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Abstract: The “One Health approach” has evidenced the significant impact of xenobiotic exposure to
health, and humans are a relevant target for their toxic effects. Bisphenol A (BPA) exerts a ubiquitous
exposure source in all ecosystems. Given its endocrine-disrupting and harmful consequences on
health, several countries have enforced new regulations to reduce exposure to BPA. Cardiovascular
diseases (CVDs) are complex conditions that lead to higher mortality worldwide, where family
history, lifestyle, and environmental factors, like BPA exposure, have a remarkable contribution.
This chemical compound is the most widely used in plastic and epoxy resin manufacturing and
has been associated with effects on human health. Therefore, new-generation bisphenols (NGBs)
are replacing BPA use, arguing that they do not harm health. Nonetheless, the knowledge about
whether NGBs are secure options is scanty. Although BPA’s effects on several organs and systems
have been documented, the role of BPA and NGBs in CVDs has yet to be explored. This review’s
goals are focused on the processes of endothelial activation (EA)—endothelial dysfunction (ED), a
cornerstone of CVDs development, bisphenols” (BPs) effects on these processes through oxidant and
antioxidant system alteration. Despite the scarce evidence on pro-oxidant effects associated with
NGBs, our review demonstrated a comparable harmful effect on BPA. The results from the present
review suggest that the biological mechanisms to explain BPs cardiotoxic effects are the oxidant stress
++ inflammatory response <+ EA <+ ED — atherosclerotic plate — coagulation promotion. Other
effects contributing to CVD development include altered lipid metabolism, ionic channels, and the
activation of different intracellular pathways, which contribute to ED perpetuation in a concerted
manner.

Keywords: cardiovascular diseases; endothelial dysfunction; oxidative stress; oxidant system;
antioxidant system; bisphenol A; new-generation bisphenols; toxicity

1. Functions and Dysfunctions of the Cardiovascular System: A General Landscape

Cardiovascular diseases (CVDs) are complex conditions resulting from the endothelial
dysfunction (ED) process. Diet [1], alcohol consumption [2], tobacco use [3], and physical
inactivity [4] are well-established modifiable factors contributing to the development and
progression of CVDs. In contrast, gender [5], ethnicity [6], genetic predisposition [7], and
age [8] are recognized as non-modifiable factors. Furthermore, environmental exposure to
pollutants such as lead, arsenic [9], organochlorine pesticides [10], and bisphenol A [11]
have been identified as having a central role in the development of CVDs. Hence, en-
vironment, genetics, and epigenetics factors, as well as lifestyle, have a critical role in
contributing to CVD development, the leading cause of mortality worldwide and one of
the causes of disability (Figure 1).
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Figure 1. The associated risk factors of cardiovascular diseases. The environmental risk factors
appear involved because they are the goal of the present review, particularly bisphenol A and its
emergent substitutes (new-generation bisphenols, NGBs). This image was created with BioRender
(https:/ /www.biorender.com/ (accessed on 5 September 2024)).

The cardiovascular system (CVS) is lined by the vascular endothelium (VE), which
encompasses the heart, arteries, veins, and capillaries; the bloodstream is also contained
in the CVS. Under physiological conditions, the VE is selectively permeable, exhibiting
in its luminal surface anticoagulant and fibrinolytic properties, preventing intrinsic co-
agulation cascade activation or platelet adhesion [12]. It also produces autocrine and
paracrine molecules and modulates the vascular tone, blood flow, fluid state, and molecules
exchanging between the blood and surrounding tissues. Thus, the VE is critical in main-
taining homeostasis and hemostasis, aside from controlling arterial tone in response to
changes in blood flow through nitric oxide (NO®~), an endothelium-derived vasodila-
tor [12]. One of the critical functions of the VE is the balance between oxidants and
antioxidants, vasodilators and vasoconstrictors, pro- and anti-inflammatory molecules, and
pro- and anti-thrombotic signals, the cornerstone of CVDs [12].

Although atherosclerotic plaque is considered the pathognomonic signature of CVDs,
endothelial dysfunction (ED) is the trigger point of such pathologies. ED involves sys-
temic, acute, and chronic changes in endothelial cell function. These changes often occur
at sites of disturbed laminar flow, altering shear stress and promoting the atherosclerotic
process [13,14]. Yet, endothelial activation (EA), induced by oxidative stress conditions in
the VE, is necessary to start the ED process. Hence, EA entails ED, characterized by the
loss of VE permeability, causing the trapping of circulating low-density lipoproteins (LDLs)
in the subendothelial space, its oxidation (ox-LDL), and accumulation. Concurrently, the
VE expresses adhesion molecules such as vascular cell adhesion molecule 1 (VCAM-1),
intercellular adhesion molecule 1 (ICAM-1), and E-selectin, concomitant to chemokines,
such as monocyte chemotactic protein 1 (MCP-1), which selectively recruit circulating
monocytes to the injury site. Monocytes then migrate through the endothelium to the
subendothelial layer, differentiate into pro-inflammatory macrophages, and internalize
ox-LDL, becoming foam cells, characteristic of early fatty streak lesions [15]. The pro-
inflammatory macrophages express cytokines, chemokines, and growth factors. They all
induce proliferation and recruitment to the subendothelial layer of neighboring vascular
smooth muscle cells that secrete an extracellular matrix that forms a protective fibrous cap
around the core of the atheroma [14]. This cap is not a specialized structure but conforms to
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a typical atherosclerotic fibrous tissue. The atherosclerotic lesion suffers a structural remod-
eling consisting of a fibrous cap overlying a lipid-rich necrotic core consisting of ox-LDL,
cholesterol crystals, and cellular debris. This process is accompanied by matrix remodeling
and calcification. The lateral edges of these complex plaques contain pro-inflammatory
cells, such as activated macrophages and T-cells, natural killer T-cells, and dendritic cells
that contribute to sustained local inflammation. These cells and neutrophils contribute to
the structural instability of the atherosclerotic plaque and the proteolytic modification of
its extracellular matrix components, with the neutrophils having a predominant role in
the propagation of superficial erosion [16]. The lesion could progress to plaque rupture,
releasing the highly thrombogenic contents from the necrotic core at the vascular lumen,
triggering an atherothrombotic occlusion (Figure 2).
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Figure 2. Endothelial dysfunction process and its progression toward atherosclerotic plaque develop-
ment. Blood vessels are initially present in a healthy endothelium, but endothelial activation (EA)
occurs under oxidative stress conditions. EA increases the expression of adhesion molecules, such
as vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 ICAM-1),
favoring the adhesion and migration of monocytes to the endothelium, contributing, in turn, to the
onset of endothelial dysfunction (ED). In ED, the epithelium loses its ability as a selective barrier,
increasing vascular permeability and allowing the passage of low-density lipoproteins (LDLs). Once
inside the arterial wall, LDL is oxidized, forming ox-LDL. The monocytes migrate to the endothelium
and differentiate into macrophages, phagocytizing ox-LDL and becoming foam cells. Simultaneously,
MI1-type activated macrophages release pro-inflammatory cytokines, such as interleukin (IL) 6 (IL-6)
and tumor necrosis factor-alpha (TNF-«), amplifying the inflammatory response at the site of tissue
damage. This process is carried out by macrophages, T-cells, natural killer cells, and dendritic cells
that contribute to sustained local inflammation and neutrophils that contribute to superficial erosion
and fibrous cap rupture. This process contributes to the accumulation of foam cells and the formation
of atherosclerotic plaque. Additionally, the activated macrophages secrete matrix metalloproteinases
(MMPs), which degrade the extracellular matrix, weakening the atherosclerotic plaque and making
it more vulnerable to rupture, increasing the risk of cardiovascular complications. The image was
created with BioRender (https://www.biorender.com/ (accessed on 12 September 2024)).

Oxidative stress stimuli are generated by CVD’s concurrent conditions, such as dia-
betes, metabolic syndrome, obesity, hypercholesterolemia, hypertension, alterations in the
renin—angiotensin-II (Angll) system, and inflammation. Such alterations lead to reactive
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oxygen species (ROS) decreasing the bioavailability of (NO®~), a hallmark of vascular EA
and a predictive factor of CVD events [17]. Additionally, exposure to xenobiotics, such as
bisphenols (BPs), has been related to oxidative stress production, being a possible provider
of CVD development as well as other pathologies such as cancer and interstitial lung,
kidney, and reproductive dysregulation.

2. Bisphenols

BPs are chemicals used to produce polyesters, polyethers [18], polycarbonate plastics,
and epoxy resins [19]. Their primary function is to bind, plasticize, reinforce, and serve
as a filling material [18]. Bisphenol A (BPA) has been the most widely used globally,
with production in 2020 of closer than 7.7 million tons, although it has increased over
the years [20]. BPA products include bottles, food and water containers, microwave oven
dishes [18], water pipes, the inner linings of food and beverages, receipts [20], toys, and
medical and electronic equipment. Given its role in the endocrine system alterations, such
compounds have been classified as endocrine-disrupting chemicals (EDCs). BPA is broadly
found in the environment and is one of the most common chemical compounds in human
and animal matrices [21]. In humans, a dose of 100 mg/kg of deuterated BPA (d6-BPA)
administrated for 12 h by dermic via the half-life was 21.4 h to total d6-BPA and 17.6 h
to free d6-BPA, and >98% was eliminated after 6 days. [22]. In other living beings, such
as Sprague Dawley rats, in 5 min, more than 50% of BPA is conjugated. In this same
in vivo model, 10 mg/kg of BPA oral via reaches the mean maximum serum concentration
(14.7 ng/mL) after 12 min and a half-life of 21.3 h [23].

BPA is a ubiquitously distributed pollutant; its global average estimated daily intake
(EDI) is 2.69 ng/kg/day for infants, 60.08 ng/kg/day for children, 42.03 ng/kg/day for
pregnant women, and 30.76 ng/kg/day for adults [24]. The tolerable daily intake (TDI)
estimates the amount of contaminants in food or water that can be consumed daily over
a lifetime without posing a significant health risk. The European Food Safety Authority
(EFSA) set the TDI for BPA at 0.2 ng/kg/day [24], a value significantly lower than the re-
ported EDI. Other organizations, such as Health Canada, set a TDI of 25 ug/kg/day [24]. In
South Korea, the Ministry of Food and Drug Safety suggested a TDI of 50 pg/kg/day [25].
The TDI value proposed by the EFSA, which is considerably lower than other interna-
tional standards, highlights the need to consider the risks associated with continuous
BPA exposure.

The “One Health approach” has evidenced the great relevance of xenobiotic exposure
and its implications for the health of different ecosystems. These exposures permeate
to other life forms, and humans are one of the relevant targets. BPA in the plastics raw
materials industry exerts a ubiquitous exposure source in all ecosystems. Consequently,
given its endocrine-disrupting effects, several countries have enforced new regulations to
reduce their exposure. This regulation has been sustained by the impact of EDCs from
natural and anthropogenic sources that interfere with the synthesis, secretion, transport,
metabolism, and binding of endogenous hormones, along with their downregulation [26].
The evidence supports that BPA can generate oxidative stress, induce a pro-inflammatory
functional profile, and alter lipid metabolism, among other effects involved in ED and
consequently in the triggers of CVD development [27]. Ergo, its use is being replaced by
new-generation bisphenols (NGBs) (Figure 3), arguing that these do not have adverse
effects on health and being proposed as “secure alternatives” despite research regarding
cardiovascular disorders still being in progress [21,28].

BPA and its emergent chemical substitutes, NGBs, have been associated with damage
to different organs and systems, including the CVS [29]. Myocardial infarction, arrhythmias,
dilated cardiomyopathy, lipid metabolism dysfunctions, atherosclerosis, and hypertension
are well-documented pathologies associated with BPA exposure; in vitro models and epi-
demiological studies have reinforced its impact on CVDs. In this setting, circulating BPA
levels have been related to increased intima-media thickness [30,31]. Regarding NGBs’
toxicokinetic properties, scanty evidence is known. However, bisphenol S (BPS) clearance
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is lower than BPA in piglets and humans, suggesting that it remains in the body longer
than BPA, with harmful health consequences [32]. The following sections present evidence
of BPA and NGBs’ effects on crucial players of CVD physiopathology, particularly on lipid
metabolism, oxidant and antioxidant vascular systems, and other parameters associated

with oxidative stress.
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Figure 3. Bisphenols’ chemical structures. Bisphenol A (BPA), bisphenol AF (BPAF), bisphenol AP
(BPAP), bisphenol B (BPB), bisphenol C (BPC), bisphenol E (BPE), bisphenol F (BPF), and bisphenol
S (BPS).

