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Associations between urinary
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women undergoing in
vitro fertilization
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Taoran Deng1* and Yufeng Li1*

1Reproductive Medicine Center, Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China, 2Reproductive Medicine Center, Guangdong Women and
Children Hospital, Guangzhou, China
Background: Phthalates are ubiquitously used in a variety of products and have

an adverse effect on folliculogenesis. However, previous epidemiological studies

on the associations between phthalate exposure and antral follicle count (AFC)

produced conflicting results. The present study aimed to evaluate the

associations between urinary phthalate metabolite concentrations and AFC

among women undergoing in vitro fertilization (IVF).

Methods:We collected 525 urine samples andmeasured 8 phthalate metabolites

from IVF patients. Poisson regression models were conducted to evaluate the

associations between phthalate metabolite concentrations and AFC. In addition,

participants were stratified into a younger group (< 35 years) and an older group

(≥ 35 years) to explore the potential effect modification by age. We also

performed sensitivity analyses by restricting our analyses to only infertile

women diagnosed with tubal factor infertility to test the robustness of the results.

Results: Significant positive associations were observed among urinary MBP,

MEOHP and ∑PAEs concentrations and AFC after adjusting for age, BMI, year of

study and infertility diagnosis. Compared with women in the first tertile, women

in the third tertile of MBP andMEOHP had 7.02% (95%CI: 1.18%, 12.9%) and 8.84%

(95% CI: 2.83%, 14.9%) higher AFC, respectively, and women in the second and

third tertiles of ∑PAEs had 6.19% (95% CI: 0.37%, 12.0%) and 9.09% (95% CI:

3.22%, 15.0%) higher AFC, respectively. In addition, MBP, MEOHP and∑PAEs also

had significant positive associations with AFC in trend tests for dose-response. In

the age-stratified analysis, we found a stronger relationship between phthalate

metabolite concentrations and AFC among older women and an inverse

association among younger women. We observed similar results in the

sensitivity analyses.

Conclusion: We found positive associations between phthalate exposure and

AFC, which support the idea that phthalate exposure may accelerate primordial
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follicle recruitment and lead to higher AFC in women undergoing IVF. More

studies are needed to better understand their relationships.
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1 Introduction

Infertility is an ongoing reproductive health problem around

the world, and exposure to environmental contaminants is an

important factor (1, 2). Phthalate esters (PAEs) are a group of

synthetic compounds that are abundantly used as plasticizers or

solvents in a variety of products, such as polyvinylchloride, building

and finishing materials, personal care products, cosmetics, toys,

food packages, medications and medical devices (3). Phthalates in

products can be released into the environment due to nonchemical

bonds, and human exposure occurs through inhalation, ingestion

and dermal absorption (4). Phthalates are rapidly metabolized into

monoesters once they enter the human body, in which they have

stronger biological activity (5). The metabolites are excreted mainly

via urine and have a half-life less than 24 hours (6), therefore,

urinary metabolite concentrations are generally used to represent

body phthalate exposure levels (7).

Phthalates are endocrine disruptors characterized mainly by

their reproductive and developmental toxicity (8). According to the

results of several animal studies, they can disrupt ovarian

development, inhibit follicle growth, and impair oocyte

maturation and embryo development (9–14). Epidemiological

studies found that phthalate exposure was associated with adverse

reproductive outcomes, such as decreased oocyte retrieval, mature

oocytes, fertilized oocytes, good-quality embryos, clinical pregnancy

rate and live birth rate (15–18).

Antral follicle count (AFC) is a critical value used to evaluate

women’s fecundity, and is defined as the sum of 2-10 mm follicles in

both ovaries as observed on ultrasound in the early follicular phase

(menstrual days 2-4) (19). As the earliest acquirable follicle

parameter in the reproductive clinic, AFC was routinely measured

during the infertility treatment period for ovarian reserve

assessment, infertility diagnosis, and treatment strategy

determination, and AFC was also found to be associated with

reproductive outcomes (20, 21).
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Phthalates have been shown to reduce antral follicle number in

mice (22) and inhibit antral follicle growth in in vitro culture (23).

