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Abstract

Background. The nutritional significance of silicon for the human body is highlighted by a continually grow-
ing body of evidence. In conditions of excessive reactive oxygen species and upregulated immune response,
silicon has been observed to provide benefits, but its role in redox and inflammatory status has not yet been
examined in rheumatoid arthritis (RA).

Objectives. The aim of this study was to assess the relationship of silicon intake and plasma level to systemic
indices of redox status and inflammation in patients with RA.

Material and methods. Silicon intake and plasma levels were measured in 115 RA subjects and 129 control
subjects. Serum antioxidant and oxidant levels, antioxidant enzyme activity, and albumin, uric acid, TBARS,
hs-CRP, and IL-6 levels were measured and compared to the intake and plasma levels of silicon.

Results. Silicon intake and plasma silicon levels were higher in RA subjects than in the controls. In the RA
group, a generally favorable correlation to redox and inflammatory markers was found for silicon in diet and
in plasma; however, albumin level, smoking status, and gender interfered with these results. In the control
subjects, a significant relationship was observed only between plasma silicon and non-enzymatic markers
of redox status.

Conclusions. There are suggestions of silicon’s involvement in managing redox and inflammatory status
in RA, though further studies are warranted.
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Introduction

A growing body of evidence suggests that silicon is es-
sential to the human body, supported recently by the iden-
tification of the cellular silicon influx and efflux system."?
Orthosilicic acid diluted in water and soluble dietary sili-
cates are both easily absorbed by the intestines. Solid plant
foods, such as cereals and certain vegetables, provide sili-
con in the form of the less absorbable phytolytic silica, but
the high silicon content nevertheless makes them impor-
tant dietary sources of this element.>* The food industry
utilizes silicon compounds as food additives, in the form
of food-grade amorphous silica, silicates, and polymethy-
losiloxane, which can substantially increase the amounts
of silicon in one’s diet.> The body retains silicon mainly
in connective tissues, including bone, cartilage, skin, and
the aortal wall.! Orthosilicic acid circulating in the blood
is thought to be predominantly unbound to protein.®

Silicon has been shown to stimulate collagen synthe-
sis, to promote osteoblast differentiation, and to improve
bone density and turnover. Silicon deficiencies may lead
to abnormalities in the connective tissue and articular
cartilage in rats. Serum silicon concentration positively
correlates with collagen concentration in the skin and
cartilage.® The protective role of silicon in the develop-
ment of cognitive impairment and atherosclerosis has also
been shown, although the latter remains controversial.!
Studies on silicon-deprived animals suggest a contribu-
tion of silicon to immune and inflammatory responses.”®
In murine macrophages, silicon in the form of sodium
metasilicate demonstrated the ability to reduce nitric ox-
ide generation and to inhibit the gene expression of tumor
necrosis factor-a and cyclooxygenase-2.° Redox status has
also been shown to improve in silicon-supplemented rats
with non-alcoholic steatohepatitis, including enhanced
gene expression of liver antioxidant enzymes and lowered
glutathione persulfide levels.!? It should also be mentioned
that the role of silicon in enhancing antioxidant capac-
ity, including antioxidant enzyme activity, has been con-
firmed for plants exposed to abiotic stress.!! On the other
hand, hypersilicemia induced in rats by an excessive in-
take of metasilicate nonahydrate led to the accumula-
tion of oxygen free radicals in the liver and kidneys and
to the inhibition of superoxide dismutase and glutathione
peroxidase.?

So far, no association of dietary silicon with inflam-
matory autoimmune diseases has been reported. Only
exposure to non-dietary silicon, e.g., crystalline silica in-
halation or silicone implants in the body has been found
to increase autoimmune disease risk in humans, including
RA.1314 Dietary silicon at a physiological level has in turn
shown an immunomodulatory effect in rats with arthritis
induced by collagen type 2 injection.® Rheumatoid arthri-
tis is a chronic syndrome characterized by non-specific
inflammation of mainly the peripheral joints, leading
to the progressive destruction of cartilage and bone.
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The generation of reactive oxygen and nitrogen species
at the site of inflammation has been shown to contribute
to disease development.'® It has previously been reported
that an impaired ability to remove oxidative stress in RA
results in a disrupted systemic redox status.’® The ben-
eficial activity of soluble silicon forms under excessive
reactive oxygen species (ROS) and an upregulated immune
response, as observed in biological fluids, cell lines, and
animal models, raising the question of whether dietary
intake of silicon and plasma silicon level influence sys-
temic redox and inflammatory status in patients with RA.

Therefore, the aim of this study was to evaluate the sili-
con intake and plasma level in RA subjects and controls;
moreover, the goal was to analyze the relationship of di-
etary and circulating silicon levels to selected serum in-
dices of antioxidant, oxidant, and inflammatory status
as measured in RA patients and compared to control
subjects.

