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Background: Despite widespread human exposure to 
biphenol A (BPA), limited studies exist on the association of BPA 
with adverse health outcomes in young children. This study 
aims to investigate the effect of prenatal exposure to BPA on 
toll-like receptor–induced cytokine responses in neonates and 
its association with infectious diseases later in life.
Methods: Cord bloods were collected from 275 full-term 
neonates. Production of TNF-α, IL-6, and IL-10 were evaluated 
after stimulating mononuclear cells with toll-like receptor 
ligands (TLR1-4 and 7–8). Serum BPA concentrations were ana-
lyzed by enzyme-linked immunosorbent assay. Bacteria from 
nasopharyngeal specimens were identified with multiplex PCR 
and culture method.
result: Result showed significant association between cord 
BPA concentration and TLR3- and TLR4-stimulated TNF-α 
response (P = 0.001) and that of TLR78-stimulated IL-6 response 
(P = 0.03). Clinical analysis did not show prenatal BPA exposure 
to be correlated with infection or bacterial colonization during 
the first year of life.
conclusion: This is the first cohort study that indicated pre-
natal BPA exposure to play a part in TLR-related innate immune 
response of neonatal infants. However, despite an altered 
immune homeostasis, result did not show such exposure to be 
associated with increased risk of infection during early infancy.

Bisphenol A (BPA) are xenoestrogens widely used to manu-
facture polycarbonate and epoxy resins. These materials 

are commonly used for lining of beverage or food-storage 
containers, drinking glasses, water pipes, dental sealants, and 
medical equipment (1). Although various reports have shown 
that humans are at regular contact with BPA through air, soil, 
water, and environmental contact, diet is the primary source 
of exposure for most adults. However, for infants, additional 
source of BPA burden might result from in utero exposure. 
Evidences indicate fetal exposure to BPA to result in modifica-
tion of immune development later in life. For instance, higher 
maternal polychlorinated biphenyl levels have been shown to 

associate with altered immune cell counts or serum immuno-
globulin concentrations (2,3). Several researches on experi-
mental animal model have shown BPA to modify the response 
of several cytokines and chemokine, such as IL-4, IL-5, IL-6, 
IL-10, IL-13, and TNF-α (4–6), suggesting an important 
immunomodulatory role of BPA in the immune system.

Toll-like receptors (TLRs) are highly conserved compo-
nents of the innate immune system and play critical roles in 
early innate responses to various invading pathogens. Beside 
from important contribution to the first line of defense against 
pathogens, they also play an important role in directing adap-
tive immune responses. We had previously shown that neo-
nates are capable of responding adequately to TLR stimulation 
(7). However, given the fact that the developing immune 
 system in fetus may be highly sensitive to endocrine-disrupt-
ing compounds such as BPA, early perturbations may result 
in altered immune development. Increasing evidences sug-
gest that prenatal window represent a critical period in which 
the developing immune system may be greatly disturbed. 
However, despite a handful of studies that suggested early BPA 
exposure to alter cytokine response in murine model, to our 
knowledge, there is currently no study that associates prenatal 
BPA exposure with innate immune function in human new-
born. In addition, many experimental studies used high doses 
and/or routes of exposure that are considered less relevant to 
actual human exposure. In this study, we aimed to determine 
whether low and environmentally relevant prenatal BPA expo-
sure is associated with alterations in TLR-induced cytokine 
responses in neonatal infants. Furthermore, consequences of 
BPA exposure on susceptibility to infection during early life 
were also investigated.

