PGI2)
(Laurant P and Berthelot A, 1996; Satake K et24lQ4).

Another possible mechanism whereby Mg modulateswas function is via its antioxidant,
anti-inflammatory, and growth regulatory properti@®uyz RM et al., 2002; Touyz RM and
Schiffrin EL, 2004). Vascular cells are a rich smmuof reactive oxygen species, which directly
alter VSMC growth. Mg has antioxidant/anti-inflamtmiy properties that attenuate damaging
actions of oxidative stress and inflammation incudature, thereby preventing vascular injury



(Mazur et al., 2007;Weglicki WB et al.1992, WeglidkB et al, 1996). These effects may be
important in hypertension, where generation of tieamxygen species in increases and [Mg]i is
reduced (Taniyama Y and Griendling KK, 2005).

2. MAGNESIUM DISTRIBUTION

2.1 Intracellular distribution

Mg is contained within all intracellular compartm&nTotal cellular Mg concentration can vary
from 5 to 20 mM, depending on the type of tisswelitd. [Mg]i is predominantly complexed to
organic molecules such as ATP (80-90%), cell arddean membrane-associates proteins, DNA,
RNA, enzymes, proteins and citrates. Mg is distabdudifferently within the organelles
(~10mM), especially mitochondria, 2-5 mM in complexth ATP in the cytosol, and trace
amounts complexed with enzymes (Berthelot et &l042 Romani and Scarpa, 2000; Romani
AM, 2007). Athough Mg is abundant within the celhly a small fraction of [Mg]i (1% to 3%)
exists as the free ionized form of Mg, which haslasely regulated concentration of 0.5 to 1

mM ( de Rouffignac and Quamme, 1994).

2.2 Body distribution

The recommended dietary allowance of Mg is 300 ang/fdr adult non-pregnant woman and
350 mg/day for adult man. The normal adult bodyddgtent is about 25g which corresponds to
one mole or 2000 mEq and its distribution is apprately equally divided between the skeleton
and soft tissues. A large proportion (about onedjhof skeletal Mg resides on the surface of
bone. Because this fraction is exchangeable andulecthe skeletal Mg level falls during Mg
depletion, it is hypothesized that this componeetves as a reservoir to maintain the
extracellular Mg concentration. [Mgéccounts for only 1% of total body magnesium (seand
intestinal fluid) and its concentration is equakhe one in the vascular compartment. In serum,
Mg is present in three fractions; protein bound%?2,7ionized (65%), and complexed with
anions such as phosphate, bicarbonate, and cjg#ig (Speich et al.,1981). In the plasma, Mg
concentration is in the range of 0.9-1 mM of whetound 55% is ionized or free, 15% is
complexed to anions, and the rest (almost 30%) dand to proteins (mainly albumin)
(Rude,1998).

Mg is widely distributed in foods and hard wateen@rally, the daily-required minimum level

of this mineral can be achieved with a varied drafining or processing of food may deplete



Mg content by nearly 85%. Furthemore, cooking -eeggly boiling Mg rich foods -will result

in a significant loss of Mg (Fawcett et al., 199%)has been observed that chlorophyll of green
vegetables is a good source of Mg (U.S. Departrakagriculture, 2003). High sources of Mg
include spinach, soybeans, unrefined bran-gravhgat, oatmeal, nuts, brown rice, black-eyed
peas and cereals. Drinking water can be an imptostarrce of Mg. Tap water can be a source of
Mg, but the amount varies according to the watppbu Hard water may content up to 30 mg/I
of Mg.

In some studies dietary Mg was not correlated tareeMg because renal Mg handling affects
total body serum Mg more than a normal dietary htgke. Nevertheless, an inverse association
between dietary Mg and coronary heart diseaseenciglin humans suggests that high intake of
foods rich in Mg may provide protection againstawary heart disease (Liao F. et al., 1998;
Shechter M., 2010).

3. MAGNESIUM HOMEOSTASIS

Mg homeostasis in humans primarily depends on #tenice between intestinal uptake and renal
excretion (Figurel). Three organs determine thempéaMg level, namely, the intestine by which
Mg is taken up from the food, bones, which stord aslease Mg, and the kidney, which

determines the excretion of Mg.

» In_the intesting physiologic studies indicate two different traogpsystems for Mg

absorption: i) a saturable, active transcellulangport mediated by carriers and ii) a non
saturable, passive paracellular pathway (Figuradd1B).

The saturable transcellular uptake consists of @moabentry into the epithelial cell through a
specific ion channels and a not yet defined bas@atextrusion mechanism which probably
couples Mg export to sodium influx. Recently twarsient receptor potential (TRP) channel
family members, TRPM6 and TRPM7, were shown to rlved in the regulation of Mg
homeostastis. They were identified by chance inginest for elucidating the molecular bases of
hereditary inborn errors of Mg handling (SchlingmakP et al. 2002; Schlingmann KP and
Konrad M, 2004).

The major driving force for the passive diffusidnirtestinal Mg is the electrochemical gradient
across the epithelium. Absorption by this proces®xipected to vary with the luminal Mg
concentration and does not demonstrate saturatigetiés (Brannan et al., 1976; Fine et al.,
1991, Schlingmann et al., 2004). More detailed isttiave confirmed that the concentration of



ionic Mg on the luminal side of the absorption sgehe major factor in the regulation of the
amounts of Mg absorbed over a given time interMalr@wick et al., 1991).

With a normal dietary Mg intake of approximately03850 mg/day, fractional intestinal
absorption is 30-50% (Schwartz et al. 1984). Tlasation may be due to the presence of other
nutrients that interact with Mg in the gut. A higletary content of fibers, phytates, oxalates, and
phosphates reduces Mg absorption by binding thercaflso protein-rich diets of <30 g/day

hinder Mg absorpion.
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Figure 1 : Epithelial Mg transport in the intestine and kidney

(A) Intestinal absorption follows a curvilinear Kkinetiesulting from two transporter
mechanisms.

(B) Intestinal absorption results from two transportchamisms: i) a saturable transcellular
transport by TRPM6/7 and ii) paracellular passraasport.

(C) Mg transport along the nephron.

(D) Mg apical entry into the distal convoluted tubuleCT) cells through: i) probably
TRPM6/TRPM7 heterodimers and ii) a basolateraluskn step.

» The highest percentage (50-60%) of total body Mgt@ed in the mineral phase of the
skeleton The majority of Mg in bones is incorporated i@ hydroxyapatite crystal. One third
is surface limited and appears to serve as a m@sefor maintaining extracellular Mg

concentration.



It is hypothesized that bone serves as a buffeplaisma Mg. At this point, little is known about

the mechanisms by which Mg is stored in bone bgaidasts and released by osteoclasts.

» The kidneysare involved in the regulation and fine-tuningtioé final Mg concentration in
plasma. In the kidney the regulation of Mg balamgedue to changes in renal excretion-
reabsorption, largely influenced by extracellulag Moncentration. There is a threshold of
filtered Mg below which Mg is conserved and aboveioh Mg is totally excreted (Rude and
Ryzen, 1986). This threshold is close to the norplasma Mg concentration. Excessive Mg,
either dietary or parenterally administered, isa@dtrtotally excreted. In contrast, at the time of
Mg deprivation, the kidney avidly conserves Mgsléisat 12-24 mg is excreted per day. Dietary
factors may also affect renal Mg excretion. Higkism, calcium, alcohol, protein-rich diets as
well as caffeine may increase renal Mg excretion.

Each day, ~2500 mg of Mg are filtered by the glamiesind 90-95% is reabsorbed along the
nephrons (Figure 1C) (Dai LJ et al.,, 2001). Thehbg level of reabsorption occurs in the
proximal tubules (10-30%) and the cortical thickexgding limbs of Henle’s loop (TAL) in a
passive paracellular manner (40-70%) driven by huypesitive electrochemical gradient
(Mandon et al., 1993; Cole and Quamme, 2000). Thehanisms that manage Mg transport in
the proximal tubules are unknown, whereas in thd , Tg reabsorption is facilitated by a
specific divalent cation permeant pore formed bytgins of the claudin family of tight junction
proteins. In 1999 Simon and coworkers discovereal fitst component of the paracellular
pathway called “paracellin-1” or “claudin-16", aexfic pore-forming protein (Simon DB et al.,
1999). Recently, Konrad and colleagues have regdhe involvement of a second member of
the claudin family called “claudin-19”, another titgjunction protein (Konrad M et al., 2006).
Mutations of claudin-16 and claudin-19 are causatfer familial hypomagnesemia with
hypercalciuria and nephrocalcinosis (Konrad M et2006).

The final 5-10% of the filtered load is reabsorlbgcthe distal convoluted tubule (DCT) (Figure
1D), which consists of two subsegments, namely, DGhd DCT2. The DCT1 segment
determines the final Mg concentration, as the mdistal parts of the tubule are largely
impermeable to Mg. In DCT1, Mg reabsorption ocamrsan active transcellular manner. The
molecular component directly involved in the traglkdar pathway remained unknown until the
discovery of TRPM6 as a possible candidate of fhieaa ephitelial Mg channel. TRPM6 is
localized on the luminal membrane of DCT cells #relbrush-border membrane of the intestine
as mentioned above. The Mg concentration in proeuis likely around 1.1 mmol/l, whereas the

free [Mg]i has been estimated to be 0.5-1.0 mmoHe luminal membrane potential in DCT is
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approximately —70mV, favouring luminal Mg influxhiis, the movement of Mg into the DCT

cell through TRPM6 seems mainly driven by the telegl gradient.
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B. MAGNESIUM DEFICIENCY

1. MAGNESIUM DEFICIENCY IN HUMANS

Mg deficiency and hypomagnesemia are highly prexateindustrialized countries (Nadler and
Rude, 1995). Hypomagnesemia is consequent to negslty balance that results from chronic
low Mg intake, increased gastrointestinal or relogkes, a shift of Mg from extracellular to
intracellular compartments, and genetic factorsvédaort et al.,1990; Dunn and Walser, 1966;
Henrotte et al.,1990 Naderi and Reilly, 2008; Quami®93; Rude et al., 1999).
Hypomagnesemia occurs in patients with diabete$itosetype I, metabolic syndrome, HIV, in
alcoholists, in individuals receiving some classédiuretics and chemotherapeutics such as
cisplatin and cetuximab (Deheinzelin D. et al., @0QTablel). Hypomagnesemia has been
reported in 63% of intensive care patients and a@d5% of patients with acute myocardial
infarction and it is associated with increased aldyt Hypomagnesemia is frequently an
acquired disorder, only in rare cases it has arenyidg hereditary etiology that can cause a
progressive dilated cardiomyopathy and heart faillttenrotte et al., 1990; Schlingmann et al.,
2004). Henrotte studied inhereted hypomagnesemigojpulations and found a polygenic

influence and probably polymorphisms in genes resiixbe for Mg homeostasis.

l. Low Mg intake:
« Food processing
« Wasted soils
« High phytate diet
- Low oxalate diet

. Gastrointestinal losses:
« Malabsorption syndrome
+ Chronic diarrhea
+ Intestinal resection
« Primary infantile hypomagnesemia

II. Renal disease:
« Post obstructive nephopathy
+ Post renal transplantation
« Dialysis
+ Diuretic phase of acute rerfailure

V. Shift of Mg from extracellular fluid into cells or bone
V. Others (alcoholism, drugs, diabetes)

Tablel : Etiology of Mg deficiency and hypomagnesemia.
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1.1 Diagnosis of Mg deficiency

Serum or plasma concentration is the most utilickically available test for assessing Mg
status (Saris et al., 2000). Total serum Mg comaéoh, of which 65-75% is diffusible, is
usually 1.7-2.2 mg/dl (1.5-1.9 mEqg/l) and appearbé tightly held within this range. A serum
concentration of less than 1.7mg/dl usually indisasome degree of Mg depletion. The
measurement of serum Mg concentration, however, nayreflect the true total body Mg
content. Low intracellular magnesium has been decued in patients with serum levels above
1.7 mg/dl. Intracellular levels in muscle, red hlooells, lymphocyte and bone Mg can be
measured and appear to better assess body Mg &uatubey are not readily available for
clinical use (Rude RK et al., 1991).

