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ABSTRACT: Epidemiological studies have demonstrated the embry-
onic and developmental toxicity of plasticizers. Thus, understanding the
in utero biotransformation and accumulation of plasticizers is essential to
assessing their fate and potential toxicity in early life. In the present
study, 311 infant hair samples and 271 paired meconium samples were
collected at birth in Guangzhou, China, to characterize fetal exposure to
legacy and emerging plasticizers and their metabolites. Results showed
that most of the target plasticizers were detected in infant hair, with
medians of 9.30, 27.6, and 0.145 ng/g for phthalate esters (PAEs),
organic phosphate ester (OPEs), and alternative plasticizers (APs), and
1.44, 0.313, and 0.066 ng/g for the metabolites of PAEs, OPEs, and APs,
respectively. Positive correlations between plasticizers and their
corresponding primary metabolites, as well as correlations among the
oxidative metabolites of bis(2-ethylhexyl) phthalate (DEHP) and 1,2-cyclohexane dicarboxylic acid diisononyl ester (DINCH), were
observed, indicating that infant hair retained the major phase-I metabolism of the target plasticizers. While no positive correlations
were found in parent compounds or their primary metabolites between paired infant hair and meconium, significant positive
correlations were observed among secondary oxidative metabolites of DEHP and DINCH in hair and meconium, suggesting that the
primary metabolites in meconium come from hydrolysis of plasticizers in the fetus but most of the oxidative metabolites come from
maternal−fetal transmission. The parent compound/metabolite ratios in infant hair showed a decreasing trend across pregnancy,
suggesting in utero accumulation and deposition of plasticizers. To the best of our knowledge, this study is the first to report in utero
exposure to both parent compounds and metabolites of plasticizers by using paired infant hair and meconium as noninvasive
biomonitoring matrices and provides novel insights into the fetal biotransformation and accumulation of plasticizers across
pregnancy.
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1. INTRODUCTION
Pregnant women’s exposure to pollutants from various
environmental matrices can have a negative impact on the
fetus due to maternal−fetal transmission. In utero exposure to
environmental pollutants and their health effects have received
substantial attention.1,2 Both extensive experimental animal
studies as well as epidemiological findings have demonstrated
that early-life environmental factors are associated with an
increased risk of developing a variety of chronic illnesses in
later life.3 Recent epidemiological and toxicological studies
demonstrated that widely used plasticizers, including organic
phosphate esters (OPEs) and phthalate acid esters (PAEs), are
commonly present in utero and may exhibit strong embryonic
and developmental toxicity early in life.4−6 However, most
environmental epidemiologic studies have focused on mon-
itoring parental exposure, and little is known about cumulative

exposure in the intrauterine environment. Further, the
occurrence, biotransformation, and accumulation of plasticizers
in utero remain poorly understood.
China is the world’s largest producer and consumer of

plasticizers, with an annual output of nearly 1 million tons.7

OPEs and PAEs have been extensively used in furniture,
household appliances, and personal care products and have
high detection frequencies in ordinary indoor environments.8

Although these chemicals are not generally persistent, they are
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ubiquitous as a result of their continuous use, and the
population is at risk for persistent exposure. Given that
gestation is a crucial time for the formation and development
of embryonic organs, prenatal exposure to these plasticizers
merits more attention. Several next-generation plasticizers,
known as alternative plasticizers (APs), have recently been
launched into the market. However, these new chemicals have
properties, including toxicity, similar to the chemicals they
were intended to replace.9−11 Besides, there is still a lack of
information concerning the possible health effects of APs, and
knowledge of the in utero occurrence and fate of APs remains
limited.
Measuring retroactive exposure in environmental epidemi-

ology studies can be difficult, especially when it happens during
a crucial period (e.g., in pregnancy). Maternal urine has been
used in the majority of epidemiological investigations to
evaluate prenatal exposure to OPEs and PAEs owing to their
relatively quick excretion from the human body,12,13 and a few
studies have used maternal and umbilical cord blood.14−21

These samples, while demonstrating that plasticizers can cause
intrauterine exposure of the fetus through maternal−fetal
transmission, may be biased because they indirectly character-
ize cumulative fetal exposure. Besides, these data are mainly
instantaneous and dynamic, necessitating regular updates on
exposure in long-term research.22,23 On the contrary, infant
hair and meconium analysis provide a very time-resolved way
to investigate retrospective early-life exposure to toxicants,
enabling noninvasive sampling and exposure estimation during
critical developmental windows.24 Infant hair begins growing
after 16−17 weeks of gestation and reaches the scalp surface
after approximately 3 weeks, retaining contaminants from fetal
development and the amniotic fluid.25 Meconium begins to
form in weeks 12−13 of gestation from urine, intestinal
secretions, and inhaled amniotic fluid. Recently, infant hair26

and meconium27 have been utilized for biomonitoring prenatal
exposure to environmental toxic metals and drugs. Infant hair
and meconium analysis may provide comprehensive data on
fetal exposure levels and their chemical disposition, bio-
transformation, and accumulation.
In vivo and in vitro studies have mentioned that some

metabolites of plasticizers are more stable than their parent
compounds in the body; hence, some of the adverse effects of
plasticizers may, in fact, be the result of their metabolites.28

