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Aflatoxins are fungal toxins that possess acute life threatening toxicity, carcinogenic properties and other potential
chronic adverse effects. Dietary exposure to aflatoxins is considered a major public health concern, especially for subsistence farming communities in sub-Saharan Africa and South Asia, where dietary staple food crops such as groundnuts
and maize are often highly contaminated with aflatoxin due to hot and humid climates and poor storage, together with
low awareness of risk and lack of enforcement of regulatory limits. Biomarkers have been developed and applied in
many epidemiological studies assessing aflatoxin exposure and the associated health effects in these high-risk population groups. This review discusses the recent epidemiological evidence for aflatoxin exposure, co-exposure with other
mycotoxins and associated health effects in order to provide evidence on risk assessment, and highlight areas where further research is necessary. Aflatoxin exposure can occur at any stage of life and is a major risk factor for hepatocellular
carcinoma, especially when hepatitis B infection is present. Recent evidence suggests that aflatoxin may be an underlying determinant of stunted child growth, and may lower cell-mediated immunity, thereby increasing disease susceptibility. However, a causal relationship between aflatoxin exposure and these latter adverse health outcomes has not been
established, and the biological mechanisms for these have not been elucidated, prompting further research. Furthermore,
there is a dearth of information regarding the health effects of co-exposure to aflatoxin with other mycotoxins. Recent
developments of biomarkers provide opportunities for important future research in this area.
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1. Introduction
Aflatoxins are the secondary metabolites of the Aspergillus flavus and A. parasiticus fungi. They contaminate
major cereal food crops including maize, tree nuts and groundnuts. They are highly prevalent in tropical regions, specifically sub-Saharan Africa and South East Asia, where they flourish under the hot and humid conditions that stimulate
fungal growth1). The main types of aflatoxins are aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1) and
aflatoxin G2 (AFG2), which are found in food. Aflatoxin M1 (AFM1) and aflatoxin M2 (AFM2), which are hydroxylated
metabolites of AFB1 and AFB2, respectively, can be found in milk. AFB1, the most common type of the family, is also
the most toxic. AFB1 has been recognised by the International Agency for Research on Cancer as a human carcinogen,
and AFM1 is considered to be a ‘possible carcinogen’2).
Aflatoxin is a global food safety concern as recognised by the World Health Organisation (WHO)3), with rural
subsistence farming communities in developing countries being the populations most at risk of aflatoxin exposure.
Staple foods that are susceptible to aflatoxin contamination, food insecurity, low aflatoxin awareness and lack of enforcement of regulatory limits are some of the contributors to the high level of aflatoxin exposure in these populations.
Since it was first identified in the 1960s, knowledge of aflatoxin characterisation, metabolism, toxicity to human and
animals, and prevention has made great advances. As a result of the development of biomarkers, it has been possible to
measure aflatoxin exposure individually and study aflatoxin associated adverse health effects. A series of epidemiology
studies have been conducted in the last three decades4–6). The recent epidemiological evidence for the role of aflatoxin
in primary liver cancer, child growth impairment and immune suppression will be discussed in this review. Aflatoxin
reduction interventions that are inexpensive, culturally acceptable and easy to implement at the population-level are
required. To date, a number of agricultural and dietary interventions have been proposed7). Biomarkers are important
tools to determine the true impact of the aflatoxin reduction interventions on human health. However, only one study has
used biomarkers to evaluate the effectiveness of an intervention, which encompassed a package of postharvest aflatoxin
reduction methods8).

2. Exposure Measurement
Dietary exposure to aflatoxin can be estimated by analysis of food sample contamination levels combined with
dietary intake surveys, such as 24-hour recalls and food frequency questionnaires. Although these methods can be
effective in estimating aflatoxin exposure levels in large samples, they have many limitations. For instance, aflatoxin
contamination in food typically has a heterogeneous distribution that can confound accurate measurement of contamination levels due to uneven sampling. Dietary intake surveys are subject to recall bias and social desirability issues, which
additionally could lead to an under- or over-estimation of actual exposure.
Biomarkers are considered more accurate for measuring the degree of individual exposure, as they are objective
indicators of exposure and are key determinants of internal dose and biologically effective dose. The biomarkers for aflatoxin exposure include the aflatoxin-N7-guanine adducts excreted in urine, which reflect the previous day’s exposure;
AFM1, the hydroxylated metabolite of AFB1, which is found in breast milk and reflects exposure over the previous 24
hours; and the aflatoxin-albumin adduct (AF-alb) in plasma or serum, of a half-life of ~2 months, which permits the
measurement of more chronic exposure to aflatoxin6). The AF-alb biomarker can be detected by an ELISA method and is
expressed as pg AF-alb/mg albumin, or in some cases, pg AF-lysine equivalent/mg albumin9). This method has been well
validated in many population-based studies, and the AF-alb biomarker shows a good correlation with aflatoxin intake
from groundnut4) and maize based diets10). Alternative methods for assessing aflatoxin exposure using the AF-alb adduct
involve measuring the aflatoxin-lysine adduct (AFB1-lysine) in proteolytic digests of serum with HPLC-fluorescence or
LC-MS/MS11,12).

