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Exposure to cadmium during pregnancy, from environmental or lifestyle factors, has been shown to have detrimental fetal and placental developmental effects, along with negatively impacting maternal health during gestation. Additionally, prenatal cadmium exposure places the offspring at risk for developing diseases in infancy, adolescence, and adulthood. Although given much attention, the underlying mechanisms of cadmium-induced teratogenicity and disease development remain largely unknown. Epigenetic changes in DNA, RNA and protein modifications have been observed during cadmium exposure, which implies a scientific premise as a conceivable mode of cadmium toxicity for developmental origins of health and disease (DOHaD). This review aims to examine the literature and provide a comprehensive overview of epigenetic alterations induced by prenatal cadmium exposure, within the developing fetus and placenta, and the continued effects observed in childhood and across generations.
Keywords: cadmium, epigenetics, placenta, fetal development, maternal nutrition
1 INTRODUCTION
Cadmium is a naturally occurring metallic element used in many industrial processes, such as electroplating, galvanizing, producing batteries and solar panels, and zinc and iron smelting (Johri et al., 2010; Ramos-Ruiz et al., 2017). It is distributed widely in the environment, due to the rise of global industrialization, and is highly concentrated in cigarette smoke (Järup et al., 1998; Satarug et al., 2017). Individuals can become exposed to cadmium through the consumption of crops grown in contaminated soil and polluted seafood, as well as occupation or habitation in dense industrial areas and residences near toxic waste dump sites (Aoshima, 1987; Pizzol et al., 2014). Overconsumption or inhalation of this metal has been shown to induce genotoxicity, ROS production, and apoptosis, further leading to the development of cardiovascular disease, renal dysfunction, and carcinogenesis (Satoh et al., 2002; Waalkes, 2003; He et al., 2006). Moreover, cadmium exposure can disrupt essential metal ion concentrations, further leading to metabolic disruption, insulin resistance, and obesity (Jackson et al., 2022).
Cadmium has also been identified as an endocrine disruptor, making it particularly dangerous during prenatal exposure. Endocrine-disrupting chemicals can stimulate or inhibit hormone production, alter hormone transport throughout the body, and interfere with normal reproductive function (Vaiserman, 2014). Prenatal cadmium exposure has been shown to interfere with progesterone, testosterone, and leptin synthesis, which alters offspring’s thyroid function and the development of their reproductive systems (Iijima et al., 2007; Ishitobi et al., 2007; Stasenko et al., 2010; Samuel et al., 2011; Banzato et al., 2012). Furthermore, prenatal cadmium exposure has been linked to spontaneous abortions and premature delivery (Yang et al., 2006). Fetal growth restriction is also a common manifestation among offspring exposed to gestational cadmium, evidenced by decreased birth weight and height, and a reduced head circumference (Zhang et al., 2018). Additionally, cadmium exposure during pregnancy leads to a disturbed translocation of placental metal ions, such as zinc, and reduces the maintenance of fetal nutrition and viability, which negatively impacts fetal growth and development (Mikolić et al., 2015). Moreover, prenatal cadmium exposure has been associated with the development of offspring diseases as they reach adulthood. A mouse model revealed that prenatal cadmium exposure induced hyperglycemia as the offspring mice reached puberty and impaired glucose tolerance in adulthood (Yi et al., 2021). Increased maternal blood and hair levels of cadmium were also associated with an increased incidence of congenital heart defects, which significantly predisposes the offspring to poor cardiac outcomes and the development of cardiovascular disease in adulthood (Jin et al., 2016; Ou et al., 2017; Bokma et al., 2018; Bauer et al., 2019).
