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Abstract: Endothelial dysfunction is a crucial event in the early pathogenesis of cardiovascular
diseases and is linked to magnesium (Mg) deficiency. Indeed, in endothelial cells, low Mg levels
promote the acquisition of a pro-inflammatory and pro-atherogenic phenotype. This paper inves-
tigates the mechanisms by which Mg deficiency promotes oxidative stress and affects endothelial
behavior in human umbilical vascular endothelial cells (HUVECs). Our data show that low Mg levels
trigger oxidative stress initially by increasing NAPDH oxidase activity and then by upregulating the
pro-oxidant thioredoxin-interacting protein TXNIP. The overproduction of reactive oxygen species
(ROS) activates NF-κB, leading to its increased binding to the inducible nitric oxide synthase (iNOS)
promoter, with the consequent increase in iNOS expression. The increased levels of nitric oxide
(NO) generated by upregulated iNOS contribute to disrupting endothelial cell function by inhibiting
growth and increasing permeability. In conclusion, we provide evidence that multiple mechanisms
contribute to generate a pro-oxidant state under low-Mg conditions, ultimately affecting endothe-
lial physiology. These data add support to the notion that adequate Mg levels play a significant
role in preserving cardiovascular health and may suggest new approaches to prevent or manage
cardiovascular diseases.
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1. Introduction

Magnesium (Mg), an essential mineral critical for various physiological functions
in humans, significantly impacts cardiovascular health by regulating vascular tone, en-
dothelial function, and blood pressure [1]. Accordingly, Mg deficiency is implicated in
endothelial dysfunction, oxidative stress, inflammation, and impaired vasodilation [2],
key early events in the pathogenesis of cardiovascular diseases, including hypertension,
atherosclerosis, and coronary artery disease. Endothelial cells, which line the inner walls
of blood vessels, are highly responsive to changes in Mg levels. There exists substan-
tial evidence indicating a profound relationship between Mg levels and endothelial cell
function. Despite the growing recognition of Mg’s significance in preserving endothelial
health, the precise molecular mechanisms linking Mg deficiency to endothelial dysfunction
remain incompletely understood. The acute impact of Mg was explored in human umbilical
vascular endothelial cells (HUVECs) under low-Mg conditions (0.1 mM) for 24 h, utilizing
whole genome transcription analysis [3]. A total of 2728 transcripts (5.8% of the transcripts)
exhibited differential expression in low Mg vs. the physiological (1.0 mM) control cultures.
This study reaffirms Mg’s critical role in inflammation [4] and underscores its substantial
contribution to essential physiological pathways, such as intracellular signaling, metabolic
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activities, and survival pathways [3], which further strengthens the ever-growing scientific
evidence that Mg deficiency adversely affects the function of cultured HUVECs [2]. Indeed,
low Mg levels promote oxidative stress [5] and the activation of NF-κB, which fosters the
acquisition of a pro-inflammatory and pro-atherogenic phenotype [2]. Oxidative stress
is in part attributed to the upregulation of the thioredoxin-interacting protein (TXNIP),
which inhibits the antioxidant function of thioredoxin (TRX), a protein responsible for
scavenging reactive oxygen species (ROS); this results in the accumulation of ROS and
cellular stress [6]. Elevated TXNIP levels are associated with the onset of endothelial senes-
cence [7] and hypertension-induced endothelial dysfunction [8]. Despite its significant
role in ROS generation within the vasculature, data regarding the activity of pro-oxidant
enzyme NADPH oxidases in HUVECs exposed to Mg-deficient medium are currently
unavailable. Regarding the connection between low Mg and inflammation in HUVECs,
NF-κB activation by low Mg leads to increased monocytes adhesion to HUVECs by up-
regulating the vascular cell adhesion molecule (VCAM) [2], inducing the plasminogen
activator inhibitor (PAI) 1 and promoting the synthesis of pro-inflammatory cytokines,
among which is interleukin (IL)-1 alpha [2], which results in retarded proliferation and
triggers senescence [2]. Mg deficiency also alters endothelial barrier function, and as such,
it may contribute to the early pathogenesis of atherosclerosis [6]. Notably, endothelial
function is significantly impaired in a model of inherited hypomagnesemia in mice (MgL
mice) [9].

Mg influences the activity of nitric oxide (NO) synthase and the synthesis/release
of NO, a small, highly reactive signaling molecule intricately involved in a variety of
physiological processes and a key modulator of vascular homeostasis. NO contributes to
maintaining vascular tone and possesses anti-platelet and anti-thrombotic properties [10].
Endothelial cells express a constitutive form of NO synthase (endothelial NO synthase,
eNOS), which regulates NO generation under physiological conditions. However, upon
inflammatory stimulation, NO accumulates because of the activation of inducible NOS
(iNOS). Controlled production of NO favors a coordinated regulation of coagulation, in-
flammation, and vascular tone, but excessive NO levels can have adverse results, including
a reversible increase in endothelial permeability [11]. It is known that high extracellular Mg
levels stimulate NO production by enhancing eNOS levels [2], while no data are available
about the effects of low Mg on NO synthesis in HUVECs.