3. Worldwide Aflatoxin Exposure
The AF-alb biomarker has been used in a number of epidemiological studies to measure exposure and its associated
health effects in many different populations groups. High risk populations are specifically those from rural subsistence
farming communities in developing countries. In high-risk regions, AF-alb concentrations have previously been reported over a 2–3 log range from below the limit of detection (LOD) of 3 pg/mg to >1000 pg/mg13). East and West Africa
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have the ideal climate of hot and humid conditions for Aspergillus growth and subsequent aflatoxin production, and
intake of susceptible crops such as maize or groundnuts as staple foods is high. Reflecting this, it has previously been
reported that over 95% of blood samples collected from different parts of West Africa, across different age groups, had
detectable concentrations of AF-alb1).
More recently, the AF-alb biomarker has revealed high aflatoxin exposure in East African countries including
Kenya14), where AF-alb was detected in 78% of 597 serum samples (non detectable (ND) − 211 pg/mg); in Uganda15),
where AF-alb was detected in 192/196 (98%) samples (range ND to 237.7 pg/mg) collected from adults and children;
and in Tanzania16), where AF-alb was detected in 67% to 99% of samples collected from young children (see Table 1
for more details). In North and South Africa, where the climate is drier, the prevalence of aflatoxin exposure is lower
than the levels observed in East and West Africa17–19). Turner et al17) found AF-alb in 31/46 (67%) samples from Egypt
(range ND–32.8 pg/mg). Piekkola et al18) found AF-alb concentrations in 34/98 (35.6%) serum samples from pregnant
Egyptian women in their third trimester, and Shephard et al19) found no trace of AFM1 in urine samples collected from
South African women (n = 53).
Parts of Asia also have high prevalence of aflatoxin exposure1); eg, in Malaysia, where 97% of 170 samples had detectable AFB1-lysine adduct levels (detected by HPLC-fluorescence), ranging between 0.20 to 23.26 pg/mg20). Furthermore, a study examining aflatoxin exposure in pregnant women in South Asia using isotope dilution mass spectrometry
to measure AFB1-lysine21), found detectable levels of the biomarker in 94% of blood samples collected from Nepalese
pregnant women (n = 141), with levels ranging between 0.45 to 2939.30 pg/mg. In the same study, AFB1-lysine was
detected in 63/63 (100%) samples collected from pregnant women in their first and third trimester from Bangladesh,
as well as in 63/63 (100%) cord blood samples and in 63/63 (100%) infants who were born to the mothers exposed to
aflatoxin during pregnancy. Rice is a dietary staple of Nepal and in Bangladesh; however, the occurrence of aflatoxin
contamination in rice is typically low22–24). Other food commodities regularly consumed in Bangladesh such as betelnut,
lentils and red chilli powder, however, have been shown to have high levels of aflatoxin 24). Maize is also a dietary staple
in Nepal, and research has shown high levels of aflatoxin contamination present in maize commodities from Nepal23,25)
Aflatoxin exposure is not a major issue for developed regions, as there are strictly enforced regulatory limits in
place and the diet is more diverse. AF-alb is rarely detected in blood samples from populations in these regions1,26,27).
For instance, in a subset of individuals (n = 2051) that participated in the 1999–2000 National Health and Nutrition Examination Survey (NHANES), which is a representative cross-sectional survey of the US population 26,27), only 1% had
detectable levels (≥0.02 μg/L) of AFB1-lysine in their blood.

4. Co-exposure with Other Mycotoxins
The majority of research to date has focused on the negative impact of single mycotoxins, predominantly aflatoxin,
on health outcomes in human populations. However, several mycotoxins can occur simultaneously in food 28). This is
concerning, as regulations in place for food and feed products are based on single mycotoxins, failing to take into consideration possible combined toxic effects.
The scarcity of epidemiology studies measuring co-exposure to multiple mycotoxins and the potential adverse
health outcomes, is partly attributable to the underdevelopment of valid biomarkers. The AF-alb biomarker was developed in the early 1990s9), and has been used since to assess aflatoxin exposure and its associated health effects in many
populations worldwide (see above). Whereas, individual biomarkers for other prevailing mycotoxins of public health
concern such as fumonisin, predominantly found in maize, and deoxynivalenol (DON), typically found in wheat, were
only developed in 200829,30); thus application of these biomarkers into human exposure and health risk studies is still at
an early stage.
Co-exposure to aflatoxin with other mycotoxins, using individual biomarkers, was recently investigated in Tanzania. Children, aged between 6 and 14 months, were recruited at a maize harvest season, and were followed up twice at 6
months intervals. The children were found chronically exposed to AFB1, fumonisin B1 (FB1) and DON31,32). Blood AFalb level31) and urinary DON level32) steadily increased over the 12 months, which likely corresponds to increased food
intake that typically occurs as the child gets older. A linear trend was not apparent for urinary FB1, as the mean level at
6 months was significantly lower than mean levels at recruitment and at 12 months31). Fumonisin contamination is predominantly a field issue, with levels only marginally increasing during storage. It was postulated that the lower exposure
levels observed 6 months post-harvest could be reflective of dwindled maize stocks at this time point leading to lower
maize consumption31). The relationship between aflatoxin and fumonisin exposure with impaired child growth was also
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- The Gambia
- Cross-sectional
study
- 472 children
aged 6–9 y

- Benin
- Longitudinal (8
months)
- 3 time points
(February, June
and October)
- 200 children
aged 16 to 37 mo
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et al44)

Gong
et al43)
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Relationship between mycotoxin and child growth impairment

- AF-alb biomarker
No prevalence
- AF-alb detected n (%):
rates calculated
Maternal samples: 119/119 (100)
Cord blood samples: 48/99 (48.5)
Week 16 children: 13/118 (11.0)
- AF-alb GM (95% CI) pg/mg:
Maternal blood samples: 40.4 (4.8, 260.8)
Cord blood samples: 10.1 (5.0, 89.6)
Week 16 children: 8.7 (5.0, 30.2)

- The Gambia
- Longitudinal
(Birth to 1 y)
- 138 children

- Iran
- AFM1 measured in breast milk samples Prevalence rates
- Cross-sectional - Detected in 20/91 (22%) samples
not calculated
- 182 children
- AFM1 mean (SD): 6.96 (0.94) pg/mL
aged 90–120 days
- 182 lactating
mothers

Turner
et al58)

Mahdavi
et al63)

- AF-alb (measured at recruitment or the mean of 3 time points) was inversely associated with
HAZ and WHZ scores (measured at the last time point).
- After adjusting for age, height, sex and weaning status, socioeconomic status (SES) and village, a correlation remained between AF-alb measured at recruitment (P = 0.009) or the mean of
3 time points (P < 0.0001) and HAZ (measured at last time point).
- Reduction in height was 1.7 cm over the 8 month period between the highest and lowest quartiles of aflatoxin exposure.

