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Abstract

Previous studies have reported that silicon (Si) has a positive effect on bone health, immune response, and cognitive health.
However, basic and important studies on evaluating dietary intake and urinary excretion of Si are limited. The aim of this study
was to evaluate dietary Si intake and urinary excretion according to gender and age in healthy and free-living Korean adults and to
investigate the relationship between them with gender. In this cross-sectional study, anthropometric measurements, dietary
assessment using a food record, and a 24-h urine collection were conducted in 80 healthy Korean adults (40 males and 40
females; groups of 8 subjects representing each decade of life [20s to 60s]) with self-selected diet. The dietary assessment and 24-
h urine collection were performed twice at intervals of 3 days. Daily intake of Si was estimated using a Si database of food
composition. Urinary excretion of Si was analyzed using ICP-OES. The mean dietary Si intake was 22.8 mg/day for men and
19.3 mg/day for women without significant difference according to their gender and age. Si intake was the highest from
vegetables both in men and women, followed by grains, beverages, and fruits in men and by grains, fruits, and milks in women.
Urinary Si excretion was significantly higher in men (9.8 mg/day) than women (9.3 mg/day), and significantly increased with age
only in women. Regarding the relationship between dietary Si intake and urinary Si excretion, a significantly positive correlation
was found in men, but not in women. Longitudinal and balance studies to elucidate gender differences in Si nutrition are needed.
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Introduction

Silicon (Si), distributed in the form of alumino silicate
(A1,0O5Si) and silicon dioxide (SiO,, silica), is the next abun-
dant element after oxygen on Earth [1]. Previous studies re-
ported that Si, as a trace mineral, is essential for the develop-
ment of bone and connective tissue [2, 3] and has a positive
effect on immune response and cognitive health, in addition to
bone health [4, 5].

Si content is abundant in vegetables and beverages such as
drinking water and beer and higher in vegetables than meat
and/or dairy products [6, 7]. The daily intake of Si was report-
ed to be 20-50 mg for the Western diet [8—10] and 140—
204 mg for China and India [11, 12], which showed differ-
ences in each country with different dietary patterns.
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Differences were also reported according to gender and age
[8, 13].

Dietary Si is mainly absorbed in the gastrointestinal tract
and most is excreted into urine [8]. Urinary Si excretion is an
important factor to correlate with dietary intake and is a bio-
marker for estimating bioavailability [8, 14]. Several studies
reported that the urinary excretion of Si during 0—6 h of in-
gestion was about 45% of dietary intake and 24-h Si excretion
was about 57% [14—-16]. However, studies on evaluating die-
tary Si intake and its relationship to urinary Si excretion are
still limited.

In order to establish the dietary reference intakes (DRIs) of
certain nutrients, sufficient scientific evidence to prove the re-
quirement of and harmfulness to the body should be obtained,;
therefore, studies evaluating the nutrient intake and excretion
level are needed [17]. The dietary patterns vary by country, and
the food contents of trace minerals such as Si vary greatly
depending on the type of soil and food variety. To obtain re-
search data for establishing DRI of Si in a certain country, it is
necessary to conduct research considering usual and actual
dietary patterns of subjects and their age and gender [18].
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The aim of this study was to evaluate the dietary Si intake
and urinary Si excretion and investigate their relationship ac-
cording to gender and age in Korean healthy adults with self-
selected diet, which can be used as evidence data for acceler-
ating Si research and establishing its RI for Koreans. In this
study, a dietary intake survey and a 24-h urine collection were
conducted in 80 Korean healthy adults, grouped based on their
gender and age. And then, dietary intake and urinary excretion
of Si were evaluated and the relationship between them was
analyzed.

Materials and Methods
Subjects

The subjects of this study were 80 healthy males and
females aged 20—-69 years who were selected after
volunteering in Chungnam, Korea. The volunteers were
recruited by posting a study subject recruitment an-
nouncement on the websites of self-governing organiza-
tions of the region. The exclusion criteria disallowing
volunteers from participating included having hyperten-
sion, heart failure, diabetes, kidney disease, or cancer,
being under any medication and diet control, and for
women, being pregnant and lactating. Regarding gender
and age, the 80 subjects were selected as 8 males and 8
females for each age group in their 20s, 30s, 40s, 50s,
and 60s.

