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Abstract 31 

Organophosphate flame retardants (OPFRs) are found in various environmental matrices 32 

and human samples. Exposure to OPFRs during gestation may interfere the pregnancy, for 33 

example, inducing maternal oxidative stress and maternal hypertension during pregnancy, 34 

interfering maternal and fetal thyroid hormone secretion and fetal neurodevelopment, and 35 

causing fetal metabolic abnormalities. However, the consequences of OPFR exposure on 36 

pregnant women, impact on mother-to-child transmission of OPFRs, and harmful effects on 37 

fetal and pregnancy outcomes have not been evaluated. This review describes the exposure to 38 

OPFRs in pregnant women worldwide, based on metabolites of OPFRs (mOPs) in urine for 39 

prenatal exposure and OPFRs in breast milk for postnatal exposure. Predictors of maternal 40 

exposure to OPFRs and variability of mOPs in urine have been discussed. Mother-to-child 41 

transmission pathways of OPFRs have been scrutinized, considering the levels of OPFRs and 42 

their metabolites in amniotic fluid, placenta, deciduae, chorionic villi, and cord blood. The 43 

results showed that bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) and diphenyl phosphate 44 

(DPHP) were the two predominant mOPs in urine, with detection frequencies of > 90%. The 45 

estimated daily intake (EDIM) indicates low risk when infants are exposed to OPFRs from breast 46 

milk. Furthermore, higher exposure levels of OPFRs in pregnant women may increase the risk 47 

of adverse pregnancy outcomes and influence the developmental behavior of infants. This 48 

review summarizes the knowledge gaps of OPFRs in pregnant women and highlights the crucial 49 

steps for assessing health risks in susceptible populations, such as pregnant women and fetuses. 50 

Keywords: Organophosphate flame retardants; Prenatal exposure; Mother-to-child transmission; 51 

Urine; Breast milk; Pregnancy outcome 52 

Synopsis: This article reviews the global prenatal and postnatal exposure of pregnant women 53 

to OPFRs and reveals the extent and potential risks to pregnancy outcomes. 54 

 55 



 

3 

 

1. Introduction 56 

Flame retardants (FRs) are added to various manufactured materials as functional additives 57 

to reduce the flammability of materials, prevent the occurrence and spread of fires, and protect 58 

human life and property. Polybrominated diphenyl ethers (PBDEs) were the most widely used 59 

FRs until the 2000s, but they have been gradually banned because of their persistence, 60 

bioaccumulation, and ecotoxicity in the environment.1 Organophosphate flame retardants 61 

(OPFRs) are increasingly being used as alternatives. OPFRs have been widely used in various 62 

industries and chemicals, such as textiles, electronics, furniture foams, and plasticizers in rubber 63 

products.2-4 The production and usage of OPFRs have dramatically increased in recent years. 64 

The global consumption of OPFRs increased to 680,000 metric tons in 2015, an annual increase 65 

of 7.9%.5 The US, Europe, Japan, and Asia are the four largest markets for flame retardants in 66 

the world. Among them, the US and Europe have established stable markets as the earliest 67 

producers and users of flame retardants. For example, the production and usage of triphenyl 68 

phosphate (TPHP) was the highest in the US and Europe among aryl-OPFRs, and tris(1-chloro-69 

2-propyl) phosphate (TCIPP) accounted for approximately 80% of Cl-OPFRs usage in the US 70 

and Europe.6, 7 In recent years, the flame retardant industries in Asia have increasingly expanded, 71 

with the Chinese flame retardant market playing a significant role.8 72 

OPFRs are often added to materials physically without chemical bonding, which allows 73 

them to be continuously released into the environment through volatilization, abrasion, and 74 

leaching.9 The widespread occurrence of OPFRs has been documented in a variety of 75 

environmental matrices, such as water, sediment, air, dust, and soil.1, 6, 10-13 OPFRs can be 76 

detected in surface water and drinking water worldwide, with analogues concentrations as high 77 

as tens of ng/mL.14 High levels of OPFRs in sediments can endanger aquatic ecosystems, 78 

leading to exposure to aquatic plants and ingestion by aquatic animals, which in turn can enter 79 

the human body through the food chain and potentially affect human health. OPFRs have been 80 
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widely detected in both indoor and outdoor air. The levels of OPFRs in indoor air can be as 81 

high as hundreds of ng/m3.15 Because OPFRs can easily be released from building material, 82 

interior decorations, furniture, consumer products, and carpets into the indoor environment the 83 

concentration of OPFRs in indoor air is typically 1−3 orders of magnitude higher than that of 84 

outdoor air.16 Similar to air samples, the concentration of OPFRs in indoor dust was 85 

significantly higher than that in outdoor dust. OPFRs were detected in indoor dust samples from 86 

more than 29 countries, including households, offices, dormitories, daycare centers, and in-87 

vehicle areas, with concentrations ranging from a few to tens of μg/g. Langer et al. studied 10 88 

OPFRs in dust samples collected from children’s bedrooms (n = 500) and daycare centers (n = 89 

151), and found higher concentrations of OPFRs in daycare center dust samples than in 90 

household dust samples. Since children are more likely to be exposed to OPFRs than adults, 91 

this result deserves more attention.17 In addition, OPFRs have been discovered in many human 92 

samples globally, including urine, hair, nails, placenta, breast milk, and amniotic fluid.18 For 93 

example, concentrations of ∑OPFRs in breast milk samples from Asia were as high as 600 ng/g 94 

lipid wt, indicating that breastfeeding may result in considerable exposure of newborns to 95 

OPFRs.19 Many toxicological experiments have shown that OPFRs and metabolites of OPFRs 96 

(mOPs) could cause different toxic effects on organisms (fish, birds, and humans), including 97 

endocrine disruption, neurotoxicity, hepatoxicity, reproductive toxicity, and interference with 98 

embryonic development.20, 21 Studies indicated that OPFRs have adverse effects on female 99 

reproduction by damaging the regulatory pathway mediated by the hypothalamic-pituitary-100 

gonadal (HPG) axis.22, 23 For example, the exposure of female zebrafish to 101 

tris(1,3‑dichloro‑2‑propyl) phosphate (TDCIPP) inhibited the expression of genes involved in 102 

gonadal development, and resulted in decreased egg production and morphological alterations 103 

on the surface of eggs. The reduction in egg quality could eventually lead to poor reproductive 104 

outcomes.24 OPFRs could be considered as typical endocrine disruptors that can interfere with 105 
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the regulation of endogenous hormones and lead to abnormal fertility on humans and animals, 106 

especially for thyroid hormones.25, 26 Thyroid hormones have a positive effect on the 107 

development, growth, and cell differentiation; disturbance of thyroid hormone levels could 108 

result in adverse developmental outcomes such as obesity. Alterations in maternal thyroid 109 

function could also affect pregnancy outcomes, which pose potential risks for the growth and 110 

development of infants.25  111 

However, studies of OPFRs exposure in pregnant women are limited. Exposure to 112 

environmental pollutants during fetal development and the whole life stage causes chronic 113 

adverse effects on health.27 Prenatal exposure to environmental pollutants deserves more 114 

attention because gestation is a critical period for the formation and development of fetal organs. 115 

For pregnant women, prenatal exposure to pollutants not only affects embryonic development, 116 

thus interfering with the pregnancy, but also affects the internal environment, thereby 117 

endangering prenatal and postnatal health.28 During pregnancy and lactation, maternal OPFRs 118 

could be transmitted to the fetus and baby mainly through transplacental and lactational 119 

behaviors. Owing to mother-to-child transmission, pregnant women’s exposure to OPFRs from 120 

various environmental matrices can also cause adverse effects on the fetuses. Epidemiological 121 

and toxicological studies have shown that maternal exposure to OPFRs may result in adverse 122 

pregnancy outcomes and affect the development of the fetus. Therefore, a review of prenatal 123 

exposure to OPFRs and their potential risks to mothers and their offspring is of great 124 

significance.  125 

There have been several review papers on OPFRs, including on the application and 126 

synthesis routes of OPFRs;29 the occurrence, analysis techniques, and toxicity of OPFRs in 127 

biota;14, 16, 20, 30 the concentration of OPFRs in food and human dietary exposure;31 and the 128 

metabolism and metabolic pathways of OPFRs in organisms.5, 20, 32 However, to the best of our 129 

knowledge, a review on the exposure of pregnant women to OPFRs, effects on mother-to-child 130 
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transmission of OPFRs, and adverse effects on fetus and pregnancy outcomes is lacking. To 131 

this end, based on measurements of urine and breast milk samples from pregnant women 132 

worldwide, the occurrence of OPFRs in pregnant women before and after delivery was 133 

discussed, and exposure pathways of OPFRs in pregnant women were compared in the current 134 

review. The predictors associated with OPFR levels in pregnant women were then examined. 135 

Several possible routes of mother-to-child transmission of OPFRs in pregnant women, before 136 

and after delivery, are summarized. Furthermore, based on the results of toxicological and 137 

epidemiological studies, the potential risks of OPFRs in pregnant women to the next generation 138 

were examined in terms of the fetuses, infants, and young children. 139 

  140 

2. Strategies for literature search and data collection 141 

This review compiled the literature on OPFRs published from January 2012 to December 142 