Recently, investigating the developmental origins of health and disease (DOHaD) has been given much attention. This theory, known as the Barker hypothesis, states that adverse prenatal and early life factors, such as poor nutrition or lifestyle influences, significantly impact fetal and childhood growth, and predispose the offspring to metabolic syndrome, subsequently leading to the onset of adolescent and adult diseases (Barker et al., 2002; Edwards, 2017). Mechanistically, epigenetic alterations highlight these adverse disease outcomes. Due to environmental or maternal lifestyle factors, these modifications have been shown to significantly induce offspring metabolic syndrome, obesity, heart disease, and hypertension (Ryznar et al., 2021). An accumulation of data has demonstrated that prenatal cadmium exposure induces many epigenetic alterations, such as DNA methylation and post-translational histone modifications, as well as influences on differential micro-RNA expression within the developing offspring (Vilahur et al., 2015). This review aims to summarize recent research findings regarding the effects of gestational cadmium exposure on epigenetic variations within both the placenta and fetus, as well as to examine how these epigenetic alterations influence the clinical outcomes of the next generations in both childhood and adult stages.
2 CADMIUM-ASSOCIATED EPIGENETICS ALTERATIONS DURING PREGNANCY
Epigenetics is defined as the dynamic changes to DNA to affect gene expression apart from alterations to the underlying sequence (Berger, 2007). Examples of epigenetic alterations include DNA methylation, posttranslational modifications of histone proteins, and small non-coding RNA molecules that can interfere with gene expression (Vilahur et al., 2015). Modification of epigenetic patterns has been found to result from environmental and lifestyle stimulants, such as exposure to ecological contaminants, poor nutrition, obesity, and smoking. Furthermore, prenatal exposure to such environmental factors can impose an adverse uterine environment, predisposing the developing offspring to aberrant epigenetic alterations and increasing disease risk.
2.1 Cord blood
As previously mentioned, cadmium exposure has been shown to induce many epigenetic modifications during prenatal development. Maternal blood cadmium concentrations were found to be associated with genomic DNA hypomethylation of the gene, ATP9A, and variable methylations of the gene cg24904393, within the umbilical cord blood of human infants (Park et al., 2022). ATP9A is important for phospholipid transporting ATPase activity. Decreased expression of this gene has been shown to increase extracellular vesicle release and apoptosis, as well as interrupt the recycling process of critical transport proteins, such as GLUT-1 (Park et al., 2022). Additionally, the gene, cg24904393, encodes the plasminogen protein, which is vital in blood coagulation and fibrinolysis (Park et al., 2022). Dysregulation of this gene can increase the risk of thrombosis, which proves to be detrimental to the developing offspring (Park et al., 2022). Moreover, within the cord blood of cadmium-exposed infants, hundreds of cadmium-associated differentially methylated regions (DMRs) were identified. These DMRs were most commonly located within the maternal imprinting control regions. The top three functional categories associated with the cadmium-induced methylation modifications include BMI regulation, atrial fibrillation, and hypertension (Cowley et al., 2018).
2.2 Placental development
The placenta is an organ that exists during pregnancy to modulate nutrient, oxygen, and waste exchange from the mother to the fetus. Maternal spiral artery remodeling is an essential event in placental development that allows for sufficient blood to be delivered from the maternal circulation to the placenta (Woods et al., 2018). Concurrently, extensive villous branching and vascularization ensure to establish a highly specialized network of maternal blood and fetal capillaries within the placental layer adjacent to the fetus (Rossant and Cross, 2001). Proper development of this organ is vital to support the growth of the fetus, as obstructions in its formation result in impaired nutrient transport, leading to fetal growth restriction and maternal complications of pregnancy, such as pre-eclampsia (Wier et al., 1990; Wang et al., 2016a; McKinney et al., 2016; Zhang et al., 2016; Hung and Chen, 2018; Rana et al., 2019; Tenório et al., 2019).
