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ABSTRACT
Bisphenol A (BPA) is a chemical compound that is utilized in the manufacturing of epoxy resins and polycarbonate plastics including food cans, baby bottles, dental sealants, toys, water pipes, & thermal papers. Its widespread application resulted in its elevated exposure to animals and humans. BPA can enter into the body through oral route, dermal absorption, inhalation, occupational handling of BPA, and food & beverage intakes. Ingestion of BPA from food containers linings is one of the major pathways. The present analysis revealed that its exposure leads to significant harmful effects. Endocrine disruption, neurotoxicity, cardiovascular dysfunction, reproductive abnormalities, metabolic disorders, carcinogenicity, genotoxicity, immunotoxicity are some major health conditions that are observed in humans and several animal models. It also induces epigenetic transgenerational alterations and its prenatal exposure give rise to gestational diabetes by damaging glucose metabolism and stimulating resistance to insulin, early onset of puberty after birth because of its estrogenic action, impaired gonads, and some other disorders. Together with limiting the utilization of bisphenol A, it is the critical time to establish some biocompatible substitutes. 
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INTRODUCTION
People are exposed to a wide range of modern chemical compounds on a daily basis, including phthalates, bisphenol-A (BPA), parabens, triclosan (TCS), and others & all are extensively known as endocrine-disrupting chemicals (EDCs). These substances are present in numerous everyday products and disrupt natural hormonal systems at multiple levels, significantly leading to harmful health conditions. BPA is among the most widely investigated and controversial endocrine-disrupting chemicals (Stavridis et al., 2022).
In 1938, Dodds and Lawson were the first to report the biological effects of BPA and noted its estrogen-like activity in rats (Dodds and Lawson,1938).
BPA is among the most extensively produced industrial chemical (Hoque et al., 2020) heavily utilized in the manufacturing of polycarbonate plastics, epoxy resins & thermal papers (Michałowicz J., 2014) and frequently detected in industrial discharges. Over the last 80 years BPA has become pervasive because of its heavy use in a range of daily items such as lining of food & drink cans, electronic devices, water pipes, dental sealants, paper products, construction materials & toys (Flint et al., 2012).
DISCOVERY OF BPA AND ITS PHYSICO-CHEMICAL PROPERTIES 
Bisphenol A was initially created in 1891 by Russian chemist A. Dianin, but its synthesis was first documented in 1905 by T. Zincke in Germany (Dianin, 1891 & Zincke, 1905). Chemical name of BPA is 4,4′-isopropylidenediphenol or 2,2-bis(4-hydroxyphenyl)-propane), chemical formula C15H16O2 (CAS 80-05-7) is a synthetic compound produced through the condensation of two phenol molecules with one acetone molecule (Geens et al., 2012). 
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   Figure 1: Bisphenol A chemical Structure©
The hydroxyl groups present in BPA contribute to its high chemical reactivity. BPA appears as a white crystalline solid & its molecular weight is 228.29 g/mol. Its boiling point is 220  and melting point is 153 to 159 (Ma et al., 2019).  The log P value (water-octanol partition coefficient) of BPA is 3.32, suggesting that it is highly soluble in lipids but poorly soluble in water, with an approximate solubility of 200 mg/dm³ at 25 °C. BPA can be transformed into ethers, esters, and salts, like other phenolic compounds. Furthermore, it is capable of undergoing electrophilic substitution reactions such as nitration, alkylation and sulfonation (Michałowicz J., 2014 & Manzoor et al., 2022). 
SOURCES OF EXPOSURE TO BPA
People are exposed to BPA through food & drinking water (Markis et al., 2013) or inhaling dust particles, while occupational exposure may occur during the manufacturing or handling of BPA (Geens et al., 2009). Canned food products are one of the major sources through which BPA enter into the body. Despite this, if animals are fed with contaminated food or water then BPA may accumulate into the body by the intake of fresh foods such as milk, meat, & eggs (Konieczna et al., 2015; Van Landuyt et al., 2011). Occurrence of BPA was also reported in the foods that are preserved in the cardboard packages (Oldring et al., 2014).
Sterilization of food cans or processing the food by heating at higher temperature leads to the diffusion of BPA from epoxy coatings into to dietary products (Cooper et al., 2011).
BPA may introduce into the body from thermal paper by the transdermal absorption, oral contact or handling of food with contaminated hands (Geens et al., 2012).


HEALTH HAZARDS RELATED TO BPA EXPOSURE
Numerous investigations have continuously reported that exposure to BPA exerts toxic effects on the overall health status. Its exposure leads to reproductive, endocrine, cardiovascular, neuronal, immune, metabolic toxicity, carcinogenicity, hypertension and many more (Xing et al., 2022; Almeida et al., 2018; Konieczna et al., 2015). 
