4. RESULTS-1
Mg in macrovascular endothelial cells.
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4.1 Mg MODULATES THE ENDOTHELIAL PROLIFERATION

Endothelial cells are essential to maintain thegnty of the vascular wall. They are crucial in
the control of permeability, in the modulation ofodd flow and in the regulation of
inflammatory response (Cines DB et al. 1998).

It is known that endothelial dysfunction plays @hegenic role in several diseases, including
atherosclerosis, thrombosis and hypertension (Rqsk999). Because i) Mg deficiency is one of
the factors involved in the pathogenesis of caralsoular disease in general and of
atherosclerosis in particular (Shechter M., 201@)d ii)) Mg plays a crucial role in cell
proliferation and function (Wolf F. and Trapani \2008), | studied the effects of different Mg
concentration on the growth of endothelial celtdated from human umbilical vein endothelial
cells (HUVEC),which are widely considered as a model of macravMas@ndothelial cells.
HUVEC were cultured in the presence of differentamtrations of extracellular Mg (0.1, 1.0
and 5.0 mM) for 4 days and counted every 24 hollee 1.0 mM Mg concentration is
considered the physiological concentration of tagon, the 0.1mM Mg is a concentration used
to mimic severe Mg deficiency. In humans, the lawesgel of Mg in critically ill subjects was
0.5 mM while concentrations ranging between 0.7@8dnM are frequent in apparently healthy
western people. In rodents, after 8 days of expental diet, a decrease in plasma Mg to a 0.14
mM can be detected. On the other hand, 3-5 mMestmncentrations of plasma Mg that could
be reached locally, after acute Mg administratiord severe hypermagnesemia has been
observed in chronic renal failure and in dialysizetients (Navarro-Gonzales JF, 2009). In
particular, 5mM has been previously utilizedvitro in different cells (Maier JAM et al., 2004,
Wolf F. and Cittadini A. et al., 1999).

As shown in Figure 4.1A, Mg modulates endothelialiferation in a dose dependent manner.
Culture in low Mg inhibited HUVEC cell proliferatio This growth inhibition was reversible
upon return to normatulture conditions after re-addition of Mg to thedium (Figure 4.1B)
and was independent from the Mg salt used for supphtation (MgS@ MgClL or
MgPidolate).
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Figure 4.1: Reversible inhibition of endothelial proliferation by low Mg.

A) HUVEC were seeded at low density and cultured indioma with different Mg
concentrations. At different intervals of time (ew24 hours) the cells were tripsinized and
viable were counted with Burker chamber. Resulés expressed as mean + S.D. of three
separate experiments. Significant difference adkcated as a p value less than 0.61 (
p<0.01).

B) HUVEC were cultured in media containing 0.1 and Bl Mg with different Mg salts.
Every 24h the cells were harvasted with trypsin aiatlle counted using a Burker chamber.
After 48h, some of the cells in 0.1 mM Mg were mted to 1.0 mM Mg for additional 48h.
The figure shows the results of three differentegipents in triplicate £ S.D*{ p<0.01).
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In an effort to gain more insights into the inhitt of HUVEC growth by 0.1 mM Mg, cell

cycle distribution was evaluated. HUVEC culturedow Mg showed an increased number of
cells in the GO/G1 and G2/M phases and a decreasatber of cells in the S phase of the cell
cycle (Figure 4.2A). Growth inhibition by low Mg wmelated with a 5 fold increase of p21
(WAF1), an inhibitor of cyclin-dependent kinase,daa 9 fold reduction of Cdc25B, a
phosphatase which plays a key role in controlli®3N& progression (Nilsson I. and Hoffmann

I., 2000), as detected by western blot followedlbgsitometry (Figure 4.2B).

Concentration of Distribution (%)
extracellular Mg
[mM] Apoptosis| GO0/G1 S G2/M
1.0 13.0+£2.2| 50.1+45% 46.9+4.2.0+0.3
0.1 151+23| 585+48 353+33.2+0.6
B mM Mg
cdc25B
p21
Actin

Figure 4.2:

A) Cell cycle distribution in HUVEC grown 0.1 or 1.0MnMg as detected by flow cytometry
on propidium iodide-stained cells. Data are me&D of three separate experiments.

B) Cdc25B and p21 levels in HUVEC grown 0.1 or 1.0 ig. Cell extracts from HUVEC
cultured in 0.1 or 1.0 mM Mg for 72 h were sepatate a 12% SDS-PAGE, transferred to
nitrocellulose and western blot was performed using-Cdc25B and anti-p21 antibodies.
Actin is used as a control of loading.
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4.2 LOW Mg INDUCES INTRACELLULAR REACTIVE OXYGEN
SPECIES PRODUCTION

Mg deficiency has been associated with oxidativesst(Mazur et al., 2007), a crucial event in
aging, atherosclerosis and other cardiovascul@ades (Bono F. et al., 2008; Donato AJ et al.,
2007). Reactive oxygen species (ROS) such as sugeranion, hydrogen peroxide and
hydroxyl radical are produced continuously in calésproducts of the metabolism and cellular
redox processes. During the inflammatory respoastyated leukocytes release ROS which
alter vascular endothelial function. In responsenftammation, also endothelial cells produce
more free radicals. Indeed, in atherogenesis, éedal cells are primarily involved in oxidating
LDL (Libby P et al., 2009)Under physiological conditions, free radicals amurdered by
antioxidant enzymes and substanéesessive production of free radicals leads tocttnal and
functional damage of the lipids, proteins and eiechcids.

To investigate whether Mg deficiency induces e®I9S production in culture macrovacular
endothelial cells, we used a fluorescent probe redsured the fluorescence emitted by 2,7-
dichlorofluorescein (DCF). HUVEC were cultured il ®r 1.0 mM Mg for 1h. The cells were
then incubated with DCF (281) for 30 min and exposed or not to,® (200uM). The
fluorescence was measured with the PerkinElmer dapCMicroplate fluorimeter. The basal
level the ROS production in cells cultured in 0.4 100 mM Mg is the same while after
incubation with HO,, ROS production is higher in cells cultured in mued with 0.1 mM Mg
(Figure 4.3).

These results suggest that Mg deficiency determaratent impairment of anti-oxidant defences
which is unmasked by the addition of®3.
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Figura 4.3: Time course of low Mg-induced reactive oxygen species production.

Huvec exposed at medium containing 0.1 or 1.0 mM felglh were incubated with DCF
(25uM) for 30 min and exposed or not ta®. Cellular oxidant production was determined by
PerkinElmer TopCount Microplate fluorimeter. Resudire expressed as mean + S.D. of three
separate experiments. Significant difference adecated as a p value less than 0:0p<0.05).
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4.3 THE ANTIOXIDANTS APOCYNIN AND TROLOX RESTORE
PROLIFERATION IN HUVEC CULTURED IN LOW Mg

Since low Mg promotes an oxidant phenotype, we éskeether antioxidants might affect the
proliferation rate of HUVEC in low Mg. Trolox, reskatrol and apocynin were utilized as anti-
oxidants. Trolox is a water-soluble analog @tocopherol (vitamin E) and protects cell
membranes from oxidation by reacting with lipid icads produced in the lipid peroxidation
chain reaction (Traber Atkinson J, 2007).Resveratrol has been shown to possess
cardioprotective and neuroprotective effects. Theclmanisms of resveratrol action have not
been completely undisclosed, but it is known thahdreases the activity of Mn-superoxide
dismutases (SOD) by a fourteen-fold (Robbédflal., 2008). MnSOD is essential for the cell to
keep superoxide anions in check.

Apocynin is an inhibitor of NADPH oxidase activityhich is the major source of reactive
oxygen species in endothelial cells under inflanomastimuli (Ray R and Shah AM, 2005).

A: apocynin

Ho™

B: resveratrol

HO
O h
OH

CHs

HO
C: a-tocopherol CH; CHz CH3

CHx

CH
CH, 3

Figure 4.4: Antioxidant chemical structure.
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HUVEC in 0.1 or 1.0 mM Mg were cultured in the prse or not of trolox, resveratrol and
apocynin. Every 48h, the cells were trypsinized aodnted. Figures 4.5A and 4.5Bow that
trolox and apocynin could rescue the proliferatodrcells grown in 0.1 mM Mg. These results
indicate that oxidative stress in implicated inkomg HUVEC proliferation and point to NADPH
oxidase as the principal responsible of oxidativess in HUVEC cultured in low extracellular

concentrations of Mg.
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Figure 4.5: Trolox and apocynin restore HUVEC proliferation in low Mg.