2022. The literatures were screened on the online database of Web of Science, PubMed, and 143 

ScienceDirect using the following keywords: “organophosphate flame retardants”, 144 

“organophosphate esters”, “organophosphates”, “prenatal exposure”, “maternal exposure”, 145 

“pregnant women”, and “pregnancy”. We screened these literatures based on the following 146 

criteria: (1) the studies examined OPFRs of pregnant women in a biological matrix (including 147 

urine, breast milk, placental, and amniotic fluid), (2) these studies described the possible effects 148 

of maternal levels of OPFRs on the offspring, (3) studies reported the mother-to-child 149 

transmission pathways of OPFRs. There is sufficient evidence on the prenatal exposure to 150 

OPFRs and the relevant pregnancy outcomes, but limited evidence for each specific pregnancy 151 

outcome, which makes the comprehensive evaluation of adverse effects difficult. Therefore, we 152 

performed a systematic scoping analysis for the associations between the prenatal exposure of 153 

pregnant women to OPFRs and the pregnancy outcomes. The screening strategies of literature 154 

were configured based on the PECO (Population, Exposure, Comparator and Outcome) 155 
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guidance.33 The PECO statement was as following: Among pregnant women, what is the effect 156 

of the highest OPFR exposure compared to the lowest OPFR exposure on the pregnancy 157 

outcomes? P: among pregnant women, what is the effect of, E: the highest OPFR exposure 158 

during pregnancy, C: the lowest OPFR exposure during pregnancy, O: pregnancy outcomes. 159 

The study selection and data extraction were performed by two authors of this review (Yongting 160 

Li and Yaqian Xu). Literatures were further identified based on the following criteria: (1) studies 161 

monitoring the urinary mOPs in pregnant women, (2) studies examining the relationships 162 

between the prenatal exposure and potential risks of pregnancy outcomes (including neonatal 163 

birth weight, neonatal birth size, neonatal anthropometry, miscarriage, spontaneous abortion, 164 

gestational age, and neonatal thyroid hormones), (3) studies reporting different levels of the 165 

OPFR exposures or different degrees of adverse effects, (4) observational studies (including 166 

case control study, cohort study, and cross sectional survey), and (5) peer-reviewed literatures 167 

published in English. Exclusion criteria for the literatures were as follows: (1) conference 168 

abstracts, review articles, meta-analyses, (2) data originated from the same population or 169 

somewhat overlapping populations, and (3) animal research and/or the study populations 170 

without pregnant women. Overall, 11 literatures were collected based on the selection criteria, 171 

and the quality of final references were critically evaluated (Figure 1). Yongting Li and Yaqian 172 

Xu separately assessed the design and quality of the 11 included studies using the Newcastle-173 

Ottawa Scale (NOS) for observational studies.34 Any discrepancies on the scoring were resolved 174 

by discussion. Detailed information about the assessment of included studies can be found in 175 

Table S1. 176 

Available data were collected for ten OPFRs and ten mOPs. The ten OPFRs were: 177 

chlorinated-OPFRs: tris(2‑chloroethyl) phosphate (TCEP), TCIPP, tris(2-chloropropyl) 178 

phosphate (TCPP), and TDCIPP; aryl-OPFRs: TPHP, tricresyl phosphate (TCrP), and 179 

2‑ethylhexyl‑diphenyl phosphate (EHDPP); alkyl-OPFRs: tri-n-butyl phosphate (TNBP), 180 
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tris(2‑butoxyethyl) phosphate (TBOEP), and tris(2‑ethylhexyl) phosphate (TEHP). The ten 181 

mOPs were: di-n-butyl phosphate (DNBP, the metabolite of TNBP), bis(2-chloroethyl) 182 

phosphate (BCEP, the metabolite of TCEP), bis(1-chloro-2-propyl) phosphate (BCIPP, the 183 

metabolite of TCIPP), diphenyl phosphate (DPHP, the metabolite of TPHP), di-cresyl 184 

phosphate (DoCP & DpCP, the metabolite of TCrP), isopropylphenyl phenyl phosphate (ip-PPP, 185 

the metabolite of mono-substituted isopropyl triphenyl phosphate (mono-ITP)), bis(2-186 

butoxyethyl) phosphate (BBOEP, the metabolite of TBOEP), tert-butyl-phenyl phenyl 187 

phosphate (tb-PPP, the metabolite of mono-substituted tert-butyl triphenyl phosphate (mono-188 

TTP)), 1-hydroxyl-2-propyl bis(1-chloro-2-propyl) phosphate (BCIPHIPP, the metabolite of 189 

TCIPP), and bis(1,3-dichloro-2-propyl) phosphate (BDCIPP, the metabolite of TDCIPP). The 190 

molecular weights, CAS numbers, and log Kow values of the OPFRs and mOPs are listed in 191 

Table S2. 192 

 193 

3. Results and Discussion 194 

3.1. Exposure pathways of OPFRs to pregnant women 195 

The exposure pathways for the pregnant women are generally the same as for the general 196 

population.35-38 Individuals are typically exposed to and ingest OPFRs through dust ingestion, 197 

dietary intake, air inhalation, and skin contact. In this section, the exposure pathways of 198 

pregnant women to eight predominant OPFRs (TPHP, TNBP, TCEP, TCIPP, TCrP, TDCIPP, 199 

TBOEP, and TEHP) are summarized based on the literatures selected by the systematic review. 200 

The contribution of each exposure pathway to the total intake of OPFRs varied depending on 201 

the class of compounds and the compounds within the same class. 202 

It has been noted that the characteristics of exposure to OPFRs are age-specific and that 203 

dietary intake is the main contributor to exposure to OPFRs, followed by dust ingestion.35 204 

Dietary intake is the primary pathway for TCEP, TCIPP, and TNBP, accounting for 84%, 77%, 205 
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and 93% of total ingestion, respectively.39 OPFRs can be detected in agricultural products such 206 

as grains (rice, corn), vegetables (potatoes, cereals, tomatoes, cabbage, rape, carrots, broccoli, 207 

onions, and celery), fruits (apples, bananas, oranges, pears, peaches, citrus, strawberries, and 208 

grapes), meat, dairy products, and eggs around the world.29, 38-40 Pregnant women and mothers 209 

have a higher daily consumption of OPFRs than other adults, perhaps due to their specialized 210 

prenatal and postnatal diets.35, 41 Throughout the pregnancy and breastfeeding period, women 211 

should have a well-balanced diet and refuel frequently in order to obtain sufficient calories and 212 

nutrients.42,43 They may consume more food rich in protein, vitamins, and healthy fats, which 213 

maybe contribute to a relative increase in their body burdens of OPFRs.44 OPFRs can be 214 

frequently detected in cereals and meat.45-47 For example, China has the highest levels of 215 

∑OPFRs in rice worldwide, as high as 802 ng/g dry weight (dw).48 The median concentration 216 

of OPFRs in meats and fish collected from a local market in America was higher than those in 217 

dairy and cereal products.49 The consumption of cereals and meats constitutes a significant 218 

portion of the dietary intake of OPFRs. Considering that Chinese and Americans consume rice 219 

and meat as staple foods respectively, the intake of OPFRs through rice and meat consumption 220 

may pose a potential risk to pregnant women.  221 

Indoor air inhalation and dust ingestion are significant pathways of non-dietary exposure. 222 

Some studies have pointed out that the most prevalent exposure routes were indoor air and dust, 223 

followed by skin contact.50, 51 Air inhalation is an important route of exposure to Cl-OPFRs, 224 

and it was estimated that the total intake of Cl-OPFRs through air inhalation exceeded that from 225 

dust ingestion.52 The assessment of human exposure to OPFRs via air inhalation, dust ingestion, 226 

and dermal contact showed that air inhalation was the primary route of exposure to volatile 227 

OPFRs (TCIPP and TCEP), whereas dust ingestion was the most important route for less 228 

volatile OPFRs (TBOEP and TPHP).50, 51 Dermal contact and dust ingestion account for almost 229 

60% of the total intake of TBOEP among the four exposure pathways.39 Levels of OPFRs in 230 
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indoor air and dust are usually higher than those in outdoor, and indoor settings are therefore 231 

an important exposure environment.16, 20 A French cohort study reported that pregnant women 232 

spent an average of more than 16.7 hours per day indoors throughout their pregnancy.53 Similar 233 

results were found in several cohort studies from Spain, Canada, and Poland.54-56 Previous 234 

research recommended that future exposure and epidemiological studies should reflect the 235 

increase of exposure from indoor environments.57 Exposure to OPFRs through air inhalation 236 

and dust ingestion for pregnant women requires more attention. Considering that women 237 

primarily stay indoors during the third trimester and after giving birth, indoor air and dust may 238 

be an important exposure pathway for OPFRs. During pregnancy, it is advisable to improve 239 

indoor ventilation. Plastic medical devices can also be an important source of exposure to 240 