Simultaneous monitoring of parental plasticizers and their
metabolites is useful for assessing biotransformation and
accumulation in biological tissue. This knowledge may also
assist in the understanding of toxicological mechanisms and
clarify the bioaccessibility and exposure pathways of these
compounds, as well as support the biological plausibility of
environment-health correlations in population studies. How-
ever, means to determine metabolic processes in the fetus are
limited. Besides, existing fetal monitoring relies largely on the
properties of parent chemicals, with minimal consideration
given to the products of their transformation in utero, mainly
due to the poor deposition of transformation products in cord
blood.29 Our previous study found that infant hair can provide
long-term exposure information for parent compounds and
metabolites of persistent organic pollutants (i.e., polybromi-
nated diphenyl ethers and organochlorine pesticides).30 To the
best of our knowledge, no investigations have used infant hair
as a biomonitoring matrix to assess fetal exposure to rapidly
eliminated compounds such as plasticizers and their metabo-
lites.

In this work, we aim to demonstrate the occurrence,
metabolic transformation, and accumulation of legacy and
emerging plasticizers and their metabolites in utero by using
infant hair and meconium as a biomonitoring matrix. The
biotransformation and accumulation of plasticizers in the fetus
were assessed by comparing the relationship of plasticizer
concentrations to their metabolites in infant hair and
meconium. Our data may assist the retroactive diagnosis and
risk assessment of in utero exposure to plasticizers for early
prevention and intervention.

2. MATERIALS AND METHODS
2.1. Chemicals. The target analytes included eight PAEs,

12 APs, 16 OPEs, 10 metabolites of PAEs (mPAEs), eight
metabolites of APs (mAPs), and nine metabolites of OPEs
(mOPEs). Table S1 contains detailed information about these
analytes.
2.2. Study Population.We included mother−infant dyads

who fulfilled the inclusion/exclusion criteria listed below:
resided in Guangzhou City, Guangdong Province, China,
throughout pregnancy without infectious diseases or malig-
nancies. We excluded subjects with birth defects or stillbirths.
At the time of recruitment, all individuals provided their
informed consent. This study was approved by the Ethics
Committees of the Sixth Affiliated Hospital of Sun Yat-sen
University (No. E2019073). A total of 311 infant hair and 271
paired meconium samples were collected 1−2 days after
delivery from January 2020 to January 2021. The infant hair
was collected after the newborn’s first shampoo, during which
the newborn’s entire body, including the hair, was wiped with
mineral oil to remove dissolved fetal fat and body fluid,
followed by washing with warm water. Infant hair in the
occipital area was excised close to the scalp. Hair samples were
wrapped in aluminum foil and stored at −20 °C. The
meconium, which is the newborn’s first fresh excrement, was
meticulously scraped from the surface of the diaper by a metal
spatula, deposited into a sterilized stool collector, and then
placed at −80 °C. Refrain from collecting meconium that was
close to or mixed with the diaper material.
We collected data on fetal gender, weight, length, gestational

age, and head circumference at birth from the hospital’s
electronic medical records. Maternal covariates were collected
from interviews or medical records, including parity, age,
pregnancy weight gain, prepregnancy body mass index (BMI),
education, occupation, and passive smoke during pregnancy.
The demographic characteristics of the mothers and their
infants are shown in Table 1.
2.3. Sample pretreatment and instrumental analysis.

Infant hair was rinsed twice with warm Milli-Q water before
freezing dry. About 0.1 g of freeze-dried infant hair was ground
into powder and extracted in a 4 mL mixture of n-hexane,
acetone, ethyl acetate, and acetonitrile (1:1:1:1, v/v/v/v)
spiked with internal standards. The mixture was vortexed at
2000 rpm for 5 min, sonicated for 20 min, and centrifuged at
4000 rpm for 15 min, and then the supernatant was collected.
This step was repeated three times, and supernatants were
combined. The combined extract was then concentrated to 1
mL by nitrogen gas and purified by adding 20 mg of anhydrous
NA2SO4 and 100 mg of octadecylsilane bonded silica gel
(C18). The supernatant was vortexed at 1200 rpm for 10 min
and then centrifuged at 3500 rpm for 15 min and then
transferred to a clean glass tube, dried with nitrogen gas, and
fixed with 200 mL of methanol. The dissolved sample was
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frozen at −20 °C for 4−6 h to remove impurities, and the
supernatant was used for analysis of the target compounds. 100
μL of this solution was aliquoted and dried with nitrogen, then
redissolved in 100 μL of isooctane for the analysis of PAEs and
APs by GC-MS/MS. The remaining 100 μL methanol-based
sample was used for the analysis of OPEs and various
metabolites using LC-MS/MS.
A 25 mg sample of meconium was subjected to protein