(A) HUVEC were seeded at low density and cultured idioma with 0.1mM Mg concentration
and with different antioxidant molecules: t: trol¢d0uM); a: apocynin (1GM) and r:
resveratrol (10M). At different intervals of time (48 and 96 hourthe cells were
tripsinized and viable were counted with Burkerrobar. Results are expressed as mean *
S.D. of three separate experiments. Significarfeidihce are indicated as a p value less
than 0.01¢ p<0.01).
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(B) HUVEC were seeded at low density and cultured idioma with 1.0mM Mg concentration
and with different antioxidant molecules: t: trol¢&0uM); a: apocynin (1GM) and r:
resveratrol (10M). At different intervals of time (48 and 96 hourthe cells were
tripsinized and viable were counted with Burkerrobar. Results are expressed as mean +
S.D. of three separate experiments. Significarfedihce are indicated with p<0.01 and

* p<0.05.
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4.4 ACTIVATION OF NFkB IN Mg DEFICIENT HUVEC

Inflammation is considered to be a critical initsp in the development of atherosclerosis. Pro-
inflammatory changes in endothelial phenotype, kmawg “endothelial activation”, involve
upregulation of cellular adhesion molecules witmsmeguent enhancement of endothelial-
leucocyte interactions and the increase of pernibalas well as alterations in the secretion of
autocrine/paracrine factors, which are pivotal e inflammatory responses. Because i) Mg
deficiency promotes inflammation and atherogenesis vivo models (Maier JAM, 2004)i)
NFkB orchestrates inflammatidBarnes PJ and Karin M, 1997) and @Ridants activate NFkB
(Karin M. et al., 2001), the effects of low Mg or-kB activation was examined in HUVEC.
NFkB is a redox-sensitive transcription factor casgd of homo- and heterodimeric complexes
of members of the Rel(NFkB) family. There are fstébunits of the NFKB family in mammals:
p50, p65, c-Rel, p52 and RelB. In the majority imstated cells, NFkB is maintained in an
inactive, IkB-bound complex in the cytoplasm andompactivation of NFkB, IkB is
phosphorylated by IkB kinases (IKK) which targetse tprotein for ubiquitination and
degradation by 26S proteasome. Degradation of HBasks the nuclear localization signal of
NFkB dimers which translocate to the nucleus wibey bind to DNA. NFkB proteins bind
DNA motif with the consensus sequence: GGGRNNYY@8ere R= purine, N= any base and
Y= pyrimidine. Among various signals inducing NFkB, recall TNFe, IL-1, bacterial
lipopolysaccharide (LPS), advance glycation prosiulcyperglycemia, platelet-activation factor,
shear stress, oxidized lipids, oxidant stress aymbXia/reperfusion, all involved in endothelial
dysfunction (Pahl HL, 1999) (Figure 4.6).
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Figure 4.6: NFkB activation (Barnes PJ et al., 1997)
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| first performed an Electrophoretic Mobility Sh&issays(EMSA) on nuclear extracts prepared
from HUVEC cultured in 1.0 or 1.0 mM Mg for 1h. fuclear extracts of HUVEC in 1.0 mM
Mg, no retarded band was detected whereas twandidbands could be clearly shown in the
samples from cells exposed to 0.1 mM Mg (Figurédi. Tt is noteworthy that these bands were
markedly induced by treatment with LPSugIml), which was used as a positive control, in
HUVEC in 0.1 and 1.0 mM Mg. On the basis of theesspift analysis (Figure 4.7B), these two
bands were identified as the p50/p50 homodimerptdp65 heterodimer. Interestingly, in the
presence of LPS a third shifted band - by superatentified as the homodimer p65/p65 - was
detected. All bands were specific as assessed mpetition assays showing their suppression
by incubation with a 50-fold excess of unlabelld&kB probe (Figure 4.7A).

The localization of p65 and p50, which are knowrrémslocate to the nucleus upon activation,
was then assessed by western blot. | found thatgfs@ and p65 accumulate in the nuclei within
1h of culture in 0.1 mM Mg (Figure 4.7C) and thaP3 markedly induced the nuclear
translocation of the two proteins in HUVEC cultuiad.1 or 1.0 mM Mg.

The increase of NFkB binding activity by Mg defiotsy correlated with the functional induction
of NFKB as demonstrated by reporter gene assagg asvector containing multiple copies of an
NFkB response element that drives transcriptiothefluciferase reporter gehg2P (Photinus
pyralis). The construct was transiently transfected intéMEC and the luciferase activity was
measured as described in Matherials and methodsinémease of luciferase activity was
observed in cells cultured to 0.1 mM Mg both unblasal condition and after exposure to LPS
indicating that the NFkB complexes are transcripity active (Figure 4.7D).

These experiments demonstrate that Mg deficientyades NFkB in HUVEC.
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Figure 4.7: Induction of NFKkB activity in HUVEC cultured in low Mg.

A)

B)

C)

D)

EMSA of the NFkB DNA binding activity was performea nuclear extracts from HUVEC
cultured in 0.1 or 1.0 mM Mg for 1h, in the presemr in absence of LPS. SP and UN are
the specific and unspecific competition, respetyivef the LPS-treated HUVEC in 1.0 mM
Mg. The binding activity of the constitutively exgesed transcription factor oct-1 was used
to assess equal loading.

HUVEC were exposed to LPS for 1h. Nuclear extraetse incubated withlg of anti-p65
or anti-p50 antibodies and then electrophoreses.shifting of the different NFkB subunits
is indicated by white arrowheads.

Nuclear extracts from HUVEC cultured in medium @ning 0.1 or 1.0 mM Mg with or
without LPS were analyzed by western blot usingbaxies against p65 or p50. TBP was
used as a nuclear marker and GAPDH as an indioatmntamination by citosol.

Luciferase assay was performed in HUVEC culture@®.thor 1.0 mM Mg as decribed in
Materials and methods. Luciferase activity was ctetk by fluorimetry. Results are shown
as the mean £ SD of three separate experimeiks Q.05 and** p< 0.001).
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4.5 INHIBITION OF NFkB ACTIVATION BY TROLOX IN Mg
DEFICIENCY

Mg deficiency has been associated with oxidativesst which is known activate NFkB. We
therefore evaluated whether an anti-oxidant migbv@nt NFkB activation in HUVEC cultured

in low Mg. Among many anti-oxidants available aedted on HUVEC proliferation, for these
studies | selected trolox, a water-soluble analbg-tocopherol. HUVEC were pretreated with
trolox (40uM) for 60 min before being exposed to 0.1 mM Mgteamng medium.

We first evaluated nuclear translocation of p65 pb@ in HUVEC cultured in 0.1 or 1.0 mM

Mg with or without trolox by western blot on nucteaxtracts. We found that trolox inhibited

p65 and p50 nuclear translocation in cells culturednedium containing 0.1mM Mg (Figure

4.8A). These data were confirmed by two other m#thg the TransAM assay for both p50 and
p65 subunits (Figure 4.8B) and ii) the immunoflismence with antibody against the p65
subunit (Figure 4.8C). Similar results were obtdiaéso with apocynin (not shown).

These results strongly suggest that NFkB activalipriMg deficiency is mediated by oxidant

species.
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Figure 4.8: Inhibition of low Mg-induced NFkB activation by trolox.

A)

B)

C)

Nuclear extracts of HUVEC in 0.1 or 1.0 mM Mg inepence or absence of trolox for 1h
were obteined. Western blot was performed withbaalies against p65 or p50. TBP is
shown as loading and fraction purity control. GAPBibws that cytosolic contamination is
very low.

p65 and p50 activity was quantified by TransAM NFRkBalysis on nuclear extracts of
HUVEC cultured in 0.1 or 1.0 mM Mg with or withottolox. Results are expressed as
arbitrary units and represent the mean = SD ofetlseparate experimentsd<0.05 and**
p<0.001).

HUVEC were cultured on coverslips in medium 0.1100 mM Mg for 1h. After the
incubation the cells were fixed, stained with amdiyp against the p65 subunit followed by
rhodamine labeled anti-rabbit IgGs and analyzedngusa fluorescence microscopy
(magnification 4@&). Ctrl: untreated HUVEC in 1.0 or 0.1 mM Mg;LPS: HUVEC in 1.0

or 0.1 mM Mg treated for 1 h with LPS; trolox: HUVEC pretreated with trolox for 1h,
followed by culture in 0.1 or 1.0 mM Mg for anoth&éh. Three independent experiments
with the same results were performed.
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4.6 Mg DEFICIENCY MODULATES THE SECRETION OF
MOLECULES INVOLVED IN INFLAMMATION  AND
ATHEROGENESIS

To study whether culture of HUVEC in low Mg modwddtthe levels of proteins involved in

inflammation and atherosclerosis, | utilized a pnotarray tailored for these molecule.