OPFRs during hospitalization. The concentration of OPFRs in the urine of hospitalized infants 241 

was higher than that in outpatient infants.58 This result may be related to the use of medical 242 

equipment, which usually contains plasticizers and flame retardants that are composed of 243 

OPFRs.  244 

Skin contact also leads to prenatal non-dietary exposure to OPFRs. A study from Nepal 245 

revealed that dermal absorption contributed more to human exposure than air inhalation and 246 

dust ingestion. The EDIs for ∑8OPFRs for dermal absorption, air inhalation, and dust ingestion 247 

were 16.8 ng/kg bw/day, 0.98 ng/kg bw/day, and 0.98 ng/kg bw/day, respectively.59 In addition, 248 

there are some specific pathways for the dermal absorption of OPFRs in women. Urinary mOP 249 

levels in women aged 18−44 years were associated with OPFR levels on mobile phones (p < 250 

0.05).60 In the e-waste dismantling areas, levels of OPFRs in hand wipes were similarly greater 251 

in females than those in males (p < 0.01).61 Furthermore, more frequent personal care product 252 

usage was associated with higher levels of mOPs in the urine of pregnant women.62 Using 253 

silicone wristbands to assess the exposure to pollutants during pregnancy, it was found that the 254 

content of TPHP was positively correlated with nail polish usage (β = 0.27; 95% confidence 255 
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interval (CI): 0.00, 0.55).63 The content of DPHP was related to the usage of nail polish and 256 

perfumes in a study of urine samples from pregnant women (p < 0.05).62 The use of nail polish 257 

was associated with a 306% increase in urinary DPHP concentrations (95% CI: 129−610%; 258 

p < 0.0001) among women.64 This may be due to TPHP replacing dibutyl phthalate as plasticizer 259 

to increase the flexibility and durability of nail polish.64 The use of personal care products was 260 

also related to elevated levels of TCEP, TCIPP, TDCIPP, and their metabolites in the urine 261 

samples of pregnant women. The concentrations of BDCIPP, BCIPP, and ip-PPP are associated 262 

with the use of sunscreen, pesticides, and cosmetics (p = 0.01), respectively.62, 64 TPHP is an 263 

aryl-OPFR and has shown various endocrine and metabolic disrupting and abilities, as well as 264 

reproductive toxicity to females in animal and human experiments.65, 66 TCEP, TCIPP, TDCIPP 265 

are typical Cl-OPFRs, which interfere with embryonic development, disturb neurodevelopment, 266 

and induce vascular toxicity.67-69 Pregnant women should be careful with personal care products, 267 

especially nail polish, throughout their pregnancy. Given the relationship between dermal 268 

exposure of pregnant women to personal care products and mOPs in urine, the disparities in 269 

racial/ethnic usage patterns of personal care products can influence OPFRs exposure.70 For 270 

example, Latina women use more cosmetics, black women use more hair products. Future 271 

prevention measures of OPFR exposure for pregnant women of different ethnicities need to be 272 

more differentiated.71 273 

Pregnancy is an extremely vulnerable developmental stage. Endocrine system and 274 

metabolism of body water, protein, glucose, and lipid change a lot throughout the pregnancy.72 275 

Environmental and occupational hazards may impair early developmental processes and 276 

increase later-life vulnerability to disease.73 Exposure to toxins might disturb the normal 277 

physiological environment of the mother and cause long-term adverse effects.74, 75 In addition, 278 

the placental barrier is not sufficient to block all exogeneous chemicals, which would lead to 279 
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direct exposure of the fetus to toxins with adverse effects on fetal development.76-78  280 

3.2. Prenatal exposure to OPFRs 281 

Prenatal exposure to OPFRs can be detected in urine samples from pregnant women 282 

worldwide. Among these studies, urine is the main biomonitoring tool.79, 80 Internal exposure 283 

estimation of OPFRs through the urinary monitoring can avoid the evaluation errors caused by 284 

external exposure assessment. Moreover, biomonitoring on mOPs reveals human exposure to 285 

OPFRs and relationships between internal and external exposure.32 Prenatal exposure of 286 

pregnant women to OPFRs will be determined based on urine mOP concentrations (mostly 287 

diester metabolites). The mOPs of high concern in urinary monitoring include Cl-mOPs 288 

(BDCIPP, BCIPHIPP, BCIPP, and BCEP), aryl-mOPs (DPHP, and DoCP & DpCP), and alkyl-289 

mOPs (DNBP, BBOEP, ip-PPP, and tb-PPP). 290 

3.2.1. Levels of exposure to OPFRs in prenatal pregnant women 291 

Levels of mOPs in the urine of pregnant women worldwide are summarized in Figure 2. 292 

Analysis of urine samples (before delivery) of pregnant women from the United States, Canada, 293 

and China showed that BDCIPP and DPHP were the two predominant mOPs, with detection 294 

frequencies (DFs) of > 90% in almost all studies. In 2014, Hoffman et al. studied the levels of 295 

BDCIPP and DPHP in the urine samples of eight pregnant women from central North Carolina 296 

during different pregnancy stages.82 BDCIPP and DPHP levels were detected in 38 of 39 urine 297 

samples with median concentrations of 1.1 and 1.6 ng/mL, respectively. This is the first study 298 

to monitor OPFRs levels in the urine of pregnant women, but the results were limited due to 299 

the small sample sizes. The samples were collected between 2011 and 2012. From 2003 to 2006, 300 

BDCIPP and DPHP levels in the same location were 1.85 and 1.31 ng/mL, respectively. The 301 

concentration of BDCIPP in urine samples collected in North Carolina from 2011 to 2012 302 

decreased by more than 40% from 2002 to 2005, whereas the concentration of DPHP increased 303 

by approximately 23%. 304 



 

13 

 

Although the sampling time difference between the two studies was several years and the 305 

DFs in all samples increased, the levels of BDCIPP and DPHP in the two studies were similar, 306 

which is surprising given that the production of OPFRs as alternatives to PBDEs has increased 307 

significantly since 2010.83 Most of the samples collected after 2010 showed higher levels of 308 

BDCIPP than those collected from Cincinnati, Ohio from 2003 to 2006, but not all studies met 309 

this pattern. Most samples collected after 2010 had lower DPHP levels than those collected 310 

from Cincinnati, Ohio.84, 85 As there were fewer urine monitoring studies conducted to before 311 

2010, this conclusion was insufficiently convincing. The levels of mOPs varied considerably 312 

across regions. For example, the concentration of BDCIPP in the urine of pregnant women in 313 

North Carolina is twice as high as that in Ohio. The concentration of DPHP in the urine of 314 

pregnant women on Rhode Island was lower than that in Ohio and North Carolina, where the 315 

concentrations were similar. BCEP, BCIPP, and ip-PPP had high DFs and concentrations in 316 

urine samples in the United States, in addition to BDCIPP and DPHP. For Chinese urine samples, 317 

the levels of mOPs in samples collected after 2010 were not significantly higher than those 318 

collected before 2010. Comparing the two batches of samples collected from Wuhan 319 

simultaneously, the DFs of several mOPs were significantly different, which may be related to 320 

the method of samples pretreatment. The composition and levels of urinary mOPs in pregnant 321 

women from three areas of China were considerably different. It is worth noting that the level 322 

of DPHP in pregnant women in Shanghai was approximately 1.75 times higher than that in the 323 

e-waste dismantling area of Guangdong Province. This result may be influenced by 324 

environmental exposure and living habits of urban women. In China and Canada, the levels of 325 

DPHP were an order of magnitude higher than those of BDCIPP. The levels of BDCIPP and 326 

DPHP were similar in the U.S. This indicates variances in OPFRs exposure among pregnant 327 

women in different countries and reflects the differences in OPFRs production and usage. 328 

Detailed information regarding mOPs in the urine of pregnant women is shown in Table S3 (a).  329 
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3.2.2. Variation of urinary mOPs in pregnant women 330 

Many researchers have monitored the concentrations of mOPs in urine samples at different 331 

stages of pregnancy to assess the temporal variation of mOPs and to test whether a single 332 

monitoring during pregnancy can reflect the whole pregnancy.  333 

Using intraclass correlation coefficients (ICCs) to evaluate variability, ICCs values ranged 334 

from 0 to 1, indicating no reproducibility or perfect reproducibility. Samples were mainly 335 

collected in the first, second, and third trimesters, and after giving birth. Detailed information 336 

on the collection times and ICCs is provided in Table 1. The results showed that the 337 

reproducibility of samples collected from different regions for the same mOPs varies, such as 338 

the ICCs of BDCIPP in Northern Puerto Rico (ICCs: 0.23) and Maryland (ICCs: 0.59). Some 339 

studies have shown good reproducibility for different mOPs in urine collected from the same 340 

location, such as the ICCs of DPHP (ICCs: 0.4) and BDCIPP (ICCs: 0.4) in North Carolina. In 341 

general, the concentrations of mOPs are not consistent during the gestation period.86 For 342 

example, data from North Carolina showed that the urine concentrations of BDCIPP and DPHP 343 

in this study were well consistent during the pregnancy period.82 In Baltimore and Maryland, 344 

the variation degree of BDCIPP was consistent (ICCs: 0.42, 0.69), but several mOPs (DPHP, 345 

ip-PPP, tb-PPP, and BCIPP) exhibited substantial variability during pregnancy. DPHP and 346 

