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Silicon is rich in the normal human aorta but decreases with age and the development of
atherosclerosis. We hypothesized that soluble silica (Si) and coral sand (CS), as a natural Si-
containing material, would suppress high blood pressure (BP) in spontaneously hypertensive rats
(SHRs), and clarify the observed antihypertensive mechanism by cell cultures by quantifying
messenger RNA expressions in the aorta. In SHR fed diets containing 1% Ca supplemented with
CaCO;j as the control (CT) and CS in a Ca-deficient diet and containing 50 mg/kg Si in the CT diet
for 8 weeks, systolic BP was significantly (P < .05) lowered by 18 mm Hg for the Si group and 16
mm Hg for the CS group compared with the control CT group with 207 mm Hg. Magnesium (Mg)
uptake by rat aortic smooth muscle cells significantly increased (177%, P < .005) in cells cultured
with a physiologic Mg level plus Si compared with those with no Si addition. Furthermore, the
increase of systolic BP by the CT diet was significantly suppressed by 17 mm Hg (P <.001) in SHR
fed the diet containing Mg along with Si, but not by the Mg-deficient diet with or without Si. Soluble
silica and CS treatments suppressed the aortic gene expressions of angiotensinogen and growth
factors related to vascular remodeling, whereas, Si stimulated the expression of peroxisome
proliferator—activated receptor-7, the activation of which has anti-inflammatory and antihypertensive
effects on vascular cells. These findings suggest that Si reduces hypertension in SHR by stimulating
the intracellular Mg uptake and related gene expression in the aorta.
© 2011 Elsevier Inc. All rights reserved.

Antihypertension; Soluble silica; Intracellular magnesium; Aortic gene expressions; Spontaneously hypertensive rats
ACE, angiotensin-converting enzyme; AGN, angiotensinogen; Ang II, angiotensin II; ASMC, aortic smooth
muscle cells; AT1A, angiotensin II type 1A receptor; bFGF, basic fibroblast growth factor; BP, blood pressure;
CS, coral sand; DMEM, dulbecco’s modified eagle’s medium; eNOS, endothelial nitric oxide synthetase; Mg,
magnesium; PDGF-A, platelet-derived growth factor A chain; PPAR, peroxisome proliferator—activated receptor;
PCR, polymerase chain reaction; RAS, renin-angiotensin system; SHR, spontaneously hypertensive rats; Si,
soluble silica; TGF-p1, transforming growth factor pl.

1. Introduction

Next to oxygen, silicon is the most abundant (29.5%)
element of the Earth’s crust. The most commonly occurring
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mineral is quartz, SiO,, which is a major constituent of
igneous and sedimentary rocks. The biologically important
form is silicic acid, Si(OH)4, which is referred to as “a
soluble silica (Si)” and freely diffusible across cell walls and
membranes. Silicic acid is not found naturally in large

quantities; at concentrations above 2 mmol/L (56 mg/L),
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silicic acid molecules undergo polymerization to form
insoluble polysilicic acid [1]. Bioavailable soluble silicate
(monosilicic acid) reacts with molybdate reagent to give a
yellow color, whereas, polysilicic acid does not react with
this reagent [1,2]. Silicon levels in human serum have been
estimated at an average of about 0.5 mg/L in the soluble form
[1,3], and this range is similar to those found for most of the
other well-recognized trace elements in human nutrition.
Connective tissues such as the aorta, trachea, tendon, bone,
skin, and appendages are unusually rich in Si, containing 4 to
5 times more Si than the liver, heart, and muscles in the rat
[3]. The Si content of the normal human aorta decreases
considerably with age; furthermore, the level of silicon in the
arterial wall decreases with the development of atheroscle-
rosis [4]. The potential involvement of Si in atherosclerosis
has been suggested by others [5,6], but so far, to our
knowledge, no attention has been paid to the possible effects
of Si intake on blood pressure (BP).

Elevated BP is a major contributor in cardiovascular and
renal diseases and stroke worldwide [7]. Although the
multigenic nature of essential hypertension is widely
accepted, the importance of dietary factors including
minerals in the primary prevention and control of high BP
has been emphasized for normotensive and hypertensive
individuals [8]. An inverse relationship between dietary
magnesium (Mg) intakes and BP has been reported [9,10]. A
large volume of evidence [11] has accumulated showing that
Mg, a natural Ca antagonist [12,13], modulates vasomotor
tone, BP, and peripheral blood flow through the regulation of
intracellular Ca ions. Low serum Mg levels have been
involved in various events of atherosclerosis in basic [14]
and clinical studies [15].

Because the key role of genetic factors in regulating the
multiple pathways in neural, endocrinal, and vascular
systems is proposed to be related to the pathogenesis of
essential hypertension [16], alterations of gene expression
can affect hypertension. In this study, we hypothesized that
Si may improve high BP in spontaneously hypertensive rat
(SHR), a model used to study multiple factors in the etiology
of essential hypertension, and test in vivo the mechanism of
the suppressive effect of Si on the elevation of BP by
culturing rat aortic smooth muscle cells (ASMCs). This will
be done by quantifying messenger RNA (mRNA) expres-
sions related to hypertension in the SHR aorta. We also
examined the antihypertensive effects of coral sand (CS) as a
natural Si-containing material, together with strontium (Sr),
which is a constituent of CS, to demonstrate similar
antidiabetic effects for Si and CS, including genetic
expressions in our previous study [17].

