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Abstract

Several millions of people are exposed to cadmium worldwide due to natural and anthropogenic activities that led to
their widespread distribution in the environment and have shown potential adverse effects on the kidneys, liver, heart
and nervous system. Recently human and animal-based studies have been shown that In utero and early life exposure
to cadmium can have serious health issues that are related to the risk of developmental disabilities and other outcomes
in adulthood. Since, cadmium crosses the placental barrier and reaches easily to the fetus, even moderate or high-level
exposure of this metal during pregnancy could be of serious health consequences which might be reflected either in the
children’s early or later stages of life. Mortality from various diseases including cancer, cardiovascular, respiratory,
kidney and neurological problems, correlation with In utero or early life exposure to cadmium has been found in
epidemiological studies. Animal studies with strong evidence of various diseases mostly support for the human studies,
as well as suggested a myriad mechanism by which cadmium can interfere with human health and development. More
studies are needed to establish the mechanism of cadmium-induced toxicity with environmentally relevant doses in
childhood and later life. In this review, we provide a comprehensive examination of the literature addressing potential
long- term health issues with In utero and early life exposure to cadmium, as well as correlating with human and animal
exposure studies.
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Introduction

Cadmium is a known environmental carcinogenesis toxicant and also documented as a developmental toxicant
[1-2]. Millions of people on the globe are exposed to cadmium from both natural and anthropogenic activities [3-5]. Volcanic
eruptions, soil erosion, smelting operations of metal ores, fuel combustion, tobacco smoking, and other various ways are
also significantly contributing to introduce cadmium into the environment [6-12]. Once cadmium is released into the
environment, it continues to circulate in the human body as cadmium is not being decomposed in nature. High levels of
cadmium are naturally present in the air, soil, and water in certain regions of the world, which may enhance the risk of
exposure. For the general public, contaminated food and cigarette smoke are the most common routes of cadmium exposure
[13-15]. Cadmium could be transferred into the human body via contaminated air, food, and water, accumulated in various
vital organs, and produce adverse health effects. Chronic exposure to cadmium has been associated with the development
of a various type of diseases in adults, including toxic effects on kidneys, bone, endocrine effects, stomach, lung, prostate
cancer and metabolic syndrome [16-21]. Cadmium may affect the mitochondrial functions, apoptosis, cellular activities and
genomic instability through complex and multifactorial mechanisms. Cadmium may be impaired the apoptosis, oxidative
stress, generation of reactive oxygen species and DNA (Deoxyribonucleic acid) repair mechanism.

Cadmium crosses the placental barrier; therefore, exposure may occur from the beginning of life [22]. Inn utero or
early life development of a child represent a critical window of susceptibility to a toxicant. Any physical or chemical insult
at any step during development may lead to developing chronic diseases [23, 24]. Heavy metals may be a serious threat to
the development of the fetus and infant health because of their combination of physiological immaturity and longer lifetime
exposure during pregnancy and early life can develop chronic disease. At times, the changes are not visible immediately
but reflected at later stages of life. The adverse effects during the developmental periods are likely to have long-lasting
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effects and may not recover quite often. Chronic exposure of low-level cadmium may also occur via breast milk and cereals
based complementary food, seafood, and vegetables for infants in mostly low-income families. [25-27]. Prenatal and
postnatal cadmium exposures have been associated with a variety of adverse pregnancy outcomes including, malformations,
decrease fetal growth rate, low birth weight, mortality, further, it may associated with the development of the various
disease in children or later life [28-31]. A negative correlation between the cord blood level of cadmium and fetal growth
has been observed in cadmium-exposed population in different areas of the world [30, 32, 33]. Urinary cadmium levels have
been measured with Median cadmium concentrations 0.30, 0.16, and 0.30 g/L in the urine of 1.5, 5 years, and 3-month-old
children. On the other hand, it’s also observed that the concentration of cadmium in the infant’s urine correlated with
concentrations in maternal breast milk, saliva, and urine in a rural area of Bangladesh [34].

Nutritional deficiencies and poor detoxification by affecting the process of methylation are other important factors
that may increase the toxicity of cadmium [35]. Population-based studies on children and mothers have reported a
correlation between In utero cadmium exposure and cord blood DNA methylation or birth weight [34, 36]). Prenatal chronic
exposure to cadmium influence the anthropometric development and growth of the fetus have been linked to later IQ
(Intelligence quotient) development in children [34, 37].