However, phthalate exposure in humans is complicated and

continuous, and the results among human studies are

controversial. Messerlian et al. reported that urinary phthalate

metabolite concentrations were adversely associated with AFC

(24), and Li et al. found both positive and negative associations

between phthalate metabolite concentrations in serum and AFC

(25). Additionally, we observed positive dose-response associations

between urinary phthalate metabolites and AFC in our previous

study (26). In mammals, the follicle cycle starts from primordial

follicle activation and undergoes a series of developments until

atresia or ovulation; thus, more AFC may suggest more follicle

recruitment from the beginning. It has been reported that di(2-

ethylhexyl) phthalate (DEHP) can accelerate primordial follicle

recruitment in mice, leading to a lower proportion of primordial

follicles and a higher proportion of developing follicles in ovaries

(27–29). In the present study, we enlarged the sample size and

reanalyzed the association between phthalate exposure and AFC

among women undergoing in vitro fertilization (IVF). We also

performed stratified analyses to explore potential effect

modification by age and conducted sensitivity analysis to test the

strength of our results.
2 Materials and methods

2.1 Participants

To explore the potential effects of phthalate exposure on

reproductive health, women who sought infertility treatment were

recruited at two separate times at the Reproductive Medicine Center

of Tongji Hospital, Wuhan, China, as described previously: from

July to August 2014 (30) and from November to December 2016

(31). Briefly, women aged from 20 to 45 years who were infertile

and with indications for IVF or intracytoplasmic sperm injection

were eligible. Subjects who had an ovariectomy history, other

iatrogenic injuries, or health conditions such as autoimmune

diseases, congenital gonadal dysplasia, endocrine diseases and

sexually transmitted diseases were excluded. Participants who

provided a urine sample for phthalate metabolite detection and

had AFC data within a 4-month period before enrollment were

included in this study. Information on age, height, weight, smoking
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status and ethnicity was collected at enrollment. These studies were

approved by the Ethics Board of Tongji Hospital, and informed

consent was obtained for all participants.
2.2 Sample collection and measurement

On the day of ovum pick-up surgery, urine samples were

collected and transferred to the laboratory immediately, aliquoted

and frozen at −80 °C. The concentrations of mono-ethyl phthalate

(MEP), mono-methyl phthalate, mono-n-butyl phthalate (MBP),

mono(2-ethylhexyl) phthalate (MEHP), mono-benzyl phthalate,

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

hydroxyhexyl) phthalate (MEHHP) and mono-n-octyl phthalate

(MOP) were analyzed by high-performance liquid chromatography

and tandem mass spectrometry as described in our previous study

(26, 32). The limits of detection ranged from 0.01-0.04 mg/L. Values
for metabolites with concentrations less than the LOD were

assigned with LOD/
ffiffiffi

2
p

. Concentrations of creatinine were

measured using clinical chemistry analyzers (17).
2.3 Infertility data and AFC measurement

AFC, which was measured on days 2-4 of the menstrual cycle by

transvaginal ultrasound, and other clinical data (e.g., infertility type,

duration of infertility and infertility diagnosis) were abstracted from

electronic medical records. Infertility types included primary

infertility and secondary infertility. Infertility diagnosis was

classified as female factor, male factor, mix factor or unexplained

reasons. Female factor infertility included diminished ovarian

reserve, tubal factor, ovulatory dysfunction, endometriosis and

uterine factor.
2.4 Statistical analysis

Descriptive information of the participants is presented as the

number (%) or mean ± standard deviation where appropriate.