2. Methods and materials
2.1. Animal experiments

The experimental protocols of this study were approved
by the Animal Experiment Ethics Committee of the
University of the Ryukyus. Male SHR, aged 4 weeks, were

purchased from Japan SLC, Inc (Shizuoka, Japan). The rats
were divided into 4 groups of 8 each and housed 2 per cage at
24°C with a 12-hour light-dark cycle. Before the start of the
experiment, the rats were given free access to a commercial
diet (MF; Oriental Yeast Co, Tokyo, Japan) and tap water.
They were also acclimated to the measurement of systolic BP
by the tail-cuff method using an automatic BP analyzer
(model BP-98A; Softron Co, Tokyo, Japan) for 3 weeks
according to the manufacturer’s instructions. The rats at
7 weeks of age were maintained for 8 weeks on an ad
libitum semisolid experimental diet of 34% tap water and
66% the experimental powder diet (or powder diet),
containing 1% Ca supplemented with CaCOj as the control
(CT) and CS in Ca-deficient purified diet (Oriental Yeast Co)
and diet with 50 mg/kg Si or 750 mg/kg Sr added to the CT
diet (Tables 1 and 2); these doses have been used in previous
studies without toxic effects [3,5,17,18]. Systolic BP was
measured twice a week, and the mean of 3 repeated
measurements was used for each datum. Available soluble
silicon compound, sodium metasilicate Na,SiO3-9H,0, and
strontium chloride SrCl,"6H,O were used in the animal
studies. The CS used was defined in detail previously [18].
In brief, CS smaller than approximately 1 cm is collected
from the sea floor at 55- to 60-m depth in the designated sea
region by using a sand pump with a mesh filter, and larger
CS 1is returned to the sea. Crude CS smaller than
approximately 2 mm is disinfected at 120 to 200°C and
ground into a fine powder less than 22 um.

At the end of the 8-week-experiment, rats from each
group were euthanized by ether anesthesia at regular
intervals after 6-hour fasting, and heparinized blood was
obtained from each rat by heart puncture. Blood samples
were centrifuged, and plasma was divided into aliquots and
stored at —80°C until analysis. The immediately excised
thoracic-to-abdominal aorta (from which other tissues were
removed) was homogenized for RNA isolation. The results

Table 1

Ingredient composition of the experimental diet®

Ingredient (g/kg diet) Basal diet
Cornstarch 380
Casein 250
a-Cornstarch 100
Cellulose 80
Soybean oil 60
Oriental mineral mix ° 60
Oriental vitamin mix © 20
Sucrose 50

 Purified basal diet was prepared by Oriental Yeast Co.

® Oriental mineral mix composition (g/kg): CaHPO,2?2H,0, 145.6; Ca
lactate, 350.9; KH,POy,, 257.2; NaHPO, 93.5; NaCl, 46.6; Fe citrate, 31.8;
MgSOy, 71.7; ZnCOs3, 1.1; MnSO4+4—-5H,0, 1.2; CuSO4+5H,0, 0.3; KL, 0.1.

¢ Oriental vitamin mix composition (g/kg): thiamin HC1, 1.2; riboflavin,
1.2; pyridoxine HC1, 0.8; nicotinic acid, 6.0; inositol, 6.0; Ca pantothenate,
5.0; p-aminobenzoic acid, 5.0; folic acid, 0.2; D-biotin, 0.02; vitamin B,,
0.0005; vitamin C, 30; vitamin A acetate, 500 000 IU; vitamin D3, 100 000
1U; vitamin E acetate, 5.0; vitamin K3, 5.2.
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Table 2
Mineral composition of the diets

Minerals in basal Minerals in the experimental diets

diet and CS

Basal diet® CS CT Si CS Sr
Ca (g/kg) 11.1° 361.0 111 111 111 111
Mg (g/kg) 24°¢ 230 23 23 3.0 23
Na (g/kg) 24 32 23 23 24 23
K (g/kg) 8.7 0.2 8.5 8.5 8.4 8.5
P (g/kg) 8.3 00 81 81 8.1 8.1
Sr (mg/kg) 29.5 2800.0 28.7 28.7 113.0¢  758.0¢
Si (mgkg/®) 0.2 98 02 502°  05° 02
Fe (mg/kg) 320.0 390.0 311.1 311.1 331.7 311.1
Zn (mgkg) 510 47 496 496 496 496
Cu (mg/kg) 7.5 2.3 7.3 7.3 7.3 7.3
Mn (mg/kg) 53.2 170.0 51.7 51.7 56.7 51.7

Ca indicates calcium; CS, coral sand; CT, calcium carbonate (control); Cu,
copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na,
sodium; P, phosphorus; Si, silicon; Sr, strontium; Zn, zinc.

