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Abstract: Vascular diseases, such as hypertension, atherosclerosis, cerebrovascular, and
peripheral arterial diseases, present major clinical and public health challenges, largely due
to their common underlying process: vascular remodeling. This process involves structural
alterations in blood vessels, driven by a variety of molecular mechanisms. The inhibitor
of DNA-binding/differentiation-3 (ID3), a crucial member of ID family of transcriptional
regulators, has been identified as a key player in vascular biology, significantly impacting
the progression of these diseases. This review explores the role of ID3 in vascular remod-
eling, emphasizing its involvement in processes such as apoptosis, cell proliferation, and
extracellular matrix regulation. Furthermore, we examine how oxidative stress, intensified
by exposure to estrogenic endocrine disruptors (EEDs) like polychlorinated biphenyls
(PCBs) and bisphenol A (BPA), affects ID3 activity and contributes to vascular disease.
Understanding the interaction between ID3 signaling and EED exposure provides critical
insights into the molecular mechanisms underlying vascular remodeling and its role in the
development and progression of vascular diseases.

Keywords: endocrine disruptors; ID3; transcriptional regulator; vascular remodeling

1. Introduction
Vascular diseases, including hypertension, atherosclerosis, cerebrovascular, and pe-

ripheral arterial diseases, are major global health challenges, responsible for about 32% of
all deaths worldwide. In 2019 alone, cardiovascular diseases (CVDs) claimed 17.9 million
lives, with heart attacks and strokes accounting for 85% of these fatalities [1–3]. The burden
is particularly high in low- and middle-income countries, where over three-quarters of
these deaths occur. Despite advances in prevention and treatment, factors such as popula-
tion growth, aging, obesity, and diabetes continue to drive the rise in CVD-related deaths,
especially in regions like Africa, Asia, Eastern Europe, and South America [4–6].

Vascular remodeling is a vital process in cardiovascular health, involving structural
changes in blood vessels that affect their function. This remodeling is commonly seen
in conditions like hypertension, atherosclerosis, and heart failure, where it can lead to
increased vascular resistance and impaired blood flow [7,8]. The process is driven by
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cellular and molecular mechanisms such as vascular smooth muscle cell proliferation,
elastin degradation, and extracellular matrix calcification, with inflammation and oxidative
stress playing key roles [7,9]. While vascular remodeling can initially be an adaptive
response to maintain blood flow, it often becomes maladaptive, contributing to disease
progression and complications like acute coronary events and heart failure [8,10]. Despite
significant research, there are still knowledge gaps, particularly in understanding the
long-term effects of vascular remodeling and identifying effective therapeutic targets [9,11].

Recent research indicates that estrogenic endocrine disruptors (EEDs) and the inhibitor
of DNA-binding/differentiation-3 (ID3) protein are pivotal in vascular remodeling and
dysfunction. EEDs, synthetic compounds that imitate or obstruct estrogen signaling,
are recognized for impairing vascular endothelial cell function by attaching to estrogen
receptors, elevating oxidative stress, and modifying essential pathways including vascular
endothelial growth factor (VEGF) signaling and cell adhesion [12–20]. These disturbances
lead to endothelial dysfunction, inflammatory responses, and structural alterations in blood
vessels, resulting in chronic vascular inflammation and heightened risk of cardiovascular
illnesses [21–27].

The ID3, a transcriptional regulator, has been associated with vascular remodeling. The
ID3 facilitates vascular smooth muscle cell proliferation, extracellular matrix calcification,
and endothelial cell activation, which are crucial for vascular homeostasis but may induce
pathological alterations in the presence of oxidative stress or exposure to EEDs [20,28–31].
Significantly, environmental endocrine disruptors such as polychlorinated biphenyl 153
(PCB153) have been demonstrated to enhance ID3 expression, establishing a connection
between environmental exposures and vascular diseases [20,31].

Thus, we tried to decipher the existing understanding of how ID3 may impact these
various components in vascular remodeling that lead to alterations in the vessel causing
obstruction and further damage. Since many of these vascular remodeling mechanisms are
oxidative stress-dependent [12], exposure to EEDs may also contribute to perturbations that
take place during vascular remodeling. Estrogenic endocrine disruptors are mainly human-
made chemicals discovered in our environment that act by modifying hormonal events.
EEDs such as estrogenic polychlorinated biphenyls (PCBs) [13], bisphenol A (BPA) [14],
phthalates [15], and diethylstilbestrol (DES) [16] have been linked to affecting metabolic
health throughout vital phases of development and adulthood. Epidemiological studies
have narrated links between estrogenic endocrine disruptors and various cardiovascular
and vascular diseases [17–19]. Based on current discoveries that established ID3-dependent
endothelial cell activation via estrogenic PCB153 exposure, we will discuss how exposure
to EEDs may contribute to complex vascular lesions, in which vascular disease mani-
fests via ID3 [20]. Previously, we elucidated the association between ID3 and EEDs in
metabolic syndrome (MetS) perturbations via adipose tissue that bioaccumulate, which can
modify various chronic diseases such as vascular, neurological, cancer, and autoimmune
ones [21,28]. This may help clarify additional factors contributing to vascular alternations in
the blood vessel. Additional studies in these capacities may uncover innovative avenues of
beneficial modalities as well as deliver prevention, control, and treatment approaches of vas-
cular remodeling with exposure to estrogenic endocrine disruptors and the dysregulation
of ID3.

This review aims to explore the complex role of ID3 in vascular remodeling, which is
a crucial factor in the development of cardiac diseases. We will investigate the data that
connect ID3 to crucial elements of vascular remodeling, including apoptosis, proliferation,
alterations in the extracellular matrix, and cellular migration. In addition, we will investi-
gate the possible effects of exposure to EEDs on ID3-mediated pathways and their role in
causing changes in blood vessels. Our goal is to gain a new understanding of the molecular
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mechanisms that cause vascular remodeling and how it relates to the development of
vascular diseases by examining the relationship between ID3 and EEDs. The purpose of
this review is to offer a thorough comprehension of the current level of knowledge in this
field and emphasize prospective directions for future study and therapeutic intervention.

2. Inhibitor of DNA-Binding/Differentiation-3 (ID3)
ID3 belongs to a family of small proteins that includes ID1, ID2, ID3, and ID4. This

family exhibits significant amino acid sequence homology (69–78%) within their helix–loop–
helix (HLH) domain, while the remaining regions are highly divergent. Initially identified
as a serum-inducible early-response gene, ID3 shows a peak in transcriptional activity at
1 h, followed by a biphasic expression pattern with a secondary surge at 24 h during tissue
regeneration after injury [32,33]. Experimental studies have highlighted the critical role of
ID3 in cell differentiation and embryonic development. Dual knockout of the Id1 and Id3
in mice results in cardiac abnormalities, impaired neuronal differentiation, and defective
brain vascularization, which are embryonically lethal [34,35]. While ID3 is highly expressed
in embryonic tissue, its levels decrease as cells differentiate. Notably, ID3 expression can
be induced by various stimuli across multiple cell types [36]. The ID3 is a transcriptional
regulator recognized for preventing stem cell differentiation and the stimulation of cell
cycle progression. A member of ID family of helix–loop–helix proteins programmed
by an immediate early gene receptive to oxidative stress and mitogenic signals, ID3 via
accumulative evidence suggests that it may be involved in vascular remodeling, a process
in which alterations in the structure of the vessel and vessel wall occur including four
processes: cell death, cell growth, synthesis or degradation of the extracellular matrix, and
cell migration [12,31,37,38]. Vascular remodeling is supported upon dynamic interactions
between hemodynamic stimuli, vasoactive substances, and growth factors, which may
contribute to the pathophysiology of cardiac diseases [39]. For instance, ID3 has previously
been studied in combination with lipoxygenase (12/15-LO), which is demonstrated to
produce pro-inflammatory alterations in blood vessels that lead to the progression of
atherosclerosis [40]. Furthermore, 12/15-LO has been seen as an essential intermediary
of vascular smooth muscle cell (VSMC) growth and its growth-promoting effect, which is
mediated by ID3 transcription [41]. Concerning these molecular interactions with blood
vessels, it is also significant that ID3 is important to embryonic vasculogenesis as well as
endothelial cell activation [31,37,38].

In contrast to its pro-apoptotic effects in several cancer cell types, ID3 overexpres-
sion in endothelial cells has been demonstrated to enhance cell survival and inhibit cell
death. When compared to cells of the wild type, ID3 dramatically lowers apoptosis in
human cerebral microvascular endothelial cells [42]. By upregulating markers like CD133,
VEGFR3, and CD34, it also improves stemness [43,44]. Furthermore, when co-cultured with
smooth muscle cells, ID3 overexpression promotes the development of 3-D microvascular
defects [42]. By modifying chromatin accessibility to cell death pathways [45], interacting
with E-proteins to affect transcriptional activity [46], and controlling the transcription of
cell survival genes, ID3 most likely promotes survival mechanistically.

Previously, Felty and Das demonstrated that vascular endothelial cells exposed to
E2 (17β-estradiol) or polychlorinated biphenyl 153 (PCB153) exhibited increased protein
phosphorylation, endothelial neovascularization, and elevated ID3 expression [47]. Fur-
thermore, PCB153 increased oxidative stress or ROS (reactive oxygen species) that facilitate
ID3 expression [47]. Estrogenic chemical exposure has been demonstrated to increase ROS,
altering neighboring DNA essential for transcriptional stimulation of cell-growing genes.
ID3 protein–protein communications arise through the HLH motif. During this, ID proteins
dimerize and block the DNA-binding activity of basic HLH transcription factors such as
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E-proteins, which include E2-2, E12, E47, and HEB, programmed by the transcription factor
12 (TCF12) and transcription factor 3-4 (TCF3-4) gene [48]. ID3 protein–protein commu-
nications can control transcription by E-proteins, inhibiting the subsequent binding and
stimulation of target gene promoters. Furthermore, E-proteins subdue the expression of
embryonic genes SRY-box 2 (SOX2), Octamer-Binding Transcription 4 (OCT4), and Nanog
Homeobox (NANOG), leading to cell differentiation as demonstrated in Figure 1 [48]. Ad-
ditionally, ID3 stimulates cells to pass via cell cycle borders by hindering the expression of
the cell cycle inhibitor gene p21Cip21. Research has established that ectopic overexpression
of ID3 enhanced SOX2 and OCT4 expression and resulted in a positive cell population
for molecular stem cell markers CD133+ VEGFR3+ CD34+. Based on these outcomes, ID3
maintains cells in a noncommittal or undifferentiated state by blocking the repression
of pluripotency influences by TCF3 [49,50]. Since ID3 regulates genes associated with
stemness and cell proliferation, it is likely that EEDs could drive vascular remodeling by
promoting uncontrolled proliferation through ID3, thereby contributing to the formation of
lesions and the development of various vascular diseases.
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3. Vascular Remodeling
3.1. Vessel Patterning, Inflammation, and Vascular Dysfunction

Building on the role of ID3 in vascular remodeling and its regulation by environmental
and molecular factors, this section focuses on the structural and functional changes in
blood vessels that characterize vascular remodeling. Atherosclerotic lesions, often asso-
ciated with vascular diseases, are defined by disruptions to normal vessel architecture
and function. These alterations are influenced by developmental processes, with insights
from developmental biology offering a deeper understanding of gene-specific roles in the
pathogenesis of vascular diseases. By integrating embryological insights with genetic re-
search, we can better understand how genes such as ID3 contribute to vascular remodeling
and the progression of vascular diseases [50–52]. The endothelium plays a crucial role in
maintaining vascular health, acting as a non-thrombogenic barrier that supports blood flow
while exhibiting anti-inflammatory and growth-inhibitory properties. Dysregulation of
endothelial function increases vascular tone, promotes inflammation, and accelerates the
progression of conditions like hypertension and atherosclerosis [50,53].

