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Abstract: Cardiovascular complications are accompanied by life-threatening complications and
represent the major cause of death in patients with chronic kidney disease (CKD). Magnesium is
important for the physiology of cardiac function, and its deficiency is common in CKD. In the present
study, we investigated the impact of oral magnesium carbonate supplementation on cardiac function
in an experimental model of CKD induced in Wistar rats by an adenine diet. Echocardiographic
analyses revealed restoration of impaired left ventricular cardiac function in animals with CKD.
Cardiac histology and real-time PCR confirmed a high amount of elastin protein and increased
collagen III expression in CKD rats supplemented with dietary magnesium as compared with
CKD controls. Both structural proteins are crucial in maintaining cardiac health and physiology.
Aortic calcium content increased in CKD as compared with tissue from control animals.
Magnesium supplementation numerically lowered the increases in aortic calcium content as it
remained statistically unchanged, compared with controls. In summary, the present study provides
evidence for an improvement in cardiovascular function and aortic wall integrity in a rat model of
CKD by magnesium, as evidenced by echocardiography and histology.
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1. Introduction

Magnesium is an essential micronutrient involved in bone mineralization, neuro-
logic stimulus transmission, and muscle contraction, and serves as a cofactor for various
enzymes. Both hypermagnesemia and hypomagnesemia are associated with various
disease conditions.

Hypomagnesemia is common in chronic kidney disease (CKD) and is linked to higher
overall mortality rates, as indicated in a prospective observational study in over 10,000 individ-
uals with CKD [1]. A reduced serum magnesium concentration per se increases the risk
for cardiovascular and all-cause mortality [2]. The latter data were obtained from a large
population-based study without a specific disease-based preselection. Several mechanisms
presumably contribute to the beneficial health effects of intermediate or intermediate-to-
high compared with low magnesium levels. Many of these mechanisms are cardiovascular
in nature. Numerous studies investigated the effects of a dietary supplementation of mag-
nesium and found improvements in the risk for arrhythmias such as atrial fibrillation [3-6],
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left ventricular function [7], and heart failure [8]. These data clearly point towards a relevant
role of magnesium in myocardial function. Similarly, magnesium supplementation showed
a positive impact on coronary vascular disease [9-12]. Such associative data demonstrate
a reciprocal correlation between the amount of cardiovascular disease and the magnesium
level, especially in terms of cardiovascular calcification.

Magnesium might have anticalcific properties. In vitro studies as well as various clini-
cal situations have shown that magnesium levels are associated with vascular calcification,
cardiovascular disease, and altered bone-mineral metabolism—the latter indirectly driving
ectopic calcifications such as mineral depositions in the vascular wall [13]. Thus, it is
intriguing to speculate whether magnesium-containing oral phosphate binders might exert
additional pleiotropic effects in patients with CKD other than lowering serum phosphate
levels. There has been a long search to identify the ideal phosphate binder that would
incorporate the optimal phosphate-lowering properties with the beneficial pleiotropic
effects. Magnesium supplementation in parallel with phosphate binding and excretion
might be such a magic bullet in CKD patients. To date, phosphate binders are the only
approved pharmacological treatment for hyperphosphatemia. Phosphate control is accom-
plished primarily through calcium-free phosphate binders [14]. However, any additional
improvements in clinical cardiovascular outcomes still remain elusive [15,16]. Thus, it is
highly desirable to find novel approaches to improve on the current therapeutic options.
Numerous associations exist between serum magnesium concentrations and cardiovascular
risk factors, but mechanistic insights are scarce [17]. Further unresolved issues include the
optimal dosage, source, and application route of magnesium [18].

As cardiovascular complications are the major cause of death in CKD patients, we
aimed to gain insight into the potential cardiac benefits of magnesium supplementation in
the setting of experimental CKD (Figure 1). Rodent models of CKD offer the opportunity
to examine the two major anatomic structures of the deleterious heart-kidney axis—the
myocardium and the vascular wall.
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Figure 1. Time schedule and diet plans of adenine nephropathy in rats. Wistar rats received either
a standardized control diet or an initial 2 weeks of phosphate-rich diet, followed by 4 weeks of
an adenine diet—either alone or supplemented with MgCO3, followed by 2 weeks of a phosphate-
rich diet, with or without MgCOs3. BP: blood pressure; CKD: chronic kidney disease; MgCOs:
magnesium carbonate; PO,: phosphate.
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Hence, we studied Wistar rats with adenine-induced nephropathy, supplemented with
a magnesium-rich diet, in terms of soft tissue calcification and cardiac function. The ad
libitum, adenine-containing diet was supplemented with 3.5% magnesium carbonate. We
focused our analyses upon not only the structural but also the functional changes triggered
by CKD and magnesium carbonate.

