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Introduction: Ever since the use of bisphenol A (BPA) has been restricted,
concerns have been raised regarding the use of its substitutes, such as bisphenol
S (BPS) and bisphenol F (BPF). Meanwhile, the EU European Food Safety
Authority (EFSA) issued the new tolerable daily intake (TDI) after the latest re-risk
assessment for BPA, which enforced the need for cumulative risk assessment
in the population. This study was conducted to identify BPA and its substitute’s
exposure characteristics of the general Taiwanese population and estimate the
cumulative risk of bisphenol exposure.

Methods: Urine samples (N =366 [adult, 271; minor, 95]) were collected from
individuals who participated in the Taiwan Environmental Survey for Toxicants
2013. Thesamples were analyzed for BPA, BPS, and BPF through ultraperformance
liguid chromatography—tandem mass spectrometry. Daily intake (DI) levels were
calculated for each bisphenol. Hazard quotients (HQs) were calculated with the
consideration of tolerable DI and a reference dose. Additionally, hazard index
(HI; sum of HQs for each bisphenol) values were calculated.

Results: Our study found that the median level of BPA was significantly higher in
adults (9.63 pug/g creatinine) than in minors (6.63 pg/g creatinine) (p <0.001). The
DI of BPS was higher in female (0.69 ng/kg/day) than in male (0.49 ng/kg/day);
however, the DlIs of BPF and BPS were higher in boys (1.15 and 0.26 ng/kg/day,
respectively) than in girls (0.57 and 0.20 ng/kg/day, respectively). Most HI values
exceeded 1 (99% of the participants) after EFSA re-establish the TDI of BPA.

Discussion: Our study revealed that the exposure profiles and risk of BPA and its
substitute in Taiwanese varied by age and sex. Additionally, the exposure risk of
BPA was deemed unacceptable in Taiwan according to new EFSA regulations,
and food contamination could be the possible source of exposure. We suggest
that the risk of exposure to BPA and its substitutes in most human biomonitoring
studies should be reassessed based on new scientific evidence.
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Taiwanese, endocrine disruptor, cumulative risk assessment, environmental
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1 Introduction

Bisphenol A (BPA), produced in large quantities worldwide, is a
well-known endocrine-disrupting chemical (1). It is a synthetic
monomer used in the high production of polycarbonate plastics and
epoxy resins (2), with applications in various industries (3). These
include thermal paper, toys, tableware, medical devices, polycarbonate
bottles, food packaging, cosmetics, and personal care products (PCPs)
(2, 4-7). Notably, BPA-containing products release BPA at room
temperature, and the degree of BPA release is higher at higher
temperatures, potentially resulting in higher risks of BPA exposure and
associated health problems (8, 9). Although BPA exposure can occur
through inhalation, dermal absorption, and non-dietary ingestion (10-
12), the dietary ingestion of contaminated food is the main route of BPA
exposure (13, 14). A growing body of evidence suggests that because of
its estrogenic and anti-androgenic properties by disrupting normal
signaling pathways for the endocrine system (15), exposure to BPA has
been related to most diseases and its implications for public health are
extensive (16-19). Briefly, BPA can cause substantial damage to tissues
and systems, such as reproductive, immune, and neuroendocrine
systems (7, 20-24) and also related to an increase in hormone-dependent
pathologies, obesity, or type 2 diabetes (17).

Considering the negative effects of BPA on human health,
multiple government bodies have implemented relevant regulations
to reduce the level of BPA exposure, including banning BPA in food
contact materials and packaging with bans on use in products used by
infants (25, 26). Consequently, many chemical compounds with a
chemical structure similar to that of BPA, such as bisphenol F (BPF)
(27) and bisphenol S (BPS) (28), have emerged as BPA substitutes for
use in consumer products (3, 29). Between 2012 and 2017, urinary
BPA concentrations in Japanese children decreased on average by
6.5% per year (30). Otherwise, there was a significant decreasing trend
in BPA concentrations in the Canadian population between 2007 and
2019 (31). However, some other substitutes of BPA have been regularly
detected in human urine samples, including BPF and BPS (32). BPF
has been the most important risk driver since 2000 in Japan (33),
whereas BPS concentrations increased every year in Australia from
2012 to 2017 (34), suggesting that BPF and BPS have become a BPA
replacement. Notably, most animal studies have reported that BPA
and its substitutes (e.g., BPF and BPS) disturb the reproductive
neuroendocrine system (35), increasing the risk of endocrine
disruption (36). Moreover, BPF and BPS not only exhibit estrogenic
and anti-androgenic properties but also interfere with glucocorticoid
receptor signaling, which is similar to those of BPA (1, 20, 37), and this
finding also supports the hypothesis that BPS poses a risk to human
reproduction (38). Furthermore, BPS has also been classified as toxic
to reproduction by the Risk Assessment Committee (RAC) of the
European Chemicals Agency (ECHA) (Repr. 1B). In fact, the negative
effects of BPS may be stronger than those of BPA (39). Although most
studies have confirmed the health hazards of BPF and BPS (40-43),
stringent regulations are yet to be implemented in multiple countries,
including Taiwan.

Furthermore, the safety levels of BPA for humans established by
different risk assessment authorities show disparities with respect to
the range of exposure, which were carried out by regulatory agencies
for the purpose of evaluation of the margin of safety (MOS) or
proposal for a tolerable daily intake (TDI) (44). If cumulative intake
above the safety level is expressed by a Health-based Guidance Value
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(HbGV), the TDI may be considered harmful to human health (45).
In April 2023, the European Food Safety Authority (EFSA)
re-evaluated the risks to public health from BPA in foodstuffs and
established a TDI of 0.2 ng/kg body weight daily (46). Essentially, this
change would ban BPA from food contact materials and most plastics
used in consumer products in Europe. Therefore, further
epidemiological studies and a re-evaluation of the association between
potential health effects and realistic BPA exposure levels are warranted,
especially in BPA substitutes.