Endothelial dysfunction, marked by the overexpression of adhesion molecules such as
VCAM-1, facilitates leukocyte adhesion and migration, thereby worsening vascular inflam-
mation [54]. This dysfunction is driven by oxidized lipids, which activate NF-κB pathways
and stimulate the production of pro-inflammatory cytokines like TNF-α and IL-1β [54,55].
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Cytokines such as TNF-α are key mediators of systemic inflammation, influencing leuko-
cyte activation, metalloproteinase production, and CAM expression. Chemokines such as
MCP-1 further exacerbate inflammation by regulating macrophage infiltration into lesions
and promoting inflammatory signaling via NF-κB and AP-1 pathways [56]. These processes
collectively drive smooth muscle cell proliferation and extracellular matrix calcification,
contributing to arterial stiffening and vascular remodeling. Chronic inflammation also
disrupts the balance between pro-inflammatory and anti-inflammatory interleukins, with
cytokines like IL-6 being closely linked to increased risks of coronary artery disease and
myocardial infarction [57]

3.2. Extracellular Matrix Remodeling and RAAS in Vascular Lesions

Arterial stiffness and disruptions in the extracellular matrix (ECM) are critical con-
tributors to vascular remodeling, leading to increased peripheral resistance and adverse
cardiovascular outcomes. The ECM provides essential structural and biochemical support
to cells, influencing processes such as proliferation, differentiation, and migration [58].
Cells interact with ECM cues to adapt their microenvironment, but this adaptability can
become dysregulated in conditions like pulmonary arterial hypertension, atherosclerosis,
and peripheral arterial disease. Matrix metalloproteinases (MMPs) play a pivotal role in
maintaining ECM homeostasis and mediating cell-to-cell and cell-to-matrix interactions.
However, inflammatory responses and oxidative stress can dysregulate these interactions,
further driving vascular remodeling [59,60].

The renin–angiotensin–aldosterone system (RAAS) also plays a crucial role in vascular
remodeling by amplifying inflammation and oxidative stress, thereby exacerbating cardio-
vascular damage. Components such as aldosterone and angiotensin II (Ang-II) are central
to maintaining cardiovascular homeostasis but can also contribute to disease pathogenesis.
For instance, decreased expression of Angiotensin II Type 2 Receptor (AT2R) alongside
increased expression of Angiotensin II Type 1 Receptor (AT1R) is linked to endothelial
dysfunction, vascular hypertrophy, and arterial stiffness [61–63]. The intricate interplay
between the ECM, MMPs, and RAAS highlights the complexity of vascular remodel-
ing [61,64]. A thorough understanding of these mechanisms is essential for developing
precise therapeutic strategies to slow disease progression and improve patient outcomes.

4. ID3 and Vascular Diseases
Involvement of ID3 in vascular diseases has been studied through various types of

models. Previously, Forrest et al. demonstrated during vascular lesion development in
rats an alternate isoform of the ID3. Early expression of ID3 in lesion formation when
the proliferation indicator of the neo-intima is highest and stimulates smooth muscle cell
(SMC) proliferation alongside S-phase entry inhibits transcription of the cell cycle inhibitor
p21Cip1. Overall, this delivers a novel indication that regulated intron preservation can
modify a pathologic process in vivo [65]. The ID3 has also been studied with lipoxygenase
(12/15-LO), which is recognized to create pro-inflammatory alterations in blood vessels
leading to atherosclerosis development [66]. Indeed, 12/15LO in the vessel wall is demon-
strated to increase in MetS and diabetes mellitus as demonstrated in animal models. Higher
expression of 12/15LO increases the proliferation of cultured vascular smooth muscle
cell (VSMC) proliferation, an effect that is intermediated by ID3. Deliri et al.’s results
demonstrated p21cip1 as a conceivable target of the 12/15LO-ID3 pathways and indicate
that a variation in this pathway may have beneficial placement for affecting the higher
prevalence of restenosis in diabetic mellitus patients [67]. Using ubiquitous E-proteins
as a stimulus, Matsumura et al. determined that ID3 and an ID3 (ID3a) novel isoform
were cloned. Balloon injury revealed that ID3a was abundantly expressed throughout the
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neo-intimal layer. These outcomes deliver an indication that ID3 gene may represent a
significant method by which neo-intimal SMC growth is weakened throughout the for-
mation of vascular lesions [68]. VSMCs from principal aortic leukocyte-type 12/15-LO
transgenic, leukocyte-type 12/15-LO knockout (KO), and control mice were equally plated
and assayed for growth, ID3 transcription, and ID3 protein expression. This established
that transgenic 12/15-LO VSMCs cultivated rapidly while KO 12/15-LO VSMCs cultivated
slower compared to control VSMCs [41].

Reactive oxygen species (ROS) are involved in the irregular growth of numerous cell
types. Angiotensin-II (Ang-II) is one of the most applicable inducers of oxidative stress
in the vasculature. It was demonstrated that ID3 overexpression of antisense through
transfection in VSMCs entirely obliterated Ang-II- and X/XO-induced cell proliferation.
Overexpression of sense ID3, Ang-II, and X/XO also demonstrated the downregulated
protein expression of p21WAF1/Cip1, p53, and p27Kip1. Overexpression of sense ID3 and
Ang-II caused hyper-phosphorylation of the retinoblastoma protein. Ang-II furthermore
induced the proliferation of VSMCs via the production of superoxide, which increases
the expression of ID3. Downstream mitogenic processing is regulated by ID3 through
p21WAF1/Cip1, p53, and p27Kip1. These overall results reveal a redox-sensitive pathway
involved in growth control [69]. The ID3 also plays a role in high-fat-diet-stimulated visceral
adipose VEGFA expression, depot expansion, and microvascular blood volume [57]. The
ID3 is essential to obesity due to its demonstration of stimulating angiogenesis and is
considered an important factor of HFD (high-fat-diet)-induced visceral adiposity [70].
Knockout (KO) ID3 mice demonstrated a significant protective outcome from HFD-induced
visceral fat depot development when compared to the control. Furthermore, adipose tissue
neighboring main arteries (perivascular adipose tissue or PVAT) demonstrated evidence
of specifying vessel insulation and support. Developing evidence elucidates that PVAT
mediates artery pathology and physiology, such as the development of atherosclerosis. It
was previously demonstrated by Harmon et al. that C57BL6 mice with the B cell-specific
insufficient ID3 had larger IgM production and visceral adipose tissue B-1b cells and
less inflammation of adipose tissue when compared to those of WT littermate controls.
Comparably, Prasad et al. showed that ID3 mediates B-1b cells in PVAT demonstrating
how ID3 is involved with various types of adipose tissue [71,72]. Furthermore, patients
with heritable PAH and pulmonary arteries in BMPR-II mutant mice exhibited reduced
ID3 levels compared with those of control subjects. Particularly, ID1 and ID3 are critical
downstream effectors of BMP signaling in PASMCs and regulate the PASMC proliferation
through cell cycle inhibition [73]. Maier et al. observed the signaling pathway BMPR-II
in hPASMCs with no fundamental cardiovascular disease (non-PAH hPASMCs). Female
non-PAH hPASMCs demonstrated reduced messenger RNA and protein expression of
BMPR-II; the signaling intermediary SMAD1; downstream genes; and inhibitors of DNA-
binding proteins, ID1 and ID3. Induction of phospho-Smad1/5/8 and ID proteins by BMP4
was also reduced in female hPASMCs. BMP4 induced proliferation in female, but not
male, hPASMCs. The results demonstrated that the estrogen-dependent suppression of
BMPR-II signaling in non-PAH hPASMCs from women provides a proliferative phenotype
in hPASMCs that may affect women with PAH [74].

Coronary artery disease, which is a disease or injury to the heart’s main blood vessels,
causes approximately one out of seven deaths in the United States. Population-based
studies have discovered single-nucleotide polymorphism (SNP) rs11574 in the coding
region of ID3 gene is linked with atherosclerosis in the Diabetes Heart Study [75]. ID3
SNP rs11574 has also demonstrated a significant link to coronary artery disease for Cau-
casians besides a condensed range of African Americans and Hispanics [76]. Previously,
genes that have been demonstrated to be involved in CAD include PLA2G7, LFNG, PADI4,
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ARG1, FOLR3, NFIL3 IL1R2, MGAM, and ID3, which were differentially expressed [77].
These genes showed a connection to CAD via statistical and biological pathway analysis.
Shi et al. determined that pathways linked to immune responses, particularly neutrophil
degranulation, were correlated with coronary heart disease [77]. Outgrowth endothelial
cells (OECs), an endothelial progenitor cell (EPC) subtype able to figure vessel structures,
have been introduced as a novel therapeutic model for cell-driven treatments for stroke.
OECs demonstrated greater expressions of CCL2, ID3, IGF-1, MMP9, TGFBR1, TNFAIP2,
TNF, and TGFB1. The results demonstrated that OECs from stroke patients demonstrate
greater levels of factors (pro-angiogenic) at early stages, declining in developed OECs
when they convert more similarly to established microvascular endothelial cells [78]. Fur-
thermore, ID3 may be a predictive factor for stroke, which is sudden death to brain cells
due to inadequate blood flow. Expression levels of genes (STK3, ANTXR2, PDK4, CD163,
MAL, ID3, PLXDC2, GRAP, CTSZ, KIF1B) were data-mined, matched between groups, and
assessed for their predicative capability at each time reference in 23 ischemic stroke patients.
The results demonstrated that candidate gene expression levels were able to distinguish
between stroke patients and controls with points of understanding and specificity above
90% across all three time frames. Based on these lines of evidence, these results suggest
the analytic power of the design of differential expression in an independent population
of patients and additionally indicate that it is temporally constant over the first 24 h of
stroke [79]. ID3 expression also demonstrated a molecular stemness marker comprising
CD133+ VEGFR3+CD34+ cells. Positive protein expression of ID3, CD34, and VEGFR3 and
increased expression of pluripotent transcription factors SOX2 and OCT4 were demon-
strated due to SU5416 exposure. Overexpressing ID3 cells reinforces the development of a
3-D microvascular lesion co-cultured with smooth muscle cells. Further investigations into
how stem-like cells apply ID3 may lead to novel possibilities for improved comprehension
of the mechanisms [49]. Overall, the impact of ID3 on cardiac illnesses has been thoroughly
investigated using different models, uncovering its pivotal role in vascular remodeling,
endothelial dysfunction, and regulation of adipose tissue. The ID3 has a crucial role in the
development of vascular diseases, starting with the establishment of arterial lesions and
extending to its involvement in pro-inflammatory pathways in atherosclerosis. In addition,
the way ID3 interacts with metabolic syndrome, oxidative stress, and immunological re-
sponses demonstrates the complex influence it has on cardiovascular health. The results
emphasize the potential of ID3 as a target for therapy and a biomarker for early identifi-
cation and intervention in vascular diseases. This opens new possibilities for developing
innovative approaches to prevent and treat these conditions.