To this purpose, HUVEC were cultured for 48 h ith @M or 1.0 mM Mg. The medium was

then collected and utilized for the proteomic gsi@l. The results were then quantified by
densitometry. Figure 4.9A shows a significant iasee of the secretion of PDGF-BB, TIMP-2
and IL-8, and to a lower extent, of granulocyte rapbhage-colony stimulating factor (GM-CSF)

and RANTES in HUVEC in 0.1 mM Mg. No modulation sécreted transforming growth factor

(TGF) B1, IL-6 and tumor necrosis factor (TN&)was detected in cells in 0.1 mM Mg. On the
basis of their relevance in atherosclerosis, sofmbiese proteins were further investigated by
western blot or ELISA. Western blot confirms thahile IL-6 is not altered, secreted PDGF-BB
and RANTES are increased in Mg deficient HUVEC (ifeg4.9B). | then measured the levels of
IL-8 and TIMP-2 by ELISA which confirmed the incmeaof secreted IL-8 and TIMP-2 in Mg

deficient HUVEC vs controls (Figure 4.9C and 4.9D).

Elevated levels of the proinflammatory cytokineemi¢ukin Tn (IL-1) have been detected in rats
fed with low Mg diet (Mazur A, 2007). Since IL-1gdoundly affects endothelial behavior and is
a potent inhibitor of endothelial cell growth (Mai#AM, 1990), | evaluated the levels of IL-1 in

HUVEC cultured in 0.1 or 1.0 mM Mg for 24 and 72} ELISA. Fig. 4.8E shows a marked

increase of IL-1 in the cell extracts of HUVEC esgpd to 0.1 mM Mg.
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Figura 4.9: Molecules modulate in low Mg cells.

A) Protein arrayon media collected from HUVEC cultured in 0.1 o6 InM Mg for 48h.
Densitometric analysis on array was performed atd dre expressed as the mean + S.D. of
two different experiments <0.05 and* p<0.01).

74



B) A representative western blot on conditioned méaian HUVEC cultured in 0.1 or 1.0 mM
Mg that shows the amounts of secreted RANTES, PB&Fnd IL-6.

C) D) Increase secretion of IL-8 and TIMP-2 respectivielymedia collected from HUVEC

cultured in low Mg for 48h and detected by ELISAatB are expressed as the mean of three
different experimentsin triplicate + S.D* (p<0.01).

E) ELISA for IL-1. IL-1 was measured in cell extradtom HUVEC cultured in low Mg for

24h and 72h by ELISA. Data are expressed as the mokthree different experiments in
triplicate £ S.D. {+ p<0.01).
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4.7 MMPs ACTIVITY IN Mg DEFICIENCY HUVEC

Because TIMP-2 antagonizes the action of MMP-2 eéhdwe evaluated the effect of Mg
deficiency on the amounts and on the activity @&sth proteases. By western blot | found that
HUVEC in 0.1 mM Mg secreted higher amounts of tletaginases MMP-9 and MMP-2 in
respect to the controls (Figure 4.10A). | then yredl medium collected from HUVEC cultured
for 72 h'in 0.1 or 1.0 mM Mg by zymography. Twoardands of gelatinolytic activity, sized to
92 and 62 kDa, corresponding to activated MMP-9 @hdespectively, were detected. Figure
4.10B shows the higher gelatinolytic activity of NAVR and -9 in the medium from cells
cultured in 0.1 mM vs 1.0 mM Mg.
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Figura 4.10: Effect of low Mg on MMP secretion.

A) Representative western blot @pzymography were performed on culture media frofis ce
cultured in 0.1 or 1.0mM Mg as described in Materand Methods.

The histograms show the quantitative evaluatioMMP-9 and MMP-2 amounts (western blot) or
activity (zymography) in 0.1 mM Mg compared to IntM Mg by densitometry. Significant
increases in MMP-9 and MMP-2 are shown as a p Malse than 0.01*( p<0.01) and 0.001+
p<0.001). Data are representative of three separgeriments.
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4.8 Mg MODULATES THE RELEASE OF NITRIC OXIDE
THROUGH THE UPREGULATION OF iNOS

Because i) NO is crucial for vascular homeostassig INOS is a target of NFkB activation, |
evaluated whether low Mg affected NOS activity.ekfd8 hours of culture in media containing
either 0.1 or 1.0 mM Mg, NOS activity was higherHWVEC cells exposed to 0.1 mM Mg than
in controls as detected by the Griess method (Eigut1A) and by mass spectrometry (Figure
4.11B).

| then evaluated the total amounts of iNOS and eN&Sce the phosphorylation of $€f has
been shown to augment enzyme activity, | also deterd the levels of eNOS/P-S¥Y. By
western blot, an upregulation of INOS (~ 4 fold)swaproducibly observed in HUVEC cultured
in 0.1 mM Mg for 12 h (Figure 4.11C), while eNOSdaeNOS/P-Sét’’ remained unvaried
(Figure 4.11D).
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Figure 4.11: NO production and NO synthase amounts in HUVEC in 0.1 or 1.0 mM
Mg.

A)

C)

D)

- B) NOS activity was measured in HUVEC cultured in medl.0 mM and 0.1 mM Mg for
48h by wusing the Griess method for nitrite quacdifion (A) and GS-MS
(GasCromatography mass spectrometry) (B) analysis histogram. The values were
expressed as the mean of five different experimestandard deviatiort £<0.05).

HUVEC were cultured in medium with 1.0 or 0.1mM Nuy different times. Western blot
was performed on 8@ of cell extracts using antibodies against iINOStilAwas used to
show that equal amounts of proteins were loadedIgne. The histogram shows the
quantitative evaluation of iINOS/actin ratio by diémmetry. Significant increases in INOS
total amount are shown as a p value less than(®0Pp<0.001). Data are representative of
three separate experiments.

HUVEC were cultured in medium with 1.0 or 0.1mM Nuy different times. Western blot
was performed on 8@ of cell extracts using antibodies against eNOSeP*"’, total eNOS.
Actin was used to show that equal amounts of pmetevere loaded per lane. Data are
representative of three separate experiments.
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5. RESULTS-2
Mg in microvascular endothelial cells.
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5.1 LOW Mg INHIBITS MEC PROLIFERATION AND MIGRATION

Endothelial cells are highly heterogeneous (Langt kl., 2003); indeed, morphological and
functional differences have been observed in dstitated from large and small vessels and
between cells derived from various microvasculatsbé therefore extended part of my studies
to a model of human microvascular endothelial c@MHEC). Since microvascular cells are
protagonists in angiogenesis, inflammation andirep@ointed my attention on events that are
critical in the aforementioned conditions, i.e. Igevation, migration, metalloprotease and
cytokine synthesis.

Similarly to HUVEC, MEC were cultured in 5.0, 1.0d20.1 mM Mg for various times. As
expected, low Mg inhibited MEC proliferation (Figub.1A). It is relevant to point that this
inhibitory effect was reversible upon re-additidriviyy to the culture media (not shown).
Accordingly, when propidium-stained cells were gnatl by flow cytometry, | found that MEC
tend to accumulate in the GO/G1 and G2/M phasdseotell cycle, similarly to HUVEC (Figure
5.1B).

Growth inhibition by low Mg correlated with a 3 ébincrease of p21 (WAF1) and a 3 fold
reduction of Cdc25B (I. Nilsson et al.,, 2000), astedted by western blot followed by
densitometry (Figure 5.1C).

A —8—0.1 MM Mg

1.0 mM Mg

100000 - —8—5.0 mM Mg
90000
@ 80000 -
S 70000 |
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— 50000 -
8 40000 -
'®© 30000 -
2 20000 -
10000

0
0 24h 48h 72h
Time
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B | Concentration of Distribution (%)
extracellular Mg
[mM] Apoptosis| GO0/G1 S G2/M
1.0 11.0+2.2| 52.7+4%5 443+4.2.0%0.3
0.1 111+23| 615+48 33.3+£33.0x0.6
C
0.1 1.0 mM Mg

— | — cde25B

o - p21

. W Actin

Figure 5.1: Effect of different concentrations of Mg on MEC proliferation.

