
 59 

 
 
 
 
 
 
 
 
 

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 the integrity of the vascular wall. They are crucial in 

the control of permeability, in the modulation of blood flow and in the regulation of 

inflammatory response (Cines DB et al. 1998). 

It is known that endothelial dysfunction plays a pathogenic role in several diseases, including 

atherosclerosis, thrombosis and hypertension (Ross R., 1999). Because i) Mg deficiency is one of 

the factors involved in the pathogenesis of cardiovascular disease in general and of 

atherosclerosis in particular (Shechter M., 2010), and ii) Mg plays a crucial role in cell 

proliferation and function (Wolf F. and Trapani V., 2008), I studied the effects of different Mg 

concentration on the growth of endothelial cells isolated from human umbilical vein endothelial 

cells (HUVEC), which are widely considered as a model of macrovascular endothelial cells.  

HUVEC were cultured in the presence of different concentrations of extracellular  Mg (0.1, 1.0 

and 5.0 mM) for 4 days and counted every 24 hours. The 1.0 mM Mg concentration is 

considered the physiological concentration of the cation, the 0.1mM Mg is a concentration used 

to mimic severe Mg deficiency. In humans, the lowest level of Mg in critically ill subjects was 

0.5 mM while concentrations ranging between 0.7 and 0.8 mM are frequent in apparently healthy 

western people. In rodents, after 8 days of experimental diet, a decrease in plasma Mg to a 0.14 

mM can be detected. On the other hand, 3-5 mM is the concentrations of  plasma Mg that could 

be reached locally, after acute Mg administration and severe hypermagnesemia has been 

observed in chronic renal failure and in dialysized patients (Navarro-Gonzales JF, 2009). In 

particular, 5mM has been previously utilized in vitro in different cells (Maier JAM et al., 2004; 

Wolf F. and Cittadini A. et al., 1999). 

As shown in Figure 4.1A, Mg modulates endothelial proliferation in a dose dependent manner. 

Culture in low Mg inhibited HUVEC cell proliferation. This growth inhibition was reversible 

upon return to normal culture conditions after re-addition of Mg to the medium (Figure 4.1B) 

and was independent from the Mg salt used for supplementation (MgSO4, MgCl2 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 in medium with different Mg 
concentrations. At different intervals of time (every 24 hours) the cells were tripsinized and 
viable were counted with Burker chamber. Results are expressed as mean ± S.D. of three 
separate experiments. Significant difference are indicated as a p value less than 0.01 (**  
p<0.01).  

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

cycle distribution was evaluated. HUVEC cultured in low Mg showed an increased number of 

cells in the G0/G1 and G2/M phases and a decreased number of cells in the S phase of the cell 

cycle (Figure 4.2A). Growth inhibition by low Mg correlated with a 5 fold increase of p21 

(WAF1), an inhibitor of cyclin-dependent kinase, and a 9 fold  reduction of Cdc25B, a 

phosphatase which plays a key role in controlling G2-M progression (Nilsson I. and Hoffmann 

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

 

Concentration of 
extracellular Mg Distribution (%) 

[mM] Apoptosis G0/G1 S G2/M 

1.0 13.0 ± 2.2 50.1 ± 4.5 46.9 ± 4.0 2.0 ± 0.3 

0.1 15.1 ± 2.3 58.5 ± 4.8 35.3 ± 3.3 7.2 ± 0.6 

 

 

 

Figure 4.2:  
A) Cell cycle distribution in HUVEC grown 0.1 or 1.0 mM Mg as detected by flow cytometry 

on propidium iodide-stained cells. Data are mean ± SD of three separate experiments. 
B) Cdc25B and p21 levels in HUVEC grown 0.1 or 1.0 mM Mg. Cell extracts from HUVEC 

cultured in 0.1 or 1.0 mM Mg for 72 h were separated on a 12% SDS-PAGE, transferred to 
nitrocellulose and western blot was performed using anti-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 oxidative stress (Mazur et al., 2007), a crucial event in 

aging, atherosclerosis and other cardiovascular diseases (Bono F. et al., 2008; Donato AJ et al., 

2007). Reactive oxygen species (ROS) such as superoxide anion, hydrogen peroxide and 

hydroxyl radical are produced continuously in cells as products of the metabolism and cellular 

redox processes. During the inflammatory response, activated leukocytes release ROS which 

alter vascular endothelial function. In response to inflammation, also endothelial cells produce 

more free radicals. Indeed, in atherogenesis, endothelial cells are primarily involved in oxidating 

LDL (Libby P et al., 2009). Under physiological conditions, free radicals are countered by 

antioxidant enzymes and substances. Excessive production of free radicals leads to structural and 

functional damage of  the lipids, proteins and nucleic acids. 

To investigate whether Mg deficiency induces early ROS production in culture macrovacular 

endothelial cells, we used a fluorescent probe and measured the fluorescence emitted by 2,7-

dichlorofluorescein (DCF). HUVEC were cultured in 0.1 or 1.0 mM Mg for 1h. The cells were 

then incubated with DCF (25µM) for 30 min and exposed or not to H2O2 (200µM). The 

fluorescence was measured with the PerkinElmer TopCount Microplate fluorimeter. The basal 

level the ROS production in cells cultured in 0.1 or 1.0 mM Mg is the same while after 

incubation with H2O2, ROS production is higher in cells cultured in medium with 0.1 mM Mg 

(Figure 4.3).  

These results suggest that Mg deficiency determines a latent impairment of anti-oxidant defences 

which is unmasked by the addition of H2O2.  
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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 Mg for 1h were incubated with DCF 
(25µM) for 30 min and exposed or not to H2O2. Cellular oxidant production was determined by 
PerkinElmer TopCount Microplate fluorimeter. Results are expressed as mean ± S.D. of three 
separate experiments. Significant difference are indicated as a p value less than 0.05 (* p<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 asked whether antioxidants might affect the 

proliferation rate of HUVEC in low Mg. Trolox, resveratrol and apocynin were utilized as anti-

oxidants. Trolox is a water-soluble analog of α-tocopherol (vitamin E) and protects cell 

membranes from oxidation by reacting with lipid radicals produced in the lipid peroxidation 

chain reaction (Traber Atkinson J, 2007). Resveratrol has been shown to possess 

cardioprotective and neuroprotective effects. The mechanisms of resveratrol action have not 

been completely undisclosed, but it is known that it increases  the activity of Mn-superoxide 

dismutases (SOD) by a fourteen-fold (Robb EL et al., 2008). MnSOD is  essential for the cell to 

keep superoxide anions in check.  

Apocynin is an inhibitor of NADPH oxidase activity, which is the major source of reactive 

oxygen species in endothelial cells under inflammatory stimuli (Ray R and Shah AM, 2005).

A: apocynin  

 

                              

B: resveratrol 

 

 

          

 
 

 

Figure 4.4: Antioxidant chemical structure.  