Prenatal cadmium exposure has been shown to induce many different epigenetic alterations within the placenta, which significantly impact its function. In a human study of mother-infant pairs, placental cadmium levels were significantly associated with sex-specific DNA methylation changes within this organ. Within the female offspring, differential methylation was observed near transcriptional start sites for cell damage response genes, whereas methylation changes were observed in genes involved in placental development, cell differentiation, and angiogenesis in the males (Mohanty et al., 2015). Additionally, increased maternal cadmium levels were significantly associated with decreased DNA methylation within the promoter region of PCDHAC1 in the human placenta, which is a gene belonging to the protocadherin gene family and is very important for fetal growth (Everson et al., 2016). There was also a strong association found between decreased DNA methylation of placental PCDHAC1 and an increased odds of small for gestational age (SGA) offspring and decreased head circumference upon prenatal cadmium exposure in this study (Everson et al., 2016). In mice, prenatal cadmium exposure was found to decrease the expression of placental GLUT-3, due to site-specific DNA methylation, consequently leading to fetal growth restriction (Xu et al., 2016). Moreover, the placenta is an organ rich in the expression of imprinted genes, which are genes defined by their preferential expression from one of the two parental alleles and are regulated by epigenetic marks responding to environmental stimuli (Xu et al., 2017; Cowley et al., 2018). Consistently, the maternal imprinted gene, Cdkn1c, was significantly upregulated, while the paternally imprinted gene, Peg10, was significantly downregulated in the cadmium-exposed mouse placenta, and these changes were associated with restricted offspring growth. This was found to be a consequence of a decreased methylation level in the promoter region of Cdkn1c and an increased methylation level within the promoter region of Peg10 (Xu et al., 2017). These genes are important for nutrient transport and placentation, as differential expression of Cdkn1c and Peg10 were associated with discrepancies in cell proliferation and survival, and fetal viability and labyrinth malformation, respectively (Koppes et al., 2015; Xu et al., 2017). Recently, the expression of Cdkn1c was found to be upregulated in the cadmium-exposed mouse placenta of both male and female offspring and was associated with decreased fetal growth (Simmers et al., 2022). The female offspring displayed no significant differences between the ratio of Cdkn1c transcripts derived from the maternally and paternally inherited alleles, while the male offspring had a significant increase in the expression percentage of Cdkn1c from maternally inherited alleles, indicating no loss of imprinting (Simmers et al., 2022). On the contrary, this increased expression of Cdkn1c in the placentas was not found to be a result of the differential DNA methylation, as discussed previously, since there were no changes in the methylation profile within the promoter region upon cadmium treatment (Simmers et al., 2022). Instead, the increased expression of Cdkn1c in this study was found to be a consequence of altered placenta morphology (Simmers et al., 2022). The differences in these epigenetic alterations could potentially be attributed to inconsistent study designs, as cadmium provided 5 weeks prior to pregnancy, during mating, and throughout pregnancy did not induce methylation differences, while decreased DNA methylation of Cdkn1c was observed when cadmium was provided at E7.5 (Xu et al., 2017; Simmers et al., 2022).
MicroRNAs (miRNAs) are epigenetic modifiers that are important for gene expression. Within the placenta, miRNAs are involved in regulating trophoblast differentiation, migration, invasion, and vasculogenesis (Mouillet et al., 2015; Hayder et al., 2018). However, exposure to environmental factors, such as cadmium, can induce alterations in the expression of these placental miRNAs, leading to changes in the regulation of genes involved in proper placental development and, subsequently, maternal complications of pregnancy, like preeclampsia, fetal growth restriction, and preterm birth (Kotlabova et al., 2011). Prenatal cadmium exposure has been found to significantly increase the expression of miR-509-3p and miR-193b-5p within the human placenta, which may affect both placental function and nervous system development (Tehrani et al., 2022). miR-509-3p is negatively associated with cell migration and invasion, two events that are vital for proper spiral artery remodeling in placental development (Su et al., 2015; Pan et al., 2016; Ahir et al., 2017). Consistently, increased miR-193b-5p expression is associated with cases of preeclampsia and fetal growth restriction due to hindered trophoblast migration and invasion (Zhou et al., 2016; Awamleh et al., 2019; Östling et al., 2019; Awamleh and Han, 2020). Furthermore, cadmium treatment of JEG-3 cells showed a significant decrease in cell migration, due to increased expression of the TGF-β pathway family members. These findings were also associated with altered miR-26a expression, indicating that cadmium modulates placental miRNAs, contributing to increased activation of TGF-β signaling and abnormal trophoblast migration (Brooks and Fry, 2017).