5. EEDs in Vascular Disease
There is a rising trepidation that estrogenic endocrine disruptors may contribute to

the pathogenesis of vascular disease such as estrogenic polychlorinated biphenyls (PCBs)
and bisphenol A (BPA). Previous population-based studies have shown a linkage between
EED exposure and higher vascular disease risk. Studies have revealed an association be-
tween PCBs and hypertensive participants in the NHANES (National Health and Nutrition
Examination Survey) (1999–2004) [80]. Demographic characteristics demonstrated greater
concentrations among those with hypertension. Further analyses identified categories of
PCBs significantly linked with increased risk of hypertension (PCB 66, 101, 118, 28, and
187) [80]. Additionally, levels of environmental chemicals were associated with hyperten-
sion in a population sample of men and women. When these environmental chemicals
were treated as constant variables and regulated for only gender, two PCBs (PCB 105
and 118) were linked to prevalent hypertension. These results further strengthened the
experimental findings that these pollutants might influence blood pressure [81]. Addition-
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ally, a Spanish cohort of university graduates encompassed 14,521 participants, originally
hypertension-free, which was followed up for a median of 8.3 years. Concentration levels
of polychlorinated biphenyls taken and calculated in food samples eaten in Spain were
used to calculate nutritional consumption. Following adjustment for overall energy intake
and possible confounders, members in the fifth quintile of total PCB consumption were
at higher risk of hypertension development when compared with members in the first
quintile. The results demonstrated that nutritional consumption of PCBs assessed using a
food rate questionnaire showed a greater risk association with hypertension development
during follow-up [82].

Endothelial cells, which line blood vessels and play a critical role in vascular function,
are highly susceptible to the effects of endocrine-disrupting chemicals (EDCs) [83,84].
These cells express various hormone receptors, making them direct targets for EDCs, such
as those that bind to estrogen receptors and disrupt normal signaling pathways [83,84].
This disruption can lead to altered cell adhesion, particularly through the vitronectin
receptor (integrin αvβ3), compromising vascular integrity and function [85]. Additionally,
EDCs can interfere with vascular endothelial growth factor (VEGF) secretion, disrupting
angiogenesis, which is vital for maintaining vascular health [22,83]. By affecting endothelial
cell proliferation, migration, and differentiation, EDCs contribute to vascular remodeling,
leading to structural and functional changes in blood vessels [22]. Furthermore, many EDCs
induce oxidative stress in endothelial cells, resulting in cellular damage and dysfunction,
and promote inflammatory responses that contribute to chronic vascular inflammation, a
precursor to atherosclerosis and other cardiovascular diseases [23]. Exposure to EDCs, such
as bisphenol A (BPA), can also lead to endothelial dysfunction, an early and crucial event
in cardiovascular disease development, and disrupt the transcription of genes essential for
vascular health [24,25]. Recent research reports suggest that endocrine disorders, influenced
by EDC exposure, are increasingly recognized as significant contributors to pathological
changes linked to endothelial dysfunction, further highlighting the critical role of these
chemicals in cardiovascular disease progression [21,26,86].

The effects of PCB126 on vascular inflammation have been linked to hepatic
dysfunction utilizing a liver injury mouse model. Mice were exposed to PCB126
(0.5 mg/kg) and analyzed for inflammatory, calorimetric, and metabolic parameters.
MCD (methionine–choline-deficient)-diet-fed mice demonstrated steatosis, suggestive of
a compromised liver. PCB126 induced steatosis irrespective of the diet type, but only
the MCD+PCB126 group exhibited steatohepatitis and fibrosis. Furthermore, PCB126
exposure in MCD-diet-fed mice led to increased plasma inflammatory markers such as
pro-atherogenic trimethylamine-N-oxide (TMAO), PAI-1, and ICAM-1, suggesting inflam-
mation of the peripheral vasculature that is characteristic of atherosclerosis. Taken together,
data provide new evidence of a link between a compromised liver, PCB-mediated hepatic
inflammation, and vascular inflammatory markers, suggesting that environmental pol-
lutants can promote crosstalk between different organ systems, leading to inflammatory
disease pathologies [87]. Modifications of epigenetic indicators can be stimulated by en-
vironmental pollutant exposure and may contribute to the possibility of vascular disease.
Exposure to coplanar PCBs 77 and 126 stimulated H3K9 trimethyl demethylase jumonji
domain-containing protein 2B (JMJD2B) expression and nuclear factor-kappa B (NF-κB)
subunit p65, and it triggered NF-κB signaling, as demonstrated by the nuclear translocation
of p65. Based on these lines of evidence, it is suggested that coplanar PCBs may utilize the
toxicity of endothelial cells via changes in histone alterations [88].

PCB153 has been exhibited to bind to estrogen receptor alpha, increase the develop-
ment of ROS, and prompt vessel development in endothelial cells. Because PCB153-induced
phenotypic changes are analogous to those of estradiol, it is hypothesized that PCB153
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stimulates redox-signaling pathways common to 17β-estradiol [89]. Previously, it was de-
termined that planar and coplanar PCBs induce the expression of various genes compared
to estradiol. The results demonstrated that vascular endothelial cell exposure to levels of
estrogenic PCBs stimulates gene networks involved in the process of inflammation and
adhesion. This suggests that PCBs can stimulate the formation of vascular lesions by trig-
gering gene networks involved in endothelial cell growth, adhesion, and pro-inflammatory
molecules differently from natural estrogens [90].

It also has been shown that a linkage between exposure to BPA, another EED, and
many diseases that affect the vascular system exists. BPA is a chemical used commonly in
food and drink packaging. Shankar et al. assessed the association between urinary BPA
levels and PAD in a nationally representative sample of U.S. adults. A positive association
was demonstrated between growing concentrations of urinary BPA and PAD before and
after adjusting for confounders [91]. Recruitment from a population-based sample of
adolescents and young adults based on a mass urine screening was used to define the
association between serum levels of BPA and carotid intima-media thickness (CIMT). After
confounding factors were controlled, results showed a 1-unit increase in natural log BPA
was significantly associated with an increase in mean CIMT. Greater serum levels of BPA
were linked with higher CIMT in this study of adolescents and young adults [92].

Various animal models have verified links between BPA and the vasculature. BPA-
treated rabbits exhibited insulin resistance, hepatic steatosis, and noticeable adipose accu-
mulation. Exposure to BPA also triggered myocardial damage and augmented atheroscle-
rotic development in the aortic arch with advanced lesion areas (69%) and macrophage
number (86%) [93]. Furthermore, BPA has demonstrated induced proliferation and col-
lagen production in a concentration-dependent manner, as revealed by wound healing
assay, MTT, and collagen assay. Additional study results demonstrated that BPA acts as a
promoting factor in the proliferative process and collagen production of cardiac fibroblasts
via activating ERK1/2 [94]. Changes in the rates of ventricular contraction indicate higher
parasympathetic activity detected in males. Lower systolic blood pressure was observed
in males exposed to BPA and in females from the highest BPA exposure group. Based on
these lines of evidence, the results show noteworthy changes (sex-specific) in gene expres-
sion that were consistent with the observed BPA exposure-related phenotypic alterations
in the extracellular matrix, altered autonomic responses, lipid metabolism, and cardiac
remodeling [95].

Urinary BPA concentrations can also be linked to arterial hypertension. Eight-week-old
mice were administered with BPA via drinking water. Mice established high blood pressure
and an increase in arterial angiotensin II (Ang-II); significant eNOS-dependent superoxide
and peroxynitrite accumulation impairment of acetylcholine; an 8.7-fold increase in eNOS
mRNA and protein; and Ang-II inhibition with reduced oxidative stress, normalized
blood pressure, and endothelium-dependent relaxation. These lines of evidence suggest
that Ang-II separates eNOS and contributes to BPA-induced endothelial dysfunction by
fostering nitrosative and oxidative stress [96]. Lind and Lind examined levels of phthalate
metabolites and BPA in a study related to atherosclerosis. In the population-based study,
the prevalence of overt plaques and echogenicity of carotid artery plaques were recorded by
ultrasound in both carotid arteries. BPA and phthalate metabolites were analyzed in serum.
Monomethyl phthalate was associated with carotid plaques in an inverted U-shaped
manner. This pattern was important after adjustment for BMI, gender, blood glucose,
blood pressure, HDL and LDL cholesterol, serum triglycerides, smoking, antihypertensive
treatment, and statin use (p = 0.004). Some phthalates and BPA were also related to
the echogenicity of the plaques, suggesting a role for plaque-associated chemicals in
atherosclerosis [97].
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Estrogens are a key regulator of cardiovascular function, primarily through its inter-
action with estrogen receptors ERα, ERβ, and GPER, which play crucial roles in cellular
processes vital for maintaining heart health and mitigating diseases such as idiopathic
pulmonary hypertension (IPH) [98]. By binding to these receptors, estrogenic ligands
modulate gene expression within cardiovascular tissues, significantly impacting cellular
proliferation, inflammation, and vascular remodeling. For instance, estrogens have been
shown to delay the onset of cardiac hypertrophy by reducing the phosphorylation of p38-
mitogen-activated protein kinase (MAPK) under pressure overload conditions, highlighting
its protective effects, particularly in postmenopausal women [99]. Moreover, estrogens
enhance the expression of endothelial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iNOS), promoting nitric oxide (NO) production, which is critical for vasodi-
lation and inflammation control [100,101]. Estrogens’ beneficial effects extend to pulmonary
arterial hypertension, where it mitigates the severity of the condition through mechanisms
involving ERα, ERβ, and GPER, thereby promoting vasodilation and protecting against
vascular remodeling [98,101,102]. The tissue-specific responses to estrogens, especially in
pulmonary arteries, are crucial in vascular diseases, affecting vascular tone, endothelial
function, and smooth muscle cell proliferation. Estrogens also play a significant role in
modulating mitochondrial function by reducing ROS production and stabilizing mitochon-
drial structures, further supporting cardiovascular health. However, the estrogens paradox
in IPH, where estrogens can act both as a protective factor and a risk factor, particularly
in women, underscores the complexity of its role in cardiovascular diseases [23,103]. This
balance of estrogenic signaling and tissue-specific effects is susceptible to disruption by
EEDs, which can mimic or block estrogenic ligands, leading to altered receptor activation
and gene expression [13–16]. Such interference by EECs can diminish the protective effects
of estrogens, potentially worsening conditions like IPH and disrupting the regulatory
processes essential for cardiovascular health.