C: α-tocopherol 
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HUVEC in 0.1 or 1.0 mM Mg were cultured in the presence or not of trolox, resveratrol and 

apocynin. Every 48h, the cells were trypsinized and counted. Figures 4.5A and 4.5B show that 

trolox and apocynin could rescue the proliferation of cells grown in 0.1 mM Mg. These results 

indicate that oxidative stress in implicated in braking HUVEC proliferation and point to NADPH 

oxidase as the principal responsible of oxidative stress 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 in medium with 0.1mM Mg concentration 
and with different antioxidant molecules: t: trolox (40µM); a: apocynin (10µM) and r: 
resveratrol (10µM). At different intervals of time (48 and 96 hours) the cells were 
tripsinized and viable were counted with Burker chamber. Results are expressed as mean ± 
S.D. of three separate experiments. Significant difference 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 in medium with 1.0mM Mg concentration 
and with different antioxidant molecules: t: trolox (40µM); a: apocynin (10µM) and r: 
resveratrol (10µM). At different intervals of time (48 and 96 hours) the cells were 
tripsinized and viable were counted with Burker chamber. Results are expressed as mean ± 
S.D. of three separate experiments. Significant difference 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 initial step in the development of atherosclerosis. Pro-

inflammatory changes in endothelial phenotype, known as “endothelial activation”, involve 

upregulation of cellular adhesion molecules with consequent enhancement of endothelial-

leucocyte interactions and the increase of permeability, as well as alterations in the secretion of 

autocrine/paracrine factors, which are pivotal in the inflammatory responses. Because i) Mg 

deficiency promotes inflammation and atherogenesis in in vivo models (Maier JAM, 2004), ii) 

NFkB orchestrates inflammation (Barnes PJ and Karin M, 1997) and iii) oxidants activate NFkB 

(Karin M. et al., 2001), the effects of low Mg on NFkB activation was examined in HUVEC. 

NFkB is a redox-sensitive transcription factor composed of homo- and heterodimeric complexes 

of members of the Rel(NFkB) family. There are five subunits of the NFkB family in mammals: 

p50, p65, c-Rel, p52 and RelB. In the majority unstimulated cells, NFkB is maintained in an 

inactive, IkB-bound complex in the cytoplasm and upon activation of NFkB, IkB is 

phosphorylated by IkB kinases (IKK) which targets the protein for ubiquitination and 

degradation by 26S proteasome. Degradation of IkB unmasks the nuclear localization signal of 

NFkB dimers which translocate to the nucleus where they bind to DNA. NFkB proteins bind 

DNA motif with the consensus sequence: GGGRNNYYCC, where R= purine, N= any base and 

Y= pyrimidine. Among various signals inducing NFkB, I recall TNF-α, IL-1, bacterial 

lipopolysaccharide (LPS), advance glycation products, hyperglycemia, platelet-activation factor, 

shear stress, oxidized lipids, oxidant stress and hypoxia/reperfusion, all involved in endothelial 

dysfunction (Pahl HL, 1999) (Figure 4.6). 

 

Figure 4.6: NFkB activation (Barnes PJ et al., 1997) 
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I first performed an Electrophoretic Mobility Shift Assays (EMSA) on nuclear extracts prepared 

from HUVEC cultured in 1.0 or 1.0 mM Mg for 1h. In nuclear extracts of HUVEC in 1.0 mM 

Mg, no retarded band was detected whereas two distinct bands could be clearly shown in the 

samples from cells exposed to 0.1 mM Mg (Figure 4.7A). It is noteworthy that these bands were 

markedly induced by treatment with LPS (1µg/ml), which was used as a positive control, in 

HUVEC in 0.1 and 1.0 mM Mg. On the basis of the supershift analysis (Figure 4.7B), these two 

bands were identified as the p50/p50 homodimer and p50/p65 heterodimer. Interestingly, in the 

presence of LPS a third shifted band - by supershift identified as the homodimer p65/p65 - was 

detected. All bands were specific as assessed by competition assays showing their suppression 

by incubation with a 50-fold excess of unlabelled  NFkB probe (Figure 4.7A).  

The localization of p65 and p50, which are known to translocate to the nucleus upon activation, 

was then assessed by western blot. I found that both p50 and p65 accumulate in the nuclei within 

1h of culture in 0.1 mM Mg (Figure 4.7C) and that LPS markedly induced the nuclear 

translocation of the two proteins in HUVEC cultured in 0.1 or 1.0 mM Mg. 

The increase of NFkB binding activity by Mg deficiency correlated with the functional induction 

of NFkB as demonstrated by reporter gene assays using a vector containing multiple copies of an 

NFkB response element that drives transcription of the luciferase reporter gene luc2P (Photinus 

pyralis). The construct was transiently transfected into HUVEC and the luciferase activity was 

measured as described in Matherials and methods. An increase of luciferase activity was 

observed in cells cultured to 0.1 mM Mg both under basal condition and after exposure to LPS 

indicating that the NFkB complexes are transcriptionally active (Figure 4.7D). 

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

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

B) HUVEC were exposed to LPS for 1h. Nuclear extracts were incubated with 1µg of anti-p65 
or anti-p50 antibodies and then electrophoreses. The shifting of the different NFkB subunits 
is indicated by white arrowheads.  

C) Nuclear extracts from HUVEC cultured in medium containing 0.1 or 1.0 mM Mg with or 
without LPS were analyzed by western blot using antibodies against p65 or p50. TBP was 
used as a nuclear marker and GAPDH as an indicator of contamination by citosol.  

D) Luciferase assay was performed in HUVEC cultured in 0.1 or 1.0 mM Mg as decribed in 
Materials and methods. Luciferase activity was detected by fluorimetry. Results are shown 
as the mean ± SD of three separate experiments (*  p< 0.05 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 oxidative stress which is known activate NFkB. We 

therefore evaluated whether an anti-oxidant might prevent NFkB activation in HUVEC cultured 

in low Mg. Among many anti-oxidants available and tested on HUVEC proliferation, for these 

studies I selected trolox, a water-soluble analog of α-tocopherol. HUVEC were pretreated with 

trolox (40 µM) for 60 min before being exposed to 0.1 mM Mg containing medium.  

We first evaluated nuclear translocation of p65 and p50 in HUVEC cultured in 0.1 or 1.0 mM 

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

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

4.8A). These data were confirmed by two other methods: i) the TransAM assay for both p50 and 

p65 subunits (Figure 4.8B) and ii) the immunofluorescence with antibody against the p65 

subunit (Figure 4.8C). Similar results were obtained also with apocynin (not shown). 

These results strongly suggest that NFkB activation by Mg deficiency is mediated by oxidant 

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

A) Nuclear extracts of HUVEC in 0.1 or 1.0 mM Mg in presence or absence of trolox for 1h 
were obteined. Western blot was performed with antibodies against p65 or p50. TBP is 
shown as loading and fraction purity control. GAPDH shows that cytosolic contamination is 
very low.  

B) p65 and p50 activity was quantified by TransAM NFkB analysis on nuclear extracts of 
HUVEC cultured in 0.1 or 1.0 mM Mg with or without trolox. Results are expressed as 
arbitrary units and represent the mean ± SD of three separate experiments (* p<0.05 and *** 
p<0.001).  

C) HUVEC were cultured on coverslips in medium 0.1 or 1.0 mM Mg for 1h. After the 
incubation the cells were fixed, stained with antibody against the p65 subunit followed by 
rhodamine labeled anti-rabbit IgGs and analyzed using a fluorescence microscopy 
(magnification 40X). 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 another 1 h. 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 modulated the levels of proteins involved in 

inflammation and atherosclerosis, I utilized a protein array tailored for these molecule. 