? All basal diets were prepared by Oriental Yeast Co.

b Ca was eliminated for Ca-deficient basal diet, and calcium carbonate
or CS was used for its replacement.

¢ Mg was eliminated for Mg-deficient basal diet, and magnesium
sulfate was used for its replacement.

4 Soluble Si was measured by micromolybdenum blue method [16].

¢ The mineral levels are more than twice that of CT.

observed in the cell culture study were confirmed by the
additional animal experiment of 4 groups of 8 rats each fed
with the Mg-deficient purified diet (Table 2) with or without
Mg as magnesium sulfate and with or without 50 mg/kg Si
for 7 weeks. At the end of the 7-week-experiment, the
excised thoracic aorta was kept at —80°C until assay for the
Si, Mg, and Ca contents. The NaCl contents of all diets were
adjusted to 1%.

2.2. Biochemical measurements

The soluble silica content in powder diets was measured
by the micromolybdenum blue method [1,2,18]. Plasma
angiotensin II (Ang II) was determined using a sandwich
ELISA kit (Phoenix Pharmaceuticals, Burlingame, CA) in
duplicate in single batches and averaged. The Si, Mg, and
Ca contents were analyzed for the aorta. Aorta samples (63-
133 mg) were digested in 1 mL of nitric acid in acid-cleaned
Teflon vessels in a microwave digestion apparatus (MULTI-
WAVE; Anton Paar GmbH, Graz, Austria-Europe). Blanks
of acid without sample were also prepared and digested.
The digested samples and blanks were transferred into an
acid-cleaned polypropylene flask containing 1 mL of
0.05 mg/L Y(NOs3); in 1 mol/L HNO; as an internal
standard, and then diluted with 0.0IN-HNO; to 10 mL.
Ultrahigh purity grade nitric acid (Wako Pure Chemical
Industries, Ltd, Osaka, Japan) and ultrahigh purity water
(Kanto Chemical Co, Inc, Tokyo, Japan) were used for the
sample preparations. Digested samples and blanks were
analyzed for Si at 251.611 nm, Mg at 280.271 nm, and Ca
at 317.933 nm by an inductively coupled plasma atomic

emission spectrometer (Optima 4300 DV; PerkinElmer, Inc,
Waltham, MA) in a single batch. Samples were analyzed
with sample-based standards prepared by diluting aliquots
of the stock element standard solutions (1000 mg/L; Wako
Pure Chemical Industries).

2.3. Cell cultures

Rat ASMC (A7r5 from ATCC, Rockville, MD) were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal calf serum (FCS),
40 mmol/L sodium bicarbonate, 100 U/mL penicillin, and
100 pug/mL streptomycin, at 37°C in 5% CO,/95% air.
Aortic smooth muscle cells (1 x 10° cells/dish with 6-cm
diameter) at 5-day subculture were made “quiescent” by
another 3-day incubation in DMEM with 0.4% FCS and
followed by a 5-day incubation in the same media containing
1 or 4 mmol/L Mg with 3 different concentrations of 0, 5,
and 50 mg/L Si for the analysis of Mg uptake by ASMC.
Aortic smooth muscle cells were rinsed, scraped, and
suspended in ice-cold saline. The cells were centrifuged to
a pellet at 700 x g, 4°C for 2 minutes, washed 2 times with
cold saline, and then dissolved with 0.1 mol/L perchloric
acid. The supernatant after centrifugation at 10 000 x g, 4°C
for 10 minutes, was subjected to measurement of Mg by
atomic absorption spectrophotometer (model 518; Hitachi
Co, Tokyo, Japan), and the mean of duplicate analyses was
used. For the measurement of calcium (Ca) uptake by
ASMC, after 1 x 10° ASMC were cultured in DMEM with
0.4% FCS for 3 days to establish quiescence, the cultured
media were switched to identical fresh media with 0.1
uCi/mL 45CaC12 (2.4 mCi/mL; Amersham Biosciences,
Piscataway, NJ) containing 1 or 4 mmol/L Mg with 3
different concentrations of 0, 5, and 50 mg/L Si as sodium
metasilicate Na,SiO3-9H,0, and cells were incubated for
5 more days. Cells were then washed 3 times with ice-cold
Krebs-Ringer (118 mmol/L NaCl, 4.7 mmol/L KCI, 2.5
mmol/L CaCl,, 1.2 mmol/L. KH,PO,, 1.2 mmol/L MgSQ,,
10 mmol/L glucose, 25 mmol/L NaHCO3;) and scraped in
0.05% Triton X-100. After centrifugation at 10 000 x g, 4°C
for 5 minutes, aliquots of the supernatant were measured for
43Ca radioactivity using a scintillation counter.