Subjects and methods

Patients with rheumatoid arthritis
and the controls

This study included 115 RA patients who were enrolled
in the study via the outpatient clinic of the Department
of Rheumatology and Internal Medicine of Wroclaw Medi-
cal University; all of them fulfilled the American College
of Rheumatology criteria.'” The control subjects com-
prised 129 healthy people recruited from public offices
and Wroctaw’s 3" Age Universities. The exclusion crite-
ria for the control group were chronic pro-inflammatory
diseases and mental health issues. The study protocol was
approved by the Wroclaw Medical University Ethics Board
(consent No. KB-390/2012). All subjects gave written in-
formed consent.

The RA study group underwent clinical examination
by a rheumatologist in order to collect the following data:
age, duration of disease, number of swollen joints, number
of painful joints, the Disease Activity Score of 28 Joints
(DAS 28), the presence of rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPA), and pharmaco-
logical treatment. In both groups, body mass index (BMI)
was measured and declared smoking status was recorded.
In all recruited subjects, an assessment of dietary intake
and habits was performed by a trained dietician, and fast-
ing blood samples were drawn on the day of the dietary
interview. Serum samples were collected in order to as-
sess systemic redox and inflammatory status. To measure
silicon levels, K,EDTA plasma samples were collected with
the exclusive use of plasticware in order to prevent pre-
analysis silicon contamination of the samples.

The 2 groups were matched in terms of age and cigarette
smoking. The baseline characteristics of both groups are
presented in Table 1.
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Table 1. Group characteristics

Parameter
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Sex of subjects, female
n (6) male

Age [years], median (range) Q1-Q3
<185
18.5-24.9
=25

BMI [kg/m?], n (%)

Cigarette smoking, | current smoker

n (%) former smoker (cessation > lyear) & never smoker
Time from RA onset [years], median (range)

Number of swollen joints, median (range)

DAS 28, median (range)

RF+ (cutoff 20 1U/mL), n (%)

ACPA+ (cutoff 25 U/mL), n (%)

methotrexate
Treatment, other non-biological DMARDs
n (%) anti-TNF therapy

steroids

calories [kcal]
carbohydrates [g]
protein [g]

fat[g]

water [g]

fiber [g]

vitamin C [mg]

Dietary intakes,
median (range)

vitamin E [mg a-tocopherol equiv)]
vitamin A [ug retinol equiv]

Fe [mg]

Cu [mg]

91 (79.1) 82 (63.6%)
24(209) 47 (36.4%) 0008
52 (18-82) 43-63 54 (25-79) 46-65 NS
2(17) 3(2.3%)
48 (41.7) 44 (34.1%) NS
65 (56.5) 82 (63.6%)
33(287) 41 (31.8%) "
82 (713) 88 (68.2%)
89 (0.2-50) - -
4(0-24) = =
5.05 (149-8.52) - -
56 (65) = =
44 (51) - -
46 (56.1) = =
33(40.2) - _
23 (280) = =
62 (75.6) - -
15904 (884.4-3622.5) 1708.2 (896.5-3816.2) 0.037
2255 (112.3-373.9) 2333 (92.5-588.4) 0019
65.8 (284-145.7) 69.0 (31.8-174.5) NS
50.1 (20.6-136.7) 56.5 (15.5-148.2) 0022
22257 (1057.9-3950.2) 20359 (717.5-5395.7) NS
18.0 (6.8-34.6) 209 (6.0-483) 0.007
83.6 (18.8-459.5) 93.0 (11.9-505.3) NS
610 (1.89-83.21) 713 (2.75-19.21) NS
756.3 (292.4-10484.1) 883.6 (210.8-96114) NS
892 (3.90-24.2) 1145 (4.21-26.8) 0.005
090 (0.49-6.81) 1.24 (0.55-2.45) <0.000

RA - rheumatoid arthritis patients; Control — control subjects; n — number of subjects; Q1-Q3 - range between the 25" and 75™ percentile; BMI - body
mass index; DAS 28 — Disease Activity Score of 28 joints; RF — rheumatoid factor; ACPA — anti-citrullinated protein antibody; DMARDs — disease-modifying
anti-rheumatic drugs; anti-TNF — anti-tumor necrosis factor; NS — not statistically significant.

Dietary intake assessment

Dietary intake in the 2 groups was assessed by dietary
recall from the last 3 days before the interview.!®* Long-
-term silicon intake was assessed using a questionnaire
on dietary habits developed by the Department of Food
Science and Dietetics at the Wroclaw Medical Univer-
sity.!? The questionnaire consists of 106 questions con-
cerning the consumption of food groups and individual
foods within those groups, calculated in portions per unit
of time. The amounts of dietary silicon were calculated us-
ing data from unpublished analyses of Polish food products
which were performed at the Department of Food Science
and Dietetics, as well as the United Kingdom silicon food
database* and data on silicon contents in Belgian food
products.® As the dietary habit questionnaire has been vali-
dated in the Polish population only for the dietary intake

of nutrients with established daily recommendation, but
not for silicon, silicon intake from the 3-day dietary re-
call was also calculated to cross-check the data gathered
from the dietary habit questionnaire. Silicon intake cal-
culated using the 3-day food recall amounted to 90 +9%
of the intake reported on in the dietary habit question-
naire. Moreover, the data from the dietary recall allowed us
to assess short-term dietary exposure to silicon. As silicon
intake and plasma levels may differ depending on gender,
the 2 variables were measured in each group as a whole
and in the female and male subgroups.®2°