To this purpose, HUVEC were cultured for 48 h in 0.1 mM or 1.0 mM Mg. The medium was 

then  collected and utilized for the proteomic analysis. The results were then quantified by 

densitometry. Figure 4.9A shows a significant increase of the secretion of PDGF-BB, TIMP-2 

and IL-8, and to a lower extent, of granulocyte macrophage-colony stimulating factor (GM-CSF) 

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

(TGF) β1, IL-6 and tumor necrosis factor (TNF) α was detected in cells in 0.1 mM Mg. On the 

basis of their relevance in atherosclerosis, some of these proteins were further investigated by 

western blot or ELISA. Western blot confirms that, while IL-6 is not altered, secreted PDGF-BB 

and RANTES are increased in Mg deficient HUVEC (Figure 4.9B). I then measured the levels of 

IL-8 and TIMP-2 by ELISA which confirmed the increase of secreted IL-8 and TIMP-2 in Mg 

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

Elevated levels of the proinflammatory cytokine interleukin 1α (IL-1) have been detected in rats 

fed with low Mg diet (Mazur A, 2007). Since IL-1 profoundly affects endothelial behavior and is 

a potent inhibitor of endothelial cell growth (Maier JAM, 1990), I evaluated the levels of IL-1 in 

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

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

A) Protein array on media collected from HUVEC cultured in 0.1 or 1.0 mM Mg for 48h. 
Densitometric analysis on array was performed and data are expressed as the mean ± S.D. of 
two different experiments (* p<0.05 and ** p<0.01).  
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B) A representative western blot on conditioned media from HUVEC cultured in 0.1 or 1.0 mM 
Mg that shows the amounts of secreted RANTES, PDGF-BB and IL-6.  

C) D) Increase secretion of IL-8 and TIMP-2 respectively in media collected from HUVEC 
cultured in low Mg for 48h and detected by ELISA. Data 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 extracts from HUVEC cultured in low Mg for 
24h and 72h by ELISA. Data are expressed as the mean of three 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 and -9, we evaluated the effect of Mg 

deficiency on the amounts and on the activity of these proteases. By western blot I found that 

HUVEC in 0.1 mM Mg secreted higher amounts of the gelatinases MMP-9 and MMP-2 in 

respect to the controls (Figure 4.10A). I then analyzed medium collected from HUVEC cultured 

for 72 h in 0.1 or 1.0 mM Mg by zymography. Two clear bands of gelatinolytic activity, sized to 

92 and 62 kDa, corresponding to activated MMP-9 and -2 respectively, were detected. Figure 

4.10B shows the higher gelatinolytic activity of MMP-2 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  and B) zymography were performed on culture media from cells 
cultured in 0.1 or 1.0mM Mg as described in Materials and Methods.  
The histograms show the quantitative evaluation of  MMP-9 and MMP-2 amounts (western blot) or 
activity (zymography) in 0.1 mM Mg compared to 1.0 mM Mg by densitometry. Significant 
increases in MMP-9 and MMP-2 are shown as a p value less than 0.01 (** p<0.01) and 0.001 (*** 
p<0.001). Data are representative of three separate experiments. 
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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 homeostasis and ii) iNOS is a target of NFkB activation, I 

evaluated whether low Mg affected NOS activity. After 48 hours of culture in media containing 

either 0.1 or 1.0 mM Mg, NOS activity was higher in HUVEC cells exposed to 0.1 mM Mg than 

in controls as detected by the Griess method (Figure 4.11A) and by mass spectrometry (Figure 

4.11B). 

I then evaluated the total amounts of iNOS and eNOS. Since the phosphorylation of Ser1177 has 

been shown to augment enzyme activity, I also determined the levels of eNOS/P-Ser1177. By 

western blot, an upregulation of iNOS (~ 4 fold) was reproducibly observed in HUVEC cultured 

in 0.1 mM Mg for 12 h (Figure 4.11C), while eNOS and eNOS/P-Ser1177 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) - B) NOS activity was measured in HUVEC cultured in medium1.0 mM  and 0.1 mM Mg for 
48h by using the Griess method for nitrite quantification (A) and GS-MS 
(GasCromatography mass spectrometry) (B) analysis low histogram. The values were 
expressed as the mean of five different experiments ± standard deviation (* p<0.05). 

C) HUVEC were cultured in medium with 1.0 or 0.1mM Mg for different times. Western blot 
was performed on 80µg of cell extracts using antibodies against iNOS. Actin was used to 
show   that equal amounts of proteins were loaded per lane. The histogram shows the 
quantitative evaluation of iNOS/actin ratio by densitometry. Significant increases in iNOS 
total amount are shown as a p value less than 0.01 (*** p<0.001). Data are representative of 
three separate experiments. 

D) HUVEC were cultured in medium with 1.0 or 0.1mM Mg for different times. Western blot 
was performed on 80µg of cell extracts using antibodies against eNOS P-Ser1177 , total eNOS. 
Actin was used to show that equal amounts of proteins were 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 (Lang I et al., 2003); indeed, morphological and 

functional differences have been observed in cells isolated from large and small vessels and 

between cells derived from various microvascular beds. I therefore extended part of my studies 

to a model of human microvascular endothelial cells (MEC). Since microvascular cells are 

protagonists in angiogenesis, inflammation and repair, I pointed my attention on events that are 

critical in the aforementioned conditions, i.e. proliferation, migration, metalloprotease and 

cytokine synthesis.  

Similarly to HUVEC, MEC were cultured in 5.0, 1.0 and 0.1 mM Mg for various times. As 

expected, low Mg inhibited MEC proliferation (Figure 5.1A). It is relevant to point that this 

inhibitory effect was reversible upon re-addition of Mg to the culture media (not shown).  

Accordingly, when propidium-stained cells were analyzed by flow cytometry, I found that MEC 

tend to accumulate in the G0/G1 and G2/M phases of the cell cycle, similarly to HUVEC (Figure 

5.1B). 

Growth inhibition by low Mg correlated with a 3 fold increase of p21 (WAF1) and a 3 fold  

reduction of Cdc25B (I. Nilsson et al., 2000), as detected by western blot followed by 

densitometry (Figure 5.1C).  
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Concentration of 
extracellular Mg Distribution (%) 

[mM] Apoptosis G0/G1 S G2/M 

1.0 11.0 ± 2.2 52.7 ± 4.5 44.3 ± 4.0 2.0 ± 0.3 

0.1 11.1 ± 2.3 61.5 ± 4.8 33.3 ± 3.3 5.0 ± 0.6 

 

 

 

 

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

A) MEC were seeded at low density and cultured in medium with different Mg concentrations. 
Every 24 hours MEC were trypsinized and viable cells were counted with Burker chamber. 
Results are expressed as mean ± S.D. of three separate experiments. Significant difference 
are indicated as a p value less than 0.01 (**  p<0.01). 

B) Cell cycle distribution in MEC in 0.1 or 1.0 mM Mg as detected by flow cytometry on 
propidium iodide-stained cells. Data are mean ± SD of three separate experiments. 

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

 

Mg has been proposed to serve as a chemotactic factor for human endothelial cells (Lapidos KA 

et al., 2001). Indeed, low extracellular Mg inhibits and high extracellular Mg induces HUVEC 

migration, partly through the modulation of the tyrosine phosphatase HD-PTP (Baldoli et al., 

2010). To assess whether Mg is involved in the regulation of MEC motility, I evaluated the 

migration of MEC cultured in 0.1, 1.0 and 5.0 mM Mg by wound assay (Figure 5.2A). The 

wound area was calculated by ImageJ software and expressed using an arbitrary value scale. 

