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ABSTRACT 

Endocrine disrupting chemicals (EDCs) are emerging contaminants that can 

interfere with the hormone system and may cause cancers, birth defects and 

reproductive system disorders. Prevalence of endocrine-related dysfunction and 

disease has increased steadily over the past decades. Although accumulating data 

suggest that these diseases have fetal origins, associations of EDC exposure 

during pregnancy and adverse health effects on both mothers and fetuses have not 

been thoroughly evaluated, particularly at multiple points in time. 

We firstly developed an analytical method for quantification of 28 EDCs (9 

phthalates, 8 bisphenols, 5 parabens, 5 benzophenones and triclosan) in urine 

samples using ultra high performance liquid chromatography coupled with triple 

quadrupole mass spectrometer. The method was applied to measure targeted 

compounds in a total of 5220 urine samples collected from 951 pregnant women 

at three trimesters and 1501 pregnant women at one or two trimesters in Wuhan, 

China between 2014 and 2015. Based on the quantification results, exposure 

patterns and health risks of 28 EDCs on participants were evaluated and discussed 

in detail below. 

Among these samples, bisphenol A (BPA), bisphenol S (BPS), bisphenol F 

(BPF), methylparaben (MeP), ethylparaben (EtP), propylparaben (PrP),  

4-hydroxybenzophenone (4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 

2-hydroxy-4-methoxybenzophenone (BP-3), triclosan, mono(2-ethylhexyl) 

phthalate (MEHP), mono(2-ethyl-5-carboxypentyl) phthalate (MECPP), 

mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethylhexyl) phthalate 

(MEHHP), monobenzyl phthalate (MBzP), mono-n-butyl phthalate (MnBP), 

monoisobutyl phthalate (MiBP) were determined with detection rates exceeding 

http://dict.cn/contaminant
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50%, in which BPA, BP-3, MeP and MnBP were the predominant compounds. We 

found the U-shaped trends of urinary concentrations of phthalate metabolites over 

trimesters. Parabens, benzophenones and triclosan displayed a downward trend 

over three visits. We also found the levels of targeted compounds varied by 

exposure-related factors, such as sampling seasons, physical activities, computer 

using time and decoration information. In addition, multiple EDCs were mostly 

determined at low doses over trimesters, indicating that real-world exposure of 

pollutants were dominated by low-dose mixtures.  

We then evaluated the combined health hazards induced by EDC exposure via 

calculating the estimated daily intakes on the basis of average urinary 

concentrations at three trimesters. It was found that 24.9% of participants had 

potential health risks caused by exposure to phthalate mixtures. The most 

frequency of cumulative risks occurred in women who were exposed to a high 

dose of one specific phthalate, di-n-butyl phthalate (DnBP) or di(2-ethylhexyl) 

phthalate (DEHP). We also evaluated the cumulative health risks of BPA and its 

alternatives and found that about 1.6% of participants were at risks induced by 

bisphenol exposure. Combined health hazards were mainly driven by one specific 

bisphenol (BPS or BPA). Our findings suggested that regional interventions of 

DnBP, DEHP, BPA and BPS in application and production should be tighten 

and/or taken.  

Considering the low-dose effects of BPA, we further investigated the 

associations of BPA and three major natural estrogens, including estrone (E1), 

estradiol (E2) and estriol (E3), at three trimesters of pregnancy. We observed 

non-monotonic dose-response relationships of BPA to E1, E2 and E3 over 

trimesters even when BPA concentrations were below the current safety 
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thresholds. In the gender-stratified models, we found significant negative 

relationships (β < 0, p < 0.05) between BPA and E2 among mothers with male 

fetuses in the first trimester. However, we found that no significant relationship 

between BPA and E2 among mothers with female fetuses over three trimesters. 

Significant non-monotonic associations (from significant negative to positive 

associations) between BPA and E3 were observed among mothers with female 

fetuses in the second trimester. The above mentioned findings suggested the 

gender-specific and trimester-specific effects of BPA on estrogens. Our findings 

also indicated that the current tolerance daily intake value maybe not safe enough 

to evaluate the potential health risks induced by BPA exposure. 

We next investigated the effects of maternal exposure to phthalates on both 

mothers and fetuses. Associations of phthalate exposure with the risks of 

gestational diabetes mellitus (GDM) and plasma glucose levels were evaluated 

based on a nested case-control study design. It was found that the levels of 

phthalate metabolites in women with GDM were significantly higher than those 

without GDM. Meanwhile, positive associations between urinary concentrations 

of phthalate metabolites and the risks of GDM were obvious, indicating that 

phthalate exposure may be a risk factor for GDM. In addition, phthalate levels 

were related to the increased plasma glucose levels after 75 g oral glucose 

tolerance test. Our findings suggested that phthalates might disturb the glucose 

homeostasis and increase GDM risks. 

Furthermore, we assessed the trimester-specific and gender-specific effects of 

DEHP exposure on fetal growth, birth size and postnatal growth at 6, 12 and 24 

months. We found that among male offspring, 1st-trimester DEHP was negatively 

related to fetal growth (β < 0, p < 0.05), but positively related to 24-month body 
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mass index (BMI). 2nd-trimester DEHP was negatively related to fetal growth, 

birth weight and birth length, but positively related to the weight gain rates from 

birth to 12 months old. 3rd-trimester DEHP was positively (β > 0, p < 0.05) 

associated with birth weight, BMI at 6 and 12 months. However, among females, 

1st-trimester DEHP was associated with increased birth length, while 2nd-trimester 

DEHP was negatively associated with BMI at 6 and 12 months. A negative 

association between DEHP and weight gain rates at 6 months was noted among 

females. Our findings indicated the second trimester maybe the sensitive window 

of DEHP exposure for offspring growth since 2nd-trimester DEHP levels were 

related to the decreased fetal growth, decreased birth size, but increased weight 

gain rates in early childhood age among male offspring. 

To investigate the mechanism underlying the associations of DEHP exposure 

with glucose and lipid metabolism, we investigated the biotransformation of 

DEHP and the disturbed metabolisms induced by MEHP, the putative toxic 

metabolite of DEHP, in human normal liver cell L02 using metabolomics and 

lipidomics. We found that MEHP was the major metabolite of DEHP. Decreased 

uptake of glucose and accumulation of glucose in liver cells were obvious after 

MEHP exposure. Phospholipid remodeling, incomplete fatty acid β-oxidation, 

inhibition of purine metabolism and glycolysis, and increased oxidative stress 

were noted in MEHP-exposed L02 cells, which were related to insulin resistance. 

In this work, we measured 28 EDCs in a total of 5220 urine samples provided 

by 951 pregnant women (three trimesters) and 1501 pregnant women (one or two 

trimesters) and then evaluated the exposure levels, exposure patterns (variations, 

variability and correlations), health risks and health effects of these compounds on 

pregnant women and fetuses. Our data suggested that participants had potential 
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health risks induced by exposure to phthalates or bisphenols. Phthalate exposure 

was related with the increased plasma glucose levels and risks of GDM. Prenatal 

DEHP exposure may induce the intrauterine growth restriction and catch-up 

growth among males, which supported the evidence of fetal origin. To explore the 

underlying mechanisms of MEHP on glucose and lipid metabolic disorders, we 

exposed the human normal hepatic L02 cells with MEHP, and applied 

metabolomic and lipidomic approaches for finding potential biomarkers and 

disturbed pathways. We found that MEHP exposure inhibited glucose uptake, 

caused phospholipid remodeling and increased oxidative stress in L02. These 

findings suggest that the usage of products containing EDCs, particularly 

phthalates, in pregnant women should be limited in China, intervention of BPS 

should be considered, and threshold values of BPA are called for reevaluation. 
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Chapter 1  

General introduction 

1.1 Endocrine disrupting chemicals 

Recently, the prevalence of endocrine-related diseases, including obesity, diabetes, 

reproductive disorders, neurodevelopmental deficits and cancer, is on the rise. 

Accumulating research shows that prenatal exposure to environmental chemicals 

is a risk factor for diseases in childhood and adulthood.1 Endocrine disrupting 

chemicals (EDCs) are a class of chemicals which could increase the risks of 

diseases across the lifespan by acting as endogenous hormones or signaling 

chemicals of the endocrine system, and altering the homeostasis.2 Increasing in 

vivo and in vitro experimental evidence demonstrates that EDC exposure might 

alter physiological, cellular, molecular and epigenetic changes, and thereby 

produce adverse effects in the exposed subjects.3 There are numerous EDCs, 

among which these produced in high production volume, including phthalates, 

bisphenols, parabens, benzophenones and triclosan are studied in this work (Table 

1.1).  
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Table 1.1 Structures and commercial applications of the targeted EDCs 

Compounds Structures Use in commerce 

Phthalates 

 

Polyvinyl chloride plastics, 

food packages, medical 

plastic tubes and bags 

Bisphenols 

 

Polycarbonate plastics, 

resins, thermal receipts, food 

cans, dental fillings and 

medical equipment 

Parabens 

 

Preservatives in cosmetic 

and pharmaceutical products 

Benzophenones 

 

Ultraviolet (UV) filters in 

personal care products 

Triclosan 

 

Antimicrobial soaps, 

personal care products, 

toothpaste and kitchen 

utensils 

Note: R1 - R5 represent alkyl groups. 
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1.1.1 Phthalates 

Phthalates, phthalic acid esters (PAEs), were firstly introduced as additives in the 

production of plastic in the 1920s.4 The improvement of flexibility, durability and 

transparency by phthalate additives have resulted in the rapid widespread use 

polyvinyl chloride (PVC) plastic in later years.5 Nowadays, phthalates are 

produced in high volume, over 470 million pounds per year,6 and are used in a 

variety of consumer goods and plastic items.7 Low molecular weight phthalates 

(LMWPAEs, metabolites of molecular weights < 250 Da), including diethyl 

(DEP), diisobutyl (DiBP) and di-n-butyl (DnBP) phthalates are commonly found 

in consumer products. High molecular weight phthalates (HMWPAEs, 

metabolites of molecular weights > 250 Da), including di(2-ethylhexyl) (DEHP) 

and benzyl butyl phthalates (BBzP), are primarily found in PVC materials.8 

Because they are not chemically bound to products, phthalates can easily leach 

out of the matrix, and are ubiquitously detected in the environment and biological 

samples.7 Ingestion of food or water contaminated with phthalates is a major 

human exposure route,9 while exposure by inhalation and dermal contact tends to 

be limited. One incident occurred in Taiwan Island shocked the world by the 

illegal use of phthalates in foodstuffs and drinks in May 2011.10 After that, the 

safety of phthalates has caused increasing public concerns. Recently, the 

endocrine-disrupting properties of phthalates have been reported worldwide.11 The 

estimated daily exposure to one major phthalate, DEHP, ranged from 3 - 30 μg/kg 

body weight/day.12 DEHP has been classified as a Category 1B reprotoxin in the 

European Union's Registration, Evaluation, Authorization and Restriction of 

Chemicals legislation.13  

Phthalates are rapidly metabolized in intestine and liver to their corresponding 
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hydrolytic monoesters and/or more hydrophilic oxidative metabolites after 

entering the human body.14 The extent of oxidative modification increases relative 

to the alkyl chain length of phthalate monoester.15 LMWPAEs are mostly 

metabolized to their hydrolytic monoesters.16 HMWPAEs are metabolized to their 

hydrolytic monoesters, which are further transformed to secondary oxidation 

metabolites. Phase I metabolism of DEHP is shown in Figure 1.1. Four metabolites, 

including mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-carboxypentyl) 

phthalate (MECPP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP) and 

mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), are directly excreted in urine 

or undergo sulfate and glucuronide conjugation before excretion.17  

Although their half-lives are short (less than 24 hours), toxic effects of 

phthalate exposure on human health has been reported.18 Estrogenic and 

anti-androgenic activity of phthalates have been reported in experimental 

studies.19 Considering their toxicity and pervasive human exposure, exposure 

assessment of phthalate exposure on vulnerable population, including pregnant 

women and fetuses, are needed. 
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Figure 1.1 Metabolism of DEHP in human 

Note: DEHP, di(2-ethylhexyl) phthalate; MEHP, mono(2-ethylhexyl) phthalate; 

MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MEOHP, 

mono(2-ethyl-5-oxohexyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) 

phthalate. 
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1.1.2 Bisphenols 

Bisphenols are a group of substances with two hydroxyphenyl functionalities, 

which are widely applied in the production of polycarbonate plastic, epoxy resins 

and thermal paper.20 One of the most famous bisphenols is bisphenol A (BPA), 

which was first synthesized in 1891.21 The global BPA production volume 

amounted to about 4.70 million tons in 2007 and tended to increase in the 

following years.22 In China, about 2.25 million tons of BPA were produced in 

2010.23 BPA as a high production volume chemical has been used in a wide array 

of manufacturing.24 Recently, BPA has been detected in air, dust, water and food 

products.24 Human is exposed to BPA continuously through ingestion of 

BPA-contaminated food, inhalation and skin absorption.25 After exposure, BPA is 

rapidly metabolized and excreted via urine after less than 6 hours.26 Although its 

half-life is short, estrogen activity of BPA has been discovered since 1936.21 

Recently, BPA applications have been banned in certain products, such as baby 

bottles and toys, owing to its well-noted toxicity.27 As a result, chemicals that have 

similar structures and properties with BPA, such as Bisphenol S (BPS), bisphenol 

F (BPF), bisphenol B (BPB), bisphenol C (BPC), bisphenol Z (BPZ), bisphenol 

AP (BPAP) and bisphenol AF (BPAF), are synthesized as BPA substitutes. BPAP, 

BPAF, and BPZ have been found in food and beverage containers.28 BPS has been 

widely applied as a BPA replacement in manufacturing paper products, such as 

receipts and thermal papers.29 However, recent in vivo and in vitro studies have 

observed BPA alternatives might have similar toxic properties with BPA or even 

more toxic properties than BPA.30 Concerns on the health effects of BPA 

alternatives on human, particularly on the vulnerable population, such as pregnant 

women, fetuses and infants, are raised.  
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1.1.3 Parabens 

Parabens, alkyl esters of p-hydroxybenzoic acid, are widely used as preservatives 

in personal care products, pharmaceuticals, food and beverages.31 A survey of 215 

cosmetic products found parabens in 99% of leave-on products and 77% of 

rinse-off products.32 Methylparaben (MeP), ethylparaben (EtP), propylparaben 

(PrP), butylparaben (BuP) and benzylparaben (BzP) are five most common types 

of parabens. More recent studies have detected parabens, primarily MeP and PrP, 

in body care cosmetics, including deodorants, creams and lotions.33 Several in 

vitro and in vivo studies have reported the estrogenic and anti-androgenic 

activities of parabens in recent years.20 The European Union has banned the use of 

parabens in cosmetic products in 2014.34 The prevalent detections of MeP, EtP and 

PrP in the environment, daily products and food, indicate continuous human 

exposure to parabens. Considering the extensive detection of parabens in human 

samples, including urine, milk, blood35 and placenta,36 and their potential 

endocrine disrupting properties, the accurate evaluation of paraben exposure 

levels and their health effects on human are required. 

1.1.4 Benzophenones  

Benzophenones, diaryl ketone derivatives, are widely used as ultraviolet-filters in 

personal care products and packaging materials,37 for these aromatic ketones are 

capable of photo absorption and resonance stabilization.20 

4-hydroxybenzophenone (4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 

2,2’,4,4’- tetrahydroxybenzophenone (BP-2), 2-hydroxy-4-methoxybenzophenone 

(BP-3), and 2,2'-dihydroxy-4-methoxybenzophenone (BP-8) are vital species of 

benzophenones. Leaching of chemicals from consumer products38 results in  

their ubiquitous detection in the environment39 and human samples.40 BP-3 is a 
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well-known benzophenone, due to its extensive application in sunscreens and 

cosmetics. BP-3 has recently received the increasing attention from the public as a 

potentially harmful toxicant, though it has been applied to the market for several 

decades.41 In the European Union, the permitted maximum allowable contents of 

benzophenones in personal care products range from 0.1% to 10% by weight.42 In 

China, application of BP-3 in cosmetics has rapidly increased over the past 

decades, leading to growing concerns on the potential adverse health effects of 

benzophenones on human, especially on vulnerable population.43  

1.1.5 Triclosan  

Triclosan (TCS), 2,4,4’-trichloro-2’-hydroxydiphenyl ether, is known as an 

antimicrobial agent, which is frequently used in antimicrobial consumer products, 

such as toothpaste detergents and soaps.44 The worldwide annual production of 

TCS in 1998 was approximately 1,500 tonnes.45 Exposure to TCS through oral 

and dermal routes is a global health concern. TCS is a non-persistent chemical 

which has a biological half-life < 24 hours, and is excreted in the urine as a 

glucuronide or sulfate conjugate.46 Lots of studies have found that side-effects of 

TCS with their popular use.47 Considering its toxicity, usage of TCS in cosmetic 

products was restricted by the European Commission in 2014.48 However, 

exposure levels of TCS and adverse health effects associated with TCS exposure 

have not been thoroughly characterized in Chinese pregnant women, especially at 

multiple time points of gestation. 

1.2 Determination of EDCs in urine samples from pregnant women 

Most of above-motioned chemicals are quickly transformed to hydrophilic and 

polar metabolites and mainly excreted in the urine (less than 24 hours).5 

Concentrations of most metabolites in urine are greater than those in blood, which 
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can facilitate the quantification.49 Thus, urine is considered as the preferred matrix 

to investigate the exposure levels of these non-persistent pollutants. Urine is a 

kind of non-invasive biological sample which is accessible. The abundance 

amount and relatively simple matrix make it an ideal biomarker for EDC exposure. 

In addition, urine matrix is also widely applied in metabolomics approaches to 

reveal the potential biomarkers.  

Analytical methods have been developed and widely used for determination of 

bisphenols, phthalate metabolites, benzophenones, parabens or triclosan in urine 

samples. Gas chromatography-mass spectrometry (GC-MS) could be used for 

analysis of these phenolic chemicals but requires further derivatization steps. 

Liquid chromatography - tandem mass spectrometry (LC-MS/MS) is becoming a 

favor choice in the measurement of typical EDCs in urine. Serval studies 

developed and applied LC-MS/MS for the analysis of bisphenols in human 

urine.50 Nine parabens and seven environmental phenols in urine of the general 

German population were determined using LC-MS/MS.31 Parabens and 

benzophenones have been determined in human samples using LC-MS/MS.51 The 

tested method of triclosan has been stated in the Environmental Protection Agency 

(EPA) method 1694 using LC-MS/MS to analyze the environmental samples and 

biological samples.52 Phthalate metabolites are commonly measured using 

LC-MS/MS.53 However, most studies have determined a limited number of 

contaminants in urine samples. Considering the difficulty in the determination of 

multiple classes of chemicals, high-performance liquid chromatography - tandem 

mass spectrometry (HPLC-MS/MS) can be applied for rapid analysis of multiple 

EDCs via efficient separation of HPLC and exact mass characterization by 

MS/MS. 
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An online solid-phase extraction (SPE) coupled with LC-MS method was 

previously developed, providing the non-negligible advantage of saving time but 

requiring specific and expensive devices. Since the volume of biological sample is 

limited, the use of more efficient extraction methods is required. Sample 

preparation using liquid-liquid extraction (LLE) and nitrogen-dry has been 

popularly used as it is simple, reliable and flexible and allows the simultaneous 

extraction and pre-concentration of organic compounds.54 The combined usage of 

LLE and an HPLC-MS/MS determination method has allowed the development of 

simple and sensitive methods for the assay of multiple pollutants in urine samples. 

1.3 Exposure profiles of EDCs among pregnant women  

A number of EDCs have been widely applied in manufacturing various daily 

products. Humans are ubiquitously exposed to the mixtures of substances via 

inhalation, ingestion, and skin contact in daily life.55 Prevalent exposure to EDCs 

are observed among pregnant women worldwide, including Danish,56 Puerto 

Rico,57 Greece,58 Canada,59 the United States,60 Spain,61 French62, Japan63 and 

China.64 These phenolic compounds have been detected in the ammonic fluid, 

umbilical cord blood, follicular fluid, placental tissue, semen, fetal serum and 

adipose tissue,65 which suggest that these compounds can pass through the 

blood-placenta barriers and be transferred from mothers to fetuses. Considering 

the toxicity of EDCs, it is essential to accurately investigate the exposure levels of 

EDCs among pregnant women. However, exposure levels at a single time point 

may not reflect the actual exposure during the relatively long gestation period 

(about 280 days). Thus, assessments on variations of exposure levels and patterns 

at a different stage of gestation are called for, due to their high temporal 

within-individual variability57, 66 and changes of physiological parameters during 
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pregnancy. However, repeated exposure assessments of multiple EDC exposure, 

which are essential to evaluate the effects of maternal exposure on mothers and 

fetuses, are limited, particularly in China. 

Real-world exposure to multiple EDCs has caused increasing concerns, 

considering the ubiquitous and combined applications of parabens, bisphenols, 

benzophenones, phthalates and triclosan in daily products. Exposure levels are 

related to lifestyles (alcohol consumption and smoking), socioeconomic levels 

(household incomes and educations levels), history of pregnancy (parity) and 

basic parameters (maternal ages and pre-pregnancy body mass index).57, 66 Thus, 

these factors should be investigated to better understand the exposure among 

pregnant women. 

1.4 International convention and health risk assessment 

Exposure of EDCs and public health is a worldwide issue, and nowadays many 

countries, especially developed countries, have limited the usage of these 

endocrine-disrupting additives in the industry. European Commission has 

restricted the use of BPA in plastic infant feeding bottles in 2011.67 In addition, the 

United States Food and Drug Administration (FDA) has banned the usage of 

bisphenol A in baby and children’s bottle since 2012.68 According to Toy Safety 

Directive 2009/48/EC, the specific migration limit for BPA used in toys for 

children under 3 years of age, or in other toys intended to be placed in the mouth, 

was 0.1 mg/L.69 The United Sates Environmental Protection Agency (EPA) safety 

level of BPA is set at 50 μg/kg body weight/day, whereas the European Food 

Safety Authority (EFSA) has down-regulated temporary tolerable daily intake 

(TDI) of BPA from 50 to 4 μg/kg body weight/day since 2015.27 For phthalates, 

TDI from the EFSA for DnBP, DEHP, and BBzP were 10, 50 and 500 μg/kg body 
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weight/day,70 respectively. World Health Organization has set 500 μg/kg body 

weight/day as the TDI value for DEP.71 Several studies have evaluated the 

potential health risks induced by pollutants using the estimated daily intakes (EDI) 

calculated from the urinary concentrations.72,73 However, urinary concentrations 

of bisphenols or phthalate metabolites at one point in time may not represent the 

health risks during the whole gestation considering their short half-lives. Thus, 

EDI calculated from the average concentrations of bisphenols and phthalate 

metabolites in urine samples collected at multiple time points during pregnancy 

are more reliable to evaluate the health risks. 

Since EDC exposure most commonly occurs in mixtures, the combined health 

effects of co-exposure to multiple pollutants have caused increasing concerns, 

particularly BPA and its alternatives. The cumulative risks caused by pollutant 

exposure are normally assessed by three approaches: hazard quotient (HQ), 

hazard index (HI), and maximum cumulative ratio (MCR).74, 75 HQ is the ratio of 

EDI to tolerable daily intake (TDI).76,77 HI is the sum of HQ, which can be 

applied to assess risks of combined exposure to mixtures for an individual. MCR 

is the ratio of HI to maximum HQ, which is normally used to assess the degree of 

health hazard produced by a single type of pollutants to combined hazards of 

multiple pollutants.75, 78 To the best of our knowledge, a limited number of studies 

have investigated combined hazards of phthalates using the above approaches on 

the general populations in the United Sates,79, 80 and one study conducted by Liu 

et al. (2019) has investigated the cumulative health risks of BPA, BPS and BPF 

among Canadian pregnant women.81 Hence, it is essential to characterize the 

cumulative risks induced by BPA and its alternatives or phthalate mixtures among 

Chinese pregnant women. 



13 
 

1.5 Adverse health effects of EDC exposure during pregnancy 

Toxicological studies have revealed that EDCs could mimic the effects of 

endogenous estrogens, interfere with estrogen signaling pathways, and ultimately 

alter growth, development and reproduction of human beings.5 In addition, 

pregnant women and infants are considered as vulnerable populations to 

endocrine disrupting chemicals. When a pregnant female (F0) experienced an 

EDC exposure, her fetus (F1) might also be exposed to it, which lead to the direct 

exposure of the F2 and the indirect exposure of the F3 generation to this EDC. 

Therefore, the effects of the maternal EDC exposure are considered 

transgenerational. EDC exposure during pregnancy may cause some pregnancy 

complications (Figure 1.2). Also, EDCs can cross the placental barrier and pose a 

significant hazard to the fetus during development. EDCs-related embryo-toxic 

and feta-toxic effects have been observed in animal studies.82  

A number of bioassays have demonstrated that BPA and its analogs can bind to 

the nuclear receptors, including glucocorticoid receptor (GR), estrogen receptors 

(ERs), estrogen-related receptor γ (ERRγ), and peroxisome proliferator-activated 

receptor γ (PPARγ).83, 84 Furthermore, animal studies have shown that prenatal 

exposure to BPA can alter the development of a wide range of organ systems.85 

Recently, in vitro and animal studies have shown these alternatives (BPF and BPS) 

are similar or even more toxic compared to BPA.30 Two studies have observed the 

relationships of prenatal BPS exposure and birth term, but the findings are 

controversial. Liu et al. (2018) reported that prenatal exposure to BPS might cause 

pregnancy duration,81 while Aung et al. (2018) reported BPS in the last trimester 

increased the risks of preterm birth.86 Benzophenones were reported to have a 

potential hazard in the zebrafish embryos.87 TCS can cause developmental 
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retardation of zebrafish embryos and induce hypothyroxinemia following 

perinatal developmental exposure.88 Recent demographic studies have indicated 

that maternal exposure to phthalates may cause health hazards on both mothers 

(e.g. gestational diabetes and hypertension) 89,90 and fetuses (e.g. preterm birth and 

low birth weight).91,92 However, the findings are controversial: some observed 

positive associations of EDC exposure and adverse outcomes; some found 

negative relationships; some reported no significant effects of EDC exposure. The 

non-inconsistent results may be due to the differences in study population, study 

design and low reproducibility of EDCs. Thus, the adverse effects of EDC 

exposure during pregnancy should be evaluated among Chinese women and 

fetuses at multiple time points. 

 

 

Figure 1.2 Adverse effects of EDC exposure during pregnancy 
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1.5.1 Dose-dependent associations between BPA and natural estrogens 

Previous studies have reported the low-dose effects of EDCs and the 

non-monotonicity relationships between BPA exposure and estrogens in vivo and 

in vitro experiments.93,94 However, the relationships between BPA and natural 

estrogens have not been thoroughly investigated. Natural estrogens including 

estrone (E1), 17β-estradiol (E2) and estriol (E3) are produced in the placenta 

during pregnancy, and their levels are regulated by 

hypothalamic-pituitary-gonadal axis (HPG).30 Fetuses begin to produce hormones 

at 10 - 12 weeks’ gestation,95 and they are completely dependent on maternal 

hormones for development in the early stage of pregnancy. Additionally, estrogens 

(maternal and fetal) are essential to the development of fetal tissues and fetal 

growth promotion.96 Subclinical maternal estrogen dysfunction has been 

associated with low birth weight and neurological disabilities.97 These findings 

emphasize the importance to understand the associations of in-utero exposure to 

BPA and maternal estrogens, particularly E1 and E3 at three trimesters of 

pregnancy.  

1.5.2 Gestational diabetes mellitus 

Studies have reported a world-widely increased prevalence of gestational diabetes 

mellitus (GDM), nearly affects 10% - 25% of pregnancies globally.98 GDM is 

diagnosed with first recognition of abnormal high plasma glucose levels during 

pregnancy.99 Increased plasma glucose levels during gestation period may also be 

associated with adverse maternal (preeclampsia, pregnancy-induced hypertension, 

primary cesarean delivery and dystocia) and neonatal outcomes (macrosomia, 

preterm birth and neonatal mortality).100 Recently, several studies have assessed 

the associations of EDCs exposure with GDM and plasma glucose levels on basis 
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of cross-sectional study design.101,102 Phthalates have peroxisome proliferator 

activated receptors (PPAR)-mediated activity and estrogenic avtivity,103,104 which 

may affect plasma glucose homeostasis.105 Phthalates can disturb the insulin 

binding and glucose oxidation in vitro,106 induce glucose intolerance, decrease 

blood insulin and increase plasma glucose levels in vivo. Previous demographic 

studies have observed the relationships of phthalate concentrations with insulin 

resistance107 and diabetes risks108 among the general population. Serval studies 

have investigated the associations between levels of phthalate metabolites and 

gestational diabetes mellitus or plasma glucose levels, but limited have conducted 

on basis of case-control study design, which can control the variations of risk 

factors. For the confounders are not easy to control in the epidemiological studies, 

the nested case-control study is needed to explore the relationships of EDC 

exposure and GDM. 

1.5.3 Adverse birth outcomes 

Prenatal exposure to environmental toxicants might cause developmental changes 

and affect the structure, physiology, and function of organ systems in fetuses.109,110 

Prenatal exposure to toxicants has been linked to fetal growth restriction, adverse 

birth outcomes, infant mortality and long-term health challenges that persist over 

the life course.111,112 Intrauterine growth restriction and catch-up growth were 

reported on rat studies.113 Recently, rates of type 2 diabetes mellitus, obesity and 

metabolic syndrome have increased globally, prenatal exposure to environmental 

toxicants is considered as an important contributor. The fetal period is highly 

sensitive to various adverse environmental factors.114 Fetuses with slow growth in 

utero may be associated with the increased allocation of nutrients to adipose tissue 

during development and may then result in the accelerated weight gain during 
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childhood.115 

Several animal studies have observed that maternal exposure to EDCs may 

cause fetal intrauterine growth restriction in a stage-specific and sex-dependent 

manner.116,117 Strakovsky et al. found that prenatal growth restriction and catch-up 

adipogenesis after developmental di (2-ethylhexyl) phthalate exposure can induce 

glucose intolerance in adult male rats following a high-fat dietary challenge.113 

Recently, a human study conducted by Ferguson et al. observed that exposure to 

DEHP during pregnancy was associated with decreased fetal growth.118 However, 

few human studies have investigated the effects of prenatal exposure to DEHP on 

fetal growth, birth outcomes and early childhood growth, particularly 

trimester-specific effects of such exposures, which is essential for identification of 

vulnerable windows of DEHP exposure for fetal and early childhood growth. In 

addition, the relationships of prenatal DEHP exposure and postnatal weight gain 

rates have not been clearly revealed, which can provide meaningful insights on 

fetal origins of obesity. 

1.6 Metabolomics and lipidomics 

Metabolites, including sugars, amino acids and lipids, are at downstream of DNA, 

RNA and protein metabolism, which can be used to investigate phenotypes 

associated system biology (Figure 1.3). Metabolites are more effective to reflect 

the phenotypes than genes and proteins, for metabolites represent the current 

biological events caused by stimuli. Metabolomics is an effective tool to monitor 

alterations of metabolisms and to provide information underlying biological 

mechanisms.119 Mass spectrometry (MS)-based metabolomics is an efficient 

strategy in toxic risk assessment by monitoring small molecule metabolites within 

biological systems in response to external stressors.120 LC-MS with electrospray 
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ionization (ESI) has amount of advantages, including good sensitivity, good 

selectivity and high dynamic range.121 Lipidomics, a branch of metabolomics, is 

mostly applied to examine the biological responses via lipid profiling in biological 

samples.122 The combined application of metabolomics and lipidomics is expected 

to promote comprehensive and deep understanding of the metabolic mechanisms 

of EDCs-induced toxicity. 

 

 
 

Figure 1.3 Interaction of DNA, RNA, protein, and metabolite related to 

phenotype. 
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1.6.1 High-resolution mass spectrometry-based metabolomics 

LC-MS-based metabolomics has revolutionized the research of small molecule 

metabolites and has been widely applied in the research of diseases, biomarker 

discovery, environmental toxicity, etc.123 In recent years, LC-MS-based 

metabolomics has become increasingly popular because of its simple sample 

preparation and convenience of metabolite identification.124 LC-MS-based 

metabolomics includes targeted analysis (mainly used to quantify a limited 

number of known metabolites)125 and nontargeted analysis (mostly applied to 

measure a great number of unknown compounds).124 

Targeted metabolomics is usually based on the experimental conditions 

constructed using authentic standards. The platforms commonly applied for 

targeted metabolomics are triple quadrupole mass spectrometer and orbitrap mass 

spectrometer. The most utilized data acquisition modes were multiple reaction 

monitoring (MRM) and parallel reaction monitoring (PRM), which provide 

tandem mass spectrum. Retention time, mass to charge ratio (m/z) and MS/MS 

spectra are confirmed with references. The advantages of targeted metabolomics 

include a low limit of detection, high confidence of identification, accurate 

quantification, etc. However, the number of detected analytes in targeted 

metabolomics is limited owing to the availability of authentic standards. 

Nontargeted metabolomics is a strategy to globally screen metabolites, aiming 

to pinpoint the metabolic networks involved in the interesting biological process 

using a full scan spectrum. Biological samples are prepared with internal 

standards and quality control samples to check the stability and repeatability. Then, 

data processing includes normalization using sum, median or quality control, 

multivariate statistical data analysis, and identification on the basis of the MS/MS 
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spectrum, accurate mass, and standards. Finally, Data were interpreted using 

online software and analysis platforms, like MetaboAnalyst, to find the disturbed 

pathway. 

1.6.2 Lipidomics 

Lipidomics is a powerful tool for the development of lipid biomarkers to study 

disease states. Based on their structural features, lipids can be generally classified 

into the following subclasses: phosphatidylcholines, phosphatidylethanolamines, 

sphingolipids, glycerolipids, acylcarnitines, etc.126 Workflow of lipidomics of 

biological samples is similar to the metabolomics, including sample preparation, 

MS-based analysis and data processing.11 As a high-resolution mass analyzer, 

orbitrap greatly improves the confidence of characterization of lipids and allows 

identification and quantification in a single run. 

1.7 Aims of the project  

EDCs, non-persistent pollutants, are mainly excreted in urine. The elimination 

time is short, less than 24 hours. However, the gestational period is relatively long, 

about 40 weeks of gestation. Concentrations of EDCs in one single point of urine 

cannot reflect the exposure levels during pregnancy. Metabolic processes and 

physiological factors changed significantly across pregnancy, including three 

trimesters of pregnancy. Thus, we collected urine samples at multiple time points, 

which can more accurately reflect the exposure levels.  

EDCs are defined as the chemicals that can interfere with hormone system, and 

then cause several adverse health impacts on human.1 Previous work has revealed 

the toxicity of EDC in experimental studies, and relationships of EDC exposure 

with cancers, metabolic disorders, obesity and diabetes were noted. 

Hence, in this work, EDC exposure during pregnancy may some cause adverse 
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effects on mothers and fetuses. Then, the sensitive windows of EDC exposure on 

health problems call for clarification. 

(1) To develop LC-MS/MS methods for the determination of 28 EDCs, including 

9 phthalates, 8 bisphenols, 5 parabens, 5 benzophenones and triclosan, in urine 

samples.  

(2) To assess the exposure levels, exposure patterns, determinants, and variations 

of targeted compounds over three trimesters of gestation based on the crude 

concentration and SG-adjusted concentrations of EDCs.  

(3) To evaluate the cumulative risks from exposure to phthalates or bisphenols by 

calculating the estimated daily intake, hazard index and maximum cumulative 

ratio 

(4) To reveal the trimester-specific and gender-specific relationships between BPA 

and three natural estrogens (estrone, 17β-estradiol and estriol), including 

low-dose effects and non-monotonic dose-response relationships.  

(5) To examine the relationships between exposure levels of phthalates with 

gestational diabetes mellitus and plasma glucose levels after 75 g oral glucose 

tolerance test. 

(6) To reveal the effects of prenatal exposure to DEHP on fetal growth, birth size 

and early-childhood growth. 

(7) To explore MEHP-induced glucose and lipid metabolism disorders in human 

normal liver cell line L02 on the basis of metabolomics and lipidomics. 
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Chapter 2  

Determination of typical endocrine disrupting chemicals including 

phthalates, bisphenols, parabens, benzophenones and triclosan in 

urine samples  

2.1 Introduction  

Phthalates, bisphenols, parabens, benzophenones and triclosan are 

well-documented endocrine disrupting chemicals (EDCs), which have annual 

production volume over 1 million pounds.5 Phthalates, phthalic acid esters (PAEs), 

are well-known as plasticizers, which are widely used in manufacturing industrial 

and consumer goods.127,128 Benzophenones, diaryl ketone derivatives, are used as 

ultraviolet light absorbers.129 Parabens, a series of parahydroxybenzoates,130 that 

are widely used as preservatives in personal care products, pharmaceuticals, food 

and beverages.131 Triclosan is normally found in the toothpaste detergents and 

soaps.44 These compounds are commercially high production chemicals and 

widely present in daily necessities132 and household products.133 Due to their 

loosely-bound in the products, they are easily released to environment. The major 

exposure way to the general population is ingestion, inhalation and dermal contact. 

For their short half-lives, most are excreted in urine in less than 24 hours. 5 

Urinary concentrations of the above-mentioned compounds can be used as 

biomarkers of internal exposure.134 Thus, a rapid and sensitive method of 

measuring EDCs in human urine is needed to evaluate human exposure. 

Phthalates corresponding with their metabolites have been listed in Table 2.1.  

There are numerous methods to quantify these compounds, including 

high-performance liquid chromatography (HPLC)135 and gas 
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chromatography-mass spectrometry (GC/MS).136 GC-MS could be used for 

analysis of these phenolic chemicals but requires further derivatization steps. 

Mass spectrometry, especially triple quadrupole mass spectrometry is a powerful 

tool for trace analysis.137,138 In recent years, high-performance liquid 

chromatography - tandem mass spectrometry (HPLC-MS/MS) has been applied 

for the analysis of these compounds in the urine,20 due to its efficient separation of 

HPLC and exact mass characterization by MS/MS. In addition, liquid-liquid 

extraction (LLE) and nitrogen-dry have been popularly used as it is simple, 

reliable and flexible and allows the simultaneous extraction and pre-concentration 

of organic compounds.54 Considering the large amount of sample size in the 

demographic studies, the time-saving, labor-saving and reliable methods were 

required for simultaneous screening and quantifying analysis of multiple EDCs in 

urine samples.  

In this study, an analytical method was developed and validated for quantifying 

28 EDCs including 9 phthalate metabolites, 8 bisphenols, 5 benzophenones, 5 

parabens and triclosan in human urine samples using UHPLC-MS/MS. 

Consequently, this method was successfully applied to determine the targeted 

compounds in 5220 urine samples. 
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Table 2.1 Information on phthalate metabolites in this study 

Major parent phthalates Abbreviation Molecular weight Urinary biomarkers 
Molecular 

weight 
Abbreviation 

Diethyl phthalate DEP 222.2 Monoethyl phthalate 194.2 MEP 

Di(2-ethylhexyl) phthalate DEHP 390.7 
Mono(2-ethyl-5-carboxypentyl) 

phthalate 
308.3 MECPP 

   
Mono(2-ethyl-5-oxohexyl) 

phthalate 
292.3 MEOHP 

   
Mono(2-ethyl-5-hydroxyhexyl) 

phthalate 
293.3 MEHHP 

   Mono(2-ethylhexyl) phthalate 278.3 MEHP 

Diisobutyl phthalate DiBP 278.3 Monoisobutyl phthalate 222.2 MiBP 

Di-n-butyl phtalate DnBP 278.3 Mono-n-butyl phthalate 222.2 MnBP 

Dimethyl phthalate DMP 194.2 Monomethyl phthalate 180.2 MMP 

Benzyl butyl phthalate BBzP 312.3 Monobenzyl phthalate 256.3 MBzP 
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2.2 Experimental section 

2.2.1 Chemicals and reagents 

Bisphenol B (BPB) was purchased from Tokyo Chemical Industry Co. Ltd. 

(Tokyo, Japan). Paraben target analyte mix solution (10 μg/mL in acetone, 

analytical standard), triclosan (TCS), bisphenol A (BPA), bisphenol AF (BPAF), 

bisphenol AP (BPAP), bisphenol C (BPC), bisphenol S (BPS), bisphenol Z (BPZ), 

2, 4-dihydroxybenzophenone (BP-1), 2, 2’, 4, 4’- tetrahydroxy benzophenone 

(BP-2), 2-hydroxy-4-methoxybenzophenone (BP-3), 

2,2’-dihydroxy-4-methoxybenzophenone (BP-8) and 4-hydroxybenzophenone 

(4-OH-BP), were purchased from Sigma-Aldrich Chemical Co. (St. Louis, USA). 

Monomethyl phthalate (MMP), monoethyl phthalate (MEP), monobenzyl 

phthalate (MBzP), mono-n-butyl phthalate (MnBP) and mono(2-ethylhexyl) 

phthalate (MEHP) were purchased from Accustandard Inc. (New Haven, CT). 

Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl) 

phthalate (MEHHP) and mono(2-ethyl-5-carboxypentyl) phthalate (MECPP) were 

bought from Cambridge Isotope Laboratories (Andover, MA, USA).  

Parabens internal standard mix solution (10 μg/mL in acetone, analytical 

standard) and bisphenol-A-(diphenyl-13C12) (13C12-BPA, 99% atom13C) were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, USA). 13C12-BPS (13C12, 

98%, 100 μg/mL in methanol), 13C6-BP-3 and 13C12-TCS (13C12, 99%) were 

purchased from Cambridge Isotope Laboratories (Andover, MA, USA). d4-MMP, 

d4-MEP, d4-MBzP, d4-MnBP, and 13C4-MEHP were obtained from C/D/N 

Resource Laboratories Ltd. 

An enzyme named β-glucuronidase from Helix pomatia (Type H-2, aqueous 

solution, ≥ 85,000 units/mL) was purchased from Sigma-Aldrich Chemical Co. 
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(St. Louis, USA). Water was purified by a Milli-Q Ultrapure water system 

(Millipore, Billerica, MA, USA). Formic acid (98.2%) was purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, USA). Methanol and acetonitrile were 

from VWR Chemicals (BDH PROLABO®, Fontenay-sous-Bois, France). All 

solvents used in this study were HPLC grade. 

2.2.2 Standard preparation and calibration 

Individual standard stock solution (1,000 ng/mL) of BPA, BPB, TCS, BPAF, 

BPAP, BPC, BPS, BPZ, 4-OH-BP, BP-1, BP-2, BP-3, BP-8 and mixed solutions 

of internal standards 13C12-BPA, 13C12-BPS, 13C6-BP-3 and 13C12-TCS (400 ng/mL) 

were prepared in methanol. The final calibration solution was 0.2 - 100 ng/mL 

with 20 ng/ml internal standards (0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 ng/mL) in 

the acetonitrile-water mixtures (6:4).  

An individual standard stock solution of MMP, MEP, MiBP, MnBP, MBzP, 

MEHP (1,000 ng/mL) and MECPP, MEOHP, MEHHP (500 ng/mL) were kept in 

methanol. And mixed solutions of internal standards including 800 ng/mL of 

MMP, MEP, MiBP, MnBP, MBzP, MEHP and 400 ng/mL of MECPP, MEOHP, 

MEHHP were prepared in methanol. The calibration ranges of MECPP, MEOHP, 

and MEHHP were from 0.01 to 200 ng/mL (0.01, 0.02, 0.05, 0.1, 0.2, 1, 2, 5, 10, 

20, 50, 100 and 200 ng/mL) in the solvent (acetonitrile: water = 6:4). And the 

ranges of MMP, MEP, MiBP, MnBP, MBzP, MEHP were from 0.02 to 400 ng/mL 

(0.02, 0.04, 0.1, 0.2, 0.4, 2, 10, 20, 40, 100, 200 and 400 ng/mL). All the standards 

were stored at −20 °C after preparation. 

2.2.3 Method validation 

Both calibration samples and quality control (QC) samples were used in the 

method validation study. The validation was performed for the assay in human 
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urine according to FDA guidelines.139 The developed method was validated for 

linearity, matrix effect, selectivity, recovery, accuracy and precision. Calibrations 

performed triplicate runs and the calibration curve was plotted by the ratios (peak 

area target compound/peak area of internal standard) of working solutions. The 

limit of detection (LOD) of the LC-MS analysis was defined as the concentration 

where the signal-to-noise that corresponds to three times of the baseline noise 

(S/N≥3) in the urine after sample processing. Intra-day precision and accuracy 

were assessed from the results of six replicates of the low, medium and high 

spiked samples measured on the same day. Inter-day precision and accuracy were 

assessed from the results of the low, medium and high spiked samples on six 

consecutive days. Matrix effect was calculated by comparing the instrumental 

responses of the matrix-matched standard, post-extraction matrix spike into the 

final extract before LC-MS analysis, with that of the external calibration standard 

prepared in solvent. The extraction recovery of the analyses was determined by 

comparing the ratios of between spiked standard and internal standard extracted 

urine from the spiked samples (n = 6) with those obtained from the direct injection 

of the standard solutions at the same concentrations.  