RESULTS
Subjects and Demographic Data
Of the 353 enrolled pregnant mothers, 79 neonates were 
excluded due to premature delivery (n = 45), possible con-
genital infection (n = 9) and insufficient cord blood volume 
for laboratory examines, or loss to follow-up (n = 25). A total 
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of 274 participants were eligible for the analysis. Comparing 
mother–infant pairs included in the study to those excluded, 
there was no significant characteristic differences between 
the mothers except that since premature babies were 
excluded in this analysis, the excluded subjects had lower 
gestational age and birth body weight, and a higher Cesarean 
section rate probably due to more complicated obstetrical 
conditions (Table 1). While these differences were statisti-
cally significant, we believe that their effect might not be 
clinically meaningful, as reports have shown prematurity to 
influence TLR-induced cytokine response (8,9), thus exclud-
ing premature neonates from this study should decrease 
biased results. Overall, the median BPA concentration was 
0.34 ng/ml (25th–75th percentiles: 0.22–0.85 ng/ml) among 
pregnant mothers and 0.27 ng/ml (25th–75th percentiles: 
0.21–0.38 ng/ml) in fetal cord blood. Data from this study 
were comparable to those reported in the literature (10–12). 
It is worth noting that four pregnant mothers’ working envi-
ronment was related to manufacturing of plastics and resins; 
however, compared to other pregnant mothers, their BPA 
levels (0.11, 0.30, 0.24, and 0.62 ng/ml, respectively) were 
not elevated.

Association of Cord BPA With Toll-Like Receptor Stimulated 
Cytokine Response
Because the distribution of most cytokine levels and cord BPA 
concentration were highly skewed (data not shown), we used 
natural log-transformed cord BPA and TLR-induced cytokine 
concentration for correlation analysis. The result showed sig-
nificant association between cord BPA and TLR3 and TLR4-
induced TNF-α response (P = 0.001 and P = 0.001) and that 
of TLR7-8 stimulated IL-6 response (P = 0.03). The result still 

remained significant after adjusting for potential confound-
ing factors (Table 2). However, none of the TLR-triggered 
IL-10 productions were associated with cord BPA concentra-
tion. Due to the fact that many toxicological studies in ani-
mal model suggest a dose-additive effect of chemicals acting 
upon cytokine response level, we performed a secondary 
analysis model that divided cord serum BPA concentration 
into terciles to further explore the interaction between the 
additive effect of BPA and cytokine response level. The result 
showed a dose–response relationship between cord BPA and 
TLR3-triggered TNF-α level, as shown by a trend of decreas-
ing TNF-α response as cord BPA level increased. Similar trend 
was noted for TLR4-stimulated TNF-α production, revealing 
significant difference between the first and second tercile of 
BPA; however, the highest tercile of cord BPA level did not fur-
ther decrease TNF-α production. Although regression analy-
sis revealed significant association between cord BPA level 
and TLR7-8-stimulated IL-6 production, the response did not 
appear to be dose dependent (Figure 1).

Association Between Prenatal BPA Concentration and 
Nasopharyngeal Bacterial Colonization
Reports have shown that microbial colonization of the airway 
during early life can modify topical inflammatory mediator 
release and might have an effect on the risk of infant wheeze 

table 1. Demographic characteristic of the study population and 
comparison between participants included and excluded in the 
analysis

Characteristics Included n (%) Excluded n (%) P

Number of participants 274 (78) 79 (22) Not 
applicable

Sex (male) 141 (51.5) 45 (57) 0.39

Gestational age (weeks) 38.6 ± 1 34.9 ± 2.8 <0.05

Birth body weight (g) 3,147 ± 397 2,502 ± 617 <0.05

Mode of delivery (NSD) 185 (67.5) 29 (36.7) <0.05

Maternal allergy 115 (42) 36 (45.5) 0.63

House pet exposure 80 (29) 20 (25) 0.61

Maternal education 0.14

   Primary or secondary 9 (3.2) 4 (5)

   High school 72 (26.5) 29 (36.7)

  College or above 193 (70.3) 46 (58.2)

Smoking in pregnancy 6 (2.2) 2 (2.5) 0.79

Maternal BPA (ng/ml), 
median (IQR)

0.33 (0.21–0.83) 0.36 (0.27–0.66) 0.78

IQR, interquartile range; NSD, natural spontaneous delivery.

table 2. Association of cord BPA with toll-like receptor–triggered 
cytokine response

