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Cadmium is ubiquitous in the diet, with the highest levels present in grains, leafy greens, and shellfish. Cadmium is a

major health risk globally and is associated with pollution and anthropogenic activity. It is important to understand the

dietary sources of cadmium, how they are monitored, and the effect of cadmium exposure to human health. 
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1. Cadmium Exposure in Humans

Understanding all possible routes of human cadmium exposure is important to consider when assessing one’s risk of

excessive exposure. Cadmium exposure occurs through three possible routes: dermal, gastrointestinal, or pulmonary.

Inhalation of cadmium by industrial workers or smokers is a significant exposure risk, but for the general population of

non-smokers, exposure most commonly occurs via ingestion of contaminated foods or water . Previously, it was

suggested that atmospheric changes in cadmium levels due to increased pollution may affect blood cadmium levels.

However, a recent study found that ingestion of dietary cadmium has a stronger impact on blood cadmium levels , likely

due to the biomagnification of cadmium in dietary sources versus occasional acute exposure from atmospheric pollution.

Therefore, it is important to consider dietary sources of cadmium, which may contain excessive cadmium, so that people

and public health authorities can decide whether to mitigate excessive cadmium exposure risk by eliminating or reducing

these food sources in the diet. Notably, cadmium is found ubiquitously in nature, and not all anthropogenic sources are

the result of industrial emissions. For example, it has been documented that metal pollution can occur due to mining,

aquaculture, wastewater treatment, crop farming, and animal breeding .

Diet is the most prevalent source of cadmium exposure in the general population, and it is also a source that can be

mitigated to reduce cadmium exposure. It is estimated that daily dietary cadmium intake in unpolluted European areas

can vary from 0.1 to 0.45 µg/kg bodyweight. However, in polluted areas, the total intake may be significantly more than the

tolerable daily cadmium intake and reach several hundred µg/day . This has major implications when considering the

overall intake of cadmium from various foods, which tends to govern what limits are applied to the cadmium content of

foods intended for human consumption. Lifestyle choices are certainly one of the biggest determinants of cadmium

exposure. Smoking is a significant modifiable risk factor for cadmium exposure, as the tobacco plant accumulates

cadmium from the soil into its leaves with great efficiency . The United States national geometric mean blood cadmium

level for non-smoking adults is 0.47 µg/L, whereas the mean of smokers is approximately thrice as high at 1.58 µg/L .

Smoking is estimated to at least double the body burden of cadmium exposure in one’s lifetime. Cadmium oxide (CdO) is

a highly bioavailable form of cadmium that is responsible for the high concentrations of cadmium in the blood, urine, and

tissues of smokers compared with non-smokers .

Whether there are specific foods that one should avoid, or dietary alterations required to reduce a person’s exposure to

dietary cadmium is a topic of interest. The European Food Safety Authority (EFSA) noted that it is not the foods with the

highest cadmium levels but, rather, the foods that are consumed in larger quantities most often that have the largest

impact on dietary exposure to cadmium . EFSA, using the food description and classification system FoodEx,

determined that dietary cadmium exposure in European populations mainly originated from grains and grain-derived

products (26.9%), vegetables and vegetable products (16.0%), and starchy roots and tubers (13.2%). In more detail, the

following food categories contributed the most to dietary cadmium exposure across all age groups: potatoes (13.2%),

bread and rolls (11.7%), fine bakery goods (5.1%), chocolate products (4.3%), leafy vegetables (3.9%), and molluscs

(3.2%). However, it was noted that crustaceans were among a group of foods that exceeded 100 μg/kg, along with algal

formulations, cocoa powder, offal, some seafood, mushrooms, and water molluscs . Lifetime cadmium dietary exposure

for Europeans is estimated to be approximately 2 μg/kg bodyweight/week (averaged for all age groups)—within the

EFSA’s tolerable weekly intake (TWI) of 2.5 µg/kg bodyweight/week.
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In Ireland, weekly adult intake of cadmium has been estimated to be between 1.1 and 2.5 µg/kg bodyweight/week, which

is between 44 and 62% of the EFSA’s TWI . These findings indicate that the majority of Irish people are not exposed to

excess dietary cadmium levels. These findings are supported by the National Adult Nutrition Survey, which examined

urinary cadmium excretion in the general population They and that 95% of participants had urinary cadmium levels below

the 1 µg cadmium/g creatinine that the EFSA has deemed safe . The main cadmium-contributing foods in the Irish diet

were cereals (39%), vegetables (36%), and dairy (12%), where fish and shellfish only accounted for approximately 1%

, likely due to the low consumption of fish and shellfish in Ireland.