MEC cultured in 0.1 mM Mg migrate less than the controls 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) MEC were cultured for 48 h in 0.1, 1.0 or 5.0 mM Mg before wounding. Migration was 
evaluated 24 h later. Phase contrast microphotographs show the result of a typical assay (10x 
magnification). T0 indicates the beginning of the experiment, immediately after wounding 
the monolayer; 24h indicates the end of the experiment. 

B) The wound area was calculated by InageJ software and expressed using an arbitrary value 
scale. Data are shown as the mean ± standard deviation (S.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 exposed to trolox and apocynin, I anticipated that 

antioxidants might rescue MEC growth in low Mg. Therefore, MEC in 0.1 or 1.0 mM Mg were 

cultured in the presence or not of trolox and apocynin. Every 24 h, the cells were trypsinized and 

counted. Figures 5.3A and B show that Trolox and apocynin do not exert any effect on growth 

inhibition by low Mg in MEC grown in 0.1 mM Mg. 
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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 medium with 0.1mM Mg concentration and 
with or without apocynin (10µM) (A) or trolox (40µM) (B). Every 24 hours, the cells were 
tripsinized and viable were counted with Burker chamber. Results are expressed as mean ± S.D. 
of three separate experiments. Significant difference are 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, I performed similar experiments in MEC. To 

assess the nuclear translocation of NFkB, I performed an immunofluorescence using an antibody 

anti-p65. Figure 5.4A clearly shows that p65 is nuclear traslocated in MEC in 0.1mM Mg. LPS 

was used as a positive control. Successively, the functional induction of NFkB was evaluated by 

reporter gene assays using a vector containing multiple copies of an NFkB response element that 

drives transcription of the luciferase reporter gene luc2P (Photinus pyralis). The construct was 

transiently transfected into MEC and the luciferase activity was measured as described in 

Matherials and methods. Luciferase activity was induced in cells cultured in 0.1 mM Mg. Again 

LPS used as a positive control markedly induced NFkB activity  (Figure 5.4B). 

These results demonstrate that NFkB is transcriptionally active in MEC cultured in 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 or 1.0 mM Mg for 1h. After the incubation 
the cells were fixed, stained with antibody against the p65 subunit followed by rhodamine 
labeled anti-rabbit IgGs and analyzed using a fluorescence microscopy (magnification 40X). 
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 with the same results were performed. 

B) Luciferase assay was performed in HUVEC cultured in 0.1 or 1.0 mM Mg as decribed in 
Materials and methods. Luciferase activity was detected by fluorimetry. Results are shown as 
the mean ± SD of three separate experiments (** p<0.01, *** p< 0.001).  
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5.4 MODULATION OF MOLECULES INVOLVED IN 

INFLAMMATION AND ANGIOGENESIS IN Mg DEFICIENT MEC  

To study whether culture of MEC in low Mg modulates the levels of proteins involved in 

inflammation and angiogenesis, we utilized a specifically tailored protein array (Figure 5.5A). 

The results were quantified by densitometry (Figure 5.5B) which  shows a significant increase of 

IL-8 and MCP-1 secretion in MEC cultured in 0.1 mM Mg. 
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IL-12 
p40 

IL-12 
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RI 

s TNF 
RII 
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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 MEC cultured in 0.1 or 1.0mM Mg for 48h. 
The histogram showsn the densitometric analysis on some spot array and data are expressed 
as the mean ± S.D. of two different experiments (** p<0.01).  

B) Densitometric analysis on array was performed and normalized vs controls. Data are 
expressed as the mean ±  S.D. of two different experiments (**  p<0.01). 
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5.5 MEC CULTURED LOW Mg DO NOT MODULATE 

METALLOPROTEASE (MMP)  ACTIVITY. 

Since MMPs degrade the extracellular matrix, they play an important role in vascular 

remodeling, cellular migration and angiogenesis. Quiescent endothelial cells produce little or no 

active MMPs, but these proteases are strongly induced and activated in capillary sprouts during 

wound healing, inflammation and angiogenesis. Since low Mg stimulates MMPs in HUVEC (see 

above), I have evaluated the effect of Mg deficiency on MMP-9 (gelatinase A) and MMP-2 

(gelatinase B) activity in cells cultured in 0.1 or 1.0 mM Mg by zymography and found no 

significant differences (Figure 5.6). This result highlights a different response to low Mg of 

MEC vs HUVEC.  

 
 

 
 
Figure 5.6: Effect of low Mg on MMP secretion.  

Representative zymography were performed on culture media 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 90 

6.1 MODULATION OF TRPM7 EXPRESSION IN ENDOTHELIAL   

CELLS  

Although Mg is an abundant cytosolic cation important in many biological processes, little is 

known about the transport mechanisms that regulate its homeostasis, especially in vascular cells. 

Transporters and exchangers that have been implicated include Na/Mg exchanger, Mg/Ca 

exchanger and more recently, two novel ion channels of tha melastatin-related transient receptor 

potential subfamily TRPM6 and TRPM7 were identified as critical regulators of vertebrate 

intracellular Mg levels in different cell types. Recently, TRPM7 has been shown to be essential 

for Mg homeostasis in mammals (Ryazanova et al., 2010). The presence of functional TRPM7 

channels in human endothelial cells has also been shown (Inoue et al., 2006). In addition, the 

inhibition of TRPM7 has been reported to promote endothelial cell growth and nitric oxide 

production (Koichi Inoue and Zhi-Gang Xiong, 2009). Since TRPM7 is implicated in Mg 

homeostasis and Mg affects endothelial proliferation and function, I examined the modulation of 

the expression of TRPM7 in human macro- and microvascular cells and how its silencing 

impacts on some endothelial functions. 
 

To evaluate whether the expression of TRPM7 was related to cell proliferation, HUVEC were 

growth arrested by exposure to a starvation medium. Two days later, the cells were exposed to 

the complete growth medium for various times to stimulate their entry in the cell cycle. Under 

these conditions, the entry into the S phase occurs after 24 h from the re-addition of growth 

medium as detected by 3H-Thymidine incorporation assay (not shown and Bolognese et al, 

2006). Upon re-entry in the cell cycle, no differences of the total amounts of TRPM7 were 

detected (Figure 6.1A).  

To further explore the relation between the levels of TRPM7 and proliferation/quiescence, I 

compared proliferating vs quiescent HUVEC and MEC for their amounts of TRPM7. To this 

purpose I compared the levels of TRPM7 in sparse, confluent and post-confluent cells, and found 

no significant differences in the total amounts of TRPM7 (Figure 6.1B). 

These results indicate that the amounts of TRPM7 are not dependent upon quiescence, either 

induced by contact inhibition or by starvation. 

Because i) low Mg promotes inflammation and ii) inflammatory cytokines inhibit endothelial 

growth, I asked whether the prototypical inflammatory cytokines IL-1 and TNF-α modulated 

TRPM7. As shown in figure 6.1 C, both IL-1 and TNF-α induce 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 for 48h. Then cells were  exposed for 
different times to complete growth medium to induce the re-entry in the cell cycle (Q: 
quiescent cells). After the hours of incubation, the cells were lyzed and cells extracts were 
utilized for western blot using anti-TRPM7 antibodies. Actin was used to show that equal 
amounts of proteins were loaded for lane.  