2.2.4 Sample preparation by liquid-liquid extraction 

Workflow of sample pretreatment is demonstrated in Figure 2.1. After thawing, 1 

mL of urine sample was transferred into a 15 mL polypropylene tube and 

enzymatically digested by adding 10 μL β-glucuronidase/sulfatase in 200 μL 

ammonium acetate (PH 4.5 - 5.5) at 37 °C water bath overnight. After 

de-conjugation, 10 μL of internal standards was spiked and 3 mL of solvents 

(methyl tert-butyl ether: ethyl acetate = 5:1) was added into mixture for extraction. 

Mixtures were shacked at 500 rpm for 30 minutes and then sono-extracted for 10 
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minutes, followed by the centrifugation at 8,000 rpm for 10 minutes. Supernatants 

were combined into a 10 mL glass vial. Urine samples were liquid-liquid 

extracted three times. 9 mL of mixture was dried by nitrogen. After concentrated 

procedure, residue was dissolved with 200 μL of acetonitrile-water (6: 4) and 

centrifuged at 15,000 rpm for 10 minutes at 8 °C. 150 μL of the supernatant was 

transferred into the glass insert for LC-MS/MS analysis.
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Figure 2.1 Flow chart of sample preparation 
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2.2.5 Ultra-performance liquid chromatography condition 

An Ultimate 3000 UHPLC system (Dionex, Sunnyvale, CA, USA) coupled with a 

Thermo Scientific™ TSQ Quantiva™ Triple Quadrupole mass spectrometer 

(Thermo Scientific, San Jose, CA) was used for quantification of bisphenols, 

benzophenones, parabens and triclosan, with a Scientific Betasil column (2.1 mm 

× 100 mm, 3 μm, Thermo). Column temperature was 30 °C. Separation was 

performed using a binary gradient mobile phase consisting of water (A) and 

acetonitrile (B) with 0.3 mL/min (flow rate). The elution program started with 

25% B, increased to 80% B from 1.5 min to10.0 min then increased to 100% B 

for 0.2 min, kept 100% B for 2 min, and back to 25%. The total run time was 15 

min. The supernatant (5 μL) was injected for LC-MS/MS analysis. 

As for phthalate metabolites, chromatographic separation was performed using 

an analytical UPLC C18 column (1.7 μm, 100 mm × 2.1 mm; Waters Corporation), 

connected serially to a guard column (C18, 20 mm × 2.1 mm column; Waters 

Corporation). Mobile phases were Milli-Q water containing 0.1% formic acid (v/v, 

A) and acetonitrile (B). Flow rate was 0.2 mL/min, the changes of gradient were: 

25% B maintained for 0.5 min, increased to 60% B from 0.5 to 7.5 min, increased 

to 100% B from 7.5 to 8 min, held for 2 min, returned to 25% B at 10.2 min, and 

held for 3 minutes to balance. Total run time was 13 min. Injection volume was 5 

μL, and column temperature was maintained at 30 °C for analyses. 

2.2.6 Mass spectrometry condition 

Mass spectrometric analysis was performed in negative ion mode and multiple 

reactions monitoring (MRM) scanning mode. Spray voltage was 2600 V. Ion 

transfer tube temperature was 360 ◦C and vaporizer temperature was 350 ◦C. 

Sheath gas (N2) flow rate was 40 arbitrary units and auxiliary gas (N2) flow rate 
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was 10 arbitrary units. Argon (99.999%) was used as the collision gas. Dwell time 

for each compound was set at 25 ms.  

2.2.7 Quality control  

3 method blanks (MB: 1 mL of deionized water), 3 quality control samples (QC: 1 

mL of pooled urine samples), and 3 quality control matrix spiked samples (QCMS: 

1 mL of pooled urine samples with standards spiked) were incorporated into each 

batch of 90 samples. Solvent blank samples and QC samples were injected every 

9 real samples in order to assess instrumental contamination and stability, 

respectively. 

2.3 Results and discussion 

2.3.1 Development and validation of LC-MS condition 

In electrospray ionization (ESI) negative ion mode, all the compounds provided 

[M–H]– ions, which were selected as the precursor ions. The collision energy was 

optimized via injecting standards via the infusion pump. Vaporizer temperature, 

ion transfer tube temperature, auxiliary gas, and sheath gas were optimized 

separately using both standards and urine extracts. Different C18 columns were 

tried under the same LC-MS conditions. We found that Betasil C18 improved 

peak shapes and separation quality for bisphenols, parabens, benzophenones, and 

triclosan, Waters C18 column provided better separation and better peak shapes 

for phthalate metabolites. The structures and extracted ion chromatography of 

MS/MS spectra of targeted compounds are shown in Figure 2.2 (phthalate 

metabolites), Figure 2.3 (bisphenols), Figure 2.4 (parabens) and Figure 2.5 

(benzophenones). 
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Figure 2.2 Structures and extracted ion chromatography of MS/MS spectra of 

phthalate metabolites 
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Figure 2.3 Structures and extracted ion chromatography of MS/MS spectra of 

bisphenols 
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Figure 2.4 Structures and extracted ion chromatography of MS/MS spectra of 

parabens 
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Figure 2.5 Structures and extracted ion chromatography of MS/MS spectra of 

benzophenones 
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2.3.2 Method validation 

With application of 8 isotope internal standards, this method afforded satisfactory 

results in terms of sensitivity, linearity, precision, accuracy, recovery, and matrix 

effect. Data of linearity and LOD are summarized in Table 2.2. The correlation 

coefficients (R2) of 28 compounds were greater than 0.99, which indicated good 

linearity in the studied concentration range. LOD for bisphenols, benzophenones, 

parabens, and triclosan ranged from 0.01 ng/mL to 2.00 ng/mL. LOD for phthalate 

metabolites ranged from 0.01 ng/mL to 0.40 ng/mL. The calibration curves for 

phthalate metabolites were linear in the range of 0.02 to 20 ng/mL (MEHHP, 

MEOHP and MECPP) and 0.04 to 40.00 ng/mL (MMP, MEP, MiBP, MnBP, 

MBzP and MEHP). These results demonstrated that this method was sensitive for 

the detection of analyses in urine samples. 
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Table 2.2 Linearity and detection limits of targeted compounds 

Compound 
LOD 

Linear range (ng/mL) 
Correlation coefficient 

(R2) 

(ng/mL) 

MMP 0.4 1-40 0.9927 

MEP 0.1 0.2-40 0.9928 

MiBP 0.1 0.2-40 0.9914 

MnBP 0.1 0.2-40 0.9938 

MBzP 0.4 1-40 0.9926 

MEHP 0.4 1-20 0.908 

MEOHP 0.05 0.2-20 0.9941 

MEHHP 0.05 0.2-20 0.9909 

MECPP 0.01 0.1-20 0.9958 

BPA 0.2 0.5-50 0.9901 

BPB 0.1 0.5-50 0.9918 

BPC 2 5.0-50 0.9943 

BPS 0.2 1.0-50 0.9956 

BPZ 0.5 2.0-50 0.9712 

BPAF 0.1 0.5-50 0.9969 

BPAP 0.1 0.5-50 0.992 

MeP 0.05 0.2-50 0.9911 

EtP 0.01 0.2-50 0.9925 

PrP 0.05 0.2-50 0.9939 

BuP 0.05 0.2-50 0.9976 

BzP 0.01 0.2-50 0.9948 

BP-1 0.1 0.5-50 0.9926 

BP-2 0.01 0.2-50 0.9901 

BP-3 0.2 0.5-50 0.9955 

BP-8 0.1 0.5-50 0.9932 

4-OH-BP 0.1 0.5-50 0.9904 

TCS 0.2 0.5-50 0.9931 

Note: LOD, limit of detection. 
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The precision of intra-day and inter-day are listed in Table 2.3. The precision 

was expressed as a percentage of relative standard deviation (RSD), which was 

less than 20% for intra-day and inter-day analysis in this method, indicating that 

this method had satisfactory reproducibility.  
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Table 2.3 Intra-day and inter-day precision of targeted compounds 

Compounds Mean concentration (%RSD)  

  Intra-day  Inter-day  

MMP 80.0 (2.2) 83.6 (3.4) 

MEP 98.3 (4.8) 89.2 (6.7) 

MiBP 98.1 (5.4) 90.3 (7.3) 

MnBP 85.1 (3.3) 83.9 (4.2) 

MBzP 84.1 (4.0) 88.1 (5.3) 

MEHP 106.6 (4.5) 102.6 (5.5) 

MEOHP 104.6 (6.5) 95.6 (4.5) 

MEHHP 96.6 (2.2) 93.6 (4.5) 

MECPP 95.6 (4.3) 105.6 (7.5) 

BPA 13.5 (7.7) 6.8 (10.1) 

BPB 3.0 (13.1) 2.7 (8.8) 

BPC 2.7 (12.2) 2.8 (12.4) 

BPS 4.9 (3.9) 5.0 (4.4) 

BPZ 3.0 (14.4) 3.1 (16.4) 

BPAF 2.7 (18.2) 2.8 (11.0) 

BPAP 2.0 (17.1) 1.9 (10.1) 

MeP 88.0 (3.2) 87.6 (3.4) 

EtP 18.3 (4.8) 18.2 (6.7) 

PrP 10.1 (7.4) 10.3 (4.3) 

BuP 5.1 (7.3) 4.9 (2.2) 

BzP 4.1 (4.0) 4.1 (5.3) 

BP-1 16.5 (10.7) 17.7 (13.4) 

BP-2 21 (9.1) 21.2 (14.2) 

BP-3 6.6 (7.4) 6.5 (7.0) 

BP-8 5.8 (14.9) 5.1 (9.8) 

4-OH-BP 5.9 (6.9) 5.8 (12.0) 

TCS 25.0 (12.5) 24.3 (7.6) 

Note: RSD, relative standard deviation. 
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The recoveries, accuracy and matrix effects were determined by spiking the 

standards into 1 mL of urine sample. Data in Table 2.4 showed that the recoveries 

ranged from 80.3% to 117.8%, which was acceptable. The matrix effects were 

calculated by comparing the instrumental responses of the matrix matched 

standard, post-extraction matrix spike into the final extract before LC-MS analysis, 

with that of the external calibration standard prepared in solvent. As shown in 

Table 2.4, there was no significant matrix effect for the targeted compounds. 

Table 2.4 Accuracy, recovery and matrix effects of targeted compounds 

Analyte Spiked  Accuracy Recovery (%) Matrix effects (%) 

 (ng/mL)  Mean (RSD , %) Mean (RSD, %) 

MMP 1 97.7 (7.6) 106.5 (18.3) 82.6 (11.5) 

 2 86.9 (9.0) 101.3 (1.2) 112.8 (10.8) 

 40 109.9 (3.3) 109.9 (3.3) 103.3 (3.1) 

MEP 1 80.9 (7.3) 91.90 (2.4) 93.3 (0.36) 

 2 87.0 (8.2) 104.6 (5.1) 99.9 (8.9) 

 40 102.3 (5.0) 98.6 (4.0) 103.4 (6.1) 

MiBP 2 100.1 (12.7) 90.9 (11.8) 96.2 (5.0) 

 10 101.7 (12.1) 92.8 (13.3) 119.7 (4.2) 

 40 100.7 (2.1) 95.8 (2.2) 99.7 (7.4) 

MnBP 1 101.1 (2.8) 101.1 (2.8) 105.0 (3.8) 

 2 99.4 (2.1) 102.5 (2.1) 103.8 (3.0) 

 40 102.8 (2.4) 101.6 (2.4) 108.0 (2.7) 

MBzP 1 100.6 (5.1) 100.6 (5.3) 97.4 (5.6) 

 2 98.4 (4.2) 100.7 (4.3) 97.9 (6.9) 

 40 102.9 (3.7) 104.5 (3.7) 99.6 (4.1) 

MEHP 2 105.2 (3.3) 87.7 (5.6) 89.5 (5.6) 

 5 99.4 (2.8) 88.5 (7.7) 95.7 (4.3) 

 40 98.7 (4.6) 90.5 (8.4) 107.4 (3.2) 

MEOHP 1 100.9 (4.4) 101.8 (7.4) 88.7 (8.6) 

 2 90.5 (8.3) 89.4 (5.1) 90.5 (5.4) 
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 20 102.4 (3.6) 95.4 (5.4) 98.4 (3.3) 

MEHHP 1 104.5 (5.4) 98.7 (2.5) 87.7 (4.6) 

 2 99.8 (3.6) 88.7 (4.5) 88.9 (2.3) 

 20 89.4 (5.4) 99.7 (3.7) 109.3 (1.2) 

MECPP 1 109.8 (6.6) 103.8 (5.6) 90.4 (3.7) 

 2 97.8 (4.9) 97.8 (4.3) 97.8 (7.7) 

 20 109.8 (2.6) 99.8 (2.3) 109.4 (5.4) 

BPA 5 108.7 (15.0) 93.6 (6.4) 113.7 (0.15)   

 20 89.8 (1.5) 115.4 (4.8) 80.1 (3.3) 

 50 87.0 (0.5) 116.6 (5.0) 101.7 (4.8) 

BPB 2 103.9 (7.7) 100.5 (2.9) 92.9 (3.6) 

 10 101.7 (7.1) 102.4 (7.4) 110.1 (4.0) 

 50 100.1 (7.2) 97.0 (7.2) 105.2 (5.5) 

BPC 2 99.6 (10.9) 108.7 (13.0) 98.7 (13.0) 

 10 97.7 (11.0) 113.6 (4.8) 113.6 (4.9) 

 50 100.2 (5.6) 108.7 (3.0) 108.7 (3.0) 

BPS 1 88.5 (11.8) 113.4 (9.5) 107.7 (3.9) 

 10 104.1 (3.5) 115.3 (3.5) 109.2 (4.0) 

 50 110.7 (3.5) 98.0 (3.5) 94.8 (3.0) 

BPZ 2 103.7 (4.1) 105.0 (16.1) 97.5 (0.72) 

 10 109.8 (3.2) 90.6 (2.7) 102.1 (12.3) 

 50 109.8 (8.4) 82.8 (8.1) 99.0 (1.4) 

BPAF 2 105.7 (3.4) 100.6 (11.8) 139.3 (0.6) 

 10 101.0 (8.3) 92.5 (8.2) 133.1 (6.1) 

 50 102.0 (1.5) 102.1 (1.7) 123.0 (9.0) 

BPAP 1 101.6 (3.3) 99.8 (3.1) 94.0 (12.4) 

 10 104.6 (5.9) 86.8 (5.9) 95.9 (3.3) 

 50 106.4 (3.6) 92.9 (3.6) 110.3 (8.1) 

MeP 1 97.7 (7.6) 106.5 (18.3) 82.6 (11.5) 

 2 86.9 (9.0) 101.3 (1.2) 112.8 (10.8) 

 50 109.9 (3.3) 109.9 (3.3) 103.3 (3.1) 

EtP 1 80.9 (7.3) 91.90 (2.4) 93.3 (0.36) 

 2 87.0 (8.2) 104.6 (5.1) 99.9 (8.9) 
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 50 102.3 (5.0) 98.6 (4.0) 103.4 (6.1) 

PrP 2 100.1 (12.7) 90.9 (11.8) 96.2 (20.0) 

 10 101.7 (12.1) 92.8 (13.3) 119.7 (4.2) 

 50 100.7 (2.1) 95.8 (2.2) 99.7 (7.4) 

BuP 1 101.1 (2.8) 101.1 (2.8) 105.0 (3.8) 

 2 99.4 (2.1) 102.5 (2.1) 103.8 (3.0) 

 50 102.8 (2.4) 101.6 (2.4) 108.0 (2.7) 

BzP 1 100.6 (5.1) 100.6 (5.3) 97.4 (5.6) 

 2 98.4 (4.2) 100.7 (4.3) 97.9 (6.1) 

 50 102.9 (3.7) 104.5 (3.7) 99.6 (4.6) 

BP-1 1 99.6 (7.5) 117.4 (9.8) 119.2 (5.0) 

 2 97.8 (16.3) 116.7 (17.0) 106.7 (4.1) 

 50 98.7 (5.3)  112.8 (4.5) 97.0 (9.5) 

BP-2 2 92.9 (3.6) 102.9 (16.8) 109.5 (3.3) 

 10 110.1 (4.0) 108.7 (3.9) 88.3 (11.8) 

 50 105.2 (5.5) 102.5 (5.5) 85.0 (4.4) 

BP-3 2 104.3 (8.7) 99.1 (8.7) 91.8 (16.2) 

 10 99.1 (3.3) 111.4 (3.3) 104.9 (1.9) 

 50 103.4 (8.3) 105.1 (8.3) 97.7 (13.2) 

BP-8 0.5 94.4 (7.8) 110.9 (9.1) 104.8 (6.0) 

 2 100.2 (11.7) 109.1 (9.3) 110.6 (4.3) 

 50 100.1 (1.2) 117.8 (1.2) 97.5 (9.6) 

4-OH-BP 0.5 116.9 (4.3) 103.8 (1.1) 101.8 (1.1) 

 2 90.7 (15.6) 90.9 (3.8) 90.9 (3.8) 

 50 127.1 (9.6) 86.9 (1.2) 86.9 (1.2) 

TCS 1 92.53 (12.9) 80.3 (10.5) 83.2 (14.6) 

 2 80.4 (15.5) 90.0 (4.04) 100.4 (8.4) 

 50 98.6 (5.3) 98.7 (5.2) 114.0 (2.1) 

Note: RSD, relative standard deviation. 
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2.4 Chapter summary 

A bioanalytical method for the simultaneous quantification of 28 endocrine 

disrupting chemicals (9 phthalate metabolites, 8 bisphenols, 5 parabens, 5 

benzophenones and triclosan) using UHPLC-MS/MS was developed and 

validated in human urine specimens. The method performed satisfactorily in terms 

of sensitivity, linearity, precision, accuracy, recovery, and matrix effect. Hence, 

the method is reliable for the determination of targeted compounds in large 

amount of urine samples. 
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Chapter 3  

Exposure assessment of phthalates, bisphenols, parabens, 

benzophenones and triclosan during pregnancy 

3.1 Introduction 

Phthalates, bisphenols, parabens, benzophenones and triclosan are five best 

well-documented endocrine disrupting chemicals (EDCs). Phthalates are 

human-made chemicals, which are produced in high volume and widely applied in 

the manufacturing industries. High molecular weight phthalates (HMWPAEs), 

such as di-(2-ethylhexyl) phthalate (DEHP) and benzyl butyl phthalate (BBzP), 

are mainly applied as plasticizers in the manufacturing of polyvinyl chloride 

plastics (PVCs) and building materials.140 Low molecular weight phthalates 

(LMWPAEs), including diethyl phthalate (DEP), diisobutyl phthalate (DiBP) and 

di-n-butyl phthalate (DnBP), are commonly used in manufacturing consumer 

products.141 In terms of non-chemical binding and physicochemical properties, 

EDCs are easily released to and wildly detected in the environment matrixes (air, 

dust, soil and water),39 then come into the human body through three main 

exposure routes (inhalation, ingestion and dermal contact).142 As MEHP is more 

toxic than the three metabolites, the ratio of MEHP/DEHP can be used to exam 

the metabolic susceptibility. On account of the shorter elimination time of 

MEHHP compared with MECCP, the ratio MEHHP/MECPP can be applied to 

assess the exposure time of DEHP.57 Bisphenol A (BPA) is a human-made 

chemical widely used in manufacturing consumer goods, such as thermal papers, 

polycarbonate plastics, epoxy resins, dental composite products and so on.81 As its 

well-documented endocrine disrupting properties, usage of BPA has been banned 
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in some products, leading the increasing production of BPA-alternatives whose 

structure and property are similar to BPA.143 Two popular alternatives, bisphenol F 

(BPF) and bisphenol S (BPS), recently have been applied in the production of 

epoxy resins and thermal papers.28 Subsequently, BPF and BPS are widely 

detected in lakes,144 indoor dust,145 foodstuffs,28 and human specimens.143 

Parabens (p-hydroxybenzoic acid esters; preservatives), benzophenones 

(diarylketone derivatives; UV-absorbents) and triclosan 

(5-chloro-2-(2,4-dichlorophenoxy)phenol; microbicides) are compounds 

commonly applied in manufacturing cosmetics and personal care products.146, 147  

Due to their high production and usage, widespread environmental occurrence 

and the potential adverse health effects (weak-to-moderate estrogenic and 

anti-androgenic activities) on wildlife and humans,148 these environmental 

pollutants are of increasing concerns in the vulnerable population. The common 

detection of the above chemicals in cord serum,149 milk samples,150 and placental 

tissues151 indicated the transfer of the compounds from mothers to fetuses. Recent 

epidemiological reports have observed that exposure to parabens, benzophenones 

and triclosan during pregnancy could cause some pregnancy complications 

(gestational diabetes and hypertension)152,153 and adverse birth outcomes 

(macrosomia and preterm birth).154, 155 In vitro and rodent studies have reported 

BPA alternatives may induce similar or more critical health hazard.156, 157 Human 

studies reported that exposure to BPA during pregnancy might cause adverse 

health effects on mothers102, 158 and fetuses.159, 64 BPS exposure was associated 

with pregnancy duration81 and preterm birth.86 In addition, recent studies have 

found that maternal exposure to phthalates may cause health hazards on both 

mothers 89, 90 and fetuses.91-92 



46 
 

However, the existing literature is inconclusive because of their rapid 

elimination (< 24 h) and high within-person variability (intraclass correlation 

coefficients (ICCs)) reported in previous studies.160,161 Regarding their low 

reproducibility,57, 66 urinary concentrations of EDCs at one single time cannot 

reflect the exposure levels for the whole gestation. Therefore, repeated 

measurements are essential to assess the exposure pattern over trimesters; 

potential health risks calculated using average concentrations of analytes are more 

reliable.  

In addition, some previous studies have indicated that urinary concentrations of 

EDCs might be associated with demographic factors.162,163 Determinants of EDC 

exposure exist, but, vary due to the variation in the study population, study design, 

and sampling years. Given that a variety of confounders, including physiological 

(body weight gain), metabolic (cytochrome P450 (CYP) enzyme activity), 

lifestyle and behavioral factors (usage of personal care products),164 changes 

during pregnancy, understanding the extents of exposure to those 

contemporary-use chemicals in multiple time points is a critical step in exploring 

the variations and demographic associations. Hence, it is essential to investigate 

the characterizations of exposure and cumulative risks among Chines pregnant 

women, which will help to eliminate health risks induced by EDC exposure. 

This repeated measurement study aimed to assess the exposure patterns of 

EDCs, including variations and determinants, at three time points of gestation, to 

examine the health risks using average concentrations over three trimesters, and to 

explore the relationships between demographic factors and exposure, metabolism 

and health hazards. 
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3.2 Materials and Methods  

3.2.1 Study population and sample collection 

Data for this work were drawn from the ongoing birth cohort in Wuhan, China, 

between 2014 and 2015. Pregnant women who came to our study hospital, Wuhan 

Women and Children Medical Care Center, for their first antenatal examination at 

less than 16 gestational weeks were asked to participate in this work. All 

participants signed an informed consent form. This consent procedure was 

approved by the ethics committees. Finally, 951 pregnant women who provided a 

serial of urine samples at three trimesters, and 1501 participants without a 

complete set of urine samples were enrolled in this study. Urine samples were 

provided by mothers from three trimesters: the first trimester (T1, from 12 to 16 

gestation weeks), the second trimester (T2, from 16 to 28 gestation weeks) and the 

third trimester (T3, after 28 weeks). 2 mL of samples were stored in 

polypropylene tubes and frozen at -80 °C until analysis. The detailed demographic 

information for bisphenol exposure has been introduced in our published 

manuscript.165 The detailed information for exposure of parabens, benzophenones, 

and triclosan has been introduced in the published paper.166 The detailed 

information for phthalate exposure has been introduced previously.167,168 The 

research protocol was approved by the ethics committees of the Tongji Medical 

College, Huazhong University of Science and Technology, and study hospital 

(Wuhan Women and Children Medical and Healthcare Center). 

3.2.2 Covariates 

Interviews were done by nurses to collect information on physical parameters, 

lifestyle factors and socioeconomic characteristics. Baseline information was 

obtained from standardized face-to-face interviews with the participants 
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conducted by trained nurses within three days before or after delivery. The 

baseline information including maternal demographic characteristics (age, height, 

and self-reported weight before pregnancy), socioeconomic levels (education, 

occupation, employment status, and household incomes), pregnancy history 

(parity and gravity), and lifestyle information (alcohol consumption, active or 

passive smoking, computer usage time, and physical activity frequency) were 

collected. Passive smoking was defined as exposure to secondhand smoke on at 

least one occasion per week, for at least 30 min per occasion.  

Maternal body weight at delivery, height, mode of delivery (Cesarean section 

and vaginal delivery), infants’ birth date, gender and gestational age were all 

retrieved from medical records. Parity and infant gender were retrieved from 

medical records. Pre-pregnancy BMI (kg/m²) was calculated by weight and height 

of mothers. Paternal height (cm) was recorded. Pregnancy weight gain could be 

defined as the difference between weight before childbirth and prepregnancy 

weight. Population was stratified into four sections of gestational weight gain (kg): 

below 10, between 10 and 15, between 16 and 19, and above 20. Additionally, 

gestational weight gain was divided into three groups: inadequate, recommended 

and excessive, compared with Institute of Medicine (IOM) recommendations.169 

Well-trained nurses recorded gestational weeks. Babies born at less than 37 weeks 

(preterm birth) and 37 to 38 weeks (early-term birth) may have more health 

problems than those born between 39 and 42 weeks.170 Therefore, we divided the 

participants into two groups according to their gestational weeks: < 39 and 39 - 42 

weeks. Information on breastfeeding duration was collected during the follow-up 

visits.  

 



49 
 

3.2.3 Gestational age 

Gestational age is the age of the pregnancy, which was calculated using the 

current date and the date of the last menstrual period (LMP). The dates of LMP 

were provided by participants when they came for their first prenatal examination. 

The dates of LMP were also estimated using ultrasound measurements at T1. If 

the difference between the self-reported date of LMP and the estimated date of 

LMP was more than 7 days, we used the estimated date to calculate the gestation 

age. Gestational age of ultrasound measurement or delivery was calculated as 

difference between the date of measurement or delivery and the beginning date of 

LMP. LMP dates, ultrasound measurement dates, and delivery dates can be 

retrieved from medical records. 

3.2.4 Urinary concentrations of EDCs 

Phthalate metabolites (MMP, MEP, MiBP, MnBP, MBzP, MEHHP, MEOHP, 

MECPP and MEHP), bisphenols (BPA, BPF, BPS, BPB, BPC, BPZ, BPAF and 

BPAP), parabens (MeP, EtP, PrP, BuP and BzP), benzophenones (4-OH-BP, BP-1, 

BP-2, BP-3 and BP-8) and TCS were analyzed in this work. The sample analysis 

procedure has been stated in Chapter 2 and our published study.171 

For each batch, method blank samples (MB, 1 mL deionized water), quality 

control samples (QC, 1 mL aliquot obtained from pooled urine samples) and 

quality control matrix spiked samples (QCMS, QC samples spiked with standards) 

were incorporated with real sample preparation. The between-assay and 

within-assay coefficients of variation were lower than 10.6% and 14.5%, 

respectively, indicating that this method demonstrated satisfactory performance. 

Table 3.1 presents the coefficient of variation (CV) across the whole sample 

analysis period from 2015 to 2018 were less than 15%, indicating that our analysis 
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results are reliable to achieve the scientific conclusions. 

Considering the variations of urine dilution, the crude concentrations were 

adjusted by urinary specific gravity (SG), measured by a digital refractometer 

(Atago Co., Ltd., Japan), through the following formula: C = 

Cm[(SGm−1)/(individual SG−1)], where C is the SG-adjusted urinary 

concentration (ng/mL); Cm is the measured urinary concentration (ng/mL); 

individual SG is the specific gravity of each urine sample; SGm is the median SG 

for the urine samples of each trimester (1.013, 1.011 and 1.011 for T1, T2 and T3, 

respectively). 
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Table 3.1 Variations of analytes in the polled urine samples 

Batch MEP MEHP MECPP MEOHP MEHHP MiBP MnBP MBzP 

1 17.35 4.94 12.03 8.04 6.07 22.41 129.99 0.16 

2 18.50 4.75 12.35 8.10 6.10 22.52 131.67 0.17 

3 21.11 5.71 14.99 9.26 7.47 30.81 116.59 0.22 

4 22.05 5.98 15.10 9.52 7.48 31.38 120.10 0.23 

5 16.37 4.06 12.12 9.27 7.09 24.45 116.75 0.16 

6 24.50 6.21 17.30 10.78 8.03 32.58 129.15 0.24 

7 24.44 5.61 17.37 10.78 8.55 33.02 130.99 0.25 

8 16.09 4.58 12.28 8.62 7.46 23.09 112.21 0.18 

9 24.52 6.20 16.57 11.11 8.29 30.59 147.05 0.22 

10 23.81 5.81 14.57 11.15 8.51 28.01 120.23 0.22 

11 17.50 4.78 13.38 8.12 6.12 23.92 127.67 0.17 

12 17.69 4.78 13.42 8.12 6.30 24.05 93.99 0.17 

13 18.40 4.83 12.67 8.30 6.34 24.44 95.32 0.20 

14 23.61 6.17 18.36 11.07 8.68 34.20 136.41 0.26 

15 24.57 5.64 17.67 12.20 8.80 33.39 143.67 0.26 

16 19.43 4.98 12.83 8.46 6.52 25.64 96.55 0.19 

17 19.27 5.06 12.91 8.46 6.68 25.88 97.61 0.19 

18 19.51 5.07 12.99 8.47 6.83 26.57 103.99 0.20 

19 16.69 5.61 14.65 7.65 7.80 23.83 140.93 0.25 

20 17.09 4.68 14.71 9.28 6.05 23.89 139.79 0.24 

21 19.89 5.46 13.29 8.51 6.87 26.77 107.28 0.20 

22 22.77 5.01 16.41 9.59 7.51 32.21 120.76 0.23 

23 22.92 6.10 16.72 10.35 7.86 32.22 125.19 0.23 

24 20.06 5.49 13.49 8.72 6.88 27.36 110.65 0.21 

25 20.28 5.56 13.80 8.77 7.13 28.44 111.92 0.21 

26 21.84 5.63 14.74 9.22 7.41 30.60 116.18 0.22 

27 24.30 6.13 16.82 10.61 7.99 32.47 126.18 0.24 

28 24.03 6.04 19.37 11.34 8.97 33.61 145.68 0.25 

29 20.64 5.58 14.36 8.92 7.20 28.81 113.77 0.21 

30 21.69 5.60 14.68 9.12 7.34 29.46 115.93 0.21 

31 22.17 6.05 15.04 11.04 8.74 32.69 145.77 0.25 

Mean 20.745 5.423 14.741 9.451 7.389 28.365 121.612 0.213 

Standard 

deviation 

(SD) 2.779 0.574 2.000 1.232 0.894 3.853 15.555 0.029 

Coefficient of 

variation 

(CV) 0.1340 0.1058 0.1357 0.1304 0.1210 0.1358 0.1279 0.1365 
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3.2.5 Daily intake dose  

Estimated daily intake of bisphenols was calculated as follows:  

 

 

Where UCi was the average SG-adjusted urinary concentration of bisphenols at 

three trimesters; UV was the excreted urinary volume per day, and set to 1.7 L/day 

for women;171 for BWi, the body weight was calculated as the average of the 

weight before pregnancy and at delivery. FUE was the fractional excretion of 

bisphenols in the urine after orally taken. The FUE for BPA and BPS were 100%172 

and 70%,173 respectively. To our knowledge, no pharmacokinetic study of BPF 

was evaluated in humans, here we applied 100% excretion same as BPA.  

Estimated daily intake (EDI: μg/kg body weight/day) of phthalates was 

calculated as follows:  

 

Where Cm was the average SG-adjusted urinary concentration (μg/L) of 

phthalate metabolites at three trimesters; Vu was the daily urinary volume 

excreted, and here we set it to 1.7 L/day;171 MWp was the molecular masses of 

phthalates; MWm was the mass of phthalate metabolites; for bw was the average 

of the body weight (kg) before pregnancy and at delivery. f was the excretion 

fraction of phthalates in the urine.174, 175 The f were 69%, 69%, 70%, 73%, 6%, 

15%, 11% and 13% for MEP, MnBP, MiBP, MBzP, MEHP, MEHHP, MEOHP and 

MECPP, respectively.174 For EDI of DEHP, we summed the EDI of its metabolites 

(MEHP, MEHHP, MEOHP and MECPP).  
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3.2.6 Cumulative risk assessment  

We multiplied the sum molar concentrations of bisphenols (BPA, BPS and BPF) 

when estimating EDI of bisphenols. For BPA, tolerable daily intake (TDI) of 

4,000 ng/kg body weight/day established by the European Food Safety Authority 

(EFSA, 2016).27 Due to the different molecular weights of BPF and BPS to BPA, 

TDI was adjusted to molar concentrations. To our knowledge, there are no 

established TDI for any BPA-alternative. Here we applied TDI of BPA (18 

nmol/kg body weight/day) as a reference value for bisphenols because of their 

similar structure and toxicities with BPA.81 

The value of hazard quotient (HQ) was obtained in the following equation for 

individuals: 

 

TDI from the European Food Safety Authority (EFSA) for DnBP, DEHP, and 

BBzP were 10, 50, and 500μg/kg body weight/day,70 respectively. Since TDI 

values for DEP and DiBP were not reported by EFSA, we used 500 and 1250 

μg/kg body weight/day as the TDI value for DEP and DiBP, which were provided 

by World Health Organization71 and one previous report of male rats. 176  

Hazard index (HI) was the sum of HQ of DEP, DEHP, DnBP, DiBP, and BBzP 

for the individual. 

 

The maximum of HQ (max HQi) was the highest value of HQ among DEP, 

DEHP, DnBP, DiBP, and BBzP.  

Maximum Cumulative Ratio (MCR) was calculated by dividing the maximum 

of HQ into HI, individually. MCR were obtained by the following equations: 
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The participants were divided into four groups by the values of HI and MCR as 

follows:75, 78 

The participants in group I are those whose HI＞1 and maximum HQ (HQm)＞

1, which means that this individual had potential risk driven by a single 

chemicals. 

The participants in group II are those whose HI ≤ 1 and HQm ＜ 1, which 

means that this individual did not have any potential risk inducted by exposure to 

mixtures. 

The participants in group IIIA are the participants whose HI ＞ 1, HQm ＜ 1 

and MCR ＜ 2, which means that this individual had potential risk driven by a 

single chemical, but may have been missed when assess risks using single 

chemicals. 

The participants in group IIIB are the participants whose HI ＞ 1, HQm ＜ 1 

and MCR ≥ 2, which means that this individual had potential risk produced by 

co-exposure to mixtures. 

3.2.7 Statistical analysis 

Median, geometric mean (GM) with 95% CI and percentiles were calculated on 

volume-based. Undetectable concentration was assigned a value of LOD/√2.177 As 

analytes did not normally distribute, data was logarithmic transformed for further 

statistical analysis. Statistical analyses were performed only for analytes with 

detectable concentrations in ≥ 50% of samples. Bisphenol concentrations (∑BPs) 

were obtained by summing molar concentrations of BPA, BPS and BPF. 

Concentrations of DEHP, low molecular weight PAEs (LMWPAEs), high 
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molecular weight PAEs (HMWPAEs), and total concentrations of eight PAEs 

(PAEs) were calculated by summing molar concentrations of the metabolites of 

DEHP (MEHP, MECPP, MEHHP, and MEOHP), the metabolites of LMWPAEs 

(MEP, MiBP and MnBP), the metabolites of HMWPAEs (MEHP, MEHHP, 

MEOHP, MECPP, and MBzP), and all PAE metabolites analyzed in this study, 

respectively. Spearman’s rank correlation was applied to examine the possible 

relationships between urinary EDCs in different trimesters. The non-parametric 

Mann-Whitney U test was applied to examine the changes in urinary 

concentration of analysts between each gestation period. We calculated the 

intraclass correlation coefficients (ICC) and their 95% confidence intervals (95% 

CIs) to examine the within-person reproducibility of urinary concentrations of 

analytes across visits. We defined ICC below 0.40 as poor reproducibility, 0.40 to 

0.75 as moderate, and above 0.75 as high.178  

Ratio of MEHP/DEHP was the molar concentration ratio of MEHP to DEHP. 

MECPP/MEHHP was the mass concentration ratio of MECPP to MEHHP. In 

orader to investigate the exposure patterns to mixtures over three trimesters, the 

portions of participants, who were exposed to the mixtures of five phthalates at 

single trimester or those who were exposed to one phthalate over three trimesters, 

were evaluated at above 25th, 50th and 75th percentiles of concentrations. 

Participants were grouped into four ranges of HI: < 25th, 25th - 50th, > 75th and > 

95th percentile, to profile the exposure patterns of three bisphenols in different 

health risk groups. 

Linear mixed models (LMM) were used to compare the differences of target 

compound concentrations in categories of sampling seasons, parity, education 

levels, income, pre-pregnancy body mass index (BMI), maternal age, delivery 
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way, pregnancy planning, computer time, and gestational weeks. Multivariate 

regression models were applied to investigate differences of HI values related to 

maternal age, household income, and gravida, by dividing the population into 

different groups. Geometric mean (GM) with 95 confidence intervals (95%CI) of 

HI values was calculated. To investigate the driven factors of health risks, the 

frequency of participants had potential health risks was calculated by dividing the 

number of participants with HI > 1 into number of participants in the categorized 

group. The difference in frequency between groups was obtained using a 

Chi-square test.  

We performed all the statistical analyses using IBM SPSS Statistics for 

Windows, version 18.0 (IBM Corp., Armonk, NY, USA) and MetaboAnalyst 3.0. 

All associations and differences were considered statistically significant if p-value 

was less than 0.05. 

3.3 Results and discussion 

3.3.1 General characteristics of participants 

The selected characteristics of participants are shown in Table 3.2. Participants 

were divided into three groups by ages: younger than 25 years old (7.2%), 25 to 

29 (59.7%), and older than 30 (33.1%). About 647 (68.4%) participants had 

normal weight (pre-pregnancy BMI between 18.5 and 23.9 kg/m2), 173 (18.3%) 

were underweight (< 18.5 kg/m2), and 126 (13.3%) were overweight (≥ 24 kg/m2). 

According to education levels, we divided participants into three groups: below 

high school (5.6%), high school (15.4%) and above high school (79.0%). No 

mother reported smoking tobacco or drinking alcohol after conception according 

to the questionnaire. The majority of the mothers were employed (59.0%). About 

181 (19.1%), 351 (37.1%), and 411 (43.4%) of participants were from families 
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with household income below 50,000, 50,000 - 100,000, and above 100,000 

Chinese Yuan per year. Almost 85.8% got pregnant for the first time, 72.7% 

deliberately got pregnant, and 17.9% reported limited use of computers during 

pregnancy. Among the fetuses, 43.3% was female. The majority (60.9%) of babies 

were born via cesarean section. Nearly 12.6%, 38.6%, and 48.8% got inadequate, 

recommended, and excessive gestational weight gain. About 27.1%, 23.1%, 

23.3% and 26.5% of 2838 samples were collected in spring, summer, autumn, and 

winter, respectively. 
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Table 3.2 Selected socio-demographic characteristics in the studya 

Variables   Mean±SD or n (%) 

Education levels 

  Less than high school 53 (5.6) 

High school 146 (15.4) 

Above high school 747 (79.0) 

Parity 

  Primiparous 

 

812 (85.8) 

Multiparous 

 

134 (14.2) 

Household income (Yuan per year) 

  <5,0000 

 

181 (19.1) 

5,0000-10,0000  351 (37.1) 

≥10,0000 

 

411 (43.4) 

Missing value   3 (0.3) 

Gestational weight gain   

Inadequate  119 (12.6) 

Recommended  365 (38.6) 

Excessive  462 (48.8) 

Delivery    

Natural labor/ vaginal  370 (39.1) 

Caesarean   576 (60.9) 

Became pregnant   

On purpose  688 (72.7) 

By accident  258 (27.3) 

Computer (hours per day)   

Limited use (<1)  169 (17.9) 

Normal use (≥1)  777 (82.1) 

Infant gender 

Female  410 (43.3) 

Male  536 (56.7) 

 

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), 

and were published on the paper Environ. Pollut. 2019 (251): 137-145. 
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3.3.2 Exposure assessment of phthalates 

3.3.2.1 Exposure levels of phthalate metabolites 

Detection rates and distributions of concentrations in 25th, 50th (median) and 75th 

percentiles are presented in Table 3.3. Detection rates of MEP (T1-T3: 

98.3-98.5%), MECPP (T1-T3: 99.3-99.6%), MEHHP (T1-T3: 99.4-99.5%), 

MEOHP (T1-T3: 99.4-99.5%), MiBP (T1-T3: 90.4-93.8%), and MnBP (T1-T3: 

96.5-98.0%) were all above 90%. MEHP (T1-T3: 87.2-91.4%) and MBzP (T1-T3: 

57.1-68.7%) were also detected in over 50% of analyzed samples. The high 

detection frequency indicated the ubiquitous exposures to phthalates among 

pregnant women in Wuhan, China. 