However, in Taiwan, the Food and Drug Administration only
banned the use of BPA in baby bottles in 2013, and there are no
management regulations for BPA substitutes. Based on the new
regulations by EFSA, it is still unknown whether Taiwanese populations
are safe to be exposed to BPA, and there is still a lack of risk assessment
of substitutes of BPA. Moreover, even though previous studies have
pointed out that BPS and BPF are not safe substitutes for BPA (47),
Taiwan has not yet conducted a study on these substances. Briefly,
considering the impact of BPA and its substitutes on human health and
its broader public health implications is essential (17). Hence,
we analyzed urinary samples obtained from the general Taiwanese
population to back-calculate daily intake (DI) levels of BPA and its
substitutes, especially BPF and BPS. The objectives of this study were to
(1) compare the concentration levels of BPA and its substitutes with other
countries; (2) estimate the DIs of BPA and its substitutes using individual
urinary levels, identifying bisphenol exposure characteristics, and (3)
conduct the cumulative risk assessment of bisphenols.

2 Materials and methods

2.1 Ethics statement

This study was approved by the Research Ethics Committee of the
National Health Research Institutes, Taiwan (EC1020206). Written
informed consent was obtained from all participants before
data collection.

2.2 Study participants and sampling

This study analyzed individuals who participated in the Taiwan
Environmental Survey for Toxicants (TEST) 2013. The recruitment
process has been published previously (48-52). Between May and
December 2013, we selected 17 townships from 11 Taiwanese cities
and counties and 1 remote island region (Penghu County). First
morning spot urine was collected; to collect demographic data (e.g.,
anthropometry index, socioeconomic status, smoking habits, and
residence), an extensive questionnaire was administered.

2.3 Analytical method for detecting
bisphenol

We previously described the processes of method optimization,
development, and validation for the analysis of bisphenol in urine (53).
Bisphenol standards were of analytical grade and accompanied by a
certificate of analysis (at minimum). The target analytes BPA BPS and BPF
were acquired from AccuStandard (New Haven, CT, USA) and Toronto
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Research Chemicals (LGC, Manchester, NH, USA), respectively. The
stable isotopically labeled internal standards (SIL-ISTDs) of 100 ug/mL
BC,,-BPA was obtained from Cambridge Isotope Laboratories
(Tewksbury, MA, US.A.); BPS-dg and BPF-d,, were purchased from
Toronto Research Chemicals (LGC, Manchester, NH, U.S.A.). For neat
standards, standards in stock solutions, working solutions of the
bisphenols, and SIL-ISTDs were diluted to appropriate concentrations
with MeOH. Our previous study (53) described these reagents in detail.

An online system was used to interpret the results of
ultraperformance liquid chromatography-tandem mass spectrometry.
In brief, mid-stream urine samples were collected in the morning and
stored at —80°C; before analysis, the samples were thawed at 4°C for
24h. The urine (100 pl) was mixed with 20 pl of methanol containing
stable isotope-labeled internal standards, 5 pl of B-glucuronidase, and
20l of 1.0M of ammonium acetate (aqueous) and then vigorously
shaken on a Vortex-2 Genie Shaker (Scientific Industries, USA). The
sample was incubated at 40°C for 1h after rotation, and 135l of 0.1%
formic acid (aq) were added and mixed for extraction by supported
liquid extraction (SLE). In the final step, the analytes were eluted with
100 pl of MeOH and 100 pl of Milli-Q water and were ready for injection.

The recovery and matrix effect of supported liquid extraction
(SLE) and the linearity of the isotope dilution calibration curves have
been validated. The limit of detection was 0.1 (ng/ml) for BPA, BPE,
and BPS. Quality control samples were prepared using the same
protocol for the calibrators, except for three spiked concentrations. To
assess within-run and between-run assay variability, the spiked
samples were analyzed after the analysis of every 10 samples. On the
basis of the quality control criteria set by the European Medicines
Agency, the test accuracy and precision were estimated to be more
than 85 and 15%, respectively (54). In brief, the requirements for
limits of detection, lower limits of quantification, and within-run and
between-run accuracy and precision have also been achieved and
shown in Supplementary Tables S1-S3.

2.4 DI calculation of BPA and its substitutes

We estimated the DI of each bisphenol for multiple age groups
(adults and minors). To calculate DIs, we analyzed data regarding
urinary bisphenol levels and used a back-calculation method (50, 51,
55). Equation 1 presents the formula used for back-calculation (55).
The urinary excretion fraction (Fyz) was set to a value of 1 based on
relevant studies (56-59); approximately 100% of BPA and its
substitutes (BPS and BPF) were excreted through urine within 24 h.

[k

Daily intake of bisphenol

day
mg
UE (”gj «CE| ke
g day

= 1
Fug x BW (Kg)x 1ooo(mgj
g
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where UE denotes the level of creatinine-adjusted bisphenol
(microgram of bisphenol per gram of creatinine), BW denotes body
weight, and CE denotes the level of daily creatinine excretion (60, 61),
which is calculated as follows:

For adults (age > 18 years):

CE=1.93 x (140 — age) x body weight'* x height”* x 10~ (for male).

CE=1.64% (140 —age) x body weight'® x height**x 10~ (for female).

For minors (age >3 to <18years):

CE=height x {6.265+0.0564 x (height —168)} (for boys with a
height of <168 cm).

CE=height x {6.265+ 02550 x (height — 168)} (for boys with a
height of >168 cm).

CE=2.045x height x exp.{0.01552 x (height —90)} (for girls).

2.5 Cumulative risk assessment of BPA and
its substitutes

For cumulative risk assessment, we calculated hazard quotients
(HQs) and HI values. HQs were calculated to quantitatively assess the
potential health hazards of bisphenol. HI is the sum of HQs for each
bisphenol. An HI value of >1 suggests adverse health effects (62). HQ
was derived using the corresponding TDIs or reference doses (RfDs).
The RfDs of BPA and BPS were identified from a relevant study (63,
64), and these values were 12,500 and 13,700 (ng/kg/day),
respectively, and were determined on the basis of their anti-
androgenic effects on animal models (Reference Doses for Anti-
Androgenicity, RfD AA). However, the RfD AA of BPF remains not
to be established. We assume that the RfD AA of BPF was obtained
by converting to the same molar levels used for BPA, and the value
was 11,000 (ng/kg/day) (Eq. 2).