Univariate analysis,  
β (95% CI) P

Multivariate analysis, 
β (95% CI) P

TLR1-2

  TNF-α −0.12 (−0.41 to 0.18) 0.45 —

  IL-6 −0.32 (−0.69 to 0.05) 0.09 —

  IL-10 0.03 (−0.21 to 0.27) 0.81 —

TLR3  

  TNF-α −0.66 (−1.04 to −0.28) <0.01 −0.64 (−1.01 to −0.27) <0.01

  IL-6 −0.29 (−0.62 to 0.05) 0.09 —

  IL-10 0.06 (−0.28 to 0.40) 0.74 —

TLR4

  TNF-α −486 (−785 to −188) <0.01 −467 (−761 to −173) <0.01

  IL-6 −0.07 (−0.36 to 0.23) 0.67 —

  IL-10 −0.03 (−0.16 to 0.11) 0.69 —

TLR7-8

  TNF-α 0.09 (−0.20 to 0.37) 0.55 — 0.02

  IL-6 −0.47 (−0.89 to −0.05) 0.03 −0.54 (−0.98 to −0.10)

  IL-10 0.064 (−0.136 to 0.264) 0.53 —

PHA

  TNF-α 0.07 (−0.23 to 0.37) 0.65 —

  IL-6 0.11 (−0.28 to 0.50) 0.11 —

  IL-10 0.29 (−0.07 to 0.65) 0.12 —

Adjusted for gender, birth body weight, mode of delivery, smoking in pregnancy, 
maternal allergy, maternal education, and house pet exposure during pregnancy.
BPA, biphenol A; CI, confidence interval.

Volume 79  |  Number 3  |  March 2016      Pediatric ReSeARCH 439



Copyright © 2016 International Pediatric Research Foundation, Inc.

Articles         Liao et al.

(13,14). Since we had observed an association between prenatal 
exposure to BPA and neonatal immune response, we proceeded 
to investigate whether the result of altered immune function 
would lead to modifications in the prevalence of nasopharyn-
geal bacterial colonization in infants during the first year of life. 
Assays were performed to identify five different bacterial species 
from the nasopharynx as described in the Methods. At the age 
of 1 mo, 42% of the infants were colonized with at least one of 
the bacteria examined, and methicillin-resistant Staphylococcus 
aureus accounted for majority of the flora identified (97%). By 12 
mo of age, the overall colonization rate was 14.8%, and methicil-
lin-resistant Staphylococcus aureus still remained to be the most 
common flora identified (54%), followed by Moraxella catarrha-
lis (16%). Analysis was performed to investigate whether prenatal 
BPA exposure was associated with nasophyngeal bacterial colo-
nization at age of 1 mo and also by 12 mo. The result, as shown in 
Table 3, indicated that cord BPA level had relatively little effect on 
the prevalence of bacterial colonization in infancy.

Association Between Prenatal BPA Concentration and the Risk of 
Infection During Early Life
By the age of 1 y, 250 infants had their medical records reviewed 
and completed the questionnaires administered at 6 and 12 mo 
of age. Twenty-one participants had lost follow-up, had yet to 
return, or did not have complete outcome data at the time of 
analysis. Even though prenatal BPA exposure was not associ-
ated with increased bacterial colonization in young infants, we 

hypothesized that the consequence of BPA-induced cytokine 
suppression might lead to decreased inflammatory response 
against microbial invasion, thus increasing the risk of infec-
tion. However, statistical analysis did not show significant 
correlation between cord BPA level and the incidence of infec-
tious diseases such as acute bronchiolitis, pneumonia, acute 
otitis media, infectious enteritis, and urinary tract infection 
during the first year of life (Table 4).

DISCUSSION
Results from recent studies have suggested the potential role 
of endocrine-disrupting chemicals such as BPA to modify 
immune cytokine response; however, most are results from 

Figure 1. Cord mononuclear cells were treated with TLR ligands as described in the Methods. Supernatant was collected for the analysis of cytokines 
TNF-α and IL-6 production after stimulation with (a) TLR3, (b) TLR4, and (c) TLR7-8 ligands under different BPA level as terciles. The results are expressed 
by means ± SD. Statistical significance was determined by ANOVA and Dunnett’s post hoc test (*P < 0.05).
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table 3. ORs (95% CIs) for nasopharyngeal bacterial colonization by 
level of prenatal BPA exposure

BPA level (tercile) OR (95% CI) P

Colonization at age 
1 mo

1 1.00 (reference)