The highest geometric mean of SG-adjusted concentration was MnBP (42.11 

ng/mL), followed by MECPP (9.01 ng/mL), MEP (9.19 ng/mL), MEHHP (5.68 

ng/mL), MEOHP (4.49 ng/mL), and MEHP (1.65 ng/mL). Median concentrations 

(ng/mL) of phthalate metabolites were listed as follows forming a U-shaped curve: 

MEP (T1: 10.63; T2: 7.27; T3: 8.05), MECPP (T1: 10.16; T2: 7.58; T3: 9.09), 

MEHHP (T1: 6.74; T2: 4.57; T3: 5.69), MEOHP (T1: 5.22; T2: 3.92; T3: 4.62), 

MiBP (T1: 18.32; T2: 12.05; T3: 14.94), MnBP (T1: 52.83; T2: 37.27; T3: 54.72), 

MBzP (T1: 0.097; T2: 0.060; T3: 0.074) and MEHP (T1: 3.03; T2: 2.00; T3: 

2.12). 
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Table 3.3 Descriptive analysis of urinary concentrations of phthalate metabolites 

among participants over three trimesters 

Analyte Trimester /  >LOD  GM (95%CI) Median 

Selected 

percentiles 

      (%)   50th 25th 75th 

MEP T1 Unadjusted 98.3 9.62 ( 8.70, 10.64) 10.14 4.08 24.07 

  

SG-adjusted 11.15 (10.17, 12.22) 10.63 5.52 23.35 

 

T2 Unadjusted 98.5 7.08 (6.44,7.79) 6.72 3.09 17.47 

  

SG-adjusted 8.16 (7.49, 8.89) 7.27 3.80 18.62 

 

T3 Unadjusted 98.4 7.26 (6.58, 8.00) 6.79 2.86 19.55 

  

SG-adjusted 8.52 (7.80, 9.31) 8.05 4.00 18.98 

 

Overall Unadjusted 7.91 (7.47,8.37) 7.62 3.24 20.06 

  

SG-adjusted 9.19 (8.73,9.67) 8.61 4.34 20.26 

MECPP T1 Unadjusted 99.4 9.04 (8.35, 9.78) 9.54 4.50 19.35 

  

SG-adjusted 10.47 (9.79, 11.20) 10.16 6.25 17.85 

 

T2 Unadjusted 99.6 6.83 (6.34, 7.37) 6.74 3.29 13.25 

  

SG-adjusted 7.88 (7.39, 8.40) 7.58 4.61 12.54 

 

T3 Unadjusted 99.3 7.56 (7.02, 8.15) 8.19 3.69 15.24 

  

SG-adjusted 8.88 (8.33, 9.45) 9.09 5.70 14.41 

 

Overall Unadjusted 7.76 (7.42,8.11) 8.12 3.76 16.02 

  

SG-adjusted 9.01 (8.68,9.36) 8.81 5.31 14.84 

MEHHP T1 Unadjusted 99.5 6.09 (5.63, 6.60) 6.33 2.90 13.10 

  

SG-adjusted 7.06 (6.61, 7.54) 6.74 4.00 12.22 

 

T2 Unadjusted 99.5 4.08 (3.78, 4.41) 4.19 1.88 8.56 

  

SG-adjusted 4.70 (4.40, 5.02) 4.57 2.45 7.98 
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T3 Unadjusted 99.4 4.70 (4.37, 5.05) 4.93 2.40 9.76 

  

SG-adjusted 5.52 (5.20, 5.86) 5.69 3.40 9.03 

 

Overall Unadjusted 4.89 (4.68,5.11) 5.05 2.35 10.34 

  

SG-adjusted 5.68 (5.47,5.90) 5.75 3.25 9.49 

MEOHP T1 Unadjusted 99.5 4.52 (4.18, 4.89) 4.72 2.16 9.68 

  

SG-adjusted 5.24 (4.90, 5.60) 5.22 2.97 9.22 

 

T2 Unadjusted 99.5 3.30 (3.05, 3.57) 3.40 1.48 6.96 

  

SG-adjusted 3.81 (3.56, 4.07) 3.92 2.04 6.39 

 

T3 Unadjusted 99.4 3.86 (3.59, 4.15) 4.03 1.88 8.08 

  

SG-adjusted 4.53 (4.26, 4.81) 4.62 2.82 7.42 

 

Overall Unadjusted 3.86 (3.69,4.04) 3.99 1.82 8.18 

  

SG-adjusted 4.49 (4.32,4.66) 4.59 2.57 7.60 

MiBP T1 Unadjusted 93.8 11.21 (9.83, 12.79) 16.20 7.26 36.66 

  

SG-adjusted 12.99 (11.49, 14.68) 18.32 9.70 35.70 

 

T2 Unadjusted 90.4 6.41 (5.53, 7.44) 10.57 4.04 23.89 

  

SG-adjusted 7.39 (6.44, 8.49) 12.05 5.26 24.26 

 

T3 Unadjusted 91.2 8.00 (6.90, 9.27) 12.84 4.93 28.80 

  

SG-adjusted 9.39 (8.20, 10.75) 14.94 6.81 29.18 

 

Overall Unadjusted 8.32 (7.66,9.03) 13.08 5.11 29.50 

  

SG-adjusted 9.66 (8.95,10.43) 15.12 7.02 29.98 

MnBP T1 Unadjusted 98.0 43.46 (38.75, 48.73) 49.30 18.86 125.14 

  

SG-adjusted 50.36 (45.37, 55.90) 52.83 23.69 130.41 

 

T2 Unadjusted 96.5 26.74 (23.46, 30.47) 32.74 11.12 93.34 

  

SG-adjusted 30.83 (27.37, 34.71) 37.27 14.41 93.76 

 

T3 Unadjusted 97.3 41.00 (36.16, 46.49) 46.34 16.55 140.46 
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SG-adjusted 48.12 (42.95, 53.92) 54.72 22.57 143.60 

 

Overall Unadjusted 36.25 (33.74,38.95) 41.79 14.91 120.83 

  

SG-adjusted 42.11 (39.45,44.96) 48.09 20.01 121.91 

MBzP T1 Unadjusted 68.7 0.088 (0.081, 0.097) 0.085 <LOD 0.22 

  

SG-adjusted 0.102 (0.094, 0.11) 0.097 <LOD 0.23 

 

T2 Unadjusted 57.1 0.057 (0.052, 0.062) 0.052 <LOD 0.13 

  

SG-adjusted 0.066 (0.061, 0.071) 0.060 <LOD 0.13 

 

T3 Unadjusted 61.7 0.065 (0.06, 0.071) 0.060 <LOD 0.15 

  

SG-adjusted 0.077 (0.071, 0.083) 0.074 <LOD  0.15 

 

Overall Unadjusted 0.069 (0.067,0.073) 0.063 <LOD 0.17 

  

SG-adjusted 0.080 (0.077,0.084) 0.076 <LOD 0.17 

MEHP T1 Unadjusted 91.4 1.93 (1.71, 2.19) 2.71 0.97 6.47 

  

SG-adjusted 2.24 (2.00, 2.51) 3.03 1.21 6.10 

 

T2 Unadjusted 88.3 1.24 (1.24, 1.41) 1.85 0.66 4.45 

  

SG-adjusted 1.43 (1.27, 1.61) 2.00 0.83 4.41 

 

T3 Unadjusted 87.2 1.20 (1.05, 1.37) 1.87 0.62 4.49 

  

SG-adjusted 1.41 (1.24, 1.59) 2.12 0.81 4.45 

 

Overall Unadjusted 1.42 (1.32,1.53) 2.11 0.73 5.04 

    SG-adjusted 1.65 (1.54,1.77) 2.36 0.92 5.02 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester; LOD, 

limit of detection; GM, geometric mean; CI, confidence interval. 
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Comparisons of urinary concentrations of phthalate metabolites in this work 

and previous works are shown in Figure 3.1. Median urinary concentrations 

(unadjusted) of phthalate metabolites in this study were also comparable with 

those reported from previous studies among the Chinese population.66, 162 

However, the exposure levels of phthalates found in the present study were 

inconsistent with the results reported in the international cohorts. MEP had the 

highest urinary concentrations amongst pregnant women in Denmark,56 Puerto 

Rico,57 Greece,58 the United States,60 Spain61 and France.62 However, MnBP was 

found to be the predominant phthalate metabolite in Asian regions, such as 

Japan,63 Taiwan,179 Anhui66 and Wuhan.162 Exposure patterns of phthalate 

metabolites varied across different population groups, which may result from the 

variations in dietary habits, usage of phthalates-containing products, geographic 

environment and legislative actions across different countries.180 Although the 

previous studies reported that the phthalate levels varied by regions, similar 

exposure patterns were observed among Chinese pregnant women on the basis of 

urinary consent traction (internal exposure). Since no information on external 

exposure was collected in the present work: food preference (diet), living 

environment (air and dust), personal care product usage, human activities and 

other exposure routes (medical care and pharmaceuticals), the particular exposure 

routes for the pregnant women living in Wuhan cannot be identified. In response 

to recent regulations on the application of DEHP, DBP and BBzP in consumer 

products, some substitutes, such as 1,2-Cyclohexane dicarboxylic acid diisononyl 

ester (DINCH) and diethyl-hydroxylamine (DEHA), were employed as 

non-phthalate plasticizer in toys, food packaging, and medical devices.181 Exposure 

levels of phthalates have diminished in recent years.182 
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Figure 3.1 Comparisons of urinary concentrations of phthalate metabolites in this 

work and previous works  
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3.3.2.2 Evaluation of exposure levels at three visits 

Concentration distributions of phthalate metabolites demonstrated U-shaped 

trends over three trimesters (Figure 3.2). The concentrations of all phthalate 

metabolites decreased in the early pregnancy (from T1 to T2), and increased in the 

late pregnancy (from T2 to T3). Statistically significant differences were achieved 

for MEHHP, MECPP, MEOHP, MiBP and MBzP (Table 3.4). The variations of 

individual phthalate metabolites, molar concentrations of HWMPAEs, 

LWMPAEs, DEHP and PAEs also demonstrated U-shaped trends and reached 

statistical differences between T1 and T2, T2 and T3. 

 

 

Figure 3.2 Distributions of urinary concentrations of targeted compounds 

(A) Unadjusted concentrations of phthalate metabolites, (B) SG-adjusted 

concentrations of phthalate metabolites. 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester.



66 
 

Table 3.4 Median of concentrations of phthalate metabolites (ng/mL), molar concentrations (nmol/mL) of parent compounds, and 

ratios of DEHP in different trimesters 

  MEP MECPP MEHHP MEOHP MiBP MnBP MBzP MEHP DEHP 

LWM 

PAEs 

HMW 

PAEs PAEs 

MEHP 

/DEHP 

MECPP 

/MEHHP  

T1 10.63** 10.16** 6.74** 5.22** 18.32** 52.83** 0.097** 3.03** 0.09** 0.46** 0.09** 0.62** 0.12 1.45* 

T2 7.27 7.58## 4.57## 3.92## 12.05## 37.27## 0.060## 2.00 0.06## 0.31## 0.06## 0.42# 0.11## 1.60# 

T3 8.05$$ 9.09$$ 5.69$$ 4.62$$ 14.94$$ 54.72 0.074$$ 2.12$$ 0.08$$ 0.45 0.08$$ 0.56$$ 0.10$$ 1.54 

Note: LMWPAEs, low molecular weight phthalate; HMWPAEs, high molecular weight phthalate; PAEs, all targeted phthalate 

metabolites; T1, first trimester; T2, second trimester; T3, third trimester. 

Related-Samples Wilcoxon Signed Rank test p < 0.05(*), p < 0.01(**) represent significant differences for T1 and T2; p < 0.05(#), p 

< 0.01(##) represent significant differences for T2 and T3; p < 0.05($), p < 0.01($$) represent significant differences for T1 and T3. 
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MEHP/DEHP values showed a significantly declining trend with increasing 

gestational period (T1:0.12; T2: 0.11; T3: 0.10), which suggested that the 

metabolic efficiency to DEHP decreased during pregnancy. Because MEHP is 

bioactive, MEHP/DEHP could be calculated to represent the individual relative 

ability to form more hydrophilic and less oxidative metabolites of DEHP.183 

MECPP/MEHHP represented the U-shaped trend (T1:1.45, T2:1.60, T3:1.54) 

(Table 3.4), which suggested less recent exposure occurred in the mid-pregnancy. 

For the shorter half-life of MEHHP compared with MECPP, MECPP/MEHHP 

can be applied as an indicator to evaluate the exposure timing of DEHP, and 

higher (lower) ratio presented less (more) recent DEHP exposure.184  

The changes in the percentage of the individual in total molar concentrations 

suggested the inconsistent exposure pattern throughout the whole pregnancy 

(Figure 3.3). Compared with percentage profiles in the other two trimesters, the 

third trimester had the highest proportion of MnBP (DnBP), whereas the lowest 

percentage of other analyzed phthalates. The percentage of MEP significantly 

decreased from 16.7% (T1) or 17.3% (T2) to 14.9% (T3) (Table 3.5). The 

proportion of MnBP, which dominated the profiles of total phthalates, increased 

from 46.4% (T1) or 45.5% (T2) to 50.7% (T3). The percentage of oxidative 

metabolites of DEHP (MEHHP, MEOHP and MECPP) decreased from T2 (5.3%, 

4.3% and 8.8%, respectively) to T3 (4.7%, 3.8% and 7.6%, respectively). For the 

similarity of DiBP (MiBP) and DnBP (MnBP) in the application properties, the 

percentages of MiBP and MnBP were combined together, and they varied from 

62.5% (T1) to 61% (T2) then 65.7% (T3). The variations of DEP (personal care 

products), DEHP (plasticizers in medical device and building material), DiBP and 

DnBP (plasticizers in consumer articles) might result from the difference of 
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individual application of phthalate-containing personal care products and diverse 

lifestyles during gestation. 

 

 

Figure 3.3 Variations of percentages of the individual in total phthalate molar 

concentrations over three trimesters.  

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester. 

 

Table 3.5 A paired t-test of percentage in molecular concentrations of total 

phthalates metabolites 

 

MEP MiBP MnBP MBzP MECPP MEHHP MEOHP MEHP 

T1vs.T2 0.371 0.161 0.284 0.841 0.002 0.455 0.094 0.793 

T2vs.T3 <0.001 0.202 <0.001 0.483 <0.001 0.001 0.001 0.909 

T1vs.T3 0.005 0.011 <0.001 0.348 0.235 <0.001 0.141 0.909 

Note: T1, first trimester; T2, second trimester; T3, third trimester. 
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3.3.2.3 Within-person variability and correlations of biomarkers between 

study visits 

The within-woman variations (ICC) for measurements of urinary concentrations 

of phthalate metabolites among three trimesters indicated the reproducibility of 

phthalate metabolites were low to moderate (ICC values from 0.19 to 0.75) (Table 

3.6). The highest ICC was noted for MEOHP (0.75), followed by MECPP (0.59). 

The lowest ICC was observed for MEHHP (ICC = 0.19), which may result from 

its shorter elimination half-life (below 10 hours) compared with the other two 

oxidative metabolites (10 - 15 hours). When we analyzed crude concentrations, 

ICCs for all phthalate metabolites were slightly lower than those of SG-adjusted 

concentrations, with the exception of MiBP and MnBP. MiBP, MnBP and MBzP 

demonstrated considerable within-women variations with ICCs < 0.38. MEP (ICC 

= 0.44), MEHP/DEHP (ICC = 0.60) and DEHP (ICC = 0.63) were more stable 

across the study periods. 

Spearman’s correlation coefficients between visits (13.1 ± 1.2, 23.7 ± 3.3, and 

35.9 ± 3.4 weeks’ gestation) for phthalate metabolites were significant (p < 0.001) 

but weak (r: 0.18 - 0.38) (Table 3.6). The correlation coefficients of T1 and T2, 

T2 and T3 were found higher than that of T1 and T3. The coefficients of DEHP 

concentrations between T1 and T2 (10.6 weeks’ intervals) were relatively higher 

correlated than T2 and T3 (12.3 weeks’ intervals), which may be caused by the 

shorter time intervals. Conversely, the ICC of LWMPAE metabolites between T1 

and T2 were lower than T2 and T3, which suggested that the low molar weight 

phthalate metabolites were less stable in the early gestation period. 
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Table 3.6 Interclass correlation coefficients (ICCs) and 95% confidence intervals 

(95%CIs) and Spearmen’s correlation coefficients (SCC) for concentrations of 

urinary phthalate metabolites 

  Unadjusted SG-adjusted 
 Correlations between  

each visit 

  ICC  95% CI ICC 95% CI T1 and T2 T2 and T3 T1 and T3 

MEP 0.329 (0.288,0.370) 0.340 (0.299,0.381) 0.349 0.351 0.291 

MECPP 0.194 (0.153,0.236) 0.210 (0.169,0.252) 0.233 0.191 0.166 

MEHHP 0.178 (0.137,0.220) 0.164 (0.124,0.206) 0.231 0.183 0.144 

MEOHP 0.211 (0.170,0.253) 0.216 (0.175,0.258) 0.241 0.194 0.146 

MiBP 0.428 (0.389,0.467) 0.443 (0.405,0.482) 0.306 0.307 0.276 

MnBP 0.253 (0.212,0.295) 0.244 (0.203,0.286) 0.352 0.381 0.272 

MBzP 0.314 (0.273,0.356) 0.306 (0.265,0.347) 0.357 0.365 0.275 

MEHP 0.301 (0.260,0.342) 0.316 (0.275,0.357) 0.346 0.328 0.260 

MEHP/ 

DEHP 
0.596 (0.549, 0.639) 0.597 (0.550,0.639) 0.452 0.429 0.414 

MECPP/ 

MEHHP 
0.312 (0.271,0.353) 0.312 (0.271,0.353) 0.417 0.419 0.393 

DEHP 0.465 (0.403,0.521) 0.565 (0.515,0.611) 0.238 0.201 0.141 

LMWPAEs 0.270 (0.185, 0.347) 0.199 (0.107,0.284) 0.354 0.336 0.002 

HMWPAEs 0.465 (0.402, 0.521) 0.566 (0.515,0.612) 0.242 0.201 0.144 

PAEs 0.451 (0.386, 0.508) 0.485 (0.425,0.539)  0.336 0.295 0.001 
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3.3.2.4 Exposure to percentiles of phthalates 

Figure 3.4 shows the percentages of participants who were exposed to one or five 

phthalates at one or over three trimesters above 25th, 50th, and 75th percentile 

levels. Figure 3.4 A demonstrates that lower than 11.5% of participants were 

exposed to above 75th percentile concentrations of one specific phthalate over 

three trimesters. About 50% were exposed to higher than 25th percentile 

concentrations based on a single phthalate at all studied trimesters. Figure 3.4 B 

shows that about 1.1%, 1.7% and 1.8% of participants were exposed to higher 

than 75th percentile concentrations of five phthalates at the first, second and third 

trimester. 
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Figure 3.4 Percentages of participants who were exposed to one or five phthalates 

at one or over three trimesters above 25th, 50th, and 75th percentile levels. 

(A) Based on specific phthalate; (B) Based on specific trimester  

Note: TI, the first trimester; T2, the second trimester; T3: the third trimester. 
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Correlation coefficients of five phthalates (Table 3.7) demonstrate that DiBP 

and DnBP were moderately correlated (r: 0.555, p < 0.01). The correlations 

among other targeted phthalates were low (r < 0.4), although significant (p < 

0.01). 

 

Table 3.7 Correlations of phthalates 

 

DEP DiBP DnBP DEHP BBzP 

DEP 1 

    DiBP 0.258** 1 

   DnBP 0.231** 0.555** 1 

  DEHP 0.254** 0.366** 0.321** 1 

 BBzP 0.202** 0.364** 0.332** 0.387** 1 

Note: **p value < 0.01 
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3.3.2.5 Health risk assessments of phthalates 

Table 3.8 shows the cumulative health risks for phthalates among 946 women. 

Nearly 24.9% (n = 234) of participants were at potential health risks induced by 

the exposure to phthalates. The 95th percentile of HQ for DnBP was 2.1183. In this 

work, we found exposure to phthalates was prevalent among Chinese pregnant 

women, where phthalate metabolites were detected in over 62% of the samples. 

MnBP was the dominant compound with the highest molar concentration (0.217 

nmol/mL). Except moderate correlation between DiBP and DnBP, other phthalates 

were low-correlated (r < 0.4, p < 0.01). About 24.9% of participants were at risk 

produced by exposure to phthalates, and HQ of DnBP was the first order of five 

phthalates. Both DnBP and DEHP contributed to the max HQ of HI. Among the 

participants, 165 were at the group I, including 148 had risks driven by DnBP and 

17 by DEHP, and 69 were at group IIIA, including 54 was at risks produced by 

DnBP and 17 by DEHP, which may be missed when health risk assessments of 

one single phthalates. 

DiBP and DnBP are moderately correlated for their combined application in the 

manufacturing cosmetics and nail polish.185 Other phthalates demonstrated low 

correlations due to their various applications and exposure routes. DEP, a low 

molecular weight phthalate, is commonly used in scented products.186 The most 

common exposure route is dermal contact.185 DEHP, a high molecular weight 

phthalate, is mainly used as plasticizers in PVC materials.187 The main exposure 

route is considered as ingestion.185 

On the specific trimester, 36.5% - 39.3% of the participants were co-exposed to 

above the 25th percentiles for five phthalates, 11.5% - 12.6% were above the 50th, 

and only 1.1% - 1.8% were above 75th. Over three trimesters, 3.1% - 11.5% of 
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participants were exposed to above 75th percentiles for one specific phthalate, 

while 49.2% - 63.5% of urine levels were above 25th percentiles. The above 

exposure patterns to multiple phthalates throughout pregnancy indicated that most 

commonly occurring exposure in the study population was low levels of 

phthalates, which was consistent with the previous study reported by Gao et al.66 

and Qian et al.80 

This is the first study to investigate cumulative health risks of exposure to 

multiple phthalates using HQ, HI and MCR approach among Chinese pregnant 

women. About the cumulative health risks, 24.9% of participants had potential 

health risks with HI > 1, which was higher than that (16.3%) reported on pregnant 

Chinese women.188 DnBP was the most abundant chemical producing HI (Median 

HQ: 0.6063), followed by DEHP (Median HQ: 0.1803). 165 participants were at 

risk induced by exposure to single phthalates, including 148, whose health risks 

driven by exposure to DnBP, and 17, whose risks produced by DEHP. 69 

participants were at potential risks, which may be missed due to the HQ of 

individual phthalates less than 1. The above results suggest that most participants 

have cumulative health risks induced by relatively high exposure levels of one 

specific phthalate (DEHP or DnBP). Consistent with our results, Reyes et al. 

(2017) and Qian et al. (2015) reported that the most common risks occurred in 

those whose exposure was driven by one phthalate.74, 80  

MCR values were observed inversely associated with HI in the following 

equation: Log10(MCR - 1) = -2.1684log10(HI) + 0.073, which is consistent with 

previous study.74 The inverse relationship between MCR and HI indicated that the 

cumulative health risks were driven by one phthalate, the most abundant 

phthalates. The elevated portion of DnBP was found in higher HI percentiles, 
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which suggested that the greatest health hazards were driven by DnBP. The 

dominating phthalates varied by study design, population, geological regions and 

years. Qian et al. (2015) found DEHP was the dominant contributor of hazards, 

and Reyes et al. (2017) observed that hazard was mainly driven by diisononyl 

phthalate (DINP). As reported by Reyes et al. (2018), the exposure pattern varied 

over time due to the regulation on the application of phthalate, from DnBP 

(2005-2006) to DEHP (2009-2010).189 In the future, regulatory action should be 

taken to limit the application and production of DnBP and DEHP, especially 

DnBP. 

 

Table 3.8 Cumulative health risks for five phthalates among participants 

 Hazard quotient 

 

Median 25th  75th  95th  Maximum N>1(%) 

DEP 0.0011 0.0005 0.0022 0.0075 0.040 

 DiBP 0.0012 0.0004 0.0013 0.0034 0.061 

 DnBP 0.6063 0.1533 0.6764 2.1183 55.182 

 DEHP 0.1803 0.0939 0.2646 0.6494 74.462 

 BBzP 0.0000 0.0000 0.0000 0.0001 0.002 

 Hazard Index 0.5502 0.2957 0.9917 2.6510 129.706 234 (24.9) 
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Table 3.9 represents the frequency of one specific phthalate producing the max 

HQ in the co-exposures to five phthalates among 946 participants. Participants 

were categorized into four groups according to the description of HI, max HQ and 

MCR in Section 3.2.6. DEP, DiBP, BBzP did not produce max HQ for any 

participants. About 165, 712, and 69 participants were in groups I, II, and IIIA, 

respectively. Nearly 148 (group I) and 54 (group IIIA) individuals were at 

potential health risks driven by DnBP, while 17 (group I) and 15 (group IIIA) 

individuals were at risk driven by DEHP. The majority of participants were not at 

minimal risks with HI values below 1. 

 

Table 3.9 Number of five phthalates producing maximum hazard quotient (max 

HQ) for participants in groups 

  I II IIIA IIIB Total 

DEP 0 0 0 0 0 

DiBP 0 0 0 0 0 

DnBP 148 504 54 0 706 

DEHP 17 208 15 0 240 

BBzP 0 0 0 0 0 

Total 165 712 69 0 946 

Note: Criteria of Group I, II, IIIA and IIIB have been stated in Section 3.2.6. 
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Figure 3.5 shows the percent contributions of HQ from individual phthalate to 

HI in five groups presented by percentiles of HI values. At the blow 25th 

percentile of HI, HQ of DEHP and DnBP contributed to 46.5% and 52.6%, 

individually. While, at the above 95th percentile of HI, the hazard was dominated 

by DnBP (82.9%). The increasing trends of DnBP were observed as HI levels rose 

up. 

 

 

Figure 3.5 Percentage contributions of HQ from individual phthalates to HI in five 

groups presented by percentiles of HI values 

Note: HI, hazard index; HQ, hazard quotient. 
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3.3.2.6 Demographic factors associated with phthalate levels and indicators 

Since exposure levels and metabolisms of phthalates might have some 

relationships with demographic factors, levels of phthalate metabolites, DEHP, 

LMWPAEs, HMWPAEs, PAEs, MEHP/DEHP and MECPP/MEHHP, were 

assessed in stratified sampling variables, socioeconomic status and maternal 

factors (Table 3.10 - 3.11).  

A positive relationship was observed between the concentrations of some 

phthalate metabolites/phthalates and education levels, which reached strong 

differences in MEP, MECPP, MEHHP, MEOHP, MBzP and DEHP. The elevated 

concentration of DEHP was found in the women who were employed. Exposure 

levels of MnBP were significantly higher in women with lower household 

incomes (< 50,000 Yuan per year). Lower exposure levels of DEHP and 

HMWPAEs were observed in participants who intentionally got pregnant or those 

who gave birth via cesarean section. No significant differences were found in the 

stratified sections of parity (primiparous or multiparous). Women who limited use 

computers had higher exposure levels of MEHP and MEOHP, and a greater ratio 

of MEHHP/MECPP. Mothers who gave birth to girls had lower MEHHP/MECPP 

ratios than those that were delivered of boys. Younger mothers tended to have 

higher MEHP/DEHP ratios.     

With the expectation of MEHP, all analytes were significantly heavier in 

summer and autumn. Likewise, the suggestive higher exposure levels of 

LMWPAEs, HMWPAEs, DEHP and PAEs were noted from spring to fall. Aiming 

to reduce the exposure to phthalates, we investigated the exposure-related factors 

with analyzed biomarkers. The elevated exposure levels of PAEs were noted in 

summer and autumn and reached statistical significance for all analytes except for 
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MEHP. Consistent with the results of Gao et al. (2017), urinary concentrations of 

phthalate metabolites were found to be associated with sampling seasons, and 

exposure levels of phthalates were heavier in summer. Elevated molar 

concentrations of HMWPAEs, LMWPAEs, DEHP and PAEs were also observed 

in spring, summer, and autumn. As for LMWPAEs, a previous study hypothesized 

that season-dependent variation of phthalate concentrations might result from 

changes in the use of skincare products and the time spent indoors. 66  
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Table 3.10 Associations between urinary concentrations of phthalate metabolites and exposure-related factors 

Variables a β estimates and 95% confidence intervals         

 

MEP MECPP MEHHP MEOHP MiBP MnBP MBzP MEHP 

Sampling season (N=2838) 

      Spring 0.105 0.057 0.044 0.051 0.202 0.42 0.107 -0.055 

 
(-0.028,0.237) (-0.045,0.159) (-0.060,0.149) (-0.052,0.154) (0.016,0.389) (0.250,0.589) (-0.014,0.229) (-0.241,0.131) 

Summer 0.326 0.142 0.122 0.157 0.649 1.067 0.417 0.049 

 
(0.189,0.463) (0.036,0.248) (0.015,0.230) (0.051,0.263) (0.462,0.837) (0.893,1.241) (0.292,0.542) (-0.141,0.238) 

Autumn 0.177 0.149 0.147 0.158 0.699 0.943 0.37 0.106 

 
(0.043,0.312) (0.045,0.254) (0.039,0.255) (0.053,0.264) (0.513,0.884) (0.777,1.110) (0.245,0.494) (-0.081,0.293) 

Winter Reference 

       Maternal age 

       <25 0.077 0.105 0.081 0.109 -0.045 -0.101 -0.098 0.284 

 
(-0.171,0.324) (-0.063,0.272) (-0.079,0.240) (-0.059,0.277) (-0.437,0.347) (-0.393,0.190) (-0.315,0.119) (-0.054,0.622) 

25-29 -0.025 -0.054 -0.034 -0.03 -0.028 0.072 -0.164 -0.001 

 

(-0.195,0.145) (-0.169,0.061) (-0.143,0.076) (-0.145,0.085) (-0.298,0.242) (-0.129,0.272) (-0.313,-0.015) (-0.233,0.232) 

＞30 Reference 

       Pre-pregnancy BMI (kg/m2) 
      Underweight 

(<18.5) -0.141 0.025 -0.036 0.034 -0.183 -0.027 -0.061 0.164 

 
(-0.399,0.117) (-0.149,0.200) (-0.203,0.130) (-0.141,0.208) (-0.592,0.226) (-0.332,0.277) (-0.288,0.165) (-0.189,0.517) 

Normal 

(18.5-23.9) -0.156 -0.027 -0.023 -0.008 -0.34 -0.111 -0.175 0.08 

 

(-0.370,0.058) (-0.171,0.118) (-0.160,0.115) (-0.153,0.137) (-0.679,-0.001) (-0.363,0.142) (-0.362,0.012) (-0.212,0.372) 

Overweight 
(≥24) Reference 

       Education 
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Less than high 

school -0.514 -0.316 -0.336 -0.344 0.003 -0.023 -0.139 -0.412 

 
(-0.860,-0.168) (-0.550,-0.083) (-0.559,-0.113) (-0.578,-0.109) (-0.545,0.551) (-0.431,0.385) (-0.442,0.164) (-0.884,0.060) 

High school -0.281 0.018 -0.06 -0.005 -0.147 -0.24 -0.206 -0.217 

 
(-0.500,-0.062) (-0.130,0.166) (-0.200,0.081) (-0.153,0.143) (-0.494,0.199) (-0.498,0.018) (-0.398,-0.015) (-0.516,0.081) 

College or 

higher Reference 
       Employment 
       Employed -0.115 -0.007 0.047 0.048 0.178 0.034 0.083 0.06 

 

(-0.259,0.030) (-0.105,0.091) (-0.046,0.141) (-0.050,0.146) (-0.052,0.407) (-0.137,0.204) (-0.044,0.210) (-0.138,0.258) 

Unemployed Reference 
       Parity 

         Primparous -0.162 -0.023 -0.014 0.001 0.069 0.172 0.191 0.032 

 

(-0.422,0.098) (-0.199,0.152) (-0.181,0.154) (-0.176,0.177) (-0.343,0.481) (-0.134,0.479) (-0.036,0.419) (-0.324,0.387) 

Multiparous Reference 
       Household income per year 

      <50,000 0.119 0.05 0.109 0.097 0.282 0.303 0.135 -0.024 

 

(-0.088,0.326) (-0.089,0.190) (-0.024,0.243) (-0.043,0.237) (-0.046,0.611) (0.058,0.547) (-0.047,0.316) (-0.307,0.259) 

50,000-100,000 -0.02 0.026 0.048 0.038 0.182 0.117 -0.053 -0.024 

 
(-0.176,0.135) (-0.079,0.131) (-0.053,0.148) (-0.068,0.143) (-0.065,0.428) (-0.067,0.300) (-0.189,0.083) (-0.237,0.188) 

≥100,000 Reference 

       Gestational weight gain 

      Inadequate -0.43 -0.029 0.024 0.014 -0.041 0.039 0.111 -0.154 

 
(-0.644,-0.215) (-0.175,0.117) (-0.115,0.164) (-0.132,0.16) (-0.382,0.3) (-0.217,0.294) (-0.078,0.301) (-0.446,0.138) 

Recommended Reference 

       Excessive -0.096 0.008 0.032 0.039 0.09 0.037 0.001 -0.125 

 
(-0.241,0.048) (-0.090,0.106) (-0.062,0.125) (-0.059,0.137) (-0.140,0.319) (-0.134,0.209) (-0.118,0.137) (-0.321,0.071) 

Delivery  
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Vaginal -0.069 -0.058 -0.029 -0.039 -0.224 -0.253 -0.046 -0.015 

 

(-0.215,0.077) (-0.157,0.040) (-0.122,0.065) (-0.137,0.060) (-0.455,0.007) (-0.425,-0.082) (-0.174,0.082) (-0.215,0.184) 

Caesarean  Reference 

       Became pregnant 

       On purpose -0.011 -0.097 -0.084 -0.104 0.003 -0.118 -0.133 -0.041 

 

(-0.170,0.149) (-0.205,0.010) (-0.187,0.019) (-0.212,0.004) (-0.250,0.256) (-0.306,0.070) (-0.273,0.007) (-0.259,0.177) 

By accident Reference 

       Computer  

        Limited use 0.036 0.218 0.102 0.15 -0.031 0.003 0.022 0.279 

 

(-0.186,0.257) (0.069,0.367) (-0.041,0.244) (0.000,0.300) (-0.382,0.319) (-0.257,0.264) (-0.172,0.216) (-0.023,0.582) 

Normal use Reference 

       Frequency of physical activity per week 

     None -0.413 0.094 0.138 0.103 0.255 0.095 0.057 -0.172 

 
(-0.667,-0.159) (-0.078,0.265) (-0.025,0.302) (-0.069,0.275) (-0.147,0.658) (-0.204,0.395) (-0.165,0.280) (-0.519,0.174) 

Sometimes -0.034 0.028 0.125 0.04 0.158 0.109 -0.077 -0.033 

 

(-0.233,0.165) (-0.106,0.162) (-0.003,0.253) (-0.094,0.175) (-0.157,0.473) (-0.126,0.343) (-0.251,0.097) (-0.304,0.239) 

Everyday  Reference 
       Infant gender 

        Female 0.09 -0.065 0.007 -0.007 0.11 0.069 -0.089 -0.034 

 

(-0.052,0.231) (-0.160,0.031) (-0.084,0.098) (-0.103,0.088) (-0.114,0.334) (-0.098,0.235) (-0.213,0.035) (-0.227,0.159) 

Male Reference               

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), and were published on the paper Ecotoxicol. 

Environ. Saf. 2019(184):109657; Bold font indicates p value < 0.05. 
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Table 3.11 Associations between levels of targeted biomarkers and exposure-related factors 

Variables a Variables a β estimates and 95% confidence intervals   

 

DEHP LMWPAEs HWMPAEs PAEs MECPP/MEHHP MEHP/DEHP 

Sampling season (N=2838) 

    Spring 0.038 0.251 0.035 0.252 0.085 -0.002 

 

(-0.023,0.098) (0.039,0.463) (-0.026,0.095) (-0.042,0.546) (-0.040,0.210) (-0.014,0.010) 

Summer 0.017 0.705 0.017 0.62 0.01 -0.007 

 

(-0.042,0.075) (0.477,0.934) (-0.041,0.076) (0.333,0.906) (-0.118,0.137) (-0.019,0.006) 

Autumn 0.017 0.492 0.017 0.579 -0.089 -0.002 

 

(-0.040,0.073) (0.282,0.702) (-0.039,0.073) (0.300,0.857) (-0.240,0.062) (-0.014,0.010) 

Winter 

      Maternal age 

     <25 0.056 0.14 0.056 0.211 -0.014 0.024 

 

(-0.033,0.145) (-0.167,0.447) (-0.033,0.144) (-0.258,0.680) (-0.175,0.148) (0.002,0.046) 

25-29 0.008 0.094 0.006 0.154 -0.021 0.01 

 

(-0.053,0.069) (-0.118,0.305) (-0.055,0.067) (-0.168,0.477) (-0.132,0.090) (-0.005,0.026) 

＞30 

      Pre-pregnancy BMI (kg/m2) 

    Underweight 

(<18.5) -0.06 -0.103 -0.055 -0.279 0.122 0.012 

 

(-0.153,0.033) (-0.424,0.219) (-0.147,0.038) (-0.769,0.210) (-0.046,0.291) (-0.012,0.035) 

Normal 

(18.5-23.9) -0.038 0.013 -0.036 0.001 -0.019 0.011 

 

(-0.115,0.039) (-0.252,0.277) (-0.112,0.041) (-0.405,0.406) (-0.158,0.121) (-0.008,0.031) 

Overweight (≥24) 

     Education 

      Less than high -0.129 -0.078 -0.1 -0.299 -0.077 0 
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school 

 

(-0.253,-0.005) (-0.500,0.344) (-0.222,0.021) (-0.955,0.357) (-0.302,0.149) (-0.031,0.032) 

High school -0.04 -0.121 -0.031 -0.299 -0.029 -0.006 

 

(-0.119,0.038) (-0.385,0.142) (-0.107,0.045) (-0.714,0.116) (-0.171,0.114) (-0.026,0.013) 

College or higher 

     Employment 

     Employed 0.052 0.135 0.046 0.246 0.048 0.002 

 
(0.000,0.104) (-0.044,0.315) (-0.005,0.098) (-0.029,0.521) (-0.047,0.143) (-0.011,0.015) 

Unemployed 

     Parity 

       Primparous 0.003 0.124 -0.003 0.215 -0.138 0.002 

 

(-0.090,0.097) (-0.198,0.447) (-0.096,0.090) (-0.278,0.708) (-0.307,0.031) (-0.021,0.026) 

Multiparous 

     Household income per year 

    <50,000 0.014 0.253 0.029 0.379 -0.072 -0.012 

 

(-0.060,0.089) (0.000,0.507) (-0.044,0.102) (-0.014,0.772) (-0.206,0.063) (-0.031,0.007) 

50,000-100,000 -0.019 0.058 -0.016 0.054 0.016 -0.002 

 

(-0.075,0.037) (-0.136,0.251) (-0.072,0.040) (-0.241,0.349) (-0.086,0.118) (-0.016,0.012) 

≥100,000 

      Gestational weight gain 

    Inadequate 0.03 0.112 0.03 0.053 -0.069 -0.013 

 

(-0.074,0.134) (-0.162,0.386) (-0.074,0.134) (-0.359,0.464) (-0.209,0.071) (-0.032,0.007) 

Recommended 

     Excessive 0.017 -0.095 0.017 -0.133 -0.114 -0.011 

 

(-0.053,0.086) (-0.279,0.089) (-0.053,0.087) (-0.409,0.144) (-0.209,-0.020) (-0.024,0.002) 

Delivery  

      Vaginal 0.056 0.034 0.055 0.17 0.015 -0.003 
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(0.004,0.108) (-0.147,0.215) (0.003,0.107) (-0.107,0.446) (-0.079,0.110) (-0.016,0.010) 

Caesarean 

     Became pregnant 

     On purpose -0.067 -0.061 -0.067 -0.134 -0.061 0.013 

 
(-0.124,-0.010) (-0.259,0.138) (-0.125,-0.010) (-0.437,0.168) (-0.166,0.043) (-0.001,0.028) 

By accident 

     Computer  

      Limited use -0.013 0.11 -0.009 0.111 0.176 0.004 

 

(-0.092,0.067) (-0.162,0.382) (-0.087,0.070) (-0.308,0.531) (0.032,0.320) (-0.016,0.024) 

Normal use 

     Frequency of physical activity per week 

   None -0.043 0.393 -0.046 0.524 -0.026 -0.02 

 

(-0.135,0.048) (0.075,0.710) (-0.137,0.045) (0.042,1.006) (-0.192,0.139) (-0.043,0.003) 

Sometimes -0.015 0.22 -0.017 0.336 -0.073 -0.006 

 

(-0.087,0.057) (-0.028,0.469) (-0.088,0.055) (-0.042,0.713) (-0.203,0.056) (-0.024,0.012) 

Everyday  

      Infant gender  

      Female 

      

 

-0.015 -0.052 -0.013 -0.147 -0.135 0.004 

Male (-0.066,0.035) (-0.228,0.124) (-0.064,0.038) (-0.415,0.121) (-0.227,-0.043) (-0.008,0.017) 

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), and were published on the paper Ecotoxicol. 

Environ. Saf. 2019(184):109657; Bold font indicates p value < 0.05.
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Several studies investigated the associations between specific biomarkers of 

exposure to phthalates and socioeconomic factors (education levels, employment, 

and household income), but the results were inconclusive. In this work, MEP, 

MECPP, MEHHP, MEOHP, MBzP, and DEHP were found to be positively 

correlated with education levels, which are consistent with previous studies on 

Chinese pregnant women.66, 162 The reasons may be that better-educated mothers 

tend to consume more personal care products (perfume and cosmetics) and eat 

more packaged food. However, no significant difference in MEP concentrations 

was found among education levels in Puerto Rican pregnant women,57 which may 

result from the differences in phthalate metabolism and behavior of the study 

population. It is also found in the present study that participants with lower 

household incomes had higher MnBP concentrations. In addition, elevated 

exposure levels of DEHP were found in employed women. Therefore, we 

hypothesized that the women from higher socioeconomic class may be exposed to 

fewer doses of phthalates. 

Women who got pregnant on purpose had lower exposure levels of DEHP and 

HMWPAEs. The reason may be that parents, who plan to have a baby, tend to 

make efforts to consume healthy food and pursue healthy lifestyles. Women with 

more computer usage also had higher levels of MECPP and MEOHP. Increased 

ratios of MECPP/MEHHP, however, were found in the women who reported no or 

limited use of computers probably because less recent exposure occurred in these 

participants. The results may be related to that phthalates were found in computer 

material,190 and more time spent indoors among the computer users.66 Positive 

relationships were found between the MEHP/DEHP ratios and maternal age 

suggesting that younger mothers may be more sensitive to the DEHP. Women 
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with inadequate gestational weight gain had lower MEP concentrations due to the 

fat-solubility of MEP. Decreased MECPP/MEHHP, which suggested recent 

exposure to DEHP was observed in the women with excessive gestational weight 

gain. The possible explanation was that the mothers had excessive gain weight 

consumed more food, which was the major exposure source of phthalates.187 The 

gender-specific effects of PAEs have been reported in many works.163, 191 

Decreased MECPP/MEHHP was observed in mothers who gave birth to girls but 

a similar effect was not found among mothers delivering boys. Further 

investigation is needed to better understand of detailed mechanisms behind those 

relationships. 

3.3.2.7 Demographic factors associated with HI and MCR 

Table 3.12 shows the frequency of HI > 1 and distributions of HI values among 

946 participants by stratified demographic groups. There was no significant 

difference in HI values in various groups presented by demographic factors. And 

the frequency of having HI > 1 was not driven by maternal ages, pre-pregnancy 

BMI, fetus gender, social-economic levels and so on. Although no significant 

difference was observed, participants, who had lower household income or were 

employed, had higher HI levels and higher proportions of HI >1.  
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Table 3.12 Frequency (% in the group) of participants with HI>1 and distributions 

of HI divided by demographic groups  

Groupsa Frequency (%) HI     

    Median 25th 75th 

Maternal age 

    <25 22(32) 0.67 0.35 1.22 

25-29 155(24) 0.53 0.29 0.96 

30 57(25) 0.56 0.31 0.99 

Pre-pregnancy BMI (kg/m2) 

   Underweight (<18.5) 51(29) 0.56 0.33 1.16 

Normal (18.5-23.9) 156(24) 0.56 0.30 0.97 

Overweight (≥24) 27(21) 0.49 0.27 0.89 

Education 

    Less than high school 15(28) 0.63 0.31 1.12 

High school 41(28) 0.58 0.29 1.08 

College or higher 178(24) 0.53 0.30 0.96 

Employment 

    Employed 144(26) 0.57 0.31 1.03 

Unemployed 90(23) 0.53 0.28 0.94 

Parity 

    Primparous 201(25) 0.55 0.29 0.99 

Multiparous 33(25) 0.57 0.31 0.98 

Household income per year 

   <50, 000 53(30) 0.61 0.35 1.15 

50, 000-100, 000 88(25) 0.54 0.29 0.99 

≥100, 000 93(23) 0.52 0.28 0.92 

Delivery  

    Vaginal 89(24) 0.53 0.28 0.96 

Caesarean  145(25) 0.57 0.31 1.01 

Became pregnant 

    On purpose 173(25) 0.54 0.30 1.01 

By accident 61(24) 0.58 0.30 0.94 

Infant gender  

    Female 100(25) 0.57 0.28 0.97 

Male 134(25) 0.54 0.31 1.00 

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), 

and were published on the paper Ecotoxicol. Environ. Saf. 2019(184):109657; HI, 

health index. 
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To better understand the cumulative health risks induced by exposure to 

phthalates, the combined health hazards were assessed in stratified groups. No 

significant differences in HI values and frequency (HI > 1) were observed in 

groups divided by the demographic characteristics. One previous study reported 

that children had higher HI values than adults, but in our study, the age of the 

population was in the range of 20 to 40 years old, the frequency of HI > 1 

represented no significant difference at three age groups: < 25 (32%), 25 - 29 

(24%), and > 30 years old (25%). Participants, who were employed, had a 

relatively higher frequency of HI > 1 (26%) and HI values (median: 0.57), 

indicating that phthalates from work exposures should be paid more attention. The 

negative relationship between household incomes and HI frequency and HI values, 

although not significantly, was observed, suggesting that the higher economic 

levels had lower health risks induced by exposure to phthalates. 
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3.3.3 Exposure assessment of bisphenols 

3.3.3.1 Exposure profiles of bisphenols 

The detection rates are demonstrated in Table 3.13. The detectable urinary 

concentrations of BPAF, BPAP, BPB, BPC, and BPZ were less than 50% of urine 

samples. BPF was the most ubiquitous bisphenols, whose detection rate was over 

97%, followed by BPA (> 72%) and BPS (> 63%). 

 

Table 3.13 Detection rates of bisphenols 

  T1 T2 T3 

BPAP 0.2 1.7 0.7 

BPB 1.4 1.6 1.5 

BPC 2.8 0.1 0.0 

BPZ 4.1 9.3 9.0 

BPAF 14.0 14.4 14.2 

BPS 63.2 65.4 68.0 

BPA 72.8 73.8 75.0 

BPF 97.3 97.7 98.5 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester. 

 

The distributions for unadjusted and SG-adjusted concentrations of bisphenols 

are shown in Table 3.14 and Figure 3.6 (lower than 50% data not shown). 