A number of epidemiological studies have revealed that In utero and early life chronic exposure to cadmium may
cause neurological problems including cognitive deficits, attention deficit hyperactivity disorder (ADHD), social, and
attention in young and children [38-40]). Epidemiological studies were also found that children living in an area,
contaminated with cadmium even at low exposure levels were associated with enhanced oxidative stress with DNA damage
and protein modification in early life and associated with the higher risk of developing cardiovascular disease, osteoporosis
and some types of cancer [41-44]. These are some possible mechanisms to monitor associations between In utero or early life
cadmium exposure and susceptibility to chronic diseases.

In this review, we organized the study to report, chronic cadmium exposure during In utero and early life and
linked with long term health consequences and risk of pregnancy outcomes, neurological, cancer, and renal disease.

Methods

A literature review has been conducted, using free literature search database ‘PubMed’ along with ‘Google Search
Engine. These sources were searched using keywords such as: cadmium or cadmium* and In utero*, early life*, prenatal®,
postnatal®, perinatal®, gestational, lactational, developmental*, pregnancy outcomes, neurobehavioral, behavior*, cognitive
dysfunctions IQ* cancer, renal disease, kidney dysfunction etc. All types of appropriate human and animal, studies were
considered including journal articles, and reports, with highlighting on recent and more robust studies, and a focus on
gestational, lactational, early life and prenatal cadmium exposure. Articles not written in English were expelled.

Pregnancy outcomes

In utero and early life are very critical and crucial period to toxic agent due to the development of the fetus as
structural and functional maturation takes place primarily during this time [45, 46]. Evaluate the detrimental effects of In
utero and early life cadmium exposure to infants and children are awfully essential. Cadmium is also capable to enter into
the fetus at high doses or long-term exposure [22]. Subsequently, the accumulation of cadmium in the placenta has been
proven in both experimental and epidemiological studies [47-49]. Various pregnancy outcomes crown-heel length, placental
thickness were seen with higher levels of cadmium in maternal blood suggested detrimental effects of exposure on fetal
development [30, 33, 50]. Maternal exposure to cadmium in the Saudi Arabian population have revealed that umbilical cord
blood cadmium levels were associated with an increased risk of low birth weights, detrimental effects on the head
circumference of newborns and also investigated the association between higher levels of cadmium in maternal blood and
lower crown-heel lengths [51]. Anomaly in placenta thickness has been directly linked with retarded intrauterine fetal
growth. Prenatal exposure to cadmium resulting in placental dysfunctions associated with lower birth weights and fetal
growth [50, 52, 53]. High level of cadmium in the placenta and umbilical cord blood can be a risk factor for subsequent
impairment in developmental infants or influenced child growth later in life [53, 54]. It is also proved that cadmium is also
accumulated via breast milk postnatally, and these levels of cadmium might be a possible potential health hazard to fetuses
and neonates [30]. Concentrations of oleic, elaidic, and cis-vaccenic acids in the breast milk of cadmium-exposed women
might suggest the increased cadmium toxicity to the infant, taking into consideration even low cadmium passage to milk
[55]. Maternal cadmium exposure during earlier periods of pregnancy was inversely associated with birth weight and
ponderal index which indicates the delayed pattern of fetal growth [56].

With respect to human studies in Taiwan maternal and cord-blood cadmium was found to be associated with a
significantly decreased head circumference at birth and also described subsequent child grow up to first 3 years of life is
associated with a decrease in height, weight and head circumference [53]. Inverse association between prenatal cadmium
exposure and both fetal and child growth has also been observed in this study. Cadmium exposure during intrauterine
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influences fetal growth may induce carcinoma either through hyper and hypo DNA methylation [36, 57, 58]). A recent
population-based prospective study of 319 infant-mother pairs in Durham, USA was carried out to measure maternal
cadmium levels during early pregnancy and DNA methylation at regulatory differentially methylated regions in infants,
which is associated with the lower birth weight. Reduced levels of zinc are also found in this study that may moderate these
effects. Further higher maternal cadmium blood levels were also associated with lower methylation at the PEG3 DMR in
females and at the MEG3 DMR in male offspring. Associations between cadmium and PEG3 and PLAGL1 DNA methylation
were significant in infants born to women with low concentrations of Iron (Fe) [59]. Sex-specific modification in DNA
methylation was found in the fetal blood, where women are exposed to the low level of cadmium during pregnancy in
Bangladesh [34]. Impairment in the DNA methylation in the cord blood was closely linked with the maternal blood
cadmium concentrations.