Silicon determination in plasma
The levels of silicon in plasma were determined by graphite

furnace-atomic absorption spectrometry (GF-AAS), using
the standard addition calibration method. A PinA Acle 900
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(Perkin Elmer, Waltham, USA) atomic absorption spectrom-
eter was used for analyses. All reagents were prepared using
deionized water with a specific resistivity of 18.2 MQ-cm.
Plasma samples were diluted (1:4) with 0.01% Triton X-100
in water. From a silicon standard solution of 1000 +3 mg/L
in 0.2% HNO; (CPI International, Santa Rosa, USA), work-
ing standard solutions were prepared in 60 and 120 pg/L
volumes. The graphite furnace was injected with 10 pL
of sample, 10 pL of water or consecutive standard solu-
tion, and 5 pL of matrix modifier (0.1% Pd and 0.01% Mg).
The operating conditions and parameters of the instru-
ments for silicon measurement are summarized in Table 2.
The silicon signal was linear up to 700 pg/L with the limit
of quantification 5 pg/L. Due to the lack of appropriate
certified reference material, the Seronorm™ Trace Element
Serum L-2 (Sero AS, Billingstad, Norway) was used with
an approximate concentration of silicon given (ICP-SEMS),
and the recovery rate was 106%.

Table 2. Operating conditions and instrumental parameters for silicon
measurement in plasma by graphite furnace — atomic absorption
spectrometry (GF-AAS)

Operating Temperature Ramp Hold time Gas
conditions [°C] time [s] [s]
110 1 5 argon
Drying 130 30 40 argon
300 20 5 argon
) L 550 20 15 air
Mineralization 550 1 15 argon
Pyrolysis 1100 5 10 argon
yroy 1250 1 30 argon
Atomization 2450 0 5 -
Cleaning 2550 1 3 argon
Instrumental parameters
Wavelength 251.61 nm
Slit width 0.2nm
Lamp energy 63 mA
Measurement mode area under the peak
Characteristic mass 42 pg

Biochemical analyses in serum

The total antioxidant status (TAS) in the blood serum
was measured by the spectrophotometric method with
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt (ABTS), using a Randox TAS kit (Randox
Laboratories, Crumlin, UK) and a Konelab 20i analyzer
(ThermoSientific, USA).2! The 2,2‘-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging capacity was measured
spectrophotometrically in deproteinized serum (DSAS)
using a Spectronic GENESYS 6 UV-visible spectropho-
tometer (Thermo Electron Corporation, Waltham, USA).??
In both methods, antioxidant status was expressed in Tro-
lox equivalents.
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The total oxidant status (TOS) of the serum was mea-
sured as described by Erel.?? In this method, the ability
of serum oxidants to oxidize ferrous-ion-o-dianisidine
complex is ascertained by the spectrophotometric deter-
mination of colored oxidized product using xylenol orange.
The assay was calibrated with hydrogen peroxide. The re-
sults are expressed in uM of H,O, equivalent. Oxidative
stress index (OSI) was also calculated as a TOS:TAS ratio,
using the values of both parameters expressed in the given
units.?*

Thiobarbituric acid reactive substances (TBARS)
in the serum were detected spectrophotometrically after
extracting pink-colored reaction products in butanol, and
the TBARS concentration was expressed in nM of malo-
ndialdehyde (MDA).%

Serum albumin concentration was measured using
an assay kit (Thermo Electron Corporation, Vantaa, Fin-
land) with bromocresol green based on the colorimet-
ric method. Uric acid was measured in the serum using
a method based on oxidation by uricase. Serum high sen-
sitivity C-reactive protein (hs-CRP) was determined using
an hs-CRP assay kit (DiaSys, Holzheim, Germany) based
on the measurement of immunoprecipitation at 540 nm.
The addition of microparticles coated with anti-human
CRP to the buffered samples results in immunoprecipita-
tion recorded turbidimetrically at its end-point. Albumin,
uric acid, and hs-CRP were measured with the Konelab 20i
analyser.

The activity of superoxide dismutase (SOD) in serum
was measured with an SOD Activity Assay kit (Cayman
Chemical, Ann Arbor, USA), which uses tetrazolium salt
to quantify superoxide radicals generated by xanthine oxi-
dase and hypoxanthine. The oxidation rate of tetrazolium
salt to formazan dye is inversely proportional to the endog-
enous activity of SOD. One unit (U) of SOD activity was
defined as the amount of enzyme causing 50% superoxide
radical dismutation. The activity of catalase (CAT) was
measured in the serum using a CAT Assay kit (Cayman
Chemical) which uses the peroxidative function of the en-
zyme at optimal hydrogen peroxide concentration with
methanol as a substrate. One unit (U) of CAT activity was
defined as the amount of enzyme causing the formation
of 1 nmol of formaldehyde per minute. Measurements
of SOD and CAT were performed on a Multiscan GO mi-
croplate reader (Thermo Fisher Scientific, Waltham, USA).