SG-standardized urinary concentrations of BPS showed increasing trends, while 

BPA decreased across pregnancy. Urinary concentrations of BPF increased over 

the earlier two-thirds of gestation (T1 to T2) but little changed over the latter 

gestation period (T2 to T3). Wilcoxon tests found no significant differences in 

bisphenol concentrations among the three trimesters. Correlations between-visits 

of BPA were low (r < 0.4), whereas urinary concentrations of BPF between 

time-points were moderately correlated (r: 0.538 - 0.706).  
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Table 3.14 Distributions of unadjusted and SG-adjusted (ng/mL) concentrations of bisphenols among pregnant women 

Bisphenols  Concentrations >LOD (%) Median concentrations (25th, 75th)   Spearman’s rank 

  

  

Overall T1 T2 T3 correlation 

BPS Unadjusted (ng/mL) 63.1-8.0% 

0.34 

(0.14,0.96) 

0.32 

(0.14,0.94) 

0.34 

(0.14,1.02) 

0.36 

(0.15,0.96) 0.375-0.437 

 

SG-adjusted (ng/mL) 

 

0.42 

(0.20,1.18) 

0.39 

(0.19,1.13) 

0.43 

(0.20,1.21) 

0.44 

(0.22,1.18) 0.332-0.424 

BPA Unadjusted (ng/mL) 72.7-75.0% 

1.18 

(0.14,3.45) 

1.14 

(0.14,3.48) 

1.25 

(0.14,3.54) 

1.18 

(0.19,3.29) 0.293-0.372 

 

SG-adjusted (ng/mL) 

 

1.41 

(0.33,3.89) 

1.46 

(0.31,3.90) 

1.43 

(0.34,3.78) 

1.35 

(0.36,4.00) 0.308-0.357 

BPF Unadjusted (ng/mL) 97.2-98.5% 

0.59 

(0.32,1.08) 

0.62 

(0.33,1.11) 

0.58 

(0.33,1.05) 

0.57 

(0.32,1.06) 0.657-0.706 

  SG-adjusted (ng/mL)   

0.69 

(0.35,1.42) 

0.67 

(0.36,1.49) 

0.69 

(0.35,1.40) 

0.69 

(0.35,1.38) 0.538-0.604 

Note: LOD, limit of detection; SG-adjusted, specific gravity-adjusted; T1, the first trimester; T2, the second trimester; T3, the third 

trimester
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Figure 3.6 presents the proportions of BPF, BPA and BPS in total bisphenols. 

BPA dominated the exposure by covering more than 45% of the total, followed by 

BPF (32.1% - 33.1%) and then BPS (21.7% - 22.7%). No significant variations of 

exposure patterns were observed over trimesters. 

 

 

Figure 3.6 Exposure levels (Detection frequency, distributions of concentrations, 

composition profiles) of phthalates metabolites and bisphenols (The 

concentrations were based on SG-adjusted concentrations). 

(A) Boxplots of the SG-adjusted concentrations (ng/mL) of detected analytes in 

participants. Urinary concentrations are plotted using a logarithmic 10 scales. The 

band inside the box shows the median (50th). The bottom and top of the box are 

first (25th) and (75th) third quartiles. The whiskers represent the 5th and the 95th 

percentile. (The non-detected results were imputed with the LOD divided by the 

square root of 2 and compounds detected in < 50% of samples were not shown) 

(B) Pie charts of urinary SG-adjusted concentrations of bisphenols 

Note: SG-adjusted, specific gravity-adjusted; T1, the first trimester; T2, the 

second trimester; T3, the third trimester. 
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  The comparisons of urinary concentrations of bisphenols between our studies 

and other studies are shown in Table 3.15. The median concentration of BPA (1.18 

ng/mL) in our study was comparable with these reported in the United States (0.6 

- 1.8 ng/mL),192 Danmark (1.38 ng/mL),56 Canada (1.19 ng/mL),81 and the 

Netherlands (1.6 ng/mL),193 but lower than these reported in Spain (2.2 ng/mL),61 

Ohio (1.3 - 2 ng/mL),194 Puerto Rico (2.5 ng/mL),161 French (2.7 ng/mL)195 and 

Israel (2.0 ng/mL).196  
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Table 3.15 Comparisons of the median concentrations (ng/mL) of bisphenols measured in this study and previous studies 

 

N Region Population Recruit year BPA BPF BPS 

Ye et al.197 616 United States General 2000-2014 0.36-2.07  0.15-0.54 <0.1-0.2 

Liao et al.198 31 United States General 2010-2011 

  

0.26 

 

38 Indian  

   

0.06 

 

36 Japan  

   

1.04 

 

33 Korea  

   

0.01 

 

30 Kuwait  

   

0.37 

 

29 Malaysia  

   

0.08 

 

29 Vietnam  

   

0.16 

 

89 China  

   

0.30 

Zhang et al.199  38 Indian General 2010-2011 1.59 

  

 

36 Japan  

 

0.84 

  

 

33 Korea  

 

2 

  

 

30 Kuwait  

 

1.24 

  

 

29 Malaysia  

 

1 

  

 

29 Vietnam  

 

1.42 

  

 

89 China  

 

1.1 

  Yang et al.200 94 China General 2013 0.886 0.23 0.03 

Asimakopoulos 

et al.201 130 Saudi Arabia 

General 

2014 2.01 2.16 4.92 

Arbuckle et 

al.59 2000 Canada 

Pregnant women 

2008-2011 0.8 

  Meeker et al. 
161 105 Puerto Rico 

Pregnant women 

 

2.5 

  

  

NHANES 07-08 General 

 

2.5 

  

  

NHANES 09-10 General 

 

2  
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Philipppat et 

al.192 71 

 

Pregnant women 

2005-2008 0.6-1.8-1.2 

 Philips et al.193   1396 Netherlands Pregnant women 2004-2005 1.66 0.57 0.36 

Tefre de 

Renzy-Martin 

et al.56 200 Danish 

Pregnant women 

2010-2012 1.38   

Ye et al.202 100 Netherlands Pregnant women 2002-2006 1.2   

Braun et al.194 389 

Ohio, United 

States 

Pregnant women 

2003-2006 2-1.8-1.3   

Casas et al.61 120 Spain Pregnant women 2004-2008 2.2   

 30  Children  4.2   

Wolff et al.203 404 New York 
Pregnant women 

1998-2002 1.3   

Philippat et 

al.195 287 French 

Pregnant women 

2002-2006 2.7   

Ronit 

Machtinger et 

al.196 50 Israel 

Pregnant women 

2015-2016 2.0 0.4 <LOD 

Liu et al.81 255-267 Albert, Canada Pregnant women 2010-2012 1.19 <LOD 0.12 

This work 941*3 Wuhan, China Pregnant women 2013-2015 1.18 0.59 0.34 

Note: LOD, limit of detection.
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However, data about the exposure assessment of other bisphenols are scarce, 

especially for pregnant women. Urinary concentration of BPS (0.34 ng/mL) in 

this study was comparable with that in Netherlands (0.36 ng/mL),193 but lower 

than that (0.59 ng/mL) in Canada.81 Compared with one previous study conducted 

in Wuhan (0.16 ng/mL) between 2012 and 2014,204 our participants had elevated 

BPS levels, which may indicate the increasing trends of BPS exposures in the 

population of Wuhan. When comparing with general population, this work was 

higher than that in Indian (0.07 ng/mL), Korea (0.03 ng/mL), Kuwait (0.17 

ng/mL), Malaysia (0.07 ng/mL), Vietnam (0.16 ng/mL), the U.S.A. (0.30 ng/mL) 

and China (0.23 ng/mL), but lower than Japan (1.18 ng/mL)198, 205 and Saudi 

Arabia (13.3 ng/mL).201  

Limited work has investigated the exposure levels of BPF among pregnant 

women. Participants in our study had similar BPF concentrations (0.59 ng/mL) 

with these in the Netherlands (0.57 ng/mL),193 but slightly higher than those in 

Israel (0.4 ng/mL).197 Compared with our findings, the urinary concentration of 

BPF was lower in the general population of China (0.23 ng/mL)200 and Saudi 

Arabia (0.19 ng/mL).206  
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3.3.3.2 Correlations of bisphenols 

The correlations for both unadjusted and SG-adjusted concentrations of 

bisphenols were examined (Table 3.16). Statistically significant correlations 

(p-value < 0.01) were found low between the SG-adjusted concentrations of three 

phenols: BPA, BPF and BPS (r < 0.4).  

 

Table 3.16 Correlations of bisphenol levels in urine samples 

 

BPS BPA BPF 

Unadjusted concentrations 

BPS 1 

  BPA 0.086** 1 

 BPF 0.159** 0.060** 1 

SG-adjusted concentrations 

BPS 1 

  BPA 0.171** 1 

 BPF 0.315** 0.145** 1 

Note: SG-adjusted, specific gravity-adjusted; ** p value < 0.01 
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3.3.3.3 Exposure to an individual or three bisphenols at single or three 

trimesters 

Figure 3.7 demonstrates the percentage of participants whose exposure level was 

greater than certain percentile (25th, 50th or 75th percentile) of the concentration 

distribution. For all three bisphenols, 47.7%, 48.8% and 47.6% of the study 

population were exposed to the above 25th percentile at each trimester, but only 

3.5%, 3.8%, and 3% were above 75th percentile. For three trimesters, about 50.5%, 

51.1% and 56.9% of the population were exposed to above 25th percentages of 

BPS, BPA and BPF, respectively. Lower than 10% of subjects were exposed to 

higher than the 75th percentile of BPA, BPS or BPF. 

 

 

Figure 3.7 Percentages of participants whose exposure concentration were greater 

than certain percentile (25th, 50th or 75th percentile) of the distribution 

(A) A single bisphenol over three trimesters or (B) Mixture of three bisphenols at 

one trimester, above the 25th, 50th and 75th percentiles of levels. 
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3.3.3.4 Variability of bisphenols 

Intraclass correlation coefficients (ICC) with 95% CI through three trimesters of 

our study population are detailed in Table 3.17. ICC for urinary BPA and BPS 

measurements indicated a high variability of two bisphenols using 

SG-standardized concentrations (BPS: ICC = 0.312; BPA: ICC = 0.247). BPF 

(ICC = 0.479) was more reliable throughout the collection period.  

 

Table 3.17 Variability of bisphenols 

 

Unadjusted concentrations SG-adjusted concentrations 

 

ICC  95% CI ICC 95% CI 

BPS 0.196 (0.155, 0.238) 0.131 (0.092, 0.172) 

BPA 0.291 (0.250, 0.333) 0.098 (0.059, 0.139) 

BPF 0.450 (0.411, 0.488) 0.235 (0.194, 0.276) 

Note: ICC, intraclass correlation coefficients; CI, confidence interval; 

SG-adjusted, specific gravity-adjusted. 
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3.3.3.5 Demographic factors associated with urinary bisphenol levels 

Since environmental exposures are associated with different sociodemographic 

status and lifestyle, we assessed the differences in SG-adjusted concentrations of 

bisphenols in stratified demographic factors (Table 3.18). Significantly higher 

concentrations of BPS and BPA were observed in urine samples collected in 

summer compared with those collected in winter. Urinary BPS concentrations 

were higher among women who are sales, cashiers, office workers and teachers. 

Participants who worked as health care workers had elevated BPA concentrations. 

Interestingly, women who reported vomiting had lower BPS concentrations. 

Increasing levels of BPS and BPF were observed in mothers with inadequate or 

excessive gestational weight gain, while a higher level of BPA was related to the 

short gestational period. Obese mothers had lower concentrations of BPF. 
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Table 3.18 Potential determinants of bisphenol levels in urine samples 

Variablesa BPF BPA BPS ∑BPs 

Pre-pregnancy body mass index (BMI) 

    Under weight (<18.5) 0.002(-0.111,0.115) -0.004(-0.181,0.172) -0.068(-0.207,0.072) -0.012(-0.042,0.017) 

Normal (18.5-23.9)        Reference 

   Overweight (24-27.9)  0.079(-0.060,0.219) -0.092(-0.310,0.126) -0.041(-0.214,0.131) -0.001(-0.038,0.035) 

Obese(≥28)            -0.446(-0.747,-0.144) -0.333(-0.804,0.137) -0.260(-0.632,0.113) 0.014(-0.065,0.093) 

Gestational weight gain (GWG, kg) 

    <10                0.121(-0.174,0.416) 0.159(-0.301,0.619) 0.134(-0.230,0.498) -0.008(-0.086,0.069) 

10-15                    0.061(-0.118,0.240) 0.004(-0.275,0.284) 0.072(-0.149,0.293) -0.022(-0.069,0.025) 

16-19                     0.035(-0.087,0.157) -0.045(-0.235,0.146) -0.036(-0.186,0.115) 0.000(-0.032,0.032) 

≥20                    Reference  

   GWG by IOM recommendation 

    Inadequate 0.167(0.009,0.325) -0.034(-0.281,0.214) 0.206(0.010,0.402) 0.008(-0.034,0.050) 

Recommended Reference 

   Excessive 0.165(0.018,0.312) -0.062(-0.291,0.167) 0.167(-0.014,0.349) -0.026(-0.064,0.013) 

Vomiting 

    No 0.027(-0.058,0.112) 0.069(-0.063,0.202) 0.158(0.053,0.263) -0.024(-0.046,-0.001) 

Yes Reference 

   Job 
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Note: a Data in this table were provided from the collaboration (see Section 3.2.1), and were published on the paper Environ. Sci. 

Technol. 2019 (53): 7812-7820; ∑BPs, the total molar concentrations of BPA, BPF and BPF; IOM, institute of medicine.

Casher -0.179(-0.370,0.013) 0.172(-0.126,0.471) 0.269(0.005,0.533) 0.043(-0.007,0.093) 

Health care workers -0.099(-0.424,0.226) 0.593(0.086,1.100) 0.118(-0.284,0.519) 0.050(-0.035,0.136) 

Office worker -0.069(-0.259,0.120) 0.114(-0.182,0.410) 0.355(0.121,0.589) 0.053(0.003,0.103) 

Other -0.043(-0.292,0.206) 0.002(-0.386,0.391) 0.121(-0.186,0.428) 0.021(-0.044,0.087) 

Sales -0.141(-0.338,0.057) 0.181(-0.127,0.489) 0.392(0.148,0.636) 0.178(-0.047,0.401) 

Teacher -0.243(-0.476,-0.011) 0.149(-0.214,0.512) 0.358(0.071,0.645) 0.114(0.052,0.175) 

Unemployed Reference 

   Gestational weeks 

    <39  -0.074(-0.163,0.014) 0.231(0.093,0.369) -0.041(-0.151,0.068) 0.034(0.011,0.058) 

39-42  Reference 

   Sampling seasons     

Spring 0.139(0.027,0.252) 0.194(0.019,0.369) 0.113(-0.014,0.240) 0.113(-0.014,0.240) 

Summer 0.188(0.071,0.305) 0.196(0.013,0.379) 0.168(0.023,0.313) 0.162(0.029,0.295) 

Autumn 0.168(0.051,0.285) 0.170(-0.013,0.353) 0.221(0.076,0.366) 0.179(0.046,0.312) 

Winter Reference    
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3.3.3.6 Average urinary concentrations of bisphenols over three trimesters 

Table 3.19 shows the distributions of bisphenols concentrations and detection 

rates. BPS, BPA and BPF were detected in 86.8%, 76.3% and 96.4% of samples. 

BPA was the main compound with median concentrations (0.009 nmol/mL), 

followed by BPF (0.004 nmol/mL) and BPS (0.002 nmol/mL). The sum of three 

bisphenols (nmol/mL) was from 0.012 (25th percentile) to 0.042 (75th percentile).  

 

Table 3.19 Average concentrations (nmol/mL) of three bisphenols 

Bisphenols Median 25th percentile 75th percentile 

BPS 0.002 0.001 0.006 

BPA 0.009 0.004 0.019 

BPF 0.004 0.002 0.008 

∑BPs 0.020 0.012 0.042 

Note: ∑BPs, the total molar concentrations of BPA, BPF and BPF. 
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3.3.3.7 Health risk assessments of bisphenols 

The estimated daily intake (EDI) for bisphenols was calculated, and the health 

risks were evaluated by comparing EDI with the tolerable daily intake (Table 

3.20). Although the restriction of BPA, it was the predominate bisphenols in daily 

exposure. The health risk induced by the exposure to individual bisphenols was in 

the sequence: BPA (1.17%) > BPS (0.43%) > BPF (0%). Only 1.6% of the study 

population was at the risk of exposure to bisphenol mixtures. The 75th percentiles 

of BPS, BPA, BPF, and ∑BPs were 0.22, 0.51, 0.20, and 1.16 nmol/kg body 

weight/day, respectively, not exceeded the tolerable daily intake (TDI) for BPA 

(18 nmol/kg body weight/day).  

Our work had higher risks of BPS (maximum and 95th percentile: 57.67, 1.21 

nmol/kg body weight /day) than those in Canada (maximum and 95th percentile: 

14, 0.12 nmol/kg body weight /day),81 but lower risks of BPF (maximum and 95th 

percentile: 7.19, 0.10 nmol/kg body weight /day) than those in Canada (maximum 

and 95th percentile: 30, 0.81 nmol/kg body weight /day).81 This difference may be 

induced by the various behaviors of the study population and geographical 

variations with the production of bisphenols-containing products. 

The low ICC for bisphenols during pregnancy suggests urinary concentrations 

that measured in single pot urine have the potential to misclassify exposure.160 

Thus, we applied the averaged urine concentrations of bisphenols to assess health 

risk induced by the long-term exposure of bisphenols. Although the usage of BPA 

has been restricted in certain products, BPA was dominating combined health 

hazards produced by exposure to bisphenols.  

To the best of our knowledge, this study is the first study to investigate the 

health risks of bisphenol mixtures using exposure concentrations collected at 
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multiple points among Chinese pregnant women. Liu et al. (2019) have 

investigated the cumulative health risks of BPA, BPS, and BPF among Canadian 

pregnant women at second trimesters and postpartum using the molar 

concentrations.81 They found that BPF, but not BPA and BPS, exceeded the 

tolerance value of BPA. The different exposure patterns may be due to the 

variations on the industrial application, regulations, and behaviors of the 

population. Moreover, the findings should be explained carefully due to lacking 

the fraction values of BPF. Here we applied 100% clearance rate same as BPA, 

considering their similar structure and metabolism activity, which may cause bias. 

 

Table 3.20 Estimated daily intakes (nmol/kg body weight/day) for three bisphenols 

  EDI         EDI > TDI 

  25th Median 75th 95th Max N (%) 

BPS 0.04 0.09 0.22 1.21 57.67 4 (0.4%) 

BPA 0.10 0.23 0.51 3.42 141.44 11 (1.2%) 

BPF 0.05 0.10 0.20 0.74 7.19 0 (0%) 

∑BPs 0.32 0.57 1.16 5.79 141.52 15 (1.6%) 

Note: EDI: Estimated daily intake, Tolerable daily intake (TDI) from the 

European Food Safety Authority was 18 nmol BPA/kg body weight/day. 
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3.3.3.8 Groups according to the values of HI and MCR  

Table 3.21 presents that 1.6% of participants were at potential health risks 

produced by one bisphenol. Of those, 4 had risks (HI > 1) driven by BPS, while 

11 driven by BPA. No health risk was induced by BPF exposure. This work 

observed that no participants might have been missed by health risk assessment 

using single bisphenols: BPS, BPA or BPF individually. Median of HI (1.75) in 

group I was magnitude higher than that (0.03) in group II. Our findings indicated 

that 15 participants had potential health risks induced by BPS or BPA exposure (in 

group I), and no individual might be missed when assessing risks based on 

individual bisphenols (in group IIIA). About 925 (98.4%) participants in group II 

had significantly lower HI values (median: 0.03) than participants in group I 

(median: 1.75). Above findings suggested that only a small portion of study 

participants exposed to high levels of bisphenols. 

The EDI of BPS from general population in China was 0.339 μg/day, about 

0.03 nmol/kg body weight/day (based on 60 kg as the nominal body weight for 

adult) between 2010 and 2012,198 the median EDI of our study (0.09 nmol/kg 

body weight /day) was slightly higher. Similarly, the increasing trend of BPS was 

observed in American adults between 2000 and 2014.197 

To the best of our knowledge, this is the first study to divide participants into 

four groups according to the values of HI and MCR of bisphenols. The frequency 

of participants in four groups along with the HI values can provide more 

information about exposure patterns. The highest HI was produced by BPS, and 

most particularly, BPA. Although BPA was banned in producing certain products 

(drinking bottles and food containers) in countries,24 in China, it was still 

dominating the health hazards of bisphenols.  
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Notably, exposure to BPS can cause potential health risks, although lower than 

BPA, which demonstrated the BPA alternatives might not be safe substances. Here, 

we apply TDI of BPA as reference values to calculate the HI of BPS because of no 

TDI for BPA alternatives, which may cause bias of results. These findings need 

further confirmation for lacking the tolerance levels for BPS and BPF. 

 

Table 3.21 Number of participants and distributions of HI in four groups. 

  N  Hazard index       

  BPS BPA BPF Total Median 25th 75th Min Max 

I 4 11 0 15  1.75 1.18  2.24 1.07 7.86 

II 219 502 205 926  0.03 0.02 0.06 0.00 0.99 

IIIA 0 0 0 0 0 0 0 0.00 0 

IIIB 0 0 0 0 0 0 0 0 0 

Total 223 603 205 941 0.03 0.02 0.06 0.00 7.86 

Note: HQ, hazard quotient; HI, hazard index; MCR, maximum cumulative ratio; 

Participants were grouped into I, II, IIIA and IIIB according to Section 3.2.6. 
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3.3.3.9 Relationships between HI and MCR 

Figure 3.8 shows MCR was inversely associated with HI, with the equation 

log(MCR-1) = -0.6431log(HI) - 1.264. We draw a log-log plot to visualize the 

relationships of MCR-1 versus HI and HQm/HI versus HI. Log(HI) = 0 is the 

dividing point between participants had health risks (group I, III) and these had no 

risks (group II). Log(MCR-1) = 0 was the value to divide participants into group 

IIIA and IIIB, as can been seen that no participants were at group IIIB. 

Participants, whose HI > 1, were visualized driven by a single bisphenol as a 

function of hazards with a ratio of HQm/HI higher than 90%. We further to assess 

cumulative exposure and explore the relationships between HI and MCR of 

bisphenols. This analysis was based on an approach published by Reyes et al.74, 78 

They investigated the relationships between HI and MCR of phthalate exposure, 

not bisphenols. Consistent with our results, they found negative regression 

between MCR and HI.  
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Figure 3.8 Relationships among log (HI), log(MCR - 1) and HQm/HI of three 

bisphenols for participants. Linear regression with the equation log(MCR-1) = 

-0.6431log(HI) - 1.264 

Note: HI, health index; MCR, maximum cumulative ratio; HQm, maximum 

hazard quotient. 
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3.3.3.10 Contributions of a single bisphenol in 25th, 50th, 75th, 95th percentiles 

of HI  

Figure 3.9 demonstrates the percentage contribution of HQ from an individual 

bisphenol to HI in five health risk groups. BPA covered 37.1%, 46.6%, 50.0%, 

56.3%, and 75.5% at < 25th, 25th - 50th, > 75th, and > 95th percentiles of HI, 

indicating that the upward trend of dominance by BPA at increasing HI ranges. 

While BPF decreased from 34.8% to 0.8% as HI ranges increased from 25th to 

95th percentiles. In order to better understand exposure patterns in different levels 

of cumulative health risks, we investigated the potions of individual bisphenols in 

HI values. At below 25th percentile of HI, three bisphenols had HQ values nearly 

equal contributed to HI. Among the participants at the above 75th percentile, BPA 

was contributed over 50% of HIs. The above findings indicated that the 

participants who within higher ranges of hazards are mostly produced by a single 

bisphenol (BPA) compared to those in low-ranges of hazards. No research study 

has investigated the contribution of bisphenols in cumulative health risks, but one 

study, which analyzed the contributions of phthalates among ten persons at 50th 

and at 95th of HI, observed the highest hazard was driven by a single phthalate. 

74The exposure pattern of bisphenols may vary by years and regions for variation 

of regulatory actions for production of bisphenols. This study may fill the gap of 

biomonitoring of bisphenols among Chinese pregnant women between 2014 and 

2015. 
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Figure 3.9 Percentage contribution of HQ from each of three bisphenols to HI in 

five groups by ranges of HI. 

Note: HI, health index. 
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3.3.3.11 Associations of demographic factors with HI and MCR  

Table 3.22 demonstrates the difference between HI in groups divided by ages, 

household incomes, and gravida. Participants got pregnant for the first time 

(gravida = 1) had relatively higher frequency and median HI values than those 

who got pregnant more than one time. Younger mothers (less than 25 years old) 

had a significantly higher frequency of HI > 1 than those aged 25 - 30 years old. 

Participants, who had higher household income (> 100,000 Yuan), had a higher 

frequency than those whose incomes between 50 and 100 thousand Yuan. No 

significant differences in HI values were found in stratified age, household 

income, and gravida groups. 

Urinary concentrations of bisphenols were associated with demographic factors, 

such as ages,193, 207 household income,208 and gravida.209 But limited work 

investigated the differences in health risks in strategized demographic sections. 

Here, we grouped participants into groups and assessed the difference between HI 

values and frequency of participants with HI > 1 in analyzed groups. There was no 

considerable variation of HI values in age, household income, and gravida 

sections. However, younger mothers, mothers got pregnant for the first time, or 

mothers had higher household incomes, had significantly higher frequency with 

HI > 1. The previous study reported that mothers with gravida more than 1 have 

much higher urinary concentrations of BPA was than those with gravida of 1.209 

Arbuckle et al. (2015) and Casas et al. (2013) found that younger mothers had 

higher BPA levels.208, 210 

However, about the relationships of bisphenols levels with household incomes, 

the results were not consistent among previous studies. Arbuckle et al. (2015) 

reported that elevated BPA levels were observed in Canadian mothers who had 
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lower household income,208 but Ashrap et al. (2018) reported that increasing 

trends of BPF concentrations with increasing income levels.211 In our work, the 

highest frequency of HI > 1 (1.9%) was mothers had a household income over 

100,000, followed by those whose annual income below 50,000 (1.7%). The 

consistency may result from a difference in social-economic levels among 

different regions. 

 

Table 3.22 Number of participants with HI > 1 and geometric mean (GM) with 95 

confidence intervals (95%CI) of HI values across the stratified groups of age, 

household income, parity and gravida 

Demographic characteristics a    N (%) GM (95% CI) 

Total participants with HI > 1 

 

15 (1.6) 0.038 (0.035,0.040) 

 

< 25 2 (2.9) 0.036 (0.028,0.047) 

Age 25 - 30 8 (1.3) 0.039 (0.034,0.046) 

 

> 30 5 (2.1) 0.037 (0.034,0.040) 

Household income annually < 50,000  3 (1.7) 0.037 (0.031,0.044) 

(Yuan) 50,000 - 100,000 4 (1.1) 0.039 (0.035,0.043) 

 

> 100,000 8 (1.9) 0.036 (0.032,0.041) 

Gravida 1 11 (2.0) 0.038 (0.035,0.040) 

  > 1 4 (1.1) 0.037 (0.033,0.041) 

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), 

and were published on the paper Environ. Sci. Technol. 2019 (53): 7812-7820; 

GM, geometric mean; CI, confidence intervals; HI, hazard Index. 
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3.3.4 Exposure assessments of parabens, benzophenones and triclosan 

3.3.4.1 Maternal urinary concentrations of parabens, benzophenones and 

triclosan 

Detection rates of targeted compounds are demonstrated in Figure 3.10. In the 

exception of four compounds (BuP, BzP, BP-2 and BP-8), all the compounds were 

detectable in over 50% of the present population.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Detection rates of parabens, benzophenones and triclosan 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester. 
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The distributions of unadjusted and SG-adjusted concentrations of parabens, 

benzophenones and triclosan through three trimesters are shown in Table 3.23 and 

Figure 3.11. Among all the parabens, the highest concentration was MeP 

(SG-adjusted GM = 14.67 ng/mL), followed by PrP (0.82 ng/mL) and EtP (0.59 

ng/mL). The exposure levels of benzophenones were in the following order: BP-3 

(GM = 0.39 ng/mL) > BP-1 (0.27 ng/mL) > 4-OH-BP (0.14 ng/mL). Except for 

4-OH-BP, exposure of analytes showed a decreasing trend as pregnancy week 

increased. The significant differences in concentrations of analytes were observed 

across three visits (Table 3.24). BP-1, BP-3 and TCS decreased significantly from 

T1 to T2. Meanwhile, parabens decreased significantly from T2 to T3. In this 

study, all analytes demonstrated a downward trend over three visits. With the 

exception of 4-OH-BP, statistically significant differences between T1 and T3 

were observed for all analytes. However, the significant differences in early 

pregnancy (T1 and T2) and late pregnancy (T2 and T3) varied by the type of 

chemicals. A significantly decreased trend of parabens was observed in later 

pregnancy (from T2 to T3), because of the reduction in the usage of skincare 

product.212 Benzophenones and TCS decreased significantly from T1 to T2, which 

may result from the forbidden application of cosmetics and sunscreen when the 

mother aware of carrying baby. 
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Table 3.23 Descriptive analysis of urinary concentrations of parabens, benzophenones and triclosan over three trimesters 

Note: LOD, Limit of detection. 

 Concentrations >LOD Median Geometric mean (95% confidence intervals) 

  (%) (ng/mL) Overall First trimester Second trimester Third trimester 

MeP Unadjusted  97.06-97.58 12.16 12.49(11.53,13.52) 15.37(13.35,17.70) 12.89(11.23,14.80) 9.82(8.60,11.22) 

 Adjusted  15.44 14.67(13.57,15.86) 18.10(15.78,20.77) 15.06(13.16,17.22) 11.59(10.16,13.23) 

EtP Unadjusted  93.48-94.53 0.42 0.51(0.47, 0.55) 0.61(0.52,0.71) 0.53(0.46,0.62) 0.41(0.35,0.47) 

 Adjusted  0.49 0.59(0.54,0.65) 0.71(0.61,0.82) 0.61(0.52,0.71) 0.48(0.41,0.55) 

PrP Unadjusted  94.11-97.37 0.50 0.71(0.65,0.78) 0.95(0.81,1.10) 0.77(0.66,0.90) 0.49(0.42,0.57) 

 Adjusted  0.61 0.82(0.75,0.90) 1.11(0.95,1.29) 0.89(0.76,1.04) 0.57(0.49,0.66) 

4-OH-BP  Unadjusted  84.96-85.80 0.14 0.10(0.09,0.10) 0.094(0.084,0.11) 0.10(0.09,0.11) 0.10(0.09,0.11) 

 Adjusted  0.16 0.14(0.13,0.15) 0.14(0.13,0.15) 0.14(0.13,0.15) 0.15(0.14,0.16) 

BP-1  Unadjusted  87.38-90.12 0.20 0.23(0.22,0.25) 0.31(0.28,0.35) 0.21(0.19,0.24) 0.19(0.17,0.21) 

 Adjusted  0.25 0.27(0.25,0.28) 0.36(0.32,0.41) 0.24(0.22,0.27) 0.21(0.19,0.24) 

BP-3  Unadjusted  66.56-76.76 0.47 0.36(0.33,0.39) 0.52(0.46,0.60) 0.31(0.27,0.35) 0.29(0.25,0.33) 

 Adjusted  0.53 0.39(0.36,0.43) 0.58(0.51,0.67) 0.33 (0.29,0.38) 0.32(0.28,0.37) 

TCS Unadjusted  77.92-83.18 0.43 0.37(0.34,0.40) 0.48(0.41,0.55) 0.33(0.29,0.38) 0.32(0.28,0.37) 

 Adjusted  0.48 0.43(0.40,0.47) 0.56(0.49,0.64) 0.38(0.33,0.44) 0.38(0.33,0.44) 
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Figure 3.11 Concentration distributions of parabens, benzophenones and triclosan 

over three trimesters. (A) Unadjusted concentrations; (B) SG-adjusted 

concentrations. 

Note: The bottom, the line inside and top of the box showed the first, second and 

third quartiles. The whiskers were 10% and 90% values. SG-adjusted 

concentrations, specific gravity-adjusted concentrations. 

 

Table 3.24 Mann-Whitney U test of unadjusted /SG-adjusted concentrations in 

different trimesters 

    MeP EtP PrP 4-OH-BP BP-1 BP-3 TCS 

Unadjusted T1vs.T2     -1.71 -1.81 -1.81 -5.10 -0.49 * -5.45 * -3.33 * 

 

T2vs.T3     -2.98 * -3.06 * -3.88 * -1.67 -0.35 -0.51 -0.33 

 

T1vs.T3 -4.64 *  -4.90 *  -5.66 * -6.86 -0.84 * -5.97 * -2.96 * 

SG-adjusted T1vs.T2     -1.77 -1.80 -1.84 -0.60 -5.25 * -5.54 * -3.21 * 

 

T2vs.T3     -3.02 * -2.70 * -3.82 * -0.81 -1.67 -0.37 -0.56 

  T1vs.T3 -4.57 * -4.55 * -5.64 * -1.42 -6.77 * -5.90 * -2.53 * 

Note: SG-adjusted concentrations, specific gravity-adjusted concentrations; T1, 

the first trimester; T2, the second trimester; T3, the third trimester; p < 0.05(*) 

represents significant differences. 
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  The potential differences were observed in the between-study comparison of 

urinary levels of parabens, benzophenones and triclosan among pregnant women 

(Table 3.25), due to variations of the study design, population difference and 

sampling years. The detection rates were similar to women in Greece,58 but 

slightly higher than Denmark.56 Compared with parabens levels in our study 

population, higher exposure levels were found among pregnant women in 

Denmark and in France.195 One possible explanation is the geographical variations 

in the application of parabens in consumer products and culture differences 

regarding behavioral styles.212-213 For benzophenones (UV-absorbent), BP-3, BP-1, 

and 4-OH-BP have been detected at high rates (> 50%) in studied women. In 

comparison with other studies, BP-3 level (0.47 ng/mL) in this study was lower 

than that observed in women from France (1.7 ng/mL),195 Spain (3.4 ng/mL)61 and 

Denmark (3.2 ng/mL)56 and Puerto Rico (31.3 ng/mL).161 It may due to the low 

usage of make-ups in Chinese pregnant women. The detection rates of TCS 

(microbicide) in our study population were comparable to those measured in 

United States (77.4%),214 France (84.1%),195 Denmark (85.5%),56 lower than those 

detected in Puerto Rico (88.9%)161 and Canada (99.4%),215 but higher than those 

in Norway (36.0%)216 and Shandong Province, China (68.5%).217 The crude 

median concentration of TCS measured in the present study (0.4 ng/mL) is 

comparable with other reports in China, such as Hubei Province (0.6 ng/mL)218 

and Shandong Province (0.2 ng/mL),217 but lower than that in Denmark (0.7 

ng/mL),56 Canada (8.7 ng/mL),215 United States (11.0 ng/mL),214 France (24.1 

ng/mL),195 and Puerto Rico (26.2 ng/mL),161 which may result from the legislative 

actions of TCS usage in consumer products and daily lifestyles of using 

TCS-containing products (such as mouthwash and soaps) in China.146 
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Table 3.25 Comparisons of the median concentrations (ng/mL) of parabens, benzophenones and triclosan in pregnant women 

between the present study and previous studies 

Ref. Year N 

Country 

(province, city) MeP EtP PrP BuP BzP BP-3 TCS 

Tefre de Renzy-Martin et al. 

201456 2011 200 Denmark 20.7 1.01 4.17 <LOD <LOD 3.2 0.7 

Woff .et al 2008214 1998-2002 404 United State - - - - - 7.5 11 

Smith et al. 2012219 2005-2010 408 Now York 155 - 34.3 1.2 - - - 

Pycke et al. 2015220 2007-2009 185 United State 279 1.44 75.3 0.39 <LOD - - 

Philippat et al. 2012195 2002-2006 191 France 97.8 4.1 12.5 1.7 - 1.7 24.1 

Meeker et al. 2013161 2010-2012 105 Puerto Rico 153 - 10.1 0.4 - 31.3 26.2 

Casas et al. 201161 2004-2008 120 Spain 191 8.8 29.8 2.4 - 3.4 6.1 

Myridakis et al. 201558 2007-2008 239 Greece 98.3 2.6 13.4 <LOD - - - 

Arbuckle et al. 2015215 2008-2011 2000 Canada - - - - - - 8.7 

Ding et al. 2017217 2010-2013 496 Shangdong - - - - - - 0.2 

Huo et al.2018218 2012-2014 1006 Hubei - - - - - - 0.6 

This study 2014-2015 941 Wuhan 12.16 0.42 0.5 <LOD <LOD 0.47 0.43 
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3.3.4.2 Variability and correlations of parabens, benzophenones and triclosan 

Intraclass correlation coefficients (ICC) and Spearman's correlation coefficients 

(SCC) are demonstrated in Table 3.26. ICCs of parabens were low (< 0.4). 

Benzophenones represented moderate reproducibility in sequence: BP-1 (0.55) > 

BP-3 (0.53) > 4-OH-BP (0.46). TCS had moderate reliability (0.50). Spearman’s 

correlation coefficients (SCC) of analytes over three trimesters showed that the 

levels of analytes measured at short time intervals were more correlated than these 

measured at long time intervals.  

 

Table 3.26 Intraclass correlation coefficients (ICC) and 95% confidence intervals 

(95%CI) and Spearmen’s correlation coefficients (SCC) for concentrations of 

urinary parabens, benzophenones and triclosan 

  ICC (95% CI)   SCC     

  Un-adjusted SG-adjusted T1 and T2 T2 and T3 T1 and T3 

MeP 0.38(0.34, 0.42) 0.40(0.36, 0.44) 0.48** 0.45** 0.30** 

EtP 0.37(0.32, 0.41) 0.38(0.33, 0.42) 0.45** 0.36** 0.33** 

PrP 0.35(0.31, 0.39) 0.35(0.31, 0.40) 0.41** 0.40** 0.27** 

4-OH-BP 0.48(0.43, 0.52) 0.46(0.42, 0.50) 0.57** 0.57** 0.48** 

BP-1 0.55(0.51, 0.58) 0.55(0.51, 0.58) 0.55** 0.54** 0.44** 

BP-3 0.53(0.48, 0.58) 0.53(0.50, 0.57) 0.46** 0.46** 0.41** 

TCS 0.46(0.40, 0.52) 0.50(0.46, 0.53) 0.55** 0.52** 0.47** 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester; p < 

0.01(**) represents significant correlation. 
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Characterizing temporal variability, especially for non-persistent chemicals, is 

critical in interpreting epidemiology results. We found that the temporal 

variability of measured chemicals was not uniform cross international studies. In 

this study, the ICC of MeP and PrP were comparable with that in Puerto Rico,161 

but lower than that of Boston219 and New York,192 probably due to differences of 

individual application of parabens-containing personal care products and diverse 

lifestyle characteristics. The ICC we calculated for BP-3 (ICC = 0.53) was lower 

than the ICC of 0.62 (BP-3) pregnant women in New York.192 The reasonably 

good ICCs suggested comparatively consistent sources of prenatal exposure over 

trimesters for benzophenones. The reproducibility of TCS in our population 

(ICC=0.50) was similar to that in Puerto Rico (0.47),161 New York (0.58),192 and 

Norway (0.49).216 The temporal variability in urinary concentrations was low to 

moderate in our study population, for the rapid metabolism of analytes. The 

crossing of the reproducibility showed that one spot urine sample could provide 

acceptable estimates of the exposure level for benzophenones and TCS while 

increasing multiple time points of samples were required for parabens.  

For all the targeted compounds, SCCs between T1 and T2, T2 and T3 were 

observed higher than those between T1 and T3, suggesting that multiple samples 

were required to accurately reflect long-term exposure to analytes. The sampling 

intervals were long (nearly 5 months) in the present study. To better understand 

the reliability of non-persistent pollutants, sampling in short intervals is essential 

to characterize the variations of compounds, the metabolism of pregnant women 

and the sensitive window of the fetus's development as trimester go on. 
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3.3.4.3 Associations of urinary concentrations of parabens, benzophenones 

and triclosan with the possible determinants  

Associations between SG-adjusted concentrations of targeted compounds and 

exposure-related factors are shown in Table 3.27. Exposure levels of all analytes 

varied by sampling seasons. Exposure levels of two UV-absorbent (BP-1 and 

BP-3) and TCS were heavier during summer, but the parabens were much higher 

in winter. The box plots (Figure 3.12) illustrated the variations of concentrations 

of parabens, benzophenones and triclosan among seasons. Additionally, some 

analytes were found to be related to other factors. Parabens were related to 

pregnancy history (parity and gravidity) and physical activity; benzophenones 

were associated with decorations and income; triclosan had some relationships 

with basic personal information (pre-pregnancy body mass index and age).  
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Table 3.27 Associations between specific gravity-adjusted urinary concentrations of analytes and demographic/season categories  

Parameters a β estimates and 95% confidence intervals  

 
MeP EtP PrP TCS 4-OH-BP BP-1 BP-3 

Maternal age at enrollment        

<25 -0.07 0.01 -0.03 -0.17 -0.11 -0.07 -0.11 

 (-0.24,0.10) (-0.13,0.15) (-0.13,0.08) (-0.34,0.00) (-0.25,0.03) (-0.19,0.05) (-0.25,0.03) 

25-29 -0.08 0.01 -0.02 -0.04 0.00 -0.06 0.01 

 (-0.20,0.04) (-0.09,0.11) (-0.09,0.06) (-0.15,0.08) (-0.10,0.09) (-0.14,0.02) (-0.09,0.11) 

>30 Ref Ref Ref Ref Ref Ref Ref 

Pre-pregnancy BMI        

Underweight 0.09 -0.09 -0.08 -0.18 0.06 0.04 -0.06 

(<18.5) (-0.09,0.27) (-0.23,0.05) (-0.19,0.03) (-0.36,0.00) (-0.08,0.21) (-0.09,0.16) (-0.20,0.09) 

Normal  0.01 -0.08 -0.08 -0.15 -0.09 0.11 -0.06 

(18.5-23.9) (-0.14,0.15) (-0.20,0.04) (-0.17,0.01) (-0.29,0.00) (-0.21,0.03) (0.01,0.21) (-0.18,0.06) 

Overweight (>24.0) Ref Ref Ref Ref Ref Ref Ref 

Education        

Below University -0.06 -0.07 0.01 -0.08 -0.05 -0.03 0.02 

 (-0.16,0.05) (-0.15,0.01) (-0.06,0.07) (-0.18,0.03) (-0.13,0.04) (-0.10,0.05) (-0.06,0.11) 

University or above Ref Ref Ref Ref Ref Ref Ref 

Employment        

Yes -0.01 -0.08 0.06 -0.02 0.01 0.01 0.08 



125 
 

 (-0.11,0.09) (-0.16,0.01) (-0.01,0.12) (-0.12,0.08) (-0.08,0.09) (-0.05,0.08) (0.00,0.16) 

No Ref Ref Ref Ref Ref Ref Ref 

Passive smoking during pregnancy 

No 0.02 -0.06 -0.03 -0.06 0.07 -0.02 0.03 

 (-0.08,0.12) (-0.14,0.02) (-0.09,0.03) (-0.17,0.04) (-0.02,0.15) (-0.09,0.05) (-0.06,0.11) 

Yes Ref Ref Ref Ref Ref Ref Ref 

Household yearly income         

100,000 or less -0.02 -0.02 0.00 -0.09 -0.04 -0.13 -0.13 

 (-0.12,0.08) (-0.10,0.07) (-0.06,0.07) (-0.19,0.02) (-0.12,0.04) (-0.20,-0.06) (-0.22,-0.05) 

More than 100,000 Ref Ref Ref Ref Ref Ref Ref 

Decoration        

No -0.08 -0.02 0.05 0.01 -0.10 -0.11 -0.16 

 (-0.18,0.03) (-0.11,0.06) (-0.01,0.12) (-0.09,0.11) (-0.19,-0.02) (-0.18,-0.04) (-0.25,-0.08) 

Yes Ref Ref Ref Ref Ref Ref Ref 

Sampling season         

Springe -0.04 -0.01 0.01 0.01 0.06 0.02 0.03 

 (-0.11,0.04) (-0.09,0.07) (-0.07,0.09) (-0.07,0.09) (0.01,0.12) (-0.03,0.08) (-0.03,0.09) 

Summer -0.24 -0.16 -0.15 0.09 0.15 0.19 0.3 

 (-0.32,-0.17) (-0.24,-0.07) (-0.24,-0.07) (0.01,0.17) (0.09,0.21) (0.14,0.25) (0.23,0.36) 

Fall -0.21 -0.16 -0.09 -0.01 0.06 0.09 0.16 

 (-0.28,-0.13) (--0.25,-0.08) (-0.18,-0.01) (-0.09,0.07) (0.01,0.12) (0.04,0.14) (0.09,0.22) 
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Winter Ref Ref Ref Ref Ref Ref Ref 

Physical activity        

None 
-0.42 

(-0.76,-0.07) 

-0.37 

(-0.76,0.01) 

-0.59 

(-1.02,-0.17) 

-0.26 

(-0.68,0.16) 

0.09 

(-0.18,0.36) 

0.01 

(-0.36,0.38) 

0.05 

(-0.38,0.47) 

Normal 
-0,20 

(-0.47,0.07) 

-0.24 

(-0.54,0.06) 

-0.24 

(-0.57,0.09) 

0.09 

(-0.24,0.42) 

-0.04 

(-0.25,0.18) 

0.07 

(-0.22,0.36) 

0.07 

(-0.26,0.40) 

Everyday Ref Ref Ref Ref Ref Ref Ref 

Note: a Data in this table were provided from the collaboration (see Section 3.2.1), and were published on the paper Environ. Sci. 