precipitation and solid−liquid extraction in a 500 μL mixture
of methanol, acetonitrile, and water (2:2:1, v/v/v) spiked with
internal standards. Samples were homogenized for 4 min and
sonicated for 5 min in an ice−water bath. This vortex−
sonication cycle was repeated three times. After being
incubated for 1 h at −40 °C to remove lipids, the samples
were centrifuged at 12 000 rpm for 15 min at 4 °C. The
resulting supernatant was transferred to a clean glass vial for
analysis. As we did not detect any parent plasticizers in the
meconium samples obtained during the pretrials, we analyzed
only the metabolites of plasticizers in meconium in this study.
The Supporting Information contains detailed information

on the parameters of instrumental analysis.
2.4. Quality Assurance and Control. The analytical

protocol for plasticizers in infant hair was validated by spiking

native standards into a homogeneous hair sample at 100 ng of
PAEs, APs, and OPEs and 10 ng of their metabolites. The
recoveries were 82−129% for PAEs, 64−121% for APs, 73−
157% for OPEs, 73−153% for mPAEs, 76−157% for mAPs,
and 97−136% for mOPEs in the spiked matrices (n = 3). The
analytical protocol for metabolites of plasticizers in meconium
was validated by spiking native standards into a homogeneous
meconium sample of 10 ng. The recoveries were 75−131% for
mPAEs, 89−132% for mAPs, and 79−121% for mOPEs (n =
3). Detailed information on the recovery of each compound is
shown in Table S1.
A mixture of standard solutions and solvent blanks was

regularly injected to carry out instrumental quality control. To
guarantee consistency in the analysis of the target compounds,
standard solutions were injected after every 12 hair or
meconium samples, with intra- and interdaily relative standard
deviations less than 15%. During the experiment, we avoided
the use of any plastic products and used stainless steel utensils
and glassware. Stainless steel utensils were sequentially treated
with methanol, acetone, and n-hexane, each for 10 min under
ultrasound, followed by drying for preservation. All glassware
was washed sequentially with tap water and deionized water
and then dried. Subsequently, the glassware was baked at 450
°C for 4 h in a muffle oven and sealed with aluminum foil for
preservation.
In order to account for any potential background

contamination, procedural blank samples were examined
concurrently with each batch of samples. The sample data
were adjusted for the mean plasticizer levels observed in the
procedure blanks. The average concentrations of target
analytes in the procedure blanks plus 3 times the standard
deviation were used to estimate the limits of quantification
(LOQs). For compounds not detected in the procedural
blanks, the LOQs were calculated as signal-to-noise ratios of
10. The LOQs for PAEs, APs, and OPEs in hair were in the
range of 1.35−915, 2.35−40.9, and 0.025−12.2 ng/g,
respectively. The LOQs for mPAEs, mAPs, and mOPEs in
hair were in the range of 0.013−71.6, 0.007−1.58, and 0.129−
71.9 ng/g, respectively. The LOQs for mPAEs, mAPs, and
mOPEs in meconium were in the range of 0.007−73.5, 0.004−
9.07, and 0.147−8.31 ng/g, respectively (Table S1).
2.5. Statistical Analysis. Descriptive statistics were

analyzed for subject demographics and plasticizer gravimetric
concentrations in infant hair and meconium samples.
Plasticizer concentrations in the samples below their
corresponding LODs were not included in the subsequent
statistical analyses. Plasticizer concentrations were all log-
transformed to satisfy the requirements for normally
distributed residuals. Then, the correlations among log-
transformed plasticizer levels in infant hair and paired
meconium samples were estimated to assess possible sources
by calculating Pearson correlation coefficients (r).
The molar concentrations (in nmol/g) of the plasticizers

were converted by multiplying the plasticizers by their
molecular weights. All further statistics were performed using
the molar concentration. The coefficient, f(x) for each
metabolite of DEHP and DINCH was calculated for each
sample as the formula “f(x) = Ci/∑Ci × 100%”.31 Ci is the
molar concentration of the individual monoesters (i: mEHP,
OH-mEHHP, oxo-mEHP or cx-mEHP for DEHP, and
mINCH, OH-mINCH, oxo-mINCH or cx-mINCH for
DINCH). The correlations among f(x) are estimated to
evaluate the in utero biotransformation of DEHP and DINCH

Table 1. Demographic Characteristics of Participating
Mother−Infant Pairs

mean ± SD N (%)

Maternal (n = 298)
age, years 30 ± 4

<30 138 (46%)
≥30 160 (54%)

prepregnancy BMIa, kg/m2 20.9 ± 2.95
<23 60 (20%)
23.0−27.5 227 (76%)
≥27.5 11 (4%)

pregnancy weight gain, kg 13.7 ± 5.32
parity
nulliparous 149 (50%)
multiparous 149 (50%)

education
<college graduate 151 (51%)
≥college graduate 134 (45%)
missing 13 (4%)

occupation
officer 75 (25%)
worker 77 (26%)
attendant 54 (18%)
others 92 (31%)

passive smoke in pregnancy
yes 91 (31%)
no 191 (64%)
missing 16 (5%)

Infant (n = 311)
gestational age (days) 272 ± 10
infant gender

male 167 (54%)
female 137 (44%)
missing 7 (2%)

weight, g 3100 ± 450
length, cm 49.1 ± 2.35
head circumference, cm 32.5 ± 1.60
aBMI: Body mass index.
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by calculating the Pearson correlation coefficients (r). The
Mann−Whitney U test was used to determine differences in
f(x) values between infant hair and meconium. The relative
metabolite/parent compound ratio, R(x), for each primary
metabolite was calculated for each sample using the formula:
“R(x) = Ci/Cx”.

