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Effects of Trace Elements on Anthropometric Characteristics of Children:

Cobalt and Childhood Body Mass Index
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Objectives: There are many reports on the effects of trace elements on human anthropometric characteristics. Among these
elements, cobalt has consistently shown an inverse relationship with obesity risk. In the present study, we aimed to investigate
the relationship between urinary levels of trace elements, focusing on cobalt, and childhood obesity, as indicated by the body
mass index (BMI) in early adolescents, focusing on the participants’ gender.
Design: A cross—sectional study was conducted in the Tokyo Teen Cohort study. Based on urinary samples, we obtained the
anthropometric characteristics (weight and height) and potential covariates associated with childhood BMI for 1542 children
(mean age=12 years; 860 boys and 682 girls).
Methods: Concentrations of urinary cobalt and 17 other trace elements were measured using inductively coupled plasma-mass
spectrometry or inductively coupled plasma-atomic emission spectrometry.
Results: Pearson’s correlation coefficient revealed an inverse relationship between the log of cobalt concentrations in the urine
and the BMI for the boys (r=-0.125, p<0.001) and girls (r=—0.082, p=0.033). Multivariate analysis, adjusted for various
covariates, reconfirmed the correlation between urine cobalt and the childhood BMI, only in the boys (beta=—0.14, p<0.001).
Conclusions: Among the 18 elements measured in the children’s urine, cobalt may exhibit sufficient potency to decrease the
risk of childhood obesity, particularly in boys. Future studies are required to clearly determine the magnitude of the effect and
the underlying mechanism (s).

Key words: cobalt, trace elements, gender, childhood obesity, body mass index

. worrisome epidemic worldwide". Currently, it is
Introduction . o .
estimated that more than 38 million children under
Over the past three decades, the frequency of the age of 5 years and 340 million children/adoles-
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Owing to the risk of adulthood obesity®, cardiomet-
abolic mortality, and morbidity?, childhood obesity
is an important public health challenge®®. More-
over, the Harvard Growth Study (1992) found that
overweight adolescents had an increased risk of
morbidity and mortality from coronary artery disease
in the future, regardless of their adulthood weight?.

Childhood obesity is a complex problem with a
multifactorial etiology, including environmental,
genetic, and ecological factors®*?. For example,
excess calorie intake in children may be an intrinsic
consequence of unhealthy eating habits. This may
include insufficient intake of necessary nutrients or
excessive consumption of toxic substances. Addi-
tionally, trace elements may contribute to obesity
by influencing metabolism. Many previous studies
have examined trace element exposure as a risk
factor for childhood obesity, and have reported
inverse associations between cobalt concentrations
in various biological samples and obesity risk (BMI)
in children'® and adults'”. In addition, an
experimental study demonstrated a difference in
lipid profile (TG, HDL, and LDL) and body weight
between mice exposed to cobalt and those that
were not!®. However, such relationships between
cobalt and glucose and lipid metabolism have not
yet been revealed in humans!?.

Previous reports have suggested that the effects
of trace metals may vary according to the child’s
gender, such as lowering of birth weight in male
newborns due to elevation of arsenic or lead
concentrations in maternal blood®?2" and increase
in the body weight of adult female participants due
to higher hair cadmium levels®®. Additionally, cobalt
absorption and/or excretion can be influenced by
gender, as serum and urine cobalt concentrations
are higher in women than in men?. Similarly,
studies in France?® and Taiwan® have reported
higher urinary cobalt (UCo) concentrations in
women than in men. Furthermore, regarding the
gender differences in the lipid profile after the
onset of puberty, it would be important to assess
the relationship between cobalt and childhood
obesity in early adolescent boys and girls.

In the present study, we aimed to measure 18
trace elements in urine samples from children to
assess their relationship with childhood BMI,
mostly focusing on cobalt. Because gender plays an
important role in cobalt biokinetics and affects chil-
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dren’s anthropometric characteristics, we addition-
ally compared cobalt concentrations, BMI, and
their correlations between boys and girls. To our
best knowledge, this study is the first to investi-
gate the relationship between UCo and childhood
BMI in early adolescents, focusing on the partici-
pants’ gender.

