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Mycotoxins are toxins produced by mold that are commonly present in staple foods such as 

maize and groundnuts that are widely consumed by billions of people and are a direct threat to 

global food safety and food security. Aflatoxin and two other mycotoxins, fumonisin and 

deoxynivalenol, are of particular concern to human health because they are highly prevalent in 

the food chain and may have substantial negative health consequences.  

 

The overall aim of this dissertation is to evaluate the determinants, effects and biological 

mechanisms of food chain mycotoxin exposure in the context of rural Zimbabwe.  

First, I conduct two literature reviews to evaluate existing human, animal and cellular evidence 

for the causal relationship between mycotoxins, particularly aflatoxin, and child stunting and 

adverse birth outcomes. Second, I describe aflatoxin exposure in a cohort of women during early 

pregnancy in rural Zimbabwe over one calendar year, and explore potential determinants of 

exposure, particularly seasonality, agroecology, and dietary practices using multiple ordinal 

regression. Third, informed by causal aims one and two, I evaluate the potential relationship 

between biomarker of aflatoxin exposure (AFM1) and biomarkers of intestinal (fecal 

myeloperoxidase and α1-antitrypsin) and systematic immune activation (serum C-reactive 

protein and α1-antitrypsin) in rural Zimbabwean pregnant women using fractional polynomial 

analysis.   



 

We developed two frameworks proposing inflammation as a potential causal mechanism by 

which aflatoxin may interfere with fetal development and child growth. We found that one third 

of pregnant rural Zimbabwean women had detectable aflatoxin M1 in their urine indicating 

recent exposure to aflatoxin (range= 37-6000 pg/mg creatinine) with significant temporal and 

spatial variation in exposure. We have also found that recent exposure to aflatoxin is associated 

with markers of intestinal and systemic inflammation, and this association is non-linear. 

 

This research has implications for nutrition and food security programming because it indicates 

that aflatoxin exposure is a threat to global food safety and health as it is common and associated 

with inflammation which is a biologically plausible mechanism by which aflatoxin could cause 

adverse birth outcomes and child stunting. 
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CHAPTER 1 

INTRODUCTION 

 

Child stunting, severe wasting and intrauterine growth restriction (IUGR) together are 

responsible for over 2 million deaths and about 20% of disability-adjusted life-years (DALYs) 

among children under five years of age [1]. Historically, child stunting has primarily been treated 

as a nutritional problem, but it is increasingly recognized that reducing child stunting requires 

multi-sectoral approaches including improving food safety and security, nutritional adequacy, 

sanitation and hygiene, and sustainable agricultural practices [2].  

 

Mycotoxins are toxins produced by mold that are commonly present in staple foods such as 

maize and groundnuts that are widely consumed by billions of people and are a direct threat to 

global food safety and food security[4]. Aflatoxin and two other mycotoxins, fumonisin and 

deoxynivalenol, are of particular concern to human health because they are highly prevalent in 

the food chain and may have substantial negative health consequences. Although aflatoxin has 

been studied for years for its role in inducing hepatic cancer[5], relevant biomarkers for exposure 

to fumonisin and deoxynivalenol have only recently been identified [6], and measuring exposure 

in humans is expensive and time-consuming. As a result, there have been relatively few human 

epidemiology studies on the effects of exposure to mycotoxins during pregnancy and infancy on 

the health and growth of the child and even fewer human studies investigating the relative causal 

mechanisms[7]. Interpretation of potential negative health effects is difficult partly because we 

have a relatively poor understanding of the exposure itself and the majority of studies assessing 

exposure in humans are small and do not allow interpretation or discussion about the variability 
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of aflatoxin exposure in free-living humans and what that might mean for assessing associations 

with disease outcomes. Although, aflatoxin exposure has been documented during pregnancy 

and infancy, and several cross-sectional and one longitudinal study are suggestive of an 

association between aflatoxin exposure and child stunting, there is very little empirical evidence 

in humans regarding the causal mechanisms by which aflatoxin could be associated with these 

outcomes. 

 

Given these gaps in the literature, this dissertation aims to evaluate the determinants, effects and 

biological mechanisms of food chain mycotoxin exposure in the context of rural Zimbabwe.  

In chapter 2, we describe aflatoxin exposure in a cohort of women during early pregnancy in 

rural Zimbabwe over one year, and explore potential determinants of exposure; particularly 

seasonality, agroecology, and dietary practices. We then evaluate existing evidence and 

biological plausibility of the causal relationship between mycotoxins, particularly aflatoxin, and 

child stunting (Chapter 3) and adverse birth outcomes (Chapter 4). In Chapter 5, we test 

mechanisms proposed from frameworks developed in chapters 3 and 4 to evaluate the potential 

relationship between AFM1 and biomarkers of intestinal (fecal myeloperoxidase and α1-

antitrypsin) and systematic immune activation (serum C-reactive protein and α1-antitrypsin) in 

rural Zimbabwean pregnant women.  This work will inform nutrition and food security 

programming by describing the distribution of aflatoxin exposure in rural Zimbabwe and 

evaluating causal mechanisms by which aflatoxin exposure could lead to adverse health effects. 
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CHAPTER 2 

FOOD-CHAIN MYCOTOXIN EXPOSURE, GUT HEALTH AND IMPAIRED 

GROWTH: A CONCEPTUAL FRAMEWORK 1 

 

Abstract 

Childhood stunting is an important and intractable public health problem that underlies around 

20% of deaths among children aged <5 years in developing countries. Environmental 

enteropathy (EE)2, a subclinical condition of the small intestine characterized by reduced 

absorptive capacity and increased intestinal permeability, is almost universal among children in 

developing countries and may mediate stunting.  However, the etiology of EE is poorly 

understood.  Mycotoxins are metabolites of fungi that frequently contaminate the staple foods of 

children living in developing countries. We review evidence from human and animal studies that 

exposure to mycotoxins—particularly aflatoxin (AF), fumonisin (FUM) and deoxynivalenol 

(DON)—may impair child growth3. Although these toxins have distinct actions, they all mediate 

intestinal damage through: 1) inhibition of protein synthesis (AF, DON); 2) increase in systemic 

proinflammatory cytokines (DON); and 3) inhibition of ceramide synthase (FUM).   The 

intestinal pathology that arises from mycotoxin exposure is very similar to that of environmental 

enteropathy. We propose that future studies should address the role of mycotoxins in the 

                                                            
1 Published in Advances in Nutrition: Smith, LE, Stoltzfus, RJ, and A Prendergast. Food chain mycotoxin 
exposure, gut health and impaired growth: A conceptual framework. Advances in Nutrition. 2012; 3: 526-
531. 
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pathogenesis of EE and evaluate interventions to limit mycotoxin exposure and reduce childhood 

stunting. 

 

Introduction 

Child stunting, severe wasting and intrauterine growth restriction (IUGR) together are 

responsible for over 2 million deaths and about 20% of disability-adjusted life-years (DALYs) 

among children under five years of age [1]. Child stunting has primarily been treated as a 

nutritional problem, with interventions focused on micro- and macronutrient solutions. However, 

a recent review of dietary interventions showed that the most successful of these studies achieved 

only a 0.7 increase in height-for-age Z-score, which is about one-third of the average growth 

deficit among children in Africa and Asia [2]. In response, research is currently focused on 

investigating new pathways or mechanisms that will better explain the pathogenesis of stunting. 

Recent evidence, reviewed here, suggests several mechanisms by which mycotoxins—

specifically aflatoxin (AF), fumonisin (FUM) and deoxynivalenol (DON)—may share a 

downstream pathway for impaired growth by targeting the intestinal tract and inducing 

environmental enteropathy. 

 

Environmental enteropathy (EE), a subclinical condition characterized by villous atrophy, crypt 

hyperplasia, increased small intestinal permeability, inflammatory cell infiltrate and modest 

malabsorption, is highly prevalent in the developing world [3].  Rural Gambian infants between 

3 and 15 mo. of age were found to have intestinal barrier dysfunction 75% of the time and the 

presence and severity of the enteropathy (measured by lactulose to mannitol urinary excretion 

ratio, which is an indicator of intestinal permeability) could explain 43% of the long-term linear 
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growth faltering [4].  A subsequent study by the same researchers showed that enteropathy was 

associated with chronic immune stimulation, which correlated inversely with growth during 

infancy.[5]  Increased intestinal permeability may allow translocation of luminal antigens and 

microbial products than can stimulate a systemic inflammatory response.  There are therefore 

two main pathways by which environmental enteropathy may cause growth retardation: 1) 

malabsorption of nutrients in the small intestine and 2) chronic systemic immune activation. 

 

Although the cause of EE is unknown, it is almost universal in settings of poor environmental 

sanitation and it has been proposed that EE arises due to chronic exposure to feco-oral bacteria. 

However, in a study of 200 children in Benin, West Africa, nearly every child was exposed to 

AF, a toxin that commonly contaminates maize and groundnuts. Two observational studies have 

found that high exposure to AF is associated with growth retardation [6, 7].  Children in 

developing countries are therefore potentially exposed to high levels of AF in areas where 

environmental enteropathy is common.  

 

Aflatoxins are one of a group of mycotoxins: secondary metabolites produced by microfungi that 

are capable of causing disease and death in humans and animals. There are 300 to 400 

compounds that are currently classified as mycotoxins, with about 12 recognized to be important 

to animal and human health [8].  Two families of mycotoxins are particularly important in the 

context of child health in sub-Saharan Africa because they are highly prevalent in the food-chain 

and may have substantial negative health consequences. Aspergillus mold strains can produce 

aflatoxin and ochratoxin; Fusarium mold strains can produce fumonisin, deoxynivalenol and 
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zearalenone.  Both molds are particularly common in maize and groundnuts, which constitute a 

major portion of the diet in many developing countries.  

 

Aflatoxins are the most well-known group of mycotoxins and have been extensively studied 

because of their role in liver cancer. Major types of AF include B1, B2, G1 and G2 as well as M1 

and M2, which are metabolites present in human and animal milk. AF B1 is the most toxic of the 

AF compounds and is most often the subject of AF research.  AF is fat-soluble and can be 

measured in blood as an AFB-albumin adduct (AFB-alb), in urine (AF M1) as an AF-guanine 

adduct and in breastmilk as AF M1. Although there are few human data, animal studies provide 

evidence that chronic AF exposure retards growth and interferes with micronutrient absorption 

and utilization. Possible mechanisms suggested are: 1) gastrointestinal cytotoxicity resulting in 

increased diarrhea and abdominal pain; 2) interference with carbohydrate metabolism and fatty 

acid and phospholipid synthesis; 3) exacerbation of existing diseases that have been shown to 

retard growth; and 4) interference with nutrient availability and utilization [8].  

 

FUM B is the most potent of the fumonisin toxins and may cause decreased expression of local 

pro-inflammatory cytokines and disruption of sphingolipid metabolism. FUM B is water-soluble 

and can be measured in urine[9]. FUM B has been associated with renal tumors [10], self-

reported abdominal pain and diarrhea [11], esophageal cancer [12, 13], increased risk for neural 

tube defects[14], and retarded growth [15, 16].  A recent study found a positive relationship 

between maize consumption and HIV transmission in Africa and suggested that 67% of the 

variation among HIV transmission in African countries was explained by variations in maize 

consumption between nations [17].  It was speculated that FUM exposure may underlie this 
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finding because of its action in increasing cell permeability and disrupting sphingolipid 

metabolism.  

 

DON was given the name vomatoxin because of its ability to induce vomiting in pigs. DON is 

partially water-soluble and exposure can be assessed by the urinary biomarker DON glucuronide 

[18].  To date, there have been few epidemiological studies in humans that have assessed 

exposure using DON glucuronide. DON has been associated with diarrhea and vomiting [19], 

impaired gastric emptying and gut mobility [20], reduced weight gain [21], and impaired 

immune function in humans [22].  

 

This review focuses on recent advances in evidence that suggest convergent pathways by which 

mycotoxins may cause stunting in children. Although exposure to aflatoxin has been documented 

in many countries in Africa, Asia and the Middle East [23], studies reporting exposure to FUM 

and DON are limited due to the recent discovery of relevant biomarkers, and studies focusing on 

child growth are relatively recent and have been limited in scope to Africa. This review is not an 

exhaustive synthesis of the mycotoxin literature; rather, each section will present key studies that 

provide information to inform our understanding of the biological mechanisms by which food-

chain mycotoxin exposure may lead to growth retardation in children.  