Serum interleukin-6 (IL-6) concentration was also mea-
sured, using a solid phase sandwich ELISA assay kit (Dia-
clone SAS, Besancgon, France).

Statistical analyses

Statistical calculations were performed using STATIS-
TICA v. 13.0 (StatSoft Inc., Tulsa, USA). Pearson’s x? test
was used to assess differences in the qualitative variables
between groups. The correlations between measured vari-
ables were assessed in both groups, further divided into
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subgroups by gender, smoking status, and current treat-
ment. Depending on the distribution of variables, either
Student’s t-test or the Mann—Whitney U test were used
for group comparisons, and either Pearson or Spearman
correlation analysis was used to determine associations
between variables.

Results

Data on the intake of macronutrients, antioxidant vi-
tamins, and essential microelements involved in peroxyl
radical formation is included in Table 1. The diet of the ex-
perimental group provided the subjects with less energy,
fat, carbohydrates, dietary fiber, iron, and copper than that
of the control group, though their intakes of vitamin C and
equivalents of vitamins E and A were similar. Short-term sili-
con intake estimated from the 3-day dietary recall amounted
to 21.4 mg/day in the experimental group and was approx.
10% higher than in the control group; this difference was not
observed in men, however (Table 3). The main dietary sourc-
es of silicon for the 2 study groups were cereal products (ap-
prox. 35% in total) and hot and cold non-alcoholic beverages
(34 and 24% in total, respectively). Among cereal products,
breads played an important role in the acquisition of dietary
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silicon. Non-alcoholic beverages contributed significantly
more to silicon intake in the RA group than in the controls.
Fruits and vegetables also provided considerable amounts
of silicon in the diets of both groups, whereas fruits com-
prised a more substantial source for the controls.

Plasma concentrations of Si were shown to vary over
awide range in both groups, but the interquartile range be-
tween the 25" and 75" percentile was smaller in the con-
trols than in the experimental group, including the dis-
tribution of values in the subgroups of females and males
(Table 3). Significantly higher concentrations of silicon
were found in the RA group than in the control group,
and especially large differences were observed between
the females of these groups; the males’ plasma silicon
concentration did not differ significantly in either group.
In the controls, a negative correlation between silicon con-
centration and age was also noticed. A negative correlation
between silicon level and the number of swollen joints was
found in the RA female subgroup.

Total silicon intake estimated according to the short-term
dietary recall did not correlate with silicon concentration
in plasma, while dietary silicon provided by non-alcohol-
ic beverages was shown to correlate with plasma silicon
in the RA group. In the control group, the total silicon intake
from cereal products correlated with plasma silicon level.

Table 3. Silicon intake and plasma level in the RA and control groups, and significant correlations found between plasma or dietary silicon and selected
characteristics in the study groups

Parameter
all subjects
Silicon intake [mg/day], female
median (range)
male
white bread

wholemeal bread
other cereal products

vegetables
Silicon food sources

o A fruits
[% of total silicon intake]

non-alcoholic beverages
tea & coffee

alcoholic beverages

other foods
all subjects
Plasma silicon [ug/L],
median (range) Q1-Q3 female
male

cereal products
Significant plasma silicon correlations
g P ) tea & coffee
with food consumption (r)
non-alcoholic cold beverages

Significant plasma silicon correlations | @9¢€
with group characteristics (r)

number of swollen joints

Control
214 (11.2-48.6) 194 (12.6-37.0) 0.046
244 (12.9-48.6) 199 (12.6-37.0) 0.041
20.1 (11.2-31.1) 19.8 (15.0-30.6) NS
13.0 131 NS
9.6 9.3 NS
12,5 135 NS
11.3 13.2 NS
91 14.1 0.003
199 11.3 <0.000
13.8 12.6 0.037
0.5 33 0.007
10.3 9.6 NS
192.3 (42.7-372.9) 140.9 (594-312.0) 0028
120.2-269.7 111.0-1759
196.6 (42.7-372.9) 139.1 (66.1-312.0) 0007
118.7-269.1 104.2-177.2
207.7 (44.6-366.1) 149.2 (59.4-269.8) NS
131.9-279.7 115.5-170.4
- 0.52 0.001
033 = <0.000
0.29 - 0.002
- -0.27 0.001
-0.32 - 0.041

RA - rheumatoid arthritis patients; Control — control subjects; Q1-Q3 - range between the 25" and 75" percentiles; NS - not statistically significant;

r — correlation coefficient.
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Table 4. Redox status components and markers of inflammation in RA and control groups,

median (range)
Control

1.71 (1.20-2.14)
202.6 (674-523.1)
2.84 (0.09-49.31)
1.63 (0.05-32.96)

1.75 (0.68-7.98)

195 (0.19-3.22)
40.27 (548-7791)
4.25 (2.85-5.42)

5.3(3.0-8.8)