Materials and methods

In the present retrospective, cross—sectional
study, data and urinary samples were obtained
from the Tokyo Teen Cohort (TTC)%. The TTC
is a birth cohort study conducted by the Tokyo
Metropolitan Institute of Medical Science for inves-
tigating children’s physiological and psychological
development, including self-regulation and person-
alized values on adolescents and their primary
parents (usually mothers). In this community-
based survey, participants were recruited randomly
from three municipalities in the Tokyo metropol-
itan area using the resident registry. Self-report
questionnaires and interviews were conducted
using 3171 children (10 years old at the baseline
survey). In phase two of the study, the participants
were aged 12 years when the data were collected
for the current study. In this phase, urine samples
were collected from 1582 children and stored at
—80 °C until the metal analyses.

We extracted data on body weight and height
from the TTC dataset, as well as known potential
covariates associated with childhood BMI, such as
age (month), birth weight (g)?”, sleep duration
(weighted average of weekday and weekend sleep
hours per night)®3%, parents’ BMI?'3¥, parental
smoking®”, household income, and parents’ educa-
tion®. Forty participants’ data were excluded
because of missing information regarding the chil-
dren’s height and/or weight. Finally, we included
1542 children, 860 boys (55.8 %) and 682 girls (44.2
%), for statistical analysis (Figure 1).

Analysis of urine sample

Concentrations of trace elements in children’s
urine samples were measured by inductively
coupled plasma-mass spectrometry (ICP-MS)!3.3%
or inductively coupled plasma-atomic emission
spectrometry (ICP-AES), as previously reported®”.
ICP-MS (Agilent 8800, Agilent Technologies, Cali-
fornia, USA) was used for determining Li, V, Cr,
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Figure 1 Study flow chart

Co, Ni, Cu, Zn, As, Se, Sr, Mo, Cd, Ba, and TI, and
ICP-AES (Optima 2100, PerkinElmer, Massachu-
setts, USA) was used for measuring Na, Ca, Mg,
and K. For the measurement preparation, urine
samples were melted at room temperature and
mixed with 0.5 % HNO,; with 5-fold dilution in
ICP-MS and analyzed by the multi-element stan-
dard solution XSTC-13 (SPEX CertiPrep, New
Jersey, USA) as the external standard solution. For
ICP-AES, the urine samples were diluted 10-fold
with 05 % HNO,; and analyzed using XSTC-ZA
(SPEX CertiPrep, New Jersey, USA) as the
external standard solution. Measurements were
repeated three times, and the average of the three
measurements was used for statistical analyses.
For instrument calibration throughout the measure-
ments, at least 10 % of the analyses were external
standards, and 5 % were blank (pure water).

For statistical analysis, the values under the limit
of detection (LOD) were substituted with half the
LOD. To correct for variations in urine dilution, the
concentration of every trace element was expressed
as a ratio to urinary creatinine concentration. To
reduce the influence of outliers and normalize the
right-skewed distribution, we used the natural
logarithm of the urinary concentration of trace
elements in the statistical analysis. Among the 18
trace elements, we focused on cobalt, since several
studies showed an inverse association of this
element with childhood obesity (Table 1).

Statistical analysis

Student’s t-test (for continuous variables), Fish-
er’s exact test (for categorical variables), or Mann-
Whitney’s U-test (ordinal scale) were used for
comparisons between the two groups. Pearson’s
correlation coefficient was used to analyze the rela-
tionships between UCo and BMI. Multiple linear
regression analysis was performed for assessing
the relationships between UCo and urinary concen-
trations of the other 17 trace elements and BMI,
controlling for possible confounding variables. All
covariates were included using the forced-entry
method. Analyses of all models were gender-strat-
ified. The variance inflation factor (VIF) was
employed for checking the multicollinearity problem
among the variables. We used Bonferroni's correc-
tion to correct multiple comparisons, such as
repeating the statistical tests 36 times (18 measured
trace elements for both boys and girls), with a p-
value<0.001 (0.05/36), which was considered to
indicate a statistically significant difference. All
statistical analyses were conducted using IBM
Statistical Package for Social Sciences (SPSS),
version 27.0 (IBM Corp., New York, USA).

