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Background: As potential substitutes for polybrominated diphenyl ethers (PBDEs), organophosphate 
flame retardants (OPFRs) have been frequently detected in the environment. They have been suggested 
to impair fetal growth and development in toxicological studies. However, there are few studies on their 
maternal effects before or during early pregnancy.
Methods: This study was designed to investigate whether exposure to OPFRs before or during early 
pregnancy is associated with the risk of spontaneous abortion (SAB), using a nested case-control design 
based on the case data from clinical examinations in Shanghai, China. A total of 110 cases from this cohort 
project in 2019–2020 were included. The concentrations of OPFRs in maternal urine samples collected in 
early pregnancy were determined using Ultra high performance liquid chromatography- triple quadrupole 
mass spectrometer (UHPLC-MS/MS), and pregnancy outcomes were extracted from the medical records. 
Meanwhile, ultra high performance liquid chromatography time-of-flight mass spectrometer (UHPLC-
Q-TOF/MS)-based metabonomics was used to obtain urine metabolic profiles of 110 women in early 
pregnancy.
Results: According to the quantitative results, the content of bis(1-chloro-2-propyl)phosphate (BCIPP) 
in urine was significantly different between the SAB patients and the healthy pregnant women. Besides, 
metabolic profile analysis showed a significant difference in the urine metabolism profile in early pregnancy 
between SAB cases and controls. Twenty-five different metabolites were screened out, which showed 
different degrees of correlation with the urinary BCIPP concentration.
Conclusions: Based on these results, it suggests that there may be a certain correlation between BCIPP 
concentration in the urine and the risk of SAB from a metabolomics perspective, and its effect may be related 
to the metabolism of tryptophan and fatty acids.
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Introduction

Spontaneous abortion (SAB), a spontaneous loss of 
pregnancy prior to 20 weeks of gestation, is one of the 
most common complications in pregnancy. Although some 
women may be able to achieve pregnancy, they may not 
be able to maintain that pregnancy throughout gestation 
and deliver a live-born infant. SAB has an occurrence 
rate of approximately 10%, while that of recurrent SAB is 
approximately 5% (1). There are many factors that affect 
early pregnancy abortion. Numerous investigations have 
indicated that chromosomal abnormalities, antiphospholipid 
syndrome, congenital structural abnormalities of the 
uterus, type I diabetes, and thyroid dysfunction may lead 
to spontaneous abortion in early pregnancy (2). However, 
other than these known risk factors, still almost half of 
the cause spontaneous abortion are unclear and further 
explanation is urgently needed. While the underlying causes 
of many adverse birth outcomes remain unclear, there is 
growing evidence that environmental factors can play an 
important role, which may include smoking, alcohol use, 
nutrition, air pollution, etc. (3). Developing fetuses are 
considered to be particularly vulnerable to environmental 
pollution. Several studies have shown that exposure to 
ambient air pollution (example particulate matter: PM2.5) 
during pregnancy is associated with low birth weight, 
preterm delivery, and other adverse health effects (4). 

In recent years, Organophosphate flame retardants 
(OPFRs) have been increasingly used as alternative to 
polybrominated diphenyl ethers (PBDEs), which were 
formerly the most commonly used flame retardants until 
the mid-2000s. As a new class of flame retardant, OPFRs 
have been widely utilized in furniture, building materials, 
electronics, and other chemical processing materials. Since 
OPFRs are not covalently bound to materials used in 
products, they can slowly leach out into the environment 
during product usage. OPFRs are frequently detected in 
indoor air and dust, indicating that inhalation and ingestion 
of indoor dust is one of the major sources of human 
exposure. Moreover, the intake of food and drinking water 
from diet or skin direct contact with OPFR-containing 
products are the ways for the general population to 
absorb OPFRs (5-7). Some researchers found that OPFRs 
were identified as a new type of pollutant, as they were 
detected in environmental and biological samples. Long-
term or short-term exposure to OPFRs may have adverse 
effects on human body, including: reproductive functions, 
neurodevelopmental outcomes, respiratory outcomes and 

