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Abstract 

Cadmium is a nephrotoxin and carcinogen with a half-life of several decades in 

the human body. The main route of cadmium entry into the human body is 

through ingestion of rice, which is the staple food for more than half of the 

world's population. The research on cadmium in rice varies greatly in different 

regions at present. In some regions, the relevant research is comprehensive 

and has a trend of continuous growth. In Bolivia, Nepal and Bangladesh, 

limited literature has documented high levels of cadmium in local rice, but data 

are insufficient. My doctoral research first established a global background for 

cadmium exposure in rice. In this study, cadmium in white rice ranges from < 

4.9 to 3712 μg/kg, with a global median of 19.0 μg/kg. The content of inorganic 

arsenic and cadmium in African rice is generally low, and Malawi and Tanzania 

are typical representatives. The situation in the Indian subcontinent, especially 

in parts of Bangladesh, is not optimistic. The consumption rate of rice in local 

people is very high and the content of cadmium and inorganic arsenic in rice is 

also very high. However, there are few relevant local research data. Another 

study of mine exposed the hidden dangers of the baby rice market. The 

content of cadmium and inorganic arsenic in baby rice varies widely, which is 

mainly affected by the type of rice and the origin of the rice. Puffed rice has a 

long history as a raw material for baby rice, but it has higher levels of cadmium 
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and inorganic arsenic than regular rice, which is a serious risk to human body. 

A large amount of ordinary rice without the baby rice label, at the same time, is 

sold on the baby rice counter, some people will buy these rice products as 

baby rice products, which also poses related food safety risks. In terms of 

origin of rice, the content of cadmium and inorganic arsenic in basmati rice, 

Italian rice, Spanish rice and Thai rice cannot meet the requirements of 

cadmium and inorganic arsenic standard at the same time, these rice products 

were either high in cadmium, high in arsenic, or both. Similar to previous 

findings, African rice fared much better, with Egyptian rice having particularly 

low levels of these two PTEs, which shows the agricultural value of African 

land and the commercial value of African rice. My next research is on rice bran, 

an emerging superfood. It is more and more widely used because of its 

nutritional value and low price, and rice bran has been wasted in large 

quantities due to its poor taste for a long time, bran produced by grinding rice is 

largely discarded as waste. With the advancement of processing technology, 

the taste of rice bran can be greatly improved, and it can be used in various 

food additives, such as red yeast rice and food supplements, red rice yeast 

has strong dietary effects, and one of its main ingredients is rice bran. rice bran 

oil is also a very important use. Rice bran has a long history as animal feed. 

However, the high level of cadmium and inorganic arsenic content is an 

important resistance to its further promotion. In this study, it was found that the 
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content of cadmium and inorganic arsenic in red rice, black rice and brown rice 

always showed the following trend: bran>wholegrain>endosperm. Except rice, 

other cereal bran also has higher levels of cadmium and inorganic arsenic than 

their endosperm in other types of grains, such as wheat and oats. However, in 

oats and oat bran, both cadmium and inorganic arsenic are at a low level, 

while the nutrient elements can reach the median level of all grains, so oat is a 

commodity with high commercial potential. My third study showed that the 

content of arsenic and cadmium in animal feed was positively correlated with 

the content of rice bran. Animal feeds with higher content of rice bran also had 

higher levels of cadmium and inorganic arsenic. Although the risk of exposure 

to inorganic arsenic and cadmium in rice bran has been proved by a large 

number of relevant experiments, the relevant mechanism is not very clear, so 

in the following research I will focus on the transport mechanism of inorganic 

arsenic and cadmium in rice and related mitigations. All in all, my doctoral 

research completed the establishment of the global background of cadmium in 

rice for the first time. I did a large number of sample analysis, besides, for two 

rice products that need to be focused on, baby rice and rice bran. It is hoped 

that these studies will provide some data for further research in related fields 

by colleagues, and at the same time provide relevant purchasing support for 

consumers when purchasing rice. 
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Chapter1 

Background 

Human toxicity of cadmium 

Cadmium is a cumulative nephrotoxin and carcinogen (Liu et al. 2009; Jarup et 

al. 2000). Its origin is geological, and cadmium is released from the earth's 

crust through natural and artificial processes, eventually entering the human 

body through soil-food-chain transfer (BrF 2018). Once in the gut, efficient 

absorption, transportation and cell uptake mechanisms distribute cadmium 

through the body (Clemens 2006). It is generally accepted that oxidative stress 

plays an important role in acute cadmium poisoning (Liu et al. 2009). While 

reactive oxygen species (ROS) are commonly associated with cadmium 

toxicology, ROS are generated after acute cadmium overload and play an 

important role in tissue damage. Adaptation to chronic cadmium exposure 

reduces ROS production, but acquired cadmium tolerance with aberrant gene 

expression plays an important role in chronic cadmium toxicity and 

carcinogenesis, animals will trigger detoxification mechanisms such as 

induction of thiol-rich and redox combating glutathione, and the induction of 

thiol-rich complexing metallothionines (Liu et al. 2009). Cadmium, is 

transported into, and between, cells as an analogue of essential divalent cation 

such as zinc (Zn2+), iron (Fe2+), manganese (Mn2+) and calcium (Ca2+) (Kikuchi 
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et al. 2003). The iron metal transporter Nramp2, also known as DMT1, has 

shown involved in cadmium absorption (Talkvist et al. 2001). Generally, the 

amount of iron stored in the body has an effect on the absorption rate of 

cadmium and the burden on the body due to the increased expression of the 

metal transporter DMT1, providing individuals with greater capacity to absorb 

iron and cadmium (Olsson et al. 2002). Cadmium is known to be problematic in 

women who have low-iron on Thailand (Satarug et al. 2002). In the case of 

chronic high exposure to cadmium, DMT1 may be saturated with cadmium, 

which will in turn cause decreased iron absorption (Satarug et al. 2002). Zinc 

can reduce the toxicity of Cd due to the direct competition between these two 

metals for human cells uptake (Yu et al. 2020). The cells uptake associated 

with cadmium and zinc is governed by induction of MT (metallothionein) and its 

good redox homeostasis. Cadmium depletes antioxidant scavengers in vivo, 

with glutathione (GSH) being the primary target of cadmium. Cadmium 

interacts with GSH by binding cysteine thiolate anions, and reduced GSH 

activity further disturbs cellular redox balance, resulting in increased ROS 

production. Zinc is a potent antioxidant that plays an important role in reducing 

ROS levels through multiple mechanisms. Zinc acts as a cofactor for important 

enzymes that contribute to the proper functioning of the antioxidant defense 

system (Yu et al. 2020). A variety of sarcolemma transporters involved in the 

absorption of cadmium, including zinc transporters and calcium channels (Yu 
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et al. 2020). The mechanism of uptake of covalent metals, therefore, is the 

determinant of cadmium's burden on the body, and the absorption of cadmium 

in the human body will also lead to the loss of function of certain organs due to 

lack of certain essential elements of the body, the most important of which are 

the kidney and lung (Satarug et al. 2004). Long-term exposure to low doses of 

cadmium will cause the kidneys to lose nutrients, vitamins and minerals 

absorption capacity (Satarug et al. 2010), which include zinc and copper 

bound to the metal-binding protein metallothionein (MT), glucose, amino acids, 

phosphate, calcium, β2-MG and retinol binding protein (Satarug et al. 2010). 

The abnormal urinary excretion of low molecular weight proteins, calcium, 

amino acids, phosphates, and glucose observed in individuals exposed to 

cadmium shares some similarities with Fanconi syndrome, an inherited 

disorder of renal tubular transport (Satarug et al. 2010). 

 

Cadmium exposure is enhanced in cigarette smokers (Satarug et al. 2004). 

The cadmium oxide produced during the burning of cigarettes has a high 

bioavailability, which cause about 10% of the inhaled cadmium oxide 

deposited in the lung tissue, and another 30% to 40% absorbed into the 

smoker's systemic blood circulation (Satarug et al. 2004). Compared with 

non-smokers, the blood cadmium content of smokers is 4-5 times higher 
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(Satarug et al. 2004). 

 

The level of cadmium in many organs of the human body will increase with age 

due to the lack of an effective biochemical process to eliminate cadmium and 

accompanied by renal reabsorption (Satarug et al. 2004), and only about 

0.001% of cadmium is excreted in urine every day (Satarug et al. 2004). The 

renal cortex is the most extensive region of accumulation of cadmium, which 

causes kidney problems which then becomes systemic (Jarup et al. 2002). 

Long-term exposure to cadmium can lead to renal insufficiency, and when 

urine cadmium levels exceed 2-4 μg/day, the possibility of renal tubular 

damage increases 10% (Jarup et al. 2002). The presence of cadmium is 

associated with a variety of clinical diseases, including renal insufficiency and 

renal failure, fractures, diabetes, hypertension and cancer (Williams et al. 

2009). Exposure to high-dose cadmium can cause Itai Itai disease, with 

common symptoms of renal failure, osteomalacia and osteoporosis, and many 

patients have multiple fractures after years of illness (Inaba et al. 2005). 

Besides, long-term exposure to cadmium at low doses will also increase the 

riks of body fracture. The long-term loss of urinary calcium caused by cadmium 

will lead to bone demineralization due to calcium deficiency, which will 

increase the vulnerability of human bones and increase the risk of fracture (Wu 



5 

 

et al. 2001). This effect is especially severe for middle-aged and elderly people, 

when the urinary cadmium level of women over the age of 50 is > 1.0 μg/g 

creatinine, their risk of osteoporosis increases by 43% (Gallagher et al. 2008). 

Diabetics are more susceptible to the risk of toxic effects of cadmium on the 

renal tubules (Buchet et al. 1990). In subjects with type-2 diabetes, there is a 

dose-response relationship between urinary cadmium and proteinuria, the 

geometric mean of urinary cadmium with proteinuria is 61% higher than that 

without proteinuria for diabetics (Akesson et al. 2005). Diabetics with high 

urinary cadmium levels, therefore, are more likely to face the risk of renal 

failure (Akesson et al. 2005). At the same time, the exposure level of cadmium 

is also closely related to the probability of type 2 diabetes in normal people 

(Schwartz et al. 2003). Among people with kidney damage caused by 

cadmium exposure, the likelihood of hypertension is increased by 20% 

(Satarug et al. 2005). The intensity of the cadmium blood pressure association 

is greatest among non-smokers, at a moderate level among former smokers, 

and is small or not at all among current smokers, which support that the 

“boost” effect and indicate the importance of dietary intake in the body ’s risk of 

exposure to cadmium (Satarug et al. 2005). In addition, there is a link between 

pregnant women’s cadmium exposure and poor reproductive outcomes, which 

may cause serious problem such as premature delivery of pregnant women 

and severe underweight of newborns (Nishijo et al. 2002). The first connection 
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between cadmium exposure and cancer was related to smoking, and lung 

cancer caused by smoking showed a significant positive correlation with 

increased exposure to cadmium. Based on the increased incidence of lung 

cancer and the increased mortality due to lung cancer, and the correlation 

between cadmium exposure and lung cancer, cadmium is classified as a 

human carcinogen (IARC meeting. 1993). In fact, cadmium is a multi-tissue 

carcinogen, and various molecular and cellular mechanisms contribute to the 

carcinogenicity of cadmium. In the human body, cadmium affects cell 

proliferation, differentiation, apoptosis and other cell activities (Waisberg et al. 

2003). Lung cancer is the only one of the easiest cancers from the cadmium 

exposure, and the types of carcinogenic risks caused by food contact are far 

more than those caused by smoking (Nishijo et al. 2006). Women whose 

cadmium intake is greater than the average daily 15 μg/day have an increased 

risk of endometrial cancer by 2.9 times (Akesson et al. 2008). The average 

blood cadmium content of patients with bladder cancer is 1.1 μg/L, which is 1.6 

times higher than those without bladder cancer (Kellen et al. 2007). Studies 

have shown that blood cadmium levels are positively associated with bladder 

cancer risk. Smoking increases the risk of bladder cancer is well established 

(increased amount and duration of smoking) and is consistent with cadmium 

levels in cigarettes (Kellen et al. 2007). 
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Although cadmium is not generally considered to have a biological function, 

cadmium can contribute to the growth rate of the marine diatom T. weissflogii 

under low zinc conditions (a typical marine environment), especially at low 

pCO2. This increase in growth rate is reflected in increased levels of cellular 

carbonic anhydrase (CA) activity. The level of cadmium protein is regulated by 

CO2 in a manner consistent with the role of this enzyme in carbon acquisition 

(Lane and Morel 2000). The beneficial effect of cadmium on the growth of 

Zn-limited T. weissflogii is due to the synthesis of Cd-CA. Cd-CA may not be 

the only cadmium enzyme, and marine phytoplankton may not be the only 

organisms that synthesize Cd-CA. There are several other reports on the 

beneficial effects of cadmium on various organisms (Lane and Morel 2000). 

 

 

 

 

Evidence that rice is problematic with respect to human exposure-Itai-ltai 

disease 

In the 1970s in Fukuyama prefecture, Japan, ita-itai disease was found in 

many residents, caused by renal tubular dysfunction caused by long-term 

cadmium intake (Inaba et al. 2005). The Jinzu river basin in Toyama Prefecture, 
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Japan, was identified to be contaminated with cadmium (Aoshima et al. 1987). 

About 30 kilometers upstream of the river in this area, is a large lead-zinc mine 

and smelter (Aoshima et al. 1987). Mining began in the late 19th century with 

metal mining by one of Japan ’s largest mining companies. In 1901, the 

company installed a priority flotation system to improve ore extraction, the 

flotation process was developed for the mineral industry to recover value from 

high-grade tailings in gravity separation plants, which resulted in the 

production of finer waste or "tail" particles discharged into the Jinzu river and 

tributaries, and then the sediment was incorporated into the rice fields 

(Nogawa et al. 1979). The production of lead and zinc increased sharply 

during the First World War (1914-1918), and again sharply during the 5 years 

of the Second World War (1939-1945) (Nogawa et al. 1979), which had 

caused severe damage to rice fields and crops along the Jinzu river. Most 

heavy metals are transported in the form of suspensions, which are readily 

combined with soil particles through electrostatic and chemical adsorption 

(Ishizaki et al. 1984). A large amount of elemental pollutants, therefore, were 

deposited in the soil, over about 60 years. In addition, the Jinzu river water was 

supplied to domestic houses through multiple irrigation channels, and 

residents of the Jinzu river basin used the river water for drinking, cooking, 

washing and bathing until around 1960 (Fukushima et al. 1970). A water plant 

was built in 1968 to replace the river supply (Nakayama et al. 1999). From 
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1955, the Japanese government and researchers discovered the symptoms of 

Itai-Itai disease in the population, and then launched a series of further 

research investigations (Aoshima et al. 2016). 

 

The history of Itai-Itai disease research can be roughly divided into three 

stages. In the first stage, Japanese researchers determined the disease 

symptoms and attempted to identify treatments. In the second phase, the 

Japanese government took the lead in conducting systematic research on 

cadmium disease outbreaks, giving a clear definition of the disease, and 

focusing on metal(loid) pollution research. In the third stage, the role of 

cadmium accumulation in Itai-Itai disease was firmly established. At the same 

time, the Japanese government and WHO determined that the local residents 

intake cadmium from the environment mainly by locally grown rice (Aoshima et 

al. 2016). The first phase began from Hagino et al. named the new epidemic 

"Itai-Itai disease" and published their results at the medical research 

conference in 1955 (Toyoda et al. 2002). Their research found that 

osteomalacia and renal failure were the main features of this disease (Toyoda 

et al. 2002). Subsequent research proved that the endemic areas of Itai-Itai 

disease have been contaminated with cadmium, zinc and lead, and cadmium 

may be the main cause of the disease (Takeuchi et al. 1969). With the 
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expansion of the number of affected people and more research results by 

researchers, the Japanese government began to pay attention to this serious 

public health incident (Nogawa et al. 1979). The second phase began with a 

systematic investigation of the disease by the Japanese government, who 

organized a research group and conducted an epidemiological survey in 

cooperation with local universities (Nogawa et al. 1979). 

 

The Japanese government clearly defined this serious public health event 

through research soon after: (1) the outbreak of Itai-Itai disease was mainly in 

the Jinzu river basin; (2) renal tubular dysfunction and osteomalacia were the 

earliest residents' symptoms in cadmium toxicity; (3) heavy metals polluting 

the Jinzu river basin come from local lead-zinc mines, and cadmium 

discharging from lead-zinc mines is responsible for this disease (Nogawa et al. 

1979; Nomiyama et al. 1980). Through human biological testing, it was found 

that the content of cadmium in the local people was at a high level. Itai-Itai 

disease, therefore, was determined to be caused by environmental cadmium 

pollution, which symptoms began with renal tubular dysfunction, followed by 

secondary skeletal abnormalities, and developed into osteomalacia 

(Nomiyama et al. 1980). Subsequently, the Japanese government and WHO 

began to assess the risk of human exposure to cadmium, and studied the 
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relationship between cadmium exposure and human renal dysfunction by 

conducting an investigation of renal tubular dysfunction among residents from 

cadmium-contaminated areas throughout Japan (Webb et al. 2002). In these 

studies, the researchers quantified proteinuria in residents for early diagnosis 

of renal tubular dysfunction. The results showed that renal tubular dysfunction 

occurred in residents from many cadmium-contaminated areas throughout 

Japan, not only Fukuyama prefecture where it was first identified (Webb et al. 

2002; Aitio et al. 2004), and that there was a linear relationship between the 

amount of cadmium exposed and the incidence and severity of renal tubular 

dysfunction among them (Kjellstrom et al. 1977). 

 

The Itai-Itai public health incident made the government and food safety 

research institutions globally aware of the hazards of cadmium exposure to 

humans. However, many of the health impacts for the individual patients 

remained, one of the manifestations of Itai-Itai. Since 1967, 184 patients have 

been legally confirmed to have Itai-Itai disease, and 388 patients have been 

identified as potential patients without formal examination, including 13 

patients with renal failure after 3-4 years of disease death (Kasuya et al.1999). 

