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Although previous studies have suggested potential adverse effects of mercury on a child’s immune
system, the associations have been inconsistent. We aimed to determine the association between
urinary mercury levels and allergic diseases in Korean children with high mercury exposure. Data from
853 and 710 children aged 6-11 years in the Korean National Environmental Health Survey (KoNEHS)
cycle 3(2015-2017) and cycle 4 (2018-2020) were analyzed. We examined the association between
mercury exposure and the prevalence of atopic dermatitis (AD), asthma, allergic rhinitis (AR), and
allergic multimorbidity. After adjusting for all covariates, the urinary mercury level was positively
associated with AD in the 2015-2017 study (OR=1.34, 95% Cl=1.01, 1.79) and AR in 2018-2020 study
(OR=1.46,95% Cl=1.01, 2.10). Pooled effects showed OR of 1.34 (95% Cl=1.01, 1.79) for AD and

1.47 (95% Cl=1.01, 2.12) for allergic multimorbidity. The association with allergic multimorbidity

was greater in boys (OR=1.88, 95% Cl=1.01, 3.49) than in girls (OR=1.25, 95% CI =0.73, 2.14). These
results suggest that environmental mercury exposure may exacerbate symptoms of atopic dermatitis
and allergic multimorbidity in children.

In modern society, changes in the environment, such as industrialized lifestyle habits and air pollution, cause
disruptions to the immune system by an overactive immune response to external antigens, leading to an increase
in allergic diseases’. Allergic diseases include atopic dermatitis, asthma, and allergic rhinitis. As one of the most
common chronic diseases among children and adolescents worldwide, allergic diseases mainly appear in child-
hood and have different patterns depending on age®*. Allergic diseases have negative effects on both the physical
and psychological quality of life of patients and are a public health problem that increases the economic burden
on society. Therefore, it is important to identify and manage risk factors for allergic diseases.

Genetic factors, diet, exercise, environmental pollution, climate change, and exposure to chemicals have
been identified as risk factors for allergic diseases*¢, with heavy metals being a major public health issue as they
are not easily broken down and can accumulate in the body, causing harm. Among heavy metals, mercury is
mainly encountered daily through the consumption of grains, fish, and dental amalgams’. Mercury exposure has
been reported to have negative effects on the immune system by disrupting the pathways of various signaling
molecules, including cytokines, as demonstrated in experimental studies®®. These effects may also be observed
in humans in vivo; epidemiological studies targeting children are needed as heavy metals may have a greater
impact on vulnerable groups such as children®.

Several previous studies have reported that mercury is a risk factor for allergic diseases”''2. However, in other
studies, a significant association was not reported, and the relationship between mercury and allergic diseases

1School of Health and Environmental Science, Korea University, Anam-ro 145, Seongbuk-gu, Seoul 02841, South
Korea. 2Department of Ophthalmology, Korea University, Anam-ro 145, Seongbuk-qu, Seoul 02841, South
Korea. 3Department of Infection Biology, College of Medicine, Chungnam National University, Munhwa-ro 266,
Jung-gu, Daejeon 35015, South Korea. “BK21 FOUR R&E Center for Learning Health System, Korea University,
Anam-ro 145, Seongbuk-gu, Seoul 02841, South Korea. *“email: perfectsincerity@naver.com

Scientific Reports|  (2024) 14:1472 | https://doi.org/10.1038/s41598-024-51811-3 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-51811-3&domain=pdf

www.nature.com/scientificreports/

remains inconclusive'>. Moreover, studies on children were generally conducted using cord blood'*"*, and
these studies focused on specific diseases despite the coexistence of multiple symptoms in allergic diseases'*'>.
In Korea, where the consumption of grains and seafood is high, the mercury concentration in the body is higher
than that in Western countries'®, and its health implication is expected to be considerable. Therefore, epidemio-
logical studies targeting Korean children are needed.

In this study, we aimed to investigate the associations of urinary mercury concentrations with atopic der-
matitis, asthma, allergic rhinitis, and multimorbidity among school-aged children using data from a general
representative population of children in Korea.