In conclusion, the evidence presented in this review highlights the substantial influence
of estrogenic endocrine disruptors, including PCBs and BPA, on the restructuring of blood
vessels and the development of heart and lung illnesses. Further work is needed to
understand the molecular processes by which these contaminants affect important genes
and signaling pathways related to vascular health. Gaining insight into the interaction
between environmental contaminants and the process of restructuring blood vessels is
essential for creating methods to prevent and treat cardiac illnesses. Future research should
prioritize the clarification of the specific functions of these endocrine disruptors in vascular
disease and investigate new therapies to mitigate their harmful impacts.

6. ID3 and EEDs in Vascular Remodeling
The ID proteins, including ID1, ID2, and ID3, have been extensively studied for their

interactions with environmental toxicants such as BPA and PCBs [21]. These proteins
play crucial roles in cellular processes like differentiation, proliferation, and development.
Research indicates that while exposure to BPA, particularly in utero, does not significantly
alter ID2 mRNA levels in adult testes, exposure to diethylstilbestrol (DES) has been shown
to reduce mRNA expression of genes involved in Sertoli cell differentiation, including
ID2 [21]. Similarly, PCB exposure, especially to Aroclor 1254, has been associated with
changes in various ID gene expression organs, such as the liver and kidney, where ID2
mRNA expression increases in a dose-dependent manner, potentially serving as a marker
for thyroid-disrupting chemical exposure [104]. The ID3, in particular, has drawn atten-
tion due to its association with PCB153, which has been linked to increased ID3 protein
expression and oxidative DNA damage in blood vessels. The ID3 is implicated in the
development of microvascular lesions and the survival of vascular endothelial cells in re-
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sponse to environmental chemicals like PCB153 [27,105]. The development of PCB-induced
microvascular lesions is driven by a complex interplay of mechanisms, including oxidative
stress, ID3 overexpression, and aberrant neovascularization [106]. PCB153 exposure leads
to increased production of reactive oxygen species in vascular endothelial cells, triggering
microvascular damage [106]. This oxidative stress further promotes ID3 overexpression,
enhancing endothelial cell survival, neovascularization, and the development of a pro-
liferative endothelial phenotype. The process is driven by ROS-mediated signaling [31],
ID3-dependent pathways, and Pyk2 activation, all contributing to microvascular lesion
formation [107]. Moreover, PCBs disrupt endothelial function by altering gene expression,
promoting cell proliferation, and affecting vascular tone regulation, while metabolic distur-
bances, such as disrupted thyroid hormone homeostasis and altered glucose metabolism,
exacerbate microvascular damage [47,108,109]. The estrogenic activity of certain PCBs may
also interact with nuclear receptors, leading to hormonal disruptions that contribute to
vascular remodeling and dysfunction. In summary, the interaction between ID proteins and
environmental toxicants like BPA and PCBs plays a significant role in health, influencing
conditions such as metabolic health, neurocognitive disorders, and vascular health, with
PCB-induced microvascular lesions resulting from a multifaceted interplay of oxidative
stress, ID3 overexpression, neovascularization, endothelial dysfunction, and metabolic
disturbances [47,108,109].

Previously, an estrogen-induced oxidant mechanism regulated differentiation in en-
dothelial cells into tube-like structures via ID3 was examined. Superoxide scavenger
MnSOD and hydrogen peroxide scavenger catalase overexpression inhibited the forma-
tion of the tube in estrogen-treated endothelial cells. Due to the non-specificity of tube
formation on matrigel for endothelial cells, Porther et al. demonstrated results that more
accurately represent in vivo tube formation through co-culture modeling [31]. They ob-
served that estrogens enhanced the phosphorylation of ID3, which was attenuated by
treatments with N-acetylcysteine and catalase. RNA interference determined the role of
ID3 in tube formation and demonstrated ID3 siRNA to inhibit tube development in cells
exposed to estrogens. Overall, tube formation that is a result of estrogens requires ID3
factors [31]. Enhanced neovascularization has been involved with the growth development
or advancement of proliferative vascular lesions. Overall, the results demonstrated that
a highly tube-branched PCB-induced ROS-facilitated neovascular phenotype was shown
to be dependent on ID3 and PYK2. PCB153 treatment additionally caused endothelial
spheroids to increase in size under conditions generally used for the clonal selection of stem
cell spheroids. PCB153 treatment also increased both serine and tyrosine phosphorylation
of the endothelial ID3 [47].

Moreover, EEDs interfere with hormonal signaling pathways, often leading to oxida-
tive stress and inflammation. One of the key mechanisms by which EEDs exert their effects
is through the generation of ROS, which disrupts cellular homeostasis and influences gene
expression. The ID3 has been identified as a downstream target of oxidative stress induced
by EED exposure. Studies have shown that EEDs such as PCBs and BPA increase ROS
production, which activates signaling pathways like NF-κB and AP-1, resulting in the up-
regulation of ID3 expression in vascular endothelial cells and smooth muscle cells [44,110].
The interplay between EEDs and ID3 is particularly pronounced in vascular remodeling
processes. PCB153, a frequently examined endocrine disruptor, has been demonstrated
to elevate ID3 expression by augmenting oxidative stress and activating transcriptional
regulators. The ID3 affects endothelial cell function by facilitating cell cycle progression
and inhibiting differentiation, resulting in endothelial dysfunction and vascular remod-
eling [44,110]. EEDs interfere with VEGF signaling and NO production, activities that
are further intensified by ID3 activity, leading to compromised angiogenesis and height-
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ened vascular permeability [111]. These findings underscore a synergistic link between
EED-induced oxidative stress and ID3-mediated vascular alterations. Comprehending this
interplay yields essential insights into the role of environmental exposures in the develop-
ment of vascular illnesses, including atherosclerosis and pulmonary arterial hypertension.

The interaction between EED exposure and ID3 signaling involves a network of
pathways driving oxidative stress, inflammation, endothelial dysfunction, and vascular
remodeling. EEDs like PCBs elevate ROS levels, triggering oxidative stress that activates
ID3, a redox-sensitive molecule [112]. This activation facilitates the acquisition of stem cell-
like molecular signatures in endothelial cells, which may aggravate vascular remodeling.
EED-induced oxidative stress also initiates pro-inflammatory responses, characterized by
increased levels of IL-6 and TNF-α. The ID3 plays a key role in this process by regulating
cytokine production, thereby promoting angiogenesis and stem cell-like properties [72,113].
In endothelial dysfunction, ID3 influences VEGF signaling, boosting endothelial cell pro-
liferation and contributing to microvascular lesion formation. It also promotes a stem
cell-like phenotype (CD133+ VEGFR3+ CD34+) and may intensify mitochondrial dysfunc-
tion caused by EEDs by disrupting the balance of mitochondrial fission and fusion [72,113].
Additionally, the interplay between EED exposure and ID3 drives vascular remodeling by
facilitating 3-D microvascular lesion formation and modulating BMP signaling to enhance
smooth muscle cell proliferation. ID3-mediated endothelial stemness further accelerates
vascular changes, similarly to the mechanisms observed in pulmonary arterial hyperten-
sion. In summary, the interaction between EEDs and ID3 establishes a self-reinforcing
loop of oxidative stress, inflammation, and vascular remodeling, contributing to the pro-
gression of vascular diseases as demonstrated in Figure 2. Tables 1 and 2 offer a detailed
overview of the interaction between EEDs and ID3 in vascular pathology. Table 1 delineates
the participation of EEDs, ID3, and their synergistic effects in diverse vascular illnesses,
whereas Table 2 elucidates the principal molecular pathways, including oxidative stress,
inflammation, and endothelial dysfunction, that facilitate vascular remodeling. These
tables provide a systematic framework to enhance the comprehension of the evidence and
trends presented in this study. Additionally, since microvascular diseases are categorized
by unwarranted vessel growth, it is rational that neovascularization that is demonstrated
as estrogen-produced contributes to the development of microvascular lesions. A propo-
sition for how ID3 overexpression in endothelial cells contributes to the progression of
an estrogen-induced neovascular phenotype with emphasis on PYK2 kinase was shown.
Overexpression of ID3 increased spheroid growth, cell migration, and neovascularization
of human cerebral microvascular endothelial cells, hCMEC/D3. Furthermore, overex-
pressed ID3 cells presented important estrogen-induced G2/M phase conversion. These
results imply that PYK2 signals ID3 expression and ID3 is crucial for neovascularization
in hCMEC/D3 cells via estrogen induction [106]. The ID3 is also involved with both pul-
monary arterial hypertension (PAH) and hemorrhagic telangiectasia (HHT). Because PAH
can be revealed in patients who have a function loss of the activin A receptor-like type 1
or ACVRL1 gene, this certain mutation can lead to HHT, an autosomal dominant inher-
ited disease resulting in arteriovenous malformations [114]. As demonstrated in Figure 3,
exposure to EEDs may trigger ID3 to modulate mechanisms in vascular remodeling [84].
These alterations may affect various cellular and non-cellular components such as cell
growth, cell adhesion, cell migration, ECM alterations, and cell death as demonstrated
in Figure 3. Moreover, Table 1 outlines the role of EEDs, ID3, and their combined impact
across diverse vascular diseases. It shows the methods via which these factors lead to
diseases such as atherosclerosis, pulmonary arterial hypertension, coronary artery disease,
and cerebrovascular disease, supported by relevant references.
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remodeling; uncontrolled cell growth; and narrowed lumen, which impacts blood flow.

Table 1. Table categorizing evidence by disease classification.

Vascular Disorder Role of EEDs Role of ID3 Combined Effects References

Atherosclerosis
Induces oxidative
stress and promotes
inflammation

Regulates vascular
smooth muscle cell
(VSMC) proliferation
and inflammation

Synergistic
contribution to
plaque formation

Kirkley & Sargis, 2014;
Wassmann et al., 2010;
Yang et al., 2014
[17,44,110]

Pulmonary Arterial
Hypertension

Disrupts endothelial
signaling and
inhibits angiogenesis

Drives vascular
remodeling and
endothelial damage

May exacerbate
vascular lesion
formation

Crosswhite & Sun, 2014;
Doke, 2018; Endocrine
Disrupting Chemicals:
Threats to Human
Health|IPEN [111–113]

Coronary Artery
Disease

Modifies vascular
tone and triggers
inflammatory
pathways

Contributes to
smooth muscle and
endothelial
dysfunction

Potentially
accelerates lesion
development

Doran et al., 2010;
Helsley & Zhou, 2017;
Manichaikul et al., 2014
[72,73,114]

Table 2 delineates the molecular pathways affected by EEDs and ID3, including oxida-
tive stress, inflammation, vascular smooth muscle cell activity, and endothelial dysfunction.
It offers a comprehensive examination of the interactions among various pathways that
facilitate vascular remodeling and pathology, accompanied by relevant references.
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Table 2. Table Organizing Evidence by Mechanisms of Action.