2.26 (0.81-16.41)

1.51 (0.03-10.8)

Parameter
TAS [mM Trolox]
DSAS [uM Trolox]
TOS [UM H,0, equiv]
OSI (TOS/TAS ratio)
TBARS [uM MDA]
SOD [U/mL]
CAT [U/mL]
Albumin [g/dL]
Uric acid [g/dL]
IL-6 [pg/mL]
hs-CRP [mg/L]

1.47 (1.03-1.86)
171.3 (41.1-450.3)
7.81(2.25-14.94)
5.19 (1.76-10.03)

1.88 (1.16-4.04)
249 (0.32-4.57)

35.63 (4.70-76.24)
392 (2.52-5.7)
44 (1.5-9.)
6.39 (0.84-98.95)
494 (0.12-83.57)
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approx. 12% of the TAS. Measuring the concen-
trations of the main endogenous antioxidants
in blood serum revealed that in the experimen-

<0.000 tal group circulated albumins were lower than
<0000 in the control group; in the case of uric acid, no
<0000 differences were found. The total concentration
20000 of oxidant molecules in blood serum was mea-
sured by TOS assay, which revealed higher val-

0.001 ues among the RA group than the control group.
0031 These differences in oxidative status between
0.023 groups were accompanied by higher OSI values
0.006 for RA patients than for controls. The TBARS
NS assay used in this study as an indicator of lipid
<0.000 peroxidation also showed higher serum con-
<0.000 centrations of MDA equivalents in the experi-

RA - rheumatoid arthritis patients; Control — control subjects; TAS - total antioxidant status;
DSAS - deproteinized serum antioxidant status; TOS - total oxidant status; OSI — oxidative
status index; TBARS — thiobarbituric acid reactive substances; SOD - superoxide dismutase;
CAT - catalase; IL-6 — interleukin 6; hs-CRP — high sensitivity Greactive protein; NS — not

statistically significant.

Table 5. Correlations between dietary or plasma silicon with markers of redox and

inflammatory status in RA and control groups

Correlations with dietary Si

Correlations with plasma Si

mental group. The assessment of the enzymatic
components of antioxidant status revealed more
activity of serum SOD and less activity of CAT
in the RA group than in the control group. Dis-
rupted systemic inflammatory status, expressed
as a higher serum concentration of hs-CRP and
IL-6, was also found in the RA patients than
in the controls (Table 4).

The relationships of dietary intake and plas-

Parameter

RA Control RA Control ma silicon concentration to redox and inflam-
TAS NS NS 034 (0.007)° 0.28 (0.001) matory statuses were statistically analyzed for
DSAS NS NS 023 (0018) 0.25 (0014) the 2 groups (Table 5). No correlation between
05 _0.28 (0.009)¢ NS 024 (0032 —0.23(0.007) plasma'silic.on and dietary silicon level was ob-
o rp—— N Ep—— prpp——— served in either group, though a negative cor-
relation between Si intake and IL-6 level was
TBARS NS NS NS 034(0017° found among the RA group, and negative cor-
Albumin 0.28 (0.030)° S NS NS relations of Si intake with TOS and OSI was
Uric acid NS -042 (0.005) NS NS noted among the RA females, as well as with
SoD NS NS NS NS hs-CRP in patients with above-average se-
T NS NS 0.21 (0.027) NS rum albumin levels. Moreover, silicon intake
0.39(0.002)° in the RA group was associated with higher
hs-CRP -0.35 (0.012)? NS NS NS concentrations of albumin; however, in pa-
~0.32 (0.005)° tients with albumin levels above the median,

I-6 -0.19 (0.041) NS NS . . . .
-0.29 (0.006)° this relationship was not noticed. In the control

RA - rheumatoid arthritis patients; Control — control subjects; TAS — total antioxidant status;
DSAS - deproteinized serum antioxidant status; TOS — total oxidant status; OSI — oxidative
status index; TBARS — thiobarbituric acid reactive substances; SOD — superoxide dismutase;
CAT - catalase; IL-6 — interleukin 6; hs-CRP — high sensitivity G-reactive protein; NS - not
statistically significant. Statistical significance in subgroups: @ — patients with an albumin level
above the median value (3.92 g/dL); ® - non-smokers; © - female subjects; ¢ - male subjects.

For the assessment of systemic redox balance in the study
groups, the antioxidant capacity and total oxidant load
in serum were measured (Table 4). The scavenging activity
of non-enzymatic serum components against ABTS radi-
cals was determined by TAS assay. The antiradical activity
of low-molecular-weight serum components was also as-
sessed in deproteinized serum using a DPPH-stable radical
(DSAS assay). Significantly lower values of both TAS and
DSAS measurements were found in the RA group than
in the controls. In both groups, DSAS values comprised

