
REVIEW

Useful biomarkers for assessing the adverse health effects of PCBs
in allergic children: pediatric molecular epidemiology

Mayumi Tsuji

Received: 18 September 2014 / Accepted: 30 September 2014 / Published online: 26 October 2014

� The Japanese Society for Hygiene 2014

Abstract The incidences of childhood allergies have been

increasing in recent years in many parts of the world. The

development of allergic disorders is attributed to a complex

series of interactions between individuals’ genetic back-

grounds and their immune and psychoneurotic responses to

environmental factors. Among the various possible envi-

ronmental causes of childhood allergies, the early exposure

of developing infants to air pollutants and the presence of

persistent chemical pollutants such as pesticides have been

suggested most frequently. Therefore, it is very important to

obtain epidemiological evidence of direct associations

between clearly defined adverse health effects and exposure

to low levels of pollutants. However, there are no useful

biomarkers for assessing such associations. Thus, we plan-

ned to establish reliable health-related biomarkers that could

be used to investigate these relationships in children. The

serum concentrations of several sub-types of polychlorinated

biphenyl (PCB) congeners were found to be significantly

correlated with interleukin (IL)-8 mRNA expression among

asthmatic children. In addition, IL-22 mRNA expression was

found to be particularly useful for detecting the effects of

environmental pollutants, especially PCB congeners, in a

sub-population of vulnerable children who exhibited posi-

tive immunoglobulin E (IgE) responses to milk or egg.

Furthermore, we detected significant differences in IL-22

mRNA expression between the IgE-negative non-asthmatic

subjects and the asthmatic children who exhibited positive

IgE reactions toward egg or milk. In conclusion, IL-8 and IL-

22 mRNA expressions could be useful biomarkers for

detecting sub-populations of children who are particularly

vulnerable to the adverse health effects of environmental

pollutants, especially PCBs.

Keywords Young children � PCB � IL-8 � IL-22 � Allergy

Introduction

Allergic diseases, including atopic dermatitis (AD), food

allergies, allergic rhinitis, and asthma, are the most common

chronic diseases in developed countries and affect up to

20 % of children in industrialized nations [1, 2]. According

to a previous report, asthma is particularly associated with

developed countries [3]. The development of allergic dis-

orders is attributed to a series of complex interactions

between individuals’ genetic backgrounds and their immune

and psychoneurotic responses to environmental factors [4].

Detailed analyses of the family histories of atopic patients

have shown that 50–75 % of patients harbor family histories

of atopic disease [2]. In addition, the concordance rates of

asthma, AD, and bronchial hyperresponsiveness were found

to be higher among monozygotic twin pairs than among

dizygotic twin pairs [5]. However, the mechanisms involved

in the inheritance of allergic disease are not fully understood.

In our previous study, we examined the concordance rates of

positive responses to food and indoor allergens between

siblings with AD, and the factors associated with the sub-

jects’ responses to such allergens [6]. In the latter study, only

allergen-specific positive responses to oil seeds, i.e., peanuts,

sesame seeds, and soybeans, exhibited concordance between

siblings. In addition, there was no significant correlation in

the responses induced by egg during CAP radioallergosor-

bent tests (CAP-RAST) between sibling pairs although the

frequency of positive CAP-RAST results was highest for egg
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[6]. Furthermore, Howell et al. [7] detected a specific human

leukocyte antigen class II polymorphism among patients

with peanut allergies. Together, these findings suggest that

genetic factors might be involved in the development of

some food allergies such as oil seed allergies. However,

recent studies have produced contradictory results [8].