Phthalate metabolite concentrations are presented as quartiles

and geometric means. The molar sum of metabolites of DEHP

(∑DEHP) was calculated by the sum of MEHP/278.34, MEOHP/

292.34 and MEHHP/294.34. ∑PAEs were also calculated by the

molar sum of the concentrations of the eight phthalate metabolites

detected in this study. Phthalate metabolite concentrations were

standardized by creatinine due to urine dilution and categorized

into tertiles (numbered 1, 2, 3 from lowest to highest tertile). We

used multivariate generalized linear models with Poisson

distribution and log-link function to evaluate the association of

metabolite concentrations with AFC by comparing the second and

third tertiles to the first (reference category). Tertiles of phthalate

metabolite concentrations were also used as continuous variables in

models to evaluate the dose-response relationships between

metabolites concentrations and AFC. Age (continuous), body

mass index (BMI, continuous), year of study (2014 or 2016) and

infertility diagnosis (female factor, male factor, mix factor or
Frontiers in Endocrinology 03
unexplained) were selected as covariates according to biological

relevance or prior knowledge. Race and smoking status were not

included as covariates due to the low frequencies of non-Han

ethnicity (3.4%) and smokers (4.0%). Age was a critical

independent impactor of AFC, to explore its potential

modification effect, women were stratified into younger group (<

35 years) and older group (≥ 35 years) before analyses (33, 34). To

test the strength of our results, we conducted sensitivity analyses by

restricting our analyses to only women who sought infertility

treatment due to tubal factors or male factors and had a normal

BMI (18.5-24.9 kg/m²). As the results showed that age could modify

the associations between phthalate metabolite concentrations and

AFC, we further performed re-analyses based on age stratification.

Statistical analysis was conducted by SPSS (version 22.0, IBM Co.,

Armonk, USA).
3 Results

This study comprised 525 women undergoing IVF who were

recruited on two separate occasions, as shown in Table 1. A total of
TABLE 1 Description of the study population (N = 525).

Characteristics Mean ± SD or N (%)

Age (years) 31.1 ± 5.1

BMI (kg/m²) 21.9 ± 2.7

Ethnicity

Han 507 (96.6)

Other 18 (3.4)

Smoking status

Ever 21 (4.0)

Never 504 (96.0)

Year of study

2014 110 (21.0)

2016 415 (79.0)

AFC 13.4 ± 6.8

Duration of infertility (years) 3.7 ± 2.9

Infertility type

Primary infertility 286 (54.5)

Secondary infertility 239 (45.5)

Infertility diagnosis

Female factor 344 (65.5)

Tubal factor 206 (39.2)

Ovulatory dysfunction 45 (8.6)

Diminished ovarian reserve 56 (10.7)

Endometriosis 24 (4.6)

(Continued)
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110 subjects were enrolled in 2014, and 415 were enrolled in 2016.

The average (± SD) age and BMI of the study population were 31.1

± 5.1 years and 21.9 ± 2.7 kg/m², respectively, and most of them

were of Han ethnicity (96.6%) and had never smoked (96.0%). The

average (± SD) duration of infertility was 3.7 ± 2.9 years, and more

than half of the subjects had primary infertility (54.5%) and were

diagnosed with female factors (65.6%). The average (± SD) AFC was

13.4 ± 6.8. Most of the tested phthalate metabolites were detected in

urine in most of the participants (> 92.6%), except for MOP

(26.1%), as shown in Table 2. MBP was the phthalate with the

highest level of exposure (median: 187 mg/L), and except for

mono-benzyl phthalate (median: 0.16 mg/L), the remaining 5

metabolites had similar concentrations (median: 12.9-18.8 mg/L).
MOP was removed from further analyses because of its low

detection frequency.

In the Poisson regression models adjusted for age, BMI, year of

study and infertility diagnosis, we found that concentrations of

MBP, MEOHP and ∑PAEs were positively associated with AFC

(Figure 1). Compared with women in the first tertile, women in the

third tertile of MBP and MEOHP had a 7.02% (95% CI: 1.18%,

12.9%) and 8.84% (95% CI: 2.83%, 14.9%) increase in AFC,

respectively, and women in the second and third tertiles of ∑PAEs

had a 6.19% (95% CI: 0.37%, 12.0%) and 9.09% (95% CI: 3.22%,

15.0%) increase in AFC, respectively (Supplementary Table S1). In

trend tests by tertile for the dose-response relationship, MBP,
Frontiers in Endocrinology 04
MEOHP and ∑PAEs also showed significant positive associations

with AFC.

