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Severe acute respiratory syndrome (SARS) coronavirus-2 (SARS-CoV-2) causes a new disease (COVID-19). Certain
underlying comorbidities (e.g. asthma, cancer, cardiovascular disease, hypertension, diabetes, and obesity) have been
identified as risk factors for severe COVID-19. Exposure to endocrine disrupting chemicals (EDCs) can promote these
cardio-metabolic diseases, endocrine-related cancers, and immune system dysregulation and so may also be linked to
higher risk of severe COVID-19. Bisphenol A (BPA) is one of the most common EDCs, exerting its effects via receptors
which are widely distributed in human tissues, including nuclear estrogen receptors (ERa and ERf), membrane-bound
estrogen receptor GPR30 and human nuclear receptor estrogen-related receptor gamma. The potential role of BPA on the
risk and severity of COVID-19 requires further investigation and focus should be placed on the potential role of BPA in
promoting comorbidities associated with severe COVID-19, as well as on potential BPA-induced effects on key SARS-
CoV-2 infection mediators, such as angiotensin-converting enzyme 2 (ACE2), and transmembrane serine protease 2
(TMPRSS2).
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1. Introduction

Infection by the novel severe acute respiratory syndrome (SARS) coronavirus-2 (SARS-CoV-2) causes a severe new
disease, i.e., COVID-19. Following the initial outbreak of COVID-19 cases at the end of 2019, COVID-19 reached
pandemic status within months . Certain underlying diseases/conditions exhibit a direct association with significantly
increased risk for adverse clinical outcomes of COVID-19 [, Indeed, chronic respiratory diseases (e.g., asthma and
chronic obstructive pulmonary disease), cardiovascular disease (CVD), hypertension, diabetes, immunosuppression, and
cancer are among the identified comorbidities which predispose individuals to severe COVID-19 [,

Endocrine-disrupting chemicals (EDCs) are exogenous substances which can disrupt normal functions of the endocrine
system in animals and humans, increasing the risk of adverse health effects 4. Common EDCs include industrial solvents
or lubricants and their by-products, pesticides, fungicides, plasticisers (e.g., bisphenol A (BPA) and phthalates), and
pharmaceuticals [&l. EDCs are widespread in the environment and can accumulate across the entire food chain due to the
long half-lives which commonly characterize these lipophilic chemicals, as well as the inability of the body to metabolize
them . Data from the US Centers for Disease Control and Prevention (CDC) suggest that humans can be exposed to
hundreds of chemicals including EDCs El. Of note, research has suggested that increased and/or prolonged exposure of
humans to EDCs can cause cardio-metabolic dysfunction, disorders of the reproductive system, endocrine-related
cancers, and immune system dysregulation .

As more data on COVID-19 become available, the identified number of relevant predisposing risk factors is increasing,
including factors such as obesity [ and low socioeconomic and/or Black, Asian, and minority ethnic (BAME) background
I, which may be also linked to higher exposure to EDCs B8, Indeed, a recent review has further proposed that long-term
exposure to chemicals in mixtures, as well as lifestyle habits, may be linked to compromised immunity and predispose to
the complications observed in patients with severe COVID-19 19 Moreover, a computational systems hiology approach
revealed that a number of signalling pathways which are dysregulated by EDCs (e.g., Th17 and advanced glycation end-
products (AGE)/receptor for AGE (RAGE), AGE/RAGE, pathways) might also be related to the severity of COVID-19 21,
As these detrimental effects of EDCs overlap with key risk factors for severe COVID-19, the hypothesis that exposure to
EDCs may be also linked to the severity of COVID-19 merits further investigation 121,

Among the various EDCs, BPA is extensively used in a variety of products, including plastics, thermal receipts, and the

lining of aluminium cans 121, Accordingly, BPA is now one of the most frequently detected pollutants in the environment
M



| 2. BPA and Key Molecular Targets of SARS-CoV-2

SARS-CoV-2 infection of target/host cells is mediated by a number of cellular receptors and proteases. As such, SARS-
CoV-2 binds with high affinity to angiotensin-converting enzyme 2 (ACE2) on the cell membrane, which facilitates viral
entry into host cells 151, Moreover, transmembrane serine protease 2 (TMPRSS?2) is co-expressed with ACE2 on the cell
membrane and it can prime the viral spike proteins, thus mediating the fusion of the virus with the membrane lipid layer
and its uptake into host cells 28], In addition, furin is a protease known for cleaving inactive precursor proteins into their
biologically active products L4, while furin inhibitors have been investigated in the search for novel SARS-CoV-2
treatments since a relevant site has been discovered in the protein sequence of the SARS-CoV-2 spike protein [L81119],