2.3 Fetal growth
Prenatal cadmium exposure has also been shown to induce many epigenetic alterations within the developing fetus. During early development, an increased occurrence of embryonic death, fragmentation, and developmental blockades upon cadmium treatment was observed in mice (Zhu et al., 2021). Interestingly, the surviving embryos experienced epigenetic changes at the 8-cell stage, including histone acetylation, evidenced by increased histone deacetylase 1, and genomic DNA methylation, manifested by H19 hypomethylation (Zhu et al., 2021). H19 is a gene involved in early embryonic development and implantation, along with increased ROS levels and DNA damage (Zhu et al., 2021). Additionally, differential DNA methylation was observed in dozens of genes relating to fetal gene expression, tissue morphology, cancer, lipid metabolism, and apoptosis within the cadmium-exposed infant (Sanders et al., 2014).
Although prenatal cadmium exposure has been shown to induce many different epigenetic alterations, there are inconsistencies among the modifications reported, leading some to suggest sex as a factor in cadmium-induced toxicities. In a human study, Kippler et al. (2013) reported that male offspring exhibited global hypermethylation, specifically of genes related to cell death pathways, within cord blood DNA, while the females showed global hypomethylation of genes associated with organ development, morphology, and bone mineralization (Kippler et al., 2013). These results provide compounding evidence to previous reports, in which fetal head and femur length in girls is decreased upon prenatal cadmium exposure and cadmium-associated osteoporosis and fractures are particularly observed in women (Engström et al., 2012; Kippler et al., 2012). Nevertheless, several of the individual CpG sites that were positively associated with cadmium were inversely correlated with birth weight, indicating that cadmium-induced fetal growth restriction potentially occurs through differential DNA methylation (Kippler et al., 2013). Additionally, cadmium-exposed female infants exhibited decreased birth weights, accompanied by hypomethylation of PEG3, which is a paternally expressed imprinted gene that encodes a zing-finger protein that plays a role in p53-mediated apoptosis (Deng and Wu, 2000; Vidal et al., 2015). The cadmium-exposed male newborns were significantly lighter, but PEG3 methylation was not affected (Vidal et al., 2015). Interestingly, female offspring of cadmium-exposed women with higher zinc levels showed increased methylation of PEG3 when compared to those offspring of zinc-deficient mothers, indicating that adequate zinc intake may mitigate these cadmium-induced epigenetic alterations (Vidal et al., 2015). Furthermore, prenatal cadmium exposure in rats resulted in elevated expression of DNMT3A in the livers of the male offspring and a decreased expression within the female offspring. DNMT3A is involved in de novo CpG methylation (Castillo et al., 2012). This finding corresponded with hypermethylation of the glucocorticoid receptor within the male offspring and hypomethylation within the females (Castillo et al., 2012). This could induce altered glucocorticoid metabolism, which is significantly linked to an increased risk of cardiometabolic disorders in adulthood (Castillo et al., 2012).
3 CADMIUM-ASSOCIATED EPIGENETIC ALTERATIONS DURING CHILDHOOD
It has been speculated that many cadmium-associated epigenetic changes within the fetal stage of development contribute to adulthood diseases. A number of studies have employed an experimental design that includes follow-up data collection in the child and adulthood stages to investigate the status of the epigenetic alterations. As previously mentioned, prenatal cadmium exposure induces DNA methylation modifications within the developing fetus. Interestingly, Kippler et al. (2013) reported that similar methylation profiles about offspring growth observed in newborn cord blood were continually observed in children at 4.5 years old, along with the growth effects induced by prenatal cadmium exposure (Kippler et al., 2013). Furthermore, a higher maternal urinary cadmium concentration was significantly associated with a slower weight gain from age 3 months to 4 years, indicated by slower height and BMI trajectories (Chatzi et al., 2019). This effect was seemingly stronger in girls, specifically in those offspring exposed to cadmium during the first trimester, a period in which epigenetic remodeling is highly active (Chatzi et al., 2019). A recent study investigated if the epigenetic changes associated with prenatal cadmium exposure persist from birth into childhood. It reported several DNA methylation differences within the cord blood that appeared to still be associated with prenatal cadmium exposure at 9 years of age. Interestingly, these epigenetic changes were found to mainly be a consequence of gestational cadmium exposure rather than long-term childhood cadmium exposure (Gliga et al., 2022). However, this study was unable to significantly detect specific DNA methylation changes that persist from birth to prepubertal age due to small power and too few overlapping differentially methylated positions and regions to perform enrichment and pathway analyses, and it was unable to control for other environmental exposures and lifestyle factors (Gliga et al., 2022). Nevertheless, this data highlights the importance of determining gestational offenses as origins of disease rather than life-long exposure alone.