In the age-stratified analysis, we observed a stronger

relationship between phthalate metabolite concentrations and

AFC among women ≥ 35 years and inverse associations among

women less than 35 years (Figure 2). Compared to women in the

first tertile, younger women in the second tertile of MEP and

∑DEHP had 6.50% (95% CI: -12.8%, -0.18%) and 7.37% (95% CI:

-13.8%, -0.89%) lower AFC, respectively (Supplementary Table S2).

However, trend tests for dose-response were not significant. Among

older women, subjects in the second tertile of mono-methyl

phthalate and ∑PAEs and the third tertile of MEP, MBP, MEHP,

MEHHP, MEOHP, ∑DEHP and ∑PAEs had a 15.3% to 39.5%

increase in AFC when compared with women in the first tertile

(Supplementary Table S3). In addition, MEP, MBP, MEHP,

MEHHP, MEOHP, ∑DEHP and ∑PAEs also showed significant

trends. To explore whether the discrepancies were caused by

differences in phthalate exposure levels, we compared phthalate
TABLE 2 Distributions of urinary phthalate metabolite concentrations
(mg/L).

Metabolites LOD %
> LOD

GM 25th 50th 75th

MMP 0.03 92.6 9.19 5.11 12.9 29.4

MEP 0.02 100 16.5 6.83 14.6 34.2

MBP 0.01 100 161 82.0 187 350

MBzP 0.01 96.4 0.18 0.05 0.16 0.85

MEHP 0.02 98.7 12.2 5.73 13.5 29.7

MEHHP 0.01 100 18.2 10.1 18.5 31.4

MEOHP 0.01 100 13.3 6.96 13.8 23.8

MOP 0.04 26.1 0.05 <
LOD

<
LOD

0.05

∑DEHPa – – 0.17 0.08 0.17 0.30

∑PAEsa – – 1.35 0.77 1.42 2.65
LOD, limit of detection; GM, geometric mean.
a∑DEHP and ∑PAEs were expressed in mmol/L.
TABLE 1 Continued

Characteristics Mean ± SD or N (%)

Uterine factor 13 (2.5)

Male factor 76 (14.5)

Mix factor 86 (16.4)

Unexplained 19 (3.6)
FIGURE 1

Associations between phthalate metabolite concentrations and AFC.
Models were adjusted for age, BMI, year of study and infertility
diagnosis. *P < 0.05.
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metabolite concentrations between the two groups. The results

showed that younger women and older women had similar

phthalate exposure levels (Supplementary Table S4).

In the sensitivity analyses based on women who were diagnosed

with tubal factor infertility and infertility due to male factor, MBP,

the major contaminant, and sum of PAEs showed positive

associations with AFC (Figure 3). Women in the second and

third tertiles of MBP and third tertile of ∑PAEs had an AFC

range from 9.48% to 12.2% higher than women in the first tertile

(Supplementary Table S5). These metabolites also showed

consistent significant positive associations with AFC in trend

tests. In the sensitivity analyses based on women with normal

BMI, MBP and the sum of PAEs still showed positive associations

with AFC (Figure 4; Supplementary Table S8). Similarly, stronger

relationships were observed between phthalate metabolite

concentrations and AFC among women ≥ 35 years than women

< 35 years in all sensitivity analyses (Supplementary Tables S6, S7,

S9, S10).
4 Discussion

In this study, we found that most of the phthalate metabolites

were highly detected in urine samples, and MBP had the highest

concentration. The European Food Safety Authorities have

recommended the tolerable daily intake for several phthalates, as
Frontiers in Endocrinology 05
10 and 50 mg/kg bw/day for DBP and DEHP, respectively (35).

Estimated daily intakes for DBP and DEHP were calculated as

reported (36), 58.7% and 10.3% of subjects had higher estimated

daily intakes than the tolerable daily intake for DBP and DEHP,

respectively, in this study. Compared with previous studies based on

125 non-pregnant women (37) and 946 pregnant women (38) in the

same region, the detection rate was similar, and MBP uniformly

showed the highest concentration, followed by DEHP metabolites,

while the values were higher in our study (median: MBP 187 vs. 62.1

and 41.8 mg/L, MEHHP 18.5 vs. 6.34 and 5.05 mg/L, MEOHP 13.8

vs. 4.74 and 3.99 mg/L, MEHP 13.5 vs. 2.15 and 2.11 mg/L,
respectively). This result may indicate an association between

phthalate exposure and women with infertility.