- After adjusting for maternal BMI, maternal energy intake and maternal height, AFM1 was
inversely associated with infant HAZ scores (P = 0.01).
- Infants consuming AFM1 contaminated breast milk compared to those not, had lower HAZ (P
= 0.005) and WAZ (P = 0.01) scores.

- Maternal blood samples with higher AF-alb concentrations compared to the samples with
lower concentrations were associated with lower HAZ (P = 0.044) and WAZ (P = 0.012) scores
in children.
- Reducing AF-alb concentrations in maternal blood samples from 110 pg/mg to 10 pg/mg would
lead to an increase of 0.8 kg in child weight and an increase of 2 cm in child height.
- AF-alb concentrations measured in week 16 blood samples from the children were negatively
associated with HAZ scores (P = 0.002).

30% WAZ <2 SD - 53.8% of the children classified as wasted were fed aflatoxin contaminated flour, compared to
34% HAZ <2 SD 27.7% of children not wasted (P = 0.002).
6% WHZ <2 SD - 60% of the children with severe protein energy malnutrition (PEM) were fed aflatoxin contaminated flour, compared to 27.4% of children without PEM (P = 0.004).

- Aflatoxin contamination (B1, B2, G1
and G2) was measured in flour samples
- Aflatoxin contamination was found in
70/242 (29%) flour samples.
Levels ranged 2–82 μg/kg.

Not calculated

17.5% WAZ <2 SD - AF-alb was negatively associated with WHZ score (P = 0.028).
11.5% HAZ <2 SD - After adjusting for month of sampling, sex, birth weight, and other factors, there was a de14.9% WHZ <2 SD crease in WHZ score up to 21 pg/mg.

29% WAZ <2 SD - AF-alb was negatively correlated with WAZ (P = 0.005), HAZ (P = 0.001) and WHZ (P =
33% HAZ <2 SD 0.047).
6% WHZ <2 SD

Prevalence of
malnutrition
(% <2 SD*)

Okoth and - Kenya
Ohingo66) - Cross-sectional
- 242 children
aged 3 to 36 mo

- AF-alb biomarker
February: 98% detectable
June: 99.5% detectable
October: 100% detectable
- GM
February: 37.4 pg/mg
June: 38.7 pg/mg
October: 86.8 pg/mg

- AF-alb biomarker
- Detected in 434/466 (93%)
- GM (95% CI): 22.3 (20.3, 24.5) pg/mg

- Benin and Togo -AF-alb biomarker
- Cross-sectional -Detected in 475/479 (99%)
- 480 children
-GM (range): 32.8 (5–1064) pg/mg
aged 9 mo** to 5
y**

Gong
et al42)

Aflatoxin exposure

Location/ study
design/ population characteristics

Study

Table 1. The relationship between aflatoxin exposure and child growth
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- Tanzania
- Longitudinal
(recruited at
maize harvest
and followed up
at 6, 12 months)
- 166 children
(n = 166) aged
between 6 and
14 mo

- AF-alb biomarker
- AF-alb detected n (%):
Recruitment: 98 (67%)
6 months: 122 (84%)
12 months: 142 (99%)
- AF-alb GM (95% CI) pg/mg:
Recruitment: 4.7 (3.9, 5.6)
6 months: 12.9 (9.9, 16.7)
12 months: 23.5 (19.9, 27.7)

* SD: standard deviation; ** mo: month, y: year; *** IQ: interquartile

- AF-alb biomarker
Castelino - Kenya
et al68)
- Cross-sectional - AF-alb GM (95% CI) pg/mg:
- 199 children aged 110.5 (95.4, 127.9)
6 to 17 y

Shirima
et al31)

- AFM1 measured in breast milk samples
- AFM1 detected:
1st month: 143/143
3rd month: 121/121
5th month: 118/118
- AFM1 median (IQ) ng/mL:
1st month: 0.07 (0.05–0.11)
3rd month: 0.08 (0.05–0.13)
5th month: 0.08 (0.06–0.12)
- AFM1 mean (SD) exposure ng/kg
bodyweight/day):
1st month: 11.08 (10.13)
3rd month: 11.94 (9.69)
5th month: 10.91 (6.82)

- Tanzania
- Longitudinal
(1st, 3rd and 5th
month following
birth)
- 143 children
aged under 6 mo
- 143 lactating
mothers

Magoha
et al38)

Aflatoxin exposure

AFB1 serum samples
- Children 17/46 (36.96%) detectable
- Mothers 17/46 (36.96%) detectable
Median (IQ***)
- Children 51.61 (30.57−62.80) ppm
- Mothers 50.0 (35.59−84.93) ppm

Location/ study
design/ population characteristics

Shouman - Egypt
et al67)
- Cross-sectional
- 46 children aged
1 mo to 4.5 y.
- 46 mothers

Study

Table 1. (continue)

- AFM1 was inversely associated with WAZ and HAZ scores (P < 0.05).

- AF-alb positive children had lower HAZ sores compared to AF-alb negative children (P =
0.001).
- AF-alb concentrations were inversely correlated with HAZ scores (P = 0.001) among the
children who had detectable AF-alb concentrations.