BDCIPP levels during pregnancy were consistent with the samples collected from Rhode Island 347 

and North Carolina, whereas BCEP showed comparable variability to BDCIPP and DPhP.82, 87 348 

The researchers examined the variability in urine mOPs of pregnant women from Ohio using a 349 

cohort of n = 357. The results demonstrated that the ICCs (0.24, 0.40) of mOPs showed high 350 

variability during pregnancy. Poor reproducibility of mOPs during pregnancy was also detected 351 

in Puerto Rico.62 The weak reproducibility indicated that single monitoring during pregnancy 352 

in these populations cannot accurately reflect the levels throughout the whole pregnancy. The 353 

difference in excretion rate and renal function during pregnancy may account for these findings. 354 
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In the subsequent study in Puerto Rico (n = 48), the urine concentrations of mOPs were 355 

measured during the three stages of pregnancy. However, the ICCs varied from 0.51 to 0.61, 356 

which was much higher than the stability obtained by detecting only the two stages. Similar 357 

stability was observed for BDCPP (ICC = 0.60), DPHP (ICC = 0.43), and BCEP (ICC = 0.50) 358 

in pregnant women on Rhode Island (n = 59).87 Urine mOP levels at different periods of 359 

pregnancy showed excellent consistency with the mixed samples. The variability of urine mOPs 360 

during pregnancy may be associated with physiological changes (e.g., blood volume, renal 361 

vascularity, oxygen demand, and energy metabolism) that affect the metabolism and excretion 362 

of OPFRs in pregnant women.72 363 

3.2.3. Predictors of mOPs in pregnant women before delivery  364 

Researchers investigated the relationships between sociodemographic predictors (such as 365 

age, ethnicity, pre-pregnancy body mass index (BMI), education, pregnancy parity, passive 366 

smoking frequency, sampling time, and sampling season) and exposure to OPFRs in pregnant 367 

women before delivery (Figure 3).  368 

A study on the association between the prenatal BMI and mOP levels in urine found that 369 

relatively higher prenatal body weight positively correlates with mOP levels.87, 88 For example, 370 

it was found that the concentrations of BDCIPP, DPHP, and ip-PPP in pregnant women with 371 

overweight and obesity during pregnancy were higher than those in women with normal BMI. 372 

Women with the first pregnancy were found to have lower ip-PPP levels in urine samples (p = 373 

0.02), but the level of DPHP was significantly higher (p = 0.02).79 Women with lower education 374 

had higher ip-PPP concentrations.79 As for food, lower urine levels of BCEP were associated 375 

with more frequent consumption of meat (beef, pork, or lamb), lower urine concentrations of 376 

BDCIPP or DPHP were associated with frequent consumption of green leafy vegetables or 377 

carrots and citrus fruits, respectively. However, no significant effect of dietary factors on urine 378 

BCEP, BDCIPP, and DPHP was observed.87 Among these studies, there are few studies on the 379 
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accumulation of mOPs in food, and no significant association between the dietary habits of 380 

pregnant women and mOPs has been found. Further studies on dietary exposures and food 381 

packaging analysis should be undertaken in the future to assess the presence of OPFRs. This is 382 

helpful for estimating the extent of OPFRs ingested through food. In addition, the sampling 383 

season may also affect mOPs levels in pregnant women’s urine, and the concentrations of 384 

BDCIPP, DPHP, and BCIPHIPP in the samples collected in summer were significantly higher 385 

than those collected in winter, and the urine collection season was the most significant predictor 386 

of mOP levels.79, 85 A study of sampling seasons showed similar results: urine concentrations of 387 

BDCIPP, DPHP, and ip-PPP are usually the lowest in winter.89 These results indicate that the 388 

collection season could be an important confounder in future epidemiological studies using spot 389 

urine samples as a proxy for longer-term OPFRs exposure.79 390 

These results further expand our understanding of how pregnant women are exposed to 391 

OPFRs and provide evidence for future studies on the potential risks of OPFRs. The 392 

relationships between different OPFRs and their structures, exposure pathways, and 393 

characteristics need to be further explored. Many epidemiological surveys have discussed only 394 

one class of pollutants, but humans are exposed to multiple environmental pollutants. For 395 

example, co-exposure of microplastics and TCEP increased oxidative stress and intestinal 396 

damage to earthworms comparing to control group, and co-exposure of graphene and TPHP 397 

increased TPHP accumulation in tissues of Mytilus galloprovincialis.90, 91 Future 398 

epidemiological investigations need to focus on the synergistic effects of mixed exposures to 399 

these pollutants and the effects of multiple chemical exposure risks on the same adverse health 400 

outcomes and quantify these potential risks. 401 

3.2.4. Health risks associated with prenatal exposure to OPFRs for women 402 

The frequent detection of mOPs in the urine of pregnant women is a cause for concern, 403 

since studies have shown a correlation between the concentration of DPHP in female urine and 404 
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serum-free and total thyroid hormone levels.92 A study on the correlation between mOPs in the 405 

urine of premenopausal women and uterine fibroids showed that higher levels of BDCIPP and 406 

BBOEP in urine were positively correlated with the occurrence of uterine fibroids (p < 0.05).93 407 

The estimated daily intakes of pregnant women derived from urine levels (EDIU) are presented 408 

in Table S4. Values of EDIU were approximately three orders of magnitude lower than the RfDs, 409 

suggesting a low risk of prenatal exposure to OPFRs. However, the molar ratio (F) of OPFRs 410 

is an important estimation parameter which has been limited studied.94, 95 The varied F values 411 

of individual OPFRs indicated the necessity for accurate estimation of body burden.  412 

Levels of OPFRs are associated with the occurrence of female-specific tumors, including 413 

papillary thyroid carcinoma, breast cancer, and cervical cancer (p < 0.05 or p < 0.01).88, 96 414 

Moreover, OPFRs can affect the synthesis of progesterone and human chorionic gonadotropin 415 

in human placental choriocarcinoma cells.97 OPFRs exposure generates oxidative stress and 416 

DNA damage, suggesting that OPFR exposure during pregnancy causes DNA damage or 417 

oxidative stress in pregnant women, disrupts thyroid secretion, and undermines thyroid 418 

homeostasis.98, 99 Prenatal stress can trigger changes in placental serotonin synthesis during the 419 

critical period of embryonic development, affect the development of the fetal brain, and increase 420 

the risk of mental illness in later years.100 421 

3.3. Mother-to-child transmission 422 

It has been found that exogeneous compounds, such as perfluoroalkyl substances and 423 

phthalate metabolites, can cross the placental barrier, enter the embryonic circulatory system, 424 

and harm the fetus.101, 102 Assessing the mother-to-child transmission capacity of exogenous 425 

compounds in the womb is essential for understanding the risks to healthy fetal growth. This 426 

section summarizes the maternal-infant transmission efficiencies of several OPFRs in amniotic 427 

fluid, placenta, cord blood, and other samples and the relevant influencing factors.  428 

3.3.1. Before the placenta matures 429 



 

18 

 

During the first eight weeks of gestation, the placenta is immature. Embryos are therefore 430 

easily exposed to contaminants. The villi are evenly distributed on the surface of the entire 431 

chorionic membrane. As the embryo grows, the villi adjacent to the decidua develop a rich 432 

nutrients and blood supply, and the stem branches become luxuriant, called the dense chorion, 433 

which constitutes the fetal part of the placenta. As a direct maternal-embryo interface, decidua 434 

and chorionic villi are significant components for the exchange and metabolism of nutrients, 435 

gas, wastes, and pollutants during pregnancy.103, 104 Therefore, the maternal transfer of OPFRs 436 

was also affected by the different metabolic processes of OPFRs in the deciduae and chorionic 437 

villi. In a study of OPFRs levels in human decidua and chorionic villi, EHDPP and DPHP were 438 

frequently (DF: 96%) detected in chorionic villi, with median concentrations of 13.6 ng/g dw 439 

and 11.1 ng/g dw, respectively, much higher than those of decidua samples. The DFs of most 440 

OPFRs were higher in the chorionic villi than in the decidua.105 To our knowledge, this is the 441 

first study to report the levels of OPFRs in human chorionic villi. Before placental formation, 442 

the embryo has been exposed to pollutants and has undergone exogenous compound transfer 443 

with the mother, according to the results. In addition, the maternal transfer efficiency (CMR) 444 

of the target compound was quantitatively assessed by calculating the ratio of the OPFR 445 

concentrations in the chorionic villi (containing embryos) to those in the maternal deciduae. It 446 

was found that the maternal CMRs were independent of the lipid content of the samples but had 447 

a significant positive correlation with the log Kow values of OPFRs (p = 0.003).105 The log Kow 448 

values are usually related to the binding ability to proteins. The stronger the binding ability to 449 

transthyretin (TTR), the higher the CMRs of EHDPP, TPHP, TNBP, and TCEP, which further 450 

indicates that the binding ability contributes to the maternal transfer of OPFRs.105 451 