Materials and methods

Study population

This study was conducted using data from the Korean National Environmental Health Survey (KoONEHS). KoN-
EHS is a legal survey conducted every three years by the Korean National Institute of Environmental Research
(NIER) to identify the exposure levels and trends of environmentally harmful substances in the Korean general
population'’. Participants were selected from elementary school students aged 6-11 years, who were prone to
exposure to traffic-related air pollution and various indoor allergens in the school environment'®. Data from
the 3rd and 4th surveys were used for the current study. In the 3rd survey (2015-2017), 887 participants were
recruited, and in the 4th survey (2018-2020), 736 participants were recruited. Among those, 34 and 26 partici-
pants without information on covariates such as sex, age, average monthly household income, and urine cotinine
level were excluded from this study. Therefore, 853 and 710 study participants were finally included in the analysis
for the 3rd and 4th surveys, respectively.

The Institutional Review Board (IRB) of the National Institute of Environmental Research (NIER), Korea,
approved the KoONEHS (IRB No. NIER-2016-BR-003-01, NIER-2016-BR-003-03, NIER-2018-BR-003-02). All
methods in this study were conducted in accordance with the relevant guidelines and regulations and every
participant submitted written informed consent.

Measurement of urinary mercury levels

In the KoNEHS, the NIER conducted environmental pollutant analyses. For children, only urine, not blood, sam-
ples were collected, considering sample stability. Urine samples were collected the day before or on the morning
of the day of the survey by the guardian of each participant, and the collected urinary samples were kept frozen
at —20 °C until analysis. The mercury concentration in urine was analyzed at a wavelength of 253.7 nm using a
gold amalgamation mercury analyzer.

Further details of analysis procedures and quality control are described in the protocol of NIERY. In addi-
tion, public confidence in the analysis data was secured by participating in the G-EQUAS (The German External
Quality Assessment Scheme for Analysis in Biological Materials) twice a year. The reported detection limits for
this method were 0.1 pg/L and 0.04 ug/L for the 3rd and 4th surveys, respectively, and concentrations below the
detection limit were replaced with values obtained by dividing the detection limit by the square root of 2 (0.07
and 0.028 pg/L, respectively).

Allergic outcomes

Information on current symptoms of atopic dermatitis, asthma, and allergic rhinitis was collected through a
structured questionnaire. Since the participants were children, the guardians of the research participants com-
pleted the questionnaire, and trained surveyors checked the questionnaire for the guardians. To determine the
current presence of allergies, participants who had received a physicians diagnosis were asked the following two
questions: "Do you currently have symptoms of atopic dermatitis/asthma/allergic rhinitis?" and "Are you cur-
rently taking medication for atopic dermatitis/asthma/allergic rhinitis?" Individuals who answered "yes" to either
of these two questions were considered to have current allergic diseases. As allergic disorders tend to coexist
with other symptoms'?, the presence of multimorbidity was noted if a participant had two or more of the three
diseases of atopic dermatitis, asthma, and allergic rhinitis at the same time®.

Covariates

To control for potential confounding factors, the covariates included sex, age, parental education level, monthly
household income, body mass index (BMI), urinary cotinine level, and urinary creatinine concentration. All
data were collected through KoNEHS surveys, physical examinations, and experimental measurements. Parental
education level was classified into three stages (college or associated degree, university, and graduate school)
according to the highest educational qualification level of the mother or father; monthly household income
was classified into four stages (low, lower-middle, upper-middle, and high). BMI was calculated by dividing the
weight (kg) by the square of the height (m?). The urinary cotinine level was used as a biomarker for smoking
exposure?!, and the urinary creatinine concentration was used to adjust for the urinary mercury concentration.