In the United States, a recent study was conducted to determine the intake and sources of cadmium . The average

intake of dietary cadmium in the general population was 4.6 µg/day, or 0.54 µg/kg body weight/week—that is,

approximately 22% of the tolerable weekly intake (TWI), which is considered to be 2.5 µg/kg body weight/week. However,

certain demographics—such as elderly men, those who were well-educated and had a high income, and those with high

adiposity—had higher levels of cadmium intake . The food groups that contributed the most to the majority of the

cadmium intake in the United States were cereals and bread (34%), leafy vegetables (20%), potatoes (11%), legumes

and nuts (7%), and root vegetables (6%). Notably, the individual foods that contributed the most to the overall cadmium

intake included lettuce (14%), spaghetti (8%), bread (7%), and potatoes (6%).

Interestingly, but unsurprisingly, due to the many cultures that coexist in the United States, there were ethnic and cultural

differences in cadmium intake due to differences in dietary preferences. Lettuce was a major cadmium source for

Caucasian and Black populations, whereas tortillas were the main source for Hispanics, and rice was the top contributor

to the Asian population. Notably, the trends of cadmium intake in the United States seem to be very similar overall to

those in the European Union. This is also unsurprising because despite there being many culinary differences in the foods

and cultures of the US and Europe, the prevailing dietary pattern in both regions is the so-called “Western Diet”

characterised by highly processed foods . Amongst the Asian populations of the United States, smoking was the main

exposure route for cadmium, followed by dietary exposure , which increases one’s risk for many non-communicable

diseases—including cardiovascular, renal, and pulmonary diseases . It is notable that fish and shellfish comprise a

low contribution of cadmium to the American diet, but fish consumption is traditionally low in the United States .

Looking further afield, there are similarities between the so-called Western countries and Asian countries such as the

People’s Republic of China (PRC) and South Korea. The average total daily cadmium intake in healthy Koreans is

estimated to be 20.8 µg/day . Notably, the food groups recorded are starkly different to the food groups associated with

higher cadmium exposure in Europe or the United States. In particular, they seem to be culturally relevant. For example,

there are much higher levels of rice (40.3%), as was noted in Asian groups from the United States cohort , but also

higher intake of seafood and specific foods associated with Korean cuisine, such as kimchi and seaweed. Indeed, crab in

this case was shown to contribute 8.6% of the cumulative cadmium intake in this South Korean population.

Many parts of the PRC share similar food consumption patterns to South Korea and, thus, similar cadmium exposure .

In one study , freshwater crab and sea-caught crab samples obtained contained 0.101 ± 0.323 and 0.544 ± 1.203

mg/kg (mean ± standard deviation) cadmium, respectively, which were estimated to be consumed at 0.7 ± 7.3 and 0.8 ±

8.9 g/day by the general population. This contrasts with rice and wheat, which contain 0.062 ± 0.128 and 0.021 ± 0.026

mg/kg of cadmium and are consumed at 218 ± 174.5 and 145.4 ± 168 g/day (mean ± standard deviation), respectively.

These data show that while it is true that crab contains higher concentrations of cadmium in mg/kg weight, its

consumption levels are markedly different. A further examination of the specific food groups contributing dietary cadmium

to the Chinese population is presented in Table 1. The interesting point of this research is that for the high-exposure

subpopulation with cadmium exposure higher than the 95th percentile, rice was the largest contributor (58.6%), followed

by shellfish (13.2%), and leafy vegetables (9.2%). This is a very small sub-fraction of the population that are exposed to

such high levels of cadmium because of their dietary choices; it would be interesting to break down the subcategory of

shellfish further to determine the impact that crab may have on the consumption of cadmium in this cohort. The study

determined that the mean dietary cadmium exposure of the general Chinese population was 15.3 μg/kg body

weight/month (30.6 μg/day for a 60 kg average body weight of adults). A similar study in Shanghai found that the average

exposure to dietary and environmental cadmium was 167 µg/day (34% of the PTDI). Similarly, vegetables and rice were

the main sources of dietary cadmium, and tobacco accounted for 25% of the total cadmium exposure from non-

occupational sources . Considering that almost 20% of agricultural soil in the PRC is contaminated with cadmium , it

is likely that their dietary exposure to cadmium will only increase with their growing economy. Furthermore, the daily

exposure to dietary cadmium in the Chinese population is significantly higher than that in either Europe or the United