4 CADMIUM-ASSOCIATED MULTIGENERATIONAL EPIGENETIC EFFECTS
During embryogenesis, the developing offspring experience two major cycles of epigenetic reprogramming. The first occurs during the preimplantation stage and the second during germ cell development (Li et al., 2019). During the preimplantation stage, the paternally inherited genome undergoes global DNA demethylation, followed by subsequent cell divisions to further induce the loss of epigenetic modifications (Sinclair et al., 2007). Interestingly, within the mouse, the maternally derived genome was found to retain its methylation patterns at this stage (Santos et al., 2005). As development continues into gastrulation and germ cell specification, both imprinted and non-imprinted genes are dynamically demethylated, ensuring that the inherited epigenetic alterations are deleted within the germline (Sinclair et al., 2007). This erasure of the gametic epigenetic patterns allows for the embryo to establish its own epigenetic profile indispensable for proper development (Huntriss, 2021). However, there are reports of genes in primordial germ cells escaping demethylation, thereby carring the epigenetic markers to F2 generation (Seisenberger et al., 2012; Hackett et al., 2013; Heard and Martienssen, 2014). Recently, transgenerational epigenetic inheritance was demonstrated, as two metabolic-related genes were specifically methylated and silenced in mouse embryonic stem cells, inducing abnormal metabolic phenotypes (Takahashi et al., 2023). Interestingly, these methylation and phenotypic changes were retained and transmitted across multiple generations, providing evidence contrary to the widely accepted notion that epigenetic patterns are erased during embryogeneis (Takahashi et al., 2023). Nevertheless, because the window of epigenetic reprogramming occurs very early in gestation, proceeding placentation and organogenesis, the embryo is vulnerable to epigenetic alterations caused by environmental stimuli, such as cadmium exposure, which can increase the risk of congenital defects and subsequent diseases in later life (Joubert et al., 2012; Manikkam et al., 2012; Vaiserman, 2014; Vilahur et al., 2015). The multigenerational effect of cadmium induced epigenetic alterations, though, remains controversial and poorly understood.
Cadmium has been shown to impact protein acetylation in testicular development. Briefly, lysine acetylation, specifically of histone H4, is an important step in the formation of sperm cells, as it is a prerequisite for histones to be replaced by transition nuclear proteins in spermatogenesis (Awe and Renkawitz-Pohl, 2010). Lysine succinylation is another post-translational modification that plays a regulatory role in cell differentiation and organ development (Xie et al., 2012). Cadmium exposure was found to impact GAPDH activity, and ATP and cAMP levels within germ cells in mice, which then further inhibited lysine acetylation and succinylation within the testes, resulting in reproductive injuries (Yang et al., 2018). Additionally, acetylation of histone H4K5 and H4K12 was also inhibited by cadmium treatment, further inducing spermatogenesis failure (Yang et al., 2018). These findings were also consistent with other reports of protein post-translational modifications impacting sperm function. Cadmium exposure to spermatozoa, in vitro, exhibited impacted GAPDH and AMPK activity and ATP production, further leading to inhibited sperm motility. This was found to be a result of increased tyrosine phosphorylation (Wang et al., 2016b). Consistently, cadmium exposure in mice also induced dihydrolipoamide dehydrogenase tyrosine phosphorylation, which significantly impacted the activity of the TCA cycle and, subsequently, oxidative phosphorylation, leading to decreased ATP production and poor sperm motility within the developing testes (Li et al., 2016).