Statistical analysis

As the KoNEHS surveyed based on a two-stage proportionally stratified sampling design, we conducted the
statistical analysis using the complex sampling design, which considered sampling unit, strata, and sampling
weights'”. Because KONEHS does not provide integrated weights for each cycle or data to calculate them, the
data from the 3rd and 4th cycles were analyzed separately. Due to the left-skewed distribution, urinary mercury,
urinary cotinine, and urinary creatinine concentrations were natural log-transformed before the analysis. Age,
urinary creatinine concentration, urinary cotinine concentration, and BMI were used as continuous variables,
whereas sex, parental education level, and monthly household income were used as categorical variables.
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To compare the average mercury levels among demographic groups, independent ¢-tests and Wald F tests
were used. Logistic regression analysis was used to confirm the association between mercury concentration
and allergic disorders, and odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. Further-
more, multinomial logistic regression analysis was used to confirm the relationship between urinary mercury
concentration and the multimorbidity of each disease. The multimorbidity of allergic disorders was grouped
into "none," "one symptom,” and "two or three symptoms," depending on the individual’s symptom count. The
regression model was adjusted for sex, age, parental education level, monthly household income, BMI, urinary
cotinine concentration, and urinary creatinine concentration. A stratified analysis was conducted to compare
the magnitude of the association by sex. To calculate the overall effect size in the 3rd and 4th cycles, fixed-effect
models were calculated using the Mantel-Haenzel method in the R “meta” package.

Statistical analyses were performed using SPSS 26.0 and R 4.2.2, and statistical significance was defined as
p<0.05.

Results

Table 1 shows the demographic and clinical characteristics of the study participants of the 3rd and 4th cycles.
The average age by cycle was 8.50 years and 8.53 years, respectively, with about half of the participants being
male in both periods. The prevalence rates of allergic disorders in the 3rd and 4th cycles were 9.3% and 8.9%
for atopic dermatitis, 0.8% and 0.8% for asthma, and 33.1% and 32.1% for allergic rhinitis, respectively, with no
significant difference by cycle.

Figure 1 shows the urinary mercury levels according to the characteristics of the study participants. The
geometric mean of the total urinary mercury concentration was 0.401 pg/L in the 3rd cycle and 0.399 pg/L in
the 4th cycle, and there was no significant difference by sex (male vs. female: 0.40 pg/L vs. 0.41 pg/L in the 3rd
cycle, 0.41 pg/L vs. 0.39 ug/L in the 4th cycle). In both cycles, mercury concentrations were significantly higher
when urinary cotinine and urinary creatinine concentrations were higher (p <0.05). In addition, participants
with atopic dermatitis symptoms had higher mercury concentrations than those without atopic dermatitis. There
were directional differences in asthma and allergic rhinitis according to the cycle, but they were insignificant.

Table 2 shows the association between urinary mercury concentration and allergic symptoms. As a result of
multivariable logistic regression analyses, after adjusting for creatinine (Model 1), urinary mercury showed a
positive correlation between atopic dermatitis in cycle 3 (OR [95% CI] =1.36 [1.02, 1.81]) and cycle 4 OR ([95%
CI] =1.21 [0.64, 2.29]). After adjusting for all covariates in the 3rd and 4th cycles (Model 3), urinary mercury
positively correlated with atopic dermatitis, asthma, and multimorbidity. Similar results were observed in pooled

Cycle 3 Cycle 4

Characteristics (n=853) (n=710)
Age (AM £SD) 8.50+1.69 |8.53+1.68
Sex (n, %)

Male 437 (51.2) | 339(47.7)
Female 416 (48.8) | 371 (52.3)
Parental education (n, %)

College or associated degree 387 (45.4) | 310 (43.7)
University 344 (40.3) | 296 (41.7)
Graduate school 122 (14.3) | 104 (14.6)
Household income (million Won/month) (n, %)

Low (<3) 170 (19.9) 119 (16.8)
Mid-low (3-4.99) 318 (37.3) | 279 (39.3)
Mid-high (5-6.99) 237 (27.8) | 206 (29.0)
High (>7) 128 (15.0) 106 (14.9)
BMI (kg/m?)" (n, %)