We found that urinary MBP, MEOHP and ∑PAEs

concentrations were positively associated with AFC, and most of

the relationships remained in sensitivity analyses, which suggests

the robustness of our results. In line with a previous study, Li et al.

reported that the serum concentration of MEHHP was associated

with an increased AFC among 297 IVF women (25). However, in a

study of 215 women who sought infertility care, Messerlian et al.

found a nonlinear inverse association between urinary DEHP

metabolite concentrations (MEHP, MEOHP, MEHHP and

MECPP) and AFC (24). These discrepancies may be attributed to

differences in demographic characteristics (e.g., age, BMI, race, etc.).

Furthermore, phthalate exposure status varied between studies. In

Messerlian’s study, MEP showed the highest concentration, while
BA

FIGURE 2

Associations between phthalate metabolite concentrations and AFC stratified by age. (A): women < 35 years, (B): women ≥ 35 years. *P < 0.05.
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the concentration of MBP was relatively low (SG-adjusted median:

54.2 and 12.8 mg/L, respectively), which was in contrast with our

data (median: 14.6 and 187 mg/L, respectively). The overall

metabolite concentrations were low in Li’s study (median: MEP

2.19 mg/L, MBP 4.17 mg/L). In addition, phthalate may exert toxicity

with a nonmonotonic dose-response effect or even a U-shape

effect (39).

Primordial follicles, which are composed of a prophase-arrested

oocyte enclosed by a single layer of flattened pre-granulosa cells,

form at approximately 15-22 weeks of gestation and are complete by

6 months after birth in the human ovary (40). Their fates were to

remain dormant, awaken and develop, or die directly during

dormancy (41). Only a few of the dormant primordial follicles are

activated under the regulation of intercellular and intracellular

signals. Once awakened, primordial follicles join the follicle

growing pool; most of them undergo atresia during development,

and a small proportion undergo consecutive development through

primary follicles, secondary follicles, antral follicles, preovulatory
Frontiers in Endocrinology 06
follicles and ovulation (42, 43). Therefore, a greater AFC indicates

that more primordial follicles were awakened originally. In support

of our findings, it has been reported that DEHP accelerates

primordial follicle recruitment by decreasing the percentage of

primordial follicles and increasing the percentage of developing

follicles in postnatal mice (27) and in adult mice (28). Exposure to

di-n-butyl phthalate, the prototype of MBP, promotes the depletion

of follicular follicles by accelerating primordial follicle recruitment

in rats (29). Additionally, in an in vitro culture neonatal ovary

model, Hannon et al. revealed that MEHP could directly accelerate

primordial follicle recruitment by over activating PI3K signals (44).

The number of primordial follicles in the ovary determines the

ovarian reserve (40). Any factors that accelerate primordial follicle

recruitment will promote the depletion of ovarian reserve and

shorten the reproductive life span of women. It has been reported

that phthalate exposure was associated with the risk of premature

ovarian failure (45). On the other hand, although a higher AFC was

observed in women with higher urinary phthalate metabolite
FIGURE 3

Associations between phthalate metabolite concentrations and AFC
based on women diagnosed with tubal factor and infertility due to
male factor. *P < 0.05.
FIGURE 4

Associations between phthalate metabolite concentrations and AFC
based on women with normal BMI. *P < 0.05.
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concentrations in this study, follicle development competence may

be affected. Previous studies found that phthalate could increase

oocyte oxidative stress, disrupt the cell cycle, impair meiotic

competence, induce oocyte and granulosa cell apoptosis, inhibit

oocyte maturation, cause epigenetic alterations, disrupt DNA

damage repair gene expression, etc., which may contribute to

adverse reproductive outcomes (10, 46–50).