Physiological test such as metabolic balance studignary excretion of Mg and Mg loading
test are of big value in determining Mg status ardretion. Urine excretion of Mg may reflect
intestinal absorption and may determine whetheridgting occurrs by renal route (Fawcett et
al., 1999). The Mg loading test has been used fmynyears and seems to be the gold standard
of Mg status (Arnaud 2008). This test consistsval@ating Mg retention after parenteral or oral

administration of Mg.

1.2 Clinical manifestation of hypomagnesemia

Generally, individuals with moderate hypomagnesearidvig deficiency do not present any

symptoms. Signs and symptoms are usually seen wWhgndecrease to at least 0.5 mM

(Swaminathan, 2003). The symptoms of Mg deficierftpble 2) are in part related to

electrolytes disturbances secondary to Mg defwitch as hypokalemia, hypocalcemia and
metabolic alkalosis (Konrad and Weber, 2003; Sgnfiann et al., 2004). In humans and
experimental animals, early symptoms of hypomagnesere nonspecific and may include
lethargy and weakness. However, as hypomagnesenoigregs, increase neuromuscolar
excitability (tremors, capopedal spasm, muscle psntetany and generalized seizures,
convulsions), anorexia, decrease sleep time, hypoka and hypocalcemia are observed
(Naderi and Reilly, 2008; Chollet et al., 2001; Bewet al., 1979). Clinical hypomagnesemia has
been associated with a higher incidence of arrhiggmvasospasm, sudden death with

congestive heart failure, and acute myocardiaratian (Kramer et al., 2009).
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Table 2: Clinical manifestation of hypomagnesemia and Mficgency.

Hypokalemia

a. ELECTROLYTE DISTURBANCES Hypocalcemia
Hypophosphatemia

Hyponatremia

Hypoinsulinemia, increase insulin resistence
b. HORMONAL DISTURBANCES Enhanced angiotensin Il action

Impairment of Vitamin D matabolism

Inflammation (immune system)
Nervous system

c. SYSTEMIC DISTURBANCES Glucose metabolism
Cardiovascular manifestations
Metabolic syndrome
Osteoporosis

Patients suffering from severe hypomagnesemiafter supplemented with Mg. A high dose of
Mg, however, can have adverse effects such ashdmmand abdominal cramping. Furthemore,
Mg salts are often utilized in case of severe aathttack and to treat pre-eclampsia in pregnant
women (Silverman R et al., 2002; Gabbe SG, 1996).

a. Electrolyte disturbances

Mg deficiency has been associated with electrolfisturbances (secondary to the mineral
deficit), including hypokalemia, hypophosphatemiad ahypocalcemia (Konrad and Weber,
2003; Nadler and Rude, 1995; Schlingmann et aQ420

» Hypokalemia Hypokalemia is a common event occuring in 40 @&o6of hypomagnesemic
patients (Agus 1999). Primary disturbances in Migmee produce secondary K depletion (Rude
1998). Thus low intracellular K in Mg deficiencygars to result from an inability of the cell to
maintain the normally high intracellular concentrat of K. Probably this is a result of an
increase in membrane permeability to K and/or itiloibb of Na/K-ATPase. Finally, this leads to
an increase in K secretion in the loop of Henle amthe collecting duct (Berkelhammer and
Bear, 1985; Solomon, 1987). A decrease in [Mg]isealiby Mg deficiency releases the Mg-
mediated inhibition of Renal Outer Medullary Potass (ROMK) channels and increase K
secretion. Mg deficiency alone, however, does remessarily cause hypokalemia. Increase of
distal Na delivery or elevated aldosterone levedy foe required for exacerbating K wasting in
Mg deficiecy (Huang and Kuo, 2007).
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The arrhythmias which occur in Mg deficiency may hé&ial or ventricular and the
arrhythmogenic effect may be related to Mg effettmaintaining proper concentrations of
intracellular K (see below). Mg is necessary forlN&TPase which is responsible for active
transport of K intracellularly during the action tpntial duration. Mg is also involved in
regulating K influx through different K channels.d&ficiency of myocardial Mg can lead to a
decrease of intracellular K due to a less efficlaiK-ATPase system and also by the loss of
inward rectification (Matsuda H., 1991; White REa&{1989).

» Hypocalcemia Hypocalcemia is another common manifestation otienate to severe Mg
deficiency in humans as well as most other spedi®bils 1969; Suh et al.,1971).
Hypomagnesemia might worsen hypocalcemia via impaits of vitamin D metabolism and
PTH action. The majority Mg-deficient hypocalcenpatients have low or inappropriately
normal PTH levels. Hypocalcemia stimulates the etemm of PTH, which would, in turn,
restablish a normal plasma Ca level except in segéuations (Suh et al.,1971). In chronic
severe hypomagnesemia, failure to correct hypocaicecould be related to the following
mechanisms involving parathyroids: a) diminishedponsiveness of endorgans to PTH, b)
excessive inactivation of circulating PTH, c) imeai synthesis or diminished secretion of

hormone by the parathyroid glands (Kanazawa e2@Q7).

» HypophosphatemiaMg depletion can also lead to phoshaturia andedsed intracellular

phosphate content (Berkelhammer and Bear 1985).

b. Hormonal disturbance

In general, hypomagnesemia promotes insulin registand PTH release, decreases the activity
of 1-a-hydroxylase and enhances angiotensin Il (ANG ¢kjcea, thus affecting K, Ca and Na

balance.

» Hypoinsulinemia/increased insulin resistanSeme evidence suggests that Mg may play a

role in insulin-mediated glucose uptake (Paoligsal.e 1988). Low Mg status can impair insulin
release and induces insulin resistance (Hans,&tG3). Insulin itself is an important regulatory
factor of intracellular Mg (Khan et al., 1999; Rmprez-Moran and Guerrero-Romero, 2003). In
diabetes, low Mg contributes to maintaining contiasi high blood glucose levels. The
mechanisms by which Mg deficiency can alter insalition are not clear. However, it appears

that Mg does not interfere with insulin bindingit®receptor.
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Other evidence shows that Mg deficiency can leacthtonges of intracellular Ca levels that have
been reported to contribute to insulin resistarites also possible that Mg deficiency can

directly alter activity of enzymes involved in ghse metabolism (Nadler et al., 1993).

» Enhanced action of angiotensin Il (ANGIIptudies in isolated vessels indicate that a

reduction of Mg can markedly enhance the respan®NiGIl. Furthemore, Rude and coworkers
have shown that dietary induced Mg deficiency ialtiy humans can enhance ANGII-induced
increases in blood pressure (Rude RK et al.,198@\ated levels of ANGII in Mg deficiency
may be due to increased angiotensinogen expreasidior increased renin activity and not due
to increased conversion of ANGI to ANGII because inorement in serum angiotensin-
converting enzyme (ACE) activity was observed (Spagt al., 2006). Increased ANGII
secretion also induces secretion of aldosteronsalBddosterone levels are indeed increased by
Mg deficiency (Nadler et al.,1993).

» Vitamin D3 metabolitesMg depletion impairs vitamin D metabolism (Rudele, 1985). It

has been reported that the synthesis of 1,25{0Hi¢quires Mgn vitro, and that Mg deficiency
decreases the synthesis of 1,25(¢IH)n the kidney (Risco and Traba,1992). Hypomagneaemi
decreases the activity of ol-hydroxylase, which converts 25(OH)0nto 1,25(OH)D3
(Kanazawa et al., 2007). Serum 1,25(elB)s low in Mg-deficient humans and rats and reduces
the capacity to absorb Ca (Agus ZS, 1999; Rude RHl.e 2003). In addition, an increased
catabolism of 1,25(OHIP;was influenced by Mg deficiency.

c. Systemic disturbances

Mg deficiency can be also the etiologic factor tleatcerbates disease development (Rude,
1998). In human and animal trials, Mg deficiencg baen linked to neuromuscular and central
nervous manifestations, cardiovascular diseasdser(aclerosis, hypertension, myocardial
infarction), diabetes, inflammation and osteop@@€ihollet et al., 2001; Konrad and Weber
2003; Laurant and Touyz RM, 2000; Mazur et alQ2205chmitz et.al., 2007; Sontia and Touyz,
2007). The earliest manifestations of Mg deficienaye usually neuromuscular and
neuropsychiatric disturbances. This includes pasiGhovestek’s and Trousseau’s signs, tremor,

fasciculation and tetany, being the latter freglyem¢sociated with hypocalcemia.

» Nervous and neuromuscular systdttypomagnesemia may be responsible for the desmleas

transmembrane inositol transport, sorbitol accutmardain the intracellular fluids and myo-

inositol depletion (Chetan et al., 2003). Moreowdg deficiency may increase intracellular Ca
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and the concomitant activation of signaling pathsyagcreasing also NO production which will

cause nerve damage (Guerrero-Romero and Rodrigoeary2006). In the central nervous

system, Mg also plays an important role in neurtgmiion and antinociception due to its

blocking properties in a voltage-dependent manh#dreaNMDA receptor channel complex.

The mechanism by which Mg affects the neuromuscsyatem relates to the fact that Mg

stabilizes the nerve axon and influences the reledsneurotransmitters at the myoneural
junction. In Mg deficiency, there is a decreasadghold for axonal stimulation and an increased
quantity of neurotransmitter released. Mg is alselved in Ca handling by the muscle cell.

With low intracellular Mg, calcium is more readilgleased from sarcoplasmic reticulum and is
reaccumulated more slowly. This results in a mushk is more prone to contraction in

response to a given stimulus and is less ablectovez from contraction.

» Immune systemMg deficiency might be accompanied by the actoratof cells such as

macrophages, neutrophils and endothelial cells (Malal., 1997; Malpuech-Brugere et al.,
2000). In fact, macrophages have been found ipdnkoneal cavity of Mg-deficient rats. These
macrophages seem to be activate endogenously and contribute, at least in part, to the
increased production of proinflammatory cytokin@slymorphonuclear (PMN) cell number and
function has also been shown to be altered infeatsvith a Mg deficient diet together with the
characteristic inflammatory response. In fact, aoreased PMN number and an increased
phagocytosis has been described in Mg-deficientpewed to control rats. Mg deficiency also
seems to accelerate thymus involution. One of thetmemarkable results, regarding effects of
Mg deficiency on the organism, is the higher lesklpoptosis shown in thymuses from Mg
deficient rats as compared with controls (MalpuBchgere et al., 2000). Clinical signs of
inflammation, splenomegalia and leukocytosis ase alccentuated in Mg-deficient rats (Mazur
A et al., 2007).