The European Food Safety Authority (65) recommends a TDI of
4,000ng/kg of body weight/day for BPA. Lin et al. (66) recommended a
TDI of 4,000 (ng/kg/day) for BPE, and Mok et al. (64) recommended a
TDI of 4,400 (ng/kg/day) for BPS (Eq. 3). In 2023, EFSA re-established
a new TDI of 0.2ng/kg body weight per day for BPA, which is 20,000
times lower than the previous TDI of 4,000 ng/kg of body weight/day
(46). However, the TDI of BPF or BPS remains to be established, in
which case we assume that they have the same TDI as BPA (Eq. 4).

The following formula was used to calculate HQs (67):

DI (2)
H =
QR AA RiDs
DI (3)
H =—
QTDIfor EFSA 2015 DI
DI (4
H -
QTDIfor EFSA 2023 oI

The following formula was used to calculate HI values:
Scenario 1 and 2 [HQqp; Based on (46, 65)]: Hlgp,=HQgpa to1+

HQgpr 11 + HQgps 101
Scenario 3 Hlgps=HQgpa ripas + HQpps ripaa-

Scenario 4 Hlgps=HQgpa ripas + HQppr ripaa + HQpps ripaa-
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2.6 Statistical analysis

The participants were divided into two age groups: adults and
minors. We also divided participants into five psychology age groups
as abovementioned. Descriptive statistics for participant demographics
are presented in terms of medians and interquartile ranges for
continuous variables and as numbers and percentages for categorical
variables. The distribution of urinary bisphenol levels is presented in
terms of geometric means, minima, maxima, and percentiles (25th,
50th, and 75th) for the two age groups. The comparison among groups
was analyzed by performing non-parametric tests (Mann-Whitney U
Test or Kruskal-Wallis Test). Additionally, the comparison among
groups was analyzed by performing parametric tests (chi-square test
or t-test) in demographic data. The total number of types of personal
care products (PCPs) used by the participants was calculated. The use
of the following four product types was assessed: body wash, lotion,
perfume, and nail polish. The cumulative number of uses of PCPs was
calculated as the sum of usage of products including body wash,
lotion, perfume, and nail polish. The use of >2 types of PCPs, a single
type of PCP and no use PCP, indicated high and low usage levels,
respectively. To assess PCP use by the different age groups, the Mann-
Whitney U and Kruskal-Wallis tests were performed. The summary
metric for BPs (£BPs) was calculated by summarizing the molar
concentrations of the measured BPs (33, 64, 68). All bisphenol
measurements, including the molar sum, were divided by urinary
creatinine to adjust for urine dilution. All statistical analyses were
performed using SAS (version 9.4; SAS Institute, Cary, NC, USA). A
p-value of <0.05 was considered significant.

3 Results

3.1 Demographic characteristics and
exposure profiles of the study population

A total of 394 TEST participants were included in this study.
We excluded 28 individuals who lacked urinary bisphenol data.
Finally, 366 individuals (adults [age, >18 years], 271; minors [age,
7 to 18years], 95) were included in the analysis. The general and
sociodemographic characteristics of the participants stratified by
age are shown in Table 1. For adults, the most prevalent
demographic characteristics were female sex (52.8%), age of
40-65years (46.9%), living in Northern Taiwan (31%), married
(72.7%), received a college- or graduate-level education (35.1%),
non-smoker (75.9%), and no reported pesticide use at home
(76.0%). Furthermore, most of the participants did not consume
alcohol (86.9%) or chew betel nut (93.4%). Just over half of the
minors were boys (57.9%), 51.6% of them aged 7-12years, and
52.1% were passive smokers.

The detection rate of BPA and its substitutes was 100% in all urine
samples. Table 2 presents the distribution of urine creatinine-adjusted
BPA, BPE BPS, and XBPs in the participants stratified by age, sex, and
location (Supplementary Table S4 presents the urine creatinine-
unadjusted results). The median level of BPA and its substitutes was
significantly higher in adults than in minors (BPA: 9.45 vs. 4.08; BPF:
9.63 vs. 6.63; BPS: 2.43 vs. 1.67pg/g creatinine; XBPs: 0.10 vs.
0.06 nmol/g creatinine; p <0.001). Among adults, the urinary levels of
BPA, BPE, and BPS were slightly higher in women than in men (BPA:
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11.07 vs. 8.18; BPF: 11.2 vs. 8.55; BPS: 3.05 vs. 2.11 ug/g creatinine;
XBPs: 0.11 vs. 0.09 nmol/g creatinine.; p<0.01); same as minors, the
levels were higher in girls than in boys (BPA: 12.77 vs. 5.59; BPF: 7.24
vs. 4.88; BPS: 2.58 vs. 1.36; BPs: 0.09 vs. 0.05nmol/g creatinine;
p<0.01). The participants were further stratified by location; thus, five
region-based groups were formed. However, no significant difference
in bisphenol levels was observed in five regions, and it showed that
bisphenol levels were similar in each region of Taiwan. The median
levels of bisphenol (creatinine-adjusted) in all participants were
significantly increased along with increasing age (p <0.001, Figure 1).
We found that 46.5% of the adult participants were high users of
PCPs, whereas 53.5% were low users. Most of the minor participants
(66.7%) were low users. Women (83.2%) self-reported the use of
lotion more often than men (37.3%) (p <0.001). Most participants self-
reported eating fried or barbecued food at least once a month
regardless of their age (fried vs. barbecued food: adults, 80.8% vs.
91.5%, respectively; minors, 90.6% vs. 82.3%, respectively;
Supplementary Table S5). The median concentrations of bisphenols
(creatinine-adjusted) in participants who used lotion were higher than
in those with no use (BPA: 9.60 vs. 6.61pg/g Cr; BPF: 10.36 vs.
7.02pg/g Cr; BPS: 2.59 vs. 1.89 ug/g Cr; ZBPs: 0.1 vs. 0.08 nmol/g Cr;
p<0.001), although the concentrations of BPA and its substitutes in
participants with higher level of body wash use were lower than in
those with no use. We also found that participants who reported long-
term use of medication had significantly higher BPA and its substitutes
(BPA: 11.27 vs. 6.72 ug/g Cr; BPF: 10.47 vs. 7.48 ug/g Cr; BPS: 3.11 vs.
1.93pg/g Cr; XBPs: 0.11 vs. 0.08nmol/g Cr; p<0.001)
(Supplementary Table S6). However, the median levels of BPA and its
substitutes were not significant among different BMI weight status
categories within each age group (Supplementary Table S7).