2. Materials and Methods
2.1. Animals

Three groups of male Wistar rats were fed either a pelleted control diet (1 = 8) (con-
taining 17.8% protein and 0.7% phosphorous, V1535, Ssniff diets, Soest, Germany) (group 1)
for 8 weeks or a phosphorous-enriched diet (1.03%) for 2 weeks, followed by 4 weeks of
an adenine (0.9%), low-protein (2.5%) diet, either without (group 2) or with magnesium
carbonate (5.82 g/kg) (group 3) n = 13 each). Oral adenine is metabolized to 2,8 dihydrox-
yadenine, leading to the formation of adenine crystals inside the kidneys and damage to the
tubular structures, as well as triggering CKD-induced cardiovascular disease. Thus, this
rodent model allows partial comparison to human disease [19,20]. The initial bodyweights
of the rats were 340-440 g. To avoid severe weight loss, the adenine diet was stopped after
4 weeks and a high phosphorous diet (1.03%) plus magnesium carbonate was continued
for 2 weeks, resulting in a total treatment period of 8 weeks (Figure 1). The prolonged
high-phosphorous-containing diet is required to aggravate the cardiovascular damage on
top of the kidney disease [21].

During the experiment, the animals were kept under standard conditions (12 h light/12 h
dark) with unlimited access to food and water. The animal study was approved by the
local authorities at the RWTH Aachen University Hospital and the regional administration
(Landesamt fiir Natur, Umwelt und Verbraucherschutz, NRW, Diisseldorf, Germany). The
animals were treated by trained personnel according to the ARRVIE guidelines.

2.2. Functional Measurements

Echocardiography was performed using a Vevo 2100 machine, equipped with a MS400
transducer (18-38 MHz) (Visual Sonics Inc., Toronto, ON, Canada) and under 2% isoflurane
anesthesia on a table heated to 37 °C. Parasternal long-axis and short-axis views were
recorded in B-mode. The ejection fraction and stroke volume were calculated by Simpson’s
method in short-axis view [22]. Therefore, we summed up the biplane end-diastolic and the
end-systolic volumes, consisting of four cross-sectional areas with equal distances along the
left ventricle. Stroke volume (in pL) was calculated by subtracting the end-systolic volume
from the end-diastolic volume. The ejection fraction (in percentiles) was calculated as
(stroke volume/end-diastolic volume) * 100. The arterial function was assessed as follows:
the common carotid artery was displayed longitudinally in B-mode and the pulse wave
mode was applied at a proximal and distal point, 10 mm apart, to calculate the pulse-
wave velocity. Data were analyzed with the Vevolab software (Visual Sonics Inc., Toronto,
ON, Canada).

Noninvasive, systolic, and diastolic blood pressure were obtained by the tail-cuff
method on the Coda system, with appropriate cuff sizes and restrainer for rats, and on
a table heated to 37 °C to improve the detection of the tail volumes by the system (Kent
Scientific Corporation, Torringtion, CT, USA) [23]. Rats were trained for at least 3 cycles
and 10 cycles were recorded and averaged.

Invasive pressure was measured by Millar catheter under ketamine (100 mg/kg)/xylazine
(8 mg/kg) anesthesia (intraperitoneal (i.p.)). The common carotid artery was separated
from the surrounding tissue and temporarily ligated at the proximal and distal site. By
arteriometry, a calibrated 1,4F pressure volume catheter was placed via the aortic arch
up into the left ventricle for measurements. Continuous pressure and volume signals
were recorded in real time after three stabilization phases of 5 s each. During the cardiac
cycle, we recorded the maximum developed pressure (Dp max), representing the maximal
contraction of the left ventricle as well as the minimum developed pressure (Dp min) [24].
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2.3. Biochemistry