It is considered that age and individual and environ-

mental factors affect allergy development. Among the

various possible causes of allergic symptoms, the early

exposure of developing infants to air pollutants and the

presence of persistent chemical pollutants such as pesti-

cides have been cited most frequently [9]. However, it has

been very difficult to obtain epidemiological proof of direct

associations between exposure to low levels of environ-

mental pollutants and clearly defined adverse health effects

in children. The main epidemiological methodologies used

to study the health effects of environmental pollutants

involve finding correlations between the levels of pollutant

residues present in air, water, food, or certain compart-

ments of the body and the incidences of specific allergic

diseases [10, 11]. While the above approach has provided a

great deal of evidence regarding the deleterious effects of

environmental pollution such as those associated with

accidental or occupational contamination by lead, arsenic,

or mercury (i.e., the effects of pollutants from point sour-

ces) [12, 13], it has not proved as effective in studies

investigating the effects of low concentrations of persistent

organic pollutants such as polychlorinated biphenyls

(PCBs) and dioxins (i.e., the effects of pollutants from non-

point sources), which are frequently found among ordinary

citizens, although some studies have suggested that expo-

sure to the latter pollutants is associated with the risk of

particular diseases [14, 15]. This is because the health

effects of environmental pollutants represent the end result

of complex interactions between toxic chemicals and the

physiological condition of vulnerable tissues, which is

influenced by both the genetic background of the affected

individual and their lifestyle, e.g., their diet and home

environment [16, 17].

We hypothesized that a hyperallergic predisposition

might be one of the key physiological conditions that make

children more susceptible to allergic disorders after being

exposed to environmental pollutants. To test the above

hypothesis, we made it our primary objective to identify and

establish health-related biomarkers that could be used to

assess the adverse health effects of environmental pollutants,

especially PCBs, in children [18, 19]. In this review, we

mainly summarize the findings of our two previous studies,

which involved the same study populations. In the first study,

which examined the relationship between asthma and PCBs,

the candidate biomarkers were interleukin (IL)-8 and

cyclooxygenase (COX)-2 [18]. In the second study, which

investigated the relationship between food-specific

immunoglobulin E (IgE) reactions and PCBs, the candidate

biomarkers were IL-6; IL-8; IL-10; IL-17; IL-22; COX-2;

cytochrome P450, family 1, subfamily A, polypeptide 1

(CYP1A1); forkhead box P3 (Foxp3); suppressor of cytokine

signaling 3 (SOCS3); and RelB [19]. In the last section, we

briefly introduce our latest study, which tested the prediction

that in utero PCB exposure adversely affects placental

morphology, potentially leading to placental insufficiency

followed by fetal growth restriction [intrauterine growth

restriction (IUGR)] and the onset of childhood allergies [20].

Experimental designs to find new biomarkers

Subjects

The subjects were recruited at a dermatological and allergy

clinic at Kumamoto city (Kyusyu, southern Japan) from

January 2009 to February 2010. We subjected 203 pre-

school children to a questionnaire (age \4 years old) after

their parents or guardians had agreed to their participation.

Finally, asthmatic subjects (N = 15) and non-matched,

non-asthmatic subjects (N = 15) were selected. Non-fast-

ing venous blood was collected on the day of the interview

from children who had not suffered any diseases during the

month before the interview.

Questionnaire

The questionnaire used at the interview included questions

about the number of siblings, the duration of breast feed-

ing, the smoking habits of the subject’s parents, the dis-

tance from the subject’s home to the nearest large road (i.e.,

\50 m or C50 m), the subject’s history of allergies, and

the subject’s parents’ history of allergies. When the sub-

jects’ parents were classified according to their smoking

habits, those who had never smoked near to their children

were counted as non-smokers.

PCB assessment

The serum samples that we collected for the PCB mea-

surements were shipped to Environmental Idea Research

Laboratory (Kankyo-Sozo), Inc., which analyzed individ-

ual PCB congener levels using high-resolution gas chro-

matography/high-resolution mass spectrometry. The limit

of detection of each PCB congener was as follows (pg/g-

wet): #74 ? #61: 0.09, #99: 0.1, #118: 0.2, #138: 0.3,

#146: 0.4, #153: 0.4, #156: 0.2, #163 ? #164: 0.3, #170:

0.6, #177: 0.4, #178: 0.5, #180 ? #193: 0.4, #183: 0.5,

#187 ? #182: 0.5, #194: 0.4, #199 ? #198: 0.5. If a par-

ticular PCB isomer was not detected, its concentration was

defined as 0 when calculating the total PCB concentration.
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Candidate biomarkers and quantitative real-time PCR

(qRT-PCR)

The following candidate biomarkers were examined in this

study: IL-6, IL-8, IL-10, IL-17, IL-22, COX-2, CYP1A1,

Foxp3, SOCS3, and RelB. The mRNA expression level of

each gene was analyzed by subjecting the children’s blood

samples. Total RNA was isolated from children’s whole blood

using QIAamp RNA Blood Mini kit (Qiagen, Hilden, Ger-

many). RNA was reverse transcribed into cDNA using

QuantiTect Reverse Transcription (Qiagen). The basic quan-

titative reverse transcription-polymerase chain reaction (qRT-

PCR) protocol was as described in our previous paper [21].