Relationship between mycotoxin and child growth impairment

No prevalence of
malnutrition
recorded

- Children with higher AF-alb levels (>198.5 pg/mg) had lower height measurements than
children with lower levels (<74.5 pg/mg), after adjusting for age, sex, school, disease state and
infection status (P < 0.001).

Recruitment
- There were no significant associations between mean AF-alb levels and growth parameters
44% HAZ <2 SD (WHZ, LAZ or WAZ score) at any time point.
8% WAZ <2 SD
2% WHZ <2 SD
6 months
55% HAZ <2 SD
14% WAZ <2 SD
2% WHZ <2 SD
12 months
56% HAZ <2 SD
14% WAZ <2 SD
0.7% WHZ <2 SD

1st month
11% HAZ <2 SD
4% WAZ <2 SD
4% WHZ <2 SD
3rd month
13% HAZ <2 SD
9% WAZ <2 SD
1% WHZ <2 SD
5th month
17% HAZ <2 SD
10% WAZ <2 SD
3% WHZ <2 SD

Prevalence rates
not calculated

Prevalence of
malnutrition
(% <2 SD*)
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examined in this cohort of young children. Although there was no relationship observed between aflatoxin exposure
and stunted child growth; increased fumonisin exposure was associated with reduced length-for-age Z-scores (LAZ)31).
The first 1000 days of an infant’s life, from conception to 24 months of age, is a critical time to ensure prospective
growth and healthy development. Co-exposure to mycotoxins in utero has not been researched extensively. Only one
study has been identified, which has measured co-exposure of aflatoxin and DON in pregnant women18). That study
was conducted in Egypt, with samples taken in the women’s third trimester. AF-alb were present in 36% of the blood
samples; urinary AFM1 and DON were present in 47% and 68% of the urine samples. Under half (41%) the sample of
pregnant women was concurrently exposed to both aflatoxin and DON. These prevalence rates and exposure levels are
considerably lower than those observed in West African countries, especially for aflatoxin; where typically >95% of
blood samples test positive for AF-alb1). Nevertheless, it is concerning that these pregnant Egyptian women are exposed
to two mycotoxins simultaneously.
Within recent years, advances in multi-mycotoxin biomarker analysis using LC-MS/MS methods have emerged
to allow mycotoxin co-exposure to be assessed in urine samples. For instance, a study19) conducted in a South African
population of women (n = 53), found 8 single or combined mycotoxins in urine samples including: DON, FB1, ochratoxin A (OTA) and zearalenone (ZEN). AFM1 was not detected in the urine; Aspergillus flavus does not typically infect
maize in the region sampled. Another study conducted in Cameroon, Central Africa, detected 11 single or combined
mycotoxins and their metabolites in 63% of 175 urine samples including AFM1, OTA and DON33). At least two or more
types of mycotoxins were detected in 18% of the samples and one individual was positive for five mycotoxins. Similar
results were found in a study of children, aged 1.5–4.5 years, also from Cameroon34). Ediage et al34) additionally investigated the relationship between mycotoxin exposure and indicators of nutritional status in the same cohort of children.
Although the high prevalence rates of underweight (37%), wasting (23%) and stunted growth (39%) coincided with the
high prevalence of mycotoxin exposure in this population group, no significant relationships were identified. Ediage et
al34) concluded that the power of the study to detect significant relationships might have been compromised by the small
sample size.
A pilot study35) of 120 Nigerian children (n = 19), adolescents (n = 20) and adults (n = 81) from rural farming communities, found 8 mycotoxins and their metabolites, either singly or combined, in 61/120 (50.8%) urine samples. AFM1,
FB1 and OTA were the mycotoxins most frequently detected. Owing to the wide age range of the participants recruited
(1 to 80 years), this study provides evidence that co-exposure to aflatoxin with other mycotoxins can occur at any stage
of life.
It is worth noting that these positive detection rates can also be influenced by the sensitivity of the analytical
method. As detection methods improve more samples are likely to be recorded as being positive. However, it is also
important to consider the quantitative levels of exposure. It is possible that low levels of co-exposure, whilst detectable,
do not contribute significantly to risks associated with mycotoxin exposures. Whilst reporting the percentage of populations co-exposed to different mycotoxins highlights that potential additive effects should be taken into consideration,
research is required to determine at what levels such exposures may contribute to risk. The occurrence of co-exposures
in a high proportion of a population does not in itself indicate that all the mycotoxins detected are contributing to risk.
Aflatoxin exposure was not found in multi-mycotoxin exposure studies conducted in non-African countries. In a
recent large study in Belgian adults and children36) nine different mycotoxins were detected in urine samples but not
AFM1. Citrinin (CIT), DON and OTA were the most frequently detected. This is in line with the rest of the literature,
which suggests that aflatoxin exposure is not a major public health issue for European countries as it is for Africa and
South Asia.
Multi-mycotoxin biomarker analysis is very much in its infancy, and the methods do require more validation, but
the data described above shows the potential of this approach for assessing combined exposures. At present, due to their
higher sensitivity, available single biomarkers, such as FB1, DON and AF-alb, are more frequently applied for studying
the effects of exposure and co-exposure on human health.