Altogether 26 people (23 women and 3 men) applied to the governor of 

Toyama Prefecture to admit to suffering from Itai-Itai disease after 2000, but 
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only 17 (15 women and 2 men) were officially recognized (Aoshima et al. 

2002). Afterwards, the renal tubular function detection of residents in the Jinzu 

river basin confirmed the seriousness of the problem (Cai et al. 2001). The 

Japanese government's inspection of residents of the Jinzu river basin showed 

that renal tubular dysfunction caused by cadmium among a large number of 

residents was widespread regardless of gender. In a 2012 health survey of 931 

local residents, 16% of the population suffered from obvious renal dysfunction 

(Aoshima et al. 2016). Even though the content of cadmium in the soil of the 

contaminated area is reduced, the physical burden of cadmium among local 

residents is still very high, and it leads to a high prevalence of renal tubular 

dysfunction and osteoporosis caused by cadmium (Ishizaki et al. 2002). 

 

The main way that Itai-Itai disease patients are exposed to cadmium is rice 

harvested from contaminated paddies, with residents living in the 

cadmium-contaminated areas in Japan absorbed half to two-thirds of the total 

cadmium from rice (Ishihara et al. 2001). Besides, the mortality rate of 

residents who lived in the Jinzu river basin since birth would rise when the 

average concentration of cadmium in rice from the village where it was located 

over 0.3 mg/kg (Ishihara et al. 2001). Later experiments confirmed that in 

these rural communities that high concentrations of cadmium in rice was the 
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main factor leading to an increase in local mortality (Kobayashi et al. 2002). 

The prevalence of Itai-Itai disease patients would also increases with the 

increase of the average cadmium concentration in rice (Ogawa et al. 2002). 

The close relationship between the prevalence of Itai-Itai disease and the 

concentration of cadmium in rice, therefore, is also the beginning of various 

food safety agencies worldwide proposing laws on the content of cadmium in 

rice (EFSA 2012). 

 

The current problems of cadmium exposure risk in the mining districts of 

central China 

Soil pollution has become very serious in China with the rapid industrialization 

process (Wei et al. 2010). According to a joint survey by the Ministry of Land 

and Resources, the Ministry of Environmental Protection and the Ministry of 

Agriculture, the proportion of potentially toxic elements (PTEs) contaminated 

soil in China was 16.1%, and up to 1.4 million hm2 of sewage with PTEs 

exceeding standard was used for farmland irrigation, which caused that more 

than 60% of these farmlands are contaminated with PTEs, and up to 12 million 

tons of cereals are contaminated with PTEs every year (Li et al. 2002). 

Cadmium is an important one among them, which is widespread in various 

parts of China with a gradual increasing trend (Zhang et al.1998; Yang et al. 
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2006; Wang et al. 2012). The Chinese government, therefore, has conducted 

two large-scale surveys on the content of major heavy metals in the soil over 

the past few decades (Wang et al. 2012; Chen et al. 1991). The research 

institute tested 4095 soil samples from different regions of the country in the 

first study from 1986 to 1990, which including China major grain production 

areas, fruit production areas, animal husbandry breeding areas and other key 

areas (Wang et al. 2012). The second survey took place from 2005 to 2013, 

the previous sample collection area was re-sampled to assess the changing 

trend of heavy metal content in the soil during the survey (Chen et al. 1991). 

The standard pollution rate of cadmium in all sample sites was 7%, with ranked 

first among all eight inorganic pollutants (Chen et al. 1991). Besides, cadmium 

is a main pollutant found in industrial parks, mining and sewage irrigation 

areas according to the data analysis, and the areas of Chinese soil with heavily 

polluted by cadmium has been expanding (Li et al. 2014). According to the 

spatial distribution trend of PTEs published by the China Heavy Industry 

Research Center, the cadmium concentration in the southwest and central 

south areas of China increased by more than 50%, while the cadmium 

concentration in northern parts, northeast parts and west parts of China 

increased by 10% to 40% (Wang et al. 2015). 
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The most severely polluted site by cadmium is Hunan province, which is 

located in central part of China and the middle reaches of the Yangtze River 

(Zhang et al. 2019). Hunan province geological location is 108°47'–114°15' 

east longitude and 30°08'-24°38' north latitude, and it has a 211800 km2 

geological areas, with a total population of 67.372 million, governs 14 states 

and 122 counties, and mountain areas, hills, hilly farmlands, plains and waters 

account for 51.22%, 15.40%, 13.87%, 13.11% and 6.39% of the total land area 

(Zhang et al. 2019). Besides, Hunan is Chinese largest agricultural province 

and largest rice-producing province, which is known as the "nine province 

granary" and "harvest land" (Wei et al. 2009). Hunan province, at the same 

time, also has a wealth of non-ferrous and non-metallic minerals, which have 

been discovered up to 143 mineral products, and most of which have the top 5 

resources in China (Wei et al. 2009). These rich mineral resources, therefore, 

have created a large number of industrial and mining enterprises, and base 

metal mining and metal smelting have been important economic activities in 

certain areas of southern China for a long time (Wei et al. 2009). As the price 

for obtaining economic benefits, Hunan intensive mining industry activities 

have released large amounts of heavy metals into the environment due to poor 

enforcement of the environmental protection law (Zhou et al. 2013), and 610 

tons/year lead, 31 tons/year cadmium, 136 tons/year chromium and 4 

tons/year amalgam enter the main tributaries of the Xiang River and Yangtze 
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River respectively due to mining, smelting and other industries (Chen et al. 

2010), which is an important rice producing area in Hunan, but is also one of 

the most polluted areas in China (Chen et al. 2010). The concentration of 

cadmium in the stream of the Xiangjiang catchment reaches 40 μg/l, which is 8 

times higher than the Chinese limit value of drinking water (Hu et al. 2014), 

and the maximum concentrations of cadmium, arsenic and lead in parts of the 

Xiangjiang river basin are up to 430 μg/L, 500 μg/L and 138 μg/L, which 

exceed the concentration of heavy metal elements in Jinzu rivers during the 

outbreak period of Itai-Itai disease in Japan (Du et al. 2013). Another way for 

heavy metals to enter the environment is atmospheric deposition (Luo et al. 

2009). China atmospheric deposition rate, therefore, is many times higher than 

that of developed countries average level due to metal smelting and coal 

combustion (Luo et al. 2009; Zhao et al. 2014). In Hunan province, the 

atmospheric deposition of cadmium can reach 25 g/ha/year, with an average of 

4 g/ha/year, which is about 10 times higher than that of the current EU average 

(0.35 g/ha/year) (Zhao et al. 2014). 

 

Similar to Itai-Itai disease, rice is also an important direct manifestation of soil 

pollution in central and southern China, as rice is the staple foods of the 

Chinese population in these areas (Du et al. 2013). A large number of studies, 
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besides, have shown that the cadmium concentration in refined rice across the 

different parts of China varies greatly (Qian et al. 2010), and one of the 

important tendencies is cadmium content of rice produced in southern China 

has increased significantly compared with other regions (Du et al. 2013; Qian 

et al. 2010; Lv et al. 2017; Wang et al. 2019). A survey about cadmium content 

in rice throughout all parts of China showed that the median cadmium 

concentration in samples from central and southern China (including Hunan 

and Guangxi) was 7.9 times higher than that in other regions of China, and the 

proportion of sample exceeding the China standard was 23% from southern 

China, and the proportion up to 64% in Hunan (Chen et al. 2018a). Due to 

differences in rice consumption among the Chinese population, the change in 

dietary cadmium intake by humans is greater than the difference in cadmium 

concentration in rice (Hang et al. 2009). Compare to the WHO tolerable daily 

intake (TDI) at 0.83 μg/kg/day, the median value for the population in northern 

China of cadmium intake from rice is very low (0.01 μg/kg/day, which accounts 

for about 1% of TDI), but the median value of cadmium intake for the 

population in southern China from rice is at 0.61 μg/kg/day, which accounting 

for 73% of TDI, and the median cadmium intake value from rice in Hunan 

province is twice higher than that of TDI (Chen et al. 2018). Besides, another 

survey about the heavy metal content in Hunan rice and vegetable samples 

provided similar results (Chen et al. 2018). The 88% of 200 rice samples and 
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the 29% of 142 vegetable samples from Hunan province exceeded the 

concentration of cadmium by China government food law, with the maximum 

limitation at 200 μg/kg (Chen et al. 2018). According to the daily dietary intake 

regulation of the local population, the median cadmium intake of rice for local 

adults is 2.4 times higher than the TDI from WHO, and the cadmium intake 

from rice can reach 5 times higher than TDI for children aged 4-11 years in 

Hunan province (Chen et al. 2018). 

 

Cadmium food laws 

The serious Itai-Itai public health incident through cadmium in rice 

consumption effected a response by various food safety departments globally 

(Nogawa et al. 2017). The Joint FAO/ WHO Expert Committee on Food 

Additives and Contaminants (JEFCA) give a cadmium intake total safety value 

at 400-500 mg/person in 1972, which is the beginning of the recommendation 

on the amount of cadmium ingested by the body (WHO 1972). This value was 

based on the idea from JEFCA experts at that time, and the principle was 

cadmium content in the kidneys should not exceed 50 μg/g, and assuming an 

body absorption rate of cadmium at 5%, and the daily excretion is only 0.005% 

of body weight, the total daily intake for 50 consecutive years, therefore, 

should not exceed about 1 μg/kg/day (FAO 1972). JECFA once again used the 
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same mechanism to conduct a risk assessment of cadmium intake in the 1988 

meeting, a Tolerable Weekly Intake (TWI) for cadmium at 7 μg/kg/week was 

established in order to maintain the cadmium level in the kidney cortex of the 

adult body is tolerable within 50 years (FAO 1972). But this value does not 

include the safety factor, as there is only a relatively small safety margin 

between normal diet and exposure which may have adverse effects, which 

means that health issues are worth worrying when people intake rate of 

cadmium is close to this value (WHO 1993). JECFA, therefore, reviewed the 

previous evaluation of cadmium and revised the value of Tolerable Weekly 

Intake at 5.8 µg/kg/week due to the considerations above (EFSA 2012). EFSA 

is more concerned about the impact of human cadmium intake on body health, 

especially some vulnerable groups of individuals (European Commission 

2004). As a result, EFSA experts recommend a TWI at 2.5 µg/kg/week to 

ensure a high level of protection for consumers, including sub-populations 

such as children, vegetarians or people living in highly polluted areas 

(European Commission 2004). 

 

Various organizations and governments around the world have discussed the 

carcinogenicity of cadmium later due to the difficulties of direct evidence and 

cases collection (WHO 1972). The International Agency for Research on 
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Cancer (IARC) classified cadmium and cadmium compounds into the first 

category (carcinogenic to humans) based on lung cancer data related to 

human inhalation of cadmium and animal experimental studies in 1993 (WHO 

1972). The European Commission emphasized that food makes an important 

contribution to non-smokers' exposure to cadmium and causes cancer while 

classifying cadmium as a carcinogen, and recommended that efforts should be 

made to reduce cadmium exposure in the diet (European Commission 1997). 

In 2000, JECFA evaluated the content of cadmium in food, which has identified 

seven commodity categories that contribute significantly to total cadmium 

intake, including rice, wheat, root vegetables, tuber vegetables, leafy 

vegetables, other vegetables and mollusks, and these foods account for the 

body total intake of cadmium through the food chain up to 85% based on the 

data analysis (FAO 2001). Then, JECFA assessed the impact of different 

maximum levels (MLs) of cadmium in commodities that contributed 

significantly to human body intake in 2005, which considered the potential 

distribution of cadmium in each commodity by different maximum limits and the 

potential impact of cadmium ingested from each commodity on human health 

(FAO 2005). At the same time, the European Union has conducted 

considerable investigation and research with respect to the development food 

laws about cadmium, including the risk assessment of cadmium exposure in 

humans of different ages, the risk assessment of cadmium exposure in 
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different countries and regions and the ranking of the contribution of various 

foods to human cadmium exposure, which made the EU food laws about 

cadmium more robust (EFSA 2009; European Commission 2006). 

 

The EU food law sets a maximum limit for cadmium in 20 kinds of foods, which 

took about 95% dietary intake among Europe people (European Commission 

2006). Food experts from the European Union consider a lot of details when 

making the law, for example, the changes in the concentration of contaminants 

caused by drying, dilution or processing for dried, diluted and processed foods 

and the relative proportions of the ingredients in the product for compound 

foods. EFSA has divided food categories in detail in the legal text to ensure 

that producers have no doubts when implementing it, and consumers can get 

more detailed health information when food shopping (EFSA 2008; European 

Commission 2006). For example, EFSA classifies the three main food fish into 

different main categories, as well as classifies wild fungi and cultivated fungi by 

species-based methods instead of using eyes as many different types of 

mushrooms have been mixed up before, especially use detailed categories to 

divide different types of fruits and cereals due to the average daily 

consumption of these foods are very large (EFSA 2008). At the same time, the 

European Union sets the maximum limit of cadmium in natural mineral water at 
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3.0 μg/L, and requires member states to monitor the quality of drinking water 

and food production water, to ensure that people will not increase cadmium 

intake due to water quality issues (European Commission 2001). 

 

The EU legal regulations on the content of cadmium in food are as follows 

(EFSA 2008; European Commission 2006): 

 

 

Cadmium maximum levels (MLs) in foodstuffs： 

 

1. Meat (excluding offal) of bovine animals, sheep, pig, and poultry: 50 μg/kg 

2. Horsemeat, excluding offal: 200 μg/kg  

3. Liver of bovine animals, sheep, pig, poultry, and horse: 50 μg/kg  

4. Kidney of bovine animals, sheep, pig, poultry, and horse: 1000 μg/kg 

5. Muscle meat of fish, excluding species listed in 6 and 7: 50 μg/kg 

6. Bonito (Sarda sarda), common two-banded seabream (Diplodus vulgaris),  

eel (Anguilla anguilla), grey mullet (Mugil labrosus labrosus), horse 
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mackerel or scad (Trachurus spp), louvar or luvar (Luvarus imperialis), 

mackerel (Scomber spp), sardine (Sardina pilchardus), sardinops 

(Sardinops spp), tuna (Thunnus spp, Euthynnus spp, Katsuwonus 

pelamis), and wedge sole (Dicologoglossa cuneata): 100 μg/kg  

7. Muscle meat of bullet tuna (Auxis spp): 200 μg/kg  

8. Muscle meat of anchovy (Engraulis spp) and swordfish (Xiphias gladius):  

300 μg/kg  

9. Crustaceans, excluding brown meat of crab and excluding head and thorax  

meat of lobster and similar large crustaceans (Nephropidae and 

Palinuridae): 50 μg/kg 

10. Bivalve molluscs: 1000 μg/kg 

11. Cephalopods (without viscera): 1000 μg/kg   

12. Cereals, excluding bran, germ, wheat, and rice: 100 μg/kg 

13. Bran, germ, wheat, and rice: 200 μg/kg 

14. Soybeans: 200 μg/kg 

15. Vegetables and fruit, excluding leaf vegetables, fresh herbs, fungi, stem  

vegetables, root vegetables, and potatoes: 50 μg/kg 
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16. Stem vegetables, root vegetables and potatoes, excluding celeriac. For  

potatoes the maximum level applies to peeled potatoes: 100 μg/kg 

17. Leaf vegetables, fresh herbs, celeriac and the following fungi: Agaricus  

bisporus (common mushroom), Pleurotus ostreatus (Oyster mushroom), 

Lentinula edodes (Shiitake mushroom): 200 μg/kg 

18. Cocoa powder (as an ingredient in sweetened cocoa powder) sold to the 

final consumer: 600 μg/kg 

19. Fungi, excluding those listed in point 17: 1000 μg/kg 

20. Food supplements excl. food supplements listed in point 20: 1000 μg/kg 

21. Food supplements consisting exclusively or mainly of dried seaweed or of  

products derived from seaweed: 3000 μg/kg 

Assimilation of cadmium by rice  

The ability of potentially toxic elements (PTEs) transferred to human food 

chain depends on the nature of the elements, soil and plant factors (Mcbride. 

2003). Therefore, there are three barriers to the entry of toxic elements into the 

food chain: many PTEs (such as lead, mercury, gold) have very low solubility 

in soil, which causes plants to only absorb a very small amount of them; some 

PTEs (such as iron, lead, mercury, aluminum) may be strongly adsorbed on 
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the root surface or strongly chelated in the root cells, thus limiting their 

transport to plant buds; some elements (such as nickel, cobalt, manganese) 

may be toxic to plants and reduce yield, damaged crops are easily recognized 

by people due to differences in appearance and are therefore less likely to be 

eaten by humans or livestock (Mcbride. 2003). But these obstacles do not 

prevent cadmium from entering the food chain, which can be attributed to the 

high transfer rate of cadmium from plants to soil (Clemens et al. 2006). 

Cadmium is a PTE which can be readily absorbed by plant roots (Chang et al. 

2005), and can be effectively transferred from roots to leaves or fruits in 

various plant species (McLaughlin et al. 1999). Similar to human cells, Cd2+ is 

also a non-essential metal ion which is an analogue, and will enter plant cells 

through the absorption systems of, essential cations of Ca2+, Zn2+, Mn2+ and 

Fe2+ (Kushwaha et al. 2016). Root uptake, xylem load-mediated transport to 

buds and phloem are important steps in cadmium intake by rice grains 

(Ishikawa. 2020). Rice roots mainly absorb cadmium through the manganese 

(Mn) transporter OsNRAMP5, which is a mainly expressed transporter in rice 

roots (Sasaki et al. 2012). The localization pattern is consistent with its role in 

the influx of manganese and cadmium into the cells, with polarity localized on 

the plasma membrane distal to the cortex and endoderm cells (Sasaki et al. 