3.2 Estimated Dls of bisphenol A and its
substitutes

We performed comprehensive estimated DI levels for BPA, BPE,
and BPS; the
(Supplementary Tables S8, S9). The median DI values in all
participants of BPA, BPE, and BPS were 1.86, 1.91, and 0.47 ng/kg/day,
respectively. In adults, the median DIs of BPA, BPF, and BPS were
2.29,2.35, and 0.58 ng/kg/day, respectively, and the median DI of BPS
was significantly higher in women than in men (0.69 vs. 0.49 ng/kg/
day, respectively, p=0.032). In minors, the median DIs of BPA, BPE,
and BPS were 0.60, 0.77, and 0.24 ng/kg/day, respectively, and the DIs
of BPF and BPS were higher in boys than in girls (BPF: [1.15 vs.
0.57ng/kg/day]; BPS: [0.26 vs. 0.20 ng/kg/day]). Overall, the median
DI values of BPA and its substitutes were significantly lower in minors
than in adults (p<0.001). Furthermore, the median levels of the
bisphenol DI in all participants were significantly increased along with

results are presented in Figure 2

increasing age (p<0.001, Figure 2).

3.3 Estimated cumulative risk assessment
of BPA and its substitutes

Using the RfD for anti-androgenicity (RfD AA) and TDI
calculated the HQs for adults
(Supplementary Tables S8, S9, Scenarios 1-4). Regardless of whether the

values, we and minors
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TABLE 1 Demographic characteristics of all participants in this study (N = 366).

Characteristics

Minors (<18 years, n = 95)

Adults (>18 years, n =271)

n % n %
Gender Girl/Female 40 42.1 143 52.8
Boy/Male 55 57.9 128 47.2
Age (years) 7-12/18-40 49 51.6 64 23.6
12-18/40-65 46 48.4 127 46.9
65 and older - - 80 29.5
Region Northern Taiwan 31 32.6 84 31.0
Central Taiwan 15 15.8 37 13.7
Southern Taiwan 22 232 77 284
Eastern Taiwan 12 12.6 46 17.0
Remote island 15 15.8 27 10.0
Marriage status Single 94 99.0 46 17.0
Married 1 1.0 197 727
Divorce/widowed 0 0 28 10.3
Education <Elementary school 49 51.6 74 27.3
Junior high school 29 30.5 39 14.4
Senior high school 17 17.9 63 232
2College/graduates 0 0 95 35.1
Annual family income (USD)* Below 15,625 37 42.1 151 58.1
More than 15,625 51 57.9 109 41.9
Cigarette smoking” Yes/No 2/93 2.1/97.9 65/205 24.1/75.9
Passive smoker® Yes/No 49/45 52.1/47.9 135/135 50.0/50.0
Incense sticks* Yes/No 29/66 30.5/69.5 147/123 54.4/45.6
PCPs usage® Yes/No 83/11 88.3/11.7 197/69 74.1/25.9
Alcohol consumption’ Yes/No 1/93 1.1/98.9 35/232 13.1/86.9
Tea drinking® Yes/No 46/49 48.4/51.6 156/114 57.8/42.2
Coffee drinking® Yes/No 6/89 6.3/93.7 114/157 42.1/57.9
Betel nut chewing" Yes/No 1/94 1.1/98.9 18/253 6.6/93.4
Pesticide use at home' Yes/No 26/69 27.4/72.6 65/206 24.0/76.0

*The currency exchange rate of converting USD to the new Taiwan dollar is 1:32. "Subjects who self-reported consuming at least one cigarette per day. ‘Subject who self-reported as a lifelong
non-smoker (never smoked) but involuntary inhalation of smoke from cigarettes or other tobacco. ‘Subject who self-reported as having burnt incense at home > weekly basis over the past
5years. Subject who self-reported using at least one kind of PCPs, including body wash, lotion, perfume, and nail polish. ‘Subject consuming at least one bottle of alcoholic drink per week.
£Subjects consuming at least one cup of tea or coffee per week. "Subject chewing at least one betel nut per week. ‘Subject who self-reported using household pesticides to control pests.

HQs were calculated based on the TDI in Scenario 1 or the RfD AA in
Scenario 3 and Scenario 4, the values were < 1 for BPA and its substitute.
This indicates that the exposure levels were well below those where a
substantial risk would be increased. Notably, EFSA (46) re-established
the TDI for BPA (0.2 ng/kg/day), and we assumed that BPF and BPS had
the same TDI (Scenario 2); the median of HQqp, for BPA and its
substitutes exceeds 1 indicating health concerns, whether in adults
(BPA: 11.45; BPF: 11.76; BPS: 2.90) or minors (BPA: 2.99; BPF: 3.85;
BPS: 1.20). Among adults, the HQp; of BPS was significantly
higher in women than in men (3.45 vs. 2.43, respectively; p=0.03).
Additionally, the HQyp; of BPF and BPS was higher in boys than in
girls (BPE, 5.75 vs. 2.83, respectively, p =0.005; BPS, 1.28 vs. 1.02,
respectively, p=0.026). Overall, the HQ values were lower in
minors than in adults (Figure 3).