Age was a critical independent risk factor for female fecundity and

was associated with adverse IVF outcomes (e.g., lower oocyte retrieval,

pregnancy rate, delivery rate, etc.) (34, 51). In age stratification analyses

based on all subjects and in sensitivity analyses, we found that the

associations between phthalate metabolite concentrations and AFC

were modified by age, which is in line with a previous study (24). In

women with advanced age, the ovary may be more vulnerable to

external hazardous factors such as phthalates. The risk resistance ability

and repair capacity decline with ovarian ageing, such as mitochondrial

DNA instability and dysfunction, disturbance of antioxidant signaling

and increase in oxidative damage, DNA damage, aneuploidy,

epigenetic alteration, microenvironmental alteration (52–54).

Moreover, exposure duration is also an important factor. It has been

widely reported that women are exposed to phthalate from the fetal

period to childhood and then adulthood (38, 55, 56), and long-term

exposure is more likely to lead to adverse consequences.

In summary, our results showed that phthalate metabolite

concentrations in urine were positively associated with AFC among

women undergoing IVF. However, this study still has some limitations.

(1) The AFC was measured when women attended the infertility clinic

for ovarian reserve assessment, while urine samples were collected the

on day of surgery, which was up to 4 months after AFC measurement,

and the median interval between AFC measurement and sample

collection was 72 days. Humans are continuously exposed to

phthalates, and it has been reported that a spot urine sample was a

moderate predictor of the 4-month exposure level of phthalates (57).

(2) The study population was enrolled from a reproductive center, and

they had higher phthalate exposure levels than the normal population

as described above; therefore, these findings may not be applicable to

the general population. (3) It is important to note that phthalate

exposure is just one of the factors that can influence reproductive

health and fertility. Lifestyle, genetics, and other environmental factors

also play a role, we cannot rule out the influences from other factors in

this study. (4) We found positive associations between phthalate

exposure and AFC, and while the causation cannot be determined,

more studies are needed to better understand their relationships.
5 Conclusions

The results support the idea that phthalate exposure could

accelerate primordial follicle recruitment and promote the

depletion of ovarian reserve. Our research fills the gap between

animal studies showing that phthalates accelerate primordial follicle

recruitment and epidemiological research showing that phthalates

are associated with premature ovarian failure. Considering the high

exposure frequency and level of phthalates in infertile women, more

studies are needed to determine the effect of phthalate on ovarian

reserve and folliculogenesis.
Frontiers in Endocrinology 07
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author/s.
Ethics statement

The studies involving humans were approved by Ethics Board

of Tongji Hospital. The studies were conducted in accordance with

the local legislation and institutional requirements. The participants

provided their written informed consent to participate in this study.
Author contributions

YY: Formal Analysis, Investigation, Methodology, Writing –

original draft. YD: Data curation, Investigation, Resources, Writing

– review & editing. NG: Investigation, Resources, Writing – review &

editing. FL: Supervision, Writing – review & editing. TD:

Investigation, Methodology, Writing – review & editing. YL:

Funding acquisition, Resources, Supervision, Writing – review

& editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the National Natural Science Foundation of

China (No. 81771654, 81571508).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1286391/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1286391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1286391/full#supplementary-material
https://doi.org/10.3389/fendo.2023.1286391
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yao et al. 10.3389/fendo.2023.1286391
References
1. Inhorn MC, Patrizio P. Infertility around the globe: new thinking on gender,
reproductive technologies and global movements in the 21st century. Hum Reprod
update. (2015) 21(4):411–26. doi: 10.1093/humupd/dmv016

2. Gallo A. Reprotoxic impact of environment, diet, and behavior. Int J Environ Res
Public Health (2022) 19(3):1303. doi: 10.3390/ijerph19031303

3. Zhang YJ, Guo JL, Xue JC, Bai CL, Guo Y. Phthalate metabolites:
Characterization, toxicities, global distribution, and exposure assessment. Environ
pollution (2021) 291:118106. doi: 10.1016/j.envpol.2021.118106