3.3.2. After the placenta matures 452 

The placenta is a vital organ that maintains fetal growth and embryonic development. It 453 

connects the fetal and mother’s circulatory systems and selectively transports molecules 454 
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between them, protecting the fetus from exogenous compounds.106 Nutrients and oxygen are 455 

transported between mother and fetus through the placenta. Even if the placenta has a barrier 456 

effect, some exogenous compounds may pass through the placental barrier, causing adverse 457 

effects on the fetus.107 Changes in the maternal can significantly impact placenta implantation, 458 

growth, nutrient transfer, and hormones.101 The analysis of contaminant levels in the placenta 459 

is important because contaminant in the placenta are not only biomarkers of internal maternal 460 

exposure to these chemicals but are also appropriate biomarkers for prenatal exposure of the 461 

fetus throughout pregnancy. A study found that the concentration of TCEP was the highest in 462 

the human placenta, accounting for 58% of all OPFRs.108 Offspring sex-specific accumulation 463 

was also found in the placentas of Wistar rats exposed to FM550 during gestation.109 464 

As a group of compounds with various physicochemical properties, OPFRs have been 465 

shown to have the potential for transplacental transfer in organisms. Experiments with paired 466 

samples of cord blood and maternal blood showed that the transplacental transfer of OPFRs and 467 

mOPs correlated with their log Kow values. The concentration ratio (C:M) of OPFRs in cord 468 

blood versus those in maternal blood showed a parabolic relationship with the increasing log 469 

Kow values. Moreover, the transplacental transfer efficiencies of the alkyl-OPFRs were lower 470 

than those of the aryl-OPFRs. In addition, the transplacental behavior of OPFRs and mOPs is 471 

related to the binding affinity of transporters in the placenta and metabolic enzymes in the fetus. 472 

For example, the C:M ratio of TCrP is the highest due to the strong binding affinity between 473 

TCrP and TTR for the molecular docking results, suggesting that the transplacental transfer of 474 

TCrP is active transport. OPFRs with log Kow of 1.63−4.70 were mainly involved in 475 

transplacental transfer by passive diffusion.110 Di-mOPs were also detected in blood samples at 476 

significantly lower concentrations than OPFRs. Moreover, the concentrations of different di-477 

mOPs in cord blood and maternal blood were different, which may be related to their excretion 478 

rates and the metabolism of their parent compounds in the fetus.110 For Wistar rats exposed to 479 
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FM550 during pregnancy and postpartum, the transfer of the brominated component by 480 

lactation was 200−300 times that of the transplacental transfer, but the organophosphate 481 

components were not detected in the fetus. The results indicated that TPHP and ITP had not 482 

been transferred by pregnancy or lactation.111 This may be because liver microsomes quickly 483 

metabolize TPHP.95 The results of whole-body autoradiographic disposition indicated that TCrP 484 

can be transported to the fetus via transplacental behavior in ICR mice.112 More studies are 485 

needed on the metabolic profile of different OPFRs to understand their transplacental transfer 486 

capacity.  487 

In addition to transplacental transfer, the fetus is exposed to environmental contaminants 488 

through amniotic fluid. Amniotic fluid is the only living environment for the fetus before birth, 489 

surrounding and protecting the fetus. Among environmental chemicals, the heavy metals 490 

mercury, perfluorooctane sulfonates, and organochlorine have been detected in amniotic 491 

fluid.113-115 mOPs were also detected in amniotic fluid samples collected from the e-waste 492 

dismantling area, with the highest concentration of DNBP (1.3 ng/mL), followed by DPHP 493 

(0.12 ng/mL), and the level of DNBP was an order of magnitude higher than that of DPHP. This 494 

result suggests that we need to pay more attention to the use and release of TNBP in electronic 495 

products.116 The distribution and composition of mOPs in urine and amniotic fluid samples 496 

from the same mother were similar or consistent. The concentration in amniotic fluid is 497 

generally lower than that in urine, which may be due to the role of the placental barrier and the 498 

difference in fetal and maternal metabolic capacities. 499 

3.4. Exposure to OPFRs after delivery 500 

3.4.1. Levels of OPFRs in breast milk of among postnatal mothers 501 

The major nutritional source for infants is breast milk, which contains proteins, 502 

carbohydrates, vitamins, antibodies, and fats. It also includes many exogenous pollutants 503 

resulting from the mother’s exposure to food, medicine, and the environment.117 These 504 
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pollutants are the primary causes of newborns’ exposure to environmental pollution. Due to the 505 

immature immunological and metabolic system of newborns, infants are frequently overloaded 506 

with external pollutants compared to their bodies.118 The study on the level of OPFRs in breast 507 

milk helps to understand the OPFRs exposure of infants. Moreover, breast milk has been 508 

suggested by the World Health Organization as a perfect matrix for monitoring human 509 

environmental pollutants owing to non-invasive sampling and easy accessing.119, 120 510 

Concentrations of OPFRs in breast milk samples of postnatal mothers worldwide are 511 

summarized in Figure 2. OPFRs of high concern in breast milk include Cl-OPFRs (TCEP, 512 

TCIPP, and TDCIPP), aryl-OPFRs (TPHP, TCrP, and EHDPP), and alkyl-OPFRs (TNBP, 513 

TBOEP, and TEHP). Among them, the DFs of TPHP, TNBP, TCIPP, and TEHP were relatively 514 

higher (61−99%). The composition and proportion of OPFRs varied greatly in breast milk 515 

samples from different countries. Research on OPFRs in breast milk began in 2009, and these 516 

samples were collected from regions of the Swedish National Food Administration.9 The 517 

concentration of TCIPP (45 ng/g lipid) was the highest in all samples, followed by TNBP (12 518 

ng/g lipid) and TPHP (8.5 ng/g lipid). Moreover, comparing breast milk samples collected in 519 

1997, 1998, and 2006 in Uppsala (a city in southeast Sweden), it was found that the 520 

concentration of TBOEP ten years ago was much higher than that at present. The DFs of TCIPP, 521 

TEHP, and TCEP increased significantly (e.g., the DF of TCIPP increased by 20 to 82% ten 522 

years later), whereas the DFs of the remaining OPFRs (TPHP, EHDPP, TNBP, and TBOEP) did 523 

not increase significantly. The level of TCIPP in Seattle is an order of magnitude higher than 524 

that of the national Children’s Study sample repository, and TCIPP has the highest proportion 525 

of OPFRs in breast milk samples from the U.S. and Australia.121 TCIPP accounts for 50% of 526 

total OPFRs, which may be attributed to its slow biotransformation in vivo.122 Nearly 10 years 527 

have passed since the samples were collected, which may be related to the increased production 528 

and use of TCIPP in the U.S. market in recent years. Nevertheless, the level of TBOEP 529 
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decreased by approximately 1 ng/mL.119, 123 The average and highest EDIs of OPFRs for adults 530 

were approximately two orders of magnitude lower than the corresponding reported references 531 

doses (RfDs), suggesting a low non-carcinogenic risk of OPFRs in pregnant women.35, 124 The 532 

composition and proportion of OPFRs in breast milk in Asian countries and regions differs from 533 

those in Western countries. TCEP, TPHP, and TEHP had the highest percentages of all the 534 

OPFRs. The concentration of OPFRs in the Philippines is 1.5−2 times higher than in Japan, 535 

Vietnam, and Sweden. This difference may be because the breast milk samples from Filipino 536 

were collected from waste facilities. In this study, the DFs of TCEP, TNBP, and TCrP in breast 537 

milk samples were similar to those in indoor dust in the Philippines.125 This finding indicated 538 

that the exposure pathways for OPFRs were from sources other than indoor dust, resulting in 539 

detectable concentrations of OPFRs in breast milk that are comparable to those of indoor dust. 540 

However, the proportion of TCEP in breast milk was higher than that in indoor dust, indicating 541 

that TCEP has a higher transfer rate to breast milk or biological accumulation potential than 542 

other OPFRs after entering the human body. In human liver microsome incubations, TCEP 543 

displayed good persistence with extremely low clearance rates (0.0006 mL/mg protein/min).94 544 

There have been few studies on mOPs in breast milk samples. Only one study has stated that 545 

the DFs of DNBP and DPHP were high. DNBP and DPHP accounted for a large proportion of 546 

the total mOPs.123 The concentrations of DBNP and DPHP were positively correlated with their 547 

parent compounds TNBP and TPHP. Although these findings may be associated with the rapid 548 

metabolism of TNBP and TPHP in vivo, TNBP and TPHP may be transferred through the 549 

maternal blood. 550 

Children could be more easily exposed to OPFRs than adults.126 EDIs is higher in younger 551 

individuals, for infants it is mainly due to the intake of breast milk.35 Children are also exposed 552 

to OPFRs by contact with toys, including dermal contact, hand-to-mouth contact, and mouthing. 553 

Although dermal contact is the primary pathway of exposure, the risk of exposure to OPFRs 554 



 

23 

 

through toys is low.127 Infants may consume formula or solid foods in addition to breast milk. 555 