States.
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Table 1. Data depicting the main contributors to dietary cadmium intake in (A) the general Chinese population and (B) the

highly exposed Chinese population. Data adapted with permission from .

General Population (A) High-Exposure Population (B) *

Food Group Percentage (%) Contribution of
Dietary Cadmium Intake Food Group Percentage (%) Contribution of

Dietary Cadmium Intake

Rice 55.8 Rice 58.6

Leafy vegetables 10.5 Leafy vegetables 9.2

Wheat flour 11.8 Wheat flour 2

Shellfish 4.8 Shellfish 13.2

Meat 2.6 Meat 2

Seaweed 2.4 Seaweed 6.4

Other vegetables 2.4 Other vegetables 1.4

Other cereals 2.1 Other cereals 0.9

Root and stalk
vegetables 2.0 Root and stalk

vegetables 1.7

Mushrooms 1.1 Mushrooms 1.5

Fish 1.1 Fish 1

Legumes 0.9 Legumes 0.6

Fruits 0.6 Fruits 0.4

Eggs 0.6 Eggs 0.2

Nuts 0.4 Nuts 0.4

Offal 0.4 Offal 0.2

Other 0.5 Other 0.3

* The highly exposed population was determined to be those within the 95th percentile of the mean dietary cadmium

exposure of the general Chinese population.

The total diet study (TDS) is a food safety monitoring program that is conducted by various food agencies, including the

United States Food and Drug Administration (FDA), the Food Standards of Australia and New Zealand (FSANZ), and the

European Food Safety Agency (EFSA) . These are “market basket surveys” that collection of various food samples

from groceries and retailers for the quantitation of food additives, pesticide residues, contaminants, nutrients and, of

course, heavy metals . The TDS provides a realistic approach to gauge the relative contribution of each food group

and specific item to estimate the total intake of cadmium in the diet. Foods that were consumed in large quantities at high

frequency contributed the most to cadmium intake . Currently, TDS data are available for a limited number of countries,

including Australia, the United States, France, Spain, Sweden, Chile, Denmark, and Serbia . Overall, data from TDS

show that these countries’ cadmium intake varies between 8 and 25 µg/day for the average consumer with staple foods

(e.g., rice, wheat, and potatoes), which accounted for 40–60% of total dietary cadmium ingestion. Shellfish, crustaceans,

molluscs, offal, and spinach were considered to be additional cadmium sources . These types of studies are often

thought to underestimate dietary cadmium, as they fail to demonstrate an association between estimated cadmium intake

and the incidence of cancer and bone diseases .

Overall, these epidemiological and dietary studies demonstrate that dietary cadmium exposure is affected by many factors

and that the main contributor of dietary cadmium in all instances around the world mostly originates from staple foods

such as rice, wheat, and other grains. In Asian diets, seafood and shellfish were contributors to dietary cadmium intake,

but this is not necessarily the main source in countries that consume Western diets. Overall, it seems that it is important to

strike a balance and be cautious of foods that are potentially significant contributors of cadmium to the diet. Indeed,

moderate consumption of shellfish should not significantly affect one’s risk of illness from cadmium ingestion, but further

research specific to crab consumption is required.
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2. Cadmium Ingestion and Accumulation in Humans

Depending on the exact dose and nutritional composition of a food, the human gastrointestinal tract can take up 3–5% of

ingested cadmium . Various factors can affect cadmium uptake in humans, such as low intakes of calcium, vitamin

D, zinc, and copper . One possible mechanism of high cadmium resorption is related to the assumption that cadmium

shares molecular homology with zinc and calcium; as a result, low levels of these minerals are compensated by higher

cadmium resorption . This observation was closely replicated in competitive resorption studies in rats against other

polyvalent cations such as Cr , Mg, Ni, Pb, and Sr . Notably, a low zinc/iron status in individuals who subsist on diets

characterised by high rice intake may cause high absorption of cadmium in contrast to other staple diets . Other factors

that affect cadmium uptake include gender, nutritional status, diet, and smoking status can also affect the bioavailability of

cadmium in humans .