Reproductive Challenges
BPA is a frequently known endocrine disruptor and it adversely affect reproductive potential of males and females. Caporossi & Papaleo, (2015) reported that BPA negatively impact sexual functions in males and ovarian & uterine functions in females in rodents. 
BPA contamination led to declined production of spermatozoa and impaired the hypothalamic-pituitary-gonadal axis and induces gonadotropin deficient hypogonadism in adult male rats (Wisniewski et al., 2015).
The research work carried out by Ehrlich et al., (2012) depicted that BPA disturb steroid hormone biosynthesis & alter the quality of oocyte in females going through in vitro fertilization (IVF), implying that BPA exposure may compromise female reproductivity and leads to female infertility.
Exposure to BPA during prenatal period distorted the development of reproductive organs and its functionality in mice at a later stage and also triggered carcinogenicity (Newbold et al., 2009).
A study conducted by Berger & Shaw, (2008) reported that acute exposure to BPA during early pregnancy resulted in the failure of intrauterine implantation of fertilized oocyte in mice. The failure of implantation was induced by imbalanced urinary progesterone & 17β-estradiol. The outcomes highlight that BPA exposure adversely affected the endocrine equilibrium, altered pregnancy & compromised females reproductive physiology. 
Li et al., (2011) depicted that urinary BPA remarkably resulted into impaired semen quality in men. Higher concentration of BPA in urine significantly declined sperm concentration, total sperm count, sperm viability, and its motility.
Rats exposed to BPA during gestational period resulted in precocious onset of puberty as compared to the control group of rats because of its weak estrogenic action. It triggers the GnRH pulsatile generator by means of positive feedback, leading to accelerated secretion of luteinizing hormone and follicle-stimulating hormone (Konieczna et al., 2015). 
Endocrine Challenges
BPA is known for its toxic disruption of endocrine system (Maniradhan & Calivarathan, 2023; Tang et al., 2025; Ohore & Zhang, 2019) and it affects diverse range of endocrine processes (Rubin, 2011). It impairs the enzyme & hormonal balance, its biosynthesis, secretion & transport. BPA alters physiological activity by switching native hormones with transporter proteins (Manzoor et al., 2022). 
Exposure to BPA demonstrated amplified FSH, LH, & estrogen levels whereas it declined the estrogen and progesterone receptors in female mice (Xi et al., 2011) and it remarkably diminished level of testosterone in male rats and disrupted its HPT axis (Wisniewski et al., 2015).
Cardiovascular Challenges
BPA exposure has been reported to be linked with impaired electrical activity of heart, predominantly via the alteration in heart rate variability or electrical signaling. BPA may restrict the functioning of certain ion channels which is crucial for the normal action potential of heart (Fonseca et al., 2022).
Prolonged contact of BPA notably promotes the threat of cardiovascular disorder such as coronary heart disease, Ischemic chest pain, heart attack, hypertension, and peripheral arterial disorder in adult age groups (Almeida et al., 2018).
BPA exposure leads to cardiac toxicity predominantly atherosclerosis, and also the associated threat elements that is hypertension and diabetes. It also gives rise to hypertension related clinical condition over the course of pregnancy (Fonseca et al., 2022). Han et al., (2016) also demonstrated that exposure to BPA is linked with hypertension & cardiovascular diseases. 
An investigation depicted that BPA at lower dosage demonstrate more harmful impacts on physiology of cardiovascular framework during developmental stage or under the combined exposure of BPA with certain conditions like reduced oxygen supply (Zhang et al., 2020).
A research work conducted by Posnack & colleagues, (2014) depicted that contact of BPA even at lower quantity may impair the normal functioning of cardiovascular physiology resulting into irregular heart rhythms, alteration in cardiac architecture, disturbed blood pressure & atherosclerosis.
Neurological Challenges 
Multiple research evidences demonstrated that BPA exposure impacts the normal development of neural tissues & its associated behavioral pattern (Wang et al., 2023; Yin et al., 2020; Santoro et al., 2019; Birla et al., 2019; Khan et al., 2018)
As documented by a recent review that BPA exposure alters neuronal structural & molecular architecture, disrupt blood brain barrier, strengthen the ROS mediated stress, modify the expression of multiple pivotal proteins & genes. It causes detrimental impacts on neurotransmitters, damages intracellular calcium equilibrium, reduces the length of axons, triggers microglial DNA instability, and accelerate apoptosis & the secretion of intracellular lactate dehydrogenase (Costa & Cairrao, 2024). 