Blood was collected by tail vein puncture at baseline (n = 15) and after 4 weeks of
adenine administration (1 = 3-5), as well as at the end of the experiment at week 8 (1 = 9-13).
Urine was collected in metabolic cages overnight. Serum was obtained by centrifugation
with 2500% g for 10 min at 4 °C and stored at —80 °C. Serum urea, creatinine, calcium,
magnesium, protein, and phosphate were measured by routine clinical laboratory methods
(Vitros 250, Ortho Clinical Diagnostics, Rochester, NY, USA). PTH and FGF23 serum levels
were analyzed in serum by sandwich ELISAs according to the manufacturers’ instructions
(Tecomedical, Rheinbach, Germany). Briefly, 50 uL serum was incubated on a streptavidin-
coated microplate, and a biotinylated antibody was co-incubated and captured by an
HRP-labeled antibody. Afterwards, the HRP substrate was incubated and stopped after
30 min, and absorbance was read at 450 nm on a microplate reader (Tecan, Mannedorf,
Switzerland). Concentrations were calculated by external standards.

2.4. RT-PCR

RNAlater (Qiagen, Hilden, Germany) fixed tissue samples were thawed and RNA
was extracted with the QTAGEN mini kit (Qiagen, Hilden, Germany). Briefly, the fixed
cardiac tissue was lysed in RLT buffer (1% (-mercaptoethanol) and homogenized on a ball
mill (Qiagen, Hilden, Germany). Proteinase K and DNase was purified by binding to the
RNeasy membrane and eluted with ultrapure, RNase-free water.

The following primers were used: Coll Fw5'-GACTGTCTTGCCCCAAGTTCC-3'Rv5'-
GAAGGCAACAGTCGATTCACC-3/, Col Il Fw5'-TCCCGAGTCGCAGTCACATA-3'Rv5'-
GGGATGCAACTACCTTGGTCA-3/, Col IV Fw5'-ACATCCGGCCCTTCATTAGC-3/, Rv5'-
GCACCGCCATCACCATG-3'; GAPDH: Fw 5-AGAAGGCAGCCCTGGTAACC-3' Rv
5-ACAAGATGGTGAAGGTCGGTG-3'; elastin primers were from Biomol (VRPS-1839,
Biomol GmbH, Hamburg, Germany). The results are represented as relative expression to
relative expression of 1 million GAPDH.

2.5. Tissue Stainings

Trichrome Masson staining was performed on 4% PFA-fixed heart sections. The heart
sections were incubated in Bouin’s solution prepared in saturated picric acid overnight
at room temperature. After washing with tap water, sections were stained in Weigert’s
iron hematoxylin for 5 min. After further washing steps, Biebrich Scarlet-Acid Fuchsin
staining (5 min) was followed by phosphotungstic/phosphomolybdic acid. Finally, anillin
blue stain (5 min) and 1% acetic acid (2 min) completed the procedure. Samples were
dehydrated and mounted in Vitro-Clud (Langenbrinck, Emmendingen, Germany) [25].

For picrosirius red staining, frozen heart sections were fixed for 10 min in 4% paraformalde-
hyde and washed in PBS and H,O. Picrosirius red solution was prepared at 0.1% in picric
acid at a final pH of 2. Staining was performed for 30 min, protected from light. Then,
0.01 M HCL was applied for 2 min. After washing with H,O and dehydrating by in-
creasing alcohol concentrations, samples were embedded in Vitro-Clud (Langenbrinck,
Emmendingen, Germany) and imaged on a Keyence BZ biorevo microscope (Keyence,
Osaka, Japan) in brightfield, as was a subset in polarized light mode [26]. Picrosirius red
staining enhances the natural birefringence of collagen fibers that can be visualized under
cross-polarized light, leading to green- and red-yellow-emitting structures [27].

Von Kossa staining was performed on methanol-fixed frozen heart sections. As de-
scribed earlier, sections were immersed in 1% aqueous AgNOj3 solution for 5 min. After
washing, samples were incubated in a solution of 5% NaCOj3 and 9.25% formalin for 1 min.
After a second rinse, sections were developed using sodium thiosulfate (5%) for 5 min and
counterstained in 0.1% safranin-O, followed by a final rinse with tap water [28].