Allergen-specific IgE assays

Serum samples were collected from the patients at the

clinic, and CAP-RAST were used to assess the subjects’

antigen-specific IgE levels at FALCO Biosystems Ltd.,

Japan. An antigen-specific IgE concentration of C0.35 UA/

ml was considered to indicate sensitization [22, 23] so

subjects that exhibited antigen-specific IgE concentrations

of C0.35 and \0.35 UA/ml were categorized as positive

and negative, respectively.

Statistical methods

In our first study, the associations between serum PCB

levels and the mRNA expression level of IL-8 or COX-2

were analyzed using univariate regression models in which

IL-8 or COX-2 was employed as a dependent variable after

natural logarithmic conversion. We divided the subjects

into 3 groups depending on the levels of each PCB con-

gener (i.e., into low, medium, and high exposure groups),

and each sub-group consisted of approximately one-third of

the subjects (i.e., tertiles). Trend tests for each PCB con-

gener were conducted using univariate regression models

and tertile scores (low = 1, medium = 2, and high = 3).

In our second study, the Mann–Whitney U test was used

to compare the mRNA levels of the food-specific IgE-

negative and -positive groups.

All analyses were performed using STATA version 10 (Stata

Corporation, USA), and all presented P values are two-sided.

Comprehensive study results

Subjects’ characteristics

The mean age (SE) of our study subjects (N = 30) was

22.7 (1.8) months old, and the SE of their mothers was 30.5

(0.7) years old. A clinical history of house dust mite-spe-

cific allergic IgE reactions was more common among the

asthmatic children than among the controls (P = 0.021)

(data not shown).

Serum levels of total PCBs among allergic conditions

The children with allergic conditions displayed higher PCB

concentrations than the non-allergic children. In addition,

the children’s serum PCB levels differed among the vari-

ous allergic conditions. In particular, it was found that

those who exhibited positive allergic reactions to milk-

specific IgE demonstrated significantly elevated serum

levels of total PCBs (Table 1).

Study 1: a study of the relationship between asthma

and PCB congeners

The results of our examination of the associations between

the levels of individual and total PCBs and the mRNA

expression level of IL-8 are summarized in Table 2 (note that

only individual PCB congeners that exhibited significant

correlations with IL-8 expression are shown). Interestingly,

IL-8 only exhibited significant correlations with the serum

levels of individual congeners (PCB #163 ? #164, #170,

#177, #178 and #180 ? #193) among the asthmatic subjects.

Conversely, COX-2 only demonstrated correlations with the

serum levels of individual PCB congeners among the non-

asthmatic subjects (data not shown).

Upon further analysis, it was found that in most cases,

the effects of individual PCB congeners on IL-8 expression

Table 1 Total serum levels of PCB according to the presence of

allergic conditions

All subjects, total PCBs

Median (95 % CI) P value

Asthma

Non-asthmatic children 312 (265, 765) 0.120

Asthmatic children 620 (429, 866)

Egg-specific IgE

Negative 326 (213, 817) 0.189

Positive 597 (427, 840)

Milk-specific IgE

Negative 435 (291, 592) 0.028

Positive 836 (492, 1155)

Wheat-specific IgE

Negative 435 (291, 592) 0.091

Positive 762 (448, 973)

House dust mite-specific IgEa

Negative 491 (294, 955) 0.807

Positive 567 (246, 873)

P values were obtained using the Mann–Whitney U test
a Total number was 27
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were most pronounced among the highest tertile, as shown

for #163 ? 164 in Fig. 1.