Results

The mean BMI of the children was 17.9 kg/m?
and very close between boys and girls (17.8 and
179 kg/m? respectively). The mean log UCo was
—0.295 ug/g, and there was no significant differ-
ence between boys and girls (mean=-0.308 and
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Table 1 Previous studies on relationship between trace elements, in different biological samples, and

anthropometric characteristics

Country Poland USA Turkey

Si tri
Iran v COURHES USA USA  Russia
from Europe

Children with

Age 6-17 y 6-19 y (;bisetihlyofgﬁgf) fg ;n; 6-11y  Adolescents Adults (Wf)‘rllien All
10712207 y only)
Outcome Obesity Weight BMI Weight BMI BMI BMI Weight
Sample Blood Plasma Urine Urine Serum Hair Urine Urine Toenails Hair
Co (=) (=) N/A (=) (=) (=) (=) (=) N/A (=) =)
Li N/A
Be N/A
B N/A
Mg N/A =)
Al (+)
Si N/A
\Y =) N/A N/A
Cr N/A N/A
Mn N/A  N/A  ($) N/A =)
Fe =) =) =) N/A N/A
Ni (+)  N/A  N/A N/A =)
Cu (=) =) N/A () N/A =)
Zn (=) (=) =) N/A N/A =)
As N/A (+)
Se N/A N/A
Mo (=) N/A (=) N/A N/A
Cd (+) N/A (+) (=) N/A N/A N/A =) N/A N/A
Sn N/A N/A
Sh N/A N/A N/A N/A N/A
I =)
Cs N/A (+) N/A =)
Ba (+) N/A (+) (+)
W N/A N/A N/A
Hg N/A N/A
Tl N/A N/A (+)
Pb (=) N/A N/A (=) (=) N/A N/A
Reference 10) 11) 12) 13) 14) 15) 16) 17)

(+): positive relationship, (—); negative relationship, N/A: no relationship

—0.279 ug/g, respectively). The Student’s t-test
showed a significant difference in mean birth
weightbetween boysand girls (mean=SD=3062+412
and 2995+401 g, respectively, p=0.002). The statis-
tical analysis did not indicate any significant differ-
ences in the other characteristics between boys
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and girls (Table 2).

Pearson’s correlation coefficient revealed a weak
inverse correlation between log UCo and BMI in
boys (r=-0.125, p<0.001) and girls (r=—0.082, p=
0.033) (Figure 2). Multiple linear regression anal-
ysis showed an inverse correlation between log
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Table 2 Comparison of continuous and categorical variables between boys and girls

Characteristics? Total (n=1542) Boys (n=860) Girls (n=682) p-value®

Log UCo —0.295+0.317 —0.308+0.323 —0.279+0.308 0.075
Age (months) 145.6£3.6 145.6£35 1455+3.7 0.745
Height (cm) 150.1£7.0 149.8+74 150.4£6.5 0.092
Weight (kg) 40475 40.2£7.7 40.8+7.1 0.118
BMI (kg/m?) 179+24 17.8+24 179+24 0.243
Birthweight (g) 3032.2+408.2 3061.6+411.9 2995.2+400.8 0.002
Average sleep duration (hour) 8.8+0.7 8.8+0.7 8.8+0.7 0.357
Father’'s BMI 236+3.2 23432 237%32 0.068
Mother’'s BMI 21.0£2.7 209+2.7 21.1£2.8 0.448
Parental smoking 0.821

Yes 460 (29.8) 256 (29.8) 204 (29.9)

No 1006 (65.2) 552 (64.2) 454 (66.6)

Unknown (%) 76 (4.9) 52 (6.0) 24 (35)
Annual household income (10000 yen) 0.383

0-299 69 (4.5) 42 (49) 27 (4.0)

300-599 349 (22.6) 205 (23.3) 144 (21.1)

600-999 577 (374) 304 (35.3) 273 (40.0)

1000+ 528 (34.2) 295 (34.3) 233 (34.2)

Unknown 19 (1.2) 14 (16) 5 (0.7)
Father's education 0811

High school or less 262 (17.0) 136 (15.8) 126 (185)

2-year college 218 (14.1) 129 (15.0) 89 (13.0)

4-year university 821 (53.2) 450 (52.3) 371 (544)

Graduate university 176 (114) 98 (11.4) 78 (11.4)

Unknown 65 (4.2) 47 (55) 18 (2.6)
Mother’s education 0.075

High school or less 248 (16.1) 140 (16.3) 108 (15.8)

2-year college 687 (44.6) 402 (46.7) 285 (41.8)

4-year university 544 (35.3) 284 (33.0) 260 (38.1)

Graduate university 54 (35) 28 (3.3) 26 (3.3

Unknown 9 (0.6) 6 (0.7) 3 (04)

2 Data presented as mean * SD or number (percentage)
b Comparison between boys and girls

Student’s t-test was used for continuous variables, Fisher's exact probability test was used for categorical variables, Mann-Whitney’s

U-test was used for ordinal scale

UCo and BMTI in boys after adjustment for confounding
factors (beta=—0.14, p<0.001) (Table 3). The VIF
did not demonstrate a multicollinearity problem
among the predictor variables (VIF<2.0). In addi-
tion, the statistical analysis failed to indicate any
significant relationship between the BMI and the
urine levels of the other trace element (Table 4).