2 1.02 (0.52–2.02) 0.95

3 1.79 (0.90–3.54) 0.09

Colonization at age 
12 mo

1 1.00 (reference)

2 1.11 (0.40–3.09) 0.84

3 2.12 (0.63–7.46) 0.22

Total number for analysis/ number with positive bacterial colonization: Colonization at 
age 1 mo: 256/109 and colonization at age 12 mo: 216/32.
BPA, biphenol A; CI, confidence interval; OR, odds ratio.

table 4. ORs (95% CIs) for infection during the first year of life by 
level of prenatal BPA exposure

Tercile/level Crude OR (95% CI)
Adjusted OR 

(95% CI)

Acute 
bronchiolitis

1 1.00 (reference) 1.00 (reference)

2 2.29 (0.42–12.40) 2.31 (0.42–4.82)

3 0.52 (0.16–1.67) 0.57 (0.17–1.91)

Pneumonia 1 1.00 (reference) 1.00 (reference)

2 0.42 (0.04–4.23) 0.89 (0.05–15.89)

3 1.02 (0.06–16.73) 1.09 (0.06–19.22)

Croup 1 1.00 (reference) 1.00 (reference)

2 1.73 (0.15–19.68) 1.81 (0.15–21.51)

3 0.49 (0.09–2.79) 0.66 (0.11–3.93)

AOM 1 1.00 (reference) 1.00 (reference)

2 0.85 (0.05–13.93) 1.28 (0.07–23.23)

3 1.02 (0.06–16.73) 1.71 (0.09–30.91)

Infectious 
enteritis

1 1.00 (reference) 1.00 (reference)

2 2.64 (0.27–26.31) 1.93 (0.18–20.67)

3 0.59 (0.13–2.60) 0.40 (0.08–2.03)

Urinary tract 
infection

1 1.00 (reference) 1.00 (reference)

2 0.84 (0.16–4.38) 0.72 (0.13–4.13)

3 1.02 (0.19–5.29) 0.92 (0.17–5.06)

Total number of subjects for analysis = 250.
AOM, acute otitis media; BPA, biphenol A; CI, confidence interval; OR, odds ratio.
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animal models or in vitro studies that load BPA with dos-
ages higher than usual environmental exposure (15–18). To 
our knowledge, this is the first study in humans that investi-
gated the effect of prenatal BPA exposure on neonatal innate 
immunity at low and environmentally relevant BPA concen-
tration. Our result demonstrated prenatal BPA exposure, 
one of the most common endocrine-disrupting chemicals, 
to have a suppressive effect on TLR-induced proinflamma-
tory cytokine response (TNF-α and IL-6) in the neonatal 
mononuclear cells. TNF-α and IL-6 are pleiotropic cytokines 
that have substantial importance in inflammatory reaction 
against microbial invasion. In spite of extensive reports on 
the immunomodulatory role of BPA exposure, conflicting 
results exist as some studies showed BPA to prompt inflam-
matory cytokine production, while others revealed a poten-
tial capacity of BPA to suppress cytokine response. One 
possible explanation for these differing observations is the 
BPA concentrations used to treat the cells for cytokine pro-
duction in different study settings. Chao et al. (19) had shown 
that TNF-α release was inhibited at very high or very low lev-
els of endocrine-disrupting chemical, but the trend of TNF-
α is increased at intermediate concentrations. Furthermore, 
different experimental methodology might also account for 
the contrasting results. Studies that infer a stimulatory BPA 
activity with enhanced cytokine production were from a vari-
ety of experimentations that treated cells directly with BPA 
(6,20,21). Results from Zhu et al. and Liu et al. indicated that 
the addition of BPA in macrophages significantly increased 
the production of TNF-α and IL-6 through NF-κB signal-
ing pathways (20,21). In contrast, studies that implied inhibi-
tory effect of BPA on cytokine production had experimental 
settings that pretreated immune cells with BPA followed by 
infection (bacteria or virus) or stimulation with lipopoly-
saccharide. The reduction in cytokine production could be 
explained by reduced neutrophils activity or downregula-
tion of nitric oxide production caused by BPA exposure, thus 
leading to inappropriate immune response to defend against 
invading pathogens (15,22,23). In agreement with the later 
results, we had shown prenatal BPA exposure to reduce TNF-
α response to TLR3 and 4 stimulation, and IL-6 response to 
TLR7-8 in the neonatal mononuclear cell. At present, we do 
not know whether the influence of BPA on TLR-triggered 
cytokine response is a result of direct effect of BPA on TLR 
expression or the result of an indirect effect of BPA that dis-
rupted downstream signaling events. Nevertheless, several 
experimental studies have shown that BPA can alter cytokine 
production via the P13K/Akt, the MAPK/AP-1, or the NF-κB 
pathways, whereas no influence was observed on TLR4 sur-
face expression (21,24,25). The observation from our study 
that IL-10 response to TLR ligands remained unperturbed 
by BPA concentration might also give indirect evidence that 
BPA had no direct effect on TLR expression, because theo-
retically, all cytokine production would have been altered if 
TLR expression, being the origin of the signaling pathway, 
was modified. Further research is needed to explore the pre-
cise mechanism of the effect BPA on TLR expression.