Study 2: a study of the relationship between food-

specific IgE and PCB congeners

Relationships between the expression levels

of the candidate biomarkers and the distance

from the child’s home to the nearest large road in two

sub-groups based on food-specific IgE status

In an initial effort to identify biomarkers that could be used

to correctly determine the influence of environmental fac-

tors on the health of the study subjects, we assessed the

associations between living near to major roads and the

mRNA expression levels of 10 potential biomarkers.

Among them, the mRNA expression levels of IL-22 and

CYP1A1 exhibited significant correlations with the prox-

imity of the child’s home to major highways (Table 3).

When the subjects were divided into two sub-groups based

on whether they exhibited positive or negative IgE reac-

tions to egg, milk, or wheat, as evaluated based on their

serum levels of specific IgE, IL-22 expression was found to

be significantly correlated with the proximity of the child’s

home to major highways among the IgE-positive children,

but not among the IgE-negative sub-group, suggesting that

the former sub-group represents a susceptible sub-popula-

tion that is more likely to be adversely affected by the

environmental risk factors associated with major highways.

Relationships between the candidate biomarkers and each

food-specific IgE reaction

To identify the specific type of hyperallergic predisposition

that significantly influences the expression of each bio-

marker, we divided the 30 study subjects into two sub-

groups according to whether they showed positive or

negative IgE reactions to egg, milk, or wheat, and assessed

the associations between each IgE reaction and the mRNA

expression levels of the 10 potential biomarkers to gain a

perspective on the relative importance of IL-22 as a bio-

marker. IL-22 was the only marker that was consistently

significantly associated with positive IgE reactions.

Namely, IL-22 was found to be significantly associated

with egg- or milk-specific, but not wheat-specific, positive

IgE reactions in children (data not shown).

Relationships between egg- or milk-specific IgE reactions

and IL-22 expression according to PCB tertile

Since air pollutants include PCBs [24, 25] and subjects that

lived close to major highways exhibited high serum PCB

levels (pg/g-wet) [C50 m; median = 480, 95 % confi-

dence interval (CI): 291, 742, \50 m; median = 548,

95 % CI: 312, 1018; p = 0.512] (data not shown). When

the association between IL-22 expression and the total

serum level of PCB congeners was assessed among all

children who showed egg- or milk-specific IgE reactions,

the only significant difference was detected in the milk-

specific IgE group with high serum PCB levels (Table 4).

The frequency of correlations between IL-22 and indi-

vidual congeners (i.e., PCB #61 ? 71,#99, #118, #138,

#146, #158, #156, #163 ? 164, #170, #177, #178,

#180 ? 193, #183, #182 ? 187, #194, and #198 ? 199)

was higher among the subjects who showed positive

allergic IgE reactions to milk (data not shown).

Table 2 Concentration-dependent associations between the concen-

trations of individual and total PCB and the mRNA expression level

of IL-8 among all subjects, the non-asthmatic (control) subjects and

the asthmatic subjects [18]

IL-8

Coefficient SE P for trend*

PCB #163 ? #164

All 0.164 0.070 0.021

Control 0.064 0.097 0.480

Asthma 0.270 0.115 0.022

PCB #170

All 0.153 0.071 0.032

Control 0.068 0.099 0.465

Asthma 0.217 0.109 0.046

PCB #177

All 0.164 0.070 0.021

Control 0.064 0.097 0.480

Asthma 0.270 0.115 0.022

PCB #178

All 0.164 0.070 0.021

Control 0.064 0.097 0.480

Asthma 0.270 0.115 0.022

PCB #180 ? #193

All 0.154 0.071 0.032

Control 0.068 0.099 0.465

Asthma 0.217 0.109 0.046

Total PCBs

All 0.133 0.073 0.065

Control 0.064 0.097 0.480

Asthma 0.180 0.128 0.145

In each correlation study, PCB levels were first stratified by tertile and

then assessed using univariate regression analysis

Coefficient: regression coefficient

SE standard error

* P for trend was obtained using a univariate regression model
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Who is ultra-sensitive to IL-22 overexpression?