2012). The root of rice has a higher cadmium absorption capacity than wheat 

and corn due to its maximum inflow rate are 6.5 and 2.2 times higher than that 
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of wheat and corn, respectively (Sui et al. 2018). 

 

 

Shifting from root to stem is a another key step of cadmium accumulation in 

rice, which depends on the efficiency of vacuolar chelation in the root and 

xylem loading (Zhao et al. 2019). These two processes usually show an 

inverse relationship, and more vacuolar chelation means translocation to buds 

and vice versa (Zhao et al. 2019). OsHMA3 is a member of the ATPase family, 

which is also a key vacuolar membrane transporter which sequesters 

cadmium to the root vacuoles (Miyadate et al. 2010). Variations in the coding 

sequence of OsHMA3 will affect the cadmium transport activity of the protein, 

Figure 1.1. Transporters involved in cadmium uptake and translocation in rice roots (Zhao et 

al. 2019). 
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resulting in large changes in cadmium translocation between rice varieties (Sui 

et al. 2019). Rice with OsHMA3 alleles weak or lacking function has a weak 

cadmium chelating ability in the vacuole, which will cause the accumulation of 

more cadmium in shoots and grains, and the cadmium transfer rate of rice 

varieties with OsHMA3 alleles weak or invalid alleles from root to bud is faster 

than rice with OsHMA3 function (Sui et al. 2019; Yan et al. 2016; Ishikawa et al. 

2011). The transport of cadmium from root to stem in rice involves several 

transporters (Satoh-Nagasawa et al. 2011; Yamaji et al. 2013). OsHMA2 and 

OsZIP7 are the plasma membrane transporters of zinc and cadmium located 

in the root cycle and the parenchyma cells in the vascular bundle of rice 

nodules (Yamaji et al. 2013), and knocking out these two genes can reduce 

the root-stem transport of zinc and cadmium (Takahashi et al. 2012; Tan et al. 

2019). Similar to the transport from root to stem, several transporters play an 

important role in the transfer of cadmium between blood vessels and xylem to 

phloem (Uraguchi et al. 2011). OsLCT1 is an important transport gene for 

cadmium rhizome translocation, which is expressed in the enlarged and 

disseminated vascular bundles in rice nodes (Uraguchi et al. 2011). OsLCT1 

knocked down by RNAi does not affect the cadmium concentration in xylem 

juice, but reduces the cadmium concentration in phloem juice (Uraguchi et al. 

2011). OsHMA2 not only involves the translocation of cadmium and zinc from 

root to shoot, but also participates in the distribution of nodes in cadmium and 
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zinc (Yamaji et al. 2013). The mutation of OsHMA2 reduces the distribution of 

zinc and cadmium on spikes and flag leaves, and the transmission direction of 

OsHMA2 is related to the zinc and cadmium load in the xylem in the root, 

which also affects the transmission in the node direction (Yamaji et al. 2013). 

Another transporter involved in cadmium transfer is OsCCX2, and the 

knockout of this gene will reduce the cadmium concentration in rice grains by 

about half (Hao et al. 2018). 

Many major and trace element biogeochemical cycles are driven by redox 

processes (Borch et al. 2010). Besides, biomass production also requires 

electron transfer to bring carbon, macronutrients and micronutrients into the 

proper oxidation state, which is necessary for biomolecules incorporation 

(Borch et al. 2010). Biological redox activity has led to the appearance of a 

highly oxidized surface environment during the history of the earth, which 

creates the sediment cover (Borch et al. 2010). The utilization rates of 

electrons and protons are measured by redox potential (Eh) and pH 

respectively, and are the two key drivers of many element biogeochemical 

cycles including arsenic and cadmium (Zhao et al. 2019). The flooding of 

paddy fields will cause great changes in the redox potential and pH, which will 

affect the biogeochemical process of arsenic and cadmium in the soil, and a 

good example is water management during rice planting due to rice cultivation 
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requires a lot of water resources (Zhao et al. 2019). The paddy field will flood 

and drain during the growth period of rice, resulting in large fluctuations in Eh, 

pH, and solubility of arsenic and cadmium (Zhao et al. 2019). Generally, 

farmers will drain the water in the late tillering period of rice cultivation to 

control excessive tillering, and harvest in the middle and late stages of the 

filling stage (Zhao et al. 2019). After flooding, the Eh in the paddy soil 

decreased rapidly due to the reduction of oxygen consumption by microbial 

activities and promoted a series of redox reactions, including nitrate, 

manganese oxide, iron (oxygen) hydroxide, arsenate, sulfuric acid salt 

reduction and methane production in the final stage (Borch et al. 2010). 

These reduction reactions are related to the oxidation of organic matter in soil 

driven by microorganisms (Rinklebe et al. 2016). Reduced iron oxide and 

manganese oxide, besides, may release arsenic and cadmium adsorbed on 

these mineral phases into the solution phase (Rinklebe et al. 2016). The 

reduction of sulfate to sulfide mediated by sulfate-reducing bacteria leads to 

the precipitation of cadmium sulfide, and its solubility in the solution phase is 

very low (Livera et al. 2011; Fulda et al. 2018). In alkaline soils, soil pH tends 

to decrease to the neutral range after flooding due to accumulation of CO2. 

The solubility of cadmium in paddy soil decreased significantly with the 

reduction of redox potential after flooding mainly due to the formation of CdS 
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and the increase of pH in acid soil, which promoted the adsorption of Cd2+ 

(Zhao et al. 2019). On the contrary, the solubility of arsenic increases sharply 

as the oxidation-reduction potential decreases, which is mainly due to the 

reduction of iron hydroxide (oxygen) and the reduction of As (V) to As (III) 

(Zhao et al. 2019). The reverse process occurs quickly after draining the paddy 

field water, resulting in an significant increase in cadmium solubility, but an 

obvious decrease in arsenic solubility (Wang et al. 2019). This inversion 

behavior is a major obstacle to simultaneously controlling the accumulation of 

two PTEs in rice (Wang et al. 2019), and this results in the redox state of 

paddy soil having a great influence on the accumulation of arsenic and 

cadmium in rice grains (Xu et al. 2008). Planting rice in aerobic soil greatly 

reduced the accumulation of arsenic in grains but increased the accumulation 

of cadmium in grains, while planting rice under anaerobic soil conditions had 

lower cadmium concentrations in grains but higher arsenic concentrations in 

grains (Xu et al. 2008; Stroud et al. 2009). Similar results were found in field 

trials (Arao et al. 2009). Continuous flooding resulted in high concentrations of 

arsenic in grains with low cadmium content, while drainage during rice growth 

reduced arsenic content in grains but enhanced the accumulation of cadmium 

in grains (Arao et al. 2009; Hu et al. 2013). At the same time, paddy field water 

management during grain filling stage has a greater impact on cadmium 

content than arsenic content in rice, and arsenic accumulated during the 
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vegetative growth period seems to be more significant for grain arsenic 

accumulation than during grain filling stage (Stroud et al. 2009). 

The solubility of arsenic and cadmium affects not only Eh but also pH, and the 

adsorption of cadmium on the solid phase of the soil strongly depends on the 

pH (Naidu et al. 1994; Bolan et al. 2014). One of the most important evidence 

is that the solubility of cadmium in the soil increases about 4 times as the pH 

decreases by one unit on average (Selim et al. 2013). The soil pH and Eh 

factors may have a cross-effect on the accumulation of cadmium in rice grains 

when the pH of the paddy field soil converges to a neutral range during flood 

stages (Zhao et al. 2019), and one of main performance is that rice usually 

reaches the drainage state in the middle and late stages of grain filling, and 

about 80% of the cadmium accumulation in rice occurs during the grain filling 

stage (Hongjiang et al. 2013). In some areas of southern China, one of the 

main reasons for the high cadmium content in rice grains is soil acidification, 

which occurred in the past 30 years due to the cumulative effect of nitrogen 

fertilizer application (Zhu et al. 2016). 

 

Cadmium and rice with respect to human exposure  

The importance of rice in the global food-chain has increased the concerns of 

various food safety departments about the risk of cadmium exposure to human 
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(Zhao et al. 2019). The intake of cadmium in rice by the human body depends 

on three factors: the concentration of cadmium in the consumed grain; and the 

intake rate of rice; and the weight of the consumer (Meharg et al. 2013). The 

rice consumption rate of each country, besides, differs by nearly three orders 

of magnitude, from 0.9 to 650 g/person/day (estimated by dividing the total 

national rice consumption by the population), which is an important factor in 

determining rice exposure for the adult population (Meharg and Zhao 2012). 

Forty-six countries consume rate are more than 100 g/person/day, and 

Myanmar, Laos, Vietnam, Cambodia and Bangladesh have the largest 

consumption rate (> 450 g/person/day) (Meharg and Zhao 2012). The rice 

consumption rate of each country is also different due to regional differences in 

diet (Jin et al. 2008). The most obvious example is China (Jin et al. 2008). The 

average daily consumption of people in northern China and southern China is 

at 124 g/person and at 327 g/person respectively, as the soil and climate of 

northern China is more suitable for growing wheat and the soil and climate of 

southern China is more suitable for growing rice (Jin et al. 2008). However, a 

large number of experiments have proved that the cadmium content in a high 

proportion of local rice samples in many rice-based countries (China, 

Bangladesh) exceeds the JECFA threshold (Proshad et al. 2019; Islam et al. 

2018; Liang et al. 2017; Lu et al. 2018). More seriously, in some regions with 

high rice consumption rates in certain provinces, such as Guangxi and Hunan 
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in China, the average cadmium content in rice is many times higher than that 

in other regions, and the cadmium content in a very high percentage of 

samples in these areas exceeds the maximum limitation of local laws (Chen et 

al. 2018a). Another vulnerable group is infants and children, as the food 

consumption rate of their weight per person is usually three times higher than 

that of adults (Meharg et al. 2013). At the same time, rice is widely used as an 

ingredient in weaning products whether in developed or developing countries 

(Carey et al. 2018). 

The content of cadmium in rice mainly depends on the geographical variation 

and genetic variation of cadmium in cereals (Meharg et al. 2013). The 

investigation of the global cadmium content in rice is a difficult task, requiring a 

detailed investigation within a fine geographic range, covering all rice 

producers (Meharg et al. 2013). A retrospective rice origin study is required 

because rice is widely exported not only in different regions of the country but 

also between different countries (Meharg et al. 2013). Some countries with 

high rice intake and major rice producing countries have more mature research 

on the content of cadmium in rice, and the most typical example is China (Hu 

et al. 2016; Chen et al. 2018a). There are a large number of related articles on 

the cadmium content in rice in China, as well as the research direction is more 

comprehensive, these directions include planting locations, rice varieties and 
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water management, and the sample data of the survey is also larger than other 

countries (Hu et al. 2016; Chen et al. 2018a; Song et al. 2017; Qian et al. 2010; 

Ke et al. 2015). Rice has a great influence on the risk of cadmium exposure in 

Chinese adult population (Song et al. 2017). Rice products account for 56% of 

the total dietary cadmium intake of the Chinese adult population, and rice 

accounts for 38% of the total intake of cadmium in the northern population, and 

rice accounts for 65% of the total intake of cadmium in the population of 

southern China, and even more serious is that this number is still increasing 

(Song et al. 2017). The strongest evidence is the average cadmium dietary 

intake of the Chinese general population has doubled from 1990 to 2015, and 

the average dietary cadmium intake of Chinese 4–11-year-old age group is 

close to the TDI level recommended by JECFA at present (Song et al. 2017). 

The average cadmium content in polished rice in China is at 62 µg/kg, while in 

the southern region, where pollution is severe, the average cadmium 

concentration in rice is at 430 µg/kg, and the median value is at 380 µg/kg, 

both of which exceed the maximum limit content of cadmium in rice by Chinese 

government food law (200 µg/kg) (Zhu et al. 2016). Although Bangladesh is 

less dependent on the mining and processing of base metals due to its lower 

degree of industrialization, the content of cadmium in Bangladeshi rice and 

human cadmium intake are both in high levels among the major rice producing 

countries (Rmalli et al. 2011). The average cadmium content of grains in 
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Bangladesh is at 90 µg/kg, and the human cadmium intake is at 40 µg/day, 

which is close to the actual cadmium intake value in Chinese heavily polluted 

areas of central and southern regions (Rmalli et al. 2011). The research on 

Brazilian rice is also worrying (Kato et al. 2019). Although all samples are 

lower than the maximum limit of cadmium content in rice (400 µg/kg) stipulated 

by national regulations, this maximum value is twice than that of the EU and 

Chinese food laws (Kato et al. 2019). Besides, 9 of the 24 rice samples had a 

cadmium concentration exceeding 300 µg/kg, accounting for 37.5% of the total 

samples (Kato et al. 2019). In Malawi, the average concentration and median 

cadmium content in brown rice are at 6 µg/kg and at 2 µg/kg respectively, 

which indicates that the risk of cadmium poisoning due to rice consumption by 

local people is very small (Joy et al. 2016). The concentration of cadmium in 

Italian brown rice is at 92 µg/kg, and the concentration of cadmium in white rice 

is at 62 µg/kg, both of which are lower than the maximum levels (MLs) of 

cadmium concentration in rice (200 µg/kg) stipulated by the European Union 

(Pastorelli et al. 2018), and the estimated weekly intake of cadmium obtained 

from the consumption of brown rice and white rice by the local population 

accounts for about 6% and 4% of the tolerable weekly intake (2.5 µg/kg/week) 

set by the European Food Safety Authority, respectively, which indicates the 

risk of cadmium exposure is very small (Pastorelli et al. 2018). The average 

content of cadmium in Australian rice products is 7.5 µg/kg, which is far below 
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the EU maximum limit (Rahman et al. 2014).  

 

Besides, the cadmium content in rice brans products is many times higher than 

that in polished rice products, and rice bran is an increasingly popular food raw 

material (Yao et al. 2020; Hansen et al. 2012; Carey et al. 2018). Rice bran is a 

by-product of refined whole grain rice, including peel, aleurone layer, embryo 

and some endosperm (Meharg et al. 2008). Rice bran is very rich in nutrients, 

and a good example is that many food manufacturers add it to products such 

as rice biscuits to increase fiber content, and it is also one of the important raw 

materials for many Japanese foods (Meharg et al. 2008). Because it is rich in 

antioxidants, vitamins, mineral nutrients and soluble fiber, it is called "natural 

superfood" and "high-quality healthy food"(Sun et al. 2008). But it is doubtful 

whether the content of cadmium in this cereal bran exceeds the law (Zhang et 

al. 2020). Sufficient data show that the concentrations of cadmium and 

micronutrients in rice bran are higher than corresponding endosperm (Yao et 

al. 2020). The process of polishing rice can reduce the content of cadmium in 

rice to different degrees with good linear relationship and the complete rice 

polishing process can effectively reduce the cadmium content in rice (Zhao et 

al. 2010).  

 



37 

 

Another global trend is that the group with highest risk level of cadmium 

exposure in rice is children and infant, as the food consumption rate of infant 

weight per person is usually 3-times higher than that of adults (Meharg and 

Zhao 2012). As I said above, infants often have gluten-free cereals, of which 

rice is the dominant grain in such formulations, including their weaning diet, 

which increases their cadmium exposure from rice (Meharg and Zhao 2012). 

Cadmium exposure during childhood can lead to anemia, abdominal pain, 

neurological and adverse developmental effects, learning disabilities, kidney 

damage, hypertension and changes in vitamin D metabolism (Hernández et al. 

2012). A study on the cadmium content of 59 baby food samples confirms the 

concern regarding cadmium in infant diets as it showed that the cadmium 

content per unit of soybean product is 6-times that of milk formula (Hernández 

et al. 2018), while the cadmium content in baby cereal products was 4-times 

higher than that of other products (Hernández et al. 2018).  

 

Human toxicity of inorganic arsenic and rice with respect to human 

exposure 

Arsenic is the 33rd element in the periodic table of chemical elements. 

Although it is officially classified as a metalloid, which means it has certain 

properties of both a metal and a non-metal, it is also commonly referred to as a 
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metal, and is often referred to as a heavy metal (Mandal and Suzuki 2012). 

Arsenic is a toxic metalloid element found in air, water and soil, and inorganic 

arsenic tends to be more toxic than organic arsenic, and examples of 

methylated organic arsenic include monomethylarsinic acid [MMA(V)] and 

dimethylarsinic acid [DMA(V)] (Jomova et al. 2011). Most arsenic enters the 

human body in the trivalent inorganic form As(III) by a simple diffusion 

mechanism. Only a small amount of pentavalent inorganic arsenic can cross 

the cell membrane by an energy-dependent transport system and then 

immediately reduce to trivalent arsenic (Cohen et al. 2006). Both organic and 

inorganic forms of arsenic are excreted in the urine, and most inorganic 

arsenic is excreted after a few days, although some remain for months or 

longer (Aposhian et al. 2000). Most organic arsenic is excreted more rapidly, 

usually within a few days (Aposhian et al. 2000). 

Inorganic arsenic includes arsenite [As(III)] and arsenate [As(V)], which can be 

methylated to form monomethylarsine aicd [MMA(V)] or dimethylated to form 

dimethylarsine Acid [DMA(V)] (Hughes et al. 2000). The metabolism of 

inorganic arsenic involves glutathione-mediated two-electron reduction of 

pentavalent arsenic to trivalent arsenic, followed by oxidative methylation to 

form pentavalent organic arsenic (Hughes et al. 2000). Inorganic arsenic is 

often much more toxic than organic arsenic (Jomova et al. 2011). Arsenic is 
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toxic to most organ systems, the most sensitive target organ being the kidney 

(Cohen et al. 2006). The extent of arsenic poisoning depends on a variety of 

factors, such as the dose, the individual's susceptibility to arsenic, and the age 

of the affected individual. While chronic arsenic exposure can affect the 

vascular system and lead to hypertension and cardiovascular disease, acute 

arsenic poisoning may lead to cardiomyopathy and hypotension. The most 

common neurological effect of chronic arsenic poisoning is peripheral 

neuropathy, and the gastrointestinal effect is manifested as toxic hepatitis with 

elevated liver enzyme levels. Trivalent inorganic arsenic inhibits pyruvate 

dehydrogenase by binding to the sulfhydryl group of dihydrolipoamide, 

resulting in reduced conversion of pyruvate to acetyl-CoA (CoA), and 

decreased citric acid cycle activity and cellular ATP production (Bergquist et al. 