 

Current State of Knowledge 

Food Chain Mycotoxin Exposure and Growth 

Aflatoxin and birth weight  



9 
 

In a recent review focusing on the reproductive health effects of AF, Shuaib et al.[24] concluded 

that there was no consensus on findings regarding the relationship between AF and birth weight. 

The wide variation in methodology and findings made it difficult to assess outcomes across 

studies. The review only included 5 studies assessing birth weight and all were cross-sectional. 

In four of the studies, authors reported a negative correlation between birth weight and maternal 

or infant AF levels, but in two studies this relationship was only found in female infants [25-28].  

In the fifth study, there was no correlation between the presence of AFs and birth weight [29].  

 

The authors of these studies suggested various potential mechanisms underlying adverse birth 

outcomes and impaired growth. Turner et al. [25] suggested that intestinal malabsorption leads to 

zinc deficiency, which in turn causes growth faltering and immune deficiency. In addition, they 

suggested that AF exposure could cause enterocyte damage and increased intestinal permeability. 

Abdulrazzaq et al. [27] suggested that AF exposure inhibits synthesis of proteins, enzymes and 

clotting factors and impairs glucose metabolism, fatty acid synthesis and phospholipid synthesis. 

 

Aflatoxin and Stunting 

There are two key studies focusing on the relationship between AF exposure and growth 

retardation in children, both undertaken by the same research group in West Africa. Gong et al. 

[7] found serum AF-alb adducts were associated with stunting in children and demonstrated a 

clear dose-response relationship with height-for-age and weight-for-age Z scores. The same 

group subsequently conducted a longitudinal study and found that the highest quartile of AFB-

alb was associated with a 1.7cm mean height reduction compared to the lowest quartile [6].  

Given the intractable nature of stunting, these findings have stimulated discussion in the public 
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health field and have propelled a surge of research interest into further characterizing this 

potential relationship. The authors acknowledged that AF exposure may be a proxy for poor diet 

quality and suggested that future research must address this potential confounder. However, there 

are three biologically plausible pathways through which AF may affect growth: 1) zinc 

deficiency; 2) inhibition of protein synthesis leading to impaired metabolism; and 3) enterocyte 

damage leading ultimately to systemic immune activation. 

 

Fumonisin and Stunting 

A biomarker for FUM has only recently been validated[9] and no studies to date have 

investigated the relationship between FUM in urine and stunting. Dilkin et al. [15] found that 

pigs fed FUM alone or FUM and AF combined showed a decrease in food consumption and 

body weight. There was an interactive effect of the two toxins, which indicates that the 

combination of AF and FUM may have a greater impact on growth than either alone. This 

finding is particularly interesting because grain is often contaminated with multiple mycotoxins 

and it is common for AF and FUM to co-exist in the same food source [30].   Kimanya et al. [31] 

found that children with FUM intake above the provisional maximum tolerable daily intake 

(PMTDI) were significantly shorter and lighter than children with FUM intake below the 

PMTDI. The major causal pathways suggested are decreased food intake and the inhibition of 

sphingolipid metabolism, which could lead to degradation of the epithelial barrier and 

stimulation of an inflammatory immune response. It has been shown that FUM inhibits ceramide 

synthase which inhibits sphingolipid metabolism [32]. Complex sphingolipids are integral to cell 

membrane integrity and disturbance in this biosynthetic pathway could affect intestinal epithelial 



11 
 

cell viability and proliferation, modify cytokine production and modulate intestinal barrier 

function.  

 

Deoxynivalenol and Stunting 

The effects of DON exposure on growth in children have not yet been studied because a 

biomarker for DON was only recently discovered [33].  Nonetheless, it is likely that DON has a 

negative effect on growth because of decreased food intake and reduced weight gain that has 

been observed in animal studies. The PMTDI for DON was established based on observed 

reduction in weight gain in rodents [10].  Rotter et al.[34] found that pigs fed grain contaminated 

with DON had 20% lower feed intake and 13% lower weight gain than the control group and 

suggested that DON induces feed refusal in pigs. In a recent study, Amuzie and Pestka [21] 

found that DON intake in mice induced a decrease in circulating levels of insulin-like growth 

factor 1 (IGF-1), an important mediator of the growth hormone axis, and hepatic insulin-like 

growth factor acid-labile subunit (IGF-ALS), which forms a complex with circulating IGF-1. 

These data therefore suggest a direct mechanism by which mycotoxin ingestion may reduce 

linear growth, which requires further investigation.  

 

Mycotoxins and Gut Health 

We have discussed four main pathways by which AF, FUM and DON may impair growth: 1) 

reduced nutrient absorption, 2) inhibition of protein synthesis, 3) inhibition of sphingolipid 

synthesis, and 4) food refusal. Three of these proposed pathways cause damage to the intestinal 

tract, leading to reduced absorptive capacity or impaired intestinal barrier function. The 
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following section will review current literature focusing on the effects of mycotoxins on the 

intestine to further elucidate the possible relationship between mycotoxin exposure and growth. 

 

Aflatoxin and Gut Health 

Although several researchers have proposed that AF exposure may have negative effects on gut 

health, there is very little research on this hypothetical pathway. In one study in Ghana, 

researchers found a correlation between AF exposure and history of vomiting and abdominal 

swelling [35].  The only studies in which a specific effect of AF on the gut has been examined 

were conducted in chickens.  Yunus et al. [36] found that the small intestines of chickens that 

were exposed to AF weighed less compared to intestine of unexposed chickens, suggesting a 

decrease in absorptive capacity. Applegate et al. [37] found that chickens exposed to AF had 

reduced crypt depth but not villus length which increased the villus: crypt ratio, indicating 

reduced intestinal absorptive capacity.   Authors suggested that these physical alterations of the 

small intestine could cause zinc deficiency. In addition, they suggested that AF affects gut health 

and growth by inhibition of protein synthesis and not apoptosis of intestinal cells directly from 

AF exposure.    

 

Fumonisin and Gut Health 

Key studies in animal models and in vitro cell lines have investigated the impact of FUM on gut 

health. Devriendt et al. [38] found that pigs exposed to FUM who are infected with E. coli had 

higher and more prolonged shedding of E. coli, suggesting that FUM exposure may increase the 

duration of infection. Mice injected with FUM had an increase in sphingolipid bases suggesting 

that FUM inhibits ceramide synthase, interrupts sphingolipid metabolism and impairs membrane 
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formation [39].  Bouhet et al. [40] found that FUM exposure in intestinal porcine epithelial cells 

(IPEC-1) led to a decrease in the transepithelial electric resistance (a marker of increased 

epithelial permeability). In a follow-up study [41], FUM-exposed pigs showed a down-regulation 

of local IL-8 measured in the intestine, suggesting that fumonisin affects mucosal immunity 

which may increase the risk of enteric infection.  Taken together, FUM may cause increased 

intestinal permeability due to disruptions in sphingolipid metabolism and increased risk of 

infection due to altered mucosal immunity. 

 

Deoxynivalenol and Gut Health 

No studies in humans have investigated the relationship between DON and gut health, but 

studies in poultry and several in vitro studies using cell lines have explored the potential causal 

pathway by which DON impairs growth. Two studies have recently reported that poultry 

exposed to DON have a dose/time dependent decrease in the density of the small intestine due to 

decreases in villus height and circumference, which may result in decreased nutrient absorption 

[42, 43]. Studies conducted in Human Colon Carcinoma cells (Caco-2) and IPEC-1 found that 

DON exposure impairs protein synthesis and affects the expression of claudin-4, a protein 

critical to the proper functioning of the tight junctions that regulate intestinal permeability [44, 

45]. These authors linked impairment in protein synthesis directly to increased intestinal 

permeability and suggested that translocation of luminal antigens may stimulate a systemic 

immune response that negatively affects growth. Additionally, using human epithelial intestinal 

cell line HT-29-D4 as an in vitro model, Maresca et al.[46] found that DON impaired sugar and 

protein uptake by modulating the activity of sodium-glucose transport protein 1 (SGLT1), 

fructose transporter GLUT5, and L-serine transporters. They suggested that low levels of DON 
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may cause inhibition of the intestinal SGLT1 transporter resulting in a decrease of D-glucose-

associated water absorption and increased water content of the intestinal lumen. High levels of 

DON may lead to inhibition of SGLT1 and to local destruction of the epithelial barrier resulting 

in inflammatory diarrhea. Severe and persistent diarrhea can lead to dehydration, loss of appetite 

and impaired intake of key nutrients such as copper and zinc [47]. Authors suggest that that 

DON acts by inhibiting protein biosynthesis in HT- 29-D4 cells.  

 

Overall, DON inhibits protein synthesis, leading to a) decreased circulating IGF-1 and IGF-ALS; 

b) reduced expression of claudin-4, which increases intestinal permeability and enables systemic 

immune activation; and c) inhibition of SGLT1, GLUT5 and L-serine transporters, which may 

cause diarrhea and/or increased intestinal permeability.  

 

Food-Chain Mycotoxin Exposure, Gut Health and Impaired Growth: A conceptual framework 

Although the mycotoxins described here have distinct actions, we propose that the intestine is a 

major target for the toxic effects of all three, resulting in impaired nutrient uptake and intestinal 

pathology that resembles environmental enteropathy (Figure 2.1). Persistent diarrhea results in 

impaired nutrient uptake [47]. Altered intestinal architecture and environmental enteropathy can 

result in loss of enzymes leading to malabsorption of a variety of nutrients—most notably 

environmental enteropathy has been associated with zinc deficiency [48].  AF, FUM and DON 

may therefore share a convergent pathway in which mucosal damage can lead to impaired 

nutrient absorption and/or increased intestinal permeability, pathology that resembles the 

changes seen in environmental enteropathy. 
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Figure 2.1. A Conceptual Framework for the Effect of Mycotoxin Exposure on Growth Retardation 
The proposed pathways are: 1) inhibition of protein synthesis (AF, DON); 2) increase in systemic cytokines (DON); 
and 3) inhibition of ceramide synthase (FUM). Inhibition of protein synthesis can result in physical alterations to the 
intestine, leading to malabsorption of nutrients and impaired intestinal barrier function, similar to the pathology seen 
in EE.  Increases in systemic cytokines can lead to impaired hepatic protein synthesis, and reduced production of 
IGF-ALS and IGF-1. DON inhibits protein synthesis, which impacts several important proteins including claudin-4, 
SGLT1, GLUT5, L-serine transporters, IGF-1 and IGF-ALS. Claudin-4 is important in the proper functioning of 
tight junctions, and reduced expression of claudin-4 increases intestinal permeability.  Reduced expression of 
SGLT1, GLUT5, and L-serine transporters leading to glucose-galactose malabsorption and impaired reabsorption of 
water in the colon may cause diarrhea which could affect intestinal permeability as well as uptake of key nutrients 
such as copper and zinc. IGF-1 mediates the effects of growth hormone, which is required for linear growth; the 
acid-labile subunit (IGF-ALS) forms a ternary complex with IGF-1 and its major binding protein (IGFBP3). FUM-
induced inhibition of ceramide synthase affects sphingolipid metabolism, which compromises the cellular wall and 
may also lead to increased intestinal permeability directly or by inhibiting regeneration of the epithelial barrier. AF, 
aflatoxin; DON, deoxynivalenol; FUM, fumonisin; GLUT 5, fructose transporter; IGF1, insulin-like growth factor; 
IGFALS, insulin-like growth factor acid labile subunit; IGFBP3, insulin-like growth factor binding protein; SGL1, 
sodium-glucose transport protein.  
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Conclusion 

Historically, interventions to improve child growth have focused on macro- and micronutrient 

supplementation. Given the relatively modest impact of these approaches, nutrition and public 

health researchers have refocused attention on EE, because of its association with growth 

retardation in children. EE has been most commonly attributed to fecally-derived bacteria found 

in high concentration in disadvantaged settings, where sanitation, hygiene practices, and drinking 

water treatment practices are frequently poor.  However, there are multiple overlapping causes of 

enteropathies in developing countries[49], and the role of mycotoxins in mediating enteropathy 

has received little attention to date. 