5. Health Effects
The main route of exposure to aflatoxin is through the direct consumption of contaminated food. Aflatoxin exposure can occur throughout the life course, beginning in utero through transplacental exposure37). Breast milk is a
pathway of exposure for young children at breastfeeding38); however, the AFM1 found in milk is less toxic than AFB1

19

Gong Y, et al: Aflatoxin and human health, epidemiological evidence

found in food. In Africa, weaning foods are often cereal- and legume-based, both of which are susceptible to aflatoxin
contamination and children’s exposure increases during weaning39).
High level exposure of aflatoxin that occurs over a relatively short period of time is recognised as causing acute aflatoxicosis. Although acute aflatoxicosis occurs on a case by case basis intermittently, large outbreaks have been reported
in Africa40,41). For instance, in Eastern Kenya in 2004, 317 individuals were diagnosed with acute liver failure of which
125 (37%) subsequently died as a result of acute aflatoxicosis. The level of aflatoxin exposure (AF-alb adduct) was higher
in patients than in healthy individuals41). A case-control study showed that the outbreak in Kenya may have been triggered by consuming aflatoxin contaminated home-grown maize41). Mean aflatoxin contamination levels in home-grown
maize samples, collected from patients with aflatoxicosis, were 8 fold higher than those samples collected from those
free from aflatoxicosis (354.53 ppb vs 44.14 ppb; P = 0.04). Chronic aflatoxicosis due to low dose aflatoxin exposure
over a long period of time, is more prevalent than acute aflatoxicosis. The most well established health effect of chronic
exposure is hepatocellular carcinoma (HCC). Other chronic toxic health effects include impaired child growth42,43) and
immune suppression44–46), which will be discussed in detail below.

5.1 Hepatocellular Carcinoma
In 2012, HCC was recognised as the sixth most common cancer worldwide, with 83% of cases occurring in less
developed regions47). The highest incidence rates are observed in Asian and African countries. Aflatoxin, owing to its
mutagenic and carcinogenic properties, has been classified as a major risk factor, alongside the hepatitis B virus (HBV)
and the hepatitis C virus (HCV)48). In fact it has been shown that aflatoxin and hepatitis B, which is also highly prevalent
in Africa and South Asia, can synergistically interact, resulting in an increased risk of HCC 49,50). The P53 gene hotspot
mutation at codon 249 was associated with aflatoxin exposure51). Villar et al observed a seasonal variation in levels of
the R249S mutation in circulating cell free DNA in the serum of subjects in Gambia that reflected seasonal variations
in aflatoxin exposure and markers of HBV infection, suggesting an interaction between these risk factors for HCC52).
A systematic review and meta-analysis53) of 17 case-control and cohort studies carried out in sub-Saharan Africa,
China and Taiwan, examined the population attributable risk (PAR) of aflatoxin-related HCC. PAR represents the number or proportion of patients in a population that would not occur if the risk factor were removed. It was found that the
PAR of aflatoxin-related HCC was 17%, but was higher in HBV positive populations (21%) in comparison with HBV
negative populations (8.8%). This highlights the potential reduction in HCC that could be achieved by significantly reducing aflatoxin exposure.
A recent study54) considered the impact in China of agricultural reforms during the 1980s, which involved the
change from a maize based diet to a rice based diet (typically lower in aflatoxin contamination) and the implementation
of the mass HBV immunisation program in that country, on the prevention of primary liver cancer. With the use of The
Qidong Cancer Registry data and the measurement of AF-alb concentrations in serum samples collected from 7 different
cohorts between 1982 and 2012, a PAR for the reduction in primary liver cancer mortality as a result of these changes
was estimated to be 65%. Mean AF-alb concentrations also declined between 1989 and 2012 from 19.3 pg/mg to undetectable (<0.5 pg/mg). This study highlights that a reduction in aflatoxin exposure by changing diet together with control
of HBV can achieve a large reduction in liver cancer prevalence.
Aflatoxin has also been implicated in the aetiology of other liver diseases including cirrhosis2) and hepatomegaly55).
A study in Kenya by Gong et al55) reported that the prevalence of hepatomegaly, a firm form of liver enlargement, increased in children with higher aflatoxin exposure. This is consistent with the fact that the liver is the key target organ
for aflatoxin toxicity.

