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Abstract

:

Previous studies have demonstrated that organochlorine pesticide (OCP) exposure has a negative impact on the neurological function of infants. Only a few reports have investigated the thyroid and growth hormones and their relationship to neurodevelopment after human exposure to OCPs, especially in the case of infants. Our goal was to determine whether breastmilk OCP residues were associated with negative impacts and/or alterations in the neurodevelopment of infants among specific southern Taiwanese mother–breastfed infant pairs. Our subjects (n = 55 pairs) were recruited from southern Taiwan between 2007 and 2010. The thyroid and growth hormone levels in the cord blood samples collected after childbirth were determined. The breastmilk was gathered within one month after childbirth for the determination of OCP levels using a high-resolution gas chromatograph with mass spectrometry, and the neurodevelopment of 10–12-month-old infants was examined using the Bayley Scales of Infant and Toddler Development®, Third Edition (Bayley-III). It was observed that 4,4′-dichlorodiphenyl-dichloroethylene (4,4′-DDE) (mean = 10.3 ng/g lipid) was the most predominant OCP compound in the breastmilk samples. At higher concentrations (>75th percentile), specific OCPs were associated with significantly lower levels of thyroid and growth hormones than at lower concentrations (<75th percentile). Significantly higher odds ratios (ORs) were observed for binary cognitive (OR = 8.09, p = 0.025 for 4,4′-DDT), language (OR = 11.9, p = 0.013 for 4,4′-DDT) and social–emotional (OR = 6.06, p = 0.01 for trans-CHL) composite scores for specific OCPs belonging to the lower exposure group as compared to the higher OCP exposure group. The five domain Bayley-III infant neurodevelopment outcomes were negatively associated with specific OCPs in the breast milk samples based on the redundancy analysis (RDA) test. Bayley-III scales, which include cognitive, language, motor, social-emotional, and adaptive behavior scales, could be predicted by 4,4′-DDT, endrin, endosulfan I, heptachlor, or heptachlor epoxide using multivariate linear regression models with adjustment for maternal age, pre-pregnant BMI, parity, and infant gender. In conclusion, although our study showed that postnatal exposure to breast milk OCPs may be associated with infant neurodevelopmental outcomes and that prenatal exposure, if extrapolated from breastmilk levels, is associated with changes in thyroid and growth hormones that may have effects on neurodevelopment, these associations are only suggestive; thus, further studies are recommended for confirmation.
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1. Introduction


Organochlorine pesticides (OCPs) are environmental contaminants that are ubiquitous in the environment of Taiwan despite being banned in Taiwan since 1975 [1,2] due to their reported toxicities in animals and humans. OCPs are classified as a class of persistent organic pollutants (POPs) that accumulate in environmental and biological matrices. Although OCPs are listed in the Stockholm Convention and have been banned in several countries, their usage in other developing countries still continues [1]. OCPs used for agricultural and sanitary purposes released before the ban are still present in the environment and biota [3,4,5,6,7,8]. OCPs are also recognized as endocrine disruptors because they can act as low estrogenic or anti-estrogenic compounds at low exposure levels. Additionally, OCPs bioaccumulate and are biomagnified along the food chain due to their high lipophilicity, high persistence, and long half-lives, thus allowing them to cause adverse health effects in humans, such as endocrine disruption, reproductive toxicity, cancer, and neurological disorders [9,10]. In addition to their presence in the environment, OCPs have also been observed in human specimens, such as human breast milk, which is a noninvasive sample that can be used to evaluate OCP levels in humans [1]. According to our previous report [11], dietary habits (e.g., consumption of cow’s milk and beef) and menstrual characteristics (e.g., menstrual period days) in women of childbearing age are related to breast milk OCP levels.



The residues of OCPs in breast milk can reflect a maternal burden that can be utilized to further examine the associations of OCPs with maternal health and their possible health risks to nursing offspring. Additionally, using breast milk to examine the OCP levels in humans allows for further investigation into the possible association of infant health risks to postnatal exposure via breastfeeding (lactational exposure) [3]. Among other health risks, OCPs in breast milk samples have been found to be associated with developmental effects [12,13] and infertility [14]. Prenatal exposure to OCPs has already been associated with adverse health effects on newborns such as reduced birth weight [5], reduced head circumference [15], and delayed mental and psychomotor development [3]. Determining the impact on the health of infants with postnatal exposure through breastfeeding is very important. Furthermore, several studies supporting the role of OCPs as neurotoxicants [10] showed the importance of evaluating breast milk OCP levels and investigating their association with infant neurodevelopment. One study on postnatal exposure to chlordecone carried out by Boucher et al. [16] reported that chlordecone did not have any associations with the neurodevelopment of 18-month-old infants. Similarly, lactational exposure to 4,4′-dichlorodiphenyltrichloroethane (DDT) and 4,4′-dichlorodiphenyldichloroethylene (DDE) did not seem to cause neurodevelopmental impairment in infants. However, low scores for male infants on the Mullen gross motor scale have been associated with breastmilk DDE [17].