Frontiers in Public Health

The median HI values (addition of the corresponding HQqpy
values for BPA and its substitutes, Scenario 1 in Supplementary Tables S8,
59) were significantly higher in adults than in minors (p <0.001). In
adults, the median HI value was 1.29x 1073, the 95th percentile HI
value was 4.55x 1073, and the maximum HI value was 8.39 x 10~3; BPF
contributed to approximately 45.5% of the total health hazard (in
terms of HI values; Figure 4). In minors, the median HI value was
4.10x 107, the 95th percentile HI value was 2.23x107% and the
maximum HI value was 6.25 x 1073, of which 48.4% of the HI values
were from the BPF of HQ contribution. In adults (regardless of sex),
the contribution of BPA to the total health hazard was higher than that
of BPF and BPS. By contrast, in minors (regardless of sex), the
contribution of BPF to the total health hazard was higher than that of
BPA and BPS (Table 3).

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1396147
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

TABLE 2 Distribution of bisphenol concentration (1g/g Cr) in the general Taiwanese population (N = 366).

BPA BPF BPS XBisphenols®

qejaun

U1eaH J1gNd Ul S491UO0S

90

610" uISIa1U0L

Characteristics

Selected percentiles

Selected percentiles

Selected percentiles

Selected percentiles

25th | 50th = 75th 25th | 50th = 75th 25th  50th = 75th 25th | 50th = 75th
All sample 7.84 0.30 3.99 8.18 16.12 68.44 8.98 0.88 4.89 8.66 15.95 84.33 218 0.20 1.22 224 4.07 19.33 0.09 0.01 0.05 0.09 0.17 0.63
Minors 4.17 0.30 2.68 4.08 11.27 35.00 <0.001 6.85 1.25 3.60 6.63 12.04 77.00 <0.001 173 0.30 1.00 167 3.18 19.33 <0.001 0.06 0.01 0.03 0.06 0.11 0.55 <0.001
Adults 9.79 0.71 573 9.45 18.26 68.44 9.87 0.88 5.58 9.63 17.84 84.33 236 0.20 1.34 243 4.35 19.28 0.11 0.01 0.06 0.10 0.20 0.63
Gender <0.001 <0.001 <0.001 <0.001
Female 9.56 0.30 5.46 10.28 18.41 68.44 10.49 0.88 6.11 10.03 19.31 77.00 2.59 0.28 151 2.75 4.42 19.33 0.11 0.01 0.06 0.11 0.20 0.63
Male 6.44 0.36 3.42 6.51 12.78 50.21 7.68 1.28 3.73 7.64 13.98 84.33 1.83 0.20 1.07 1.69 3.34 19.28 0.08 0.01 0.04 0.08 0.15 0.63
Regional area 0.78 0.673 0.803 0.663
Northern 8.58 0.36 4.77 9.42 15.48 49.49 9.50 1.79 5.45 8.80 15.90 64.68 230 0.30 1.25 2.45 4.08 15.11 0.10 0.01 0.06 0.10 0.17 0.57
Central 7.11 0.30 3.10 8.39 17.18 68.44 8.29 1.25 3.58 7.62 15.22 77.00 2.03 0.20 0.88 2.16 4.44 19.33 0.09 0.01 0.04 0.09 0.19 0.60
Southern 7.55 0.41 4.00 6.89 15.89 56.98 8.30 1.28 4.88 7.85 14.99 64.61 213 0.22 1.21 213 3.59 15.43 0.09 0.01 0.05 0.08 0.16 0.63
Eastern 7.75 0.42 3.84 7.28 16.56 50.21 9.99 1.63 4.83 9.22 24.39 84.33 2.38 0.36 1.30 2.45 4.52 19.28 0.10 0.02 0.06 0.09 0.20 0.63
N 7.70 0.71 4.08 8.19 17.01 28.79 8.82 0.88 4.15 9.87 16.33 50.69 1.90 0.28 1.29 2.03 3.36 9.90 0.09 0.01 0.04 0.11 0.16 0.41
Remote island
Adults
Gender 0.007 0.008 0.004 0.005
Female 11.1 0.71 6.51 11.07 20.13 68.44 11.16 0.88 6.26 11.20 21.51 64.61 2.71 0.28 1.56 3.05 4.85 15.43 0.12 0.01 0.07 0.11 0.23 0.63
Male 8.51 1.03 4.60 8.18 15.89 50.21 8.60 1.63 4.55 8.55 14.52 84.33 2.02 0.20 1.22 211 3.51 19.28 0.09 0.02 0.05 0.09 0.15 0.63
<0.001 <0.001 <0.001 <0.001
Age (years)
18-40 6.53 1.03 3.43 6.73 11.72 68.44 6.96 1.63 372 7.12 11.94 53.52 1.66 0.20 0.89 1.58 3.28 10.19 0.07 0.02 0.04 0.07 0.12 0.60
40-65 9.67 0.71 5.89 9.26 17.87 48.53 9.89 0.88 5.69 9.77 17.10 84.33 232 0.28 134 2.40 420 19.28 0.10 0.01 0.06 0.10 0.20 0.63
13.82 125 7.13 14.78 28.52 56.98 13.02 1.89 7.29 12.35 27.24 73.92 3.22 0.30 2.08 351 5.03 15.43 0.14 0.02 0.08 0.14 0.29 0.63
65 and older
Minors
Gender 0.007 0.02 0.008 0.005
Girl 5.59 3.24 6.55 12.77 35.00 0.30 8.40 1.25 6.00 7.24 12.39 77.00 221 0.33 1.30 258 3.31 19.33 0.08 0.01 0.05 0.09 0.12 0.55
Boy 3.36 1.60 3.68 5.59 3118 0.36 5.90 1.28 2.84 4.88 11.43 61.41 1.44 0.30 0.79 1.36 2.14 15.00 0.05 0.01 0.03 0.05 0.09 0.44
0.439 0.003 0.024 0.014
Age (years)
712 4.37 0.36 3.02 4.59 12.01 35.00 8.59 2.48 5.94 7.64 13.37 50.69 2.05 0.56 1.28 214 3.26 9.90 0.08 0.02 0.05 0.08 0.12 0.41
12-18 3.96 0.30 1.90 375 7.21 3118 5.38 1.25 253 4.58 10.03 77.00 1.44 0.30 0.79 1.30 2.81 19.33 0.05 0.01 0.03 0.04 0.10 0.55

*YBisphenols (the bisphenol weighted molar sum). "Comparison of urine creatinine-adjusted bisphenol levels between adults and minors (e.g., sex) using the Mann-Whitney U test, above of two groups were using the Kruskal-Wallis test.
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FIGURE 1
Distribution of bisphenol A and its substitutes [BPA (A), BPF (B), BPS (C), BPs (D)] in general Taiwanese (N = 366) by age and sex groups. ***: p-value
<0.001 between different age groups.