2009). Trivalent arsenic inhibits many other cellular enzymes through thiol 

binding. It also inhibits glucose entry into cells, gluconeogenesis, fatty acid 

oxidation and further production of acetyl-CoA. Importantly for oxidative stress, 

trivalent arsenic inhibits the production of glutathione, which protects cells from 

oxidative damage (Davison and Mann 2002). 

 

The toxicity of pentavalent inorganic arsenic is partly due to its conversion to 

trivalent arsenic, and the resulting toxic effects are described above. At a more 
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important and specific level, pentavalent arsenic mimics inorganic phosphate 

and displaces phosphate in glycolysis and cellular respiration pathways 

(Hughes 2002). Uncoupling of oxidative phosphorylation occurs because 

normal high-energy phosphate bonds are not formed; for example, in the 

presence of pentavalent arsenic, adenosine diphosphate (ADP) forms 

ADP-arsenate instead of ATP, which is not present high energy ATP 

phosphate bond. Methylation of inorganic arsenic is considered as a 

detoxification mechanism (Aposhian 2002). However, recent experimental 

results have shown the presence of trivalent intermediates, monomethylarsinic 

acid [MMA(III)] and dimethylarsinic acid in the urine of humans exposed to 

drinking water containing high concentrations of inorganic arsenic. (Cohen et 

al. 2006). These trivalent intermediates are structurally different from 

pentavalent compounds, more reactive and more carcinogenic (Cohen et al. 

2006). 

 

The largest sources of arsenic and other metals are usually food, with the 

predominant dietary forms being seafood, rice, mushrooms, and poultry 

(Petroczi and Naughton 2009). Although seafood itself contains more arsenic, 

this is mainly an organic form called arsenobetaine, which is far less harmful 

than other foods (Nepusz and Petroczi 2009). Rice is a major source of 
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inorganic arsenic and dietary intake in populations that eat rice as the staple 

food (Meharg et al. 2013; Meharg et al. 2009). The intake of As in rice depends 

on the rate of intake of rice and the concentration of arsenic in the rice. 

Average rice consumption rates vary widely across countries, ranging from 0.9 

to 650 g/person/day (estimated by dividing total national rice consumption by 

population) (Meharg and Zhao 2012). Consumption in 46 countries exceeded 

100 g/person/day, with Myanmar, Laos, Vietnam, Cambodia and Bangladesh 

having the largest consumption (>450 g/person/day). Due to regional and/or 

racial differences in diet, the rate of rice consumption varies from country to 

country. For example, the average consumption of the population in northern 

and southern China is 124 g and 327 g/person/day, and the national average 

is 238 g/person/day (Zhao and Wang 2020). Rice contains inorganic arsenic 

and methylated arsenic (Meharg et al., 2009; Zhao et al., 2013b). There are 

some interesting geographic differences in rice speciation in different regions, 

with Asian rice generally containing a larger proportion of iAs than American 

rice, while the Americas have higher methylated arsenic levels (Meharg et al. 

2009; Zhao et al. 2013b; Zhu et al. 2008). On average, rice produced in 

Bangladesh, India and China has an iAs% of 70% to 80%, European rice is 

about 60%, and US rice is 40% to 50% (Chen et al. 2018a; Williams et al. 2005; 

Zhu et al. 2008). The reasons for the geographic differences in rice speciation 

are unclear, but may be due to differences in soil properties and microbial 
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communities (Zhao et al. 2013b). Inorganic arsenic is more toxic to humans 

than pentavalent methylated arsenic (Zhao et al. 2013b). The codex 

alimentarius commission has set the maximum level of inorganic arsenic in 

milled rice at 0.2 mg/kg (fresh weight), while the EU recommends maximum 

levels of 0.1 mg/kg and 0.2 mg/kg (fresh weight) for inorganic arsenic in rice of 

infant food and adult consumption, respectively (European Commission 2015). 

iAs is considered a non-threshold Group I carcinogen, and WHO has set the 

limit of iAs at 10 μg/L (World Health Organization 2011). Another way to 

assess the potential risk of arsenic in rice is to use the internal lifetime excess 

cancer risk slope of iAs. Mehag et al. (2009) estimated that the median excess 

cancer risk of rice iAs was 22, 15, and 7 per 10,000 people in Bangladesh, 

China, and India, respectively, which is much higher than the World Health 

Organization cancer risk criteria for As of 1 per 100,000 people (WHO 2011). 

Huge market prospects for animal feed  

Animal feed is a commodity with strong development potential. In 2004, the 

United States produced more than 120 million tons of primary animal feed, 

including a mixture of feed grains, factory by-products, animal protein, and 

micro-ingredient formulas (i.e., vitamins, minerals, and antibiotics). In the same 

year, the United States exported nearly $4 billion worth of aimal feed 

ingredients (Sapkota et al., 2009). Rice bran is a main source of animal feed, 
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and rice bran accounts for about 10% of the weight of brown rice. It consists of 

pericarp, aleurone layer, sub-aleurone layer, seed coat, nuculus and germ and 

a small part of endosperm (Wu and Li 2022). The percentage and composition 

of rice bran varies by rice variety, pretreatment prior to milling, type of milling 

system, and degree of milling. Rice bran is light in color, sweet in taste, 

moderately oily, and slightly toasted nutty. The texture varies from a fine 

powdery consistency to flakes, depending on the stabilization process (Clowes 

1950). The cholesterol-lowering effects of full-fat and defatted stabilized rice 

bran, parboiled rice bran, and rice bran in combination with wheat bran were 

studied in hamsters fed a fiber diet supplemented with 0.5% cholesterol. In 

particular, animals fed full-fat stabilized rice bran had significantly lower liver 

cholesterol concentrations than all other groups (Kahlon and Chow 1998). 

Rice bran is an important beneficial component of chicken feed. Total 

cholesterol and triglycerides were significantly reduced in chicks fed the 

whole-fat rice bran diet. Significant differences in HDL values were found in all 

diets with the lowest mean corn/soybean (114 mg/dL) for full-fat rice bran (155 

mg/dL). Whole-fat rice bran appears to increase HDL and lower LDL in chicks, 

but does not always affect total cholesterol (Newman et al., 2009). 
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Chapter 2  

Thesis hypothesis, aims and structure 

 

The purpose of the research outlined here is to study human exposure to 

cadmium from rice products. The origin of rice products is an important factor 

in determining the content of cadmium in rice, and cadmium in rice can be 

greatly reduced by combining procurement and post-harvest processing. The 

difference in the cadmium content of different types of rice products is also 

obvious. Choosing rice products with lower cadmium content in food purchase 

is useful for reducing the body's cadmium intake amount.  

 

Groups which are vulnerable to exposure risk by cadmium also deserve 

attention, such as infants and children. It should be noted that the interest of 

food safety agencies and experts all over the world in the study of cadmium 

exposure risk has been increasing. Compared with arsenic, at the same time, 

the scope of the investigation on the content of cadmium in rice is narrow, and 

the amount of data is small, and the samples are not diverse enough. We will 

investigate the content of cadmium in rice worldwide at first, and consider 
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solutions to reduce human cadmium intake amount and rate after obtaining 

sufficient data. Besides, there are effective methods to reduce the content of 

cadmium in rice products during not only the rice growth stage but also product 

processing stage because of the high accumulation efficiency of cadmium in 

rice plants. 

 

Chapter 3 introduces the comprehensive data of white rice from the globally 

available markets, covering 29 different sampling areas on 6 continents, in 

which about 1200 samples were analyzed by various elemental analysis 

techniques, provided macro and trace element data and establishes the global 

background of cadmium in rice for the first time. This is necessary to develop 

regulatory standards, provided food safety recommendations and develop 

mitigation programs for food safety experts all over the world. These surveys 

cover regions with few previous research data, such as Africa and South 

America, and show how many percentages of rice products in the global 

supply chain exceed different cadmium content thresholds.  

 

Chapter 4 provides data on the content of cadmium in baby rice products in the 

UK market, which is an important study for the groups with the highest risk of 

cadmium exposure in European Union. We compared the content of cadmium 
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in baby rice products with the food laws of the European Union in this unit. At 

the same time, we give consumers some useful suggestions when they 

purchase baby rice through some of our important research findings. 

 

Chapter 5 provides data on the content of cadmium in rice bran products to 

study the localization of cadmium within rice grain. Grain bran products are 

emerging green foods in the market, and are popular with consumers due to 

their various health functions. But the content of several PTEs in these 

products is worrying due to the localization of PTEs in plants, and the content 

of PTEs in grain bran tends to be higher than that in the corresponding 

endosperm. In this unit, we explore the safety risks of rice bran products by 

comparing the content of cadmium in white rice and rice bran. Meanwhile, we 

explored the general regulation about cadmium distribution in cereal fruits by 

the data of cadmium content in several different types of grain brans products. 
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Abstract 

One of cadmium’s major exposure routes to humans is through rice 

consumption. The concentrations of cadmium in the global polished (white), 

market rice supply-chain were assessed in 2270 samples, purchased from 

retailers across 32 countries, encompassing 6 continents. It was found on a 

global basis that East Africa had the lowest cadmium with a median for both 

Malawi and Tanzania at 4.9 µg/kg, an order of magnitude lower than the 

highest country, China with a median at 69.3 µg/kg. The Americas were 

typically low in cadmium, but the Indian sub-continent was universally elevated. 

In particular certain regions of Bangladesh had high cadmium, that when 

combined with the high daily consumption rate of rice of that country, leads to 

high cadmium exposures. Concentrations of cadmium were compared to the 

European Standard for polished rice of 200 µg/kg and 5% of the global supply 

chain exceeded this threshold. For the stricter standard of 40 µg/kg for 

processed infant foods, for which rice can comprise up to 100% by 

composition (such as rice porridges, puffed rice cereal and cakes), 25% of rice 

would not be suitable for making pure rice baby foods. Given that rice is also 

elevated in inorganic arsenic, the only region of the world where both inorganic 

arsenic and cadmium were low in grain was East Africa.    
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Introduction 

Cadmium is a nephrotoxin and carcinogen with a half-life in the human body 

measured in decades (BrF 2018). A major exposure route of cadmium globally 

is the grains of wheat and rice (BrF 2018; EFSA 2009, 2012). An early 

understanding regarding the toxic effects of cadmium on human health was 

associated with consumption of rice elevated with cadmium (itai-itai disease) in 

the mid 1950s (Kobayashi 1978).  Regulations regarding the maximum 

concentrations of cadmium allowed in wheat and rice has been set at 200 

µg/kg in the European Union (Commission Regulation 2006). Stricter 

standards are set for processed baby foods in the EU, at 40 µg/kg 

(Commission Regulation 2006). Cadmium intakes are of particular concern in 

China as rice grain cadmium tends to be elevated across this country (Meharg 

et al. 2013).  

 

Establishing a global context for cadmium in rice is needed for regulatory 

standard setting, food-safety advice and to develop mitigation options. For 

regulation it is important to understand what “normal” concentrations of 

cadmium in rice are, and what percentages of the global-supply chain exceed 

different thresholds thought to be important for health (Meharg et al. 2013). For 

food safety, such as minimizing the exposure to sensitive populations, such as 

young children weaned on rice (Gardener et al. 2019), identification of 
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low-cadmium rice sources would be an advance. For mitigation, knowing 

where and why cadmium is elevated in rice can further the identification of 

sources of this element to paddy environments, and refine management 

practices to lower concentrations in grain. It is through the widespread mining 

and processing of base metals has led to elevated cadmium in Chinese 

supplies (Chen et al. 2018; Fan et al. 2014; Hu et al. 2016; Ke et al. 2015; Mu 

et al. 2019; Williams et al. 2007). Thus, for example, moving rice production 

away from such pollution will lead to lowering of cadmium in the supply chain. 

Another source of cadmium pollution is the presence of cadmium in fertilisers 

that are widely used in rice farming  (Roberts 2014) . The EU has recently set 

limit on the content of cadmium in fertilisers to protect human health and the 

environment 

(https://data.consilium.europa.eu/doc/document/PE-76-2018-INIT/en/pdf ). For 

mitigation options a wide range of technologies have been investigated for 

lowering grain cadmium including: breeding, field-water management and 

immobilizing amendments (Hu et al, 2016; Zhao and Wang 2020). Global 

patterns in rice cadmium may identify where the best management practices 

may be found. This is particularly true for water management where more 

aerobic rice cultivation leads to higher grain cadmium (Hu et al. 2016). In 

particular, more upland, rain-fed, production is thought to lead to cadmium 

elevation. 
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When it comes to variation in rice cadmium, besides the aforementioned 

surveys of China (Chen et al. 2018; Fan et al. 2014; Hu et al. 2016; Ke et al. 

2015; Mu et al. 2019; Williams e al. 2007), the rest of the globe is either 

considered country-by-country (Adomako et al. 2011; Joy et al. 2017; Kato et 

al. 2019; Pastorelli et al. 2018; Rahman et al. 2014; Sommella et al. 2013; and 

other surveys compiled in Ke et al. 2015) or with a limited inter-country 

overview (Meharg et al. 2013). Here we intend to build from previous surveys 

(Adomako et al. 2011; Meharg et al. 2013; Joy et al. 2017; Sommella et al. 

2013; Williams et al. 2007) by integrating with these previous studies new 

cadmium data derived from a rice survey designed to represent the global 

supply-chain that has been characterised for arsenic speciation (Carey et al. 

2020). Importantly, these surveys cover Africa, south (S.) America, the Indian 

subcontinent and the south east (S.E.) Asian archipelago, which are not well 

considered for cadmium in the literature. The study presented here focuses on 

white rice purchased from market, to represent best what is actually being 

consumed. All the data presented was produced in our laboratories under the 

same quality assurance/quality control (QA/QC) procedures.  
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Materials and Methods 

Rice sample collection 

Polished, locally produced, market rice, number of samples (n) =2270, was 

purchased from retailers from 32 countries from 6 continents. Surveyed 

regions and sampling frequency are given in Table 1. A set of previous 

published data published by our group, N=1167, have been reported for China 

(Williams et al. 2007) and Bangladesh, Cambodia, France, Ghana, India, Italy, 

Japan, Nepal, Spain, Sri Lanka, Thailand and the USA (Adomako et al. 2011; 

Meharg et al. 2013; Sommella et al. 2013; Williams et al. 2007). More than 

1100 new samples were reported here, including Malawian samples from Joy 

et al. (2017), adding depth to previously sampled regions, as well as adding 

new countries to the survey (Table 1). Post-harvest treatment of rice differs 

regionally, and sampling is biased by the geographic origin of authors, and 

their varying ability to systematically sample across the surveyed regions. As 

such, this study cannot be considered as a stratified survey, and suffers similar 

limitations to previously published surveys on rice nutrition (Ke et al. 2015; 

Meharg et al. 2013; Rahman et al., 2014). This must be born in mind when 

interpreting the data.  

 

For some countries/regions the geographic clustering of the samples enables 

further investigation of the data. For the Americas, the main production region 
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centres on the border of S. Brazil with N. Argentina, Paraguay and Uruguay, 

and thus these samples can be seen as geographically related. High spatial 

resolution was present in the Italian, Malian, Spanish and Tanzanian datasets. 

The Chinese data is given by province. The Indian, Nepal and Pakistan 

samples were all Basmati variety, and are widely available globally, and were 

obtained from this export market.  

 

Sample preparation and analysis  

Analytical protocols and performance for previous surveys are presented in the 

studies in which the data were first presented (Williams et al. 2007; Meharg et 

al. 2013). For the new batch of data, sample preparation and analysis 

protocols differ mainly in the in the model of ICP-MS used. The new protocols 

are as follows: grain samples were freeze dried and then milled to a fine 

powder and weighed accurately to a weight of 0.1 g into 50 ml polypropylene 

centrifuge tubes to which 2ml of conc. (68%) Aristar nitric acid was added and 

allowed to sit overnight. Then 2ml of Aristar hydrogen peroxide was added to 

each tube and allowed to outgas for 15 minutes. Batches of up to 48 samples 

were prepared which also included duplicate blanks and duplicate samples of 

rice flour certified reference material (CRM) NIST 1568b in all analytical 

batches. Samples were microwave digested using a CEM MARS 6 instrument, 
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and on cooling diluted accurately to 30 ml with deionized distilled water, with 

rhodium used as an internal standard. Cadmium was quantified by ICP-MS 

(Thermo ICAP-Q, UK) against a standard calibration. Cadmium had a mean 

recovery, plus or minus standard error, of 104.4 ± 6.1%, n=55. The limits of 

detection (LoD) for cadmium was 9.8 µg/kg, and ½ LoD was assigned to all 

values below this value. Lower LoDs were reported for Williams et al (2007) 

and Meharg et al. (2013), and to avoid artefactual variance occurring, all 

measured values below 4.9 µg/kg from previous surveys were allocated to the 

same ½ LoD of 4.9 µg/kg. 