» Cardiac arrhythmiasMg deficiency can affect cardiac electrical aityiv myocardial

contractility and vascular tone. Mg deficiency aaisome electrocardiographic (ECG) changes.
On ECG moderate Mg deficiency may result in flatignof T-wave, shortening of the QT
segment and prolonging of the PR and QRS interWialsevere Mg deficiency, all of the above
alterations may occur. This could be explained bg toexisting hypokalemia and other
electrolytes disturbance (see above) (Fawcett. e1999). Mg depletion renders the heart more
susceptible to various arrhytmogenic stimuli prdpabecause of its effect on maintaining
intracellular potassium. Mg is necessary for Na/KPase, which is responsible for active

transport of K intracellulary during phase 4 of thetion potential. Mg also is involved in
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regulating the potassium influx through other psita® channels. Mg appears to regulate the
outward movement of potassium in myocardial cdllserefore, a deficiency of myocardial Mg

can lead to reduced intracellular K due to a Ié¢isient Na/K-ATPase system and the loss of
inward rectification (Matsuda H, 1991; White REakt 1989). Because the resting membrane
potential is determined in part by the intracelluka concentration, decreased intracellular K
results in a less negative resting membrane patefithe results is a prolungation of the QT

interval and enhanced vulnerability for ventricudarhythmias.

» Vascular diseasessome researchers have hypothesized that Mg eledigi contributes to

several cardiovascular disturbances through thanmhatory process (Maier, 2003). Indeed, in
VSMC, low Mg upregulates inflammatory mediatorsotigh the activation of nuclear factor
kappa B (NFkB) (Laurant P and Berthelot, 1992, 1984dtura et al., 2003). Therefore,
atherosclerosis may be induced by inflammatory aoese and changes in lipoprotein
metabolism. These events enhance the expressioadiésion molecules, stimulate the
proliferation of smooth muscle cell, macrophagssnghocytes T and increase interaction
between modified lipoproteins (Mazur et al., 20@&3perimental Mg deficiency is characterized
by increased plasma levels of triglycerides, chele$ VLDL, LDL, apolipoprotein B and
reduced HDL. Moreover, Mg deficiency increases fradical production which may induce
lipid peroxidation and increase platelet aggregat{iwaminathan, 2003). Hypertension after
prolonged deficiency may be the consequence ofi@rsgructural changes and oxidative stress
(Bukoski, 2002; Touyz RM et al., 2002). Oxidativieess inactive NO, an event which may
contribute to hypertension observed in chronic Mfjalency (Shivakumar and Kumar, 1997).
In addition, Mg directly influences vascular tongregulating endothelial function and vascular
smooth cells (VSMC) function (Maier JAM et al., 2QQaurant P and Berthelot, 1992 -1994).
Interestingly, oral Mg therapy has been associatiéll significant improvement of endothelial
function in patients with coronary artery diseaSadchter et al., 2000) and with a decrease of

plasma concentrations of triglycerides, VLDL and-&p(Rasmussen et al., 1989).

» Metabolic syndromeThe metabolic syndrome is a cluster of commoimngiagies: obesity,

insulin resistance, dyslipidemia and hypertensiétecently, experimental, clinical, and
epidemiological data have provided strong evidetitat dietary Mg intake is inversely
associated with the risk for metabolic syndrome #&sdcomponents (Guerrero-Romero and
Rodriguez-Moran, 2006). This is not surprising sidg deficiency impairs glucose and lipid

metabolism, alters immune response, and increasegddical production, all important factors
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in the pathogenesis of the metabolic syndrome. fEfetionship between Mg and metabolic

syndrome has been recently extensively reviewetifBed He, 2007).

» OsteoporosisMg deficiency has been implicated in osteopor@Bade RK, 1998). The
relationship between osteoporosis and hypomagnassrstill controversial. Mg deficiency and
resulting hypomagnesemia cause osteoporosis ané bawtures through dysfunction of
parathyroid hormone (PTH) and vitamin D action (Ruahd Gruber, 2004). Infact, acute
changes in [Mg]e will influence PTH secretion imanner qualitatively similar to Ca by binding
to the calcium-sensing receptor. Most patients Whocalcemia due to Mg deficiency have low
or inappropriately normal serum PTH levels and #deninistration of Mg will result in an
immediate rise in the serum PTH level.

However, other studies have shown no relationskeipvéen Mg deficiency and osteoporosis
(Michaelsson et al., 1995). It is known that thedacerves as a reservoir to maintain the [Mg]e
concentration. In situation of chronic Mg depletidmg content in bone is thought to decrease.
Some authors have not seen hypomagnesemia aftarydieprivation of Mg. Presumably loss
of bone Mg causes no symptoms and enormous dafaist occur in this organ if the depletion
developed slowly (Dunn and Walser, 1996).

Individuals affected by primary hypomagnesemia d¢lnerenal Mg wasting inherited in an
autosomal dominant manner have been reported tommte significant reductions in bone
mineral density (BMD) (Kantorovich et al., 2002)xgerimental Mg deficiency results in
decrease bone growth, increased bone resorpti@neated bone volume, increase in skeletal
fragility and in a delay of apatite crystal fornmatiand growth (Rude RK, 1998; Rude RK et al.,
1999).

20



2. MAGNESIUM DEFICIENCY IN ANIMAL MODELS

Several animal models (hamsters, rats, mice, dagspaimates) have been used to simulate
clinical hypomagnesemia and all have exhibited ologfic, electrical and/or functional
abnormalities of the cardiovascular system trough dctivation of an inflammatory process
(Rayssiguier Y et al., 2001). Animals placed on Mgtricted diets display progressive
cardiovascular lesion formation, heightened -cardiadflammatory cell infiltration,
neuromuscular hyperexcitability, arrhythmias, amcreéase oxidative stress with decreased levels
of endogenous antioxidants and higher plasma leMe[srooxidant metals (Kramer JH et al.,
1994; Kramer JH et al., 2009). Moreover, preexistiMg deficiency was shown to amplify
myocardial vulnerability to toxic agents and impss#resses. When the imposed stress was
ischemia/reperfusion, dogs on a Mg-restricted dexeloped larger infarcts than those on a Mg
normal diet. In addition, hearts from Mg deficiemsits exhibited lower recovery of cardiac
function compared with the nondeficient group.

The first observations of clinical symptoms of arfimation in Mg deficient rats have been
published in 1930s (Kruse HD et al., 1932). A chtastic allergy-like crisis with erythema,
hyperemia, and edema occurs spontaneously in Mgelgfrats (Classen CU et al., 1993).

Mg deficient rodents also exhibited elevation ofcglating inflammatory mediators, which
preceded significant leucocyte infiltration of theart. Circulating levels of proinflammatory
neuropeptides, substance P (SP), and calcitonie-gdated peptide were probably emanated
from sensory-motor neurons. These neuropeptides tngger inflammatory/oxidative events
which induce cardiomyopathy (Weglicki WB et al.,949. In severe Mg deficiency rats,
elevations of plasma SP preceded the peak of Igtd®@nd inflammatory mediators such as
interleukin (IL)-1, IL-6, tumor necrosis factor &lp (TNFe), histamine, prostaglandin E2,
gamma-interferon. MgD also induced reactive nitroggecies production and nitric oxide
synthase (NOS) upregulation in rat model (KrameegHl., 2009).

Vitale and coworks, in 1950s, started to study #fiect of magnesium deficiency in the
pathogenesis of atheroscelrosis in rats, dogs antiuman primates, and saw a regression of
these lesion after administration of high leveldodétary magnesium (Vitale J.J et al., 1957).
More recently Mg has been found to modulate atharegis and atherosclerosis in rabbit (Altura
et al, 1990). Magnesium supplementation suppreafiesrogenesis in low-density (LDL)-
receptor-deficient mice and induces favorable #mti@genic changes in apoE knock out mice
(Ravn HB et al., 2001).
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Indeed, several lines of evidence support a ralénftammation as the major origin of oxidative
stress. However, in the first approach, the inflaatory response has been proposed to be
consecutive to oxidative damage during Mg deficyeriodeed numerous works from several
groups have reported indices of oxidative stres$/g deficiency animals: enhanced tissue,
erythrocyte and lipoprotein peroxidation, oxidativaodifications of proteins, reduced
antioxidant status and increased plasma nitriceoiiD).

These observations indicate that Mg deficient atéraee more sensitive to oxidative stress than
controls. Both macrophages and neutrophils genergieroxide anions in response to various
stimuli by the means of a NADPH oxidase. It hasnbglgown that the basal neutrophil activity
of Mg deficient rats was higher than that of colsti@ussiere et al., 2002). Neutrophils from Mg
deficient rats were more responsive to activatigniramune stimuli than those of control
animals. Such activation was found to be blockethkeyadministration of a substance P receptor
blocker in the Mg deficient rat (Mak IT et al., Z)0This result further supports the neurogenic
inflammation linkage with oxidative stress during Meficiency.

Mg deficient diet

U

Hypomagnesemia

@ NMDA receptor

Substance P and cytokine releage

@ ROS RNS

Oxidative stress

U

» Tissue injury
» Inflammatory cell activation

Figure 2 : Summary of the events described in Mg de  ficient animals.
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3. MAGNESIUM, INFLAMMATION AND ENDOTHELIAL CELLS

Endothelial cells actively contribute to inflamnmati by elaborating cytokines, synthesizing
chemical mediators and expressing adhesion mokeouldch interact with leucocytes thus
facilitating their passage into the nearby tisstiregddition, the endothelium itself is sensitive t
cytokines which profoundly affect its behavior apthy a role in promoting dysfunctions
implicated in the pathogenesis of different dissase

Because of their strategical location at the iategfbetween blood and vessels, endothelial cells
are readly exposed to various signals, among wieiehMg, which provokes an inflammatory
response. Since they are highly heterogenous, motsworthy that both micro- and macro-
vascular cells are sensitive to fluctuations ofaoellular concentrations of Mg.

Microvascular cellsare the protagonists in the vascular changes glunflammation, being

involved in increasing the caliber and the permi@glmf the vassels in the beginning, while later
in the process they facilitie leukocyte chemotaXisrough, the induction of endothelial nitric
synthase (eNOS), low magnesium promotes the systbésitric oxide (NO) which acts in a
paracrine fashion to stimulate smooth muscle cgllanyl cyclase to produce 3',5-cyclic
monophosphate, responsible of relaxation of theodlwessels (Ignarro JJ., 1990). Low
extracellular Mg also induces the expression ofcuas cell adhesion molecule (VCAM)
(Bernardini D et al., 2005), a marker of inflamnoatwhich binds the integrin VLA-4 (very late
activation antigen-4), expressed by monocytes aost wf the lymphocytes. Focal adhesion of
leukocytes to the microvascular is a key step flamnmation and immune response. In addition,
Mg deficiency upregulates interleukin (IL}x1 and IL-6, pleiotropic cytokines implicated in
acute phase responses and inflammation (Berndbdetial., 2005). Since, IL-6 levels are high
in animals fed Mg deficiency diet, it is conceivalihat microvascular cells are an important
source of this cytokine under these conditions.