5.2 Impaired Child Growth
The first 1000 days of life, from conception to 24 months, is a critical period for healthy growth and development;
hence, dietary intake during pregnancy plays a fundamental role in the child’s future health status. In sub-Saharan Africa, malnutrition and child growth impairment are major public health burdens. The WHO56) have defined stunting as
a height-for-age Z-score (HAZ), of <-2, being underweight as a weight-for-age Z-score (WAZ), of <-2, and wasting as
a weight-for-height Z-score (WHZ), of <-2. The impact of aflatoxin on growth impairment at different time points has
been investigated.
5.2.1 In utero exposure
A number of studies have demonstrated that aflatoxin exposure can occur in utero through a transplacental pathway37,57,58), and that higher exposure levels in utero have been associated with lower birth weights59–61) and stunted
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child growth58). It has been suggested that epigenetic changes, which may occur as a consequence of aflatoxin exposure
in utero, is a potential mechanism to explain this relationship. A recent study by Hernandez-Vargas et al62) examined
the consequences of in utero exposure to aflatoxin on the white blood cell DNA global methylation level in children
aged 2–8 months. Differential methylation of genes, including some growth and immune function related genes, was
observed to be associated with AF-alb exposure. It is not yet known whether such changes are associated with impaired
growth or other effects.
5.2.2 Exposure via breast milk
Although breast milk is full of nutritional and immunological components, it is the potential source of aflatoxin exposure for very young infants. AFM1, the hydroxylated metabolite of AFB1, is typically detected in breast milk 12 to 24
hours following ingestion of foods contaminated with AFB1. Only a few epidemiological studies have investigated the
relationship between AFM1 in breast milk samples and impaired child growth (see Table 1). Mahdavi et al63) reported
that AFM1 concentrations measured in breast milk samples of lactating Iranian women, who were exclusively breast
feeding their children, were negatively associated with their infants’ HAZ scores (correlation coefficient β = -0.31, P
= 0.01). The number of positive AFM1 samples in this study, however, was very small (20/182, 11%), and insufficient
information is provided on how the data was used, which makes interpretation difficult.
Magoha et al38) examined the relationship between AFM1, measured in breast milk samples of 143 lactating mothers, and growth impairment in their infants under 6 months of age in Northern Tanzania. Breast milk samples along
with anthropometric data were collected at the first, third and fifth month following birth. All of the breast milk samples
had detectable AFM1 concentrations ranging from 0.01 to 0.55 ng/mL. Mean AFM1 exposure concentrations of the
infants at months 1, 3 and 5 were: 11.08±10.13, 11.94±9.69 and 10.91±6.82 ng/kg bodyweight/day, respectively. Significant inverse associations between AFM1 exposure and HAZ (β = −0.013, P < 0.05) and WAZ (β = −0.009, P < 0.05)
but not with WHZ were reported. It is not possible to measure individual levels of breast milk consumption in such a
study therefore AFM1 exposure estimates were based on age-specific average intakes stated by the United States Environmental Protection Agency (US-EPA). This study highlights the potential for exposure of AFM1 from breast milk
contributing to child growth impairment.
Although significant inverse associations were found by the aforementioned studies, further research is necessary
to draw reasonable conclusions regarding this complex relationship. Breast-feeding should, therefore, not be discouraged
based on this limited evidence. The WHO recommendation of exclusive breast-feeding until 6 months of age should be
encouraged owing to the high nutritional content and immunological properties of breast milk. Furthermore, infants
who are exclusively breastfed appear to have lower AF-alb concentrations compared to those partially breastfed and
fully weaned39). It must, therefore, be remembered that prolonged breastfeeding is protective to child health.
5.2.3 Exposure via weaning food
Children of weaning age in developing countries, especially sub-Saharan Africa, are considered a high-risk population group for aflatoxin exposure39). Maize and groundnuts, which are typical constituents of weaning foods, are highly
susceptible to aflatoxin contamination64). Furthermore, exposure levels relative to body weight are higher for children
than for adults and the rapid growth that occurs, and the additional nutrients required during this time period, mean that
this is a critical time for the impact of aflatoxin on growth. It is evident that stunted growth is highly prevalent in parts of
Africa and South Asia. For instance, in East and West Africa approximately 42% and 36%, respectively, of the children
under the age of 5 years have stunted growth65). This is similar to the rates observed in South-central Asia, where approximately 36% of children aged under the age of 5 years have stunted growth65).
There is evidence to suggest that aflatoxin exposure during this critical period of weaning may be an underlying determinant of impaired child growth (see Table 1). In a cross-sectional study of 480 children aged between 9 months and
5 years in Benin and Togo, aflatoxin exposure levels increased when children started on weaning food, peaking when
children reached 3 years old. Multivariate regression analysis suggested that aflatoxin exposure was inversely correlated
with HAZ, WAZ and WHZ after adjustment of confounding factors42). Okath and Ohingo66), who recruited a sample of
children (n = 242) aged between 3 and 36 months, found that the number of children who were wasted compared to those
who were not wasted, were more likely to consume aflatoxin contaminated weaning flour (53.8% vs 27.7%, P = 0.002). In
a more recent study, Egyptian children (n = 46) exposed to aflatoxin, aged 1 month to 4.5 years, had significantly lower
HAZ scores compared to those who were not exposed to aflatoxin (P = 0.001)67).
To date only two studies have investigated the temporal relationship between aflatoxin exposure and impaired
child growth (see Table 1)15,43). One of the studies43), which was conducted in Benin, West Africa over 8 months, found
significant inverse associations between mean AF-alb measured at recruitment (P = 0.009) and mean of 3 time points
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(February, June and October; P < 0.0001), and HAZ scores (measured at the last time point) in children (n = 200) aged
between 16 and 37 months. The children in the highest quartile of aflatoxin exposure had a 1.7 cm reduced height gain
over 8 months compared to those in the lowest quartile. This study provided stronger evidence than the cross sectional
studies for the growth impairment effect of aflatoxin. The second study15), which was conducted over 12 months in
Tanzania, East Africa, where high fumonisin exposure has been shown to be frequent due to consumption of highly contaminated maize reported reduced growth associated with aflatoxin exposure in children aged between 6 and 14 months,
although not reaching statistical significance, but found a significant inverse association between growth and urinary
fumonisin B1. A probable explanation is that the AF-alb levels observed in the Tanzanian children were lower than those
(see Table 1) observed in the Benin children, indicating that the relationship between aflatoxin exposure and impaired
child growth might indeed be dose-dependent. Alternatively, it is of note that fumonisin exposure was not measured in
the Benin study, so the confounding contribution of this mycotoxin cannot be ruled out.
The effects of aflatoxin on growth have also been investigated in older children. Turner et al44) found a significant
association between AF-alb and WHZ (P = 0.028), but not with HAZ or WAZ scores in Gambian children (n = 466). The
children in that study were aged between 6 and 9 years. Another study in Kenyan children (n = 199) aged 6 to 17 years
old found a borderline inverse correlation between aflatoxin exposure and child height (P = 0.048)68). Taken together
these studies highlight that weaning is a critical period for the growth impact of aflatoxin exposure.
5.2.4 Potential mechanisms
It has been suggested that aflatoxin exposure may disrupt the insulin-like growth factors (IGF) pathway through liver toxicity. In the study in Kenya mentioned above68) AF-alb concentrations were inversely associated with IGF1 levels
(P = 0.039) and IGF binding protein 3 levels (P = 0.046). A path analysis showed that lower IGF1 levels explained about
16% of the effect of aflatoxin on child height. Other potential mechanisms for the aflatoxin child growth impairment
include the immunosuppressive effect of aflatoxin exposure that may increase infection susceptibility, consequently impairing nutritional status through appetite suppression and reduced nutrient absorption69). Furthermore, in their review
Smith et al70) postulated that exposure to aflatoxin may promote intestinal damage through protein synthesis inhibition,
consequently leading to a reduction in the absorption of essential nutrients and subsequent impaired growth.
Based on the evidence above, it is difficult to establish if the relationship between aflatoxin exposure and impaired
child growth is in fact causal. The 1000 days is a critical period for healthy growth and development that can be impacted
on by aflatoxin exposure. An intervention study targeted at aflatoxin reduction would confirm whether the relationship
is causal.