2.4. RNA isolation and gene expression analysis

Total RNA was isolated and purified using an RNeasy
fibrous tissue midi kit (QIAGEN KK, Tokyo, Japan),
including proteinase K digestion according to the manufac-
turer’s protocol. The excised thoracic aorta was immediately
homogenized using a rotor-stator homogenizer (Polytron,
model PT1200; Kinematica AG, Westbury, NY); approxi-
mately 30 mg of tissue was immersed in 500 uL of lysing
buffer containing guanidine thiocyanate and S-mercap-
toethanol (QIAGEN) in a microcentrifuge tube and
homogenized at 25 000 rpm for 2 minutes. Proteinase K
digestion on the homogenate and the remaining procedures
followed the protocol provided by the manufacturer. Two
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micrograms of RNA was used for complementary DNA
synthesis by reverse transcription with an Omniscript RT kit
(QIAGEN). Quantitative real-time polymerase chain reac-
tion (PCR) was performed using the Mx3000P real-time
PCR system (Stratagene, La Jolla, CA), and fluorescent dye
SYBR Green (Brilliant SYBR Green QPCR Master Mix;
Stratagene) was used to detect a double-stranded DNA
amplicon [17,18].

The mRNA expression of hypertension-related genes such
as angiotensinogen (AGN), angiotensin-converting enzyme
(ACE), angiotensin II type 1A receptor (AT1AR), platelet-
derived growth factor A chain (PDGF-A), basic fibroblast
growth factor (bFGF), transforming growth factor 1 (TGF-
B1), peroxisome proliferator—activated receptor-y and per-
oxisome proliferator—activated receptor-o (PPARYy and
PPAR«), adiponectin, and endothelial nitric oxide synthetase
(eNOS) were analyzed using the pairs of primers summarized
in Table 3. All reverse transcription PCR reactions contained
first-strand complementary DNA corresponding to 1-10 ng
of RNA. The PCR protocol included the following cycling
conditions: 95°C denaturation for 10 minutes, then 45 cycles
of 95°C denaturation for 30 seconds followed by 60°C
annealing for 1 minute and 72°C extension for 30 seconds.
The fluorescent amplicon was primarily detected at the end of
the 60°C annealing period. Polymerase chain reaction
products were subjected to melting curve analysis and
quantified with Mx3000P software version 1.20c (Strata-
gene) [17,18]. Polymerase chain reaction results were
normalized to the expression of glyceraldehyde-3-phosphate
dehydrogenase in the same samples. Triplicate analyses were
performed for each sample.

Table 3
Primer sequences for real-time PCR

2.5. Statistical analyses

Statistical analysis of results was conducted by compar-
ing each group with the control group using 1-way analysis
of variance (SAS Institute Inc, Cary, NC). Statistical
differences were analyzed by the 2-tailed Student ¢ test
(Microsoft Excel; Microsoft, Redmond, WA) and consid-
ered significant at P < .05. Individual differences between
groups for gene expression were separately assessed using
Duncan multiple range test, and means with different letters
were significant at P <.05. Experimental results are reported
as the means + SD of 8 rats, unless otherwise indicated. Data
of the cell culture experiments are presented as the means +
SEM of 3 dishes.

3. Results

All animals appeared healthy during the study period, and
there were no significant differences in diet intake and
weight gain among groups at the end of the experiment. The
average daily intake of minerals per rat adjusted for the
average dietary intake through the experimental period,
together with plasma Ang II levels at the end of the
experiment, is presented in Table 4. The plasma Ang II level
was significantly suppressed to 65% and 70% of the control
in the Si and CS groups, respectively. Increased Si intake
was determined to be 267-fold in the Si group and 2.6-fold in
the CS group, whereas Sr intake was 27-fold in the Sr group
and 4-fold in the CS group compared with the CT group
because of the rapid elimination of Si from the circulation
into urine [19].

Target gene Primers Product size (base pair)
GAPDH F 5'-GAGTCTACTGGCGTCTTCAC-3’ 281
R 5'-CCATCCACAGTCTTCTGAGT-3’

ACE F 5'-AGAAGGCCAAGGAGCTGTATG-3’ 201
R 5'-AGCAGGTGGCAGTCTTGTTG-3’

AGN F 5'-CCTCGCTCTCTGGACTTATC-3’ 226
R 5'-CAGACACTGAGGTGCTGTTG-3’

ATIAR F 5'-TCTCAATCTCGCCTTGGCTGACT-3’ 155
R 5'-AAGGAACACACTGGCGTAGAGGTT-3’

PDGF-A F 5'-CTTGGAGACAAACCTGAGAG-3’ 143
R 5" -GTATCTCGTAAATGACCGTC-3'

bFGF F 5'-AAGCGGCTCTACTGCAAG-3’ 372
R 5" -AGCAGACATTGGAAGAAACA-3'

TGE-f1 F 5’-GCCCTGGATACCAACTACTGCT-3’ 161
R 5'-AGGCTCCAAATGTAGGGGCAGG-3’

PPAR-y F 5'-CGAGCCCTGGCAAAGCATTTGTAT-3’ 90
R 5'-TGTCTTTCCTGTCAAGATCGCCCT-3’