 

The downstream pathways described here (Figure 2.1) are remarkably similar to the proposed 

causal pathways of EE [3, 50][47]. Our framework therefore presents a strong rationale for 

exploring the role of mycotoxins in the pathogenesis of EE. Human epidemiological research 

should include biomarkers assessing AF, FUM and DON exposure, and intermediary biological 

mechanisms presented in Figure 2.1, as well as rigorous assessment of dietary diversity and 

sanitation and hygiene practices.  Recent advances in biomarker development now permit 

epidemiological research on AF, FUM and DON, which are often found in the same foods. 

Preventing mycotoxin exposure would require a set of interventions that focus on the whole food 

production chain, including: planting disease resistant crops, bio-control agents, cultural planting 

practices, harvesting and storing practices and preparation practices [51]. Since the cause of 

childhood growth faltering is likely to be multifactorial, future studies would benefit from 

collaborations between different research communities that have previously been quite separate 

including both animal and human fields of nutrition, gastroenterology, toxicology and agronomy.   
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CHAPTER 3 

AFLATOXIN EXPOSURE DURING PREGNANCY: A POTENTIAL CAUSE OF 

MATERNAL ANEMIA AND ADVERSE BIRTH OUTCOMES 

 

Abstract 

Pregnant women and their developing fetuses are vulnerable to multiple environmental insults, 

including exposure to aflatoxin, a mycotoxin that contaminates 25% of the world food supply. 

Aflatoxin exposure may be associated with adverse birth outcomes and maternal anemia. We 

review and integrate findings from studies of aflatoxin exposure during pregnancy and evaluate 

potential links to adverse pregnancy outcomes. We searched to identify relevant animal and 

human studies exploring the associations between aflatoxin exposure and maternal anemia 

and/or adverse birth outcomes, and potential mechanisms by which aflatoxin exposure during 

pregnancy may mediate these effects. We identified 27 studies (10 human cross-sectional studies 

and 17 animal studies) assessing the relationship between aflatoxin exposure and adverse birth 

outcomes or anemia.  Findings suggest that aflatoxin exposure during pregnancy may impair 

fetal growth. Only one human study investigated aflatoxin exposure and prematurity, and no 

studies investigated the relationship with pregnancy loss, but animal studies suggest aflatoxin 

exposure may increase risk. The fetus could be affected by maternal aflatoxin exposure through 

direct toxicity as well as indirect toxicity including maternal systemic inflammation and 

potentially impaired placental growth and elevation of placental cytokines. The cytotoxic and 

systemic effects of aflatoxin could plausibly mediate maternal anemia, intrauterine growth 

restriction, fetal loss and preterm birth. Given the widespread exposure to this toxin in 

developing countries, longitudinal studies in pregnant women are needed to provide stronger 
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evidence of the extent of the role of aflatoxin in adverse pregnancy outcomes, and to explore 

biological mechanisms. 

 

Introduction 

Aflatoxins are toxic secondary metabolites of Aspergillus molds that contaminate staple foods 

such as maize and groundnuts.  Over half the global population-- predominantly those living in 

developing countries-- are at risk of being exposed to dietary aflatoxins, and many are 

chronically exposed to high levels  [1]. Aflatoxins have been most widely studied as causative 

agents of liver cancer [2]. Chronic exposure has been associated with other adverse human health 

outcomes, including growth faltering [3] and maternal anemia [4]. Exposure during pregnancy 

has been widely documented [5, 6], but the effects on the mother and fetus are not well 

understood. 

 

Aflatoxins inhibit protein synthesis, are cytotoxic, teratogenic and immunotoxic [7, 8], and may 

affect fetal health directly during critical periods of development and also indirectly through its 

adverse effects on maternal health. Accordingly, aflatoxin exposure during pregnancy may 

plausibly contribute the burden of adverse pregnancy outcomes including intrauterine growth 

restriction, premature delivery and pregnancy loss [9]. If this is the case, the public health 

implications could be substantial: globally there are 2.65 million stillbirths [10], 32 million 

small-for-gestational-age deliveries [11] and 15 million babies are born prematurely [12].  

 

Advanced maternal age, parity, maternal infection and smoking are well-documented risk factors 

of adverse birth outcomes, but do not account for a large proportion of cases [13].   Maternal 
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anemia during the first and second trimesters has also been associated with preterm birth and low 

birth weight, although the causal mechanism is not well understood [14-16].  

 

Maternal inflammation is the only pathologic process with a clearly defined causal link to 

preterm birth [17]. Briefly, induction of intrauterine infection or systemic administration of 

microbial products stimulate increased production of interleukin-1 (IL-1) and tumor-necrosis 

factor-α (TNF-α), which, in turn, stimulate prostaglandin production and the onset of premature 

labor [18-21].  Notably, aflatoxin exposure in humans and animals has been associated with 

increases in inflammatory markers [22-24], suggesting a potential causal pathway between 

aflatoxin exposure and adverse birth outcomes. 

 

Recently, documented high prevalence of exposure during pregnancy has directed focus on 

better understanding aflatoxin as a potential harmful exposure during the first 1000 days of life 

[22, 25] the developmentally sensitive period from conception to two years of age. Data from in 

vitro and in vivo studies of the cytotoxic, immunotoxic and teratogenic properties of aflatoxin, 

combined with the high burden of adverse pregnancy outcomes, provides impetus to review the 

evidence for a potential role of aflatoxin exposure and anemia in intrauterine growth retardation, 

preterm birth and pregnancy loss.  

 

Approach 

Our objective was to review and integrate findings from studies of aflatoxin exposure during 

pregnancy. First, we described aflatoxin metabolism, use of biomarkers and implications of 

exposure during pregnancy. Second, we reviewed findings from human observational and animal 
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experimental studies providing evidence that aflatoxin exposure directly or indirectly causes 

intrauterine growth restriction, fetal loss, preterm birth and maternal anemia. Third, we discussed 

potential mechanisms through which aflatoxin may cause adverse maternal health outcomes and 

pregnancy outcomes. 

 

Methods 

We searched ISI Web of Knowledge and PubMed using these search terms: preterm, fetal loss, 

low birth weight, fetal loss, fetal resorption, hemolysis, anemia, iron deficiency, and miscarriage, 

with mycotoxin OR aflatoxin in the search. We identified additional relevant papers from related 

review articles identified in the primary search. A total of 27 studies (10 human, 17 animal) that 

assessed the relationship between aflatoxin exposure and adverse birth outcomes or anemia were 

identified. A second series of searches were conducted entering these terms: placenta, cytokines, 

interleukin-1, interleukin-6, tumor necrosis factor-α, insulin-like growth factor, intestine, 

inflammation, immune, and organ, with mycotoxin OR aflatoxin in the search. This second 

search was conducted to identify literature that discussed mechanisms that could mediate these 

adverse health outcomes.  

 

Aflatoxin metabolism and implications for exposure during pregnancy  

Aflatoxins B1 (AFB1), B2, G1 and G2 are produced by several species of Aspergillus; AFB1 

exposure is the focus of most research because it occurs most frequently and is most toxic[26]. 

All aflatoxins are readily absorbed and undergo a variety of biotransformation reactions; both the 

parent aflatoxins and their metabolites are detectable in urine. AFB1 becomes toxic through 

metabolic activation by various cytochrome P450 enzyme families including CYP1a2, CYP3a4 
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and CyP3a5 which are mainly found in the liver, but also present in other tissues including the 

placenta, intestine, and spleen (Larsson and Tjalve 1995). Activation generates two reactive 

epoxide species, AFB1- 8,9- exo-epoxide and AFB1- 8,9-endo-epoxide and several other 

metabolites including aflatoxin M1 (AFM1). The aflatoxin-epoxides and AFM1 are toxic; AFB1 

exo-epoxide binds to DNA forming mutagenic lesions (Turner, Flannery et al. 2012).  

 

The epoxides can be detoxified by glutathione-S transferases (GST) prior to urinary excretion as 

aflatoxin mercapturates [27]. They may also be enzymatically hydrolysed, and then detoxified to 

a dialchohol [28, 29]. Enzymes involved in both activation and detoxification of aflatoxin are 

polymorphic, and can therefore influence the toxic insult of exposure [30]. GST polymorphisms 

are relatively common and have been associated with risk of various cancers as well as adverse 

birth outcomes [31-33]. 

 

In evaluating the available evidence for a potential role of aflatoxin exposure in adverse 

pregnancy outcomes, it is important to recognize variations in the balance of activation versus 

detoxification depending on dose, species and age. A fetal form of CYP3a4, known as CYP3a7, 

has been observed in fetal liver within 2 months of conception [34, 35], indicating that the fetus 

may metabolically generate reactive epoxides following transplacental transfer of maternally 

ingested AFB1 [36]. Fetal livers catalyze the formation of the epoxide at similar rates to adults 

but produce fewer GSTs, and thus have a lower capacity to protect against toxicity [37]. In 

addition to age differences and genetic differences in aflatoxin metabolism, there is also 

considerable interspecies variability in aflatoxin metabolism. A review by Wild et al. [38] 

suggested that humans may be relatively sensitive to the effects of aflatoxin, as higher levels of 
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aflatoxin-albumin (AF-alb) were formed per dose of AFB1 in humans compared to many 

standard laboratory animals.   

 

Human biomarker measurement 

Parent aflatoxins and their metabolites can be detected in blood, urine and breast milk, but their 

concentrations are not equally associated with dietary intake. Urinary AFM1, urinary aflatoxin-

N7-guanine (AF-N7-Gua) and serum AF-alb are quantitatively associated with dietary aflatoxin 

intake [39]. Other aflatoxin biomarkers (e.g. serum AFM1 or AFG1, urinary AFB1 or AFG1, 

and milk AFM1 or AFG2) are indicative of exposure, but their levels are not correlated with 

dietary intake and are referred to as biomeasures. This difference is important when comparing 

the strength of epidemiological data that describe relationships between aflatoxin and health 

outcomes. 

 

 

 

 

 

 

 



 

30 

Table 3.1 Human Studies Investigating the Effect of Aflatoxin Exposure during Pregnancy

Author/Year Research Questions 
(Study Design) 

Population Biomarker or 
Biomeasure* 

Number positive 
(Percent) 

Mean (Range of Exposure) Outcome 

De Vries et 
al.1989 

Is in utero aflatoxin 
exposure associated 
with low birth weight?     
(cross-sectional) 

125 mother-infant pairs 
(Kenya) 

AFB1, AFB2, 
AFM1, AFM2, 
AFG1, AFG2, 
aflatoxicol 

Maternal: 110 (53%);         
Cord: 37 (37%) 

Range                                         
Maternal: AFM1 and AFM2= 
12-1689 pg/ml; AFB1= 89-
11574pg/ml                      
Cord: AFM1 and AFM2= 17-
656 pg/ml; AFB1= 86-
6819pg/ml 

Female infants exposed to aflatoxins had 
birthweights that were 255g lower than non-
exposed female infants. There were no 
significant differences in male infants. Two 
stillbirths had high levels of aflatoxins. 

Maxwell et 
al.1994 

Is in utero aflatoxin 
exposure associated 
with low birth weight? 
(cross-sectional) 

625 infants (Nigeria) AFB1, AFB2, 
AFM1, AFM2, 
AFG1, AFG2, 
aflatoxicol 

91 (14.6%) Range 0.015 ng/ml AFB2-70 
ng/ml AFB1 

No correlation between aflatoxin exposure and 
birthweight 

Abdulrazzaq 
et al. 2002 

Are AFM1 
concentrations in 
mothers associated 
with low birth weight? 
(cross-sectional) 

201 Cord blood 
samples at birth 
(United Arab Emirates) 

AFM1, AFM2, 
AFB1 

AFM1: 107(53%); 
AFM2: 31 (15%); AFB1: 
27(13%) 

Median (range)                       
AFM1: 1229pg/ml(110-
4060);                            
AFM2: 1207 pg/ml (210-
3700);                             
AFB1: 1822 pg/ml(228-
15225) 

There was a strong negative correlation 
between AFM1 and birthweight (r=-0.63). 