3. Bisphenol Effects on the Physiopathology of Cardiovascular Disease
3.1. Bisphenols and Lipid Metabolism

Bisphenols and their structural homologs have been involved in lipid metabolism [33].
BPA is a potent agonist of the pregnane X receptor (PXR), which induces a proatherogenic
effect in humans [34], the accumulation and increase in lipids, cholesterol, and LDL, as
well as a decrease in high-density lipoprotein cholesterol (HDL), which also contributes to
plaque formation [33]. Human studies have evidenced that alterations in specific genes
involved in antiatherogenic functions contribute to clinical manifestations of atherosclerosis,
even in middle-aged individuals [35]. Evidence from mice has shown that BPA increases
the expression of the genes Muvd, Lss, Hmgcr, and Sgle, which are involved in cholesterol
biosynthesis [36]. These and other genes affect fatty acid oxidation, synthesis, and absorp-
tion [37], increasing lipid droplets, triglyceride levels, and the expression of genes related
to lipogenesis, favoring CVD development [38]. In zebrafish, exposure to environmentally
relevant concentrations of BPA increases the mRNA expression of genes related to triglyc-
eride transport and decreases the expression of genes related to lipid catabolism [33]. Also,
BPA inhibits the expression of ApoE [39] and ApoA [40] in minnow Gobiocypris rarus, a
relevant finding because of apolipoproteins’ role in triglyceride transport.

Even though few studies have shown that NGBs can alter lipid and cholesterol levels,
it was reported that BPB, BPE, BPFE, and BPS increase lipid accumulation and alter leptin
levels similarly to BPA [41]. BPS and BPF have been associated with greater lipid storage
capacity than BPA in pre-adipocytic cells and increase the expression of adipogenic proteins
CCAAT/enhancer, binding protein o (C/EBP«), peroxisome proliferator-activated receptor
gamma (PPARY), and acid-binding protein 4 (FABP4) [42]. BPS has been associated with
the risk of venous thrombosis because it increases blood lipid and cholesterol levels in cell
membranes, morphology, and erythrocyte function [43]. BPAF has been associated with
increased lipid content and accelerated maturation of the adipocytes [44].

3.2. Bisphenols and the Vascular Oxidant System

The oxidative stress in the vascular endothelium is mediated by superoxide anions
(O2°7) [45], hydroxyl species (HO™), and hydrogen peroxide (H,O,) [46]. The O,°~ may
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react with NO®~, forming peroxynitrite radicals (ONOO™) [47], which leads to endothelial
nitric oxide synthase (eNOS) uncoupling and further O,*~ production. The O,*~ can also
participate in the Haber-Weiss reaction, which interacts with H,O; to produce HO™. [46].
Superoxide dismutase (SOD) is critical for the O,°*~ reduction to HyO,. The H,O; also
participates in the Fenton reaction, which reacts with iron ions in their reduced state (Fe?*)
to generate HO™. Xanthine oxidase (XO) and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) also produced HO~. The HO™ is cleared by catalase (CAT),
glutathione peroxidase (GPX), and the thioredoxin (TRX) system [46,48,49]. The sources
of ROS production are the mitochondrial activity at complexes 1 and 3, NOX, XO [50],
and uncoupled eNOS [51,52], as well as the Fenton and Haber—Weiss reactions, which
generate hydroxyl radicals and contribute to oxidative damage [53]. Figure 4 summarizes
the sources of ROS production and its interaction with the antioxidant system.

At physiological levels, ROS maintains the signaling pathways that control cellular
processes. Inflammation, differentiation, proliferation, apoptosis, and the immune response
processes are regulated by ROS [54]. Oxidative stress overstimulates the mentioned path-
ways, promoting ROS-associated processes, such as atherosclerosis development [55]. Of
note is the feedback in the elevated ROS production, which even provokes more ROS gener-
ation, a phenomenon known as ROS-induced ROS release. This effect produces a repetitive
cycle of damage and dysfunction, promoting further disease progression [56]. ROS also
promotes a pro-inflammatory response, another central factor in preserving ED, via the
activation of the transcription nuclear factor-«B (NF-«B) [13,15]. Furthermore, in endothe-
lial cells, NF-«B promotes the expression of pro-inflammatory cytokines such as IL-6 and
tumor necrosis factor-alpha (TNF-«) [57], which induces mitochondrial ROS production by
NOX activity [58]. Ox-LDL also promotes a pro-inflammatory phenotype, upregulating the
expression of oxidized low-density lipoprotein receptor-1 (LOX-1) in endothelial cells, thus
contributing to endothelial inflammation and EA status [59]. Additionally, ROS decreased
the production and bioavailability of the NO®*~ produced by the eNOS or any NOS isoform
and by the uncoupling of NOS, generating more ROS [13]. Hence, another critical point
that should not be ignored is the vicious circle between oxidative stress and inflammation,
contributing to maintaining an ED status.

BP-induced ROS have been related to NF-kB, mitogen-activated protein kinase (MAPK)
activation, and phosphatidylinositol 3-kinase (PI3K) downregulation. Evidence shows
that BPA, BPAF, and BPF activate c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinases (ERK), and NF-«kB, inducing inflammation and apoptosis pathway ac-
tivation [60-63]. BPA, BPS, and BPAF also activate the p38 MAPK (p38) pathway [64-66].
It has been demonstrated that after acute exposure, BPA, BPS, BPAF, and BPF exposure
increase serum malondialdehyde (MDA) levels, an oxidative stress biomarker produced by
lipid peroxidation. Table 1 shows evidence from representative studies on BPs’ effects on
the oxidant system.

Other effects related to BPA exposure reduce mitochondrial membrane potential,
which affects the mitochondria’s efficiency in producing adenosine triphosphate (ATP),
favoring ROS production [67] and driving the cell to release Cytochrome C (Cyt C), which
activates the caspase pathway [68]. Also, it has been demonstrated that BPA can indirectly
modulate NOX activity through an increase in Angll, which enhances these enzymes’
activity [69]. This NOX activation increase leads to high ROS levels that oxidate tetrahydro-
biopterin (BH4) and more O,°~ production by uncoupled eNOS [70]. In human umbilical
vein endothelial cells (HUVECs) models revealed that BPA increased NO®~ production,
mRINA expression, eNOS protein levels [71], and phosphorylation [72]. In HepG2 and
HaCaT cell lines, BPA increases eNOS expression and protein levels [73]. Similar findings
have been reported in C57BL/6 mice in this setting.
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Figure 4. The oxidative and antioxidant system. On the left side are the ROS sources. Complexes I

and III of the respiratory chain are the primary sites of reactive oxygen species (ROS) production in
mitochondria. Complex I generate O,°~ on the matrix side, while complex III produces it in the inner
mitochondrial membrane and the intermembrane space. The Fenton and Haber—Weiss reactions
also occur in the mitochondria, generating ROS and amplifying oxidative stress. The NOX family is
a membrane-bound electron-transporting enzyme group that transfers electrons from NADPH to
oxygen (O,), forming the O,°*~. Xanthine oxidase (XO) catalyzes the oxidation of hypoxanthine to
xanthine and xanthine to uric acid, producing O,°*~ and H,O,. Endothelial nitric oxide synthase
(eNOS) is a homodimer dependent on tetrahydrobiopterin (BHy), which, under normal conditions,
uses oxygen O, and arginine (Arg) to synthesize NO®*~. However, under oxidative stress, O,*~ reacts
with NO®*~ to form peroxynitrite (ONOO™), which oxidizes the cofactor BHy, converting it into
dihydrobiopterin (BHj), leading to eNOS uncoupling; it produces O,°*~ instead of NO®~, increasing
oxidative stress. On the right side are the antioxidant enzymes that neutralize ROS and maintain
the redox balance. The superoxide dismutase (SOD) system in mammalians includes three isoforms
of SOD, namely Cu/Zn-SOD (SOD1), Mn-SOD (SOD2), and extracellular SOD3. SOD1’s primary
function is reducing intracellular O,°*~ in the cytosol; SOD2 eliminates O,°*~ from the respiratory
chain; SOD3 is the primary antioxidant enzyme secreted into the extracellular space. Catalase (CAT)
reduces H,O; to H,O and O, and is upregulated in response to lipid peroxides. Glutathione per-
oxidase (GPX) is a selenium-dependent intracellular antioxidant enzyme that inhibits free radical
generation from H;O, reduction and lipid hydroperoxides to their corresponding alcohols. The
Paraoxonase (PON) family, composed of three enzymes (PON1, PON2, PON3), regulates oxida-
tive stress and inflammation, reducing O,°*~ production. The image was created with BioRender
(https:/ /www.biorender.com/ (accessed on 25 September 2024)).

Akin to NOX and XO, BPA and BPs have been linked to ED mediated by the alteration
of eNOS [71] and XO induction. BPA 3,4-quinone, an oxidized derivative of BPA, can
convert xanthine dehydrogenase into xanthine oxidase, increasing ROS levels [51]. This
effect has also been reported for BPB in zebrafish embryos [74]. BPS, BPF, and BPAF in
non-nucleated cells enhance ROS production and lipid peroxidation, decreasing some
antioxidant enzymes [75]. BPA, BPS, and BPF mainly induce ROS production through NOX
expression and activity induction [76-78]. In Figure 5, BPs targets in the oxidative system
are shown.
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Table 1. BPA effects on oxidant system parameters related to cardiovascular disease development.
Study Total eNOS
Bisphenol Doses or Level NO*- MDA 3-NT (mRNA or 8-OHdG SOD CAT GPx GSH Mn-SOD Reference
Model ROS ..
Activity)
BPA 1 &t
BPS 1 &t
-6
TBEPA HUVECs 107°M l &\ 7
TBBPS { &
BPB Zebrafish 10,100 and 1000 pg/L 1 T &\ &t * [74]
BPS HUVECs 25nM 0 { &| & *] [79]
HepG2 cells T T T * *
BPA HaCaT cells 50and 10 uM 1 1 . “ o [73]
BPA Wistar rats 250 mg/Kg 1T T &\ 1 [80]
BPA Male Wistar rats 50 mg/kg T & &\ &\ &\ [81]
BPAF HCMs cells 200 pg/L 0 ) $) $l 4 [82]
BPA T T T &| &| &| i
BPS o T T - - - &| -
BPE Erythrocytes 10-500 pg/ml 3 4 N &l &l ) 1 [75]
BPAF T 0 0 &| &| - 4
Male Wistar
BPA bt rats 50mg/Kg 1 &l &\ &\ [83]
BPA Male mice 2mg/Kg T &\ &\ 1 [84]
BPA Male ICR mice 25 mg/kg & &\ [85]
BPAP BPAP = 0.54 ng/mL T
BPF Humans BPF = 033 ng/mL 1 L5l
BPA RAW264.7 cells 0-50 uM T 0 [871
Children with
BPA ASD BPA = 8.67 1 [88]
Children with
BPA ASD BPA =1.66 ng/mL 1 [89]
Primary rat
BPAQ hepatocyte 2-10 pmol /L T T [90]
cultures

ROS = reactive oxygen species; NO®~ = nitric oxide; MDA = malondialdehyde; 3-NT = 3-nitrotyrosine; eNOS = endothelial nitric oxide synthase; 8-OHdG = 8-hydroxy-2'-deoxyguanosine;
SOD = superoxide dismutase; Cat = catalase; GPx = glutathione peroxidase; GSH = non-enzymatic antioxidant reduced glutathione; Mn-SOD = manganese superoxide dismutase;
ASD: autism spectrum disorder. * mRNA; & Activity; $ mRNA + activity.
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Figure 5. Bisphenol A targets the oxidative and antioxidant systems. Bisphenol A (BPA) indirectly
modulates the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) activity
through increased angiotensin II (AnglI), which enhances NOX activation. The increased activated
NOX generates more ROS. BPA may also mediate EA by altering the stability of eNOS, promoting the
oxidation of BHy to BH, and contributing to further ROS production. Additionally, BPA induces XO,
increasing ROS production. BPA significantly reduces the activity of mitochondrial respiratory chain
complexes, inducing mitochondrial dysfunction and thus further ROS production. BPA decreases
antioxidant enzymes SOD, CAT, and GPX. Overall, BPA exacerbates ROS generation by increasing
the activity of oxidative system components (yellow dashed arrows) while reducing the activity of
antioxidant enzymes (purple dashed arrows), leading to elevated levels of oxidative stress markers
such as malondialdehyde (MDA) and 8-ox0-2-deoxyguanosine (8-OHdG) (red arrows). Putative
NGP targets in the oxidative and antioxidative systems are also indicated. The image was created
with BioRender (https://www.biorender.com/ (accessed on 25 September 2024)).

3.3. Bisphenols and the Vascular Antioxidant System

Cells are equipped with a complex network of ROS-scavenging systems that coordinate
to mitigate the ROS effects. The antioxidative system represents a set of enzymes and low-
molecular-weight compounds that include SOD, CAT, GPX, the TRX system, paraoxonases
(PONs), and mitochondrial uncoupling proteins (UCPs) [91]. Figure 4 summarizes the
antioxidant enzymes” functions. SOD and CAT play a relevant antioxidant role at the VE
level [92], SOD scavenges O,°~ catalyzing its dismutation to H,O, and O, [93], and CAT
reduces H,O, to H,O and O, [93].