Underweight/normal 726 (85.1) | 604 (85.1)
Overweight 85(10.0) 72 (10.1)
Obese 42 (4.9) 34 (4.8)
Urinary cotinine level (ug/L) (GM + GSD) 1.16£2.99 | 1.67+2.89
Urinary creatinine level (g/L) (GM = GSD) 1.07£1.66 |1.14+1.65
Allergic disorders (n, %)

Atopic dermatitis 79 (9.3) 63 (8.9)
Asthma 7(0.8) 6(0.8)
Allergic rhinitis 282 (33.1) |228(32.1)

Table 1. Demographic and clinical characteristics of study participants. AM arithmetic mean, BMI body mass
index, GM geometric mean, GSD geometric standard deviation, SD standard deviation. 'BMI was categorized
into three groups: underweight or normal, which was defined as < 85th percentile; overweight, which was
85th-95th percentile; and obese, which was > 95th percentile?.
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Figure 1. The geometric means (GMs) and 95% confidence intervals of urinary mercury levels (ug/L) by
participant’s characteristics. Urinary cotinine levels were classified as low (<0.1 pg/L) or high (=0.1 pg/L)
levels®. Urinary creatinine levels were classified based on the median. Red asterisks (*) indicate significant
differences between the groups (p <0.05).

effects using two-cycle data, and significant positive correlations were found for atopic dermatitis and multi-
morbidity (Fig. 2).

Table 3 shows the results of subgroup analyses to determine the relationship between urinary mercury con-
centration and allergic disease symptoms according to sex. For atopic dermatitis and multimorbidity, the pooled
effects of the 3rd and 4th cycles showed a greater association in males than in female participants. The positive
association between multimorbidity and mercury was significant only in boys.

Discussion

In this study, we investigated the association between urinary mercury concentrations and allergic diseases in
children aged 6-11 years who participated in the KONEHS cycles 3 and 4. After adjusting for all covariates, the
urinary mercury level was positively associated with atopic dermatitis in 3rd cycle and with allergic rhinitis in
4th cycle. When we calculated the pooled effects using data from cycles 3 and 4, the OR for atopic dermatitis was
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Crude model Model 1* Model 2° Model 3¢
Allergic symptoms | OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Cycle 3
Atopic dermatitis 1.31(0.99,1.73) | 1.36(1.02,1.81) | 1.38(1.02,1.87) 1.38 (1.01, 1.89)
Asthma 1.41(0.93,2.13) | 1.41(0.57,3.52) | 1.48 (0.64, 3.44) 1.42 (0.60, 3.35)
Allergic rhinitis 0.94 (0.71, 1.23) | 0.75(0.54,1.05) | 0.77 (0.54, 1.10) 0.75 (0.52, 1.07)
Multimorbidity’ 1.50 (1.09, 2.06) | 1.34(0.90, 1.99) | 1.39(0.92, 2.09) 1.38 (0.90, 2.13)
Cycle 4
Atopic dermatitis 1.32(0.78,2.24) | 1.21(0.64,2.29) | 1.21(0.64, 2.30) 1.20 (0.61, 2.37)
Asthma 0.40 (0.14, 1.13) | 1.01 (0.13,7.85) | 1.44 (0.19, 11.13) | 2.87 (0.49, 16.80)
Allergic rhinitis 1.20 (0.90, 1.60) | 1.45(1.00, 2.11) | 1.45(1.00, 2.10) 1.46 (1.01, 2.10)
Multimorbidity" 1.52 (0.87,2.66) | 1.61 (0.84,3.10) | 1.61(0.84, 3.10) 1.74 (0.85, 3.52)

Table 2. Association of urinary mercury level with current allergic symptoms. CI confidence interval, OR
odds ratio. 'Multimorbidity was defined as the presence of two or more symptoms, and the statistics were
calculated by comparing this group and the group with no symptoms. Model 1 was adjusted for urinary
creatinine level. Model 2 was adjusted for all covariates in Model 1 and further adjusted for sex and age. Model
3 was adjusted for all covariates in Model 2 and further adjusted for household income, parental education,
BMI, and urinary cotinine level.