Immunohistochemistry was performed for collagen I (BioRad, Irvine, CA, USA),
collagen III (BioRad), and elastin (Biorbyt, Cambridge, UK) after fixation with methanol of
the cryosections for 1 h. A secondary horseradish peroxidase-labeled antibody was used to
visualize positive staining by 3,3'-diaminobenzidine solution (Vector Laboratories, Newark,
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NJ, USA). Counterstaining was performed with methylgreen for 2 min. Sections were
dehydrated and covered in Vitro-Clud (Langenbrinck, Emmendingen, Germany) and then
imaged on a Keyence BZ biorevo microscope (Keyence, Osaka, Japan). Images of stained
hearts were planimetrically quantified using Image] 2.9.0 1.53t.

2.6. Tissue Assays

The tissue calcium content was determined in kidney, heart, aortic, and carotid artery
tissue. Total calcium was mobilized by 10% formic acid overnight, followed by a colorimet-
rical quantification by o-cresolphthalein (Randox Laboratories, Crumlin UK). Absorbance
of the supernatant was read at 550 nm on a Tecan microplate reader (Tecan, Mdnnedorf,
Switzerland) [29].

Total protein was assessed by the bicinchoninic acid method (Pierce, Thermo Fisher,
Carlsbad, CA, USA) [30]. Absorbance was measured after 30 min of incubation at 37 °C at
562 nm on a microplate reader (Tecan, Mannedorf, Switzerland) [30].

Hydroxyproline was analyzed after homogenization of cardiac tissue on a ball mill
(Qiagen, Germany) and hydrolyzation overnight at 37 °C in 10 N NaOH, followed by
neutralization by 10 N HCL. A colorimetric quantification by the reaction of oxidized
hydroxyproline with 4-(dimethylamino) benzaldehyde (Sigma Aldrich, St. Louis, MO,
USA) was recorded on a microplate reader (Tecan, Mannedorf, Switzerland) at 560 nm [31].

2.7. Statistics

Shapiro Wilk and Kolmogorov-Smirnov tests were performed to assess the normality
of the variables at each time point. The variables were considered as normally distributed
when p > 0.05. If the variable was normally distributed, ANOVA was performed. For
post-hoc tests, Tukey and Bonferroni corrections were applied.

Non-normally distributed parameters were compared between the groups with Kruskal
Wallis analysis. Testing for homogeneity of variances was performed. The variables have
homogeneity of variances when p > 0.05.

The data were analyzed with SPSS 21-25 (IBM, New York, NY, USA).

3. Results
3.1. Adenine-Receiving Rats Maintained Their Body Weights

Rats receiving adenine diets exhibited a lower food intake (12.7 +/— 3.1 g per day)
compared with animals on a normal diet (18.1 +/— 6.8 g per day). During the study, one
animal from the CKD control group 2 (in week 5) and one animal from the MgCO3 group 3
(in week 6) died before sacrifice. The corresponding body weights increased in the controls
from baseline weights of 374 g to 538 g at week 8. In contrast, the body weight in the
adenine groups remained stable between baseline (385-405 g) and week 8 (369-381 g).
There were no differences in body weight or food intake between the two adenine groups.

3.2. Successful Induction of CKD by Adenine Diet

At week 6, serum values of creatinine, urea, phosphate, magnesium, and calcium
concentrations increased significantly compared with baseline, with no differences between
the two CKD groups. Serum magnesium concentrations were significantly higher in
group 3, receiving the magnesium-enriched diet, compared with CKD alone (group 2)
(Supplementary Table S1). Serum protein concentration was significantly lower after
4 weeks of adenine compared with the baseline (Supplementary Table S1).

At week 8, the two groups receiving adenine 2 and 3 had significantly increased
serum levels of urea, creatinine, phosphate, PTH, as well as FGF23, compared with controls
(Table 1). Serum concentrations of total protein and albumin levels were significantly lower
in both adenine groups. There were no statistically significant differences between the two
groups with adenine nephropathy.
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In urine, phosphate and its fractional excretion were significantly upregulated in
both adenine groups compared with controls (Table 2). Fractional excretion of calcium or
magnesium remained unchanged, but the highest values were noted in the MgCOj3 group
(Table 2).

Table 1. Serum biochemistry at the end of the experiment, week 8, highlighting a successful induction
of CKD by adenine diet. ALP: alkaline phosphatase; Ca x P: calcium phosphate product; PTH:
parathyroid hormone; FGF23: fibroblast growth factor 23.