A) MEC were seeded at low density and cultured in oradvith different Mg concentrations.
Every 24 hours MEC were trypsinized and viablescelere counted with Burker chamber.
Results are expressed as mean + S.D. of threeasemgaperiments. Significant difference
are indicated as a p value less than 0:0p<€0.01).

B) Cell cycle distribution in MEC in 0.1 or 1.0 mM Mas detected by flow cytometry on
propidium iodide-stained cells. Data are me&8D of three separate experiments.

C) Cdc 25B and p21 levels in MEC grown 0.1 or 1.0 mMg.I@ell extracts from MEC cultured
in 0.1 or 1.0 mM Mg for 72 h were subjected to westlot with anti-cdc25B and anti-p21
antibodies. Actin is used as a control of loading.

Mg has been proposed to serve as a chemotactar facthuman endothelial cel{tapidos KA

et al., 2001). Indeed, low extracellular Mg inhgbénd high extracellular Mg induces HUVEC
migration, partly through the modulation of theasine phosphatase HD-PTP (Baldoli et al.,
2010). To assess whether Mg is involved in the leggun of MEC motility, | evaluated the
migration of MEC cultured in 0.1, 1.0 and 5.0 mM Mg wound assay (Figure 5.2A). The
wound area was calculated by ImageJ software aptessed using an arbitrary value scale.
MEC cultured in 0.1 mM Mg migrate less than thetoals in 1.0 mM or 5.0 mM Mg (Figure
5.2B).
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Figure 5.2: Effect of different concentrations of Mg on MEC migration

A)

B)

MEC were cultured for 48 h in 0.1, 1.0 or 5.0 mM Megfore wounding. Migration was
evaluated 24 h later. Phase contrast microphotbgrsipow the result of a typical assay (10x
magnification). TO indicates the beginning of theeriment, immediately after wounding
the monolayer; 24h indicates the end of the expartm

The wound area was calculated by InageJ softwadeegpressed using an arbitrary value
scale. Data are shown as the mean + standard idev{& D.) of three different experiments
* p<0.01 vs. Control.
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5.2 EFFECT OF ANTIOXIDANTS ON MEC PROLIFERATION

Based on the results in HUVEC in low Mg exposedradox and apocynin, | anticipated that
antioxidants might rescue MEC growth in low Mg. Téfere, MEC in 0.1 or 1.0 mM Mg were
cultured in the presence or not of trolox and apatyEvery 24 h, the cells were trypsinized and
counted. Figures 5.3A and B show that Trolox andcgpin do not exert any effect on growth
inhibition by low Mg in MEC grown in 0.1 mM Mg.

A —— 0.1 MM Mg 0.1 mM Mg+apocynin
1.0 MM Mg —&— 1.0 mM Mg+apocynin
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8 30000 -
S 20000 -
o
F 10000 -
0 ‘ ‘ ‘
TO 24h 48h 72h
Time
B —@— (0.1 mM Mg 0.1 mM Mg +trolox
1.0 mM Mg =@ 1.0 mM Mg +trolox

60000 ~
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40000 +
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TO 24h 72h 96h
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Figure 5.3: The antioxidants trolox and apocynin do not rescue MEC proliferation
in low Mg.

MEC were seeded at low density and cultured in omadwith 0.1mM Mg concentration and
with or without apocynin (L4&M) (A) or trolox (4@M) (B). Every 24 hours, the cells were
tripsinized and viable were counted with Burkerrobar. Results are expressed as mean + S.D.
of three separate experiments. Significant diffeeeare indicated as a p value less than 0:01 (
p<0.01).
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5.3 ACTIVATION OF NFkB IN Mg DEFICIENT HD-MEC

Since that low Mg activates NFkB in HUVEC, | perfeed similar experiments in MEC. To
assess the nuclear translocation of NFkB, | peréaian immunofluorescence using an antibody
anti-p65. Figure 5.4A clearly shows that p65 isleactraslocated in MEC in 0.1mM Mg. LPS
was used as a positive control. Successively,uhetional induction of NFkB was evaluated by
reporter gene assays using a vector containingpteuttopies of an NFkB response element that
drives transcription of the luciferase reporter ggrm2P (Photinus pyralis). The construct was
transiently transfected into MEC and the luciferas®ivity was measured as described in
Matherials and methods. Luciferase activity wasugetl in cells cultured in 0.1 mM Mg. Again
LPS used as a positive control markedly inducedBN&gtivity (Figure 5.4B).

These results demonstrate that NFkB is transcriptip active in MEC cultured in 0.1 mM Mg.

cirl +LPS

1.0 mM Mg

0.1 mM Mg
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Figure 5.4: NFkB in MEC cells.

A) MEC were cultured on coverslips in medium 0.1 @& M Mg for 1h. After the incubation
the cells were fixed, stained with antibody agaiths&t p65 subunit followed by rhodamine
labeled anti-rabbit IgGs and analyzed using a @soence microscopy (magnificationx30
Ctrl: untreated MEC in 1.0 or 0.1 mM Mg;LPS. MEC in 1.0 or 0.1 mM Mg treated for 1
h with LPS. Three independent experiments withstimae results were performed.

B) Luciferase assay was performed in HUVEC culture®.ith or 1.0 mM Mg as decribed in
Materials and methods. Luciferase activity was cteté by fluorimetry. Results are shown as
the mean + SD of three separate experiments<0.01,*+ p< 0.001).
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54 MODULATION OF MOLECULES INVOLVED IN
INFLAMMATION AND ANGIOGENESIS IN Mg DEFICIENT MEC

To study whether culture of MEC in low Mg modulatée levels of proteins involved in
inflammation and angiogenesis, we utilized a sjeadlfy tailored protein array (Figure 5.5A).
The results were quantified by densitometry (Figu&B) which shows a significant increase of
IL-8 and MCP-1 secretion in MEC cultured in 0.1 niAg.

1.0 mM Mg 0.1 mM Mg

A B C D E F G H I J K L

1 POS | POS | NEG | NEG | eotaxin e°taz"i"' GCSF [ GM-CSF [ ICAM-1 | IFN-y | 1309 | IL-1a

2 POs | POS | NEG | NEG | eotaxin em‘;"i"' GCSF | GM-CSF [ ICAM-1 | 1Ny | 1309 | IL-1a

3 | | w2 | s | s | e | e | L7 s | 10 | L Itjoz IL-12

g g | w2 | s | w4 | e | wesR | w7 8 | w0 | i "ﬁjoz IL-12

5 | w3 | s | ias | w17 | po | mept | mcp2 | mcsF | mic [mipta | i1 g | Mip1s

6 | 113 | s | ite | a7 | p1o | et | mop2 | mcsF | wmic | mip-to [ it g [ mip s
STNF | sTNF

7 | RANTES | TGFp1 | TNFa | TNFB | ST T | P88 | TIMP2 | BLANK | BLANK | NEG | POS

8 |RaNTES | TGFpt [ TNFa | TR | SIF | SINF | PDGF8B [ TIMP-2 | BLANK | BLANK [ NEG | POS
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Figure 5.5: Modulation of molecules involved in atherogenesis and inflammation
in Mg deficiency MEC.

A) Protein arrays on media collected from human ME®Ruced in 0.1 or 1.0mM Mg for 48h.
The histogram showsn the densitometric analysisoone spot array and data are expressed
as the mean £ S.D. of two different experimentg&0.01).

B) Densitometric analysis on array was performed aondnalized vs controls. Data are
expressed as the mean =+ S.D. of two different exgats ¢ p<0.01).
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55 MEC CULTURED LOW Mg DO NOT MODULATE
METALLOPROTEASE (MMP) ACTIVITY.

Since MMPs degrade the extracellular matrix, thdgy pan important role in vascular

remodeling, cellular migration and angiogenesisieQeent endothelial cells produce little or no
active MMPs, but these proteases are strongly ediand activated in capillary sprouts during
wound healing, inflammation and angiogenesis. SioeeMg stimulates MMPs in HUVEC (see

above), | have evaluated the effect of Mg deficcena MMP-9 (gelatinase A) and MMP-2

(gelatinase B) activity in cells cultured in 0.1 b0 mM Mg by zymography and found no
significant differences (Figure 5.6). This resuigights a different response to low Mg of
MEC vs HUVEC.

1.0 0.1 mM Mg

MMP-9

MMP-2

Figure 5.6: Effect of low Mg on MMP secretion.