 

Statistical analysis  

All statistical analysis was performed on SPSS v. 25 (IBM, USA). The 

Kruskal-Wallis test was used to test medians between sample groups.  
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Results  

Globally, cadmium in white rice varied from <4.9 to 3712 µg/kg, with a global 

median of 19.0 µg/kg (Table 1, Figure 1). The median value of cadmium in 

grain significantly varied between regions (P<0.001). American regions had 

low medians, with 4 countries medians at the LoD. Only Bolivia exceeded the 

global median at 23.0 µg/kg. Kruskal-Wallis test found highly significant 

differences (P<0.0001) between all American countries, and for those with 

neighbouring rice cultivation areas (Argentina, Brazil, Paraguay and Uruguay). 

The cadmium in rice for the European/ Mediterranean region was also low, 

with both Egypt and Turkey having median cadmium concentrations at the LoD, 

being highly significantly different (P<0.0001). Only Italy, at 25.7 µg/kg, 

exceeded the global median. African rice was, on the whole, low for grain 

cadmium, with median concentrations for Malawi and Tanzania being at the 

LoD, and with only Mauritius having high concentrations with a median of 93.6 

µg/kg, greater than 4-times that of the global median. There were highly 

significant differences (P<0.0001) within East and West Africa regions. The 

situation changes for the Indian subcontinent where all medians were above 

the global median, with Nepal recording the highest median at 47.6 µg/kg. 

There were no significant differences between Indian subcontinent rice 

(P=0.182). Highest medians globally by country were recorded for E. Asia, 

China at 93.3 µg/kg and Japan at 45.9 µg/kg, with highly significant differences 
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between the 3 countries in this region, with South Korea being the lowest 

(P<0.0001). S.E. Asian countries were also highly significantly different from 

each other. Considering the range of the data (Figure 1), Ivory Coast, Mauritius, 

Nepal, Pakistan and Thailand were the only countries not to have 

concentrations of cadmium less than LoD for any sample (Figure 2). The Ivory 

Coast, in particular, had close clustering, i.e. uniformity, in grain cadmium with 

content, given that it also had good sampling depth (N=88), with the 25th and 

75th percentile being 17.3 and 34.8 µg/kg, respectively.   
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Table 3.1. Sampling locations, and grain cadmium median, sample number (N), 25th and 75th 

percentiles, minimum and maximum (μg/kg), and number of samples collected for each 
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Figure 3.1. Median concentrations of cadmium in white (polished) rice across the globe. Bars 

represent the 25th and 75th percentiles. The dashed lines are for the EU standards 

(Commission Regulation 2006) for polished rice grain (200 μg/kg) and processed infant foods 

(40 μg/kg). 
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With respect to intra-country differences, only Mali (P=0.078) had 

non-significant differences between regions (Figure 2). The greatest contrasts 

between regions were observed for Bangladesh and China. For Bangladesh, 

Mymensingh had 3 or greater times median cadmium (90. 2 µg/kg) than other 

districts. For China only Hainan and Nanjing had relatively low grain cadmium, 

with medians of 39 and 16 µg/kg, respectively. This contrasts, for example, 

with Guangxi province where the median was highest at 209 µg/kg.    
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Figure 3.2. Median concentrations of cadmium in white (polished) rice comparisons 

within country where available. Bars represent the 25th and 75th percentiles. 
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When relating the observed grain cadmium to EU standards. For all regions 

except China, less than 5% of samples exceed the 200 µg/kg EU limit (Figure 

2). No American sample exceeded this limit, and only 1 European sample, 2 

African, 6 Indian subcontinent and 3 S.E. Asian exceeded the standard (Figure 

2). For China 17% of samples were in exceedance. For the lower processed 

baby food standard of 40 µg/kg, most regions had a substantial portion over 

that concentration, with the exception of East Africa, although the few samples 

from Mauritius were all high. When considered by country, there was 

considerable variation in exceeding the 40 µg/kg standard. Bolivian rice was 

high (though sampling was limited), while Brazil also had 5 samples that 

exceeded this limit. For Europe/Mediterranean, Spain, and Italy in particular 

had a high number of samples above 40 µg/kg. The Ivory Coast and Ghana 

also had samples above 40 µg/kg. For the Indian subcontinent only, Pakistan 

had all samples below 40 µg/kg. For E. Asia, only Cambodia had all samples 

below this threshold, and only Australia for the S.E. Asian archipelago, which 

the Australasian continent is considered part of here. For China, only 43% of 

the samples were below 40 µg/kg. 
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Figure 3.3. Cumulative relative frequencies of cadmium concentrations in white (polished) rice for 

each region surveyed. The dashed lines are for the EU standards (Commission Regulation 2006) 

for polished rice grain (200 μg/kg) and processed infant foods (40 μg/kg). 
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To consider how cadmium relates to arsenic, the other major global issue with 

respect to the global rice supply food-chain, median cadmium and inorganic 

arsenic concentrations were compiled from this survey of cadmium and related 

to arsenic speciation (Carey et al. 2020) for countries were both parameters 

were available. The cadmium versus inorganic arsenic plot is shown in Figure 

4. There was no relationship, when considering medians, between grain 

cadmium and inorganic arsenic. What stands out is that paddy rice has a 

tendency to be low in cadmium, but high in inorganic arsenic. The exceptions 

are Tanzania and Malawi which are very low in both cadmium, and inorganic 

arsenic; Sri Lanka which is intermediate in both, and China which is high in 

these two toxicants.  
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Figure 3.4. Comparison, where available, for country medians for cadmium reported here and 

inorganic arsenic from Carey et al. (2020). 
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Discussion 

Cadmium concentrations in rice have been well investigated for China (Chen 

et al. 2018; Fan et al. 2014; Hu et al. 2016; Ke et al. 2015; Mu et al. 2019; 

Williams et al. 2007). Intra-country comparisons are normally restricted to 

literature compilation of diverse studies (Ke et al. 2015), although there have 

been limited intra-country comparisons (Meharg et al. 2013).  Individual 

country studies have been useful with respect to development of cadmium in 

rice as a research area for investigation, particularly with respect to informing 

regulation of this element in the human diet (BrF 2018; Commission 

Regulation 2006; EFSA 2009, 2012). However, such surveys  do not enable a 

comprehensive analysis of the global supply-chain. Thus, this wide reaching 

survey presented here, where samples were analysed under the same 

operating procedures and CRMs, provides a more robust overview of 

cadmium in rice globally. In particular, the approach presented here allows 

consistent reporting of medians, where means only are often reported in the 

literature (Ke et al. 2015). This is important as cadmium in rice is not normally 

distributed and, thus, reporting of means is statistically inappropriate. 

Importantly, having a unified dataset enables appropriate statistical 

interpretation of the data, which cannot be conducted from literature 

compilations, especially as individual sample concentrations are normally not 

presented.  
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The strengths of the approach undertaken here noted, needs to be balanced 

by the fact that many cadmium-in-rice surveys, including the current 

investigation, have generally unbalanced sampling designs. To achieve a 

globally balanced sampling design is unattainable without considerable 

resources. Within country survey can be better achieved, but even then there 

tends to be a bias towards high production areas (Chen et al. 2018a). High 

production areas are more important with respect to human consumption, but if 

the survey is to determine where high or low regions are, then as many 

samples should be taken from low production areas as high. This, to date, has 

to be conducted. Also, each region/country may have different networks of 

milling and marketing, at a household/village level or for urban consumption, 

for example, leading to further layers of complexity with respect to how to 

adequately sample the rice supply chain, locally, regionally and globally. 

However, non-systematic surveys are highly useful in establishing a basis on 

which to conduct further surveys, and provide an initiation point for risk 

assessment and mitigation. The utility of surveys conducted to date is 

illustrated by repeated Chinese surveys (Chen et al. 2018a; Fan et al. 2014; 

Hu et al. 2016; Ke et al. 2015; Mu et al. 2019; Williams e al. 2007), conducted 

by different organizations, which reinforce each other in showing that Chines 

rice is elevated with respect to legislative standards, and that southern 

Chinese regions tend to be more elevated than northern. This is generally 
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attributed to the fact that the southern Chinese provenances tend to be more 

impacted by the extensive base metal ore exploitation that occurs in these 

regions. While countries outside China have been less considered, the results 

presented here equate to those that have been published for rice from 

Australia, India, Italy, Bangladesh, Thailand, and Japan (Rahman et al., 2014) 

as well as Brazil (Kato et al. 2019) and Italy (Pastorelli et al. 2018). All these 

studies, including the global survey presented here, illustrate that 

south-eastern Chinese provinces are the highest, so far surveyed, with respect 

to grain cadmium.  

 

While industrial contamination may be part of the explanation with respect to 

why grain cadmium is high in China, it does not explain the Indian subcontinent, 

across the whole region from Sri Lanka to Bangladesh, is generally high in 

grain cadmium. Yet, on the whole, the Indian sub-continent is less 

industrialised, and with less reliance from base metal mining and processing 

which is a major source of cadmium, and relatively distant from global sources 

of cadmium pollution. The content of cadmium in fertilisers also requires 

consideration (Roberts, 2014). Other factors such as bedrock geology, soil 

formation and weathering, rice genetics and paddy soil management also play 

a key role with respect to grain cadmium levels (Hu et al. 2016; Zhao and 

Wang 2020). However, a definitive answer to the key contributors to grain 
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cadmium has to be found.  

 

Establishing cadmium concentrations in rice is an important part in assessing 

the risk posed by dietary exposure, but it has to be considered with respect to 

rice consumption rates (BrF 2018; EFSA 2009, 2012; Gardener et al. 2019). 

Thus, although there has been a lot of focus on south-eastern China, but when 

consumption rates are taken into account the Mymensingh region of 

Bangladesh looks just as problematic. A typical rice consumption rate of a 

Bangladesh and Chinese adult is 0.45 and 0.22 kg/d (Hu et al. 2016; Meharg 

et al. 2013), respectively; while grain cadmium is 90 µg/kg for Bangladesh as 

opposed to ~200 µg/kg for the highly impacted regions of south-east China. 

That is, the actual cadmium intake rates will be similar between Mymensingh 

and south-east China, both at ~40 µg/d. Compared to China, Bangladesh is 

greatly understudied with respect to cadmium (Al-Rmalli et al, 2012), and this 

needs to be rectified. Note that EU standards are for a region were circa. 20 

g/d rice consumption is typical, an order of magnitude lower than what is 

typically observed in the Indian sub-continent and S.E. Asia (Meharg et al. 

2013).  

 

Particularly of concern from cadmium exposure are infants, and stricter 

standards are in place in the EU for cadmium in processed baby foods (40 
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µg/kg) than for rice (200 µg/kg) (Commission Regulation 2006). Yet, processed 

foods specifically marketed at infants can be almost entirely rice, such as rice 

porridges and crackers, or be a major component of mixed cereal products 

such as porridges, snack bars rice cakes and muesli (Carey et al 2018). Thus, 

the finding that rice from many sources has a 10% failure rate at the infant food 

standard here is concerning. Only the Americas and East Africa had low 

percentages above this standard. Of particular relevance is the EU where the 

40 µg/kg standard is a legal requirement (Commission Regulation 2006). 

Nearly 20% of EU rice tested failed this standard, meaning it would be 

unsuitable for use into making pure rice porridges and crackers. While 80% fall 

under the standard, to ensure that the standard is not breached, there is a 

requirement to extensively test rice at a commercial level for infant products 

with a high rice content to ensure compliance and food-safety.  

 

As both arsenic and cadmium are problematic in rice, and can be dually 

elevated (Zhao and Wang 2020) they should be considered together for the 

risks posed to target populations. This is particularly important for the sourcing 

of rice for infant foods where arsenic and cadmium pose greater risks to 

children (Carey et al. 2018; Gardener et al. 2019), and where children are 

more exposed to dietary contaminants due to higher food consumption rates 

on a biomass basis (Carey et al. 2018; Gardener et al. 2019). To lower the 
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contaminants that an infant is exposed to is obviously the best situation, given 

the uncertainties around risk assessment and standard setting. Therefore, we 

have identified here the best source of low cadmium and arsenic rice, namely 

Tanzania and Malawi. Nowhere else comes close to these two regions. Other 

east African regions may be similarly low in cadmium and arsenic, but this 

needs to be further explored. Furthermore, east African rice paddies may 

provide solutions to producing low arsenic and cadmium rice elsewhere and an 

investigation into soil properties, paddy management practice and cultivars 

grown may hold the key to producing less contaminated crops elsewhere.  
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Abstract 

Cadmium in the diet is of concern as it is a renal toxicant and a carcinogen, 

with a half-life in the body measured in decades. Inorganic arsenic is a chronic 

carcinogen. For many subpopulations rice and rice products may be the 

dominate source of cadmium and inorganic arsenic. In particular rice porridge, 

cereal and cake are widely used to feed infants (children <4.5 years old). In the 

EU standards for cadmium infant foods in general has been set at 40 μg/kg 

w.wt., and for inorganic arsenic in rice based infant foods the standard is 100 

μg/kg w.wt.. Here we report cadmium and inorganic arsenic concentrations in 

rice products marketed for infants, and rice containing products that infants 

may eat but that are not specifically designated for infants. It was found that 

while rice-based infant foods conformed to the standards, their non-infant food 

(generic) analogues did not. Non-infant rice crackers and puffed rice cereals, 

in particular, had concentrations above these standards for both cadmium and 

inorganic arsenic. Polished pure rice grain purchased in the UK, but sourced 

from different countries, was also problematic. Basmati, Italian, Spanish and 

Thai rice, either exceeded one or the other of the cadmium and inorganic 

arsenic safety thresholds for infants, or both. Egyptian rice grain was 

particularly low for both toxins. Therefore, if those responsible for infants want 

to lower exposure to cadmium and inorganic arsenic, they should stick to foods 

specifically labelled for infants, or carefully source low cadmium and inorganic 
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arsenic rice based products that are not specifically labelled as being for infant 

consumption, or minimize exposure to rice based foods.  
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Introduction 

Human exposure to the carcinogens cadmium and inorganic arsenic, in 

non-smokers, is primarily through diet (EFSA 2009, 2012; BrF 2018). In 

particular, rice, the grain staple of half-the-world, tends to be elevated in these 

toxicants (EFSA 2009, 2012; BrF 2018). For subsistence rice diets elevated 

exposure to both cadmium (Meharg et al. 2013; Pastorelli et al. 2018) and 

inorganic arsenic (Meharg et al. 2009) has given rise to international concern. 

Globally, most problematic is the exposure of infants to cadmium and inorganic 

arsenic as they are particularly susceptible to these elements: elevated early 

life exposure to cadmium and inorganic arsenic are thought to lead to poorer 

lifetime health outcomes (Carey et al. 2018; Gardener et al. 2019; Ljung et al. 

2011; Meharg et al. 2008). Unfortunately, rice is widely fed to infants as it is 

gluten free, and is often used for weaning (Meharg et al. 2008). Exacerbating 

exposure to children is the fact that infants consume circa. 3-times more food 

on a bodyweight basis than adults (EFSA 2009).  

 

Standards have been set in the EU in recognition of the fact that cadmium 

(European Commission 2006) and inorganic arsenic are problematic in the 

food-chain (European Commission 2015). Cadmium standards are set for a 

wide range of food items (European Commission 2006). Of relevance to rice is 
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the fact that maximum concentrations allowed in polished (white) rice grain for 

cadmium and inorganic arsenic are both 200 μg/kg w.wt. (European 

Commission 2006, 2015). Infant standards for cadmium (European 

Commission 2006) and inorganic arsenic (European Commission 2015) have 

been set lower, at 40 and 100 μg/kg w.wt., respectively. However, the inorganic 

arsenic standard is set on the rice used in formulation, regardless of final 

concentration, and cadmium is set on absolute concentrations in the product.  

 

As products not-specifically labelled as being for infant consumption are fed to 

infants, there is a gap in the legislation. If parents want to feed children 

non-infant rice-based foods low in inorganic arsenic and cadmium, advice 

needs to be given as to what food items are suitable. Knowledge of what 

potential products is high or low in these toxicants is complicated by the fact 

that the geographic origin of rice effects both cadmium (Meharg et al. 2013; 

Shi et al. 2020) and inorganic arsenic (Meharg et al. 2009; Carey et al. 2020) 

content. Here we report cadmium inorganic arsenic concentrations in 

rice-based products available on the UK market, examining in particular in how 

non-infant food relates to that for infants, including rice grain by geographic 

origin, so that informed choices can be made by those responsible for the diets 

of children. 
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Materials and methods 

Rice containing baby products were sampled in 2018 from supermarkets in 

Northern Ireland to reflect consumer choice. Inorganic arsenic, but not 

cadmium, was previously reported in these samples (Carey et al. 2018). 

Survey was systematic in that 3 stores of 6 major retailers (ASDA, Boots, 

Holland and Barrett, Marks and Spencer, Sainsbury’s, Tesco) were visited. All 

rice based baby foods, crackers and cereals available at the time of survey in 

each store were sampled. These included baby rice, rice cereal and rice cake. 

Details of brand, purchase date, store details, ingredients, and country of origin 

were recorded and reported in Carey et al. (2018). Note that while sampling 

took place in Northern Ireland, the source of the rice, brands and distributers 

are international, and commonplace throughout the UK and EU.  

 

Additionally, polished rice grain were sampled. They were obtained from 

supermarkets, health food shops and specialty shops in Northern Ireland, with 

the same sampling strategy as for baby-food products. Samples were 

collected during 2013-2018. Wholegrain is less common and also is not 

normally fed to young infants and is, therefore, excluded. Grains represented 

6-regions, 5 commonly available: basmati (from India & Pakistan), Spanish, 
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Italian, Thai and the USA. Specialty Egyptian rice was purchased from Halal 

shops. The polished rice rain data was abstracted from a wider global survey 

of inorganic arsenic and cadmium in rice reported by Carey et al. (2020) and 

Shi et al. (2020), respectively, where sampling strategies and experimental 

design are outlined in full. Sampling frequencies are shown in relevant figures 

where individual data points are plotted. While the grain survey was 

opportunistic, it follows the pattern used in similar surveys (Shi et al. 2020). As 

long as the surveys are interpreted with suitable caution, they provide valuable 

information, as discussed by Shi et al. (2020).  