Control Adenine Adenine +MgCO3
Creatinine, mg/dL, median (IQR) 0.4 (0.32-0.49) 1.7 (1.3-5.1) * 1.9(1.1-54)*
Urea, mg/dL, median (IQR) 1.5 (13.2-18.5) 66.1 (51.8-212.9) * 49.6 (35.6-172.5) *
Phosphate, mg/dL, median (IQR) 6.6 (6.2-8.1) 15.4 (10.6-23.8) * 10.9 (8.3-23.8) *
Calcium, mg/dL, median (IQR) 114 (11.1-11.7) 11.8 (11-12.7) 11.7 (11.2-12)
Ca x P, mg?/dL?, median (IQR) 74 (70.6-97.3) 191.8 (121-260.9) * 127.7 (91.1-300.5) *
Magnesium, mg/dL, median (IQR) 2.9 (2.7-2.9) 2.9 (2.7-3.4) 2.9 (2.7-4.8)
ALP, UI/L, mean (SD) 91.7 £ 164 97.54 4+ 34.72 107.17 + 43.25
PTH, pg/mL, mean (SD) 1700 £ 918 5338 £ 4525 * 4133 £+ 1396 *
FGF23, ng/mL, median (IQR) 0.34 (0.28-0.41) 9.84 (2.72-30.95) * 24.1 (1.15-286.75) *
Protein, g/dL, median (IQR) 5.8 (5.6-6.02) 5.4 (5-5.8) * 52 (5-5.5)*
Albumin, g/dL, median (IQR) 2.9 (2.8-3.2) 2.6(24-2.8)*% 2.5(2.3-2.8) %

* Significant to control (group 1).

Table 2. Urine biochemistry at the end of the experiment, week 8, highlighting a successful induc-
tion of CKD by adenine diet (FECa: fractional excretion of calcium; FEMg: fractional excretion of
magnesium; FEP: fractoinal excretion of phosphate).

Control Adenine Adenine + MgCO3
Phosphate mg/24 h, mean (SD) 12.89 £ 4.15 48.10 + 12.65 * 43.03 +12.47 %
FEP %, median (IQR) 5.1 (4.6-7.8) 67 (60.6-80.7) * 69.4 (52.3-85.5) *
Magnesium mg/24 h, median (IQR) 2.9 (2.1-4.5) 3.3(2.5-4.7) 4.36 (2.6-5.9)
FEMg %, median (IQR) 13.2 (3.1-30.9) 16.9 (3.5-44.6) 28.6 (21.9-53.9)
Calcium mg/24 h, mean (SD) 2.62 +2.07 3.16 £ 1.75 5.23 +2.32
FECa %, median (IQR) 2(0.35-10.2) 3.27 (0.29-13.3) 8.5 (6.1-24)
Protein mg/24 h, median (IQR) 12.1 (10.3-16) 11.4 (9.3-16.1) 12.9 (9.7-18.2)

* Significant to control (group 1).

3.3. Preserved Left Ventricular Function by Magnesium

Systolic and diastolic blood pressure remained unchanged between all groups at the
end of the experiment (Supplementary Table S2).

Echocardiography revealed significant changes in the cardiac function in adenine-
nephropathy. Rats receiving an adenine diet showed a significant reduction in the ejection
fraction (Figure 2A). Stroke volume was reduced only in the adenine group 2, whereas
additional supplementation with MgCOj prohibited deterioration in stroke volume, com-
parable to control values (Figure 2B). Pulse wave velocity of the common carotid artery
remained unchanged (Figure 2C).

In a subset of rats, a Millar catheter was placed at the end of the experiment. Both
adenine groups had a significantly reduced developed pressure and maximum developed
pressure inside the left ventricle (Figure 2D,F). The minimum developed pressure was
higher in both adenine groups compared with controls (Figure 2E). There were no signifi-
cant differences between the adenine alone group and the adenine plus magnesium group
(Figure 2D-F).
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Figure 2. Decreased cardiac function was measured by echocardiography and Millar catheter at the
end of the experiment. (A) Ejection fraction, (B) stroke volume, (C) pulse wave velocity (PVW) inside
the common carotid artery, (D) left ventricular developed pressure (DP), (E) minimal developed
pressure over time (Dpmin); and (F) maximal developed pressure over time (DPmax). Ad: adenine;
Ctrl: control; MG: magnesium. * p < 0.05.