In this study, our aims were (i) to unravel the mechanisms involved in fostering
oxidative stress in HUVECs cultured in Mg-deficient medium and (ii) to explore whether
alterations in NO synthesis occur and influence endothelial behavior.

2. Materials and Methods
2.1. Cell Culture

HUVECs were from the American Type Culture Collection (ATCC, Manassas, WV,
USA) and cultured on 2% gelatin-coated dishes (Euroclone, Milan, Italy), as described in [6].
These cells are broadly utilized as an experimental model of macrovascular endothelial
cells to study cardiovascular and metabolic diseases [12].

A Mg-free medium was purchased from Invitrogen (Thermo Fisher Scientific, Waltham,
MA, USA) and supplemented with MgSO4 to obtain the final concentrations of 0.1 mM
or 1.0 mM Mg. All the other culture reagents were from Gibco-Invitrogen (Thermo Fisher
Scientific, Waltham, MA, USA). In all the experiments, the cells were seeded in normal
growth medium and grown for 24 h before switching the medium to either 0.1 mM or
1.0 mM Mg-containing medium. The physiological concentration of Mg is ~1.0 mM.
In humans, the lowest Mg level observed in critically ill patients is ~0.4–0.5 mM [13].
In rodents, in a widely used experimental model to study the cardiovascular effects of
Mg deficiency, an 8-day experimental diet led to a reduction in plasma Mg levels to
0.14 mM [14]. Based on these observations and on the reports in literature, we employed
Mg concentrations of 0.1 mM to simulate Mg deficiency in vitro and used the physiological
1.0 mM as the control.
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In some experiments, HUVECs were pre-treated with apocynin (10 µM) or N-acetyl-l-
cysteine (NAC, 1 mM) (Sigma Aldrich, St. Louis, MO, USA).

Transient downregulation of iNOS was achieved by using stealth siRNAs (20 nmol, 5′-
ATCGAATTTGTCAACCAATAT-3′, Invitrogen) and Lipofectamine RNAiMAX (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) [2], as recommended by the manufacturer.
After 6 h, the siRNA transfection medium was replaced with control or Mg-deficient
medium for an additional 24 h. Scrambled non-silencing (NS) sequences were used as
controls. To assess cell proliferation, the cells were seeded at low density (7500/cm2) and
silenced as described above. After 24 h or 72 h, viable cells were identified by trypan blue
staining (0.4%) and counted using an automatic cell counter (Logos Biosystems, Annan-
dale, VA, USA). Endothelial permeability was assessed using the Transwell Permeability
Assay (Transwell Permeable Supports, 0.4 µm micropores, Euroclone, Pero, MI, Italy) as
described [2]. Briefly, confluent HUVECs seeded into the inserts were maintained in 0.1 mM
Mg + NS, 1 mM Mg + NS, or 0.1 mM Mg + siRNA iNOS for 24 h. Leakage of fluorescein
isothiocyanate-labeled albumin (FITC–BSA) (1 mg/mL, Sigma Aldrich, St. Louis, MO,
USA) through the monolayer from the upper to the lower comportment was determined by
measuring the fluorescence using a Varioskan LUX Multimode Microplate Reader (Thermo
Fisher Scientific, Waltham, MA, USA) (λexc = 495 nm, λem = 519 nm).

All the experiments were performed in triplicate and repeated at least three times with
similar results. Data are expressed as mean ± standard deviation (SD).

2.2. ROS Measurement

HUVECs were cultured in a black 96-well plate (Greiner bio-one, Frickenhausen,
Germany) and incubated for 30 min with 2′-7′-dichlorofluorescein diacetate (DCFDA,
10 mM) solution (Thermo Fisher Scientific, Waltham, MA, USA) to detect total intracellular
ROS. ROS levels were determined from fluorescence emission, as detailed in [5]. The results
were expressed as the mean ± SD of three independent experiments, each conducted
in triplicate.

2.3. Determination of NADPH Oxidase Activity

HUVECs were cultured in either 0.1 or 1.0 mM Mg-containing medium for 90 min.
NADPH oxidase activity was measured using a lucigenin-derived chemiluminescence
assay (Promega, Madison, WI, USA). Briefly, total protein cell homogenates were diluted in
Krebs buffer composed of 140 mmol/L NaCl, 5 mmol/ L KCl, 2.5 mmol/L CaCl2, 1 mmol/L
Na2HPO4, 1 mmol/L MgSO4, 5.5 mmol/L glucose, and 0.026 mmol/L EDTA (pH 7.4) and
distributed (50 µg/well) on the microplate. NADPH (100 µmol/L, Sigma Aldrich, St. Louis,
MO, USA) and lucigenin (5 µmol/L, Sigma Aldrich, St. Louis, MO, USA) were added into
the well just before reading. Luminescence was measured every minute for 5 min with the
Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, MA,
USA) in order to measure relative changes in NADPH oxidase activity.