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

C) HUVEC (left) were exposed to different concentrations of the inflammatory cytokines IL-1 
and TNF-α (1 and 10 ng/ml) for 24h. MEC (right panel) were treated with IL-1 and TNF (10 
ng/ml) for 24 h. A representative western blot with anti-TRPM7 and anti-actin antibodies is 
shown. 
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As shown above, low extracellular Mg retards, while high Mg promotes endothelial growth-

proliferation. I therefore investigated whether TRPM7 was modulates by different extracellular 

concentrations of Mg ion. HUVEC and MEC were cultured in different concentrations of 

extracellular Mg for 3 days. In HUVEC, while the TRPM7 expression remained mainly the same 

as detected by semiquantitative RT-PCR (Figure 6.2A), by western blot I observed that the total 

amounts of TRPM7 were increased by approximately 2 fold in 0.1 mM Mg and decreased of 

about 3 fold in 5.0 mM Mg. On the contrary, in MEC TRPM7 total amounts are decreased in 

cells cultured in low Mg when compared to controls while they remain unvaried in cells cultured 

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

 
 

 
 
 
 

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

A) Semiquantitative RT-PCR was performed on RNA extracted from HUVEC cultured in 
different concentrations of Mg using primers designed on TRPM7 sequences (see Materials 
and Methods). Actin was used as a control of loading.  

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

OF ENDOTHELIAL CELLS 

TRPM7 has been reported to affect the growth/proliferation of various cell types (Jiang J et al., 

2007; Schmitz C et al., 2003; Wei WL et al. 2007 and Gwanyanya A et al., 2006). To determine 

the importance of TRPM7 in the proliferation of endothelial cells, TRPM7 was downregulated 

by siRNA. I transiently transfected sub-confluent HUVEC and MEC cells with specific, 

commercial siRNA using HiPerfect Transfection Reagent (Quiagen). As a control, a non-

silencing siRNA sequence was used. After 4h incubation, an equal volume of complete medium 

was added to the transfection medium. After 24h, 48h and 72h from transfection the cells were 

washed with PBS, scraped and lysed. The total amounts of TRPM7 were examined with western 

blot. TRPM7 levels were dramatically reduced 24h after transfection and began to increase after 

48h in HUVEC, while in MEC the expression was markedly reduced after 48h and 72h from 

transfection (Figure 6.3A).  

In parallel, I silenced both HUVEC and MEC with siRNA anti-TRPM7 and a non-silencing 

sequence. Every 24h I counted the viable cells up to 72h. Figure 6.3B shows a significant 

induction of cell growth in the HUVEC silencing TRPM7 vs their controls. On the contrary, 

MEC silencing TRPM7 proliferate slower than controls.  
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Figure 6.3: Silencing of TRPM7 in HUVEC and MEC cells. 

A) HUVEC (left panel) and MEC (right panel) were transiently transfected with or without a 
commercial siRNA against TRPM7 for 24h, 48h and 72h.Western blot analysis was 
performed with an antibody anti-TRPM7 on cell extracts of siRNA transfected and their 
controls. Actin was used to show that equal amounts of proteins were loaded per lane.  

B) HUVEC (up panel) and MEC (down panel) were transiently transfected with a siRNA 
against TRPM7 or a non-silencing sequence. At the indicated time intervals, the cells were 
harvasted by trypsin and viable cells were counted. Data refer to means ± SD of three 
separate experiments performed in triplicate. Significant variations are indicated as a p value 
less than 0.01 (** p<0.01) or than 0.001 (*** 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 expression also affect the level of eNOS, eNOS 

expression was examined after silencing TRPM7. As shown in Figure 6.4A the total amounts of 

eNOS were not affected TRPM7-siRNA transfection of HUVEC. NO was then measured in 

TRPM7-siRNA transfected HUVEC and their controls. A slight, albeit reproducible, induction 

of NO realease was detected (Figure 6.4B). The basis of this increase is under investigation at 

the moment. 
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Figure 6.4 : Effect of TRPM7 on eNOS total amounts and NO release in HUVEC.  

HUVEC were transiently transfected with a siRNA against TRPM7 for 24, 48 and 72 h.  
A) Western blot was performed on 80 µg of cell extracts using antibodies against eNOS. Actin 

was used to show that equal amounts of proteins were loaded per lane.  
B) NOS activity was measured by using the Griess method for nitrate quantification. The values 

were expressed as the mean of 5 different experiments ± standard. Significant variations are 
indicated as a p value less than 0.001 (*** p<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 cell types (Callera GE et al., 2009; Elie Abed 

and Robert Moreau, 2009). Endothelial migration is an early step in angiogenesis, which is 

crucial in responding to tissue demands in physiological and pathological conditions (Lamalice L 

et al., 2007). Migration is also important after injuries to the vessel wall, i.e. after mechanical 

stress such as shear stress or cateterization, as an attempt to heal the damage (Vanhoutte PM. 

2009). Mg is known to modulate endothelial migration (Lapidos et al., 2001; Baldoli et al., 

2010). I therefore investigated  whether TRPM7 is involved in regulating the migration of 

endothelial cells by transiently silencing TRPM7. Wound assay showed that serum-stimulated 

migration of MEC was inhibited by TRPM7 silencing, whereas silencing TRPM7 in HUVEC 

induced cell migration (Figure 6.5). 
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Figure 6.5: Effect of TRPM7 silencing on cell migrationin MEC and in HUVEC. 

HUVEC and MEC were silenced and then cultured for 24 and 48h, respectively. Migration was 
evaluated 24 h later. The wound area was calculated by InageJ software and expressed using an 
arbitrary value scale. Data are shown as the mean ± standard deviation (S.D.) of three different 
experiments; *p<0.05 and **  p<0.01 vs. control.    
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          Magnesium (Mg) is a versatile electrolyte shown to be involved in many cellular 

processes. It functions as a cofactor in the energy metabolism, nucleotide and protein synthesis 

and as a regulator of sodium, potassium and calcium channels. Several hundreds of enzymes, 

directly or indirectly (via the need of Mg-ATP), are dependent on Mg. Current dietary guidelines 

recommend adequate intake of Mg (310-420 mg daily for adult males and females respectively) 

in order to maintain health and lower the risk of cardiovascular disease. Mg is a cation that 

mostly resides inside cells of muscles and bones. Only a small amounts, about 1% can be found 

extracellulary. Serum Mg, the most commonly used parameter to measure Mg levels, correlate 

with intracellular free Mg levels (Maier JAM. et al., 2004). Hypomagnesemia, a serum level less 

than 1.5 mEq/l is associated with malabsorption, alcoholism, malnutrition, renal disease and the 

use of diuretics (McCance & Huerther 2006). Recent evidence from animal models and clinical 

studies on humans suggests that low serum concentrations of Mg are associated with 

inflammation,  atherogenesis and endothelial dysfunction (Nielsen FH 2010; Mazur et al., 2007; 

Maier JAM et al., 2004; Shechter M et al., 2000). Indeed Mg plays an important role in the 

etiology of diabetes, myocardial infarction, hypertension, arrhythmias and congestive heart 

failure in humans. Mg supplementation can significantly decrease blood pressure and  stabilize 

cardiac arrhythmias and acute myocardial infarction (Gazmuri RJ et al., 2001; Singh J et al., 

1997; Shechler M 2010). 