EFSA re-established the TDI of BPA to 0.2 ng/kg/day in Scenario
2. More than 95.6% of the 366 individuals in our study had an Hlgp,
exceeding 1. When we assume that the TDI of BPF and BPS have the
same TDI as BPA, more than 99% of the 366 individuals in our study
had a cumulate HIgp, value exceeding 1, indicating that bisphenol
exposure risk was indeed a cause for concern. Consequently, as shown
in Figure 5, most participants’ HI is higher than 1 when EFSA
re-establishes TDI. Notably, 5% of adults were 92.23-fold higher than
acceptable HI (<1). Adults had a higher HI than minors (25.88 vs.
8.30, respectively, p<0.001), in which 45% of the HI values were from
the BPF of HQ contribution (Figure 4). Moreover, the median of HI
was significantly higher in women than in men (28.99 vs. 23.20,
respectively, p=0.045). By contrast, the median of HI was significantly
higher in boys than in girls (9.44 vs. 6.99, respectively, p=0.008).

The RfD of BPF remains to be established for its anti-androgenic
effects (Scenario 3). When HQs were calculated using the RfD AA
values, the median HI values (addition of the HQgg, values for BPA
and BPS) were 2.27x 10~ in adults and 6.17x107°
contribution of BPA HQ to the HI value was approximately >80% in
adults. Moreover, the percentage contribution of BPA (approximately
47%) to the HI value was similar to that of BPS HQ (approximately
50%) in minors. We assume that the RfD AA of BPF was obtained by
conversion to the same molar levels used for BPA (RfD for BPE,
11,000 ng/kg/day), and the contribution of BPF HQ to the total health
hazard was approximately 50% in adults and minors (Scenario 4).

in minors. The
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3.4 Bisphenol levels across countries

We compared the bisphenol levels observed in our study with
those reported in four national surveys of other populations (routine
monitoring programs) during a similar period of time. The
comparison results are presented in Table 3. Taiwanese adults
(20-39years) at the 50th percentile of exposure (7.75 pg/L) exhibited
more than five times the BPA levels of US (NHANES, 2013-2014) and
Canada (CHMS, 2012-2013) adults of the same age (1.47 and
1.10 pg/L, respectively). In minors, the median levels of BPA observed
in the present study and those observed in other countries can
be ranked as follows: Taiwan (6-11years: 4.83pug/L; 12-19years:
4.93ug/L; the present study) >Canada [2012-2013; 6-11years:
1.20 pg/L; 12-19years: 1.40 pg/L; (69)] > United States [2013-2014;
6-11years: 1.34 pg/L; 12-19years: 1.14pg/L; (32)].

4 Discussion

We discovered that the median concentration levels of BPs were
higher in Taiwan than in other countries. Furthermore, the
concentrations and DI of BPA and its substitutes in Taiwanese varied
by age and sex. Notably, EFSA (46) re-established the TDI of BPA to
0.2ng/kg/day. In our study, more than 99% of the 366 individuals had
cumulate Hlgp, exceeding 1.
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FIGURE 2
Daily intake (DI) of bisphenol A and its substitutes in all participants (N = 366) by age (A: minors and adults; B: different age). ***p-value <0.001 between
different age groups.

Compared to other studies (32, 70), we found that the median
concentration level of BPA in Taiwanese adults was nearly 6-fold
higher than in other countries (Taiwan [7.96 ug/L], USA [1.24 pg/L],
and Korea [1.49pg/L]), and creatinine-adjusted urinary BPA
concentration was also higher than the finding of meta-analysis (age:
>18years old; totaling 28,353 participants) (present study (9.45) vs.
meta-analysis (1.76) pg/g Cr) (71). In addition, in a study evaluating
BPA concentrations in different Asian countries (adults of age > 19,
India [n=21], Japan [n=36]), Korea [n=32], Kuwait [n=32], Malaysia
[n=29], and Vietnam [n=30]), the GM level (0.67 to 2.53 pg/g Cr) was
approximately 4 to 9 times lower than our study (9.79 ug/g Cr) (72).
Furthermore, the median levels of BPF and BPS for adults observed
in our study (present study [7.89, 1.96] pg/L) were also 2- to 9-fold
higher than those reported through the NHANES 2013-2014 (32)
(USA [0.35, 0.37] pg/L), NHANES 2011-2016 (73) (USA [0.30, 0.50]
pg/L) and the other study (Belgium [0.14, 0.11] pg/L). The above
reasons may be caused by the exposure of dietary route (74) because
the exposure of dietary BPA in Taiwan was approximately 100 to 400
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times higher than in other countries (Taiwan: 133.79 to 419.26 ng/g
(beef, chicken, and pork) vs. Norway: 0.24ng/g (meat and meat
products) (75, 76), indicating food insecurity as a predictor of high
BPA exposure (77), and meat products are a major contributor (78).
In addition, BPF and other BPA substitutes were also detected in
foodstuffs (79). A US survey reported that BPF occurred as the second
most abundant bisphenol substitute in a variety of food items (80).
Bisphenol substitutes such as BPS and BPF are increasingly used to
replace BPA (29), which can lead to their gradual accumulation in the
environment. Hence, this may also explain why the concentrations of
BPF and BPS are higher in Taiwan. In conclusion, the differences in
demographic, dietary habits, and lifestyles may be responsible for the
variation in population exposure levels of BPA and its substitute (81).