To examine whether other environmental pollutants apart

from PCBs make certain individuals overexpress IL-22, we

assessed whether asthmatic children are hyperresponsive to

other environmental stress factors. For this purpose, we

divided the subjects into four sub-groups according to their

asthmatic condition and IgE status (Fig. 2). As a result, we

found that when the asthmatic subjects who exhibited

positive IgE reactions were directly compared with the

non-asthmatic subjects who displayed negative IgE reac-

tions IL-22 expression was significantly higher in the

asthmatic children that exhibited positive IgE reactions to

milk or egg. At the same time, it was noticed that in all

cases the expression level of IL-22, which is closely

associated with lung inflammation, was always higher

within each IgE-positive sub-group than in the corre-

sponding IgE-negative group, although the differences

were not always statistically significant. This IL-22-

enhancing effect of IgE was clearly exacerbated among the

asthmatic children.

Discussion

The main objective of this study was to identify appropriate

biomarkers for assessing the associations between adverse

health effects and exposure to low levels of pollutants, such

as PCBs. In study 1, we used asthma as an adverse health

effect. The serum concentrations of several PCB congeners

were found to be significantly correlated with the mRNA

expression level of IL-8 among asthmatic children. In study

2, we used specific IgE reactions to food as an adverse

health effect and showed that IL-22 expression is

particularly useful for detecting the effects of air pollutants,

especially PCBs.

Study 1: IL-8, a chemokine associated with inflamma-

tion, has been reported to be linked to childhood allergies,

particularly those involving inflammation of the airways,

which can result in wheezing or asthma [26–28]. As for the

use of IL-8 as a biomarker, IL-8 has already been suggested

to be a marker of asthma and/or other inflammatory lung

conditions such as chronic obstructive pulmonary disease

by a number of other scientists [29, 30]. Nevertheless,

despite the wealth of information about the relationship

between IL-8 and asthma, no one has investigated whether

IL-8 is a useful biomarker for examining the link between

PCB exposure and childhood asthma. Study 2: as IL-22 has

often been demonstrated to be associated with allergic

diseases [17, 22, 31–33], it is not surprising that we found it

to be associated with egg- and milk-specific IgE reactions

in this study. However, none of the previous studies

addressed whether IL-22 expression is associated with PCB

exposure. The causative mechanisms of asthma and food

allergies differ. Asthma is related to type 2 T helper cell-

induced reversible airway obstruction and hyper respon-

siveness [34]. On the other hand, food allergies are caused

by disruption of the intestinal barrier [35]. Therefore, it is

possible that the effects of environmental pollutants on

these conditions are mediated by different cytokines.

Our use of a tertile-based approach helped us to detect

statistically significant correlations in the present study;

i.e., it demonstrated that the high PCB exposure groups

tended to display the strongest correlations. It must be

pointed out that in addition to PCB, environmental pollu-

tion also includes polycyclic aromatic hydrocarbons

(PAH), nitro-PAH, 1-nitropyrene, etc. [24, 25]. In other

words, PCBs might not be the only pollutants affecting IL-

Fig. 1 Differences in the expression level of IL-8 mRNA between

non-asthmatic (control) and asthmatic children in three different sub-

groups (tertiles) that exhibited low, medium, or high serum levels of

PCB congener #163 ? 164 [18]. P values were obtained using the

Mann–Whitney U test
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8 and IL-22 mRNA expressions. However, it is important

to note that significant associations between IL-8 or IL-22

mRNA expression and the serum levels of PCBs were only

found among children with asthma or positive IgE reac-

tions to milk (i.e., a food allergy), respectively.

It is necessary to point out some limitations in these

studies. First, our study subjects were young children and it

was difficult in several cases to collect the standard blood

volume necessary to analyze serum biomarkers by ELISA.

Second, it will be beneficial to include TEQ/TEF-type

assessments to be clear which type of PCB congeners are

associated with childhood conditions, such as allergies in

the future. In addition, further efforts are needed to search

for biomarkers that would provide us with the mechanistic

insights required to understand the associations between

exposure to PCBs and other environmental pollutants and

the pathogeneses of childhood asthma and food allergies.