group, dietary silicon did not correlate with re-
dox or inflammatory status, except for a nega-
tive correlation with uric acid. Plasma silicon
concentration positively correlated with TAS
and DSAS values in the controls. In the experi-
mental group, a positive correlation of plasma
silicon with TAS was found in patients with
serum albumin over the median value, and this relationship
was accompanied by an opposite relationship with DSAS
and was observed in all RA patients. Among the param-
eters of oxidative status, TOS and OSI negatively correlated
with plasma silicon in the experimental group. In the case
of TOS, this correlation was limited to non-smoking pa-
tients; for OSI it was limited to patients with above-average
albumin levels. In the control group, these 2 parameters
decreased with increasing plasma silicon concentrations.
A positive correlation between TBARS level and plasma
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silicon level was noticed, but only among the male control
subjects. The activity of SOD and CAT did not correlate
to plasma silicon in the controls, while a positive correla-
tion between plasma silicon and CAT was found among
the RA group, especially in those with above-average al-
bumin levels. Plasma silicon concentration did not cor-
relate with inflammatory markers in the control group.
In the experimental group, a negative correlation with IL-6
concentration was found, but only in non-smoking patients
and in the female subgroup.

Discussion

This study is the first attempt to assess the associa-
tion of silicon provided by diet and silicon concentration
in blood plasma with the antioxidant and oxidant status
of patients with RA and with systemic markers of inflam-
matory status in RA. Our previous study showed that
the intake of some essential nutrients, such as polyun-
saturated fatty acids, vitamin E, B6, and calcium corre-
lated with higher serum antiradical activity in RA patients;
moreover, this antioxidant potential was beneficially linked
with disease duration and severity.!® Silicon also seems
to be involved in redox balance and inflammation, though
these observations originate from animal models and
the cell cultures underwent toxic, metabolic, or immune
challenges.”~1 The effects of dietary silicon on the develop-
ment, progress, and severity of autoimmune diseases have
not yet been studied.

Dietary Si intake has not yet been evaluated in the Pol-
ish population and no database is available with silicon
levels in Polish foods. Therefore, we assessed the amount
of silicon in foods consumed by the subjects in this study
by using the dietary recall method and a questionnaire
on dietary habits, and by calculating silicon intake accord-
ing to data on the silicon content of foods measured in our
laboratory and databases on food component analysis
available in European countries and published elsewhere.?*
So far, adequate daily intakes of Si have not been estab-
lished, but the results obtained in this study are in agree-
ment with the estimated beneficial intake range based
on animal and human exposure studies (10-30 mg/day);
according to the Framingham Offspring Cohort study,
however, the most favorable amount of silicon in the diet
associated with bone health exceeded 30 mg/day."?

The contributions of foods supplying silicon in
the 2 study groups were in alignment with previous stud-
ies, though the higher intake in male subjects than female
subjects was not confirmed.? As with Finnish, British, and
American diets, cereal products were the primary food
source of silicon, followed by fruits and vegetables and hot
and cold beverages. In the typical Western diet, beer was
among the foods found to contribute the most to the in-
take of silicon in men (up to 18%).2° In our study, alcoholic
beverages proved to be a much less important source of Si
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in the diet. The RA group, especially women, consumed
a diet providing slightly more silicon than the control
group, and non-alcoholic beverages containing soluble
orthosilicic acid comprised a larger percentage of silicon
food sources for the RA patients than the controls. Sili-
con sources in the diets of both groups greatly reflected
the dietary habits of the adult Polish population, as re-
cently published in the National MultiCenter Health Sur-
vey (WOBASZ 11, 2013-14),>”28 and in our previous study
concerning the diet quality of RA patients vs controls.!®
These habits include consuming a high proportion of white
bread to total cereal products, tea and coffee comprising
much of the non-alcoholic beverages, and fruit and veg-
etable consumption which is lower than recommended.

A higher silicon content in the diet was accompanied
by a higher plasma silicon level in the RA group than
in the control group. A positive correlation of plasma
silicon with beverage consumption has also been found
in RA patients, which provides an easily absorbable form
of silicon.? Reference values for fasting plasma silicon
concentration in healthy adults have not yet been es-
tablished. It is difficult to refer measured plasma silicon
levels to the data published for different populations be-
cause of the different methods used in measuring silicon
concentration and the lack of certified reference mate-
rials. Nevertheless, it may be stated that the concentra-
tions of silicon in the plasma of the subjects in this study
were similar to those obtained for other populations
(100-310 pg/L).! The negative correlation with age found
among the controls was in alignment with previous find-
ings,® while in the RA patients no correlation between
plasma silicon and age was noted, and in the female RA
subgroup a favorable association with the disease course
was found. Plasma silicon concentration did not appear
to be dependent on gender, as observed by other authors.?*
Since it has been shown that plasma silicon level is physi-
ologically regulated by kidney excretion and likely by ac-
tive intestine transport, the elevated plasma silicon levels
among the RA patients may suggest an alteration in this
regulation linked to the disease rather than a slightly
higher oral intake of silicon in these patients.? An in-
creased serum silicon level has been reported in rats with
collagen-induced arthritis, and higher serum Si levels have
also been observed in sclerosis multiplex — a disease with
inflammatory immunopathogenesis.®?°