3.4. Magnesium Increased Elastin Protein and Limited Cardiomyocyte Hypertrophy, in the Absence
of Fibrosis

The cross-sectional area of the cardiomyocytes was measured on trichrome-stained
cardiac sections. The average cardiomyocyte area was significantly increased only in the
adenine group (Figure 3). The addition of magnesium carbonate to the adenine diet resulted
in the maintenance of a normal cardiomyocyte size (Figure 3).

Picrosirius red staining showed no differences between all groups. However, in
an analysis of a subset of the stained sections under polarized light, increased green
emission from thin collagen bundles was detected only in the magnesium-treated group 3.
No differences were found in red emission intensity from thick collagen bundles (Figure 3).

Collagen III mRNA expression was significantly upregulated in hearts from the ade-
nine plus magnesium group 3, whereas the staining of collagen III protein remained
unchanged (Figure 4). In addition, the elastin-positive area on cardiac sections from the
magnesium plus adenine group 3 was significantly increased compared with the adenine
alone group (group 2) and controls (group 1) (Figure 4). There were no differences at the
elastin mRNA level (Figure 4). Furthermore, there were no significant changes in collagen I
and collagen IV mRNA expression (Supplementary Table S3).

3.5. Adenine Diet Induced Vascular Calcification

The aortic calcium content was significantly increased in the adenine groups, but not
in the magnesium group, compared with controls (Figure 5). The total cardiac calcium
content failed to reach significance in the two adenine groups compared with controls.
However, adenine-fed rats presented visible valve calcifications (Figure 5d—f).
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Figure 3. Histological analysis revealed cardiac hypertrophy but absent remarkable fibrosis in cardiac
sections from adenine rats, whereas magnesium supplementation to the adenine diet increased
green-emitting fibrils enhanced by polarized light after picrosirius red staining. (a) PAS staining
in cardiac tissue from control rats; (b) PAS staining in cardiac tissue from adenine-fed rats; (c) PAS
staining in cardiac tissue from adenine + magnesium-fed rats; (d) PAS staining in kidney tissue from
control rats; (e) PAS staining in kidney tissue from adenine-fed rats; (f) PAS staining in kidney tissue
from adenine + magnesium-fed rats; (g) picrosirius red staining in cardiac tissue from control rats,
brightfield image; (h) sirius red staining in cardiac tissue from adenine-fed rats, brightfield image;
(i) picrosirius red staining in cardiac tissue from adenine + magnesium fed-rats, brightfield image;
(j) picrosirius red staining in cardiac tissue from control rats, polarized light; (k) picrosirius red
staining in cardiac tissue from adenine-fed rats, polarized light; (1) picrosirius red staining in cardiac
tissue from adenine + magnesium- fed rats, polarized light; (m) cardiomyocyte size, measured from
PAS-stained sections (mean, SD); and (n) percentage of green-positive area in picrosirius-red-stained
sections under polarized light (mean, SD). Scale = 50 uM; Ad: adenine; Ctrl: control; MG: magnesium.
*p <0.05,*p<0.01.
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Figure 4. Cardiac immunohistochemistry presented an increase in elastin protein by magnesium
supplementation to the adenine diet. (a) Collagen III staining in cardiac tissue from control rats;
(b) collagen III staining in cardiac tissue from adenine-fed rats; (c) collagen III staining in cardiac
tissue from adenine + magnesium-fed rats; (d) elastin staining in cardiac tissue from control rats;
(e) elastin staining in cardiac tissue from adenine-fed rats; (f) elastin staining in cardiac tissue from
adenine + magnesium-fed rats; (g) planimetric quantification of collagen III staining in heart tissue;
(h) relative expression of collagen IIl mRNA to GAPDH, measured by semiquantitative real-time PCR;
(i) planimetric quantification of elastin staining in hearts; (j) relative expression of elastin mRNA to
GAPDH, measured by semiquantitative real-time PCR. Scale bar = 50 tM; Ad: adenine; Ctrl: control;

