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ABSTRACT: In this study, eight common and two unusual
synthetic phenolic antioxidants (SPAs), as well as four trans-
formation products (TPs), were comprehensively analyzed in 80
human breast milk samples collected from lactating women in
South China. All 10 SPAs and 4 TPs were detected in the breast
milk samples. 2,4-Di-tert-butylphenol (DBP) was detected at high
concentrations (mean of 16.9 ng/mL), followed by 2,6-di-tert-
butyl-hydroxytoluene (BHT) (mean of 1.52 ng/mL). DBP and
BHT collectively contributed to 91.9% of the mean ∑SPAs (sum
concentrations of all 10 detected SPAs). The lipid content was
identified as an important endogenous factor that influenced the
levels of DBP and BHT in breast milk. The concentrations of
BHT, DBP, and ∑TPs (sum concentrations of all four detected TPs) in the breast milk were significantly associated with maternal
education level, eating habits, and personal care product use (p < 0.05). Furthermore, the concentrations of BHT and its TPs in the
breast milk were also found to be significantly associated with newborn birth outcomes, including prematurity and birth length (p <
0.05). This is the first study to report significant associations of the concentrations of some SPAs in breast milk with some important
demographic characteristics and lifestyle factors.

■ INTRODUCTION
Synthetic phenolic antioxidants (SPAs) are some of the
anthropogenic antioxidants most frequently used in foodstuffs,
food packaging materials, personal care products (PCPs), and
various industrial products to inhibit oxidative degradation and
increase product stability.1,2 In general, the commonly used
SPAs are low-molecular weight (MW) compounds, including
2,6-di-tert-butyl-hydroxytoluene (BHT), 2-tert-butyl-4-hydrox-
yanisole (BHA), 2,4-di-tert-butylphenol (DBP), and 2,2′-
methylenebis(4-methyl-6-tert-butylphenol) (AO 2246),
among others.3 Among these common SPAs, BHT and DBP
have been listed as high-production volume (HPV) chem-
icals4,5 and have been identified as the most frequently used
SPAs in food packaging materials and various PCPs, including
cosmetics.6,7 Previous studies8−10 have confirmed that BHT
can be degraded to more persistent and toxic transformation
products (TPs), namely, 2,6-di-tert-butyl-4-(hydroxymethyl)
phenol (BHT-OH), 3,5-di-tert-butyl-4-hydroxybenzaldehyde
(BHT-CHO), 2,6-di-tert-butyl-1,4-benzoquinone (BHT-Q),
and 2,6-di-tert-butyl-4-hydroxy-4-methyl-2,5-cyclohexadienone
(BHT-quinol), through biotic or abiotic transformation. In
recent years, the common SPAs, together with their TPs, have
been detected in various environmental matrices, including
air,11 water,12,13 sediment,14,15 sludge,3,16,17 dust,2,5,18 food-
stuffs,19−22 biota,23 and human specimens (urine and
blood).4,24,25 In addition to the common SPAs, some unusual
macromolecular SPAs with a large sterically hindered hydro-

phobic group, such as octyl-3-(3,5-di-tert-butyl-4-hydroxyphen-
yl)-propionate (Irganox 1135) and octadecyl-3-(3,5-di-tert-
butyl-4-hydroxyphenyl)-propionate (Irganox 1076), have been
newly identified in natural and artificial environments,26 but
there is no information about these unusual SPAs in biota or
humans.
Aside from their widespread occurrence, growing concern

regarding SPAs is due to their potential multiple toxicities. A
growing number of animal studies have shown that BHT and
BHA are carcinogenic, reproductive and developmental
toxicants, and endocrine disruptors.27−33 BHT-Q and BHT-
CHO can cause cleavage of DNA and apoptosis at the low
concentration of 1 μM.34,35 In addition, DBP, AO 2246, and 4-
tert-octylphenol (4-tOP) have also been shown to be
endocrine disruptors.32,36−38 Therefore, human exposure to
SPAs and related TPs should be given more attention,
especially in pregnant women and infants.
The exposure to exogenous toxic substances during key