immunotoxicity, etc. (8). Studies have shown that one or 
more OPFRs were detected in 90% of adult urine samples 
(9,10). Although exposure to OPFRs is ubiquitous, there is 
limited data about its potential impact on human pregnancy 
or fertility. The concentration of urinary OPFR metabolites 
could be used to assess human exposure. Carmen et al. 
monitored the pregnancy of women pregnant with assisted 
reproductive technology and found that an association 
between cycle specific urinary concentrations of the sum 
of OPFR metabolites and biochemical pregnancy loss. It 
is suggested that these potential associations may involve 
the early stage of implantation, decidualization, placental 
formation or embryogenesis, and may be mediated by 
uterus embryo hormone signal transduction (11). Although 
the research on their adverse effects on human health is 
limited, many studies have suggested that OPFRs and 
plasticizers may affect reproductive function and children’s 
health and development, such as neurodevelopment, 
asthma, obesity, etc. (12). In view of the fact that developing 
fetuses are particularly susceptible to a variety of toxicants, 
a high concentration of OPFRs and their metabolites in 
pregnant women has attracted increasing attention (13,14).

Metabolomics is based on qualitative and quantitative 
analyses of the end products in specific organisms or cells. 
The advantage of metabolomics is that metabolites are 
generated by ongoing biological processes in vivo, and thus 
reflect the phenotypic changes more accurately and directly. 
Metabolomics is widely used to identify potential biomarkers 
to help recognize and prevent diseases (15,16). It is gaining 
popularity as a tool to identify metabolic biomarkers, 
investigate pregnancy complications, and better understand 
the underlying mechanisms of disease at the metabolic level. 
Metabolomics studies the role of small-molecule metabolites 
in pregnancy and pregnancy-related diseases from a holistic 
perspective. It has been shown that different OPFRs 
cause the cellular metabolism disorder in different ways, 
including oxidative stress and the equilibrium of osmotic 
pressure, also caused mitochondrial dysfunction (17).  
In addition, cells exposed to OPFRs may also induce 
apoptosis through autophagy. In recent years, metabolomics 
has been increasingly applied to the study of gestational 
diseases (18,19). Urinary metabolomics plays a vital role in 
the study of gestational stages in human pregnancy. As one 
of the commonly used metabolomics biomaterials, urine 
is characterized by non-invasive collection methods and 
the presence of abundant metabolites, reflecting all of the 
biochemical pathways in the body. 

Considering the differences in OPFR exposure levels 
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between different countries (and even regions), it is critical 
to accurately measure the concentration of OPFRs in 
pregnant women in a given region and evaluate its effects 
on both the mother and fetus. In this study, we investigated 
the differences in urinary metabolic profiles between 
patients with SAB and women in normal early pregnancy 
who lived in Shanghai to identify and validate possible 
biomarkers of early SAB via Ultra high performance liquid 
chromatography-mass spectrometry (UHPLC-MS), and 
analyzed the potential relationship with OPFRs. Our results 
provide important new insights into the relationship between 
SAB and the environment from a metabolomics perspective. 

We present the following article in accordance with the 
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3109).

Methods

Study design 

From September 2019 to January 2020, a case-control 
study was conducted in the Shanghai First Maternity and 
Infant Hospital to study the effects of prenatal exposure to 
environmental pollutants on pregnant women. Participants 
were selected as follows: (I) those residing in the city of 
Shanghai; and (II) women who agreed to provide urine 
sample before 20 weeks of gestation. For each SAB case, 
one healthy control was randomly selected from among the 
pregnant woman with normal pregnancies in the hospital 
on the same day. 

All participants provided demographic characteristics 
such as age, body mass index (BMI) before abortion, 
menstrual cycle regularity, the use of in vitro fertilization 
(IVF), parity, and history of abortion. BMI was calculated as 
weight (kilograms) divided by height (meters) squared. 

