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ABSTRACT  

Background: Inflammation is a common feature in chronic kidney disease (CKD) 

that appears specifically associated with cardiovascular derangements in CKD patients. 

Observational studies have revealed a link between low Mg levels and inflammation. In this 

study, we hypothesize that Mg might have a modulatory effect on the inflammation induced 

under the uremic milieu. 

Methods: In vivo studies were performed in a 5/6 nephrectomized rat model of 

CKD. Furthermore, a possible direct effect of Mg was addressed through in vitro studies 

with vascular smooth muscle cells (VSMCs).  

Results: Uremic rats fed a normal (0.1%) Mg diet showed a systemic inflammatory 

response evidenced by the elevation in plasma of the pro-inflammatory cytokines TNF-α, 

IL-1β and IL-6, and GPx activity, a marker of oxidative stress. Importantly, an increased 

expression of these cytokines in the aortic tissue was also observed. In contrast, a dietary 

Mg supplementation (0.6%), greatly prevented the oxidative stress and the pro-

inflammatory response. In vitro, in VSMCs cultured in a pro-inflammatory high-phosphate 

medium, incubation with Mg 1.6 mM inhibited the increase in the production of ROS, the 

rise in the expression of TNF-α, IL-1β, IL-6 and IL-8 and the activation of NF-κB signaling 

that was observed in cells incubated with a normal (0.8 mM) Mg.  

Conclusion: Mg supplementation reduced inflammation associated to CKD; 

exerting a direct effect on vascular cells. These findings support a possible beneficial effect 

of Mg supplementation along the clinical management of CKD patients. 

 

Key words: Chronic kidney disease, Inflammation, Magnesium, Phosphate, 

Uremia, Vascular smooth muscle cells.  
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ABBREVIATIONS  
 

Ca, calcium; 

CKD, Chronic kidney disease;  

CTR, Calcitriol;  

CVD, Cardiovascular disease; 

DMEM, Dulbecco's Modified Eagle Medium;  

DTT: Dithiothreitol; 

eGFR, estimated Glomerular filtration rate: 

FBS, Fetal bovine serum; 

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; 

GPx: Glutathione peroxidase; 

H2DCFDA, 2′,7′-Dichlorofluorescin diacetate; 

HP, high phosphate; 

IMIBIC, Instituto Maimónides de Investigación Biomédica de Córdoba; 

IL-1β, IL-6, IL-8, interleukins 1β, 6, 8, respectively; 

NF-p65, Nuclear factor kappa-light-chain-enhancer of activated B cells protein 65; NF-

, Nuclear factor kappa-light-chain-enhancer of activated B cells;  

Nx, nephrectomy/ nephrectomized; 

P, phosphate; 

PMSF: Phenylmethylsulfonyl fluoride; 

ROS, reactive oxygen/nitrogen species; 

TFIIB, Transcription Factor II B; 

TNF-, Tumor necrosis factor alpha;  

VSMCs, vascular smooth muscle cells; 
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INTRODUCTION 
Observational studies have revealed a link between low Mg levels, inflammation 

and a number of pathological derangements (1-5). Experimental animals with Mg 

deficiency showed systemic inflammation with increased levels of inflammatory markers as 

cytokines and acute phase proteins (6). Conversely, Mg repletion reduced inflammatory 

markers (7). Oxidative stress, has been also constantly reported in Mg-deficient animals 

(8). In fact, there has been established a mechanistic relationship between inflammation and 

oxidative stress. Overproduction of reactive oxygen species (ROS) may up-regulates pro-

inflammatory mediators, such as NF-κB (9), whereas, inflammatory cytokines may also 

induce oxidative stress, which in turn enhances the inflammatory process (10,11). There are 

many epidemiologic, clinical and experimental data supporting a key role of Mg in 

cardiovascular pathology (1,3,5,12,13), which might largely take place through the 

inflammatory process (1,2,14,15). Importantly, Mg appears to exert a direct modulation of 

the vascular function by acting on both, endothelial and VSMCs. Hypomagnesemia has 

been associated with endothelial dysfunction (16) and vascular calcification (4), which 

contributes to atherosclerosis by favoring the establishment of a pro-inflammatory and pro-

atherogenic setting (17); while high dietary Mg and moderate hypermagnesemia has a 

protective effect (12,18,19).  

Chronic systemic inflammation and oxidative stress are common features in CKD 

(20-22) and have also been associated specifically to the progression of cardiovascular 

disease, the major cause of morbidity and mortality in CKD patients (23,24). Of note, low 

Mg appeared independently associated with incidence and progression of CKD (25) and 

estimated glomerular filtration rate (eGFR) decline in the general population (26), and was 

shown to promote vascular calcification (27,28).  Our previous study demonstrated that 

dietary Mg supplementation reduced both vascular calcification and mortality in uremic 

rats in a way independent from its phosphate binder properties (29). We also showed that 

treatment of human umbilical vein endothelial cells (HUVECs) with Mg prevented the 

increased expression of BMP-2 and p65-NF-B induced by TNF-α, providing a mechanism 

whereby Mg may protect against inflammation and vascular calcification. 
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In this study, we tested the hypothesis that the protective effect of Mg 

supplementation under the uremic milieu might be related to its anti-inflammatory 

properties. Thus, the specific objectives were: (a) to evaluate whether a dietary Mg 

supplementation would be able to reduce the systemic inflammation induced along the 

uremia in rats; and, (b) to investigate a possible direct effect of Mg on the pro-inflammatory 

response by VSMCs, the other key cell type present at the vascular wall. 
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MATERIALS AND METHODS 

In vivo studies 

Animals 

Experimental work with animals was carried out at IMIBIC animal research facility. 