Indeed, various human studies show that cadmium intake can be increased by dietary fibre intake . Animal experiments

have shown that diets with high concentrations of protein and lipids can also increase net intestinal uptake of cadmium

and that diets high in wheat bran may reduce cadmium intake . The exact mechanisms of these effects on cadmium

intake are yet to be fully elucidated. On the other hand, cadmium can bind to low-molecular-weight proteins rich in

cysteine such as metallothionein, which may increase its bioavailability . This has been demonstrated naturally in

various marine organisms where cadmium seems to be bound to small, soluble cytoplasmic proteins, including in oysters,

mussels, scallops , and green crab (Carcinus maenas) . In rat studies, cadmium binds to amino acids and

peptides in the intestinal tract , which undoubtedly has implications for its bioavailability. What these studies suggest is

that these effects may be the result of a food matrix effect in a similar way to dairy products, where nutrients are more or

less bioavailable depending on the food’s structure and composition . This implies that the foods or ingredients that

people mix with foods containing high cadmium levels may affect the overall bioavailability of cadmium. Therefore, it may

be possible to mitigate cadmium’s bioavailability when preparing foods that may have higher levels of cadmium by altering

the food matrix. However, research is very limited in this area, and further studies are required to confirm such

associations.

Evidence from animal studies shows that marginal deficiencies in zinc, iron, and calcium can enhance the absorption,

organ accumulation, and retention of dietary cadmium . Moreover, marginal deficiencies can enhance cadmium

absorption as much as 10-fold in diets containing low cadmium concentrations similar to those consumed by some human

populations, indicating that people who are nutritionally marginal with respect to zinc, iron, and calcium are at higher risk

of cadmium-related diseases than those who are nutritionally adequate . Indeed, similar studies in humans show

that an individual’s iron levels may be a metabolic factor of concern in the resorption of cadmium. It has been

demonstrated that a lack of iron leads to a 6% higher uptake of cadmium in individuals with normal iron levels . A study

of iron-deficient children in the United States found elevated blood cadmium levels . This accounts for higher cadmium

absorption in individuals with a habitual iron deficit (e.g., children or menstruating women) or people with anaemia . It

seems that these observations are the result of the expression of DCT-1 and MTP1—metal ion transporters in the

gastrointestinal tract that act as a gate for cadmium resorption when low iron levels occur . Overall, the evidence

presented supports the notion that dietary components and trace element status can affect the fractional intestinal uptake

of cadmium, as reviewed by Andersen et al. .

These findings hint at the possibility of ensuring that individuals who may be at high risk of exposure to cadmium have a

healthy nutritional status. Those who may be deficient in some minerals may consider dietary alterations or dietary

supplements to ameliorate mineral deficiencies.

3. Cadmium’s Transport, Bioavailability, and Excretion in Humans

Cadmium is well-known for its toxicity to humans, as evidenced by decades of observational studies and research. Like

many heavy metals, bioaccumulation of cadmium in mammals can differentially affect certain tissues, including bone, the

liver, muscle, and the kidneys. Indeed, Cd  is dangerous in that it can substitute for Zn in enzyme structures. Likewise,

calcium and cadmium have similar ionic radii (109 pm and 114 pm, respectively), meaning that cadmium can accumulate

in the bone along with calcium .