Cadmium concentrations have been analyzed in the cord blood, maternal blood, and placental tissue with
cadmium-induced oxidative stress that adversely affects the birth outcome [32] and spontaneous abortion [60]. Leptin as a
biomarker of metabolic dysfunctions has been researched in different populations. A significant relationship between
maternal blood cadmium and high level of fetal leptin suggests that prenatal exposure to cadmium may impair fetal
metabolic development [61]. This evidence is also demonstrating the susceptibility of prenatal cadmium exposure to the
fetal development and growth of the children. A study in Da-Ye Country, Hubei Province in Central China pregnancy
outcome, and developmental adverse effect on offspring data of 109 pregnant women and 106 children up to 4.5 years of
age were related to In utero cadmium exposure [52]. After the multiple linear regression analysis points out that cord blood
cadmium level was significantly negatively linked with low fetus development and later IQ development in children.

Loss of body weight, various pregnancy outcomes, and impairment in anthropometric measurement following In
utero and early life exposure to cadmium were observed in human and animal study indicates growth impairment and
exhibit the vulnerability of developing infants. In most of the cases, infant mortality and birth outcomes were increased with
the increasing level of cadmium in cord blood, maternal blood, and placental tissue [62]. Fetal growth is also influenced by
various factors including maternal nutrition, genetic variability, and social status. The mechanisms by which cadmium
induces low birth weight and infant growth are not well understood. Of the various concerns, In utero and early life exposure
to cadmium has been shown that various pregnancy outcomes including the low birth weight of infants. Further, it may be
associated with adverse neurodevelopmental outcomes [63].

Neurobehavioural and cognitive dysfunctions

Cadmium has been categorized as potential developmental neurotoxicant due to its ability to crosses the placental
and blood-brain barrier [64, 65]. Therefore cadmium reaches the fetus and the brain during early development stages of
fetus or children [53]. It has been suggested that cadmium directly affects the development of the central nervous system|3,
66] and associated with behavioral and cognitive dysfunction, including poor learning memory in children during early life
[2, 52, 67-69]. Cadmium levels are measured in the umbilical cord blood, maternal urine, and placenta of women, after the
In utero exposure that is correlated with the adverse pregnancy outcomes and infants' health. Subsequently, urine and hair
are the most useful matrices to establish the association between cadmium levels and neurobehavioural dysfunctions in the
children [70, 71].

Cadmium low-level exposure, found in U.S. children (6-15 years old) as per NHANES (National Health and
Nutrition Examination Survey) relates the level of urinary cadmium to learning disabilities and attention deficit
hyperactivity disorder, this being stronger in boys [2]. A growing number of studies suggested that low to moderate levels
of cadmium is associated with neuropsychological development, neurological and cognitive dysfunctions, especially in
verbal IQ in children [5, 72, 73]. In the Korean study, the authors evaluated the IQ performance of children by using the
Wechsler Preschool and Primary Scale of Intelligence methods (WPPSI-R) at 60 months of age and successfully drawn a
correlation between maternal blood cadmium concentration and lower IQ in children [37]. Gustin et al. 2018 was also
reported that the adverse impact of prenatal and childhood cadmium exposure on children's cognitive behavior and the few
associations observed were more pronounced in girls than in boys [74].

Neuropsychological development and behavioral assessment were followed by Wechsler Intelligence Scale, reaction
time test, continuous performance test and selective attention test performed on children living in a coastal industrialized
region in southwestern Spain, the results show an opposite association between urine cadmium level and verbal
comprehension, had similar potency in both boys and girls [73]. Further, in this study, early life exposure was not associated
with hair cadmium levels with neuropsychological development in children but gender-specific results have also occurred
in this study. Full-scale IQ and verbal comprehension and perceptual reasoning domain results show the negative
association with cadmium exposure in boys, but not among girls. Several cross-sectional studies have been conducted in
cadmium contaminated areas reported associations between cadmium exposure and impairment in verbal IQ and visual-
motor and cognitive tasks of children [75, 76]. In many case-control studies, have been found to mental retardation [77]
and learning difficulties or dyslexia [78] in children with exposure to a high concentration of cadmium.
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Figure 1. In humans, exposure to cadmium is associated with adverse health effects. Cadmium In utero or in early
life also produces adverse various health effects in infants and children that consumed contaminant different
sources of cadmium. In utero cadmium exposure may lead to different pregnancy outcomes and poor infant
health (top) and early life exposure to cadmium demonstrate that adverse health effects in children (bottom).
These clinical outcomes may link the significant presence of cadmium in the umbilical cord blood, mother’s milk
and urine of both women and children. Examination of clinically relevant adverse outcomes may help to
elucidate cadmium-related pathogenesis and later-life disease susceptibility.