2.4. Reduced to Oxidized Glutathione (GSH/GSSG) Ratio

Cells were cultured in either 0.1 or 1.0 mM Mg-containing medium for 4 and 24 h.
The luminescence-based GSH/GSSG-Glo Assay (Promega, Madison, WI, USA) was used
to measure reduced glutathione (GSH) and oxidized glutathione (GSSG) according to
the manufacturer’s instructions. Data are shown as percentages of GSH/GSSG levels in
HUVECs cultured in 0.1 vs. 1.0 mM Mg-containing media. The results were expressed as
the mean ± SD of three independent experiments, each conducted in triplicate.

2.5. Determination of NO Levels

After deproteination, NOS activity was measured in the media by using the Griess
method, as described [11], and by using gas chromatography mass spectrometry (GC-
MS) [15]. The calculation of concentrations of nitrites and nitrates was accomplished as
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described [15] and normalized on the cell number. The results were expressed as the
mean ± SD of three independent experiments, each conducted in triplicate.

2.6. Real-Time PCR

RNA was extracted as detailed in [6]. Single-stranded cDNA was synthesized from
0.2 µg, and real-time PCR was performed using the CFX96 Real-Time PCR System instru-
ment (Biorad, Hercules, CA, USA) using TaqMan Gene Expression Assays (Life Technolo-
gies, Thermo Fisher Scientific, Waltham, MA, USA): iNOS (Hs01075529_m1); the internal
reference gene was GAPDH (Hs99999905_m1). Relative changes in gene expression were
analyzed by the 2−∆∆Ct method [6]. The experiments were repeated three times and
expressed as the mean ± SD.

2.7. Western Blot Analysis

Cell extracts (80 µg/lane) were resolved on 8% SDS-PAGE, transferred to nitrocellulose
sheets at 250 mA for 16 h, and probed with the antibodies anti-iNOS (BD Biosciences,
Milano, Italy), eNOS/p-Ser1177 (Cell Signaling Technology, Danvers, MA, USA), eNOS
(BD Biosciences), TXNIP, and actin (Santa Cruz Biotechnology, Dallas, TX, USA). The
SuperSignal chemiluminescence kit (Thermo Fisher Scientific, Waltham, MA, USA) was
used to detect immunoreactive proteins. All the Western blots were repeated at least three
times, and densitometry was performed by the ImageJ software (Java 1.8.0_241).

2.8. NF-κB Activation by TransAM Assay

HUVECs were pre-treated with apocynin and NAC for 60 min and then cultured
in either 0.1 or 1.0 mM Mg-containing medium for an additional 90 min. The TransAM
assay was performed according to the manufacturer’s instructions (Active Motif, Carlsbad,
CA, USA). Briefly, 5 µg of nuclear extract was added into the wells of a 96-well plate,
where binding between nuclear NF-κB (if present in the extract) and the NF-κB consensus
site (immobilized on the well bottom) could occur. Binding was then detected by indirect
immunofluorescence, with a primary anti-NF-κB p65 antibody and a secondary horseradish-
peroxidase-conjugated antibody. The colorimetric readout, representing specific binding,
was measured by a spectrophotometer (450 nm) and expressed as arbitrary units. The
results are represented as the mean ± SD of three separate experiments in triplicate.

2.9. Statistical Analysis

Results are shown as means ± SD. The data were normally distributed and were
analyzed using one-way repeated measures ANOVA. The p-values deriving from multiple
pairwise comparisons were corrected by the Bonferroni method. Statistical significance
was defined for p-values ≤ 0.05, and * p ≤ 0.05; ** p ≤ 0.01; and *** p ≤ 0.001.

3. Results
3.1. Mg Deficiency Increases ROS Production by Activating NADPH Oxidase and
Upregulating TXNIP

HUVECs were cultured in 0.1 or 1.0 mM Mg-containing medium for 1.5, 4, and 24 h.
Then, the amounts of ROS were measured using the DCFDA probe. Figure 1a shows that
Mg-deficient medium led to a rapid accumulation of ROS, which persisted for up to 24 h.

We then attempted to identify the intracellular sources of ROS in HUVECs cultured in
low-Mg medium. Since NADPH oxidase serves as an important source of ROS in vascular
cells, we assessed its activity in HUVECs cultured in either 0.1 or 1.0 mM Mg-containing
medium. After 1.5 h of culture in Mg-deficient medium, NADPH oxidase activity was
increased, as demonstrated using a lucigenin-derived chemiluminescence assay (Figure 1b).
In addition, because GSH is the predominant antioxidant in aerobic cells [16], we measured
the GSH/GSSG ratio and observed that it significantly decreased after 4 and 24 h of culture
in low-Mg medium (Figure 1c). We also confirmed the upregulation of the pro-oxidant
TXNIP after 20 h of exposure to low-Mg medium (Figure 1d).
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Figure 1. ROS in HUVECs cultured in low Mg. HUVECs were cultured in 0.1 or 1.0 mM Mg-
containing medium. All the experiments were performed in triplicate at least three times. (a) After
1.5, 4, and 24 h of culture in media containing 0.1 or 1.0 mM Mg, ROS were measured as described
in the methods. (b) After 1.5 h of culture in media containing 0.1 or 1.0 mM Mg, NADPH oxidase
activity was measured using a lucigenin-derived chemiluminescence assay. (c) The GSH/GSSH
ratio was measured using a luminescence-based assay. The data were expressed as the percentage
vs. 1.0 mM Mg ± SD. (d) The total amounts of TXNIP were evaluated by Western blot after 20 h of
exposure to low-Mg medium. Anti-GAPDH antibodies were used as a control of equal loading. A
representative blot and densitometry performed on three independent experiments and obtained by
ImageJ are shown. * p ≤ 0.05; ** p ≤ 0.01; and *** p ≤ 0.001.