Nine to 10-week-old male healthy Wistar rats weighing 250–300 g, from Charles River 

(Wilmington, Massachusetts, USA) were used. Before entering the study, rats were given 

ad libitum access to a standard semi-purified diet based on the C1031 diet (Altromin, 

GmbH, Lage, Germany) prepared to contain Ca 0.8%, P 0.6% and Mg 0.1%. Euthanasia 

was performed by aortic puncture and exsanguination under general anaesthesia (20 mg/kg 

thiopental sodium ip). All experimental protocols were reviewed and approved by the 

Ethics Committee for Animal Research of the University of Cordoba, and all rats received 

humane care in compliance with the National Society for Medical Research and conform to 

Directive 2010/63/EU.  

 

Experimental design 

CKD was induced by 5»6 nephrectomy (5»6 Nx) performed through a two-step 

procedure as previously described (29). One day after the second kidney surgery, rats were 

fed a high P diet (0.6% Ca and 1.2 % P) and received calcitriol, 20 ng/48h/rat ip, (Calcijex, 

Abbott, Madrid, Spain) to control secondary hyperparathyroidism. Rats were randomly 

divided into groups (n=8-10) which were fed diets with 0.1% or 0.6% Mg content for 14 

days. Sham-operated rats receiving a normal diet containing 0.1% Mg were used as 

controls. All diets were purchased from Altromin (Altromin GmbH, Lage, Germany). After 

two weeks all rats were sacrificed. 

 

Biochemical Determinations 

Blood for biochemical analyses was obtained from the abdominal aorta at the time 

of sacrifice. Blood for measurements of ionized calcium (iCa) levels was collected in 

heparinized syringes and measured immediately in a Ciba- Corning 634 ISE Ca2+/pH 
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analyzer (Ciba- Corning, Essex, UK). Plasma was separated by centrifugation and stored at 

-20o C until further analysis. Plasma creatinine, magnesium and phosphate were measured 

by spectrophotometry (BioSystems SA, Barcelona, Spain).  

 

Determination of cytokines 

Plasma cytokines (IL-1β, IL-6 and TNF-α) were measured by using the Bio-Plex 

Pro™ Rat Single-plex Kits (Ref. 171L1008M, 171L1012M, 171L1025M, respectively; 

BioRad Laboratories, Hercules, CA, USA), following the manufacturer’s instructions. Data 

analysis was performed using the Bio-Plex® 200 system. 

 

Histological analysis 

Microscopic evaluation of the kidneys and thoracic aorta was performed in tissue 

sections (3μm) fixed with 4% paraformaldehyde solution and embedded in paraffin. Renal 

sections were stained with H&E, Masson Trichrome and periodic acid Schiff (PAS). For 

aorta sections, hematoxylin-eosin staining was performed. Inflammation, fibrosis, necrosis, 

calcification and vascular damage were evaluated by an anatomic pathologist and a 

semiquantitative assessment was performed using a scale range of intensity from 0 to 4, 

being 0: normal; 1: low; 2: mild; 3: moderate and 4: severe. 

 

Real-Time polymerase chain reaction (RT-PCR) 

Total RNA was extracted with TRIzol reagent (Sigma–Aldrich, St. Louis, MO, 

U.S.A.) and treated with DNAse (DNAse kit, St. Louis, MO, U.S.A.). cDNA was 

synthesized with iScript Retrotranscription Kit (Bio–Rad, Hercules, CA, U.S.A.). Real 

time-quantitative PCR was performed with SensiFast™ No-ROX SYBR kit (Bioline 

Reagents, Taunton, MA, U.S.A.) according to the manufacturer’s protocol in a Light cycler 

480 thermal system (LC480, Roche Diagnostic, Indianapolis, IN, U.S.A.). The expression 

of target genes was normalized to the expression of glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH). Each data point was normalized to corresponding control values 

in data presentation. The primers for PCR amplification are indicated in Table 1. 

Evaluation of Glutathione peroxidase (GPx) activity in plasma 

It was measured according to the method by Flohé and Gunzler (1984) (30), which 

is based on the capacity of glutathione peroxidase to block free radical generation by ter-

butylhydroperoxide. 

  

In vitro studies 

VSMCs culture and experimental design 

Human aortic smooth muscle cells were obtained from Clonetics (Lonza 

Walkersville, Inc., USA). Cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with fetal bovine serum (FBS) (20%) (Bio Whittaker; Verviers, 

Belgium), Na pyruvate (1 mM), glutamine (4.5 g/L), penicillin (100 U/mL), streptomycin 

(100 mg/mL), and HEPES (20 mM) (all reagents from Sigma Aldrich Inc; MO, USA) at 

37ºC in a humidified atmosphere with 5% CO2. Cells were used after the 5th passage. After 

reaching 80-90% confluence, cells were incubated in a high phosphate medium that 

contained Na2HPO43- and NaH2PO43- salts 1:2 to obtain a final phosphate concentration of 

3.3 mM and a normal (0.8 mM) Mg concentration or supplemented with Mg 1.6 mM by the 

addition of MgCl2. Cells incubated in normal phosphate (0.9 mM) and Mg (0.8 mM) 

medium were used as controls. After 9 days of culture and treatment, total RNA from 

VSMCs was extracted as described earlier. 