Discussion

This study’s findings showed that increasing
UCo levels were associated with a decrease in BMI
in boys. This association was confirmed after
adjustment for several covariates, including genetic,
behavioral, and environmental factors, in the multi-
variate analysis. Similarly, many previous studies
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Male children

o r=-0.125,p < 0.001
BMI = -0.54 log UCo + 18.1

BMI

100

Female children

r=-0.082,p=0.033
BMI =-0.25 log UCo + 18.1

100

01

UCo (ng/g creatinine)

Figure 2

Pearson correlation coefficients between urinary cobalt concentration (UCo) and BMI in 860 boys and 682 girls

Table 3 Relationships of log UCo and other variables to BMI: Multiple linear regression analysis

by the forced-entry method

Boys Girls
(adjusted R?=0.137) (adjusted R?=0.096)

Beta? p-value Beta? p-value
Log UCo —-0.14 <0.001 —0.06 0.106
Age (months) 0.06 0.075 0.10 0.011
Birthweight (g) 0.07 0.033 0.06 0.140
Average sleep duration (hours) -0.14 <0.001 —0.05 0.185
Father's BMI 0.18 <0.001 0.14 <0.001
Mother’s BMI 0.19 <0.001 0.20 <0.001
Parental smoking (Yes=1, No=0) 0.09 0.013 0.02 0.586
Father’s education (years) 0.02 0.685 -0.07 0.094
Mother's education (years) 0.04 0.291 0.04 0.350
Annual household income 0.01 0.784 0.07 0.122

2 Standardized partial regression coefficient

have shown an inverse association between cobalt
and obesity/overweight rates, regardless of age,
gender, and type of the biological samples. Among
them, five studies assessed only children’®¥, one
study had no age limitation’, and two studies
assessed adults'® 17,

Consistent with the present study, Padilla (2010)'?,
Shao (2017)YY, and Vrijheid (2020)'* reported an
inverse association between UCo levels and child-
hood BMI and weight. Btazewicz (2013)'© showed
lower plasma and blood cobalt concentrations in
children with obesity than in those without obesity;
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however, the study failed to demonstrate the same
results for UCo. Similarly, Vigeh (2017) and Skalnaya
(2018) reported higher levels of hair cobalt in chil-
dren and adults with low body weight than in those
with normal weight®*!?. In adult women and chil-
dren, an inverse correlation has been reported
between cobalt levels in the toenail'® and serum'?,
respectively, and BMI. In addition, experimental
studies (mice and rats) have shown that blood/
urine/serum cobalt produce the same effects on
animal weight/BMI'#3®_ Thus, the findings of the
current study and previous epidemiological/exper-
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Table 4 Relationships of 18 trace elements to BMI

Log urinary concentration?® Boys Girls

Beta® p-value Beta® p-value
Li -0.08 0.029 -0.04 0.328
Na -0.06 0.093 -0.00 0.910
Mg -0.08 0.020 -0.06 0.138
K -0.07 0.061 0.01 0.848
Ca -0.02 0501 0.08 0.046
\ -0.03 0.348 -0.03 0418
Cr -0.02 0.495 -0.03 0525
Co -0.14 <0.001 -0.06 0.106
Ni -0.08 0.019 -0.07 0.095
Cu -0.06 0.079 -0.06 0.126
Zn -0.06 0.079 -0.08 0.051
As -0.05 0.126 0.00 0.926
Se 0.02 0.501 0.05 0.233
Sr —-0.04 0.227 0.02 0.536
Mo -0.05 0133 -0.09 0.018
Cd -0.02 0.649 -0.05 0.208
Ba -0.05 0.170 -0.01 0.785
Tl —-0.03 0.453 0.01 0.900

2 Adjusted for age, birthweight, average sleep duration, father's BMI, mother’'s BMI, parental smoking,
annual household income, father’s education, and mother’s education, by multiple linear regression

analysis using the forced-entry method
b Standardized partial regression coefficient

imental studies suggest that cobalt may reduce the
risk of obesity.