Also Macrovascular endothelial celise actived by low Mg to elicit an inflammatoryspense

(Maier JAM. et al., 2004). Low Mg increases the eglbn of monocytes to cultured endothelial
cells via upregulation of VCAM, induces plasminogsstivator inhibitor (PAI)1, augments the
levels of pro-inflammatory IL-d, impairs endothelial proliferation and promotediutar
senescence (Maier JAM. et al., 2004; Killilea andi®& JAM., 2008). This is crucial because
atherosclerosis is recognized as a chronic inflatorpadisease resulting from the interaction
between modified lipoproteins, blood derived cealigl the normal components of the arterial
wall. Low Mg also increases the transport of LDlass the endothelial monolayer as well as

the productionof free radicals which might oxididee lipoprotein. It was also shown that
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endothelial cells cultured in low Mg medium are m@ensitive to oxidative stress (Zhou et
al.,1999). Another crucial and early step in ategenesis is the recruitment of leukocytes to the
intima, and low Mg markedly and reversibly upregesaVCAM in macrovascular cells. Once
adherent, the leukocyte penetrate the artery vil@dtbd by some chemokines. Interestingly, Mg
deficiency induces the synthesis of some of theskecules by endothelial cells. In addition,
low extracellular Mg increases endothelial secretad growth factors and cytokines, which
perpetuate cell dysfunction and also affects smoatiscle cell functions (Maier JAM. et al.,
2004).
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C. OXIDATIVE STRESS

The endothelium, an active biologic organ, contelsuto the local balance between pro- and
anti-inflammatory mediators, hemostatic balancewa$i as to vascular permeability and cell
proliferation. The normal endothelium has anticdaguand anti-inflammatory properties, and
regulates vascular caliber by production of nitexide (NO), prostacyclin and other
vasodilators. An impairment of endothelial-mediategisodilation characterizes endothelial
dysfunction. It is the result of impaired NO adyy mainly due to its inactivation by ROS and
increased release vasocostrictor factors. In varigliseases the endothelium becomes
dysfunctional, promotes thrombosis and inflammastad lose its vasodilator influences (Guzik,
2003). Endothelial dysfunction has been shown &zqule vascular diseases and atherosclerotic
lesion formation (Schachinger V. et al., 2000).

A major mechanism responsible for such endothdiyafunction is the excessive production of
ROS. ROS can impact on the production of NO, stateuproinfiammatory gene expression and

increase procoagulant mechanisms.

1. OXIDATIVE STRESS, INTRODUCTION.

Oxygen free radical or, more generally, reactivgggexn species (ROS), as well as reactive
nitrogen species (RNS), are products of normallzlimetabolism. ROS and RNS are well
recognised for being either harmful or beneficalliving system (Valko, Rhodes, Moncaol,
Izakovic and Mazur 2006).

Beneficial effects of ROS occur at low/moderatecamtrations and involve physiological roles
in cellular response to noxia, as for example ifeldee against infectious agents and in the
response to a number of cellular signalling systems

The harmful effect of free radicals causing potdriiological damage is termed oxidative stress
and/or nitrosative stress. This occurs in biologgystems when there is an overproduction of
ROS/RNS on one side and deficiency of enzymaticrammdenzymatic antioxidants on the other.
In the other words, oxidative stress resulting frmeetabolic reactions that use oxygen represents
a disturbance in the equilibrium of prooxidantskaxitlants. The delicate balance between
beneficial and harmful effects of free radicalsaigery important aspect of living organisms and
is achieved by a mechanism called “redox reguléti®he process “redox regulation” protects
living organisms from various oxidative stressesd anaintains “redox homeostasis” by

controlling the redox statua vivo (Droge, 2002).
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Oxidative stress has been implicated in a numbdruofan diseases as well as in the ageing
process. ROS can deplete the cellular levels of NOrease the expression of adhesion
molecules (P-selectin, VCAM-1), lipid inflammatomyediators such as platelet-activating factor
(PAF), leukotriene B4 and cytokines such as IL-8 amonocyte chemotactic protein (MCP-1).
Moreover, ROS might act as a second messengeraaedsignificant effects on the vascular cell
signal transduction pathways involving mitogenaztiéd protein kinase (MAPK), protein
kinase C (PKC), extracellular signal-regulated km@ERK), Jun N-terminal kinase (JNK) and
NFkB. In addition to these mechanisms, reactiveciggecan modulate ion channels, influence
Ca and K concentrations and finally activate matnetalloproteinases (e.g. MMP-13, MMP-9
and MMP-2) (Figure 5).
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Figure 5 : ROS production, their interactions and biological ¢ onsequences.

Superoxide can be produced by numerous oxidoresksts&Superoxide can then rapidly react
with NO forming peroxynitrite and leading to loss BNO bioavailability and impaired
endothelium-dependent vasodilatation. ROS can #ieumitogenesis in vascular smooth
muscle cells (VSMC), activate other redox-sensisignaling pathways and trascription factors
and also oxidize cellular proteins.
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1.1 Reactive oxygen species (ROS)

Reactive oxygen species are produced as internesdiareduction-oxidation (redox) reactions.

ROS are reactive chemical entities comprising tvajomgroups:

- Free redicals (e.g. superoxide §Ohydroxyl [OHe] ,nitric oxide [NOs])

« Nonradical derivates of Oe.g. HO,, ONOO , hypochlorous acid HOCI, lipid peroxides
LOOH).

Free radicals can be defined as molecules or mialedtagments containing one or more

unpaired electrons in atomic or molecular orbitalalliwell & Gutteridge,1999). This unpaired

electron(s) usually gives a considerable degreeadtivity to the free radicals.

Molecular oxygen (dioxygen) has a unique electramnfiguration and is itself a radical. The

addition of one electron to dioxygen forms the sapiele anion radical (Miller et al., 1990).

Superoxide anion, arising either through metabpimcesses or following oxygen “activation”

by physical irradiation, is considered the “prinfaBOS, and can further interact with other

molecules to generate “secondary” ROS, either tlyrec prevalently through enzyme-or metal

catalese processes. Nonradical derivates do ne&inoan unpaired electron and, therefore, are

prone to exchanging electrons with other moleculégy are less reactive and more stable with

a longer half-life than free radicals.

Of the ROS generated in cardiovascular cellg, *@nd HO, appear to be particularly important.

1.2 Reactive nitrogen species (RNS)

Nitric oxide is a small molecule that contains amgaired electron and is, therefore, a free
radical. NOeis generated in biological tissues by specificinioxide synthase (NOSs), which
metabolise arginine to citrulline with formation &fOe via five electron oxidative reaction
(Ghafourifar & Cadenas, 2005). Nitric oxide (NOs)an abundant reactive radical that plays a
key role in the protection exerted by endotheliugaiast coronary disease. NOe not only
prevents abnormal constriction of the coronaryreasebut also inhibits the aggregation of
platelets, the expression of adhesion moleculéiseasurface of the endothelial cells, and hence
the adhesion and penetration of white blood cedlsd the release and action of the
vasoconstrictor and mitogenic peptide endothelinNQ@s has a half-life of only a few seconds in
acqueous environment, while it has greater stgbititan enviroment with a lower oxygen
concentration (half-life >15s). However, sincestsoluble in both agqueous and lipid media, it
readily diffuses through the cytoplasm and plasneanbbranes (Chiueh, 1999). Overproduction

of reactive nitrogen species is called “nitrosatbieess” (Klatt & Lamas, 2000; Ridnour et al.,
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2004). This may occur when generation of reactivegen species in a system exceeds the
system'’s ability to neutralise and eliminate theMitrosative stress may lead to nitrosylation
reactions that can alter the structure of proteind inhibit their normal function. During the
inflammatory process the cells produce both supdeoanion and nitric oxide that may react
together to produce significant amounts of a muchremoxidatively active molecule,
peroxynitrite anion (ONOO ) which is a potent osiidj agent that can cause DNA
fragmentation and lipid oxidation (Carr, McCall&dtr2000).

NOe + O, — ONOO

1.3 Sources of ROS in vascular cells

ROS are produced by all vascular cell types, inolgdendothelial, smooth muscle and
adventitial cells and can be formed by numerouymes (Figure 6). Enzymatic sources of ROS
include the mitochondrial respiration, arachidomaicid pathway enzymes lipoxygenase and
cyclooxygenase, xanthine oxidase (Cai H et al.0200ncoupled nitric oxide synthase (eNOS),
NADH/NADPH oxidases (Guzik et al., 2004), and cytmme P450 (Wolin M.S., 1996),

peroxidases, and other hemoproteins.

NAD(P)H
Oxidase

P450 ‘ :
{ Mono-oxygenase ] it <l

Figure 6 : Enzymatic source of superoxide anion (¢O ).

A large body of evidence based on animal modelgestg that membrane-specific NAD(P)H
oxidase complexes, xanthine oxidase, a dysfundtiehdDS are the major sources of the
superoxide anion and *OZormation in various pre-atherosclerotic condiigiRajagopalan et

al.,1996) (Figure 7). These data have been condirmdiuman peripheral arteries as well as in

coronary arteries (Spiekermann et al., 2003; Saresal., 2002).
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Figure 7: Role of NADPH, xanthine oxidase and eNOS in the pat hogenesis of
vascular oxidative stress.

2. NADPH OXIDASE

NAD(P)H oxidase is multi-subunit enzyme that cataly «O2 production by 1-electron
reduction of Q using NADPH or NADH as the electron donor.

The prototypical NAD(P)H oxidase is that found ieutrophils and has five subunits: p47phox
(“phox” stands forphagocyteoxidase), p67phox, p40phox, p22phox and the catabdlmunit
gp91phox (also termed “Nox2” (Barbior BM., 2004; @nashvili T. et al., 2002).
unstimulated cells, p47phox , p67phox and p40phast & the cytosol, whereas p22phox and
gp91phox are in the membrane, where they occur lestexodimeric flavoprotein, cytocrome
b558. Upon stimulation, p47phox becomes phosphiagland the cytosolic subunits form a
complex that translocates to the membrane, wheessociates with cyto-chrome b558 to
assemble the active oxidase, which transfers elestfrom the substrate to, @orming G-
(Touyz RM et al., 2003).

Although NAD(P)H oxidases were originally considtras enzymes expressed only in
phagocytic cells involved in host defense and ienatmunity, recent evidence based on the
discovery of gp91lphox homologs indicates that theran entire family of NAD(P)H oxidase
(Geiszt M et al., 2006 and Cave et al., 2006). i&a@ homologs, along with gp91phox are now
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designated the Nox family of NAD(P)H oxidase. Thamfly comprises seven members,
including Nox1, Nox2, Nox3, Nox4, Nox5, Duox1 anddx2 (Griendling KK, 2006). They are
expressed in many tissues and mediate diversegmalaunctions. Nox1 is found in colon and
vascular cells and plays a role in host defensecafidrowth. Nox2 is the catalytic subunit of
the respiratory burst oxidase in phagocytes, histatso expressed in vascular, cardiac, renal and
neural cells. Nox3 is found in fetal tissue and dldleilt inner ear and is involved in vestibular
functions. Nox4, originally termed “Renox” (renakidase) because of its abundance in the
kidney, is also found in vascular cells and oststst and Nox5 is a Ca+-dependent homolog,
found in testis and lymphoid tissue, but also iscudar cells. Duox1 and-2 are thyroid Noxes
involved in thyroid hormone biosynthesis.