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the ethics committee of the Tongji University School of 
Medicine [Shanghai, China, No. SYXK (Shanghai) 2018-
0038] and authorized by the Shanghai First Maternity and 
Infant Hospital, Tongji University School of Medicine 
(Shanghai 201204, China) and informed consent was taken 
from all the patients.

Urine sample collection

Spot urine samples were collected from all participants by 

professional medical staff in the hospital. Midstream urine 
samples collected from the participants were aliquoted  
(1 mL ×4), frozen immediately, and stored at −80 ℃ until 
further processing.

Preparation for metabolomics analysis

Processing of urinary samples
The frozen samples were thawed on ice, and 200 µL of 
precooled methanol was added to 200 µL of each urine 
sample to extract metabolites. The extraction mixture was 
vortexed for 1 min, and then centrifuged at 11,000 rpm for 
20 min at 4 ℃. The supernatant was transferred to the Ultra 
high performance liquid chromatography -quadrupole 
time-of-flight mass spectrometry (UHPLC-Q-TOF/MS) 
analysis. 20 µL of each extraction mixture was mixed and 
treated according to the above process as a quality control 
(QC) sample.

UHPLC-Q-TOF/MS analysis conditions
Samples were analyzed using the Agilent 1290 Infinity liquid 
chromatography system equipped with Agilent 6538 accurate 
Mass quadrupole time-of-flight mass spectrometer (Agilent, 
USA). A poroshell 120 EC-C18 column (3.0 mm × 100 mm, 
1.8 µm; Agilent, USA) was used for metabolite separation at 
40 ℃. The mobile phase was 0.1% formic acid–water (A) and 
0.1% formic acid acetonitrile (B). The gradient elution was as 
follows: 10–30% B at 0–5 min, 30–80% B at 5–10 min, 80–
95% B at 10–13 min, and 95% B at 13–15 min. The flow rate 
was 0.5 mL/min and the injection volume was 4 µL. Mass 
spectrometry was operated on Electrospray ion (ESI) source 
in both positive and negative ion modes using the following 
operating parameters: gas temperature, 350 ℃; drying gas 
flow, 11 L/min; nebulizer pressure, 45 psi; fragmentor 
voltage, 120 V; skimmer voltage, 60 V; and capillary voltage, 
4.0 kV (ESI+)/3.5 kV (ESI−). L-2-Chlorophenylalanine  
(2 µg/mL) was used as an internal standard (IS) to ensure 
mass accuracy and reproducibility. The full-scan data was 
acquired from m/z 50 to 1,100. Triple quadrupole mass 
spectrometry (MS/MS) analysis applied collision energy of 
20 eV to study the structure of metabolites. QC samples were 
used to evaluate the stability of UHPLC-Q-TOF/MS during 
the entire acquisition period, and were analyzed six times at 
the beginning of the batch and then inserted among the real 
sample queue every nine samples.

Metabolomics data processing
Before the group data analysis, the acquired LC-MS raw 

https://dx.doi.org/10.21037/atm-21-3109
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data were converted to mzData formats with Agilent 
MassHunter Qualitative software (Agilent Technologies, 
USA) and analyzed using XCMS software (Scripps Research 
Institute, USA) implemented with R language, including 
retention time correction, peak identification, alignment, and 
annotation. The intensity of each peak was recorded, and a 
three-dimensional matrix containing arbitrarily assigned peak 
indices, sample names, and ion intensity information was 
generated. Features that were detected in <50% of the QC 
samples or 80% of the biological samples were removed. 

The data were imported into SIMCA (V14.1; Umetrics, 
Sweden) for multivariate analysis after being log-
transformed and normalized. Metabolite identification was 
based on the comparison of chromatographic characteristics 
(retention time) and spectral information (m/z, MS/MS  
fragments) obtained from the Human Metabolome 
Database (HMDB) database (http://www.hmdb.ca/) and 
Metabolite and Tandem MS Database (METLIN) database 
(http://metlin.scripps.edu/). MetaboAnalyst (https://www.
m and etaboanalyst.ca/) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database (https://www.kegg.jp/) was 
used to analyze the pathway. 