 

The samples were dried in a Christ LD freeze dryer, powdered on a rotary ball 

mill (Retch PM 100 planetary ball mill) using a zirconium oxide - lined grinding 

chamber and 20 mm zirconium oxide - plated marbles. Powdered samples 

were then weighed, ~100 mg, accurately, using discovery OHAUS digital 

weighing scales into labelled 50ml polypropylene (pp) centrifuge tubes (VWR, 

D&H and similar). A rice-flour certified reference material (CRM), NIST 2018, 

was also used for each analysis batch, with a batch consisting of 40 samples, 

and each batch also included an analytical blank.  

 

For cadmium analysis, to each centrifuge tube 2mls of BDH Prolabo Aristar 
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69% nitric acid was added, including the blanks. Tubes were vortexed briefly 

and left overnight to soak. Following this period, 2mls of BDH Prolabo Analar 

Normapur 30% hydrogen peroxide was added to each centrifuge tube via 

pipette. Tubes were then left open for 15min to outgas. Tubes were then 

placed into the carrousel of a CEM Mars 6 1800W microwave digestor, and the 

appropriate digestion programme selected. The microwave programme heated 

the samples up to 95oC gradually through a 3-stage process over a period of 

35min, then digested the samples at 95oC for 30min. After cooling, a rhodium 

internal standard (Fluka Analytical) was added, to give a final concentration of 

10µg/l, to each sample, and the tubes were made up to their final weights 

(~30g) with deionized water, with precise weights recorded. Multi-Element 2 

(SPEX CLMS-2 Multi-Element Solution 2, matrix: 5% HNO3) and 

Multi-Element 4 (SPEX CLMS-4 Multi-Element Solution 4, matrix: water/Tr-HF) 

were used to make up all standards in a range of 0-100 µg/l. The standard 

tubes were then made up to final weight (50g) with 1% HNO3. For analysis, 

10ml from the final digestate was poured into 15ml polypropylene tubes (VWR) 

and placed into the auto-sampler rack (Cetak ASX-520 Auto Sampler) in a 

predetermined random run order. 

 

For arsenic speciation, 10ml of 1% conc. Aristar nitric acid was added to the 



81 

 

~0.1 g of powdered rice and allowed to sit overnight. Samples were then 

microwaved for 30 min. at 95 oC using a 3-stage heating program: to 55 oC in 5 

min. held for 10 min., to 75 oC in 5 min., held for 10 min. to 95 oC in 5 min., held 

for 30 min.. On cooling the digestate was diluted to 10 ml with deionized 

distilled water and then centrifuged for 15 min at 4,500 rpm for. To a 1 ml 

aliquot in a 2 ml polypropylene vial 10 µl of analytical grade H2O2 was added, 

converting any arsenite to arsenate, facilitating chromatographic detection.  

 

Shi et al. (2020) outlines the cadmium analytical protocols used here. 

Summarizing, for cadmium quantification samples was analyzed by ICP-MS 

(Thermo Scientific iCap Q ICP-MS), interfaced with an auto-sampler. The 

ICP-MS operating conditions were: forward RF power- 1550W; nebulizer gas 

flow- ~1L/min, nebulizer sample flow rate- ~0.35ml/min. Helium was used as a 

collision gas at a flow rate of 5 ml/min. Five cadmium standards were made up 

including one blank, all in 1% HNO3. Cadmium recovery was, mean ± SE, 105 

± 3.2%. The certified concentration of NIST rice flour CRM was 24 μg/kg d.wt.. 

The limit of detection (LoD) for cadmium was 0.5 μg/kg d.wt. for infant foods, 

but at 9.8 μg/kg d.wt. for rice grain.  

 

For inorganic arsenic quantification analytical details are given in Carey et al. 
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(2018, 2020). Summarizing, sample solutions were analyzed using a Thermo 

Scientific IC5000 Ion Chromatography (IC) system fitted with a Thermo AS7, 

2x250 mm column (and a Thermo AG7, 2x50mm guard column), using a 

gradient mobile phase (20 mM to 200 mM ammonium carbonate linearly over 

15 min., using a flow-rate of 0.3 ml/min), interfaced with a Thermo ICAP Q 

ICP-MS that monitored m/z+ 75, using helium gas in collision cell mode. 

Calibration was quantified conducted using a dimethylarsinic acid (DMA) 

calibration series, and compounds identified through the use of authentic 

arsenobetaine, arsenate, DMA and monomethylarsonic (MMA) standards. 

Recovery of the NIST rice flour CRM for inorganic arsenic (n-76) was 99 ± 

1.1 %, with a limit of detection of 3 µg/kg d.wt.. 

 

For infant foods and their generic equivalents, the means of the 3-replicates 

were obtained. Subsequently, all inter-comparisons, between product type and 

between regions, where appropriate, were conducted using non-parametric 

tests as the cadmium and arsenic data were not normally distributed using 

GraphPad Prism for Mac, v. 8. If a sample was below LoD, half-LoD was used 

in statistical analysis.  

 

Rice grain is normally dried to 12% for storage (University of Arkansas, 2020), 
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and this conversion factor can be used to approximate wet weights from dry 

weights if required for grains. This ~12% moisture lost on drying in effect 

means that d.wts. need to be multiplied by 1.12 to convert to w.wt., and this 

should be born in mind when interpreting data. 
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Results 

The cadmium and inorganic arsenic concentrations in rice based infant foods 

and their non-infant food analogues, in relationship to the EU regulations 

pertaining to infant foods, are shown in Figure 1. For cadmium, all infant foods 

were below the EU standard for processed infant foods of ~44.8 µg/kg d.wt., 

which equates to 40 µg/kg w.wt.. Indeed, all but 4 samples were below 20 

µg/kg d.wt.. Mixed cereal cakes had the highest median at 12.8 µg/kg d.wt., 

and the lowest was mixed grain porridge at 5.1 µg/kg d.wt. These infant 

products significantly differed (P=0.019). Not-labelled for infants rice based 

foods, in contrast, had 6 out of 44 samples exceeding ~44.8 µg/kg d.wt. 

cadmium, 2 of each from mixed cereal cakes, pure rice cakes and pure rice 

breakfast cereals, with those exceeding the standard ranging from 46.0 to 66.2 

µg/kg d.wt.. For cadmium there was no significant difference (P>0.05) between 

non-infant products, and for all products.  
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Figure 4.1. Median concentrations of cadmium and inorganic arsenic in baby food products. Each 

point is the average of 3-replicates. Error bars give the 25th and 75th percentile. The dashed lines 

are for the EU standards for cadmium in infant foods (~44.8 μg/kg d.wt.) and the proxy-standard 
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For inorganic arsenic a proxy standard of 100 µg/kg w.wt., equating to ~112 

µg/kg d.wt., was used to compare results to EU guidelines. This standard is 

denoted as “proxy” as the EU inorganic arsenic standard is set on raw material 

grain used to produce the products (European Commission 2015). All infant 

foods were below the ~112 µg/kg d.wt. proxy standard (Figure 1). Non-infant 

products had some samples above the proxy standard, with pure rice cakes 

and pure rice cereals both having medians above ~112 µg/kg d.wt.. All infant 

foods were below the EU threshold (Figure 1), but mixed grain infant cereals 

(7.8 µg/kg d.wt.) and porridges (11.9 µg/kg d.wt.) had medians considerably 

below mixed cake (60.6 µg/kg d.wt.), and pure porridge (65.9 µg/kg d.wt.) and 

cake (74.4 µg/kg d.wt.). There were highly significant differences (P<0.0001) 

when comparing all products, and within infant products. Differences between 

non-infant products were significant with P=0.014.   

 

Plotting individual products cadmium and inorganic arsenic non-infant pure 

rice cakes had 2 products that exceeded both infant (proxy) inorganic arsenic 

and cadmium standards (Figure 2). Pure rice cereals borders on exceedance 

of both standards for 3 products, and two mixed grain rice cakes are in a 

similar position. Linear regression of inorganic arsenic plotted against 

cadmium for the entire data set was significant (P<0.0001). The slope, origin 
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set to zero, was 0.031, and thus inorganic concentrations are ~3-fold higher 

than cadmium in rice based baby food products.  

 

 

 

 

 

 

Figure 4.2. Plot of cadmium versus inorganic arsenic for infant food products. Each point is 

the average of 3-replicatse. Error bars give the 25th and 75th percentile. The dashed lines are 

for the EU standards for cadmium in infant foods (~44.8 μg/kg d.wt.) and the proxy-standard 

of for inorganic arsenic in infant foods (~112 μg/kg d.wt.). A regression through the whole 

dataset is shown by the dotted grey line. 
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When considering pure polished rice grains the median cadmium content of 

basmati rice was 33.4 µg/kg d.wt., with a 75th percentile of 55.4 µg/kg d.wt.. 

This was above the infant rice standard of ~44.8 µg/kg d.wt. (Figure 3). Italian 

rice had a median of 40.1 µg/kg d.wt., with a 75th percentile of 60.2 µg/kg d.wt.. 

The maximum for Italy was 117 µg/kg d.wt.. Thai rice had a 75th percentile 

above the EU estimated d.wt. threshold, at ~44.8 µg/kg d.wt.. Spain had a low 

median and 75th percentile, but the maximum value was above the EU 

threshold. Egyptian and Spanish rice had medians at the half-LoD (4.9 µg/kg 

d.wt.), and the USA double this, though with a low sample size (n=3). The 

medians between countries differed significantly when a Kruskal-Wallis 

analysis was performed on the data (P<0.0001).   
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Figure 4.3. Median concentrations of cadmium and inorganic arsenic UK purchased rice by 

country of origin. Error bars give the 25th and 75th percentile. The dashed lines are for the 

EU standards for cadmium in infant foods (~44 μg/kg d.wt.) and the proxy-standard of for 

inorganic arsenic in infant foods (~112 g/kg d.wt.). 
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Italian rice had the highest median inorganic arsenic at 106 μg/kg d.wt., with 

the d.wt. corrected standard being ~112 µg/kg d.wt. (Figure 3). The 75th 

percentile was 126 µg/kg d.wt., and the maximum 244 µg/kg d.wt.. Basmati 

(28.9 µg/kg d.wt.) and Egyptian (30.2 µg/kg d.wt.) had the lowest medians, 

with maximums well below EU d.wt. approximated threshold of ~112 μg/kg 

d.wt.. Thailand and USA also had maximums below the EU threshold. Medians 

were highly significantly different between regions (P<0.0001). The maximum 

Spanish sample was 210 µg/kg d.wt., but median and 75th percentile were well 

below the ~112 μg/kg w.wt. standard.  

 

Considering cadmium and inorganic arsenic together, it is only Egyptian rice 

that is low in both toxins. Italian rice was problematic for both toxicants, while 

Spain, Thailand and USA were intermediate. When inorganic arsenic is plotted 

against cadmium concentrations (Figure 4), Italian rice is the only region where 

medians exceed both d.wt. corrected limits, while Egyptian rice is the only one 

to exceed none. Linear regression of the entire dataset, with origin set to zero, 

was significant (P<0.0001). The slope of inorganic arsenic verses cadmium 

content was 0.27, similar to the corresponding slope for the similar plot for 

processed infant foods (Figure 2)..  
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Figure 4.4. Plot of cadmium and inorganic arsenic UK purchased rice by country of origin. Error 

bars give the 25th and 75th percentile. The dashed lines are for the EU standards for cadmium 

in infant foods (~44.8 μg/kg d.wt.) and the proxy-standard of for inorganic arsenic in infant 

foods (~112 μg/kg d.wt.). A regression through the whole dataset is shown by the dotted grey 

line. 
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Discussion 

From the findings reported here, rice products not labelled as being specifically 

for infant consumption are problematic with respect to their cadmium and 

inorganic arsenic contents if they are to be used as infant foods. This is 

because rice products not specifically labeled for infant consumption routinely 

exceed the standards for either cadmium or proxy inorganic arsenic set for 

infant foods, or both, in a non-predictable manner. The only exception to this 

statement is Egyptian rice, which is consistently low in both inorganic arsenic 

and cadmium. Puffed rice cereals are often marketed at children, with cartoon 

characters often on packaging. Puffed rice has a higher standard (300 μg/kg 

w.wt.) for inorganic arsenic than polished rice or rice destined for infant foods 

(European Commission 2015). Many rice based products are formulated using 

puffed rice. It is confusing to set much lower standards for infant foods if 

infants are also exposed to generic foods that have higher standards? Rice 

milk tends to be elevated in inorganic arsenic (Meharg et al. 2008). The UK 

Food Standards Agency (FSA) has asked that rice milk cartons have a warning 

printed on them that infants should not consume this product (FSA 2018). This 

UK rice milk arsenic approach shows that advice can be given clearly around 

toxicants to those providing foods for infants (FSA 2018). This labeling 

approach needs to be widened to all rice based products, such as to puffed 
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rice and polished rice grain, for both inorganic arsenic and for cadmium, if 

infants may routinely consume them. 

 

The rice grain most suitable for infant consumption with respect to low 

cadmium and inorganic arsenic, available to European markets, is Egyptian. 

However, Egyptian rice is a specialty product, and on a global-scale is 

relatively limited in availability, accounting for 0.8% of the global production, 

with only ~1% exported (FAO 2018). We have also identified that East African, 

Malawian and Tanzanian, rice is lower than Egyptian in both inorganic arsenic 

(Carey et al. 2020) and cadmium (Shi et al. 2020). Again, production from 

these two regions is limited on a global scale, accounting for ~0.5% of global 

production, with little export (FAO 2018). Also, there are agronomic constraints 

to expanding both East African (Meertens 2003) and Egyptian (Fab et al. 1997) 

rice production.  

 

The lack of wide availability of low-arsenic and cadmium rice, and of labelling 

so that such products can be identified, then poses the question as to what can 

careers do to reduce infant exposure to these chemicals? One obvious 

solution is to avoid rice. Rice is preferred for a number of diets compared to 

gluten containing grains such as wheat and barley. Also, wheat, barley and 
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oats can be high in cadmium (BfR 2018; Clemens et al. 2013; John et al. 

1992).  

 

Gluten free grains and grains are obvious alternatives to rice, such as maize, 

amaranth, quinoa, chia etc.. This has been realized by infant food 

manufacturers producing products were rice is mixed with other grains for low 

inorganic arsenic (Carey et al. 2018). We show here that this is also effective 

for cadmium.   

 

If polished rice grain is to be used, simple cooking techniques, presoaking rice 

and then cooking a large water:rice ratio, can be used to lower inorganic 

arsenic content, by 70-80% (Carey et al. 2015; Raab et al. 2009). Cadmium is 

not readily removed, so selection of low cadmium rice becomes particularly 

important. Egyptian and Spanish rice are relatively low in in cadmium, as 

reported here. Wholegrain rice should be avoided if the aim is to minimize 

cadmium and inorganic arsenic in the diets of children as wholegrain has 

~double the inorganic arsenic content of polished rice (Meharg et al. 2009).  
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Concluding, in the absence of clear and comprehensive standard setting and 

governmental advice it is possible for those responsible for the diets of infants 

to simultaneously lower dietary exposure to inorganic arsenic and cadmium. 

This can be done by: choosing foods that are specifically designated only for 

infants (at least in the EU), avoidance of rice-based products, use foods 

specifically reduced in rice content, sourcing of rice grain that is low in both 

cadmium and inorganic arsenic, and cooking out inorganic arsenic out of low 

cadmium rice.  
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Abstract 

Rice bran is a potentially valuable by-product of rice grain milling as it is high in 

soluble fibre, proteins, vitamins and mineral nutrients. However, rice bran is 

particularly elevated in the carcinogen inorganic arsenic, while other 

gramineous cereals (oat, spelt, wheat) can be problematic with respect to 

cadmium. While these issues regarding bran with respect to arsenic and 

cadmium have been recognized for some time, new markets are being 

discovered for rice and other species bran, and this may be of concern due to 

their contaminant content. In this study, we reported the content of cadmium 

and arsenic species in emerging rice bran products used in medicines and 

veterinary products, and compared pure rice bran inorganic arsenic and 

cadmium with other types of cereals for these chemicals. Wholegrain rice was 

also milled to observe where arsenic species and cadmium were concentrated 

in wholegrain, and bran, wholegrain and polished rice all significantly 

correlated with each other (P at least <0.05) for each toxin. Inorganic arsenic 

was elevated in pure rice bran and in human products tested (red rice yeast, 

bran based packing agents in health food supplements), and in horse feed 

where rice bran is finding an emerging use. Red rice yeast, a widely used 

agent for the control of cholesterol, can contribute 1.6 µg/d inorganic arsenic, 

equivalent to inorganic arsenic exposure by consuming a typical western 

intake of 16 g/d of rice. Pure oat, spelt and, in particular, wheat bran were all 
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more elevated in cadmium, by ~2, 5 and 10-fold, respectively, as compared to 

rice brain. If bran is to be used as a food supplement, no-matter what grain it 

originates from, care should be taken not to cause elevation in the diet from 

either inorganic arsenic or from cadmium.  
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Introduction 

Inorganic arsenic is a non-threshold, category 1 carcinogen, that can be 

assimilated by paddy rice with high efficiency relative to other grain crops, with 

the main forms in grain being inorganic arsenic and dimethylarsinic acid (DMA) 

(Carey et al., 2020; Meharg et al., 2009). Cadmium is a nephrotoxin and 

carcinogen of geogenic origin, entering the human body primarily through 

food-chain-transfer (BRF, 2018). Cadmium is relatively elevated in grain crops 

compared to other foods, and grains are a main dietary source, including rice 

(BRF, 2018; European Food Safety Authority, 2009, 2012). Cadmium is mobile 

under aerobic soil conditions (Arao et al, 2009), while for arsenic it is aerobic 

conditions that cause it to be liberated from soil stores (Arao et al, 2009; Hu et 

al., 2013). Paddy rice can be elevated in both arsenic and cadmium as even 

though most of its life-cycle is conducted under flooded soil conditions (Ma et 

al., 2014), it is usual to let the soils dry out during grain fill, and it is during this 

phase that cadmium is assimilated to grain (de Livera et al., 2011; Williams et 

al, 2009). Thus, rice grain consumption is a major pathway for human 

cadmium and arsenic exposure (Ishihara et al., 2001; Meharg et al., 2009, 

Zhao et al., 2010). Rice is of particular concern as it is the dietary staple 

half-the-world (Meharg and Zhao, 2012) .  
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Bran, the outer layer of cereal grain, consisting of aleurone, tegmen and 

pericarp (van der Kamp et al., 2014), is characterized by high amounts of 

dietary fiber, vitamins, minerals and antioxidants (Gullon et al., 2014; Landberg 

et al., 2014). Cereal bran plays can play important role in combating obesity 

and vascular complications, which can increase satiety by extending gastric 

emptying time and slowing nutrient absorption (Slavin, 2013). Rice bran is rich 

in oryzanol (fermentic acid of rice bran oil), which reduces cholesterol 

(Duivenvoorden et al., 2013). Beta-glucan is a soluble fibrous compound in 

oats that has been shown to have significant antilipidemic effects (Beck et al., 

2009). The arabinoxylan oligosaccharides extracted from wheat bran 

constitute a promising prebiotic nutrient to control obesity and related 

metabolic disorders (Neyrinck et al., 2012). Red yeast rice, as a relatively new 

food supplement, is the source of fermented pigment and has high biological 

activity, which can reduce cholesterol levels while having few side effects in 

human body (Journoud and Jones, 2004). Red rice yeast, therefore, has 

received increasing attention from consumers (Cicero et al., 2015). Although 

the high protein, fibre and nutrient content of rice bran means that it is a 

potentially valuable by-product of grain polishing (Nagendra et al., 2011; Sun 

et al., 2008), but it generally requires processing and/or mixing with other 

products, as by itself it is relatively unpalatable. The increasing valorization of 

bran is of concern with respect to addressing global food security as effectively 
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~10% of grain production, the polishing off of bran, is considered either as 

low-value or a waste, when it is actually the most nutritious part of the grain 

(Brahic, 2008). Also, rice bran needs stabilization as its oils go quickly rancid, 

another issue in bran valorization (Kim et al., 2014].  