Although many previous studies ignored the
bioavailability of trace elements and their effects
according to the subjects’ gender, the present
study examined UCo levels and stratified the
effects by the participants’ gender. There was no
significant difference in the UCo levels between
boys and girls in the present study. However,
previous studies have reported higher levels of
UCo in women than in men®%. This difference
may be induced by the greater iron demand in
women. Cobalt and iron may share a common intes-
tinal uptake mechanism®”; thus, iron deficiency (a
common problem in young women) increases cobalt
absorption and urinary excretion in animals®® and
humans?®’. Since the participants of the present
study were in early adolescence (56 % of the girls
did not experience menarche), the difference in
UCo between girls and boys could not be detected
at their ages.

Pearson’s correlation analysis revealed an inverse

correlation between log UCo and BMI in both boys
and girls. When we adjusted for confounding
factors, in the multiple linear regression analysis, a
significant correlation was demonstrated only in
the boys. These gender-related findings suggest
that UCo is a protective factor against childhood
obesity, predominantly in boys. The molecular or
biochemical mechanisms underlying the reduction
of BMI by cobalt have not been clearly understood.
Tascilar (2011) found a correlation between plasma
cobalt and the insulin resistance index (HOMA-
IR), which suggests that cobalt acts as a regulator
of glycogen depot by suppressing glucagon
signaling and its effect on body weight!?. In rats,
cobalt administration was reported to result in
decreased blood glucose levels, regulated glucose
tolerance, and reduced body weight®. In addition,
cobalt can decrease obesity risk by altering lipid
metabolism, such as increasing leptin; the magni-
tude of the effect varies according to gender. For
instance, leptin levels in women are higher after
the onset of puberty**¥. Similarly, cobalt increases
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plasma HDL cholesterol and decreases LDL choles-
terol, free fatty acids, and triglycerides!®. Although
cobalt may reduce childhood BMI by influencing
lipid metabolism, we did not determine the level of
leptin in the participants of the present study.
Another possible underlying mechanism might be
iron metabolism, as iron plays an important role
during rapid growth periods, such as adolescence.
A recent study reported lower iron concentrations
in children and adolescents who are overweight
and a 50 % incidence of iron-deficiency anemia in
individuals with a BMI above the 97th percentile’®.
Cobalt may influence iron metabolism, conse-
quently increasing obesity risk by increasing the
hemoglobin, hematocrit, and red blood cell counts
in men®. Thus, cobalt may influence BMI by
changing the metabolism of glucose, lipids, and iron
differently in men and women.

In the present study, with a relatively large
sample size, we considered several potentially
confounding factors. However, the limitations of
this study need to be addressed. First, the cross—sec-
tional design of the present study may not draw
conclusions regarding the causal relationship
between UCo and childhood BMI. The generaliz-
ability of the results might be limited owing to the
study design. Second, child anthropometric charac-
teristics (e, weight and height) develop over
several months to years; thus, a single UCo
measurement may not reflect cumulative concen-
trations or exposure levels at an earlier life. Third,
urinary excretion of cobalt is multiphasic, with a
rapid increase in hours and a peak of elimination at
24 h following exposure’®. In other words, the
current study obtained the level of cobalt exposure
via measurement of one spot-urine sample. It
would be better to collect a 24 h urine sample for
cobalt measurements. Finally, some considerable
confounding factors associated with weight and
BMI, such as the participants’ diet and physical
activities, were not adjusted for in the current
study because information on these was limited in
the TTC dataset.

In summary, among the 18 measured trace
elements in the present study, only cobalt showed
a significant inverse relationship with BMI in Japa-
nese boys. Thus, cobalt may have sufficient potency
to decrease the risk of obesity in children. Future
epidemiological and experimental studies may need
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to clarify the magnitude of the effect and under-
lying mechanism (s).

Acknowledgements

This work is a part of the Tokyo Teen Cohort
Study, and we would like to thank all researchers,
investigators, and participants for their substantial
support in sample collection and management. We
would like to express our deep thanks to Dr.
Mohsen Vigeh for supporting the manuscript
preparation. We are grateful to Ms. Shizuka Iwasaki
for assistance in the preparation of analytical solu-
tions. We would like to thank Editage (www.
editage.com) for English language editing.

Funding

This work was supported by a Grant-in—-Aid for
Scientific Research on Innovative Areas (23118002;
Adolescent Mind & Self-Regulation) from the
Ministry of Education, Culture, Sports, Science and
Technology of Japan and Japan Society for the
Promotion of Science (JSPS) KAKENHI (Grant
Number JP19H01081).