Technol. 2019 (53): 6546-6555; Bold font indicates p value < 0.05. 
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Figure 3.12 Specific gravity-adjusted concentrations of parabens, benzophenones 

and triclosan differed by four sampling seasons.  

Note: The bottom, the line inside and top of the box showed the first, second and 

third quartiles. The whiskers were 10% and 90% values. 
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Relationships between urinary concentrations of analytes and collected 

variables (sampling and demographic factors) were analyzed. Our results showed 

a significant difference in urinary concentrations of targeted compounds among 

sampling seasons. A similar season-dependent pattern was also observed in the 

urinary concentrations of phthalates among Chinese pregnant women.66 From 

results, exposure levels of parabens in winter were significantly higher than those 

in summer and autumn. We speculated that more frequency of the use of body 

lotion, hand and face cream in winter, confirmed with the finding that frequency 

of skincare product application was significantly correlated with paraben 

levels.221,207 However, we did not have the information on personal care product 

usage and indoor time. For benzophenones, exposure levels in summer and 

autumn were significantly higher than in winter, which may result from the 

frequent usage of sun-screen (one of major BP-1 and BP-3 exposure sources) in 

two seasons. Recently, a report has demonstrated that the adults self-reported 

“always” using sunscreen was associated with higher BP-3 exposure levels than 

those reported “never” using.222 However, the exposure level of 4-OH-BP in 

summer was lower than that in winter, for this compound was mostly found in 

skincare products, which was used more frequently in winter.223  

In addition, concentrations of BP-3 and BP-1 for participants in the low 

household income category were significantly lower than those in the high 

category, so we hypothesized exposure levels of benzophenones were associated 

with socioeconomic levels.224 Exposure levels of benzophenones in the women 

whose house was decorated in the past 3 years were higher than in those not 

decorated, which may result from the common application of benzophenones in 

the paint for their good thermal properties225 and widespread occurrence in indoor 
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air. Interestingly, the significantly positive association between the exposure 

levels of parabens (MeP and PrP) and the frequency of physical activity was 

observed. The previous study reported the relationship between the exposure 

levels of parabens and household incomes,224 but no significant differences were 

observed in the present research. Regarding those conflicting findings, 

comprehensive questionnaire data is desiderated for examining exposure,226 and 

some potential factors affect exposure patterns and prevention. 

3.3.4.4 Co-exposure and source analysis 

Figure 3.13 represents co-exposure patterns of study population and heat map of 

correlations of parabens, benzophenones and triclosan. In the specific-visit 

analysis (Figure 3.13 A), we found that high percentages (77.8% in T1, 77.9% in 

T2 and 79.7% in T3) of participants were exposed to low concentrations (< 25th 

percentile) of all analytes. Less than 5% of population was exposed to over 50th 

percentile of urinary levels. Percentile values of typical-chemicals over three 

trimesters represented that 50% - 67% of participants were exposed to above the 

25th percentile of concentration distributions (Figure 3.13 B). Following that, 

about 20% were in the levels of > 50th percentiles and only 0.3% were above the 

95th percentile concentrations of one specific analytes. Heat map of urinary 

concentrations of parabens, benzophenones and triclosan demonstrated (Figure 

3.13 C) demonstrated that BP-3 and BP-1, MeP and PrP were moderately 

correlated (Table 3.28).  
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Figure 3.13 Co-exposure patterns of the study population and heat map of 

correlations of parabens, benzophenones and triclosan. 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester. 
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Table 3.28 Correlations between SG-adjusted levels of each compound 

 

MeP EtP PrP 4-OH-BP BP-1 BP-3 TCS 

MeP 1 

      EtP 0.341** 1 

     PrP 0.707** .277** 1 

    4-OH-BP 0.017 0.023 0.006 1 

   BP-1 0.081** 0.107** 0.077** 0.478** 1 

  BP-3 0.113** 0.117** 0.100** 0.183** 0.543** 1 

 TCS 0.060** 0.066** 0.052** 0.087** 0.170** 0.245** 1 

Note: p < 0.01(**) represents significant differences 

 

Considering the co-occurrence of parabens, benzophenones and triclosan, we 

applied percentile analysis to evaluate the exposure pattern and correlation 

profiles.66, 80 Our results indicated that exposure to Chinese pregnant women was 

low levels of multiple chemicals throughout the whole gestation. Three out of 941 

participants (< 0.3%) had exposure values above the 95th percentiles for all the 

analytes. During the whole gestational period, 6%, 22%, 50% of the study 

population was observed exposure to over 75th percentile, 50th percentile, 25th 

percentile of concentrations of all target compounds, respectively. A moderate 

correlation (0.543) between BP-3 and BP-1 was observed, for personal care 

products were important sources for both BP-3 and BP-1 exposure. Additionally, 

previous reports represented that BP-3 can be absorbed by human skin40 and be 

hydroxylated to BP-1.227 For parabens, MeP and PrP were reasonably correlated 

for their combined application in consumer products. Thus, investigating the 

cumulative effects of chemical mixtures over the whole gestational period is an 

important step in assessing the health impacts of exposure. 
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3.4 Chapter summary 

In summary, exposure to phthalates, bisphenols (BPA, BPS and BPF), parabens, 

benzophenones and triclosan is frequent among pregnant women. Although 

application and production of BPA have been restricted, it is still dominating 

exposure of bisphenols. The reproducibility of biomarkers suggests that a single 

measurement is acceptable to evaluate the exposure level for benzophenones and 

triclosan but not enough for parabens. Co-exposure to multiple chemicals at one 

trimester or to specific chemical over three trimesters is common at a low dose. 

The relationships between urinary concentrations of EDCs and exposure-related 

determinants including sampling seasons, socioeconomic class, lifestyles, and 

infant gender should be considered in future epidemiological studies. 

Most commonly exposure was at a low dose of mixtures of five phthalates 

throughout pregnancy, and the most frequency of cumulative risks occurred in 

these whose exposure driven by a large dose of one specific phthalate (DnBP or 

DEHP). About 1.6% of participants had potential risks produce by exposure to 

bisphenols. Combined health hazards were mainly driven by one specific 

bisphenol (BPS or BPA). The regulation of BPA should be urgently tightened and 

intervention of BPS should be considered in China. The intervention should be 

taken to limit the application and production of DnBP and DEHP, particularly 

DnBP.  

Our research highlights the importance of exposure to mixtures on health 

research and provides scientific information in reducing exposure to EDCs for 

regulatory concern.  
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Chapter 4  

Bisphenol A in relation to three natural estrogens: estrone, 

17β-estradiol and estriol in a repeated-measures study 

4.1 Introduction 

Previous studies have linked BPA exposure during pregnancy to premature 

delivery,114 and potential adverse health effects on infants and mothers.228 BPA 

can mimic the action of natural estrogen through binding to the estrogen receptor 

or nuclear.229 Natural estrogens including estrone (E1), 17β-estradiol (E2) and 

estriol (E3) are produced in the ovarian, and their levels are negatively controlled 

by hypothalamic-pituitary-gonadal axis (HPG).230 The fetuses are completely 

dependent on maternal hormones before they are able to produce hormones at 10 - 

12 gestation weeks.95 Additionally, estrogens are essential to fetal development 

and growth.231 Serval studies have investigated the effects of prenatal BPA 

exposure on birth outcomes, but the findings are not consistent. Wolff et al. 

observed associations between BPA levels in urine collected between 25 and 40 

gestational weeks and birth size in New York.203 Huo et al. observed BPA levels at 

delivery were related to the increased risks of low birth weight,64 but Lee et al. 

found the increased birth weight and ponder index in the higher BPA tertiles.232 In 

addition, the non-monotonic associations between maternal urinary BPA levels 

and birth weight were observed in a previous study conducted by Philippat et al. 

in France.195 These findings emphasize the importance to understand the effects of 

exposure to BPA on estrogen. Recent in vitro and in vivo studies have observed 

the non-monotonic dose-effects of BPA,5 but the direct evidence of relationships 

between BPA and estrogens, particularly E1 and E3, are rarely reported.  
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In light of its potential hazards, BPA has been banned in baby bottles across the 

European Union since 2011.233 In addition, the European Food Safety Authority 

(EFSA) deceased the tolerable daily intake (TDI) from 50 µg/kg body weight/day 

to 4 µg/kg body weight/day after re-evaluation of BPA toxicity.27 However, 

information is still insufficient about BPA exposure, particularly low dose-effects, 

during pregnancy. Considering the significantly physiologic changes during 

pregnancy and high within-person variability of BPA, it is essential to monitor the 

relationships between environmental disruptors such as BPA exposure and 

estrogen levels at multiple time points among pregnant women. 

This chapter aimed to assess the relationships between BPA and three main 

types of natural estrogens (E1, E2 and E3) at three trimesters. The low-dose 

effects and gender-specific effects of BPA exposure on estrogens were also 

evaluated. 

4.2 Materials and methods  

4.2.1 Study population 

851 participants were included in this work with urine samples collected at the 

first trimester (T1: 13 ± 1.1 gestational weeks), the second trimester (T2: 23.6 ± 

3.2 gestational weeks) and the third trimester (T3: 36.9 ± 3.4 gestational weeks). 

4.2.2 Measurement of maternal urinary concentrations of BPA and estrogens  

BPA and Bisphenol-A-(diphenyl-13C12) (13C12-BPA, 99 atom % 13C) were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, USA). Estrone (E1), 

17β-estradiol (E2) and estriol (E3) were purchased from Sigma (St.Louis, 135 

MO, USA), and labeled estradiol was bought from estradiol-2,4,16,16-d4 (d4-βE2)  

C/D/N Isotope (Pointe-Claire, Quebec, Canada). The detailed sample preparation 

procedures were stated in Chapter 2 and our published paper.171 E1, E2, and E3 
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were determined using an ultra-high performance lipid chromatography coupled 

with triple quadrupole mass spectrometry (Waters, TQXS) in positive electrospray 

ionization mode. The separation was achieved with Waters Acquity BEH C18 

column (100 mm × 2.1 mm, 1.7 µm) and gradient elution with Milli-Q water 

containing 0.1% formic acid (v/v, A) and acetonitrile (B). The gradient were: B 

increased from 30% to 52% at the first 9 min, increased to 75% B from 9 to 10.5 

min, increased to 95% B from 10.5 to 12 min, and returned to 30% B at 12.5 min. 

The total run time was 15 min. 

4.2.3 Estimated daily intake of BPA 

The calculation of estimated daily intake (EDI) using BPA urinary concentrations 

was demonstrated in Chapter 3. In this chapter, the concentrations which achieved 

EDI higher than tolerance daily intake (TDI) were applied as reference levels at 

each trimester. The lowest concentrations of EDI above TDI at the first, second 

and third trimester were 4.87 ng/mL, 5.18 ng/mL, and 5.40 ng/mL, respectively. 

4.2.4 Statistical analysis 

Concentrations of urinary BPA and estrogen hormones below the LOD were 

replaced with values equal to the LOD divided by the square root of 2. Because 

BPA and estrogen concentrations were not normally distributed, the data were 

natural log-transformed for BPA and hormone concentrations. We applied 

restricted cubic spline analysis to assess the relationship between BPA levels and 

estrogen levels in three trimesters. 

We grouped the study participants into quartile based on their maternal urinary 

BPA levels. To examine associations between maternal urinary BPA levels and 

hormone levels, multiple linear regression models were performed for the 

continuous variable of estrogen concentrations as a dependent variable. 
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Model1was unadjusted; Model 2 was adjusted for potential confounders, which 

included maternal age, education level, passive smoking, parity, gestational age at 

delivery. We computed the percent changes of thyroid hormone concentrations for 

each 10-fold increase in maternal urinary BPA concentration by the following 

formula: eβ −1 ×100, where β = coefficient from the multiple regression models. 

Considering the hormone activity of BPA, we identify the possible modification 

effect of infant gender by stratified analysis of infant gender. In addition, we 

conducted one sensitivity analysis by repeated analyses with GDM added to 

models as a separate covariate. 

All analyses were performed using the SAS 9.2 software (SAS Institute Inc., 

Cary, NC, USA). The level of significance was two-sided p-value ≤ 0.05. 

4.3 Results  

4.3.1 Characteristics of the study population 

Table 4.1 shows that maternal ages were 28.6 [standard deviation (SD) 3.3] years 

and pre-pregnancy BMI 20.9 (SD 2.8) kg/m2. The majority had a college 

education (n = 631, 74.2%). 33.7% (n = 287) of women confirmed passive smoke 

exposure. Among all newborns, 52.4% (n = 446) were male and 47.6% (n = 405) 

were female. There were 7.8% (n = 66) mothers had gestational diabetes mellitus 

(GDM). 
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Table 4.1 Characteristics of the participantsa 

Characteristics   Mean SD 

Maternal age (years) 

 

28.63 3.33 

Pre-pregnancy BMI (kg/m²) 

 

20.93 2.85 

Maternal education 

     High school or lower 

 

185 21.74 

  College 

 

631 74.15 

  Graduate degree or higher 

 

35 4.11 

Passive smoking during pregnancy 

    No 

     Yes 

 

287 33.73 

Parity 

 

564 66.27 

  1 

 

733 86.13 

>1 

 

118 13.87 

Fetal gender 

     Male 

 

446 52.41 

  Female   405 47.59 

Note: aData shown in this table were provided by the collaborative laboratory, and 

were published on the paper Environ. Int. 2020, 134:105304; SD, standard 

deviation.  
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4.3.2 Urinary concentrations of BPA, E1, E2 and E3 

Table 4.2 shows the distributions of maternal urine concentrations of BPA and 

three estrogens at three trimesters. BPA concentrations were detected in more than 

80% of maternal urine samples. The median BPA levels (ng/mL) were 1.47, 1.45, 

and 1.33 at the first, second, and third trimester, respectively. BPA is mainly 

applied in plastic materials. Bisphenol A (BPA) is a chemical substance used in 

plastics that are used in, for example, construction material, electronics, plastic 

bottles, food packaging materials, implants, medical syringes and toys. The 

primary source of exposure to BPA for most people is through the diet. While air, 

dust, and water are other possible sources of exposure, BPA in food and beverages 

accounts for the majority of daily human exposure.234 The median concentrations 

(ng/mL) of ln-E1, ln-E2, and ln-E3 at the first trimester were 4.65, 3.44, and 5.89, 

respectively. The median concentrations of ln-E1, ln-E2, and ln-E3 at the second 

trimester were 5.24, 4.09 and 7.62 ng/mL, respectively. The median 

concentrations of ln-E1, ln-E2, and ln-E3 at the third trimester were 5.45, 4.45, 

and 8.24 ng/mL, respectively. The significant variations of concentrations of 

targeted compounds were observed across three trimesters (Table 4.3). The 

associations among BPA, E1, E2, and E3 are shown in Table 4.4. We found no 

significant correlations (p > 0.05) between BPA levels and levels of E1 and E2. 

The significant (p < 0.01) but weak associations (correlation coefficient r = 0.1) 

were observed between BPA and E3 levels. The variability and associations of 

urinary targeted compounds between trimesters are shown in Table 4.5. Urinary 

concentrations of three estrogens had moderate variability with ICC values ranged 

from 0.592 to 0.718. BPA levels demonstrated high variability (ICC = 0.223). 
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Table 4.2 Distributions of urinary concentrations of bisphenol A and three natural 

estrogens. 

Measurements n AM 

SD of 

AM 25th 50th 75th 95th 

The 1st trimester 847 

 

 

    unadjusted BPA 

 

8.95 67.12 0.07 1.15 3.47 20.47 

SG-adjusted        

BPA 

 

13.01 135.11 0.13 1.47 4.00 26.05 

E1 

  

142.43 128.99 61.18 104.07 176.91 399.88 

E2 

  

40.06 33.34 20.10 31.30 50.96 95.05 

E3 

  

616.74 913.05 196.12 359.67 719.48 1908.99 

Ln-E1 

  

4.63 0.84 4.11 4.65 5.18 5.99 

Ln-E2 

  

3.43 0.75 3.00 3.44 3.93 4.60 

Ln-E3 

  

5.92 1.00 5.28 5.89 6.58 7.55 

The 2nd trimester 851 

 

 

    unadjusted BPA 

 

5.69 28.69 0.15 1.26 3.59 18.34 

SG-adjusted        

BPA 

 

7.11 32.11 0.18 1.45 3.80 20.32 

E1 

  

264.38 246.88 108.14 188.91 329.41 694.66 

E2 

  

72.67 56.77 37.29 59.85 91.11 167.50 

E3 

  

2770.75 2726.93 1173.28 2038.18 3475.17 7390.45 

Ln-E1 

  

5.23 0.91 4.68 5.24 5.80 6.54 

Ln-E2 

  

4.03 0.79 3.62 4.09 4.51 5.12 

Ln-E3 

  

7.56 0.99 7.07 7.62 8.15 8.91 

The 3rd trimester 851 

 

 

    unadjusted BPA 

 

5.71 25.11 0.25 1.26 3.33 17.94 

SG-adjusted        

BPA 

 

6.75 31.80 0.27 1.33 3.78 21.09 

E1 

  

316.87 289.02 141.10 232.87 393.07 865.40 

E2 

  

103.04 76.91 56.50 85.66 127.15 230.94 

E3   

 

5611.95 6569.70 1953.22 3771.22 6825.45 16158.79 

Ln-E1 

  

5.43 0.84 4.95 5.45 5.97 6.76 

Ln-E2 

  

4.38 0.80 4.03 4.45 4.85 5.44 

Ln-E3   

 

8.15 1.09 7.58 8.24 8.83 9.69 

Note: SD, standard deviation; AM, arithmetic mean; SG-adjusted, specific-gravity 

adjusted; Ln-E1, natural logarithm of E1 concentrations; Ln-E2, natural logarithm 

of E2 concentrations; Ln-E3, natural logarithm of E3 concentrations; T1, the first 

trimester of pregnancy; T2, the second trimester; T3, the third trimester. 
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Table 4.3 Mann-Whitney U test of compounds 

 

E1 E2 E3 BPA 

T1 vs. T2 <0.001 <0.001 <0.001 0.974 

T2 vs. T3 <0.001 <0.001 <0.001 0.821 

T1 vs. T3 <0.001 <0.001 <0.001 0.775 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester. 

 

Table 4.4 Correlations among BPA, E1, E2 and E3 

 

E1 E2 E3 BPA 

E1 1 0.893** 0.628** 0.019 

E2 

 

1 0.696** 0.013 

E3 

  

1 0.100** 

BPA 

   

1 

 

Table 4.5 Intraclass correlation coefficients and Pearson correlation coefficients 

between trimesters  

 ICC    Correlation coefficients between trimesters 

 

β -95 CI 95CI T1 vs. T2   T2 vs. T3   T1 vs. T3 

E1 0.718 0.683 0.749 0.442 0.498 0.419 

E2 0.667 0.626 0.704 0.393 0.440 0.369 

E3 0.592 0.542 0.637 0.240 0.383 0.349 

BPA 0.223 0.129 0.310 0.393 0.338 0.328 

Note: ICC, intraclass correlation coefficient; CI, confidence interval; T1, the first 

trimester; T2, the second trimester; T3, the third trimester. 
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4.3.3 Associations between BPA and three estrogens 

We divided participants into four groups according to the urinary concentrations 

of BPA at each trimester, which refers to Table 4.6. Table 4.7 shows the 

associations between maternal urinary BPA concentrations (SG-adjusted) and E1, 

E2, and E3 levels in quartiles among all participants over three trimesters in 

multivariable regression models with adjustment for potential confounders 

(maternal age, education level, passive smoking, parity, gestational age, and 

prepregnancy BMI). Compared with the low exposure levels of BPA, three 

estrogen levels were low in high exposure levels. At T2, elevated levels of E1, E2 

were found in high exposure levels of BPA when compared with low levels. 

Notably, decreased E3 concentrations in the second and third quartile, but 

increased E3 concentrations in forth quartile were found compared to that in the 

first quartile. At T3, three estrogens were lower in the high quartile than the first 

quartile of BPA. There was no difference in estrogen levels between medium and 

high quartiles of BPA groups. 
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Table 4.6 Quartile concentrations (ng/mL) of BPA  

BPA quartiles N Concentrations 

T1 
 

SG-adjusted  Ln-(SG-adjusted) 

Q1 212 < 0.13 < -2.07 

Q2 212 0.13 - 1.47 -2.07 - 0.39 

Q3 212 1.47 - 4.00 0.39 - 1.39 

Q4 211 > 4.00 > 1.39 

Total 847 < LOD - 3742.74 < LOD - 8.23 

T2 
  

Q1 213 < 0.18 < -1.71 

Q2 213 0.18 - 1.45 -1.71 - 0.37 

Q3 213 1.45 - 3.80 0.37 - 1.33 

Q4 212 > 3.80 > 1.33 

Total 851 < LOD - 631.64 < LOD - 6.45 

T3 
   

Q1 213 < 0.27 < -1.30 

Q2 213 0.27 - 1.33 -1.30 - 0.28 

Q3 213 1.33 - 3.78 0.28 - 1.33 

Q4 212 < 3.78 > 1.33 

Total 851 < LOD - 463.42 < LOD - 6.14 

Note: Q, quartile; Q1, the first quartile; Q2, the second quartile; Q3, the third 

quartile; Q4, the fourth quartile; T1, the first trimester; T2, the second trimester; 

T3, the third trimester. 
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Table 4.7 Associations of SG-adjusted concentrations of BPA and estrogens at 

three trimesters  

SG-adjusted    Model 1                     Model 2   

BPA β (±95% CI) p-value  β (±95% CI) p-value 

ln-(SG-adjusted E1) 

T1 

 

 

  

 

   Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.21 (-0.37, -0.05) 0.01 

 

-0.20 (-0.36, -0.05) 0.01 

  Q3 

  

-0.26 (-0.42, -0.10) 0.001 

 

-0.26 (-0.42, -0.10) 0.001 

  Q4 

  

-0.13 (-0.29, 0.02) 0.1 

 

-0.12 (-0.27, 0.04) 0.14 

T2 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.28 (-0.45, -0.11) 0.001 

 

-0.27 (-0.44, -0.10) 0.002 

  Q3 

  

-0.19 (-0.36, -0.02) 0.03 

 

-0.17 (-0.34, 0.001) 0.05 

  Q4 

  

-0.11 (-0.28, 0.06) 0.22 

 

-0.09 (-0.26, 0.08) 0.3 

T3 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.24 (-0.39, -0.08) 0.004 

 

-0.22 (-0.38, -0.06) 0.006 

  Q3 

  

-0.13 (-0.29, 0.03) 0.12 

 

-0.12 (-0.27, 0.04) 0.15 

  Q4 

  

-0.08 (-0.24, 0.08) 0.33 

 

-0.08 (-0.24, 0.08) 0.34 

ln-(SG-adjusted E2) 

T1 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.23 (-0.37, -0.09) 0.002 

 

-0.23 (-0.37, -0.09) 0.002 

  Q3 

  

-0.22 (-0.36, -0.08) 0.003 

 

-0.21 (-0.35, -0.07) 0.004 

  Q4 

  

-0.13 (-0.27, 0.01) 0.08 

 

-0.12 (-0.26, 0.02) 0.11 

T2 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.19 (-0.34, -0.04) 0.01 

 

-0.19 (-0.34, -0.04) 0.01 

  Q3 

  

-0.11 (-0.26, 0.05) 0.17 

 

-0.10 (-0.24, 0.05) 0.21 

  Q4 

  

-0.04 (-0.19, 0.11) 0.60 

 

-0.03 (-0.18, 0.11) 0.66 

T3 
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  Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.15 (-0.31, -0.002) 0.05 

 

-0.13 (-0.28, 0.02) 0.09 

  Q3 

  

-0.09 (-0.24, 0.06) 0.24 

 

-0.08 (-0.23, 0.08) 0.33 

  Q4 

  

-0.16 (-0.32, -0.01) 0.03 

 

-0.17 (-0.32, -0.02) 0.03 

ln-(SG-adjusted E3) 

T1 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.31 (-0.50, -0.13) 0.001 

 

-0.33 (-0.51, -0.15) 0.0003 

  Q3 

  

-0.23 (-0.42, -0.04) 0.02 

 

-0.24 (-0.42, -0.06) 0.009 

  Q4 

  

0.12 (-0.07, 0.31) 0.22 

 

0.14 (-0.04, 0.32) 0.12 

T2 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.36 (-0.54, -0.17) 0.0001 

 

-0.37 (-0.55, -0.19) < 0.0001 

  Q3 

  

-0.23 (-0.41, -0.05) 0.01 

 

-0.21 (-0.39, -0.03) 0.02 

  Q4 

  

0.19 (0.005, 0.37) 0.04 

 

0.20 (0.02, 0.38) 0.03 

T3 

        Q1 

  

Reference 

  

Reference 

   Q2 

  

-0.31 (-0.51, -0.10) 0.004 

 

-0.24 (-0.44, -0.04) 0.02 

  Q3 

  

-0.25 (-0.45, -0.04) 0.02 

 

-0.21 (-0.41, -0.01) 0.04 

  Q4     0.15 (-0.06, 0.35) 0.16   0.13 (-0.07, 0.33) 0.21 

Note: Q1, the first quartile; Q2, the second quartile; Q3, the third quartile; Q4, the 

forth quartile; CI, confidence interval; T1, the first trimester; T2, the second 

trimester; T3, the third trimester. 
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Figure 4.1-Figure 4.3 present the relationships between urinary concentrations 

of BPA and three estrogens (E1, E2, and E3) among all participants over three 

trimesters. At T1, BPA was non-linear associated with E2 and E3. In addition, the 

non-linear association between the BPA exposure and E1, E2 and E3 were 

observed at T2. At T3, no significant relationship was found between BPA and E2, 

but the non-linear associations were observed between BPA and other two 

estrogens (E1 and E3) (association p < 0.05, non-leaner association p < 0.05). 
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Note: Figure captions are on the next page. 
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Figure 4.1 Dose-response relationships between urinary BPA concentrations 

(ln-transformed) and E1 at three trimesters.  

Note: Models were adjusted for maternal age, pre-pregnancy BMI, parity, 

education levels, passive smoking, and gestational age at sample collecting. Knots 

were set at 5th, 50th and 95th percentiles and the reference values were set to the 

median. Dashed lines = 95% CI. (A) Relationships between BPA and E1 at the 

first trimester; (B) Relationships between BPA and E1 at the second trimester; (C) 

Relationships between BPA and E1 at the third trimester. The concentration 

calculated from lowest EDI which was above TDI at the third trimester was 4.87 

ng/mL (the blue line). 
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Note: Figure captions are on the next page. 
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Figure 4.2 Dose-response relationships between urinary BPA concentrations 

(ln-transformed) and E2 at three trimesters.  

Note: Models were adjusted for maternal age, pre-pregnancy BMI, parity, 

education levels, passive smoking, and gestational age at sample collecting. Knots 

were set at 5th, 50th and 95th percentiles and the reference values were set to the 

median. Dashed lines = 95% CI. (A) Relationships between BPA and E2 at the 

first trimester; (B) Relationships between BPA and E2 at the second trimester; (C) 

Relationships between BPA and E2 at the third trimester. The concentration 

calculated from lowest EDI which was above TDI at the second trimester was 

5.18 ng/mL (the blue line). 
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Note: Figure captions are on the next page. 
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Figure 4.3 Dose-response relationships between urinary BPA concentrations 

(ln-transformed) and E3 at three trimesters.  

Note: Models were adjusted for maternal age, pre-pregnancy BMI, parity, 

education levels, passive smoking, and gestational age at sample collecting. Knots 

were set at 5th, 50th and 95th percentiles and the reference values were set to the 

median. Dashed lines = 95% CI. (A) Relationships between BPA and E3 at the 

first trimester; (B) Relationships between BPA and E3 at the second trimester; (C) 

Relationships between BPA and E3 at the third trimester. The concentration 

calculated from lowest EDI which was above TDI at the third trimester was 5.40 

ng/mL (the blue line). 
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4.3.4 Gender-specific associations between BPA and estrogens 

We further investigated the gender-specific relationships between BPA and three 

estrogens on the basis of grouped BPA concentrations into four quartiles (Table 

4.8), and the association between BPA exposure and estrogen levels after the 

stratification of gender was demonstrated in Figure 4.4.  

Figure 4.4 presents that E1 was negatively related to BPA among mothers 

carrying boys and girls (T1), but no similar associations were found in these who 

carrying girls (T2) or those carrying boys (T3). E2 was negatively associated with 

boys in three trimesters, but no significant relationship was observed in girls. 

Negative relationships between E3 and BPA were found in mothers carrying boys 

at three trimesters. For the mothers carrying girls, positive relationships between 

E3 and BPA were observed at T1 and negative relationships between E3 and BPA 

were observed at T3. At T2, E3 levels were negatively related to BPA levels at Q2 

and Q3, and positively associated with BPA levels at Q4 when comparing with the 

Q1 of BPA levels. 
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Table 4.8 Associations between maternal urinary BPA concentrations and estrogen levels stratified by fetal gender 

SG-adjusted BPA   Urinary SG-adjusted estrogen levels               

   

Male(n=442) 

    

Female (n=405) 

   T1 

 

Model 1 

  

Model 2 

  

Model 1 

  

Model 2 

 

  

β (95% CI) p-value 

 

β (95% CI) p-value 

 

β (95% CI) 

p-valu

e 

 

β (95% CI) p-value 

ln-(SG-adjusted E1)              

  Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.17  

(-0.39, 0.04) 0.12 

 

-0.20 

 (-0.42, 0.02) 0.07 

 

-0.24 

 (-0.47, -0.02) 0.04 

 

-0.24 

 (-0.46, -0.01) 0.04 

  Q3 

  

-0.26 

 (-0.48, -0.04) 0.02 

 

-0.28 

 (-0.50, -0.06) 0.01 

 

-0.26  

(-0.49, -0.03) 0.02 

 

-0.22 

 (-0.45, -0.001) 0.05 

  Q4 

  

-0.14 

 (-0.36, 0.08) 0.21 

 

-0.14  

(-0.36, 0.08) 0.2 

 

-0.13 

 (-0.36, 0.10) 0.27 

 

-0.08 

 (-0.30, 0.15) 0.5 

ln-(SG-adjusted E2) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.30 

 (-0.49, -0.10) 0.003 

 

-0.31 

 (-0.51, -0.12) 0.002 

 

-0.16  

(-0.37, 0.05) 0.13 

 

-0.16 

 (-0.35, 0.04) 0.13 

  Q3 

  

-0.30  

(-0.49, -0.10) 0.003 

 

-0.30 

 (-0.50, -0.11) 0.002 

 

-0.13 

 (-0.34, 0.08) 0.22 

 

-0.08 

 (-0.28, 0.12) 0.45 

  Q4 

  

-0.22  

(-0.41, -0.02) 0.03 

 

-0.22 

 (-0.42, -0.03) 0.02 

 

-0.03 

 (-0.24, 0.18) 0.77 

 

0.02 

 (-0.18, 0.22) 0.84 

ln-(SG-adjusted E3) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.36  

(-0.60, -0.11) 0.005 

 

-0.41 

 (-0.66, -0.17) 0.0008 

 

-0.26  

(-0.54, 0.02) 0.07 

 

-0.26 

 (-0.53, 0.01) 0.06 

  Q3 

  

-0.25  0.05 

 

-0.30 0.01 

 

-0.19  0.19 

 

-0.17  0.22 
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(-0.50, -0.01)  (-0.54, -0.06) (-0.47, 0.09) (-0.44, 0.10) 

  Q4 

  

0.03  

(-0.22, 0.28) 0.83 

 

0.02 

 (-0.22, 0.26) 0.84 

 

0.22 

 (-0.06, 0.51) 0.13 

 

0.27  

(0.001, 0.54) 0.05 

T2 

            ln-(SG-adjusted E1) 

 

 

  

 

  

 

  

 

   Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.32  

(-0.57, -0.08) 0.009 

 

-0.30  

(-0.54, -0.05) 0.02 

 

-0.23 

 (-0.47, 0.005) 0.05 

 

-0.22 

(-0.45, 0.01) 0.06 

  Q3 

  

-0.14  

(-0.39, 0.11) 0.28 

 

-0.12 

 (-0.38, 0.13) 0.34 

 

-0.24 

 (-0.47, -0.01) 0.04 

 

-0.21  

(-0.43, 0.02) 0.07 

  Q4 

  

-0.11  

(-0.35, 0.14) 0.4 

 

-0.09 

 (-0.34, 0.15) 0.47 

 

-0.11  

(-0.34, 0.13) 0.37 

 

-0.08 

 (-0.31, 0.15) 0.49 

ln-(SG-adjusted E2) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.23  

(-0.44, -0.02) 0.03 

 

-0.21 

 (-0.42, -0.005) 0.05 

 

-0.15  

(-0.37, 0.06) 0.17 

 

-0.15 

 (-0.35, 0.06) 0.17 

  Q3 

  

-0.07 

 (-0.29, 0.14) 0.5 

 

-0.07 

 (-0.28, 0.15) 0.54 

 

-0.13  

(-0.34, 0.07) 0.21 

 

-0.12  

(-0.32, 0.09) 0.26 

  Q4 

  

-0.05 

 (-0.26, 0.16) 0.64 

 

-0.05 

 (-0.25, 0.16) 0.67 

 

-0.03 

 (-0.24, 0.19) 0.8 

 

-0.01 

 (-0.22, 0.20) 0.91 

ln-(SG-adjusted E3) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.45 

 (-0.73, -0.17) 0.002 

 

-0.46 

 (-0.74, -0.18) 0.001 

 

-0.25 

 (-0.48, -0.02) 0.04 

 

-0.25 

 (-0.46, -0.03) 0.03 

  Q3 

  

-0.20  

(-0.49, 0.09) 0.17 

 

-0.18 

 (-0.47, 0.10) 0.21 

 

-0.25 

 (-0.47, -0.02) 0.03 

 

-0.23 

 (-0.44, -0.02) 0.04 

  Q4 

  

0.16 

 (-0.12, 0.44) 0.26 

 

0.17 

 (-0.10, 0.45) 0.22 

 

0.22 

 (-0.01, 0.45) 0.06 

 

0.24  

(0.02, 0.46) 0.03 

T3 
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ln-(SG-adjusted E1) 

 

 

  

  

  

  

  

  

   Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.19 

 (-0.41, 0.02) 0.08 

 

-0.17  

(-0.39, 0.04) 0.11 

 

-0.28 

 (-0.51, -0.04) 0.02 

 

-0.25 

 (-0.48, -0.02) 0.04 

  Q3 

  

-0.17 

 (-0.38, 0.04) 0.12 

 

-0.17  

(-0.38, 0.04) 0.12 

 

-0.08 

 (-0.32, 0.16) 0.51 

 

-0.06 

 (-0.29, 0.18) 0.64 

  Q4 

  

-0.06 

 (-0.27, 0.16) 0.6 

 

-0.06  

(-0.28, 0.15) 0.57 

 

-0.10  

(-0.34, 0.14) 0.4 

 

-0.10 

 (-0.33, 0.13) 0.41 

ln-(SG-adjusted E2) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.20  

(-0.41, 0.006) 0.06 

 

-0.16 

 (-0.36, 0.05) 0.14 

 

-0.10 

 (-0.33, 0.13) 0.38 

 

-0.07  

(-0.29, 0.15) 0.53 

  Q3 

  

-0.18  

(-0.38, 0.02) 0.08 

 

-0.17  

(-0.37, 0.03) 0.09 

 

0.02  

(-0.22, 0.25) 0.89 

 

0.05 

 (-0.18, 0.28) 0.68 

  Q4 

  

-0.18 (-0.39, 

0.02) 0.08 

 

-0.20 (-0.41, 

0.001) 0.05 

 

-0.14 (-0.36, 0.09) 0.24 

 

-0.14 

 (-0.36, 0.09) 0.23 

ln-(SG-adjusted E3) 

              Q1 

  

Reference 

  

Reference 

  

Reference 

  

Reference 

 

  Q2 

  

-0.34 

 (-0.58, -0.10) 0.006 

 

-0.26  

(-0.49, -0.02) 0.03 

 

-0.22  

(-0.56, 0.11) 0.2 

 

-0.18  

(-0.51, 0.15) 0.29 

  Q3 

  

-0.40 

 (-0.64, -0.17) 0.0007 

 

-0.39  

(-0.62, -0.16) 0.0008 

 

-0.04  

(-0.38, 0.30) 0.82 

 

-0.00  

(-0.34, 0.34) 1 

  Q4     

0.04  

(-0.20, 0.28) 0.73   

0.0049 

 (-0.23, 0.24) 0.97   

0.30  

(-0.04, 0.63) 0.09   

0.26 

 (-0.07, 0.60) 0.12 

Note: Q1, the first quartile; Q2, the second quartile; Q3, the third quartile; Q4, the forth quartile; T1, the first trimester; T2, the 

second trimester; T3, the third trimester.



156 

 

 

Figure 4.4 Associations of urinary SG-adjusted BPA concentration and estrogens levels at 

three trimesters, stratified by fetal gender. 

Note: Q1, the first quartile; Q2, the second quartile; Q3, the third quartile; Q4, the forth 

quartile. 
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4.4 Discussion 

To the best of our knowledge, this is the first epidemiological study to explore the 

relationships between levels of BPA and three maternal estrogens, E1, E2 and E3, in urine 

samples collected at multiple-point times of pregnancy. We found the evidence of 

non-monotonic associations of BPA with E1, E2 and E3 at three trimesters. These associations 

remained suggestive when BPA was modeled as continuous variables in the cubic spline 

analysis. 

Recently, several studies have evaluated the health effects of BPA exposure on mothers 

and/or fetuses. Comparisons of urinary BPA concentrations in the present work and previous 

works are shown in Table 4.9. Median urinary BPA concentrations in this work were similar 

to those detected in Mexico, 228 New York, 203 Ohio, U.S.A., 235 and Korea, 232 but lower than 

those reported in France195 and Wuhan, China.64 Philippat et al. found the U-shaped 

relationships between BPA levels (ng/mL: 5th: 0.6, 95th: 9.8) and birth weight.195 We observed 

the non-monotonic relationships between urinary BPA concentrations (ng/mL) at the first 

trimester (25th: 0.07; 75th: 3.47), the second trimester (25th: 0.15; 75th: 3.59), and the third 

trimester (25th: 0.25; 75th: 3.33) and estrogen levels. 
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Table 4.9 BPA levels during pregnancy and health effects in previous studies and this work 

Study Year Region Sample 

amount 

Weeks BPA concentrations Health effects 

Cantonwine et 

al.228  

2001-2003 Mexico 12 30  Case: 

50th:1.15  

(10th:0.8, 95th:6.7) Preterm birth 

     Control: 

50th:0.8  

(10th:0.2, 95th:3.4)  

Wolff et al.203 1998-2002 Now 

York 

367 25-40  50th:1.3 (25th:0.7,75th:2.3) No associations with birth 

size 

Braun et al.235  2003 Ohio 249 16 50th:1.8 (25th:0.8, 75th:3.2) Externalizing behaviors  

    26  50th:1.7 (25th:0.8, 75th:3.0) in 2-year-old children 

    Birth 50th:1.3 (25th:0.7, 75th:6.6)  

Philippat et al.195 2002-2006 France 287 6-30 50th:2.7  (5th:0.6, 95th:9.8) An inverse U-shaped relation 

between BPA  and birth 

weight, and an positive 

association between BPA and 

head circumference  

Huo et al.64 2012-2014 China 452 At delivery Case: 

50th:4.7 

(Min:<LOD,95th:4

4.0) 

Increased risks of low birth 

weight 

     Control:   

     50th:2.25 (Min:<LOD,95th:3  
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4.9) 

Lee et al.232 2007-2010 Korea 757 28-42 50th:1.08 (25th:0.46, 

75th:2.85) 

Increased birth weight and 

ponderal index with gender 

specific effects 

This work 2014-2015 China 851 13.0±1.1  50th:1.15 (25th:0.07, 

75th:3.47) 

Non-monotonic associations 

between urinary levels of 

BPA and E1, E2, and E3. 

    23.6±3.2  50th:1.26 (25th:0.15, 

75th:3.59) 

 

    35.9±3.4  50th:1.26 (25th:0.25, 

75th:3.33) 
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Several human studies have examined the relationships between BPA levels and E2 levels. 

Meeker et al. (2010)  observed inverse relationships between urinary BPA concentrations and 

serum E2 levels in 167 men.236 Takeuchi et al. found no significant relationship between BPA 

concentrations and E2 concentrations in serum of women.237 Galloway et al. observed urinary 

BPA concentrations were not related to serum E2 concentrations in Italian adults.238 Positive 

associations were found between urinary BPA levels and plasma E2 levels in young men.239 In 

cord blood, BPA levels were weakly positively associated with E2 levels in male neonates. 240 

The discrepancy between studies on the effects of BPA on E2 may be due to differences in 

study population, study design, and sample matrix. In the present work, we examined the 

relationships of BPA and three estrogens with a relatively large sample size (851 pregnant 

women) at multiple time points (three trimesters), which can more comprehensively explore 

these associations. To the best of our knowledge, limited study has examined the relationships 

of BPA with E1 and E3 among pregnant women, particularly utilizing urinary BPA and 

estrogen concentrations from multiple time points. 

BPA was metabolized via glucuronidation and sulfation in the liver, and most were excreted 

in urine about 6 hours after exposure.172 The high variability of the repeated urinary BPA 

concentrations was observed. The levels of E1, E2 and E3 increased significantly during the 

three trimesters. Levels of naturally occurring estrogens are controlled by 

hypothalamic-pituitary-gonadal axis (HPG).230 Expect for the positive relationships between 

BPA and E3 when comparing the highest with the lowest BPA levels at T2, E1, E2, and E3 

were negatively related to BPA over three trimesters when comparing with lowest BPA levels. 

Women in Q1 (the lowest BPA levels) did not represent they did not experience BPA exposure; 

it indicated that they had urinary concentrations were below LODs of this method. The 

https://ehp.niehs.nih.gov/doi/10.1289/ehp.1002367#b24-ehp-118-1603
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non-monotonic dose-response relationships between BPA and levels of E1, E2 and E3 were 

observed at relatively low doses; most of EDIs (calculated using equation listed in Chapter 3) 

using average BPA concentrations over three trimesters were lower than 

No-Observed-Adverse-Effect-Level (NOAEL). Substantial literature reported the effects of 

BPA on circulating estrogen levels in animal models. Xi et al. observed low-dose BPA 

exposure was related to increased serum estradiol levels on CD-1 mice.241 In contrast, Berger 

et al. found that no associations between BPA and estradiol levels in adult mice during early 

pregnancy.242 In addition, Lee et al. found the low-dose BPA (< 0.1 mg/kg body weight/day) 

was correlated with decreased levels of estradiol in adult rats.243 Non-monotonic 

dose-response relationships of BPA and adverse health effects were observed.244 BPA as an 

well-documented endocrine disruptor can affect hormonal homeostasis via bonding to the 

estrogen receptors (ERs), including classic nuclear ERs and non-classic membrane ERs,83 or 

infusing signaling mechanisms.84 ER affinity of BPA (EC50 = 2-7 × 10−7 M) were weaker 

than that (EC50 = 1-6 × 10−13 M) of estradiol.245 BPA, as an anti-estrogen, might compete 

with natural estrogen and mimic the activity of estrogen.246 Also, in vitro studies observed that 

BPA suppressed E2 synthesis by reducing aromatase expression247 and/or decreasing 

aromatase activity.248 The inhibition of aromatase activity induced by BPA is related to the 

decreased transformation of testosterone into E2.249 

In this work, we observed the gender-specific effects of BPA on estrogens. The negative 

associations between the first-trimester concentrations of BPA and E2 were observed among 

mothers delivering boys, while no significant association of BPA and E2 among those who 

delivering girls was observed through the whole gestation, indicating that mothers carrying 

boys may be more sensitive to BPA than those carrying girls. Sexual differences in BPA 
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toxicity were observed from rodent to human studies.250 Schönfelder et al. observed higher 

BPA concentrations in male fetuses than female fetuses,251 and Lee et al. observed that 

maternal BPA levels were related to the increased ponderal index in female infants.252 The 

gender-dependent associations maybe due to difference in metabolization of BPA between 

boys and girls.251 Also, synthesis of hormones and endocrine toxicity are varied by gender.253  

This work measured the concentrations of BPA and three natural estrogens in urine samples 

collected at multiple points in time, which enabled us to evaluate the associations between 

BPA and estrogen at a specific stage of pregnancy. However, there are some limitations in our 

study. We measured the total urinary estrogen concentrations, which contain free, bioavailable, 

and inactive status.254 In addition, the absence of free BPA measurements may cause 

misclassification because the toxicities of free and conjunct species are different. Further 

demographical studies should take these limitations into consideration to better understand the 

relationships between BPA and estrogens. 