Adiponectin F 5'-CATTATGACGGCAGCACTGGCAAA-3’ 123
R 5'-AGAGAACGGCCTTGTCCTTCTTGA-3’

PPAR-a F 5’-AGACCTTGTGCATGGCTGAGAAGA-3’ 163
R 5" -TTTGCAAAGCCTGGGATAGCCTTG-3’

eNOS F 5'-TCACTGTAGCTGTGCTGGCATACA-3’ 162
R 5'-AAGGCAAGTTAGGATCAGGTGGCA-3’

GAPDH indicates glyceraldehyde-3-phosphate dehydrogenase.
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Table 4
Body weight; average daily intakes of diet, Si, Sr, and Mg per rat; and plasma angiotensin II
CT group Si group CS group Sr group
Body weight (g) at the end of experiment 2344 £51.7 223.4+51.2 239.1 £52.8 224.3 +50.1
% Increase 133 * 142* 143 * 142 *
% Body weight 100 95 102 96
Average daily intakes
Diet” (g) 242420 252+0.8 247+ 1.6 244 +0.9
% Intake 100 104 102 101
Si (ug) 4.7+04 1265.0 £ 40.2 124 +0.8 49+0.2
% Intake 100 26661 *** 260 *** 103
Sr (mg) 0.7+0.1 0.7 £0.02 28+0.2 18.5+£0.7
% Intake 100 100 402 *** 2665 ***
Mg (mg) 56.5+4.7 588+ 1.9 745+ 4.8 56.9 +£2.1
% Intake 100 104 132 %% 101
Plasma angiotensin II (ug/L) 2.76 + 0.54 1.84 +0.49 1.93 +0.35 2.50 +0.42
% Level 100 65 ** 70 ** 88

CS, coral sand; CT, calcium carbonate (control); Mg, magnesium; Si, silicon; Sr, strontium. Values are expressed as mean + SD (n = 8).

# Powder diet = solid diet x 0.66.

* P <.001, significantly different from values at the start of experiment.

** P < .05, significantly different from the CT group.
*kk P <001, significantly different from the CT group.

The systolic BP changes in SHR during the 8-week-
experiment are shown in Fig. 1. Systolic BP of all groups
was elevated to about 190 mm Hg by 5 weeks after the
start of feeding, and those of the CT and Sr groups
continued to rise in parallel, showing approximately a 9-
mm Hg difference until the end of experiment, whereas
BPs of the Si and CS groups were significantly reduced
after 6 weeks. At the end of the experiment, the mean
systolic BPs of the Si, CS, and Sr groups were 18, 16, and

220
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Fig. 1. Effects of silicon, strontium, and CS on mean systolic BP. CT
indicates control group; Si, silicon group; CS, coral sand group. Values are
means + SD (n = 8). *P < .05, °P < .00, significantly different from the
CT group.

9 mm Hg lower than 207 mm Hg of the CT group,
respectively, and values of the former 2 groups were
significantly different. Mean systolic BP increases during
the 8-week feeding period were 59 mm Hg (100%) in CT,
33 mm Hg (56%) in Si, 39 mm Hg (66%) in CS, and 53
mm Hg (90%) in Sr, respectively, and BP increases of the
Si and CS groups were significantly suppressed compared
with that of the CT group.

The study by culturing rat ASMC for 5 days at
physiologic 1 mmol/L Mg in medium revealed that additions
of 5 and 50 mg/L Si significantly increased the intracellular
Mg content to 177% and 135%, respectively, as compared
with no Si addition (Table 5). High concentrations of 4
mmol/L Mg and 50 mg/L Si in the medium reduced the
intracellular Mg of rat ASMC. On the other hand, no
differences were observed in Ca uptake by rat ASMC under
the same conditions as for the Mg uptake cultures (Table 6).

The results observed in the cell culture study (Table 5)
were confirmed by feeding rats for 7 weeks with the Mg-
deficient diets with or without Mg as magnesium sulfate and
with or without 50 mg/kg Si (Table 7, Fig. 2). As the average

Table 5
Effects of silicon on uptake of Mg by rat aortic smooth muscle cells

Periods (d) Mg in medium  Si in medium  Cellular Mg® %
(mmol/L) (mg/L) (ng/dish)
5 1 0 34+3 100
5 60 + 4 177 **
50 46 £ 4 135%*
5 4 0 55+4 100
5 63 +4 115
50 47+ 4 86 **

? Values are expressed as mean + SEM of 3 dishes.
* P <.05, significantly different from the medium without Si.
** P <.005, significantly different from the medium without Si.
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Table 6
Effects of silicon on uptake of **Ca by rat aortic smooth muscle cells
Periods (d) Mg in medium  Si in medium  Cellular Ca® %
(mmol/L) (mg/L) (ug/mg protein)
5 1 0 570 + 14 100
5 560 + 14 99
50 620 + 14 109
5 4 0 630 + 15 100
5 610 + 14 96
50 610+ 14 96

* Values are expressed as mean + SEM of 3 dishes.