Aside from associated neurodevelopmental toxicity, OCP exposure in general has been observed to be associated with hormone levels in both adults and children. 4,4′-DDE in serum from male adults was found to be associated with an increase in total triiodothyronine (TT3) and free thyroxine (FT4) as well as with a decrease in the secretion of thyroid-stimulating hormone (TSH) [15,18]. In a study conducted by Freire et al. [19], the effects of chronic exposure of children (younger than 15 years old) living in Cidade dos Meninos, Rio de Janeiro, Brazil to OCPs on thyroid hormone levels was investigated between the years 2003 and 2004. All OCPs that were detected in 60% of the children, with the exception of heptachlor and methoxychlor, were found to have an association with increasing serum TT3 concentrations. In a study done in Menorca, Spain by Alvarez-Pedrerol et al. [20], they reported that the exposure of preschool children aged 4 years to organochlorines had negative associations with TT3 levels. OCPs found in cord or maternal serum have also been observed in previous studies to be associated with thyroid and growth hormones found in cord or maternal serum. In one Korean study, Kim et al. [21] observed that OCPs such as DDTs and hexachlorobenzene (HCB) in maternal serum were associated with reduced maternal serum T3 or T4 levels. Also in their other study, Kim et al. [21] reported that Σchlordane (ΣCHL) in cord serum was associated with TSH in cord or bloodspot, while p,p′-DDE was found to be associated with cord serum TT3 and TT4. In addition, neonatal thyroid hormones were also found to have associations with maternal exposure to ΣCHL, ΣDDT, or p,p′-DDE. A Belgian study showed that the cord blood TSH levels in newborn males whose cord blood 4,4′-DDE levels were over the limit of detection (LOD) were significantly lower than the TSH levels of those with below the LOD cord blood 4,4′-DDE levels [22]. Although the findings were not significant, Luo et al. [23] indicated that cord blood free thyroxine (FT4) was marginally and negatively associated with cord serum levels of Σhexachlorcyclohexanes (ΣHCHs), 4,4′-DDE, and methoxychlor. This Chinese study also showed that after adjustment for confounding factors (age of pregnant mothers, education level, monthly household income, parity, and sex of the newborns), increased cord plasma TSH levels were associated with high cord plasma levels of aldrin, dieldrin, ∑dichlorodiphenyltrichloroethanes (ΣDDTs), ΣDrins, and ΣOCPs, and it was concluded that the thyroid hormone levels of newborns may be associated with in utero exposure to certain OCPs.



Several studies have been conducted to determine the associations of breast milk OCPs to infant neurodevelopment; however, no study of this kind has ever been conducted in Taiwan. Although we previously reported that breast milk OCP levels in Taiwan are lower compared to those in other countries [1], low level exposure can still pose health risks, especially to newborns or infants. Thus, we aim herein to determine whether breastmilk OCP residues are associated with the neurodevelopment of infants as well as with cord blood thyroid and growth hormone levels among mother–breastfed infant pairs in Southern Taiwan. The best specimens for estimation of prenatal exposure to OCPs are maternal serum collected before delivery and umbilical cord blood [24,25]. Breast milk, which is a major food source for breastfeeding infants, is best used to represent postnatal exposure of infants to OCPs. Although OCP residues in breast milk were significantly and highly correlated with those in maternal serum and cord blood in several reports [24,25,26,27,28], OCP residues in breast milk do not totally reflect prenatal exposure of infants to OCPs. This study aims to determine the associations of breast milk OCP levels to cord blood thyroid and growth hormone levels as well as to the infant neurodevelopment.




2. Materials and Methods


The participants in the present study were healthy mother–infant pairs recruited from local hospitals in southern Taiwan from April 2007 to April 2010. The protocol of this study was evaluated and approved by the institutional review boards of the Human Ethical Committees of Pingtung Christian Hospital (PCH) in 2007 (NO: IRB021). The participants in this study were selected and recruited as described in detail in our previous studies [29,30]. Our subjects were pregnant women in southern Taiwan without any clinical complications recruited between April 2007 and July 2010. At the onset of the study, 358 pregnant women were randomly recruited. Only 143 subjects offered sufficient milk and completely answered the detailed questionnaire. Our research assistants contacted all 143 subjects by telephone, and only 78 subjects agreed to participate in this study. The parameters of the birth outcomes were gathered, and the cord-blood levels of the thyroid hormones (THs), including triiodothyronine (T3), thyroxine (T4), TSH, free T3 (FT3), free T4 (FT4), and growth hormone insulin-like growth factor 1 (IGF-1) were determined using an automated chemiluminescence analyzer (Architect i-2000) (Abbott Diagnostics, IL, USA) after delivery. We invited our subjects (mother–infant pairs) to be reviewed by pediatricians and to have their infants’ neurodevelopment at 8 to 12 months of age assessed by infant psychometrists. Seventy-eight participants agreed to join the program, and 55 mother–infant pairs were selected on the basis of exclusive or partial breastfeeding. The infants’ neurological and neurobehavioral development were tested using the Bayley-III scales, which consist of cognitive, language, motor, social–emotional, and adaptive behavior scales [31]. The Bayley-III composite scores are interpreted in a qualitative way to determine the child’s level of performance as assessed and characterized into different levels of performance: very superior (130 and above), superior (120–129), high average (110–119), average (90–109), low average (80–89), borderline (70–79), and extremely low (69 and below). Overall, scores that fall below 70 indicate poor performance. The Bayley-III is a tool used to measure the age-appropriate development of infants and children aged from one month to four years (the best period for assessment is from 6 months to 2.5 years), and it is designed to help parents and caregivers gain a better understanding of a child’s strengths and weaknesses (see the supplemental materials).