Representative zymography were performed on cultoeglia from cells cultured in 0.1 or
1.0mM Mg as described in Materials and Methods.
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6. RESULTS-3
TRPM7 In micro- and macrovascular
endothelial cells.
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6.1 MODULATION OF TRPM7 EXPRESSION IN ENDOTHELIAL
CELLS

Although Mg is an abundant cytosolic cation impottan many biological processes, little is
known about the transport mechanisms that regitlateomeostasis, especially in vascular cells.
Transporters and exchangers that have been imgdicaiclude Na/Mg exchanger, Mg/Ca
exchanger and more recently, two novel ion chanoielsa melastatin-related transient receptor
potential subfamily TRPM6 and TRPM7 were identifiad critical regulators of vertebrate
intracellular Mg levels in different cell types. €mtly, TRPM7 has been shown to be essential
for Mg homeostasis in mammals (Ryazanova et allDR0The presence of functional TRPM7
channels in human endothelial cells has also bhewrs (Inoue et al., 2006). In addition, the
inhibition of TRPM7 has been reported to promoteathelial cell growth and nitric oxide
production (Koichi Inoue and Zhi-Gang Xiong, 2009ince TRPM7is implicated in Mg
homeostasis and Mg affects endothelial proliferatiad function, | examined the modulation of
the expression of TRPM7 in human macro- and migouwkar cells and how its silencing

impacts on some endothelial functions.

To evaluate whether the expression of TRPM7 waatedlto cell proliferation, HUVEC were
growth arrested by exposure to a starvation mediwa days later, the cells were exposed to
the complete growth medium for various times tonstate their entry in the cell cycle. Under
these conditions, the entry into the S phase ocafies 24 h from the re-addition of growth
medium as detected bBYH-Thymidine incorporation assay (not shown and Bokse et al,
2006). Upon re-entry in the cell cycle, no differes of the total amounts of TRPM7 were
detected (Figure 6.1A).

To further explore the relation between the lew@dISTRPM7 and proliferation/quiescence, |
compared proliferating vs quiescent HUVEC and MEC their amounts of TRPM7. To this
purpose | compared the levels of TRPM7 in sparsef|went and post-confluent cells, and found
no significant differences in the total amountIBPM7 (Figure 6.1B).

These results indicate that the amounts of TRPM7nat dependent upon quiescence, either
induced by contact inhibition or by starvation.

Because i) low Mg promotes inflammation and ii)lanimatory cytokines inhibit endothelial
growth, | asked whether the prototypical inflamnmgatoytokines IL-1 and TNFt modulated
TRPM?7. As shown in figure 6.1 C, both IL-1 and TMkduce TRPM7 in HUVEC and MEC.
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Figure 6.1: TRPM7 amounts

in quiescent,

proliferating endothelial cell.

A) Subconfluent HUVEC were starved as described fdr. 4en cells were exposed for
different times to complete growth medium to indube re-entry in the cell cycle (Q:
quiescent cells). After the hours of incubatiore tiells were lyzed and cells extracts were
utilized for western blot using anti-TRPM7 antibesli Actin was used to show that equal

amounts of proteins were loaded for lane.

B) HUVEC (left) and MEC (right) were lyzed 2 days befeeaching confluence (s: sparse), the
day they reached confluence (c: confluent) and y& ddter reaching confluence (after c).
Western blots with anti-TRPM7 and anti-actin antiles were performed.

C) HUVEC (left) were exposed to different concentrasiof the inflammatory cytokines IL-1
and TNFe (1 and 10 ng/ml) for 24h. MEC (right panel) wereated with IL-1 and TNF (10
ng/ml) for 24 h. A representative western blot watiiti-TRPM7 and anti-actin antibodies is

shown.
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As shown above, low extracellular Mg retards, whilgh Mg promotes endothelial growth-
proliferation. | therefore investigated whether TWRPwas modulates by different extracellular
concentrations of Mg ion. HUVEC and MEC were cuwtlrin different concentrations of
extracellular Mg for 3 days. In HUVEC, while the PRI7 expression remained mainly the same
as detected by semiquantitative RT-PCR (Figure {.BjA western blot | observed that the total
amounts of TRPM7 were increased by approximatetgl@ in 0.1 mM Mg and decreased of
about 3 fold in 5.0 mM Mg. On the contrary, in MB®RPM?7 total amounts are decreased in
cells cultured in low Mg when compared to contwldle they remain unvaried in cells cultured

in 5.0 mM Mg vs controls (Figure 6.2B ).

A
6h 24h 48h 72h
0.11.0 5.0 0.11.0 500.11.0 50 0.11.0 50 mMMg
B 01 10 50 mm Mg 01 1.0 50 mMMg
Nt e TRPMT7 = e s TRPM7
——— A CTIN S Actin

Figure 6.2: TRPM7 expression in endothelial cells cultured in different Mg
concentration.

A) Semiquantitative RT-PCR was performed on RNA ex¢ccdrom HUVEC cultured in
different concentrations of Mg using primers desjon TRPM7 sequences (see Materials
and Methods). Actin was used as a control of lagdin

B) HUVEC (left) and MEC (right) were cultured in difent concentrations of Mg. After 3
days, the cells were lyzed and cell extracts wéteed for western blot using anti-TRPM7
antibodies (Abcam). Actin was used as a contrébadiing.
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6.2 EFFECT OF TRPM7 SILENCING ON THE PROLIFERATION
OF ENDOTHELIAL CELLS

TRPM7 has been reported to affect the growth/pFadtion of various cell types (Jiang J et al.,
2007; Schmitz C et al., 2003; Wei WL et al. 200d @wanyanya A et al., 2006). To determine
the importance of TRPM7 in the proliferation of etttelial cells, TRPM7 was downregulated
by siRNA. | transiently transfected sub-confluenUVEC and MEC cells with specific,
commercial siRNA using HiPerfect Transfection Redg@uiagen).As a control, a non-
silencing siRNA sequence was used. After 4h inaabatin equal volume of complete medium
was added to the transfection medium. After 24Mm, @8d 72h from transfection the cells were
washed with PBS, scraped and lysed. The total ate@imRPM7 were examined with western
blot. TRPM7 levels were dramatically reduced 24ierafransfection and began to increase after
48h in HUVEC, while in MEC the expression was maltkereduced after 48h and 72h from
transfection (Figure 6.3A).

In parallel, I silenced both HUVEC and MEC with BIR anti-TRPM7 and a non-silencing
sequence. Every 24h | counted the viable cellsaug2h. Figure 6.3B shows a significant
induction of cell growth in the HUVEC silencing TRF vs their controls. On the contrary,

MEC silencing TRPM7 proliferate slower than corstrol

A siRNA siRNA
ctri 24h 48h 7T2h ctril 24h 42h T2h
_— _‘ wu TRPMT —_— — TRPMT
W Actin e ———be [ C Tl
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Figure 6.3: Silencing of TRPM7 in HUVEC and MEC cells.

A) HUVEC (left panel) and MEC (right panel) were tremsly transfected with or without a
commercial siRNA against TRPM7 for 24h, 48h and .Wakstern blot analysis was
performed with an antibody anti-TRPM7 on cell egtsaof sSiRNA transfected and their
controls. Actin was used to show that equal amoohpsoteins were loaded per lane.

B) HUVEC (up panel) and MEC (down panel) were trantyetransfected with a siRNA
against TRPM7r a non-silencing sequence. At the indicated timervals, the cells were
harvasted by trypsin and viable cells were couniata refer to means + SD of three
separate experiments performed in triplicate. Sicamt variations are indicated as a p value
less than 0.01*( p<0.01) or than 0.00¥¢ p<0.001).
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6.3 EFFECT OF TRPM7 SILENCING ON eNOS EXPRESSION
AND NO PRODUCTION.

To determine whether changes in TRPM7 expressiea affect the level of eNOS, eNOS
expression was examined after silencing TRPM7.hsve in Figure 6.4A the total amounts of
eNOS were not affected TRPM7-siRNA transfectionHWVEC. NO was then measured in
TRPM7-siRNA transfected HUVEC and their controlsskght, albeit reproducible, induction
of NO realease was detected (Figure 6.4B). Theshasihis increase is under investigation at

the moment.

A siRNA
ctrl 24h 48h T2Zh

- D W — aNOS

“ Actin

w

1.0 mM Mg
OsiRNA
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72h

24h

Figure 6.4 : Effect of TRPM7 on eNOS total amounts and NO release in HUVEC.
HUVEC were transiently transfected with a siRNAiagaTRPM7 for 24, 48 and 72 h.