periods of development is of particular concern for fetuses and
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newborns owing to the potential adverse influence of toxicants
on human development and growth.39 Our previous
investigations have shown that newborns can be prenatally
exposed to multiple common SPAs through transplacental
transfer,9 and they are likely to be further exposed postnatally
through breastfeeding. Breast milk is the major dietary source
for newborns; therefore, the presence of SPAs in breast milk
may pose a substantial exposure risk to newborns given their
immature metabolic and immune functions. However,
information about the identification of SPAs except DBP in
human breast milk is not available,40 and thus, there is a
currently lack of understanding of the postnatal exposure of
newborns to SPAs in breast milk.
Our study continues from our previous investigation9 of

prenatal exposure to SPAs and extends the investigation period
to include postnatal exposure to a broader range of SPAs to
obtain a comprehensive understanding of human exposure to
SPAs in the early life stages of newborns. A total of 80 breast
milk samples were collected from lactating women and
simultaneously analyzed for multiple common and unusual
SPAs. The associations of SPA concentrations with the
maternal/newborn characteristics and SPA concentrations
with mother lifestyles were explored to determine the main
influencing factors. The daily intake of SPAs through
breastfeeding was estimated to assess potential risk in breastfed
newborns.

■ MATERIALS AND METHODS
Materials. Eight commonly used SPAs [BHT, DBP, BHA,

AO 2246, 4-tOP, 2,4,6-tri-tert-butylphenol (AO 246), 2,6-di-
tert-butyl-4-s-butylphenol (DTBSBP), and 2,4-di-tert-amylphe-
nol (DtAP)] and two unusual SPAs (Irganox 1076 and Irganox
1135), as well as four TPs (BHT-OH, BHT-CHO, BHT-Q,
and BHT-quinol), were included in this study (Table S1 and
Figure S1). Two isotope-labeled standards, 2,6-di(tert-butyl-
d9)-4-methyl(phenol-3,5,O-d3) (BHT-d21) and [13C12]butyl

paraben ([13C12]BuP), were used as the internal standards.
Details about the standards and reagents are provided in the
Supporting Information.

Study Population and Sample Collection. Eighty
postpartum women were randomly recruited from the
Zhujiang Hospital of Southern Medical University in South
China between 2018 and 2019. All of the participants were
healthy mothers who gave birth to an infant without congenital
abnormalities. Each mother was informed of the purpose of
this research and completed a questionnaire. The detailed
demographic information about the maternal/infant character-
istics, together with the information about mothers’ lifestyles,
was obtained from the questionnaires in combination with the
medical records regarding the delivery. A total of 80 breast
milk samples (one from each mother) were collected by a
breast pump and then transferred to precleaned glass
centrifuge tubes. The breast pump was rinsed with ultrapure
water at least three times before sample collection to exclude
potential contamination. All of the samples were stored at −20
°C until analysis.

Sample Preparation and Instrumental Analysis. An
efficient procedure of ultrasound-assisted liquid−liquid ex-
traction followed by solid-phase extraction was developed to
extract, concentrate, and purify the target SPAs and TPs from
the breast milk samples. The instrumental analysis used to
determine common SPAs and TPs has been described in detail
in our previous work.9 The quantitative analysis of the two
unusual SPAs was developed using UPLC-MS/MS with
electrospray ionization (ESI) in negative-ion multiple-reaction
monitoring (MRM) mode. The details about the sample
preparation and instrumental analysis are provided in the
Supporting Information text and Table S2. Representative
chromatograms are shown in Figures S2 and S3.