MG: magnesium; *: p < 0.05.
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Figure 5. Von Kossa staining of aortas and hearts visualized an increase in soft tissue calcification
with adenine diet. (a) Cardiac tissue from control rats; (b) cardiac tissue from adenine-fed rats;
(c) cardiac tissue from adenine + magnesium-fed rats; (d) heart valves from control rats; (e) heart
valves from adenine-fed rats; (f) heart valves from adenine + magnesium-fed rats; (g) aorta from
control rats; (h) aorta from adenine-fed rats; (i) aorta from adenine + magnesium-fed rats; (j) total
calcium content of cardiac tissue (mg/g) normalized to total cardiac protein; (k) total calcium content
of aortic tissue (mg/g) normalized to total aortic protein; and (1) intima media thickness, measured in
von Kossa-stained aortas. Scale bar = 50 uM; Ad: adenine; Ca: calcium Ctrl: control; MG: magnesium;
*p<0.05.

The renal calcium content was significantly increased only in kidneys from the adenine
group (group 2) compared with controls (group 1) (Supplementary Figure S1). We observed
no significant changes in the total calcium content of the carotid arteries in the two adenine
groups (groups 2 and 3) compared with controls (group 1) (Supplementary Figure S1).

A subset of calcium-positive aortas was also previously analyzed for sortilin expression [32].

4. Discussion

The aim of the present in vivo study was to investigate the effects of magnesium sup-
plementation in a rodent model of CKD on cardiovascular health. CKD is often considered
as similar to a state of accelerated aging [33,34]. In humans, the development of CKD is
accompanied by a tremendous, life-limiting cardiovascular burden [35].

Here, we successfully induced CKD by feeding Wistar rats an adenine diet. Our first
finding in the present animal model is that the induction of CKD in rats is accompanied by
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substantial cardiac changes, both at the tissue level as well as in regard to cardiac function
parameters, as assessed by echocardiography and Millar catheter. The kidney-heart axis
describes a clinically meaningful interaction in patients with chronic kidney disease. Facing
the fact that the kidney-heart axis is a driving force in the increased morbidity and mortality
in CKD patients, any animal model offering the opportunity to test potentially ameliorating
interventions is of utmost clinical interest.

Secondly, we provide experimental evidence that magnesium carbonate supplemen-
tation to the diet of rats prohibited the adenine-induced decrease in stroke volume and
ejection fraction, as assessed by echocardiography. Using echocardiography allows us
to identify early functional cardiac changes. Here, these underlining cardiac functional
changes occurred rapidly in rats with experimental CKD, even before significant organ
fibrosis was present.

Further, we identified several microstructural changes on the tissue level, which
provide strong causal explanations for the functional changes. Besides these functional
changes, we found increased elastin proteins and collagen IIl mRNA expression, as well as
increased green-light-emitting thin fiber structures in picrosirius red staining, visualized in
polarized light microscopy. Hence, these experimental data point towards fundamental
steps in the pathophysiology of CKD-associated cardiovascular abnormalities and, at the
same time, enlighten us as to why magnesium supplementation might counterbalance them.

Elastin is the major component of elastic fibers, which are essential for proper cardiac
function. Degradation of elastin is linked to numerous cardiovascular pathologies including
vascular or myocardial calcification. Elastin degradation forms part of the cardiovascular
risk conditions, such as diabetes mellitus and arterial hypertension, and can also be seen
in aging processes [36]. Reduced elastin expression is observed post human myocardial
infarction [37]. The antagonizing effect of magnesium to calcium reacting with elastin
is fundamental to maintaining the elastic function [38,39]. Moreover, calcium deposits,
especially microcalcifications, can induce elastin breaks [40], whereas magnesium prevents
elastin degradation [38]. Our observation of higher elastin protein, compared with controls
without adenine as well, points towards an effect beyond the prevention of elastin losses.
Whether or not a magnesium diet itself, even in the absence of CKD, can increase the
cardiac elastin content should be investigated in future studies.

Overall, only limited effects were found regarding soft tissue calcification. As ex-
pected, aortic calcium content was increased in the adenine-fed rats. However, aortas from
magnesium-supplemented rats were less calcified, whereas in other organs, no significant
differences in the total calcium content could be obtained.