Preparation for measurement of OPFR metabolites

Processing of urinary samples 
The collected samples were thawed at the room temperature, 
and OPFR metabolites were extracted from 400 µL of each 
sample using 140 µL of acetate buffer (1 mol/L, pH=5) 
and 40 µL of β-glucuronidase solution, spiked with 20 µL 
of tolbutamide (TBTM) solution (IS, 100 ng/mL). The 
mixture was extracted using 900 µL of acetonitrile, vortexed 
for 1 min, and subsequently incubated on a shaker at  
37 ℃ overnight. Next, the mixture underwent centrifugation 
at 13,000 rpm for 10 min, and 1400 µL of supernatant 
was separated and subsequently concentrated by rotary 
distillation. The residue was re-dissolved in 100 µL of 50% 
methanol, then centrifuged at 11,000 rpm for 3 min, and the 

supernatant was transferred for LC-MS analysis.

UHPLC-MS/MS analysis conditions
Urinary concentrations of OPFRs including diphenyl 
phosphate (DPHP), bis (1,3-dichloro-2-propyl) phosphate 
(BDCIPP) and bis (1-chloro-2-propyl) phosphate 
(BCIPP) were analyzed using the Agilent 1290 Infinity 
LC system equipped with Agilent 6470 Triple quadrupole 
mass spectrometer (Agilent, USA). XBridge C18 column  
(3.0 ×100 mm, 3.5 µm; Waters, USA) was used for 
chromatographic separation at 25 ℃ with the mobile 
phase of water containing 10 mM ammonium acetate (A) 
– acetonitrile (B). The gradient elution was as follows: 
20–90% B at 0–3 min, and 90% B at 3–5 min. The flow rate 
was 0.5 mL/min and the injection volume was 2 µL. Mass 
spectrometry was operated on ESI source, with a negative 
ion mode at a drying gas flowing rate of 11 L/min and 
atomizing gas pressure of 40 psig. The multiple reaction 
monitoring conditions of the three urinary OPFRs are 
shown in Table 1. 

Statistical analysis

Comparing the demographic characteristics of the 
participants, the Chi-square test was used for categorical 
variables between SAB cases and controls, and the Student’s 
t-test was used for continuous variables. For the concentration 
of urinary OPFR metabolites below the limits of detection 
(LOD), a value equal to one-half of the LOD was assigned 
for statistical analysis. The Student’s t-test was performed 
to compare differences between the two groups. Difference 
in the urine metabolome between the SAB and control 
groups were explored using orthogonal partial least squares 
discrimination analysis (OPLS-DA) conducted by SIMCA. 
The relative concentration of these metabolites was evaluated 
by the peak intensity of corresponding metabolites, which was 
normalized by the internal standard. The difference between 
the SAB case and control groups were examined using the 

Table 1 The multiple reaction monitoring conditions

Compound m/z Fragmentor voltage (V) Collision energy (eV)

Diphenyl phosphate (DPHP) 248.9→93 100 40

Bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) 316.8→35.1 70 10

Bis(1-chloro-2-propyl) phosphate (BCIPP) 249→35 70 20

Tolbutamide (TBTM) 269→170 90 15

https://www.m and etaboanalyst.ca/
https://www.m and etaboanalyst.ca/
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Table 2 Clinical details of study participants with SAB compared to the control group

SAB Control P

Sample numbers 55 55 –

Maternal age (years) 29.89±3.96 30.13±4.37 NS

Gestational age (week) 9.7±2.45 10.2±2.29 NS

BMI (kg/m2) 22.2±4.23 21.7±3.72 NS

SAB, spontaneous abortion; NS, no significance.

Student’s t-test, and several criteria were defined to identify 
potential candidate biomarkers from our datasets: P<0.05 and 
variable influence in projection (VIP) >2. 