Several chemicals and reagents were used in this study as follows: The standards of the OCPs (EPA method 8081 organochlorine pesticide mixture) were purchased from AccuStandard Inc. (New Haven, CT, USA), while the internal standards of 13C12 4,4′-DDT and pentachloro–nitrobenzene were obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Silica gel (100–200 mesh) was purchased from Merck (Darmstadt, Germany). All the solvents were pesticide residue grade from Tedia (Fairfield, OH, USA), Sigma-Aldrich (St. Louis, MO, USA), and Merck. The cartridges used included a 6 cc/5 mg Sep-Pak Vac C18 cartridge (Waters, Milford, MA, USA), a 360 mg Sep-Pak Plus NH2 cartridge (Waters) and a 3 cc/1 g Bond Elut PCB cartridge (Varian, Harbor City, CA, USA) for solid phase extraction. For the sample collection, milk samples were collected from the subjects within two weeks or the first month after giving birth. The samples were gathered in chemical-free glass bottles and stored frozen in the subjects’ home refrigerators. For each sample, a volume of more than 60 mL was collected and immediately transferred to the laboratory at National Pingtung University of Science and Technology. The samples were kept frozen at −20 °C prior to OCP analysis. The OCP residues in the breast milk were collected and extracted. Afterwards, the samples were subjected to clean-up and analysis as previously described [1,11]. Twenty different OCPs, including 4,4′-dichlorodiphenyldichloroethane (DDD), 4,4′-DDE, 4,4′-DDT, α-HCH, β-HCH, γ-HCH, δ-HCH, cis-CHL, trans-CHL, heptachlor, heptachlor epoxide, aldrin, endrin, endrin aldehyde, endrin ketone, dieldrin, decachlorobiphenyl, endosulfan I (a), endosulfan II (b), endosulfan sulfate, and methoxychlor, were determined using high resolution gas chromatography/mass spectrometry in the splitless mode (Agilent 7890/5975C-GC/MSD from Hewlett-Packard, Palo Alto, CA) and a capillary column (DB-5MS purchased from J&W Scientific, Folsom, CA) separated in the electron impact (EI) mode. The sample quality assurance and quality control (QA/QC) followed the Taiwan Environmental Protection Agency (EPA) standard method (NIEA T206.21). For the sample quality assurance and quality control (QA/QC), we followed the Taiwan Environmental Protection Agency (EPA) standard method (NIEA T206.21). A set of standard, blank, and pooled milk samples were inserted into each batch of approximately 10 samples to verify the accuracy and precision of each measurement. The recovery rates of two isotopically labeled standards (13C12-4,4′-DDT and pentachloronitrobenzene) ranged from 96.7% to 105%. The relative standard deviations of levels in the blind samples were less than 20% for all detectable compounds. The limits of detection (LODs) were defined as 3 times the signal-to-noise (S/N) ratio and with values between 0.0151 to 0.0540 ng/g lipid for the twenty OCPs.



For the cord blood THs and IGF-1 collection and analysis, cord blood samples from our subjects were collected by the obstetricians after delivery. Two tubes of blood with a volume of 10–15 mL each were drawn after delivery to be immediately examined for THs and IGF-1 levels using the chemiluminescence methods as described previously [30,32]. A blind duplicate was measured for every 10 samples. Levels of THs (T3, T4, TSH, FT3, and FT4) and IGF-1 in the umbilical cord blood samples were detected at the Clinical Laboratory of PCH using chemiluminescence immunoassay kits purchased from Diagnostic Products Corporation (Los Angeles, CA, USA) and were measured using an automated chemiluminescence analyzer (Architect i-2000) (Abbott Diagnostics, Abbott Park, IL, USA) as per the instructions issued by the manufacturing company.