BPA exerts its effects by acting on receptors which, based on available data from the Genotype-Tissue Expression (GTEXx)
project, are widely distributed in human tissues, including nuclear oestrogen receptors (ERa and ER[3), membrane-bound
oestrogen receptor (G protein-coupled receptor 30; GPR30), and human nuclear receptor oestrogen-related receptor
gamma (Eigure 1) [201124](22]123],

As more research is now focused on the role of cellular mediators in SARS-CoV-2 infection and potential factors affecting
their expression/functions, we also present data on the potential effects of BPA on these key SARS-CoV-2 infection
mediators.
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Figure 1. Expression (log2(norm_count+1)) of the nuclear oestrogen receptors ERa (ESR1) and ERB (ESR2), G protein-
coupled membrane-bound oestrogen receptor (GPR30 or GPER1), and oestrogen-related receptor gamma (ESRRG)
across human tissues based on available data from the Genotype-Tissue Expression (GTEX) project.

Here, we expanded on these in silico observations by assessing the co-expression of receptors mediating BPA effects
with SARS-CoV-2 infection mediators. As such, among these receptors which mediate BPA effects, the membrane-bound
oestrogen receptor GPR30 appeared to co-localise with TMPRSS2 in the lung, colon, stomach, small intestine, thyroid,
kidney, liver, and prostate (Figure 2A). This finding suggests that BPA exposure may impact via GPR30 on these SARS-
CoV-2 infection mediators in these tissues and, thus, have potential implications on the severity of COVID-19 (e.g., on the
consequences of SARS-CoV-2 infection in the lungs). We have dissected these data further, using available data from the
GTEx project, to investigate any potential correlation among the expression patterns of these genes. For this, we
computed the Pearson correlation coefficient between the genes’ expression levels in healthy tissue samples. A high
degree of correlation was noted between ACE2 with ER (0.37) and TMPRSS2 (0.38), whereas moderate correlation was
noted between ACE2 with ERa (0.28) and oestrogen-related receptor gamma (0.23) (Eigure 2B). The results suggest that

these genes have a correlated expression pattern.
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Figure 2. Co-expression (A) and correlation (B) of the main known receptors, i.e., nuclear oestrogen receptors ERa
(ESR1) and ERB (ESR2), membrane-bound oestrogen receptor (G protein-coupled receptor 30; GPR30 or GPER1), and
oestrogen-related receptor gamma (ESRRG) which mediate the effects of bisphenol A (BPA) with key SARS-CoV-2
infection mediators, i.e., angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2),
based on available data from the Genotype-Tissue Expression (GTEX) project.

| 3. BPA and Comorbidities Predisposing to Severe COVID-19

BPA exposure has been linked to the development of certain cardio-metabolic diseases, endocrine-related cancers, as
well as to immune system dysregulation. The links between BPA exposure and these diseases which have been identified
as risk factors for COVID-19 may be indirectly linked to higher risk of severe COVID-19.

3.1. BPA and Cardio-Metabolic Diseases

BPA is now recognized as a potential additional factor implicated in the development of cardio-metabolic diseases 24,
Indeed, BPA accumulates in adipose tissue and increases the number and size of adipocytes, thus contributing to
increased adiposity and weight gain 2. Moreover, a recent systematic review with meta-analysis of the relevant
epidemiological evidence reported that BPA exposure shows a significant positive association with indices of both
generalized and central/abdominal obesity 2827 Similarly, systematic review data also support a relationship between
BPA exposure and type 2 diabetes (T2DM) 28, BPA exposure might be also associated with adiposity both in childhood
and later in life 2. Furthermore, a positive association has also been documented between low dose BPA exposure
during critical developmental periods (e.g., during fetal development) and metabolic diseases, such as T2DM B9, Data
from epidemiological and mechanistic studies also suggest a link between increased BPA exposure and hypertension 1],
which is a key component of the metabolic syndrome and a leading CVD risk factor globally B2l Qverall, it is
noteworthy that CVD and all these chronic diseases which commonly cluster within the metabolic syndrome spectrum
(e.g., obesity, T2DM, and hypertension) are now consistently recognized as key factors that predispose to severe COVID-
19 [B4IBSISEISTSEIST Thys, BPA exposure by promoting the development of these cardio-metabolic diseases over time
may be also indirectly linked to higher risk of severe COVID-19, particularly in older individuals that are a high risk group
for severe COVID-19 20,