To the best of our knowledge, we are the first to show a direct increase in cardiac
elastin protein by magnesium supplementation in rats with adenine-induced nephropathy.
The stability of elastin fibers in terms of quantity and quality is most presumably an
important factor to avoid myocardial malfunction in CKD. Moreover, increased elastin-
derived peptides in serum, reflecting elastin degradation, are associated with an increased
all-cause mortality in CKD [41].

Next, we found green thin fibrils to be upregulated by magnesium, which is suggested
to be related to collagen III [42]. Collagen fibers are synthesized in adult hearts by cardiac
fibroblasts, and the total amount increases during aging. These green fibrils, visualized
in polarized light after picrosirius red staining, were reported to be dominant in younger
hearts, whereas the red fibrils were increasing in older hearts [43]. Whether the red and
green structures reflect only the thickness of the bundles or are also associated with collagen
types is debatable [26].

Remarkably, we indeed found an upregulation of collagen IIl mRNA expression with
magnesium supplementation. In addition, we observed differences in the protein to mRNA
level regarding both collagen III and elastin. This might indicate a time-dependent or
state-of-disease-dependent effect on the regulation of these proteins. Overexpression of
collagen III in injured myocardium by secretory fibroblasts was shown to prevent cardiac
systolic dysfunction in ischemic cardiomyopathy in rats [44].
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In addition, the beneficial effects of a magnesium-enriched diet included the mitigation
of cardiac hypertrophy, measured by the cross-sectional area of the cardiomyocytes. Cardiac
hypertrophy is regarded as one hallmark of uremic cardiomyopathy, besides capillary
changes and fibrosis [45]. On the other hand, lower serum magnesium was found to be
independently associated with left ventricular hypertrophy in dialysis patients [46]. An i.p.
injection of a magnesium salt has already been shown to improve cardiac hypertrophy in
a mouse model of myocardial fibrosis [47]. Even though numerous studies highlight the
evidence of hypomagnesemia in CKD [1,46,48], we did not detect significant changes in the
serum magnesium levels in any group. Thus, we cannot conclude on the precise impact of
hypomagnesemia here.

However, our experimental data are in line with human data linking magnesium
levels to specific outcome data and data about disease burden. Magnesium deficiency is
common in CKD and is associated with decreased survival in observational studies [25].
An improvement in cardiovascular health by magnesium supplementation has already been
reported in various human cardiovascular diseases [2-11,49]. Magnesium supplementation
via oral administration thus targets two relevant disease conditions with a high prevalence
in CKD patients: hyperphosphatemia and hypomagnesemia. As such, magnesium-based
phosphate binders might be of specific interest as they combine both on-target (phosphate-
lowering) and off-target (magnesium-increasing) effects.

Taken together, our experimental data point towards cardioprotective effects of dietary
magnesium supplementation in a rodent model of experimental nephropathy. A strength of
our study is that we can show a plausible link between echocardiography and microstruc-
tural findings.

One limitation of the present study is that we can only provide limited mechanistic
insights into the role of magnesium in the prevention of cardiovascular disease in the setting
of experimental uremia. Secondly, we did not observe any functional changes induced by
magnesium measured by the Millar catheter. We assume the changes in elastin and collagen
III patterns with magnesium supplementation promote the contractility of the cardiac tissue,
which may partially explain the restored stroke volumes and ejection fractions. However,
whether or not our observations in the rodent model also apply to human CKD requires
interventional data from appropriately designed randomized, controlled studies.

5. Conclusions

Magnesium supplementation exerted beneficial effects protecting the myocardium in
rats with experimental CKD. We identified magnesium deficiency as a potentially reversible
cause of altered cardiovascular structure and impaired cardiovascular function.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu15061303/s1, Figure S1: Calcium contents in kidney and
carotid artery. (A) Total calcium content of kidney tissue [mg/g] normalized to total renal protein,
(B) Total calcium content of carotid artery tissue [mg/g] normalized to total carotid artery protein;
Ad: Adenine; Ca: Calcium; Ctrl: Control; MG: Magnesium; *: p < 0.05; Table S1: Serum biochem-
istry (A) At baseline (B) At week 6. * Significant versus baseline. # Significant versus adenine;
Table S2: Blood pressure at baseline and at week 8; Table S3: Relative expression of collagen I and
collagen IV mRNA to relative expression of GAPDH mRNA.
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