daily intake of diet per rat during the experimental period
was reduced to 80% in SHR fed with the Mg-deficient diet,
the intake of NaCl and body weight were also significantly
decreased to 80% and to 85% to 88%, respectively, as
compared with those of rats fed with the Mg-supplemented
diet (Table 7). There were no differences in water intake
among the 4 groups. The average daily intake of Si per rat
was determined to be 232-fold and 203-fold in both Si-
supplemented groups, with or without Mg supplementation,
when compared with the Mg but no Si-supplemented group,
respectively, whereas it was 0.8-fold in the group fed the
Mg-deficient diet. The increase of systolic BP in the basal
Mg-containing diet to 190 mm Hg after 7 weeks of feeding
was significantly suppressed to 17 mm Hg (91%, P < .001)
in SHR fed the diet containing Mg along with Si, but not the
Mg-deficient diet with or without Si addition (Fig. 2).
Although an association of Mg deficiency with hypertension
has been previously reported, the Mg-deficient diet with or
without Si addition showed only a 6- to 8-mm Hg reduction
from BP of the basal Mg diet. This was probably related to
the significant reduction in food intake resulting in
significant decreases of NaCl intake and body weight

Table 7

200 -
190 | 100%
e (189.8 mmHg)
180 |
b
91%
170 (-17.4 mmHg)

160

-®- +Mg
—— +Mg&Si50
-0 - -Mg

—O— -Mg&Si50

Mean systolic blood pressure (mmHg)

150

140 1 1 1 1 1 1 1 )
7TW 8W 9W 10W 11W 12W 13W 14W

Age (weeks)

Fig. 2. Effects of silicon on BP of SHR fed diets with or without magnesium.
Definitions of each group refer to “Methods and materials” and footnote of
Table 7. Values are means + SD (n = 8). *P < .05, °P < .005, significantly
different from the +Mg group.

(Table 7). Aortic Si (122%) and Mg (112%) contents were
significantly higher in SHR fed the diet containing Mg along
with Si compared with those fed the basal Mg-containing
diet, whereas a significantly reduced Mg (86%) content was
observed in the group fed the Mg-deficient diet (Table 8).
There were no significant differences observed in the aortic
Ca contents among the groups.

Body weight and average daily intakes of diet, NaCl, water, and Si per SHR fed diets with and without magnesium

Groups (8 rats/group) +Mg? +Mg® and 50 mg/kg Si -Mg® —Mg" and 50 mg/kg Si
Body weight (g) at the end of experiment 298.4+11.0 304.4 +£20.3 262.7 = 10.0 253.0+11.1
% Increase 140¢ 145* 122% 121*
% Body weight 100 102 88 ** 85 **
Average daily intakes per rat
Diet® (g) 29.0 +3.8 26.8 +3.2 232 +3.8 235+54
% Intake 100 93 80 *** 81 ***
NaCl (mg) 343.8 £ 444 381.1 +38.5 274.7 + 447 278.9 + 63.7
% Intake 100 93 80 *** 81 ***
Water (mL) 29.1+4.4 30.0 £ 6.2 322452 293 +6.6
% Intake 100 103 111 101
Si (ug) 58+0.8 1345.4 + 160.6 4.6+0.8 1179.7 £ 271.1
% Intake 100 23196 ** 80 *** 20340 **

Values are expressed as mean + SD (n = 8).

? Magnesium sulfate was added to Mg-deficient diet as shown in Table 2.

' Mg-deficient purified basal diet (Oriental Yeast, Co).
¢ Powder diet = solid diet X 0.66.

* P <.001, significantly different from values at the start of experiment.

** P < .05, significantly different from the +Mg group.
**% P < .001, significantly different from the +Mg group.
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Table 8

153

Aortic contents of Si, Mg, and Ca of SHR fed diets with and without magnesium

Groups (8 rats/group) +Mg? +Mg® and 50 mg/kg Si -Mg" ~Mg® and 50 mg/kg Si
Aortic wet weight (mg) 103+9 99 + 21 95+ 15 93 +£22

% Weight 100 95 90 92
Mineral contents (ug/g tissues)

Si 74+12 9.0+ 14 7.1£1.1 83+ 1.5

% Content 100 122 * 96 112

Mg 404 +4.1 453 +4.4 348 +5.4 39.0+6.3

% Content 100 112* 86* 96

Ca 252.0+15.8 2552 +16.7 264.6 £22.4 273.1 £27.1

% Content 100 101 105 108

Values are expressed as mean + SD (n = 8).

? Magnesium sulfate was added to Mg-deficient diet as shown in Table 2.

® Mg-deficient purified basal diet (Oriental Yeast, Co).
* P < .05, significantly different from the +Mg group.