Author contributions

Conception and design, JT and TM. Formal anal-
ysis and drafting of the article, JT. Critical revision
for important intellectual content, KY, SY, SA, AN,
MHH, and KK. Measurement of trace elements’
concentration, TM. All authors read and approved
the final manuscript.

Conflicts of interest statement

The authors declare that they have no conflicts
of interest.

Ethics approval

The present study was conducted after approval
was received from the ethics committees of the
Tokyo Metropolitan Institute of Medical Science
(approval no. 14-08) and Juntendo University
(approval no. 2016092).

Consent to participate

Written informed consent was obtained from
each participant and the participant’s primary
parent before participation, as part of the Tokyo
Teen Cohort study.



Juntendo Medical Journal 68 (3), 2022

References

1) Faienza MF, Chiarito M, Molina-Molina E, et a/: Child-
hood obesity, cardiovascular and liver health: A
growing epidemic with age. World J Pediatr, 2020; 16:
438-445. doi:10.1007/s12519-020-00341-9

2) Ng M, Fleming T, Robinson M, et al: Global, regional,
and national prevalence of overweight and obesity in
children and adults during 1980-2013: A systematic
analysis for the Global Burden of Disease Study 2013.
Lancet, 2014; 384: 766-781. doi:10.1016/S0140-6736 (14)
60460-8

3) Simmonds M, Llewellyn A, Owen CG, Woolacott N:
Predicting adult obesity from childhood obesity: A
systematic review and meta-analysis. Obes Rev, 2016;
17: 95-107. doi:10.1111/0br.12334

4) Reilly JJ, Kelly J: Long-term impact of overweight and
obesity in childhood and adolescence on morbidity and
premature mortality in adulthood: Systematic review.
Int J Obes (Lond), 2011; 35: 891-898. doi:10.1038/ijo.
2010.222

5) Olds T, Maher C, Zumin S, et al: Evidence that the
prevalence of childhood overweight is plateauing: Data
from nine countries. Int J Pediatr Obes, 2011; 6: 342-
360. doi:10.3109/17477166.2011.605895

6) NCD Risk Factor Collaboration (NCD-RisC): World-
wide trends in body-mass index, underweight, over-
weight, and obesity from 1975 to 2016: A pooled anal-
ysis of 2416 population-based measurement studies in
1289 million children, adolescents, and adults. Lancet,
2017; 390: 2627-2642. doi:10.1016/S0140-6736 (17) 32129-3

7) Must A, Jacques PF, Dallal GE, Bajema CJ, Dietz WH:
Long-term morbidity and mortality of overweight
adolescents. A follow-up of the Harvard Growth Study
of 1922 to 1935. N Engl J Med, 1992; 327: 1350-1355.
doi:10.1056/NEJM199211053271904

8) Kumar S, Kelly AS: Review of childhood obesity: From
epidemiology, etiology, and comorbidities to clinical
assessment and treatment. Mayo Clin Proc, 2017; 92:
251-265. doi:10.1016/j.mayocp.2016.09.017

9) Yang S, Chen X, Wang L, et al: Walkability indices and
childhood obesity: A review of epidemiologic evidence.
Obes Rev, 2021; 22(S1): €13096. doi:10.1111/0br.13096

10) Btazewicz A, Klatka M, Astel A, Partyka M, Kocjan R:
Differences in trace metal concentrations (Co, Cu, Fe,
Mn, Zn, Cd, and Ni) in whole blood, plasma, and urine
of obese and nonobese children. Biol Trace Elem Res,
2013; 155: 190-200. doi:10.1007/s12011-013-9783-8

11) Shao W, Liu Q, He X, Liu H, Gu A, Jiang Z: Association
between level of urinary trace heavy metals and
obesity among children aged 6-19 years: NHANES
1999-2011. Environ Sci Pollut Res Int, 2017; 24: 11573~
11581. doi:10.1007/s11356-017-8803-1

12) Tascilar ME, Ozgen IT, Abaci A, Serdar M, Aykut O:
Trace elements in obese Turkish children. Biol Trace
Elem Res, 2011; 143: 188-195. doi:10.1007/s12011-010-
8878-8

13) Vigeh M, Yokoyama K, Matsukawa T, Shinohara A,
Shariat M, Ohtani K: Effects of hair metals on body
weight in Iranian children aged 20 to 36 months. Iran
J Public Health, 2017; 46: 1018-1027.