Determination of cytokines  

Cytokines released by VSMCs were evaluated in the culture medium.  After the 

experimental period (9 days) was finished, the medium was recovered and stored at -80ºC 

until measurement by using the Bio-Plex Pro Human Cytokine 4-Plex system (BioRad 

Laboratories, Hercules, CA, USA), following the manufacturer’s instructions.  
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Western blot analysis  

To obtain cytosolic and nuclear fractions, treated cells were incubated for 15 min at 

4◦C in low ionic strength lysis buffer A, pH 7.9, containing 10 mM HEPES, 10 mM KCl, 

0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF), 70 mg/ml protease inhibitor cocktail, 0.5% Igepal CA-630 (Sigma–

Aldrich, St. Louis, MO, USA). The suspension was centrifuged at 13000×g for 3 min at 

4◦C and supernatant (cytosolic fraction) was stored. Nuclear extracts were obtained by 

incubating the remaining nuclear pellets on ice in high ionic strength lysis buffer B (20 mM 

HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.1 M DTT, 1 mM PMSF, 46 

mg/ml protease inhibitor cocktail (Sigma–Aldrich, St. Louis, MO, USA) for 15 min, with 

repeated vortexing and centrifuged at 14000×g for 5 min at 4◦C, and then supernatants 

(nuclear fractions) were collected and stored at –80◦C until use. Equal amounts of protein 

from nuclear extracts were loaded and electrophoresed on SDS/PAGE (10% gel) and 

subsequently transferred to a nitrocellulose membrane (Invitrogen, CA, U.S.A.). The 

membranes were blocked in TTBS with 5% non-fat dry milk powder (Bio–Rad) 1 h at 

room temperature and incubated overnight at 4◦C with p65-NF-κβ antibody (1:500, Santa 

Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and a transcription factor II B (TFIIB) 

antibody (1:1000, Cell Signalling, Danvers, MA. USA). Blots were immunolabeled using a 

horseradish peroxidase-conjugated secondary antibody and developed on autoradiographic 

film using the ECL Advance Western blotting detection system (Amersham biosciences, 

UK, Ltd., Little Chalfont, England). Specific bands were quantified by densitometric 

analyses (by measurement of the integrated optical) with Image J software (National 

Institutes of Health, Bethesda, MA, USA). The band density for the target protein in each 

sample was normalized to TFIIB levels. 

 

Confocal microscopy analysis 

Cells were seeded on coverslips, and after reaching 90% confluence, they received 

the different treatments for 24 h. Then, they were rinsed in PBS, fixed and permeated in 

cold 50% methanol for 2 min, cold 100% methanol for 20 min, and cold 50% methanol for 

2 min. Then, cells were washed in PBS (3x5 min) and incubated for 1 h with anti-p65-
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NFκB (1:150, Ref. SC-8008, Santa Cruz Biotechnology, Santa Cruz, CA, USA) in blocking 

solution (1% BSA) at room temperature. After being washed with PBS (3x5 min), cells 

were incubated for 1 h with Alexa Fluor 488 F(ab’)2 fragment of rabbit anti-mouse IgG 

(1:5000; Invitrogen, Ref A-21204, Paisley, UK) in PBS containing 1% BSA. After a final 

wash with PBS (3x5 min), DAPI (Invitrogen, CA, USA) was used for nuclear stain. 

Finally, the glass coverslips were mounted on slides to examine fluorescence. Pictures were 

obtained at 40x in Axio Observer Z1 (LSM710 Exciter Zeiss). Image J software (NIH, 

USA) was used to analyze confocal immunofluorescence staining. A ROI analysis was 

performed to quantifying fluorescence intensity in the nuclei, being compared with the 

blue-DAPI pixels identifying the nuclear region. 

Analysis of ROS production, proliferation and cell death  

VSMCs were plated at a density of 10000 cells/cm2 in black 96-well plates with 

clear bottom. When the cell confluence reached 90%, they received the corresponding 

experimental treatments for 24 hours. The production of intracellular ROS was determined 

with the probe 2-,7-dichlorodihydrofluorescein diacetate (H2DCFDA) at a concentration of 

10 μM. This non-fluorescent probe becomes fluorescent in the presence of a variety of 

ROS.  After treatments, the medium was removed and the cells were washed twice with 

serum-free DMEM. The probe was diluted in serum-free DMEM and added to cells for 30 

min. Cells were then washed with saline and HBSS. Finally, 100 μl of HBSS with 2% FBS 

was added to the cells. Fluorescence was measured immediately at an excitation 

wavelength of 485 nm and an emission wavelength of 535 nm using infinite F200PRO 

Tecan Microplate Reader using i-control software for data acquisition (Tecan Trading AG, 

Männedorf, Switzerland). In order to obtain a representative signal into the well, the 

reading of the plate in the fluorimeter was performed in an ‘acquisition mode 3 × 3’, 

covering a wider surface of each well of M96 plate. Fluorescence units (F.U.) were 

normalized based on protein amount measured by the Bradford assay. Proliferation rate was 

measured through the WST-1 assay (Roche Diagnostic GmbH, Mannheim, Germany) 

following the manufacturer instructions. After treatments, WST-1 reagent was added to 

each well and after 1h of incubation, the absorbance was measured at 450 nm using the 

microplate (ELISA) reader. Cell death was evaluated by using a LDH cytotoxicity assay kit 
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(Canvax Biotech, Córdoba, Spain) following the manufacturer instructions. Briefly, after 

treatments, 50µl of culture supernatant from each well was transferred to a new 96-well 

plate and 50µl of reaction mixture from kit was added. The plate was incubated in the dark 

at room temperature for 30 min. Then, 50µl of stop solution was added and the absorbance 

was measured at 450 nm using the microplate (ELISA) reader. 