31 Ci is the molar concentration of the
individual primary metabolite (i.e., i: mEHP for x: DEHP; i:
OH-mEHP for x: mEHP). To accurately estimate the
biotransformation of the compounds, the parent compound
and metabolite levels were only included in subsequent
statistical analyses if both were >LOD in infant hair. Partial
correlations were examined between demographic character-
istics, including maternal age (years, continuous), parity (0,
≥1), pregnancy weight gain (kg, continuous), prepregnancy
body mass index (PBMI, kg/m2, continuous), gestational age
(days, continuous), ponderal index (PI, calculated as birth
weight (g)/length cm3 × 100), and R(x) or f(x) values to
evaluate changes of in utero biotransformation and accumu-
lation during pregnancy. The Mann−Whitney U test was used
to determine differences in R(x) or f(x) values between male
and female infants. Effect sizes were defined as follows: strong
(r = 0.7), medium (r = 0.5), and weak (r = 0.3).32

The statistical power of the above correlations was estimated
by using a power analysis (Figure S1), and the results showed
that the sample size in this study satisfied the pertinent
statistical requirements. Specifically, when a two-tailed
significant p-value was set at 0.05 and 90% confidence level,
we can get r = 0.186, 0.226, 0.316, and 0.437 when the sample
size was set at n = 300, 200, 100, and 50, respectively. All
statistical analyses were performed using R software, version

4.2.3, and SPSS version 26.0. Power analysis was carried out
using the R package “pwr” (version 1.3-0).

3. RESULTS AND DISCUSSION
3.1. Occurrence of Plasticizers and Their Metabolites

in Infant Hair and Meconium. Detection frequencies (DFs)
and gravimetric concentrations of individual compounds in
infant hair and meconium are given in Tables S2 and S3,
respectively. Levels of target plasticizers or their metabolites
detected <LOD in all infant hair or meconium are not shown.
In infant hairs, the median of ∑8PAEs, ∑12APs and

∑12OPEs were 9.30, 27.6 and 0.145 μg/g, respectively. The
dominant compounds for PAEs were DEHP (median: 2.50
μg/g) and DnBP (median: 1.53 μg/g); for APs were DEHT
(median: 5.79 μg/g), DPrHP (median: 2.98 μg/g), and
DINCH (median: 2.73 μg/g); and for OPEs were TCIPP
(median: 0.028 μg/g), TBOEP (median: 0.019 μg/g), and
TNBP (median: 0.012 μg/g). For plasticizer metabolites, the
median concentrations of ∑8mPAEs, ∑8mAPs, and
∑5mOPEs were 1.44, 0.313, and 0.066 μg/g, respectively.
mnBP (median: 1.21 μg/g), mEHT (median: 0.189 μg/g), and
DNBP (median: 0.054 μg/g) showed the highest concen-
trations, which differed slightly from their corresponding
parent plasticizers.
In meconium samples, mnBP (mean: 260 ± 249 ng/g),

mEHT (median: 209 ng/g), and DNBP (median: 26.3 ng/g)
emerged as the predominant compounds for mPAEs, mAPs,
and mOPEs, respectively, which was consistent with their
prevalence in infant hair. Notably, mBzP and cx-mINCH,
which had low DFs in infant hair, were detected in 89 and

Figure 1. Correlation between logarithmic concentrations of plasticizers (X-axis) and their primary metabolites (Y-axis) in infant hair. The
correlation was only calculated when the levels of the parent compound and metabolite were both >LOD in infant hair.
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100% of the meconium samples, respectively, indicating the
fetal biodegradation and excretion of BBzP and mINCH.
Plasticizers in infant hair showed weak (DEHT and mEHT,

r = 0.28, p < 0.05) to strong (DEHP and mEHP, r = 0.77, p <
0.05) positive correlations with their corresponding primary
metabolites (Figure 1), suggesting that these compounds came
from the same source. This result clarifies our previous
findings,30 which pointed out that the lack of a positive
correlation between plasticizer concentrations in paired
maternal and infant hair limits the determination of the source
of plasticizers in infant hair and whether they were
contaminated by sampling. The significant positive correlations
in the present study indicate that parent plasticizers in infant
hair did originate from in utero exposure, and the interference
of external exposure during sampling on the analysis of infant
hair plasticizers was negligible. It is noteworthy that DPHP was
a metabolite of multiple OPEs, such as EHDPP, RDP, and
TPHP.33−35 Moderate positive correlations were found
between DPHP and TPHP (r = 0.54, p < 0.01) (Figure S1),
which suggests that TPHP is a potential nonspecific precursor
of DPHP in infant hair.