Quality Assurance and Quality Control. To reduce
potential SPA contamination, all glass centrifuge tubes were
rinsed with HPLC-grade solvent before use, and the sample

Table 1. Distribution of Lipids, Proteins, and Lactose and Concentrations of Multiple Common and Unusual SPAs and TPs
(nanograms per milliliter) in Breast Milk Samples (n = 80) from Mothers in South China

MQL % DFa (>MQL) GMb mean median 95thc range abundance (% mean)

lipids (%) 2.96 2.96 2.96 3.26 2.65−3.41
proteins (%) 3.16 3.45 3.37 5.51 0.52−7.81
lactose (%) 4.42 4.42 4.43 4.83 3.97−4.96

Synthetic Phenolic Antioxidants (SPAs)
BHT 0.13 100 1.16 1.52 1.13 4.48 0.17−6.31 7.6
DBP 1.20 85 9.94 16.9 14.2 39.0 <MQL−61.6 84.3
AO 246 0.061 59 0.074 0.085 0.079 0.20 <MQL−0.25 0.4
DTBSBP 0.021 88 0.085 0.12 0.093 0.31 <MQL−0.58 0.6
BHA 0.023 55 0.033 0.051 0.037 0.18 <MQL−0.76 0.3
DtAP 0.031 78 0.056 0.066 0.068 0.13 <MQL−0.17 0.3
4-tOP 0.043 56 0.045 0.049 0.045 0.10 <MQL−0.15 0.2
AO 2246 0.006 83 0.020 0.18 0.016 2.18 <MQL−3.14 0.9
Irganox 1076 0.79 34 <MQL 1.06 <MQL 2.05 <MQL−18.5 5.3
Irganox 1135 0.008 38 0.012 0.021 <MQL 0.071 <MQL−0.13 0.1
∑SPAsd 100 14.7 20.1 16.7 44.0 1.96−64.9 100

Transformation Products (TPs) of BHT
BHT-OH 0.018 99 0.10 0.14 0.095 0.37 <MQL−0.42 6.4
BHT-CHO 0.070 90 0.44 0.67 0.51 2.24 <MQL−2.72 30.5
BHT-Q 0.097 96 0.58 0.72 0.58 1.56 <MQL−1.83 32.7
BHT-quinol 0.093 95 0.53 0.67 0.58 1.40 <MQL−2.20 30.5
∑TPse 100 1.83 2.21 2.07 5.00 0.21−5.55 100

aDetection frequency (%). bGeometric mean. cThe 95th percentile. dTotal concentrations of 10 SPAs. eTotal concentrations of 4 TPs of BHT.
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preparation was conducted in a clean fume hood. Two
procedural blank controls were included in every batch of 10
breast milk samples. Only stable and low levels of BHT, DBP,
and Irganox 1076 were found in the procedural blanks, and
thus, the quantitative concentrations of these three SPAs were
blank-subtracted. The matrix spike recoveries of the target
analytes were evaluated by fortifying known concentrations (1
and 5 ng/mL of each) into a breast milk sample, and the values
for the individual analytes ranged from 58% to 95%, with
relative standard deviations (RSDs) of <11% (n = 3). The
matrix effects of the target analytes were observed to be
between 81% and 102%, indicating no significant ionization
suppression/enhancement. The method quantification limits
(MQLs) for BHT, DBP, and Irganox 1076 were defined as
being 10 times the standard deviation of the procedural blanks.
For the other analytes that were not detected in the procedural
blanks, the MQLs were defined as the concentrations in the
sample matrix with a signal-to-noise ratio of 10. An eight-point
calibration curve was established within a concentration range
of 0.01−50 ng/mL and a regression coefficient (r2) of >0.99.
The detailed QA/QC results are listed in Table 1 and Table
S3.
Data Analysis. Data analysis was performed using SPSS

software (version 22.0). The concentrations below the MQL
were reported as the MQL divided by the square root of 2 for
statistical analysis. Spearman’s analysis was used to examine the
correlation among the analyte concentrations and the
associations of the analyte concentrations with the lipid,
protein, and lactose contents in the breast milk. The normality
of the measured concentration data was tested by the Shapiro−
Wilk test. Logarithmically (log10) transformed concentrations
better approximated the normal distribution in most cases, and
therefore, a t test and a one-way analysis of variance (ANOVA)
test were used to compare differences in log10-transformed
concentrations stratified by various demographic/lifestyle
categories. Linear regression was performed between SPA
concentrations and an individual predictor variable, and then,
multivariable linear regression and binary logistic regression
were used to adjust for confounding factors. The p < 0.05 level
was considered to be statistically significant.