 

Statistical analysis 

Results are expressed as mean ± SEM. The difference between means was assessed 

by One-way analysis of variance (ANOVA) followed by post hoc Duncan analysis. A two-

sided P-value of less than 0.05 was considered statistically significant. These analyses were 

performed with SPSS 20.0 software (Chicago, IL, USA).  

 

 Reporting of the study conforms to broad EQUATOR guidelines. 
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 RESULTS 

In vivo experiments 

Blood chemistry of experimental groups is shown in Table 2. As expected, there 

was a marked increase of creatinine in the Nx rats fed a normal-Mg diet, in comparison 

with the control (sham-operated) rats; however, this increase was partially prevented in the 

rats receiving Mg 0.6%.  Similarly, nephrectomized rats had higher serum P level; but those 

fed Mg 0.6% showed lower values than the Nx-Mg 0.1% group. The serum Mg was 

increased in the Nx rats but it was significantly greater in the group receiving Mg 0.6% 

than in the Nx-Mg 0.1%.  The serum ionized calcium was reduced in Nx rats but the levels 

were lower in rats fed the 0.1% Mg diet.  

Histological examination of kidneys (Figure 1) revealed that Nx-Mg 0.1% animals 

showed both renal tubular and glomerular lesions, inflammation and increased interstitial 

cellularity. Tubular cell toxicity, inflammatory reaction, fibrosis and calcification were also 

more prominent in the Nx-Mg 0.1% than in the Nx-Mg 0.6% group. In the Nx-Mg 0.1% 

rats, inflammatory findings were present, mainly at the periglomerular level and the 

intertubular zone, where mixed inflammation (lymphocytes and neutrophils) could be 

observed. This inflammation appeared reduced in Nx-Mg 0.6% rats compared to the Nx-

Mg 0.1% ones, which is probably related to the greater severity of the tubular necrosis and 

calcification changes found in this last group. Similarly, necrosis and vascular damage were 

also reduced after dietary Mg supplementation. 

 

Dietary Mg supplementation reduced pro-inflammatory cytokine production 
and oxidative stress induced in rats with CKD 

As shown in Figure 2, plasma level of pro-inflammatory cytokines, namely TNF-α, 

IL-1β and IL-6, was markedly increased in the nephrectomized rats fed the normal Mg 

0.1% diet in comparison with the control (sham-operated) rats, as assessed by bio-plex 

analysis. However, though an increase was also observed in rats receiving the Mg 0.6% 

diet, it was significantly lower than that of the Nx- Mg 0.1% rats. Since oxidative stress is 

related to CKD (22,31), we also evaluated this process in the study groups. It was 

performed by measuring in plasma the activity of the antioxidant enzyme GPx, which is 
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well-known to be induced to counteract the increase in the levels of ROS. As shown in 

Figure 2D, GPx activity was greatly increased in Nx rats on the Mg 0.1%, as compared to 

Sham-operated rats. However, this increase was largely prevented in Nx rats on the Mg 

0.6%. Therefore, Mg supplementation appeared to alleviate the increase of pro-

inflammatory cytokines as well as the induction of oxidative stress related to the 

development of the renal insufficiency. 

 

Dietary Mg supplementation reduced pro-inflammatory cytokine expression in 
the aortic tissue and the histological injury induced in rats with CKD. 

Next, we looked specifically at the aortic tissue (Figure 3). The pattern of 

expression of all the studied cytokines at the mRNA level mirrored that observed at the 

protein level in plasma (Figure 3A). Furthermore, it was histologically showed that dietary 

Mg supplementation (Mg 0,6%) reduced significantly aorta inflammation, vascular damage 

and dilatation observed in the Nx- Mg 0.1% rats (Figure 3B-F). In aortas from the Sham 

group a conserved parenchymal structure without inflammation, necrosis or fibrosis was 

observed. As we had previously demonstrated (29), a reduction in vascular calcification 

was also observed in the Nx- Mg 0.6% rats compared to the Nx- Mg 0.1% group. 

Therefore, Mg supplementation reduced specifically the expression of pro-inflammatory 

cytokines and vascular damage in aortic tissues. 

 

In vitro experiments 

Treatment with Mg prevented HP-induced increase in pro-inflammatory 
cytokines in VSMCs 

Experiments were performed with a model of VSMCs cultured in a medium with 

high phosphate (HP), which is as a direct uremia-related pro-inflammatory factor (32). As 

expected, cells cultured in a high phosphate (HP) concentration (3.3 mM) with a normal 

Mg concentration (0.8 mM) showed an increased release of inflammatory mediators such 

as IL-1β, IL-6, IL-8 and TNF-α as compared to controls (Figure 4A).  The addition of Mg 

1.6 mM to the HP medium totally prevented the increase in the cytokine production, 
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resulting in values similar to the control. The expression of cytokines at the mRNA level 

showed a similar pattern to that described for the protein level: in the HP-Mg 0.8 mM 

medium there was a marked increase of all cytokines but this was completely inhibited by a 

Mg of 1.6 mM in the HP- medium (Figure 4B). 