Although most OPFRs are detected frequently in these foods, the daily consumption of OPFRs 556 

by infants did not pose a health risk, with EDIs of OPFRs about 2-3 orders of magnitude lower 557 

than those of RfDs.128 Based on the concentration of OPFRs in breast milk, the EDIM for infants 558 

was estimated to be significantly lower than the corresponding RfDs for OPFRs. Many studies 559 

have confirmed that the amount of OPFRs consumed by infants through breast milk were much 560 

higher than that through skin contact or dust inhalation. For example, in Australia, the EDIM of 561 

TCEP, TNBP, and TEHP by lactation was higher than that by air and dust ingestion, indicating 562 

higher exposure through breastfeeding.121 Notably, the sample size of this study was small, the 563 

results were not representative, and there were significant differences in concentrations among 564 

the three samples. The EDIM of TBOEP (1380 ng/kg bw/day) and TDCIPP (980 ng/kg bw/day) 565 

in Japan and the EDIM of TCEP (1610 ng/kg bw/day) in the Philippines were close to the RfDs, 566 

and other EDIM of OPFRs were lower than their RfDs. The level of OPFRs in Beijing was high 567 

and was higher than that in North America, Europe, and other Asian countries, indicating that 568 

Beijing infants were highly exposed to OPFRs.129 OPFRs in breast milk have no significant 569 

impact on infants’ health. However, additional intake of OPFRs, such as food and dust, by 570 

infants may synergistically cause health risks. Detailed information on the OPFRs in breast 571 

milk is provided in Table S3 (b). Detailed information about the EDIM of OPFRs through 572 

breastfeeding is shown in Table 2. 573 

3.4.2. Predictors of OPFRs exposure among postnatal mothers 574 

Exposure to lipophilic pollutants in human breast milk is often associated with maternal 575 

age and dietary preferences.130 576 

For age, it was observed that the concentrations of TNBP, TEHP, DNBP, Σdi-OPE, and 577 

Σtri-OPE were negatively correlated with maternal age (p < 0.05).123 However, there was no 578 

significant relationship between the concentrations of OPFRs in breast milk and age. This may 579 
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be due to the limited sample size, short half-life of OPFRs in humans, and the fact that the 580 

concentration of OPFRs in breast milk only represents short-term exposure. Most OPFRs were 581 

not significantly associated with racial characteristics. Only TBOEP was found to be twice 582 

lower in Spanish mothers (0.765 ng/mL) than in non-Spanish mothers (1.48 ng/mL) (p = 583 

0.041).119 Breastfeeding and excretion can reduce the content of OPFRs in the maternal body. 584 

Several studies have provided evidence to support this conclusion. The concentrations of TCEP, 585 

TEHP, and alkyl-OPFRs in the breast milk of multipara are lower.19, 129 However, in Japan, this 586 

conclusion is contrary, which may be related to Japanese women’s occupation, diet patterns, 587 

and habits of using products containing OPFRs.119 Only high concentrations of EHDPP were 588 

found in breast milk samples provided by highly educated mothers.129 The features of pre-589 

pregnancy body weight or pre-pregnancy BMI were rarely found to be associated with the 590 

exposure of OPFRs in breast milk. Several studies found no statistical significance between 591 

BMI and OPFRs levels, and the difference was not obvious.19, 119, 123 Only TCEP showed a 592 

significant difference in all groups, and pre-pregnancy BMI was positively correlated with the 593 

concentration of TCEP in breast milk.129 Eating habits had little effect on OPFRs concentrations 594 

in breast milk. Mothers who ate more eggs had higher levels of TPhP in their breast milk.129 595 

Dietary habits had little effect on OPFRs accumulation in the placenta. For example, different 596 

amounts of visceral consumption during pregnancy resulted in different placental of TPhP (p < 597 

0.05) and TCrP (p < 0.05). Higher consumption of vegetables before pregnancy resulted in 598 

higher placental TCIPP concentrations (p < 0.05). Higher concentrations of ∑9OPFRs were 599 

associated with higher alcohol consumption in women before pregnancy (p < 0.05).108 The 600 

concentrations of ∑OPFRs were higher in the breast milk of mothers living in the suburbs. The 601 

concentration of TNBP is higher in the breast milk of mothers living in urban cities.129 For 602 

behavioral habits, higher concentrations of OPFRs were observed in women with lower 603 

handwashing frequencies, although the difference was insignificant.123 This helps us understand 604 
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how mothers behave or eat after delivery could reduce the levels of OPFRs in breast milk and 605 

reduce the potential impact of breastfeeding on infants since breast milk is a major food source. 606 

3.5. Potential risks of infants about maternal exposure to OPFRs  607 

3.5.1. Toxicity of OPFRs to the fetus in the womb 608 

Many animal experiments have shown that OPFRs have endocrine disruption effects, acute 609 

toxicity, developmental toxicity, reproductive toxicity, neurotoxicity, carcinogenicity, and 610 

teratogenicity, causing adverse developmental consequences in larvae. Acute exposure of 611 

embryos to OPFRs adversely affects embryo development, including inhibition of proliferation 612 

and cardiac differentiation of embryonic stem cells,131, 132 inhibition of gene expression of HPT 613 

and GH/IGF axis,133, 134 inhibition of gene expression related to neural development,68, 135 614 

cardiac toxicity during embryonic development,136-138 and developmental neurotoxicity.67, 139 615 

In zebrafish, exposure to TDCIPP at 0.75h after fertilization leads to dose-dependent delay 616 

or retardation of the ectoblast during the blastula and gastrula stages.67 The typical 617 

developmental trajectory of zebrafish embryos is changed by inducing the formation of defects 618 

and abnormal germ layers of the gastrula, eventually leading to embryo malformation, 619 

developmental anomalies, and increased death rates. The developmental anomaly of zebrafish 620 

embryos caused by TDCIPP contains adverse effects on embryonic tail fin development, 621 

including spinal curvature, defects, and tip damage of tail fin.140, 141 The dose-dependent 622 

inhibition of TDCIPP on vascular development was also observed in zebrafish embryos.69 The 623 

growth and metabolic inhibition that adversely affected health in Japanese quail chicks were 624 

related to TPHP exposure during embryonic periods.142 TCEP was observed to specifically 625 

affect cardiovascular development in the shell-less incubation system of chicken embryos.143 626 

Exposure to OPFRs during the embryonic stage also affects brain development by damaging 627 

the normal function of the rat placenta.144 Early mouse embryo development was dose-628 

dependently inhibited by TDCIPP (Oral LD50 = 2250 mg/kg), with 10 μM TDCPP reducing 629 
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blastocyst formation and 100 μM TDCIPP being deadly to mice embryos.145 Acute exposure to 630 

TPHP (Oral LD50 = 1320 mg/kg) inhibited mouse embryonic stem cell growth in a dose-631 

dependent manner.132 It is noteworthy that specific concentrations of OPFRs causing 632 

developmental toxicity, neurotoxicity, cardiotoxicity, and hepatotoxicity in zebrafish are within 633 

the upper limit of the levels of OPFRs in indoor dust, human breast milk, plasma, and urine.146 634 

To clarify the damage to humans, it is required to examine the embryonic development toxicity 635 

produced by maternal exposure to OPFRs and to fully comprehend the mechanism and 636 

toxicokinetic features. 637 

3.5.2. Effects on pregnancy outcomes 638 

Epidemiological studies examined the relationships between the concentrations of OPFRs 639 

in mothers and the gestational age, birth weight, alternations in neonatal thyroid hormones, and 640 

adverse pregnancy outcomes, such as spontaneous abortion and premature delivery. A 641 

systematic evaluation of 11 publications examined the effect of the prenatal OPFR exposure on 642 

pregnancy outcomes. These included nine cohort studies and two case-control studies, 643 

involving 2434 participants in total. Four studies examined the association between the 644 

exposure to OPFRs during pregnancy and the neonatal birth weight.80, 89, 147, 148 Three articles 645 

discussed the effects of the prenatal OPFR exposure on neonatal hormones, including thyroid 646 

hormone, thyroid stimulating hormone, insulin, and leptin.89, 149, 150 Four studies investigated 647 

the association between the prenatal exposure to OPFRs and the gestational age.80, 89, 151, 152 Two 648 

studies suggested a potential relationship between the exposure to OPFRs during pregnancy 649 

and the risk of miscarriage.153, 154 650 

Prenatal exposure to OPFRs may disturb fetal growth and influence birth weight. A few 651 

studies reported that the levels of urinary mOPs in pregnant women are associated with the birth 652 

weight of the newborn.80, 147 For example, higher concentrations of BDCIPP were associated 653 

with a higher BMI in newborns (n = 76).89 The relationships between urinary mOPs collected 654 



 

27 

 

at different stages of pregnancy and birth weight of the newborns were different.80, 85, 88 For 655 

example, the concentrations of ip-PPP, BDCIPP, and BBOEP in the third trimester; 4-HO-656 