4.5 Chapter summary 

This chapter examined the associations between levels of BPA and three major natural 

estrogens (E1, E2 and E3) in urine samples collected at three trimesters among Chinese 

pregnant women. Our findings indicated that BPA were non-monotonically associated with E1, 

E2 and E3, even under EFSA reference dose. We also observed gender-specific and 

trimester-specific effects of BPA on estrogens. Therefore, the current thresholds call for 

reevaluation and additional studies are needed to confirm the relationships of BPA and 

estrogens in the general population. 
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Chapter 5  

Maternal exposure to phthalates in relation to both gestational diabetes 

mellitus and glucose homeostasis: A nested case-control study 

5.1 Introduction 

Gestational diabetes mellitus (GDM) is defined as glucose intolerance firstly recognized 

during pregnancy, which is the most common pregnancy complication, affecting about 1% to 

14% of the pregnant women depending on the screening method and population.255 Globally 

increasing occurrence of GDM has been documented over recent decades.256 The incidence of 

GDM has increased from 2.4% to 6.8 % between 1999 and 2008 in China.257 GDM has some 

associations with the increased risks of macrosomia, preeclampsia, and primary cesarean 

delivery.258 Also, GDM is considered a contributor to the global prevalence of type 2 diabetes 

and obesity.259 Widespread exposure to endocrine disrupting chemicals, such as phthalates,260 

are noted as the potential risk factors for the incidence of GDM. In the presence of pregnancy 

hormones which are produced by placenta, normal levels of insulin become unable to control 

plasma glucose levels. Mothers with GDM cannot produce enough insulin leading to high 

plasma glucose levels. GDM normally recovers after delivery, as the pregnancy hormones 

disappear with removal of placenta. However, it may increase the risks of developing diabetes 

in the future. Diabetes mellitus is a metabolic disorders characterized by the increased plasma 

glucose levels resulting from defects in insulin resistance, insulin deficiency, or both.261 

Phthalates have peroxisome proliferator-activated receptors (PPAR)-mediated activity and 

estrogenic activity,104, 262 which may affect plasma glucose homeostasis.105 In vitro study has 

found that DEHP can disturb the insulin binding and glucose oxidation.106 Previous 
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demographic studies have observed the relationships of phthalate concentrations and insulin 

resistance107 and diabetes risks108 among the general population. High detection frequency 

and concentrations of phthalates among pregnant women are well noted.167, 263 Serval studies 

have investigated the associations between levels of phthalate metabolites and gestational 

diabetes mellitus or plasma glucose levels among pregnant women,109-110, 264 but limited has 

conducted on basis of case-control study design, which can control the variations of risk 

factors. 

We aimed to examine the relationships between biomarkers such as urinary concentrations 

of phthalate metabolites and the ratio of MECPP/MEHHP during early pregnancy and GDM 

on the basis of a case-control study. We also examined gender-dependent associations of 

phthalate with GDM risks after stratified by fetal gender. To clearly support that phthalates 

may disrupt insulin and cause GDM, we also evaluated the relationships of phthalate levels 

and plasma glucose levels by 75 g oral glucose tolerance test (OGTT) after overnight fasting.  

5.2 Materials and methods 

5.2.1 Study design and study population.  

Amongst the enrolled population, 133 women had GDM (cases) and 399 women without 

GDM (controls) were selected. Three controls were randomly selected by matching mothers' 

age (within 1 year) and infant gender with each case. The population in this study had similar 

general characteristics with the original cohort study.  

5.2.2 Gestational diabetes mellitus diagnosis and plasma glucose measurements 

Participants took the oral glucose tolerance test (OGTT) at the 26.4 ± 2.4 gestational weeks. 

According to the International Association of Diabetes and Pregnancy Study Groups 

(IADPSG) recommendations,99 women were diagnosed with GDM if one of the following 
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criteria was fulfilled: Fasting plasma glucose level (FPG: mmol/ L) was higher than 5.1; 

1-hour plasma glucose level (1h-PG: mmol/ L) was higher than 10.0; 2-hour of plasma 

glucose level (2h-PG: mmol/ L) was higher than 8.5 after the 75 g OGTT. 

5.2.3 Samples collection and measurement of urinary concentrations of phthalates 

The detailed sample preparation procedures were stated in Chapter 2 and published paper.171 

5.2.4 Statistical analysis 

The chi-square test was used to evaluate the differences in the categorical variables between 

the GDM group and the control group. The Wilcoxon matched-pairs signed-rank test was 

applied to compare urinary concentrations of phthalate metabolites between GDM and control 

groups.  

Conditional logistic regression models were used to evaluate the associations between the 

risks of GDM and biomarkers including urinary concentrations of phthalate metabolites, 

∑DEHP, ∑LWMPAEs, ∑PAEs, and MECPP/MEHHP by calculating matched odds ratios (OR) 

and 95% confidence intervals (CIs). First, biomarkers, i.e., urinary concentrations of phthalate 

metabolites, ∑DEHP, ∑LMWPAEs, ∑PAEs, and the ratio of MECPP/MEHHP were analyzed 

as continuous variables. Second, the biomarkers were categorized into tertiles, and the lowest 

tertile was set as the reference. Linear trend tests were calculated by modeling the median 

values of each tertile as continuous variables. We used multiple linear regression models to 

evaluate the associations between levels of phthalate metabolites and fasting, 1-hour, and 

2-hour plasma glucose levels. All associations of interest were assessed in both crude and 

adjusted models, which were adjusted for the following confounders: household income, 

maternal education, passive smoking, parity, pre-pregnancy BMI, maternal age, and fetal 

gender. p for heterogeneity of biomarkers including concentrations of phthalate metabolites, 
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levels of ∑DEHP, ∑LMWPAEs, ∑PAEs, and a ratio of MECPP/MEHHP, and GDM stratified 

by infant gender, parity, household income, age, pre-BMI, and smoke status were 

investigated.  

All analyses were performed using SPSS (version 23.0; IBM Corp) and R software (version 

3.3.4; R). The statistical results are considered significant when two-tailed p-values are below 

0.05. 

5.3 Results  

5.3.1 Characteristics of participants included in the case-control study of GDM 

Table 5.1 presents the general characteristics of the 133 cases and 399 controls. There were 69 

sets of boys and 64 sets of girls. The mean age of all the participating mothers was 29.2 ± 3.0 

years old. Compared with the controls, the case mothers were more likely to be overweight 

(pre-pregnancy BMI ≥ 23.9 kg/m2) (29% vs. 10%). FPG, 1h-PG, and 2h-PG levels (mmol/L) 

in GDM women were significantly higher than those in the controls (5.0 ± 1.0 vs. 4.3 ± 0.4, 

p < 0.001); (9.5 ± 1.9 vs. 6.8 ± 1.3, p < 0.001); and (8.5 ± 1.8 vs. 6.2 ± 1.0, p < 0.001). 
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Table 5.1 Demographic characteristics of the participants with gestational diabetes mellitus 

and the controlsa 

 

 Total  GDM No-GDM p 

Infant gender 

    Male 276 69(52) 207(52) 

 Female 256 64(48) 192(48) 

 Age (year) 29.23±3.04 

  

0.81 

<25 32 8(6) 24(6) 

 25-29 280 70(53) 210(53) 

 30-34 187 49(37) 138(35) 

 35 33 6(5) 27(7) 

 Education levels 

   

0.235 

Less high school 21 6(5) 15(4) 

 High school 88 28(21) 60(15) 

 More than high school 423 99(74) 324(81) 

 House income (Chinese 

yuan per year) 

   

0.392 

>50,000 87 25(19) 62(16) 

 <50,000 443 108(81) 335(84) 

 Missing 2 0(0) 2(1) 

 BMI (kg/m2) 

   

<0.01 

18.5-23.9 86 11(8) 75(19) 

 <18.5 367 83(63) 284(71) 
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>23.9 79 39(29) 40(10) 

 Passive smoking 

   

0.789 

No 310 91(68) 268(67) 

 Yes 222 42(32) 131(33) 

 Parity 

   

0.833 

1 453 114(86) 339(85) 

 >1 79 19(14) 60(15) 

 OGTT 

    Fasting 

 

4.3±0.4 5.0±1.0 <0.001 

1 hour 

 

6.8±1.3 9.5±1.9 <0.001 

2 hours 

 

6.2±1.0 8.5±1.8 <0.001 

Note: aData in this table were provided from the collaboration; OGTT, oral glucose tolerance 

test; GDM, gestational diabetes mellitus; No-GDM, participants were not diagnosed with 

gestational diabetes mellitus. 
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5.3.2 Levels of biomarkers among GDM and non-GDM 

Table 5.2 and Figure 5.1 show the distributions of biomarkers in the study population. Of the 

eight measured phthalate metabolites, most were detected in more than 80% of urine samples. 

As for urinary concentrations (ng/mL) of phthalates metabolites in the whole study population, 

MnBP was the predominant compound with a median of 24.48, followed by MiBP (median: 

11.59). The concentration difference comparison between the two groups showed that the 

median level of all phthalate metabolites in subjects with GDM was significantly higher than 

that in non-GDM subjects (p < 0.001).  

Women with GDM had significant higher concentrations of phthalate metabolites than 

those without. MEP (9.37 vs. 5.57), MiBP (19.24 vs. 10.07), MnBP (54.79 vs. 20.57), MECPP 

(9.22 vs. 6.05), MEHHP (7.62 vs. 3.89), MEOHP (4.88 vs. 2.74), MEHP (4.57 vs. 2.56), 

DEHP (0.63 vs. 0.26), LMWPAEs (0.09 vs. 0.05), and PAEs (0.47 vs. 0.19). Significant 

decreased ratio of MECPP/MEHHP was found in women with GDM (1.3 vs. 1.48).  

Spearman correlations were examined among the concentrations of phthalate metabolites 

(Table 5.3). Statistically significant positive correlations (p < 0.001) were observed among all 

targeted compounds. Relatively strong correlations were observed among the secondary 

metabolites of DEHP (MEHHP, MEOHP, and MECPP) with the coefficients in the range of 

0.859 to 0.962. MiBP and MnBP were moderately related (r = 0.509).
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Table 5.2 Distributions of biomarkers among participants. 

 

All 

  

No-GDM 

  

GDM 

  

p 

 

Median 25th  75th  Median 25th  75th  Median 25th  75th  

 MEP 6.31 3.39 10.97 5.57 3.19 9.09 9.37 5.02 21.98 <0.001 

MiBP 11.59 6.68 18.51 10.07 5.83 16.17 19.24 10.38 40.51 <0.001 

MnBP 24.48 14.78 39.81 20.57 12.96 30.69 54.79 29.06 163.90 <0.001 

MECPP 6.67 4.22 10.23 6.05 3.90 8.95 9.22 5.77 17.79 <0.001 

MEHHP 4.35 2.71 6.94 3.89 2.40 5.80 7.62 4.48 13.36 <0.001 

MEOHP 3.13 1.94 4.93 2.74 1.77 4.07 4.88 3.29 8.58 <0.001 

MEHP 2.88 1.33 4.90 2.56 1.15 4.16 4.57 2.59 9.34 <0.001 

DEHP 0.28 0.21 0.37 0.26 0.19 0.32 0.63 0.36 1.19 <0.001 

LMWPAEs 0.06 0.04 0.09 0.05 0.03 0.08 0.09 0.06 0.18 <0.001 

PAEs 0.22 0.15 0.30 0.19 0.14 0.25 0.47 0.26 1.00 <0.001 

MECPP/MEHHP 1.43 1.17 1.84 1.48 1.23 1.91 1.30 1.05 1.58 <0.001 

Note: GDM, gestational diabetes mellitus; No-GDM, participants were not diagnosed with gestational diabetes mellitus; LMWPAEs, 

the sum molar concentrations of MEP, MiBP, and MnBP; PAEs, the sum molar concentrations of all the targeted phthalate 

metabolites, including MEP, MiBP, MnBP, MEHHP, MEOHP, MECPP, and MEHP. 
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Figure 5.1 Concentration distributions of DEHP and its metabolites between case 

(GDM) and control (No-GDM). 

Note: GDM, gestational diabetes mellitus; No-GDM, participants were not 

diagnosed with gestational diabetes mellitus. 
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Table 5.3 Correlations of phthalate metabolites 

  MEP MiBP MnBP MECPP MEHHP MEOHP MEHP 

MEP 1 

      MiBP 0.150** 1 

     MnBP 0.172** 0.509** 1 

    MECPP 0.212** 0.295** 0.282** 1 

   MEHHP 0.203** 0.384** 0.391** 0.859** 1 

  MEOHP 0.191** 0.365** 0.373** 0.893** 0.962** 1 

 MEHP 0.143** 0.315** 0.319** 0.484** 0.543** 0.529** 1 

Note: ** p < 0.001
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5.3.3 Associations between biomarkers and risks of GDM 

The unadjusted and adjusted ORs and 95% CIs for GDM according to the tertiles of 

biomarkers on the basis of molar concentrations are shown in Table 5.4. Figure 5.2 

demonstrates the relationships of adjusted risks of GDM and biomarkers. Significant 

associations were found between biomarkers and risks of GDM. Significant positive 

trends were observed between GDM risks and increasing levels of phthalate 

metabolites, DEHP, LMWPAEs, and PAEs in the unadjusted analysis comparing to 

the lowest tertile (p for trend < 0.001). After adjustment of potential confounding 

factors, the significant positive trends between GDM risk and levels of 

above-motioned biomarkers were still observed (p for trend < 0.001). Additionally, we 

observed a significant negative relationship between MECPP/MEHHP and risks of 

GDM with an adjusted OR = 0.40 (95% CI: 0.25–0.64) for the highest tertile (p for 

trend < 0.001), which suggested that the recent exposure to DEHP might be a risk 

factor of GDM. 
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Table 5.4 Relationships between risks of GDM and levels of biomarkers  

Biomarkers 

(nmol/mL) Case/Control OR ORa 

PAEs 

   <0.23 12/177 1 1 

0.232-0.340 19/178 1.29(0.48,3.45) 1.57(0.76,3.23) 

>0.337 102/177 7.57(3.44,16.65) 8.14(4.47,14.80) 

p for trend 

 

<0.001 <0.001 

DEHP 

   <0.0464 16/177 1 1 

0.0464-0.077 41/177 2.15(0.98,4.73) 2.53(1.42,4.52) 

>0.077 76/178 4.44(2.16,9.16) 4.67(2.72,8.01) 

p for trend 

 

<0.001 <0.001 

LMWPAEs 

   <0.172 12/175 1 1 

0.172-0.263 22/177 3.5(1.15,10.63) 1.79(0.89,3.62) 

>0.263 99/178 12.75(4.61,35.28) 8.20(4.51,14.93) 

p for trend 

 

<0.001 <0.001 

MEP 

   <0.022 28/177 1 1 

0.022-0.045 36/178 1.31(0.80,2.15) 1.37(0.84,2.23) 

>0.045 69/177 2.47(1.59,3.84) 2.41(1.55,3.74) 

p for trend 

 

<0.001 <0.001 

MiBP 

   <0.037 24/177 1 1 

0.037-0.073 32/178 1.70(0.78,3.71) 1.40(0.83,2.37) 

>0.073 77/177 4.20(2.11,8.37) 3.21(2.03,5.08) 

p for trend 

 

<0.001 <0.001 

MnBP 

   <0.077 13/177 1 1 

0.077-0.148 27/178 2.86(1.03,7.95) 2.02(1.04,3.91) 

>0.148 93/177 9.79(3.90,24.54) 6.71(3.75,12.01) 

p for trend 

 

<0.001 <0.001 

MBzP 

   <0.00014 29/177 1 1 

0.00014-0.00036 32/178 1.02(0.51,2.04) 1.10(0.66,1.82) 
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>0.00036 72/177 2.33(1.30,4.20) 2.40(1.56,3.71) 

p for trend 

 

<0.001 <0.001 

MECPP 

   <0.016 24/177 1 1 

0.016-0.0283 39/178 2.44(1.13,5.31) 1.53(0.92,2.55) 

>0.0283 70/177 4.22(2.04,8.73) 2.85(1.79,4.54) 

p for trend 

 

<0.001 <0.001 

MEHHP 

   <0.0115 17/177 1 1 

0.0115-0.0200 32/178 2.38(1.04,5.43) 1.83(1.01,3.29) 

>0.02 84/177 5.25(2.47,11.18) 4.73(2.80,7.97) 

p for trend 

 

<0.001 <0.001 

MEOHP 

   <0.0079 18/177 1 1 

0.0079-0.0139 37/178 2.54(1.22,5.29) 1.90(1.08,3.33) 

>0.0139 78/177 4.15(2.22,7.75) 4.18(2.51,6.99) 

p for trend 

 

<0.001 <0.001 

MEHP 

   <0.0068 23/177 1 1 

0.0068-0.0146 39/177 1.53(0.77,3.09) 1.68(1.00,2.81) 

>0.0146 71/178 2.99(1.47,5.22) 3.24(2.03,5.19) 

p for trend 

 

<0.001 <0.001 

MECPP/MEHHP 

   <1.26 65/177 1 1 

1.26-1.66 44/178 0.77(0.45,1.30) 0.73(0.49,1.07) 

>1.66 24/177 0.40(0.21,0.76) 0.40(0.25,0.64) 

p for trend 

 

<0.001 <0.001 

Note: a Adjusted for maternal age, education levels, household income, parity, 

pre-pregnancy BMI, passive smoking, and offspring gender; OR, odds ratio.
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Figure 5.2 Risks of GDM associated with biomarkers, including the urinary 

concentrations of phthalate metabolites and a ratio value 
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5.3.4 Gender-dependent effects of biomarkers on GDM risks 

Table 5.5 demonstrates the heterogeneity of associations of biomarkers and risks 

of GDM stratified by characteristics. We found the gender-dependent associations 

of MEP and risk of GDM. Thus, we analyzed the associations of MEP and the 

risks of GDM after the stratification of infant gender (Table 5.6). We found that 

mothers who gave birth to girls were more susceptible to MEP exposure than 

those who delivered boys. 
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Table 5.5 Heterogeneity between risks of GDM associated with maternal urinary concentrations of phthalates 

Analytes Gendera Agea BMIa Passive smokinga Paritya Incomea 

PAEs 0.674 0.058 0.747 0.785 0.126 0.207 

DEHP 0.698 0.37 0.294 0.936 0.798 0.05 

LMWPAEs 0.815 0.268 0.469 0.422 0.111 0.555 

MEP 0.029 0.4 0.232 0.208 0.367 0.716 

MiBP 0.615 0.862 0.322 0.95 0.546 0.049 

MnBP 0.429 0.632 0.573 0.412 0.049 0.224 

MECPP 0.475 0.358 0.132 0.465 0.443 0.732 

MEHHP 0.937 0.774 0.762 0.414 0.837 0.064 

MEOHP 0.969 0.894 0.058 0.898 0.548 0.217 

MEHP 0.564 0.054 0.314 0.561 0.112 0.857 

MECPP/MEHHP 0.357 0.113 0.842 0.295 0.991 0.37 

Note: aData were provided from the collaboration; GDM, gestational diabetes mellitus; LMWPAEs, the sum molar concentrations of 

MEP, MiBP, and MnBP; PAEs, the sum molar concentrations of all the targeted phthalate metabolites, including MEP, MiBP, MnBP, 

MEHHP, MEOHP, MECPP, and MEHP. 
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Table 5.6 Risks of GDM associated with urinary concentrations of MEP, stratified by infant gender 

MEP levels Male 

  

Female 

  

p for 

heterogeneity 

 

Case/Control OR ORa Case/Control OR ORa 0.029 

Tertlie 1 21/71 1 1 9/76 1 1 

 Tertlie 2 23/69 1.13(0.57,2.22) 1.06(0.51,2.18) 15/71 1.78(0.73,4.33)1 2.10(0.84,5.24) 

 Tertlie 3 25/67 1.26(0.65,2.46) 1.29(0.62,2.69) 40/45 7.51(3.33,16.90) 8.05(3.47,18.71) 

 p for trend 

 

0.042 0.014 

 

<0.001 <0.001 

 Note: a Adjusted for maternal age, education levels, household income, parity, pre-pregnancy BMI, and passive smoking; OR, odds 

ratio. 
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5.3.5 Associations between biomarkers and plasma glucose homeostasis 

Table 5.7 and Figure 5.3 demonstrate the associations of biomarkers with glucose 

levels among all participants. We found that all pollutants were significantly 

associated with the increased 1 h-PG and 2 h-PG. Expect for MEHP and MiBP, all 

were significantly associated with the increased fasting glucose levels. Each 

ln-unit (ng/mL) increment in MEP, MiBP, MnBP, MECPP, MEHHP, MEOHP, and 

MEHP was associated with a 0.235, 0.153, 0.276, 0.237, 0.354, 0.356, and 0.156 

mmol/L increase in 1 h-PG. In addition, each ln-unit (ng/mL) increment in MEP, 

MiBP, MnBP, MECPP, MEHHP, MEOHP, and MEHP was significantly 

associated with 0.181, 0.126, 0.231, 0.187, 0.327, 0.310, and 0.122 mmol/L 

increase in 2 h-PG. The impact of ln-unit (ng/mL) of biomarkers on 1 h-PG was 

greater than those on 2 h-PG. The increased concentrations of DEHP, LMWPAEs, 

and PAEs showed significant positive associations with glucose homeostasis 

parameters. 



181 

 

Table 5.7 Relationships between glucose homeostasis and levels of biomarkers a 

 

Variablesb MEP MiBP MnBP MECPP MEHHP MEOHP MEHP LMWPAEs DEHP PAEs 

Crud levels 

FPG 

0.056 

(0.011,0.100) 

0.030 

(0.001,0.059) 

0.054 

(0.020,0.089) 

0.055 

(0.009,0.100) 

0.087 

(0.037,0.136) 

0.084 

(0.030,0.138) 

0.031 

(-0.005,0.066) 

0.148 

(0.071,0.226) 

0.525 

(0.235,0.816) 

0.133 

(0.048,0.218) 

1h-PG 

0.263 

(0.134,0.392) 

0.165 

(0.080,0.249) 

0.304 

(0.207,0.402) 

0.258 

(0.126,0.391) 

0.403 

(0.263,0.543) 

0.392 

(0.238,0.546) 

0.155 

(0.051,0.259) 

0.958 

(0.745,1.170) 

2.115 

(1.28,2.95) 

0.967 

(0.731,1.202) 

2h-PG 

0.208 

(0.098,0.318) 

0.139 

(0.067,0.211) 

0.257 

(0.174,0.340) 

0.206 

(0.093,0.319) 

0.364 

(0.245,0.483) 

0.341 

(0.210,0.472) 

0.125 

(0.036,0.213) 

0.803 

(0.621,0.984) 

1.817 

(1.106,2.528) 

0.806 

(0.605,1.007) 

Adjusted levels 

FPG 

0.046 

(0.002,0.090) 

0.027 

(-0.002,0.055) 

0.045 

(0.011,0.079) 

0.050 

(0.005,0.095) 

0.074 

(0.026,0.123) 

0.075 

(0.022,0.128) 

0.031 

(-0.004,0.066) 

0.121 

(0.044,0.198) 

0.438 

(0.151,0.726) 

0.107 

(0.023,0.192) 

1h-PG 

0.235 

(0.109,0.361) 

0.153 

(0.070,0.235) 

0.276 

(0.181,0.372) 

0.237 

(0.108,0.367) 

0.354 

(0.216,0.493) 

0.356 

(0.205,0.507) 

0.156 

(0.055,0.258) 

0.897 

(0.687,1.108) 

1.814 

(0.991,2.638) 

0.917 

(0.685,1.150) 

2h-PG 

0.181 

(0.074,0.289) 

0.126 

0.056,0.196) 

0.231 

(0.149,0.313) 

0.187 

(0.076,0.297) 

0.327 

(0.210,0.445) 

0.310 

(0.181,0.438) 

0.122 

(0.035,0.209) 

0.749 

(0.569,0.930) 

1.594 

(0.892,2.296) 

0.759 

(0.56,0.959) 

Note: Significant p values (< 0.05) are in bold; a Adjusted for maternal age, education levels, household income, parity, prepregnancy 

BMI, passive smoking, and offspring gender; b Data were provided from the collaboration; LMWPAEs, the sum molar concentrations 

of MEP, MiBP, and MnBP; PAEs, the sum molar concentrations of all the targeted phthalate metabolites, including MEP, MiBP, 

MnBP, MEHHP, MEOHP, MECPP, and MEHP; FPG, fasting plasma glucose level; 1h-PG, 1-hour plasma glucose level; 2h-PG, 

2-hour of plasma glucose level. 
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Figure 5.3 Associations between urinary concentrations of phthalate metabolites 

and plasma glucose levels at 0, 1, and 2 hours 

Note: FPG, the fasting plasma glucose levels; 1h-PG, the plasma glucose levels at 

1 hour; 2h-PG, the plasma glucose levels at 2 hours. 
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5.4 Discussion 

In this chapter, we analyzed the associations of phthalates and the risks of GDM 

on basis of the principle component analysis (PCA). Firstly, 2452 participants 

were grouped in GDM and no-GDM. Next, principle component analysis was 

applied to extract the main component from analytes (Figure 5.4), which were 

detected in over 50% of urine samples. Finally, component 1 (MEHP, MEOHP, 

MEHHP, and MECPP), component 2 (BP-3, BP-1, and 4-OH-BP), component 3 

(MeP, PrP and BuP) and component 4 (MiBP, MnBP, MEP, and MBzP) were the 

top 4 components between GDM and no-GDM (Figure 5.4A). Eigenvalue of 

component 1 is nearly 4 (Figure 5.4B). Thus, the phthalate exposure, particularly 

DEHP exposure, may be more related to risks of GDM.
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Figure 5.4 Principle component analysis (PCA) (A) Principal components plot; (B) 

Eigenvalues of principal components 

Note: Component 1 is circles marked with red; Component 2 is circles marked 

with yellow; Component 3 is circles marked with dark blue; Component 4 is 

circles marked with light blue 
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Previously, five studies have evaluated the association between urinary 

concentrations of phthalate metabolites and GDM or plasma glucose levels (Table 

5.8). When comparing with all participants in our study, higher levels of MEP, 

MECPP, MEOHP, and MEHP were observed in Canada,102 Cambridge,101 New 

York,265 Boston,264,266 and Oklahoma.109 Urinary levels of MiBP and MnBP were 

comparable between our work and other works. We observed that mothers with 

GDM had higher levels of phthalates metabolites than those without GDM. 

Expect for MEP, the levels of phthalate metabolites in mothers with GDM of our 

work were comparable with these in all participants (GDM and no-GDM) from 

other works。
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Table 5.8 Geometric mean (ng/mL) of urinary levels of biomarkers in the present work and previous works. 

 

Year Region Number MEP MiBP MnBP MECPP MEHHP MEOHP MEHP 

DEHP 

(nmol/mL) 

This work 2014-2015 

Wuhan, 

China          

All   532 6.2 7.6 21.3 6.3 4.1 3.0 2.1 0.1 

No-GDM 

   

5.1 5.6 14.5 5.2 3.3 2.4 1.7 0.05 

GDM 

   

11.1 18.5 67.1 11.0 8.3 5.6 3.8 0.1 

Shaprio et al. 102 2008-2011 Canada 1274 

        No-GDM 

   

38.8 

 

13.3 

 

10.6 7.4 2.6 

 GDM 

   

34.5 

 

12.3 

 

11.4 7.8 2.7 

 Shaffer et al. 267 2010-2012 Cambridge 753 37.6 5.2 8.3 10.6 7.9 5.5 2.5 

 Robledo et al. 109 2008 Oklahoma 110 216.4 11.2 30.4 33.3 19.9 14.0 3.2 

 James-Todd et al. 

264, 266 2004-2010 Boston 208 43.6 5.7 10.9 

    

0.2 

Adibi et al. 265 2002-2006 New York 358 252.2 10.7 38.6 

   

5.0 

 Note: GDM, gestational diabetes mellitus; No-GDM, participants were not diagnosed with gestational diabetes mellitus.
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In this study, we found that maternal urinary concentrations of phthalates were 

associated with the increased risks of GDM. It is challenging to draw conclusions, 

given the controversial findings, which may be induced by variations in study 

design, population habits, and region applications. This case-control study may 

give a more confidential conclusion with confounders controlled. We found 

significant positive associations between GDM risks and increasing levels of 

biomarkers, including phthalate metabolites, DEHP, LMWPAEs, and PAEs. 

Consistent with our findings, in a study of 705 American pregnant women, 

Shaffer et al. reported that women with the higher averaged MEP levels at TI was 

associated with the elevated risks of GDM.267 However, Shapiro et al. did not find 

significant relationships between concentrations of phthalate metabolites in 

first-trimester urine samples collected from Canada pregnant women and GDM 

risks.102 In addition, the only previous research to evaluate the associations 

between GDM risks and phthalate exposures conducted by James-Todd et al. 

reported that higher MEP levels were related to excessive gestational weight gain 

and impaired glucose tolerance; while, higher DEHP levels were correlated to the 

decreased risks of impaired glucose tolerance.266 

Interestingly, we found a significant negative relationship between the ratio of 

MECPP/MEHHP and GDM, which suggested that the recent exposure to DEHP 

might be a risk factor of GDM. Todd et al. evaluated the trimester-specific effects 

of phthalate exposure on glucose levels, and they observed that MEP in T2 

(median: 21 gestation weeks) was related to higher glucose levels on routine 

obstetric care at 24 - 28 weeks.264 Exposure timing of phthalates should be 

warranted for the insulin resistance and glucose intolerance increases as 

pregnancy progresses.  
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We further investigated the relationships of phthalate levels with FPG, 1h-PG, 

and 2h-PG. We observed that expect for MEHP and MiBP, all were significantly 

associated with the increased FPG. Fisher et al. found that the first-trimester 

MEHP levels were positively associated with 2h-PG measured in 

mid-pregnancy.110 Robledo et al. observed that women who were exposed to 

higher urinary concentrations of MiBP and MnBP had the decreased plasma 

glucose levels among pregnant women in the U.S.A after a one hour 50 g oral 

glucose test.109 We found the effects of biomarkers on 1h-PG were more 

significant than on 2h-PG, suggesting that 1h-PG can be a better predictor for 

GDM. The possible explanation may be that 1h-PG is more closely associated 

with insulin secretion after oral glucose intake. 

Previous studies have found a linkage between phthalate exposure and 

abnormal glucose metabolism by disturbing peroxisome proliferator-activated 

receptors (PPARs) or estrogenic pathways.103, 268 Duan et al. observed that 

phthalate exposure may increase oxidative stress and induce inflammatory 

cytokines.269 Consistent with our findings, studies in rats have shown that DEHP 

can induce glucose intolerance and then increase plasma glucose levels.270,271 

Several cross-sectional human studies have found relationships among phthalate 

exposure, insulin resistance, and diabetes. 272  

Our findings suggested that there might be gender-dependent differences in the 

risk of GDM associated with prenatal MEP exposure. We found that mothers 

carrying female fetuses were more sensitive to MEP exposure than those carrying 

male fetuses. One possible explanation is that higher MEP levels have been 

associated with increased testosterone levels and sex hormone-binding 

globulin.273 However, Retnakaran et al. observed that mothers with male fetuses 
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were associated with decreased β-cell function, increased glucose levels, and 

increased risk of GDM. 274  

The major strength of this study is the nested case-control study design which 

can restrict the influence of confounding since the human confounders are harder 

to control than in vivo or in vitro studies. In addition, we collected potential risk 

factors for GDM, such as maternal age and pre-pregnancy BMI, by well-trained 

nurses via face-to-face interviews, and adjusted them as confounders when 

evaluating the associations of phthalate exposure with plasma glucose levels and 

GDM. However, we did not analyze the free phthalates, which is more active than 

conjugated species.  

5.5 Chapter summary  

In this nested case-control study, we observed positive relationships between 

phthalate exposure (e.g., urinary concentration of phthalates and exposure timing) 

and adverse health effects (e.g., plasma glucose levels and risks of GDM) on 

Chinese women, indicating that prenatal exposure to phthalates may be a risk 

factor for GDM. 
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Chapter 6  

Effects of prenatal exposure to di(2-ethylhexyl) phthalate (DEHP) 

on fetal growth, birth size, and early-childhood growth: A 

longitudinal prospective cohort study 

6.1 Introduction 

Recently, rates of obesity, type 2 diabetes mellitus and the metabolic syndrome 

have increased globally; prenatal exposure to environmental toxicants is 

considered as one contributor.275 Exposure to endocrine disrupting chemicals in 

the fetal period might cause changes in fetus development and long-term health 

challenges in the later life course.114 Fetal growth restriction has been linked to 

elevated weight gain and catch-up growth during childhood.115 The detection of 

DEHP metabolites in cord blood,276 breast milk,277 and amniotic fluid,278indicated 

the possibility of DEHP transfer from mothers to fetuses.279 

Several animal studies have suggested that maternal exposure to DEHP might 

cause fetal intrauterine growth restriction.116,117 Strakovsky et al. found that 

prenatal DEHP exposure might cause fetal growth restriction and catch-up 

adipogenesis in adult male rats.113 Recently, a human study conducted by 

Ferguson et al. observed that maternal exposure to DEHP was associated with the 

decreased fetal growth.118 However, limited studies have investigated the 

relationships of prenatal DEHP exposure with fetal growth, birth size, and early 

childhood growth, particularly the trimester-specific effects of such exposures 

which are essential for the identification of sensitive windows of DEHP exposure 

for fetal and early childhood growth. Several animal studies have revealed the 

gender effects of DEHP exposure on growth of offspring.113, 280 However, human 
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data are limited. 

In this chapter, we aimed to evaluate the trimester-specific and gender-specific 

effects of prenatal exposure to DEHP on fetal growth, birth size, and early 

childhood growth in 814 women-offspring pairs enrolled in Wuhan, China.  

6.2 Methods 

6.2.1 Fetal and early-childhood growth measurements 

Fetal growth parameters were measured at 14.0 - 18.9 weeks (U1; Mean±SD: 16.5 

±0.99), 22.6 - 27.0 weeks (U2; Mean±SD : 24.3±0.55), and 29.0 - 33.9 weeks (U3; 

Mean±SD : 31.2±1.02) of gestation. The ultrasonic parameters (in cm) listed as 

follows: biparietal diameter (BPD), head circumference (HC), abdominal 

circumference (AC), and femur length (FL), were measured directly. Estimated 

fetal weight (EFW: in g) were calculated according to Hadlock algorithm.281 Birth 

weight (BW: in g) and birth length (BL: in cm) were measured by nurses within 

one hour after delivery. Ponderal index (PI: in kg/m³) was calculated as (1000 × 

weight in g)/(length in cm)3, and applied as an indicator of asymmetrical 

intrauterine growth retardation.282 Body mass index (BMI: in kg/m²) was 

calculated as (weight in kg)/(height in cm)2. Z-scores for BPD, HC, AC, FL, EFW, 

BW, BL and PI were calculated as follows. First, we estimated that the 

distributions of above motioned growth parameters only relied on age of 

pregnancy (in days). We normalized the parameters by Box-Cox transformations. 

Second, the normalized parameters was modelled by cubic splines of gestational 

ages.283 Third, Akaike’s information criteria were used to fit model and the best 

fitting model was selected. Lastly, z-scores for fetal growth were obtained, which 

represent the percentiles of the in utero growth or birth size at specific time during 

pregnancy. The reference curves for fetal growth were provided by Intergroth-21st 
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standard.284 The gestational-age-adjusted z-scores for growth parameters were 

performed on R software (version 3.3.2, GAMLSS package version 4.3-7). 

Weights and heights in the early childhood were measured when offspring 

visited children’s health department at the ages of 6 (Mean ± SD: 6.13 ± 0.32), 12 

(12.31 ± 0.62), and 24 (24.37 ± 0.72) months. Z-scores of early-childhood weights 

and heights were normalized according to the WHO child growth standards,285 

which was used to show the percentiles of offspring size at a specific age. 

6.2.2 Statistical analysis 

The average SG-adjusted concentrations over three trimesters were calculated to 

obtain a better estimation of levels of DEHP metabolites during pregnancy. 

Urinary concentrations of DEHP metabolites were natural log (ln) transformed for 

further analysis. General linear models were applied to investigate the 

associations of averaged prenatal exposure levels of DEHP metabolites with fetal 

growth parameters (weight, height, and BMI) at birth and early-childhood growth 

parameters at 6 months, 12 months, and 24 months. 

Generalized estimating equation models were applied to examine the 

relationships between urinary DEHP concentrations at T1, T2 and T3 with 

z-scores of offspring growth parameters, including BW, BL, PI, weight, height, 

and BMI at 6, 12, and 24 months, to identify vulnerable windows of DEHP 

exposure on offspring growth. The offspring's growth parameters × 

trimester-specific DEHP levels were estimated as interaction factors to assess the 

differences in association between prenatal DEHP exposure at one certain 

trimester and offspring's growth. Generalized estimating equation models were 

used to assess DEHP levels at T1 and T2 with z-scores of BPD, HC, AC, EFW, 

and FL ultrasound measured at U2 and U3, respectively. General linear models 
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were used to assess the associations of concentrations of DEHP metabolites at T1 

and in utero growth parameters (BPD, HC, AC, EFW and FL) at measured at U1.  

General linear models were applied to investigate the associations of the 

averaged prenatal exposure levels of DEHP metabolites with fetal growth 

parameters (weight z-scores, height z-scores, and BMI z-scores) at birth and 

early-childhood growth parameters at 6 months, 12 months, and 24 months. 

Mixed linear models were used to evaluate the associations between prenatal 

DEHP exposure and the average z-scores of weight, height, and BMI from 6 to 24 

months. The offspring's age at follow-up × prenatal DEHP levels was applied as 

an interaction factor to assess differences in association between DEHP exposure 

and offspring growth at ages of 6, 12, and 24 months.  

We further explored the relationships between DEHP exposure and growth 

parameters stratified by infant gender. The infant gender × urinary DEHP 

concentrations were inserted into the models as a dependent variable to 

investigate the interactions between offspring gender and DEHP exposure.  

We also calculated the body weight gain rates in the following equation: WG= 

(Wn - BW)/n. n represents the number of months after birth; Wn is the body 

weight measured at n months after birth; BW is the birth weight. Generalized 

estimating equation models were applied to evaluate the trimester-specific effects 

of DEHP and its metabolites on weight gain at 6 months, 12 months, and 24 

months. 

The confounding factors, significantly contributed to the models (p ≤ 0.10), 

were included in final models using forward stepwise selection. And some other 

risk factors were selected on basis of previous literatures. Finally, models were 

adjusted by maternal age, maternal height, pre-pregnancy BMI, maternal 
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education level, parity, paternal height, breastfeeding duration (except in models 

for fetal growth and birth size), and infant gender (except in models stratified by 

offspring gender). 

Data analyses were performed using SPSS for Windows, version 23.0 (IBM 

Corp., Armonk, NY, USA). All statistical analysis results were considered as 

significant, if two-sided p-value was below 0.05. 

6.3 Results  

6.3.1 Study population 

Maternal characteristics and offspring growth parameters are shown in Table 6.1. 

A total of 814 mother offspring pairs were included in the present work, including 

429 boys and 385 girls. Average age of mothers was 28.6 years old. The majority 

of pregnant women had a normal pre-pregnancy BMI (68.6%), had more than 13 

years of education (79.2%), and were primiparous (86.2%). The average 

gestational weight gain (kg) was 16.6. About 566 (69.6%) of offspring were 

breastfed for over 6 months. In the follow-up study, weight and height of 397 

(53%) boys and 347 (47%) girls were measured at the average age of 6.13 months; 

417 (53%) boys and 376 (47%) girls were measured at the average age of 12.3 

months; 328 (54%) boys and 282 (46%) girls were measured at the average age of 

24.4 months. The dates of the first ultrasound measurements (U1) ranged from 

14.0 to 18.9 weeks, the dates of second ultrasound measurements (U2) ranged 

from 22.6 to 27.0 weeks, and the dates of third ultrasound measurements (U3) 

ranged from 29.0 to 33.9 weeks. 
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Table 6.1 Basic characteristics of the mother-infant pairsa. 

Characteristics                 N     Mean ± SD or percentage 

Parents 

   

Maternal age for delivery 

 

28.6±3.4 

 

<25 60  7.4% 

 

25-29 485 59.6% 

 

30-35 235 28.9% 

 

>35 34 4.2% 

Mother height (cm) 

 

1.6±0.0 

Father height (cm) 

 

1.7±0.1 

Pre-pregnancy BMI 

 

20.8±2.7 

 

<18.5 153 18.8% 

 

18.5-23.9 558 68.6% 

 

>24 103 12.7% 

Parity 

   

 

Nulliparous 702 86.2% 

 

Multiparous 112 13.8% 

Pregnancy weight gain 

 

16.6±4.6 

Maternal 

education 

   

 

<9 46 5.7% 

 

9-13 123 15.1% 

 

>13 645 79.2% 

Offspring 

   Gender 

   

 

Male 429 52.7% 

 

Female 385 47.3% 

Biparietal 

diameter (cm) 

   

 

U1 649 3.5±0.4 

 

U2 666 6.0±0.3 
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U3 734 7.9±0.4 

Estimated fetal weight (g) 

  

 

U1 507 171.5±33.0 

 

U2 666 668.8±74.5 

 

U3 734 1717.2±252.6 

Femur length (cm) 

  

 

U1 508 2.2±0.3 

 

U2 666 4.2±0.2 

 

U3 734 5.9±0.3 

Head circumference (cm) 

  

 

U1 567 13.1±1.2 

 

U2 667 22.1±0.9 

 

U3 734 28.9±1.2 

Abdominal circumference (cm) 

 

 

U1 508 11.2±1.1 

 

U2 667 19.7±0.9 

 

U3 734 27.1±1.5 

Weight (kg) 

     

 

At birth 814 3318.3±405.3 

 

6 months 744 8.3±0.9 

 

12 months 793 10.2±1.1 

 

24 months 610 12.8±1.4 

Weight z-scores 

  

 

At birth 814 -0.1±1.0 

 

6 months 744 0.7±0.9 

 

12 months 790 0.6±0.9 

 

24 months 610 0.5±0.9 

Height (cm) 

  

 

At birth 814 50.2±1.5 

 

6 months 744 68.2±2.3 

 

12 months 790 76.3±2.6 

 

24 months 610 88.5±3.3 
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Height z-scores 

  

 

At birth 814 -0.1±1.0 

 

6 months 744 0.6±1.0 

 

12 months 793 0.4±1.0 

 

24 months 610 0.5±1.0 

Ponderal index 

(PI) At birth 814 26.1±2.1 

Body mass index  6 months 744 17.9±1.6 

(BMI) 12 months 793 17.5±1.5 

 

24 months 610 16.3±1.3 

PI z-scores At birth 814 0.0±1.0 

BMI z-scores 6 months 741 0.5±1.0 

 

12 months 772 0.6±1.0 

 

24 months 603 0.3±0.9 

Breastfeeding duration 

 

 

<6 months 238 29.2% 

 

6-12 months 313 38.5% 

 

>12 months 253 31.1% 

 

Missing 10 1.2% 

Note: aData in this table were provided from the collaboration (Section 6.2.1) and 

submitted to Environmental Science & Technology.; U1, the first ultrasound 

measurement at 14.0 - 18.9 weeks; U2, the second ultrasound measurement at 

22.6 - 27.0 weeks; U3, the third ultrasound measurement at 29.0 - 33.9 weeks of 

gestation.  
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6.3.2 Maternal urinary concentrations of phthalate metabolites 

Urinary concentrations of DEHP metabolites are given in Figure 6.1 and Table 6.2. 