 

Treatment with Mg prevented HP-induced activation of NF-B signaling 

pathway in VSMCs 

Since we had previously shown in VSMCs that a HP medium was able to induce the 

secretion of inflammatory cytokines through the NF-B signaling system (32), here we 

evaluated whether it would be modulated by Mg. Western blotting analysis revealed that, as 

compared to control cells, in cells cultured in the HP-Mg 0.8 mM medium there was an 

increase in the nuclear content of p65-NF-B medium (Figure 5A). However, the addition 

of Mg 1.6 mM to the HP medium prevented the nuclear translocation of p65-NF-B. These 

results were confirmed through immunofluorescence staining. As shown in Figure 5B, 

control cells had scattered signal of p65-NF-B in the cytoplasm while in HP-Mg 0.8 mM-

treated cells there was an enhanced nuclear staining of p65-NF-B. Analysis of green 

fluorescence intensity in all samples also corroborated the inhibition of the nuclear 

translocation of p65-NF-B induced by the addition of Mg 1.6 mM to the HP medium. 

 

Treatment with Mg prevented HP-induced increase in ROS production, 
proliferation and cell death in VSMCs  

ROS production was measured through fluorescence by using the H2DCFDA probe. 

As shown in Figure 6A, fluorescence intensity was significantly increased in cells cultured 

in in the HP-Mg 0.8 mM medium as compared with control cells. Conversely, when the 

cells were cultured in the HP+Mg 1.6 mM medium, the high level of H2DCFDA 

fluorescence induced by high phosphate was significantly reduced. In the cells cultivated in 

the HP with a normal (0.8 mM) Mg concentration there was also a significant increase in 

the proliferation rate measured through the WST-1 assay, which was prevented when Mg 

1.6 mM was added to the cultures (Figure 6B). Furthermore, as demonstrated by the LDH 
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assay, cell death was induced in cells cultured in in the HP-Mg 0.8 mM medium but it was 

significantly inhibited in the cells cultured in the medium containing Mg 1.6 mM (Figure 

6C). 
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DISCUSSION 

This study aimed at assessing a possible modulatory effect of Mg on the 

inflammatory processes associated with CKD. The in vivo studies in uremic rats showed 

certainly that a dietary Mg supplementation reduced the systemic inflammation. To assess a 

direct effect of Mg, additional in vitro studies were performed where the addition of Mg 

inhibited the pro-inflammatory response induced by high phosphate in VSMCs, acting on 

the NF-B signaling pathway.  

As in our previous work (29), here we used an in vivo model of renal insufficiency 

(a 5/6 Nx plus a high phosphate diet) that resembles the mineral abnormalities associated 

with CKD, and rats received a diet containing either a normal (0.1%) or a high (0.6%) Mg 

content. Though a content of 0.05% has been extensively used as normal in rat 

experimental studies, a slightly higher dietary concentration might be required if the 

experimental conditions might affect the absorption of Mg. A high dietary phosphate 

content can reduce the absorption and/or availability of Mg and a decreased magnesium 

absorption is often found in renal disease (33). Similarly to our conditions, contents of 

0.1% or around has been also stablished as the normal levels in many studies addressing 

dietary Mg supplementation, in which a 0.6% Mg was also given as a high-Mg diet (34-37). 

Our results showed that in the uremic rats fed a normal Mg (0.1%) a systemic inflammatory 

response was induced, as deduced from the elevation in the plasma of the pro-inflammatory 

cytokines TNF-α, IL-1β and IL-6, which are related to acute phase responses and 

inflammation. Furthermore, this was also accompanied by increased plasma GPx activity, a 

well-known marker of the occurrence of oxidative stress.  

 Magnesium is absorbed in the gut and excess magnesium is excreted by the kidneys 

and the feces. The kidney plays a principal role in Mg balance, as serum magnesium levels 

are mostly controlled by its excretion in urine.  In the uremic setting, as renal function 

further deteriorates, the renal capacity for Mg elimination is progressively reduced to reach 

a point in that it may be insufficient to balance intestinal Mg absorption (38,39) and dietary 

Mg intake becomes a major determinant of the serum levels (39). In our study the dietary 

Mg supplementation (0.6%) produced a mild but statistically significant increase in the 

serum levels of Mg in comparison to that in the animals receiving the normal 0.1% Mg diet. 



19 
 

And importantly, Mg supplementation greatly prevented the induction of oxidative stress 

and the pro-inflammatory response elicited under the uremic conditions. Interestingly, some 

physiological alterations observed in CKD, such as the increased ROS production and the 

release of inflammatory cytokines, resembles those related to Mg deficiency. Indeed, the 

same array of pro-inflammatory cytokines that we observed were elevated in normal rats 

under Mg deficiency (6), while a Mg repletion therapy promoted an anti-inflammatory 

response and alleviated endothelial dysfunction and inflammation (7). Our data also 

showed that the elevation in the plasma levels of the pro-inflammatory cytokines was 

associated with its increased expression at the aortic tissue. And, notably, it was also down-

regulated by the Mg dietary supplementation. Though many organs and cells may have a 

role in the induction of a systemic inflammatory response, these findings point to the 

vascular wall as a key actor. Moreover, it is likely that this specific vascular inflammatory 

pattern may have a specific role in the development of the vascular alteration related to 

renal insufficiency. Indeed, our histological evaluation showed that Mg supplementation 

greatly reduced the vascular damage observed in the aortic tissues of the Nx- Mg 0.1% rats. 

In the same in vivo model of CKD we had demonstrated that a 0.6% Mg dietary 

supplementation prevented the development of vascular calcification in a phosphate binder-

independent way (29).  

In our nephrectomized rats, dietary supplementation of Mg resulted the amelioration 

of uremia, which was also associated with a marked amelioration in the histological signs 

of kidney injury. This protective effect of Mg had been already observed by us in the same 

model (29). A moderate hypermagnesemia seems to have beneficial effects on mortality in 

CKD patients (40), whereas low Mg is independently associated with incidence and 

progression of CKD (25) and with eGFR decline in the general population (26). Indeed, Mg 

may act specifically to protect against high phosphate-induced kidney injury (25). 