 

However, there are major issues in expanding bran derived products use. 

Concentrations of arsenic in rice bran are higher, ~10-fold, with concentrations 

typically ~1 mg/kg, than that in corresponding endosperm (Gu et al., 2020; 

Meharg et al., 2008; Sun et al., 2008; Yao et al., 2020). Rice polishing can also 

reduce the content of arsenic and cadmium in rice to different degrees in 

wheat (Zhao et al., 2010). Stabilized rice bran solubles were marketed both as 

a health food supplements until it was realized that they were highly elevated 

in inorganic arsenic (Sun et al., 2008). Other emerging markets have been 

developed for rice products such as red rice yeast (a fermented red rice bran 

product), bran as a bulking agent in herbal medicines (Boue et al., 2016; Deng 

et al., 2013; Sharif et al., 2013), and in animal feed (Anke et al., 1989; EFSA, 

2004). These products need to take account of arsenic and cadmium 

concentrations as this has, herewith too, been generally ignored.  

 

Here, an investigation of cadmium and arsenic content of wholegrain, polished 
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bran and endosperm for rice, along with widely available bran derived food and 

health products, dietary supplements and veterinary foods containing bran for 

a range of grains were investigated, along with wheat, spelt and oat bran as a 

comparators. The data are discussed in the context of emerging issues 

regarding the cadmium and arsenic content of cereal brans, and potential 

mitigation.  
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Materials and methods 

Sourcing of grain products 

The samples obtained for this study were purchased from retail outlets (in 

Belfast and online) and included wholegrain rice, rice bran food products 

(mainly red rice yeast and food supplements), and pure rice and other grain 

brans. Where purchased, ingredients, batch numbers, manufacturers and 

dates were all recorded, and each sample is listed with respect to this 

information, along with the chemical analysis, in the supplementary Excel file.  

 

Preparation and analysis 

Wholegrain rice was milled straight from the packet, i.e. wet weight. A rice 

miller model is LTJM160 was used for milling throughout. For milling ~100g 

wholegrain was placed in the rice mill, polished for 50 seconds, which resulted 

in ~10% weight loss. The original wholegrain, and polished bran and 

endosperm were then analyzed. 

 

For analysis, all samples were freeze-dried, and then ground into powder 

using a Retch PM100 rotary ball mill, with a zirconium dioxide lined container 

and grinding balls. The powdered sample was accurately weighed to ~0.1 g 

and placed in a 50 ml polypropylene centrifuge tube; each analytical batch 

uses rice certified reference material (CRM) NIST 2018. The batch consists of 
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40 samples, and each batch also includes 3 analytical blanks. 

 

For cadmium analysis, 2mls BDH Prolabo Aristar 69% nitric was added to 

each centrifuge tube firstly, tubes were vortexed briefly and left overnight to 

soak. Next, each centrifuge tube was added 2ml BDH Prolabo Analar 

Normapur 30% hydrogen peroxide and open 15 minutes to degas, then tubes 

were put into the turntable of the CEM Mars 6 1800 W microwave digester. 

The heating process was as follows: heat to 55℃ in 5 min held for 10 min, to 

75℃ in 5 min held for 10 min, to 95℃ in 5 min and held for 30 min. After cooling, 

tubes were centrifuged at 4500 rpm for 15 minutes and added a rhodium 

internal standard (Fluka Analytical). Finally, the tubes were made up to their 

final weights (~ 30 g) with deionized water, with precise weights recorded. 

Cadmium was quantified in the digestate using ICP-MS (Thermo Scientific 

iCap Q ICP-MS). ICP-MS operating conditions were: forward RF power-1550 

W; nebulizer gas flow rate-~ 1 l/min, nebulizer sample flow rate-~ 0.35 ml/min. 

Five multi-elemental standards were made, one of which was blank, all in 1% 

HNO3. The recovery rate of cadmium was 91±4.2%, N=13, with the certified 

concentration of NIST rice CRM is 0.224 mg/kg d.wt, and sample 

measurements weren't adjusted based on the CRM recoveries. The limit of 

detection (LoD) for cadmium was 0.005 mg/kg d.wt..  
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For arsenic speciation analysis, 10 ml of 1% Aristar nitric acid was added to 

each centrifuge tube and left overnight. Then, as in the previous digestion 

procedure, a three-stage heating procedure was used to microwave the 

sample at 95℃ for 30 minutes. After cooling, the digestion solution was diluted 

to 10 ml with deionized distilled water and then centrifuged at 4500 rpm for 15 

minutes. Then 10 µl of analytical grade H2O2 was added to the sample, and 

the sample weight recorded. For arsenic species quantification, the digested 

rice solutions were analyzed using a Thermo Scientific IC5000 Ion 

Chromatography (IC) system, with a Thermo AS7, 2 × 250 mm column, with a 

gradient mobile phase (A: 20 mM ammonium carbonate, B: 200 mM 

ammonium carbonate—starting at 100% A, changing to 100% B, in a linear 

gradient over 15 min., with a flow rate of 0.3 ml/min), interfaced with a Thermo 

ICAP Q ICP-MS that monitored m/z+ 75, using He gas in collision cell mode. 

The resulting chromatograms were compared with those for the authentic 

standards; DMA, arsenate, monomethylarsonic acid, tretramethylarsonium 

and arsenobetaine. The arsenic present under each chromatographic peak 

was calibrated using a DMA concentration series. This calibration was also 

used to calculate the LoD. Five arsenic standards were made, one of which 

was blank, all in 1% HNO3. The recovery rate of DMA was, mean and RSD%, 

N=20, 92.1 ± 8.4%, for inorganic arsenic 95.0 ± 9.1%, and sample 

measurements weren't adjusted based on the CRM recoveries. and for sum of 
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species 92.5±8.6% mg/kg, with a LoD of 0.01 mg/kg d.wt.. 

 

Statistical analysis 

Kruskal-Wallis analysis using IBM SPSS Statistic version 21.0 was used to 

statistically compare the medians between sample groups, while .GraphPad 

Prism 8.4.3 was used for visual presentation and for conducting the 

Spearman’s rank correlation.  
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Results 

The milling experiment showed that cadmium and inorganic arsenic were 

primarily concentrated in the bran (P<0.001), while DMA had no significant 

difference (P>0.05) between wholegrain, endosperm and wholegrain (Table 1). 

Median concentrations in bran where 0.015, 0.365 and 0.028 mg/kg for DMA, 

inorganic arsenic and cadmium respectively, yest wholegrain was 0.025, 0.174 

and 0.019 mg/kg for DMA, inorganic arsenic and cadmium, respectively, 

illustrating the great enhancement in bran for inorganic arsenic. DMA 

(wholegrain and endosperm) and inorganic arsenic (wholegrain) negatively 

correlate with wholegrain cadmium (Figure 1). Cadmium in wholegrain, bran 

and endosperm all correlate positively (P<0.01) with each other. Inorganic 

arsenic correlates with itself when comparing wholegrain to bran and 

endosperm, and inorganic arsenic in wholegrain correlates with DMA in all 

three components, but these are less significant (P<0.05) than for the 

cadmium wholegrain correlations with cadmium in bran and wholegrain. All 

interrelationships between elements and grain compartment are shown for the 

Spearman’s rank analysis in Figure 2, and the probabilities of these 

relationships being significant given in Table 2. Taking the evidence for grain 

partitioning of cadmium, DMA and inorganic arsenic together, cadmium shows 

a consistent relationship between compartments, but that DMA and inorganic 

arsenic differentially partition with respect to each other, and to cadmium.  
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Table 5.1. Summary of median and percentiles for the different sets of experiments: milling, 

rice bran products and commercially purchased brans from different grains. All units are in 

mg/kg. Kruskal-Wallis analysis was used to interpret the data with P values shown between 

the groups compared for each element/species analyzed.   
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Table 5.2. Spearman’s rank probabilities for the rice milling experiment to show the 

interrelationship between arsenic species and cadmium in different grain components. This 

analysis relates to Figures 1 and 2. 
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Figure 5.1. Representative relationship between cadmium and arsenic species for different 

rice parts when wholegrain rice is milled (wholegrain, bran and endosperm), statistically 

analyzed by linear regression, with only significant correlations (P<0.05) given. 
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Figure 5.2. Spearman’s rank correlation between cadmium and arenic species in wholegrain, 

bran and endosperm milled from the same samples, for the data reported in Table 1 and 

Figure 1. 
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The concentration of inorganic arsenic, DMA and cadmium in products 

formulated with bran are given in Figure 3, with packaged information on what 

the products contain given in the supplementary information Table 1. The 

formulations contain differing ratios of rice components compared to other 

components and, thus, inorganic arsenic, DMA and cadmium concentrations 

must be interpreted in the knowledge. For red rice yeast The 75th percentile for 

inorganic arsenic is above 0.2 mg/kg, with a maximum of 0.7 mg/kg, indicating 

that a good portion of the samples have a high bran content (Table 1, Figure 3). 

DMA is much lower, with only two samples exceeding 0.2 mg/kg, though 

consistent also with a rice bran origin. Cadmium in red rice yeast is also 

consistent with bran derived from rice polishing, median of 0.023 mg/kg for red 

rice yeast compared to 0.028 mg/kg for bran polished of wholegrain rice (Table 

1, Figure 3). Inorganic arsenic is lower in both bran bulked supplements and 

horse feed, and similarly for DMA, with DMA being particularly low in horse 

feed. This contrasts with cadmium in horse feed where the median (0.092 

mg/kg) is ~3.5-fold higher than for bran derived from wholegrain rice (0.028 

mg/kg). The differences between inorganic arsenic, DMA and cadmium 

between the 3 products were significant, P<0.01, P<0.01 and P<0.001, 

respectively (Table 1). When the correlation between these three elements 

was investigated, only inorganic arsenic and DMA in red rice yeast and horse 

feed was significant, P<0.0006 and P<0.0001, respectively (Figure 4).  
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Figure 5.3. Cadmium and arsenic species concentrations in different commercial products that 

utilize rice bran. Medians and 25th and 75th, 5th and 95th percentiles are shown in the box 

plot, along with outliers. Statistical analysis of this data is presented in Table 1. 
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Now considering brans from different gramineous species. All medians differed 

significant for each arsenic species and for cadmium between the different 

grain species (Table 1). Rice is by far the most elevated in arsenic species, 

median 0.505 and 0.02 mg/kg for inorganic arsenic and DMA respectively. For 

DMA all other grains had medians below ½ LoD, while wheat, the nearest in 

concentration to rice, had a mean ~20-fold lower than inorganic arsenic, while 

oats had the lowest median, ~100-fold lower (Figure 5). For cadmium the 

Figure 5.4. Significant correlations between inorganic arsenic and DMA concentrations for red 

rice yeast and for horse feed. 
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situation was reversed with rice bran having the lowest median (0.006 mg/kg) 

while wheat had a median 6-times higher than rice at 0.05 mg/kg, and spelt 

and oats being intermediate. None of the regressions between arsenic species 

and cadmium with each other where significant (P>0.05). For arsenic species, 

commercial bran medians were the highest when comparing range products 

between each other, double that of bran milled from wholegrain. However, 

horse feed had higher cadmium medians than commercial bran brans, though 

not significantly different using a non-parametric T-test (P=0.06).  
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Figure 5.5. Cadmium and arsenic species concentrations in different commercial brans 

derived from different gramineous species. Medians and 25th and 75th, 5th and 95th 

percentiles are shown in the box plot, along with outliers. Statistical analysis of this data is 

presented in Table 1. 
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Discussion 

First, considering arsenic species and cadmium in wholegrain rice components, 

bran and endosperm. The elevated content of inorganic arsenic in rice bran 

has previously been identified (Kim et al., 2018; Lombi et al., 2009; Sun et al., 

2008; Weber et al., 20121); as also reported here. Cadmium is relatively 

evenly distributed between bran and endosperm with a tendency to be more 

concentrated in the bran layer (Gu et al., 2020; Jo and Todorov, 2019). Here 

we show that bran cadmium is circa. double that of endosperm when milled to 

remove 10% weight by dry weight.  

 

The use of rice bran products is still emerging, despite the inorganic arsenic 

issues, finding its way into an enhance range of food and pharmaceutical 

products. The growth of the rice bran industry is based on brans known 

nutritional benefits (Xu and Godbear, 2001), including its ability to reduce blood 

lipids and in combating diabetes (Qureshi et al., 2002; Revilla et al., 2009). 

Again, rice bran has been previously been found to be problematic with 

respect to inorganic arsenic, including products manufactured from rice bran 

such as stabilized rice bran solubles and other processed foods (Shi et al. 

2021; Signes-Pastor AJ et al., 2009; Sun et al., 2008). The use of rice bran 

products is still emerging, despite the inorganic arsenic issues, particularly in 

pharmaceutical products such as red rice yeast (Cicero et al., 2015; Journoud 
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and Jones, 2004). Here we show that red rice yeast products, and to a lesser 

extent other health supplements that use rice bran as a bulking agent, can be 

high in inorganic arsenic. While ingestion rates of health supplements are 

relatively low compared to food items. The typical dose of red rice yeast, from 

the packaging, is 0.600 g, and as shown here with a median concentration of 

0.099 mg/kg inorganic arsenic. It is, generally, recommended to take two 

tablets twice a day, i.e. 2.4 g/d 

(https://www.drugs.com/npp/red-yeast-rice.html). At median red rice yeast 

concentrations this is equivalent to 0.24 µg/d inorganic arsenic. Non-traditional 

rice consuming countries typical rice consumption is ~15 g rice per day 

(Meharg and Zhao, 2012), and the median concentration of inorganic arsenic 

in polished rice grain (endosperm) is ~0.1 mg/kg on a global basis (Meharg 

and Zhao, 2012), i.e. with arsenic ingestion from rice in such regions being 

circa. 1.5 µg/d inorganic arsenic. Therefore it can be concluded that red rice 

yeast, and food/health supplement tablets products that use rice bran as a 

bulking agent are generally a relatively low threat compared to polished or 

wholegrain rice consumption rates. Even at the maximum inorganic arsenic 

found in rice bran based food supplements, 0.67 mg/kg, leads to ingestion 

rates of 1.6 µg/d inorganic arsenic, the same risk as compared to consuming 

15 g of 0.1 mg/kg inorganic arsenic rice per day. For western populations, the 

risks of a red yeast rice consumer choosing a product with high inorganic 

https://www.drugs.com/npp/red-yeast-rice.html
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arsenic concentrations is low, but the consequences of choosing a product at 

the upper limit of inorganic arsenic found in red rice yeast will be a doubling of 

rice based inorganic arsenic intake.  

 

A new finding here is that cadmium negatively correlates with arsenic species 

in rice grain components, reaffirming the fact that cadmium and arsenic 

species have very different redox controls (Arao et al, 2009). For rice, 

cadmium does not appear to be a major issue with respect to health food 

supplements in tablet form considered here, nor with pure rice brans, 

especially in comparison to oat, spelt, and, in particular, wheat where levels 

were considerably elevated. Cadmium elevation in wheat bran has been 

identified in other studies (Guttieri et al., 2015; Jorhem et al., 2001). Bran 

consumption of wheat poses a greater threat for those that do routinely use 

wheat bran in their diets.  