In vascular cells the activity and expression ofINA1 oxidase can be regulated by cytokines
(TNFa, transforming growth factds, PDGF), hormones, and agonists like ANG Il andfioin
(Griendling et al., 2000). Hemodynamic forces, sasloscillatory shear-stress and stretch, can
also activate NADPH oxidase activity and expression

2.1 Role of NAD(P)H oxidase-derived ROS in vascular biology

ROS influence vascular cell growth, migration, geshtion and activation (Touyz RM et al.
2003; Cai H., 2005). Physiologically, NADPH oxidaderived ROS have been implicated in the
regulation of vascular tone by modulating vasodtitadirectly or indirectly by decreasing NO
bioavailability through quenching by sOto form ONOO (Kajiya M et al., 2007; Shimokawa H
et al., 2004). ROS, through th regulation of hypeixiducible factorl (HIF-1), are also important
in O, sensing. In pathological conditions, ROS are ingdivin inflammation, endothelial
dysfunction, cell proliferation, migration and aetiion, extracellular matrix deposition, fibrosis,
angiogenesis, and cardiovascular remodeling, impbgrocesses contributing to cardiovascular
and renal remodeling in hypertension, atherosderasabetes, cardiac failure, and myocardial
ischemia reperfusion injury. These effects are atedi through redox-sensitive regulation of
multiple signaling molecules and second messengakiding mitogen-activated protein
kinases, protein tyrosine phosphatases (PTP),ibgdsnases (PTK), proinflammatory factors,
ion channels and Gaand matrix metalloproteinase (MMPs) (Figure 8).
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Figure 8: ROS generation resulting by activation of vascular NAD(P)H oxidase .
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3. XANTHINE OXIDASE

Xanthine oxidoreductase (XOR) is part of a grougmtymes known as the molybdenum iron-
sulfur flavin hydroxylases. It was first discovenadmilk by Schardinger in 1902 and is thought
to be involved in reactions that produce ROS swhmitite which enable newborn infants to
overcome gut-associated bacterial gastroentekt@¢ock JT et al., 2002; Stevens CR et al.,
2000). XOR is widely distributed throughout varsoorgans including the liver, gut, lung,
kidney, heart, brain and plasma. In the myocardiiins localized to the capillary endothelial
cells (Panus PC et al., 1992). It exists in twemtonvertible forms known as xanthine oxidase
(XO) and xanthine dehydrogenase (XDH) and both e@syconsist of two identical subunits.
Mammalian XOR is presemt vivo as the dehydrogenase form but is easily convéotedD by
oxidation of the sulfhydryl residues or by protesity Both XO and XDH can oxidize NADH
which results in ROS formation. The source of XOni completely clear is present in the
vascular endothelium and can be an additional soafovascular superoxide. Stimuli such as
hypoxia and reoxygenation, cytokines, and osciiathear-stress upregulate endothelial XO
transcription and activity (Berry CE et al., 2004 is a important source of ROS in a variety
of pathophysiological states, including hypertensiatherosclerosis, ischemia-reperfusion and

heart failure and coronary artery disease (Spiekem® et al., 2003).
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4. ENDOTHELIAL NO SYNTHASE

NOS can also contribute to ROS production, sintehake NOS isoforms (neural NOS or
NNOS, inducibile NOS or iINOS and endothelial NOS elOS) have been shown to be
susceptible to the “uncoupling” that leads to therfation of «Q and HO,. In the absence of
its cofactor tetrahydrobiopterin (BHor its substrate (L-arginine), the endothelial Nghthase
(eNOS) generates ¢O instead of NO (Alp N.J and Channon 2004), BHys an essential role
in transfer of electrons from the prosthetic hemsug of NOS to L-arginine, ultimately leading
to NO and citrulline production. In the absenceBéf, the FEOO intermediate (formed during
NOS catalysis) yields «© . Uncoupling of eNOS in the endothelium may leagdxidative stress
and endothelial dysfunction via at least three rma@ms. First, the enzymatic production of NO
is diminished, allowing the radicals that it norfgainight react with to attack other cellular
target. Second, the enzyme beings to produge €ontributing to oxidative stress. Finally, it is
likely that eNOS can become partially uncoupledashsthat both «@ and *NO are produced
simultaneously. Under this circumstance, eNOS negoime a peroxynitrite generator, leading
to a dramatic increase in oxidative stress (Caitdaudison, 2000).
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D. MAGNESIUM TRANSPORT

Intracellular Mg is tightly regulated by precisentml mechasnisms that involve Mg influx and
efflux across the cell membrane. Small changedgifji[lead to significant effects on signaling
pathways that regulate cellular functions. Althold is such an abundant cytosolic cation and
IS so important in biological processes, little wasown about the transport mechanisms
regulating Mg homeostasis until recently. Transgerand exchangers that have been implicated
in transmembrane Mg transport include the Na/Mgharger, the Mg/Ca exchanger, and the
recently identified transient receptor potentialastatin 6 and 7 channels (TRPM6 and TRPM7)
(Monteilh-Zoller MK et al., 2003; Romani AM, 2008chlingmann KP et al., 2007; Schmitz C
et al., 2005).

» Mg efflux

Mg efflux involves Na-dependent and Na-independgygtems. Na-dependent Mg transport
occurs via the Na/Mg exchanger, whereas in thendapendent mechanisms Mg is exchanged
with extracellular ions, including Ca, Mn, and @a/Mg exchanger, Mn/Mg antiporter, ClI/Mg
cotransporter). When [Mg]i is increased, e.g. by Mgding, Mg efflux is induced via Na/Mg
antiport as long as [Mg]i is normalized. On theasthand, when [Mg]i is reduced, Mg is taken
up until normal [Mg]i is reached (Romani AM, 200Although some uncertainties remain
concerning the properties of Na/Mg exchange, thesgort is stimulated by intracellular ATP,
inhibited by amiloride and modulated by cytoplasmia and Ca. The Na/Mg exchanger has
been demonstrated in many cardiovascular cell tyipekiding VSMCs and cardiomyocytes. In
these cells, it is regulated by multiple factorgaortant in vascular biology and in hypertension
such as ANGII, vasopressin, isoproterenol, ET-1¢ ansulin. Cardiac Na/Mg antiport
stochiometry appears to be 1Na: 1Mg.

Na-independent Mg extrusion pathways have been dsimated only in erythrocytes and
hepatic cells, but not in vascular cells (Gunthetal., 1992; Gunther T, 2007).

» Mg influx

Unlike other major cellular ions like Na, Ca andlittle is known about system that regulate Mg
influx. Functional studies have suggested that Mtems cell through Mg/anion cotransport
utilizing the electrochemical gradient of Na andotigh cation channels. At least seven
transmembrane Mg channels have been cloned. Thechoitdrial RNA splicing 2 protein
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(Mrs2p) was the first Mg transporter characterifgdlisek M. et al., 2003; Bui DM et al.,
1999). Numerous molecules with Mg transport cajisslhave been identified through a screen
designed to discover genes upregulated under hygrmesamic conditions including the human
solute carrier family 41, members 1 and 2 (SLC4181C41A2) channels, Mg transporter 1
(MagT1), and Ancient Conserved Domain Protein 2 D&Q). The most surprising players in
the regulation Mg homeostasis are the two transiesgptor potential channel family members
TRPM6 and TRPM7, which were recently characteri@eble 3).

However, biological significance and mechanismsegilation of all these transporters have yet
to be described.

Investigation of molecular causes underlying hdeaeygi disease associated with
hypomagnesemia led to the cloning and characteizaf a paracellin-1 (claudin 16) a member
of the claudin family and located in the kidneyni®n DB et al., 1999). Paracellin-1 mutations
are associated with hereditary disease called hggossemia, with hypercalciuria and
nephrocalcinosis characterized by massive renalaihtty calcium wasting leading to end-stage

renal disease.

Transporter Cellsftissue

TRPM6G Kidney tubules
Vascular smooth muscle cells

TRPM7 Vascular smooth muscle cells
Cardiomyocytes
Kidney tubules

SLC41 Al Heart

Kidney
SLC41A2 Kidney
MagT| Distal convoluted tubule cells
ACDP2 Kidney cortex
Paracellin-| Ascending limb, loop of Henle
Mrs2p Inner mitochondrial membrane

Table 3: Mg transporters in cardiovascular and renal geilslved in Mg efflux and influx.
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1. THE TRANSIENT RECEPTOR (TRP) CHANNELS

TRP channels is a large, diverse superfamily ofgims that are expressed in a great variety of
multicellular organisms, including worms, fruitd, zebrafish, mice and humans. They have
been detected in most tissues and cell types imguelectrically excitable and non-excitable
cells (Fleig and Penner, 2004; Venkatachalam andt&flp 2007). Drosophila TRP is the first
and founding member of the TRP superfamily of cattbannels. The Drosophila carrying the
TRP mutation presented a transient instead of &igsesl response to light (Montell C, 2005).
The flies presented impaired vision because ofldbk of a specific Ca influx pathway in the

photoreceptors (Venkatachalam and Montell, 2007).

TRPC

TRPN

TRPM

TRPV

TRPA

TRFPP

TRPML

Figure 9: Phylogenic tree showing the relatedness o f the TRP proteins.

The dendogram of vertebrate TRPs includes mostiydmTRPs, except for mouse TRPC2 and
zebrafish TRPN1. White text and cartoons highlitjlet TRP proteins from worms and flies. One
C.elegans and one Drosophila member of each sulgfamaiincluded. From Venkatachalam and
Montell, 2007.
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TRP have a similar topology to voltage-gated ioarstels, possess at least six-transemembrane
domains and may assemble homo-or heterotetramévsnocation selective channels (Pedersen
et al., 2005). The NHand COOH termini of TRP proteins are thought to lbeated
intracellularly and a putative pore-forming regie contained between the transmembrane
domains 5 and 6 (Venkatachalam and Montell, 20@Mas been demonstrated that all TRP
channels are cation channels but the permeabditydifferent mono- or divalent cations has
shown to vary between them (Clapham DE, 2002)uf€id.0).

They are activated by multiple stimuli, includingpysical (temperature, voltage, mechanical
factors), chemicals factors (pH, ions), humorakdex (bradykinin, ANG II, aldosterone), and
signaling molecules (phospholipase C, protein len@% Based on sequence identity, the TRP
protein superfamily is represented by seven prowibfamilies (see Figure 9): N (nho
mechanoreceptor potential C or NOMPC), A (AnkyrimdaTRPAL1), P (Polycystin, TRPP1-
TRPP3), ML (Mucolipin, TRPML1-TRPML3), C (CanonicaRPC1-TRPC7), V (Vanillioid,
TRPV1-TRPV6) and M (Melastatin TRPM1-TRPMS).

6-transmembrane Mg
spanning domain

Cell membrane

N-terminus COOH-terminus

Figure 10 : Proposed membrane topology and putative sites impor tant for Mg
transport .
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1.1 TRPC and TRPV channels

The TRPC (TRPC1-TRPC7) channels are non selctivpedaeable cation channels and are
ubiquitous. VSMCs express mainly TRPC1, TRPC4 aR&C6, which have been implicated in
regulating vascular tone. The TRPV family comprear groups: TRPV1/TRPV2, TRPV3,
TRPV4, and TRPV5/6 and is involved mainly in nogiten. In the vasculature, activation of
TRPV1 and TRPV4 channels induces vasodilation, aRPV2 may behave as a

mechanotransducer (lonue R et al., 2006).

