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Abstract: Bisphenol A is an extremely high-volume chemical widely used in polycarbonate plastics,
the linings of food and beverage tins, and shopping receipts. Canadians are ubiquitously exposed to
bisphenol A and research shows that exposure at environmentally relevant doses causes endocrine
disruption. Recent risk assessments and exposure estimates by the European Food Safety Authority
have guided increased restrictions around the use of bisphenol A and established a lower tolerable
daily intake, while the CLARITY-BPA program in the United States identified several adverse effects
below this exposure level. Within the context of bisphenol toxicity and international regulation, this
paper describes the need for revised bisphenol A risk assessments in Canada. Completed in 2008,
the most recent bisphenol A risk assessment conducted by Health Canada does not include risks
from alternative bisphenols or non-dietary exposure. It also does not account for the additive effects
caused by simultaneous exposure to multiple endocrine-disrupting chemicals.
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1. Introduction

Bisphenol A (BPA) is an extremely high-volume chemical that has been used for over
sixty years to produce many items familiar to Canadians (Figure 1A) [1]. Exposure occurs
mainly through three types of BPA-containing products. Molecules of BPA are polymerized to
form polycarbonate plastic which is used to make products such as water bottles, sunglasses
and medical equipment. BPA-derived epoxy resins line the interior of water pipes and most
food and beverage tins to prevent corrosion. Most thermal paper used to print documents
such as shopping receipts, lottery tickets, and boarding passes is coated with monomers of BPA
which functions as a color developer. The global BPA market is increasing by three percent
per year and production is projected to reach six million tonnes annually by 2023 [2,3]. Not
surprisingly, human exposure is nearly ubiquitous and BPA is detected in more than ninety
percent of Canadian urine samples [4]. A tolerable daily intake (TDI) of 25 µg/kg bw/day
was established for BPA in Canada in 1996 based on acute toxicity studies in test animals. This
value was unchanged during the most recent risk assessment conducted by Health Canada
in 2008 [5]. Unfortunately, a now vast and growing number of peer-reviewed studies are
reporting adverse effects at much lower doses due to endocrine disruption [6–8].
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Figure 1. Toxicity of bisphenols. (A) Chemical structures of bisphenol A (BPA), bisphenol F (BPF),
and bisphenol S (BPS). (B) Molecular mechanisms of BPA estrogenicity. BPA can bind nuclear and
membrane-bound estrogen receptors α and β (ERα and ERβ), as well as the G protein-coupled estro-
gen receptor (GPER) and estrogen-related receptor γ (ERRγ). Half maximal inhibitory concentrations
(IC50) for BPA competing with 17β-estradiol in vitro are listed below each receptor [9–11].

2. Regulation of BPA in Canada

Although its estrogenic properties had been previously documented, BPA caused little
concern during the first thirty years of widespread use. Then, in 1993, the first data were
published demonstrating that BPA can leach from polycarbonate plastic and drive estro-
genic responses within cells in culture [12]. Following this work, gestational exposure to
doses of BPA that were an order of magnitude lower than the TDI was observed to disrupt
prostate development in mice [6]. Numerous studies in test animals expanded upon this
finding and concern began to grow around the possibility that low-level exposure to BPA
causes reproductive abnormalities, immune and cognitive dysfunction, and metabolic dis-
orders in humans [13–15]. In response to this, Canada conducted a Health Risk Assessment
of BPA from Food Packaging Applications in 2008 [5]. Formula-fed infants were identified
as the highest exposed group where the average probable daily intake (PDI) was estimated
at 0.2–0.5 µg/kg bw/day. The assessment identified studies reporting adverse effects below
this PDI but the review panel ultimately concluded that “the current dietary exposure
to BPA through food packaging uses is not expected to pose a health risk to the general
population, including newborns and young children”. Despite this, ALARA (as low as
reasonably achievable) was recommended and Canada was the first country in the world
to take regulatory action against BPA. In 2008 the Canadian government prohibited the
importation and sale of BPA in bottles and food packaging intended for infants and in 2010
BPA was officially declared a toxic compound. While relevant biomonitoring data were
not available for Canadian newborns at this time, the above prohibitions were estimated to
reduce BPA exposure to bottle-fed infants in Canada by 96%. Unfortunately, infants are
not the only relevant group exposed to BPA. Several studies have identified positive corre-
lations between BPA exposure and behavior, cardiovascular disease, and obesity among
children [16–18]. Data have also demonstrated adverse developmental effects below the
PDI for the general population (0.055 µg/kg bw/day) [7,19]. Reduced exposure to children
and pregnant women is not anticipated due to the very limited prohibitions implemented
in Canada.