Infectious diseases remain among the major causes of illness 
and hospitalization in young children worldwide. Despite a 
wide variety of epidemiological and animal studies on the asso-
ciation of BPA with alteration of immune functions and mul-
tiple adverse health outcomes (23,26,27), very few researches 
investigated the effect of BPA exposure on pediatric infectious 
diseases. While the result from our study did not show prenatal 
BPA exposure to increase the risk of infection or nasopharyn-
geal bacterial colonization rate during the first year of life, our 
finding may contribute to a better understanding of the role of 
prenatal BPA exposure in childhood infection. Similar to our 
findings, although Roy et al. (22) found maternal exposure to 
BPA to alter innate immune response in adult offspring, the 
modification did not compromise the host’s ability to success-
fully clear influenza virus from the infected lung. The detailed 
mechanism underlying these null observations is yet not fully 
understood but may be explained by several assumptions. 
First, the fact that since immune system is composed of mul-
tiple cells and variable pathways, suppression of certain cyto-
kines of the innate immune system may not have an overall 
effect in disease outcome. Second, several reports have shown 
cytokine production to respond to BPA in a dose-dependent 
manner (15,20,21,23). In some studies in which lower doses 
of BPA were used, no effect was seen on ex vivo immune cell 
function or disease progression in vivo (22,28,29). Thus, it is 
possible that the extent of cytokine suppression exposed to low 
and environmentally relevant BPA level, such as in our study, 
was not sufficient to significantly increase the risk of infection 
or nasopharyngeal bacterial colonization in infants. Third, the 
few available data that suggest certain pollutants to increase 
susceptibility to infection were mostly results from animal 
studies or exposure to environmental toxin other than BPA 
(such as dioxins, cigarette smoke, diesel exhaust, and other 
air pollutants) (30,31). To our knowledge, only two published 
studies implied BPA exposure to increase the risk of infectious 
diseases in the pediatric population. One study had suggested 
prenatal BPA exposure to increase the risk of respiratory tract 
infection in children; however, the association only became 
significant after adjusting for confounding factors (32,33). 
Furthermore, whether the effect of BPA on increased airway 
infection had resulted from direct immunosuppression or 
an indirect influence inflicted by hyperactive airway remains 
debatable, since they had concurrent results showing a strong 
association between BPA exposure and wheeze/asthma. Thus, 
although BPA can alter immune function, its role in human 
infectious disease, especially in young children, remains an 
important issue to be further investigated.