3.2. Antioxidants Prevent the Activation of NF-κB

ROS serve as common intracellular messengers of NF-κB activation, which triggers the
transcription of genes involved in the inflammatory response, among which is iNOS [17].
We asked whether the inhibition of ROS production prevented NF-κB activation in HUVECs
cultured in Mg-deficient medium. We used apocynin, which exhibits intrinsic antioxidant
properties, acting as a scavenger for ROS, and NAC, required for the synthesis of GSH [18].
HUVECs were pre-treated with apocynin or NAC for 60 min before exposure to either
0.1 or 1.0 mM Mg-containing medium for 90 min. We determined NF-κB activation by
assessing the activities of p65 and p50 in HUVECs cultured in 0.1 or 1.0 mM Mg using
the TransAM assay. Figure 2 shows that the incubation of HUVECs in low-Mg conditions
increases p65 and p50 nuclear activity, but this effect is reverted by antioxidants.
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in low-Mg conditions. The cells were pre-incubated with apocynin or NAC for 60 min. Then, the
medium was discarded, and fresh medium containing either 0.1 or 1.0 mM Mg added with apocynin
(10 µM) or NAC (1 mM) was added for an additional 90 min. p50 and p65 activities were quantified by
TransAM NF-κB analysis on nuclear extracts. Results are expressed as arbitrary units and represent
the mean ± SD of three separate experiments in triplicate. * p ≤ 0.05; ** p ≤ 0.01.

3.3. Mg Deficiency Modulates the Release of NO through the Upregulation of iNOS

We then investigated whether low Mg affected NOS activity in HUVECs cultured
in Mg-deficient medium. Following 24 h of culture in media containing either 0.1 or
1.0 mM Mg, NOS activity was found to be elevated in HUVECs exposed to 0.1 mM Mg,
compared to controls, as evidenced by the Griess assay (Figure 3a) and confirmed through
mass spectrometry analysis (Figure 3b). Notably, both methods yielded consistent results.
Therefore, we used the Griess method in all the following studies.
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in triplicate at least three times. NO levels in culture medium were measured by the Griess method (a)
and mass spectrometry (b). (c) Western blot was performed to evaluate the total amounts of iNOS,
eNOS, and eNOS/p-Ser1177 (p-eNOS). Anti-GAPDH antibodies were used as a control of equal
loading. A representative blot and densitometry performed on three independent experiments and
obtained by ImageJ are shown. (d) The mRNA expressions of iNOS were analyzed by real-time
PCR. (e) NO levels were measured in the medium of the cells using the Griess method after silencing
iNOS. Non-silencing scrambled sequences (NS) were used as controls. * p ≤ 0.05; ** p ≤ 0.01; and
*** p ≤ 0.001.

To elucidate which isoform of NOS contributed to the increased NO levels observed
upon culture in Mg-deficient medium, we assessed the total amounts of iNOS and eNOS,
the two enzymes responsible for NO production in endothelial cells. Since the phosphoryla-
tion of eNOS-Ser1177 has been shown to enhance enzyme activity [19], we also determined
the levels of eNOS/p-Ser1177. Using Western blot, we consistently observed a significant
upregulation of iNOS in HUVECs cultured in 0.1 mM Mg-containing medium for 24 h,
while the levels of eNOS and eNOS/p-Ser1177 remained unchanged (Figure 3c). To un-
cover the mechanism underlying iNOS upregulation, we conducted RT-PCR and detected
a substantial increase in the iNOS transcript in cells cultured in 0.1 mM Mg-containing
medium (Figure 3d). iNOS silencing reduced the levels of the transcript, with respect to
cells transfected with non-silencing scrambled sequences used as controls, and reduced
NO levels as well (Figure 3e).

3.4. The Role of NO in Mediating Endothelial Response to Low Mg

To assess the role of NO in mediating some of the effects of Mg deficiency in HUVECs,
we investigated cell proliferation and permeability after silencing iNOS. Figure 4a shows
that siRNA against iNOS rescues the low-Mg-induced retardation of cell proliferation after
24 and 72 h. We also demonstrated that silencing iNOS prevents hyperpermeability in cells
cultured in low Mg (Figure 4b).
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Figure 4. NO mediates low-Mg effects on cell proliferation and permeability. All the experiments
were performed in triplicate at least three times. HUVECs were cultured in 1.0 mM Mg + NS, 0.1 mM
Mg + NS, or 0.1 mM Mg + siRNA iNOS. (a) Cells were counted after 24 and 72 h using an automatic
cell counter. (b) Permeability was measured using the Transwell method after 24 h. The data are
expressed as the percentage vs. *** p ≤ 0.001.