5.3 Immune Suppression
The immunosuppressive effects of aflatoxin, which include reduced antibody production, increased susceptibility to
infectious diseases and reduced cell-mediated immunity, have been thoroughly investigated in many animal species71).
In humans the immunosuppressive effects of aflatoxin exposure, however, have not clearly been established, as only a
limited number of studies have been carried out (see Table 2). A study conducted in the Gambia44) found a reduction in
the secretory IgA (sIgA) antibody in children (aged 6 to 9 years) with detectable AF-alb concentrations in their blood (n
= 432) compared to those with non-detectable levels (n = 32). The sIgA is an important component of the mucosal barrier
that protects against infectious diseases and uptake of harmful micro-organisms. This reduced level of sIgA driven by
aflatoxin exposure could be a potential mechanism for the impaired child growth that was also observed in this cohort.
An earlier study72) conducted in the Gambia found an association between aflatoxin exposure and HB surface antigen
carrier status in children aged 3 to 8 years. Aflatoxin exposure, hence, may increase the risk of HBV infection. This is
concerning as individuals exposed to aflatoxin and HBV simultaneously, have a greater risk of hepatocellular carcinoma
compared to individuals exposed only to aflatoxin49,50).
There is evidence to show that aflatoxin exposure may alter the proportions of specific cell types involved in the immune response (see Table 2). A study of Ghanaian adults (n = 64)45) found that those exposed to high levels of aflatoxin,
measured by the AF-alb adduct biomarker, compared to those exposed to low levels of aflatoxin, had significantly lower
percentages of CD3+CD69+ and CD19+CD69+ cells (P = 0.002), and lower percentages of CD8+ type T lymph cells
that contained perforin or both perforin and granzyme A (P = 0.012). Furthermore, negative associations were observed
between CD3+CD69+ (P = 0.001) and CD19+CD69+ (P = 0.032) cells and AF-alb concentrations after adjustment for
age and other immune parameters. Reductions in these immunological parameters could consequently lead to impaired
cell-mediated immunity increasing susceptibility to infectious diseases.
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- The Gambia
- Cross-sectional
- 391 children aged
3–8 y*

- The Gambia
- Cross-sectional
- 472 children aged
6–9 y

- Ghana
- Cross-sectional
- 64 adults aged 19 to
86 y

- Ghana
- Cross sectional
- 116 HIV +ve adults:
mean age (SD): 38.25
(9.44) y
- 80 HIV –ve adults:
mean age (SD): 40.77
(17.52) y

- Ghana
- Cross-sectional
- 155 HIV +ve adults
- 159 HIV –ve adults

- Ghana
- Cross-sectional
- 141 HIV positive
adults

Allen
et al72)

Turner
et al44)

Jiang
et al45)

Jiang
et al46)

Jolly
et al74)

Keenan
et al75)

- AF-alb biomarker
- Median AF-alb: 0.94
pmol/mg

- AF-alb biomarker
- HIV +ve mean (SD)
AF-alb: 1.06 (0.60) pmol/mg
- HIV –ve mean (SD) AF-alb:
0.91 (0.46) pmol/mg

- AF-alb biomarker
- HIV +ve mean (SD) AF-alb:
1.01 (0.53) pmol/mg
- HIV –ve mean (SD) AF-alb:
1.01 (0.41) pmol/mg

- AF-alb biomarker
- Mean (SD***) AF-alb:
0.997 (0.40) pmol/mg

- AF-alb biomarker
- Detected in 434/466 (93%)
- GM (95% CI): 22.3 (20.3,
24.5) pg/mg

- AF-alb biomarker
(n = 323)
- Mean (log) 4.05 pg/mg

Aflatoxin exposure

- CD4+ T- cells
- Viral load
- Malaria
- Tuberculosis
- HBV
- Pneumonia

- Viral load
- CD4 count
- Liver function parameters
- HBV, HCV and malaria infection
parameters

- Leukocyte immunophenotypes
- Cytokine production by CD8+, and CD3CD56+ cells
- Viral load

- Leukocyte immunophenotypes
- Lymphoproliferative response of CD4+
T cells
- Cytokine production by CD8+, CD4+
and CD3-CD56+ cells
- Monocyte phagocytic function

- Secretory IgA in saliva (sIgA)
- Cell-mediated immunity (CMI)
- Antibody responses to both rabies and
pneumococcal polysaccharide vaccines

- Malaria − Plasmodium falciparum
parasitaemia
- Antibody titre − asexual stages of P.
falciparum
- HBV − HBsAg

Immune markers

* y: year; ** +ve: positive, –ve: negative; *** SD: standard deviation

Location/ study
design/ population
characteristics

Study

Table 2. The immune suppressive effects of aflatoxin examined in human epidemiological studies

- Participants in the highest AF-alb quartile had a higher risk of tuberculosis (HR, 3.39; 95% CI, 1.15−9.98; P = 0.03) compared to those in the lowest
quartile.