Study Odds Ratio OR 95% CI
KoNEHS Cycle 3 L B 1.38 [1.01; 1.88]
KoNEHS Cycle 4 —— 1.20 [0.60: 2.38]
< 1.34 [1.01; 1.79]
KoNEHS Cycle 3 — 1.42 [0.60; 3.36]
KoNEHS Cycle 4 % 2.86 [0.49; 16.68]
T 1.62 [0.75; 3.52]
KONEHS Cycle 3 -5+ 0.75 [0.53; 1.06]
KoNEHS Cycle 4 Bl 1.46 [1.01; 2.12]
< 1.03 [0.80; 1.33]
KoNEHS Cycle 3 1 1.38 [0.89; 2.12]
KoNEHS Cycle 4 =" 1.73 [0.86; 3.51]
. — = 1.47 [1.01; 2.12]

0.1 05 1 2 10

Figure 2. Pooled effects with data from the Korean National Environmental Health Survey (KoNEHS) cycle
3 and cycle 4. All models were adjusted for urinary creatinine level, age, sex, urinary cotinine level, household
income, parental education, and body mass index. CI confidence interval, OR odds ratio.

1.34 (95% CI=1.01, 1.79), and the OR for allergic multimorbidity was 1.47 (95% CI=1.01, 2.12). Additionally,
the association with allergic multimorbidity was greater in boys than in girls.

The results of this study are consistent with the findings of previous studies on the effects of mercury exposure
on allergic diseases. In studies from Korea, serum mercury levels were reported to have a positive correlation
with the risk of atopic dermatitis in adults and infants”'2, and a significant positive correlation was observed
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Cycle 3 Cycle 4 Pooled effects

Allergic symptoms Sex OR (95% CI) OR (95% CI) OR (95% CI)

Male 1.88 (1.01, 3.49) 1.24 (0.38, 4.13) 1.72 (0.99, 2.99)
Atopic dermatitis

Female 1.13(0.71, 1.81) 1.27 (0.57, 2.87) 1.16 (0.77, 1.74)

Male 0.79 (0.21, 3.03) - -
Asthma!

Female 1.66 (0.77, 3.58) 5.95(0.61, 58.55) 1.89(0.92,3.91)

Male 0.68 (0.45, 1.04) 1.71(1.01, 2.87) 0.96 (0.69, 1.33)
Allergic rhinitis

Female 0.80 (0.51, 1.26) 1.16 (0.68, 1.99) 0.94 (0.67, 1.32)

Male 1.66 (0.77, 3.55) 2.36 (0.82, 6.79) 1.88 (1.01, 3.49)
Multimorbidity?

Female 1.24 (0.68, 2.26) 1.27 (0.40, 4.04) 1.25 (0.73, 2.14)

Table 3. Association of urinary mercury level with current allergic symptoms according to sex. CI confidence
interval, OR odds ratio. ! Statistics could not be calculated for empty cells because only rare cases of asthma
were found in this sex subgroup. *Multimorbidity was defined as the presence of two or more symptoms, and
the statistics were calculated by comparing this group and the group with no symptoms. All models were
adjusted for urinary creatinine level, age, sex, urinary cotinine level, household income, parental education,
and body mass index.

with asthma in a longitudinal study of children'!. However, a cross-sectional study in Germany and the United
States reported no association with asthma®!?, which may be explained by the higher average body mercury
levels in Korea compared to those in Germany and the United States®*. The average mercury levels in children in
this study were 0.40 pg/L for the 3rd and 4th cycles, which were higher than those in the United States NHANES
(2015-2016) (0.25 ug/L for 3-11-year-olds) and Germany GerES V (2014-2017) (0.068 ug/L for 5-9-year-olds)
in similar periods and age groups. Previous studies have attributed this difference in mercury levels to Korean
eating habits, which include frequent consumption of grains and seafood**® and exposure to air pollution?’.
For these reasons, serum mercury levels are also high at 2.75 ug/L in adults based on the 3rd cycle of KONEHS,
which is similar to or lower than those in Japan and Taiwan, where similar diets are shared**°.