3. New Data Resolves Discrepancy around BPA Toxicity

For several years considerable discrepancy existed around the estrogenicity of BPA.
While studies detected adverse outcomes in test animals exposed to doses as low as 5 ng/kg
bw/day, weak estrogenic effects were initially observed in cell culture and in other in vitro
experiments [7]. The Canadian health risk assessment completed in 2008 states that “BPA
can be estimated to contribute only a minimal quantity of estrogenic activity, in terms
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of comparison to background 17β-estradiol (E2)”, and the estimated dose of BPA was
divided by a BPA/E2 equivalency ratio of 1000. This equivalency ratio is based on the
relative binding affinity of E2 and BPA to estrogen receptor α (ERα) and estrogen receptor
β (ERβ) in vitro, as well as transactivation assays measuring transcription downstream of
estrogen-response elements (EREs) [9,20]. While the estrogenicity of bisphenol A is two to
five orders of magnitude lower than E2 as measured by these assays, we now know that
BPA can display strong estrogenic responses within several biological systems (Figure 1B).
BPA can bind extranuclear estrogen receptors and estrogen-related receptors and induce
nuclear responses that are independent of estrogen response elements, all of which can
occur within specific cell types at environmentally relevant exposure levels [21–23]. For
example, a recent study in murine β-cells demonstrated significant ERβ-dependent effects
following BPA doses as low as 0.1 nM [8]. The effects did not involve an ERE and thus
would not be detected by ERE-transactivation. Bioactivation of BPA to a stronger estrogen
in vivo is also a possibility [24]. Due to this, a BPA/E2 estrogenic equivalency ratio of 1000
can no longer be assumed, and exposure to BPA doses as low as 0.025 µg/kg bw/day is
likely biologically relevant [19].

Beyond its estrogenic effects, BPA has also been shown to bind additional nuclear
receptors and alter epigenetic modifications. BPA has displayed anti-androgen activity
through in vitro assays in yeast, where the half maximal effective concentration (EC50) was
10−5 M [25]. BPA also appears to function as a thyroid hormone antagonist, inhibiting
transcription mediated by thyroid hormone receptors at concentrations of 10−6 M [26].
While the mechanisms behind these effects are largely unknown, a growing number of
studies also report epigenetic alterations induced by BPA [27,28]. High-throughput meth-
ods such as whole-genome bisulfite sequencing (WGBS), chromatin immunoprecipitation
sequencing (ChIP-seq), and assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq), have identified changes in DNA methylation, histone modifications and
chromatin accessibility following BPA exposure. Among the numerous changes observed
are alterations in microRNA (miRNA). For example, BPA treatment caused significant
upregulation of miRNA-146a in two placental cell lines resulting in increased sensitivity to
DNA damage [29]. miRNA-146a expression was also induced by BPA exposure in murine
testis and was shown to impair steroidogenesis [30]. A recent study in zebrafish suggests
that these changes could be transgenerational as hypermethylation of a gene involved
in reproductive development was observed across several generations [31]. Exposure to
BPA has also been shown to impact gamete quality. Mice exposed to BPA during the fetal-
perinatal period showed significantly reduced viability and motility of spermatozoa [32].
At environmentally relevant doses BPA transfers across the human placenta in uncon-
jugated form suggesting that the fetus, which has limited UDP-glucuronosyltransferase
activity, is exposed to free BPA [33,34].

4. Questioning the Safety of BPA Alternatives

BPA belongs to a larger class of chemicals known as bisphenols which are characterized
by two hydroxyphenol functionalities within their structure (Figure 1A). At least fifteen
different bisphenols currently exist, many of which can be used to replace BPA in products
such as polycarbonate plastic and thermal paper. Bisphenol S (BPS) and bisphenol F (BPF)
are currently the most widely used BPA substitutes. Unfortunately, while BPS and PBF
production has increased as a corporate response to restrictions and concerns around BPA,
current data suggest that they are not safer alternatives [35,36]. In a recent review analyzing
thirty-two studies, the estrogenic effects of BPS and BPF were found to be very similar
to BPA [37]. Both BPS and BPF display potencies within the same order of magnitude as
BPA. Based on relative binding affinity to ERα and ERβ, the average estrogenic potency
for BPF compared with BPA was 1.07 and the average estrogenic potency of BPS compared
to BPA was 0.32. Interestingly, BPS displays equivalent or greater estrogenic potency
to 17β-estradiol when assayed in membrane receptor models [38]. BPS is also the most
common BPA replacement used in thermal paper [39]. Numerous adverse effects following
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low-dose exposure to BPS and BPF in test animals have also been reported. A recent study
in the United States detected BPA, BPS and BPF in 96%, 89% and 67% of urine samples
collected from Americans [40]. While not used as extensively as BPA and BPF, additional
BPA replacements include bisphenol AF (BPAF) and bisphenol B (BPB). Both compounds
have been shown to cause endocrine disruption in several species [41–43]. A recent study
assaying the placental transfer of fifteen bisphenols identified similar rates for BPA, BPF
and BPB [44]. Biomonitoring and risk assessment following exposure to BPA replacements
does not currently exist in Canada.

5. Regulation of BPA Outside of Canada

The European Union has issued scientific opinions on BPA in 2006, 2008, 2010 and
2015. These opinions have provided both dietary and non-dietary exposure estimates, as
well as toxicological assessment. Following the scientific opinion issued in 2010, the use of
bisphenol A was prohibited in the manufacture of polycarbonate infant feeding bottles, and
BPA-containing products are now subject to strict and specific migration limits. Within the
opinion issued in 2015, the panel identified significant uncertainty and a need for further
research pertaining to the potential reproductive, neurobehavioral, immunological and
metabolic effects of BPA [45]. As a result, the panel established a lower temporary TDI
of 4 µg/kg bw/day for BPA. Dietary exposure (food and beverage) was identified as the
main source of BPA across all population groups. Average dietary exposure among adults
was estimated at 0.129 µg/kg bw/day and high exposure was estimated at 0.362 µg/kg
bw/day. Average non-dietary exposure (dust, thermal paper, cosmetics) among adults was
estimated at 58.9 ng/kg bw/day and high exposure was estimated at 542 ng/kg bw/day.
The upper bound for the uncertainty interval for dietary exposure did not exceed the TDI
for any age group. However, upper bounds for the uncertainty around high dietary and
high non-dietary exposure to BPA were found to exceed the TDI. These wide uncertainty
intervals are caused by uncertainty about the magnitude of BPA exposure from thermal
paper. The European Union has since prohibited the use of BPA in thermal paper and
reduced specific migration limits between two- and twelve-fold for polycarbonate products
such as water coolers, kettles, tableware and cookware.