We found that bisphenol concentration levels and DI were higher
in adults than in minors; it is consistent with the finding by Martin
et al. (82) that BPA concentration levels were significantly higher in
adults than in children, indicating that children are experiencing less
exposure to BPA than adults (83). In addition, the median levels of
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Hazard quotient (HQ) of bisphenol A and its substitutes in all participants (minors: n95 and adults: n = 271). **: p<0.05; p < 0.05. (A) Scenario 1: Based
on the TDI by EFSA (65) and thresholds derived by Mok et al. (64), Lin et al. (66) BPA and BPF TDI 4,000 ng/kg/day, BPS TDI 4,400 ng/kg/day.

(B) Scenario 2: Based on the TDI by EFSA (46) and assumption that BPF and BPS have the same TDI; BPA and its substitutes TDI 0.2 ng/kg/day; using
the Mann—-Whitney U test to compare HQTDI in different sex and labeled on the higher median value.

*k

80 100

bisphenols (creatinine-adjusted) in all participants were significantly
increased along with increasing age; however, contradictory findings
have been reported by other studies. Several previous studies point out
that BPA and BPS exposure is typically higher in children than in
adults (84, 85); the GM of BPA levels has been demonstrated to
decrease with age (86), and the significant decrease in DI of BPA and
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BPS is observed with increasing age (14, 87). There are many reasons
for elevated BPA and its substitute concentrations in adults. A possible
explanation could be related to the more intense use of PCP products,
especially the higher frequency of lotion use among adults. BPs are not
used as ingredients in PCP formulations, but they are found in many
products, such as shampoos, bath lotions, cosmetics, and other
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FIGURE 4

Percentage contribution of each hazard quotient (HQ) to the hazard index (HI) for bisphenol A and its substitutes. (A: adults; B: minors) Scenario 1:
HQ-DI/TDI, BPA and BPF TDI 4,000 ng/kg/day, BPS TDI 4,400 ng/kg/day; Scenario 2: HQ-DI/TDI, BPA and its substitutes TDI = 0.2 ng/kg/day.

personal care products (41, 88, 89). Among the bisphenols analyzed,
BPS was found across all the PCPs with the highest detection
frequency of 71.5%, followed by BPF (56.7%) and BPA (57.7%) (88).
Some studies point out that the urinary concentrations of BPA and
BPS were not associated with the consumption patterns of cosmetics
or PCPs (6, 90). However, in our study found that people who used
lotion regularly had higher levels of bisphenols in their urine than
those who used it less often, it consist with Yang finding’s, PCPs stored
in packaging containing BPA could be subject to chemical leaching
(91), facial moisturizer and body lotion were important contributors
to BP exposure from PCPs both for men and women (29). Between
the sexes, female individuals appear to be exposed to more BPs, which
is consistent with other studies. BPA exposure has been reported to
be common in women (4, 71). Otherwise, women use lotions more
frequently, which may contribute to their higher exposure to BP levels.
On the contrary, some studies (32, 87, 92) regarding the levels of
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bisphenol and its substitutes in different sex have reported inconsistent
findings, indicating that the median concentrations and DI of BPA
and its substitutes were statistically significantly higher in men than
in women, and the DI of BPA and BPS was considerably greater in
men than in women (14). These results suggest that the factors
influencing exposure to BPA and its substitutes are intricate, with
gender likely being just one of them (93).

The DIs of BPA and BPF by our participants were lower than the
TDI of 4,000 ng/kg/day (65), whereas that of BPS were lower than the
corresponding threshold of 4,400ng/kg/day (64). Globally, BPA
exposure was estimated at 60.08 ng/kg bw/day for children (94), while
in Europe, the median of BPA DIs for children was approximately
46.3ng/kg bw/day (95). In addition, the BPA intake levels in children
in North America, Germany, and Asia were 46.64, 60, and 61.95ng/
kg bw/day, respectively (96, 97). The DI values of BPF and BPS (0.2
and 0.3ng/kg/day, respectively) for school-age children (average
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3-17years

515

Median

1.82

19years

2

6,478

Median

1.49

60-79 years

1,038

Median

0.88

40-59 years

1,075

Median

1.10

20-39years

1,040

Median

1.10

12-19years

992

Median

1.40

6-11years

1,004

Median

1.20

60 years

2

603

Median

1.04

0.34

0.32

40-59 years

607

Median

1.18

0.34

0.35

20-39years

598

Median

1.47

0.36

0.43

12-19years

459

Median

1.14

0.37

0.30

6-11years

409

Median

1.34

0.27

0.27

60 years

2

111

Median

7.49

7.82

1.92

40-59 years

96

Median

8.16

7.86

1.96

20-39years

61

Median

7.75

7.81

211

12-19years

49

Median

4.93

6.30

197

6-11years

49

Median

4.83

7.22

175

Age

BPA

BPF

BPS

“This study; "NHANES, National Health and Nutrition Examination Survey 2013-2014 (32); ‘CHMS, Canadian Health Measures Survey Cycle 3 (2012-2013) (69); “’KoNEHS, Korean National Environmental Health Survey (2012-2014) (70); “GerES V, German

Environmental Survey 2014-2017 (107); ~data not reported.
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age=9.8years) in Thailand (98) are similar to the findings of our study
(0.77 and 0.24 ng/kg/day, respectively). According to NHANES (2005~
2006, n=2,638) findings, the DI of BPA in adults is approximately
34ng/kg/day (87); similarly, another study found that the rank of DI
in Europe is 18.1 to 39.5 ng/kg/day (95). Although the DI in our study
(whether adults or minors) of BPA seems lower than above studies,
the reason for this may be the differences in the method of daily intake
calculated (including the difference of physiological index parameters)
(99). Moreover, past studies rarely estimated the DI value of BPA
substitutes such as BPF and BPS in the full general population. Hence,
HQ and HI were calculated to quantitatively assess the potential
health hazards of bisphenol which was necessary.