A study carried out by Santoro & colleagues, (2019) documented that BPA induce oxidative stress and influence steroid mediated signaling. It negatively alters the neuronal development & its operational activity by compromising synaptic plasticity, neurogenesis, and postnatal development resulting into neuronal inflammation & neuronal degeneration. 
Common carp exposed to BPA have shown oxidative destruction to the neural structure. It subsequently led to neurological toxicity as a result of declined acetylcholinesterase enzymatic action & enhanced apoptosis facilitated by both mitochondrial & death receptor pathways (Tahir et al., 2024).
Hyun & Ka, (2024) documented that BPA exposure remarkably induce neurotoxicity. It alters neuronal proliferation, migration, & differentiation while development resulting into synaptic impairment and dysfunction. BPA is significantly linked with attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and schizophrenia.
Immune Challenges
A study by Shi et al., (2020) demonstrated that analogue of BPA that is bisphenol F (BPF) enhance the polarization of macrophages into M1 type, resulting into a pro-inflammatory effect in mice. Further, it remarkably upregulated the release of pro-inflammatory cytokines namely TNF-α, IL-1β, and IL-6.
Massive levels of BPA and analogues are discharged into water bodies resulting into the alteration of innate immunity of aquatic lives (Kodila et al., 2023). 
BPA reflects immuno-toxic nature, that it prominently diminished the numbers of T lymphocyte and macrophage in the spleen and altered the operating mechanism of neutrophils. It prevents the microbial clearance of E. coli & makes the immunosuppressed individual more prone to infections (Sugita-Konishi et al., 2003).
Metabolic Challenges
BPA is associated with the prevalence of various metabolic disorders that is type 2 diabetes, gestational diabetes, epigenetic changes that are inherited by successive generations, dysfunction of lipid and glucose metabolism, oxidative stress, and inflammatory reactions (Fonesca et al., 2022; Akash et al., 2020; Alonso-Magdalena et al., 2016; Haq et al., 2020).
BPA exposure induce endocrine toxicity which promote metabolic abnormalities including diminished insulin sensitivity, obesogenic effects, fatty liver, polycystic ovarian syndrome, and other associated impairments (Maniradhan & Calivarathan, 2023).
Previous studies have demonstrated that BPA exposure during pregnancy induce metabolic disorders in mice such as obesity, altered lipid metabolism & glycemic tolerance (Konieczna et al., 2015).
According to an investigation carried out by Menale et al., (2016), it was stated that both in vitro & in vivo studies have depicted that exposure to BPA contributes to impaired gluconeogenesis, oxidative metabolism of glucose, glycogen biosynthesis. It also disrupts insulin signaling cascade in various tissues such as liver, pancreas, white adipose tissue and CNS, and muscle.
Carcinogenic Threat
BPA contamination may enhance the threat of hormone related cancers. Multiple investigations demonstrated that BPA exposure may influence carcinogenesis, largely associated with estrogenic malignancies (Song et al., 2015; Ptak et al., 2014; Schiff et al., 2003). 
Jia et al., (2019) reported that BPA is linked with onset of cancer and its metastasis. It directly interacts with integrin β1 and accelerate the migration of oncogenic cells. 
BPA may accelerate the growth of carcinogenic cells in breast by means of ERK1/2/ERRγ signaling (Song et al., 2015). 
Exposure to BPA may trigger colorectal cancer (Hong et al., 2023), bladder cancer (Cong et al., 2025), ovarian cancer (Lam et al., 2023; Ptak et al., 2014), breast cancer (Saha et al., 2024; Song et al., 2015), testicular cancer (Manzoor et al., 2022), & prostate cancer (Salamanca-Fernández et al., 2021).
Tarapore et al., (2014) reported that BPA exposure give rise to early onset of prostate cancer, it may reduce prostate specific antigen (PSA), elevate urinary BPA level, and promote centrosomal abnormalities in the patient.
CONCLUSION
The present study investigated numerous data to understand the toxic effects of BPA exposure. It was found that BPA acts as an endocrine disruptor chemical and its exposure is associated with remarkable toxicity in the body including reproductive, cardiovascular, neural, metabolic, carcinogenicity, genotoxicity, & immune related toxicity. It also gives rise to epigenetic alterations that are transgenerational. 
Studies confined to human population is limited hence further studies related to human population should be carried out. It is necessary to reduce the utilization of BPA and remove it from our surroundings. Finding a better substitute and using BPA free products could protect the public health. Glass and stainless-steel products can also be employed as a safe alternative to BPA products. 
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