The data for the OCPs lower than the method of detection limits (MDLs) were set to half the MDL for further statistical analysis. Nonparametric methods, Spearman’s correlation coefficients, and Mann–Whitney U tests were used to examine the between-group differences and relationships. The individual OCP compound was dichotomized at the 75th percentile into higher (>75th percentile) and lower (≤75th percentile) exposure groups to do further statistical analyses. The Bayley-III scales were converted into two groups based on whether the scores were over or below average (90–109) except for the cognitive scale. The cognitive scale used the median as the cutoff point due to only having four cases with below average composite scores. The odds ratios (ORs) of Bayley-III scales composite scores were examined using logistic regression models with/without adjustment of maternal age, pre-pregnant BMI, parity, and infant gender. Multivariate analyses including a multivariate analysis of covariance (MANCOVA) and a redundancy analysis (RDA) were used to determine associations between the Bayley-III scores and individual OCP or THs and IGF-1. Several studies have reported that serum or breastmilk levels of OCPs are significantly and positively correlated with women’s age; inversely, OCP levels have been significantly and negatively linked to women’s BMI and parity [1,11,33,34]. The variables, including maternal age, pre-pregnant BMI, parity, and infant gender, were considered as the covariates to do the further statistical analyses, especially for the purpose of adjustment. All statistical analyses were performed using Statistical Product and Service Solutions, version 12.0, except for RDA. RDA was examined by Microsoft Excel® XLSTATTM (Addinsoft, rue Damrémont, Paris, France).




3. Results


Table 1 shows the descriptive statistics of the study participant-pairs (n = 55) in the present study along with the demographic parameters of the mothers and newborns, the various thyroid and growth hormone levels determined from the cord blood, and the infants’ developmental assessment scores according to the Bayley-III. More descriptive information can be found in our supplemental material (see Tables S1–S3). The breast milk levels of 20 individual OCPs in ng/g lipid are shown in Table 2 with 4,4′-DDE having the highest mean ± SD of 10.3 ± 6.76, followed by 4,4′-DDD (1.00 ± 1.43), and 4,4′-DDT (0.715 ± 0.745). Similar to our previous studies [1,11], 4,4′-DDE was found to be the predominant OCP residue in the breast milk. DDE is the major metabolite of DDT and has a longer half-life in the human body compared to DDT and its other degradation products. After the DDTs, the only breast milk OCPs with levels detected above 0.3 ng/g lipid were heptachlor (0.660 ± 0.685 ng/g lipid), heptachlor epoxide (0.365 ± 0.388 ng/g lipid), aldrin (0.366 ± 0.474 ng/g lipid), dieldrin (0.352 ± 0.422 ng/g lipid), and endrin (0.313 ± 0.208 ng/g lipid). Of the 20 OCPs, only 4,4′-DDE and heptachlor had 100% detection rates in the 55 breast milk samples, while endosulfan II and methoxychlor had levels above the LODs in less than 50% of the samples.



Significant between-group differences were observed between δ-HCH levels in the breast milk and the dichotomized cognitive scale scores (p = 0.025) as shown in Table 3. Infants with lower cognitive scores (median ≤ 100) were significantly associated with lower levels of δ-HCH in the breast milk of their mothers. In terms of the language scale scores and the levels of breast milk 4,4′-DDD, 4,4′-DDT, dieldrin, endosulfan I, and endrin ketone, the higher (>89) and lower (≤89) groups also showed significant between-group differences (p < 0.05). Lower language scores were significantly associated with low levels of all of these OCPs except for breast milk 4,4′-DDT, which at low concentrations, is significantly linked to infants with higher language scores. Infants having social-emotional scores >89 were significantly associated with the breast milk of their mothers containing lower trans-CHL residue levels (p = 0.048). No significant between-group differences were observed for breast milk OCP levels and the dichotomized scores for the motor and adaptive behavior scales.



We compared cord blood hormone levels in infants with maternal OCP levels above and below the 75th percentile (Table 4). Higher breast milk α-HCH and endosulfan I residues were significantly associated with lower cord blood T3 levels (0.320 ± 0.0666 ng/mL, p = 0.010) as compared to lower breast milk concentrations of this residue. Likewise, higher breast milk α-HCH, β-HCH, and heptachlor residues were significantly associated with lower TSH levels in the cord blood. Similarly, higher α-HCH and heptachlor epoxide residues in the breast milk were significantly associated with lower levels of cord blood FT3. Higher breast milk β-HCH, cis-CHL, trans-CHL, 4,4′-DDD, and heptachlor epoxide residues were significantly associated with lower levels of the growth hormone IGF-1 in the cord blood. No significant differences were found between the high and low exposure breast milk OCP groups and cord blood levels of T4 and FT4. Overall, specific breast milk OCP exposure groups showed inverse relationship with the T3, TSH, Free T3, and IGF-1 levels in the cord blood. The correlations of the thyroid and growth hormone levels in the cord blood with the Bayley-III outcomes were also successively determined by performing the Spearman rho correlation coefficient test (Table S4). Cord blood T4 (r = 0.270, p = 0.041), FT4 (r = 0.271, p = 0.040), and IGF-1 (r = 0.383, p = 0.013) levels were significantly and positively correlated with better scores on the motor scale while cord blood T4 (r = 0.298, p = 0.027) and FT4 (r = 0.274, p = 0.038) levels were significantly and positively associated with a better adaptive behavioral performance, respectively.