This study has some limitations. First, clinical assessment 
of infectious disease beyond 12 mo of age was not done. By 
doing so, and in the context of longitudinal model, would have 
increased power to detect associations, as the cumulative inci-
dence of infectious disease might increase with growing age. 
Moreover, this study estimated BPA exposure from serum 
samples. It has been argued that BPA is rapidly cleared from 
the blood, thus any data obtained from serum samples may be 
imprecise or results from contamination (34). Although urine 
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sampling may be less subject to such effects, we did not have 
access to urine samples from the neonates. However, from the 
reviews of Vandenberg et al. (35), the 17 studies that measured 
BPA in blood and serum samples of healthy subjects, most of 
them had concentrations comparable to the studies of urine. 
Thus, we proceeded with this work using serum measurements 
of BPA, and with quality control measures to avoid any con-
tamination during collection and storage. In addition, the use 
of enzyme-linked immunosorbent assay to measure BPA con-
centration has been challenged since this method was consid-
ered less specific and sensitive than chromatography-related 
analytical techniques. However, studies have proved that BPA 
measurements obtained by enzyme-linked immunosorbent 
assay were within a comparable dose range as the methods that 
are considered more accurate (36,37); and most importantly, it 
is much more affordable, simpler, and have a higher through-
put. Considering the relatively large quantity of our samples, 
we had adopted this method, and the results of our BPA mea-
surements were similar to those reported in the literature with 
either technique. Finally, although cytokine response to TLR 
ligands have proven to be an important indicator of innate 
immunity, other measures of immune function, such as immu-
noglobulin level and cellular immunity, were not included in 
this study; thus, the results here could not provide a broad view 
of the consequences of BPA exposure on the entire immune 
system of the neonatal infants.

In conclusion, this is the first cohort study that indicated 
prenatal BPA exposure to play a part in the TLR-related innate 
immune response of the neonatal infant. Although current 
study did not show developmental exposure to BPA to have 
a significant impact on the magnitude or functional capacity 
of the young infant to defend against infection, the significant 
immunomodulatory effect of BPA in the neonatal immune 
system should require additional investigations to elucidate 
its potential effect on the health outcome of young children 
and its association with immune-related disorders other than 
infection.

METHODS
Study Population
Data for this analysis came from an ongoing prospective birth cohort 
study called the PATCH (The Prediction of Allergy in Taiwanese 
Children). The PATCH is an unselected, population-based study 
designed to investigate the risk factors for developing immune-related 
and/or allergic diseases in children located in Northern Taiwan. The 
study was approved by the Chang Gung Ethics Committee, and 
informed consent was obtained from the parents/legal guardians of 
the neonates. Pregnant women were approached randomly by a study 
nurse during their third-trimester clinical visits and invited to join 
our research program. This analysis comprises the first 353 mother–
newborn pairs recruited into the study. Neonates were excluded 
if born under the gestational age of 37 wk, suspicious of congenital 
infections (such as maternal or neonatal fever, chorioamnionitis, 
or respiratory distress), and had major congenital anomaly. A base-
line questionnaire survey was conducted at the time of enrollment 
to obtain parental information such as demographic characteristics, 
medical and obstetric history, smoking exposure history, and alcohol 
consumption. Perinatal data such as birth weight and height, infant 
gender, modes of delivery, and perinatal complications, or infections 
were obtained from perinatal records. Successive follow-up question-
naires were administered at 6 and 12 mo of age to obtain relevant 

information such as height and weight measurements, vaccination 
history, dietary habits, and parental smoking history. Medical history 
of the children was specifically reviewed with regard to acute bron-
chiolitis, pneumonia, croup, acute otitis media, infectious enteritis, 
and urinary tract infection. Infants were defined as ever having an 
infection if there was a diagnosis from a doctor, and the infant has 
either been hospitalized or received medical treatment. By the time 
of analysis, 250 children included in this study were at least 1 y of age 
and had adequate follow-up data.

Sample Collection and Cell Culture
Umbilical cord blood was obtained at the time of delivery, and mono-
nuclear cells were isolated from heparinized blood by Ficoll-Hypaque 
(Pharmacia Biotech, Piscataway, NJ) centrifugation. RPMI 1640 
 supplemented with 10% fetal calf serum (FCS; Hyclone, Logan, UT), 2 
mmol/l glutamine, 100 U/ml penicilline, and 100 μg/ml of streptomycin 
(complete media) was used for culture (Sigma-Aldrich, St. Louis, MO).