Changes in mRNA expressions related to hypertension in
the SHR aorta are summarized in Fig. 3. Among members of
the renin-angiotensin system (RAS) (Fig. 3A-C), mRNA
expression of AGN (Fig. 3B) was suppressed to 76% and
70% in the Si and CS groups when compared with the
control group, respectively; there were no differences in
ACE and ATIAR expressions (Fig. 3A, C) among these 3
groups. The mRNA expressions of growth factors related
to vascular remodeling (Fig. 3D-F) were significantly
decreased to 71% and 76% in Si and CS groups for bFGF
(Fig. 3E) and to 72% and 80% in Si and CS groups for TGF-
Bl (Fig. 3F) when compared with the control group,
respectively; there was no change in the PDGF-A expression
among the 3 groups (Fig. 3D). Other mRNA expressions
related to anti-inflammatory and antihypertensive effects on
the vascular cells (Fig. 3G-J) were significantly increased in

the Si group to 135%, 154%, and 175% for PPARY
(Fig. 3G), adiponectin (Fig. 3H), and eNOS (Fig. 3J),
respectively, whereas there were slight increases of 120% to
112% in the PPARa expression (Fig. 3I) of the Si and CS
groups without statistical significance.

4. Discussion

Earlier studies suggested the potential involvement of Si
in atherosclerosis based on observations in which the Si
content in connective tissues of the aorta is richer than in
other tissues but decreased with aging and the development
of atherosclerosis [3-6]. One of those studies found an
inverse relation between silicic acid in drinking water and the
high mortality rate from coronary heart disease in Finland
[5], and another epidemiologic study reported significant
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Fig. 3. Effects of silicon and CS on the gene expressions in aorta of SHR. CT indicates control group; Si, silicon group; CS, coral sand group. Values are means +
SD for 8 animals in each group. Means with different letters are significantly different at P < .05 (Duncan new multiple range test).
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inverse correlations between drinking water levels of metals
such as Ca, Mg, lithium, Sr, and Si and vascular disease
mortality rates in Texas [6]. In the latter study, a significant
inverse relationship of Si and Sr levels was seen with
mortality rates due to hypertension with heart disease. In our
findings, Si and natural Si-containing CS added to the
control diet significantly prevented elevation of systolic BP
by 18 mm Hg (9%) and 16 mm Hg (8%) below the control
SHR, respectively, whereas Sr added to the control diet
reduced systolic BP by only 9 mm Hg from 207 mm Hg of
the control group. In a cell culture study conducted to
elucidate the mechanism behind the observed BP-lowering
effect of Si, Mg uptake by rat ASMC increased 1.8-fold
when the cells were cultured in the presence of 5 mg/L Si and
physiologic Mg levels compared with no Si addition to the
medium, whereas Ca uptake by cells was not affected under
the same conditions. The results of the cell culture were
consistent with the hypotensive effect of Mg in the presence
of Si observed in the additional animal study, probably due
to the stimulation of Mg uptake by SHR aorta as found in the
cell culture.

Magnesium acts extracellularly by blocking transmem-
brane Ca transport in vascular smooth muscle [11,13,20] and
neural cells [11,21] by inhibiting norepinephrine release and
intracellularly, as a Ca antagonist [12,13], thereby modula-
ting the vasoconstrictor actions of increased intracellular Ca.
Because the deficiency of intracellular Mg, the physiolo-
gically active form of the element has been implicated in
hypertension [22,23], and intracellular Mg homeostasis in
cardiovascular cells is regulated by various hormones and
vasoactive agents [11], intracellular Mg levels may play a
key role in modulating vascular tone and BP. However, the
therapeutic value of Mg in the prevention and management
of essential hypertension is inconsistent with data from
clinical trials [10]. Identification and control of various
factors influencing intracellular Mg homeostasis may
contribute to an improvement of the inconsistency in results
from clinical trials. In a study that focused on the influence of
excessive oral inorganic silicon administration in the form of
sodium metasilicate on the levels of Ca and Mg in serum and
several tissues in Wistar rats, a decrease of serum Mg
concentration was observed with an accompanying elevation
of registered calcemia, whereas a reduction of aortic Ca
levels was found with a simultaneous increase of aortic Mg
pool [24], hence providing evidence for silicon involvement
in the Ca and Mg metabolisms without clarification of its
physiologic significance. In our present study with 1/20 less
Si intake than the study discussed above, a similar result of a
significant increase of aortic Mg content in SHR was
observed when compared with the controls.

The contributions of the circulating RAS to regulation of
BP, as well as electrolyte balance, are well known [25]. In
addition to the circulating RAS, local angiotensin production
is an important modulator of tissue function, and the RAS
components are expressed and differentially regulated in
multiple tissues, including those of the cardiovascular