Although 4,4′-DDT levels in the breast milk did not have any significant associations with cord blood thyroid and growth hormone levels, there were significant associations with the two Bayley outcomes based on the determined odds ratio values (ORs) in Table 5. This suggests a thyroid and growth hormone-independent mechanism related to how 4,4′-DDT residue levels in the breast milk might affect brain development in infants. Infants exposed to low levels of breast milk 4,4′-DDT were shown to have better cognitive (OR = 8.09, p = 0.025) and language (OR = 11.9, p = 0.013) performance than the infants with higher levels of exposure. Likewise, lower breast milk trans-CHL exposure in infants was associated with better performance in the social emotional area of the Bayley-III scale (OR = 6.06, p = 0.01).



For the multivariate analysis, the RDA and MANCOVA tests were used to determine and clearly visualize the relationship of the Bayley-III score outcomes and cord blood thyroid and growth hormones with the OCP levels in the breast milk samples as well as to predict the Bayley-III scores using the breast milk OCP levels (Figure 1, Figure 2 and Table 6). The RDA map, as shown in Figure 1, shows that the cognitive, language, and motor outcomes were significantly and highly correlated with breast milk OCPs. In addition, the social–emotional and adaptive behavior scores also showed a significant correlation with breast milk OCPs. All the breast milk OCPs except for dieldrin, δ-HCH, and endrin aldehyde, were negatively associated with the 5 Bayley-III domain scales. The RDA analysis results for endrin was found to be similar to that of the results from the Spearman rho correlation coefficient test in which it was found to have negative correlations with the social–emotional scale (r = −0.324, p = 0.016). Similar to the findings shown in Table 5, 4,4′-DDT was inversely linked to the cognitive and language scales, and trans-CHL had a negative correlation with the social–emotional scales in the RDA map. Figure 2 shows the RDA map for the associations between breast milk OCP levels and thyroid and growth hormone levels in the cord blood. More notable significant negative correlations between the growth hormone IGF-1 and most of the OCP residues detected in the breast milk samples were observed as compared to that of the thyroid hormones.



Certain OCPs were found to be able to predict the five domains of the Bayley-III scale using the MANCOVA test, as shown in Table 6. Breastmilk 4,4′-DDT, and endrin were negatively correlated with the cognitive scores after maternal age, pre-pregnant BMI, parity, and infant gender were adjusted. In the cognitive scale outcome, 4,4′-DDT significantly decreased the score to 7.43 (95% CI: −12.6–−2.29), and endrin decreased it to 14.2 (95% CI: −26.8–−1.56) with R2 = 0.328. Social–emotional outcomes had significantly inverse associations with Endrin (R2 = 0.16, β = −24.5, p = 0.041). Similarly, this association was also observed between the adaptive behavior outcome scale and heptachlor epoxide (R2 = 0.03, β = −31.4, p = 0.041), respectively. The motor scale (R2 = 0.255) was negatively and significantly linked to 4,4′-DDT (β = −6.13, p = 0.010) and heptachlor epoxide (β = −26.6, p = 0.001). However, OCPs such as heptachlor (β = 18.5, p = 0.010) and endosulfan I (β = 21.5, p = 0.015) were found to have significant positive associations with the motor and language scores. As compared to the RDA analysis, the MANCOVA test showed that higher heptachlor exposure was associated with better motor performance whereas higher endosulfan I exposure was correlated with better language score. All other breast milk OCPs showed consistent significant negative associations with the Bayley outcomes except for heptachlor and endosulfan I for the RDA and MANCOVA analyses.




4. Discussion


In infant neurodevelopment, according to Montgomery [35], newborns exhibit a normal range of Apgar scores ranging from 7 to 10. Apgar scores obtained 1- and 5-min following birth were within the normal range in the current investigation. However, Apgar scores cannot totally predict neurological and neurobehavioral outcomes during early life, which is the reason why infants aged 8 to 12 months of age were assessed using the Bayley-III. With regards to the five developmental domains: cognitive, language, motor, social–emotional, and adaptive behavior [36], the average composite scores of the 55 assessed infants were within the normal range. Among the five domains of the Bayley-III, the three quantitative measurements, cognitive, language, and motor scales, as examined by the psychometrists in this study, were significantly correlated (r = 0.319–0.554, p < 0.01–0.018), as was the case for the other two scales based on the questionnaires answered by the parents providing the results for the social–emotional and adaptive behavior scales (r = 0.436, p = 0.001). Additionally, the scores from the two questionnaire-based scales were independent of those obtained from the other three scales, which were quantitative-based measurements in the present Bayley-III study (p > 0.05). However, there was an exception for the language and social–emotional scales, which showed a statistical correlation (r = 0.280, p = 0.038).