DPHP in the second trimester; and DPHP in the first trimester were negatively correlated with 657 

birth weight (p < 0.05).80, 148 However, these studies did not find a significant correlation 658 

between the prenatal OPFR levels and the neonatal birth weight.80, 89, 151 Moreover, the effects 659 

of mOPs in maternal urine on fetal birth weight were sex-specific. Crawford et al. showed that 660 

the levels of BDCIPP during pregnancy (n = 56) were associated with the higher weight gain 661 

of the male fetus after the first six weeks of life (β (the mean change in infant anthropometrics 662 

at six weeks postpartum) = 0.14 kg, 95% CI: 0.03−0.24, p-for-EM (effect modification) = 0.02), 663 

but a negative correlation between DPHP and weight gain was found in female fetuses (β = 664 

−0.19 kg, 95% CI: −0.36 to −0.02, p-for-EM = 0.02).151 In a Nested Case-Control study in 665 

China (n = 339), a significant positive correlation between DPHP in pregnant women’s urine 666 

and the risk of low birth weight was only observed in female newborns (p < 0.01).147 Similar 667 

results were observed in animals. Embryonic chicken exposure to TDCIPP leads to a weight 668 

loss of 7% during hatching.155 Prenatal exposure to TDCIPP leads to the production of lighter-669 

weight rat cubs.156 Low birth weight is one of the leading causes of newborn mortality and 670 

sickness, and it also affects the health of adults.  671 

The concentration of mOPs in maternal urine is positively correlated with thyroid hormone 672 

levels in newborn blood.150 DNBP and DPHP exhibited a positive connection with the neonatal 673 

TSH above the 5th quantile (p < 0.05) and the 5th−85th quantiles, respectively.150 A sex-specific 674 

association between the prenatal exposure to OPFRs and the neonatal TSH levels was observed 675 

in one cohort study (n = 102), but not observed in another cohort study (n = 298).86, 149 Several 676 

animal toxicological studies have demonstrated that embryo exposure to OPFRs disrupted the 677 

development of thyroid and altered the release of thyroid hormones.134, 142, 156-158 TSH plays an 678 

essential role in maintenance of normal thyroid function and fetal growth. More studies are 679 
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needed to reveal the relationship between prenatal exposure to OPFRs and neonatal TSH levels.  680 

Some studies have also found that urine mOPs in pregnant women are associated with 681 

pregnancy duration. An interquartile range-increase in DPHP levels was associated with a 682 

decreased risk of gestational age (odds ratio (OR) = 0.40; 95% CI: 0.18−0.87).152 Urine 683 

BDCIPP (95% CI: 1.08−14.78) and ip-PPP (95% CI: 1.23−17.06) were associated with 684 

shortened pregnancy and increased risk of premature delivery in female infants, whereas ip-685 

PPP concentrations (OR = 0.21; 95% CI: 0.06−0.68) were associated with a decreased risk of 686 

premature delivery in male infants.80 However, Crawford et al. (n = 56) and Kuiper et al. (n = 687 

76) found no significant associations between the urine mOP concentrations in pregnant women 688 

and the gestational age.89, 151 Toxicological results also confirmed the association between 689 

OPFRs exposure and pregnancy time. Exposure to TCEP (> 20 μg/L) in zebrafish embryos 690 

could lead to incubation delay due to the disruption of TCEP to thyroid hormone homeostasis.159 691 

In a study of urine mOPs of pregnant women with spontaneous abortion (SAB) and healthy 692 

controls, the increased risks of fetal chromosome abnormalities and SAB were associated with 693 

higher BDCIPP (OR = 2.34; 95% CI: 1.14−4.81) and BCIPP (p < 0.001) levels, respectively.153 694 

Pregnant women exposed to OPFRs before delivery with assisted reproductive technology 695 

(ART) may be related to poor pregnancy outcomes (p < 0.05).160 Levels of urine DPHP and ip-696 

PPP are inversely proportional to the proportion of successful fertilization, implantation, 697 

clinical pregnancy, and live-born.154 Early termination of pregnancy may be related to the level 698 

of urine DPHP among women conceiving with ART.161 SAB is the most common adverse 699 

pregnancy outcome, defined as fetal demise prior to 20 completed weeks of gestation in North 700 

America.162 Few studies have examined the relationship between prenatal exposure to OPFRs 701 

and abortion. Some studies have shown that the concentration of OPFRs in pregnant women is 702 

related to oxidative stress. Higher levels of oxidative stress lead to adverse pregnancy outcomes 703 

such as premature delivery and preeclampsia. This may be due to the influence of OPFRs and 704 
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their mOPs on antioxidant enzyme activity or related gene expression.163 OPFRs are 705 

increasingly being utilized and produced as alternatives to traditional flame retardants, and 706 

prenatal exposure to OPFRs will likewise increase. Future studies should focus on the 707 

mechanism underlying the relationship between prenatal exposure to OPFRs and a higher SAB 708 

risk. 709 

3.5.3. Effects on developmental behaviors of infants 710 

Childhood is a critical period of social behavior development, and bad behavior and habits 711 

often persist throughout childhood.164 Exposure to environmental pollutants may adversely 712 

affect their behavioral and emotional development.165 713 

Exposure to OPFRs throughout pregnancy and infancy may affect cognitive and 714 

behavioral development in infants.166 Animal experiments showed that exposure of zebrafish 715 

embryos to TPHP could interfere with the development of larvae’s eyes and muscle tissues.167 716 

Exposure to TPHP during pregnancy in rats will accelerate the onset of diabetes mellitus type 717 

2 in 3.5 months old rats and lead to adipose accumulation.168 By affecting lipid metabolism and 718 

intestinal function in adult mice, obesity occurs in adult mice with metabolic dysfunction.169 719 

Coturnix japonica (Japanese quail chickens) exposed to TPHP with a low dose (5 ng/g) would 720 

be more aggressive, and with a high dose (100 ng/g) would increase their boldness.170 Exposure 721 

of juvenile yellow catfish to TCEP can reduce the survival rate (100 μg/L) and specific growth 722 

rate (10 and 100 μg/L).171 Exposure of mice to OPFRs during pregnancy can also change the 723 

movement, and anxiety-like behavior of offspring, and these changes have sex-specific 724 

effects.172 The continuous exposure of male rats to TDCIPP (25−250 mg/kg) within 28 days 725 

after birth will inhibit their sexual behavior and reduce testicular growth in a dose-dependent 726 

manner.173 Early-life zebrafish exposure to TDCIPP can inhibit the growth and gene expression 727 

of motor neurons, affect the cholinergic system, and lead to anxiety in adult females, resulting 728 

in delayed neurotoxicity in adult zebrafish.135, 174  729 
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Epidemiological findings suggest that prenatal and early life exposure to OPFRs can affect 730 

infant cognitive and behavioral development. For example, poor social skills, asthma, and 731 

allergic symptoms in children are related to the concentration of OPFRs in indoor dust.164, 175, 732 

176 The decrease in children’s memory and full-scale intelligence quotient was related to 733 

maternal prenatal exposure to TPHP.177 Moreover, the effects of OPFRs on developmental 734 

behaviors were sex-specific. The statistical results show that prenatal exposure to chlorinated-735 

OPFRs, especially TDCIPP, may be inversely proportional to neurodevelopment in boys but 736 

not in girls.178 In summary, epidemiological studies on the effects of OPFRs prenatal exposure 737 

to OPFRs on children’s cognition and behavioral are minimal. Therefore, more robust 738 

inferences about the potential developmental risks of OPFRs exposure in children are necessary. 739 

 740 

4. Conclusions and perspectives 741 

The exposure of pregnant women to OPFRs varies before and after delivery. The levels 742 

and proportions of mOPs in urine and OPFRs in breast milk were distinct. However, it is 743 

undeniable that pregnant women are widely exposed to TDCIPP and TPHP before delivery. 744 

Although the production of OPFRs has increased rapidly in the past 20 years, analysis of 745 

maternal prenatal and postnatal exposure showed no significant increase in concentration over 746 

time. The fetus is exposed to OPFRs through the amniotic fluid and breast milk. Many 747 

toxicological experiments and epidemiological studies have shown that maternal exposure to 748 

OPFRs may affect pregnancy outcomes and growth and development of the next generation. 749 