4. Wang YX, Liu C, Chen YJ, Chen HG, Yang P, Wang P, et al. Predictors and
correlations of phthalate metabolite concentrations in urine and seminal plasma among
reproductive-aged men. Environ Res (2018) 161:336–44. doi: 10.1016/j.envres.2017.11.027

5. Frederiksen H, Skakkebaek NE, Andersson AM. Metabolism of phthalates in
humans. Mol Nutr Food Res (2007) 51(7):899–911. doi: 10.1002/mnfr.200600243

6. Wang Y, Zhu H, Kannan K. A review of biomonitoring of phthalate exposures.
Toxics (2019) 7(2):21. doi: 10.3390/toxics7020021

7. Guo Y,WuQ, Kannan K. Phthalate metabolites in urine from China, and implications
for human exposures. Environ Int (2011) 37(5):893–8. doi: 10.1016/j.envint.2011.03.005

8. Katsikantami I, Sifakis S, Tzatzarakis MN, Vakonaki E, Kalantzi OI, Tsatsakis
AM, et al. A global assessment of phthalates burden and related links to health effects.
Environ Int (2016) 97:212–36. doi: 10.1016/j.envint.2016.09.013

9. Zhang Y, Mu X, Gao R, Geng Y, Liu X, Chen X, et al. Foetal-neonatal exposure of
Di (2-ethylhexyl) phthalate disrupts ovarian development in mice by inducing
autophagy. J hazard mater (2018) 358:101–12. doi: 10.1016/j.jhazmat.2018.06.042

10. Li FP, Zhou JL, Guo AW, Liu Y, Zhang F, Xu BH, et al. Di(n-butyl) phthalate
exposure impairs meiotic competence and development of mouse oocyte. Environ
pollution (2019) 246:597–607. doi: 10.1016/j.envpol.2018.12.077

11. Rasmussen LM, Sen N, Vera JC, Liu X, Craig ZR. Effects of in vitro exposure to
dibutyl phthalate, mono-butyl phthalate, and acetyl tributyl citrate on ovarian antral
follicle growth and viability. Biol reproduct (2017) 96(5):1105–17. doi: 10.1095/
biolreprod.116.144691

12. Liu JC, Lai FN, Li L, Sun XF, Cheng SF, Ge W, et al. Di (2-ethylhexyl) phthalate
exposure impairs meiotic progression and DNA damage repair in fetal mouse oocytes
in vitro. Cell Death Dis (2017) 8(8):e2966. doi: 10.1038/cddis.2017.350

13. Chu D-P, Tian S, Sun D-G, Hao C-J, Xia H-F, Ma X. Corrigendum to: Exposure
to mono-n-butyl phthalate disrupts the development of preimplantation embryos.
Reproduct Fertil Dev (2014) 26(3):491. doi: 10.1071/RD12178_CO

14. Zhou L, Feng W, Mao Y, Chen Y, Zhang X. Nanoengineered sonosensitive
platelets for synergistically augmented sonodynamic tumor therapy by glutamine
deprivation and cascading thrombosis. Bioactive mater (2023) 24:26–36. doi:
10.1016/j.bioactmat.2022.11.020

15. Machtinger R, Gaskins AJ, Racowsky C, Mansur A, Adir M, Baccarelli AA, et al.
Urinary concentrations of biomarkers of phthalates and phthalate alternatives and IVF
outcomes. Environ Int (2018) 111:23–31. doi: 10.1016/j.envint.2017.11.011

16. Hauser R, Gaskins AJ, Souter I, Smith KW, Dodge LE, Ehrlich S, et al. Urinary
phthalate metabolite concentrations and reproductive outcomes among women
undergoing in vitro fertilization: results from the EARTH study. Environ Health
perspectives (2016) 124(6):831–9. doi: 10.1289/ehp.1509760

17. Deng T, Du Y, Wang Y, Teng X, Hua X, Yuan X, et al. The associations of
urinary phthalate metabolites with the intermediate and pregnancy outcomes of
women receiving IVF/ICSI treatments: A prospective single-center study. Ecotoxicol
Environ safe (2020) 188:109884. doi: 10.1016/j.ecoenv.2019.109884
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