Concerning BPs’ effects on the antioxidant system, an oral administration of 50 mg/kg
of BPA in male rats reduced SOD and CAT levels in hepatic tissue [83]. Similar findings
were reported through an intraperitoneal injection of 2 mg/kg of BPA, administered over
4 weeks, where SOD and CAT activity were decreased in pancreas cells [84]. According to
these two pieces of evidence, the exposure of male mice to 25 and 50 mg of BPA /kg/day
for 5 days significantly decreased CAT activity in the liver [85]. BP exposure decreases CAT
and glutathione peroxidase (GSH-Px) expression and activity [68,75,94,95]. Nonetheless,
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the mechanism has yet to be established. Table 1 provides evidence of BPA effects on
oxidant system parameters related to CVD development. About NGBs, scarce information
on their impact on the vascular endothelium or CVS is available. However, their structural
similarity in chemical functional groups could suggest similar adverse effects [75]. In
this setting, BPA, BPS, BPFE, and BPAF have shown increased SOD activity [68,75,94,95],
inducing toxicity by significantly depleting SOD1 mRNA and protein expression [96,97].
Table 1 shows evidence from representative studies on BPs’ effects on antioxidant system
mediators, and Figure 5 shows BPs’ targets on the antioxidant system.

3.4. Bisphenols’ Effects on Other Parameters Related to CVD Risk

Other relevant parameters related to CVD development, which are altered by BPA
and could be directly or indirectly associated with oxidative stress, will be illustrated with
representative evidence. Some of these effects are related to the BP-induced disruption of
the hemostatic process, BPs’ endocrine disruptor capability, the impact on the activity of
ion channels [98], and, remarkably, BPs’ effect on the inflammatory process.

It has been reported that exposure to BPA at a concentration of 200 nM for 24 h extends
the time required to stop bleeding in zebrafish, and BPA and BPS increase the time for
fibrin clot formation, suggesting that these BPs may affect blood homeostasis and the
extrinsic coagulation pathway [99]. In contrast, BPS at doses of 30, 60, and 120 mg/kg/day
for 30 days in adult male rats reduces coagulation time, possibly due to an increase in
intrinsic clotting factors, mainly through the formation of fibrin from fibrinogen and a
rise in Ca%* ion concentration [100]. Meanwhile, BPAF exhibits a biphasic effect; at low
doses (25 uM), it activates platelets and promotes a highly procoagulant response, while
at high doses (>50 uM), it induces platelet death by causing oxidative damage through
mitochondrial activity, Ca**-mediated calpain activation, lysosomal permeabilization, and
lipid peroxidation [101].

On the other hand, regarding the effects of BP exposure on the activity of ion channels,
evidence has shown that BPA—at nanomolar and micromolar concentrations—inhibited T-
type Ca®* channels and plugged the channel pore in kidney cells (HEK 293) [102]. At a high
concentration, 10 mM, BPA has been associated with an increased intracellular activity of
voltage-sensitive Ca?* /K" channels (Maxi-K) in smooth muscle cells [98]. Furthermore, BPA
exposure in wild-type mice has been linked to an increase in Angll, which can uncouple the
eNOS and has also been associated with an increase in the expression of Ca?* /calmodulin-
dependent protein kinase II-o (CaMKII-), which is responsible for Ca?*-related signaling
pathways in the cell [69].

NGBs also have been related to effects on other parameters associated with the CVS.
BPF (7 ng/mL) acts on Ca?* L-type channels, increasing cytosolic Ca?*, generating mor-
phological changes in mitochondria, and decreasing ATP production [103]. BPS also alters
intracellular Ca* through estrogen receptor (ER) B, inducing a rapid phosphorylation of
ryanodine and phospholamban receptors [104]. In a zebrafish model, BPB, BPF, and BPAF
reduced the mRNA expression of the pore-forming subunit of the voltage-gated L-type
Ca?* channel (LTCC), and the mixture of BPA, BPB, BPF, and BPAF negatively regulated
the expression of the voltage-dependent Na* channel (scn5lab) and sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA; atp2a2a). Also in zebrafish, it has been reported that these
BPs produced bradycardia in a manner that was not dependent on the ER [105].

Recently, docking studies have shown that BPS and BPF can bind to the thyroid
hormone receptor 3 (THRf), although the highest binding was demonstrated by BPF [106].
BPB, BPS, BPE, and BPF are capable of binding to and activating ERs and androgenic
receptors (ARs) in human adrenal cortico-carcinoma cells, with activity like BPA, except
for BPS, which was less estrogenic and antiandrogenic than BPA [107]. BPE, BPC, and
BPAP also activate the G-protein-coupled estrogen receptor (GPER) in neuroblast cells
(IMR-32) [108]. These findings are relevant because hormonal alterations are relevant to
risk factors for CVD development [109].
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BPs’ effect on inflammation is highly relevant to EA and ED perpetuation since
it positively regulates bidirectional ROS production (described in Section 1). Among
the pro-inflammatory effects of BPs, the following stand out: in Wistar rats exposed to
BPA (50 ug/kg per 30 days), a relevant low dose to humans, BPA alters the produc-
tion of inflammatory markers [110] and induces an inflammatory phenotype in murine
macrophages [111]. In RAW264.7, a murine macrophages cell line, 50 uM BPA increased
the production of cytokines IL-13, IL-12, TNF-« [87], and IL-6 [110] in a concentration-
dependent manner; it also increased the expression of inducible nitric oxide synthase
(INOS), cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2), as well as the activation
of the MAPK p38, ERK, and Jun N-terminal kinase (JNK). It was also reported that BPA
induced the activation of signals transducer and activator of transcription (STAT) 1 (STAT1),
STAT3, and NF-kB, which are involved in inflammatory processes [87]. Concerning NGBs,
pro-inflammatory effects have been reported with low concentrations of BPS in murine
RAW264.7 cells. In this same cell, BPS increased pro-inflammatory markers and activated
NLRP3 (NACHT, LRR, and PYD domain-containing protein 3), toll-like receptor 4 (TLR4),
and the MAPK pathway [112]. Similar results were induced by BPF in the RAW264.7, in-
creasing the expression of inflammatory mediators through activation of the JAK2/STAT3/
and the suppressor of cytokine signaling 3 (SOCS3) pathways [112]. On the other hand,
BPAF has been linked to STAT1 activation [44].

Recently, evidence showed BPs’ impact on neutrophils, suggesting a potential thrombo-
embolic promotion by these compounds. BPA at 16 nM to 12 uM induced changes in the
immunophenotype of PMN V [113] and 0.03-100 pM in human neutrophils induced
ROS production, an effect dependent on Ca?* and ERp, and reduced its chemotactic
capacity [114]. Additionally, BPA altered differentially the neutrophil’s functions depending
on the sex, decreasing the phagocytic activity and NETs releasing, inducing NADPH
activity, NO production, as well as iNOS and PI3K-Akt expression [115]. In neutrophils
from chicken, PBA also inhibited the NETs releasing and activated the p38-MAPK pathway
and concomitantly induced oxidative stress [116].

Other central molecules to the ED, ICAM-1 and VCAM-1, are also affected by BPs.
The ICAM-1 regulates the leukocyte trafficking and leukocyte trans-endothelial migration;
it is expressed at a low basal level in endothelia and is upregulated by pro-inflammatory
stimuli [117]. The activated endothelial cells express VCAM-1, which is selectively bound
to monocytes, promoting its extravasation. It also has a central role in the genesis of
atherosclerotic lesions [118]. Even though evidence on BPs’ effect on ICAM-1 and VCAM-1
is yet limited, in HUVECs, BPA, in addition to induced ROS, increased IL-8, IL-1, monocyte
chemotactic protein-1 (MCP-1) and VCAM-1, ICAM-1, and E-selectin [119]. In cumulus cells
from infertile women, BPA increased the mRNA expression and protein levels of ICAM-1
and altered DNA methylation profiles [120]. In contrast, in a cell model of first-trimester
trophoblast cells, 1 nM BPA downregulated ICAM-1 and altered DNA methylation of the
stress response [121].

3.5. Association of Bisphenol Exposure to CVDs in Humans

Many of the effects of BPs observed in in vivo and in vitro models have also been
reported in human studies. The levels of BPs have been associated with CVDs such as
hypertension, ischemic heart disease, high-triglyceride and high-cholesterol profiles [122],
dilated cardiomyopathy, coronary artery disease, congestive heart failure, angina pec-
toris [28], acute and chronic inflammatory markers, and heart attack or stroke, among
others [123]. Multivariate models adjusted for relevant covariates have shown that BPA
levels in urine increase CVD risk (OR = 1.09, CI = 1.01-1.18, p < 0.05) [124]. Table 2 shows
data from representative studies on BPs’ adverse effects on human cardiovascular health.
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Table 2. Representative studies on bisphenols” adverse effects on human cardiovascular health.

Study Total n . Analytical Average Levels . . .
Design Country (1 with CVDs) Matrix Technique Used of Bisphenol Estimated Risk Effect Adjustment Factor Reference
BPA levels were positively
associated with the .
Prospective UK 1619 (758) Urine HPLC/MS 13 EP?mL CIO— Rl_oé'_lf’z 4 incidence of coronary Age, Scerzzif;?ngrmary [125]
) T ’ artery disease in adjusted ’
multiple models.
Age, sex, ethnicity,
BMI, education,
BPA levels (before and after income, smoking
_ multivariate adjustment) status, pack-years of
Cross-sectional USA (7653?; Urine GC/MS ’ 3OBnPA;mL CIO— R1_03f79 69 were positively associated smoking, alcohol [126]
PV Ng o ’ with peripheral intake, hypertension,
arterial disease. diabetes, eGFR,
urinary creatinine,
and total cholesterol.
Increasing urinary BPA Age, ethnicity,
levels were positively education. moderate
. . BPA OR = 3.80, associated with obesity, R
Cross-sectional USA 2200 Urine HPLC/MS 48ng/mL Cl=225-643 predominantly in activity, urinary [127]
. d creatinine, and serum
non-Hispanic cotinine
white children. )
B =0.298 BPA concentrations were
e r . positively correlated with } )
Cross-sectional Italy 139 Plasma ELISA BPA p = 0.008, (WC); WC, TG, and glucose WC, HOMA-IR, 1L-6, [128]
1.04 ng/mL f =0.237, . and TNF«.
= 0.0347 (IL-6) and inflammatory
p=5 ' cytokine levels
i Obesity, BMI, insulin
. _ BPA levels were positively . L
Prospective Republic 200 Urine HPLC/MS BPA OR = 2.85, associated with resistance, V.1sceral fat [129]
of Korea 2.057 ug/L Cl=1.16-6.97 hs-CPR levels volume, adiponectin,

HDL, and HbAlc.
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5::11’}; Country . er:;:aé(l,Ds) Matrix Tec?lz?cllitelcélse d A:fe ;3?2;}];::311 ®  Estimated Risk Effect Adjustment Factor Reference
R =226,
CI=1.54-2.99
(LDL)
BPA R=-0.70, BPA was negatively
Prospective China 1872 Urine LC/MS 114 ug/g CI=—-1.10-—1.31 associated with HDL and Age and sex. [122]
creatinine (HDL) TG levels.
R=-1.08,
Cl=-1.92--0.23
(TG)
Age, gender, race,
OR =1.73, Higher levels of BPA were =~ BMI, education levels,
CI=1.11-2.69 associated with a higher marital status,
SPE-HPLC- (myocardial prevalence of myocardial smoking, physical
Cross-sectional USA 9139 Urine MS/MS BPA 0.4 ng/mL infarction); infarction and stroke, heart  activity, energy intake, [28]
OR =1.61, failure, coronary heart diabetes,
CI =1.09-2.36 disease, angina pectoris, hypertension, and
(stroke) and stroke. family history of
CVD.
HR =1.51,
CI=1.07-2.13
T1 = (}3 gﬁg /mL OI(QBE?)ALO High exposure to BPA was  Adjusted for age, sex,
Prospective USA 3883 Urine HPLC/MS e B e associated with an ethnicity, and urinary [130]
T2=21ng/mL CI=1.03-191, increased risk of death creatinine levels
T3 =5.7ng/mL (BPS) ) ’
OR =148,
CI=1.072.05
Urinary creatinine,
High levels of BPA and BPS age, sex, BMI,
BPA 0.71 ug/L were associated with an smoking status,
Cross-sectional China 1437 (433) Urine HPLC BPS 0.33 ug/L increased risk of exercise frequency, [131]

(in HBP)

hypertension and systolic
blood pressure.

education, income
level, hyperlipidemia,
and eGFR.
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Table 2. Cont.