          Endothelial cells (EC) are implicated in atherogenesis, thrombosis, and angiogenesis 

(Cined DB et al., 1998). Far from being homogeneous, the endothelium represents a consortium 

of groups of cell located within blood vessels of different tissue (Lang et al., 2003). Several 

factors influence this heterogeneity including: i) morphological and functional differences 

between large and small vessels and between cells derived from various microvascular 

endothelial beds; ii) different response to growth factors; iii) organ specificity reflecting the 

cumulative expression of unique genes under the control of organ-specific regulatory elements; 

iv) pathological conditions, such as tumor growth, which is accompained by the development of 

a characteristic tumor vasculature. The diversity of the vascular bed is crucially determined by 

the type of endothelial cells lining the inner vessel surface. HUVEC and MEC are the most 

common cell culture systems for analyzing human macro- and microvascular endothelial cells in 

vitro. Clear evidence has been provided for differences in basal gene expression profiles of 

HUVEC and MEC (Chi JT et al., 2003). Recently, the relevance of the diversity of HUVEC and 

MEC for the response to inflammatory stimuli has been defined (Dorothee Viemann et al., 
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2006). Using oligonucleotide microarray technique, the TNF-induced expression profile in MEC 

and HUVEC has been systematically analyzed on 13000 human genes to  reveal that about half 

of the TNF-induced genes were specific for MEC or HUVEC. Interestingly, the majority of 

those genes regulated depending on the cell type encoded for chemokines, cytokines, and cell 

surface molecules. 

             Being low magnesium involved in promoting inflammation, with my work I strive for a 

comparison of the modulation of in vitro behaviour of MEC and HUVEC to low Mg. 

In this study, I addressed two main issues: i) the modulation of endothelial function by low 

extracellular Mg and ii) the expression and the role of the Mg transporter TRPM7 in endothelial 

cells. Because endothelial cells are highly heterogeneous, I utilized macro and microvascular 

endothelial cells. 
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7.1 Mg in macrovascular endothelial cells.  

Since Mg deficiency promotes atherosclerosis, thrombosis and hypertension, I asked whether 

low concentrations of Mg could affect endothelial behavior. I began by focusing on the effect of 

low Mg on HUVEC proliferation. As most cell constituents are doubled in their amount during 

G1 phase of the cell cycle, it is not surprising that the reduction of extracellular Mg inhibits cell 

proliferation. However, the role of Mg in modulating eukaryotic cell growth is controversial. 

Whereas studies in normal cells have established a positive relation between the levels of Mg 

and the extent of proliferation, conflicting results have been obtained in tumor cells. For 

instance, low Mg affected the growth of 3T3 fibroblasts, but not of their transformed counterpart 

(Rubin H, 2005). In accordance, it is noteworthy that Mg-deficiency delays the transit through 

the G1 and S phase of normal but not transformed cells (Littlefield NA et al., 1991). I found that 

low extracellular Mg reversibly inhibits HUVEC growth by increasing the number of cells in the 

G0/G1 and G2/M phases and decreasing the number of cells in the S phase of the cell cycle. 

Growth retardation is rescued by Mg supplementation, thus suggesting that no permanent 

modifications occur as a consequence of the deprivation of Mg, and it is independent from the 

salt used. In agreement with the results obtained by flow citometry, I found that growth 

inhibition correlates with the upregulation of the cdk inhibitor p21 and the marked 

downregulation of the levels of Cdc25B, a phosphatase which plays a key role in controlling G2-

M progression (Nilsson et al., 2000). The upregulation of p21 might be responsible for the 

accumulation in the G1 phase of HUVEC cultured in low Mg, while the reduction of the levels 

of Cdc25B might explain the negative regulation of the G2/M transition, as previously 

demonstrated in HUVEC treated with the phorbol ester PMA (Kosaka C et al., 1996). 

Considering the association of Mg deficiency with oxidative stress (Guerrero-Romero F and 

Rodrìguez-Moràn, 2006), it is noteworthy that free radicals inhibit endothelial growth. 

Interestingly, it has also been shown that Mg deficiency makes cells more sensitive to oxidative 

stress by impairing to their scavenger systems, including GSH (Zhou Q et al., 1999). Free 

radicals can damage DNA, dramatic event that can induce apoptotic cell death or irreversible 

proliferative arrest, as occurs in cellular senescence (Zhou Q et al., 1999) which is also 

accelerated by Mg deficiency (Ferrè S et al., 2007). 

Exposing HUVEC to low Mg, I observed no alterations of DCF-detectable intracellular ROS 

under basal conditions. Interestingly, early after exposure to 0.1 mM Mg, HUVEC were more 

sensitive to the oxidant action of H2O2 than the cells cultured in 1.0 mM Mg. Indeed, in the 

presence of H2O2, I observed an increase of DCF-detectable ROS in Mg-deprived HUVEC 
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compared to controls. Similar results were obtained in myocardium (Manju L et al., 2006). 

Probably the addition of H2O2 unmasks a border-line situation characterized by mild oxidative 

stress induced by low Mg, which, however, does not overwhelm the anti-oxidant capabilities of 

the cells. Indeed, I can not exclude that a modest increase of ROS after Mg deficiency might 

escape DCF detection due to the time and the duration of this phenomenon. It is noteworthy that 

antioxidants such as apocynin and trolox prevented low Mg-dependent inhibition of HUVEC 

proliferation, thus indicating a role of oxidative stress in modulating endothelial growth 

retardation in low Mg. 

In atherogenesis, oxidative stress mediates signalling pathways underlying vascular 

inflammation, starting from the initiation of fatty streak development, through lesion 

progression, to ultimate plaque rupture (Monaco C. et al., 2004). Being endothelial dysfunction a 

critical step in atherogenesis, it is noteworthy that low Mg induces interleukin-1α (IL-1α), 

VCAM and PAI-1 and promotes a senescent phenotype in cultured endothelial cells (Maier 

JAM. et al. 2004; Killilea D. et al., 2008). However, how these events are initiated has not been 

fully elucidated. One possible contributor to the infiammatory response due to Mg deficiency 

could be the activation of transcription factors NFkB. The NFkB family consists of a group of 

inducibile transcription factors implicated in the regulation of crucials steps of immune and 

inflammatory responses through regulation of the gene expression of a large number of cytokines 

and other immune genes. NFkB is a crucial regulator of inflammation which is activated in 

experimental and human atherosclerosis (Kempe S. et al., 2005; Denk A. et al. 2000; Monaco C. 

et al., 2004). I decided to study the  role of the transcription factor NFkB in Mg deficient 

HUVEC. In Mg deficient HUVEC NFkB is rapidly activated. In particular, I have analyzed the 

prototypical NFkB complex demonstrating the involvement of p50 and p65 in low Mg dependent 

NFkB activation. My results are in agreement with data obtained in primary cultured cerebral 

vascular smooth muscle cells demonstrating by EMSA that low extracellular Mg activates NFkB 