4. Discussion

Mg has long been recognized as an essential macronutrient involved in vital processes;
however, the impact of its deficiency on health is underestimated. Because of decreased
Mg content in crops, the loss of Mg during food processing and refining, and medications,
about two-thirds of individuals in developed nations do not meet their minimum daily
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dietary Mg requirement [20]. Reduced Mg intake has been associated with chronic inflam-
mation and heightened oxidative stress [4]. Multiple surveys have shown that dietary Mg
is inversely correlated with plasma levels of the C-reactive protein, an inflammation marker,
and thiobarbituric acid reactive substances, indicative of lipid peroxide content [21]. At
the interface between blood and tissue, endothelial cells rapidly sense Mg fluctuations
and inflammatory mediators. Although many studies report the onset of endothelial
dysfunction under Mg restriction [2], the mechanisms involved are not completely un-
veiled. Here, we demonstrated the central role of NO generated by the upregulation of
iNOS in mediating the effects of low Mg in human endothelial cells. NO, a short-lived
radical, serves as a signaling molecule governing various functions, from the regulation
of vascular tone to neurotransmission, immune response, and oxidation-sensitive mecha-
nisms. Vascular endothelial cells continuously produce NO, which relaxes smooth muscle
cells, prevents platelet activation, and controls endothelial cell permeability and adhesive-
ness [10]. Constitutively synthesized NO, through eNOS, maintains the barrier function
and does not impact cell proliferation. On the contrary, the activation of iNOS and the
subsequent overproduction of NO inhibit cell growth without affecting cell viability [22].
Of note, hypercholesterolemia, mechanical injuries, and inflammatory mediators, all in-
volved in atherogenesis, upregulate iNOS [23]. Accordingly, iNOS is overexpressed in
human coronary atherosclerotic plaques [24]. Low Mg is an additional factor triggering
the upregulation of iNOS in endothelial cells, in part through transcriptional regulation.
Indeed, we demonstrated that the excessive NO resulting from iNOS upregulation is the
cause of barrier dysfunction and growth retardation, important aspects in atherogenesis,
in HUVECs cultured in low-Mg conditions. Of interest, Mg deficiency also enhances NO
production via iNOS in alveolar macrophages [25] and in osteoblasts, where it is involved in
braking cell growth [26]. An intriguing issue is that when cultured in high-Mg conditions,
HUVECs also produce more NO, primarily due to elevated eNOS activity [2]. Under these
conditions, the cells exhibit enhanced proliferation. In brief, through different mechanisms,
both low and high Mg increase NO synthesis, but the impact on endothelial behavior is
diametrically opposed. It is only under low-Mg conditions that pathways leading to the
accumulation of ROS are activated. It can therefore be hypothesized that ROS and NO
synergize to generate a highly pro-oxidative environment, which ultimately slows down
HUVECs growth. It is feasible that high NO levels in HUVECs might generate peroxynitrite
(ONOO−) by reacting with superoxide, further aggravating the redox imbalance induced
by low Mg. While it is well accepted that Mg deficiency is associated with oxidative stress
in vivo and in vitro, the mechanisms involved have not been completely clarified. Here,
we provided evidence that multiple mechanisms contribute to generate a pro-oxidant state
under low-Mg conditions. We previously excluded the mitochondria as a source of ROS
in HUVECs cultured in low Mg [6], which is not surprising, considering that about 80%
of ATP comes from glycolysis rather than from the electron transport chain [27]. Here, we
showed the activation of NADPH oxidase, the principal oxidase system responsible for
oxidative stress in vascular diseases, in HUVECs cultured in Mg-deficient medium [28].
NADPH oxidase activation leads to the formation of superoxide and hydrogen peroxide
(H2O2), which then activate other enzymatic systems, leading to the secondary overpro-
duction of ROS [28]. The activation of NADPH oxidase also results in eNOS uncoupling,
an event that further increases ROS production [28]. Moreover, in Mg-deficient HUVECs,
we confirmed the upregulation of TXNIP, which promotes oxidative stress by inhibiting
thioredoxin scavenging activity [29] and modulates inflammatory responses [30]. Also, the
GSH/GSSG ratio, a commonly used sensitive biomarker of the redox status [31], is reduced
in cells cultured in low Mg, as previously reported in red blood cells from Mg-deficient
rats [32].

Elevated concentrations of ROS are responsible for the activation of NF-κB. Similarly
to what occurs after treating endothelial cells with LPS and TNF-alpha [33], antioxidants
prevent the activation of NF-κB in HUVECs cultured in low-Mg conditions. We therefore
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propose that the accumulation of ROS in Mg-deficient HUVECs activates NF-κB, which in
turn fuels inflammatory responses, including the upregulation of iNOS (Figure 5).
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Figure 5. Graphical summary. Low-Mg conditions promote a highly pro-oxidant environment
through various pathways. High ROS levels activate NF-kB, which in turn fuels inflammatory
responses, including the upregulation of iNOS. ROS and NO contribute to retarding cell proliferation
and inducing hyperpermeability. Further experiments are necessary to measure ONOO- under our
experimental conditions.