A rat model demonstrated that gestational cadmium exposure induced decreased levels of progesterone in offspring ovarian granulosa cells, due to significant decreases in the mRNA levels of the steroidogenic enzymes, StAR, and Cyp11a1, at post-natal day 56 (Liu et al., 2020). This gene expression decrease was found to be associated with an upregulation of the miRNAs, miR-27a-3p and miR10b-5p, within the ovarian granulosa cells (Liu et al., 2020). miR-27a-3p regulates estrogen and progesterone receptors’ expression and mediates these hormones’ metabolism (Liu et al., 2020). miR-10b-5p acts directly on StAR and mitigation of its expression can induce reproductive damage (Liu et al., 2020). Interestingly, decreased progesterone production and StAR expression were continually observed in the F2 rat offspring, indicating that prenatal cadmium-associated epigenetic alterations could have a transgenerational effect (Liu et al., 2020). Moreover, the apoptotic gene, Bcl2, was significantly altered in the ovarian granulosa cells of F1 and F2 rat offspring, accompanied by increased apoptotic cell bodies (Liu et al., 2021). This was accompanied by differential expression of miR-16-5p and miR92a-2-5p, which are regulators of Bcl2 expression (Liu et al., 2021). This indicated that prenatal cadmium exposure dysregulated the expression profile of these miRNAs within the ovarian granulosa cells, thereby leading to increased cell death through modulation of Bcl2, in both F1 and F2 offspring (Liu et al., 2021). Another recent study investigated the multigenerational effects of prenatal cadmium exposure on testicular function. The F1 and F2 male mice exhibited immature Sertoli and Leydig cells (Huang et al., 2020). Additionally, the F1 mice showed detachment of spermatogonia from the basement membrane, and the tubular diameter was impacted in both the F1 and F2 mice, indicating impacted spermatogenesis (Huang et al., 2020). Prenatal cadmium exposure also affected the secretion of male hormones, as a gonadotropin-releasing hormone, luteinizing hormone, progesterone, and testosterone were all significantly decreased in the F1 mice, while testosterone was significantly increased in the F2 mice (Huang et al., 2020). These results were found to be a result of differential expression of the steroidogenic enzymes, SF-1 and StAR, within both the F1 and F2 mice (Huang et al., 2020). These enzymes were regulated by the cadmium-induced expression of miR-328a-5 and miR-10b-5p, respectively (Huang et al., 2020). When the miRNA expression was increased, the enzyme expression was decreased, leading to consequential changes in both hormone production and testicular function in a multigenerational fashion (Huang et al., 2020).
5 CONCLUSION
Cadmium exposure, particularly during pregnancy, has been shown to induce many teratogenic effects and program the offspring to develop diseases later in life. Epigenetic alterations have been reported within cord blood, placenta, and fetal tissue upon cadmium exposure, leading to pregnancy complications, such as preeclampsia, and poor fetal growth. Sex-specific effects on epigenetic mechanisms are also observed, as the male offspring generally experience hypermethylation of genes, while the females show increased DNA hypomethylation, and many of the epigenetic alterations viewed in the fetal and neonatal stages persist into childhood. Interestingly, recent research has found that epigenetic alterations within germ cells pose multigenerational effects, in which adverse effects on the reproductive system were observed into the F2 offspring. However, there are limitations to the current knowledge. Comparing the studies, the experimental designs differ quite drastically, as cadmium is provided at different time points of pregnancy. Therefore, the results may differ between studies, and are not able to be accurately compared to draw conclusions. Additionally, most studies were focused on revealing genome-wide epigenetic changes, and the key genes that are adversely affected by epigenetic alterations are not clear. Further research on how the observed epigenetic changes influence gene expression, provoking disease development is warranted. More important, the selected epigenetic alterations and their associated genes should be validated in rigorously designed experiments. The fast developing gene editing technology has provided the possibility to introduce targeted epigenetic changes into animal models for verifying their roles in regulating gene expression and their multigenerational effects for disease development. Another limitation of currect research is that many of these studies observed epigenetic alterations in embryonic and fetal tissues, and discussed the potential for disease later in life, but these implications have yet to be investigated. Constructing experimental designs, in which the prenatal cadmium exposed offspring undergoes follow-up examination later in their life, either with or without continued cadmium treatment, is coveted for the advancement of the field. Moreover, information on the transgenerational effect of prenatal cadmium exposure on epigenetic alterations is lacking and warrants future research. Nevertheless, these results highlight cadmium’s role in epigenetic programming within the prenatal period and its impact on offspring health and disease development later in life.
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