Results

Demographic characteristics of study subjects

In total, 55 SAB cases and 55 healthy controls were 
enrolled during the study period. Cases that did not meet 
the conditions of the participants which formulated in the 
“experimental design” were excluded. The participants’ 
detailed characters are shown in Table 2. There were no 
significant differences between the case and control groups 
in terms of maternal age, gestational age, BMI, parity, and 
history of abortion.

Selection of potential biomarkers and metabolic pathways 
analysis

In this study, to explore the metabolic changes in urine 
between women with first trimester SAB and those 
admitted for delivery beyond 24 weeks of gestation, an 
untargeted metabolomics analysis was performed. The 
total ion chromatograms (TIC) of positive-ion mode and 
negative-ion mode were analyzed using UHPLC-Q-TOF/
MS, and the chromatographic separation spectra of QC 
samples exhibited good overlapping. The TICs presented 
an overview of the metabolic changes in urine between the 
first trimester SAB group and the control group based on 
positive and negative-ion analysis. The results showed that 
there were significant differences in urinary metabolites 
between the SAB and control groups. 

As shown in the UHPLC-Q-TOF/MS characteristic 
chromatograms, 1,313 ion peaks from the positive-ion 
mode and 3,915 ion peaks from the negative-ion mode were 
obtained via calibrating and integrating mass ions using 
XCMS software. Principal component analysis (PCA) was 

used to determine the sample separation and aggregation 
between the SAB and control groups. The results 
demonstrated that urine from SAB and normal gestation 
subjects had different metabolic characteristics. Supervised 
OPLS-DA was conducted to identify variables that differed 
between the SAB and normal gestation groups. The OPLS-
DA score plot demonstrated a clearer separation of the 
urine between SAB and normal gestation samples (Figure 1). 
The statistically significant metabolites contributing to the 
model were chosen via the VIP (a threshold value of 2.0 was 
used in our study). 

To precisely select potential biomarkers for further study, 
P values less than 0.05 were considered to be significant. 
Finally, 25 differential metabolites were annotated using 
exact mass data (m/z) from the KEGG and HMDB 
databases. Eight differential metabolites were found in the 
positive-ion mode, while 17 were found in the negative-ion 
mode (Table 3). The related metabolic pathway analysis and 
heatmap was performed on MetaboAnalyst (https://www.
metaboanalyst.ca/). In the present study, abnormal changes 
were detected in tryptophan metabolism, lipid metabolism, 
steroid hormone biosynthesis, and fatty acid metabolism 
(Figure 2).

Urinary OPFR metabolite concentrations

The resu l t s  o f  the  110  ur ine  samples  f rom th i s 
biomonitoring study in the Shanghai First Maternity and 
Infant Hospital are shown in Table 4. BCIPP was detected 
below the limit of detection (LOD, 0.01 ng/mL) in 32 of 
55 urine samples from the control group, whereas all of the 
urine samples from the miscarriage case group contained 
BCIPP concentrations above the limit of quantitation 
(LOQ, 0.02 ng/mL). In the miscarriage case group, the 
average urine concentration was 0.24 ng/mL and the 
maximum concentration was 1.67 ng/mL. Meanwhile, 
in the control group, the average concentration was only  
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Figure 1 Orthogonal partial least squares discrimination analysis (OPLS-DA) score plots of urinary metabolites identified in the SAB and 
control groups. (A) Positive; (B) negative.

Table 3 Biomarkers associated with SAB and their metabolic pathways

No. m/z Adduct ion Formula Metabolite Related pathway Trend*FC 

1 144.066 C6H11NO3 M-H (S)-5-amino-3-oxohexanoate Amino acid metabolism ↑ 1.44

2 481.243 C25H38O9 M-H 11-beta-hydroxyandrosterone-3-glucuronide Tryptophan metabolism ↑ 1.36

3 611.375 C33H56O10 M-H Cholestane-3,7,12,25-tetrol-3-glucuronide Lipid metabolism ↓ 0.86