MEHHP, MECPP, MEOHP, and MEHP were detected in more than 87% of urine 

samples. The median of average concentrations (ng/mL) over three trimesters 

were 15.65, 6.75, 5.31, and 3.03 for MECPP, MEHHP, MEOHP, and MEHP, 

respectively. The urinary concentrations of DEHP (nmol/mL) were 0.09 at T1, 

0.06 at T2, and 0.07 at T3. 
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Table 6.2 Concentrations of DEHP (nmol/mL) and its metabolites (ng/mL) 

 

Detection 

rates (%) Median 25th 75th 5th  95th  

MECPP-T1 99.4 10.16 6.27 17.91 2.73 45.42 

MECPP-T2 99.6 7.53 4.60 12.41 2.23 40.06 

MECPP-T3 99.1 9.06 5.69 14.32 2.43 30.90 

MECPP-average  15.65 10.20 15.65 4.06 42.31 

MEHHP-T1 99.4 6.76 3.97 12.62 1.59 38.01 

MEHHP-T2 99.5 4.55 2.45 7.97 1.06 27.42 

MEHHP-T3 99.1 5.63 3.39 9.02 1.46 18.73 

MEHHP-average  6.75 6.75 10.43 2.48 26.81 

MEOHP-T1 99.4 5.22 2.99 9.29 1.20 27.98 

MEOHP-T2 99.5 3.90 2.01 6.26 0.85 21.17 

MEOHP-T3 99.3 4.59 2.82 7.48 1.18 15.98 

MEOHP-average  5.31 3.54 8.23 2.01 20.21 

MEHP-T1 92.3 3.10 1.18 6.23 0.04 25.80 

MEHP-T2 89.1 1.99 0.81 4.31 0.02 14.77 

MEHP-T3 87.3 1.97 0.73 4.52 0.02 16.31 

MEHHP-average  3.03 1.53 5.98 0.30 17.99 

DEHP-T1 

 

0.09 0.05 0.15 0.02 0.47 

DEHP-T2 

 

0.06 0.04 0.10 0.02 0.34 

DEHP-T3 

 

0.07 0.05 0.12 0.02 0.29 

DEHP-average  0.09 0.06 0.14 0.03 0.40 

Note: MECPP-T1, MECPP-T2, MECPP-T3 represent MECPP levels in the first 

trimester, the second trimester, and the third trimester; MEHHP-T1, MEHHP-T2, 

MEHHP-T3 represent MEHHP levels in the first trimester, the second trimester, 

and the third trimester; MEOHP-T1, MEOHP-T2, MEOHP-T3 represent MEOHP 

levels in the first trimester, the second trimester, and the third trimester; 

MEHP-T1, MEHP-T2, MEHP-T3 represent MEHP levels in the first trimester, the 

second trimester, and the third trimester; MECPP-average, MEHHP-average, 

MEOHP-average, MEHP-average, DEHP-average are the average concentrations 

of MECPP, MEHHP, MEOHP, MEHP, DEHP at three trimesters. 
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Figure 6.1 Distributions of urinary concentrations of DEHP metabolites at three 

trimesters 

Note: MECPP-1, MECPP-2, MECPP-3 present MECPP levels in the first 

trimester, the second trimester, and the third trimester; MEHHP-1, MEHHP-2, 

MEHHP-3 present MEHHP levels in the first trimester, the second trimester, and 

the third trimester; MEOHP-1, MEOHP-2, MEOHP-3 present MEOHP levels in 

the first trimester, the second trimester, and the third trimester; MEHP-1, MEHP-2, 

MEHP-3 present MEHP levels in the first trimester, the second trimester, and the 

third trimester 
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6.3.3 Trimester-specific associations of prenatal DEHP exposure levels and 

fetal growth 

Trimester-specific associations of DEHP levels with fetal growth are presented in 

Table 6.3. Associations of DEHP levels at T1 with fetal growth at 16.5 ± 0.99 

weeks are presented in Figure 6.2. Associations of DEHP levels at T1 and T2 with 

fetal growth at 24.3 ± 0.55 weeks are presented in Figure 6.3. Associations of 

DEHP levels at T1 and T2 with fetal growth at 31.0 ± 1.02 weeks are presented in 

Figure 6.4. For overall infants, DEHP concentrations at T1 were associated with 

decreased AC z-scores at U1 (β: -0.172, 95% CI: -0.138, -0.027), OPD at U2 (β: 

-0.025, 95% CI: -0.046, -0.005), and FL at U3 (β: -0.103, 95% CI: -0.189, -0.017). 

The same relationships were observed in boys between DEHP concentrations at 

T1 with AC z-scores at U1 (β: -0.202, 95% CI: -0.358, -0.046), OPD at U2 (β: 

-0.200, 95% CI: -0.316, -0.083), and FL at U3 (β: -0.099, 95% CI: -0.176, -0.023). 

In boys, DEHP levels at T1 were negatively associated with HC z-scores at U2 (β: 

-0.166, 95% CI: -0.307, -0.025), EFW at U3 (β: -0.104, 95% CI: 0.153-0.0055) 

and AC (β: 0.090, 95% CI:-0.158,-0.022) at U3. DEHP concentrations at T2 were 

negatively correlated to AC z-scores (β: 0.023, 95% CI: -0.041 to -0.006) and 

OFD z-scores (β: 0.024, 95% CI:-0.036 to -0.012) at U2. However, no significant 

association between DEHP exposure at T1 and T2 with the ultrasonic parameters 

such as AC, HC, FL, OFD, and EFW at U2 and U3 was observed among girls. 
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Table 6.3 Trimester-specific associations of prenatal DEHP exposure levels and 

fetal growth 

Variablesa All b 

 

Male c Female c 

U1 DEHP-T1 DEHP-T1 DEHP-T1 

EFW -0.097(-0.240,0.046) -0.106 (-0.258,0.045） -0.023 (-0.533,0.487) 

FL 0.005 (-0.139,0.149) 0.012（-0.135,0.159） -0.062(-0.598,0.473) 

AC -0.172(-0.318,-0.027) -0.202(-0.358,-0.046) 0.090(-0.414,0.593) 

OFD -0.069(-0.219,0.082) -0.066(-0.222,0.091) -0.096(-0.582,0.389) 

HC -0.072(-0.217,0.073) -0.061(-0.215,0.094) -0.167(-0.622,0.288) 

BPD -0.028(-0.151,0.096) -0.006(-0.138,0.126) -0.223(-0.645,0.199) 

U2 DEHP-T1 DEHP-T1 DEHP-T1 

EFW 0.042(-0.139,0.223) -0.025(-0.203,0.154) 0.224(-0.126,0.574) 

FL -0.003(-0.180,0.175) -0.051(-0.241,0.139) 0.124(-0.214,0.463) 

AC 0.107(-0.054,0.268) 0.048(-0.118,0.213) 0.264(-0.055,0.582) 

OFD -0.151(-0.287,-0.015) -0.200(-0.316,-0.083) 0.042(-0.236,0.320) 

HC -0.078(-0.252,0.097) -0.166(-0.307,-0.025) 0.208(-0.135,0.550) 

BPD 0.033(-0.149,0.216) -0.070(-0.229,0.090) 0.324(-0.018,0.667) 

U2 DEHP-T2 DEHP-T2 DEHP-T2 

EFW -0.014(-0.039,0.010) -0.010(-0.028,0.009) -0.127(-0.333,0.078) 

FL 0.008(-0.019,0.035) 0.013(-0.009,0.035) -0.120(-0.307,0.067) 

AC -0.025(-0.046,-0.005) -0.023(-0.041,-0.006) -0.058(-0.289,0.174) 

OFD -0.032(-0.049,-0.016) -0.024(-0.036,-0.012) -0.143(-0.360,0.075) 

HC -0.013(-0.031,0.005) -0.004(-0.021,0.013) -0.072(-0.286,0.142) 

BPD 0.012(-0.005,0.029) 0.019(-0.001,0.039) 0.016(-0.183,0.215) 
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U3 DEHP-T1 DEHP-T1 DEHP-T1 

EFW -0.066(-0.154,0.021) -0.104(-0.153,-0.055) 0.170(-0.161,0.500) 

FL -0.103(-0.189,-0.017) -0.099(-0.176,-0.023) -0.182(-0.546,0.182) 

AC -0.040(-0.159,0.079) -0.090(-0.158，-0.022) 0.288(-0.017,0.593) 

OFD 0.007(-0.072,0.086) -0.023（-0.084,0.038） 0.246(-0.016,0.508) 

HC -0.006(-0.065,0.053) -0.025(-0.072，0.021) 0.181(-0.047,0.410) 

BPD -0.022(-0.080,0.035) -0.017(-0.072,0.037) 0.023(-0.239,0.286) 

U3 DEHP-T2 DEHP-T2 DEHP-T2 

EFW 0.011(-0.013,0.036) 0.011(-0.007,0.029) -0.035(-0.266,0.197) 

FL 0.019(-0.006,0.043) 0.015(-0.010,0.040) -0.047(-0.239,0.146) 

AC 0.010(-0.012,0.033) 0.011(-0.007,0.028) -0.037(-0.341,0.267) 

OFD -0.007(-0.029,0.015) -0.003(-0.019,0.014) -0.052(-0.297,0.193) 

HC -0.008(-0.028,0.011) -0.006(-0.022,0.010) 0.005(-0.218,0.229) 

BPD -0.007(-0.020,0.0006) -0.007(-0.021,0.007) 0.076(-0.103,0.255) 

Note: a Data were provided by our collaboration;  

bAdjusted for maternal age, maternal height, pre-pregnancy body mass index, 

education levels, parity, paternal height, and infant gender;  

cAdjusted for maternal age, maternal height, pre-pregnancy body mass index, 

education levels, parity, and paternal height;  

U1, the first ultrasound measurements between 14.0 and 18.9 gestation weeks; U2, 

the second ultrasound measurements between 22.6 and 27.0 gestation weeks; U3, 

the third ultrasound measurements between 29.0 and 33.9 gestation weeks; 

DEHP-T1, DEHP levels measured at urine samples collected in the first trimester 

(4.86 - 18.9 gestation weeks); DEHP-T2, DEHP levels measured at urine samples 

collected in the second trimester (13.1 - 34.1 gestation weeks); EFW, estimated 

fetal weight; FL, femur length; AC, abdominal circumference; OFD, 

occipitofrontal diameter; HC, head circumference; BPD, biparietal diameter.
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Figure 6.2 Associations between DEHP levels at T1 and the first ultrasound 

measurements at 16.5 ± 0.99 weeks 

Note: EFW, estimated fetal weight; FL, femur length; AC, abdominal 

circumference; OFD, occipitofrontal diameter; HC, head circumference; BPD, 

biparietal diameter. 
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Figure 6.3 Associations of DEHP levels at T1 and T2 with the second ultrasound 

measurements at 24.3 ± 0.55 weeks 

Note: EFW, estimated fetal weight; FL, femur length; AC, abdominal 

circumference; OFD, occipitofrontal diameter; HC, head circumference; BPD, 

biparietal diameter; T1, the first trimester; T2: the second trimester. 
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Figure 6.4 Associations of DEHP levels at T1 and T2 with the third ultrasound 

measurements at 31.0 ± 1.02 weeks 

Note: EFW, estimated fetal weight; FL, femur length; AC, abdominal 

circumference; OFD, occipitofrontal diameter; HC, head circumference; BPD, 

biparietal diameter; T1, the first trimester; T2: the second trimester. 
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6.3.4 Trimester-specific associations of prenatal DEHP exposure levels with 

birth size and postnatal growth 

Trimester-specific associations of DEHP levels with birth size and BMI z-scores 

at 6, 12, 24 months are presented in Table 6.4 and Figure 6.5. In total infants, 

DEHP levels at T2 were negatively associated with birth length (β: -0.065, 95% 

CI: -0.111 to -0.019) and birth weight (β: -0.045, 95% CI: -0.070 to -0.020). 

Positive associations were observed between DEHP levels at T3 with 6-month 

BMI z-scores (β=0.071, 95% CI: 0.019, 0.123) and 12-month BMI z-scores 

(β=0.076, 95% CI: 0.024, 0.127). In the gender-stratified analysis, the associations 

of DEHP levels at T2 with birth length (β: -0.072, 95% CI: -0.116 to -0.028) and 

birth weight (β: -0.046, 95% CI: -0.072 to -0.020) were more prominent in male 

infants. Among male children, prenatal DEHP levels at T3 were positively 

associated with BMI z-scores at 6 months (β: 0.066, 95% CI: 0.009 to 0.122) and 

12 months (β: 0.0076, 95% CI: 0.041 to 0.111). DEHP levels at T1 were 

positively related to BMI z-scores at 24 months (β: 0.095, 95% CI: 0.022 to 

0.167). Among female offspring, prenatal DEHP levels at T1 were positively 

associated with birth length (β: 0.263, 95% CI: 0.005 to 0.520). DEHP levels at 

T2 were negatively related with BMI z-scores at 6 months (β: -0.316, 95% CI: 

-0.542 to -0.089) and 12 months (β: -0.296, 95% CI: -0.584 to -0.008). 

. 
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Table 6.4 Trimester-specific associations of prenatal DEHP exposure levels with birth size and early childhood growth 

 

New birth 

length 

New birth  

weight 

Ponderal 

index 

BMI z-scores at 

6 months 

BMI z-scores at 

12 months 

BMI z-scores at 

24 months 

All       

DEHP-T1 

0.014 

(-0.117,0.144) 

-0.001 

(-0.150,0.148) 

-0.045 

(-0.145,0.056) 

0.007 

(-0.107,0.122) 

0.066 

(-0.007,0.139) 

0.042 

(-0.044,0.127) 

DEHP-T2 

-0.065 

(-0.111,-0.019) 

-0.045 

(-0.070,-0.020) 

0.018 

(-0.022,0.058) 

-0.018 

(-0.086,0.050) 

0.004 

(-0.020,0.029) 

0.008 

(-0.016,0.032) 

DEHP-T3 

0.069 

(-0.059,0.196) 

0.073 

(0.015,0.131) 

-0.002 

(-0.109,0.106) 

0.071 

(0.019,0.123) 

0.076 

(0.024,0.127) 

0.026 

(-0.019,0.070) 

Male 

      

DEHP-T1 

-0.015 

(-0.129,0.100) 

-0.028 

(-0.160,0.105) 

-0.052 

(-0.134,0.031) 

0.002 

(-0.119,0.123) 

0.062 

(-0.013,0.137) 

0.095 

(0.022,0.167) 

DEHP-T2 

-0.072 

(-0.116,-0.028) 

-0.046 

(-0.072,-0.020) 

0.025 

(-0.013,0.063) 

-0.015 

(-0.076,0.045) 

0.009 

(-0.008,0.026） 

0.010 

(-0.016,0.036) 
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DEHP-T3 

0.078 

(-0.041,0.197) 

0.078 

(0.022,0.134) 

-0.005 

(-0.106,0.097) 

0.066 

(0.009,0.122) 

0.076 

(0.041,0.111） 

0.017 

(-0.029,0.063) 

 Female 

      

DEHP-T1 

0.263 

(0.005,0.520) 

0.202 

(-0.097,0.500) 

0.001 

(-0.424,0.425) 

0.014 

(-0.305,0.333) 

0.021 

(-0.265,0.307） 

-0.483 

(-0.908,-0.057) 

DEHP-T2 

0.079 

(-0.149,0.306) 

-0.163 

(-0.517,0.192) 

-0.322 

(-0.674,0.030) 

-0.316 

(-0.542,-0.089) 

-0.296 

(-0.584,-0.008) 

-0.118 

(-0.456,0.220) 

DEHP-T3 

-0.415 

(-1.038,0.207) 

-0.343 

(-0.977,0.291) 

-0.084 

(-0.708,0.540) 

0.334 

(-0.502,1.169) 

0.315 

(-0.410,1.040) 

0.428 

(-0.250,1.106) 

Note: DEHP-T1: DEHP levels in the first trimester; DEHP-T2: DEHP levels in the second trimester; DEHP-T3: DEHP levels in the third 

trimester; BMI, body mass index.
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Figure 6.5 Trimester specific associations between DEHP levels and BMI at 6, 12, 

and 24 months 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester; BMI, 

body mass index. β is odds ratio; β>0 presents the positive associations; β<0 

presents the negative associations. CI: confidence interval. 
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6.3.5 Trimester-specific associations of prenatal exposure levels of DEHP and 

its metabolites with average early-childhood growth 

The trimester-specific relationships of DEHP and its metabolites with average 

z-scores of weight, height, and BMI at 6, 12, and 24 months are shown in Table 

6.5. We found the concentrations of MECPP (0.279, 0.062 to 0.496) and MEOHP 

(0.276, 0.050 to 0.503) were positively associated with average weight z-scores in 

male offspring. We also observed MECPP (β: 0.292, 95% CI: 0.100 to 0.484), 

MEHHP (β: 0.217, 95% CI: 0.019 to 0.415), and MEOHP (β: 0.285, 95% CI: 

0.085 to 0.485) were positively associated with average postnatal BMI z-scores. 

The interactions between MEOHP at different trimester with average BMI 

z-scores were observed. Therefore, we further analyzed the trimester effects of 

MEOHP concentrations on BMI z-scores of male offspring, we observed MEOHP 

levels at T1 were positively related to the BMI z-scores at 12 months (β: 0.088, 

95% CI: 0.0 to 0.177) and 24 months (β: 0.083, 95% CI: 0.015 to 0.157) (Table 

6.6). 
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Table 6.5 Associations of prenatal exposure levels of DEHP and its metabolites with average early-childhood growth 

  

Weight               pa for 

z-scores            interaction 

   Height  

z-scores 

            pa for 

 interaction 

BMI               pa for 

z-scores            interaction 

Allb 

      MECPP 0.099(-0.057,0.255) 0.797 0.006(-0.152,0.163) 0.426 0.110(-0.034,0.253) 0.274 

MEHHP 0.001(-0.158,0.161) 0.303 -0.050(-0.211,0.111) 0.173 0.067(-0.080,0.214) 0.976 

MEOHP 0.098(-0.063,0.259) 0.623 0.023(-0.140,0.186) 0.708 0.114(-0.035,0.263) 0.282 

MEHP -0.034(-0.133,0.065) 0.754 -0.071(-0.171,0.029) 0.502 0.005(-0.087,0.096) 0.28 

DEHP 0.072(-0.243,0.388) 0.47 -0.050(-0.368,0.269) 0.79 0.134(-0.157,0.425) 0.609 

Malec 

      MECPP 0.279(0.062,0.496) 0.102 0.089(-0.124,0.301) 0.541 0.292(0.100,0.484) 0.05 

MEHHP 0.126(-0.099,0.351) 0.728 0.007(-0.211,0.226) 0.98 0.217(0.019,0.415) 0.37 

MEOHP 0.276(0.050,0.503) 0.065 0.124(-0.097,0.345) 0.303 0.285(0.085,0.485) 0.043 

MEHP -0.009(-0.151,0.133) 0.37 -0.049(-0.187,0.089) 0.844 0.041(-0.084,0.167) 0.101 

DEHP 0.106(-0.252,0.465) 0.216 0.0002(-0.349,0.349) 0.659 0.185(-0.132,0.502) 0.109 
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Femalec 

      MECPP -0.164(-0.388,0.059) 0.097 -0.111(-0.347,0.125) 0.072 -0.157(-0.374,0.059) 0.592 

MEHHP -0.180(-0.408,0.048) 0.031 -0.131(-0.372,0.109) 0.042 -0.143(-0.364,0.078) 0.326 

MEOHP -0.155(-0.385,0.075) 0.085 -0.108(-0.351,0.134) 0.078 -0.132(-0.355,0.090) 0.441 

MEHP -0.081(-0.220,0.585) 0.486 -0.094(-0.241,0.052) 0.317 -0.060(-0.195,0.075) 0.678 

DEHP -0.214(-0.088,0.366) 0.263 0.154(-0.086,0.393) 0.460 0.047(-0.174,0.268) 0.251 

Note: a p for interaction between SG-adjusted urinary concentrations of phthalate metabolites and trimesters 

b Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy weight gain, parity, 

paternal height, breastfeeding duration, and infant gender. 

c Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy weight gain, parity, 

paternal height, and breastfeeding duration. 
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Table 6.6 Trimester-specific effects of MEOHP on BMI of boys 

MEOHP BMI-6m z-scores BMI-12m z-scores BMI-24m z-scores 

T1 0.017 (-0.073,0.106) 0.088(0,0.177) 0.086(0.015,0.157) 

T2 0.012(-0.090,0.113) 0.043(-0.047,0.132) -0.020(-0.125,0.085) 

T3 0.035(-0.062,0.133) 0.061(-0.026,0.147) 0.057(-0.039,0.153) 

Note: T1, the first trimester; T2, the second trimester; T3, the third trimester; BMI-6m 

z-scores, z-scores of BMI at 6 months; BMI-12m z-scores, z-scores of BMI at 12 

months; BMI-24m z-scores, z-scores of BMI at 24 months. 
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6.3.6 Associations of average prenatal exposure levels of DEHP and its 

metabolites with fetal growth and birth size 

The associations between average concentrations of DEHP and its metabolites 

with birth size are shown in Table 6.7. For overall newborns, a significant positive 

association of prenatal exposure to MEOHP (β = 0.087, 95% CI: 0.0017, 0157) 

with BW and BW z-scores was observed. When stratified by infant gender, no 

significant association was found in either male or female infants. 0.051 (95% CI: 

0.005, 0098) of BW z-scores increased as 1 ln-unit average MEHP concentrations 

increased. 
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Table 6.7 Associations of average prenatal exposure levels of DEHP and its metabolites with birth size 

Prenatal 

Exposure 

Birth weight (g)   Birth length (cm) Birth weight z-scores   Birth length z-scores 

β (95% CI) 
pa for 

interaction 
  β (95% CI) 

pa for 

interaction 
β (95% CI) 

pa for 

interaction 
  β (95% CI) 

pa for 

interaction 

All (n = 814) b 
          

 
MECPP 

18.269 

(-9.484.46.022) 
0.22 

 

0.066 

(-0.036,0.168) 
0.64 

0.062 

(-0.007,0.131) 
0.09 

 

0.059 

(-0.009,0.126) 
0.49 

 
MEHHP 

18.544 

(-9.875,46.963) 
0.86 

 

0.051 

(-0.054,0.155) 
0.89 

0.063 

(-0.007,0.134) 
0.51 

 

0.050 

(-0.019,0.12) 
0.79 

 
MEOHP 

28.46 

(0.207,56.713) 
0.57 

 

0.082 

(-0.022,0.186) 
0.99 

0.087 

(0.002,0.157) 
0.26 

 

0.068 

(0.001,0.137) 
0.67 

 
MEHP 

     13.703 

(-4.972,32.378) 
0.47 

 

0.027 

(-0.042,0.096) 
0.51 

0.051 

(0.005,0.098) 
0.28 

 

0.035 

(-0.011,0.081) 
0.37 

 
DEHP 

1.075 

(-34.171,36.321) 
0.86 

 

-0.029 

(-0.159,0.101) 
0.23 

-0.004 

(-0.091,0.084) 
0.90 

 

-0.031 

(-0.117,0.055) 
0.23 

Male (n = 447) c 

 
MECPP 

35.647 

(-4.304,75.599)   

0.085 

(-0.062,0.232)  

0.074 

(-0.041,0.188)   

0.019 

(-0.092,0.129) 

 
MEHHP 

21.105 

(-17.91,60.121)   

0.042 

(-0.101,0.186)  

0.033 

(-0.077,0.144)   

-0.002 

(-0.109,0.105) 

 
MEOHP 35.432 

  
0.082 

 
0.083 

  
0.028 
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(-2.539,73.403) (-0.058,0.221) (-0.026,0.191) (-0.077,0.133) 

 
MEHP 

18.96 

(-5.911,43.832)   

0.041 

(-0.050,0.133)  

0.054 

(-0.014,0.121)   

0.029 

(-0.037,0.094) 

 
DEHP 

-0.961 

(-36.131,34.209)   

-0.049 

(-0.178,0.08)  

-0.012 

(-0.102,0.077)   

-0.055 

(-0.142,0.032) 

Female (n = 404) c 

 
MECPP 

0.040 

(-39.061,39.141)   

0.047 

(-0.096,0.190)  

-0.007 

(-0.103,0.089)   

0.028 

(-0.065,0.121)  

 
MEHHP 

15.745 

(-26.085,57.575)   

0.067 

(-0.086,0.220)  

0.029 

(-0.074,0.132)   

0.039 

(-0.06,0.139)  

 
MEOHP 

18.904 

(-23.758,61.566)   

0.088 

(-0.068,0.244)  

0.034 

(-0.071,0.139)   

0.050 

(-0.052,0.151)  

 
MEHP 

5.706 

(-22.856,34.267)   

0.008 

(-0.097,0.112)  

0.016 

(-0.055,0.086)   

0.011 

(-0.057,0.08)  

 
DEHP 

10.585 

(-274.279,295.499)   

0.568 

(-0.473,1.608)  

-0.086 

(-0.783,0.611)   

0.058 

(-0.083,0.199)  

Note: a p for interaction between SG adjusted urinary concentrations of phthalate metabolites and infant gender 

b Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy weight 

gain, parity, paternal height, and infant gender. 

c Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy weight 

gain, parity, and paternal height. 
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6.3.7 Associations of average prenatal exposure levels of DEHP and its 

metabolites with early-childhood growth 

Considering the differences on the potential effects of Caesarean section 

(C-section) and natural labor on the postnatal growth, we evaluated the 

concentrations of There is no significant difference of urinary concentrations of 

DEHP metabolites between Caesarean Section and natural labor (Table 6.8). 

Among 814 participants, 497 pregnant women gave birth on Caesarean section, 

while 317 gave natural birth. Then, the concentrations of DEHP metabolites were 

compared, no significant difference was found. 

 

Table 6.8 Concentrations distributions of DEHP metabolites between Caesarean 

Section and natural labor 

 Concentrations (ng/mL) Median (25th, 75th) P value 

Compounds Caesarean section Natural birth  

MECPP 10.38 (7.10, 15.63)  9.90 (6.70,15.60) 0.599 

MEHHP 6.86 (4.57,10.19) 6.51 (4.37, 10.75)  0.824 

MEOHP 5.37 (3.66,8.30) 5.19 (3.46, 8.09) 0.737 

MEHP 1.62 (3.12, 5.86) 2.98 (1.43, 6.05) 0.777 

Note: Mann-Whitney U test 
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Then, we applied the universal linear regression to investigate the relationships 

of child growth and delivery way. The results are listed in Table 6.9. 

 

Table 6.9 Associations of delivery way with early-childhood growth 

  β (95% CI)     

Delivery 

Weight 

(g) 

Height 

(cm) 

Body mass 

index (BMI) 

 

6 months 

  

C-section 

0.071 

(-0.064,0.207) 

-0.008 

(-0.154,0.138) 

0.097 

(-0.052,0.245) 

Natural Reference 

  

 

12 months 

  

C-section 

0.104 

(-0.020,0.228) 

0.107 

(-0.034,0.248) 

0.046 

(-0.093,0.186) 

Natural Reference 

  

 

24 months 

  

C-section 

0.105 

(-0.036,0.246) 

-0.079 

(-0.242,0.084) 

0.136 

(-0.017,0.289) 

Natural Reference     

Note: C-section, Caesarean section. 
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Associations of maternal urinary concentrations of DEHP and its metabolites 

with weight and height z-scores in early-childhood are presented in Table 6.10 

and Figure 6.6. Among all the infants, average DEHP levels were associated with 

elevated weight z-scores at 12 months (β: 0.086, 95% CI: 0.008, 0.164). After 

gender-stratified analysis, no significant association was observed in female 

offspring, whereas the association remained significant in male offspring 

(β=0.093, 95% CI: 0.009, 0.178). Significant positive relationships of MECPP 

and MEOHP with weight z-scores at 12 months old in male infants were found. 

Whereas, obvious negative associations between prenatal exposure to MEHHP, 

MEOHP, and MEHP with weight z-scores at 6 months of age in female infants 

were found. To better understand the effects of prenatal exposure to DEHP, we 

investigated the BMI of infants. We found the average DEHP levels were related 

to the elevated BMI z-scores at 12 months old (β: 0.093, 95% CI: 0.004, 0.182) 

among all the infants, and still significant among boys (β: 0.099, 95% CI: 0.004, 

0.041) after gender-stratified analysis. Furthermore, the prenatal exposure levels 

of MECPP and MEOHP were positively associated with BMI z-scores at 12 

months of age in male infants with β values of 0.173 (95% CI: 0.005, 0.052) and 

0.148 (95% CI: 0.012, 0.033), respectively.  
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Table 6.10 Associations of average prenatal exposure levels of DEHP and its metabolites with early-childhood growth 

Age Alla Maleb Femaleb Alla Maleb Femaleb 

MECPP Weight z-scores 

  

BMI z-scores 

  

6 months 

-0.004 

(-0.075,0.067) 

0.059 

(-0.060,0.179) 

-0.107 

(-0.202,-0.012) 

0.003 

(-0.075,0.082) 

0.064 

(-0.065,0.194) 

-0.072 

(-0.182,0.038) 

12 months 

0.035 

(-0.026,0.096) 

0.157 

(0.048,0.265) 

-0.067 

(-0.145,0.011) 

0.047 

(-0.023,0.116) 

0.173 

(0.005,0.052) 

-0.050 

(0.283,-0.142) 

24 months 

-0.006 

(-0.072,0.059) 

0.049 

(-0.062,0.160) 

-0.065 

(-0.153,0.022) 

0.019 

(-0.057,0.094) 

0.049 

(-0.073,0.171) 

-0.018 

(-0.123,0.087) 

MEHHP 

      

6 months 

-0.044 

(-0.116,0.027) 

-0.016 

(-0.131,0.100) 

-0.129 

(-0.229,-0.029) 

-0.032 

(-0.111,0.048) 

-0.011 

(-0.136,0.114) 

-0.080 

(-0.196,0.036) 

12 months 

0.013 

(-0.049,0.076) 

0.102 

(-0.003,0.206) 

-0.082 

(-0.166,0.002) 

0.035 

(-0.037,0.107) 

0.115 

(0.053,-0.002) 

-0.040 

(0.431,-0.140) 

24 months 

-0.050 

(-0.117,0.017) 

-0.031 

(-0.138,0.077) 

-0.098 

(-0.192,-0.004) 

0.018 

(-0.059,0.096) 

0.057 

(-0.061,0.175) 

-0.042 

(-0.155,0.071) 

MEOHP 

      

6 months 

-0.014 

(-0.085,0.057) 

0.037 

(-0.076,0.150) 

-0.117 

(-0.219,-0.015) 

-0.002 

(-0.080,0.077) 

0.039 

(-0.084,0.161) 

-0.067 

(-.184,0.051) 

12 months 

0.040 

(-0.022,0.102) 

0.147 

(0.045,0.250) 

-0.075 

(-0.161,0.012) 

0.053 

(-0.018,0.124) 

0.148 

(0.012,0.033) 

-0.038 

(0.464,-0.140) 
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24 months 

-0.003 

(-0.070,0.064) 

0.054 

(-0.051,0.159) 

-0.088 

(-0.186,0.009) 

0.031 

(-0.046,0.108) 

0.078 

(-0.037,0.193) 

-0.045 

(-0.162,0.072) 

MEHP 

      

6 months 

-0.020 

(-0.066,0.027) 

-0.014 

(-0.085,0.057) 

-0.048 

(-0.181,0.086) 

-0.006 

(-0.057,0.046) 

-0.002 

(-0.079,0.075) 

-0.025 

(-0.101,0.051) 

12 months 

0 

(-0.042,0.042) 

0.016 

(-0.050,0.083) 

-0.037 

(-0.095,0.020) 

0.011 

(-0.036,0.059) 

0.039 

(-0.035,0.299) 

-0.033 

(0.334,-0.100) 

24 months 

-0.011 

(-0.056,0.033) 

-0.008 

(-0.075,0.058) 

-0.028 

(-0.094,0.038) 

0.008 

(-0.043,0.060) 

0.036 

(-0.037,0.109 

-0.045 

(-0.124,0.034) 

DEHP 

      

6 months 

0.028 

(-0.056,0.112) 

0.028 

(-0.062,0.119) 

-0.552 

(-1.166,0.062) 

0.029 

(-0.064,0.123) 

0.025 

(-0.073,0.123) 

-0.257 

(-0.965,0.452) 

12 months 

0.086 

(0.008,0.164) 

0.093 

(0.009,0.178) 

-0.292 

(-0.859,0.275) 

0.093 

(0.004,0.182) 

0.099 

(0.041,0.004) 

-0.262 

(-0.925,0.438) 

24 months 

0.060 

(-0.014,0.135) 

0.063 

(-0.016,0.142) 

-0.728 

(-1.492,0.036) 

0.046 

(-0.040,0.132) 

0.064 

(-0.023,0.151) 

-0.803 

(-1.715,0.108) 

Note: a Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy 

weight gain, parity, paternal height, breastfeeding duration, and infant gender. 

b Adjusted for maternal age, maternal height, pre-pregnancy body mass index, education levels, gestational age, pregnancy weight 

gain, parity, paternal height, and breastfeeding duration. 



223 

 

 

Figure 6.6 Associations of prenatal exposure levels of DEHP and its metabolites 

with early-childhood growth at 6 months, 12 months and 24 months 

Note: β is odds ratio; β > 0 presents the positive associations; β < 0 presents the 

negative associations. CI: confidence interval. 
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6.3.8 Effects of DEHP and its metabolites on early-childhood growth rates 

We evaluated the associations of DEHP and its metabolites and growth rates 

(Table 6.11). We observed that levels of MECPP (β:-0.012, 95% CI:-0.025, 0.000), 

MEOHP (β:-0.015, 95% CI:-0.028, -0.002), MEHP (β: -0.009, 95% CI:-0.016, 

-0.002) in the first trimester were negatively associated with weight gain rates at 6 

months among all children. After gender-stratification analysis, we found positive 

relationships between DEHP levels (β: 0.010, 95% CI: 0.000, 0.020) in the second 

trimester and weight gain rates at 6 months among boys. No significant 

association of DEHP and its metabolites with weight gain rates at 12 months and 

24 months was observed among girls. However, among boys, positive 

relationships between levels of MECPPP (β: 0.007, 95% CI: 0.001, 0.013), 

MEHHP (β: 0.007, 95% CI: 0.001, 0.013), and MEOHP (β: 0.006, 95% CI: 0.000, 

0.012) in the third trimester and weight gain rates from birth to 12 months old 

were observed. DEHP levels in the first (β: 0.009, 95% CI: 0.002, 0.016), second 

(β: 0.002, 95% CI: 0.000, 0.003), and third (β: 0.003, 95% CI: 0.001, 0.006) 

trimester were positively related to the weight gain rates from birth to 12 months 

of age. In addition, DEHP levels in the second trimester were associated with the 

increased weight gain at 24 months (β: 0.002, 95% CI: 0.000, 0.003). 
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Table 6.11 Associations of DEHP and its metabolites with weight gain rates 

Compounds 

Weight gained  

at 6 months 

Weight gained  

at 12 months 

Weight gained 

 at 24 months 

All    

MECPP-T1 

-0.012 

(-0.025,0.000) 

0.001 

(-0.005,0.007) 

-0.001 

(-0.005,0.004) 

MECPP-T2 

-0.005 

(-0.020,0.009) 

0.004 

(-0.002,0.010) 

0.002 

(-0.002,0.007) 

MECPP-T3 

0.003 

(-0.011,0.017) 

0.002 

(-0.003,0.007) 

0.000 

(-0.004,0.004) 

MEHHP-T1 

-0.012 

(-0.025,0.000) 

0.001 

(-0.005,0.006) 

-0.003 

(-0.007,0.002) 

MEHHP-T2 

-0.011 

(-0.024,0.002) 

0.002 

(-0.003,0.008) 

0.001 

(-0.004,0.005) 

MEHHP-T3 

0.003 

(-0.011,0.017) 

0.002 

(-0.003,0.008) 

0.000 

(-0.005,0.005) 

MEOHP-T1 

-0.015 

(-0.028,-0.002) 

0.000 

(-0.006,0.006) 

-0.002 

(-0.007,0.003) 

MEOHP-T2 

-0.007 

(-0.021,0.007) 

0.003 

(-0.002,0.009) 

0.002 

(-0.002,0.007) 

MEOHP-T3 

0.004 

(-0.011,0.018) 

0.003 

(-0.003,0.008) 

0.000 

(-0.004,0.005) 

MEHP-T1 

-0.009 

(-0.016,-0.002) 

-0.003 

(-0.006,0.001) 

-0.002 

(-0.004,0.001) 

MEHP-T2 

-0.003 

(-0.010,0.005) 

0.001 

(-0.003,0.004) 

0.000 

(-0.002,0.003) 

MEHP-T3 

0.000 

(-0.008,0.007) 

0.002 

(-0.001,0.005) 

0.000 

(-0.003,0.002) 

DEHP-T1 

-0.007 

(-0.041,0.028) 

0.008 

(-0.001,0.017) 

0.003 

(-0.003,0.010) 

DEHP-T2 

0.009 

(-0.002,0.019) 

0.001 

(0.00,0.003) 

0.002 

(0.000,0.003) 

DEHP-T3 

-0.007 

(-0.015,0.002) 

0.005 

(0.002,0.008) 

-0.001 

(-0.004,0.003) 

Female 

   

MECPP-T1 

-0.019 

(-0.039,0.000) 

-0.003 

(-0.011,0.005) 

-0.004 

(-0.012,0.003) 

MECPP-T2 

-0.012 

(-0.034,0.009) 

-0.003 

(-0.009,0.004) 

0.002 

(-0.005,0.009) 

MECPP-T3 

0.006 

(-0.017,0.030) 

-0.007 

(-0.018,0.005) 

0.000 

(-0.005,0.006) 

MEHHP-T1 -0.019 -0.001 -0.004 
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(-0.039,0.001) (-0.010,0.008) (-0.012,0.003) 

MEHHP-T2 

-0.020 

(-0.039,-0.001) 

-0.004 

(-0.011,0.004) 

0.002 

(-0.004,0.008) 

MEHHP-T3 

0.010 

(-0.013,0.032) 

-0.002 

(-0.011,0.006) 

-0.001 

(-0.008,0.007) 

MEOHP-T1 

-0.020 

(-0.040,0.000) 

-0.001 

(-0.010,0.008) 

-0.004 

(-0.012,0.003) 

MEOHP-T2 

-0.016 

(-0.037,0.005) 

-0.004 

(-0.012,0.004) 

0.003 

(-0.004,0.010) 

MEOHP-T3 

0.011 

(-0.012,0.034) 

-0.002 

(-0.010,0.006) 

-0.001 

(-0.008,0.007) 

MEHP-T1 

-0.008 

(-0.019,0.003) 

-0.001 

(-0.006,0.004) 

-0.002 

(-0.005,0.002) 

MEHP-T2 

0.000 

(-0.012,0.011) 

0.000 

(-0.015,0.004) 

0.001 

(-0.003,0.004) 

MEHP-T3 

-0.001 

(-0.012,0.009) 

-0.001 

(-0.006,0.003) 

-0.001 

(-0.004,0.002) 

DEHP-T1 

-0.056 

(-0.102,-0.010) 

-0.004 

(-0.035,0.027) 

-0.006 

(-0.033,0.022) 

DEHP-T2 

-0.037 

(-0.128,0.054) 

-0.013 

(-0.035,0.010) 

-0.012 

(-0.041,0.016) 

DEHP-T3 

0.128 

(-0.015,0.270) 

0.025 

(-0.040,0.090) 

0.001 

(-0.050,0.052) 

Male 

   

MECPP-T1 

-0.011 

(-0.025,0.004) 

0.006 

(-0.001,0.012) 

0.002 

(-0.003,0.008) 

MECPP-T2 

0.002 

(-0.025,0.004) 

0.007 

(-0.001,0.014) 

0.001 

(-0.004,0.007) 

MECPP-T3 

0.005 

(-0.013,0.023) 

0.007 

(0.001,0.013) 

0.000 

(-0.006,0.006) 

MEHHP-T1 

-0.011 

(-0.027,0.005) 

0.005 

(-0.001,0.012) 

0.000 

(-0.006,0.005) 

MEHHP-T2 

-0.003 

(-0.020,0.015) 

0.005 

(-0.003,0.012) 

-0.002 

(-0.007,0.004) 

MEHHP-T3 

0.002 

(-0.017,0.020) 

0.007 

(0.001,0.013) 

0.000 

(-0.006,0.006) 

MEOHP-T1 

-0.015 

(-0.031,0.002) 

0.005 

(-0.002,0.012) 

0.001 

(-0.005,0.006) 

MEOHP-T2 

0.000 

(-0.018,0.019) 

0.006 

(-0.001,0.013) 

0.001 

(-0.004,0.006) 

MEOHP-T3 

0.001 

(-0.018,0.020) 

0.006 

(0.000,0.012) 

0.001 

(-0.005,0.007) 

MEHP-T1 -0.011 -0.002 -0.001 
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(-0.021,-0.001) (-0.007,0.002) (-0.004,0.002) 

MEHP-T2 

-0.004 

(-0.014,0.005) 

0.001 

(-0.003,0.005) 

0.000 

(-0004,0.003) 

MEHP-T3 

0.001 

(-0.008,0.011) 

0.004 

(-0.001,0.009) 

-0.001 

(-0.005,0.003) 

DEHP-T1 

0.000 

(-0.033,0.034) 

0.009 

(0.002,0.016) 

0.004 

(-0.001,0.009) 

DEHP-T2 

0.010 

(0.000,0.020) 

0.002 

(0.000,0.003) 

0.002 

(0.000,0.003) 

DEHP-T3 

-0.010 

(-0.020,0.00) 

0.003 

(0.001,0.006) 

-0.001 

(-0.005,0.002) 

Note: DEHP-T1: MECPP-T1: MECPP levels in the first trimester; MECPP-T2: 

MECPP levels in the second trimester; MECPP-T3: MECPP levels in the third 

trimester. MEHHP-T1: MEHHP levels in the first trimester; MEHHP-T2: 

MEHHP levels in the second trimester; MEHHP-T3: MEHHP levels in the third 

trimester. MEOHP-T1: MEOHP levels in the first trimester; MEOHP-T2: 

MEOHP levels in the second trimester; MEOHP-T3: MEOHP levels in the third 

trimester. MEHP-T1: MEHP levels in the first trimester; MEHP-T2: MEHP levels 

in the second trimester; MEHP-T3: MEHP levels in the third trimester. DEHP 

levels in the first trimester; DEHP-T2: DEHP levels in the second trimester; 

DEHP-T3: DEHP levels in the third trimester.  
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6.4 Discussion 

In this work, we found trimester-specific and gender-specific effects of DEHP 

exposure on fetal growth, birth size, and early-childhood growth. We observed 

associations of maternal urinary concentrations of DEHP with decreased fetal 

growth, but increased early-childhood among boys, whereas the increased birth 

height but decreased 6-month and 12-month growth among girls. Maternal urinary 

DEHP at T3 was positively associated with estimated fetal BMI z-scores at 6 

months and 12 months among male infants. No significant relationship between 

DEHP and its metabolites with body weight gain at 6 months, 12 months or 24 

months of age was observed among girls. However, among boys, DEHP levels in 

the first, second, and third trimesters were related increased body weight gain at 

12 months. DEHP levels in the second trimester were positively associated with 

the weight gain at 6, 12 or 24 months old. Our findings support the evidence the 

DEHP may induce intrauterine growth restriction and catch-up growth in the 

following years among boys. 

Intrauterine growth is an important sensitive window for DEHP exposure on 

fetal development. However, a limited number of studies have assessed prenatal 

DEHP exposure at multi-points during pregnancy and investigated their 

associations with fetal growth. In this work, we evaluated the trimester effects of 

DEHP exposure on fetal growth and observed negative associations of DEHP at 

T1 with AC (U1), OFD (U2), HC (U2), EFW (U3), FL (U3), AC (U3) among 

boys. However, A study conducted by Casas et al. which assessed the 

relationships of prenatal exposure to phthalates using urinary concentrations 

collected at T1 and T3 with the ultrasound measures of fetal growth found no 

significant relationship between DEHP metabolites and fetal growth parameters, 
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including FL, HC, AC, BPD, and EFW measured at U1 and U2, birth weight, and 

birth length.286 In addition, Huang et al. reported DEHP concentrations in cord 

blood were associated with the decreased FL in female infants.287 These 

differences may be resulted from variations in study design, life style of 

population and region applications of DEHP. 

Several epidemiological studies have evaluated the effects of prenatal phthalate 

exposure on birth size, mostly on basis of one single-point urine, but results are 

still controversial. Zhu et al. reported the positive associations of urinary DEHP 

concentrations at the third trimester with birth weight and weight z-scores in 

boys.91 Philippat et al. observed no significant association of urinary 

concentrations collected between 6 and 30 weeks with birth weight and height 

among male newborns.288 Suzuki et al. found no significant relationship between 

urinary concentrations of phthalates and birth outcomes among Japanese pregnant 

women.63 Wolff et al. observed no significant correlation of urinary phthalate 

concentrations at third trimester with birth size.214 Zhang et al. found that the 

DEHP levels in cord blood were negatively related to birth length of Chinese 

newborns.289 Shoaff et al. reported the concentrations of DEHP metabolites at 16 - 

26 gestational weeks had no significant association with birth size.290 DEHP 

levels in first trimester may increase birth weight in a study conducted in the 

United States.291 These controversial findings may result from the variations in 

matrix (urine or blood), sampling times (T1, T2 or T3), and population. Thus, 

evaluating the associations of prenatal exposure at multiple points in time during 

pregnancy is essential to better understand the effects of DEHP on fetus growth. 