Mechanism EED Role ID3 Role Combined Role References

Oxidative Stress

Elevates ROS
production and
disrupts signaling
pathways

Facilitates
ROS-induced
endothelial
dysfunction

Synergistically
amplifies vascular
oxidative damage

Lint,a et al., 2024;
Valaitienė &
Laučytė-Cibulskienė,
2024; Yilmaz et al., 2019
[33,115,116]

Inflammation
Stimulates cytokine
production and
leukocyte adhesion

Modulates
inflammatory
mediators and
NF-κB activity

Intensifies
inflammation,
exacerbating
vascular remodeling

Hansen et al., 2015;
McDonald et al., 1997;
Mussbacher et al., 2023
[117–119]

Vascular Smooth
Muscle Cells

Promotes
calcification and
uncontrolled
proliferation

Induces VSMC
phenotype
switching

Accelerates arterial
stiffness and plaque
development

Cao et al., 2022;
Durham et al., 2018;
Guan et al., 2024
[120–122]

Endothelial
Dysfunction

Disrupts VEGF
signaling and nitric
oxide synthesis
pathways

Impairs endothelial
integrity and
angiogenesis

Aggravates vascular
remodeling and
increases
permeability

Avecilla et al., 2024;
Migliaccio et al., 2021;
Muntean et al., 2024
[81,123,124]
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Figure 3. Mechanisms of ID3 and EEDs in vascular remodeling. Exposure to EEDs increases oxidative
stress causing the modulation/activation of the transcriptional regulator, ID3. Mediation of various
vascular remodeling factors via ID3 may elucidate alterations in cell death, the extracellular matrix,
cell growth, cell adhesion, and cell migration.

7. Conclusions
In this manuscript, we have thoroughly explored the current data on the role of

ID3 in vascular remodeling and its interplay with environmental chemicals, particularly
EEDs. Our analysis elucidates the role of ID3 in mediating critical processes, including
vascular smooth muscle cell proliferation, endothelial dysfunction, and extracellular matrix
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remodeling, which contribute to vascular pathologies such as atherosclerosis, coronary
artery disease, cerebrovascular disease, and pulmonary arterial hypertension.

We have examined the pathways by which EEDs affect ID3 expression and function,
elucidating how environmental exposures intensify vascular remodeling and facilitate dis-
ease development. The capacity of EEDs to provoke oxidative stress and modify signaling
pathways via ID3 offers essential understanding of the convergence of environmental and
biological variables that impair vascular homeostasis.

This analysis highlights the necessity for more research to elucidate the molecular
processes connecting ID3, EEDs, and vascular remodeling. Disentangling these connections
may facilitate the identification of innovative treatment targets and preventive methods for
vascular disorders. Future research should concentrate on pinpointing particular mecha-
nisms and therapies to alleviate the effects of ID3 and EED-induced vascular remodeling,
providing viable remedies to combat the increasing burden of these harmful disorders.
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7. Totoń-Żuranska, J.; Mikolajczyk, T.P.; Saju, B.; Guzik, T.J. Vascular remodelling in cardiovascular diseases: Hypertension,
oxidation, and inflammation. Clin. Sci. 2024, 138, 817–850. [CrossRef] [PubMed]

8. Heusch, G.; Libby, P.; Gersh, B.; Yellon, D.; Böhm, M.; Lopaschuk, G.; Opie, L. Lancet Seminar: Cardiovascular Remodelling in
Coronary Artery Disease and Heart Failure. Lancet 2014, 383, 1933. [CrossRef] [PubMed]

9. Van Varik, B.J.; Rennenberg, R.J.M.W.; Reutelingsperger, C.P.; Kroon, A.A.; De Leeuw, P.W.; Schurgers, L.J. Mechanisms of arterial
remodeling: Lessons from genetic diseases. Front. Genet. 2012, 3, 38803. [CrossRef]

10. Melo, L.G.; Gnecchi, M.; Ward, C.A.; Dzau, V.J. Vascular Remodeling in Health and Disease. Cardiovasc. Med. 2007, 50, 1541–1565.
[CrossRef]

11. Weissman, N.J.; Washington, F. Vascular remodeling: Do we really need yet another study? J. Am. Coll. Cardiol. 2003, 42, 811–813.
[CrossRef]

12. Renna, N.F.; Lembo, C.; Lama, M.C.; Gonzalez, E.S.; Miatello, R.M. Vascular repair by endothelial progenitor cells in an
experimental model of metabolic syndrome. In Handbook on Metabolic Syndrome: Classification, Risk Factors and Health Impact;
Pharmacological Research: Amsterdam, The Netherlands, 2020; Volume 58, Issue 2.

13. Carpenter, D.O. Polychlorinated biphenyls (PCBs): Routes of exposure and effects on human health. Rev. Environ. Health 2006, 21,
1–23. [CrossRef]

14. Rubin, B.S. Bisphenol A: An endocrine disruptor with widespread exposure and multiple effects. J. Steroid Biochem. Mol. Biol.
2011, 127, 27–34. [CrossRef]

https://ourworldindata.org/cardiovascular-diseases
https://ourworldindata.org/cardiovascular-diseases
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/health-topics/cardiovascular-diseases#tab=tab_1
https://doi.org/10.1161/CIR.0000000000001209
https://www.ncbi.nlm.nih.gov/pubmed/38264914
https://www.health.ny.gov/diseases/cardiovascular/heart_disease/
https://doi.org/10.1016/j.jacc.2020.11.010
https://www.ncbi.nlm.nih.gov/pubmed/33309175
https://doi.org/10.1042/CS20220797
https://www.ncbi.nlm.nih.gov/pubmed/38920058
https://doi.org/10.1016/S0140-6736(14)60107-0
https://www.ncbi.nlm.nih.gov/pubmed/24831770
https://doi.org/10.3389/fgene.2012.00290
https://doi.org/10.1007/978-1-84628-715-2_74
https://doi.org/10.1016/S0735-1097(03)00841-6
https://doi.org/10.1515/REVEH.2006.21.1.1
https://doi.org/10.1016/j.jsbmb.2011.05.002


Med. Sci. 2025, 13, 2 16 of 20

15. Meeker, J.D.; Sathyanarayana, S.; Swan, S.H. Phthalates and other additives in plastics: Human exposure and associated health
outcomes. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 2097. [CrossRef]

16. Newbold, R.R. Lessons learned from perinatal exposure to diethylstilbestrol. Toxicol. Appl. Pharmacol. 2004, 199, 142–150.
[CrossRef] [PubMed]

17. Kirkley, A.G.; Sargis, R.M. Environmental Endocrine Disruption of Energy Metabolism and Cardiovascular Risk. Curr. Diab. Rep.
2014, 14, 494. [CrossRef] [PubMed]

18. Werner, E.F.; Braun, J.M.; Yolton, K.; Khoury, J.C.; Lanphear, B.P. The association between maternal urinary phthalate concentra-
tions and blood pressure in pregnancy: The HOME Study. Environ. Health 2015, 14, 75. [CrossRef] [PubMed]

19. Park, S.H.; Lim, J.-e.; Park, H.; Jee, S.H. Body burden of persistent organic pollutants on hypertension: A meta-analysis. Environ.
Sci. Pollut. Res. Int. 2016, 23, 14284–14293. [CrossRef] [PubMed]

20. Das, J.K.; Felty, Q. PCB153-induced overexpression of ID3 contributes to the development of microvascular lesions. PLoS ONE
2014, 9, e104159. [CrossRef]

21. Avecilla, V.; Doke, M.; Felty, Q. Contribution of Inhibitor of DNA Binding/Differentiation-3 and Endocrine Disrupting Chemicals
to Pathophysiological Aspects of Chronic Disease. BioMed Res. Int. 2017, 2017, 6307109. [CrossRef]

22. Fonseca, M.I.; Lorigo, M.; Cairrao, E. Endocrine-Disrupting Effects of Bisphenol A on the Cardiovascular System: A Review. J.
Xenobiotics 2022, 12, 181–213. [CrossRef]

23. Doke, M.; Das, J.; Felty, Q. Abstract 5052: ID3 mediated vascular reprogramming of PCB exposed endothelial cells and its
potential contribution to lung tumorigenicity. Cancer Res. 2018, 78, 5052. [CrossRef]

24. Doke, M.; Felty, Q.; Das, J. The role of environmental chemical PCB153 in aggressive growth of plexiform lesions associated with
lung cancer. Eur. J. Surg. Oncol. 2017, 43, 2218. [CrossRef]

25. Wahlang, B.; Barney, J.; Thompson, B.; Wang, C.; Hamad, O.M.; Hoffman, J.B.; Petriello, M.C.; Morris, A.J.; Hennig, B. Editor’s
Highlight: PCB126 Exposure Increases Risk for Peripheral Vascular Diseases in a Liver Injury Mouse Model. Toxicol. Sci. 2017,
160, 256–267. [CrossRef]

26. Felty, Q. Proteomic 2D DIGE profiling of human vascular endothelial cells exposed to environmentally relevant concentration
of endocrine disruptor PCB153 and physiological concentration of 17β-estradiol. Cell Biol. Toxicol. 2011, 27, 49–68. [CrossRef]
[PubMed]

27. Das, J.K.; Felty, Q.H. Abstract 3899: PCB153-induced angiogenesis depends on redoxsensitive Pyk2 signaling. Cancer Res. 2013,
73, 3899. [CrossRef]

28. Doke, M.; Avecilla, V.; Felty, Q. Inhibitor of Differentiation-3 and Estrogenic Endocrine Disruptors: Implications for Susceptibility
to Obesity and Metabolic Disorders. BioMed Res. Int. 2018, 2018, 6821601. [CrossRef] [PubMed]

29. Vastolo, V.; Nettore, I.C.; Ciccarelli, M.; Albano, L.; Raciti, G.A.; Longo, M.; Beguinot, F.; Ungaro, P. High-fat diet unveils an
enhancer element at the Ped/Pea-15 gene responsible for epigenetic memory in skeletal muscle. Metabolism 2018, 87, 70–79.
[CrossRef] [PubMed]

30. Ciccarelli, M.; Vastolo, V.; Albano, L.; Lecce, M.; Cabaro, S.; Liotti, A.; Longo, M.; Oriente, F.; Russo, G.L.; Macchia, P.E.; et al.
Glucose-induced expression of the homeotic transcription factor Prep1 is associated with histone post-translational modifications
in skeletal muscle. Diabetologia 2016, 59, 176–186. [CrossRef]

31. Felty, Q.; Porther, N. Estrogen-induced redox sensitive Id3 signaling controls the growth of vascular cells. Atherosclerosis 2008, 198,
12–21. [CrossRef]