The role of oxidative stress has been implicated
in the etiology of RA, and several studies have observed
a relationship between oxidative damage and the main-
tenance of the inflammatory process in RA.!® In this
study, we assessed extracellular antioxidant/oxidant sta-
tus, since it constitutes an important modulator of in-
tracellular redox balance in different tissues and under
inflammatory conditions.?® Systemic antioxidant status
was analyzed using TAS and DSAS methods which evalu-
ate serum radical scavenging capacity, being the first line
of defense in conditions of increased ROS production.
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In order to specify the potential of the circulating low-
molecular-weight antioxidant pool, measurements of anti-
radical activity in deproteinized serum (DSAS) were taken
in addition to TAS.?! As anticipated, the RA experimental
group was characterized by an imbalance in redox status,
manifested in the reduced antiradical capacity of serum
and its deproteinized fraction. Elevated serum TOS, OS],
and TBARS levels in comparison with the control group
also indicated an overproduction of hydrogen peroxides
and lipid peroxides.?® The disrupted balance between SOD
and CAT activity that was found in the RA group when
compared to the control group may contribute consider-
ably to the impaired management of hydrogen peroxide
production. Activity of Cu/Zn-SOD has previously been
shown to be elevated or reduced in the serum or plasma
of RA patients.'®3? The inhibition of serum CAT activ-
ity observed in the RA group was in accordance with
Shah et al.,® though other authors have found this enzyme
to be more active.?? Insufficiently metabolized hydrogen
peroxide, under reduced CAT activity, underlies further
reactions to yield the highly reactive hydroxyl radical in-
volved in lipid oxidation, and might therefore contribute
to the increased formation of MDA found in the TBARS
assay of the RA group. The lower serum concentrations
of albumins in the RA group when compared to the con-
trol group indicate diminished cationic ligand binding
by albumins, thereby facilitating the formation of hydroxyl
radicals via the Fenton reaction.33*

The inflammatory response in RA involves the increased
expression of markers of inflammation, such as CRP and
proinflammatory cytokines, including tumor necrosis
factor-a (TNF-«) and IL-6, in the synovial fluid and se-
rum.?® In our study, both hs-CRP and IL-6 concentra-
tions were significantly higher in the serum of RA patients
than in the controls. Concentrations of IL-6 higher than
those in the control group were also found for patients
treated with anti-TNF therapy (data not shown). Inter-
leukin 6 plays a crucial role in RA pathogenesis and may
serve as an indicator of disease severity.>® The immense
value of CRP as an inflammatory marker in RA has also
been recognized. C reactive protein, as part of an acute
phase response to inflammation, stimulates proinflam-
matory cytokine production and may contribute directly
to the inflammatory state.!>3°