Average Levels

Study Total n . Analytical . . .
Design Country (1 with CVDs) Matrix Technique Used of Bisphenol Estimated Risk Effect Adjustment Factor Reference
ng}.l BPA le?vels Were Gender, age, BMI,
associated with a higher systolic and diastolic
Cross-sectional China 90 Plasma UPLC/MS BPA OR = 2.61, risk of high BMI, blood blood pressure, BPA [132]
4.34 ng/mL CI=1.03-10.6 pressure, CPR, Er3 and
IKKp levels, and coronary exposure, CRP level,
" ERpB, and IKKp.
artery disease.
Higher BPA levels had an Ageégsﬁiil;,nrace,
Prospective USA 8164 (740) Urine HPLC-MS/MS BPA OR = 1.09, increased risk of poverty—income ratio, [124]
3.38 ng/mL CI=1.01-1.18 developing cardiovascular s
) BMI, drinking,
disease. . .
smoking, and activity.
Ethnicity, education,
HDL, drinking,
. hypertension,
BPA Highest BPA apd BPS. diabetes, glucose,
BPA 1.1 ng/mL levels were associated with
OR =1.58, log-transformed
BPS CI=1.10-2.27 the development of triglyceride levels
Cross-sectional USA 960 Urine HPLC/MS 0.5 ng/mL T ’ non-alcoholic fatty liver &Y ! [133]
BPS . glycosylated
BPF disease (NAFLD). No .
OR =1.80, O hemoglobin Alc,
0.25 ng/mL detected association . L
CI=1.25-2.60 . urine creatinine, and
with BPE.
log-transformed
concentration of BPA
and BPS.
BPA was associated with a Age, sex, urine
higher prevalence of CVD creatinine, race,
BPA in men, mainly in education level,
non-Hispanic whites, those =~ family income, BMI,
1.20 ng/mL, PBS . .
030 ng/mL, BPA who were obese, smokers,  recreational physical
Prospective USA 3502 (368) Urine HPLC/MS ’ ’ OR=1.58, and with hypertension, activity, smoking [134]
and BPF . . o1
0.50 ng/mL CI =1.08-2.30 diabetes, and a family status, drinking
’ (CVD) history of heart attack. BPF status, diabetes,

was associated with a
higher prevalence of CVD
in women.

hypertension, and
family history of
heart attack.
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Study Total n . Analytical Average Levels . . .
Design Country (1 with CVDs) Matrix Technique Used of Bisphenol Estimated Risk Effect Adjustment Factor Reference
BPA
BPA 2.5 ng/mL In women, BPA and BPF
BPF 0.3 ng/mL B = 4015, were associated with a
Prospective USA 604 Urine HPLC-MS/MS ) p <0.05 . Not Data Available [135]
BPS 0.007 BPA + BPF longer PR interval and
ng/mL increased QRS duration.

B =154,p<0.05

3 = beta coefficient; BMI = body mass index; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; GC = gas chromatography; HBP = high blood pressure;
HbA1lc: hemoglobin Alc; HDL = high-density lipoprotein; HPLC = high-performance liquid chromatography; HOMA-IR = homeostatic model assessment for insulin resistance;
LC/MS = selective liquid chromatography—tandem mass spectrometry; LDL = low-density lipoprotein; MS = mass spectrometry; SPE = solid-phase extraction; TG = triglycerides; UK:

United Kingdom; USA: United States of America; WC = waist circumference.



Antioxidants 2024, 13, 1468

16 of 22

The contribution of BP exposure has been explored in populations of different ages
because aging is a known risk factor associated with the development of CVDs [136]. Expo-
sure to BPs has been shown to increase the risk of CVDs in various age groups. Of note are
the effects on 10-year-old children and the relevant maternal urine BPA levels found, which
were associated with alterations in the carotid intima—media thickness [137]. In healthy
young adults, BPA levels have been strongly associated with increased levels of lipases,
short-chain, and unsaturated lipids [138]. In adults, BPF was associated with congestive
heart failure, while BPS was positively related to the development of hypertension [29].
In an elderly population, exposure to BPA was associated with a reduction in vitamin D
levels, which has been associated with an increased risk of CVDs [139].

Since hypertension is one of the main risk factors for the development of CVDs,
the contribution of exposure to BPs has also been evaluated in humans. BPA and BPS
increased the risk of hypertension and high systolic blood pressure, with a more prominent
association in males than females [131]. On the contrary, another study reported that
BPA was associated with a higher prevalence of CVDs in men, BPF was associated with
a higher prevalence of CVDs in women, and BPS was not associated with CVDs [134].
Similarly, high levels of BPA in urine have been linked to the incidence of coronary artery
disease (CAD) [125]. In recent years, an increased incidence of CAD has been observed in
young people [138]. This increase could be related to high levels of BPA in urine, which
has been associated with a high body mass index (BMI), blood pressure, plasma levels
of C-reactive protein (CRP), and ERf and Kf expression [132]. All these factors are well-
known comorbidities and risk factors for CVDs. In a population exposed to higher levels
of BPA, there exist increased levels of high-sensitivity CPR (hs-CPR), a marker of acute
inflammation [129].

4. Conclusions

CVDs represent the leading cause of death worldwide. Nowadays, the role of environ-
mental pollutant exposure, such as BP compounds, has gained attention for their effect on
this health problem. BPA, the most extensively used BPs in the plastic industry, induces
cardiovascular toxicity and is potentially associated with the risk of developing cardio-
vascular diseases. Based on the evidence of BPA toxicity in different organs and systems,
including the CVS, the plastic industry introduced BPA’s structural analogs, arguing that
their configuration changes could diminish secondary effects. Nevertheless, NGB toxicity
has not been studied yet. The evidence supports that BPA induces a high level of ROS
at the endothelial level and consequently induces EA — ED, causing inflammation and
promoting a repetitive cycle of ROS production-inflammation, representing a real risk for
CVD development.

Despite the scarce evidence on pro-oxidant effects associated with NGBs, our review
demonstrated a comparable harmful effect on BPA. Also, we shed light on the cardiotox-
icity of NGBs, which exhibited pro-oxidant effects, representing also a real risk to the
cardiovascular system. Yet, this review can also be extrapolated to other complex diseases
such as cancer and interstitial lung, kidney, and reproductive pathologies, among others.
Despite the evidence of NGBs’ effects on the CVS, readers should not lose sight of the fact
that CVDs are complex, and family history, genetic burden, and lifestyle factors play a
critical role in their development. More studies on NGBs’ effects on the CVS, particularly
at molecular mechanistic levels, are still necessary.

In conclusion, NGBs are not a secure alternative to substitute BPA in plastic man-
ufacturing because of their capability to induce oxidative stress generation, which is a
risk of inducing atherosclerotic plaque formation and progression. Nevertheless, further
studies are necessary to support NGBs’ effects on the oxidant and antioxidant systems
using vascular tissue models. Our review opens the door to new studies in different models
and populations to contribute to the future directions regarding public policies to regulate
bisphenol use, given its impact on health, particularly at the CVS level.



Antioxidants 2024, 13, 1468 17 of 22

Author Contributions: Conceptualization, E.S.C.-A.; methodology, E.S.C.-A.; investigation, ].R.P.-V.
and Y.I.M.-].; writing—original draft preparation J.R.P.-V.,, YI.M.-]., VM.-T. and O.B.R.-M.; writing,
review, editing, and proofreading, E.S.C.-A. and R.G.; supervision, E.S.C.-A.; funding acquisition,
E.S.C.-A. and R.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Mexican National Council of Humanities, Sciences, and
Technology: CB-A1-5-32913 to E.S.C.-A. and CF-2023-G-726 to R.G.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chareonrungrueangchai, K.; Wongkawinwoot, K.; Anothaisintawee, T.; Reutrakul, S. Dietary Factors and Risks of Cardiovascular
Diseases: An umbrella review. Nutrients 2020, 12, 1088. [CrossRef]

2. Roerecke, M. Alcohol’s Impact on the Cardiovascular System. Nutrients 2021, 13, 3419. [CrossRef]

3. Shinton, R.; Beevers, G. Meta-Analysis of Relation between Cigarette Smoking and Stroke. Br. Med. ]. 1989, 298, 789-794.
[CrossRef] [PubMed]

4. Lavie, C.J.; Ozemek, C.; Carbone, S.; Katzmarzyk, P.T.; Blair, S.N. Sedentary Behavior, Exercise, and Cardiovascular Health. Circ.
Res. 2019, 124, 799-815. [CrossRef]

5. Millett, ER.C; Peters, S.A.E.; Woodward, M. Sex Differences in Risk Factors for Myocardial Infarction: Cohort Study of UK
Biobank Participants. BMJ 2018, 363, k4247. [CrossRef] [PubMed]

6. Adam Leigh, J.; Alvarez, M.; Rodriguez, C.J. Ethnic Minorities and Coronary Heart Disease: An Update and Future Directions.
Curr. Atheroscler. Rep. 2016, 18, 2-7. [CrossRef]

7. Meraz-Rios, M. A ; Majluf-Cru-z, A.; Santana, C.; Noris, G.; Camacho-Mejorado, R.; Acosta-Saavedra, L.C.; Calderén-Aranda,
E.S.; Hernandez-Juarez, J.; Magana, J.J.; Gomez, R. Association of VWA and TPOX Polymorphisms with Venous Thrombosis in
Mexican Mestizos. BioMed Res. Int. 2014, 2014, 697689. [CrossRef] [PubMed]

8.  Kaneko, H.; Yano, Y.; Okada, A.; Itoh, H.; Suzuki, Y.; Yokota, I.; Morita, K.; Fujiu, K.; Michihata, N.; Jo, T.; et al. Age-Dependent
Association Between Modifiable Risk Factors and Incident Cardiovascular Disease. |. Am. Heart Assoc. 2023, 12, e027684.
[CrossRef] [PubMed]

9.  Chowdhury, R.; Ramond, A.; O’Keeffe, L.M.; Shahzad, S.; Kunutsor, S.K.; Muka, T.; Gregson, J.; Willeit, P., Warnakula, S.; Khan,
H.; et al. Environmental Toxic Metal Contaminants and Risk of Cardiovascular Disease: Systematic Review and Meta-Analysis.
BM]J 2018, 362, 14-16. [CrossRef]

10. Fu, X; Xu, J.; Zhang, R.; Yu, J. The Association between Environmental Endocrine Disruptors and Cardiovascular Diseases: A
Systematic Review and Meta-Analysis. Environ. Res. 2020, 187, 109464. [CrossRef] [PubMed]

11. Hu, C,; Schottker, B.; Venisse, N.; Limousi, F.; Saulnier, PJ.; Albouy-Llaty, M.; Dupuis, A.; Brenner, H.; Migeot, V.; Hadjadj, S.
Bisphenol A, Chlorinated Derivatives of Bisphenol A and Occurrence of Myocardial Infarction in Patients with Type 2 Diabetes:
Nested Case-Control Studies in Two European Cohorts. Environ. Sci. Technol. 2019, 53, 9876-9883. [CrossRef] [PubMed]

12.  Pober, J.S.; Min, W.; Bradley, ].R. Mechanisms of Endothelial Dysfunction, Injury, and Death. Annu. Rev. Pathol. Mech. Dis. 2009, 4,
71-95. [CrossRef]

13.  Gimbrone, M.A.; Garcia-Cardefia, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118,
620-636. [CrossRef]

14. Tabas, I.; Garcia-Cardena, G.; Owens, G.K. Recent Insights into the Cellular Biology of Atherosclerosis. J. Cell Biol. 2015, 209,
13-22. [CrossRef]

15. Hansson, G.K. Inflammation, Atherosclerosis, and Coronary Artery Disease. N. Engl. . Med. 2005, 352, 1685-1695. [CrossRef]

16. Quillard, T;; Aratjo, H.A ; Franck, G.; Shvartz, E.; Sukhova, G.; Libby, P. TLR2 and Neutrophils Potentiate Endothelial Stress,
Apoptosis and Detachment: Implications for Superficial Erosion. Eur. Heart J. 2015, 36, 1394-1404. [CrossRef]

17.  Widlansky, M.E.; Gokce, N.; Keaney, ].E; Vita, J.A. The Clinical Implications of Endothelial Dysfunction. J. Am. Coll. Cardiol. 2003,
42,1149-1160. [CrossRef]

18. Kubiak, A.; Biesaga, M. Application of Molecularly Imprinted Polymers for Bisphenols Extraction from Food Samples—A Review.
Crit. Rev. Anal. Chem. 2020, 50, 311-321. [CrossRef]

19. Zhang, Y.F; Shan, C.; Wang, Y,; Qian, L.L,; Jia, D.D.; Zhang, Y.F,; Hao, X.D.; Xu, H.M. Cardiovascular Toxicity and Mechanism of
Bisphenol A and Emerging Risk of Bisphenol S. Sci. Total Environ. 2020, 723, 137952. [CrossRef] [PubMed]

20. Moon, S.; Yu, S.H,; Lee, C.B.; Park, Y.J.; Yoo, H].; Kim, D.S. Effects of Bisphenol A on Cardiovascular Disease: An Epidemiological
Study Using National Health and Nutrition Examination Survey 2003-2016 and Meta-Analysis. Sci. Total Environ. 2020, 763,
142941. [CrossRef]