Bao et al. (2009) conducted an ecologic study to the assessment of behavioral disorders and found a higher
frequency of withdrawal, social problems and attention problems associated with higher hair cadmium levels in Chinese
children aged 7-16 years, who lived in the Hengshihe area that had different degrees of heavy-metal pollution [79]. In a
follow-up study conducted by [80] in Bangladesh, cadmium exposure was assessed through the urine of pregnant women
(1, 305 women) and the hair of their children at 5 years of age. An inverse statistically significant relationship has been
observed between cadmium levels in maternal urine during early pregnancy and verbal or full-scale IQ performance in both
genders [80].

These associations are stronger in girls than in boys. Cadmium levels in the hair of children pertaining to the early
life effects of cadmium exposure, a significant correlation was found with performance and full-scale IQ only in females.
With respect to behavioral studies, Sioen et al. (2013) conducted a cross-sectional study on children at 7 - 8 years of age in
Belgium and found 1.53 times higher risk for emotional problems in boys were associated with doubling cord blood
cadmium, whereas no such significant association was found in girls [81]. Cao et al. (2009) assessed the IQ of children at 5
and 7 years of age, but the association with 2-year blood cadmium levels was not statistically significant [3]. Maternal blood
concentration of cadmium during the early pregnancy period had not significantly associated with mental (MDI) and
psychomotor (PDI) development index scores of the infants at 6 months of age [82]. The association was not significant with
prenatal cadmium and McCarthy Scales of Children Abilities (MSCA) measure of cognition in 4-year-olds children in Spain
[83] but these ecological studies suggested that cadmium may also have a detrimental effect on neurodevelopment during
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In utero and early life exposure.

Cadmium has been associated with behavioral and cognitive dysfunctions in children and neurodevelopment
abnormalities in infants during In utero or early life exposure [40]. Few clinical studies have been proved that cadmium may
also act as an endocrine disruptor, influence the estrogens, thyroid, and growth hormones, all of which have a significant
role in brain development during In utero or early life [84-86]. It is difficult to explain on the range of cadmium in maternal
blood, maternal urine, placenta, cord blood, and child's urine, hair cadmium level with neurodevelopment outcomes,
neurobehavioural and cognitive dysfunctions.

Many experimental studies have revealed that prenatal exposure to cadmium may affect the normal development of
progeny and brain functions during early life [87-90]. A study by Minetti et al. (2006) showed altered the gabaergic and
serotonergic neurotransmission process along with anxiety behavior deficits in rat pups exposed to cadmium during the
gestational period. In addition, this prenatal cadmium exposure leads to a delay in the development of the righting reflex,
and the cliff aversion in the offspring, indicate that gestational cadmium exposure may modify the functions of the brain
[87]. Cadmium is accumulated in the placenta, resulting in alter with the zinc, other essential elements and nutrients during
the period of neurulation [90-93] with a wide range of cellular, neurochemical, neurotoxicological, and behavioral alterations
in neonatal rats after the cadmium exposure through the mother [66, 94, 95]. Zhang et al. (2009) had reported enhancement
of the oxidative stress (due to decrease in the activity of SOD (Superoxide Dismutase), CAT (Catalase), GSH-Px(Glutathione
Peroxidase), the increase in MDA (maleic dialdehyde) levels) in the brain of rat pups after the administration of cadmium
chloride led to impair the functions and ultrastructure of the central nervous system, which may contribute to elucidate the
possible mechanisms of cadmium-induced developmental neurotoxicity in rats [96]. In addition, the long term exposure of
cadmium and interaction with other metals such as cobalt and zinc leads to epigenetic modification and estrogen-like effect
which may be associated with the mechanism of neurotoxicity [97-101].

Renal Dysfunctions

Cadmium accumulates in various tissues and organs of the human body, especially in the kidney due to its long
biological half-life, hence known to be the main site of cadmium burden in older children [102]. Urine cadmium (U-Cd)
concentration, which is a well-accepted biomarker to long-term cadmium exposure in humans suggested that kidney
dysfunctions are associated with the accumulation of cadmium [103, 104]. High concentrations of cadmium in the urine of
infants, demonstrating the lower kidney accumulation of cadmium due to higher rates of urinary excretion in infants
compare to later in adult life [80, 105].