In general, our results indicate in utero cumulative exposure
to phthalates in a newborn cohort from South China. These
phthalates are ubiquitous as a result of their continuous use.
DEHP, DNBP, TCIPP, and DEHT have been detected as the
predominant PAEs, OPEs, and APs among indoor dust or air
samples from Guangzhou City,8,36 which explains their high
level of deposition in infant hair. The cumulative exposure level
of OPEs was lower than those of PAEs, which was consistent
with previous findings in cord blood.15,16,37,38 The levels of
DEHT and DINCH, alternatives to DEHP, were comparable
to those of DEHP in infant hair. A recent study using infant
hair to assess perinatal plasticizer exposure also found that
mEHT exposure levels were in line with those of mEHP in a
general population of newborns.39 These findings raise
concerns about the potential fetal harm of APs, which have
been found to have developmental toxicity and endocrine-
disrupting effects.11,40

3.2. Relationship of Plasticizers and Their Metabo-
lites between Paired Infant Hair and Meconium. Infant
hair plasticizers likely originate from placental transfer, steady
exchange with amniotic fluid, and biotransformation in the

Table 2. DEHP and DINCH Metabolite Levels and f(x) in Paired Infant Hair and Meconium and Comparison to Samples from
Pregnant Women, Infants, or Adult Malesa

biological
matrix sampling time CmEHP ( f) COH‑mEHP ( f) COXO‑mEHP ( f) CCX‑mEHP ( f) references

infant hair within 48 h after birth 123 ng/g (98.1%) 3.33 ng/g (1.81%) 0.067 ng/g
(0.79%)

1.31 ng/g (0.41%) this study

infant hair within 48 h after birth 188 ng/g (77.7%) 16 ng/g (6.61%) 30 ng/g (12.4%) 8 ng/g (3.31%) Cleys et al.39

infant
meconium

within 48 h after birth 28.1 ng/g (65.3%) 27.5 ng/g (27.2%) 1.26 ng/g (5.43%) 0.686 ng/g
(2.64%)

this study

infant
meconium

within 48 h after birth 10.9 ng/g (34.9%) 2.5 ng/g (8.0%) 1.3 ng/g (4.2%) 16.5 ng/g (52.9%) Mathew et al.48

infant urine within 4 days after birth 0.48 ng/mL (5.5%) 0.84 ng/mL (9.6%) 0.34 ng/mL
(3.9%)

7.07 ng/mL
(80.9%)

Urbancova et al.66

cord serum upon delivery 2.49 ng/mL
(70.2%)

<LOD (0%) <LOD (0%) 0.28 ng/mL
(29.8%)

Lin et al.18

cord serum after delivery 3.74 ng/mL
(94.9%)

0.12 ng/mL (3.1%) 0.08 ng/mL
(2.0%)

na Hwa et al.17

maternal serum after delivery 1.82 ng/mL
(95.8%)

0.05 ng/mL (2.6%) 0.03 ng/mL
(1.6%)

na

cord serum upon delivery 12.9 ng/mL
(95.3%)

<LOD (0%) <LOD (0%) 6.65 ng/mL
(4.7%)

Li et al.19

maternal serum 2 h before delivery 3.24 ng/mL
(45.6%)

<LOD (0%) <LOD (0%) 3.75 ng/mL
(54.4%)

amniotic fluid upon delivery 0.832 ng/mL
(86.0%)

<LOD (0%) <LOD (0%) 1.13 ng/mL
(14.0%)

amniotic fluid upon delivery 2.4 ng/mL (72.7%) <LOD (0%) <LOD (0%) 0.90 ng/mL
(27.3%)

Wittassek et al.47

maternal hair at the beginning of 2nd trimester 20.1 ng/g (43.7%) 25.9 ng/g (56.3%) na na Katsikantami et
al.67

male hair 44.9 ng/g (74.9%) 5.66 ng/g (9.9%) 9.17 ng/g (15.2%) <LOD (0%) Chang et al.68

male serum 6.74 ng/mL
(89.3%)

0.09 ng/mL (1.2%) 0.06 ng/mL
(0.8%)

0.66 ng/mL
(8.7%)

Frederiksen et
al.69

male serum 1.3 ng/mL (54.6%) 0.28 ng/mL
(11.7%)

0.043 ng/mL
(1.8%)

0.76 ng/mL
(31.9%)

Li et al.70

male serum 8.3 h after oral DEHP dose of
48.1 mg

0.149 ng/mL
(61.8%)

0.026 ng/mL
(10.8%)

0.006 ng/mL
(2.5%)

0.06 ng/mL
(24.9%)

Koch et al.51,52

CmINCH ( f) COH‑mINCH ( f) COXO‑mINCH ( f) CCX‑mINCH ( f)
infant hair within 48 h after birth 48.3 ng/g (53.8%) 0.059 ng/g (0.70%) 3.17 ng/g (37.5%) 0.048 ng/g