21. Abrantes-Soares, E; Lorigo, M.; Cairrao, E. Effects of BPA Substitutes on the Prenatal and Cardiovascular Systems. Crif. Rev.
Toxicol. 2022, 52, 469-498. [CrossRef] [PubMed]

22. Sasso, A.F; Pirow, R.; Andra, S.S.; Church, R.; Nachman, R.M,; Linke, S.; Kapraun, D.F; Schurman, S.H.; Arora, M.; Thayer, K.A,;

et al. Pharmacokinetics of Bisphenol A in Humans Following Dermal Administration. Environ. Int. 2020, 144, 106031. [CrossRef]
[PubMed]


https://doi.org/10.3390/nu12041088
https://doi.org/10.3390/nu13103419
https://doi.org/10.1136/bmj.298.6676.789
https://www.ncbi.nlm.nih.gov/pubmed/2496858
https://doi.org/10.1161/CIRCRESAHA.118.312669
https://doi.org/10.1136/bmj.k4247
https://www.ncbi.nlm.nih.gov/pubmed/30404896
https://doi.org/10.1007/s11883-016-0559-4
https://doi.org/10.1155/2014/697689
https://www.ncbi.nlm.nih.gov/pubmed/25250329
https://doi.org/10.1161/JAHA.122.027684
https://www.ncbi.nlm.nih.gov/pubmed/36628975
https://doi.org/10.1136/bmj.k3310
https://doi.org/10.1016/j.envres.2020.109464
https://www.ncbi.nlm.nih.gov/pubmed/32438096
https://doi.org/10.1021/acs.est.9b02963
https://www.ncbi.nlm.nih.gov/pubmed/31310111
https://doi.org/10.1146/annurev.pathol.4.110807.092155
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1083/jcb.201412052
https://doi.org/10.1056/NEJMra043430
https://doi.org/10.1093/eurheartj/ehv044
https://doi.org/10.1016/S0735-1097(03)00994-X
https://doi.org/10.1080/10408347.2019.1626698
https://doi.org/10.1016/j.scitotenv.2020.137952
https://www.ncbi.nlm.nih.gov/pubmed/32213405
https://doi.org/10.1016/j.scitotenv.2020.142941
https://doi.org/10.1080/10408444.2022.2142514
https://www.ncbi.nlm.nih.gov/pubmed/36472586
https://doi.org/10.1016/j.envint.2020.106031
https://www.ncbi.nlm.nih.gov/pubmed/32798798

Antioxidants 2024, 13, 1468 18 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yoo, S.D.; Shin, B.S.; Lee, BM.; Lee, K.C.; Han, S.Y.; Kim, H.S.; Kwack, S.J.; Park, K.L. Bioavailability and Mammary Excretion of
Bisphenol a in Sprague-Dawley Rats. J. Toxicol. Environ. Health Part A 2001, 64, 417-426. [CrossRef] [PubMed]

Huang, R.-P; Liu, Z.-H.; Yuan, S.-F; Yin, H.; Dang, Z.; Wu, P-X. Worldwide Human Daily Intakes of Bisphenol A (BPA) Estimated
from Global Urinary Concentration Data (2000-2016) and Its Risk Analysis. Environ. Pollut. 2017, 230, 143-152. [CrossRef]
[PubMed]

Park, J.H.; Hwang, M.S.; Ko, A.; Jeong, D.H.; Lee, ].M.; Moon, G.; Lee, K.S.; Kho, Y.H.; Shin, M.K,; Lee, H.S.; et al. Risk Assessment
Based on Urinary Bisphenol A Levels in the General Korean Population. Environ. Res. 2016, 150, 606-615. [CrossRef]

Lauretta, R.; Sansone, A.; Sansone, M.; Romanelli, F.; Appetecchia, M. Endocrine Disrupting Chemicals: Effects on Endocrine
Glands. Front. Endocrinol. 2019, 10, 178. [CrossRef] [PubMed]

Cosselman, K.E.; Navas-Acien, A.; Kaufman, J.D. Environmental Factors in Cardiovascular Disease. Nat. Rev. Cardiol. 2015, 12,
627-642. [CrossRef]

Cai, S;; Rao, X; Ye, J.; Ling, Y.; Mi, S.; Chen, H.; Fan, C.; Li, Y. Relationship between Urinary Bisphenol a Levels and Cardiovascular
Diseases in the U.S. Adult Population, 2003-2014. Ecotoxicol. Environ. Saf. 2020, 192, 110300. [CrossRef]
Moreno-Gémez-Toledano, R. Relationship between Emergent BPA-Substitutes and Renal and Cardiovascular Diseases in Adult
Population. Environ. Pollut. 2022, 313, 120106. [CrossRef] [PubMed]

Lind, PM,; Lind, L. Circulating Levels of Bisphenol A and Phthalates Are Related to Carotid Atherosclerosis in the Elderly.
Atherosclerosis 2011, 218, 207-213. [CrossRef] [PubMed]

Lind, PM,; Olsén, L.; Lind, L. Circulating Levels of Metals Are Related to Carotid Atherosclerosis in Elderly. Sci. Total Environ.
2012, 416, 80-88. [CrossRef]

Gayrard, V.; Lacroix, M.Z.; Gély, C.A.; Grandin, EC.; Léandri, R.; Bouchard, M.; Roques, B.; Toutain, P.L.; Picard-Hagen, N.
Toxicokinetics of Bisphenol S in Rats for Predicting Human Bisphenol S Clearance from Allometric Scaling. Toxicol. Appl.
Pharmacol. 2020, 386, 114845. [CrossRef] [PubMed]

Zhu, Z.; Long, X.; Wang, J.; Cao, Q.; Yang, H.; Zhang, Y. Bisphenol A Has a Sex-Dependent Disruptive Effect on Hepatic Lipid
Metabolism in Zebrafish. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2023, 268, 109616. [CrossRef]

Sui, Y.; Park, S.H.; Helsley, R.N.; Sunkara, M.; Gonzalez, E]J.; Morris, A.].; Zhou, C. Bisphenol A Increases Atherosclerosis in
Pregnane X Receptor-Humanized ApoE Deficient Mice. . Am. Heart Assoc. 2014, 3, €000492. [CrossRef]

Camacho-Mejorado, R.; Gémez, R.; Torres-Sanchez, L.E.; Hernandez-Tobias, E.A.; Noris, G.; Santana, C.; Magania, ].J.; Orozco, L.;
de la Pena-Diaz, A.; Arenas-Sordo, M.d.L.L.; et al. Correction to “ALOX5, LPA, MMP9 and TPO Gene Polymorphisms Increase
Atherothrombosis Susceptibility in Middle-Aged Mexicans’. R. Soc. Open Sci. 2020, 7, 200167. [CrossRef]

Marmugi, A.; Lasserre, F.; Beuzelin, D.; Ducheix, S.; Huc, L.; Polizzi, A.; Chetivaux, M.; Pineau, T.; Martin, P.; Guillou, H.; et al.
Adpverse Effects of Long-Term Exposure to Bisphenol A during Adulthood Leading to Hyperglycaemia and Hypercholesterolemia
in Mice. Toxicology 2014, 325, 133-143. [CrossRef] [PubMed]

He, W,; Gao, Z,; Liu, S,; Tan, L.; Wu, Y;; Liu, J.; Zheng, Z.; Fan, W.; Luo, Y.; Chen, Z; et al. G Protein-Coupled Estrogen Receptor
Activation by Bisphenol-A Disrupts Lipid Metabolism and Induces Ferroptosis in the Liver. Environ. Pollut. 2023, 334, 122211.
[CrossRef]

Hong, L.; Xu, Y.; Wang, D.; Zhang, Q.; Li, X.; Xie, C.; Wu, J.; Zhong, C.; Fu, J.; Geng, S. Sulforaphane Ameliorates Bisphenol
A-Induced Hepatic Lipid Accumulation by Inhibiting Endoplasmic Reticulum Stress. Sci. Rep. 2023, 13, 1147. [CrossRef]
[PubMed]

Zhang, Y.; Zhu, Z.; Liu, Q.; Zhang, M.; Yang, H.; Wei, W. Bisphenol A Disrupts Apolipoprotein E Expression through Estrogen-
Related Receptor Gamma and DNA Methlylation in the Liver of Male Rare Minnow Gobiocypris Rarus. Ecotoxicol. Environ. Saf.
2021, 228, 113041. [CrossRef] [PubMed]

Zhang, Y.; Zhang, M.; Zhu, Z.; Yang, H.; Wei, W,; Li, B. Bisphenol A Regulates Apolipoprotein A1 Expression through Estrogen
Receptors and DNA Methlylation and Leads to Cholesterol Disorder in Rare Minnow Testis. Aquat. Toxicol. 2021, 241, 105999.
[CrossRef]

Ramskov Tetzlaff, C.N.; Svingen, T.; Vinggaard, A.M.; Rosenmai, A K.; Taxvig, C. Bisphenols B, E, F, and S and 4-Cumylphenol
Induce Lipid Accumulation in Mouse Adipocytes Similarly to Bisphenol A. Environ. Toxicol. 2020, 35, 543-552. [CrossRef]
Martinez, M.; Blanco, J.; Rovira, J.; Kumar, V.; Domingo, J.L.; Schuhmacher, M. Bisphenol A Analogues (BPS and BPF) Present a
Greater Obesogenic Capacity in 3T3-L1 Cell Line. Food Chem. Toxicol. 2020, 140, 111298. [CrossRef]

Li, J.; Li, Z.; Zhu, Y.; Peng, H.; Du, Z; Ru, S.; Wang, W. Bisphenol S Remodels Red Blood Cell Membrane Lipids by Altering
Plasma Lipid Levels, Causing the Risk of Venous Thrombosis in SD Rats and Zebrafish Embryos. Environ. Int. 2023, 182, 108331.
[CrossRef] [PubMed]

Chernis, N.; Masschelin, P.; Cox, A.R.; Hartig, S.M. Bisphenol AF Promotes Inflammation in Human White Adipocytes. Am. ].
Physiol. Cell Physiol. 2019, 318, C63-C72. [CrossRef]

Rippe, C.; Lesniewski, L.; Connell, M.; LaRocca, T.; Donato, A.; Seals, D. Short-term calorie restriction reverses vascular endothelial
dysfunction in old mice by increasing nitric oxide and reducing oxidative stress. Aging Cell 2010, 9, 304-312. [CrossRef] [PubMed]
Chawla, L.S.; Beers-Mulroy, B.; Tidmarsh, G.F. Therapeutic Opportunities for Hepcidin in Acute Care Medicine. Crit. Care Clin.
2019, 35, 357-374. [CrossRef] [PubMed]

Hamilton, C.A.; Brosnan, M.].; McIntyre, M.; Graham, D.; Dominiczak, A.F. Superoxide Excess in Hypertension and Aging a
Common Cause of Endothelial Dysfunction. Hypertension 2001, 37, 529-534. [CrossRef]


https://doi.org/10.1080/152873901753170740
https://www.ncbi.nlm.nih.gov/pubmed/11700006
https://doi.org/10.1016/j.envpol.2017.06.026
https://www.ncbi.nlm.nih.gov/pubmed/28649042
https://doi.org/10.1016/j.envres.2016.03.024
https://doi.org/10.3389/fendo.2019.00178
https://www.ncbi.nlm.nih.gov/pubmed/30984107
https://doi.org/10.1038/nrcardio.2015.152
https://doi.org/10.1016/j.ecoenv.2020.110300
https://doi.org/10.1016/j.envpol.2022.120106
https://www.ncbi.nlm.nih.gov/pubmed/36084738
https://doi.org/10.1016/j.atherosclerosis.2011.05.001
https://www.ncbi.nlm.nih.gov/pubmed/21621210
https://doi.org/10.1016/j.scitotenv.2011.11.064
https://doi.org/10.1016/j.taap.2019.114845
https://www.ncbi.nlm.nih.gov/pubmed/31786412
https://doi.org/10.1016/j.cbpc.2023.109616
https://doi.org/10.1161/JAHA.113.000492
https://doi.org/10.1098/rsos.200167
https://doi.org/10.1016/j.tox.2014.08.006
https://www.ncbi.nlm.nih.gov/pubmed/25168180
https://doi.org/10.1016/j.envpol.2023.122211
https://doi.org/10.1038/s41598-023-28395-5
https://www.ncbi.nlm.nih.gov/pubmed/36670177
https://doi.org/10.1016/j.ecoenv.2021.113041
https://www.ncbi.nlm.nih.gov/pubmed/34863079
https://doi.org/10.1016/j.aquatox.2021.105999
https://doi.org/10.1002/tox.22889
https://doi.org/10.1016/j.fct.2020.111298
https://doi.org/10.1016/j.envint.2023.108331
https://www.ncbi.nlm.nih.gov/pubmed/37995390
https://doi.org/10.1152/ajpcell.00175.2019
https://doi.org/10.1111/j.1474-9726.2010.00557.x
https://www.ncbi.nlm.nih.gov/pubmed/20121721
https://doi.org/10.1016/j.ccc.2018.11.014
https://www.ncbi.nlm.nih.gov/pubmed/30784615
https://doi.org/10.1161/01.HYP.37.2.529