After adjustment for confounding factors such as maternal age, pre-pregnant BMI, parity, and infant gender, and using the logistic regression models in our study, we found that the breastmilk levels of 4,4′-DDT and trans-CHL were significantly and negatively correlated with the cognitive, language, and social-emotional scores. Higher breast milk levels of 4,4′-DDT or trans-CHL were found to be significantly associated with poor performance in the cognitive, language, and social–emotional domains in this study. In addition, the RDA analysis showed that our selected breastmilk OCPs, including 4,4′-DDT, endrin, endosulfan I, heptachlor, and heptachlor epoxide, were inversely related with all five domains of the Bayley-III scales. Similarly, the MANCOVA test also showed negative correlations between the selected breast milk OCPs and the Bayley outcomes, except for endosulfan I and heptachlor, which showed significant positive correlations with the language and motor scale. DDT and cis-CHL have already been banned for use for more than three decades in Taiwan. However, adverse neurological outcomes for infants were observed based on our findings. Although 4,4′-DDE levels appeared to be higher as compared to other OCPs, no correlations were found between 4,4′-DDE concentrations in the breast milk and the Bayley outcomes in this study. DDT and its metabolites, such as DDE and DDD, have been reported to cross the placenta and contaminate breast milk, resulting in neurodevelopmental-related toxicities [4,10,37,38]. Eskenazi et al. [39] investigated prenatal exposure to maternal serum DDT and DDE in a malaria control area and reported that diminution of mental development in infants aged 12 to 24 months and impairment of psychomotor development in infants aged 6 to 12 months were associated with the presence of DDT and DDE. Four-year-old participants in a study conducted in Spain were observed to have cord blood serum DDT levels associated with their quantitative and memory and perceptual performance skill scores [40]. In a national birth cohort study performed from 1987 to 2005, the Finnish Prenatal Study of Autism (FiPS-A), maternal serum levels of p,p′-DDE were found to be associated with autism spectrum disorder (ASD) in 75 offspring [41,42]. The presence of high chlordecone levels in breast milk and cord blood samples in 18-month-old infants was observed to be associated with neuronal impairments such as poorer fine motor scores among boys [16]. Additionally, another study conducted by Roberts et al. [43] reported an association with ASD in first trimester mothers exposed to OCPs such as DDT and Dicofol. As for endosulfan I and heptachlor, no study yet has reported on their associations with infant neurodevelopmental outcomes. The inconsistency in the results of the RDA and MANCOVA tests, particularly in terms of the correlations between breast milk OCPs such as endosulfan I and heptachlor and the Bayley-III outcomes, may be attributed to several covariates or confounding factors that were not taken into consideration in the present study. The first candidates of covariates are OCPs or other chemicals like PBDEs in cord blood. In our previous study, breastmilk PBDEs were associated with disruption of thyroid hormones, IGF-1, and infant neurodevelopment [29,30]. The second candidates of covariates are thyroid and growth hormones or other hormones like estrogen or androgen in cord blood. OCPs as a class of endocrine-disrupting chemicals (EDCs) were found to induce low estrogenic activity. Also, the breastfeeding quantity and duration might have been covariates in relation to infant neurodevelopment when the breastfed infants were postnatally exposed to OCPs.