Interestingly, increasing Mg concentrations directly suppressed cell damage and a pro-

inflammatory response in tubular epithelial cells incubated in a high phosphate medium 

(25). Moreover, Mg has been proved as an active phosphate binder (41), so that dietary Mg 

may halt the progression of renal disease through a reduction in serum phosphorus levels. 

Reduction in phosphate also associates to increase in serum calcium by favoring 

availability and absorption of calcium and in by increasing the calcemic effect of PTH (42). 
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In addition, Mg might also improve the uremia by preventing the high phosphate-induced 

vascular and soft-tissue calcification (28, 29) that likely contribute to worsening of renal 

failure. Therefore, it cannot be excluded the possibility that in our study the partial 

protection of the kidney function would account, to some extent, for the reduction of 

inflammation. However, even assuming this association, and since there is a trade-off 

model relationship between inflammation and renal function, it is difficult to discern which 

of these processes might have been affected by supplementary Mg the first. While future 

studies are required in order to elucidate this point, in this study we further investigated 

whether the observed anti-inflammatory effect of Mg might be directly related to the 

modulation of inflammation at the vascular setting. It was addressed through the in vitro 

studies  

The modulation of the endothelial inflammatory response by Mg has been largely 

addressed already (1,7,43,44). Indeed, in a previous study we had shown that treatment 

with Mg prevented the increased expression of BMP-2 and p65-NF-B induced by TNF-α 

in HUVECs, providing a mechanism whereby Mg may protect against inflammation and 

vascular calcification (29). On the other hand, different stimuli can lead VSMCs to increase 

the production of pro-inflammatory cytokines and ROS (45,46), which prompted us to 

explore a possible independent effect of Mg on this other key cell type present at the 

vascular wall. Since our in vivo model of CKD included a high phosphate (HP) intake, 

which led to a high serum phosphate (an undoubted hallmark of uremia) and we had 

previously found that a HP has an independent direct effect as a pro-inflammatory factor in 

an in vitro model of VSMCs (32), in the present work we used this same model to address 

the role of Mg. The results showed that, as compared to cells incubated in a normal (0.8 

mM) Mg concentration, the addition to cultures of Mg 1.6 mM totally abolished the HP-

induced increase in the production of ROS and the rise of the pro-inflammatory cytokines 

TNF-α, IL-1β, IL-6 and IL-8, as measured at both the protein and mRNA level.  

NF-κB plays a major role in inducing the expression of inflammatory cytokines in 

VSMCs (32,47) and Mg inhibited endotoxin-induced up-regulation of inflammatory 

molecules and NF-B activation in activated RAW264.7 cells (48). Here, we also showed 

that the preventive effect of Mg 1.6 mM against inflammation was associated with the 
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down-regulation of NF-κB signaling through inhibiting the nuclear translocation of p65-

NF-κβ. Since we had previously stated in the same model that the inflammatory response 

by VSMCs was up-stream mediated by the ROS-induced activation of NF-B (32), it might 

likely be assumed that the inhibitory effect exerted by Mg 1.6 mM on the oxidative stress 

could also underlie its modulatory action on the NF-B-dependent inflammatory response. 

Previous studies aimed at addressing mechanistic insights on the protective effect of Mg on 

vascular cells gave relevance to the properties of Mg as a calcium antagonist (1), so that 

calcium action is susceptible of being modified by the Mg supplement. A rise in the 

intracellular calcium can activate transduction pathways leading to an increase in oxidative 

stress, the activation of the NF-κB signaling and the production of pro-inflammatory 

cytokines (49,50). Thus, as a physiological inhibitor of calcium channels, Mg might prevent 

calcium flux and therefore, the inflammatory response. 

 VSMCs can display pathological phenotypes, allowing them to dedifferentiate, 

proliferate and migrate. Uremia is able to induce VSMCs apoptosis and an osteoblatic-like 

phenotype leading to vascular calcification (51). Oxidative stress, inflammation and 

increased phosphate levels are major contributors to this phenotypic switch through the 

Wnt-Beta catenin and NF-κB signaling (45,51,52). Notably, in the same in vitro model 

used in this study, we had previously demonstrated that high phosphate induces Wnt-Beta 

catenin-dependent calcification and a ROS/NF-κB -dependent production of pro-calcific 

cytokines (28, 32,53).   Now, we show that this is accompanied by the induction of 

proliferation and cell death and both were inhibited by the addition of higher amounts of 

Mg. Cell proliferation is a major hallmark of VSMC phenotypic switch, with ROS being 

key promoting factors (51,54). Thus, it is not surprising to find such an induction in our 

cells exposed to the HP medium and its prevention by Mg is likely to occur through the 

inhibition of ROS and NF-κB activation. Furthermore, the Wnt-Beta catenin could also 

play a role, since we had demonstrated in the same model that Mg inhibits Wnt-Beta 

catenin activity and reverses the osteogenic transformation (28). Moreover, ROS and pro-

inflammatory cytokines were shown to induce VSMCs apoptosis (51,52, 54), which may 

explain our finding of increased cell death in the HP medium and the ameliorating effect of 

the addition of high Mg. In agreement with our results, simultaneous activation of apoptosis 

and proliferation signaling was observed in VSMCs following high phosphate stimulation 
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(55). Similarly, a recent study in high fructose treated VSMCs showed increased levels of 

inflammation, oxidative stress, proliferation and apoptosis mediated by the activation of 

NF-κB (56).  