Abdulrazzaq 
et al. 2004 

Do AFM 
concentrations in 
mothers and newborns 
correlate and is the 
presence of AFM 
associated with 
morbidity? (cross-
sectional) 

166 Pregnant women 
and paired cord blood 
samples (United Arab 
Emirates) 

AFM1 111 (67%) Cord and 113 
(68%) maternal 

Cord- Mean- 1.88 (0.05- 
10.44ng/ml); Maternal: 
Mean- 1.04 (0.03-8.49ng/ml) 

There was a strong correlation (r=0.797, 
p<0.0001) between maternal and cord blood 
levels of aflatoxin. There was also a strong 
negative correlation between aflatoxin levels 
and birthweight (r= 0.565, p<0.001) but there 
was no association between aflatoxin M1 
concentration in maternal or cord blood and 
rates of jaundice or infection. 

Turner et al.  
2007 

What is the effect of in 
utero aflatoxin 
exposure on infant 
growth in the first year 
of life (longitudinal) 

138 singleton infants 
(Gambia) 

AFB1-lys Maternal: 119 (100%); 
Cord blood: 48 (48.5%); 
Infant blood age 16 
weeks: 13 (11%) 

Median (IQR)                             
Maternal: 38.9 pg/mg 
albumin(23.3-64.1);                   
Cord: 2.5 pg/mg albumin(2.5-
7.9);                             Week 
16: 2.5 pg/mg albumin(2.5-
2.5) 

In infants aged 52 weeks: 1. Averaged 
maternal AF-alb ( at 5 months and 8 months 
gestation) was significantly associated with 
lower weight for age (-0.249 SD, P=0.012); 2. 
Infant AF-alb at 16 weeks was negatively 
related to WAZ although not significant (-
0.355 SD, P=0.062)- sample size only 13 3. 
Average maternal AF-alb significantly 
associated with lower HAZ ( -0.207 SD, 
P=0.044); 4. Infant AF-alb sig associated with 
HAZ (-0.558SD, P=0.002) 
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Table 3.1 Continued  

Shuaib et al. 
20010 

What is the 
relationship between 
birth outcomes and 
blood levels of AF-
lysine adduct in 
pregnant women?  
(cross-sectional) 

755 Pregnant women 
(Ghana) 

AFB1-lys N/A Mean (Range of Exposure)        
10.9 pg/mg albumin (0.44-
268.73)  

1. Pregnant women with AF levels in highest 
quartile were 2.09 (CI 1.19-3.68) times as 
likely to have low birthweight infants; other 
adverse birth outcomes were not significant 
but trended towards an increased risk 

Lamplugh et 
al.1988 

To confirm the 
presence of aflatoxins 
in human breastmilk 
and explore the 
possibility that 
aflatoxins cross the 
placenta (cross-
sectional) 

264 breast milk 
samples; 188 cord 
blood samples  (Ghana)   
77 mother infant pairs 
with maternal and cord 
blood (Nigeria) 

AFB1, AFB2, 
AFM1, AFM2, 
AFG1, AFG2, 
aflatoxicol 

Ghana: 90 (34%) of 
breast milk; 63 (34%) of 
cord blood                     
Nigeria:16(77%) 0f 
maternal samples; 9 
(12%) of cord blood 

Range  Ghana: Breast milk 
(20-1816pg/ml); Cord Blood- 
AFM1=(34-7320 ng/l); 
AFM2=(30-572 ng/l); AFB1= 
(185-43822 ng/l) AFB2=(11-
925ng/l)                                  
Nigeria: N/A 

Exposure in cord blood indicates that aflatoxin 
exposure crosses the placenta; 1 stillbirth 
recorded with high aflatoxin levels. 

Shuaib et al. 
2010 

To examine the 
association between 
anemia and aflatoxin 
exposure in pregnant 
women (cross-
sectional) 

755 Pregnant women 
(Ghana) 

AFB1-lys N/A Mean (Range of Exposure)        
10.9 pg/mg albumin (0.44-
268.73) 

Aflatoxin exposure was significantly 
associated with increased odds of being 
anemic (OR, 1.85; confidence interval [CI], 
1.16–2.95) comparing high quartile of AFB1-
lys to low quartile.  

Castelino et 
al.2014 

Is aflatoxin exposure 
associated with the 
insulin-like growth 
factor (AGF) axis? 
(cross-sectional) 

199 school children 
(Kenya) 

AFB1-lys N/A Geometric Mean (95%CI)          
110.5 pg/mg albumin (95.4-
127.9) 

Children in the highest tertile of AF-exposure 
(>198.5 pg/ mg alb) were shorter than children 
in the lowest tertile (<74.5 pg/ mg alb) 
(p=0.043). Path analysis suggested that IGF1 
levels explained ~16% of the impact of AF on 
child height (p=0.052). HHL-16 liver cells 
treated with AFB1 showed significant down-
regulation of IGF genes and IGF protein 
levels.  

Groopman et 
al. 2014 

What is the distribution 
of aflatoxin exposure 
during pregnancy and 
what are the potential 
determinants? 
(longitudinal) 

30 women with 1st and 
3rd trimester samples 
and 141 with first 
trimester samples 
(Nepal);      63 women 
with 1st, 3rd and cord 
blood samples 
(Bangladesh) 

`AFB1-lys Nepal: 132 (94%); 
Bangladesh: 63 (100%) 

Median (range)                          
Nepal: 22.45 pg/mg alb 
(0.45-2939.3)    Bangladesh: 
1st Trimester- 18.08 (1.56-
63.22); 3rd Trimester- 25.35 
pg/mg albumin (3.37-72.8) 

Children showed evidence of aflatoxin 
exposure during the first 1000 days of life. 
There was an association between increased 
AGP and CRP levels and aflatoxin exposure. 
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Aflatoxin and Intrauterine Growth Restriction 

Eleven epidemiologic studies from Africa, Asia and the Middle East including a total of more 

than 2000 participants have documented AF exposure in pregnant women and infant cord blood 

at rates ranging from 6% to 100% [22, 40-49], suggesting that in utero exposure to aflatoxin is 

widespread where maternal diets are contaminated.  Cord blood samples from Bangladesh and 

The Gambia have additionally been found to have AF-alb [22, 49] and in Taiwan, AF-DNA 

adducts [48] confirming both fetal aflatoxin exposure and biotransformation capacity to generate 

reactive aflatoxin-epoxides.  

 

Although exposure is widely documented, there are few human studies examining the 

relationship between AF exposure and pregnancy outcomes and published studies have 

inconsistent findings, in part because the indicators of aflatoxin exposure employed were 

biomeasures representing transient exposure and not correlated with dietary intake. Three studies 

revealed a negative association between an aflatoxin bio-measure and birthweight [45, 46, 50], 

whilst one reported no association (Maxwell et al.1994) (Table 3.1). The presence of AFB1 and 

AFM1 in cord blood is quite transient, and in the study by Maxwell et al. [41], only 14% of 

samples were positive for aflatoxins. Two studies with quantitative biomarkers found consistent 

results.  A study of 785 pregnant Ghanaians found that women in the highest quartile had 

significantly greater odds of having a low birthweight baby compared to the lowest quartile, with 

a trend of increasing risk of low birthweight [9]. In The Gambia, AF-alb was measured twice 

during pregnancy in 138 women; the mean of these two measures was predictive of infant 

growth velocity over the first year of life [47]. In a regression model, a decrease of 100 pg afb1-

lys/mg alb would be equivalent to a 2 cm increase in child height.   
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Table 3.2 Animal Studies Investigating the Effect of Aflatoxin Exposure during Pregnancy 
 

Author/Year Animal Aflatoxin Dose/Duration Results 

Butler 1971 Rats (n=20 control and 17 
AF treated) 

0 (A), 5-7 mg/kg on day 16 (B), 5-7 
mg/kg on day 19 (C)  

Decrease in fetal weight in AF treated 
animals. Authors suggest due to 
decrease in feed intake 

Schmidt 1980 Hamster (n=40; 16 control 
and 24 treated) 

4 or 6 mg/kg body weight of crystalline 
AFM1 by IP injection on days 8 and 9 
of pregnancy 

Decrease in fetal growth in all AF 
treated groups by 0.5-0.7cm. Evidence 
of renal and hepatic necrosis in 
pregnant hamsters. 

Appelgren and 
Arora 1983 

Mice (n=33; 18 control and 
15 AF treated) 

0 (A), 4 mg/kg on day 8 (B), 4 mg/kg 
on day 9 (C) 

Increase in fetal malformations and 
increase in pup mortality in AF treated 
mice 

Mocchegiani et al. 
1998 

Sows and their Piglets 
(n=24) 

0 (A), 800 ug/kg AFG (B), 800 ug/kg 
AFB (C), 800ug/kg AFG +800ug/kg 
AFB (D) 

Decrease in piglet body weight in 
AFB treated groups 

Kihara et al. 2000 Rats (n=30) 0 (A), 0.3 mg/kg/day AFB1 dissolved 
in dimethylsulfoxide subcutaneously on 
days 11-14 (B) or 15-18 of (C) 
gestation 

Decrease in mean birth weights in 
offspring treated with AFB1; decrease 
in number of live births in group C 

Oliveira et al. 
2002 

Japanese quail (n=256) 0 (A), 25 ug/kg feed (B), 50 ug/kg feed 
(C) , 100 ug/kg feed (D) 

Decrease in egg weights in groups C 
and D 

Wangikar et al. 
2004 

Rats (n=38; 10 control and 
27 AF treated) 

0 (A), 0.125 mg/kg (B), 0.25 mg/kg 
(C), 0.5mg/kg (D), 1mg/kg (E)  

Decrease in fetal weight and crown to 
rump lengths and increase in gross 
anomalies in group E compared to 
control.  Cases of abortion in groups 
D and E. 

Wangikar et al. 
2005 

Rabbits (n=20; 5 control 
and 15 AF treated) 

0 (A), 0.025 mg/kg body weight (B),  
0.05 mg/kg body weight (C), 0.1 mg/kg 
body weight (D) 

Decrease in fetal weights in group D, 
decrease in crown to rump length in 
groups C and D, increase in skeletal 
anomalies and impaired organ 
development in AF treated fetuses  

El-Nahla et al. 
2013 

Rabbits (n=6; 3 control and 
3 AF treated) 

0(A), 0.05 mg/kg  from days 6-18 of 
pregnancy (B) 

Decrease in fetal weights and crown 
rump length in AF treated fetuses. 
Decrease in weight of fetal organs 
(liver and gall bladder, stomach and 
intestine, and lungs and kidneys). 
Increase in skeletal anomalies 

 

Experimental animal studies, in contrast to the human studies, have stronger causal designs and 

report consistent effects.  Animal studies in rats, mice, hamsters, swine, rabbits and quail 

consistently report decreased fetal weight, crown rump length, and organ weight among animals 

exposed compared to not exposed to a wide range of aflatoxin doses (Table 3.2).  
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Aflatoxin, Fetal Loss and Spontaneous Preterm Birth 

There have been no human studies investigating risk of fetal loss and only one study 

investigating preterm birth with regard to aflatoxin exposure in pregnancy. Two studies reported 

high levels of aflatoxin biomeasures in cord blood of three stillbirths, though neither study was 

designed to assess a causal relationship or investigate a mechanism [40, 51] (summarized in 

Table 3.1). A study in Ghana found no relationship between preterm birth (<37 weeks gestation) 

and AF-alb biomarkers [9], but estimation of gestational age was by either ultrasound or 

palpation as documented on the antenatal card, and therefore likely to be imprecise. Particularly 

in later pregnancy, these methods for measuring gestational age are accurate within  +2 weeks to 

-4 weeks [52, 53].  

 

In animals, exposure during pregnancy causes fetal anomalies and decreased live births. In 

rabbits, Wangikar et al.[54] reported a decreased percentage of live fetuses and increased 

resorption (~5%), impaired organ development (14% in 100 µg AF/kg body weight (bw)/day 

treatment) and skeletal anomalies (28% in 100µg AF/kg bw/day) in animals treated with 

aflatoxin-contaminated feed (25-100µg AF/kg bw/day) compared to controls. Similarly, Kihara 

et al. [55] found that rats treated with aflatoxin (300 µg AF/kg bw/day) on day 15-18 of gestation 

had a decreased proportion of live births (85% live) compared to controls (94% live). In human 

epidemiologic studies in Zimbabwe and China, exposure estimates range from 0-91 µg AF/kg 

bw/day [56] indicating reasonable comparability between animal doses and chronic human 

exposure. Aflatoxin is a potent teratogen because of its ability to bind DNA and subsequently 
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inhibit protein synthesis. Several studies have reported skeletal anomalies in the offspring of 

animals treated with aflatoxin during pregnancy [54, 57-59]. 