In 2012, the United States launched the Consortium Linking Academic and Regulatory
Insights on Toxicity of BPA (CLARITY-BPA) [46]. CLARITY-BPA is supported by three
federal agencies, the Food and Drug Administration, the National Institute of Environmen-
tal Health Sciences, and the National Toxicology Program. The goal of CLARITY-BPA is
to resolve disparities between conclusions drawn by government bodies and academic
studies regarding BPA toxicity. Government studies (termed guideline studies) follow
validated standardized protocols and typically examine overt signs of toxicity such as
organ weight, survival of offspring and histopathology. The designs of academic studies
are more varied and aim to identify subtle effects. The CLARITY-BPA study exposed
Sprague Dawley rats bred and housed at the National Centre for Toxicology Research
to five doses of BPA ranging from 2.5–25,000 µg/kg bw/day. Rats were exposed to BPA
from gestational day 6 onwards (continuous dose experiments) or from gestational day 6
through postnatal day 21 (stop-dose experiments). Rats were euthanized at 1 or 2 years of
age, and tissues were sent to both government and academic labs for blinded analyses.

In 2019, results from the guideline studies were made publicly available [47]. At the
time of writing, seventeen academic studies have been published [46]. While the guideline
studies affirm that current BPA exposure is safe, both the experimental design and interpre-
tation of the data have been challenged. During a 90-day CLARITY-BPA pilot study, BPA
and BPA metabolites were detected within the serum of both untreated and vehicle-only
gavage treated rats [48,49]. While minimal follow-up experiments were performed, this
suggests that at least a population of the rats were exposed to an unidentified environmen-
tal source of BPA. In addition, many academic scientists disagree with the gavage method
used to administer BPA. Gavage induces stress in the animals, and assessments of brains
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collected from vehicle-only gavage and untreated animals provided evidence that gavage
affected neurodevelopment [50].

While the confounding variables outlined above likely diminished differences between
control rats and rats dosed with BPA, both the guideline and academic studies identified
numerous significant adverse endpoints following BPA exposure (Figure 2A,B). For ex-
ample, within the guideline studies, increased incidence of mammary adenocarcinoma
(females), prostate inflammation (males) and kidney neuropathy (females) were statistically
significant endpoints following exposure to 2.5 µg/kg bw/day of BPA (Figure 2A). These
results were reported as sporadic by the guideline study authors who dismissed statistically
significant results observed following one dose. This has been challenged due to extensive
documentation of the nonmonotonic effects of hormones and endocrine-disrupting chemi-
cals [51]. Among the academic studies, the lowest dose of BPA also elucidated the greatest
number of effects (Figure 2B). Notably, this dose of 2.5 µg/kg bw/day is 10-fold lower
than the current established TDI of BPA in Canada. Applying a 1000-fold safety factor to a
LOEL of 2.5 µg/kg bw/day would result in a TDI of 2.5 ng/kg/day, 10000-fold lower than
the current value in Canada. Perhaps this is what CLARITY-BPA means for Canadians?
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6. Canada Needs Revised Assessment around the Toxicity of Bisphenols

In 2008, Canada took the lead in regulatory action around BPA. Since that time the
Canadian government has done considerably less than foreign regulatory agencies to
update and refine the risks of bisphenol exposure. Canadians need a re-assessment of the
literature supporting the endocrine-disrupting properties of BPA. When the most recent
risk assessment was completed in Canada, mechanisms rationalizing the low dose effects of
BPA in test animals were unclear. We now know that BPA can display strong estrogenicity
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in various tissues through non-canonical estrogen signaling pathways that are particularly
detrimental to developing organisms. The current TDI of BPA in Canada is six-fold higher
than the TDI established by the European Food Safety Authority (EFSA), while the results
from CLARITY-BPA report adverse effects following doses much lower than the latter.
Canadians also need risk assessments for alternative bisphenols, most notably bisphenol
S and bisphenol F. Alternative bisphenols are now widely used to replace BPA in poly-
carbonate, resins and thermal paper. Unfortunately, their physiochemical properties and
toxicity appear to be similar to BPA suggesting that products made with these newer chem-
icals are no safer than the products comprising polycarbonate or BPA-containing resins
which were banned more than a decade ago [37]. Finally, Health Canada should initiate
non-dietary exposure estimates for bisphenols. Results of the latest scientific opinion on
BPA issued by the EFSA concluded that thermal paper is the most abundant source of
non-dietary BPA exposure. Most notably, the upper bounds for uncertainty in their high
dietary and high non-dietary exposure estimates for BPA exceeded the current TDI. To
account for synergistic and additive effects, dietary and non-dietary exposure estimates
should be conducted for multiple bisphenols as well as additional endocrine-disrupting
chemicals [52,53]. Lastly, in 2017, the House of Commons Standing Committee of Environ-
ment and Sustainable Development made eighty-seven recommendations to strengthen the
Canadian Environmental Protection Act (CEPA) [54]. Many of these pending amendments
will improve the regulation of BPA. These include assessment or reassessment within a
prescribed period of time when new data emerges regarding toxicity (recommendation
50), mandatory assessment of cumulative and synergistic effects (recommendation 43), and
mandatory assessment of exposures to vulnerable populations, including during critical
windows of vulnerability (recommendation 43).