Anthropometric Measurements

On the first day of the survey, trained staff members per-
formed anthropometric measurements. Body weight and
height of the subjects were measured twice to the nearest
0.1 kg and 0.1 cm, respectively, using a height-weight meter
(DS-102, Dong Sahn Jenix Co., Seoul, Korea) while subjects
were barefoot and wearing light indoor clothing. Body mass
index (BMI) was calculated as weight in kilograms divided by
squared height in meters.

Dietary Assessment

After anthropometric measurements, the dietary assess-
ment was conducted for two days at intervals of 3 days
on weekdays using the method of a food record. After
completing the anthropometric measurement, subjects
were instructed to maintain a usual diet and to record
on a dietary sheet the type and amount of all food and
beverages (e.g., coffee, tea, alcoholic beverages) con-
sumed for 24 h on the day before urine collection,
and if a camera was available, they were instructed to
take a photo of food before consumption. A trained and

registered dietician validated the dietary records through
a direct interview with the subjects. In order to increase
the accuracy of the dietary intake survey, the dietician
used food containers, food models, measuring cups,
weighing spoons, rulers, and measuring tape. Food and
nutrient intakes were calculated using CAN-Pro 4.0
(Computer Aided Nutritional Analysis Program for
Professionals, The Korean Nutrition Society, Seoul,
Korea) based on the dietary intake survey sheet. Si in-
takes of the subjects were calculated using a Si content
database produced by a previous study [19] and the
food composition table of Japan [20]. The Si database
covered 85.5% for the number of food consumed by the
subjects and 96.8% for food intake.

Twenty-four-Hour Urine Collection and Analysis

Twenty-four-hour urine samples were collected twice during
the study. Each collection started at 7:00 am on the day after
the dietary intake assessments. The first voided urine was
discarded, and thereafter, all urine was collected for 24 h. In
order to determine the accuracy of the urine collection, [urine
volume collected/(body weight x 21)] was calculated, and if it
was more than 0.7, then it was judged to be accurate. And
when it was lower than 0.7 and urinary creatinine concentra-
tion was lower than the reference value estimated based on the
subject’s gender, age, and body weight, it was judged to be
inaccurate [21]. In this case, urine and dietary intake data were
collected again at intervals of at least 3 days. The collected
urine was measured as total volume, and 10 mL of the urine
was dispensed into a disposable transfer pipette and stored at
—70 °C until analysis. Urinary creatinine was analyzed by
kinetic colorimetry assay. Si concentration in the urine
sample was analyzed using inductively coupled plasma
optical emission spectroscopy (ICP-OES; Optima 5300
DV, PerkinElmer, MA, USA) after urine was centrifuged
at 400 g for 15 min based on a previous study [22].
The urine sample was prepared for analysis by diluting
(1+1) with 1% (w/v) nitric acid and warming to room
temperature prior to analysis for Si by ICP-OES. To
measure the Si concentrations in urine samples, calibra-
tion standard solutions (Si concentrations of 0 to 10 mg/
L) were prepared by diluting the stock standard solution
(Kanto Chemical Co., Tokyo, Japan) with 1% nitric ac-
id. The ICP-OES system was operated at 1150 W for-
ward power with a plasma flow of 8 L/min, sample
uptake rate of 49 rpm, auxiliary gas flow rate of
0.2 L/min, and nebulizer gas flow rate of 0.8 L/min
with PFA nebulizer. The analytical wavelength used
for Si was 251.611 nm. The relative standard deviation
(%RSD) was maintained within 3% for each urine
sample.

@ Springer



288

Kim et al.

Statistical Analysis

Statistical analysis was performed using the SAS program
(Ver. 9.3 SAS Institute, Cary, NC, USA). Data of dietary in-
take and urinary excretion for two days were used for statisti-
cal analysis after calculating the average for each subject. Data
of all continuous variables were calculated as mean and stan-
dard deviation. To check normal distribution of all continuous
variables, a Shapiro—Wilk test was conducted. Variable differ-
ences according to gender and age were tested using Student’s
t test and ANOVA test with post hoc analysis of Tukey’s test.
The correlation between each variable was evaluated for its
significance using Pearson’s correlation test. Significance ver-
ification of all statistical analyses was set at the level of
p<0.05.

Results
Anthropometric Characteristics

No significant difference was found in the height, weight, and
BMI of men according to age. In women, however, height
significantly decreased (p <0.001) while BMI increased
(p <0.05) with age (Table 1).

Daily Energy and Nutrient Intakes

Daily energy, carbohydrate, protein, and Si intakes were not
significantly different according to age both in men and wom-
en. Dietary Si intake was 22.8 mg/day for men and 19.3 mg/
day for women without significant difference in gender and
age (Table 2).