5. Conclusions

The role of Mg deficiency in promoting cardiovascular diseases is supported by clinical
studies [34]. By elucidating the intricate relationship between Mg deficiency and endothelial
cell function, this paper seeks to provide insights into novel approaches for preventing or
managing cardiovascular diseases by optimizing Mg status through an appropriate and
balanced diet, rich in Mg, with the aim of preserving endothelial health.

Author Contributions: Conceptualization, F.I.W. and J.A.M.; formal analysis, S.C., V.T., P.C., F.I.W.
and J.A.M.; funding acquisition, J.A.M.; methodology, G.F., S.C., V.T., I.Z., M.B., S.M.C. and P.C.;
resources, J.A.M.; validation, G.F., S.C., V.T., I.Z. and S.M.C.; writing—original draft, J.A.M.; writing—
review and editing, S.C. and J.A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kostov, K.; Halacheva, L. Role of Magnesium Deficiency in Promoting Atherosclerosis, Endothelial Dysfunction, and Arterial

Stiffening as Risk Factors for Hypertension. Int. J. Mol. Sci. 2018, 19, 1724. [CrossRef] [PubMed]
2. Maier, J.A.M. Endothelial cells and magnesium: Implications in atherosclerosis. Clin. Sci. 2012, 122, 397–407. [CrossRef] [PubMed]
3. Almousa, L.A.; Salter, A.M.; Castellanos, M.; May, S.T.; Langley-Evans, S.C. The Response of the Human Umbilical Vein

Endothelial Cell Transcriptome to Variation in Magnesium Concentration. Nutrients 2022, 14, 3586. [CrossRef] [PubMed]
4. Maier, J.A.; Castiglioni, S.; Locatelli, L.; Zocchi, M.; Mazur, A. Magnesium and inflammation: Advances and perspectives. Semin.

Cell Dev. Biol. 2021, 115, 37–44. [CrossRef] [PubMed]
5. Locatelli, L.; Fedele, G.; Castiglioni, S.; Maier, J.A. Magnesium Deficiency Induces Lipid Accumulation in Vascular Endothelial

Cells via Oxidative Stress—The Potential Contribution of EDF-1 and PPARγ. Int. J. Mol. Sci. 2021, 22, 1050. [CrossRef] [PubMed]
6. Locatelli, L.; Fedele, G.; Maier, J.A. The Role of Txnip in Mediating Low-Magnesium-Driven Endothelial Dysfunction. Int. J. Mol.

Sci. 2023, 24, 8351. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms19061724
https://www.ncbi.nlm.nih.gov/pubmed/29891771
https://doi.org/10.1042/CS20110506
https://www.ncbi.nlm.nih.gov/pubmed/22248353
https://doi.org/10.3390/nu14173586
https://www.ncbi.nlm.nih.gov/pubmed/36079843
https://doi.org/10.1016/j.semcdb.2020.11.002
https://www.ncbi.nlm.nih.gov/pubmed/33221129
https://doi.org/10.3390/ijms22031050
https://www.ncbi.nlm.nih.gov/pubmed/33494333
https://doi.org/10.3390/ijms24098351
https://www.ncbi.nlm.nih.gov/pubmed/37176057


Nutrients 2024, 16, 1406 10 of 11

7. Riahi, Y.; Kaiser, N.; Cohen, G.; Abd-Elrahman, I.; Blum, G.; Shapira, O.M.; Koler, T.; Simionescu, M.; Sima, A.V.; Zarkovic, N.;
et al. Foam cell-derived 4-hydroxynonenal induces endothelial cell senescence in a TXNIP-dependent manner. J. Cell. Mol. Med.
2015, 19, 1887–1899. [CrossRef] [PubMed]

8. Wang, R.; Guo, Y.; Li, L.; Luo, M.; Peng, L.; Lv, D.; Cheng, Z.; Xue, Q.; Wang, L.; Huang, J. Role of thioredoxin-interacting protein
in mediating endothelial dysfunction in hypertension. Genes Dis. 2022, 9, 753–765. [CrossRef] [PubMed]

9. Paravicini, T.M.; Yogi, A.; Mazur, A.; Touyz, R.M. Dysregulation of vascular TRPM7 and annexin-1 is associated with endothelial
dysfunction in inherited hypomagnesemia. Hypertension 2009, 53, 423–429. [CrossRef]

10. Tousoulis, D.; Kampoli, A.M.; Tentolouris, C.; Papageorgiou, N.; Stefanadis, C. The role of nitric oxide on endothelial function.
Curr. Vasc. Pharmacol. 2012, 10, 4–18. [CrossRef]

11. Cazzaniga, A.; Scrimieri, R.; Giani, E.; Zuccotti, G.V.; Maier, J.A.M. Endothelial Hyper-Permeability Induced by T1D Sera Can be
Reversed by iNOS Inactivation. Int. J. Mol. Sci. 2020, 21, 2798. [CrossRef] [PubMed]