■ RESULTS AND DISCUSSION
Concentrations of Multiple Common and Unusual

Antioxidants in Human Breast Milk. The detection
frequencies (DFs) and measured concentrations of SPAs and
TPs in the breast milk samples from South China are
summarized in Table 1. All eight common and two unusual
SPAs were detected in the breast milk samples. The ∑SPAs
(sum concentrations of all of the detected SPAs) ranged from
1.96 to 64.9 ng/mL, with a geometric mean (GM) of 14.7 ng/
mL. The ∑SPA levels in the breast milk from lactating women
were similar to the plasma (GM of 12.7 ng/mL) levels from
pregnant women in our previous report.9 BHT, a frequently
used SPA, was detected in all of the breast milk samples with a
concentration range of 0.17−6.31 ng/mL (GM of 1.16 ng/
mL). The levels of BHT in the breast milk were severalfold
lower than in the plasma (GM of 7.32 ng/mL) from pregnant
women in the same sampling area.9 In previous studies,4,24

BHT levels were much lower in urine samples than in serum
samples in U.S. adults. These comparative results indicated
that BHT shows a preferential partitioning to human blood
compared to human breast milk and urine. BHT had the
second highest concentration among the 10 target SPAs in the

breast milk samples. The relatively high concentrations and DF
of BHT in breast milk may reflect the ongoing exposure of
lactating women to various foods, food packaging materials,
and PCPs in which BHT has been reported to be widely added
as a main antioxidant.
DBP was detected in 85% of the breast milk samples, with

concentrations (GM of 9.94 ng/mL) that were unexpectedly
much higher than the concentrations of BHT and the other
SPAs. In contrast to BHT, the levels of DBP in breast milk
were severalfold higher than those previously reported in
plasma from pregnant women (GM of 1.84 ng/mL).9 In a
recent study,24 extremely high concentrations of DBP were
found in the urine of U.S. adults, rather than in their serum.
These results indicated that DBP has a pharmacokinetic
behavior that is different from that of BHT, and it is prone to
excretion from the human body rather than accumulation in
the human body. AO 2246 was detected in 83% of the breast
milk samples; however, it was found at low concentrations
(GM of 0.02 ng/mL). These findings were not in agreement
with the high concentrations (GM of 1.36 ng/mL) previously
found in plasma from pregnant women,9 which indicates that
AO 2246 preferentially partitions to human blood like BHT
does. The other five common SPAs (AO 246, DTBSBP, BHA,
DtAP, and 4-tOP) were detected in 55−88% of the breast milk
samples but all at low levels. Two unusual SPAs, Irganox 1076
and Irganox 1135, were detected in 34% and 38% of the
samples, with maximum concentrations of 18.5 and 0.13 ng/
mL, respectively. This is the first detection of unusual
macromolecular SPAs in the human specimens. Overall, DBP
contributed to 84.3% of the mean concentration of ∑SPAs,
followed by BHT (7.6%) and Irganox 1076 (5.3%). The
composition profile of the SPAs in the breast milk was
significantly different from that in the plasma of pregnant
women (p < 0.001),9 suggesting different pharmacokinetic
behaviors of these SPAs. In previous studies,24,25 only two or
three SPAs were detected in human urine samples. However,
the co-occurrence of multiple common and unusual SPAs in
human breast milk should raise concern about human exposure
to these compounds.
All four TPs were detected in >90% of the breast milk