The developing kidney is more at risk to cadmium than the adult, as glomerular and tubular functions continue
to develop until 2-3 years of age [106]. Proximal tubules are the main sites of cadmium accumulation where primarily affects
is on cellular and the functional integrity of the proximal tubules [107]. A lot of concerns are available to cadmium-induced
nephrotoxicity in adults. Knowledge of such an effect on children is very scanty as reported in human and animal studies
[80, 108, 109]. The presence of cadmium in the blood might affect the renal glomerular endothelial cells barrier integrity and
lead to the development of clinical signs of glomerular diseases [110]. In the kidney, the cortex is found to be the main site
for the accumulation of Cadmium. Cadmium exposure may have a detrimental effect on tubular re-absorption of renal
function during childhood. Possible early signs of renal dysfunction at a low level of cadmium exposure are decreased
glomerular filtration rate and increased urinary loss of tubular enzymes [111- 113].

There are several predictable biomarkers for cadmium-induced kidney dysfunction. Increased urine excretion
of these proteins (urinary beta-2-microglobulin (UB2M) and retinol-binding protein (URBP) and N-acetyl-3-D-glucose
aminidase (UNAG) indicates kidney tubular damage [24, 104, 108, 114, 115]. Levels of serum proteins (albumin (ALB),
Cystatin C) in the urine are increased appear to be linked with renal glomerular damage [45, 116]. These are well established
renal damage biomarkers for cadmium exposed population which is linked with the level of cadmium in urine or blood [80,
117, 118].
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Table 1: Characteristics of different studies of cadmium exposure during In utero or early life exposure and

children’s developmental outcomes

Location Author and Study Study Age Exposure Metrics Exposure Levels Developmental Outcomes
Year of design Population (mean)
Publication Size(n)
China Wang et al. case- 132pregnant Healthy Pregnant maternal blood 1.21 ug/L, Preeclampsia
2018 control women women’s: 26.97 + umbilical cord blood 1.09 pg/L Fetal growth restriction
study 2.94 placenta 4.28 ug/kg
Preeclampsia
women’s:=26.33+
3.96
France Menai M et al. cohort 901 pregnant 18- to 45-years old maternal blood 0.55 + 0.42 g/L reduced birth weight
2016 study women cord blood Cd 0.88 +0.59 g/L. Fetal growth restriction
Heraklion, Chatzi et al. cohort 515 mother- 9 months, 18 urinary cadmium 0.571-2.658 pg/L slower weight trajectory in childrens
Greece 2019 study child pairs months, and 4 years slower height trajectory in girls
of age of child’s
Szczecin, Olszowski T et cohort 75 mother- women’s 28.23 + maternal blood 0.61 £ 0.62 pug/L oleic, elaidic, and cis-vaccenic acids
Poland al. 2016 study newborn 4.85 years newborn's blood 0.05 +0.04 pg/L in breast milk
pairs breast milk 0.11 £ 0.07 pg/L
Szczecin, Szkup- cohort 78 children — mean age of mean blood cadmium 0.215 pg/L Attention deficit disorder
Poland Jabtoriska M et study 16 girls and 62 children: 8 years level hyperactivity and impulsive
al. 2012 boys behaviour
u.s Ciesielski T et cohort 2,195 children 6-15 years of age of urinary cadmium 0.130 pg/L learning disability
al. 2012 study children
Seoul, Jeong KS et al. cohort 119 children 5 years of age of Maternal blood 1.51 % 0.36 pug/L Low Performance IQ
Cheonan, 2015 study and mothers children
Ulsan,
South
Korea
Heraklion, Kippler M cohort 575 mother- children at 9, 18 Materanal urinary 2.9 pug/L Low Cognitive scores
Greece et al.2016 study child pairs months, and 4 years cadmium
of age
Jiangsu Zhou T et al. cohort 296 Chidren mothers were less Umbilical cord blood 63.85 ug/L lower IQ and
Province, 2020 study than 25 years old at urinary cadmium 88.85 ug/L performance IQ
China delivery and school
age children
Belgium Wang H et cross- 249 mean age, 5.72 Boys urinary cadmium 0.22 ug/L renal and developmental effects
al.2107 sectiona schoolchildre years Girls urinary 0.24 pg/L
1 study n cadmium
(138 boys, 111
Girls)
Thialand Swaddiwudhip cross- 594 primary Mean Age 9.4+1.9 Blood cadmium 2.42ug/L urinary excretion of 2-MG, calcium
ong W et al. sectiona school Years Urinary cadmium 0.57pug/L (early renal effects), and urinary
2015 1 study children total protein (late renal effect)
Bangladesh ~ Skroder H et al. cohort 1106 4.4-5.4 year Urinary cadmium 0.5 pug/L Decease glomerular filtration rate
2015 study children
Torredn, Weaver MV et cross- 512 Median Age: 13.9 Urinary cadmium 0.22g/g Decease glomerular filtration rate
Mexico al. 2014 sectiona adolescents. years creatinine
1 study
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Adpverse effects on the renal system have been found in different cadmium-exposed children around the world,
including Bangladesh, USA, Belgium, Poland, Romania, Hungary, Germany, and Spain [80, 119]. Only a few research papers
have reported on renal diseases in early life with respect to environmental cadmium chronic exposure at low and high doses.
The incidence of renal diseases was found to be increased in 12 European countries studied under the DEMOCOPHES
project and established a significant correlation between urine cadmium (range0.10-0.69 ug/L) and creatinine, higher than
the reference value in all age groups (6 to 11 year) for both genders (boys and girls) [119]. DEMOCOPHES project finding
shows that cadmium may cause a disturbance in kidney functions even at low levels of exposure and further results, clarify
a higher risk of kidney damage in girls than in boys. Long term exposure to cadmium causes albuminuria and chronic
kidney disease with a median range of cadmium level above 1 ug/L in adults [120]. Cystatin C is another biomarker to assess
the effect of cadmium on kidney function [45]. A large cohort study of rural Bangladeshi preschool-aged children have
shown the potential long-term consequences and found that the link between eGFR and cystatin C level was mainly seen in
the girls. Regression analysis after the adjusted multivariable revealed that the urinary cadmium level is inversely associated
with eGFR in children with low concentrations of selenium. However, this association was more pronounced in girls than
boys and the slightly weaker inverse correlation between cadmium exposure and kidney volume was also observed [121].
Weaver et al. (2014) have reported a positive association of urine cadmium (0.22 g/g creatinine) with serum creatinine-based
eGFR, adjusted with urine creatinine, however poor relation between urine and serum cystatin-C-based eGFR have also
been addressed in USA adolescents. No consistent evidence of nephrotoxicity was observed in this study [122].