1.2 TRPM channels

The melastatin-related TRP subfamily was namedhenfitst discovered member, melastatinl
(TRPM1), the gene of which was identified from nmelmas (Duncan LM et al., 1998). The
mammalian TRPM subfamily consists of eight membpdrkh share ~20% amino acid identities
to TRPC channels. TRPM proteins comprise six trambrane segments and cytoplasmic N-
and C-terminal domains. Similarly to TRPCs, TRPMtpins have a TRP domain in their C-
terminal. The total amino acid lenghts (1000-208p and sequences of the C-terminal regions
of these proteins vary considerably. Based on antigs of aminoacid sequences, members of
TRPM family are divided into four gropus: TRPM1/BRPM2/8, TRPM4/5 and TRPM6/7
(Fleig and Penner, 2004; Pedersen et al., 2005katachalam and Montell, 2007).

TRPM channels exhibit highly varying cation permégh from Ca impermeable (TRPM4/5) to
highly Ca and Mg permeable (TRPM6/7).

+ TRPMZ2 is a chanzyme with a C-terminal ADP-riboseophosphatase domain. TRPM2 is
expressed mainly in the brain and is a non seledation channel permeable mainly to Ca, Na,
K and Cs. It forms a Ca permeable non specifiooathannel that is activated by intracellular
ADP-ribose, pyrimidine nucleotides and NAD. Thisanhel forms a cellular redox sensor and is
activated by peroxide or other agents that produgzctive oxygen and nitrogen species
(Venkatachalam K and Montell C, 2007).

+ TRPM3 s found in kidney and brain and forms astibatively active Ca and Mn permeable
channel when expressed exogenously in cultured 8limm C et al., 2003). The spontaneous
TRPM3 currents are enhanced by hypotonic extrdeellsolutions and cell swelling.
Alternatively, TRPM3 might be activated by storglgtion or sphingolipidis (Venkatachalam K
and Montell C, 2007).

+ TRPMA4 exhibits the highest expression in heartcpeas, and placenta and TRPM5 is found

in tongue, lungs, testis, brain and gastrointektiaat. TRPM4 and TRPM5 are unusual among
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the TRP superfamily in that they are voltage-mothada Ca activated and permeable to
monovalent cation but impermeable to Ca. The mdeovaselectivity is dictated by a short
acidic strech of six aminoacids in its pore loogiatachalam K and Montell C, 2007).

« TRPMS8 is expressed in sensory nerves and the peoatal acts as a plasmalemmal Ca
channel and as an intracellular Ca release charhek activated by moderately cold
temperature, by pharmacological agents evokingpal®sensation such as menthol, eucalyptol,
and icilin (McKemy et al., 2002).

« TRPM6 and TRPM7 channels have recently been idedtiis essential for Mg and Ca
homeostasis. These proteins have unusual archisatontaining a Mg-permeable pore fused to
a kinase domain at the COOH terminus, hence terfolegnzymes” (channels plus enzyme)
(Schlingmann KP et al., 2002).

TRPM6 has been shown to play in important role ig Mbmeostasis as it is localized in the
intestinal ephitelia and in the distal convolutadbule, where final excretion of Mg is
determined. TRPM7 is ubiquitously expressed andessmts a primarily Mg permeable ion
channel required for the cellular uptake of Mg. Bohannels are shown to be functionally not
redundant, since mutations of one gene do not cosape the deficiency of the other (Monteilh-
Zoller MK et al., 2003).

2. TRPM7

TRPM7 is a divalent specific cation channel whishpermeable to virtually all physiological
divalent cation including Mg and trace metals sasiNi (Monteilh-Zoller MK et al., 2003). It is
a protein that contains 1863 aminoacids with autated molecular weight of roughly 212.4
KDa and with a protein kinase domain (aal580-18@8)ose functional role remains
controversial (Figure 11). TRPM7 is ubiquitouslypesssed and represents a primarily Mg-
permeable ion channel required for the cellulamk@tof Mg. Higher expression in kidney and
heart has been observed (Montell, 2005). Is algwessed in lymphoid-derived cell lines,
hematopoietic cells, granulocytes, leukemia celile microglia, vascular smooth muscle cells
(He et al., 2005; Schmitz et al., 2003).

TRPM7 appears to be responsible for general celMiginflux in virtually every cell type. It
may serve potentially both as Mg uptake mechanisthas a Mg sensor. Channel knockdown
has been shown to lead to cell death, to inhibitpreliferation, and, depending on the model
studied, to inhibit or to enhance cell adeshionddE, Moreau R, 2007; McNeill et al., 2007).
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TRPM?7 also plays an important role in the regulatod the cell cycle, cytotoxicity in central
nervous system ischemic injury, neuronal cell dedt#fecation rhythm, pacemaking activity
(Adachi M et al., 1993).

It has been demonstrated that human mast cellesgxgunctional TRPM7 channels that are
critical for cell survival. TRPM7 activity is regatied by pH, ATP, lipids and translocation
(Venkatachalam K and Montell C, 2007).

TRPM7

(TRP-PLIK,Chak1, LTRPC7?)

Polar but uncharged R group

serine threonine asparagine glutamine

(5] o Q
+ Charged R group

lysine  arginine histidine

N7

20000 - Charged R group

glutamic  aspartic acid
e

Special amino acids
cysteine glycine proline
(c] (G]
Hydrophobic R groups

o
0 phenylalanine tryptophan wvaline tyrosine

alanine isoleucine leucine methionine

o o0 (L) ]

Figure 11. TRPM7 structure

2.1 TRPMY7 regulation

TRPMY7 requlation by lipidsContradictory results haven been observed comgeMRPM7

inhibition or not by phospholipids. Clapham andleglies discussed that TRPM7’s channel
activity requires phosphatidylinositol biphosph&®P,) and its depletion via PLC renders it
inactive (Runnels et al., 2002). This was not sugabby others (Jiang et al., 2003; Takezawa et
al., 2004). They suggest that TRPM7 is modulatedcBP and PKA, by a mechanism
requiring an active TRPM7 kinase. Recently, a déifie group has shown that the inhibition of
TRPM?7 currents in response to PLC activation oakes place under low [Mg]i, but that at
physiological ionic concentrations, TRPM7 currete actually activated following PLC

activation (Langeslag et al., 2007)
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TRPM7 requlation by protonsTRPM7 is upregulated tenfold following a decrease

extracellular pH to 4.0 from physiological pH o#A{Jiang J et.al., 2005). Thus a portion of the
TRPM7 pool may be situated in an acidic environmsath as acidic vesiclesy®h has shown

to increase TRPM7 inward currents, but the mechamsnot known. Also it has been observed
that protons potentiate TRPM7 inward currents @iaret.al., 2005). At low pH inward current
of monovalent cation is increased and this is edeted when Ca and Mg concentration is
decreased. They explained this feature by a cotigefor the binding sites in the external pore
of the TRPM7 channels, thereby removing the divatation block. Mutations in the binding
site of Mg and Ca at the pore region eliminate @@ g permeation and abolishes the proton-
induced increase currents (Li et al., 2007).

TRPM7 requlation by MgTRPM7, like TRPMSG, is regulated by changes inosgtic Mg or
Mg-ATP, which explains why TRPM7 and TRPM6 were oesly called magnesium-

inhibiting channels or MagNuM (magnesium-nucleotidgulated metal ion channel) (Demeuse
et al., 2006). The inhibition of TRPM7 channels Mg/MgATP is voltage independent. The

inhibitory binding site for Mg is unknown; it is @oably not whitin the pore but, rather, at the
level of kinase domain, since TRPM7 kinase activéiguires Mg. Mg nucleotides, such as Mg-
ATP and Mg-GTP, have been shown to inhibit TRPMarutels, but the inhibition has been

shown to be attributable to free intracellular Mg.

2.2 TRPM7 and kinase domain

TRPM7 a-kinase exhibit no sequence homology to conventipratein kinase (Ryazanov et al.,
1997). The crystal structure of TRPM7 kinase hammsha similarity to the catalytic core of
eukaryotic protein kinases as well as to metalmirymes with ATP-grasp domains. The kinase
domain of the TRPM7 channel apparently phosphaylatself and other substrates such as
annexinl, myosin lIA heavy chain and calpain (FegtR) (Touyz RM, 2008). TRPM7 kinase
contains two serine residues that undergo selfgitmylation, Ser>* and Sel®”. Annexin-1
belongs to a family of Ca and phospholipid-bindimgteins, and has been described as an
important endogenous modulator of inflammation (¢ at.al., 2006). It is phosphorylated by
TRPM7 on Set but the physiological implication of this phospylation remains unclear
(Dorovkov and Ryazanov, 2004). It contributes taioass cellular processes such as cell
migration, growth and differentation, apoptosissaiele fusion, lipid metabolism, and cytokine
expression (Rescher et al., 2004). Myosin Il healgin is involved in cell migration, cell
growth, apoptosis and cytoskeletal organizationp&a protease is implicated in the control of
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cell adhesion (Touyz RM, 2008). The biological sigance of TRPM7-regulated annexin-1,
myosin 1l heavy chain, and calpain remains uncla#rthrough its effects on this molecules
TRPM7 might be involved in regulating vascular catlhesion, migration, and contraction
(Clark K. et al., 2006; Su LT et al., 2006).

TRPM7 qii‘ﬂ
Coll viability

i —
G|
Mg2*-depandent @
enzymes
} !

Call membrane

~Arti-inflammatory «Cell adheslon Cortraction
*immune responses| | *Cytoskeletal “Cytoskeletal
organization organization
Figure 12 : TRPM7 a-kinase substrates and proposed cellular functions of TRPM7.

Activation of TRPM7 results in increased transmeanler Mg transport through the channel
domain and activation of downstream targets throilngho-kinase domain. From Touyz RM,
2008.

The role of the kinase domain of TRPM7 channelsldeen controversial. Some authors have
pointed to the essential role of the kinase donfiairchannel activation (Runnels et.al., 2001),
because point mutations in the kinase domain euit non functional channels. Schmitz and
coworkers observed that abolishing phosphotransteractivity did not impede channel
activation but phosphotransferase-deficient formm3RPM7 may affect its channel activity by
rendering it less sensitive to inhibition by Mg and Mg-nucleotide, and to regulation by
intracellular cAMP (Takezawa et al., 2004). On thémses, they concluded that the kinase
domain is necessary for cytosolic Mg/Mg-ATP levE&shmitz, 2003). Mg-dependent channel
suppression is modulated through a functional aoggbetween the channel gating mechanism

and the kinase domain.
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2. OBJECTIVES
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Mg is referred to as the intracellular divalenti@atpar excellence. Its biological role is
extremely versatile as it can serve structural tions as well as dynamic functions.
Accordingly, Mg deficiency has been reported to iowolved in the pathogenesis of

cardiovascular diseases and, in particular, inragiemnesis.