12. Medina-Leyte, D.J.; Domínguez-Pérez, M.; Mercado, I.; Villarreal-Molina, M.T.; Jacobo-Albavera, L. Use of Human Umbilical
Vein Endothelial Cells (HUVEC) as a Model to Study Cardiovascular Disease: A Review. Appl. Sci. 2020, 10, 938. [CrossRef]

13. Santosh Raju, K.; BhaskaraRao, J.V.; Naidu, B.T.K.; Sunil Kumar, N. A Study of Hypomagnesemia in Patients Admitted to the
ICU. Cureus 2023, 15, e41949. [CrossRef] [PubMed]

14. Malpuech-Brugère, C.; Nowacki, W.; Daveau, M.; Gueux, E.; Linard, C.; Rock, E.; Lebreton, J.; Mazur, A.; Rayssiguier, Y.
Inflammatory response following acute magnesium deficiency in the rat. Biochim. Biophys. Acta 2000, 1501, 91–98. [CrossRef]
[PubMed]

15. Tsikas, D. Simultaneous derivatization and quantification of the nitric oxide metabolites nitrite and nitrate in biological fluids by
gas chromatography/mass spectrometry. Anal. Chem. 2000, 72, 4064–4072. [CrossRef] [PubMed]

16. Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 2009, 390, 191–214. [CrossRef] [PubMed]

17. Ranneh, Y.; Ali, F.; Akim, A.M.; Khazaai, H.; Fadel, A. Crosstalk between reactive oxygen species and pro-inflammatory markers
in developing various chronic diseases: A review. Appl. Biol. Chem. 2017, 60, 327–338. [CrossRef]

18. Zhang, Z.; Xiong, T.; Zheng, R.; Huang, J.; Guo, L. N-acetyl cysteine protects HUVECs against lipopolysaccharide-mediated
inflammatory reaction by blocking the NF-κB signaling pathway. Mol. Med. Rep. 2019, 20, 4349–4357. [CrossRef] [PubMed]

19. Mount, P.F.; Kemp, B.E.; Power, D.A. Regulation of endothelial and myocardial NO synthesis by multi-site eNOS phosphorylation.
J. Mol. Cell. Cardiol. 2007, 42, 271–279. [CrossRef]

20. Fiorentini, D.; Cappadone, C.; Farruggia, G.; Prata, C. Magnesium: Biochemistry, Nutrition, Detection, and Social Impact of
Diseases Linked to Its Deficiency. Nutrients 2021, 4, 1136. [CrossRef]

21. Nielsen, F.H. Dietary Magnesium and Chronic Disease. Adv. Chronic Kidney Dis. 2018, 25, 230–235. [CrossRef] [PubMed]
22. Heller, R.; Polack, T.; Gräbner, R.; Till, U. Nitric oxide inhibits proliferation of human endothelial cells via a mechanism

independent of cGMP. Atherosclerosis 1999, 144, 49–57. [CrossRef] [PubMed]
23. Chyu, K.Y.; Dimayuga, P.; Zhu, J.; Nilsson, J.; Kaul, S.; Shah, P.K.; Cercek, B. Decreased neointimal thickening after arterial wall

injury in inducible nitric oxide synthase knockout mice. Circ. Res. 1999, 85, 1192–1198. [CrossRef] [PubMed]
24. Depre, C.; Havaux, X.; Renkin, J.; Vanoverschelde, J.L.; Wijns, W. Expression of inducible nitric oxide synthase in human coronary

atherosclerotic plaque. Cardiovasc. Res. 1999, 41, 465–472. [CrossRef] [PubMed]
25. Yokoyama, T.; Oono, H.; Miyamoto, A.; Ishiguro, S.; Nishio, A. Magnesium-deficient medium enhances NO production in

alveolar macrophages isolated from rats. Life Sci. 2003, 72, 1247–1257. [CrossRef] [PubMed]
26. Leidi, M.; Dellera, F.; Mariotti, M.; Banfi, G.; Crapanzano, C.; Albisetti, W.; Maier, J.A. Nitric oxide mediates low magnesium

inhibition of osteoblast-like cell proliferation. J. Nutr. Biochem. 2012, 23, 1224–1229. [CrossRef] [PubMed]
27. Qu, K.; Yan, F.; Qin, X.; Zhang, K.; He, W.; Dong, M.; Wu, G. Mitochondrial dysfunction in vascular endothelial cells and its role

in atherosclerosis. Front. Physiol. 2022, 13, 1084604. [CrossRef] [PubMed]
28. Zhang, Y.; Murugesan, P.; Huang, K.; Cai, H. NADPH oxidases and oxidase crosstalk in cardiovascular diseases: Novel therapeutic

targets. Nat. Rev. Cardiol. 2020, 17, 170–194. [CrossRef]
29. Junn, E.; Han, S.H.; Im, J.Y.; Yang, Y.; Cho, E.W.; Um, H.D.; Kim, D.K.; Lee, K.W.; Han, P.L.; Rhee, S.G.; et al. Vitamin D3

up-regulated protein 1 mediates oxidative stress via suppressing the thioredoxin function. J. Immunol. 2000, 164, 6287–6295.
[CrossRef]