In a cross-sectional study of 594 primary school children exposed to cadmium in Thailand, urinary levels of
cadmium (U-Cd level, 5 ug/g creatinine) were associated with the increased levels of 32-microglobulin, and calcium but not
with urinary total protein. In view of this study confirmed that environmental cadmium exposure can impair kidney
functions in children [123]. Tubular proteinuria is an early sign of cadmium-induced nephrotoxicity, generally confirmed
by an increase in the excretion of 32-microglobulin, calcium, and enzymes such as N-acetyl-p-D-glucose aminidase [5, 17,
18, 107, 124]. The association of urine cadmium (0.26 pg/g creatinine) with urinary albumin level has been found in children
aged from 6 to 17 years, but this association turns in to be insignificant after adjusted creatinine and other potential
confounders [125]. The presence of albumin protein in the urine gives a sign of an increase in the permeability of the
glomerular filtration barrier thereby impaired the reabsorption rate of filtered proteins. Impaired tubular function, indicated
by higher excretion of urine (3-2-microglobulin (U-f-2M) and retinol-binding protein (U-RBP), has been found in former
children’s long term exposure to environmental cadmium during early life than in the unexposed adults. This study was a
follow-up of the 1991-1994 project by Trzcinka-Ochocka, et al. (2004) point out that children are more susceptible to kidney
dysfunction than adults who were born and grew up at the cadmium-contaminated area in the vicinity of a zinc smelter in
Poland [106]. Cross-sectional European survey on 800 children, those living around historical nonferrous smelters in France,
the Czech Republic, and Poland had found the appearance of Clara cell protein and N-acetyl-p-D-glucosaminidase were
associated with blood or urine cadmium levels indicate that subtle tubular effects on the kidney [108]. Exposure and
accumulation of Cadmium begin at a young age, mainly in the kidney cortex and major source for Cd exposure in children
is through food. The pertinacious nature of this metal in the environment needs a long-term step to minimize human
exposure through proper environmental management [126]. Ruiz et al. (2010) used the computerized models for assessing
the health risk to monitor the urine cadmium level among 6-11-year age group of children, for both genders and found
approximately twofold higher U-Cd level among females than males in all age groups [127]. Urinary and blood cadmium
level has been found to associate with renal dysfunctions biomarker in early life exposed children’s and suggest that the
chronic exposure to cadmium even low at dose may widen the chronic kidney diseases in later life.