4 269.152 C18H24O3 M-H2O-H Estriol Steroid hormone biosynthesis ↑ 2.71

5 531.208 C18H34N2O13 M+FA-H Glucosylgalactosyl hydroxylysine Amino acid metabolism ↑ 1.43

6 277.218 C18H30O2 M-H Linolenelaidic acid Fatty acid metabolism ↑ 1.56

7 185.07 C11H12N2O2 M-H2O-H L-tryptophan Tryptophan metabolism ↓ 0.51

8 263.104 C12H14N2O2 M+FA-H N-acetylserotonin Tryptophan metabolism ↑ 2.12

9 236.058 C10H9NO3 M+FA-H 5-hydroxyindoleacetic acid Tryptophan metabolism ↑ 2.07

10 219.113 C11H14N2 M+FA-H N-methyltryptamine Tryptophan metabolism ↓ 0.77

11 279.234 C18H32O2 M-H Octadecadienoate Fatty acid metabolism ↑ 1.35

12 281.249 C18H34O2 M-H Oleic acid Fatty acid metabolism ↓ 0.46

13 255.234 C16H32O2 M-H Palmitic acid Fatty acid metabolism ↓ 0.43

14 527.216 C13H16N2O4 2M-H Phenylacetylglutamine Phenylacetate metabolism ↑ 1.39

15 589.518 C38H70O4 M-H Polyoxyethylene dioleate Fatty acid metabolism ↑ 1.22

16 283.265 C18H36O2 M-H Stearic acid Fatty acid metabolism ↓ 0.47

17 539.982 C27H40O11 M-H Tetrahydroaldosterone-3-glucuronide Energy metabolism ↑ 1.39

18 258.171 C13H23NO4 M+H 2-hexenoylcarnitine Fatty acid metabolism ↓ 0.77

19 390.264 C21H37NO4 M+Na 3,5-tetradecadiencarnitine Fatty acid metabolism ↑ 1.51

20 415.32 C27H42O3 M+H Setariol Lipid metabolism ↑ 1.39

21 229.142 C12H22O5 M+H-H2O 3-hydroxydodecanedioic acid Energy metabolism ↑ 1.65

22 299.237 C21H32O2 M+H-H2O 5a-pregnane-3,20-dione Steroid hormone biosynthesis ↑ 1.30

23 304.133 C15H17N3O4 M+H Indoleacetyl glutamine Tryptophan metabolism ↓ 0.32

24 314.237 C17H31NO4 M+H 9-decenoylcarnitine Fatty acid metabolism ↑ 1.49

25 357.246 C23H34O4 M+H-H2O Calcitroic acid Fatty acid metabolism ↑ 1.59

SAB, spontaneous abortion.
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Table 4 The multiple reaction monitoring conditions (ng/mL)

Pollutants Case (n=55) Control (n=55) P value

Diphenyl phosphate (DPHP) 3.02 2.96 0.92

Bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) 0.36 0.34 0.73

Bis(1-chloro-2-propyl) phosphate (BCIPP) 0.24 0.02 <0.001

Figure 2 Heatmap and metabolic pathway analysis on MetaboAnalyst. (A) The heatmap shows the relative concentration changes of 25 
different metabolisms; (B) pathway analysis shows significant changes in tryptophan metabolism. 

0.02 ng/mL, and this difference between the two groups 
was statistically significant.

Association between urinary SAB metabolites with OPFRs

To contextualize the biological relevance of different 
metabolomes between SAB patients and women in normal 
early pregnancy, we integrated the individual metabolites 
into biochemical pathways for pathway enrichment analysis, 
and revealed the degree of change within each metabolite. 
We identified changes mostly in tryptophan and fatty acid 
pathways associated with diverse physiological processes. We 
correlated the levels of individual metabolites to the OPFR 
metabolite concentrations (Figure 3), and the result provided 
suggestive evidence of an association between urinary 
concentrations of OPFRs and endogenous metabolites.