system [26,27]. Among mRNA expressions of the RAS
components in the aorta of SHR in the present study, AGN
mRNA expression was suppressed in the Si and CS groups
with no differences in ACE and ATIAR expressions,
accompanied with significant suppressions of plasma Ang
IT levels. Aortic AGN mRNA expressions are positively
regulated by hormonal stimuli including dexamethasone,
estradiol, and thyroid hormone [25]; bacterial lipopolysac-
charide [27]; and Ang II [28]. Agents known to decrease
intracellular cyclic adenosine monophosphate (cAMP) such
as Ang II or the cAMP-antagonists stimulated ANG synthesis,
whereas cAMP-stimulating agents such as catecholamines,
glucagon, or the cAMP-agonists inhibited ANG synthesis
[28]. The rate-limiting step in the activation of adenylyl cyclase
is conversion of the regulatory component from its inactive to
active form, and both the rate and extent of this activation are
regulated by the intracellular Mg ion, for which other divalent
cations, including Ca®", did not substitute [29]. In addition,
glucagon and arginine vasopressin, which increase cellular
cAMP concentrations, have been reported to stimulate Mg*"
uptake in mouse distal convoluted tubule cells [30]. In an early
study of Si-gonadal interaction [31], Ca-Mg imbalance caused
by hormonal imbalances, which were themselves caused by
natural (aging) and experimental (ovariectomy) factors, was
improved by administration of Si and an involvement of
intracellular cAMP in the mechanism was suggested without
further clarification.

The underlying mechanism in the present study for the
observed increases of the intracellular Mg content in ASMC
or aortic Mg content of SHR by Si addition to the media or to
the diets is unclear, but the stimulation of adenylyl cyclase
activity by increased Mg in ASMC or aorta of SHR, the
increase in intracellular cAMP, and the subsequent decrease
in ANG mRNA expression could be deduced. Studies of
ANG-deficient mice with hypotension [32] and of transgenic
mice carrying human ANG gene with hypertension [33]
indicated the critical involvement of ANG in regulation of
BP. Angiotensin II, an enzymatic product of renin and ACE,
via its receptor, is an important regulator not only of vascular
smooth muscle contraction but also of vascular SMC
proliferation and migration both in vitro and in vivo [34].
The former regulation by Ang II is induced through an
increase of the intracellular Ca** and a decrease of the
intracellular Mg”" [22,35,36]. For the latter regulation, Ang
I directly causes cellular phenotypic changes and cell
growth [37]; regulates the gene expressions of various
bioactive substances including growth factors such as
PDGF-A, bFGF, and TGF-p1 [38]; and activates multiple
intracellular signaling cascades in vascular smooth muscle
cells [34]. Such regulatory actions by Ang II may be
involved in the pathophysiologies of vascular thickening,
atherosclerosis, and cardiac hypertrophy. The observed
suppression of bFGF and TGF-1 mRNA expressions with
no changes of PDGF-A in both Si and CS groups may be
associated with significant suppressions of AGN mRNA
expression and plasma Ang II levels in the 2 groups.
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Evidence has accumulated that PPARY activation or its
agonist ligands, thiozolinediones, inhibit Ang II-induced
proliferation and migration of vascular SMC and endothelial
cells [39,40]. Peroxisome proliferator—activated receptor-y
agonists also inhibit migration of monocytes and their
adhesion to endothelial cells, as well as the secretion and
gene expression of proinflammatory cytokines, including
tumor necrosis factor o, interleukin-1, and interleukin-6 [40].
Hence, PPAR7y activation may attenuate inflammation and
thus atherosclerosis and hypertension. Moreover, PPARY
promotes the gene expression of both adiponectin [41] and its
receptors [42], which improve hypertension and coronary
artery disease [40,43-45]. Endothelial production of nitric
oxide leading to vasodilation is activated by adiponectin
through stimulation of eNOS phosphorylation at Ser1179,
which is linked to the increase of eNOS enzymatic activity
[46]. Nitric oxide activates PPARY binding through the p38
mitogen—activated protein kinase signaling pathway [47],
thus contributing to the anti-inflammatory and cytoprotective
effects of adiponectin, nitric oxide, and PPAR?y in the
vasculature [48]. Another isotype of nuclear receptors,
PPARa, regulates the expression of various genes related to
lipid metabolism and associated with beneficial effects such
as prevention of the development of hypertension and
attenuation of atherosclerosis [49].

Our results showed that gene expressions of PPAR?Y,
adiponectin, and eNOS were significantly stimulated in the
Si group, and slight increases in the PPARo expression of
the Si and CS groups were observed. The possible causes
exhibiting a similar efficiency in suppressing elevation of
BP in the CS group to the Si group without increases in the
antiatherogenic gene expressions of PPARYy, adiponectin,
and eNOS may be associated with the higher dietary
intakes of 132% for Mg and 402% for Sr compared with
the Si group.

Further studies are necessary to elucidate the mechanism
underlying the stimulations of aortic intracellular Mg uptake
and PPARy gene expression by soluble silica observed in the
present study. Research, including long-term trials, is also
needed to assess the safety and potentially beneficial roles of
Siand CS as its natural source material in the prevention and
management of hypertension.

In conclusion, as discussed above, this study demonstra-
ted a novel function of a trace mineral, Si, in reducing
hypertension in SHR by stimulating the intracellular Mg
uptake and the antihypertensive and antiatherogenic gene
expressions in aorta. Coral sand as a natural Si-containing
material exhibited a similar efficiency in suppressing
elevation of BP in SHR without increases in the antiathero-
genic gene expressions in aorta, suggesting the involvement
of a different mechanism.
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