Once taken up by the gastrointestinal tract and deposited into the bloodstream, cadmium binds to proteins such as

albumin and metallothionein. From there, it is transported to the liver, where cadmium can induce the production of

metallothionein. Following the necrosis and apoptosis of hepatocytes, cadmium–metallothionein (Cd–M) complexes form,

which are washed from sinusoidal blood. Some cadmium then enters the enterohepatic cycle via secretion into the biliary

tract in the form of cadmium–glutathione conjugates. Cadmium can then be enzymatically degraded to cadmium–cysteine
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complexes in the biliary tree, where it can re-enter the small intestine . Cadmium accumulates in the renal tubular

cells in the cortex of the kidneys via the transport of metallothionein. It resides there, where it can have a half-life of 10–30

years . Lifelong exposure to and consumption of foods containing cadmium can lead to the accumulation of cadmium,

and as it is very slowly excreted from the body, it causes irreversible tubular cell necrosis in the kidneys . Unfortunately,

the kidneys are the organs most susceptible to damage from cadmium accumulation , although chronic and prolonged

exposure to cadmium can have devastating effects on various tissues of the human body and can even cause bone

demineralisation . When cadmium arrives at the kidneys in the form of Cd–M, it is filtered in the glomerulus and

reabsorbed in the proximal convoluted tubules, where it tends to remain .

Cadmium concentrations can be measured in urine, hair, blood, nail, and saliva samples. Cadmium-induced kidney

damage correlates with urinary cadmium excretion. Indeed, proteinuria characterised by the excretion of low-molecular-

weight proteins such as retinol-binding protein or ß -microglobulin  is likely to occur with a 10% response rate when the

concentration of cadmium in the cortex exceeds approximately 200 μg/g wet weight (200 ppm) . Moreover, urinary

cadmium has been used as a non-invasive detection method of the accumulation of cadmium in the kidneys, and as a

marker of tubular dysfunction in industrial workers and those who have had low environmental exposure. This is due to

the curvilinear relationship between urinary cadmium and cadmium accumulation in the kidneys . This allows for the

urinary cadmium value corresponding to the critical kidney cadmium level of 200 ppm to be estimated at 10 μg/g

creatinine, which is estimated in concordance with the relationship between urinary cadmium and proteinuria .

These measurements are now well-established and, in populations with excessive exposure to cadmium, urinary

cadmium is correlated with the renal cadmium levels or body burden. Worryingly, these levels remain elevated many

years after cessation of exposure .

While measuring ß -microglobulin was previously thought to be the most reliable and accepted method of measuring

cadmium burden and levels in humans, there are several other urinary biomarkers for the assessment of the renal effects

of cadmium. A significant debate about the utility of these various biomarkers is ongoing . These markers are outlined

in Table 2 as per the publication of Satarug . The associated renal biological effects are also enclosed in Table 2.

These biomarkers are currently being used to assess the impacts of seafood and crab consumption on human health 

.

Table 2. Urinary biomarkers for the assessment of cadmium burden on the kidneys. Adapted from Satarug .

Biomarkers Abnormal Values Interpretations and Associations

NAG >4 U/g creatinine Tubular injury, mortality

Lysozyme >4 mg/g creatinine Tubular injury

Total protein >100 mg/g creatinine Glomerular dysfunction, CKD

Albumin >30 mg/g creatinine Glomerular dysfunction, CKD

ß MG ≥1000 µg/g creatinine Irreversible tubular dysfunction

ß -MG ≥300 µg/g creatinine Mild tubular dysfunction, rapid GFR decline

ß -MG ≥145 µg/g creatinine Increased hypertension risk

α1-MG ≥400 µg/g creatinine Mild tubular dysfunction

α1-MG ≥1500 µg/g creatinine Irreversible tubular dysfunction

KIM-1 ≥1.6 mg/g creatinine in men
≥2.4 mg/g creatinine in women Kidney injury, urinary KIM-1 levels correlated with blood cadmium levels

Abbreviations: NAG = N-acetyl-β-D-glucosaminidinase; ß -MG = beta-2 microglobulin; α1-MG = α1-microglobulin; KIM-1

= kidney injury molecule-1; CKD = chronic kidney disease; GFR = glomerular filtration rate.

An interesting in vivo study assessed the bioavailability of cadmium from boiled crab hepatopancreas, inorganic cadmium,

or dried wild mushroom fed to mice . The study design included a control group of mice that received low levels of

cadmium (<0.007 ppm) in their feed, which did not lead to detectable levels of cadmium over a 9-week exposure period.