Aflatoxin and Maternal Anemia 

Aflatoxin exposure has been associated with anemia in human and animal populations. Shuaib et 

al. [4] reported a cross-sectional association between AF-alb and anemia in 785 pregnant 

Ghanaian women, with those in the highest quartile of aflatoxin exposure having 1.85-fold 

increased odds of anemia compared to the lowest quartile.  Authors suggested that aflatoxin may 

cause hemolytic anemia; however, in pigs, hemolytic anemia was only observed at much higher 

doses (1mg/kg feed) than observed in The Ghanaian population (mean 10.9 pg af-lysine/mg 

albumin) [60]. Additionally, the analysis excluded participants with “iron deficient anemia” 

(defined only by low hemoglobin) and therefore ignored the potential inflammatory pathway in 

which aflatoxin-induced inflammation may alter iron absorption and utilization [61]. 

 

In vitro and in vivo animal studies with relatively high exposure (range 0.5-1ppm) in dogs, 

rabbits, catfish, and poultry show that aflatoxin is cytotoxic and causes lysis of red blood cells 

[62-65]. Studies in animal models investigating the relationship between aflatoxin exposure and 

anemia are summarized in Table 3.3. This small body of evidence indicates that aflatoxin may 

cause low hematocrit and hemoglobin [66, 67], low iron absorption [68] and microcytic 

hypochromic anemia [69], which is characteristic of iron deficiency. Although it is biologically 

plausible that aflatoxin exposure causes anemia, the doses used in the animal studies are high and 

the results may not be relevant for human exposure. Although there is evidence that aflatoxin 

exposure can alter the inflammatory environment (reviewed below), none of the studies reviewed 

explored aflatoxin exposure and inflammation-induced anemia. 
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Pregnant women in developing countries have multiple overlapping risk factors for poor 

pregnancy outcomes, which may make them vulnerable to even low doses of aflatoxin.  For 

example, when diets are deficient in vitamins A, C or E, or selenium (all of which protect against 

the toxic effects of aflatoxin), the detoxifying system for aflatoxin may be impaired, increasing 

the production of epoxides [70, 71]. Populations at risk of frequent aflatoxin exposure are often 

those with poor dietary diversity and thus micro-nutrient insufficient is likely common.  We did 

not identify animal studies designed to explore potential interactions between nutritional 

deficiencies and aflatoxin exposure. 

 

Table 3.3 Animal Studies Investigating the Effect of Aflatoxin Exposure on Hematological 
Parameters 
 

Author/Year Animal Aflatoxin Dose/Duration Results 

Tung et al. 1975 Chicks (n=240; 40 control 
and 200 AF treated) 

0 (A), 0.625ug/g feed (B) 
1.25 ug/g feed (C) 2.5 
ug/g feed (D), 5.0ug/g 
feed (E), 10 ug/g feed (F) 

Hemoglobin, erythrocyte count, and 
packed cell volume were significantly 
decreased in all AF-treated groups. 
Increase in leucocyte count in group F. 

Lanza et al. 1981 Chicks (n=64; 32 control 
and 32 AF treated- three 
different broiler strains) 

0(A), 5ug/kg body 
weight/day (B) 

Aflatoxin treatment reduced body weight 
and iron absorption regardless of presence 
of anemia. Effect on anemia was strain 
dependent 

Verma and Raval 
1991 

In-vitro red blood cells 
(Rabbit) 

0.35ug/ml-3.5ug/ml Lower levels of AFB1 (<1.4 ug/ml) caused 
morphological changes to RBC resulting in 
elimination; higher levels (>1.4ug/ml) 
caused hemolysis 

Harvey et al. 1995 Pigs(n=12; 6 control and 6 
AF treated) 

0 (A), 2.5mg/ kg feed (B) AF treatment reduced body weight and 
feed consumption and unsaturated iron-
binding capacity, and increased total iron 
concentration indicating hemolytic anemia. 

Marin et al. 2002 Pigs (n=36; 12 control and 
24 AF treated 

0 (A), 140 ppb (B), 280 
ppb (C)  

No effect on total red blood cell numbers 
or relative number of lymphocytes, 
monocytes, neutrophils, basophils and 
eosinophils in AF treated pigs. Biphasic 
effect on white blood cells with an increase 
in group C 

Yousef et al. 2003 Rabbits (n=15) 0(A), 15ug/kg body 
weight (b), 30ug/kg body 
weight (C)  

Decrease in hemoglobin in groups B and 
C. Decrease in erythrocytes and packed 
cell volume in group C. 

Eisa and Metwally 
2011 

Rabbits (n=20) 0(A), 0.1mg/kg feed (B) Microcytic hypochromic anemia in AF 
treated rabbits 
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Andretta et al. 2012 Broilers (Meta-analysis of 
98 studies containing 
37,371 broilers) 

Mean dose= 0.95 mg/kg 
feed (range=0-5mg/kg); 
Mean duration=18 days 

Decrease in hematocrit, hemoglobin, 
leukocytes, heterophils, and lymphocytes 
in AF treated broilers 

 

Potential Mechanisms Linking Aflatoxin Exposure to Adverse Pregnancy Outcomes 

Mechanistic studies suggest that maternal exposure to aflatoxin might cause adverse pregnancy 

outcomes through four  primary pathways: 1) upregulation of pro-inflammatory cytokines and/or 

down-regulation of anti-inflammatory cytokines; 2) induction of enteropathy characterized by 

intestinal inflammation and impaired barrier function leading to systemic immune activation; 3) 

potential toxic effects on maternal organs causing systemic immune activation, and impaired 

placental and fetal development and 4) toxic effects on fetal organs causing fetal inflammation 

and impaired fetal development (Figure 3.1).  

 

Aflatoxin Exposure and Maternal Inflammation  

Aflatoxin exposure may directly affect the regulation of pro-and anti-inflammatory cytokines 

(Figure 3.1).  In vivo animal studies have shown a general suppression of pro-inflammatory 

cytokines following administration of relatively high doses of aflatoxin (3-15µg/ml), but an 

increase in pro-inflammatory cytokine expression following low doses of aflatoxin (0.01 and 0.1 

ng/ml) [72, 73]. In vivo and in vitro studies in rats, pigs and poultry have demonstrated that low 

doses of aflatoxin down-regulate anti-inflammatory cytokines such as interleukins 2, 4 and 10 

(IL-2, IL-4, IL-10) [23, 73, 74] and upregulate pro-inflammatory cytokines such as tumor 

necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6) and interferon-gamma 

(INF-γ) [23, 24, 75, 76]. Among pregnant women in Bangladesh and Nepal, serum AF-alb was 

positively associated with serum acute phase proteins: serum alpha-1-acid glycoprotein (AGP) 

and C-reactive protein (CRP) [22]. Together, these studies suggest that aflatoxin exposure may 
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modulate cytokine expression towards a pro-inflammatory state, leading to systemic immune 

activation.  

Aflatoxin Exposure and Enteropathy 

Aflatoxin-induced immunomodulation and decreased intestinal cell proliferation may result in 

altered intestinal architecture in adults [77], leading to malabsorption of nutrients and impaired 

intestinal barrier function, which are hallmarks of enteropathy (Figure 3.1). In rats, chronic doses 

of aflatoxin caused decreased intestinal cell proliferation [78] and significant increases in 

cytotoxic T-cells in mesenteric lymph nodes and splenic tissue [23, 79].  Although poultry are 

not an ideal model for humans, broilers and ducklings exposed to aflatoxin consistently exhibit 

small intestines that weigh less, have reduced villous height, and reduced villus:crypt ratios 

compared to intestines of unexposed poultry, suggesting a decrease in absorptive capacity [80, 

81]. Sufficient IL-2 and IL-10 secretion may be an important mechanism for preventing 

enteropathy because IL-2 and IL-10 are able to down-regulate mucosal T cell activation [82, 83] 

and  IL-2 is an important modulator of intestinal cell proliferation [84]. Decreases in these two 

cytokines reduce intestinal cell proliferation and the number of regulatory T-cells, leading to 

impaired barrier function and infiltration of activated mucosal T-cells. This syndrome has been 

associated with changes in villous architecture, resulting in decreased surface area and increased 

permeability of the gut [85]. 

 

Aflatoxin Exposure and Inflammation-induced Anemia 

There are multiple proposed pathways through which aflatoxin may cause anemia.  While in vivo 

and in vitro studies have focused on a red cell lysis pathway, doses to cause such an effect are 

likely higher than levels experienced in human populations. It is more probable that chronic 
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aflatoxin exposure could therefore cause anemia through three different mechanisms related to 

immune activation and enteropathy: a decreased capacity of the intestine to absorb essential 

nutrients such as iron, a decrease in erythropoiesis arising from chronic inflammation, and 

reduced availability of iron due to hepcidin upregulation (Figure 3.1). Interleukin 6 (IL-6)-- 

which has shown to be upregulated by aflatoxin exposure [23]-- upregulates hepcidin production, 

which decreases iron absorption and iron release from macrophages [86]. However, further 

human and animal studies are needed to test these hypotheses. 

 

Aflatoxin Exposure, Maternal Inflammation and Placental and Fetal Development 

Aflatoxin-induced chronic maternal immune activation may result in impaired placental 

function, impaired fetal organ development and reduced production of insulin-like growth factor 

1 (IGF-1) which regulates fetal growth (Figure 3.1). Small-for-gestational age infants have 

decreased circulating insulin-like growth factor 1 (IGF-1) levels compared to appropriate for 

gestational age infants, indicating that IGF-1 is an important regulator of fetal growth [87]. Low 

maternal and fetal IGF-1 were associated with poor placental and fetal growth in observational 

studies of healthy newborns and in gene knockout animal studies with guinea pigs, mice and rats 

[88, 89]. A Kenyan study of children aged 9-15 years suggested a relationship between AF-alb 

and IGF-1 [90], though the analysis did not adjust for age of the child.  The authors reported that 

IGF-1 increased with age, but did not report whether there was a relationship between AF-alb 

and age of the child, making it difficult to interpret the study findings.  The same authors also 

reported that human hepatoma-16 cells treated with aflatoxin showed a significant down-

regulation of IGF genes and IGF protein levels [90], perhaps through AF-induced hepatotoxicity, 

as IGF-1 is produced in the liver.   Additionally, in vitro exposure of hepatocytes to interleukin-
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1, a pro-inflammatory cytokine, inhibits IGF-1 production [91]. If aflatoxin mediates an 

inflammatory milieu in the pregnant mother, this may decrease both maternal and fetal IGF-1 

[91], leading to impaired intrauterine growth [89]. Increased maternal and fetal pro-inflammatory 

cytokines have been associated with fetal loss and preterm birth [92].  

 

Fetal Aflatoxin Exposure and Fetal Development 

In utero aflatoxin exposure may impair fetal organ development, particularly in the major organs 

capable of activating aflatoxin: the liver, intestine and spleen. In rabbits, aflatoxin doses of 0.1 

mg/kg body weight resulted in impaired organ development, particularly of the liver [54]. 

Although 0.1 mg/kg body weight is higher than exposure generally seen in human populations, 

chronic aflatoxin exposure typical of human diets may plausibly interfere with fetal liver 

development and impair its capacity to synthesize important proteins such as IGF-1.  Maternal, 

placental and fetal IGF-1 are all interacting determinants of fetal growth, but fetal IGF-1 is 

suggested to be the primary driver [93]. Aflatoxin-treated broiler chickens had larger livers, 

lower IGF-1, and lower levels of serum proteins [94]. In other studies of poultry treated with 

aflatoxin, gross organ changes included hepatomegaly and hepatosplenomegaly [95, 96]. Gong et 

al. [97] reported that serum AF-alb was associated with hepatomegaly and hepatosplenomegaly 

in older Kenyan school children. However, as liver disease and infection have been shown to 

modify aflatoxin biotransformation [98, 99], the direction of this association is inconclusive.  