In our study, cord blood thyroid hormones and IGF-1 in mothers with higher OCP levels in the breast milk were lower in magnitude as compared with those in lactating mothers with lower levels of OCPs. Although breast milk OCPs do not represent prenatal exposure, they are highly and notably related with OCPs in maternal and cord blood. Specific OCPs have been reported to be associated with hormonal changes in sensitive mothers and offspring [44,45]. We observed that 4,4′-DDT and 4,4′-DDE levels in our breast milk samples did not show any significant associations with the thyroid and growth hormone levels in the cord blood samples. Similarly, Chevrier et al. [46] observed that p,p′-DDT, o,p′-DDT, and p,p′-DDE levels in the serums samples collected from women who enrolled in the birth cohort study between the period of October 1999 and October 2000 did not show any significant associations with thyroid hormone levels. However, other studies observed significant associations, including the observation that maternal total T3 levels were inversely linked to OCPs including p,p′-DDE, cis-nanochlor, and HCB detected in blood samples collected from women in 2005 [47]. In addition, Freire et al. [48] also found p,p′-DDE exposure to be associated with marginally-significantly higher odds of TSH ≥ 5 mU/L (OR = 1.32; 95% CI = 0.95, 1.83; p = 0.09), while HCB levels (β = −0.15; 95% CI = −0.31, 0.02; p = 0.09) were inversely associated with TSH. Newborn cord blood samples from Chinese infants were reported to have inversely associated FT4 levels although the findings were only marginally-significant in the case of ƩHCH, p,p′-DDE, and methoxychlor concentrations [23]. Maervoet et al. [44] reported that FT3 and FT4 are inversely associated with organochlorine compounds detected in cord blood samples collected from neonates [44]. Higher congenital hypothyroidism has been associated with elevated CHL levels detected in breastmilk samples [49]. β-HCH was reported to be significantly correlated with elevated levels of TSH in maternal cord serum [50]. Higher ORs of cord blood TSH levels ≥5 mU/L (80th percentile) (OR = 2.05; 95% CI = 1.01, 4.18; p = 0.05) were observed in newborn Spanish boys with high exposure to endrin, while lower ORs of TSH ≥ 5 mU/L (OR = 0.36; 95% confidence interval (CI) = 0.17, 0.77; p = 0.008) have been found to be negatively associated with higher endosulfan–sulfate exposure during the prenatal stage [48]. High levels of ΣHCHs (α, β, and γ isomers) have been found in females with euthyroidism and hypothyroidism [45]. Goldner et al. [51] reported CHL (OR = 1.3; 95% CI = 0.99, 1.7) and heptachlor (OR = 1.2; 95% CI = 0.66, 2.3) to be associated with hypothyroid disease in the female spouses of pesticide applicators from Iowa and North Carolina who participated in the 1993–1997 Agricultural Health Study after adjustment for their thyroid status, pesticide use, smoking status, hormone replacement therapy history, and age. Studies on the effects of OCP exposure to growth factors in cord blood serum samples have been limited. Boada et al. [52] reported a significant inverse relationship of IGF-1 and aldrin in serum samples from female women of Spanish decent. Overall, most scientific reports on environmental epidemiological topics, including ours, have found negative associations between thyroid hormones and IGF-1 with OCP exposure. Although the 4,4′-DDT exposure groups showed no significant associations with the cord blood thyroid and growth hormone levels (Table 4), its significant associations with the Bayley outcomes might be indicative of a thyroid hormone-independent mechanism related to developmental effects on the brain.



THs, such as T3/free T3, T4/free T4, and TSH, are critical, not only for day-to-day metabolism and homeostasis but also for the growth and development of mammals, including fetuses and infants, especially in the case of neurodevelopment [53]. The maintenance of the TH levels within a narrow range, especially in the pre- and early postnatal period, is critical for normal brain development [54]. Previous studies have demonstrated the importance of thyroid and growth hormones in the neurodevelopment of infants (see supplemental material) [54,55]. In our study, cord blood T4, Free T4, or TSH was positively linked to either motor or adaptive behavior outcomes. Only a few studies have reported the relevance of OCP exposure to thyroid hormones in infant neurodevelopment. Li et al. [56] investigated the maternal serum association between prenatal exposure to OCPs and the mental and psychomotor development of infants at ages 6 and 18 months. They indicated that hexachlorobenzene (HCB) was negatively associated with TSH in cord serum. For heptachlor epoxide, Yamazaki et al. [57] also found a significant inverse association between prenatal low-level exposure to cis-heptachlor epoxide and the MDI at the age of 18 months, as evaluated using the BSID-II in Japan [57]. In the case of the growth hormone IGF-1, few reports have examined the correlations between OCPs in cord blood or breast milk and cord blood IGF-1 in neonates, particularly for newborns. Zumbado et al. [58] revealed significant associations between 4,4-DDE and 4,4′-DDT and serum IGF-1 in male adolescents and boys. The findings of the present study pointed to the possibility that certain OCPs have potential effects on negative modulation of the TH/IGF-1 systems if the breastmilk OCPs in this study could partially reflect their levels in cord blood or maternal serum during pregnancy. The negative modification of TH/IGF-1 systems in fetuses may be linked to the properties of EDCs, under which OCPs are classified. T4, free T4, and IGF-1 in cord blood were positively correlated with the Bayley-III outcomes, while cord blood thyroid hormones and IGF-1 were found to positively affect infant development, including neurodevelopment, and there was an inverse correlation between breastmilk OCPs and the Bayley-III scores. This suggests that the activities of EDCs like OCPs in breast milk or cord blood, including their negative effects on the regulation of estrogen and androgens, could lead to significant disruptions in neurodevelopmental outcomes in 1-year-old infants. Consequently, hormonal disruption may also affect other behaviorally-related pathways such as the dopamine system. Dopamine is partially responsible for moods and behavior, including skills related to decision making and reinforced learning [59], which are both very important aspects of an individual’s capacity to adapt. In our study, heptachlor epoxide showed the highest inverse association with the Bayley-III adaptive behavior scale. Animal studies have shown that exposure to heptachlor is linked to disruptions in the dopamine system [54,60]. It only takes a matter of hours for approximately 20% of the heptachlor in the body to be degraded to heptachlor epoxide [60]. In other studies, heptachlor exposure has been associated with neurodegenerative and neurobehavioral disorders such as Parkinson’s disease [61] and depression [62], respectively. To this end, the presence of specific OCP levels in breast milk has been observed to have associations with the thyroid hormone levels in cord blood samples, which may be suggestive of maternal prenatal levels and fetal exposure. Several reports have indicated that infants with prenatal exposure to OCPs may experience disruption of thyroid hormones or neurological development. Neonatal TSH levels have been observed to be associated in newborns with neurodevelopmental impacts in relation to prenatal exposure to 17 OCPs [48]. The resin triiodothyronine uptake ratio (T3RU), which is a sensitive marker for the assessment of the thyroid function was found to be inversely associated with exposure to OCPs, such as PCBs, HCB, p,p′-DDE, and trans-nonachlor, during pregnancy and following birth and was subsequently reported to be positively associated with neurotoxic outcomes in preschool children [63]. In the present study, although 4,4′-DDE had the highest concentration among the detected breastmilk OCPs, no significant between-group differences in levels of thyroid and growth hormones were observed in the high and low DDE exposure groups, nor was it significantly associated with the Bayley outcomes. Overall, it was observed that T4, free T4, and IGF-1 in cord blood have significant positive associations with Bayley-III domains such as the motor and adaptive behavior scales. The results of the current study did not prove whether in-utero exposure to OCPs affected cord blood thyroid and growth hormones even though OCPs were reported in previous published articles to be highly correlated among maternal blood, cord blood, and breast milk samples [24,25,26,27,28].