(Altura B.M et al., 2003). In addition, Mg supplementation markedly attenuates NFkB nuclear 

translocation and protects IkB from degradation in LPS-treated endothelial cells (Altura B.M et 

al., 2003). Interestingly, in a model of cyclosporine-induced nephrotoxicity in rats, Mg 

supplementation showed marked beneficial effects by preventing NFkB activation which is 

responsible for renal damage (Asai T. et al, 2003). However, all these studies are lacking the 

demonstration of the functional induction of NFkB. Anyway, Mg levels seem to participate to 

the complex regulation of NFkB activity in various systems. In HUVEC, since Mg deficiency 

induces oxidative stress, I hypothesize that it is oxidative stress to activate NFkB. Indeed in Mg 

deficient HUVEC, the anti-oxidant trolox, a synthetic cell-permeable analogue of α-tocopherol, 
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prevents NFkB activation. I therefore propose that in Mg deficient HUVEC oxidative stress 

might activate NFkB and trigger NFkB signalling pathway. Accordingly, in HUVEC grown in 

0.1 mM Mg the upregulation of IL-1α mediates some of low Mg effects on these cells (Ferrè S et 

al. 2007). In this study I utilized protein array to obtain a broad profile of the cytokines and 

growth factors released by HUVEC cultured in low Mg. Indeed, atherosclerotic plaque 

development involves several synchronized events such as adhesion, migration and proliferation 

of cells, all mediated by growth factors and cytokines, some of which resulted significantly 

increased in Mg-deficient HUVEC. In particular, in cells cultured in low Mg I show the 

induction of RANTES, IL-8 and PDGF-BB and I confirm the upregulation of IL-1, all targets of 

NFkB (Monaco C. et al., 2004). A great attention has been focused on PDGF-BB in the origin of 

atherosclerosis, because of its mitogenic and chemotactic effects on vascular smooth muscle 

cells (Ross R. et al, 1993). Indeed, the abnormal proliferation and migration of these cells are 

major processes in the development of vascular disease, not only in atherosclerosis but also in  

restenosis after angioplasty. PDGF-BB is upregulated by pro-inflammatory stimuli from the 

early stages of atherogenesis and PDGF-BB mRNA expression is increased in atherosclerotic 

lesions (Ross R. et al, 1993; Barrett T.B et al., 1987).   

The protein array also shows an increase of the secretion of the chemokines RANTES and IL-8  

in Mg-deficient HUVEC. Interestingly, chemokines are important actors in the progression of 

atherosclerosis as well as in plaque destabilization. In particular, the enhanced expression of IL-8 

and RANTES within human atherosclerotic lesions has been reported (Monaco C. et al., 2004; 

Zernecke A et al., 2008). IL-8 is a chemokine initially characterized for its leukocyte 

chemotactic activity but now known to possess pro-angiogenic, pro-inflammatory and pro-

atherogenic properties. IL-8 is critical for chemotaxis and adhesion of monocytes to the 

endothelial cells, a pivotal step in the initiation of atherogenesis. It also promotes vascular 

smooth muscle cell proliferation and migration, crucial events for the progression of the plaque 

(Zernecke A et al., 2008) and might be involved in promoting intraplaque angiogenesis.  

RANTES directs leukocyte attraction and is also involved in neointima formation in 

atherosclerosis-prone mice. Hence, it is not surprising that antagonizing RANTES reduces 

atherosclerotic lesion formation and stabilizes the plaque (Zernecke A et al., 2008). I therefore 

conclude that low Mg stimulates endothelial secretion of IL-8, RANTES and PDGF-BB, all 

pathophysiological contributors to atherosclerosis (Zernecke A et al., 2008). In our experimental 

conditions, however, we did not observe any modulation of TNFα and IL-6 which have been 

shown increased in animal model under a Mg-restricted diet (Mazur A, 2007). We hypothesize 

that different cell types, other than endothelial cells, might contribute to secrete these cytokines 
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in vivo.       

Protein array also revealed the increase of GM-CSF, a cytokine which is transcriptionally 

dependent upon NFkB activation. This finding is particularly interesting in the light of a very 

recent study showing that GM-CSF regulates intimal cell proliferation in the early step of 

atherosclerosis. More studies are necessary to confirm the increase of GM-CSF in HUVEC 

cultured in low Mg.  

Reactive oxygen species (ROS) are known to react with thiol groups, such as those involved in 

preserving MMP latency, so they could modulate the activity of MMPs. Moreover the process of 

vascular remodeling implicated in atherosclerotic plaques involves the enzymatic activity of 

metalloproteinases (MMPs) which degrade collagen fibrils leading to the loss of fibrous cap 

integrity. The activation of MMPs by ROS appears to be a key event in arterial remodeling and 

several studies provide evidence for a link between ROS and MMPs. In  cultured smooth muscle 

cells exposed to mechanical stress, ROS, derived from NAD(P)H oxidase, increase the 

expression and release of MMP-2 (Karsten G et al., 2003). Also MMP-9 is induced by ROS in 

IL-1-β-stimulated smooth muscle cells (Gurjar MV et al., 2001). Regulation of MMPs may 

occurs at multiple levels: i) either by gene transcription and synthesis of inactive proenzyme or 

ii) post translational activation of the latent pro-enzyme. A further level of control of MMP 

activity involves the irreversible binding of MMPs to the specific tissue inhibitors TIMPs. I 

found that Mg deficient HUVEC secreted increased amounts of MMP-2 and -9 and of their 

inhibitor TIMP-2. The increased amounts of TIMP-2 might represent a mechanism to 

counterbalance MMP activity. However, by zymography we show that MMP-2 and -9 activity 

overrides the inhibitory effect of TIMP-2. Therefore, it is possible conclude that MMP/TIMP 

balance is shifted toward greater MMP activity in Mg-deficient HUVEC. This result further 

highlights how Mg deficiency might contribute to atherosclerosis. Indeed, an increased 

expression of MMPs in human atherosclerotic plaques and, in particular, a marked upregulation 

of MMP-9 in unstable carotid plaque have been demonstrated (Galis Z.S et al., 1994). Recently, 

genetic variation within the MMP-2 promoter region was associated with cap thickness and 

therefore may influence the role of MMP-2 in plaque vulnerability (Volcik K.A. et.al., 2010). 

I also analyzed another target gene of activeted NFkB: the inducible form of NOS (iNOS). I 

found that HUVEC cultured in low Mg produce more NO through the induction of iNOS, while 

eNOS is not modulated. Once induced, iNOS can synthesize NO at high rates over long periods 

of time without further stimulus. When NO production is high, it  can react with superoxide 

anion to produce peroxynitrite, which causes lipid oxidation, deamination, alterations in DNA, 

protein nitration and oxidation, inhibition of iron-centered enzymes involved in mitochondrial 
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respiration, and inhibition of aconitase activity, all of which can lead to profound cellular 

disturbances as well as the development of atherosclerotic lesions (Szabo C., 1996). More studies 

are ongoing on this topic. 
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Figure 7.1: Summary of the main findings on HUVEC cultured in low Mg.  
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7.2 Mg in microvascular endothelial cells 

Microvascular endothelial cells are protagonists in angiogenesis and inflammation. Since i) 

proliferation, protease production and migration are crucial steps in angiogenesis and ii) 

cytokines have a role both in the formation of new vessels and in inflammation, I evaluated these 

parameters in MEC. 

I found that low Mg inhibits MEC growth and this correlates with the upregulation of p21 and 

the downregulation of Cdc25B. Accordingly, like in HUVEC, cell cycle analysis demonstrated 

that low Mg promotes the accumulation of MEC in G0/G1 and G2/M phases of the cell cycle. 