For each of the considered scenarios in our study, the calculated HQ
value for individual compounds was found to be less than 1, which
means that the intake of BPs was far below the RFD AA value (63) in a
previous study and the TDI threshold was set by the EFSA (65); this
finding is consistent with several other studies (81, 100-102).
Nevertheless, in spite of no high risk associated with the HQ of BPA and
its substitute, bisphenols exhibit that endocrine toxicity, neurotoxicity,
and reproductive toxicity in preschoolers were non-negligible (100).
According to that, the relevant HBGV must be updated to meet the
current human health risk assessment standards (such as the TDI for the
calculation of phenol-specific HQs should be updated) (101).
Additionally, the HI values were< 1 (sum of the corresponding HQs of
each bisphenol), and this finding is consistent with those of recent studies
(33, 103), although some of these values were set many years ago (83).

Recently, EFSA (2023) re-evaluated the risks from BPA in foods
and established a new TDI of 0.2ng/kg/day, which was 20,000 times
lower than the previous TDI of 4,000 ng/kg/day. Thus, we observed
that nearly 95.6% of the 366 individuals in our study had an Hlgp,
exceeding 1. When we assume that the TDI of BPF and BPS has the
same TDI as BPA, more than 99% of the 366 individuals in our study
had a cumulate HIy,, value exceeding 1, indicating that bisphenol
exposure risk was indeed a cause for concern; this finding was
consistent with that of EFSA (2023), the dietary exposure to BPA is a
major health concern for consumers of all ages. While most regulatory
agencies and governments generally consider the current reference
dose to be a “safe” threshold, more evidence shows adverse effects of
BPA on human health at low exposure doses (83). We further found
that the median values of HI were higher in adults than in minors;
furthermore, the contribution of BPF to the total health hazard was
higher than that of BPA in adults, indicating that we cannot ignore the
BPA and its substitute in human effect.

However, the TDI and RfD for BPA substitutes remain unclear.
Also, the safe levels of RfD or TDI for BPA and its substitutes were
determined based on the general population and the anti-androgenic
properties of animals, not on a specific age or gender. Therefore, the
health hazards of the substitutes of BPA may be underestimated. In
previous research (104), we suggested that even small doses of DEHP
can cause infertility and ovarian toxicity in women of reproductive age.
Consequently, governments across the world should not ignore the
health concerns of BPA and its substitutes; relevant indicators for
assessing health hazards (TDI or RfD) should be adjusted or set for
different objects in the future, especially new substitutes of
BPA. Notably, many countries have banned BPA in packaging, such as
Spain (under a Law on Waste and Contaminated Soil) and France
(under Law No. 2012-1,442). In contrast, Taiwan has been more
reluctant in implementing BPA regulations, having only banned the
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use of BPA in baby bottles in 2013. According to TDI of EFSA (2023),  as pregnant women and children. This includes studies on the
the cumulative HI was higher in adults than in minors but higher in ~ mechanisms of BPA substitute toxicity and the development of
women than in men. Hence, it is suggested that the Taiwan government ~ biomarkers for BPA substitute exposure.

should face up to this problem to develop stricter regulations and The present study had several strengths. First, the data used in our
educate the people in Taiwan to consciously choose products that are  study were collected from a representative survey of individuals aged
BPA-free (including BPF and BPS), avoid heating food in containers ~ 7-92years; hence, our findings may represent the bisphenol exposure
containing BPA, and refrain from storing warm food in such containers  profiles of the Taiwanese population. Next, the level of daily creatinine
(105). At the same time, it is necessary to manage exposure sources  excretion was estimated using several anthropometric indicators,
based on different ages and genders. Expanding regulatory restrictions ~ which allowed us to assess the level of bisphenol exposure in a wide
on the use of BPA-derived commodities is necessary, such as limiting ~ range of individuals, from minors to older adults. Finally, population-
the addition of BPA to personal care products and plastic utensils  level exposure to BPA and its substitutes was estimated using urine
commonly used by women or restricting the use of BPA-containing  samples; therefore, the risk assessment results may be more accurate
materials in takeaway food packaging, especially restricting the use of ~ than those obtained by accessing external exposure only. In addition,
BPA in baby/children products such as toys (106). Importantly, more this study used samples collected when Taiwan banned the use of BPA
research is needed to better understand the potential health effects of  in baby bottles, and the risk assessment results can be provided to the
substitute exposure to BPA, especially in vulnerable populations such  government as a reference.
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Our study also had some limitations. First, the DIs of the three
bisphenol compounds were calculated under the assumption that the
spot urine samples were not of sufficiently high quality to represent
the daily average urinary levels. Second, the study only assessed the
frequency of use of PCPs and lacked information about the source of
exposure to BPs from the diet. Based on past research (e.g., dietary
sources), we can only explain why the general population of Taiwan
has higher urinary BP concentration levels (creatinine-adjusted or
unadjusted) than other countries. Third, in this study, the cumulative
risk estimation was based only on the EFSA (2015, 2023) TDI and
reference dose for anti-androgenicity, without assessment of health
effects. In the future, we should use the various health-based guidance
values to assess the different health effects as soon as possible.

5 Conclusion

In this study, 366 urinary levels of BPA and its substitutes were
collected for general Taiwanese from various geographic regions. Our
study revealed that the exposure profiles and risk of bisphenol and its
substitutes in Taiwanese varied by age and sex. Notably, exposure
levels of bisphenol and its substitutes were higher in Taiwan than in
other counties. Our results also indicate that the exposure risk of BPA
in Taiwan was deemed unacceptable according to the new EFSA
regulations, and food contamination could be a possible source of
exposure. We suggest that the risk of exposure to BPA and its
substitutes in most human biomonitoring studies should be reassessed
based on new scientific evidence. We also suggest that the government
should ensure that products containing BPA are clearly labeled and
encourage manufacturers to replace BPA with lower toxicity
substances in their products in order to reduce BPA exposure for
different age groups (e.g., toys and personal care products).
Additionally, it is also recommended that the government take
immediate action to implement stricter regulations on BPA substitutes.
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