30. Wang, X.Q.; Nigro, P.; World, C.; Fujiwara, K.; Yan, C.; Berk, B.C. Thioredoxin interacting protein promotes endothelial cell
inflammation in response to disturbed flow by increasing leukocyte adhesion and repressing Kruppel-like factor 2. Circ. Res.
2012, 110, 560–568. [CrossRef]

31. Aquilano, K.; Baldelli, S.; Ciriolo, M.R. Glutathione: New roles in redox signaling for an old antioxidant. Front. Pharmacol. 2014, 5,
196. [CrossRef] [PubMed]

32. Mak, I.T.; Komarov, A.M.; Wagner, T.L.; Stafford, R.E.; Dickens, B.F.; Weglicki, W.B. Enhanced NO production during Mg
deficiency and its role in mediating red blood cell glutathione loss. Am. J. Physiol. 1996, 271, C385–C390. [CrossRef] [PubMed]

https://doi.org/10.1111/jcmm.12561
https://www.ncbi.nlm.nih.gov/pubmed/25754218
https://doi.org/10.1016/j.gendis.2020.08.008
https://www.ncbi.nlm.nih.gov/pubmed/35782967
https://doi.org/10.1161/HYPERTENSIONAHA.108.124651
https://doi.org/10.2174/157016112798829760
https://doi.org/10.3390/ijms21082798
https://www.ncbi.nlm.nih.gov/pubmed/32316573
https://doi.org/10.3390/app10030938
https://doi.org/10.7759/cureus.41949
https://www.ncbi.nlm.nih.gov/pubmed/37588302
https://doi.org/10.1016/S0925-4439(00)00018-1
https://www.ncbi.nlm.nih.gov/pubmed/10838183
https://doi.org/10.1021/ac9913255
https://www.ncbi.nlm.nih.gov/pubmed/10994966
https://doi.org/10.1515/BC.2009.033
https://www.ncbi.nlm.nih.gov/pubmed/19166318
https://doi.org/10.1007/s13765-017-0285-9
https://doi.org/10.3892/mmr.2019.10678
https://www.ncbi.nlm.nih.gov/pubmed/31545445
https://doi.org/10.1016/j.yjmcc.2006.05.023
https://doi.org/10.3390/nu13041136
https://doi.org/10.1053/j.ackd.2017.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29793661
https://doi.org/10.1016/S0021-9150(99)00041-6
https://www.ncbi.nlm.nih.gov/pubmed/10381277
https://doi.org/10.1161/01.RES.85.12.1192
https://www.ncbi.nlm.nih.gov/pubmed/10590247
https://doi.org/10.1016/S0008-6363(98)00304-6
https://www.ncbi.nlm.nih.gov/pubmed/10341846
https://doi.org/10.1016/S0024-3205(02)02371-8
https://www.ncbi.nlm.nih.gov/pubmed/12570925
https://doi.org/10.1016/j.jnutbio.2011.06.016
https://www.ncbi.nlm.nih.gov/pubmed/22209000
https://doi.org/10.3389/fphys.2022.1084604
https://www.ncbi.nlm.nih.gov/pubmed/36605901
https://doi.org/10.1038/s41569-019-0260-8
https://doi.org/10.4049/jimmunol.164.12.6287
https://doi.org/10.1161/CIRCRESAHA.111.256362
https://doi.org/10.3389/fphar.2014.00196
https://www.ncbi.nlm.nih.gov/pubmed/25206336
https://doi.org/10.1152/ajpcell.1996.271.1.C385
https://www.ncbi.nlm.nih.gov/pubmed/8760069


Nutrients 2024, 16, 1406 11 of 11

33. Park, H.S.; Chun, J.N.; Jung, H.Y.; Choi, C.; Bae, Y.S. Role of NADPH oxidase 4 in lipopolysaccharide-induced proinflammatory
responses by human aortic endothelial cells. Cardiovasc. Res. 2006, 72, 447–455. [CrossRef] [PubMed]

34. Fritzen, R.; Davies, A.; Veenhuizen, M.; Campbell, M.; Pitt, S.J.; Ajjan, R.A.; Stewart, A.J. Magnesium Deficiency and Car-
diometabolic Disease. Nutrients 2023, 15, 2355. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cardiores.2006.09.012
https://www.ncbi.nlm.nih.gov/pubmed/17064675
https://doi.org/10.3390/nu15102355

	Introduction 
	Materials and Methods 
	Cell Culture 
	ROS Measurement 
	Determination of NADPH Oxidase Activity 
	Reduced to Oxidized Glutathione (GSH/GSSG) Ratio 
	Determination of NO Levels 
	Real-Time PCR 
	Western Blot Analysis 
	NF-B Activation by TransAM Assay 
	Statistical Analysis 

	Results 
	Mg Deficiency Increases ROS Production by Activating NADPH Oxidase and Upregulating TXNIP 
	Antioxidants Prevent the Activation of NF-B 
	Mg Deficiency Modulates the Release of NO through the Upregulation of iNOS 
	The Role of NO in Mediating Endothelial Response to Low Mg 

	Discussion 
	Conclusions 
	References