There are some limitations in the present study that should be acknowledged aside from the fact that our sampling size was small (n = 55). One example is that our study did not consider the other confounding factors like the lactational exposure metric, which is included in breastfeeding quantity and duration. In addition, we didn’t consider if the mothers exclusively or partially breastfed their nursing infants. Although cord blood OCPs were not detected in the present study, breastmilk OCP levels could partially reflect or show the associations between prenatal and postnatal exposure to organochlorines and infant neurodevelopment. Nevertheless, we observed significant associations between OCPs and thyroid hormone, IGF-1, and neurodevelopment, even at low levels of exposure.



Finally, the breastmilk levels of OCPs in Taiwan were within the safe criteria based on the recommendations of the World Health Organization (WHO) and Environmental Protection Agency (EPA) and also as compared to other countries’ levels (Table S5). Significant inverse associations between breastmilk indicating low exposure levels to OCP and thyroid hormones, IGF-1, and infant neurodevelopment were found in the current study. Although OCPs have been banned for use in most developed countries for more than three decades, associated adverse effects may still be found in early life, including neonatal subjects and infants. There is still a need to conduct further studies to validate these associations and to determine the mechanism by which OCP exposure may lead to neurodevelopmental effects.




5. Conclusions


Breast milk OCPs such as 4,4′-DDT were found to have negative associations with Bayley cognitive and language outcomes, while trans-CHL was negatively associated with the social–emotional scale. RDA and MANCOVA analyses showed negative associations between most of the breast milk OCPs and the five domain Bayley-III scales. In addition, TSH and IGF-1 also showed inverse associations to certain breast milk OCPs. Although the 4,4′-DDE was the dominant OCP in the breast milk samples, no significant differences were observed between the high and low exposure groups and the thyroid and growth hormones in the cord blood. Also, 4,4′-DDT did not show any significant associations with the cord blood thyroid and growth hormones but it did show significant negative associations with the Bayley outcomes. Despite limitations of the study such as small sample size and lack of a direct measure of prenatal exposures, our studies suggest that early life exposure to OCPs negatively impacts neurodevelopment. Future studies are needed to identify critical windows of susceptibility to OCPs and their precise mechanism of action.
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Figure 1. Redundancy analysis for the quantitative correlation results between 20 OCPs and the scores for the 5 Bayley-III subtests. 
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Figure 2. Redundancy analysis for the quantitative correlation results between 20 OCPs and the THs and IGF-1 expression. 
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Table 1. Descriptive statistics of the study participants-mother and infant pairs (n = 55).
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	Variables
	Mean ± SD
	Median
	Range





	Mothers
	
	
	



	 Age (years)
	29.5 ± 4.64
	31.0
	17.0–40.0



	 Prepregnant BMI (kg/m2)
	22.5 ± 4.12
	21.7
	15.4–34.9



	  Parity (number)
	1.91 ± 0.784
	2.00
	1.00–4.00



	  Length of residence in the Kaoping area (years)
	22.2 ± 11.6
	27.0
	1.00–40.0



	Newborns
	
	
	



	  Demography
	
	
	



	  Gestational age (week)
	38.2 ± 1.47
	38.0
	32.0–40.0



	  Weight (kg)
	3.09 ± 0.379
	3.01
	2.30–4.00



	  Length (cm)
	49.1 ± 1.63
	49.0
	46.0–52.0



	  Head circumference (cm)
	33.5 ± 1.19
	33.0
	30.5–36.0



	   Chest circumference (cm)
	32.3 ± 1.41
	32.0
	29.5–35.0



	  Hormones in cord blood
	
	
	



	   Cord blo