(8.15%)
this study

infant
meconium

within 48 h after birth 6.10 ng/g (18.3%) 0.250 ng/g (0.89%) 13.3 ng/g (35.8%) 14.7 ng/g (45.0%) this study

infant urine within 4 days after birth <0.15 ng/mL (0%) 0.30 ng/mL
(39.4%)

0.16 ng/mL
(21.1%)

0.30 ng/mL
(39.5%)

Urbancova et al.66

af(x), f(x) = Ci/∑Ci × 100%. Ci is the molar concentration of the individual monoesters (i: mEHP, OH-mEHHP, oxo-mEHP or cx-mEHP for
DEHP, and mINCH, OH-mINCH, oxo-mINCH or cx-mINCH for DINCH); LOD, limit of detection; na, not available.
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fetus.30 The hydrolysis of plasticizers can occur in fetal tissues,
and plasticizers and their hydrolysates in the blood can be
delivered through hair follicle cells and deposited in infant hair.
The source of plasticizers in amniotic fluid is complex since it
is generated from both maternal plasma and cord blood and
mixes with fetal urine and feces in the second and third
trimesters.41 In addition, the fetus is repeatedly exposed to
plasticizers from the amniotic fluid by both oral and dermal
absorption. Taken together, infant hair is a comprehensive
terminal biological sample that encompasses maternal
contributions and the in utero accumulation of plasticizers.
The meconium typically stays in the intestines until birth and

becomes the first defecation of the baby, which can potentially
serve as a “sink” for environmental chemicals.42 Since
meconium is a unique stool specimen that forms a compart-
ment within the fetus, it may have limited recycling back into
fetal circulation, resulting in the isolation of plasticizers in the
meconium. Thus, it is possible that the biotransformation and
accumulation of plasticizers in the fetus can be assessed by
comparing the relationship between plasticizer concentrations
and their metabolic profiles between infant hair and
meconium. We found no positive correlations between parent
plasticizers in infant hair and their corresponding primary
metabolites in paired meconium or between primary

Figure 2. Metabolic pathways and correlation among metabolites of DEHP (A) and DINCH (B) in the phase-I reaction.
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metabolites in paired infant hair and meconium (detailed
correlation coefficients are shown in Table S4). However, there
were significant positive correlations among the oxidative
metabolites of DEHP (Table S5) in paired infant hair and
meconium. Specifically, oxidative metabolites of DEHP (OH-
mEHP, oxo-mEHP, and cx-mEHP) in meconium showed
weak to moderate positive associations with DEHP and its
metabolites in infant hair, except for oxo-mEHP in meconium
with OH-mEHP or oxo-mEHP in infant hair (Table S5). With
respect to DINCH, we observed weak or no positive
correlations among oxidative metabolites of DINCH
(mINCH, OH-mINCH, oxo-mINCH, and cx-mINCH) in
meconium and DINCH and its metabolites in infant hair
(Table S6).
Short-chain PAEs and APs are first hydrolyzed by esterases

or lipases into their corresponding monoesters in the intestinal
epithelium, liver, blood, and other tissues.43 OPEs can be
metabolized in human liver fractions by the oxidative enzymes
cytochrome P450s (CYP450s) to produce diesters and
hydroxylated metabolites.44 These metabolites are eliminated
in urine (major pathway) or feces (minor pathway) within 48
h.43,44 The lack of correlation between paired infant hair and
meconium among parent compounds and their primary
metabolites may be explained by the enzymatic hydrolysis of
plasticizers in the fetal gut. Long-chain PAE (i.e., DEHP) and
AP (i.e., DINCH) monoesters can be further oxidized by
CYP450s in the liver and at a lower rate in the intestine,
producing secondary metabolites with hydroxy, oxo, and
carboxy functional groups.43,45 Our findings suggest that most
of the oxidative metabolites in meconium come from fetal
circulation since CYP450s in the fetal liver are expressed at low
levels.46 A possible explanation for the weak correlation of
DINCH oxidative metabolites between paired infant hair and
meconium is the further transformation of mINCH in the
fetus.
3.3. Major Phase-I Metabolism of DEHP and DINCH.

To further study phase-I metabolism of DEHP and DINCH,
the coefficient f(x) for each monoester metabolite was
calculated, and we found a significant difference in the f(x)
values of infant hair and meconium (Table S7, M−W test p <
0.001). We also compared these results to the metabolite
profiles of maternal and infant samples reported in the
literature (Table 2).
The pattern of DEHP metabolites ( fmEHP = 98.1%) in infant

hair was close to that of infant hair ( fMEHP = 77.7%39), cord
blood ( fMEHP = 70.2,18 94.9,17 and 95.3%19), and amniotic
fluid ( fMEHP = 72.747 and 86.0%19) reported in the literature.
The distribution of DEHP metabolites in meconium was of the
same order as that in infant hair, in the following descending
order: mEHP (65.3%), OH-mEHP (27.2%), oxo-mEHP
(5.43%), and cx-mEHP (2.64%), which was slightly different
from that reported in Mathew et al.,48 in which cx-mEHP
(52.9%) and mEHP (65.3%) dominated. Among four
monoester metabolites of DINCH in infant hair, mINCH
was the most abundant monoester (53.8%), which was similar
to levels reported in Cleys et al. with fmINCH = 50.5%.39 The
metabolite profile in meconium differed substantially from
infant hair, with the following descending order: cx-mINCH
(45.0%), oxo-mINCH (35.8%), mINCH (18.3%), and OH-
mINCH (0.89%).
Overall, our study found that the primary metabolite