Dietary Si Intake from Food Groups

Figure 1 shows food and Si intakes from each food group in
men and women. Food intake was the highest from beverages
in men and vegetables in women. However, Si intake was the
highest from vegetables both in men and women, followed by
grains, beverages, and fruits in men and grains, fruits, and
milks in women. Especially in beverages, men had a higher
intake of Si from beer than women (data not shown).

Dietary Intake and Urinary Excretion of Si

Figure 2 shows dietary Si intake and urinary excretion of the
subjects according to age. Dietary Si intake was not signifi-
cantly different between men and women. However, urinary
Si excretion was significantly higher in men at 9.8 mg/day
than women at 9.3 mg/day. In men, dietary Si intake and
urinary excretion increased with age without significant dif-
ference. In women, there was no significant difference in die-
tary Si intake according to age, but urinary Si excretion sig-
nificantly increased (p < 0.05).

Relationship Between Dietary Si Intake and Urinary
Excretion

Relationships between dietary Si intake and urinary Si excre-
tion in men and women are shown in Fig. 3. Dietary Si intake
was significantly correlated with urinary Si excretion in men
(p <0.01), but not in women.

Discussion

In this study, we evaluated the dietary Si intake and urinary Si
excretion and the relationship between them in free-living

Table 1 General characteristics of the subjects according to gender and age
20s 30s 40s 50s 60s Total
Height (cm) Men 1744 + 62! 1712 3.1 173.0 £ 5.5 168.9 + 4.9 167.6 + 6.0 171.0 £ 5.6
Women' ™2 1635 + 54234 1612 + 442" 1602 + 6.6a" 1551 £ 32065  153.6 £ 3.3bHF 1587 + 5.9%H
Weight (kg) Men 754 +12.3 72.6 + 7.4 735+ 114 70.0 + 13.8 642 +7.7 71.1 £ 11.0
Women 55.6 + 4.5 62.6 + 112 53.4 + 54 57.8+54 557 + 5.9 57.0 + 7.3
BMP (kg/m®>  Men 247 +33 24.8 +3.0 244 +24 244 +3.38 229+26 242 +3.0
Women' 20.8 + 1.7b¢ 24.0 +3.9a 20.9 + 2.5b¢ 24.0 + 2.4at 23.6 + 2.2ab 22.7 + 2.9

" Mean + SD. Eight subjects for each age group
2 Significant difference among age groups by ANOVA test

3 Different letters in each row indicate significant difference among age groups at p < 0.05 by Tukey’s multiple-range test

* Significant difference between men and women by unpaired ¢ test

3 Body mass index
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Table 2  Energy and silicon intakes of the subjects according to gender and age
20s 30s 40s 50s 60s Total
Energy (kcal/day) Men 2628.6 + 744.4'  1852.1 + 454.1 2180.8 + 457.7 1978.2 + 567.9 1946.3 + 578.6 2117.2 + 609.0
Women 1708.1 + 289.9%%2 1802.9 +287.7 1728.2 + 82.0% 1592.8 +267.2 1714.8 +597.5 1709.3 + 3357+
Carbohydrate (g/day) Men 345.7 £ 1503 2382 +£582  293.0+67.1 313.9+86.0 2972+ 668  297.6 + 94.1
Women  221.8 + 41.3 253.6 £343 2380525 257.1+50.1 293.54+92.6  252.8 + 59.9F
Fat (g/day) Men™ 83.0 + 20.9a* 65.7+36.0ab 562 +20.1b 433 +19.8b 48.8 £24.1b  59.4 +27.5
Women'  55.0 + 16.3a% 545+ 1402  55.6+150a 379+132b 356=189b 477+ 17.4}
Protein (g/day) Men 90.6 + 16.0 79.9 +22.4 759+166 765 +30.0 86.3 + 45.8 81.8 +27.5
Women  68.1 + 19.1% 722 +20.4 69.6+12.0  61.7+21.0 6344189 67.0 + 18.0%
Silicon (mg/day) Men 230+ 7.1 19.7 + 6.6 22.6+3.7 234 +9.1 254+162 22892
Women  16.6 + 3.7 19.8 +10.0 21.6 + 7.8 2124538 173+£76 193 +72
Silicon (mg/1000 kcal/day) Men 84 +2.1 11.0 +3.7 10.6 +2.1 11.7+25 12.5 £ 4.3 10.8 +3.2
Women 97+12 112+6.1 124 +4.1 132 £22 103 £34 114 +38