- HIV +ve participants with high AF-alb levels(>0.93 pmol/mg albumin
based on group median) showed statistically significant increased odds of
having higher HIV viral loads (OR, 2.84; 95% CI, 1.17−7.78) and higher
direct bilirubin levels (OR, 5.47; 95% CI, 1.03−22.85) compared to the HIV+
group with lower AF-alb levels(<0.93 pmol/mg).
- Higher levels of AF-alb were associated with lower levels of albumin (P =
0.01) as well as higher levels of total bilirubin (P = 0.01) and direct bilirubin
(P = 0.01) in HIV +ve participants.

- HIV +ve participants with high aflatoxin exposure, had lower
CD4+CD25+CD45RO+ regulatory T-cells (P = 0.009) and naïve
CD4+CD45RA+CD62L+ T cells (P = 0.029), as well as lower percentages
of B-cells (P = 0.03), compared to HIV +ve individuals with low aflatoxin
exposure.
- Among HIV +ve participants, AF-alb concentrations were inversely associated with perforin-expressing CD8+ T-cells (P = 0.045), T-regulatory cells
(P = 0.002) and B-cells (P = 0.012).

- Participants with high levels of AF-alb, compared to those with low levels
had lower percentages of CD3+CD69+ and CD19+CD69+ cells (P = 0.002),
and lower percentages of CD8+ T cells that contained perforin or both
perforin and granzyme A (P = 0.012).
- AF-alb concentrations were negatively associated with CD3+CD69+
(P = 0.001) and CD19+CD69+ (P = 0.032) cells after adjustment for age and
other immune parameters.

- Children with detectable levels of AF-alb had significantly lower sIgA
compared to those with non-detectable AF-alb levels (P < 0.0001).
- 1 of the pneumococcal antibody titers was weakly associated with AF-alb
(P = 0.05).

- Mean AF-alb was significantly higher in children with P. falciparum parasitaemia compared with children no P. falciparum parasitaemia (P = 0.01).
- Mean AF-alb levels were higher in children who were HbsAg +ve** than
those who were HbsAg –ve**.
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The high prevalence of aflatoxin exposure coincides geographically with the high prevalence of the human immunodeficiency virus (HIV) in Africa. It has been suggested that the immunosuppressive effects of aflatoxin exposure
may accelerate the progression of HIV46,73). There is evidence to show that HIV positive individuals with high aflatoxin
exposure, have lower levels of immune markers such as CD4+ T regulatory cells (P = 0.009) and naive CD4 + T cells (P
= 0.029), as well as lower percentages of type B lymph cells (P = 0.03), compared to HIV positive individuals with low
aflatoxin exposure46). In the same study, negative relationships were observed between AF-alb and perforin-expressing
CD8+ T cells (P = 0.045), T regulatory cells (P = 0.002) and B cells (P = 0.012) among HIV positive individuals. Furthermore, another study74) conducted in Ghana showed that HIV positive individuals with high aflatoxin exposure,
compared to those that were HIV positive but with low aflatoxin exposure, were more likely to have higher direct bilirubin levels, markers of liver disease and jaundice (odds ratio (OR), 5.47; 95% CI, 1.03–22.85), as well as higher HIV
viral loads (OR, 2.84; 95% CI, 1.17–7.78). Keenan et al75) also found in an HIV positive sample of adults from Ghana,
that those with higher AF-alb levels had an increased risk of tuberculosis (hazard ratio (HR), 3.30; 95% CI, 1.34–8.11),
compared to those with lower AF-alb levels.
The studies to date show that aflatoxin can influence some types of immune response, but more studies are needed,
in particular with respect to the effect on antibody responses and in non-HIV populations, to determine whether aflatoxin plays a major role in suppressing immune status.

6. Conclusions and Suggestions for Future Research
Aflatoxin exposure as a result of contamination of staple cereal crops is a significant food safety issue for developing countries, especially within South Asia and sub-Saharan Africa. Very high exposure leads to acute toxicity that can
be lethal. Chronic exposure to aflatoxin can occur at any age including in utero, and typically increases during weaning.
Aflatoxin is an established risk factor for liver cancer, especially when HBV infection co-exists, and there is increasing
evidence of other health impacts including child growth impairment and immune suppression.
Understanding the relationship between aflatoxin exposure and impaired child growth is complicated because aflatoxin exposure often coincides with poverty, hunger, poor food quality and infectious disease. To determine if the
relationship between aflatoxin and impaired child growth is indeed causal, randomised controlled trials, focusing on
aflatoxin reduction strategies in areas where there is high prevalence of aflatoxin exposure, will be necessary. It is also
critical to further elucidate the mechanism behind the impaired growth effects of aflatoxin.
The immunosuppressive effects of aflatoxin exposure could increase susceptibility to infectious diseases, such as
diarrhoea, reducing nutrient absorption leading to impaired child growth. Aflatoxin associated immunosuppression may
also modify infection of HIV or progression to AIDS but more research is required to determine to what extent aflatoxin
modifies immune response in healthy individuals, particularly in children.
Liver cancer risk has been reduced significantly in China over recent decades as a result of HBV vaccination and
dietary changes that reduced aflatoxin exposure. In sub-Saharan Africa and South Asia HBV vaccination is also important to reduce liver cancer risk, but changes in dietary patterns among subsistence farming populations may not be
feasible. Simple and low cost post-harvest interventions such as hand sorting, adequate drying and storing are perhaps
more realistic methods in reducing aflatoxin exposure in these regions, and should be promoted.
Finally, the effects of co-exposure to aflatoxin with other mycotoxins are currently not well understood, but recent
developments of biomarkers provide opportunities for important future research in this area. To enable human health
studies in relation to co-exposures, sensitive, reliable and high throughput biomarker techniques are essential.
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