14) Vrijheid M, Fossati S, Maitre L, et al: Early-life envi-
ronmental exposures and childhood obesity: An expo-
some-wide approach. Environ Health Perspect, 2020,

128: 67009. doi:10.1289/EHP5975

15) Padilla MA, Elobeid M, Ruden DM, Allison DB: An
examination of the association of selected toxic metals
with total and central obesity indices: NHANES 99-02.
Int J Environ Res Public Health, 2010; 7: 3332-3347.
doi:10.3390/ijerph7093332

16) Niehoff NM, Keil AP, O'Brien KM, et al: Metals and
trace elements in relation to body mass index in a
prospective study of US women. Environ Res, 2020;
184: 109396. doi:10.1016/j.envres.2020.109396

17) Skalnaya MG, Skalny AV, Grabeklis AR, Serebryansky
EP, Demidov VA, Tinkov AA: Hair trace elements in
overweight and obese adults in association with meta-
bolic parameters. Biol Trace Elem Res, 2018; 186: 12-
20. doi:10.1007/s12011-018-1282-5

18) Kawakami T, Hanao N, Nishiyama K, et al: Differential
effects of cobalt and mercury on lipid metabolism in
the white adipose tissue of high-fat diet-induced
obesity mice. Toxicol Appl Pharmacol, 2012; 258: 32-42.
doi:10.1016/j.taap.2011.10.004

19) Karatela S, Ward N: Trace elements and human obesity:
An overview. Manipal ] Nurs Health Sci, 2016; 2: 50-59.

20) Xu L, Yokoyama K, Tian Y, et al: Decrease in birth
weight and gestational age by arsenic among the
newborn in Shanghai, China. Jpn J Public Health, 2011;
58: 89-95.

21) Nishioka E, Yokoyama K, Matsukawa T, et a/: Evidence
that birth weight is decreased by maternal lead levels
below 5ug/dl in male newborns. Reprod Toxicol, 2014;
47: 21-26. doi:10.1016/].reprotox.2014.05.007

22) Skalnaya MG, Tinkov AA, Demidov VA, Serebry-
ansky EP, Nikonorov AA, Skalny AV: Hair toxic
element content in adult men and women in relation to
body mass index. Biol Trace Elem Res, 2014; 161: 13-
19. doi:10.1007/s12011-014-0082-9

23) Tvermoes BE, Unice KM, Paustenbach D], Finley BL,
Otani JM, Galbraith DA: Effects and blood concentra-
tions of cobalt after ingestion of 1 mg/d by human
volunteers for 90 d. Am J Clin Nutr, 2014; 99: 632-646.
doi:10.3945/ajcn.113.071449

24) Nisse C, Tagne-Fotso R, Howsam M, et al: Blood and
urinary levels of metals and metalloids in the general
adult population of Northern France: The IMEPOGE
study, 2008-2010. Int J Hyg Environ Health, 2017; 220
(2 Pt B): 341-363. doi:10.1016/j.ijheh.2016.09.020

25) Liao KW, Pan WH, Liou SH, Sun CW, Huang PC, Wang
SL: Levels and temporal variations of urinary lead,
cadmium, cobalt, and copper exposure in the general
population of Taiwan. Environ Sci Pollut Res Int, 2019;
26: 6048-6064. doi:10.1007/s11356-018-3911-0

26) Ando S, Nishida A, Yamasaki S, et al: Cohort Profile:
The Tokyo Teen Cohort study (TTC). Int J Epide-
miol, 2019; 48: 1414-1414g. doi:10.1093/ije/dyz033

27) Zhao Y, Wang SF, Mu M, Sheng J: Birth weight and
overweight/obesity in adults: A meta-analysis. Eur J
Pediatr, 2012; 171: 1737-1746. doi:10.1007/s00431-012-
1701-0

28) Miller MA, Kruisbrink M, Wallace ], Ji C, Cappuccio
FP: Sleep duration and incidence of obesity in infants,
children, and adolescents: A systematic review and
meta-analysis of prospective studies. Sleep, 2018; 41.
doi:10.1093/sleep/zsy018

29) Li L, Zhang S, Huang Y, Chen K: Sleep duration and
obesity in children: A systematic review and meta—
analysis of prospective cohort studies. ] Paediatr Child