Antioxidants 2024, 13, 1468 19 of 22

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Myatt, L.; Rosenfield, R.B.; Eis, A.L.W.; Brockman, D.E.; Greer, I; Lyall, F. Nitrotyrosine Residues in Placenta. Hypertension 1996,
28,488-493. [CrossRef]

Ungvari, Z.; Bailey-Downs, L.; Gautam, T.; Sosnowska, D.; Wang, M.; Monticone, R.E.; Telljohann, R.; Pinto, ].T.; De Cabo, R.;
Sonntag, W.E.; et al. Age-Associated Vascular Oxidative Stress, Nrf2 Dysfunction, and NF-KB Activation in the Nonhuman
Primate Macaca Mulatta. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2011, 66, 866—875. [CrossRef] [PubMed]

Dikalov, S.I.; Ungvari, Z. Role of Mitochondrial Oxidative Stress in Hypertension. Am. J. Physiol. Heart Circ. Physiol. 2013, 305,
H1417-H1427. [CrossRef]

Cai, H.; Harrison, D.G. Endothelial Dysfunction in Cardiovascular Diseases: The Role of Oxidant Stress. Circ. Res. 2000, 87,
840-844. [CrossRef]

Ponnuswamy, P; Schréttle, A.; Ostermeier, E.; Griiner, S.; Huang, P.L.; Ertl, G.; Hoffmann, U.; Nieswandt, B.; Kuhlencordt, PJ.
eNOS Protects from Atherosclerosis despite Relevant Superoxide Production by the Enzyme in apoE'/ ~ Mice. PLoS ONE 2012, 7,
€30193. [CrossRef] [PubMed]

Zhou, X.; Bohlen, H.G.; Unthank, J.L.; Miller, S.J. Abnormal Nitric Oxide Production in Aged Rat Mesenteric Arteries Is Mediated
by NAD(P)H Oxidase-Derived Peroxide. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H2227-H2233. [CrossRef]

Zeng, M.Y.; Miralda, I.; Armstrong, C.L.; Uriarte, S.M.; Bagaitkar, J. The roles of NADPH oxidase in modulating neutrophil
effector responses. Molecular oral microbiology. Mol. Oral Microbiol. 2020, 34, 27-38. [CrossRef]

Yang, S.; Lian, G. ROS and Diseases: Role in Metabolism and Energy Supply. Mol. Cell. Biochem. 2020, 467, 1-12. [CrossRef]
Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol.
Rev. 2014, 94, 909-950. [CrossRef]

Zhang, H.; Park, Y.; Wu, J.; Chen, X.P; Lee, S.; Yang, J.; Dellsperger, K.C.; Zhang, C. Role of TNF-« in Vascular Dysfunction. Clin.
Sci. 2009, 116, 219-230. [CrossRef] [PubMed]

Corda, S.; Laplace, C.; Vicaut, E.; Duranteau, J. Rapid Reactive Oxygen Species Production by Mitochondria in Endothelial Cells
Exposed to Tumor Necrosis Factor-Is Mediated by Ceramide. Am. J. Respir. Cell Mol. Biol. 2001, 24, 762-768. [CrossRef]

Li, D.; Mehta, J.L. Upregulation of Endothelial Receptor for Oxidized LDL (LOX-1) by Oxidized LDL and Implications in
Apoptosis of Human Coronary Artery Endothelial Cells Evidence From Use of Antisense LOX-1 MRNA and Chemical Inhibitors.
Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1116-1122. [CrossRef] [PubMed]

Lee, S.; Suk, K,; Kim, I.K,; Jang, 1.S.; Park, ].W.; Johnson, V.J.; Kwon, T.K.; Choi, B.J.; Kim, S.H. Signaling Pathways of Bisphenol
A-Induced Apoptosis in Hippocampal Neuronal Cells: Role of Calcium-Induced Reactive Oxygen Species, Mitogen-Activated
Protein Kinases, and Nuclear Factor-KB. J. Neurosci. Res. 2008, 86, 2932-2942. [CrossRef]

Zhu, J; Jiang, L.; Liu, Y.; Qian, W,; Liu, J.; Zhou, J.; Gao, R.; Xiao, H.; Wang, ]. MAPK and NF-KB Pathways Are Involved in
Bisphenol A-Induced TNF-« and IL-6 Production in BV2 Microglial Cells. Inflammation 2015, 38, 637-648. [CrossRef]

Lu, S.; Liu, M.; Liu, H.; Yang, C.; Zhu, J.; Ling, Y.; Kuang, H. Gestational Exposure to Bisphenol AF Causes Endocrine Disorder
of Corpus Luteum by Altering Ovarian SIRT-1/Nrf2 /NF-KB Expressions and Macrophage Proangiogenic Function in Mice.
Biochem. Pharmacol. 2024, 220, 115954. [CrossRef]

Odetayo, A.E; Adeyemi, WJ.; Olayaki, L.A. Omega-3 Fatty Acid Ameliorates Bisphenol F-Induced Testicular Toxicity by
Modulating Nrf2 /NFkB Pathway and Apoptotic Signaling. Front. Endocrinol. 2023, 14, 1256154. [CrossRef] [PubMed]

Huang, M.; Li, X;; Jia, S.; Liu, S.; Fu, L.; Jiang, X.; Yang, M. Bisphenol AF Induces Apoptosis via Estrogen Receptor Beta (ER(3) and
ROS-ASK1-JNK MAPK Pathway in Human Granulosa Cell Line KGN. Environ. Pollut. 2021, 270, 116051. [CrossRef]

Xie, C.; Ge, M,; Jin, J.; Xu, H.; Mao, L.; Geng, S.; Wu, J.; Zhu, J.; Li, X.; Zhong, C. Mechanism Investigation on Bisphenol S-Induced
Oxidative Stress and Inflammation in Murine RAW264.7 Cells: The Role of NLRP3 Inflammasome, TLR4, Nrf2 and MAPK. J.
Hazard. Mater. 2020, 394, 122549. [CrossRef]

Lee, S.; Kim, Y.K.; Shin, T.Y.; Kim, S.H. Neurotoxic Effects of Bisphenol AF on Calcium-Induced ROS and MAPKSs. Neurotox. Res.
2013, 23, 249-259. [CrossRef]

Wang, C.; He, J.; Xu, T.; Han, H.; Zhu, Z.; Meng, L.; Pang, Q.; Fan, R. Bisphenol A(BPA), BPS and BPB-Induced Oxidative Stress
and Apoptosis Mediated by Mitochondria in Human Neuroblastoma Cell Lines. Ecotoxicol. Environ. Saf. 2021, 207, 111299.
[CrossRef]

Ullah, A.; Pirzada, M.; Jahan, S.; Ullah, H.; Khan, M.]. Bisphenol A Analogues Bisphenol B, Bisphenol F, and Bisphenol S Induce
Oxidative Stress, Disrupt Daily Sperm Production, and Damage DNA in Rat Spermatozoa: A Comparative in Vitro and in Vivo
Study. Toxicol. Ind. Health 2019, 35, 294-303. [CrossRef]

Saura, M.; Marquez, S.; Reventun, P.; Olea-Herrero, N.; Arenas, M.I; Moreno-Gémez-Toledano, R.; Gémez-Parrizas, M.; Mufidz-
Moreno, C.; Gonzalez-Santander, M.; Zaragoza, C.; et al. Oral Administration of Bisphenol A Induces High Blood Pressure
through Angiotensin II/CaMKII-Dependent Uncoupling of ENOS. FASEB ]. 2014, 28, 4719-4728. [CrossRef] [PubMed]
Landmesser, U.; Dikalov, S.; Price, S.R.; McCann, L.; Fukai, T.; Holland, S.M.; Mitch, W.E.; Harrison, D.G. Oxidation of
Tetrahydrobiopterin Leads to Uncoupling of Endothelial Cell Nitric Oxide Synthase in Hypertension. . Clin. Investig. 2003, 111,
1201-1209. [CrossRef]

Hu, C.; Ly, L.; Guo, C.; Zhan, T.; Zhang, X.; Zhang, H. Bisphenols and Brominated Bisphenols Induced Endothelial Dysfunction
via Its Disruption of Endothelial Nitric Oxide Synthase. Environ. Pollut. 2024, 346, 123600. [CrossRef] [PubMed]

Andersson, H.; Brittebo, E. Proangiogenic Effects of Environmentally Relevant Levels of Bisphenol a in Human Primary
Endothelial Cells. Arch. Toxicol. 2012, 86, 465-474. [CrossRef]


https://doi.org/10.1161/01.HYP.28.3.488
https://doi.org/10.1093/gerona/glr092
https://www.ncbi.nlm.nih.gov/pubmed/21622983
https://doi.org/10.1152/ajpheart.00089.2013
https://doi.org/10.1161/01.RES.87.10.840
https://doi.org/10.1371/journal.pone.0030193
https://www.ncbi.nlm.nih.gov/pubmed/22291917
https://doi.org/10.1152/ajpheart.00325.2009
https://doi.org/10.1111/omi.12252
https://doi.org/10.1007/s11010-019-03667-9
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1042/CS20080196
https://www.ncbi.nlm.nih.gov/pubmed/19118493
https://doi.org/10.1165/ajrcmb.24.6.4228
https://doi.org/10.1161/01.ATV.20.4.1116
https://www.ncbi.nlm.nih.gov/pubmed/10764682
https://doi.org/10.1002/jnr.21739
https://doi.org/10.1007/s10753-014-9971-5
https://doi.org/10.1016/j.bcp.2023.115954
https://doi.org/10.3389/fendo.2023.1256154
https://www.ncbi.nlm.nih.gov/pubmed/37800144
https://doi.org/10.1016/j.envpol.2020.116051
https://doi.org/10.1016/j.jhazmat.2020.122549
https://doi.org/10.1007/s12640-012-9353-4
https://doi.org/10.1016/j.ecoenv.2020.111299
https://doi.org/10.1177/0748233719831528
https://doi.org/10.1096/fj.14-252460
https://www.ncbi.nlm.nih.gov/pubmed/25103225
https://doi.org/10.1172/JCI200314172
https://doi.org/10.1016/j.envpol.2024.123600
https://www.ncbi.nlm.nih.gov/pubmed/38369087
https://doi.org/10.1007/s00204-011-0766-2

Antioxidants 2024, 13, 1468 20 of 22

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Magnifico, M.C.; Xhani, M.; Sprovera, B.; Buttari, B.; Abballe, G.; Desideri, F,; Panieri, E.; Saso, L.; Arese, M. Nitro-Oxidative
Stress and Mitochondrial Dysfunction in Human Cell Lines Exposed to the Environmental Contaminants PFOA and BPA. Front.
Biosci. 2022, 27,292. [CrossRef] [PubMed]

Wang, F.; Ma, X.; Sun, Q.; Zhang, Y.; Liu, Y,; Gu, J.; Wang, L. Bisphenol B Induces Developmental Toxicity in Zebrafish via
Oxidative Stress. Environ. Sci. Pollut. Res. 2023, 1-2. [CrossRef]

Macéczak, A.; Cyrkler, M.; Bukowska, B.; Michatowicz, ]. Bisphenol A, Bisphenol S, Bisphenol F and Bisphenol AF Induce Different
Oxidative Stress and Damage in Human Red Blood Cells (in Vitro Study). Toxicol. Vitr. 2017, 41, 143-149. [CrossRef]

Xia, T.; Guo, J.; Zhang, B.; Song, C.; Zhao, Q.; Cui, B.; Liu, Y. Bisphenol A Promotes the Progression of Colon Cancer
Through Dual-Targeting of NADPH Oxidase and Mitochondrial Electron-Transport Chain to Produce ROS and Activating
HIF-1o«/VEGE/PI3K/AKT Axis. Front. Endocrinol. 2022, 13, 933051. [CrossRef]

Kulsange, E.S.; Sharma, M.; Sonawane, B.; Jaiswal, M.R.; Kulkarni, ] M.; Santhakumari, B. SWATH-MS Reveals That Bisphenol A
and Its Analogs Regulate Pathways Leading to Disruption in Insulin Signaling and Fatty Acid Metabolism. Food Chem. Toxicol.
2024, 188, 114667. [CrossRef]

Yao, Y.; Zhu, W.; Han, D.; Shi, X.; Xu, S. New Insights into How Melatonin Ameliorates Bisphenol A-Induced Colon Damage:
Inhibition of NADPH Oxidase. J. Agric. Food Chem. 2023, 71, 2566-2578. [CrossRef]

Easson, S.; Singh, R.D.; Connors, L.; Scheidl, T.; Baker, L.; Jadli, A.; Zhu, H.L.; Thompson, J. Exploring Oxidative Stress and
Endothelial Dysfunction as a Mechanism Linking Bisphenol S Exposure to Vascular Disease in Human Umbilical Vein Endothelial
Cells and a Mouse Model of Postnatal Exposure. Environ. Int. 2022, 170, 107603. [CrossRef]