An animal study conducted by Hunt et al. has revealed that prenatal exposure to 

DEHP may affect postnatal growth via altering metabolic and homeostatic 
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mechanisms.292 However, effects of prenatal DEHP exposure on the early-life 

growth, particularly postnatal weight gain rates are rarely reported in humans. In 

the present study, we observed prenatal DEHP exposure was related to the 

increased average weight and BMI from birth to 24 months old among boys, 

suggesting that prenatal exposure to DEHP may influence child early life growth. 

We also evaluated the trimester-specific effects of DEHP levels on offspring 

growth from the fetal period to 24 months of age. We found the positive 

associations between DEHP at T3 and birth weight, weight, height, and BMI at 6 

months, weight and BMI at 12 months among all fetuses, and the associations still 

remain significant among boys. We also observed positive associations between 

prenatal DEHP levels at T2 with the weight gain rates at 6 months and 12 months 

of age among boys. The reason maybe that DEHP can induce adipocyte 

differentiation by peroxisome proliferator-activated receptors (PPARs),293 and 

then cause susceptibility to gain weight.294 DEHP may also disturb energy balance 

and fetal growth through disrupting thyroid axis295 and 

hypothalamic-pituitary-adrenal axis.296 Latini et al. found the adverse effects of 

DEHP exposure during intrauterine life on fetal development, which can support 

the findings in the present work.297 However, one study conducted by Shoaff et al. 

has investigated the obesogenic effects of early life DEHP exposure at about 16 

and 26 gestation weeks on adiposity at 8 years old, and found no significant 

associations between prenatal DEHP exposure and adiposity.298 More extensive 

studies are needed to evaluate the effects of DEHP exposure on offspring growth 

at multiple time points considering the exposure timing related variations. 

Recently, several rodent studies have observed that maternal DEHP exposure 

have effects of sexual dimorphism on fetal development.113, 299 However, the 
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human data is limited. In this study, we observed the associations between 

maternal DEHP levels and growth parameters varied by infant gender. Negative 

associations of DEHP exposure during pregnancy and fatal growth were found 

among boys, while no significant association was observed among girls. Negative 

relationships between DEHP levels in the second trimester with birth height and 

birth weight among boys, while positive relationships between DEHP levels in the 

first trimester with birth height among girls. Decreased fetal growth and catch up 

growth in later life were observed among those boys in our study, which may 

induced by the estrogenic and anti-androgenic activities of phthalate.300 However, 

one study conducted by Cock et al. found that MEHHP levels in cord plasma 

might increase the birth weight among boys.301 In addition, Minatoya et al. found 

that maternal blood concentrations of MEHP were inversely related to ponderal 

index among girls.302 The controversial findings maybe resulted from the 

difference in the samples type and study population.  

This study has some strength. First, the prospective longitudinal study design 

allowed us to assess the prenatal DEHP exposure at multiple time points, and to 

estimate a more accurate DEHP exposure levels. Second, this follow-up study 

enables us to explore the effects of prenatal exposure to DEHP on offspring 

growth from in utero stage to early-childhood. However, we did not analyze the 

DEHP exposure either on breastfeeding mothers or offspring. For postnatal 

exposure to DEHP may also affect the early childhood growth, urine samples 

should be collected from breastfeeding mothers and children in the future work. 
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6.5 Chapter summary 

This prospective prenatal cohort study revealed an association of exposure to 

DEHP during pregnancy with the intrauterine growth restriction and catch-up 

growth among boys. Prenatal DEHP exposure may contribute to other potential 

outcomes, which call for in-depth investigation. 
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Chapter 7  

Metabolomics and lipidomics study of MEHP exposure on human 

liver cells  

7.1 Introduction 

DEHP is one of well-documented endocrine disrupting chemicals, which may 

cause some adverse health effects on human, particularly the metabolism-related 

diseases, such as diabetes.11 It has been observed in the previous chapters that 

DEHP exposure during pregnancy may induce toxic effects on mothers (diabetes 

mellitus in Chapter 5) and fetuses (intrauterine growth restriction, low birth 

weight and catch-up growth in Chapter 6). Our epidemiological data suggested 

DEHP might disturb glucose and lipid metabolisms. 

Gestational diabetes mellitus (GDM) is one of type 2 diabetes (T2D), whose 

incidence has increased sharply for decades.303 GDM may increase the risks of 

adverse birth outcomes.304 The bi-directional associations between liver and 

diabetes have caused increasing concerns. Liver is an important tissue to detoxify, 

regulate glucose and lipid homeostasis, and derange which occurred in T2D.305 

Elevated glucose production and hepatic insulin resistance are complications of 

diabetes.305 Previous studies observed that diverse lipid classes were related to 

risks of T2D306 and insulin resistance.307 A study conducted by Lee et al. observed 

that non-alcoholic fatty acid disease in early pregnancy is a risk factor for 

subsequent GDM development.308 Donnelly et al. found that women with GDM 

had elevated risks of liver fat accumulation and liver dysfunction.309 Thus, liver 

function plays a key role in fat and glucose tolerance and occurrence of GDM. 

Small-molecular metabolites are more effective to reflect the phenotypes than 



234 

 

large-molecules, for metabolites represent the current biological events. Mass 

spectrometry (MS)-based metabolomics is considered as an efficient tool to 

monitor metabolites in response to stimulus.310 Lipidomics as a branch of 

metabolomics is mainly applied to evaluate the lipid changes after stimulus.122 

Previous studies have found the toxic effects of DEHP on animal models and 

humans,280 but the detailed information on the metabolites and pathways disturbed 

by DEHP or MEHP exposure in human hepatic cells have not been clearly 

elaborated. Thus, integration of metabolomics and lipidomics using liquid 

chromatography coupled with mass spectrometry (LC-MS) may promote a 

comprehensive understanding of the perturbation of metabolic mechanisms 

induced by DEHP exposure.  

This chapter aimed to assess the biotransformation of DEHP, to examine 

MEHP-triggered response of endogenous biomarkers and pathway using 

lipidomics and metabolomics, and to elucidate the metabolic mechanisms, 

especially lipid and glucose metabolisms, disturbed by MEHP exposure in human 

normal liver cell line L02. 

7.2 Materials and methods 

7.2.1 Chemicals and materials 

Human normal liver cell line L02 was purchased from the Shanghai Cell Bank of 

Type Culture Collection of the Chinese Academy of Sciences. Unlabeled DEHP 

and MEHP were purchased from DR (purity ≥ 99.3%, Dr. Ehrenstorfer. GmbH, 

Germany). Methyl tert-butyl ether (MTBE), isopropanol (IPA), acetonitrile (ACN), 

and methanol (MeOH) were HPLC grade (Duksan, Seoul, Korea). 

Phosphate-buffered saline (PBS), fetal bovine serum (FBS), 0.25% trypsin 

Dulbecco’s modified eagle medium (DMEM) and penicillin-streptomycin, were 
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from Gibco (Thermo Fisher Scientific, Waltham, MA). Formic acid and dimethyl 

sulfoxide (DMSO) were bought from Sigma-Aldrich (St. Louis, MO, USA). 

2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2h-tetrazolium-5-carboxanilide (XTT) 

assay kit was purchased from American Type Culture Collection (ATCC). Purified 

water was obtained by a Millipore water purification system (Synergy UV, 

Bedford, MA).  

7.2.2 Cell culture and cytotoxicity of MEHP and DEHP on L02 cells 

L02 cells were cultured with DMEM supplemented containing 10%FBS and 1% 

penicillin-streptomycin in a humidified 37 °C incubator supply of 5% CO2. To 

investigate the toxicity of DEHP or MEHP on L02 cells, cell viability assay was 

done by XTT assay in a 96-well plate. Cells were seeded in 10 cm dishes for 24 

hours before harvesting by 0.25% trypsin. Cells were responded in fresh medium 

to reach a density of 100,000 cells/mL, and 10 μL of suspended cells were seeded 

in each well. After 24 hours, they were exposed to DEHP or MEHP in serum-free 

DMEM with 1% penicillin-streptomycin for 24 hours. Chemicals (DEHP or 

MEHP) were dissolved in DMSO to get a stock solution of 100mM, and then 

diluted to serial concentrations in the corresponding medium. For DEHP, the 

exposure groups were implemented with 0, 0.01, 0.1, 0.5, 1, 2.5, 5, 10, 25, 50 and 

100 μM of DEHP. About MEHP, the exposure groups were implemented with 0, 

0.5, 5, 10, 15, 20, 25, 50 and 100 μM of MEHP. Each level had six duplicates. 

Briefly, 0.1 mL activation reagent was diluted with 5.0 mL dilution reagent 

(1:50, v:v) to form the activated XTT solution. Cells in each well were refreshed 

with 50 μL activated XTT solution and incubated at 37 oC for 4 hours. The 

absorbance was determined by a microplate reader (PerkinElmer, USA) at a 

wavelength of 450 nm. The absorbance was recorded using the instrument Victor 
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X3 (PerkinElmer, Waltham, MA). The results of cell viability were expressed as a 

percentage normalized by the control group. 

7.2.3 DEHP biotransformation products 

DEHP and its biotransformation products (MEHP, MEHHP. MECPP and MEOHP) 

in intercellular and extracellular extracts were measured using a Thermo Scientific 

UHPLC coupled to a TSQ Quantiva Triple Quadrupole Mass Spectrometer 

(UHPLC-MS/MS). Multiple-reaction monitoring (MRM) mode via the positive 

electrospray ionization was operated for DEHP determination and MRM via the 

negative ion mode was used for the analysis of DEHP metabolites.171 

7.2.4 Metabolomics  

Nine duplicates were performed for the control and MEHP-treated group. For 

each sample, 2 × 106 cells were seeded in the 6 cm dish in a fresh medium without 

MEHP for 24 hours. The cells were then exposed to 0 μM, 2 μM, 20 μM, 25 μM 

of MEHP based on the cell viability results. After 24 h, the culture medium was 

removed, and the cells were quickly rinsed with PBS twice and water. Cell pellets 

were quenched by 750 μL chilled 80% MeOH and harvested by scraping in 2.5 

mL Eppendorf tubes for two times. Cells were disrupted by freeze-thawing with 

liquid nitrogen for three times. 

Metabolite extraction has been reported in previous studies.311 The supernatants 

were collected after sample centrifugation at 15,000 g for 10 minutes at 4 °C, and 

dried at 4 °C using a vacuum concentrator (N-Biotek Inc., GyeongGi-Do, Korea). 

The residuals were dissolved in 50% methanol containing 1 μg/mL of 

4-chloro-phenylalanine (internal standard). The samples were vortexed, then 

centrifuged at 15,000 g for 10 minutes at 4 °C. The supernatants were collected 

for instrumental analysis using an Ultimate 3000 UHPLC system (Dionex, 
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Sunnyvale, CA) coupled to a Q Exactive Hybrid Quadrupole-Orbitrap mass 

spectrometer (Thermo Scientific, Bremen, Germany) with an ACQUITY UPLC 

BEH Amide column (2.1 mm × 100 mm, 1.7 μm, Waters, Milford, MA). Mobile 

phase for the negative ion mode: 10 mM ammonium acetate and 0.04% 

ammonium hydroxide in water (A) and in 95% acetonitrile (B). Mobile phase for 

the positive ion mode: 10 mM ammonium formate and 0.125% formic acid in 

water (A) and in 95% acetonitrile (B). The linear gradient mode (min/%B): 0/100; 

2/100; 7.7/70; 9.5/40; 10.3/30; 12.8/100; 18/100. The flow rate (mL/min), 0.3 and 

the injection volume (μL) was 2. Ion spray voltage was set at 3.5 kV (+) and 2.5 

kV (−). Resolution was 70 000; auxiliary gas (N2) flow rate was 10 arb units; 

sheath gas (N2) flow rate was 40 arb units; capillary temperature was 320 °C; 

maximum ion injection time was 50 ms; scan range was from 70 m/z to 1,000 m/z. 

Quality control (QC) samples were prepared by pooling 20 μL of solution from 

each sample to assess the metabolite variances throughout the sample preparation 

and data acquisition.  

For the extraction of extracellular DEHP and its biotransformation products, 

100 uL of the medium from each dish was transferred into a 2.5 mL Eppendorf 

tube. 400 uL of pure methanol was added into the solvent, and vortexed for 1 min. 

The solvent mixtures were centrifuged at 12,000g for 5 min. The supernatant was 

collected for the analysis of DEHP and its biotransformation products. 

7.2.5 Lipidomics  

Samples were prepared for lipidomics refer to the methods developed by Zhao et 

al. with some modifications.156 Briefly, cells were harvested in 750 solvent 

mixtures containing 600 μL ice-cold methanol and 150 μL water. Then 450 μL of 

chloroform was added into homogenate and shook at room temperature for 1 min. 
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After 10 min of incubation on ice, the solution was centrifuged for 15 min at 

14,000 g (-4°C). The bottom phase was collected and dried under an air vacuum. 

The residuals were dissolved with 100 μL of ACN/IPA/water (65:30:5) containing 

internal standard [phosphatidylcholines (PC) 19:0/19:0] before LC-MS/MS 

analysis.  

Lipidomics analysis was performed using a Thermo Scientific Orbitrap Fusion 

Tribird MS system (Thermo Fisher Scientific Inc., Waltham, MA, USA) coupled 

to HPLC system equipped with heated electrospray ionization (HESI) source. An 

ACQUITY UPLC BEH C18 column (100 × 2.1 mm, 1.7 μm) (Waters Corporation, 

Milford Massachusetts, U.S.A.) was used for the separation of lipidomics using 

the gradient elution with mobile phase of acetonitrile/water (60:40) with 10 mM 

NH4HCO3 and 0.1% formic acid (A) and IPA/ACN (90:10) with 10 mM 

NH4HCO3 and 0.1% formic acid (B). The column temperature was maintained at 

50 °C, the flow rate was 0.26 mL/min, and the injected sample amount was 10.0 

μL each time. LC gradient (min/% B): 0/30; 1/30; 2/45%, 7/70; 9/85; 17/100; 

19/100; 20/30; 23/30. 

7.2.6 Data analysis 

The Xcalibur Software v.4.1 (Thermo) was applied for data extraction. 

Chromatography peak acquisition and alignment for metabolites and lipids were 

performed using software R and LipidSearch (Thermo), respectively. Metabolites 

who had no interference from blank samples and/or these whose coefficient of 

variation in QC samples were lower than 20% were included. Partial least-squares 

discriminant analysis (PLS-DA) was achieved on software SIMCA-P (Version 

13.0, Umetrics, Umea, Sweden). Student’s t-test was applied to analyze the 

difference of metabolites in two groups. The metabolites fulfilled the following 
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criteria were collected as significant changed biomarkers: importance in 

projection (VIP) scores in PLS-DA were higher than 1, p value was below 0.05, 

and fold change (FC) was higher than 1.2 or lower than 0.8. The selected 

metabolites were further identified by comparison of MS/MS fragments in our 

samples and the databases of Human Metabolome Database (HMDB, 

http://www.hmdb.ca/) and METLIN (http://metlin.scripps.edu/). Biomarkers were 

further confirmed by authentic standards. Pathway analysis was achieved by input 

the biomarkers in MetaboAnalyst (https://www.metaboanalyst.ca). 

http://www.hmdb.ca/
http://metlin.scripps.edu/
https://www.metaboanalyst.ca/
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7.3 Results and discussion 

7.3.1 Cytotoxicity assay after incubation with DEHP and MEHP 

Cell viability was determined after 24-hour incubation with DEHP or MEHP at a 

range of concentrations to get exposure levels used in metabolomics and 

lipidomics study. As shown in Figure 7.1, the decreased cell viability was obvious 

at 50 μM of DEHP and 25 μM of MEHP. The cytotoxicity results indicated MEHP 

was more toxic than DEHP in L02, which was consistent with the data from 

previous studies.312,313 It was found that MEHP or DEHP exposure impacted L02 

cell viability in a dose-dependent manner. Thus, 25 μM of MEHP was applied as 

the high exposure level in L02 for further study. 

 

 

Figure 7.1 Cell viability after incubation with (A) DEHP and (B) MEHP.  

Note: Error bars represent standard error of the mean (SEM). *: p < 0.05. **: p < 

0.01. 
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7.3.2 Glucose intakes after incubation with DEHP and MEHP 

Glucose absorption is an important biomarker for measuring the development of 

insulin resistance. As shown in Figure 7.2, significantly reduced glucose uptake 

was observed when L02 was exposed to 20 μM of MEHP. However, glucose 

uptakes were not obviously changed when L02 was exposed to 50 μM of DEHP. 

Consistent with our findings, Zhang et al. (2017) have observed the no significant 

change of glucose uptakes in L02 cells at levels 50 μM of DEHP.314 Hence, 20 μM 

of MEHP was applied as the medium exposure levels in the further metabolomics 

and lipidomics study.  

 

 

Figure 7.2 Glucose uptakes after incubation with MEHP 

    Note: Error bars represent standard error of the mean (SEM). 

 

Collectively, form the cell viability assay and glucose uptake assessment, 2 μM 

of MEHP was used as the low exposure levels in the following metabolomic and 

lipidomic study. 
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7.3.3 Biotransformation of DEHP 

The metabolites of DEHP in intracellular and extracellular extracts were measured 

on basis of comparisons between standards and DEHP exposure groups. DEHP 

and its metabolites, MEHP, MEOHP, MEHHP, and MECPP were quantified 

using a UHPLC coupled to TSQ Altis Triple Quadrupole Mass Spectrometer 

(Thermo Fisher Scientific). Positive electrospray ionization (ESI+) was applied 

for DEHP, and negative mode (ESI-) was used for its metabolites in multiple 

reaction monitoring (MRM) mode. Extracted ion chromatography of MS/MS 

spectra of DEHP and its metabolites in standards, intracellular extracts and 

extracellular extracts are shown in Figure 7.3, Figure 7.4, Figure 7.5, respectively. 

We observed that most of DEHP was metabolized to MEHP. The oxidative 

metabolites of MEHP, including MEOHP, MEHHP, and MECPP, were slightly 

detected in intracellular extracts. MEOHP, MEHHP, and MECPP were not found 

in extracellular extracts. Our findings indicated that MEHP was the major 

metabolite of DEHP via phase I metabolism in L02. 
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Figure 7.3 LC-MS/MS chromatogram (MRM) for standards of DEHP and its 

metabolites.  
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Figure 7.4 LC-MS/MS chromatogram (MRM) for DEHP and its metabolites in 

intracellular extracts. 
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Figure 7.5 LC-MS/MS chromatogram (MRM) for DEHP and its metabolites in 

extracellular extracts. 
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7.3.4 Potential biomarkers and perturbed metabolic pathway  

Both positive and negative ionization modes were applied to profile the 

metabolites between the control group and MEHP-treated groups considering the 

variations of physiochemical property of chemicals. Finally, 5126 frames, 

including 2339 detected in positive ionization mode and 2787 detected in negative 

ionization mode, were extracted from SIEVE. MS profiling data were processed 

using statTarget package implemented in R language. After correction, metabolite 

information was further imported into software SIMCA-P for multivariate 

statistical analysis. Figure 7.6 demonstrated that the built PLS-DA model was 

credible in both positive and negative ionization modes in permutation plots. 

Volcano plots were applied to extract the differentiated metabolites between the 

control and MEHP-treated groups at 25 μM of MEHP (Figure 7.7). In the volcano 

plots, the significant changed metabolites, which were marked with red triangles 

(upregulated metabolites) or green triangles (downregulated metabolites), are 

regarded as potential biomarkers of the MEHP exposure in liver cells.  
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Figure 7.6 Validation plots for PLS-DA analysis in (A) Positive ionization mode 

and (B) Negative ionization mode. 
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Figure 7.7 Volcano plots of differential metabolites between control group and 25 

μM MEHP-exposed cells. (A) Positive ionization mode; (B) Negative ionization 

mode.  

Note: Both green triangles and red triangles demonstrate the significantly changed 

metabolites with p-values < 0.05. The green triangles represent the 

down-regulated metabolites with fold changes below 0.8 and the red triangles 

represent the up-regulated metabolites with fold changes larger than 1.2. 
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7.3.5 Identification of significantly changed metabolites 

37 significantly changed metabolites were identified (Table 7.1) by matching the 

MS/MS spectrum of potential metabolites in samples with standard spectrum from 

database in METLIN or HMDB, retention time and MS/MS spectrum of standards. 

The differences between theoretical mass and measured mass should be lower 

than 5 ppm.  

Here, glycerophosphocholine, as one of the most important biomarkers, was 

taken for an example. Firstly, we extracted the MS/MS spectrum of 

glycerophosphocholine in samples (Figure 7.8), and compared it with the standard 

MS/MS spectrum of glycerophosphocholine in the database of METLIN or 

HMDB. Next, we applied the authentic standard, and compared the retention time 

of glycerophosphocholine in samples with that of authentic standard. The MS/MS 

spectrum of glycerophosphocholine in samples was also compared with that of 

authentic standard (Figure 7.9).  

Among the identified biomarkers, six metabolites (phosphorylcholine, 

CDP-choline, PC (16:0/0:0), glycerophosphocholine, choline and acetylcholine) 

were involved in glycerophospholipid metabolism, while five (choline, 

L-threonine, L-serine, L-asparagine and L-aspartic acid) were involved in the 

glycine, serine and threonine metabolism. L-serine, L-asparagine and L-aspartic 

acid were also involved in the cyanoamino acid metabolisms. Adenosine 

diphosphate ribose (ADP-ribose), 5'-adenylyl sulfate, acadesine 

5'-monophosphate (AICAR), deoxyguanosine diphosphate (dGDP), xanthine and 

guanine were involved in purine metabolism. Glutathione, oxidized glutathione, 

and cysteinylglycine (L-Cys-Gly) were involved in glutathione metabolism. 
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Table 7.1 Identification of significantly changed metabolites 

Compound name Formula 

Measured mass 

(m/z) 

Mass error 

(ppm) 

Detection 

ion mode 

Pathway 

involved 

Increased metabolites      

Pyrrolidonecarboxylic acid C5H7NO3 130.0499 3.9 Positive  

ADP-ribose C15H23N5O14P2 560.0789 0.9 Positive 4 

Choline C5H13NO 104.1072 2.9 Positive 1,2 

CMP-N-acetylneuraminic acid C20H31N4O16P 615.1554 0.6 Positive  

Glutathione, oxidized C20H32N6O12S2 613.1589 1.3 Positive 5 

Glycerophosphocholine C8H20NO6P 258.1099 2.6 Positive 1 

5'-Adenylyl sulfate  C10H14N5O10PS 426.0119 0.2 Negative 4 

NADH C21H29N7O14P2 666.1315 1.3 Positive  

L-Threonine C4H9NO3 118.0499 4.2 Negative 3 

N-Acetyl-L-glutamic acid C7H11NO5 188.0553 2.8 Negative  

PG(16:0/0:0) C22H45O9P 483.2723 0.1 Negative  

D-Glucose C6H12O6 179.0548 4.1 Negative  

D-Glutamylglycine C7H12N2O5 203.0662 2.8 Negative  

Decreased metabolites      

2-Methylbutyroylcarnitine C12H23NO4 246.1699 2.5 Positive  

Acetylcarnitine C9H17NO4 204.1230 2.9 Positive  

Acetylcholine C7H15NO2 146.1175 4.1 Positive 1 

Cytosine C4H5N3O 112.0509 1.1 Positive  

Glutathione C10H17N3O6S 308.0909 2.2 Positive 5 
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Guanine C5H5N5O 152.0566 3.7 Positive 4 

L-Asparagine C4H8N2O3 133.0607 4.4 Positive 2 

L-Aspartic Acid C4H7NO4 134.0447 4.4 Positive 2,3 

L-Cys-Gly C5H10N2O3S 179.0484 3.3 Positive 5 

L-Serine C3H7NO3 106.0499 4.4 Positive 2,3 

PC(16:0/0:0) C24H50NO7P 496.3400 0.6 Positive 1 

Phosphocholine C5H14NO4P 184.0732 3.4 Positive 1 

Acadesine 5'-monophosphate (AICAR) C9H15N4O8P 337.0535 4.0 Negative 4 

ADP-ribose C15H23N5O14P2 558.0635 0.5 Negative  

Citric acid C6H8O7 191.0186 2.5 Negative  

Cytidine diphosphate choline (CDPcholine) C14H26N4O11P2 487.1006 2.3 Negative 1 

Deoxyguanosine diphosphate (dGDP) C10H15N5O10P2 426.0214 0.4 Negative 4 

N-Acetylaspartylglutamic acid C11H16N2O8 303.0829 0.4 Negative  

N-Acetyl-L-alanine C5H9NO3 130.0494 4.4 Negative  

Pantothenic Acid C9H17NO5 218.1024 1.7 Negative  

Pyrophosphate H4O7P2 176.9347 3.8 Negative  

Xanthine C5H4N4O2 151.0248 1.3 Negative 4 

Fumarate C4H4O4 115.0029 1.4 Negative  

Pyruvate C3H4O3 87.0087 1.6 Negative  

 

Note: The compounds with red color represent up-regulated metabolites, while those marked with green, are the down-regulated metabolites. 

1, glycerophospholipid metabolism; 2, cyanoamino acid metabolism; 3, glycine, serine and threonine metabolism; 4, purine metabolism; 5, 

glutathione metabolism.
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Figure 7.8 Identification of glycerophosphocholine in samples (A) The 

chromatogram; (B) Tandem MS spectrum of glycerophosphocholine in samples 
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Figure 7.9 Tandem MS spectrum of authentic standard of glycerophosphocholine 

Note: Inserts is the chromatogram of authentic standard. 
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7.3.6 Pathway analysis 

Figure 7.10 represents that glycerophospholipid metabolism was the top one 

significant disturbed pathways in human normal liver L02 cells after MEHP 

exposure.  

It is noticed from Figure 7.11 that phosphorylcholine and PC (16:0/0:0) 

significantly decreased, while CDP-choline, glycerophosphocholine, choline, and 

acetylcholine were suggestively increased in the glycerophospholipid metabolism.  

 

  

Figure 7.10 Pathway analysis of the identified metabolites by MetaboAnalysis. 

Note: The top one perturbed metabolisms in MEHP-exposed cells were marked 

according to the color (p-value from pathway enrichment analysis) and size of the 

circles (the pathway impact value from pathway topological analysis).  
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Figure 7.11 Changes of identified metabolites in response to MEHP exposure in 

L02 cells.  

Note: 0, 2, 20, and 25 represent exposure levels are 0 μM, 2 μM, 20 μM, and 

25μM of MEHP, respectively. Error bars represent standard error of the mean 

(SEM). Unpaired student’s test. * represents p < 0.05, # represents p < 0.01. 
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Figure 7.12 Changes of identified metabolites in response to MEHP exposure in 

the pathway of glycerophospholipid metabolism.  

Note: Compounds in yellow boxes are upregulated metabolites, while compounds 

in green boxes are downregulated metabolites.  

 

The metabolites involved in the pathways of glycerophospholipid metabolism 

are shown in Figure 7.12. CDP-choline, glycerophosphocholine, choline and 

acetylcholine were increased significantly, while PC (16:0/0:0) and 

phosphocholine decreased. Since the most disturbed pathway was 

glycerophospholipid metabolism, we further evaluated the changes of lipids after 

MEHP exposure. 
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7.3.7 Lipids and perturbed lipid metabolism 

Lipids are the primary substances in cells with a variety of biological functions, 

including constructing biological membranes, regulating energy conversion, 

delivering cell signals, etc. Thus, the study of lipids might be conducive to 

elucidate the impact of MEHP exposure on live cells L02 and the underlying 

mechanisms. 

Using lipidomics strategy, we observed 203 lipids were significantly changed 

after MEHP exposure. The significantly changed lipid species includes acyl 

carnitine (AcCa), ceramide (Cer), dylethanolamine (MePE), 

lyso-phosphatidylethanolamine (LPE), phosphatidylcholine (PC), 

phosphatidylglycerol (PG), phosphatidylserine (PS), triacylglycerol (TG), 

phosphatidic acid (PA), Cardiolipin (CL), diacylglycerol (DG), 

lysophosphatidylcholine (LPC), lysosphingomyelin (LSM), monoacylglycerol 

(MG), phosphatidylethanolamine (PE), phosphatidylinositol (PI), sphingomyelin 

(SM) were identified (Figure 7.13). In addition, we found lipids in the classes of 

AcCa, Cer, CL, DG, LSM, MePE, MG, PE, PG, and PS changed in the same 

direction (Figure 7.14). Fold changes of fatty acyl profile influenced by the MEHP 

exposure in human liver cells L02 are shown in Figure 7.15. Interestingly, we 

observed that all fatty acid chains increased, except for the unsaturated FA, FA 

(18:1) and FA (18:2), after MEHP exposure. The increased ratio of 18:1/18:0 in 

liver lipids were related to insulin resistance, for insulin can increases the 

biosynthesis of unsaturated fatty acids.315 
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Figure 7.13 Significantly changed lipids in the lipidomics analysis from liver cells. 

Note: The numbers behind the lipid names represent the identified numbers of that 

lipid species. AcCa, acyl carnitine; Cer, ceramide; MePE, dylethanolamine; LPE, 

lyso-phosphatidylethanolamine; PC, phosphatidylcholine; PG, 

phosphatidylglycerol; PS, phosphatidylserine; TG, triacylglycerol; PA, 

phosphatidic acid; CL. cardiolipin; DG, diacylglycerol; LPC, 

lysophosphatidylcholine; LSM, lysosphingomyelin; MG, monoacylglycerol; PE, 

phosphatidylethanolamine; PI, phosphatidylinositol; SM, sphingomyelin. 
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Figure 7.14 Fold changes of different lipid classes influenced by the MEHP 

exposure in human liver L02 cells.  

Note: AcCa, acyl carnitine; Cer, ceramide; CL, Cardiolipin; DG, diacylglycerol; 

LSM, lysosphingomyelin; MePE, dylethanolamine; MG, monoacylglycerol; PE, 

phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylserine.  

0, 2, 20, and 25 represent exposure levels are 0 μM, 2 μM, 20 μM, and 25 μM of 

MEHP, respectively. Error bars represent standard error of the mean (SEM). 

Student’s test. *: p < 0.05, **: p < 0.01. 
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Figure 7.15 Fold changes of fatty acyl profile influenced by MEHP exposure in 

human normal liver L02 cells.  

Note: Each dot in the figure represents one lipid species. The band inside the box 

shows the median (50th) of fold changes. The bottom and top of the box are first 

(25th) and (75th) third quartiles of fold changes. 
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7.3.8 Analysis of MEHP exposure disturbed pathways 

The alterations of metabolic pathways and underlying mechanisms are shown in 

Figure 7.16. Metabolomic and lipidomic profiling analysis indicated that MEHP 

exposure induced significant metabolic perturbation in L02 cells. The glutathione 

metabolism was significantly perturbed, which suggested the elevation of 

oxidative stress in MEHP-exposed cells. Additionally, the downregulation of 

purine metabolism was obvious, which was also related to the increased levels of 

reactive oxygen species (ROS) in cells.316 Levels of PE, PS and PG changed 

significantly, suggesting phospholipid remodeling in MEHP-induced cells. In 

addition, LPE levels were decreased. Razquin et al. (2018) found an increase in 

PE and an imbalance between PC and PE were related to T2D.306 

The increase of glucose in the extracellular extracts indicated the glucose intake 

decreased, while increased glucose in intracellular extracts suggested that the 

usage of glucose decreased in MEHP-exposed cells. The decrease of pyruvate 

indicated the inhibition of glycolysis. In addition, the reduction of levels of citric 

acid and fumarate represented the tricarboxylic acid cycle (TCA) cycle was 

inhibited. The elevation of fatty acid and reduction of acylcarnitines suggested the 

incomplete fatty acid β-oxidation induced by MEHP exposure. Accumulation of 

fatty acid can promote the synthesis of MG, DG, and TG. Also, DG can be 

synthesized from MG, which was decreased in our work. The increase of DG 

might active protein kinase C epsilon (PKCε), whose function is on the opposite 

of insulin. PKCε can promote degradation of hepatic glycogen and inhibit the 

synthesis of glycogen,317 which may be another explanation for the increase of 

glucose. As shown in Figure 7.16, the decrease of glucogenic amino acid and 

increase of glucose indicated the promotion of glyconeogenesis. The abundance of 
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DG in MEHP-treated normal liver cells indicated the lipids accumulated in liver. 

The fatty liver and insulin-resistant have been linked with each other.318 Ceramide 

play an important role in the signaling pathway of insulin resistance,319 and its 

decrease may be linked to decrease of glucose uptake.317 In summary, MEHP can 

disturb the glucose and lipid metabolism in human normal hepatic cells, which are 

related to abnormal glucose levels and insulin resistance. 
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Figure 7.16 Proposed pathways influenced by MEHP exposure in human liver 

L02 cells.  

Note: LSM, lysosphingomyelin; SM, sphingomyelin; Cer, ceramide; TG, 

triacylglycerol; DG, diacylglycerol; MG, monoacylglycerol; PC, 

phosphatidylcholine; PE, phosphatidylethanolamine; LPC, lyso- 

phosphatidylcholine; LPE, lyso-phosphatidylethanolamine; MePE, 

dylethanolamine; PS, phosphatidylserine; GTP, guanosine-triphosphate; GDP, 

guanosine diphosphate; ATP, adenosine triphosphate; TCA cycle, tricarboxylic 

acid cycle; ROS, reactive oxygen species.  

Compounds marked with red color are up-regulated metabolites, while 

compounds marked with green color are down-regulated metabolites. The blue 

arrows represent the pathway directions. 

 



264 

 

This chapter observed that MEHP as one of the most active DEHP metabolites 

could disturb glucose and lipid metabolism in human normal liver cells. As shown 

in Figure 7.17, liver plays a central role in all metabolic processes in human body. 

One of the most important liver functions is keeping glucose levels constant via 

absorbing sugars from blood, storing them as glycogen and/or breaking down 

glucogen, and releasing sugars into blood. Previous studies revealed the 

relationships between liver dysfunction and insulin resistance. A study conducted 

by Lee et al. observed that non-alcoholic fatty acid disease in early pregnancy is a 

risk factor for subsequent GDM development.308 Donnelly et al. found that 

women with GDM had elevated risks of liver fat accumulation and liver 

dysfunction.309 The findings in this chapter supported our results in Chapter 5 that 

phthalate exposure was positively related with the increased GDM risks and 

elevated plasma glucose levels. In addition, recent studies have observed the 

relationships between GDM and adverse birth outcomes, particularly the 

increased risks of in utero growth restriction.320,321 In Chapter 6, we observed that 

prenatal DEHP exposure may induce intrauterine growth restriction and catch-up 

growth in early-childhood among boys. Collectively, DEHP exposure can disturb 

glucose and lipid metabolism in liver cells, which play a key role in the 

hemostasis of glucose and lipid in the whole human body.309 The abnormal 

glucose levels in mothers after stimulus may cause neonatal metabolic 

complications. Thus, regulations of DEHP applications in consumer products 

should be taken considering its toxicity. 
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Figure 7.17 Diagram for the toxicity of DEHP exposure  
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7.4 Chapter summary 

This chapter explored the influence of MEHP exposure on normal human liver 

cells L02 using metabolomics and lipidomics analysis. We found that MEHP 

exposure significantly altered the cellular metabolism. The upregulated 

glutathione metabolism made the cells more vulnerable to oxidative stress. The 

alterations of PE, PG and PS revealed the phospholipids remodeling in the 

MEHP-exposed cells, which might contribute to the insulin sensitivity. The 

increase of fatty acid and decrease of acylcarnitines indicated that MEHP 

inhibited fatty acid β-oxidation. Incomplete fatty acid β-oxidation may cause the 

accumulation of lipids, such as DG, in the liver cells. Therefore, the dysfunctions 

of lipid metabolism and glucose metabolism induced by MEHP might contribute 

to insulin sensitivity in normal liver cells. This work calls for better regulation 

related to DEHP applications. 

The limitation of this research should be addressed. This work assessed 

metabolome related to phenotype, rather than genomics and proteomics associated 

with genotype. The disturbance of metabolites and pathway induced by MEHP 

exposure in human normal liver cells L02 were noted using metabolomics and 

lipidomics in this work. It would be better to further confirm the data by using 

gene and protein perspectives. 
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Chapter 8  

Conclusions and future work 

This study developed an ultra-high performance liquid chromatography - tandem 

mass spectrometry method to measure 28 EDCs, including 8 bisphenols, 5 

benzophenones, 9 phthalates, 5 parabens and triclosan, in urine samples. This 

method was applied for analysis of the 28 EDCs in 5220 urine samples collected 

from 951 pregnant women at three trimesters and 1501 pregnant women at one or 

two trimesters. We found the levels of targeted compounds varied by sampling 

seasons and were related to some factors, such as physical activities, computer 

using time, and decoration information. The occupational exposure of bisphenols 

was observed in our participants. In addition, our findings on exposure to multiple 

chemicals at low dose over trimesters highlighted the importance of exposure to 

mixtures on health research. 

Considering the lack of data on accumulative health risks of bisphenols, this 

study investigated the estimated daily intake of BPA and its two most common 

alternatives, BPF and BPS, using average urinary concentrations from three 

trimesters. BPA was still the dominating exposure of bisphenols although its 

application and production had been restricted. About 1.6% of participants had 

potential risks caused by exposure to bisphenols. Combined health hazards were 

mainly driven by one specific bisphenol (BPS or BPA). The trend of dominance 

by BPA increased as HI elevated. Our work suggested the regulation of BPA 

should be urgently tightened and intervention of BPS should be considered in 

China.  

The present study also examined the associations between BPA exposure and 
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estrogen using repeated measurements of urinary levels of BPA and three 

estrogens at three trimesters. BPA was non-monotonically related with E1, E2 and 

E3, even at the concentrations below the threshold value (4 µg/kg body weight 

/day) provided by EPA in 2015. This work gave a valuable insight about the 

trimester-specific and gender-specific associations between BPA and three major 

natural estrogens, and suggested the reevaluation of BPA threshold value. 

About phthalates, we found that most common exposures were at a low dose of 

mixtures of five phthalates throughout pregnancy, and the highest frequency of 

cumulative risks occurred in these whose exposure was driven by a large dose of 

one specific phthalate (DnBP or DEHP). The intervention should be taken to limit 

the application and production of DnBP and DEHP.  

We further investigated the adverse health effects of maternal exposure to 

phthalates on both mothers and fetuses. We assessed the relationships of phthalate 

exposure during pregnancy to risks of GDM and plasma glucose levels after 75 g 

oral glucose tolerance test in a nested case-control study design. Significant 

positive relationships between phthalate exposure and adverse health effects (e.g., 

plasma glucose levels and risks of GDM) were observed, indicating that prenatal 

exposure to phthalates may be a risk factor for GDM. Notably, our results 

suggested that more recent DEHP exposure was related to higher risks of GDM, 

indicating the usage of phthalates-containing products should be limited among 

women particularly after conception. 

Next, we investigated the associations of prenatal DEHP exposure at three 

trimesters with the fetal growth, birth size, and postnatal growth at 6, 12, and 24 

months. We found that exposure to DEHP during pregnancy induced intrauterine 

growth restriction and catch-up growth among boys. Prenatal DEHP exposure was 
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noted positively related to the weight gain rates at 12 and 24 months among boys. 

However, no significant association was observed among girls. 

Furthermore, we investigated DEHP transformation and metabolic effects of 

MEHP on human normal liver cells L02. MEHP was the major metabolite of 

DEHP in cells. Then we determined the disturbed metabolism by MEHP exposure 

using metabolomic and lipidomic approaches. We noted the decreased glucose 

uptake and accumulation of glucose in liver cells after MEHP exposure. In 

addition, the inhibition of glycolysis, increased oxidative stress, and incomplete 

fatty acid β-oxidation were obvious in MEHP-exposed cells. Phospholipids 

remodeling was also observed, particularly the elevation of PE and reduction of 

LPE, which may be related to insulin resistance. This work gave insights into 

possible mechanisms underlying diabetes and related complications. 

 In this thesis, we assessed the exposure levels, exposure patterns and 

variations of 28 EDCs at three trimesters and evaluated the potential health risks 

induced by bisphenols or phthalates using average urinary concentrations of 

analytes. We also examined the trimester-dependent and gender-dependent 

relationships between BPA and three major natural estrogens. We further 

investigated the effects of first-trimester phthalate exposure on risks of GDM and 

studied the prenatal DEHP exposure on fatal growth, birth size and postnatal 

growth. We found that EDC exposure was prevalent among the studied population, 

observed the non-monotonic dose-repose relationships between BPA and three 

natural estrogens even under current threshold value of BPA, and found that 

exposure to phthalates, as one type of EDCs, during pregnancy was related to the 

increased risks of GDM and abnormal offspring growth. We also assessed the 

significantly disturbed metabolites and pathways of MEHP exposure on human 
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normal liver cell L02 using lipidomics and metabolomics. The metabolic effects 

of MEHP on glucose and lipid metabolisms were observed.  

There are several limitations of this work: 

(1) Information on the usage of personal care products, including the brand and 

frequency, which are related with the PCPC levels in human, is not collected in 

this work. 

(2) Concentrations of targeted chemicals in the environment, such as air, water, 

and food, which could provide more information on the source of pollutants and 

depth the understanding of exposure, are not determined in this study. 

(3) The effects of EDCs on mothers and fetuses were evaluated using the total 

amount of pollutants in urine samples, including free and conjugated forms. 

However, compounds in the free form are more bioactive.254 The effects of EDCs 

in free status on human health should be further examined. 

The toxicity of targeted EDCs has been well-documented in previous work, 

leading to the popular production and application of alternatives of EDC. 

However, the toxicity of EDC alternatives is still unclear. Considering the similar 

structures of substances and classic EDCs, the toxicity may be similar or even 

more toxic than these chemicals. Therefore, the toxicity of EDC alternatives 

should be investigated in the future work. 

About the evaluations of effects of the untargeted EDCs in the biological 

processes. Firstly, chemicals with similar structures have similar 

physical-chemical properties. Thus, the effects of untargeted EDCs can be 

estimated. Then, the property of untargeted EDCs can be evaluated using 

physiological based pharmacokinetic modeling. Next, the effects of untargeted 

EDCs can be also examined using the following steps (Figure 8.1), which is 
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applied to predict the endocrine disrupting property. 

 

 

Figure 8.1 Predictive utility of untargeted endocrine disrupting chemicals322 

 

In addition, ingestion and dermal absorption are two main EDC exposure 

pathways. The differences of health effects of EDC exposure through two 

different exposure pathways should be compared. 

The animal experiments are designed as follows: 

(1) Ingestion 

Pregnant C57BL/6 female mice (n=10 per treatment group) were obtained. 

Targeted compound, take DEHP for example, was dissolved in DMSO to obtain 

the stock solution. Corn oil containing 0.5% DMSO was used as vehicle control. 

The dosages were 30 and 300 mg/kg body weight per day (mg/kg/d), respectively. 

Oral administration was conducted every day and completed in 2 h until delivery. 

The mice were weighed every three days. Glucose levels were measured. The 

weight and height of offspring were recorded when delivery. The growth 

parameters were also collected at postnatal days (PND) 21 after normal diet. 

Before being sacrificed, urine samples and feces were collected.  

(2) Dermal contact 

Pregnant C57BL/6 female mice (n=10 per treatment group) were obtained. 

Targeted compound, take DEHP for example, was dissolved in acetone to obtain 

the stock solution. Acetone was used as vehicle control. The dosages were 30 and 
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300 mg/kg body weight per day (mg/kg/d), which were applied to the shaved 

intrascapular region of mice every day until delivery. The mice were weighed 

every three days. Glucose levels were measured. The weight and height of 

offspring were recorded when delivery. The growth parameters were also 

collected at postnatal days (PND) 21 after normal diet. Before being sacrificed, 

urine samples and feces were collected. 

EDCs can be absorbed and transported to the liver, where they are conjugated 

and excreted back into the gut through bile secretion for further microbial 

metabolism. The trillions of microorganisms that inhabit the gastrointestinal tract 

can alter the chemical structures of chemicals, and modify their physical-chemical 

property, lifetime, bioavailability and biological effect.323 Recent studies have 

revealed the significant role of the microbiota on human health, particularly on the 

metabolism of xenobiotics, such as EDCs. However, the relationships among 

microbiota, EDC exposure during pregnancy, and health effects on mothers and 

fetuses need future examination.  

Considering numerous pregnancy complications, such as high blood pressure 

and hypoglycemia, the associations of EDC exposure and these diseases should be 

evaluated. Neurodevelopment in early life stage are more vulnerable to EDC 

exposures, therefore the effects of EDCs on brain development and cognitive 

behavior should be investigated in the future study. In addition, the underlying 

mechanisms of EDC toxicity call for in-depth investigation, particularly from the 

genetic and proteomic perspectives. 
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