proportions of DEHP and DINCH metabolites in infant hair
were similar across different regions, indicating the potential

for using infant hair as a robust measure of in utero exposure to
plasticizers. However, the fetal oxidative metabolic patterns of
plasticizers showed greater variability, indicating that the fetal
oxidative capacity may be significantly affected by individual
and regional characteristics. Few studies have evaluated
intrauterine plasticizer exposure using infant hair or meconium
as exposure matrices, and more data are needed to further
support these findings. Our study subjects may not be
representative of the entire neonatal population, which could
limit generalization to more diverse populations. However, the
use of a relatively homogeneous population combined with
paired infant hair and meconium can minimize the effects of
intra- and interindividual variability, allowing us to obtain more
accurate data on the in utero transformation and accumulation
of plasticizers in this specific population.
The metabolism of mEHP and mINCH was described

previously. OH-mEHP/OH-mINCH is the ω-1-hydroxylation
product of mEHP/mINCH, oxo-mEHP/oxo-mINCH is the
oxidation product of OH-mEHP/OH-mINCH, and cx-
mEHP/cx-mINCH is the carboxy oxidation product of the
ω-hydroxylation product of mEHP/mINCH49−52 (Figure 2).
The correlations among f(x) of DEHP and DINCH in infant
hair and meconium were investigated to further estimate the
extent of the two oxidation process.31

In infant hair, we observed a moderate to strong negative
correlation between f(mEHP) and f(OH-mEHP) (r = −0.93, p
< 0.01) or f(oxo-mEHP) (r = −0.61, p < 0.01), and a moderate
positive correlation between these two ω-1-oxidation products
(r = 0.67, p < 0.01) (Figure 2A). Similar to mEHP, f(mINCH)
was negatively associated with f(OH-mINCH) (r = −0.44, p <
0.01) and f(oxo-mINCH) (r = −0.78, p < 0.01), while f(OH-
mINCH) was positively associated with f(oxo-mINCH) (r =
0.43, p < 0.01) (Figure 2B). Previous research has shown that
hair is a more effective storage site for hydrophobic monoesters
(such as mEHP) compared to their oxidized metabolites.39

However, our findings further confirm the fact that infant hair
retains the ω-1-oxidation products of mEHP and mINCH.
In meconium, f(mEHP) and f(mINCH) were not only

negatively correlated with their corresponding two ω-1-
oxidation products (Figure 2, p < 0.05), which was consistent
with results in infant hair but also negatively correlated with
the ω-oxidative metabolite (with f(cx-mEHP): r = −0.37, p <
0.05; with f(cx-mINCH): r = −0.58, p < 0.05), suggesting that
the fetus may have ω-oxidative capability. Furthermore, the
correlations among oxidative metabolites in meconium were
different than those in infant hair. For DEHP, there was a
negative correlation between f(cx-mEHP) and f(mEHP) (r =
−0.37, p < 0.05), and no obvious correlation between f(OH-
mEHP) and f(oxo-mEHP) (r = 0.19, p > 0.05) (Figure 2A).
For DINCH, there was no obvious correlation between f(OH-
mINCH) and f(oxo-mINCH) (r = −0.12, p > 0.05). Negative
correlations were observed between f(cx-mINCH) and
f(mINCH) (r = −0.58, p < 0.05), and f(cx-mINCH) and
f(oxo-mINCH) (r = −0.47, p < 0.05). A positive correlation
was observed between f(cx-mINCH) and f(OH-mINCH) (r =
0.29, p < 0.05) (Figure 2B). There are two possible
explanations for differences in infant hair. Meconium is not a
homogeneous sample. 80% of meconium accumulates after 38
weeks of pregnancy,53 resulting in the nonhomogeneous
distribution of compounds in meconium and an exposure
window that does not correspond to infant hair.54 On the
other hand, comparing the weak correlation of DINCH
oxidative metabolites between paired infant hair and
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meconium (Table S6), the fetal oxidative capacity to mINCH
may be stronger than mEHP.
3.4. Factors Influencing In Utero Biotransformation

of Plasticizers. The primary metabolite/parent compound
ratios, R(x), were used to compare differences in the
biotransformation of the parent compound and the relative
persistence of its metabolites.31 In this study, several
metabolites, including oxo-mINCH (median ROH‑mINCH:
48.5), DPHP (median RTPHP: 3.55, median REHDPP: 1.06),
BDCIPP (median RTCDIPP: 4.60), and DNBP (median RTNBP:
3.90) exhibited higher molar concentrations than their
corresponding parent plasticizers in infant hair (Table S8).
The influence of demographic characteristics was analyzed,