samples. The ∑TPs (sum concentrations of the four detected
SPAs) ranged from 0.21 to 5.55 ng/mL (GM of 1.83 ng/mL).
The concentrations of BHT-CHO, BHT-Q, and BHT-quinol
in breast milk were similar, with individual contributions of
30.5−32.7% to the∑TPs, which were significantly higher than
that of BHT-OH (p < 0.001). The individual TP and ∑TP
concentrations in the breast milk of lactating women showed
no significant differences compared to those in the plasma of
pregnant women.9 However, the TP composition profile in
breast milk was slightly different from the profile in plasma
from pregnant women in which BHT-Q accounted for a
greater abundance.9 Significant correlations were found among
the four TPs (p < 0.01) and between BHT and individual TPs
[p < 0.05 (Table S4)], which indicated that the TPs have a
common source and that the dominant source may be from the
biotransformation of BHT in the human body. In a previous
study,26 Irganox 1076 and Irganox 1135 were reported to be
transformed into BHT-Q under light irradiation conditions.
We therefore infer that, in addition to BHT, other SPAs would
also contribute to the occurrence of TPs in human specimens
via enzyme-mediated biotransformation.
The concentrations of the two predominant SPAs, DBP and

BHT, showed a significant correlation in the breast milk
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samples [p < 0.05 (Table S4)], implying their common usage
as antioxidants in products and their similar sources.
Furthermore, we found that the concentrations of both DBP
and BHT were significantly correlated with lipid content [p <
0.05 (Table S4)] but not with the protein or lactose content of
breast milk. This finding indicated that lipid content is an
important endogenous factor influencing the levels of DBP and
BHT in breast milk.
The excretion of chemicals in human breast milk is mainly

governed by passive diffusion, and several key physiochemical
properties of the chemicals, including the molecular weight
(MW), lipid solubility (Kow), ionization status (pKa), and
biotransformation half-life (HLB), play an important role in
affecting their transfer to breast milk in passive diffusion.41,42

Generally non-ionized chemicals with a lower MW (<200), a
higher lipid solubility, and a longer HLB can more readily
diffuse into breast milk.41,42 The predicted physiochemical
properties of target SPAs are summarized in Table S1. All SPAs

except 4-tOP have a high pKa of >11, indicating that these
phenols are nearly exclusively present in the non-ionized form
in human blood and have a favorable potential to be excreted
in breast milk. BHT and DBP are the two most commonly
used SPAs, and both were identified as the dominant SPAs in
human blood9 and breast milk. However, different from BHT
and DBP in human blood,9 higher concentrations of DBP than
BHT in breast milk may be due to the fact that DBP, relative
to BHT, has a lower MW (206), a higher lipophilicity (log Kow
of 5.33), slower biotransformation (HLB of 2.00 days), and a
lower bioaccumulation potential (bioconcentration factor of
1,870), which facilitated efficient transfer of DBP to breast
milk. Moreover, AO 2246 was detected at relatively high
concentrations in human blood9 but at low levels in breast
milk, which may be mainly attributed to its rapid
biotransformation (HLB of 0.47 days) and high MW (340)
that restricted the transfer to breast milk. In addition to the
physiochemical properties of the chemicals, other factors, such

Table 2. Log10-Transformed Concentrations (mean, nanograms per milliliter) of BHT, DBP, and ∑TPs in Breast Milk
Samples Stratified by Demographic Characteristics and Lifestyles of the Study Population (n = 80)

BHT DBP ∑TPs

demographic characteristics and lifestyles n mean p valuea mean p value mean p value

Mothers’ Characteristics
maternal age (years)
20−25 12 −0.05 0.253 1.17 0.403 0.30 0.905
26−30 47 0.11 1.00 0.26
31−36 21 0.04 0.90 0.26
parity
1 (primipara) 51 0.06 0.706 1.02 0.640 0.26 0.962
≥2 (multipara) 29 0.09 0.96 0.27
maternal education
less than high school 8 −0.17 0.016c 0.76 0.037 0.02 0.024
high school 21 0.01 0.82 0.28
college or higher 51 0.14 1.12 0.30
passive smoking
yes 24 0.12 0.340 0.94 0.552 0.23 0.488
no 56 0.04 1.02 0.28