7. Conclusions

Bisphenol A is a high-volume chemical that has been used extensively for several
decades resulting in nearly ubiquitous exposure to Canadians. In the early 1990s, the
estrogenic properties of BPA were realized leading to the restricted use of this chemical
in products intended for infants. Since the most recent risk assessment of BPA in Canada,
a growing body of peer-reviewed research has characterized molecular mechanisms of
BPA toxicity and consistently reported adverse events following low dose exposure in test
animals. The EU has reduced the TDI of BPA to 4 µg/kg bw/day and further restricted its
use in many products. While any resulting regulatory action is still uncertain, results of
the CLARITY-BPA study in the United States indicate that BPA causes adverse effects at
doses as low as 2.5 µg/kg bw/day. While factors such as contamination and animal stress
likely diminished the differences observed between control and BPA-treated animals in this
study, 2.5 µg/kg bw/day is 10-fold lower than the current TDI in Canada, supporting the
need to urgently re-assess safe exposure levels for Canadians. In response to restrictions
and concerns around BPA, alternatives such as BPS are now widely used but are likely not
safer alternatives. Through the Chemicals Management Plan, Health Canada has recently
proposed subgrouping 343 BPA structural and functional analogs for future problem
formulation [55]. As stated above, this should include a toxicological re-assessment of all
bisphenols that Canadians are exposed to. Given the potential for non-monotonicity, all
assays should be replicated across a wide dose range and consider various sources, routes
and times of exposure. Finally, the synergistic and additive effects resulting from exposure
to multiple endocrine-disrupting chemicals must be thoroughly addressed.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thank you to Nat F. Brown for reviewing the manuscript before submission.



Int. J. Environ. Res. Public Health 2021, 18, 7001 7 of 9

Conflicts of Interest: The author declares no conflict of interest.

References
1. Michałowicz, J. Bisphenol A—Sources, toxicity and biotransformation. Environ. Toxicol. Pharmacol. 2014, 37, 738–758. [CrossRef]

[PubMed]
2. Global Bisphenol A Market Report 2018: Analysis 2013–2017 & Forecasts 2018–2023. Available online: https://www.prnewswire.

com/news-releases/global-bisphenol-a-market-report-2018-analysis-2013-2017--forecasts-2018-2023-300757673.html (accessed
on 24 November 2020).

3. Global Bisphenol-A Market Overview 2016–2022—Market is Projected to Reach US$22.5 Billion by 2022, Up from $15.6 Billion
in 2016—Research and Markets. Available online: https://www.prnewswire.com/news-releases/global-bisphenol-a-
market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-
and-markets-300303934.html (accessed on 24 November 2020).

4. Bushnik, T.; Haines, D.; Levallois, P.; Levesque, J.; Van Oostdam, J.; Viau, C. Lead and bisphenol A concentrations in the Canadian
population. Health Rep. 2010, 21, 7–18. [PubMed]

5. ARCHIVED—Health Risk Assessment of Bisphenol A from Food Packaging Applications—Canada.ca. Available online:
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/health-
risk-assessment-bisphenol-food-packaging-applications.html (accessed on 24 November 2020).

6. Nagel, S.C.; vom Saal, F.S.; Thayer, K.A.; Dhar, M.G.; Boechler, M.; Welshons, W.V. Relative binding affinity-serum modified
access (RBA-SMA) assay predicts the relative in vivo bioactivity of the xenoestrogens bisphenol A and octylphenol. Environ.
Health Perspect. 1997, 105, 70–76. [CrossRef]

7. D’Cruz, S.C.; Jubendradass, R.; Jayakanthan, M.; Rani, S.J.A.; Mathur, P. Bisphenol A impairs insulin signaling and glucose
homeostasis and decreases steroidogenesis in rat testis: An in vivo and in silico study. Food Chem. Toxicol. 2012, 50, 1124–1133.
[CrossRef] [PubMed]

8. Villar-Pazos, S.; Martinez-Pinna, J.; Castellano-Muñoz, M.; Magdalena, P.A.; Marroqui, L.; Quesada, I.; Gustafsson, J.-A.; Nadal,
A. Molecular mechanisms involved in the non-monotonic effect of bisphenol-a on Ca2+ entry in mouse pancreatic β-cells. Sci.
Rep. 2017, 7, 11770. [CrossRef]

9. Kuiper, G.G.; Carlsson, B.; Grandien, K.; Enmark, E.; Häggblad, J.; Nilsson, S.; Gustafsson, J.A. Comparison of the ligand binding
specificity and transcript tissue distribution of estrogen receptors alpha and beta. Endocrinology 1997, 138, 863–870. [CrossRef]
[PubMed]