Mg in macrovascular endothelial cells cultured macrovascular endothelial cells, Mg

increases tha adhesion of monocytes to the monolégeipregulation of vascular cell adhesion
molecule (VCAM), induces plasminogen activator bitur (PAI)1, augments the levels of the
pro-inflammatory cytokine interleukin (IL)ed impairs endothelial proliferation and promotes
cellular senescence (Killlea DW and Ames BN, 200&cently, endothelial function has been
shown significantly impaired in a model of inhedtdypomagnesemia in mice (MgL mice)
(Mazur A et al., 2007). All these results pointhe fact that low Mg promotes the acquisition of
an inflammatory phenotype in endothelium. Since BlRkanscription factors control the

inflammatory response and are activated by freeaé | investigated whether culture in low
Mg promotes oxidative stress and activates NFkBiuman umbilical vein endothelial cells

(HUVEC). Because NFKB activation correlates withrkea alterations of the cytokine network,
| also studied the secretion profile of inflammatonolecules in cells grown in low Mg. My

results highlight molecular events that contrilbtotéhe pro-atherogenic effect of Mg deficiency.

Mg in microvascular endothelial celldMEC contribute to inflammation by elaborating

cytokines, synthesizing chemical mediators and esging adhesion molecules which bind
leukocytes, thus facilitating their passage in thearby tissues. In addition, also in the
microvasculature the endothelium itself is sensitte cytokines which profoundly affect its
behavior. Low extracellular Mg affects also micresalar endothelial cells. In murine
microvascular cells, it has been reported that Mg induces the synthesis of vascular cell
adhesion molecule (VCAM), a marker of inflammatiavhich binds the integrin VLA-4 (very
late activation antigen-4) expressed by monocytesmost of the lymphocytes. Focal adhesion
of leukocytes to the microvasculature is a key stepflammation and immune response. In
addition, Mg deficiency upregulates lle:land IL-6, pleiotropic cytokines implicated in agut
phase response and inflammation (Bernardini DL, 085).

Because MEC are important players in inflammatiod angiogenesis, | asked whether different
concentrations of Mg could affect the behavior ofman MECin vitro. My results demonstrate

that culture in low Mg affects human MEC with sodifferences in respect to HUVEC.
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TRPM7, a Mg transport channélhe novel Mg transporter TRPM7, a ubiquitously regsed

protein with the feature of being both a functioiwad channel and kinase, is a critical regulator
of Mg homeostasis in vascular cells. Because emtlatttells are very sensitive to extracellular
concentrations of Mg, we have investigated the esgion and the role of TRPM7 in human
macro- and microvascular endothelial cells. | shibat the regulation of TRPM7 expression is
very different in human MEC vs HUVEC. By siRNA Isal demonstrate completely different
effects of TRPM7 silencing in HUVEC vs MEC.
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3. MATERIALS AND METHODS
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3.1 CELL CULTURE

HUVEC

Human umbilical vein endothelial cells (HUVEC) wefem the American Type Culture
Collection and cultured in M199 containing 10% fdbavine serum, 1mM glutamine, 1mM
penicillin and streptomycin, Endothelial Cell GréwfEactor (ECGF 150 pg/ml), 1ImM sodium
pyruvate and heparin (5 units/ml) on 2% gelatintedadishes. A Mg free medium was
purchased by Invitrogen (Milano, Italy) and utilizéo vary the concentrations of Mg by the
addition of MgSQand in some experiments by the addition of Mg&IMgPidolate (Mg salt of
the L-pyrrolidone carboxylic acid). On the basispoévious reports (Maier JAM et al., 2004;
Malpuech-Brugere, 2000; Malpuech-Brugere, 1999), VHGQ were cultured in medium
containing 0.1 or 1.0 mM Mg, being the latter theyfological concentration. In some
experiments also 5.0 mM Mg containig medium wagluge all the experiments the cells were
seeded in growth medium; after 24 h, the medium et@nged to expose the cells to either 0.1
or 1.0 mM Mg. In some experiments HUVEC were expadselipopolysaccaride (LPS) {d@/ml)
and trolox (4@M), (all from Sigma Aldrich, St Louis, MO).

MEC

Human dermal microvascular endothelial cells (ME&ye from the American Type Culture
Collection (Atlanta USA) and routinely cultured MCDB131 containing 10% fetal bovine
serum, 1mM glutamine, 1mM penicillin and streptomy®.1mM hydrocortisone and EGF 10
ng/ml on 2% gelatin-coated dishes. To study theotdfof Mg, MEC were cultured in a Mg free
medium containing 0.1 or 1.0 mM Mg by addition o§80,. In all the experiments the cells
were seeded in growth medium and after 24h the unedvas changed to expose the cells to
either 0.1mM or 1.0mM Mg and, in some experimealsy 5.0mM Mg.

» PROLIFERATION ASSAY

For proliferation assays, the cells were seedemivadensity (7500/cR) and cultured in growth
medium 0.1 or 1.0 mM Mg with or without antioxidanftrolox 4QM, resveratrol IQM and
apocynin 1QM). At different time intervals (every 24h), thellsewere trypsinized, stained with

a trypan blue solution (0.4%) and the viable cekse counted using a Burker chamber.
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» MIGRATION ASSAY

Confluent HD-MEC were cultured in the presence iffetent concentrations of Mg for 2 days.
Migration was determined using an vitro model of wound repair as previously described
(Baldoli E et al., 2010). After wound, the monolaye&s washed and incubated for 24 additional
hours in the corresponding concentration of Mgpbestaining with crystal violet.

HUVEC and MEC were grown and transfected to silen€&PM7 (see after) in medium
containing 1.0mM Mg. After 24h from transfectioretmonolayer was wounded, stimulated with
FBS and incubated for 16 additional hours.

The wound area was calculated by the ImageJ saftaad expressed using an arbitrary value
scale. The experiments were performed in triplicBtata are shown as the mean +/- standard
deviation (SD).

3.2 GENE SILENCING

To silence TRPM7 expression, we utilized commersi@NAs (0.2ug/cnf) designed by Qiagen
which are 19-22 nucleotide long, double-strandedARNblecules with two to three nucleotide
overhangs. The siRNAs were transfected in sub-uenfe HUVEC and MEC using
HiPerfectReagent (Quiagen) according to the matwfacs instructions. After 4h incubation,
an equal volume of complete medium was added ttrémsfection medium. After 24h, 48h and
72h from transfection the cells were washed witlsP&raped, and lysed in RIPA buffer.

In some experiments the cells transfected with TRRNRNA were trypsinized, stained with a
trypan blue solution (0.4%) and the viable cellseveounted using a Burker chamber.
Transfection without non silencing siRNAs was uascaontrol.

3.3 CELL CYCLE ANALYSIS

Cell pellets were treated with 0.2 mg/ml propidiuodide in Hank’s balanced salt solution
containing 0.6% NP-40 and RNAse (1mg/ml) and intetban the dark at room temperature for
30 minutes. Upon filtration, cell suspensions®(#@l) were analyzed for DNA content on a
Coulter EPICS 753 flow cytometer (Beckman Couldiami, FL). The percentage of cells in
each phase of the cell cycle was determined bygusirMulticycle software version 2.53

(Phoenix Software, San Diego, CA).
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3.4 MEASUREMENT OF INTRACELLULAR REACTIVE
OXYGEN SPECIES (ROS)

Intracellular reactive oxygen species (ROS) weremeded by using an oxidationsensitive
fluorescente probe, 2'7’-dichlorofluorescin diatetaDCFH-DA Sigma-Aldrich) methods,
based on the ROS-dependent oxidation of DCFH-DAE@F (2'7’-dichlorofluorescin). The
diacetate form of DCFH is taken up by the cells,erehit is metabolized by intracellular
esterases so that it remains “trapped” intraceludend, in the presence of ROS, it is oxidized to
DCF.

HUVECs plated in 96-well plates were grown to coafice in complete M199 media and
exposed for 30 min or 1 h to different Mg concetira in complete growth media. Before
adding the probe, the medium was removed and tlhe were washed by PBS. Then, 200
DCFH-DA (25.M) were added for 30 min at 37°C in the dark. Thlkscwere washed with PBS
and in some experiments were stimulated wigB,H200uM). Intracellular ROS production was

measured with the Perkin EImer Top count Microplate

48



ff

CHy=L— O -8 ['.I-E"E”J
H,DCFDA-AM ]@j\ﬁg
T

Cell Membrane

H,DCF T

(Non-fluorescent) o

(Fluorescent)

Figure 3.1: DCFH-DA ass ay for ROS detection .
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3.5 NITRIC OXIDE SYNTHASE (NOS) ACTIVITY

NOS activity was measured in de-proteinated comu#til media of HUVEC or MEC by using
the Griess method for nitrate quantification. Timisthod requires N9 first be reduced to NO
and then determined by Griess reaction. The Grresgtion (Figure 3.2) is a two-step
diazotization reaction in which the NO-derived ogating agent reacts with sulfanilic acid to
produce a diazonium ion that is then coupled to-hafththylethylenediamine to form a
chromophoric azo product that absorbs at 540 nra.cbimcentrations of NO in the samples were
determinated using a calibration curve generateth vetandard NaNg© solutions. Each

experiment was performed in triplicate and repeatddast 3 times with similar results.

+ 0,

. NO
Sulfanilamide

l 7\

. MH MH,
HaMS0y NE=H  + L
N-(1-Maphthyl)ethylenadiamine

O

HaNS 0y H=N A NH MH3
&

Azo Dye (%, = 540 nm)

Figure 3.2: The Griess reaction .

The nitrosating agent dinitrogen trioxide () generated from autoxidation of nitric oxide
(NO) or from the acidification of nitrite (NO ) reacts with sulfanilamide to yield a diazonium
derivate. This reactive intermediate will interagth N-1-naphthylethylene diamine to yield a
colored diazo product that absors strongly at 540 n

In collaboration with prof. Ciuffreda (Universityf dhe Study of Milan) we used a second
method to measure NOS activity. After deproteinaiof medium with acetone, the samples
were spiked with the N-labelled nitrite and nitrade internal standards to achieve final

concentrations of 0.2 mM for N-nitrite and 2 M fd¢nitrate. Derivatization of nitrite and nitrate
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was performed using acetato di etile (Tsikas, 200@) the measure was done with GC-MS

analysis (GasCromatography mass spectrometry).

GC-MS was carried out on a Finningan Trace (DSQO78pparatus (San Jose, CA, USA)
connected directly with Finnigan trace gas chromyetph.
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3.6 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

A) NUCLEAR EXTRACTS

HUVEC were washed twice with cold PBS and centefiligt 25009 for 10 min at 4°C. Cellular
pellets were resuspended in &DOf a solution A containig HEPES 10 mM pH 7.8, MgCT.5
mM, KCI 10 mM, 1.4-Dithio-threitol (DTT) 2 mM andhienylmethane-Sulfonyl fluoride 2 mM.
After 10 minutes of incubation on icauldof Triton 10X (v/v) were added and centrifuged at
13000 rpm for 1min at 4°C. To isolate only the mickhe nuclei-containing pellets were
resuspended in a solution C containig HEPES 20 W/ ®, MgCl, 1.5 mM, NaCl 420 mM,
EDTA 0.2 mM, glycerol 25%and then incubated for 30 min at 4°C with conststmking.
Nuclear proteins were recovered in the supernatfset centrifugation at 13000 rpm for 10 min
at 4°C. The protein concentration of the supernatas determined with the Bradford reagent
(Sigma Aldrich).