The authors used cadmium accumulation in the kidneys and liver as a measure of absorption. Notably, the bioavailability

of cadmium from boiled crab hepatopancreas was lower than that of cadmium from mushroom or even inorganic

cadmium. Cadmium in the crab hepatopancreas is mainly associated with denatured proteins with low solubility, whereas

a large proportion of cadmium in dried mushroom is associated with soluble ligands. Therefore, there was an indication
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that the difference in cadmium speciation might account for the lower bioavailability of cadmium from crab than from

mushroom. However, the authors commented that the difference in bioavailability was low, and that restricting intake was

recommended if the products were high in cadmium. This may be evidence of cadmium speciation or, indeed, a food

matrix effect. A similar study in which rats consumed a diet consisting of high crab intake (4 mg/kg organic-bound

cadmium), a low-crab diet (0.2 mg/kg organic-bound cadmium), or a casein-based cadmium diet (4 mg/kg as cadmium

chloride) for 6 months showed that cadmium intake from the high-crab diet was only half that of the diet consisting of

cadmium chloride . These findings also appear to indicate that there may be a food matrix effect at play. Other studies

in humans have shown that cadmium is more bioaccessible from fish (84%) than from shellfish (73%) . Worryingly,

individuals who smoke cigarettes and have a high consumption of seafood can experience exacerbated adverse effects of

cadmium exposure . This is particularly dangerous for populations such as the PRC, where many of the people smoke

frequently. There are still many questions regarding cadmium’s bioavailability that require further investigation, particularly

regarding the food matrix effect and how it may be leveraged to mitigate dietary cadmium intake.

Another point to note is that current health risk assessments relating to cadmium exposure in humans rely heavily on the

evaluation of the toxicity to the kidneys alone. In 2010, the Joint Food and Agriculture Organisation (FAO) and World

Health Organisation (WHO) Expert Committee on Food Additives and Contaminants (JECFA) deemed the kidneys to be a

suitable target for evaluating cadmium toxicity, as measurements of ß -microglobulin could be used as a surrogate

biomarker for the effects of dietary cadmium intake . The JECFA established a tolerable monthly intake of 25

µg/kg/bodyweight per month, with a urinary cadmium excretion rate of 5.24 µg/g creatinine or 0.8 µg/kg/day as a

nephrotoxicity threshold . While the EFSA and JECFA share the same critical ß -microglobulin endpoint of 300

µg/g creatinine, the EFSA adopted a different cadmium excretion rate of 1 µg/g creatinine as the nephrotoxicity threshold,

along with an uncertainty factor of 0.36 µg/kg bodyweight per day for 50 years as a benchmark dose . While these

values are important references to monitor to stay within safe levels of cadmium exposure, relying on one biomarker (ß -

microglobulin) is insufficient. In 2019, Satarug et al.  showed that ß -microglobulin excretion levels as low as 100–299

µg/g creatinine were associated with a 4.7-fold increase in eGFR to ≤60 mL/min/1.73 m —a measurement consistent with

chronic kidney disease. Therefore, a ß -microglobulin endpoint of 300 µg/g creatinine may not be a low enough threshold

to detect early nephrotoxicity .

Considering the emerging evidence that many organ systems are affected by cadmium exposure, other toxicity endpoints

may be informative for risk assessment. As reviewed by Satarug et al. , other biomarkers of chronic low-dose cadmium

exposure may contribute to risk assessments. For example, reductions in estimated glomerular filtration rate (eGFR) and

lower fecundity have been observed at cadmium excretion levels as low as 0.5 µg/g creatinine, with worsening outcomes

noted in a dose-dependent manner . In men, sperm cadmium levels are inversely associated with sperm motility 

and appear to be associated with other measures of sperm quality, viability, and acrosome reactions . In females, high

blood cadmium levels have been associated with infertility . High urinary cadmium levels (~0.70 µg/L) have been

associated with ovarian reserve depletion and ovarian insufficiency, with serum follicle-stimulating hormone (FSH) levels ≥

10 IU/L  and ≥25 IU/L , respectively. However, sampling and monitoring of reproductive health is intrusive and

inconvenient; therefore, surrogate markers such as serum FSH or anti-Mullerian hormone (AMH) in females may be

useful. Blood biomarkers are preferred because of the convenience of analysing a blood sample. Therefore, alternative

approaches have been sought, including monitoring of epigenetic factors . Preliminary research indicates that cadmium

exposure induces epigenetic changes in micro ribonucleic acids (miRNAs) that may lead to the development of novel

blood-borne biomarkers . Collectively, these findings indicate that additional novel biomarkers of human cadmium

exposure are necessary to determine one’s risk of toxicity and disease, as opposed to the reliance on monitoring kidney

function alone.