10. Takayanagi, S.; Tokunaga, T.; Liu, X.; Okada, H.; Matsushima, A.; Shimohigashi, Y. Endocrine disruptor bisphenol A strongly
binds to human estrogen-related receptor gamma (ERRgamma) with high constitutive activity. Toxicol. Lett. 2006, 167, 95–105.
[CrossRef]

11. Thomas, P.; Dong, J. Binding and activation of the seven-transmembrane estrogen receptor GPR30 by environmental estrogens: A
potential novel mechanism of endocrine disruption. J. Steroid Biochem. Mol. Biol. 2006, 102, 175–179. [CrossRef]

12. Krishnan, A.V.; Stathis, P.; Permuth, S.F.; Tokes, L.; Feldman, D. Bisphenol-A: An estrogenic substance is released from polycar-
bonate flasks during autoclaving. Endocrinology 1993, 132, 2279–2286. [CrossRef]

13. Vandenberg, L.N.; Ehrlich, S.; Belcher, S.M.; Ben-Jonathan, N.; Dolinoy, D.C.; Hugo, E.R.; Hunt, P.A.; Newbold, R.R.; Rubin, B.S.;
Saili, K.S.; et al. Low dose effects of bisphenol A. Endocr. Disruptors 2013, 1, e26490. [CrossRef]

14. Peretz, J.; Vrooman, L.; Ricke, W.; Hunt, P.A.; Ehrlich, S.; Hauser, R.; Padmanabhan, V.; Taylor, H.S.; Swan, S.; Vandevoort,
C.A.; et al. Bisphenol A and reproductive health: Update of experimental and human evidence, 2007–2013. Environ. Health
Perspect. 2014, 122, 775–786. [CrossRef]

15. Saal, F.S.V.; Vandenberg, L.N. Update on the health effects of bisphenol A: Overwhelming evidence of harm. Endocrinology 2021,
162, 162. [CrossRef]

16. Perez-Lobato, R.; Mustieles, V.; Calvente, I.; Jimenez-Diaz, I.; Ramos, R.; Caballero-Casero, N.; López-Jiménez, F.; Rubio, S.; Olea,
N.; Fernandez, M. Exposure to bisphenol A and behavior in school-age children. NeuroToxicology 2016, 53, 12–19. [CrossRef]
[PubMed]

17. Khalil, N.; Ebert, J.R.; Wang, L.; Belcher, S.; Lee, M.; Czerwinski, S.A.; Kannan, K. Bisphenol A and cardiometabolic risk factors in
obese children. Sci. Total. Environ. 2014, 470–471, 726–732. [CrossRef]

18. Eng, D.S.; Lee, J.M.; Gebremariam, A.; Meeker, J.D.; Peterson, K.; Padmanabhan, V. Bisphenol A and chronic disease risk factors
in US children. Pediatrics 2013, 132, e637–e645. [CrossRef]

19. Muñoz-De-Toro, M.; Markey, C.M.; Wadia, P.R.; Luque, E.H.; Rubin, B.S.; Sonnenschein, C.; Soto, A.M. Perinatal exposure to
bisphenol-A alters peripubertal mammary gland development in mice. Endocrinology 2005, 146, 4138–4147. [CrossRef]

20. Kitamura, S.; Suzuki, T.; Sanoh, S.; Kohta, R.; Jinno, N.; Sugihara, K.; Yoshihara, S.; Fujimoto, N.; Watanabe, H.; Ohta, S.
Comparative study of the endocrine-disrupting activity of bisphenol A and 19 related compounds. Toxicol. Sci. 2005, 84, 249–259.
[CrossRef]

21. Alonso-Magdalena, P.; Ropero, A.B.; Soriano, S.; García-Arévalo, M.; Ripoll, C.; Fuentes, E.; Quesada, I.; Nadal, Á. Bisphenol-A
acts as a potent estrogen via non-classical estrogen triggered pathways. Mol. Cell. Endocrinol. 2012, 355, 201–207. [CrossRef]

http://doi.org/10.1016/j.etap.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24632011
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-report-2018-analysis-2013-2017--forecasts-2018-2023-300757673.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-report-2018-analysis-2013-2017--forecasts-2018-2023-300757673.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
https://www.prnewswire.com/news-releases/global-bisphenol-a-market-overview-2016-2022---market-is-projected-to-reach-us225-billion-by-2022-up-from-156-billion-in-2016---research-and-markets-300303934.html
http://www.ncbi.nlm.nih.gov/pubmed/20973429
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/health-risk-assessment-bisphenol-food-packaging-applications.html
https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/packaging-materials/bisphenol/health-risk-assessment-bisphenol-food-packaging-applications.html
http://doi.org/10.1289/ehp.9710570
http://doi.org/10.1016/j.fct.2011.11.041
http://www.ncbi.nlm.nih.gov/pubmed/22142692
http://doi.org/10.1038/s41598-017-11995-3
http://doi.org/10.1210/endo.138.3.4979
http://www.ncbi.nlm.nih.gov/pubmed/9048584
http://doi.org/10.1016/j.toxlet.2006.08.012
http://doi.org/10.1016/j.jsbmb.2006.09.017
http://doi.org/10.1210/endo.132.6.8504731
http://doi.org/10.4161/endo.26490
http://doi.org/10.1289/ehp.1307728
http://doi.org/10.1210/endocr/bqaa171
http://doi.org/10.1016/j.neuro.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26654821
http://doi.org/10.1016/j.scitotenv.2013.09.088
http://doi.org/10.1542/peds.2013-0106
http://doi.org/10.1210/en.2005-0340
http://doi.org/10.1093/toxsci/kfi074
http://doi.org/10.1016/j.mce.2011.12.012