Toll-Like Receptor Ligands Stimulation
TLR ligands used for cell stimulation were obtained from InvivoGen 
(San Diego, CA) which included synthetic bacterial lipoprotein 
(PAM3csk4) that is recognized by TLR1-2; a synthetic analog of 
double-stranded RNA for TLR3 (poly I:C); ultrapure lipopolysac-
charide for TLR4; and R848 which activates via the TLR7/TLR8 
signaling pathway. Medium without any added ligand was used to 
determine any baseline production of TNF-α, IL-6, and IL-10. Each 
serial dilution was performed in duplicate. As a positive control, cells 
were treated with the NF-kB activator phytohemagglutinin (Murex 
Pharmaceuticals) at 4 µg/ml in R10-FBS.

To determine TLR responses, 3 × 105 peripheral blood mononuclear 
cells in 100 µl R10-FBS (or R10-HS, or R10 without serum, where 
specified) were added to each of the duplicate ligand- or medium-
containing wells and incubated at 37 °C for 20 h with 5% CO2. The 
concentration of 3 × 105 cells/well corresponded to the linear phase of 
the TNF production curve and was ultimately chosen for subsequent 
experiments. All assay preparations were performed using sterile 
technique in a laminar flow hood.

The concentrations of the ligands used for this experiment are as 
follows: 10 µg/ml of PAM3csk4, 10 µg/ml of poly(I:C), 20 ng/ml of 
lipopolysaccharide, and 10 µg/ml of R848.

Measurement of Cytokines
TNF-α, IL-10, and IL-6 levels in culture supernatants were deter-
mined by enzyme-linked immunosorbent assays (ELISA; R&D 
Systems, Minneapolis, MN) according to the manufacturer’s instruc-
tions. The detection limits were 15.6 pg/ml for TNF-α, 3.12 pg/ml for 
IL-6, and 7.8 pg/ml for IL-10.

BPA Concentration
To test for possible contamination of BPA during sample collection 
and storage, quality control experiments were first conducted. We 
had initially pooled clean distilled water into empty blood-collect-
ing tubes, stored in BPA-free polystyrene tubes, at −80 °C for many 
times and performed laboratory tests with exact processing that real 
samples received. Hence, blood samples were collected and processed 
according to standard procedures. Detection of total BPA concentra-
tion from maternal and cord serum was performed by enzyme-linked 
immunosorbent assay according to the manufacturer’s instructions 
(IBL, Gunma, Japan). The detection limit was 1.32 ng/ml.

Bacterial Identification From the Nasopharyx
At the age of 1 and 12 mo, nasopharyngeal specimens were obtained 
through the nose with separate cotton-tipped swabs (Copan Swab 
Applicator, Copan Diagnostics, Brescia, Italy). Samples were then 
transported to the microbiology laboratories within 2 h after collec-
tion and cultured for bacteria with the use of standard methods for 
identification (38). Besides the traditional culture methods, multi-
plex PCR was also performed as described by Hendolin et al. (39) for 
simultaneous detection of Streptococcus pneumoniae, Haemophilus 
influenzae, M. catarrhalis, Streptococcus pyogenes, and S.  aureus. 
For the identification of methicillin-resistant Staphylococcus aureus, 
Staphylococcus aureus was first identified by coagulase test, 
and cefoxitin test was conducted subsequently to distinguish 
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methicillin-resistant Staphylococcus aureus from methicillin-suscep-
tible Staphylococcus aureus in accordance with the recommendation 
of Clinical and Laboratory Standards Institute document M100-S17 
(40).

Statistical Methods
Multiple regression analysis was used to determine the relation 
between neonatal BPA concentration and TLR-induced cytokine 
response. Neonatal characteristics (birth body height and weight, 
gestational age, mode of delivery, and gender) and maternal history 
of allergy, smoking during pregnancy, and maternal education were 
included in the multiple regression analysis to compensate confound-
ers’ effects. Since the concentrations of cord BPA and cytokines were 
not normally distributed, values were characterized as terciles or 
logarithmically transformed as continuous variables in the statisti-
cal models. Association between cord BPA concentration and binary 
outcomes (acute bronchiolitis, pneumonia, croup, otitis media, or 
infectious enteritis) and nasopharyngeal bacterial colonization were 
analyzed by using logistic regression. All statistical analysis was car-
ried out using IBM SPSS Statistics Version 20 (Armonk, NY).
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