32. Davignon, J.; Ganz, P. Role of endothelial dysfunction in atherosclerosis. Circulation 2004, 109 (Suppl. S1), III27–III32. [CrossRef]
33. Yilmaz, B.; Terekeci, H.; Sandal, S.; Kelestimur, F. Endocrine disrupting chemicals: Exposure, effects on human health, mechanism

of action, models for testing and strategies for prevention. Rev. Endocr. Metab. Disord. 2019, 21, 127–147. [CrossRef]
34. Poulsen, P.; Vaag, A.; Kyvik, K.; Beck-Nielsen, H. Genetic versus environmental aetiology of the metabolic syndrome among male

and female twins. Diabetologia 2001, 44, 537–543. [CrossRef]
35. Lim, R.W.S.; Wu, J.M. Molecular mechanisms regulating expression and function of transcription regulator “inhibitor of

differentiation 3”. Acta Pharmacol. Sin. 2005, 26, 1409–1420. [CrossRef]
36. Patti, G.; Di Sciascio, G.; D’Ambrosio, A.; Dicuonzo, G.; Abbate, A.; Dobrina, A. Prognostic value of interleukin-1 receptor

antagonist in patients undergoing percutaneous coronary intervention. Am. J. Cardiol. 2002, 89, 372–376. [CrossRef] [PubMed]
37. Sakurai, D.; Tsuchiya, N.; Yamaguchi, A.; Okaji, Y.; Tsuno, N.H.; Kobata, T.; Takahashi, K.; Tokunaga, K. Crucial role of inhibitor

of DNA binding/differentiation in the vascular endothelial growth factor-induced activation and angiogenic processes of human
endothelial cells. J. Immunol. 2004, 173, 5801–5809. [CrossRef] [PubMed]

38. Eelen, G.; De Zeeuw, P.; Simons, M.; Carmeliet, P. Endothelial cell metabolism in normal and diseased vasculature. Circ. Res. 2015,
116, 1231–1244. [CrossRef] [PubMed]

39. Epstein, F.H.; Gibbons, G.H.; Dzau, V.J. The emerging concept of vascular remodeling. N. Engl. J. Med. 1994, 330, 1431–1438.
[CrossRef]

https://doi.org/10.1098/rstb.2008.0268
https://doi.org/10.1016/j.taap.2003.11.033
https://www.ncbi.nlm.nih.gov/pubmed/15313586
https://doi.org/10.1007/s11892-014-0494-0
https://www.ncbi.nlm.nih.gov/pubmed/24756343
https://doi.org/10.1186/s12940-015-0062-3
https://www.ncbi.nlm.nih.gov/pubmed/26380974
https://doi.org/10.1007/s11356-016-6568-6
https://www.ncbi.nlm.nih.gov/pubmed/27055888
https://doi.org/10.1371/journal.pone.0104159
https://doi.org/10.1155/2017/6307109
https://doi.org/10.3390/jox12030015
https://doi.org/10.1158/1538-7445.AM2018-5052
https://doi.org/10.1016/j.ejso.2017.10.119
https://doi.org/10.1093/toxsci/kfx180
https://doi.org/10.1007/s10565-010-9170-6
https://www.ncbi.nlm.nih.gov/pubmed/20623170
https://doi.org/10.1158/1538-7445.AM2013-3899
https://doi.org/10.1155/2018/6821601
https://www.ncbi.nlm.nih.gov/pubmed/29507860
https://doi.org/10.1016/j.metabol.2018.06.001
https://www.ncbi.nlm.nih.gov/pubmed/29928894
https://doi.org/10.1007/s00125-015-3774-6
https://doi.org/10.1016/j.atherosclerosis.2007.12.048
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.1007/s11154-019-09521-z
https://doi.org/10.1007/s001250051659
https://doi.org/10.1111/j.1745-7254.2005.00207.x
https://doi.org/10.1016/S0002-9149(01)02254-8
https://www.ncbi.nlm.nih.gov/pubmed/11835913
https://doi.org/10.4049/jimmunol.173.9.5801
https://www.ncbi.nlm.nih.gov/pubmed/15494533
https://doi.org/10.1161/CIRCRESAHA.116.302855
https://www.ncbi.nlm.nih.gov/pubmed/25814684
https://doi.org/10.1056/NEJM199405193302008


Med. Sci. 2025, 13, 2 17 of 20

40. Chakrabarti, S.K.; Cole, B.K.; Wen, Y.; Keller, S.R.; Nadler, J.L. 12/15-Lipoxygenase Products Induce Inflammation and Impair
Insulin Signaling in 3T3-L1 Adipocytes. Obesity 2009, 17, 1657–1663. [CrossRef]

41. Taylor, A.M.; Hanchett, R.; Natarajan, R.; Hedrick, C.C.; Forrest, S.; Nadler, J.L.; McNamara, C.A. The effects of leukocyte-type
12/15-lipoxygenase on Id3-mediated vascular smooth muscle cell growth. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 2069–2074.
[CrossRef]

42. Das, J.K.; Voelkel, N.F.; Felty, Q. ID3 Contributes to the Acquisition of Molecular Stem Cell-Like Signature in Microvascular
Endothelial Cells: Its implication for understanding microvascular diseases. Microvasc. Res. 2015, 98, 126. [CrossRef]

43. Funder, J.W. Aldosterone and Mineralocorticoid Receptors—Physiology and Pathophysiology. Int. J. Mol. Sci. 2017, 18, 1032.
[CrossRef]

44. Wassmann, K.; Mueller, C.F.H.; Becher, U.M.; Werner, C.; Jung, A.; Zimmer, S.; Steinmetz, M.; Nickenig, G.; Wassmann, S.
Interaction of inhibitor of DNA binding 3 (Id3) with Gut-enriched Krüppel-like factor (GKLF) and p53 regulates proliferation of
vascular smooth muscle cells. Mol. Cell Biochem. 2010, 333, 33–39. [CrossRef]

45. Wang, Y.; He, S.; Calendo, G.; Bui, T.; Tian, Y.; Lee, C.Y.; Zhou, Y.; Zhao, X.; Abraham, C.; Mo, W.; et al. Tissue-infiltrating
alloreactive T cells require Id3 to deflect PD-1–mediated immune suppression during GVHD. Blood 2024, 143, 166–177. [CrossRef]

46. Bakr, A.; Hey, J.; Sigismondo, G.; Liu, C.S.; Sadik, A.; Goyal, A.; Cross, A.; Iyer, R.L.; Müller, P.; Trauernicht, M.; et al. ID3
promotes homologous recombination via non-transcriptional and transcriptional mechanisms and its loss confers sensitivity to
PARP inhibition. Nucleic Acids Res. 2021, 49, 11666. [CrossRef] [PubMed]

47. Loveys, D.A.; Streiff, M.B.; Kato, G.J. E2A basic-helix-loop-helix transcription factors are negatively regulated by serum growth
factors and by the Id3 protein. Nucleic Acids Res. 1996, 24, 2813–2820. [CrossRef] [PubMed]

48. Lyden, D.; Young, A.Z.; Zagzag, D.; Yan, W.; Gerald, W.; O’Reilly, R.; Bader, B.L.; Hynes, R.O.; Zhuang, Y.; Manova, K.; et al.
Id1 and Id3 are required for neurogenesis, angiogenesis and vascularization of tumour xenografts. Nature 1999, 401, 670–677.
[CrossRef] [PubMed]

49. Fishman, A.P.; Fishman, M.C.; Freeman, B.A.; Gimbrone, M.A.; Rabinovitch, M.; Robinson, D.; Gail, D.B. Mechanisms of
proliferative and obliterative vascular diseases. Insights from the pulmonary and systemic circulations. NHLBI Workshop
summary. Am. J. Respir. Crit. Care Med. 1998, 158, 670–674. [CrossRef]

50. Fraidenraich, D.; Stillwell, E.; Romero, E.; Wilkes, D.; Manova, K.; Basson, C.T.; Benezra, R. Rescue of cardiac defects in Id
knockout embryos by injection of embryonic stem cells. Science 2004, 306, 247. [CrossRef]

51. Humphrey, J.D.; Schwartz, M.A. Vascular Mechanobiology: Homeostasis, Adaptation, and Disease. Annu. Rev. Biomed. Eng. 2021,
23, 1–27. [CrossRef]

52. Aird, W.C. Endothelial cell heterogeneity. Cold Spring Harb. Perspect. Med. 2012, 2, S221–S230. [CrossRef]
53. Nakane, H.; Miller, F.J.; Faraci, F.M.; Toyoda, K.; Heistad, D.D. Gene transfer of endothelial nitric oxide synthase reduces

angiotensin II-induced endothelial dysfunction. Hypertension 2000, 35, 595–601. [CrossRef]
54. Sack, M.N. Tumor necrosis factor-α in cardiovascular biology and the potential role for anti-tumor necrosis factor-α therapy in

heart disease. Pharmacol. Ther. 2002, 94, 123–135. [CrossRef]
55. De Malefyt, R.W.; Abrams, J.; Bennett, B.; Figdor, C.G.; De Vries, J.E. Interleukin 10(IL-10) inhibits cytokine synthesis by human

monocytes: An autoregulatory role of IL-10 produced by monocytes. J. Exp. Med. 1991, 174, 1209–1220. [CrossRef]
56. Briones, A.M.; Arribas, S.M.; Salaices, M. Role of extracellular matrix in vascular remodeling of hypertension. Curr. Opin. Nephrol.

Hypertens. 2010, 19, 187–194. [CrossRef] [PubMed]
57. Min, L.J.; Mogi, M.; Li, J.M.; Iwanami, J.; Iwai, M.; Horiuchi, M. Aldosterone and angiotensin II synergistically induce mitogenic

response in vascular smooth muscle cells. Circ. Res. 2005, 97, 434–442. [CrossRef] [PubMed]
58. Xu, Q.; Zhuo, K.; Zhang, X.; Zhen, Y.; Liu, L.; Zhang, L.; Gu, Y.; Jia, H.; Chen, Q.; Liu, M.; et al. The role of angiotensin II activation

of yes-associated protein/PDZ-binding motif signaling in hypertensive cardiac and vascular remodeling. Eur. J. Pharmacol. 2024,
962, 176252. [CrossRef]

59. Doke, M.; Felty, Q.H. Abstract 3274: VEGF–receptor antagonist, Sugen 5416, sensitizes pulmonary endothelial stem-like cells to
estrogens: A microvascular model for the progression of lung cancer. Cancer Res. 2016, 76 (Suppl. S14), 3274. [CrossRef]

60. Daugherty, A.; Cassis, L. Angiotensin II-Mediated Development of Vascular Diseases. Trends Cardiovasc. Med. 2004, 14, 117–120.
[CrossRef]

61. Savoia, C.; Schiffrin, E.L. Inflammation in hypertension. Curr. Opin. Nephrol. Hypertens. 2006, 15, 152–158. [CrossRef]
62. Carey, R.M.; Siragy, H.M. The intrarenal renin-angiotensin system and diabetic nephropathy. Trends Endocrinol. Metab. 2003, 14,

274–281. [CrossRef]
63. Forrest, S.T.; Barringhaus, K.G.; Perlegas, D.; Hammarskjold, M.L.; McNamara, C.A. Intron retention generates a novel Id3

isoform that inhibits vascular lesion formation. J. Biol. Chem. 2004, 279, 32897–32903. [CrossRef]
64. Deliri, H.; Meller, N.; Kadakkal, A.; Malhotra, R.; Brewster, J.; Doran, A.C.; Pei, H.; Oldham, S.N.; Skaflen, M.D.; Garmey, J.C.; et al.