259



Tetsuka J, et al: Effect of cobalt on the body mass index in children

Health, 2017; 53: 378-385. doi:10.1111/jpc.13434

30) Wu Y, Gong Q, Zou Z, Li H, Zhang X: Short sleep dura-
tion and obesity among children: A systematic review
and meta-analysis of prospective studies. Obes Res
Clin Pract, 2017;11:140-150. doi:10.1016/j.0rcp.2016.05.005

31) Farajian P, Panagiotakos DB, Risvas G, Malisova O,
Zampelas A: Hierarchical analysis of dietary, lifestyle
and family environment risk factors for childhood
obesity: The Greco study. Eur J Clin Nutr, 2014; 68:
1107-1112. doi:10.1038/¢ejcn.2014.89

32) Lee CY, Ledoux TA, Johnston CA, Ayala GX, O’'Connor
DP: Association of parental body mass index (BMI)
with child’s health behaviors and child's BMI depend
on child’s age. BMC Obes, 2019; 6: 11. doi:10.1186/
s40608-019-0232-x

33) Pérusse L, Bouchard C: Role of genetic factors in child-
hood obesity and in susceptibility to dietary variations.
Ann Med 31 Suppl, 1999; 1. 19-25. DOIL 10.1080/
07853890.1999.11904395

34) Braithwaite I, Stewart AW, Hancox R], et al: Maternal
post-natal tobacco use and current parental tobacco
use is associated with higher body mass index in chil-
dren and adolescents: An international cross—sectional
study. BMC Pediatr, 2015; 15: 220. doi:10.1186/s12887-
015-0538-x

35) Yang Z, Phung H, Hughes AM, Sherwood S, Harper E,
Kelly P: Trends in overweight and obesity by socioeco-
nomic status in year 6 school children, Australian
Capital Territory, 2006-2018. BMC Public Health, 2019;
19: 1512. doi:10.1186/s12889-019-7645-9

36) Vigeh M, Yokoyama K, Matsukawa T, Shinohara A,
Ohtani K, Shariat M: Hair metal levels and childhood
weight gain. Iran ] Public Health, 2020; 49: 1510-1519.
doi:10.18502/1jph.v49i8.3895

37) Chiba M, Shinohara A, Sekine M, Hiraishi S: Drinking
water quality from the aspect of element concentra-
tions. J Radioanal Nucl Chem, 2006; 269: 519-526. doi:

260

10.1007/s10967-006-0259-6

38) Vasudevan H, McNeill JH: Chronic cobalt treatment
decreases hyperglycemia in streptozotocin-diabetic
rats. Biometals, 2007; 20: 129-134. do0i:10.1007/s10534~
006-9020-4

39) Reuber S, Kreuzer M, Kirchgessner M: Interactions of
cobalt and iron in absorption and retention. J Trace
Elem Electrolytes Health Dis, 1994; 8: 151-158

40) Thomson AB, Valberg LS, Sinclair DG: Competitive
nature of the intestinal transport mechanism for cobalt
and iron in the rat. J Clin Invest, 1971; 50: 2384-2394.
doi:10.1172/JCI106737

41) Sorbie J, Olatunbosun D, Corbett WE, Valberg LS:
Cobalt excretion test for the assessment of body iron
stores. Can Med Assoc J, 1971; 104: 777-782.

42) Wang T, Morioka I, Gowa Y, et al: Serum leptin levels
in healthy adolescents: Effects of gender and growth.
Environ Health Prev Med, 2004; 9: 41-46. doi:10.1007/
BF02897930

43) Xu L, Li M, Yin ], et al: Change of body composition
and Adipokines and their relationship with insulin
resistance across pubertal development in obese and
nonobese Chinese children: The BCAMS study. Int J
Endocrinol, 2012; 2012: 389108. doi:10.1155/2012/389108

44) Nead KG, Halterman JS, Kaczorowski JM, Auinger P,
Weitzman M: Overweight children and adolescents: A
risk group for iron deficiency. Pediatrics, 2004; 114:
104-108. doi:10.1542/peds.114.1.104

45) Finley BL, Unice KM, Kerger BD, et al: 31-day study
of cobalt(II) chloride ingestion in humans: Pharmaco-
kinetics and clinical effects. ] Toxicol Environ Health
A, 2013; 76: 1210-1224. doi:10.1080/15287394.2013.848391

46) Apostoli P, Porru S, Alessio L: Urinary cobalt excre-
tion in short time occupational exposure to cobalt
powders. Sci Total Environ, 1994; 150: 129-132. doi:10.
1016/0048-9697 (94) 90139-2