No link between dietary silicon and indices of oxidant/
antioxidant status was found in the control subjects, ex-
cept for a negative correlation with serum uric acid con-
centration. The effect of silicon on uric acid level has not
yet been reported; however, the relationship noted in this
study may be indirect, since dietary silicon sources (such
as cereals, fruits, and vegetables) are simultaneously pu-
rine-poor foods, leading to a decrease of uric acid level
in the serum.%” The total Si intake from these foods was
higher in the control group than in the experimental
group (63.2% vs 55.5%, respectively). In the conditions
of enhanced oxidative stress detected in the RA patients,
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the correlation between dietary silicon and serum mark-
ers of redox status was more pronounced and pertained
to the reduction of hydrogen peroxide and lipid peroxide
levels measured in the TOS assay for female patients with
increased silicon content in their diet. Moreover, the ratio
between oxidant and antioxidant status decreased along
with increasing silicon intake in these subjects, indicat-
ing the role of Si in managing oxidant overproduction
related to RA. Again, the observed relationship could be
an effect of the composition of foods supplying silicon,
which are mainly of plant origin and contain a wealth
of antioxidants proven to be effective in ROS neutraliza-
tion. However, it has been shown that silicon possesses
the ability to remove hydrogen peroxide or other ROS, and
its protective effects against hydrogen peroxide toxicity
was observed in animal models and cell lines.2?3% More-
over, it has been reported that silicon exerts an in vitro
inhibitory effect on DPPH radical production in a con-
centration-dependent manner.’ This specific implication
of silicon in managing oxidative stress was confirmed
in our study by the positive correlation between silicon
concentration in plasma and antiradical capacity mea-
sures, and by the negative correlation to oxidative stress
indices prominently expressed among the controls.
In the RA patients, these correlations were found only
in patients who were not burdened by factors influenc-
ing redox status, i.e., lower albumin levels and cigarette
smoking. Uric acid contributes the most to the antioxidant
pool of deproteinized serum, and the opposite relationship
of silicon concentration to antiradical activity measured
in deproteinized serum might result from the silicon—uric
acid interactions revealed when silicon levels are elevated
in the blood. Uric acid antioxidant activity has been shown
in fact to be affected by certain components of the chemi-
cal milieu in the human body, including bicarbonate.*
Moreover, in the DPPH assay, which was performed
in an organic solvent, the mode of interaction between
the assay components and the impact of their propor-
tions may differ from how they are in the natural envi-
ronment.*® The compelling positive link between plasma
silicon level and the marker of lipid peroxidation in male
controls might be at least partially explained by the find-
ings published by Garcimartin et al.3® The authors of that
study demonstrated that silicon in concentrations up
to 100 pg/L did not induce TBARS production in neuro-
blastoma cells, but when concentrations reached 250 pg/L
or more peroxidation was significantly higher. This sug-
gests that Si is ineffective as a hydroxyl radical neutralizer
or may even induce the production of hydroxyl radicals
at the concentrations found in serum. However, in this
study an organic compound of silicon was tested, and
the observed effect might depend on the chemical form
of silicon. On the other hand, in an aluminum challenge
study on rats, the concentration of TBARS decreased after
oral administration of orthosilic acid, but this effect might
result from the ability of silicon to produce aluminosilicate
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complexes rather than from direct antioxidant action.*!
It should also be mentioned that a high intake of iron and
copper was noted among the control group, especially
in the men, whose diet supplied 135% and 153% of the rec-
ommended daily allowance for these elements, respec-
tively.*2 Moreover, a tendency toward higher plasma sili-
con levels was observed in the male controls with higher
Fe intake (data not shown). An excessive intake of these
redox-active transition metals, especially iron, has been
shown to promote lipid peroxidation, so this effect might
contribute to the relationship between plasma silicon level
and TBARS level observed in the male subgroup.*® Further
light on the role of silicon in extracellular redox status may
be shed by the relationship of Si to antioxidant enzyme
activity in the serum. Although dietary and plasma sili-
con were not linked to SOD and CAT activity in serum
among the control group, a significant positive correlation
was found for CAT in the RA patients, especially among
those with above-average albumin values. In RA, silicon
may play a modulatory role in ROS disabling, where SOD
activity is elevated and CAT is reduced. These associa-
tions suggest that silicon in the serum acts as a hydrogen
peroxide neutralizer, at least partly by inducing CAT ac-
tivity. The modulatory effects of silicon on SOD and CAT
were also studied in a non-alcoholic steatohepatitis rat
model, where strong activation of initially low SOD levels
in the liver tissue of rats was reported after the rats were
fed supplemental silicon, while the activities of CAT and
glutathione peroxidase did not change.’® As the authors
of that study suggested, in this model the ability of silicon
to neutralize hydrogen peroxide rendered the overexpres-
sion of CAT unnecessary. A favorable link between dietary
and plasma Si and inflammatory response in RA was also
found in our study, but some interferences were noted
— given that this relationship was influenced by serum
albumin level, smoking status, or gender. Rheumatoid
arthritis therapy did not further modify the observed as-
sociations (data not shown).

The role of silicon in alleviating inflammatory and im-
mune response was revealed in a study on animals with
collagen-induced arthritis.® The involvement of silicon
in the response to inflammation was also demonstrated
in silicon-deprived rats, which accumulate more silicon
in the liver and bones than silicon-supplemented rats
in acute-phase inflammation induced by lipopolysaccha-
ride endotoxin.** In murine macrophage cells, the inhibi-
tory effect of silicon on IL-6 secretion was observed only
at a concentration of 50 pM, far exceeding those found
in human blood.? Silicon was also shown to normalize
the gene expression of TNF-a upregulated in mice ex-
posed to aluminum.* Since both hs-CRP and IL-6 con-
centrations in the blood are sensitive markers for assess-
ing the intensity of inflammatory processes and disease
severity, the results obtained in this study may suggest
a beneficial role of silicon in the course of RA. Bone resorp-
tion and osteoclast induction in RA is stimulated by IL-6,
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so the negative correlation between Si and IL-6 in the RA
group is an indication of its role in preventing bone, car-
tilage, and joint destruction in RA.3°

In our previous study, systemic antioxidant capacity was
shown to decrease in RA patients, as disease activity and
lenght of time from disease onset increased.!® With regard
to this observation and the suggested contribution of sili-
con to antioxidant status in RA, we evaluated the associa-
tion of dietary and plasma silicon with the clinical indices
used to monitor RA activity and duration. A negative cor-
relation between plasma silicon and the number of swollen
joints was revealed among female RA patients; moreover,
anon-significant positive trend was also noted for disease
duration among non-smoking subjects (r = 0.19, p = 0.068).
These findings may support the case for silicon’s involve-
ment in disease response in RA patients, though the effect
of supplementary silicon on the number of affected joints
was not found in an arthritic rat model.®

In conclusion, silicon may contribute to systemic re-
dox balance. In light of the generally favorable correlation
of plasma and dietary silicon to redox and inflammatory
markers, the elevated plasma silicon levels in the RA pa-
tients (as compared to the controls) might suggest the in-
volvement of silicon in managing the disturbances related
to RA. Non-smoking status and non-affected serum albu-
min seem to be important in exposing the beneficial effects
of silicon in RA. As a number of questions remain, further
studies on the role of silicon in the antioxidant system and
inflammatory processes are warranted.
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