 

Humans express hepatic CYP3A enzymes (responsible for activating aflatoxin) from early fetal 

life onwards. Prenatal and adult livers exhibit similar rates of aflatoxin metabolism [37], and the 

human placenta is capable of metabolizing aflatoxin-B1 into aflatoxicol, a metabolite that retains 
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toxic effects [36], suggesting that aflatoxin may have direct toxicity to both the placenta and 

developing fetus. One study found that fetuses of mice exposed to aflatoxin show adducts in their 

livers that are 20-fold more mutagenic than adducts found in adult livers, indicating that early 

life exposure may be particularly damaging [100].  

 

The fetal intestine possesses the capacity to transport macromolecules including antibodies and 

proteins. If toxic urinary metabolites are present in the amniotic fluid ingested by the fetus, the 

developing gut may be exposed to an aflatoxin-contaminated medium which may create an 

extended exposure cycle as well as increasing damage to the fetal gut [101]. The liver’s ability to 

detoxify drugs is age-dependent [102], and it has been shown that the immature fetal liver cannot 

detoxify aflatoxin as efficiently as the adult liver [37]. 

 

Potential Compounding and Interacting Exposures during Pregnancy 

Macronutrient and micronutrient deficiencies as well as infection and exposure to microbial 

products (e.g. endotoxin) are common in populations with high exposure to aflatoxin. These 

interacting exposures could increase the susceptibility to these populations to the adverse effects 

of aflatoxin exposure.   In addition, low-protein and low-selenium diets, and diets deficient in 

vitamins A, C and E have been demonstrated to enhance the chronic toxicity of aflatoxin in 

experimental animal studies [70, 103-106]. 

 

Concurrent infection could exacerbate the effects of aflatoxin exposure. There is substantial 

evidence that hepatitis B virus (HBV) infection potentiates the carcinogenic effects of aflatoxin 

exposure [107, 108]. It is likely that other infections and exposures promoting an inflammatory 
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response could also increase the toxicity of aflatoxin. In rats, endotoxin administration resulting 

in modest inflammation increases the hepatoxic response to aflatoxin [109, 110]. Luyendyk et al. 

[111] found that when endotoxin is administered it decreases the benchmark dose at which 

aflatoxin causes liver injury by 10-fold and decreases the level at which aflatoxin causes bile 

duct injury by 20-fold. Chomarat et al. [99] suggest that bacterial infection may cause an 

imbalance in the relative activity of Phase I activation enzymes and Phase II detoxification 

enzymes, exacerbating the potential effect of aflatoxin exposure. 

 

Integrative Framework 

Integrating the evidence reviewed here, there are multiple points of vulnerability of the mother 

and fetus to aflatoxin exposure during pregnancy (Figure 3.1). In addition to the adverse effects 

of aflatoxin on the mother, aflatoxin likely has distinct cytotoxic effects on the placenta and 

fetus, further impairing fetal growth and development. This framework offers numerous 

hypotheses suggested by the current literature but largely unproven to date, with proposed 

mechanisms drawing heavily upon evidence from in vivo animal studies and in vitro studies. It 

highlights two necessary areas for future research: 1) Rigorous human studies investigating the 

longitudinal relationship between maternal aflatoxin exposure and adverse pregnancy outcomes; 

and 2) Animal and human studies testing the mechanisms by which aflatoxin exposure could 

cause these adverse pregnancy outcomes, in particular, understanding the effects on the placenta. 

Given that we cannot experimentally administer aflatoxin to human subjects, the use of validated 

biomarkers is essential to strengthen the evidence base in humans. 
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Figure 3.1 A Conceptual Framework for the Effect of Aflatoxin Exposure on Maternal-Fetal Health. Maternal 
exposure to aflatoxin might cause adverse pregnancy outcomes through three primary pathways: induction of 
environmental enteric dysfunction characterized by intestinal inflammation, impaired barrier function and systemic 
immune activation; upregulation of pro-inflammatory cytokines and down-regulation of anti-inflammatory cytokines; and 
potential toxic effects on maternal and fetal organs once absorbed causing systemic immune activation, and impaired 
placental and fetal development. Red arrows represent the transfer of aflatoxin from mother to placenta to fetus. Solid 
black arrows represent the hypothesized effects of aflatoxin exposure in the mother, placenta and fetus; dotted black 
arrows represent the hypothesized indirect effect of aflatoxin-induced maternal inflammation on the placenta and fetus. 
The few cross-sectional studies conducted in humans suggest that aflatoxin exposure impairs intrauterine growth and may 
be a cause of pregnancy loss. Although no conclusive studies have been conducted in humans, we have reviewed evidence 
from in vivo and in vitro studies that aflatoxin exposure may cause anemia, intestinal damage and elevation of pro-
inflammatory cytokines. Additionally, animal studies indicate aflatoxin exposure results in impaired organ development. 
There are no studies investigating the effects of aflatoxin on the placenta, but given that the placenta metabolizes and 
transports aflatoxin, further investigations into its effects are warranted. This framework provides directions for future 
research investigating the effects of aflatoxin exposure during pregnancy.
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Conclusion 

There are relatively few human studies investigating the effects of aflatoxin during pregnancy, 

despite its potential public health importance. The evidence reviewed here suggests that aflatoxin 

exposure could be an important cause of adverse health outcomes for the mother and fetus. 

Aflatoxin exposure assessment studies have been small and geographically scattered, but they 

consistently suggest that aflatoxin exposure during pregnancy is relatively common, especially in 

developing countries. Epidemiological evidence relating aflatoxin exposure to adverse pregnancy 

outcomes is limited, and the majority of human studies have focused on low birthweight. 

However, animal studies provide biological support for the hypothesis that aflatoxin exposure 

may mediate adverse pregnancy outcomes. 

 

Given the enormous burden of aflatoxin exposure, anemia, intrauterine growth restriction and 

preterm birth in developing countries in the context of co-exposure to multiple environmental 

insults, further investigation into the effects of aflatoxin is strongly warranted. As this field of 

research develops, other potential environmental toxicants that co-exist in these high risk 

aflatoxin environments should not be ignored. 
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CHAPTER 4 

DETERMINANTS OF URINARY AFLATOXIN M1 IN PREGNANT WOMEN IN 

RURAL ZIMBABWE 

 

Abstract 

Aflatoxins are toxic secondary metabolites of Aspergillus species that contaminate staple foods 

such as maize and groundnuts; contamination varies by geography and season and is influenced 

by environmental factors and agricultural practices.  Aflatoxins are carcinogenic, but may pose 

additional health risks during pregnancy to both the mother and fetus. The objectives of this 

study were to describe aflatoxin exposure in a cohort of women during early pregnancy in rural 

Zimbabwe over one year, and to explore potential determinants of exposure; particularly 

seasonality, agroecology, and dietary practices. This study represents part of the Sanitation 

Hygiene Infant Nutrition Efficacy (SHINE) trial, a cluster-randomized community-based trial 

investigating the independent and combined effects of a nutrition intervention and a sanitation 

and hygiene intervention on early child growth. Urine samples were collected from 1580 women 

during early pregnancy in the Midlands Province in rural Zimbabwe and measured for aflatoxin 

M1 (AFM1) and creatinine. AFM1 was detected in 30% of maternal samples (median of 

exposed, 162.5 pg AFM1/mg creatinine; range 30-6046 pg AFM1/mg).  In multivariable ordinal 

logistic models, geographical location (p<0.001), seasonality (p<0.001) and dietary practices (p= 

0.011) were significant predictors of urinary AFM1. This variability may be especially important 

to understand during developmentally critical periods during pregnancy. 
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Introduction 

Mycotoxins are naturally occurring chemicals produced by fungi that frequently colonize crops.  

Aflatoxins (AFs), one of the major groupings of mycotoxins, are toxic secondary metabolites of 

Aspergillus species that contaminate staple foods such as maize and groundnuts. It is estimated 

that approximately 4.5 billion people, predominantly those living in developing countries, are at 

risk of being exposed to dietary AFs, with many chronically exposed at high levels  [1]. 

Aflatoxins have been most widely studied in the etiology of liver cancer and demonstrated as 

causative [2, 3]; however, AFs also inhibit protein synthesis and are cytotoxic, teratogenic and 

immunotoxic [4, 5]. Dietary AFs have been shown in observational studies to be associated with 

child stunting[4, 5], and they could also be a major unexplored cause of a wide range of adverse 

birth outcomes [6].  

 

Epidemiologic evidence from multiple countries documents AF exposure in pregnant women, 

infant cord blood and young children [4, 7-18] suggesting that exposure to aflatoxin during early 

life is widespread. Gong et al. [4] found that serum aflatoxin-albumin (AF-alb) adducts (a 

biomarker of aflatoxin exposure over the prior 2-3 months)  were associated with stunting among 

children in rural Benin and Togo, and demonstrated a significant dose-response relationship with 

length-for-age (LAZ) and weight-for-age (WAZ) Z scores. In a subsequent longitudinal study in 

rural Benin, pregnant women in the highest quartile of AF-alb, compared to the lowest quartile, 

had infants who were 1.7 cm shorter at one year of age [5].  Shirima et al. assessed the effects of 

aflatoxin and fumonisin exposure on attained LAZ 12 months later.  Urinary fumonisin B1 was 

negatively associated with LAZ  (p=0.014) with children in the highest quartile of exposure 1.8 

cm shorter than children in the lowest quartile of exposure; the negative association between AF-
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alb  and LAZ 12 did not reach statistical significance [19]. In a survey in The Gambia 

investigating maternal exposure during pregnancy and subsequent infant growth from birth to 52 

weeks, AF-alb in maternal blood was negatively correlated with infant growth velocity and 

weight gain (Turner et al., 2007).  

 

Although it is estimated that mycotoxins contaminate up to 25% of the world’s food supply [20], 

there is heterogeneity in the prevalence and severity of exposure across regions of the world,  

times of the year, calendar years and even across households within a given area [21, 22].  The 

extent of aflatoxin accumulation varies both spatially and temporally, depending on 

environmental factors including the burden and type of Aspergillus, temperature, water and 

nutrient availability during critical periods of plant development, nitrogen availability, soil 

texture and chemical properties, and plant density [23, 24].  Drought stress, especially during the 

flowering and early grain-filling stages, has been associated with increased A. flavus growth and 

aflatoxin accumulation in maize [25-28]. Exposure at the household level further depends on 

drying and threshing practices as well as storage practices and dietary consumption patterns [29-

32]. Accordingly, developing effective interventions to mitigate aflatoxin exposure requires a 

critical understanding of the modifiable and non-modifiable risk factors for household-level 

aflatoxin exposure. 

 

Recent studies have documented aflatoxin exposure in several cohorts in West Africa and Asia  

[15, 16, 19, 33-35], but little is known about recent exposure patterns in cohorts in southern 

Africa and little is known about seasonal dynamics. Therefore this study aims to examine the 

prevalence of aflatoxin exposure in rural Zimbabwe and identify potential determinants of 
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exposure over an entire calendar year. 

 

Methods 

Population and data collection 

The study was conducted in Chirumanzu and Shurugwi districts in the Midlands Province in 

rural Zimbabwe, a subsistence farming region with considerable variation in topography.  The 

total population of each district is 80,000 and 78,000 for Chirumanzu and Shurugwi respectively 

[36]. The average elevation in the study area was 1214 m (range= 980-1500 m) and the average 

annual rainfall was 900 mm (range= 775-1070 mm). Maize and groundnuts are the major food 

crops with a single harvest season in which planting generally begins with the first rains in 

November and crops are harvested in April and May [37]. The districts are largely rural and have 

a high prevalence of child stunting with the mean LAZ at 24 months =-1.97 [38]. The data were 

collected as part of the Sanitation Hygiene Infant Nutrition Efficacy (SHINE) trial –  a cluster-

randomized community-based trial investigating the independent and combined effects of a 

nutrition intervention and a sanitation and hygiene intervention on early child growth and anemia 

[39]. Briefly, between November 2012 and April 2015, 5282 pregnant women were enrolled at a 

median gestational age of 14 weeks gestation through prospective pregnancy surveillance. 