Mothers’ Lifestyles
eating habit
mainly fresh foods 36 −0.10 <0.001 0.63 <0.001 0.11 <0.001
mainly prepackaged foods 15 0.42 1.41 0.54
both 29 0.08 1.23 0.31
use of PCPsb

<6 PCPs used daily 40 −0.05 0.001 0.76 <0.001 0.18 0.009
≥6 PCPs used daily 40 0.18 1.23 0.35

Newborn Characteristics
gender
boy 43 0.05 0.646 1.00 0.911 0.29 0.389
girl 37 0.08 0.99 0.23
prematurity
no (≥37 weeks) 64 0.02 0.013 1.04 0.242 0.26 0.703
yes (<37 weeks) 16 0.24 0.86 0.29
birth weight
<3 kg 23 0.14 0.208 0.96 0.711 0.31 0.394
≥3 kg 57 0.04 1.01 0.25
birth length
<50 cm 24 0.22 0.002 1.10 0.227 0.37 0.014
≥50 cm 56 −0.01 0.94 0.21

ap values were obtained from a t test or a one-way ANOVA test. bPCPs are personal care products, including face creams, hand creams, body
lotions, shampoos, hair conditioners, toothpastes, mouth washes, shower gels, hand sanitizers, facial cleansers, soap, and laundry detergents. cThe
bold indicates p < 0.05.
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as plasma protein binding and environmental exposure dose,
may also be important determinants of SPA concentrations in
breast milk,41 which warrants further study.
Association of Concentrations with the Mothers’

Demographic and Lifestyle Characteristics and New-
born Birth Outcomes. The associations of the mothers’
demographic and lifestyle characteristics (age, parity, education
level, passive smoking, eating habit, and PCP use) and the
newborn birth outcomes (gender, prematurity, birth weight,
and birth length) with the concentrations of the two dominant
SPAs (BHT and DBP) and the ∑TPs in breast milk were
examined by dividing the mothers and newborns into stratified
groups based on the demographic and lifestyle information.
The differences in the log10-transformed concentrations
between or among the stratified groups were evaluated using
the t test or the one-way ANOVA test. As shown in Table 2,
the BHT, DBP, and ∑TP concentrations showed significant
association with the mothers’ education level, eating habit, and
PCP use (p < 0.05). To eliminate the potential influence of
confounding factors, multivariate linear regression models were
established to explore the association between log10-trans-
formed concentrations in breast milk and the mothers’ eating
habit, PCP use, and education level. The models adjusted for
potential confounders, including maternal age, parity, and
passive smoking status. As shown in Table S5, the multivariate
linear regression coefficients [adjusted β (95% confidence
intervals)] in the adjusted models were statistically significant,
as well (p < 0.05). These results indicated that mothers with
higher education levels had higher concentrations of BHT,
DBP, and∑TPs in their breast milk. In addition, mothers who
ate more prepackaged foods in their daily life had significantly
higher concentrations of BHT, DBP, and ∑TPs in their breast
milk compared with mothers who ate more fresh foods or both
fresh and prepackaged foods (p < 0.001); meanwhile, mothers
who used more PCPs daily (≥6 kinds per day) had
significantly higher concentrations of BHT, DBP, and ∑TPs
in their breast milk compared to those who used fewer PCPs
daily (<6 kinds per day) (p < 0.05).
As reported in previous studies, BHT can be added as a

preservative to various packaged foods.43,44 Although DBP is
not used as a food additive, it was reported to be a natural
antioxidant that is present in some foods.45,46 In addition,
BHT and DBP are present in food packaging materials and
may be transferred into packaged foods.7,47,48 A recent study
reported that BHT and DBP are two major SPAs that are
widely detected in PCPs.6 Thus, it can be expected that the
increased use of multiple PCPs will lead to greater human
exposure to BHT and DBP via dermal absorption. Our work
provides the first evidence that packaged food intake and
multiple PCP use are two major exposure pathways for
lactating women.