Furthermore, examining the predictors of maternal prenatal and postnatal exposure to OPFRs 750 

could help to reduce the potential adverse effects of OPFRs on mothers and fetuses. For better 751 

estimation of pregnant woman’s exposure to OPFRs, recommendations on epidemiological and 752 

toxicological studies are provided as follows: 753 

1) Due to the rapid metabolism of OPFRs in the body and their short biological half-lives, 754 
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only monitoring the levels of OPFRs in samples from pregnant women at one or two intervals 755 

during pregnancy may lead to bias in exposure doses. It is necessary to repeat monitoring during 756 

pregnancy and to estimate ICCs.  757 

2) Human placental sampling in studies of mother-to-child transmission of OPFRs is 758 

complex. Animal models are essential for evaluating OPFR transmission in pregnant women 759 

and fetuses. Owing to the complexity of multiple physiological changes during pregnancy, more 760 

attention should be paid to hormonal alterations, epigenetics, inflammation/oxidative stress, 761 

cell injury, and nutrient absorption. 762 

3) Because exposures to pollutants in the environment is complex and varied, much more 763 

attention should be paid to the synergistic effect of mixed pollutants in animal models. Future 764 

studies should consider the joint effects and nonlinear correlations of chemicals, and quantify 765 

the potential risks to mothers and infants.  766 

4) Since the dose of exposure is related to the exposure and metabolism of OPFRs in vivo 767 

and the excretion of metabolites, the model test cannot accurately represent the exposure of 768 

pregnant women. To better extrapolate the results of animal models to humans, the 769 

toxicokinetics and excretion of OPFRs should be examined. A greater number of cohorts can 770 

be employed for correlation assessment in epidemiological investigations because the different 771 

metabolic abilities of individuals will lead to a significant variation in the mOPs levels of the 772 

sample. 773 

5) Recent studies have shown that exposure to OPFRs during pregnancy has adverse effects 774 

on pregnant women, fetuses, and developmental risks of infants; however, the underlying 775 

mechanisms are unclear. Future research should provide mechanistic understanding of the sex-776 

specific effects and identify the critical window of susceptibility of the fetus after exposure to 777 

OPFRs. 778 

6) The OPFRs of mothers are transmitted to infants through breastfeeding, and it is necessary 779 
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to study the impact of OPFRs on the development of infants by studying the exposure of 780 

mothers after delivery. Analyzing the demographic characteristics of pregnant women such as 781 

diet, BMI, and personal care products, can facilitate the prediction and control of OPFRs during 782 

pregnancy, and the susceptible population should be managed accordingly. 783 
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Figure 1. A flow diagram showing the selection of literatures1319 
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Figure 2. (a) Concentrations of mOPs in urine samples of pregnant women worldwide. (b) Concentrations of OPFRs 1320 

in breast milk samples of pregnant women worldwide. The data above the histogram represents the median 1321 

concentration of OPFRs or mOPs in ng/mL. The sampling period is below the city. The data for “America 2009-1322 

2012” represent the mean concentration of OPFRs. The data of Japan, Philippines, Vietnam, and Swedish were 1323 

converted from the average lipid content (40 mg lipid/g).811324 
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 1325 

 1326 

Figure 3. Predictors, sources, and monitoring of OPFRs or mOPs in pregnant women before and after 1327 

delivery. The figure only contains the predictors, sources, and monitor methods discussed in the review. 1328 
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Table 1. Sample Collection Times and ICCs 1329 

Location 

SG-corrected ICCs (95% CI) 

Sampling period DNBP DPHP BDCIPP BBOEP 

DoCP  

& 

DpCP 

BCIPHIPP BCIPP BCEP ip-PPP tb-PPP 

Wuhan, China 

first (12.9 ± 0.9 weeks), 

second (24.7 ± 3.6 

weeks), and third 

trimesters (34.0 ± 3.1 

weeks) 

0.26 

(0.14, 0.39) 

0.16 

(0.04, 0.29) 

0.17 

(0.05, 0.30) 

0.09 

(− 0.02, 0.21) 

0.19 

(0.07, 0.32) 

0.16 

(0.04, 0.29) 
/ / / / 

Wuhan, China 

before 16 weeks and 

after 28 weeks of 

gestation 

/ 
0.32 

(0.21, 0.46) 

0.26 

(0.15, 0.41) 

0.21 

(0.10, 0.37) 

0.27 

(0.16, 0.42) 

0.08 

(0.01, 0.38) 
/ / / / 

Cincinnati, Ohio, 

America 

16 weeks, 26 weeks of 

pregnancy and after 

delivery 

0.20 0.16 0.36 / / / / 0.34 / / 

Northern Puerto 

Rico, America 

18 weeks and 26 weeks 

of gestation 
/ 

0.25 

(0.13, 0.43) 

0.23 

(0.11, 0.41) 
/ / / 

0.34 

(0.21, 0.49) 

0.03 

(0.00, 0.86) 
/ / 

Baltimore, 

Maryland, America 

15.3 (± 3.1) weeks, 22.3 

(± 2.2) weeks at the 

second visit, and 30.9 

(±2.5) weeks 

/ 
0.27 

(0.15, 0.43) 

0.59 

(0.45, 0.73) 
/ / / / / 

0.09 

(0.01, 0.44) 

0.19 

(0.08, 0.38) 

Rhode Island, 

America 

12 weeks, 28 weeks and 

35 weeks of gestation 
/ 0.43 0.6 / / / / 0.5 / / 

North Carolina, 

America 

18 weeks, 28 weeks of 

pregnancy and 1–10 

days after delivery 

/ 
0.4 

(0.2, 0.6) 

0.4 

(0.2, 0.6) 
/ / / / / / / 

ICCs: intraclass correlation coefficients  1330 

  1331 
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Table 2. Estimated Daily Intakes (ng/kg bw/day) of OPFRs of High Concern via Breast Feeding 1332 

 Sampling location 
OPFRs TNBP TCrP TPHP TBOEP TCEP TDCIPP TCIPP TEHP EHDPP 

RfD 2400 1300 7000 1500 7000 20000 3600 35000 600 

Lactational 

EDIs 

South East Queensland, 

Australian 

< 1 month 93 34.5 84 21 39 10.4 795 405 / 

1-3 months 86.8 32.2 78.4 19.6 36.4 9.66 742 378 / 

3-6 months 68.2 25.3 61.6 15.4 28.6 7.59 583 297 / 

6-12 months 51.5 19.1 46.5 11.6 21.6 5.73 439.9 224.1 / 

Beijing, China 

< 1 month 5.01 / 160.5 35.4 31.1 7.07 103.35 220.5 126.6 

1-3 months 4.68 / 149.8 33.0 29.0 6.59 96.46 205.8 118.16 

3-6 months 3.67 / 117.7 26.0 22.8 5.18 75.79 161.7 92.8 

6-12 months 2.77 / 88.8 19.6 17.2 3.91 57.19 122.01 70.1 

Tennessee, Wisconsin, South 

Dakota, Maine, New York, 

Pennsylvania, North Carolina, 

and California (America) 

< 1 month 80.9 3.15 22.4 216 5.4 / 33.15 36.75 3.3 

1-3 months 75.5 2.94 20.9 201.6 5.04 / 30.94 34.3 3.08 

3-6 months 59.3 2.31 16.4 158.4 3.96 / 24.31 27.0 2.42 

6-12 months 44.7 1.74 12.4 119.52 2.99 / 18.34 20.3 1.83 

Kanagawa Prefecture, Japan 

< 1 month 2.34 / 8.4 1.44 0.84 / / / / 

1-3 months 2.18 / 7.84 1.34 0.78 / / / / 

3-6 months 1.72 / 6.16 1.06 0.62 / / / / 

6-12 months 1.29 / 4.65 0.80 0.46 / / / / 

Payatas, Philippines 

< 1 month NA 10.2 114 132 246 / / / / 

1-3 months 0 9.52 106.4 123.2 229.6 / / / / 

3-6 months 

6-12 months 

0 7.48 83.6 96.8 180.4 / / / / 

0 5.64 63.1 73.0 136.1 / / / / 

Malate, Philippines 
< 1 month 14.4 15 120 / 252 / / / / 

1-3 months 13.4 14 112 / 235.2 / / / / 
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  1333 

3-6 months 10.6 11 88 / 184.8 / / / / 

6-12 months 7.97 8.3 66.4 / 139.44 / / / / 

Hanoi, Vietnam 

< 1 month 7.80 2.04 30 / / / / / / 

1-3 months 7.28 1.90 28 / / / / / / 

3-6 months 5.72 1.50 22 / / / / / / 

6-12 months 4.32 1.13 16.6 / / / / / / 

Bui Dau, Vietnam 

< 1 month 21 4.98 48.6 / / / / / / 

1-3 months 19.6 4.65 45.36 / / / / / / 

3-6 months 15.4 3.65 35.64 / / / / / / 

6-12 months 11.6 2.76 26.89 / / / / / / 

Trang Minh, Vietnam 

< 1 month 10.8 / 1.68 / / / / / / 

1-3 months 10.1 / 1.568 / / / / / / 

3-6 months 7.92 / 1.232 / / / / / / 

6-12 months 5.98 / 0.93 / / / / / / 

Seattle, America 

< 1 month 65.9 / 7.41 65.85 / / 220.5 117.6 / 

1-3 months 61.5 / 6.92 61.46 / / 205.8 109.76 / 

3-6 months 48.3 / 5.43 48.29 / / 161.7 86.2 / 

6-12 months 36.4 / 4.10 36.44 / / 122.01 65.1 / 

Uppsala, Lycksele, Lund, Umea 

(Swedish) 

< 1 month 72 4.8 51 28.2 29.4 25.8 270 / 39 

1-3 months 67.2 4.48 47.6 26.32 27.44 24.1 252 / 36.4 

3-6 months 52.8 3.52 37.4 20.68 21.56 18.9 198 / 28.6 

6-12 months 39.8 2.66 28.22 15.60 16.27 14.3 149.4 / 21.6 
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