Within 2 weeks of enrollment, a baseline visit was conducted that included collection of mid-

stream casual urine samples from the women. Enrollment into the study was relatively balanced 

geographically and temporally with 150-200 baseline visits completed each month. The present 

analysis is limited to women enrolled into the SHINE trial between April 2013-March 2014 

(representing one harvest year), for whom archived urinary samples were available.  Casual urine 

samples were available from 1580 women out of the total 2054 women who completed a 
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baseline survey between April 2013 and March 2014. There were no significant differences in 

demographics between women with and without urine samples. The study districts include 62 

administrative wards; further the districts were broken up into 212 clusters based upon the 

coverage of village health care workers and are largely balanced on the number of reproductive 

women[39]. Study clusters were grouped in 4 geographical regions for study purposes- St. 

Theresa’s and Mvuma in Chirumanzu and Tongogara and Shurugwi in Shurugwi.  Ethical 

approval for the SHINE trial, and for this current study, was obtained from the Medical Research 

Council of Zimbabwe (MRCZ) and from Johns Hopkins University Bloomsberg School of 

Public Health, USA (Cornell approval through blanket agreement with Johns Hopkins 

University). 

 

AFM1 and creatinine analysis  

Midstream casual urine samples were transported in cooler boxes from mothers’ homesteads to a 

field laboratory and then stored at -80C until August, 2014.  Urine samples were thawed for 

measurement of Aflatoxin M1 (AFM1),  a metabolite of aflatoxin that represents recent exposure 

in the past few days [40]. All AFM1 assays were undertaken at the Zvitambo laboratory in 

Harare, Zimbabwe. Briefly, urine samples were centrifuged to remove precipitate and diluted 

with distilled water; AFM1 was measured in duplicate by a direct ELISA (Helica, USA).  For 

this assay, plates were coated with antibody that binds AFM1; aflatoxin bound to horse-radish 

peroxidase (HRP) was subsequently added which  binds to the unbound antibody; absorbance 

was assessed using a Dynex MRX microplate reader.  Serial dilutions were conducted on several 

urine samples (n= 30), and data indicated that multiple dilutions of 1:10 and greater generated 

statistically similar concentrations after adjustment for dilution, while more concentrated 
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samples (e.g. 1:5) gave inconsistent data. All samples were therefore analysed initially at a 1:10 

dilution and further diluted as necessary to fall within the range of the ELISA standard curve. 

The detection limit for this assay was 80 pg AFM1/ml urine (using a 1:10 dilution) based upon a 

t-test of the lowest detectable optical density that was significantly different from 0 (p<0.05).  

The intra-plate coefficient of variation (CV) for the assay was <3% and inter-plate CV <15%. 

 

Urinary creatinine was measured on the same sample to correct for the variable concentrations of 

urine, using a photometric colormetric test for kinetic measurement using a clinical chemistry 

analyzer (Human Diagnostics, Germany). 

 

Survey Data Variable Pre-processing 

Variables used in analyses were taken from the baseline survey, administered at the time of 

sample collection. A wealth index was created using the tetrachroric PCA command (STATA) 

including 18 variables on current access to water and sanitation, durable assets, and household 

characteristics equivalent to the variables used in the DHS rural wealth index [41, 42]. Of the 

4705 participants with a baseline visit, 4246 (90% of the respondents) had data usable in the 

wealth index construction. 

 

A dietary diversity questionnaire (adapted from FAO [43]) with 15 categories that referenced the 

previous 24 hours of food consumption was used to create an indicator of the proportion of 

aflatoxin-prone foods consumed (Supplemental Table 4.1). Foods that are prone to be 

contaminated with aflatoxin include maize, nuts, milk and vitamin A-rich fruits (mango and 
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papaya)[44-47]. The number of foods prone to aflatoxin contamination was divided by the total 

number of food groups to create the proportion.   

 

Seven questions from the Coping Strategy Index (originally designed to measure food insecurity) 

[48] were used as indicators of aflatoxin consumption risk which may potentially change the 

consumption of aflatoxin-prone foods (Supplemental Table 4.2). For example, limiting portion 

size at mealtimes would potentially decrease exposure through reduced consumption of staple 

food, while harvesting immature crops would potentially increase exposure because immature 

crops are more likely to be not fully dried. Potentially risky dietary behaviors include: borrow 

food from friends or relatives, rely on less expensive or less preferred foods, harvest immature 

crops, and send household members to beg. Potentially protective dietary behaviors include: 

limit portion size at meals, reduce number of meals eaten per day and gather unusual types or 

amounts of wild food/hunt (Supplemental Table 4.2). 

 

GIS Data Sources and Pre-processing 

Global positioning coordinates of each cluster representing geographical areas ranging from 43-

9771 square hectares were linked to remotely sensed, spatially explicit rainfall estimates for 

2012-2014 downloaded from FEWSNET, as raster files containing daily total rainfall at 8 km2 

resolution. Rainfall rasters were re-projected into the longitude/latitude coordinates system for 

further analysis.  Responses were extracted as the average values for each cluster and aggregated 

as monthly rainfall totals and a yearly total. GIS data were extracted from the raster files using 

the raster package in R (v. 2.0-12 in R. v. 2.15.1, http://www.r-project.org/).   Aggregation of 

variables was performed with an R script. 
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Elevation data were extracted for each of the coordinates using an online file conversion in 

which a Google Earth KML file was converted to a csv file and elevation data added using 

NASA’s Space Shuttle Radar Topography Mission, which includes 90 m resolution for the world 

(http://www.gpsvisualizer.com). 

 

Statistical analysis 

Urinary aflatoxin M1 was not normally distributed. Data were grouped in categories representing 

non-detectable AFM1 (<80 pg AFM1/ ml urine) and three tertiles of detectable AFM1 (30-115, 

116-230 and >230 pg AFM1/mg creatinine). Univariate analyses were conducted to assess 

variation across levels of exposure in maternal and household characteristics, dietary practices 

and environmental characteristics. Trends across the groups were examined using nptrend (Stata, 

12.0). Multivariate models were conducted using ordinal logistic regression. Significant time and 

geographical trends were assessed further by examining aflatoxin levels by month of the year 

and mapping the prevalence of exposure by administrative ward. Stata 12.0 was used to conduct 

all analyses. Figures were created with R 2.15 and QGIS 2.6.1. 

 

Results 

Baseline characteristics of enrolled women are shown in Table 4.1. Mean maternal age was 26.4 

years and mean gestational age was 14 weeks at assessment, and almost 80 percent of women 

had completed some secondary schooling (typical of Zimbabwe’s high education rates) [38].  

Overall households had an average of 5 members, were 23% female-headed, with 8% having 

electricity and a median farm size of 2 hectares.  
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Overall 30% (484/1580) of pregnant women had detectable AFM1 in their urine (median 

concentration 162.5, IQR= 100.0-286.5 pg/mg creatinine). AFM1 values ranged from 

undetectable to 6000 pg/mg creatinine.   

 

The mean age and height of pregnant women was 26.4 years and 160 cm respectively and did not 

vary across levels of aflatoxin exposure. There were statistically significant differences across 

groups of exposure for education completed, with a higher proportion of women with secondary 

education in the high-exposed group (p value for trend=0.015). The women’s dietary diversity 

score was not predictive of variation in aflatoxin exposure; however, a greater reported 

proportion of aflatoxin-prone food consumed was significantly associated with aflatoxin 

exposure. Women in the higher exposure groups tended to have fewer protective dietary 

practices (p=0.025). There were no significant trends or differences among groups of aflatoxin 

exposure for female-headed households, electricity, wealth quintiles, or farm size.    
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Table 4.1 Characteristics of Aflatoxin Exposure in Pregnant Zimbabwean Women

       

Characteristica 
 All 

AFM1 non-
detect 
<80 pg/ ml 

AFM1  
Tertile 1 
19-115 pg/mg 
creat 

AFM1 Tertile 
2 
116-229 pg/mg 
creat 

AFM1 
Tertile 3 
>230 pg/mg 
creat 

P-value 
(trend- 
across 
categories)b 

     

Maternal 
Maternal Age 
(Years)  

Mean (SD) 26.4 (6.7) 26.4 (6.8) 26.1 (6.6) 26.3 (6.7) 26.8 (6.5) 0.726 

        

Maternal Height(cm)  Mean (SD) 160.0 (5.8) 160.0 (5.7) 160.5 (5.5) 159.6 (6.2) 160.1 (6.5) 0.986 
        

Maternal Education  None %(n) 4.1 (61) 4.4 (45) 2.7 (4) 3.0 (5) 4.7(7) 0.015 
Primary %(n) 16.8 (250) 18.6 (190) 11.3 (17) 15.5 (26) 11.3 (17)  
≥ Secondary 
%(n) 

79.1 (1179) 77.0 (787) 86.0 (129) 81.6 (146) 84.0 (126)  

     

Dietary Practices 
Woman’s dietary 
Diversity Score  

Mean (SD) 4.1 (1.45) 4.1 (1.44) 4.1 (1.68) 4.0 (1.23) 3.91 (1.58) 0.153 

        

AF-prone foods 
consumed 
(proportion) 

Mean (SD) 0.32 (0.13) 0.32 (0.13) 0.34 (0.12) 0.32 (0.12) 0.34 (0.11) 0.006 

        

Risky Dietary 
Practices c  

0 %(n) 59.2 (924) 59.6 (647) 63.4 (97) 55.0 (93) 56.9 (87) 0.560 
1 %(n) 27.0 (422) 26.0 (282) 25.5 (39) 33.1 (56) 29.4 (45) 
2 -3%(n) 13.7  (214) 14.4 (156) 11.1 (17) 11.8 (20) 13.7 (21) 

        

Protective Dietary 
Practices  

0 %(n) 67.0 (1048) 65.1 (709) 73.9 (113) 68.6 (116) 71.4 (110) 0.025 
1 %(n) 15.9 (248) 15.8 (172) 13.7 (21) 18.3 (31) 15.6 (24)  
2-4 %(n) 17.1 (268) 19.0 (207) 12.4 (19) 13.0 (22) 13.0 (20)  

     

Household Demographics 
        

Female-headed 
Household  

%(n) 22.9 (281) 22.4 (186) 26.0 (31) 23.8 (35) 21.7 (29) 0.737 

        

Electricity %(n) 7.6 (119) 8.2 (89) 9.1 (14) 5.4 (9) 4.5 (7) 0.070 
\        

Household Size  Mean (SD) 4.9 (2.1) 5.0 (2.1) 4.8 (2.1) 5.0 (2.1) 4.8 (1.9) 0.585 
        

Wealth Indexd, 
quintile  

Lower %(n) 19.5 (274) 20.0 (194) 19.9 (28) 18.6 (29) 16.4 (23) 0.725 
Lower middle 
%(n) 

19.3 (272) 18.9 (184) 14.2 (20) 17.3 (27) 29.3 (41) 

Middle %(n) 19.6 (276) 19.6 (190) 21.3 (30) 18.6 (29) 19.3 (27) 
Upper 
middle%(n) 

21.1 (301) 21.4 (208) 19.9 (28) 24.4 (38) 19.3 (27) 

Upper%(n) 20.2 (284) 20.0 (194) 24.8 (35) 21.2 (33) 15.7 (22) 
        

Land Farmed 
(Hectares) 

Median (IQR) 2.0 (1.0, 3.6) 2.0 (1.0,3.6) 2.0 (1.0, 4.0) 1.6 (1.0, 3.6) 1.6 (1.0, 3.0) 0.112 

     

Environmental 
        

Location 
%(n) 

Mvuma 30.2 (478) 33.5 (367) 26.0 (40) 22.5 (37) 21.5 (34) 0.001 
Shurugwi 14.2 (224) 14.5 (159) 18.2 (28) 12.2 (21) 10.1 (16)  
St. Theresa’s 30.2 (477) 25.9 (284) 36.4  (56) 41.3 (71) 41.8 (66)  
Tongogara 25.4 (401) 26.1 (286) 19.5 (30) 25.0 (43) 26.6 (42)  

        

Time Since Harvest 
(month)  

Mean (SD) 5.8 (3.6) 6.1 (3.5) 5.6 (3.5) 4.9 (3.7) 5.1 (3.6) <0.0001 

        

Total Rainfall -Nov 
2012-Oct 2013 e  

Mean (SD) 906.8 (47.4) 910.1 (47.8) 902.8 (44.9) 895.3 (41.3) 900.5 (50.6) <0.0001 

        

Altitude  
Mean (SD) 1232.3 

(125.0) 
1242.1 
(125.9) 

1218.4  
(121.6) 

1215.6  
(121.0) 

1195.4 
(117.8) 

<0.0001 

a Nos. of observations were  1573 (age); 1551 (height); 1490 (education); 1483 (women’s dietary diversity score and af-prone food ratio); 1560 
(risky dietary practices); 1564 (protective dietary practices); 1225 (female-headed household); 1562 (electricity); 1496 (household size); 1496 
(wealth index); 1301 (land farmed); 1580 (location and time since harvest (months)); 1572 (total rainfall (mm)); 1570 (altitude (m)). 
b Nptrend (Stata) command was used to calculate the p values for trends.  
c  Details for scores are outlined in Supplemental Table 4.1. 
d Asset-based wealth index developed using polychoric PCA with 18 variables representing current access to water and sanitation, durable assets, 
and household characteristics equivalent to the variables used in the DHS rural wealth index[41, 42] 
e Total rainfall for the 2013-14 harvest season. 
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All environmental characteristics differed significantly across levels of aflatoxin exposure. The 

study district was divided into 4 areas of roughly equal size, and exposure was consistently 

higher in the quadrant which is lower in elevation than the other study areas.   A trend of lower 

levels of rainfall (p<0.0001) and lower areas of elevation (p<0.0001) were also associated with 

higher aflatoxin exposure. 