Vanani, A.R.; Mahdavinia, M.; Shirani, M.; Alizadeh, S.; Dehghani, M.A. Protective Effects of Quercetin against Oxidative Stress
Induced by Bisphenol-A in Rat Cardiac Mitochondria. Environ. Sci. Pollut. Res. 2020, 27, 15093-15102. [CrossRef]

Khodayar, M.].; Kalantari, H.; Mahdavinia, M.; Khorsandi, L.; Alboghobeish, S.; Samimi, A.; Alizadeh, S.; Zeidooni, L. Protective
Effect of Naringin against BPA-Induced Cardiotoxicity through Prevention of Oxidative Stress in Male Wistar Rats. Drug Chem.
Toxicol. 2020, 43, 85-95. [CrossRef] [PubMed]

Bell, E.L.; Klimova, T.A.; Eisenbart, J.; Moraes, C.T.; Murphy, M.P,; Budinger, G.R.S.; Chandel, N.S. The Qo Site of the Mitochondrial
Complex III Is Required for the Transduction of Hypoxic Signaling via Reactive Oxygen Species Production. J. Cell Biol. 2007, 177,
1029-1036. [CrossRef]

Hassan, Z.K.; Elobeid, M.A.; Virk, P.; Omer, S.A.; Elamin, M.; Daghestani, M.H.; Alolayan, E.M. Bisphenol a Induces Hepatotoxicity
through Oxidative Stress in Rat Model. Oxidative Med. Cell. Longev. 2012, 2012, 194829. [CrossRef] [PubMed]

Moghaddam, H.S.; Samarghandian, S.; Farkhondeh, T. Effect of Bisphenol A on Blood Glucose, Lipid Profile and Oxidative Stress
Indices in Adult Male Mice. Toxicol. Mech. Methods 2015, 25, 507-513. [CrossRef] [PubMed]

Kabuto, H.; Hasuike, S.; Minagawa, N.; Shishibori, T. Effects of Bisphenol A on the Metabolisms of Active Oxygen Species in
Mouse Tissues. Environ. Res. 2003, 93, 31-35. [CrossRef]

Zhang, D,; Liu, X,; Xiao, Q.; Han, L.; Yang, J.; Li, X.; Xu, J.; Zheng, Q.; Ma, J.; Chen, J.; et al. Co-Exposure to Bisphenols, Parabens,
and Antimicrobials and Association with Coronary Heart Disease: Oxidative Stress as a Potential Mediating Factor? Environ. Sci.
Technol. 2023, 57, 531-538. [CrossRef]

Huang, FM.; Chang, Y.C,; Lee, S.S.; Yang, M.L.; Kuan, Y.H. Expression of Pro-Inflammatory Cytokines and Mediators Induced
by Bisphenol A via ERK-NF«B and JAK1/2-STAT3 Pathways in Macrophages. Environ. Toxicol. 2019, 34, 486—494. [CrossRef]
[PubMed]

Metwally, EM.; Rashad, H.; Zeidan, H.M.; Kilany, A.; Abdol Raouf, E.R. Study of the Effect of Bisphenol A on Oxidative Stress in
Children with Autism Spectrum Disorders. Indian ]. Clin. Biochem. 2018, 33, 196-201. [CrossRef] [PubMed]

Rocha, B.A.; Asimakopoulos, A.G.; Honda, M.; da Costa, N.L.; Barbosa, R.M.; Barbosa, F; Kannan, K. Advanced Data Mining
Approaches in the Assessment of Urinary Concentrations of Bisphenols, Chlorophenols, Parabens and Benzophenones in
Brazilian Children and Their Association to DNA Damage. Environ. Int. 2018, 116, 269-277. [CrossRef]

Sakuma, S.; Nakanishi, M.; Morinaga, K.; Fujitake, M.; Wada, S.I.; Fujimoto, Y. Bisphenol A 3,4-Quinone Induces the Conversion
of Xanthine Dehydrogenase into Oxidase in Vitro. Food Chem. Toxicol. 2010, 48, 2217-2222. [CrossRef]

Valentine, J.S.; Doucette, P.A.; Potter, S.Z. Copper-Zinc Superoxide Dismutase and Amyotrophic Lateral Sclerosis. Annu. Rev.
Biochem. 2005, 74, 563-593. [CrossRef]

Peoples, ].N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, J.Q. Mitochondrial Dysfunction and Oxidative Stress in Heart Disease.
Exp. Mol. Med. 2019, 51, 1-13. [CrossRef]

Drummond, G.R; Cai, H.; Davis, M.E.; Ramasamy, S.; Harrison, D.G. Transcriptional and Posttranscriptional Regulation of
Endothelial Nitric Oxide Synthase Expression by Hydrogen Peroxide. Circ. Res. 2000, 86, 347-354. [CrossRef] [PubMed]

Ali, I; Wakeel, A.; Upreti, S.; Liu, D.; Azizullah, A.; Jan, M,; Ullah, W,; Liu, B.; Ali, A.; Daud, M.K.; et al. Effect of Bisphenol
A-Induced Oxidative Stress on the Ultra Structure and Antioxidant Defence System of Arabidopsis Thialiana Leaves. Pol. |.
Environ. Stud. 2018, 27, 967-978. [CrossRef]

Santos Musachio, E.A.; Poetini, M.R,; Janner, D.E.; Fernandes, E.J.; Meichtry, L.B.; Mustafa Dahleh, M.M.; Guerra, G.P.; Prigol,
M. Safer Alternatives? Bisphenol F and Bisphenol S Induce Oxidative Stress in Drosophila Melanogaster Larvae and Trigger
Developmental Damage. Food Chem. Toxicol. 2023, 175, 113701. [CrossRef]

Nguyen, M.; Sabry, R.; Davis, O.S.; Favetta, L.A. Effects of BPA, BPS, and BPF on Oxidative Stress and Antioxidant Enzyme
Expression in Bovine Oocytes and Spermatozoa. Genes 2022, 13, 142. [CrossRef]


https://doi.org/10.31083/j.fbl2710292
https://www.ncbi.nlm.nih.gov/pubmed/36336871
https://doi.org/10.1007/s11356-023-31161-9
https://doi.org/10.1016/j.tiv.2017.02.018
https://doi.org/10.3389/fendo.2022.933051
https://doi.org/10.1016/j.fct.2024.114667
https://doi.org/10.1021/acs.jafc.2c07236
https://doi.org/10.1016/j.envint.2022.107603
https://doi.org/10.1007/s11356-020-08048-0
https://doi.org/10.1080/01480545.2018.1504958
https://www.ncbi.nlm.nih.gov/pubmed/30264589
https://doi.org/10.1083/jcb.200609074
https://doi.org/10.1155/2012/194829
https://www.ncbi.nlm.nih.gov/pubmed/22888396
https://doi.org/10.3109/15376516.2015.1056395
https://www.ncbi.nlm.nih.gov/pubmed/26376105
https://doi.org/10.1016/S0013-9351(03)00062-8
https://doi.org/10.1021/acs.est.2c06488
https://doi.org/10.1002/tox.22702
https://www.ncbi.nlm.nih.gov/pubmed/30609183
https://doi.org/10.1007/s12291-017-0667-0
https://www.ncbi.nlm.nih.gov/pubmed/29651211
https://doi.org/10.1016/j.envint.2018.04.023
https://doi.org/10.1016/j.fct.2010.05.051
https://doi.org/10.1146/annurev.biochem.72.121801.161647
https://doi.org/10.1038/s12276-019-0355-7
https://doi.org/10.1161/01.RES.86.3.347
https://www.ncbi.nlm.nih.gov/pubmed/10679488
https://doi.org/10.15244/pjoes/76038
https://doi.org/10.1016/j.fct.2023.113701
https://doi.org/10.3390/genes13010142

Antioxidants 2024, 13, 1468 21 of 22

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

Zhang, X.; Li, C,; Pan, J.; Liu, R.; Cao, Z. Searching for a Bisphenol A Substitute: Effects of Bisphenols on Catalase Molecules and
Human Red Blood Cells. Sci. Total Environ. 2019, 669, 112-119. [CrossRef]

Asano, S.; Tune, ].D.; Dick, G.M. Bisphenol A Activates Maxi-K (K Cal.1) Channels in Coronary Smooth Muscle. Br. ]. Pharmacol.
2010, 160, 160-170. [CrossRef] [PubMed]

Chagas, A.P,; Peixoto, B.P; da Costa, B.B.; Moreira, T.A.; Cinelli, L.P; da Silva, L.L.; Miranda-Alves, L.; Berto-Junior, C. Effects of
Bisphenol A and S on Blood Coagulation: In Vivo, in Vitro and in Silico Approaches in Toxicodynamic. Toxicol. Mech. Methods
2021, 31, 90-99. [CrossRef] [PubMed]

Pal, S.; Sarkar, K.; Nath, PP.; Mondal, M.; Khatun, A.; Paul, G. Bisphenol S Impairs Blood Functions and Induces Cardiovascular
Risks in Rats. Toxicol. Rep. 2017, 4, 560-565. [CrossRef]

Vishalakshi, G.J.; Hemshekhar, M.; Sandesha, V.D.; Prashanth, K.S.; Jagadish, S.; Paul, M.; Kemparaju, K.; Girish, K.S. Bisphenol
AF Elevates Procoagulant Platelets by Inducing Necroptosis via RIPK1-Inflammasome Axis. Toxicology 2021, 454, 152742.
[CrossRef] [PubMed]

Michaela, P; Maria, K.; Silvia, H.; Aubica, L. Bisphenol A Differently Inhibits CaV3.1, CaV3.2 and CaV3.3 Calcium Channels.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2014, 387, 153-163. [CrossRef]

Kudin, A.P; Bimpong-Buta, N.Y.B.; Vielhaber, S.; Elger, C.E.; Kunz, W.S. Characterization of Superoxide-Producing Sites in
Isolated Brain Mitochondria. J. Biol. Chem. 2004, 279, 4127-4135. [CrossRef] [PubMed]

Crofts, A.R,; Holland, ].T.; Victoria, D.; Kolling, D.R.J.; Dikanov, S.A.; Gilbreth, R.; Lhee, S.; Kuras, R.; Kuras, M.G. The Q-Cycle
Reviewed: How Well Does a Monomeric Mechanism of the Bcl Complex Account for the Function of a Dimeric Complex?
Biochim. Biophys. Acta Bioenerg. 2008, 1777,1001-1019. [CrossRef]

Hirst, J.; Carroll, ].; Fearnley, L. M.; Shannon, R.J.; Walker, J.E. The Nuclear Encoded Subunits of Complex I from Bovine Heart
Mitochondria. Biochim. Biophys. Acta Bioenerg. 2003, 1604, 135-150. [CrossRef]

Qin, J.Y,; Jia, W.; Ru, S.; Xiong, ].Q.; Wang, J.; Wang, W.; Hao, L.; Zhang, X. Bisphenols Induce Cardiotoxicity in Zebrafish Embryos:
Role of the Thyroid Hormone Receptor Pathway. Aquat. Toxicol. 2023, 254, 106354. [CrossRef]

Rosenmai, A.K.; Dybdahl, M.; Pedersen, M.; van Vugt-Lussenburg, B.M.A.; Wedebye, E.B.; Taxvig, C.; Vinggaard, A.M. Are
Structural Analogues to Bisphenol a Safe Alternatives? Toxicol. Sci. 2014, 139, 35-47. [CrossRef] [PubMed]

Wang, L.; Huang, C.; Li, L.; Pang, Q.; Wang, C.; Fan, R. In Vitro and in Silico Assessment of GPER-Dependent Neurocytotoxicity
of Emerging Bisphenols. Sci. Total Environ. 2023, 862, 160762. [CrossRef]

Knowlton, A.A.; Lee, A.R. Estrogen and the Cardiovascular System. Pharmacol. Ther. 2012, 135, 54-70. [CrossRef]

Nagarajan, M.; Maadurshni, G.B.; Manivannan, J. Bisphenol A (BPA) Exposure Aggravates Hepatic Oxidative Stress and
Inflammatory Response under Hypertensive Milieu—Impact of Low Dose on Hepatocytes and Influence of MAPK and ER Stress
Pathways. Food Chem. Toxicol. 2024, 183, 114197. [CrossRef] [PubMed]

Yang, Y.; Liu, C.; Yang, J.; Yuan, F; Cheng, R.; Chen, R; Shen, Y.; Huang, L. Impairment of Sirtuin 1-Mediated DNA Repair Is
Involved in Bisphenol A-Induced Aggravation of Macrophage Inflammation and Atherosclerosis. Chemosphere 2021, 265, 128997.
[CrossRef] [PubMed]