Int. J. Environ. Res. Public Health 2021, 18, 7001 8 of 9

22. Nadal, A.; Fuentes, E.; Ripoll, C.; Villar-Pazos, S.; Castellano-Muñoz, M.; Soriano, S.; Martinez-Pinna, J.; Quesada, I.; Magdalena,
P.A. Extranuclear-initiated estrogenic actions of endocrine disrupting chemicals: Is there toxicology beyond paracelsus? J. Steroid
Biochem. Mol. Biol. 2018, 176, 16–22. [CrossRef]

23. Aris, A. Estimation of bisphenol A (BPA) concentrations in pregnant women, fetuses and nonpregnant women in Eastern
Townships of Canada. Reprod. Toxicol. 2014, 45, 8–13. [CrossRef]

24. Yoshihara, S.; Mizutare, T.; Makishima, M.; Suzuki, N.; Fujimoto, N.; Igarashi, K.; Ohta, S. Potent estrogenic metabolites of
bisphenol A and bisphenol B formed by rat liver S9 fraction: Their structures and estrogenic potency. Toxicol. Sci. 2004, 78, 50–59.
[CrossRef]

25. Sohoni, P.; Sumpter, J.P. Several environmental oestrogens are also anti-androgens. J. Endocrinol. 1998, 158, 327–339. [CrossRef]
26. Moriyama, K.; Tagami, T.; Akamizu, T.; Usui, T.; Saijo, M.; Kanamoto, N.; Hataya, Y.; Shimatsu, A.; Kuzuya, H.; Nakao, K. Thyroid

hormone action is disrupted by bisphenol A as an antagonist. J. Clin. Endocrinol. Metab. 2002, 87, 5185–5190. [CrossRef]
27. Qin, T.; Zhang, X.; Guo, T.; Yang, T.; Gao, Y.; Hao, W.; Xiao, X. Epigenetic alteration shaped by the environmental chemical

bisphenol A. Front. Genet. 2021, 11, 618966. [CrossRef]
28. Farahani, M.; Rezaei-Tavirani, M.; Arjmand, B. A systematic review of microRNA expression studies with exposure to bisphenol

A. J. Appl. Toxicol. 2021, 41, 4–19. [CrossRef] [PubMed]
29. Avissar-Whiting, M.; Veiga, K.R.; Uhl, K.M.; Maccani, M.A.; Gagne, L.A.; Moen, E.L.; Marsit, C.J. Bisphenol A exposure leads to

specific microRNA alterations in placental cells. Reprod. Toxicol. 2010, 29, 401–406. [CrossRef] [PubMed]
30. Gao, G.-Z.; Zhao, Y.; Li, H.-X.; Li, W. Bisphenol A-elicited miR-146a-5p impairs murine testicular steroidogenesis through negative

regulation of Mta3 signaling. Biochem. Biophys. Res. Commun. 2018, 501, 478–485. [CrossRef]
31. Santangeli, S.; Consales, C.; Pacchierotti, F.; Habibi, H.R.; Carnevali, O. Transgenerational effects of BPA on female reproduction.

Sci. Total. Environ. 2019, 685, 1294–1305. [CrossRef]
32. Chioccarelli, T.; Manfrevola, F.; Migliaccio, M.; Altucci, L.; Porreca, V.; Fasano, S.; Cobellis, G. Fetal-Perinatal exposure to

bisphenol-A affects quality of spermatozoa in adulthood mouse. Int. J. Endocrinol. 2020, 2020, 2750501. [CrossRef]
33. Balakrishnan, B.; Henare, K.; Thorstensen, E.B.; Ponnampalam, A.P.; Mitchell, M.D. Transfer of bisphenol A across the human

placenta. Am. J. Obstet. Gynecol. 2010, 202, 393.e1–393.e7. [CrossRef]
34. Matsumoto, J.; Yokota, H.; Yuasa, A. Developmental increases in rat hepatic microsomal UDP-glucuronosyltransferase activities

toward xenoestrogens and decreases during pregnancy. Environ. Heal. Perspect. 2002, 110, 193–196. [CrossRef] [PubMed]
35. Bisphenol F Market is Anticipated to Reach at a CAGR of 1.2% Globally with Top Countries Data|Analysis by Trends, Growth

and Forecast 2021–2027—The Cowboy Channel. Available online: https://www.thecowboychannel.com/story/43809474
/bisphenol-f-market-is-anticipated-to-reach-at-a-cagr-of-12-globally-with-top-countries-data-analysis-by-trends-growth-
and-forecast-2021-2027 (accessed on 16 June 2021).