Increased 12/15-lipoxygenase enhances cell growth, fibronectin deposition, and neointimal formation in response to carotid
injury. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 110–116. [CrossRef]

https://doi.org/10.1038/oby.2009.192
https://doi.org/10.1161/01.ATV.0000178992.40088.f2
https://doi.org/10.1016/j.mvr.2015.01.006
https://doi.org/10.3390/ijms18051032
https://doi.org/10.1007/s11010-009-0201-7
https://doi.org/10.1182/blood.2023021126
https://doi.org/10.1093/nar/gkab964
https://www.ncbi.nlm.nih.gov/pubmed/34718742
https://doi.org/10.1093/nar/24.14.2813
https://www.ncbi.nlm.nih.gov/pubmed/8759016
https://doi.org/10.1038/44334
https://www.ncbi.nlm.nih.gov/pubmed/10537105
https://doi.org/10.1164/ajrccm.158.2.9803084
https://doi.org/10.1126/science.1102612
https://doi.org/10.1146/annurev-bioeng-092419-060810
https://doi.org/10.1101/cshperspect.a006429
https://doi.org/10.1161/01.HYP.35.2.595
https://doi.org/10.1016/S0163-7258(02)00176-6
https://doi.org/10.1084/jem.174.5.1209
https://doi.org/10.1097/MNH.0b013e328335eec9
https://www.ncbi.nlm.nih.gov/pubmed/20040870
https://doi.org/10.1161/01.RES.0000180753.63183.95
https://www.ncbi.nlm.nih.gov/pubmed/16081869
https://doi.org/10.1016/j.ejphar.2023.176252
https://doi.org/10.1158/1538-7445.AM2016-3274
https://doi.org/10.1016/j.tcm.2004.01.002
https://doi.org/10.1097/01.mnh.0000203189.57513.76
https://doi.org/10.1016/S1043-2760(03)00111-5
https://doi.org/10.1074/jbc.M404882200
https://doi.org/10.1161/ATVBAHA.110.212068


Med. Sci. 2025, 13, 2 18 of 20

65. Matsumura, M.E.; Li, F.; Berthoux, L.; Wei, B.; Lobe, D.R.; Jeon, C.; McNamara, C.A. Vascular injury induces posttranscriptional
regulation of the Id3 gene: Cloning of a novel Id3 isoform expressed during vascular lesion formation in rat and human
atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 752–758. [CrossRef]

66. Mueller, C.; Baudler, S.; Welzel, H.; Böhm, M.; Nickenig, G. Identification of a novel redox-sensitive gene, Id3, which mediates
angiotensin II-induced cell growth. Circulation 2002, 105, 2423–2428. [CrossRef] [PubMed]

67. Cutchins, A.; Harmon, D.B.; Kirby, J.L.; Doran, A.C.; Oldham, S.N.; Skaflen, M.; Klibanov, A.L.; Meller, N.; Keller, S.R.; Garmey,
J.; et al. Inhibitor of differentiation-3 mediates high fat diet-induced visceral fat expansion. Arterioscler. Thromb. Vasc. Biol. 2012,
32, 317–324. [CrossRef] [PubMed]

68. Harmon, D.B.; Srikakulapu, P.; Kaplan, J.L.; Oldham, S.N.; McSkimming, C.; Garmey, J.C.; Perry, H.M.; Kirby, J.L.; Prohaska, T.A.;
Gonen, A.; et al. Protective Role for B-1b B Cells and IgM in Obesity-Associated Inflammation, Glucose Intolerance, and Insulin
Resistance. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 682–691. [CrossRef] [PubMed]

69. Srikakulapu, P.; Upadhye, A.; Rosenfeld, S.M.; Marshall, M.A.; McSkimming, C.; Hickman, A.W.; Mauldin, I.S.; Ailawadi, G.;
Lopes, M.B.S.; Taylor, A.M.; et al. Perivascular adipose tissue harbors atheroprotective IgM-producing B cells. Front. Physiol. 2017,
8, 291922. [CrossRef]

70. Yang, J.; Li, X.; Li, Y.; Southwood, M.; Ye, L.; Long, L.; Al-Lamki, R.S.; Morrell, N.W. Id proteins are critical downstream effectors
of BMP signaling in human pulmonary arterial smooth muscle cells. Am. J. Physiol. Lung Cell Mol. Physiol. 2013, 305, L312.
[CrossRef]

71. Mair, K.M.; Yang, X.D.; Long, L.; White, K.; Wallace, E.; Ewart, M.A.; Docherty, C.K.; Morrell, N.W.; MacLean, M.R. Sex affects
bone morphogenetic protein type II receptor signaling in pulmonary artery smooth muscle cells. Am. J. Respir. Crit. Care Med.
2015, 191, 693–703. [CrossRef]

72. Doran, A.C.; Lehtinen, A.B.; Meller, N.; Lipinski, M.J.; Slayton, R.P.; Oldham, S.N.; Skaflen, M.D.; Yeboah, J.; Rich, S.S.; Bowden,
D.W.; et al. Id3 is a novel atheroprotective factor containing a functionally significant single-nucleotide polymorphism associated
with intima-media thickness in humans. Circ. Res. 2010, 106, 1303–1311. [CrossRef]

73. Manichaikul, A.; Rich, S.S.; Perry, H.; Yeboah, J.; Law, M.; Davis, M.; Parker, M.; Ragosta, M.; Connelly, J.J.; McNamara, C.A.; et al.
A Functionally Significant Polymorphism in ID3 Is Associated with Human Coronary Pathology. PLoS ONE 2014, 9, e90222.
[CrossRef]

74. Shi, Y.; Yang, S.; Luo, M.; Zhang, W.D.; Ke, Z.P. Systematic analysis of coronary artery disease datasets revealed the potential
biomarker and treatment target. Oncotarget 2017, 8, 54583–54591. [CrossRef]

75. Navarro-Sobrino, M.; Hernández-Guillamon, M.; Fernandez-Cadenas, I.; Ribó, M.; Romero, I.A.; Couraud, P.O.; Weksler, B.B.;
Montaner, J.; Rosell, A. The angiogenic gene profile of circulating endothelial progenitor cells from ischemic stroke patients. Vasc.
Cell 2013, 5, 3. [CrossRef]

76. O’Connell, G.C.; Chantler, P.D.; Barr, T.L. Stroke-associated pattern of gene expression previously identified by machine-learning
is diagnostically robust in an independent patient population. Genom. Data 2017, 14, 47–52. [CrossRef] [PubMed]

77. Christensen, K.L.Y.; White, P. A Methodological Approach to Assessing the Health Impact of Environmental Chemical Mixtures:
PCBs and Hypertension in the National Health and Nutrition Examination Survey. Int. J. Environ. Res. Public Health 2011, 8, 4220.
[CrossRef]

78. Lind, P.M.; Penell, J.; Salihovic, S.; van Bavel, B.; Lind, L. Circulating levels of p,p′-DDE are related to prevalent hypertension in
the elderly. Environ. Res. 2014, 129, 27–31. [CrossRef]

79. Donat-Vargas, C.; Gea, A.; Sayon-Orea, C.; De La Fuente-Arrillaga, C.; Martinez-Gonzalez, M.A.; Bes-Rastrollo, M. Association
between dietary intake of polychlorinated biphenyls and the incidence of hypertension in a Spanish cohort: The Seguimiento
Universidad de Navarra project. Hypertension 2015, 65, 714–721. [CrossRef]

80. Ehrlich, D.; Krishna, S.; Kleinstreuer, N. Data-driven derivation of an adverse outcome pathway linking vascular endothelial
growth factor receptor (VEGFR), endocrine disruption, and atherosclerosis. ALTEX Altern. Anim. Exp. 2024, 41, 617–632.
[CrossRef]

81. Avecilla, V.; Doke, M.; Das, M.; Alcazar, O.; Appunni, S.; Rech Tondin, A.; Watts, B.; Ramamoorthy, V.; Rubens, M.; Das, J.K.
Integrative Bioinformatics–Gene Network Approach Reveals Linkage between Estrogenic Endocrine Disruptors and Vascular
Remodeling in Peripheral Arterial Disease. Int. J. Mol. Sci. 2024, 25, 4502. [CrossRef]

82. Halder, S.K.; Delorme-Walker, V.D.; Milner, R. β1 integrin is essential for blood–brain barrier integrity under stable and vascular
remodelling conditions; effects differ with age. Fluids Barriers CNS 2023, 20, 52. [CrossRef]

83. Ahn, C.; Jeung, E.B. Endocrine-Disrupting Chemicals and Disease Endpoints. Int. J. Mol. Sci. 2023, 24, 5342. [CrossRef]
84. Evans, B.R.; Yerly, A.; van der Vorst, E.P.C.; Baumgartner, I.; Bernhard, S.M.; Schindewolf, M.; Döring, Y. Inflammatory Mediators

in Atherosclerotic Vascular Remodeling. Front. Cardiovasc. Med. 2022, 9, 868934. [CrossRef]
85. Lee, H.R.; Jeung, E.B.; Cho, M.H.; Kim, T.H.; Leung, P.C.K.; Choi, K.C. Molecular mechanism(s) of endocrine-disrupting chemicals

and their potent oestrogenicity in diverse cells and tissues that express oestrogen receptors. J. Cell Mol. Med. 2013, 17, 1–11.
[CrossRef]

https://doi.org/10.1161/01.ATV.21.5.752
https://doi.org/10.1161/01.CIR.0000016047.19488.91
https://www.ncbi.nlm.nih.gov/pubmed/12021231
https://doi.org/10.1161/ATVBAHA.111.234856
https://www.ncbi.nlm.nih.gov/pubmed/22075252
https://doi.org/10.1161/ATVBAHA.116.307166
https://www.ncbi.nlm.nih.gov/pubmed/26868208
https://doi.org/10.3389/fphys.2017.00719
https://doi.org/10.1152/ajplung.00054.2013
https://doi.org/10.1164/rccm.201410-1802OC
https://doi.org/10.1161/CIRCRESAHA.109.210294
https://doi.org/10.1371/journal.pone.0090222
https://doi.org/10.18632/oncotarget.17426
https://doi.org/10.1186/2045-824X-5-3
https://doi.org/10.1016/j.gdata.2017.08.006
https://www.ncbi.nlm.nih.gov/pubmed/28932682
https://doi.org/10.3390/ijerph8114220
https://doi.org/10.1016/j.envres.2013.12.003
https://doi.org/10.1161/HYPERTENSIONAHA.114.04435
https://doi.org/10.14573/ALTEX.2403211
https://doi.org/10.3390/ijms25084502
https://doi.org/10.1186/s12987-023-00453-0
https://doi.org/10.3390/ijms24065342
https://doi.org/10.3389/fcvm.2022.868934
https://doi.org/10.1111/j.1582-4934.2012.01649.x