  Our results support previous findings on the beneficial effects of Mg in the 

modulation of a systemic inflammatory response, and specifically extend it to that related to 

renal insufficiency. But they go even beyond by showing a specific direct effect on the 

vascular wall. This is of special interest since the vasculature appears as a preponderant 

inflammatory target under the uremic setting, which might be tightly linked to the 

development of vascular pathologies associated with CKD as atherosclerosis. 

Accumulating evidence indicates a significant relationship between Mg and the 

establishment of atherosclerosis and other CVD (5,15,57) and Mg supplementation was 

associated with their suppression or prevention (5,16,7,58); a moderate hypermagnesemia 

having a protective effect (12,18,19). Prior studies highlighted the involvement of Mg in 

the endothelial dysfunction (15,16,7,43). Here we show an important contribution of the 

VSMCs as direct targets of Mg to protect the vascular system from inflammation. Thus, the 

acknowledged protective role of Mg at the vascular level might be at least partially 

explained by its anti-inflammatory effect exerted on the VSMCs. This also supports the 

opportuneness of doing the necessary efforts to restore serum Mg levels in patients with 

hypomagnesemia in order to correct and or prevent the panoply of possible derived 

pathologies. In particular, it has been claimed the benefit of Mg repletion in patients 

suffering from cardiovascular diseases (16,18). Therefore, beyond its phosphate-binder 

action, and even though it must be kept in mind that too much magnesium could have 

adverse effects, e.g. on bone metabolism (59), Mg repletion and/or supplementation may 

arise as a valuable therapeutic option to reduce the cardiovascular alterations in CKD 

patients. 

Growing evidence suggests that the Ca/Mg intake ratio can modify significantly the 

individual associations of dietary Ca and Mg with the risk of total mortality and that due to 

CVD and cancer, so that a higher Mg could even associate with an increased risk (60-64). 

Thus, a Ca/Mg ratio between 1.70 and 2.6 may be required for high intakes of Ca and Mg 

to be protective (62). Interestingly, a recent in vitro study using the CT26 colon cancer cell 
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line showed that with Ca/Mg ratios >1, Mg deficiency resulted in oxidative stress and NF-

κB p65 activation, while this was not observed with a Ca/Mg ratio of 1 (50). Though a 

possible modifying effect of the Ca/Mg intake ratio cannot be totally discarded in our in 

vivo model, it would not likely be much relevant as it is usually important when magnesium 

or calcium are provided in deficient or barely adequate amounts, which is not the case. If 

so, further studies would be deserved to elucidate it. 

In summary, our in vivo studies showed that a dietary Mg supplementation greatly 

ameliorated the systemic inflammation and oxidative stress induced in a rat model of CKD 

and specifically reduced the expression of inflammatory cytokines at the vascular wall. 

Furthermore, in cultured VSMCs, the addition of Mg 1.6 mM inhibited the high phosphate-

induced increase in oxidative stress, the production of inflammatory cytokines and the 

activation of NF-B signaling that was observed in cells incubated with a normal (0.8 mM) 

Mg concentration. These findings deliver novel mechanistic insights into the specific cell 

mediated processes underlying the inflammation associated to CKD and the protective role 

of Mg 

In conclusion, Mg supplementation reduced inflammation associated to CKD; 

exerting a direct effect on vascular cells. Our data suggests an important contribution of the 

VSMCs as direct targets of Mg to protect the vascular system from inflammation under the 

uremic setting. These findings sustain the importance of controlling Mg levels and support 

a possible beneficial effect of Mg supplementation along the clinical management of CKD 

patients, which show a poor cardiovascular outcome. 
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 TABLES 
 

Table 1. Primers used for quantitative real-time PCR 

 

Gene Forward primer Reverse primer 

GAPDH 5′-TGATGACATCAAGAAGGTGGTGAAG-3′ 5′-TCCTTGGAGGCCATGTGGGCCAT-3′  

IL-1β  5′-CAGGATATGGAGCAACAAGTGGTG-3′  5′-GGGTAATTTTTGGGATCTACACTC-3′  

IL-6  5′-GCCCCACACAGACAGCCACTCACC-3′  5′-TGCCTCTTTGCTGCTTTCACACAT-3′  

IL-8  5′-GGTGCAGAGGGTTGTGGAGAAGTT-3′  5′-CATGAAGTGTTGAAGTAGATTTGC-3′  

TNF-α  5′-CTTGTTCCTCAGCCTCTTCTCCTTCC-3′  5′-AAGATGATCTGACTGCCTGGGCCAG-3′  
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Table 2. Plasma biochemical determinations in the in vivo study (means±SEM). 
A rat model of CKD including a 5/6 nephrectomy (Nx) plus a high P diet (0.6% Ca and 1.2 

% P) and a calcitriol (CTR) treatment was used. Rats were fed a normal (0.1%) Mg diet or 

received a dietary Mg supplementation (0.6%) and then were evaluated at day 14.  Sham-

operated rats fed a normal P (0.6% Ca and 0.6 % P) and Mg (0.1%) diet served as controls. 

Data are means±SEM (n=8/group). a p<0.05 vs Control; b p<0.05 vs Mg 0.1%. 