Our latest study and future research topics:

the association between PCBs and placental

morphology

IUGR is defined as the insufficient expression of genetic

fetal growth potential. Numerous reports have described

PCB-dependent adverse effects on human fetal growth,

including an increased risk of IUGR, changes in endocrine

function and hormone metabolism, and immunosuppres-

sive and neurological deficits [36, 37]. In our study, we did

not detect a significant relationship between low birth

weight and PCB exposure (data not shown). However,

some previous studies have suggested that low birth weight

is associated with childhood allergies [38, 39]. Therefore,

we will attempt to clarify the relationship between child-

hood allergies, birth weight, and in utero PCB exposure. As

a first step, we have attempted to test the prediction that in

utero PCB exposure adversely effects placental morphol-

ogy, potentially leading to placental insufficiency, which

can result in IUGR. To do this, we measured the serumT
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Table 4 Association between milk-specific IgE reactions and IL-22

expression as analyzed by total PCB tertile [19]

Total PCB

tertile

Negative

(N)

Median

(95 % CI)

Positive

(N)

Median

(95 % CI)

P value

Low 9 17.5 (3.61,

136)

1 78.8 (78.8,

78.8)

0.602

Medium 8 54.6 (15.2,

278)

2 62.7 (21.6,

104)

1.000

High 5 24.2 (1.00,

61.7)

5 154 (42.1,

326)

0.028

Bold value indicates siginificant results

P values were obtained using the Mann–Whitney U test; N = 30
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levels of 10 PCB homologs in maternal and fetal blood

samples collected from a small cohort of normotensive

pregnant women (N = 22) who participated in the Japan

environment and children’s study pilot study using gas

chromatography mass spectrometry [40]. The subjects’

serum PCB levels were compared with their placental

Fig. 2 Associations between IL-22 expression and allergen-specific

IgE reactions [19]. The numbers of subjects in each category were as

follows: egg There were 8 non-asthmatic (control) egg-specific IgE-

negative children, 7 control egg-specific IgE-positive children, 4

asthmatic egg-specific IgE-negative children, and 11 asthmatic egg-

specific IgE-positive children. Milk There were 13 control milk-

specific IgE-negative children, 2 control milk-specific IgE-positive

children, 9 asthmatic milk-specific IgE-negative children, and 6

asthmatic milk-specific IgE-positive children. Wheat There were 13

control wheat-specific IgE-negative children, 2 control wheat-specific

IgE-positive children, 9 asthmatic wheat-specific IgE-negative chil-

dren, and 6 asthmatic wheat-specific IgE-positive children. P values

were obtained by Mann–Whitney U test

Table 5 Relationships between the total maternal/cord blood PCB concentration and ST volume or the placental concentration of PlGF or SFlt-1

[20]

STb PlGFa,b sFlt-1a,b

Coefficient SE P value Coefficient SE P value Coefficient SE P value

Total PCB (pg/g-fat) in maternal blood -1.77 0.93 0.076 2.35 0.90 0.019 0.10 1.31 0.943

Total PCB (pg/g-fat) in cord blood -1.02 1.61 0.534 3.89 0.95 0.001 -1.03 2.01 0.615

P values were obtained using multivariate regression models

Placental weight, the PlGF concentration, and the sFlt concentration were included as covariates

Coefficient: regression coefficient

SE standard error
a N = 21
b z score transformation was performed
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concentrations of angiogenesis-associated proteins such as

placental growth factor (PlGF) and soluble fms-like tyro-

sine kinase 1 (sFlt-1), which were determined by ELISA,

and the total estimated syncytiotrophoblast (ST) volume.

As a result, the extent of environmental PCB exposure

(based on blood PCB levels) was found to be negatively

associated with the ST volume. In addition, positive rela-

tionships were detected between the maternal/fetal blood

levels of PCBs and the placental PlGF protein concentra-

tion, while no such relationship was detected for the pla-

cental sFlt-1 concentration (Table 5). These results

demonstrate that the human placenta, including ST, is a

target of PCB toxicity, and that current environmental PCB

exposure levels are a risk to reproductive health.

Children’s blood PCB concentrations are affected by

their lifestyle. At present, the association between exposure

to low levels of PCBs and placental function is poorly

understood. We will continue to study these associations

and the effects of PCB exposure on childhood allergies.

Conclusion

In conclusion, we showed that IL-8 and IL-22 mRNA

expressions are particularly useful for detecting the effects

of environmental pollutants, especially PCB congeners, in

vulnerable children with asthma or those who exhibit

positive IgE responses to milk or egg.
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