Several animal studies have evaluated the association between cadmium exposure and the risk of kidney
functions during In utero or early life [128-130]. An In-vivo study demonstrated that accumulation of cadmium increases
in the kidney from postnatal day 2 to postnatal day 60, where rats were exposed to cadmium through mother during the
gestational period [130]. Glomerular filtration was not appearing to get significantly affected until PD45 (postnatal day 45).
However, glomerular filtration rate significantly decreased and was associated with an increase in the excretion of the Na*
(Sodium), K* (Potassium), Mg? (Magnesium), Ca?* (calcium) ions on PD60 (postnatal day 60). The presence of cadmium in
the milk of rats confirmed that pups were also exposed to cadmium via breast milk during postnatal development [130]. I
utero cadmium exposure to rats shows a remarkable decrease in the activity of alkaline and acid phosphatases, Mg?/Ca?*-
dependent ATPase, and Na*/K*- dependent ATPase indicating that cadmium is able to impair the renal functions [131]. The
activity of these enzymes is related to the functions of the kidney such as re-absorption and secretion processes and
differentiation of the proximal tubules. KIM-1 (kidney injury molecule-1) is a transmembrane protein highly expressed in
kidney excreted into the urine and only after any toxic insults, but not normally detected in the kidney [132-134]. Increased
mRNA expression of KIM-1 in the kidney has been reported in both directly cadmium oxide nanoparticles exposed to
pregnant females and their newborn offspring [135]. Cadmium-induced renal dysfunctions were associated with the
biochemical, anatomical, functional, and physiological changes of a kidney, suggesting that long term exposure to cadmium
during In utero or early life may produce systemic nephrotoxic effects. Cadmium may have a strong impact on renal
functions in children as compared to adults.
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Carcinogenesis and cancer-related mortality

Cadmium is an established human carcinogen, first classified by the International Agency for Research on Cancer
[136]. Several occupational studies have been found that chronic cadmium exposure can induce cancer mortality, including
breast, lung, prostate, pancreatic and renal cancers [137-140]. To date, almost all published studies linking Cadmium
exposure with carcinogenesis have reported a high risk of cancer in adults and very less in children. The evidence of cancer
risk in children caused by cadmium exposure appears to be well supported by epidemiological (cohort, case-control) studies.
An underlying relation between cadmium in air pollution and cancer incidence rate was observed in children of Poland
under 18 years of age during the 1995-2004 periods. With respect to this study very weak coefficient correlation (0.1-0.3)
was reported between the numbers of reported cases of cancer in boys with cadmium-related environmental pollution and
no such correlation has been found in the case of girls, whereas children were exposed to cadmium during In utero and early
life stage [141]. Leukemia risks of childhood were slightly increased from exposure to cadmium through contaminated
drinking water with other toxicants during the postnatal period [142]. A large case-control study in Egypt, with 350 pediatric
cancer cases aged 3 to 14-years old and 350 control healthy children have demonstrated a significant correlation of cadmium
level (blood, urine, scalp hair, and nails) in different cancer cases (leukemia, lymphoma, wilm tumor, neuroblastoma,
rhabdomyosarcoma, brain tumors, and teratomas) (P<0.001) compared to the controls [143]. The association between
cadmium exposure and pediatric malignancy was reported more frequently with tobacco smoke exposure, rural residence,
and low socioeconomic status when compared with controls. Pancreatic cancer patients living in rural areas compared with
controls have been consistently found in Dakahlia, Egypt with the high-level of cadmium in serum [144].

However, findings of the studies have added the other additional factors such as co-exposure to other toxic heavy
metals, chemicals, and lifestyle in cadmium-induced carcinogenesis [25, 141, 145, 146]. Genetic and other environmental
factors may also appear to be a significant contributor to the incidence of cancer and the progress of diseases [147-148]. An
additional important question is also raised that the difference in the incidence rate of cancer in rural and urban areas that
might be an interesting environmental study. Nutritional deficiencies chiefly calcium, zinc, and iron are a more susceptible
factor among low socioeconomic children suggested that it is an important cofactor for cadmium accumulation in tissues
and increasing incidence of their hazards and thereby indicates the involvement of nutritional deficiencies in the risk of
malignancy [91, 146, 149]. The relationship between iron deficiency (ID) and the concentration of blood cadmium was
investigated and shared the neurotoxic effects in U.S. children aged 3-19 years [150] Smoking is another important factor to
contribute to the development of cancer with an increase the accumulation of cadmium in individuals who smoke cigarettes
and the strong the relation between cancer and smoking [18, 151].

In addition to clinical studies, a number of experimental studies were conducted during early life and In utero
cadmium exposure in rodents to establish cadmium-induced carcinogenesis [152, 153]. Multiple rodent studies have
confirmed that cadmium exposure develop various types of cancer by multiple mechanisms including endocrine disruption
[154, 155], induction of oxidative stress, generation of reactive oxygen and nitrogen species (ROS/RNS) [156], inhibition of
DNA damage repair, inflammation [157, 158] and inhibition of apoptosis [159]. Cadmium may also promote carcinogenesis
by aberrant gene expression, cell proliferation, and differentiation [160, 161] DNA base modifications [162].