Discussion

The etiology of SAB is complex, and includes chromosome 
genetic alterations, immune dysfunction, infections, male 
factors, uterine abnormalities, and environmental factors. 
In our previous study, we found that the concentrations 
of OPFRs and their metabolites were different between 
SAB case and control groups. We also observed that higher 
urinary BDCIPP levels were related to increased risk of 
fetal chromosome abnormalities. Although there is no 
studies have examined the impact of prenatal exposure 
to OPFRs on fetal chromosome, some previous studies 
conducted in zebrafish have revealed that exposure to 
TDCIPP (parent compound of BDCIPP) at different 
stages of embryonic development could induce a variety of 
abnormal phenotypes (20). In this study, we are interested 
in whether these differences are related to the metabolism 
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of SAB patients. Consequently, in this study, an Ultra high 
performance liquid chromatography-Quadrupole-Time 
of flight mass spectrometry (UHPLC-Q-TOF/MS)-based 
metabolomic approach and Ultra high performance liquid 
chromatography—Triple quadrupole mass spectrometry 
(UHPLC-MS/MS)-based OPFR metabolites determination 
were employed to investigate the potential interaction 
between OPFRs and urine metabolites in a cohort of 
110 pregnant women during early pregnancy. Using the 
UHPLC-Q-TOF/MS-based urine metabolomics approach, 
25 potential biomarkers related to SAB were identified 
by positive and negative ion patterns. Metabolic pathway 
analysis helps us to understand the underlying molecular 
functions of these biomarkers in urine metabolism. These 
potential metabolites were found to be primarily involved in 
tryptophan metabolism, unsaturated fatty acids biosynthesis, 
steroid hormone biosynthesis, and other pathways. Using 
the UHPLC-MS/MS with a negative ion multiple reaction 

monitoring (MRM) mode, the vast majority of pregnant 
women included in our study population had detectable 
levels of several OPFRs in their urine samples. Statistical 
analysis showed that there was no significant difference 
between the levels of DPHP and BDCIPP in the SAB 
and control groups. However, the BCIPP concentration 
in the SAB group was significantly higher than that in the 
control group, with a mean value of 0.24 and 0.02 ng/mL, 
respectively, which was significantly different. A previous 
study reported that the concentrations of urinary OPFRs 
was associated with reduced probability of fertilization, 
implantation, clinical pregnancy, and live birth (21). 
Similarly, our results also indicated a correlation between 
SAB and OPFRs. Correlation analysis results showed 
that among three OPFRs, BCIPP exhibited moderate 
correlations with most metabolites associated with SAB.

Tryptophan (Trp), as a precursor of a variety of bioactive 
metabolites, plays an important role in the placenta, fetal 

Figure 3 Top correlated urinary metabolites that covary with organophosphate flame retardants (OPFRs). (A,B) Correlation coefficient 
between metabolites and OPFRs; (C) relative concentration distribution of metabolites in key pathways in each group (***P<0.001). 
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development, and immune regulation during pregnancy. 
Previous studies have confirmed that tryptophan 
metabolism changes significantly in the maternal body 
during normal pregnancy (22). In our study, there was 
a significant change in tryptophan metabolism between 
SAB and normal pregnancy, which indicated fluctuations 
of neurotransmitters due to metabolic adaption in the 
maternal body for the growth of the fetus. Previous studies 
revealed that the expression and activity of indoleamine 
2,3-dioxygenase (IDO) in patients with unexplained 
recurrent SAB was low, which suggested that IDO may be 
closely related to recurrent spontaneous abortion (RSA) (23). 
Previous studies have also shown that intake of serotonin 
reuptake inhibitors (SSRIs) in early pregnancy can reduce 
the pregnancy rate of women and has a statistically 
significant association with low birth weight (24). In our 
study, the level of 5-hydroxyindoleacetic acid in the urine of 
the SAB group was significantly higher than that of control 
group, and there was a moderate correlation between the 
level of 5-hydroxyindoleacetic acid and the concentration of 
BCIPP. Therefore, we speculate that this correlation may be 
related to the metabolism of 5-hydroxytryptamine in vivo. In 
addition, N-Acetylserotonin and N-methyltryptamine are 
intermediates involved in tryptophan metabolism. BCIPP 
exhibited significant correlations with N-Acetylserotonin 
and N-methyltryptamine, which indicated that OPFRs may 
also affect tryptophan metabolism through interactions 
with key enzymes, such as IDO, methyltransferase, and 
arylalkylamine N-acetyltransferase in the metabolic 
pathways of N-Acetylserotonin and N-methyltryptamine in 
the maternal body.