Moreover, we also found the BHT and ∑TP concentrations
in breast milk were significantly associated with the newborn
birth outcomes, including prematurity and/or birth length [p <
0.05 (Table 2)]. To eliminate potential effluence of
confounders, binary logistic regression models were established
to explore the associations between birth outcomes (pre-
maturity, birth weight, and birth length) and SPA concen-
trations (low, middle, and high levels). The models adjusted
for covariates, including maternal age, parity, passive smoking
status, newborn gender, etc. The binary logistic regression
coefficients [adjusted OR (95% confidence intervals)] with a
statistical significance test are listed in Table S6. The results
congruously indicated that mothers with higher levels of BHT
and ∑TPs in breast milk were statistically more likely to give
birth to a premature infant with a shorter birth length.
However, no significant correlations between birth outcomes
and DBP concentrations in breast milk were observed [p >
0.05 (Table 2 and Table S6)]. This is the first report on the
associations of SPA concentrations with the mothers’
demographic and lifestyle characteristics and newborn birth
outcomes.

Daily Infant Exposure to Multiple Antioxidants via
Breastfeeding. The estimated daily intake (EDI) values of
SPAs and TPs for various age groups of infants via
breastfeeding were evaluated on the basis of the measured
concentrations (C) and daily milk ingestion rate [MIR,
milliliters per kilogram of body weight (bw) per day] using
the equation EDI = C × MIR.49,50 The median and 95th
percentile concentrations were used to represent the median
exposure scenario (MES) and high-end exposure scenario
(HES), respectively. As BHT and DBP were the dominant
congeners, only the EDIs of BHT, DBP, ∑SPAs, and ∑TPs
are listed in Table 3. The EDIs under both exposure scenarios
decreased with an increase in infant age due to decreasing MIR
with increasing infant body weight. The <1-month-old infant
group had the highest exposure risk, and their EDIs of BHT,
DBP, ∑SPAs, and ∑TPs under the high-end exposure
scenario were up to 672, 5850, 6600, and 750 ng (kg of
bw)−1 day−1, respectively. The potential health risks to infants
via breastfeeding were further assessed using the hazard
quotient (HQ) and by comparing the EDI values with the
tolerable daily intake (TDI) values using the equation HQ =
EDI/TDI. To date, BHT is the only SPA with an available
TDI. The European Food Safety Authority recommended a
TDI for BHT of 250000 ng (kg of bw)−1 day−1.44 If the highest
EDI of BHT for infant groups was 2−3 orders of magnitude
lower than the reference dose, then there would be little health
risk posed by BHT to infants via breastfeeding according to the
TDI. The TDIs of other SPAs are currently not available,
precluding further risk assessment of most of the SPAs
detected in breast milk; however, our results provide valuable

Table 3. EDIs (nanograms per kilogram of bw per day) of BHT, DBP, ∑SPAs, and ∑TPs for Infants through Breastfeeding

<1 month
[150 mL (kg of bw)−1 day−1]

1−3 months
[140 mL (kg of bw)−1 day−1]

3−6 months
[110 mL (kg of bw)−1 day−1]

6−12 months
[83 mL (kg of bw)−1 day−1]

TDIa MESb HESc MES HES MES HES MES HES

BHT 250000 170 672 158 627 124 493 94 372
DBP NAd 2130 5850 1990 5460 1560 4290 1180 3240
∑SPAs 2500 6600 2340 6160 1840 4840 1390 3650
∑TPs 311 750 290 700 228 550 172 415

aTDI, tolerable daily intake (nanograms per kilogram of bw per day). bMES, median exposure scenario. cHES, high-end exposure scenario. dNA,
not available.
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baseline data on infant exposure to SPAs and TPs via
breastfeeding. Considering our present findings on the
associations of the levels of some SPAs in breast milk with
neonatal birth outcomes, official threshold values for SPA
individual and combined exposure are urgently needed to
establish accurate risk assessment of their adverse human
health effects.
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