 

 Control-Mg 0.1% Nx5/6-Mg 0.1% Nx5/6-Mg 0.6% 

Creatinine (mg/dl) 0.35±0.02 1.59±0.16a 0.98±0.13a,b 

Magnesium (mg/dl) 2.12±0.06 3.00±0.07 a 3.26±0.08 ab 

Phosphate (mg/dl) 6.73±0.25 12.2±1.50 a 7.54±0.36 a,b 

Ionized calcium (mM) 1.22±0.02 1.01±0.03 a 1.10±0.03 a,b 
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FIGURE LEGENDS 
 

Figure 1. Dietary Mg supplementation reduced kidney injury induced in rats 
with CKD. A rat model of CKD including a 5/6 nephrectomy (Nx) plus a high P diet and a 

calcitriol treatment was used. Nx rats were fed a normal (0.1%) Mg diet or received a 

dietary Mg supplementation (0.6%).  Sham-operated rats fed a normal P (0.6% Ca and 0.6 

% P) and Mg (0.1%) diet served as controls. A) Representative H&E, PAS and Masson's 

trichrome stains of histological samples of kidneys. Arrowhead: calcification; Star: tubular 

necrosis; Circle: vascular dilatation; Rhombus: glomerular dilatation; Cross: focal 

inflammation. Arrow: interstitial fibrosis. Original magnification: 100 x. B) 
Semiquantitative assessment of kidney alterations by using a scale range of intensity from 0 

to 4 as described in Methods. Bars are means±SEM.  a p<0.05 vs Control; b p<0.05 vs Nx-

Mg 0.1%. 

 

Figure 2. Dietary Mg supplementation reduced pro-inflammatory cytokines 
and glutathione peroxidase (GPx) activity (a marker of systemic oxidative stress) in 
plasma of rats with CKD. A rat model of CKD including a 5/6 nephrectomy (Nx) plus a 

high P diet and a calcitriol treatment was used. Nx rats were fed a normal (0.1%) Mg diet or 

received a dietary Mg supplementation (0.6%).  Sham-operated rats fed a normal P and Mg 

diet served as controls. A-C) Plasma levels of TNF-α, IL-1β and IL-6 were evaluated. D) 
Plasma GPx activity was spectrophotometrically evaluated. Bars are means±SEM 

(n=8/group). a p<0.05 vs Control; b p<0.05 vs 0.1% Mg. 

 

Figure 3. Dietary Mg supplementation reduced pro-inflammatory cytokine 
expression in aortic tissue and the histological injury induced in rats with CKD. A rat 

model of CKD including a 5/6 nephrectomy (Nx) plus a high P diet and a calcitriol 

treatment was used. Nx rats were fed a normal (0.1%) Mg diet or received a dietary Mg 

supplementation (0.6%).  Sham-operated rats fed a normal P and Mg diet served as 

controls. A) mRNA levels of TNF-α, IL-1β and IL-6 were analyzed by real-time RT-PCR 
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Bars are means±SEM (n=8/group). B) Representative H&E stains of histological samples 

of aortas. Arrowhead: calcification; Asterisk: remodeling; Cross: Focal Inflammation. 

Original magnification: 100 x. C-F) Semiquantitative assessment of aortic alterations by 

using a scale range of intensity from 0 to 4 as described in Methods. Bars are means±SEM.  
a p<0.05 vs Control; b p<0.05 vs Nx-Mg 0.1%. 

 

 

Figure 4. Mg supplementation reduced pro-inflammatory cytokine expression 
in VSMCs. Cells were incubated for 9 days in a high (3.3 mM) phosphate medium (HP) 

with a normal (0.8 mM) Mg concentration or supplemented with Mg 1.6 mM (HP+Mg). 

Cells incubated in normal phosphate and Mg medium were used as controls. A) Pro-

inflammatory cytokines protein expression. Cytokines released in tissue culture media were 

measured. B) Pro-inflammatory cytokines mRNA expression. Bars are means±SEM 

(n=4/group, 3 experiments). a p<0.05 vs Control; b p<0.05 vs HP. 

 

Figure 5. Mg supplementation prevented high phosphate-induced activation of 

NF-B signaling pathway in VSMCs. Cells were incubated for 24 hours in a high (3.3 

mM) phosphate (HP) medium with a normal (0.8 mM) Mg concentration or supplemented 

with Mg 1.6 mM (HP+Mg). Cells incubated in normal phosphate and Mg medium were 

used as controls. A) The p65-NF-B (p65) protein was determined by western blotting in 

nuclear extracts. Each image was originally captured from the same membrane, and unused 

or repeated lanes were removed. Images are representative of three different experiments. 

Bars are means±SEM. B) Intracellular localization of p65-NF-B (p65) was visualized by 

confocal microscopy. For each treatment, p65 staining (green immunofluorescence) was 

shown on the left; in the middle, the same sample was counterstained with DAPI (blue) for 

nuclear stain; the merged image is shown on the right. Images are representative of three 

different experiments. Original magnification: 400 ×.  Bars are means±SEM. a p<0.05 vs 

Control; b p<0.05 vs HP. 
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Figure 6. Mg supplementation prevented HP-induced production of ROS, 
proliferation and cell death in VSMCs. Cells were incubated for 24 hours in a high (3.3 

mM) phosphate medium (HP) with a normal (0.8 mM) Mg concentration or supplemented 

with Mg 1.6 mM (HP+Mg). Cells incubated in normal phosphate and Mg medium were 

used as controls. A) The levels of reactive oxygen species (ROS) were measured by using 

the H2DCFDA probe. B) The proliferation rate was measured through the WST-1 assay. C) 
Cell death was evaluated by the LDH assay. Bars are means±SEM (n=6/group, 3 

experiments). a p<0.01 vs Control; b p<0.01 vs HP.  
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