Shi, M.; Lin, Z; Ye, L.; Chen, X.; Zhang, W.; Zhang, Z.; Luo, F; Liu, Y.; Shi, M. Estrogen Receptor-Regulated SOCS3 Modulation
via JAK2/STAT3 Pathway Is Involved in BPF-Induced M1 Polarization of Macrophages. Toxicology 2020, 433, 433—434. [CrossRef]
Ratajczak-Wrona, W.; Rusak, M.; Nowak, K.; Dabrowska, M.; Radziwon, P,; Jablonska, E. Effect of Bisphenol A on Human
Neutrophils Immunophenotype. Sci. Rep. 2020, 10, 3083. [CrossRef] [PubMed]

Balistrieri, A.; Hobohm, L.; Srivastava, T.; Meier, A.; Corriden, R. Alterations in Human Neutrophil Function Caused by Bisphenol
A. ]. Physiol.-Cell Physiol. 2018, 315, 636—642. [CrossRef] [PubMed]

Ratajczak-Wrona, W.; Garley, M.; Rusak, M.; Nowak, K.; Czerniecki, J.; Wolosewicz, K.; Dabrowska, M.; Wolczynski, S.; Radziwon,
P; Jablonska, E. Sex-Dependent Dysregulation of Human Neutrophil Responses by Bisphenol A. Environ. Health 2021, 20, 1-18.
[CrossRef]

Chen, L.; Tao, D.; Qi, M.; Wang, T.; Jiang, Z.; Xu, S. Cineole Alleviates the BPA-Inhibited NETs Formation by Regulating the P38
Pathway-Mediated Programmed Cell Death. Ecotoxicol. Environ. Saf. 2022, 237, 113558. [CrossRef] [PubMed]

Bui, T.M.; Wiesolek, H.L.; Sumagin, R. ICAM-1: A Master Regulator of Cellular Responses in Inflammation, Injury Resolution,
and Tumorigenesis. J. Leukoc. Biol. 2020, 108, 787-799. [CrossRef] [PubMed]

Wautier, J.L.; Wautier, M.P. Vascular Permeability in Diseases. Int. J. Mol. Sci. 2022, 23, 3645. [CrossRef]

Russo, C.; Maugeri, A.; Albergamo, A.; Dugo, G.; Navarra, M.; Cirmi, S. Protective Effects of a Red Grape Juice Extract against
Bisphenol A-Induced Toxicity in Human Umbilical Vein Endothelial Cells. Toxics 2023, 11, 391. [CrossRef] [PubMed]
Aftabsavad, S.; Noormohammadi, Z.; Moini, A.; Karimipoor, M. Effect of Bisphenol A on Alterations of ICAM-1 and HLA-G
Genes Expression and DNA Methylation Profiles in Cumulus Cells of Infertile Women with Poor Response to Ovarian Stimulation.
Sci. Rep. 2021, 11, 9595. [CrossRef]

Basak, S.; Srinivas, V.; Duttaroy, A.K. Bisphenol-A Impairs Cellular Function and Alters DNA Methylation of Stress Pathway
Genes in First Trimester Trophoblast Cells. Reprod. Toxicol. 2018, 82, 72-79. [CrossRef] [PubMed]

Wang, B.; Wang, S.; Zhao, Z.; Chen, Y.; Xu, Y.; Li, M.; Xu, M.; Wang, W.; Ning, G.; Bi, Y.; et al. Bisphenol A Exposure in Relation to
Altered Lipid Profile and Dyslipidemia among Chinese Adults: A Repeated Measures Study. Environ. Res. 2020, 184, 109382.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.scitotenv.2019.03.129
https://doi.org/10.1111/j.1476-5381.2010.00687.x
https://www.ncbi.nlm.nih.gov/pubmed/20331605
https://doi.org/10.1080/15376516.2020.1836102
https://www.ncbi.nlm.nih.gov/pubmed/33054482
https://doi.org/10.1016/j.toxrep.2017.10.006
https://doi.org/10.1016/j.tox.2021.152742
https://www.ncbi.nlm.nih.gov/pubmed/33662508
https://doi.org/10.1007/s00210-013-0932-6
https://doi.org/10.1074/jbc.M310341200
https://www.ncbi.nlm.nih.gov/pubmed/14625276
https://doi.org/10.1016/j.bbabio.2008.04.037
https://doi.org/10.1016/S0005-2728(03)00059-8
https://doi.org/10.1016/j.aquatox.2022.106354
https://doi.org/10.1093/toxsci/kfu030
https://www.ncbi.nlm.nih.gov/pubmed/24563381
https://doi.org/10.1016/j.scitotenv.2022.160762
https://doi.org/10.1016/j.pharmthera.2012.03.007
https://doi.org/10.1016/j.fct.2023.114197
https://www.ncbi.nlm.nih.gov/pubmed/38029875
https://doi.org/10.1016/j.chemosphere.2020.128997
https://www.ncbi.nlm.nih.gov/pubmed/33239236
https://doi.org/10.1016/j.tox.2020.152404
https://doi.org/10.1038/s41598-020-59753-2
https://www.ncbi.nlm.nih.gov/pubmed/32080224
https://doi.org/10.1152/ajpcell.00242.2017
https://www.ncbi.nlm.nih.gov/pubmed/30088793
https://doi.org/10.1186/s12940-020-00686-8
https://doi.org/10.1016/j.ecoenv.2022.113558
https://www.ncbi.nlm.nih.gov/pubmed/35483150
https://doi.org/10.1002/JLB.2MR0220-549R
https://www.ncbi.nlm.nih.gov/pubmed/32182390
https://doi.org/10.3390/ijms23073645
https://doi.org/10.3390/toxics11040391
https://www.ncbi.nlm.nih.gov/pubmed/37112618
https://doi.org/10.1038/s41598-021-87175-1
https://doi.org/10.1016/j.reprotox.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30352284
https://doi.org/10.1016/j.envres.2020.109382
https://www.ncbi.nlm.nih.gov/pubmed/32192991

Antioxidants 2024, 13, 1468 22 of 22

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Yin, T.; Zhu, X.; Cheang, L; Zhou, Y.; Liao, S.; Lu, X.; Zhou, Y.; Yao, W.; Li, X.; Zhang, H. Urinary Phenols and Parabens Metabolites
Associated with Cardiovascular Disease among Adults in the United States. Environ. Sci. Pollut. Res. 2023, 30, 25093-25102.
[CrossRef]

Chen, Z.; He, J.; Shi, W. Association between Urinary Environmental Phenols and the Prevalence of Cardiovascular Diseases in
US Adults. Environ. Sci. Pollut. Res. 2022, 29, 42947-42954. [CrossRef]

Melzer, D.; Osborne, N.J.; Henley, W.E.; Cipelli, R.; Young, A.; Money, C.; McCormack, P.; Luben, R.; Khaw, K.T.; Wareham, N.J.;
et al. Urinary Bisphenol A Concentration and Risk of Future Coronary Artery Disease in Apparently Healthy Men and Women.
Circulation 2012, 125, 1482-1490. [CrossRef] [PubMed]

Shankar, A.; Teppala, S.; Sabanayagam, C. Bisphenol A and Peripheral Arterial Disease: Results from the NHANES. Environ.
Health Perspect. 2012, 120, 1297-1300. [CrossRef]

Bhandari, R.; Xiao, J.; Shankar, A. Urinary Bisphenol a and Obesity in US Children. Am. ]. Epidemiol. 2013, 177, 1263-1270.
[CrossRef] [PubMed]

Savastano, S.; Tarantino, G.; D’Esposito, V.; Passaretti, F.; Cabaro, S.; Liotti, A.; Liguoro, D.; Perruolo, G.; Ariemma, E,; Finelli, C.;
et al. Bisphenol-A Plasma Levels Are Related to Inflammatory Markers, Visceral Obesity and Insulin-Resistance: A Cross-Sectional
Study on Adult Male Population. J. Transl. Med. 2015, 13, 169. [CrossRef]

Choi, Y.J.; Ha, KH.; Kim, D.J. Exposure to Bisphenol A Is Directly Associated with Inflammation in Healthy Korean Adults.
Environ. Sci. Pollut. Res. 2017, 24, 284-290. [CrossRef]

Bao, W.; Liu, B.; Rong, S.; Dai, S.Y.; Trasande, L.; Lehmler, H.]. Association between Bisphenol A Exposure and Risk of All-Cause
and Cause-Specific Mortality in US Adults. JAMA Netw. Open 2020, 3, €2011620. [CrossRef]

Jiang, S.; Liu, H.; Zhou, S.; Zhang, X.; Peng, C.; Zhou, H.; Tong, Y.; Lu, Q. Association of Bisphenol A and Its Alternatives
Bisphenol S and F Exposure with Hypertension and Blood Pressure: A Cross-Sectional Study in China. Environ. Pollut. 2020, 257,
113639. [CrossRef] [PubMed]

Tsen, C.-M.; Liu, J.-H.; Yang, D.-P.; Chao, H.-R.; Chen, J.-L.; Chou, W.-C.; Ho, Y.-C.; Chuang, C.-Y. Study on the Correlation
of Bisphenol A Exposure, pro-Inflammatory Gene Expression, and C-Reactive Protein with Potential Cardiovascular Disease
Symptoms in Young Adults. Environ. Sci. Pollut. Res. 2021, 28, 32580-32591. [CrossRef] [PubMed]

Peng, J.; Du, L.L.; Ma, Q.L. Serum Glycolipids Mediate the Relationship of Urinary Bisphenols with NAFLD: Analysis of a
Population-Based, Cross-Sectional Study. Environ. Health 2022, 21, 124. [CrossRef]

Lu, Y,; Chen, S; Jin, H.; Tang, L.; Xia, M. Associations of Bisphenol F and S, as Substitutes for Bisphenol A, with Cardiovascular
Disease in American Adults. J. Appl. Toxicol. 2023, 43, 500-507. [CrossRef]

Rubinstein, J.; Pinney, S.M.; Xie, C.; Wang, H.-S. Association of Same-Day Urinary Phenol Levels and Cardiac Electrical Alterations:
Analysis of the Fernald Community Cohort. Environ. Health 2024, 2. [CrossRef]

North, B.J.; Sinclair, D.A. The Intersection between Aging and Cardiovascular Disease. Circ. Res. 2012, 110, 1097-1108. [CrossRef]
[PubMed]

Blaauwendraad, S.M.; Gaillard, R.; Santos, S.; Sol, C.M.; Kannan, K.; Trasande, L.; Jaddoe, V.W.V. Maternal Phthalate and
Bisphenol Urine Concentrations during Pregnancy and Early Markers of Arterial Health in Children. Environ. Health Perspect.
2022, 130, 47007. [CrossRef]

Lu, X,; Lin, Y,; Qiu, X,; Liu, J.; Zhu, T.; Araujo, ].A.; Fiehn, O.; Zhu, Y. Triglyceride Profiles Are Associated with Subacute Exposure
to Bisphenol A in Healthy Young Adults. Sci. Total Environ. 2022, 825, 153991. [CrossRef]

Brandi, M.L.; Marini, F; Parri, S.; Bandinelli, S.; lantomasi, T.; Giusti, F; Talluri, E.; Sini, G.; Nannipieri, F; Battaglia, S.; et al.
Association of Vitamin D and Bisphenol A Levels with Cardiovascular Risk in an Elderly Italian Population: Results from the
InCHIANTI Study. Geroscience 2024, 46, 6141-6156. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11356-021-15589-5
https://doi.org/10.1007/s11356-021-18323-3
https://doi.org/10.1161/CIRCULATIONAHA.111.069153
https://www.ncbi.nlm.nih.gov/pubmed/22354940
https://doi.org/10.1289/ehp.1104114
https://doi.org/10.1093/aje/kws391
https://www.ncbi.nlm.nih.gov/pubmed/23558351
https://doi.org/10.1186/s12967-015-0532-y
https://doi.org/10.1007/s11356-016-7806-7
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.1016/j.envpol.2019.113639
https://www.ncbi.nlm.nih.gov/pubmed/31796315
https://doi.org/10.1007/s11356-021-12805-0
https://www.ncbi.nlm.nih.gov/pubmed/33625709
https://doi.org/10.1186/s12940-022-00945-w
https://doi.org/10.1002/jat.4401
https://doi.org/10.1186/s12940-024-01114-x
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://www.ncbi.nlm.nih.gov/pubmed/22499900
https://doi.org/10.1289/EHP10293
https://doi.org/10.1016/j.scitotenv.2022.153991
https://doi.org/10.1007/s11357-024-01193-1
https://www.ncbi.nlm.nih.gov/pubmed/38837025

	Functions and Dysfunctions of the Cardiovascular System: A General Landscape 
	Bisphenols 
	Bisphenol Effects on the Physiopathology of Cardiovascular Disease 
	Bisphenols and Lipid Metabolism 
	Bisphenols and the Vascular Oxidant System 
	Bisphenols and the Vascular Antioxidant System 
	Bisphenols’ Effects on Other Parameters Related to CVD Risk 
	Association of Bisphenol Exposure to CVDs in Humans 

	Conclusions 
	References