A) Western blot was performed on 8§ of cell extracts using antibodies against eNO&inA
was used to show that equal amounts of proteins l@aded per lane.

B) NOS activity was measured by using the Griess naetbionitrate quantification. The values
were expressed as the mean of 5 different expetsmestandard. Significant variations are
indicated as a p value less than 0.0641 [§<0.001).
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6.4 EFFECT OF TRPM7 SILENCING ON THE MIGRATION OF
ENDOTHELIAL CELLS

TRPM7 also modulates the migration of various tgdes (Callera GE et al., 2009; Elie Abed
and Robert Moreau, 2009). Endothelial migratiorais early step in angiogenesis, which is
crucial in responding to tissue demands in phygicld and pathological conditions (Lamalice

et al., 2007)Migration is also important after injuries to thesgel wall, i.e. after mechanical
stress such as shear stress or cateterizatiom atteanpt to heal the damage (Vanhoutte PM.
2009). Mg is known to modulate endothelial migratidapidos et al., 2001; Baldoli et al.,
2010). | therefore investigated whether TRPM7 rigolved in regulating the migration of
endothelial cells by transiently silencing TRPM7odid assay showed that serum-stimulated
migration of MEC was inhibited by TRPM7 silencinghereas silencing TRPM7 in HUVEC
induced cell migration (Figure 6.5).

MEC
120 - HUVEC | Ctrl @ Cirl

OsiRNA 140 1 H siRNA

*%

100 A

o)
o
L
e
o ©® O N
o O O O
| B

i
o
I

N
o
Il
N
o
|

migration area (arbitrary value)
(e}
o
L

migration area (arbitrary value)

o
Il
N
o O
| I

Figure 6.5: Effect of TRPM7 silencing on cell migrationin MEC and in HUVEC.

HUVEC and MEC were silenced and then cultured #hia8d 48h, respectively. Migration was
evaluated 24 h later. The wound area was calculatddageJ software and expressed using an
arbitrary value scale. Data are shown as the mestarilard deviation (S.D.) of three different
experiments*p<0.05 and* p<0.01 vs. control.
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/. DISCUSSION
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Magnesium (Mg) is a versatile electrol\deown to be involved in many cellular
processes. It functions as a cofactor in the engrgiabolism, nucleotide and protein synthesis
and as a regulator of sodium, potassium and calcbamnels. Several hundreds of enzymes,
directly or indirectly (via the need of Mg-ATP),eadependent on Mg. Current dietary guidelines
recommend adequate intakeMg (310-420 mg daily for adult males and femaiespectively)
in order to maintain healtand lower the risk of cardiovascular disease. M@ isation that
mostly resides inside cells of muscles and bonesy ® small amounts, about 1% can be found
extracellulary. Serum Mg, the most commonly usedmp&ter to measure Mg levels, correlate
with intracellular free Mg levels (Maier JAM. et @2004). Hypomagnesemia, a serum level less
than 1.5 mEg/l is associated with malabsorptiooofalism, malnutrition, renal disease and the
use of diuretics (McCance & Huerther 2006). Re@amiencerom animal models and clinical
studies on humans suggests that low serum contentaof Mg are associated with
inflammation, atherogenesis and endothelial dydfan (Nielsen FH 2010; Mazur et al., 2007,
Maier JAM et al., 2004; Shechter M et al., 200@)dded Mg plays an important role in the
etiology of diabetes, myocardial infarction, hyeadion, arrhythmias and congestive heart
failure in humans. Mg supplementation can signifttadecrease blood pressure and stabilize
cardiac arrhythmias and acute myocardial infarc(i@azmuri RJ et al., 2001; Singh J et al.,
1997; Shechler M 2010).

Endothelial cells (EC) are implicated in atherogesethrombosis, and angiogenesis
(Cined DB et al., 1998). Far from being homogengthes endothelium represents a consortium
of groups of cell located within blood vessels dfedent tissue (Lang et al., 2003). Several
factors influence this heterogeneity including: nijorphological and functional differences
between large and small vessels and between celived from various microvascular
endothelial beds; ii) different response to grovdhtors; iii) organ specificity reflecting the
cumulative expression of unique genes under thé&@oof organ-specific regulatory elements;
iv) pathological conditions, such as tumor growtthjch is accompained by the development of
a characteristic tumor vasculature. The diversityhe vascular bed is crucially determined by
the type of endothelial cells lining the inner assurface. HUVEC and MEC are the most
common cell culture systems for analyzing humanroraand microvascular endothelial calts
vitro. Clear evidence has been provided for differerinebasal gene expression profiles of
HUVEC and MEC (Chi JT et al., 2003). Recently, takevance of the diversity of HUVEC and

MEC for the response to inflammatory stimuli haeralefined (Dorothee Viemann et al.,
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2006). Using oligonucleotide microarray techniqtire, TNF-induced expression profile in MEC
and HUVEC has been systematically analyzed on 180@%an genes to reveal that abbalf

of the TNF-induced genes were specific for MEC &J\HEC. Interestingly, the majority of
those genes regulated depending on the cell typeded for chemokines, cytokines, and cell

surface molecules.

Being low magnesium involved in promoting inflamimat with my work | strive for a
comparison of the modulation of vitro behaviour of MEC and HUVEC to low Mg.
In this study, | addressed two main issues: i) riieulation of endothelial function by low
extracellular Mg and ii) the expression and the @i the Mg transporter TRPM7 in endothelial
cells. Because endothelial cells are highly hetemegus, | utilized macro and microvascular

endothelial cells.
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7.1 Mg in macrovascular endothelial cells.

Since Mg deficiency promotes atherosclerosis, thasis and hypertension, | asked whether
low concentrations of Mg could affect endotheliahbvior. | began by focusing on the effect of
low Mg on HUVEC proliferation. As most cell constiints are doubled in their amount during
G1 phase of the cell cycle, it is not surprisingttthe reduction of extracellular Mg inhibits cell
proliferation. However, the role of Mg in modulaireukaryotic cell growth is controversial.
Whereas studies in normal cells have establishpdséive relation between the levels of Mg
and the extent of proliferation, conflicting resulbave been obtained in tumor cells. For
instance, low Mg affected the growth of 3T3 fibradtls, but not of their transformed counterpart
(Rubin H, 2005). In accordance, it is noteworthgttMg-deficiency delays the transit through
the G1 and S phase of normal but not transformbsl @ettlefield NA et al., 1991). | found that
low extracellular Mg reversibly inhibits HUVEC grolwvby increasing the number of cells in the
GO0/G1 and G2/M phases and decreasing the numbeellsfin the S phase of the cell cycle.
Growth retardation is rescued by Mg supplementatibns suggesting that no permanent
modifications occur as a consequence of the depivaf Mg, and it is independent from the
salt used. In agreement with the results obtaingdfldw citometry, | found that growth
inhibition correlates with the upregulation of thedk inhibitor p21 and the marked
downregulation of the levels of Cdc25B, a phospdatahich plays a key role in controlling G2-
M progression (Nilsson et al., 2000). The upregoitaiof p21 might be responsible for the
accumulation in the G1 phase of HUVEC culturedow Mg, while the reduction of the levels
of Cdc25B might explain the negative regulation theé G2/M transition, as previously
demonstrated in HUVEC treated with the phorbolreBMA (Kosaka C et al., 1996).
Considering the association of Mg deficiency witkidative stress (Guerrero-Romero F and
Rodriguez-Moran, 2006), it is noteworthy that fremdicals inhibit endothelial growth.
Interestingly, it has also been shown that Mg defficy makes cells more sensitive to oxidative
stress by impairing to their scavenger systemdudmg GSH (Zhou Q et al., 1999). Free
radicals can damage DNA, dramatic event that cdoae apoptotic cell death or irreversible
proliferative arrest, as occurs in cellular senesee(Zhou Q et al., 1999) which is also
accelerated by Mg deficiency (Ferre S et al., 2007)

Exposing HUVEC to low Mg, | observed no alteratiasfsDCF-detectable intracellular ROS
under basal conditions. Interestingly, early a#igposure to 0.1 mM Mg, HUVEC were more
sensitive to the oxidant action of,® than the cells cultured in 1.0 mM Mg. Indeed, ie th
presence of bD,, | observed an increase of DCF-detectable ROS gadbprived HUVEC
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compared to controls. Similar results were obtaimednyocardium (Manju L et al., 2006).
Probably the addition of #, unmasks a border-line situation characterized bg oxidative
stress induced by low Mg, which, however, doesavarwhelm the anti-oxidant capabilities of
the cells. Indeed, | can not exclude that a moaesease of ROS after Mg deficiency might
escape DCF detection due to the time and the duarafithis phenomenon. It is noteworthy that
antioxidants such as apocynin and trolox prevetdaed Mg-dependent inhibition of HUVEC
proliferation, thus indicating a role of oxidativ@ress in modulating endothelial growth
retardation in low Mg.