 

Another point of concern found here is the content of arsenic and cadmium in 

horse feed. Feed is either produced using such as grass and grains or 

by-products from the food industry, such as baking waste (European Food 

Safety Authority, 2004). These materials usually require complex industrial 

transformation to preserve feed materials or produce formulated compound 

feed (European Food Safety Authority, 2004). Although the horse feed 
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containing rice bran in this sample did not exceed the EU animal feed standard 

for arsenic and cadmium at 2000 μg/kg and 500 μg/kg respectively, the 

minimum toxic level diet concentration in animal feed is not known. When the 

content of cadmium and arsenic in drinking water is close to or below the 

threshold value (both 200 μg/kg), animals will still have symptoms such as 

renal impairment and acute intestinal villi injury, which is because the disposal 

of cadmium and arsenic is significantly affected by dietary interactions 

(European Food Safety Authority, 2004). High concentrations of cadmium in 

horses, besides, will affect the reabsorption capacity of calcium and other 

substances in the kidney, leading to renal tubular damage and progression to 

impaired glomerular filtration capacity, which is manifested as proteinuria 

(Anke et al., 1989). Even low levels of cadmium in the diet, have been shown 

to be potent antagonists of copper metabolism in ruminants such as cattle and 

horses (Smith et al., 1991). The accumulation of cadmium in animals, at the 

same time, is a long-term process (European Food Safety Authority, 2004). 

Ruminants and horses may be exposed to the cadmium present in the pasture 

during their entire life cycle, and in different areas, this may cause undesirable 

cadmium accumulation, especially in the kidneys. Frequent consumption of the 

kidney tissue of elderly animals (cattle and horse), therefore, may significantly 

increase the overall human exposure (European Food Safety Authority, 2004). 

 



122 

 

Bran appears to be a problematic food agent, high in inorganic arsenic in rice, 

and high in cadmium for wheat in particular. Processed foods can be elevated 

in bran, such as bran based cereals and crackers. This is problematic as 

negative health impacts are suggested (Callegaro et al. 2010). Bran’s are often 

supplemented into foods to make them more healthy with the unintended 

consequence of elevating foodstuffs toxin element content (Callegaro et a., 

2010; Sun et al., 2008, Shi etal., 2021). New mitigation technologies may be 

deployed to remove arsenic from bran during processing, such as altering 

parboiling procedures for wholegrain rice for inorganic arsenic (Rahman et al., 

2019), or specifically processing bran to remove inorganic arsenic 

(Signes-Pastor et al., 2017), and food-safe chemical extraction for cadmium 

and inorganic arsenic as trialed on wholegrain rice (Pogoson et al., 2021). 
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Chapter 6   

Discussion 

Cadmium is a nephrotoxin and carcinogen with a half-life of several decades in 

the human body (BrF 2018). Long-term exposure to cadmium can lead to renal 

insufficiency, resulting in symptoms such as renal failure (Satarug et al. 2004; 

Jarup et al. 2002). Concurrent exposure to high doses of cadmium may lead to 

fractures and cancer (Inaba et al. 2005). The main route of cadmium entry into 

the human body is through ingestion of rice, which is the staple food for more 

than half of the world’s population and can efficiently absorb cadmium from 

paddy soil through various mechanisms (Wang et al. 2019). 

 

Arsenic is another concerning PTE in rice. The redox state of paddy soil has a 

great influence on the accumulation of arsenic and cadmium in rice grains. 

Growing rice in aerobic soil in greenhouse experiments greatly reduced 

arsenic accumulation in grains, but increased cadmium accumulation. Growing 

rice under anaerobic soil conditions produced low concentrations of cadmium 

but high concentrations of arsenic in the grain. Intermittent flooding and 

drainage during rice growth resulted in moderate levels of arsenic and 

cadmium in grains (Li et al. 2009; Meharg and Zhao 2012). Similar results 

were found in field trials, where continuous flooding resulted in low grain 
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cadmium content but high grain arsenic concentration, whereas drainage 

during rice growth decreased arsenic but increased cadmium accumulation in 

grain (Arao et al. 2009). Rice water management during grain filling had a 

greater effect on cadmium concentration in rice grains than on arsenic 

concentration (Arao et al., 2009). Likewise, the effect of arsenic accumulation 

during vegetative growth on grain arsenic accumulation appears to be more 

important than that during grain filling (Li et al. 2009). Besides, the content of 

arsenic and cadmium in rice is also affected by site factor and rice type. In 

chapter 3, experiments have proved the content of arsenic and cadmium in 

rice from different regions varies greatly. In many cases this factor becomes 

the dominant factor, resulting in high levels of both inorganic arsenic and 

cadmium in rice in such as Bangladesh, Nepal and Hunan province and 

Guangxi province in China, and the content of inorganic arsenic and cadmium 

in rice both very low in some African countries. In chapter 4, experiments have 

proved that rice type is an important factor affecting the content of inorganic 

arsenic and cadmium in baby rice products. For example, the content of 

inorganic arsenic and cadmium in puffed rice is higher than that of other kinds 

of rice. The distribution of PTEs in rice is also an important factor affecting 

inorganic arsenic and cadmium in rice products. In chapter 4, experiments 

have proved that the content of inorganic arsenic in rice bran is about an order 

of magnitude higher than in corresponding endosperm, and the content of 
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cadmium in rice bran was twice as high as in corresponding endosperm. 

 

Compared with cadmium, research on arsenic is more extensive and in-depth, 

including in field management, arsenic speciation and genetics (Zhao et al. 

2014; Zhao et al. 2010; Zhao et al. 2008; Meharg et al. 2009). These studies 

not only have large sample amount, but also have more comprehensive study 

areas. Cadmium, as a hot spot of concern in recent years, has great 

differences in research in different regions (Hang et al. 2009; Shi et al. 2020; 

Zhao and Wang 2019; Wang et al. 2019). In some regions, such as Europe 

and China, research data are abundant and cover major rice growing areas 

(Shi et al. 2020; Zhao and Wang 2019; Wang et al. 2019). In other regions, 

such as the Indian subcontinent and South America, although some 

experimental data have confirmed that there may be a significant risk of 

cadmium in local rice (Shi et al. 2020), the sample size of local studies was 

small and some of the major rice-growing countries in these regions were not 

investigated (Shi et al. 2020). Human intake of cadmium and arsenic, at the 

same time, has a close relationship with human body weight. Infants and 

children typically consume 3 times more food per body weight than adults, so 

they should be a major concern group but previous research on baby rice has 

mostly been about inorganic arsenic levels in baby rice. (Ljung et al. 2011). As 
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a gluten-free weaning food, baby rice has a huge market in Europe and the 

United States (Meharg et al. 2008). However, in some supermarkets, 

unmarked plain rice is mixed and sold on the counter of baby rice, this means 

that a lot of regular rice is sold as baby rice. (Nagendra et al. 2011). Besides, 

there are gaps in the relevant laws and infants are often more vulnerable to 

cadmium and arsenic exposure due to their immaturity (Nagendra et al. 2011). 

Another interesting rice derivative is rice bran, which has a high nutritional 

potential due to its high protein, fiber and nutrient content (Zambrana et al. 

2005).  And rice bran is also an important baby food in some economically 

underdeveloped areas like west and central Africa (Yao et al. 2005). However, 

previous studies showed that the content of arsenic in rice bran was 

significantly higher than that of related endosperm (Gu et al. 2005; Rahman et 

al. 2014). 

 

According to the specific progress of research in related fields, the research 

results of my doctoral period are as follows: to establish the global background 

of cadmium content in rice, and then to carry out research on two rice products 

with market potential and high risk of cadmium exposure: baby rice and rice 

bran. The key research is very analytical. Different parts of the study have 

many similar findings, and the order of the studies is progressive. 
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In Chapter 2 I have established comprehensive data on white rice for the 

global available market (Shi et al. 2020). The main characteristics of the 

overall research data are as follows: the regions with high cadmium content in 

rice include countries in the Indian subcontinent, China and some countries in 

South America (Shi et al. 2020). There are no significant difference in cadmium 

element content in rice from countries in the Indian subcontinent and they are 

all higher than the global median; there are highly significant differences 

among South American countries, among which Bolivia has the highest 

median cadmium element; there are significant differences in cadmium 

element content in rice in different regions of China, and the cadmium element 

content in central and southern provinces such as Hunan and Guangxi is 

significantly higher than that in other regions (Shi et al. 2020). These findings 

are consistent with previous studies (Kato et al. 2005; Fang et al. 2014; 

Williams et al. 2009). The situation in Bangladesh is the most worrying in the 

Indian subcontinent, mainly due to the extremely high consumption rate of 

local rice and the fact that the content of cadmium in rice is significantly higher 

than the safe threshold in some areas (Shi et al. 2020). More seriously, there is 

little research data on cadmium in local rice coexisting with the high risk (Shi et 

al. 2020). Although the content of cadmium in rice in some areas of China is 
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significantly higher than the relevant standard, the cause of this problem is not 

complicated, and the development of base metals in the central and southern 

regions is a major reason (Williams et al. 2009; Chen et al.1991). A finding of 

commercial interest in this study was that rice from some African countries 

such as Tanzania and Malawi had low levels of both cadmium and inorganic 

arsenic (Shi et al. 2020). These two countries belong to extremely poor areas, 

and rice cultivation is not fully popularized, so a large amount of land suitable 

for cultivation is worth developing and utilizing (Teeken et al. 2012; Mabe et al. 

2019). Rice, which not only relieves the suffering of local people from hunger, 

but also can be promoted as an export industry (Teeken et al. 2012).  

 

In Chapter 3 I present data on cadmium and inorganic arsenic in infant rice 

from the UK and EU (Shi et al. 2021). The cadmium content in baby rice is also 

closely related to the country of origin, with clearly marked baby rice mainly 

from Europe, the United States, Africa and Southeast Asia. Among them, 

considering both cadmium and inorganic arsenic, Egyptian rice has lower 

levels of both PTEs (Shi et al. 2021). Italian rice has problems with both PTEs, 

while Spain, Thailand, and the United States have moderate levels (Shi et al. 

2021). This study once again confirms the potential and competitiveness of 

rice production in the African region (Shi et al. 2021). A focus of this study is 
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that rice products that are not marked as specially designed for infant 

consumption carry a huge risk in terms of cadmium and inorganic arsenic 

content (European Commission 2015). Puffed rice is the most serious among 

them, as a type of rice that is often marketed to children, its inorganic arsenic 

level (300 μg/kg w.wt.) is higher than milled rice or rice used for baby food (100 

μg/kg), and even higher than the inorganic arsenic in general rice inorganic 

arsenic standard (200 μg/kg) (FSA 2018). 

 

In Chapter 4 I mainly introduced the content of inorganic arsenic and cadmium 

in rice bran. There are a number of valuable and different findings throughout 

the experiment due to the variety of samples. Firstly, the median content of 

cadmium and inorganic arsenic in bran was higher than that in endosperm in 

all cereal samples including rice, wheat and oats. Other nutrients elements, at 

the same time, such as copper and iron in bran are also higher than those in 

endosperm. And in many products containing rice bran, the content of 

inorganic arsenic and cadmium increased with the increase proportion of rice 

bran content, which further indicates that the inorganic arsenic and cadmium in 

rice bran is high. In this experiment, the content of inorganic arsenic in rice 

bran was over an order of magnitude higher than that in the corresponding 

endosperm, which is consistent with the results of previous studies (Kato et al. 
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2019; Sun et al.2008). Meanwhile, in brown rice, black rice and red rice, the 

contents of cadmium and inorganic arsenic in bran, wholegrain and 

endosperm showed the following trends: bran>wholegrain>endosperm. 

 

As a new food, rice bran can not only be used as functional food and baby food, 

but also widely used as food additive in various fields such as animal feed, red 

rice yeast and food supplement. Especially in some poor areas of Africa, rice 

bran is often used as a cheap raw material for the production of baby food due 

to the high nutrients. This situation may make some related companies fall into 

a dilemma when using them, therefore, finding a way to keep the nutrients in 

rice bran, while reducing the content of PTEs, has high commercial value. Rice 

bran oil is an another great end use for bran. Rice bran oil is low in inorganic 

arsenic and cadmium and stabilizes the oil against oxidation (Kim et al. 2014). 

At the same time, oat bran is also a valuable food material because the very 

low levels of inorganic arsenic and cadmium. Oat bran can improve the 

antioxidant capacity of human cells, reduce the possibility of diabetes, and 

help normalize blood sugar (Autio et al. 2005; Anderson et al. 1991; Callahan 

1990). 
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Future directions 

Although various countries and regions have established relevant laws on 

cadmium and inorganic arsenic, the safety thresholds established by such 

laws deserve further discussion. Cadmium and arsenic, as toxic elements, are 

mainly absorbed by the kidneys in the human body. The absorption capacity of 

the renal cortex for the two elements is far greater than the excretion capacity, 

which leads to long-term low-dose arsenic and cadmium exposure that can 
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also cause great harm to the human body. The World Health Organization and 

the European Union have continuously lowered the standards for inorganic 

arsenic and cadmium in grains for decades in an effort to reduce the risk of 

human exposure to inorganic arsenic and cadmium. 

 

In Chapters 2 and 3, our study found that both cadmium and inorganic arsenic 

were low in rice from different countries in the African region (Shi et al. 2020; 

Shi et al. 2021). Rice cultivation in Africa is still in its infancy. Due to the 

unpopularity of local rice cultivation concepts and techniques, a large amount 

of land suitable for cultivation has not been utilized (Struik et al. 2005; Schut et 

al. 2016). In the next period of research, I will generate a detailed background 

assessment through soil research in suitable rice growing areas in Africa to 

help the development and scale of the local rice industry. These background 

checks will involve major African agricultural producing countries and countries 

with large amounts of suitable arable land. 

 

In Chapter 2, populations in the Indian subcontinent, such as parts of 

Bangladesh, are at serious risk of cadmium exposure, but relevant studies and 

data are very insufficient (Rmalli et al. 2005). At the same time, the reason for 

the increase of inorganic arsenic and cadmium in rice in the Indian 
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subcontinent is not clear, which means that the cadmium content in local rice 

may continue to rise in the next period of time without finding a relevant 

solution (Shi et al. 2020). Given the high rice intake of the population in parts of 

Bangladesh, the risk of cadmium exposure also rises. Therefore, it is urgent to 

investigate the reasons for the increase of cadmium in rice in the Indian 

subcontinent and the content of cadmium in rice in some key areas of 

Bangladesh, and I will also try these experiment aspects. 

 

In Chapter 3, the cadmium and inorganic arsenic levels in some infant rice 

were worrisome (Shi et al. 2021). Based on data from previous studies by 

others and during my Ph.D. period, the content of cadmium and inorganic 

arsenic in rice and different types of rice products varies widely from region to 

region (Shi et al. 2020; Carey et al. 2019). Therefore, in order to reduce the 

risk of exposure to cadmium and inorganic arsenic in infant rice, the type and 

origin of rice should be carefully selected, but some baby rice origins have 

serious heavy metal pollution (Shi et al. 2021). Therefore, in the following 

research, I will give a report on the selection of safe baby rice raw materials, 

and provide detailed recommendations for the safety of baby rice. 

 

Rice bran is an important by-product of rice production, and my research in 
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Chapter 4 is just the beginning. Rice bran has high nutritional value and low 

price, and it has not been the main choice of human diet for a long time 

because of its poor taste. With the advancement of the food processing 

industry and the rise of research on the nutritional analysis of rice bran, rice 

bran has increasingly become an important part of human food (Slavin 2013). 

Meanwhile, rice bran oil has been widely popularized, and the addition of rice 

bran in animal feed has a long history (Farrell 1994; Sharif et al. 2013). 

However, this is complicated by the significant elevation in inorganic arsenic 

and cadmium in rice bran. The nutritional value of rice bran is closely related to 

the marked enhancement of its nutrient elements, but this enhancement also 

includes inorganic arsenic and cadmium (Yao et al. 2020; Gu et al. 2020; Kato 

et al. 2019; Sun et al. 2008). Finding a solution to this problem will help 

continue to improve the commercial value of rice bran, otherwise the 

consumption of rice bran may lead to the risk of exposure to cadmium and 

inorganic arsenic, which will also be an aspect of my future research. 

 

Soil is my main research direction. The different redox mechanisms of 

cadmium and inorganic arsenic make it difficult to control the content of both 

elements in rice simultaneously. There are two main ways to reduce arsenic 

and cadmium content in rice grains accumulation, which is reducing their 
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bioavailability in soil or their uptake/transport to grain. In acidic paddy soil, the 

application of lime and biochar can reduce the accumulation of cadmium in 

rice grains. Although they do not reduce the arsenic concentration, they also 

do not increase the arsenic concentration. How to widely use these two 

substances for soil management with low cost is a worthy research direction. 

 

In the medium to long term, it is possible to develop rice varieties with low 

accumulation of arsenic or cadmium in the grain. A number of quantitative trait 

loci (QTLs) controlling arsenic and cadmium concentrations in cereals have 

been identified. Strongly functional alleles of OsHMA3 are useful for limiting 

cadmium translocation to shoots and accumulation in grains. Genetic 

engineering can be used to knock out or overexpress specific genes to reduce 

arsenic and cadmium uptake or translocation in rice. Knockout of the 

OsNRAMP5 gene in two parental lines of a rice hybrid using CRISPR/Cas9 

gene editing reduced cadmium concentrations in the grain of hybrid rice grown 

on contaminated paddy soil by more than 90%. It is also a worthy research 

direction to further cultivate rice varieties with low cadmium and arsenic 

concentrations through genetic technology 

 

Some fertilizers and amendments can be used to reduce arsenic and cadmium 
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uptake. It has been shown that silicon inhibits the expression of Lsi1 and Lsi2 

which results in a significant reduction in As(III) uptake. At the same time, 

silicon can also directly compete with As(III) for transporters. Adding silicon 

fertilizers or silicon-rich materials to soil significantly reduced arsenic 

accumulation in rice grains. Silicon also inhibited the expression of 

OsNRAMP5 and OsHMA2, resulting in reduced cadmium uptake and transport. 

The field utilization of silicon materials is also a direction with high commercial 

value. 
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