4. Cadmium Toxicity in Humans

Cadmium can affect important cellular functions such as cell differentiation, proliferation, and apoptosis, which is of

concern considering that these processes overlap with the important processes of the generation of reactive oxygen

species (ROS) and DNA repair mechanisms . Cadmium at low concentrations even has the capacity to bind to

mitochondria and can inhibit cellular oxidative phosphorylation and cellular respiration . Cadmium exposure results in

chromosomal aberrations, DNA strand breaks, sister chromatid exchange, and DNA–protein crosslinks. Cadmium can

potentially cause mutations and chromosomal deletions . Cadmium toxicity encompasses the depletion of reduced

glutathione (GSH), binds sulfhydryl groups with proteins, and causes the enhanced production of ROS, resulting in

oxidative stress, which may promote organ toxicity, apoptotic cell death, and carcinogenicity . Cadmium can also inhibit

the capacity of the natural antioxidant enzymes, such as catalase, manganese superoxide dismutase, and copper/zinc-

dismutase . Metallothionein is also involved in these processes and can act as a free-radical scavenger of hydroxyl and

[62]

[63]

[63]

2
[64]

[64][65][66]
2

[67]

2
[68]

2
2

2
[65]

[65]

[65] [69][70]

[65]

[71]

[72] [73]

[74]

[75][76]

[77]

[78]

[79]

[77]

[80]



superoxide radicals . Largely, the cells that contain metallothioneins are resilient to the effects of cadmium toxicity.

However, it has been observed that cells that do not synthesise metallothioneins are sensitive to cadmium .

Cadmium has also been shown to be an endocrine disruptor. Cadmium may affect thyroid function, as demonstrated in

both animal and human studies , where tissue damage in the thyroid led to hyperplasia and hypertrophy .

Moreover, cadmium has been linked with changes in hormone function , and there is suspicion that chronic

cadmium exposure may lead to thyroid cancer, but further research is required . Cadmium may also act as a

metalloestrogen, as it can bind to the oestrogen receptor , which has led to a concern that chronic cadmium exposure

may be associated with breast cancer . There have also been links drawn between cadmium and the inhibition of

progesterone synthesis, ovarian and reproductive tract morphological alterations, disruption to menstrual cycles, and

issues with pregnancy and birth . Likewise, cadmium may mimic some of the effects of androgens and may play a role

in prostate cancer  and reduce male fertility by affecting spermatogenesis and motility .

The vast and various effects of cadmium exposure on the human body that have been explored in the above contents

lead to various clinical manifestations. As such, it is known that different forms of cadmium compounds lead to different

clinical manifestations. However, the details of this require further investigation. While cadmium poisoning is very rare, it

can happen. Itai-itai disease is the most severe form of chronic cadmium toxicity in humans, caused by the prolonged

ingestion of cadmium. Areas severely polluted by cadmium, such as the Jinzu River Basin in Toyama, Japan, have high

incidences of cadmium-related pathologies. In that example, the river was polluted with slag from a mine upstream. The

cadmium-polluted water was subsequently used to irrigate crops and rice between the 1910s and 1960s. The water from

this river was used as potable water and for cooking, bathing, etc. . This was significant, as cadmium is a food-chain

contaminant that has high rates of soil-to-plant transference  and, thus, a high risk of ingestion. Itai-itai disease is

characterised by renal tubular disorder and renal osteomalacia . Even if people did not get itai-itai disease in the Jinzu

Basin, they were at serious risk of cancer . Some of the main effects of cadmium on the human body are presented in

Figure 1. Patients with cadmium toxicity require significant treatment, including gastrointestinal tract irrigation, supportive

care, and chemical decontamination via traditional chelation therapy with novel chelating agents and nanoparticle-based

antidotes .

Figure 1. An illustration depicting the effects of chronic cadmium exposure on various human organs and systems. While

not an exclusive list, this figure demonstrates the importance of mitigating excess cadmium ingestion.
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