" Mean + SD. Eight subjects for each age group
2 Significant difference between men and women by unpaired ¢ test

3 Significant difference among age groups by ANOVA test

“ Different letters in each row indicate significant difference among age groups at p < 0.05 by Tukey’s multiple-range test

Fp<0.05; ¥ p<0.01; #p<0.01; T p<0.05

Korean adult men and women in order to provide evidence
data required to accelerate Si research and to establish its DRI
for Koreans. The main results showed no significant differ-
ence in dietary Si intake and urinary excretion according to
age in men. In women, there was no significant difference in
dietary Si intake with age, but urinary Si excretion was
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Fig. 1 Daily food and silicon
intakes from food groups of the
subjects
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Daily intake

significantly increased. Dietary Si intake was significantly
correlated with urinary Si excretion in men, but not women.
In the present study, the daily intake of Si was 22.8 mg for
men and 19.3 mg for women, similar to 20-50 mg reported in
the Western diet [7, 8, 23]. Adequate intake of Si is estimated
to be 10-25 mg based on 24-h urinary excretion [24, 25].

m Food (g) o Silicon (x10-2 mg)

Men (n=40)

Women (n=40)
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Dietary Si intake in this study was within this range. Daily Si
intake of men was reported as 20-30% [8] and 100% [6] higher
than that of women. This study also showed that the intake of
men was higher than that of women without significance,
which is consistent with previous studies [6, 8]. However, Si
intake per 1000 kcal was 10.8 mg/1000 kcal for men and
11.4 mg/1000 kcal for women. This is also consistent with
the results of Kim [19], in which Si was 15.0 mg/1000 kcal
for men and 16.3 mg/1000 kcal for women. These results show
that women consume a more high-density Si diet than men.

Major food groups that contributed to the consumption of
Si both in men and women were vegetables and grains. Choi
and Kim [26] reported that Si intakes from grains and vegeta-
bles were 25.6% and 22.7% of total Si intake, respectively. In
the present study, Si intakes through grains and vegetables
were 22.3% and 26.6%, respectively, indicating that these
were the main sources of Si. Grains have been reported as
foods high in Si because of silicification of flower bracts and
matured grain husk containing silica [27]. Vegetables also
contain high Si by permeating Si into trichomes or
microtriches of their surface from the soil [28]. In addition to
vegetables and grains, beverages were also a major source of
Si in this study. Si intake from beverages especially beer was
significantly higher in men than women. Robberecht et al.
[23] reported that beer and coffee were major sources of Si.
It has been reported that the reason for higher Si intake of men
than women is beer consumption [6, 8]. Beer is produced from
barley and hops with high Si content. During the beer produc-
tion, Si compound is used as a cleaning agent and cytolytic
silica is decomposed into water soluble orthosilicic acid dur-
ing the glycation, so that the Si content of beer is high and its
absorption rate is also as high as 50% [7, 29, 30].

@ Springer
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Ingested Si from food is absorbed mostly in the gastroin-
testinal track after digestion into orthosilicic acid, and most of
the Si in serum is quickly filtered in the kidney glomeruli and
excreted through the urine [15, 30, 31]. Based on studies eval-
uating urinary Si excretion, Jugdaohsingh et al. [8] reported
that 41% of the ingested dose was excreted in the urine in 0—
9 h. Pruksa et al. [16] reported that 57% of the ingested dose
was excreted in the urine in 24 h, and the amount of Si ab-
sorption in healthy persons was the same as Si excretion in
urine in 24 h. Although the absorption of Si in this study was
not measured, and Si intake and urinary excretion were not
measured on the same day, the ratio of urinary Si excretion to
dietary Si intake was 47.2% for males and 53.6% for females
(data not shown). These results are similar to those of previous
studies that indicated that 40-75% of the ingested Si was
excreted in the urine in 4-8 h [31] or that urinary excretion
of Si in 24 h accounted for 57% of the intake [16]. However,
this study has a limitation to emphasize the ratio of urinary Si
excretion to dietary Si intake because Si intake and urinary
excretion were analyzed through uncontrolled diet. However,
this result may be interpreted as a ratio of usual urinary Si
excretion to usual dietary Si intake. Further study to assess
Si balance based on metabolic experiments with diet control
is required.