Differently from HUVEC, however, the inhibition of MEC proliferation is not reverted when the 

cells are cultured in low Mg and exposed to antioxidants. Growth inhibition by low Mg can be 

also explained as the result of a Mg deficiency-induced metabolic adaptation, involving the 

decrease of high energy phosphates and the consequent decline in protein and carbohydrate 

synthesis. In addition, since Mg is a natural calcium antagonist, it is conceivable that also an 

imbalance between Ca and Mg may play a role in modulating cell growth. These metabolic 

events may also play a role in the inhibition of endothelial migration observed in MEC cultured 

in low Mg. Since Mg is a cofactor of adenylate cyclase and cAMP-dependent phosphodiesterase, 

I speculate that the reduced migration in low Mg might be dependent on the fact that different 

Mg levels could alter cAMP, which is implicated in endothelial migration (Hackett SF et 

al.,1987). Moreover, it is noteworthy that Mg is required for the assembly of actin polymers and 

for myosin ATPase activity, two key components of the motor responsible for cell migration. 

Differently from HUVEC, low Mg does not alter MMPs activity in MEC. The inhibition of cell 

growth and migration might account for the inhibition of tumor angiogenesis observed in mice 

fed with a Mg-deficient diet (Maier JAM et al., 2007). Cytokines are fundamental both in 

angiogenesis and inflammation. For this reason, I studied the cytokine network also in MEC 

cultured in 0.1 vs 1.0 mM Mg. I found that, low Mg importantly stimulates IL8 and MCP-1 

release in low Mg MEC. Moreover I found that low Mg actives NFkB also in MEC. I conclude 

that low Mg does not induce an inflammatory phenotype in 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 cytosolic cation and that it is so important in various 

biological processes, there is little information about the transport mechanisms that regulate its 

homeostasis, especially in vascular cells. It is well known that Mg absorption in the intestine and 

kidney occurs via paracellular and transcellular pathways. Transporter and exchanger that have 

been implicated include Na/Mg exchanger, Mg/Ca exchanger and more recently two novel ion 

channels of the transient receptor potential cation channel superfamily (TRP). These ion 

channels, TRPM6 and TRPM7, are the principal factors responsabile for the transepithelia 

transport of Mg and are critical for human health and cell function (Nadler et.al., 2001; Voets et 

al., 2004). RT-PCR and in situ hybridation analyses have demonstrated that TRPM6 is expressed 

along the entire gastrointestinal tract, in the kidney, intestine and lung (Rondòn LJ. et al., 2008), 

whereas TRPM7 is ubiquitously expressed and its targeted disruption in different cell lines is 

lethal, highlighting the critical role of this protein in cell physiology (Touyz RM 2008). In vitro 

studies have shown that TRPM6 and TRPM7 are modulated by intracellular free Mg, Mg-

nucleotides and pH. Both channels have an α-kinase domain, with no clearly identified function. 

In vascular cells, Mg influx is driven mainly through TRPM7. Some authores showed that an 

altered cellular Mg homeostasis and abnormal vascular smooth muscle cell function in 

hypertension may be in part related to defective TRPM7 expression/activity (Touyz RM, 2008). 

In these cells, ANGII and aldosterone regulate vascular TRPM7 acutely by inducing 

phosphorylation and chronically by increasing expression at the mRNA and proteins level. 

Downregulation of vascular TRPM7 by small interference siRNA reduced basal intracellular 

Mg, ANG II-stimulated [Mg]i transients and attenuated ANG II-mediated  VSMC growth. These 

findings confirmed that TRPM7 is a key regulator of Mg homeostasis and it plays a major role in 

smooth muscle cell growth (He Y et al., 2005; Touyz RM et al., 2006). Two recent studies in 

cancer cells and osteoblasts further support the importance of TRPM7 in ion homeostasis and 

cell proliferation (Abed E. and Moreau R., 2007; Jang J et al, 2007). Very recently, TRPM7 

deficient ES cells were shown to be growth inhibited (Ryazanova 2010). 

First I evaluated whether MEC and HUVEc expressed TRPMs. I found no expression f TRPM6 

by RT-PCR (nor shown). I therefore focused my attention on TRPM7 both in MEC and 

HUVEC. I found no modulation of TRPM7 amounts in HUVEC rendered quiescent by 

starvation and then stimulated to re-entry the cell cycle by adding complete growth medium. I 

also examined TRPM7 levels in sparse, confluent and post-confluent HUVEC and MEC and 
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observed no modulation. Interestingly, the inflammatory cytokines IL-1α and TNF-α  induce an 

increase in the total TRPM7 amount both HUVEC and MEC cells. I also evaluated the total 

amounts of TRPM7 in MEC and HUVEc grown in different Mg concentrations (0.1, 1.0 and 5.0 

mM Mg). I  found that TRPM7 is upregulated in HUVEC cultured in low Mg, probably as an 

attempt  to optimize Mg transport under reduced Mg availavility. Since low Mg induces 

cytokines in HUVEC and cytokines induce TRPM7, I hypothesize that cytokines mediate low 

Mg upregulation of TRPM7. Since HUVEC in high Mg downregulate TRPM7, I speculate that 

this downmodulation protects the cells against an accumulation of the cation. Because of the 

multiple actions of Mg, an overload of intracellular Mg might impair the coordinated and finely 

tuned regulation of several intracellular reactions.  

TRPM7 regulation by Mg is strikingly different in MEC. Indeed, low Mg reduces the TRPM7 

expression in MEC, suggesting the existence of alternative transporters involved in maintaining 

adequate concentrations of intracellular Mg. It is also possible that in these cells Mg efflux is 

differently tuned. 

TRPM7 supports multiple cellular functions, including cell viability and growth, cell adhesion 

and migration (Abed E. and Moreau R., 2007; Jang J et al, 2007, Ryazanova 2010). The role of 

TRPM7 in cell proliferation stems from the evidence that TRPM7 ensures a rapid Mg influx 

during the G1 phase of the cell cycle (Ryazanova 2010).  

I therefore silenced TRPM7 in MEC and HUVEC. As expected MEC silencing TRPM7 were 

growth retarded and migrated slower than controls. It is possible to conclude that in MEC 

silencing TRPM7 mimics the effect of low extracellular Mg.  

Surprisingly, HUVEC silencing TRPM7 grew faster and migrated more than controls. Because 

this result was unexpected, I repeated the experiments on primary HUVEC derived from 

different cords as well as on commercial HUVEC, and consistently obtained the same result. 

Until now, HUVEC are the only cell type that is stimulated to grow by the downregulation of 

TRPM7. It is possible to speculate that TRPM7 is not crucial for Mg homeostasis in these cells 

which might possess other transporters able to maintain adequate concentrations of intracellular 

Mg. 
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Conclusions 

In this thesis I show that macro- and microvascular endothelial cells are sensitive to low Mg. 

While the modulation of HUVEC phenotype by low Mg is mediated, at least in part by ROS, in 

MEC ROS seem not to be involved and the mechanisms contributing to altering MEC behaviour 

in vitro have not been clarified yet. In general, my studies suggest that low Mg promotes a 

proatherogenic phenotype in HUVEC, and it affects MEC impairing some pivotal events 

ofangiogenesis. Interestingly, the regulation and the role of the Mg transporter TRPM7 is 

markedly different in the two cell types.  

My results suggest a more cautious interpretation of in vitro data, which should result in a 

stronger consideration of endothelial cell type-specific effects. Results of studies based on a 

given endothelial cell type should not be transferred uncritically to other types of endothelial 

cells.  
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