Med. Sci. 2025, 13, 2 19 of 20

86. Liu, D.; Perkins, J.T.; Petriello, M.C.; Hennig, B. Exposure to coplanar PCBs induces endothelial cell inflammation through
epigenetic regulation of NF-κB subunit p65. Toxicol. Appl. Pharmacol. 2015, 289, 457. [CrossRef] [PubMed]

87. Felty, Q.; Yoo, C.; Kennedy, A. Gene expression profile of endothelial cells exposed to estrogenic environmental compounds:
Implications to pulmonary vascular lesions. Life Sci. 2010, 86, 919–927. [CrossRef] [PubMed]

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

89. Lin, C.Y.; Shen, F.Y.; Lian, G.W.; Chien, K.L.; Sung, F.C.; Chen, P.C.; Su, T.C. Association between levels of serum bisphenol A, a
potentially harmful chemical in plastic containers, and carotid artery intima-media thickness in adolescents and young adults.
Atherosclerosis 2015, 241, 657–663. [CrossRef]

90. Fang, C.; Ning, B.; Waqar, A.B.; Niimi, M.; Li, S.; Satoh, K.; Shiomi, M.; Ye, T.; Dong, S.; Fan, J. Bisphenol A exposure induces
metabolic disorders and enhances atherosclerosis in hyperlipidemic rabbits. J. Appl. Toxicol. 2015, 35, 1058–1070. [CrossRef]

91. Hu, Y.; Zhang, L.; Wu, X.; Hou, L.; Li, Z.; Ju, J.; Li, Q.; Qin, W.; Li, J.; Zhang, Q.; et al. Bisphenol A, an environmental estrogen-like
toxic chemical, induces cardiac fibrosis by activating the ERK1/2 pathway. Toxicol. Lett. 2016, 250–251, 1–9. [CrossRef]

92. Belcher, S.M.; Gear, R.B.; Kendig, E.L. Bisphenol A alters autonomic tone and extracellular matrix structure and induces
sex-specific effects on cardiovascular function in male and female CD-1 mice. Endocrinology 2015, 156, 882–895. [CrossRef]

93. Saura, M.; Marquez, S.; Reventun, P.; Olea-Herrero, N.; Arenas, M.I.; Moreno-Gómez-Toledano, R.; Gómez-Parrizas, M.; Muñóz-
Moreno, C.; González-Santander, M.; Zaragoza, C.; et al. Oral administration of bisphenol A induces high blood pressure through
angiotensin II/CaMKII-dependent uncoupling of eNOS. FASEB J. 2014, 28, 4719–4728. [CrossRef]

94. Lind, P.M.; Lind, L. Circulating levels of bisphenol A and phthalates are related to carotid atherosclerosis in the elderly.
Atherosclerosis 2011, 218, 207–213. [CrossRef]

95. Murphy, E. Estrogen signaling and cardiovascular disease. Circ. Res. 2011, 109, 687–696. [CrossRef]
96. Van Eickels, M.; Grohé, C.; Cleutjens, J.P.M.; Janssen, B.J.; Wellens, H.J.J.; Doevendans, P.A. 17beta-estradiol attenuates the

development of pressure-overload hypertrophy. Circulation 2001, 104, 1419–1423. [CrossRef] [PubMed]
97. Nuedling, S.; Kahlert, S.; Loebbert, K.; Doevendans, P.A.; Meyer, R.; Vetter, H.; Grohé, C. 17 Beta-estradiol stimulates expression

of endothelial and inducible NO synthase in rat myocardium in-vitro and in-vivo. Cardiovasc. Res. 1999, 43, 666–674. [CrossRef]
[PubMed]

98. Iorga, A.; Cunningham, C.M.; Moazeni, S.; Ruffenach, G.; Umar, S.; Eghbali, M. The protective role of estrogen and estrogen
receptors in cardiovascular disease and the controversial use of estrogen therapy. Biol. Sex. Differ. 2017, 8, 33. [CrossRef] [PubMed]

99. Mendelsohn, M.E. Protective effects of estrogen on the cardiovascular system. Am. J. Cardiol. 2002, 89, 12–17. [CrossRef]
100. Umar, S.; Rabinovitch, M.; Eghbali, M. Estrogen paradox in pulmonary hypertension: Current controversies and future perspec-

tives. Am. J. Respir. Crit. Care Med. 2012, 186, 125–131. [CrossRef]
101. Lahm, T.; Tuder, R.M.; Petrache, I. Progress in solving the sex hormone paradox in pulmonary hypertension. Am. J. Physiol. Lung

Cell Mol. Physiol. 2014, 307, L7–L26. [CrossRef]
102. Learn About Polychlorinated Biphenyls | USEPA. Available online: https://www.epa.gov/pcbs/learn-about-polychlorinated-

biphenyls (accessed on 18 February 2024).
103. Doke, M.; Assaggaf, H.; Avecilla, V.; Das, J.K.; Felty, Q. Vascular Cell Dysfunction from Exposure to Polychlorinated Biphenyls

Contributes to Lung Toxicity. In The Toxicologist, Supplement to Toxicological Sciences; Society of Toxicology: Reston, VA, USA, 2018.
104. Das, J.K.; Felty, Q. Microvascular lesions by estrogen-induced ID3: Its implications in cerebral and cardiorenal vascular disease. J.

Mol. Neurosci. 2015, 55, 618–631. [CrossRef]
105. Felty, Q.; Roy, D. Estrogen, mitochondria, and growth of cancer and non-cancer cells. J. Carcinog. 2005, 4, 1. [CrossRef]
106. Hopkins, P.N. Molecular biology of atherosclerosis. Physiol. Rev. 2013, 93, 1317–1542. [CrossRef]
107. So, B.; Park, J.; Jang, J.; Lim, W.; Imdad, S.; Kang, C. Effect of Aerobic Exercise on Oxidative Stress and Inflammatory Response

During Particulate Matter Exposure in Mouse Lungs. Front. Physiol. 2022, 12, 773539. [CrossRef]
108. Wu, L.; Xiong, X.; Wu, X.; Ye, Y.; Jian, Z.; Zhi, Z.; Gu, L. Targeting Oxidative Stress and Inflammation to Prevent Ischemia-

Reperfusion Injury. Front. Mol. Neurosci. 2020, 13, 490946. [CrossRef] [PubMed]
109. Avecilla, V. Effect of Transcriptional Regulator ID3 on Pulmonary Arterial Hypertension and Hereditary Hemorrhagic Telangiec-

tasia. Int. J. Vasc. Med. 2019, 2019, 2123906. [CrossRef] [PubMed]
110. Yang, J.; Li, X.; Morrell, N.W. Id proteins in the vasculature: From molecular biology to cardiopulmonary medicine. Cardiovasc.

Res. 2014, 104, 388–398. [CrossRef] [PubMed]
111. Endocrine Disrupting Chemicals: Threats to Human Health | IPEN. Available online: https://ipen.org/documents/endocrine-

disrupting-chemicals-threats-human-health?utm_source=chatgpt.com (accessed on 4 March 2024).
112. Crosswhite, P.; Sun, Z. Molecular mechanisms of pulmonary arterial remodeling. Mol. Med. 2014, 20, 191–201. [CrossRef]
113. Doke, M.A. The Role of ID3 and PCB153 in the Hyperproliferation and Dysregulation of Lung Endothelial Cells. FIU Electron.

Theses Diss. 2018, 3808. [CrossRef]

https://doi.org/10.1016/j.taap.2015.10.015
https://www.ncbi.nlm.nih.gov/pubmed/26519613
https://doi.org/10.1016/j.lfs.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20416326
https://doi.org/10.1289/ehp.1104114
https://doi.org/10.1016/j.atherosclerosis.2015.06.038
https://doi.org/10.1002/jat.3103
https://doi.org/10.1016/j.toxlet.2016.03.008
https://doi.org/10.1210/en.2014-1847
https://doi.org/10.1096/fj.14-252460
https://doi.org/10.1016/j.atherosclerosis.2011.05.001
https://doi.org/10.1161/CIRCRESAHA.110.236687
https://doi.org/10.1161/hc3601.095577
https://www.ncbi.nlm.nih.gov/pubmed/11560859
https://doi.org/10.1016/S0008-6363(99)00093-0
https://www.ncbi.nlm.nih.gov/pubmed/10690338
https://doi.org/10.1186/s13293-017-0152-8
https://www.ncbi.nlm.nih.gov/pubmed/29065927
https://doi.org/10.1016/S0002-9149(02)02405-0
https://doi.org/10.1164/rccm.201201-0058PP
https://doi.org/10.1152/ajplung.00337.2013
https://www.epa.gov/pcbs/learn-about-polychlorinated-biphenyls
https://www.epa.gov/pcbs/learn-about-polychlorinated-biphenyls
https://doi.org/10.1007/s12031-014-0401-9
https://doi.org/10.1186/1477-3163-4-1
https://doi.org/10.1152/physrev.00004.2012
https://doi.org/10.3389/fphys.2021.773539
https://doi.org/10.3389/fnmol.2020.00028
https://www.ncbi.nlm.nih.gov/pubmed/32194375
https://doi.org/10.1155/2019/2123906
https://www.ncbi.nlm.nih.gov/pubmed/31380118
https://doi.org/10.1093/cvr/cvu215
https://www.ncbi.nlm.nih.gov/pubmed/25274246
https://ipen.org/documents/endocrine-disrupting-chemicals-threats-human-health?utm_source=chatgpt.com
https://ipen.org/documents/endocrine-disrupting-chemicals-threats-human-health?utm_source=chatgpt.com
https://doi.org/10.2119/molmed.2013.00165
https://doi.org/10.25148/etd.FIDC006825


Med. Sci. 2025, 13, 2 20 of 20

114. Helsley, R.N.; Zhou, C. Epigenetic impact of endocrine disrupting chemicals on lipid homeostasis and atherosclerosis: A pregnane
X receptor-centric view. Environ. Epigenet. 2017, 3, dvx017. [CrossRef]

115. Lint,a, A.V.; Lolescu, B.M.; Ilie, C.A.; Vlad, M.; Blidis, el, A.; Sturza, A.; Borza, C.; Muntean, D.M.; Cret,u, O.M. Liver and Pancreatic
Toxicity of Endocrine-Disruptive Chemicals: Focus on Mitochondrial Dysfunction and Oxidative Stress. Int. J. Mol. Sci. 2024,
25, 7420. [CrossRef]
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