In females of this study, although dietary intake of Si was
not significantly different according to age, urinary excretion
significantly increased with age. However, urinary Si excre-
tion of males increased with increasing dietary intake accord-
ing to age without significant difference. These results on
gender difference in urinary Si excretion according to age
can be interpreted from the following two perspectives. The
first is difference in eating patterns between males and



Relationship Between Dietary Intake and Urinary Excretion of Silicon in Free-Living Korean Adult Men and... 291

Fig. 3 Correlation between 25
dietary intake.gnd qﬁnary . Men (n=40) r-= 045
excretion of silicon in the subjects
o p<001 ®
B’ 20 A
E
c
o
= 15 4
3]
L .
o
X
(0}
6 10
&
E
>
©
£ 7
—
u
0 T T T T T T
0 10 20 30 40 50 60 70
Silicon intake (mg/d)
30
Women (n=40) —
o 25 A " p>0.05
S
(&)
é 20 .
c 4
S a
-+
P 15 A
=
o o o .
S * o 8
= 10 1 el S R
[
= .~ e o L
2 o © o R
3 s S ey
2 ®
O T T T T T T T
0 5 10 15 20 25 30 35 40 45

females, as mentioned in previous results. The contribution
rate of beer to total Si intake was 10.0% for males and 1.5%
for females. It is reported that beer is one of the major sources
of Si and about 50% of Si ingested from beer is excreted in the
urine [15, 29]. Jugdaohsingh [8] reported that about 49% of Si
from grains and 21% from fruits and vegetables were excreted
in the urine. Therefore, there is a possibility that urinary Si
excretion may be different due to different eating patterns
between men and women. The second perspective is the phys-
iological difference between males and females, especially
menopause in women. Numerous studies have shown that Si
appears to have a beneficial effect on bone formation and bone
health but not on bone resorption [2, 3, 32, 33]. Jugdaohsingh
et al. [34] reported a difference in Si effects between postmen-
opausal women and either men or premenopausal women,

Silicon intake (mg/d)

interpreting the effect of Si would not be expected in postmen-
opausal women because their bone mineral density is driven
by the resorption process. From these perspectives, we inter-
pret that absorption and utilization of Si are high during the
fertile period, but as they decrease after menopause, urinary
excretion may increase with age. The current study also found
that Si urinary excretion of women significantly increased
from their 50s, which is a common menopausal age.
Macdonald et al. reported that estrogen status is important
for Si metabolism in bone health [3]. However, this study
has some limitations to interpret the results because we did
not analyze bone metabolism or physiological indices of the
subjects and the variance in the Si intake data collected was
large, so further studies including these biomarkers and a larg-
er study population are needed.
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To establish mineral RIs, scientific evidence obtained from
balance studies on the intake, absorption, excretion, and equi-
librium status is needed [35-37]. Urinary excretion of min-
erals can be an important index for estimating the intake and
setting the requirement. In the results of correlation analysis
between Si intake and urinary Si excretion, a significantly
positive correlation was found in men, but not in women.
Other studies reported that dietary Si intake was significantly
correlated with urinary Si excretion without difference be-
tween men and women [8, 13]. Factors affecting Si absorption
include dietary fiber, calcium, magnesium, and steroid hor-
mones [38, 39]. As discussed earlier, there is a possibility that
the dietary patterns or physiological characteristics of women
that are different from those of men may interfere in the rela-
tionship between dietary Si intake and urinary Si excretion.
Future study is required to investigate the relationship be-
tween Si intake and urinary Si excretion and its gender differ-
ence considering interference factors.

This study has several limitations to generalize the results.
In estimating Si intake, drinking water was not included and
the Si database on food composition was not sufficient, sug-
gesting a possibility of underestimating Si intake. Also, the
number of study participants was small and the study area was
limited to some parts of Korea. Although urinary Si excretion
was assessed the day after Si intake examination, the diet on
this day was not controlled, which could have weakened the
relationship between dietary intake and urinary excretion of
Si. However, this is the first study to evaluate dietary Si intake
and urinary Si excretion and to investigate the relationship
between them according to gender and age in Korean adults
with self-selected diet. This research data can be used for
establishing the DRI for Si and evaluating the nutritional sta-
tus of Si.

Conclusion

Dietary Si intakes of Korean adults with self-selected diet
were 22.8 mg/day for men and 19.3 mg/day for women with-
out significant difference with respect to their age. Urinary Si
excretion was significantly higher in men at 9.8 mg/day than
women at 9.3 mg/day and significantly increased with age
only in women. In the relation between dietary Si intake and
urinary Si excretion, a significantly positive correlation be-
tween them was found in men, but not in women.
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