In atherogenesis, oxidative stress mediates siggallpathways underlying vascular
inflammation, starting from the initiation of fattytreak development, through lesion
progression, to ultimate plague rupture (Monacet@l., 2004). Being endothelial dysfunction a
critical step in atherogenesis, it is noteworthpttiow Mg induces interleukinel (IL-1a),
VCAM and PAI-1 and promotes a senescent phenotgpeuitured endothelial cells (Maier
JAM. et al. 2004; Killilea D. et al., 2008). Howeyé&ow these events are initiated has not been
fully elucidated. One possible contributor to tmiammatory response due to Mg deficiency
could be the activation of transcription factorskBF The NFkB family consists of a group of
inducibile transcription factors implicated in thegulation of crucials steps of immune and
inflammatory responses through regulation of theegexpression of a large number of cytokines
and other immune genes. NFkB is a crucial regulafoinflammation which is activated in
experimental and human atherosclerosis (Kempe &.,&005; Denk A. et al. 2000; Monaco C.
et al.,, 2004). | decided to study the role of trenscription factor NFkB in Mg deficient
HUVEC. In Mg deficient HUVEC NFkB is rapidly actited. In particular, | have analyzed the
prototypical NFkB complex demonstrating the invohant of p50 and p65 in low Mg dependent
NFkB activation. My results are in agreement wititadobtained in primary cultured cerebral
vascular smooth muscle cells demonstrating by ENt®&A low extracellular Mg activates NFkB
(Altura B.M et al., 2003). In addition, Mg supplemation markedly attenuates NFkB nuclear
translocation and protects IkB from degradatiomi8-treated endothelial cells (Altura B.M et
al., 2003). Interestingly, in a model of cyclosperinduced nephrotoxicity in rats, Mg
supplementation showed marked beneficial effectsptawventing NFkB activation which is
responsible for renal damage (Asai T. et al, 206®)wever, all these studies are lacking the
demonstration of the functional induction of NFkBnyway, Mg levels seem to participate to
the complex regulation of NFKB activity in varioggstems. In HUVEC, since Mg deficiency
induces oxidative stress, | hypothesize that ixslative stress to activate NFkB. Indeed in Mg

deficient HUVEC, the anti-oxidant trolox, a synticetell-permeable analogue eftocopherol,
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prevents NFkB activation. | therefore propose timatMg deficient HUVEC oxidative stress
might activate NFKB and trigger NFkB signalling Ipatly. Accordingly, in HUVEC grown in
0.1 mM Mg the upregulation of ILelmediates some of low Mg effects on these cellsr¢Fe et

al. 2007). In this study | utilized protein array ¢btain a broad profile of the cytokines and
growth factors released by HUVEC cultured in low .Migpdeed, atherosclerotic plaque
development involves several synchronized everidk as adhesion, migration and proliferation
of cells, all mediated by growth factors and cytald, some of which resulted significantly
increased in Mg-deficient HUVEC. In particular, gells cultured in low Mg | show the
induction of RANTES, IL-8 and PDGF-BB and | confitime upregulation of IL-1, all targets of
NFkB (Monaco C. et al., 2004). A great attentios baen focused on PDGF-BB in the origin of
atherosclerosis, because of its mitogenic and cteotio effects on vascular smooth muscle
cells (Ross R. et al, 1993). Indeed, the abnormaiferation and migration of these cells are
major processes in the development of vasculamasgéenot only in atherosclerosis but also in
restenosis after angioplasty. PDGF-BB is upregdldig pro-inflammatory stimuli from the
early stages of atherogenesis and PDGF-BB mRNAesspn is increased in atherosclerotic
lesions (Ross R. et al, 1993; Barrett T.B et &87).

The protein array also shows an increase of theesec of the chemokines RANTES and IL-8
in Mg-deficient HUVEC. Interestingly, chemokinessamportant actors in the progression of
atherosclerosis as well as in plaque destabilimatioparticular, the enhanced expression of IL-8
and RANTES within human atherosclerotic lesions lbesn reported (Monaco C. et al., 2004;
Zernecke A et al.,, 2008). IL-8 is a chemokine ailyi characterized for its leukocyte
chemotactic activity but now known to possess prgi@genic, pro-inflammatory and pro-
atherogenic properties. IL-8 is critical for cheads and adhesion of monocytes to the
endothelial cells, a pivotal step in the initiatioh atherogenesis. It also promotes vascular
smooth muscle cell proliferation and migration,aali events for the progression of the plaque
(Zernecke A et al., 2008) and might be involvegiomoting intraplague angiogenesis.
RANTES directs leukocyte attraction and is alsoolagd in neointima formation in
atherosclerosis-prone mice. Hence, it is not ssirpyi that antagonizing RANTES reduces
atherosclerotic lesion formation and stabilizes pgtegjue (Zernecke A et al., 2008). | therefore
conclude that low Mg stimulates endothelial seoretof 1L-8, RANTES and PDGF-BB, all
pathophysiological contributors to atheroscler¢gernecke A et al., 2008). In our experimental
conditions, however, we did not observe any moduiadbf TNFo and IL-6 which have been
shown increased in animal model under a Mg-resttictiet (Mazur A, 2007). We hypothesize
that different cell types, other than endothelels; might contribute to secrete these cytokines
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in vivo.

Protein array also revealed the increase of GM-C&kytokine which is transcriptionally
dependent upon NFkB activation. This finding istigatarly interesting in the light of a very
recent study showing that GM-CSF regulates inticell proliferation in the early step of
atherosclerosis. More studies are necessary taregoilfie increase of GM-CSF in HUVEC
cultured in low Mg.

Reactive oxygen species (ROS) are known to redtt tiol groups, such as those involved in
preserving MMP latency, so they could modulateattgvity of MMPs. Moreover the process of
vascular remodeling implicated in atheroscleroti@gpes involves the enzymatic activity of
metalloproteinases (MMPs) which degrade collagénildi leading to the loss of fibrous cap
integrity. The activation of MMPs by ROS appeardéoa key event in arterial remodeling and
several studies provide evidence for a link betwR&% and MMPs. In cultured smooth muscle
cells exposed to mechanical stress, ROS, deriveth fNAD(P)H oxidase, increase the
expression and release of MMP-2 (Karsten G e28D3). Also MMP-9 is induced by ROS in
IL-1-B-stimulated smooth muscle cells (Gurjar MV et 2001). Regulation of MMPs may
occurs at multiple levels: i) either by gene traimgon and synthesis of inactive proenzyme or
i) post translational activation of the latent ozyme. A further level of control of MMP
activity involves the irreversible binding of MMRe the specific tissue inhibitors TIMPs. |
found that Mg deficient HUVEC secreted increasedounts of MMP-2 and -9 and of their
inhibitor TIMP-2. The increased amounts of TIMP-2ight represent a mechanisrto
counterbalance MMP activity. However, by zymograpts show that MMP-2 and -9 activity
overrides the inhibitory effect of TIMP-2. Theredorit is possible conclude that MMP/TIMP
balance is shifted toward greater MMP activity irgddeficient HUVEC. This result further
highlights how Mg deficiency might contribute tohatosclerosis. Indeed, an increased
expression of MMPs in human atherosclerotic placgurel in particular, a marked upregulation
of MMP-9 in unstable carotid plaque have been destrated (Galis Z.S et al., 1994). Recently,
genetic variation within the MMP-2 promoter regiaras associated with cap thickness and
therefore may influence the role of MMP-2 in plaguénerability (Volcik K.A. et.al., 2010).

| also analyzed another target gene of activetelBNREhe inducible form of NOS (iINOS). |
found that HUVEC cultured in low Mg produce more K@ough the induction of INOS, while
eNOS is not modulated. Once induc®)S can synthesize NO at high rates over longogeri
of time without further stimulus. When NO productics high, it can react with superoxide
anion to produce peroxynitrite, which causes lipiidation, deamination, alterations in DNA,

proteinnitration and oxidation, inhibition of iron-centérenzymes involveth mitochondrial
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respiration, and inhibition of aconitase activigll of which can lead to profound cellular
disturbances as welk the development of atherosclerotic lesions (&£ap1996). More studies
are ongoing on this topic.