36. Global Bisphenol S Market is Forecast to Grow at a CAGR of 11.5% During 2015-2031. Available online: https://www.
globenewswire.com/fr/news-release/2021/03/08/2188392/28124/en/Global-Bisphenol-S-Market-is-Forecast-to-Grow-at-a-
CAGR-of-11-5-During-2015-2031.html (accessed on 16 June 2021).

37. Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A systematic review and comparison of the hormonal activity of bisphenol A
substitutes. Environ. Health Perspect. 2015, 123, 643–650. [CrossRef]

38. Viñas, R.; Watson, C.S. Bisphenol S Disrupts Estradiol-Induced Nongenomic Signaling in a Rat Pituitary Cell Line: Effects on Cell
Functions. Environ. Health Perspect. 2013, 121, 352–358. [CrossRef] [PubMed]

39. Björnsdotter, M.K.; De Boer, J.; Ballesteros-Gómez, A. Bisphenol A and replacements in thermal paper: A review. Chemosphere
2017, 182, 691–706. [CrossRef] [PubMed]

40. Lehmler, H.-J.; Liu, B.; Gadogbe, M.; Bao, W. Exposure to bisphenol A, bisphenol F, and bisphenol S in U.S. adults and children:
The national health and nutrition examination survey 2013–2014. ACS Omega 2018, 3, 6523–6532. [CrossRef]

41. Serra, H.; Beausoleil, C.; Habert, R.; Minier, C.; Picard-Hagen, N.; Michel, C. Evidence for bisphenol B endocrine properties:
Scientific and regulatory perspectives. Environ. Health Perspect. 2019, 127, 106001. [CrossRef]

42. Cao, L.; Ren, X.-M.; Liang-Hong, G.; Zhang, J.; Qin, W.-P.; Yang, Y.; Wan, B.; Guo, L.-H. Bisphenol AF and bisphenol B exert higher
estrogenic effects than bisphenol A via G protein-coupled estrogen receptor pathway. Environ. Sci. Technol. 2017, 51, 11423–11430.
[CrossRef]

43. Moreman, J.; Lee, O.; Trznadel, M.; David, A.; Kudoh, T.; Tyler, C.R. Acute toxicity, teratogenic, and estrogenic effects of bisphenol
A and its alternative replacements bisphenol S, bisphenol F, and bisphenol AF in Zebrafish embryo-larvae. Environ. Sci. Technol.
2017, 51, 12796–12805. [CrossRef]

44. Gély, C.A.; Lacroix, M.Z.; Morin, M.; Vayssière, C.; Gayrard, V.; Picard-Hagen, N. Comparison of the materno-fetal transfer of
fifteen structurally related bisphenol analogues using an ex vivo human placental perfusion model. Chemosphere 2021, 276, 130213.
[CrossRef] [PubMed]

45. EFSA Panel on Food Contact Materials, Enzymes, Flavourings and Processing Aids (CEF). Scientific Opinion on the risks to
public health related to the presence of bisphenol A (BPA) in foodstuffs. EFSA J. 2015, 13, 3978. [CrossRef]

46. CLARITY-BPA Program. Available online: https://ntp.niehs.nih.gov/whatwestudy/topics/bpa/index.html (accessed on
15 March 2021).

http://doi.org/10.1016/j.jsbmb.2017.01.014
http://doi.org/10.1016/j.reprotox.2013.12.006
http://doi.org/10.1093/toxsci/kfh047
http://doi.org/10.1677/joe.0.1580327
http://doi.org/10.1210/jc.2002-020209
http://doi.org/10.3389/fgene.2020.618966
http://doi.org/10.1002/jat.4025
http://www.ncbi.nlm.nih.gov/pubmed/32662106
http://doi.org/10.1016/j.reprotox.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20417706
http://doi.org/10.1016/j.bbrc.2018.05.017
http://doi.org/10.1016/j.scitotenv.2019.06.029
http://doi.org/10.1155/2020/2750501
http://doi.org/10.1016/j.ajog.2010.01.025
http://doi.org/10.1289/ehp.02110193
http://www.ncbi.nlm.nih.gov/pubmed/11836149
https://www.thecowboychannel.com/story/43809474/bisphenol-f-market-is-anticipated-to-reach-at-a-cagr-of-12-globally-with-top-countries-data-analysis-by-trends-growth-and-forecast-2021-2027
https://www.thecowboychannel.com/story/43809474/bisphenol-f-market-is-anticipated-to-reach-at-a-cagr-of-12-globally-with-top-countries-data-analysis-by-trends-growth-and-forecast-2021-2027
https://www.thecowboychannel.com/story/43809474/bisphenol-f-market-is-anticipated-to-reach-at-a-cagr-of-12-globally-with-top-countries-data-analysis-by-trends-growth-and-forecast-2021-2027
https://www.globenewswire.com/fr/news-release/2021/03/08/2188392/28124/en/Global-Bisphenol-S-Market-is-Forecast-to-Grow-at-a-CAGR-of-11-5-During-2015-2031.html
https://www.globenewswire.com/fr/news-release/2021/03/08/2188392/28124/en/Global-Bisphenol-S-Market-is-Forecast-to-Grow-at-a-CAGR-of-11-5-During-2015-2031.html
https://www.globenewswire.com/fr/news-release/2021/03/08/2188392/28124/en/Global-Bisphenol-S-Market-is-Forecast-to-Grow-at-a-CAGR-of-11-5-During-2015-2031.html
http://doi.org/10.1289/ehp.1408989
http://doi.org/10.1289/ehp.1205826
http://www.ncbi.nlm.nih.gov/pubmed/23458715
http://doi.org/10.1016/j.chemosphere.2017.05.070
http://www.ncbi.nlm.nih.gov/pubmed/28528315
http://doi.org/10.1021/acsomega.8b00824
http://doi.org/10.1289/EHP5200
http://doi.org/10.1021/acs.est.7b03336
http://doi.org/10.1021/acs.est.7b03283
http://doi.org/10.1016/j.chemosphere.2021.130213
http://www.ncbi.nlm.nih.gov/pubmed/34088095
http://doi.org/10.2903/j.efsa.2015.3978
https://ntp.niehs.nih.gov/whatwestudy/topics/bpa/index.html