Fatty acids are essential nutrients for normal embryo 
development and play an important role in oocyte 
maturation and embryonic development. Fatty acids are 
classified as saturated fatty acids (SFAs), monounsaturated 
fatty acids (MUFAs), and polyunsaturated fatty acids 
(PUFAs) depending on their molecular structure (25). 
In this study, the levels of oleic acid, palmitic acid, and 
stearic acid in the SAB group was significantly lower 
than those in control group, and there was a statistically 
significant correlation between the level of fatty acids and 
urinary BCIPP. Previous studies have suggested a positive 
association between total MUFAs and pregnancy/live birth, 
and an inverse association with loss of pregnancy (26).  
Oleic acid has been identified as a blastomeric and 
postcryo preservation survival biomarker in bovine 
samples, indicating that MUFAs may have a positive effect 
on embryo development. Current knowledge suggests 

that the potential mechanisms of oleic acid with female 
reproduction may include altered metabolic channeling, 
plasma membrane fluidity, and oxidative stress. In addition, 
oleic acid and palmitic acid are raw materials for linoleic 
acid synthesis. Linoleic acid is an essential fatty acid, which 
is preferentially metabolized into arachidonic acid and 
thromboxane (27,28). The concentrations of oleic acid, 
saturated fatty acid, palmitic acid, and stearic acid in the 
urine of SAB patient’s decreases, which may be related 
to maintaining linoleic acid balance in the body. In our 
study, the urinary BCIPP concentration was significantly 
correlated with the levels of various fatty acids. Therefore, 
it is reasonable to speculate that the effect of OPFRs on 
early pregnancy may be related to their interference with 
fatty acid synthesis and metabolism.

Concluding remarks

In this study, we employed an integrated approach of 
UHPLC-Q-TOF/MS-based metabolomics and UHPLC-
MS/MS-based OPFRs determination to obtain urine 
metabolites between early SAB and healthy pregnant 
women, and then evaluated the association between 
OPFRs and these metabolites. As potential biomarkers, 
these metabolites may have great value in evaluating 
OPFR exposure in healthy pregnant women. The results 
of correlation analysis showed that metabolites in the 
metabolic networks of tryptophan and fatty acid metabolism 
were correlated with the levels of urinary OPFRs during 
early pregnancy. Among them, tryptophan metabolism, as 
a potential marker pathway of SAB, was presented in this 
study, and its intermediate metabolites were significantly 
related to BCIPP level, indicating that the effect of OPFRs 
on maternal metabolism in early pregnancy may be related 
to tryptophan metabolism. The correlations between 
OPFRs and endogenous metabolites provide important 
baseline data on the mechanism of OPFRs action in the 
maternal body of healthy pregnant women during the 
course of normal pregnancy. 

However, in the process of demographic characteristics 
registration, the comprehensive information of participants, 
including working environment, working intensity, eating 
habits, mental state, and other information could not be 
fully understood, and the influence of these factors cannot 
be completely excluded. Therefore, we can only infer that 
the different metabolites may be related to the interference 
of OPFRs. The direct effect of flame retardants on these 
metabolites requires further study. In addition, there is no 
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relevant report on the difference of serum metabolomics 
between spontaneous abortion women and healthy women 
exposed to OPFRs in early pregnancy. Our research group 
is trying to collect serum samples and the related research 
of serum metabolomics is our next work.
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