Summary and conclusion

Human and animal database supports that cadmium is an environmental toxicant, which has a greater
susceptibility for the fetus and children as a result of exposures during In utero and early life. The information on In utero
and early life cadmium exposure in terms of the high risk of kidney diseases, pregnancy outcomes, impairment in
neurodevelopment, cancer, and other diseases through various modes of action, showing more susceptibility to a critical
period of development of the organ in fetus or children. Of various mechanistic pathways through which cadmium has the
ability to change the physiological, functional, and structural of different organs of the body during In utero or early life
exposure. A growing body of literature In utero or early exposure of cadmium on both animals and humans suggests that
cadmium concentration in urine, blood, and hair has been linked with adverse health effects in fetuses or children [163],
[164]. Prenatal cadmium exposure has been assessed by the measured levels of cadmium in cord blood or placenta and
thereby indicates the maternal cadmium burden and fetal growth [80]. There is various epidemiological evidence that the
kidney is a major target organ to cadmium exposure due to the long half-life of cadmium in the kidney (10-30 years) relative
to that other system. Long-term exposure to cadmium during In utero and early exposure suggested that cadmium has the
capability to produce neurological deficits, along with behavior modifications, which are observed in clinical and
experimental studies. Data on In utero cadmium exposure with neurological problems is very limited so far and more
research is needed. In utero and early life cadmium exposure in relation to long-term health consequences may also be
associated with genetic and environmental factors. In spite of chemical, social, or other nutritional factors are including
additional factors of sex, smoking, alcohol consumption, and exposure to mixtures known to influence the susceptibility to
the adverse effects of cadmium. The timing of exposure is a very important factor to identify the intensity of the effects and
whether these factors will interact with it. Most of the published reports do not provide the exact duration in which peoples

Page 8 / 18 http://eaht.org



Chandravanshi et al. | Developmental toxicity of cadmium in infants and children: a review

were exposed to cadmium. Smoking is the main factor to influence the toxicity of cadmium as cigarette has a significant
additional amount of cadmium [68]. The mechanisms by which cadmium might delay the anthropometric development and
growth of the fetus are not well recognized. However, enhanced oxidative stress, inhibition of DNA repair with altered
DNA methylation, protein modification in cord blood or placental tissue has been linked with the adverse effect on
pregnancy outcomes and fetus growth [32, 59, 64]. Ecological studies have also shown that cadmium may act as influence
the estrogens, thyroid endocrine, and growth hormone system during In utero and early life exposure [85, 86]. Cadmium
may also directly or indirectly affect the normal growth of vital organs, including the nervous system during intrauterine
life via several feasible approaches. Accumulation of cadmium in the placenta may decrease the transportation of trace
elements (Fe, Mn, Zn, Mo, Cu) to the fetus, due to cadmium interaction with trace element metabolism through a different
mechanism that is not well known [48, 156, 165]. Zinc and iron are very essential metals for the development of the brain
and other systems during the developing period of fetuses and children. Decreases in the normal levels of zinc, iron, and
copper have been found to be linked with an increase in the content of cadmium. In addition, increase the urinary excretion
of some essential metals, such as copper, zinc, and iron has been observed in the cadmium-exposed population [166, 167].
High concentrations of kidney cadmium in the Jamaican population may be related to hypocupraemia and is associated
with the high cadmium pollution area [168]. Many experimental studies have shown that antagonistic interaction between
cadmium and selenium, but an association between selenium and cadmium burden in concerning children and pregnant
women is very scanty, and therefore more research is needed for the interaction of cadmium with selenium [169].

Chronic exposure to cadmium to be continuing for millions of people’s world widely via multiple sources like
smoking of cigarettes, consumption of cadmium contaminated cereals including rice and its products, fishes, and cosmetic
products may be a common source of cadmium exposure. Direct assessment of the condition of a family, including the
education level of parents and other multiple factors as well as genetic influences with cadmium exposure could not be
completely ruled out in most of the ecological studies. Consequently, more research will have to require further
investigation of potential long-term health consequences In utero and early life exposure to cadmium and its interaction
with environmental and genetic factors. Different patterns of cadmium exposure for intrauterine and early life stages and
interact with the environment through which different the way would identify. This approach will help to establish the
mechanism and pathways for the relationship between cadmium exposure and health effect in pediatric populations and
also provide the information to implement environmental management strategies for better cautiousness or vigilance and
management of cadmium associated health effects, especially in children.
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