Conversely, this study did not observe a consistent association with allergic rhinitis. Unlike atopic dermatitis
and asthma, few studies have observed an association of allergic rhinitis with mercury, and no association was
found in a study that examined overall allergic diseases®. Allergic rhinitis is classified into seasonal allergic
rhinitis, affected by outdoor allergens such as pollen and perennial allergic rhinitis, affected by indoor allergens
such as mold and animal hair. Allergic rhinitis is known to be affected by various environmental factors such
as season, region, and lifestyle’**!. Moreover, in previous studies investigating the association between harmful
environmental factors and allergic rhinitis, a significant negative association was observed for substances such
as bisphenol S, vanadium, and 3,5,6-trichloro-2-pyridinol**-**. Considering these findings, the lack of consistent
associations observed in this study may be due to differences in variables of the study environment that were
not examined.

Various prior studies have reported on the biological mechanisms of low-level mercury exposure and changes
in the immune system. Mercury exposure induces the proliferation of T and B lymphocytes by increasing the
expression of major histocompatibility complex (MHC) class IT molecules on antigen-presenting cells, and it
increases serum immunoglobulin (Ig) G1 and IgE associated with allergic sensitization®. Mercury can also
increase the levels of inflammatory cytokines such as interleukin-4 (IL-4), interleukin-13 (IL-13), and tumor
necrosis factor-a (TNF-a) by stimulating T helper 2 (Th2) cells and worsen IgE-dependent diseases by interfering
with the regulation of the immune system®*®*. Sensitized Th2 cells can trigger allergic diseases when moving
to the respiratory tract and various organs, and the atopic march may occur in which atopic dermatitis, asthma,
and allergic rhinitis progress in sequence®. In this study, a significant positive association between mercury and
multimorbidity was observed, and our results are supported by the fact that the association between each allergic
disease has been frequently reported in several prior studies®**.

Furthermore, this study showed a stronger association between mercury exposure and allergic diseases in
boys, which is consistent with the findings of previous studies'*!. Although the mechanism by which allergic
diseases have different effects by sex is not clearly understood, it is generally known that allergic diseases are
more common in boys than in girls during infancy but more common in women after puberty*?. This is thought
to be because boys have a stronger allergic sensitization response than girls at a young age*’. Moreover, boys are
known to have slower lung function development than girls, so they are relatively vulnerable to the response of
allergens*. After puberty, estrogen stimulates mast cells and eosinophils to promote allergic reactions, whereas
androgens inhibit the differentiation of some T cell subsets, resulting in immunosuppressive effects**=*’. There-
fore, mercury exposure in boys appears to increase their susceptibility to allergic diseases, but follow-up studies
are needed to confirm the results of this study.

This study has several limitations. First, since this study is a cross-sectional study, it is difficult to prove the
causality of the result that urinary mercury concentration in children affects allergic disorders. Therefore, follow-
up studies targeting children are necessary. Second, the evaluation of parameters such as allergic symptoms based
on the parents’ questionnaire responses may not reflect the actual disease status well. However, their responses
are based on the diagnosis from experienced doctors, and information on allergic disorders of children based on
parental surveys is relatively accurate®. In addition, information bias was minimized in this study by determining
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the presence of allergic disorders based on medication use and treatment. Third, due to the inherent limitations
of using secondary data, data on long-term indicators such as hair mercury concentration and information about
parental allergy history were not included in the analysis. However, the urinary mercury concentration is an
indicator of chronic exposure to mercury'® and has been widely used as an indicator that can easily be obtained
from a large number of samples®. In addition, even if some confounding variables were not considered, this
study was based on KoNEHS, a large national bio-monitoring survey of Korean children. Therefore, our study
provides sufficient statistical power to identify associations that may be less evident and thus provides reliable
epidemiological evidence that mercury exposure in Korean children is associated with allergic diseases.

Data availability

The datasets analyzed during the current study are available on request at the National Institute of Environmental
Research, Environmental Health Research Department, https://www.nier.go.kr/NIER/kor/op/nier-op-2001.do?
menuNo=11000.
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