Oxidative stress

Activation of extracellular Inhibition cell growth
MMPs

NFkB activation

U

Inflammatory phenotype

Figure 7.1: Summary of the main findings on HUVEC cultured in low Mg.
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7.2 Mq in microvascular endothelial cells

Microvascular endothelial cells are protagonistsaimgiogenesis and inflammation. Since i)
proliferation, protease production and migratiore arucial steps in angiogenesis and ii)
cytokines have a role both in the formation of n@ssels and in inflammation, | evaluated these
parameters in MEC.

| found that low Mg inhibits MEC growth and thisroelates with the upregulation of p21 and
the downregulation of Cdc25B. Accordingly, like HUVEC, cell cycle analysis demonstrated
that low Mg promotes the accumulation of MEC in GD/and G2/M phases of the cell cycle.
Differently from HUVEC, however, the inhibition ®EC proliferation is not reverted when the
cells are cultured in low Mg and exposed to antlaris. Growth inhibition by low Mg can be
also explained as the result of a Mg deficiencydoetl metabolic adaptation, involving the
decrease of high energy phosphates and the comgedeeline in protein and carbohydrate
synthesis. In addition, since Mg is a natural caitiantagonist, it is conceivable that also an
imbalance between Ca and Mg may play a role in radidg cell growth. These metabolic
events may also play a role in the inhibition oflethelial migration observed in MEC cultured
in low Mg. Since Mg is a cofactor of adenylate egd and cAMP-dependent phosphodiesterase,
| speculate that the reduced migration in low Mgymibe dependent on the fact that different
Mg levels could alter cAMP, which is implicated endothelial migration (Hackett SF et
al.,1987). Moreover, it is noteworthy that Mg igju@ed for the assembly of actin polymers and
for myosin ATPase activity, two key components o imotor responsible for cell migration.
Differently from HUVEC, low Mg does not alter MMR&tivity in MEC. The inhibition of cell
growth and migration might account for the inhititiof tumor angiogenesis observed in mice
fed with a Mg-deficient diet (Maier JAM et al., ZD0 Cytokines are fundamental both in
angiogenesis and inflammation. For this reasontudied the cytokine network also in MEC
cultured in 0.1 vs 1.0 mM Mg. | found that, low Mgportantly stimulates IL8 and MCP-1
release in low Mg MEC. Moreover | found that low Mgtives NFkB also in MEC. | conclude

that low Mg does not induce an inflammatory phepetin MEC.
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Figure 7.2: Summary of the main results obtained in MEC cultured in low Mg.
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7.3 TRPM7 in micro- and macrovascular endothelial cells.

Despite the fact that Mg is an abundant cytosaditoa and that it is so important in various
biological processes, there is little informatidsoat the transport mechanisms that regulate its
homeostasis, especially in vascular cells. It iff weown that Mg absorption in the intestine and
kidney occurs via paracellular and transcellulahways. Transporter and exchanger that have
been implicated include Na/Mg exchanger, Mg/Ca arger and more recently two novel ion
channels of the transient receptor potential catwbannel superfamily (TRP). These ion
channels, TRPM6 and TRPM7, are the principal fact@sponsabile for the transepithelia
transport of Mg and are critical for human healtidl aell function (Nadler et.al., 2001; Voets et
al., 2004). RT-PCR aniah situ hybridation analyses have demonstrated that TRBM&pressed
along the entire gastrointestinal tract, in thenkig intestine and lung (Rondon LJ. et al., 2008),
whereas TRPM?7 is ubiquitously expressed and igetad disruption in different cell lines is
lethal, highlighting the critical role of this peah in cell physiology (Touyz RM 2008In vitro
studies have shown that TRPM6 and TRPM7 are maetllay intracellular free Mg, Mg-
nucleotides and pH. Both channels have-&mase domain, with no clearly identified function

In vascular cells, Mg influx is driven mainly thrglu TRPM7. Some authores showed that an
altered cellular Mg homeostasis and abnormal vascsmooth muscle cell function in
hypertension may be in part related to defective® VIR expression/activity (Touyz RM, 2008).
In these cells, ANGII and aldosterone regulate wiasc TRPM7 acutely by inducing
phosphorylation and chronically by increasing egpien at the mRNA and proteins level.
Downregulation of vascular TRPM7 by small interfeze siRNA reduced basal intracellular
Mg, ANG lI-stimulated [Mg]i transients and attenedtANG lI-mediated VSMC growth. These
findings confirmed that TRPM?7 is a key regulatoMd homeostasis and it plays a major role in
smooth muscle cell growth (He Y et al., 2005; TolM et al., 2006). Two recent studies in
cancer cells and osteoblasts further support thgoitance of TRPM7 in ion homeostasis and
cell proliferation (Abed E. and Moreau R., 2007ngal et al, 2007). Very recently, TRPM7
deficient ES cells were shown to be growth inhibitRyazanova 2010).

First | evaluated whether MEC and HUVECc expressB®Ms. | found no expression f TRPM6
by RT-PCR (nor shown). | therefore focused my aibenon TRPM7 both in MEC and
HUVEC. | found no modulation of TRPM7 amounts in YIEC rendered quiescent by
starvation and then stimulated to re-entry the cgtle by adding complete growth medium. |
also examined TRPM7 levels in sparse, confluent @ost-confluent HUVEC and MEC and
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observed no modulation. Interestingly, the inflantona cytokines IL-r and TNFe: induce an
increase in the total TRPM7 amount both HUVEC anBQMcells. | also evaluated the total
amounts of TRPM7 in MEC and HUVEc grown in differé&ng concentrations (0.1, 1.0 and 5.0
mM Mg). | found that TRPM7 is upregulated in HUVEQItured in low Mg, probably as an
attempt to optimize Mg transport under reduced Mgilavility. Since low Mg induces
cytokines in HUVEC and cytokines induce TRPM7, pbthesize that cytokines mediate low
Mg upregulation of TRPM7. Since HUVEC in high Mgwdwregulate TRPM7, | speculate that
this downmodulation protects the cells against ezumulation of the cation. Because of the
multiple actions of Mg, an overload of intracelluMg might impair the coordinated and finely
tuned regulation of several intracellular reactions

TRPMY7 regulation by Mg is strikingly different in BC. Indeed, low Mg reduces the TRPM7
expression in MEC, suggesting the existence ofradteve transporters involved in maintaining
adequate concentrations of intracellular Mg. lalso possible that in these cells Mg efflux is
differently tuned.

TRPM7 supports multiple cellular functions, incladicell viability and growth, cell adhesion
and migration (Abed E. and Moreau R., 2007; Jaagal, 2007, Ryazanova 2010). The role of
TRPM7 in cell proliferation stems from the evidertbat TRPM7 ensures a rapid Mg influx
during the G1 phase of the cell cycle (RyazanoviEDR0

| therefore silenced TRPM7 in MEC and HUVEC. As ested MEC silencing TRPM7 were
growth retarded and migrated slower than contriblss possible to conclude that in MEC
silencing TRPM7 mimics the effect of low extrac&iuMg.

Surprisingly, HUVEC silencing TRPM7 grew faster améjrated more than controls. Because
this result was unexpected, | repeated the expatsnen primary HUVEC derived from
different cords as well as on commercial HUVEC, a&odsistently obtained the same result.
Until now, HUVEC are the only cell type that ismstilated to grow by the downregulation of
TRPM?7. It is possible to speculate that TRPM7 isaracial for Mg homeostasis in these cells
which might possess other transporters able to taiaiadequate concentrations of intracellular
Mg.
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Conclusions

In this thesis | show that macro- and microvascelagothelial cells are sensitive to low Mg.
While the modulation of HUVEC phenotype by low Mgmediated, at least in part by ROS, in
MEC ROS seem not to be involved and the mechantemigibuting to altering MEC behaviour
in vitro have not been clarified yet. In general, my stsidiaggest that low Mg promotes a
proatherogenic phenotype in HUVEC, and it affect&@ impairing some pivotal events
ofangiogenesis. Interestingly, the regulation ahd tole of the Mg transporter TRPM7 is
markedly different in the two cell types.

My results suggest a more cautious interpretatibmnovitro data, which should result in a
stronger consideration of endothelial cell typeesipe effects. Results of studies based on a
given endothelial cell type should not be trang®@runcritically to other types of endothelial

cells.
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