3.2. BPA and Cancer

BPA exposure has been linked to carcinogenicity, especially of hormone-dependent tumours, such as prostate, breast,
and ovarian cancer 4. As such, prenatal BPA exposure may influence the development of prostate cancer in later life,
and also increase the frequency of breast tumours through either alteration of fetal glands or by mediating estrogen-
dependent growth of tumour cells [16]. Interestingly, pregnant mice which were exposed to BPA levels within the range of
human exposure showed increased prostate volume and decreased sperm production in the adult male offspring[22/431144]
Furthermore, increasing evidence from both in vitro and animal studies suggest that BPA exposure, even at low doses,
may have carcinogenic effects on breast cancer [48]2], Moreover, BPA appears to increase the risk of endometriosis
which, in turn, increases the risk of both coronary heart disease and ovarian cancer 48147 Finally, BPA exposure may
induce endometrial stromal cell invasion and has a positive association with peritoneal endometriosis 48],



3.3. BPA and Modulation of Inmune System Responses

An increasing number of studies have also drawn attention to the potential involvement of BPA in modulating immune
system responses, and, particularly, to its potential ability to facilitate airway inflammation and respiratory allergies, as well
as impair immunotolerance to dietary proteins BBABLEA Myltiple mechanisms have been suggested to mediate the
potential effects of BPA on the immune system, such as direct effects on relevant receptors (e.g., estrogen receptors) and
cellular signalling pathways, as well as epigenetic effects and changes of the gut microbiome 2. Overall, BPA exposure
may impact on both the sub-type and function of the adaptive and innate immune system cells, leading to changes in
produced cytokines and chemokines (e.g., upregulation of pro-inflammatory cytokines such as IFN-y, TNF-a, IL-10 and IL-
4) and decreased T regulatory (Treg) cells BB, |nterestingly, oral BPA exposure of ovariectomized rats has been shown
to induce a pro-inflammatory response in their adult female offspring, suggesting potential long-term effects of BPA on the
immune system of the progeny 521,

3.4. BPA and Links to Pregnancy and Placentation Complications

A growing body of evidence has further shown that BPA exposure, even at low doses, may have adverse effects on the
outcomes of pregnancy in humans, resulting in potentially harmful conditions for both the mother and the offspring (e.g.,

affecting the normal development of the fetus and/or causing problems later in life) RABSISEISTISEISANEN There is also a
correlation between BPA exposure and preeclampsia during pregnancy BH62l \which is characterized by newly diagnosed
hypertension and proteinuria 63! and is associated with increased risk of both maternal mortality and health problems for
the offspring later in life (e.g., obesity and T2DM) .[631[64]

4. Conclusions

Exposure to BPA, one of the most common EDCs, can promote the development of cardio-metabolic diseases,
endocrine-related cancers, and immune system dysregulation and, through that, may be indirectly linked to higher risk of
severe COVID-19 (Eigure 3). Moreover, receptors which directly mediate BPA effects, such as the membrane-bound
oestrogen receptor GPR30, are widely distributed in human tissues and may co-localise with SARS-CoV-2 infection
mediators (e.g., co-localisation of GPR30 with TMPRSS2 and CTSL in the lung), potentially affecting their local tissue
expression. Therefore, it becomes evident that there might be potential implications of exposure to BPA and other
common EDCs on the risk of SARS-CoV-2 infection and the severity of COVID-19 12 This is a developing topic and
clearly further in vitro, computational, preclinical, and in vivo studies are needed to elucidate any such direct links between
BPA and COVID-19 and clarify the molecular mechanisms that may be involved. Ultimately, this can lead to a new
framework and guidelines for reducing relevant EDC exposure(s) in the context of COVID-19, particularly in high COVID-
19 risk groups (e.g., men and older individuals, as well as patients with comorbidities such as T2DM, hypertension,
obesity, and CVD).
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Figure 3. Potential links via which bisphenol A (BPA) could indirectly increase the risk for severe COVID-19. Exposure to
BPA can promote the development of multiple cardio-metabolic diseases and endocrine-related cancers (A). These
comorbidities predispose to worse COVID-19 clinical outcomes (B); hence, BPA exposure may be indirectly linked to
higher risk of severe COVID-19. CVD: cardiovascular disease; COPD: chronic obstructive pulmonary disease; COVID-19:
coronavirus disease 2019.
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