B) EMSAs

Single strand oligonucleotide with consensus bigdites of NF-kB (Forward 5'-
GGATCCTCAACAGAGGGGACTTTCCGAGGCCA-3’) was labelledittv T4 polynucleotide
kinase (GE Healthcare, Milan, Italy) by usiff®-ATP, annealed to the complementary strand
(5-TGGCCTCGGAAAGTCCCCTCTGTTGAGGATCC-3), and then urgdied by
polyacrylamide gel electrophoresis.u§ of nuclear extract were incubated for 30 minwtes
room temperature with 20 Kcpm &P-labelled probe in binding buffer (50 mM NaCl, i/
Tris-HCI pH 7.8, 1 mM EDTA, 5% glycerol, 0.5 mM DJ.TAll binding reactions contained 0.5
ug poly (dI-dC) as a nonspecific competitor. For petrtion experiments, 50-fold excess of
unlabelled specific or unrelated double-strandegliseces was added to the binding mixtures.
For the gel supershift assay, nuclear extracts wexgated with antibodies (dg) against p65
and p50 (Santa Cruz Biotechnology-Tebu Bio, Magetddy) for 60 min on ice followed by 25
min of incubation with oligonucleotide. Protein-DNAomplexes were resolved on 5%
acrylamide gels. Gels were dried and radiolabelladds were detected by autoradiography.
Oct-1 was used as a constitutive housekeepingdrtatisn factor because of its apparently
ubiquitous expression in mammalian cells (Veenstral. 1997). The experiments were repeated

three times with similar results.
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3.7 REPORTER GENE ASSAY

To study NFkB activity, subconfluente HUVEC and MBEx@re transfected with a luciferase
reporter plasmid (Figure 3.3) (Oi@/cnf) containing multiple copies of the NFkB consensus
(pGL4.32[luc2P/NFkB-RE/Hygro]vector, Promega Italiilano) using Arrest-In Transfection
Reagent (Invitrogen). Cells were cotransfected witb phRL-TK plasmid encodin&enilla
luciferase (5ng/cf), as a control for differences in transfectioniaééhcy. After 4h from
transfection, the cells were exposed 24h to eithé).1 and 1.0 mM Mg. Firefly anBenilla
luciferase activities were measured using Dualdenase Reporter Assay kit manual (Promega
Italia, Milano). Results are shown as the meananddrd deviation (SD) of three separate

experiments in triplicate.

Eynthetic poly(A) signall
tran=criptional paues sita NF-kB-RE

[for background reduction) Minimal pramotar

2223 BarmH | fuc2F

Svd0 late l’h-h
aly(A)| | PBLA.32 [rc2PINF-B-RE Hyg o]

1971 Xbal 1 Vector

I' (=05 Tl

- coRl 1230

EVAD early
enhancer/
promoter

HSV TK
Promolar Call 3835 S0 late

Hyg polylAl signal

Synthetic

pelyiA) BamHI 2228

Figure 3.3 : A) pRL-TK vector map an&) pGL4.32[luc2P/NFkB-RE/Hygro] vector

The pGL4.32[luc2P/NFkB-RE/Hygro] vector containgeficopies of an NFKB response element
that drives transcription of the luciferase repogeneluc2P (Photinus pyralis). Luc2P is a
synthetically-derived luciferase sequence with hoized codon optimization that is designed
for high expression and reduced anomalous trangotipThe luc2P gene contains hPEST, a
protein destabilization sequence. The vector coatain ampicillin resistance gene to allow
selection in E.Coli and a mammalian selectable erdide hygromycin resistance.
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3.8 REVERSE TRANSCRIPTION PCR

Total RNA was extracted from HUVEC cultured in OMIm1.0 or 5.0 mM Mg, wih TRIzol
(Invitrogen) according to the manufacture’s instiats. After quantification, g of total RNA
was reverse transcribed by Transcriptor First StraDNA Synthesis kit (Roche). The PCR
amplification was carried out using 1/50 of theafirRT reaction. Each amplification cycle

consisted of :

T = 95°C for 30 second
T = 54°C for 60 second
T =72°C for 60 second
T =72°C for 5 minutes (last step)

The reaction was stopped after 30 cycles. One diftthe reaction mix was separated on a 1%
agarose gel. The sequence of TRPM7 and GAPDH msisynthesized by Primm srl (Milan,

Italy) are the following:

Sense: 5'- CTTATGAAGAGGCAGGTCATGG- 3’
Antisense: 5- CATCTTGTCTGAAGGACTG- 3
Sense: 5’- CCACCCATGGCAAATTCCATGGGA 3’
Antisense: 5- TCTAGACGGCAGGTCAGGTCCACE3’
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3.9 TransAM ASSAY

TransAM assays were performed according to the faature’s instructions (Active Motif,
Carlsbad, CA, USA). TransAM NFkB family kits desegh specifically to quantify NFkB
activation (Figure 3.4). In brief, pg of nuclear protein samples was incubated fornla D6-
well plate coated with an oligonucleotide that emm$ the NFKB consensusn site (5'-
GGGACTTTCC-3) to which activated NFkB homodimeradaheterodimers contained in
nuclear extracts specifically bind. By using anitzody directed against an epitope on p50 or
p65 that is accessible only when NFkB is activaded bound to its target DNA, the NFkB
complex bound to the oligonucleotide is detectefterAincubation for 1h with a secondary
horseradish peroxide-conjugated antibody, spediieding was detected by colorimetric
estimation on a spectrophotometer at 450 nm. Result expressed as arbitrary units and

represent the mean £ SD of two separate experintetriplicate.

Oligonudestids containing activated
coated plate transaiption factor

Add developing
and skop solution

Figure 3.4: Flow chart of process.
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3.10 PROTEIN ARRAY

HUVEC and MEC were cultured in medium containingy 6r 1.0 mM Mg for 2 days. 5 ml of
conditioned media were centrifuged and utilizedirioubate the membranes on which 40
antibodies against cytokines were spotted in daf@idRayBiotech-Tebu Bio, Milano, Italy).
The assay was performed according to the manu&&iurinstructions (Figure 3.5).

Densitometry was performed by the ImageJ softwaata are expressed as the mean + standard
deviation of two experiments in duplicate.

Wf LW LW @
Array support Y N ho( Samples

Incubation of Sample
with arrayed antibody
1-2 hr

e
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Biotin-Ab A"L

A& |
. J Incubation with
& 4 Biotinylated Ab .

[ ]
Labeled- 4 56 ¢
streptavidin )
il 2
,(E' Incubation with
b labeled-Streptavidin 1 hr
——
P e & Delechmint
‘ signals

= Data analysis
= and graph

Figure 3.5: Representative scheme of protein array proces.
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3.11 WESTERN BLOT ANALYSIS AND ELISA.

A) Culture media were resolved by SDS-PAGE, transteto nitrocellulose sheets at 200 mA
for 16 h, and probedith anti-PDGF-BB, anti-RANTES, anti-IL-6, anti-MMP and anti-MMP-

2 antibodies (Santa Cruz Biotechnology-Tebu Bicgcdhdary antibodiewere labeled with
horseradish peroxidase (GE HealthcarEle SuperSignal chemiluminescence kit (Pierce,
Rockford IL) was used to detaoimunoreactive proteins. All the results shown weygroduced
at least threemes. Results are shown as the mean * standaratidev

B) Nuclear extracts were obtained using the Nuclednakt kit (Active Motif) and proteins were
separeted on 12.5% SDS-PAGE, transferred to nitubose and processed by western blot
using polyclonal antibodies against NFkB subup@5 or p50), actin, TATA binding protein
(TBP) and glyceraldehyde-3-phosphate deydrogen@sd’DH) antibodies (from Santa Cruz
Tebu bio, Milan, Italy). Secondary anti-rabbit #idlies were labeled with horseradish
peroxidase (GE Healthcare).

C) Cells (HUVEC or MEC) exposed at 0.1 or 1.0 mM Mgmight, 24h or 48h were lysed in
cold lysis buffer (10 mM Tris-HCI pH 7.4, 3 mM Mg£ L0 mM NacCl, 0.1% SDS, 0.1% Triton
X-100, 0.5 mM EDTA and protease inhibitor cocki@igma)) and centrifugated at 14000 rpm
for 10 min at 4°C. Whole-cell extract were subjdcte 8% SDS-PAGE and proteins were
transferred to a nitrocellulose membrane sheetsst&ke blot analysis was performed using
antibody anti-TRPM7 (Abcam), anti-p21, anti Cdc2aBti-eNOS, anti-iINOS and anti-pSer1177
(from Cell Signaling and Santa Cruz Tebu bio). ®eleoy anti-rabbit or anti-goat antibodies
were labeled with horseradish peroxidase (GE Heaitd).

The SuperSignal chemiluminescence kit (Pierce, Rodk IL) was used to detect

immunoreactive proteins.

The amounts of TIMP-2, ILd and IL-8 were measured in 1:2 diluted medium usirdpuble-
antibody sandwich ELISA (GE Healthcare) accordiaghe manufacturer’s instructions. The
concentrations of TIMP-2, IL«l and IL-8 were determined by interpolation fromtanslard
curve and shown as the mean + standard deviation.

Densitometric analysis was performed by the Imagéivare.

57



3.12 IMMUNOFLUORESCENCE

HUVEC and MEC were seeded on gelatin-coated capsrswashed and fixed in PBS
containing 3% paraformaldehyde and 2% sucrose (Hf@r 10 min at room temperature. Cells
were permeabilized with Hepes-Triton X-100 for 1thrand blocked with 2% bovine serum
albumin (BSA) for 1h at room temperature. After hiag cells were incubated with anti-p65
and p50 antibodies (Santa Cruz Biotechnology-Telm) #r 60 min at 37°C and stained with
rhodamine-labeled immunoglobulins against rablmvi(togen). Coverslips were observed with
a fluorescence microscopy (Olimpus AX70) at 40x-mfagcation. Staining with non immune

IgGs did not yield any significant signal.

3.13 ZYMOGRAPHY ASSAY

Matrix metalloproteinase (MMP)-2 and MMP-9 actigdgi were measured by gelatin
zymography. Conditioned media were incubated at 4¥@rnight with gelatin-sepharose.
Zymography was performed using 8% polyacrylangiels co-polymerized with 1 mg/ml gelatin
type B (Sigma Aldrich) under nonreduciognditions without heating. Gels were then washed
twice for 30 minutes in 2.5% Triton X-100 at rooemntperatureand incubated overnight in
collagenase buffer (50 mmol/L Tris-H@IH 7.5, 10 mmol/L CaGJ 150 mmol/L NaCl) at 37°C.
Gelswere stained in Coomassie Blue R250 (Bio-Rad, Mijdtaly)in a mixture of methanol:
acetic acid: water (4:1:5) for 1 hoand destained in 10% acetic acid solution. Gedagn
activites (MMP-2 and MMP-9)were visualized as distinct white bands, indicatiting

proteolysis of the gelatin incorporated into thé ge

3.14 STATISTICAL ANALYSIS

All data were representative of at least three redpaexperiments. Densitometric analysis was
performed by the ImageJ software on different bémid expressed using an arbitrary value scale.
Results are shown as the mean + standard devidimtistical significance was determined
using the Student’'s t test and set at pvaluesthess 0.05. In the figures, * p<0.05, ** p<0.01,
*** n<0.001.
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