and we found no significant correlation between the R(x) or
f(x) values of the target plasticizers and maternal age,
prepregnancy BMI, pregnancy weight gain, or infant PI (data
not shown). No significant gender differences were found in
the R(x) or f(x) values of the target plasticizers, with the
exception of f(cx-mEHP) (0.43 ± 0.12 vs. 0.36 ± 0.11, p =
0.044) and R(TPHP) (8.96 ± 7.34 vs. 4.46 ± 2.91, p = 0.024)
in infant hair, for which the values in males were higher than
those in females, which may be explained by gender differences
in placental function,55,56 fetal hormone levels,57 and
pharmacokinetics.58 Although the time range of our study
was narrow, spanning gestational weeks 34−41, we found the
percentages of hydrolyzed and hydroxylated metabolites in
meconium decreased, while the percentages of oxo- and
carboxy-metabolites in meconium increased, with gestational
age in days (Figure S3). The gut and serum contain esterases
that can catalyze the conversion of monoesters to their primary
hydroxylated monoesters.59 The fetal environment is relatively
enclosed due to its low exchange capacity, and a long residence
period permits long-chain PAEs and APs to undergo
multistage metabolism.60 Combining the finding that oxidative
metabolites are more dominant in meconium than in infant
hair (Table 2) with the oxidation characteristics of mEHP and
mINCH in meconium, the fetus may have some degree of
primary metabolism of plasticizers. Thus, the detectable
oxidative metabolites in infant hair may come partly from
fetal metabolism.
In infant hair, f(mEHP) decreased, while f(OH-mEHP) and

f(oxo-mEHP) increased, and metabolites of DINCH were the
opposite, with increased f(mINCH) and decreased f(oxo-
mINCH) and f(cx-mINCH) across gestation (Figure S4). This
result further confirms the more efficient fetal elimination of
DINCH over DEHP. So far, there are few studies on maternal
and fetal exposure to APs and their metabolism during
pregnancy.61−63 The results in the present study suggest that
DINCH has a similar in utero metabolic process but different
metabolite accumulation compared to DEHP. The different
metabolic effects of CYP450s on DEHP and DINCH in
humans may explain the differences in their metabolite
patterns.43 In human blood, almost all DEHP (100%) and
mEHP (97%) are bound to plasma proteins,64 which may also
explain the inefficient metabolism of DEHP and mEHP.
Recent research has found that the oxidation of mEHP in
pregnant women was more efficient in late pregnancy
compared to early and middle pregnancy,31 which may explain
the decrease of f(mEHP) in infant hair. Further in vivo and in
vitro data are needed to investigate the effects of maternal and
fetal metabolic capacities on the metabolism and residues of
pollutants in utero to clarify these differences. The diminished
biotransformation of the bioactive mEHP into less toxic

secondary metabolites, which are more water-soluble and
excreted more rapidly, may pose an increased risk to fetal
health.
Negative correlations were also found between gestational

age and the values of RTBOEP, RDBP, and RDOP, respectively (p <
0.05, Figure S4). These results suggest ineffective fetal
elimination and cumulative exposure to these plasticizers
during pregnancy (Figure S4). In the fetal liver, CYP450s are
expressed at low levels. Thus, plasticizer metabolism in the
fetal liver is probably limited in comparison to adults, possibly
leading to accumulation in fetal tissue.46 Physiological variation
in the mother during pregnancy may also be an influencing
factor. It has been shown that CYP450 activity is decreased
during pregnancy, which may lead to the accumulation of
parent plasticizers in pregnant women.65 The in utero
accumulation of plasticizers and their metabolites should
alert people to their potential developmental toxicity in early
life.
To the best of our knowledge, this is the first investigation of

in utero exposure to plasticizers and their metabolites using
paired infant hair and meconium as a biomonitoring matrix.
We found that infant hair retained the major phase-I
metabolism of the target plasticizers by correlation analysis
among the target plasticizers and their metabolites. From the
observed associations between plasticizers and their metabo-
lites in paired infant hair and meconium, we suggest that the
fetus has the ability to hydrolyze plasticizers into primary
metabolites but has limited ability for further oxidation. Most
of the oxidative metabolites of plasticizers in the meconium
came from the mother through the placental barrier and
subsequent partitioning into fetal tissues, body fluids, and
meconium. The in utero accumulation of plasticizers and their
metabolites was confirmed with correlations between the ratios
of plasticizers/metabolites and gestational age. The obtained
results are meaningful for assessing the health risks posed by
plasticizers and their metabolites on the fetus.
It is worth noting that the phase-I metabolites of plasticizers

identified in this study can be further transformed into sulfate
and glucuronide conjugates via phase-II biotransformation.43,44

These biotransformations may have led to the underestimation
of plasticizer concentrations in the present study due to the
absence of measurement of such phase-II metabolites. In
addition, some plasticizers and metabolites were not examined
because their levels were below the LOD. However, infant hair
and meconium are easily obtainable, and our results provide
insights into chronic exposure to typical plasticizers during
intrauterine life, which can be routinely employed in
neonatology wards to make an early diagnosis of prenatal
plasticizer exposure.
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