Int. J. Environ. Res. Public Health 2021, 18, 7001 9 of 9

47. National Toxicology Program. NTP Research Report on the CLARITY-BPA Core Study: A Perinatal and Chronic Extended-Dose-Range
Study of Bisphenol A in Rats; NTP Research Reports; National Toxicology Program, Research Triangle Park (NC): Triangle Park,
NC, USA, 2018.

48. Schug, T.T.; Heindel, J.J.; Camacho, L.; Delclos, K.B.; Howard, P.; Johnson, A.F.; Aungst, J.; Keefe, D.; Newbold, R.; Walker,
N.J.; et al. A new approach to synergize academic and guideline-compliant research: The CLARITY-BPA research program.
Reprod. Toxicol. 2013, 40, 35–40. [CrossRef] [PubMed]

49. Vandenberg, L.N.; Hunt, P.A.; Gore, A.C. Endocrine disruptors and the future of toxicology testing—Lessons from CLARITY–BPA.
Nat. Rev. Endocrinol. 2019, 15, 366–374. [CrossRef]

50. Cao, J.; Rebuli, M.; Rogers, J.; Todd, K.L.; Leyrer, S.M.; Ferguson, S.; Patisaul, H.B. Prenatal bisphenol A exposure alters sex-
specific estrogen receptor expression in the neonatal rat hypothalamus and amygdala. Toxicol. Sci. 2013, 133, 157–173. [CrossRef]
[PubMed]

51. Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R., Jr.; Lee, D.H.; Shioda, T.; Soto, A.M.; vom Saal, F.S.;
Welshons, W.V.; et al. Hormones and endocrine-disrupting chemicals: Low-Dose effects and nonmonotonic dose responses.
Endocr. Rev. 2012, 33, 378–455. [CrossRef] [PubMed]

52. Katchy, A.; Pinto, C.; Jonsson, P.; Nguyen-Vu, T.; Pandelova, M.; Riu, A.; Schramm, K.-W.; Samarov, D.; Gustafsson, J.-Å.;
Bondesson, M.; et al. Coexposure to phytoestrogens and bisphenol a mimics estrogenic effects in an additive manner. Toxicol. Sci.
2013, 138, 21–35. [CrossRef] [PubMed]

53. Aichinger, G.; Pantazi, F.; Marko, D. Combinatory estrogenic effects of bisphenol A in mixtures with alternariol and zearalenone
in human endometrial cells. Toxicol. Lett. 2020, 319, 242–249. [CrossRef]

54. Committee Report No. 8—ENVI (42-1)—House of Commons of Canada. Available online: https://www.ourcommons.ca/
DocumentViewer/en/42-1/ENVI/report-8 (accessed on 21 April 2021).

55. Technical Consultation: Proposed Subgrouping of Bisphenol A (BPA) Structural Analogues and Functional Alternatives—
Canada.ca. Available online: https://www.canada.ca/en/environment-climate-change/services/evaluating-existing-substances/
technical-consultation-proposed-subgrouping-bpa-structural-analogues-functional-alternatives.html (accessed on 21 April 2021).

http://doi.org/10.1016/j.reprotox.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23747832
http://doi.org/10.1038/s41574-019-0173-y
http://doi.org/10.1093/toxsci/kft035
http://www.ncbi.nlm.nih.gov/pubmed/23457122
http://doi.org/10.1210/er.2011-1050
http://www.ncbi.nlm.nih.gov/pubmed/22419778
http://doi.org/10.1093/toxsci/kft271
http://www.ncbi.nlm.nih.gov/pubmed/24284790
http://doi.org/10.1016/j.toxlet.2019.10.025
https://www.ourcommons.ca/DocumentViewer/en/42-1/ENVI/report-8
https://www.ourcommons.ca/DocumentViewer/en/42-1/ENVI/report-8
https://www.canada.ca/en/environment-climate-change/services/evaluating-existing-substances/technical-consultation-proposed-subgrouping-bpa-structural-analogues-functional-alternatives.html
https://www.canada.ca/en/environment-climate-change/services/evaluating-existing-substances/technical-consultation-proposed-subgrouping-bpa-structural-analogues-functional-alternatives.html

	Introduction 
	Regulation of BPA in Canada 
	New Data Resolves Discrepancy around BPA Toxicity 
	Questioning the Safety of BPA Alternatives 
	Regulation of BPA Outside of Canada 
	Canada Needs Revised Assessment around the Toxicity of Bisphenols 
	Conclusions 
	References