 

Table 4.2 presents multiple ordinal logistic models assessing the relationship between 

demographic, dietary and environmental predictors of aflatoxin exposure. Model 1 represents 

demographic variables including location, time since harvest, maternal education and wealth 

index. Model 2 adds the additional dietary practices variables including the dietary diversity 

ratio, risky dietary practices scale and protective dietary practices scale. Model 3 adds the effect 

of environmental variables rainfall and elevation.  

 

Geographic location, time in months since harvest, dietary diversity and behaviors and elevation 

were all significant predictors of aflatoxin contamination in the multivariable ordinal logistic 

models, whereas wealth, maternal education and rainfall were not associated with exposure. One 

study area (St. Theresa’s) had higher odds of elevated aflatoxin exposure in models that did not 

include elevation (OR=2.24, 95% CI =1.67-3.00, P=0.002).  
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Table 4.2 Multivariable Ordinal Logistic Models assessing Predictors of Aflatoxin Exposure2 
  Model 1 Model 2 Model 3 

  N=1444 
Pseudo R2=0.0222 

N=1475 
Pseudo R2=0.266 

N=1442 
Pseudo R2=0.315 

Predictor  OR (95% CI) OR (95% CI) OR (95% CI) 
Location (ref 
Mvuma) 
 

Shurugwi 1.17 
(0.79, 1.71) 

1.21 
(0.83-1.77) 

0.61 
(0.36,1.03) 

 St. Theresa 2.22 
(1.65-32.99)**

2.28 
(1.70-3.05)**

1.41 
(0.92-2.14) 

 Tongogara 1.33 
(0.97-1.84) 

1.41 
(1.02-1.93)*

0.80  
(0.50-1.22) 

Time since 
harvest 
(months) 
 

 0.93 
(0.90-0.96)** 

0.93 ** 
(0.90-0.96) 

0.92 
(0.90-0.95)** 

SES (scale 1-3) 
 

2 1.23 
(0.85, 1.78) 

  
 

3 1.07 
(0.74-1.54) 

  

4 1.06 
(0.74,1.53) 

  

5 1.01 
(0.70,14.6) 

  

Mother’s 
education 

Primary 0.73 
(0.37, 1.43) 

  

 ≥ Secondary 1.21 
(0.65-2.24) 

  

Proportion of 
AF prone foodsa 

 

  1.10 
(1.01, 1.20)* 

1.11 
(1.02, 1.22)* 

AF-risky Food 
Security 
Behaviors b 
 

1  1.44 
(1.10, 1.88)** 

1.40 
(1.07, 1.84)* 

 2-4  1.33 
(0.90-1.98) 

1.31  
(0.88, 1.96) 

AF-protective 
Food security 
Behaviors c 
 

1  0.96 
(0.70, 1.31) 

0.97 
(0.71, 1.33)  

 2-3  0.55 
(0.38-0.79)** 

0.57 
(0.39, 0.83)** 

Altitude (Per 10 
m increase)d 

   0.98 
(0.96-0.99)** 

Total Rainfall 
(per 10mm 
increase)d 

   0.98  
(0.95, 1.02) 

*p=<0.05; ** p<0.01 
a For the proportion of AF-prone foods, the odds ratio reflects a 10% change in the proportion. For example, a 10% increase on 
reliance of aflatoxin-prone foods is associated with an 11% increase in the odds of a mother being in the low exposed category 
vs. the non-detectable category or being in the high category vs. the medium category. 
b Potentially risky dietary behaviors include: borrow food from friends or relatives, rely on less expensive or less preferred foods, 
harvest immature crops, and send household members to beg. 
c Potentially protective dietary behaviors include: Limit portion size at meals, reduce number of meals eaten per day and gather 
unusual types or amounts of wild food/hunt. 
d For rainfall and elevation, the odds ratio reflects a 10 point (millimeter/meter) change.  
 

 

Each additional month since harvest was associated with a 7% decreased odds of aflatoxin 

exposure (OR=0.93, 95%CI= 0.90-0.96, P<0.001), indicating that aflatoxin exposure was 
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greatest in April-June and decreased later in the year. The proportion of AF-prone foods was 

associated with higher odds of level of aflatoxin exposure (OR=1.11, 95%CI=1.02-1.22, 

P=0.019), indicating that the greater a household relies upon foods that are aflatoxin-prone, the 

greater their risk of aflatoxin exposure.  Mothers practicing more than 2 potentially risk-reducing 

dietary practices had a lower odds of aflatoxin exposure (OR=0.58, 95%CI=0.40-0.85, P=0.008)) 

whereas mothers practicing 1 potentially risk-promoting dietary practice had an increased odds 

of aflatoxin exposure (OR=1.41, 95%CI=1.07-1.84, P=0.014). Rainfall was not significantly 

associated with aflatoxin exposure in full models, but each 10 meter increase in elevation was 

associated with a 2% decrease in odds of aflatoxin exposure (OR=0.98, 95%CI=0.07-0.99, 

P=0.002). When altitude was added to the model, the relative odds ratio of the St. Theresa’s 

location was attenuated (OR=1.43, 95%CI=0.94-2.18, P=0.099), which is likely explained by the 

variation in elevations among the different areas of the study districts. 

 

Figure 4.1 depicts the geographical distribution of aflatoxin exposure, altitude and rainfall in the 

two study districts in Midlands Province in Zimbabwe. Prevalence ranged from 0-75% in 

respective wards. Aflatoxin exposure is almost ubiquitous across these two districts. There were 

spatial trends in the severity of exposure with an increased proportion of women being exposed 

in the southern portion of the area (St. Theresa’s). This area also is lower in elevation and 

rainfall. “No data” represents areas where there are no study participants. 
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Figure 4.1 Geographical Variation in Aflatoxin Exposure, Altitude and Rainfall
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Figure 4.2 Temporal Variation in Levels of Aflatoxin Exposure in 2013-2014* 

 

*n for each month ranges from 96 (September 2013) to 185 (January 2014). Maize harvest is in April and groundnut harvest in 
May.  
 

There was significant variation in aflatoxin exposure throughout the calendar year (Figure 4.2). 

Detectable aflatoxin decreased somewhat linearly from harvest, but the pattern in overall 

exposure prevalence differed from levels of exposure. Overall exposure peaked in May, when 

50% of women had detectable aflatoxin in their urine. By contrast, values in the highest tertile of 

exposure peaked in September, when almost 10% of women had AFM1 levels above 230 pg/ mg 

creatinine.  

 

Discussion 

This study sought to explore variables that may explain variation in aflatoxin exposure in rural 

Zimbabwe. In a population of women residing in the Midlands province and assessed in early 

pregnancy, 30% had detectable aflatoxin in their urine indicating that these women had been 
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exposed to aflatoxin in the past few days. Although AFM1 is a short-term biomarker, reflecting 

toxin intake in the prior 24-48 hours [40], it has been shown to be significantly correlated with 

serum AF-Alb indicating that short term exposure may be a proxy for longer term exposure [49, 

50].   

 

Aflatoxin is a known carcinogen, teratogen and immunogen[2], and this high prevalence of 

exposure during pregnancy may therefore have severe negative implications for maternal and 

child health. Aflatoxin crosses the placental barrier [51], so maternal exposure is also indicative 

of fetal exposure. Given that households share food, maternal exposure may also be a proxy of 

household exposure including young children. In our study population, we have a relatively high 

rate of miscarriage and stillbirth (5% and 3% respectively limited to cases detected after study 

enrollment). In addition, one in three children in the study region is stunted [38].  Given a 

plausible link between aflatoxin and adverse birth outcomes and child stunting [6], the relatively 

high burden of aflatoxin exposure in this population merits further investigation. 

 

This is the first comprehensive study assessing the prevalence and determinants of population-

wide aflatoxin exposure in Zimbabwe since the 1980’s. One major advantage of the current 

study over previous studies is the inclusion of samples collected over a full calendar year period, 

which allowed us to describe typical exposure within the population as well as describe seasonal 

variability in exposure. With the relatively large sample size, we have been able to explore 

household, regional and month-by month variability in exposure and show that season, 

geographical location, and dietary practices may all be important determinants of aflatoxin 

exposure.  
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Variation in exposure to aflatoxin is not well-understood partially because exposure depends on 

multiple environmental and behavioral factors and is highly variable throughout the year. The 

majority of published studies have small sample sizes and data that are collected over a short 

period of time, making comparison of studies difficult because detected exposure within a given 

study may not represent typical exposure in the population. The current study highlights 

significant seasonal variation in aflatoxin exposure which may be critical in understanding the 

relationships between exposure and human health outcomes. 

 

Two published studies examine human exposure in this region in the 1980’s. Two surveys 

(n=1228 and n= 2553) assessed urinary aflatoxins,  and in a subset 54 breast-milk  samples for 

aflatoxins, including   AFB1, B2, G1, G2 and M1,   [52, 53]. In the first survey, exposure by 

province ranged from 0.7% in Manicaland to 8% in Mashonaland West. The same group 

analyzed the larger sample and found that exposure ranged from 4.1% in Manicaland to 11.4% in 

Masvingo. In Manicaland, the average altitiude is 2500 meters with a maximum temperature of 

17 degrees which may be a limiting factor for fungal growth [54]. The mean level AFM1 in 

those samples with detectable AFM1 was extremely high – 4.2 ng/ml as measured with thin layer 

chromatography [52, 53], but the method was likely not as sensitive as ELISA methods and may 

have classified lower levels of aflatoxins  detectable by ELISA in the present study as non-

detectable. The areas with higher levels of contamination were medium altitude with moderate 

rainfall. Additionally, 11% (6/54) of breast milk samples contained detectable levels of 

aflatoxins. These two studies found relatively low levels of exposure, but reported important 

geographical variability in exposure by altitude and average rainfall patterns which is consistent 
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with findings in our current study [52, 53].  

 

More recently, using archived Zimbabwean samples from a nationally representative sample of 

mothers of children under 5 years collected between October and December 2011 (n=287), we 

found that 17% of the mothers’ urine samples had aflatoxin M1 levels greater than 150 pg/ml 

(mean of exposed: 390 pg/ml, range; 150- 3,740 pg/ml – no creatinine adjustment) with 

prevalence of exposure varying by region [55]. This is comparable to the current study of SHINE 

women, in whom the mean urinary concentration of detectable samples was 270 pg/ml before 

adjustment for creatinine.  Another recent study in Brazil found much lower levels of AFM1 in 

urine (range 0.19- 12.7 pg/ mg creat). In Egypt, the geometric mean of those with detectable 

AFM1 was 19.7 pg/mg creat[49]. In Ghana, considered a high risk country, two recent studies in 

adults and children have found comparable ranges and medians to those found in this study [56, 

57] indicating that the Midlands province of Zimbabwe has a comparably high risk for aflatoxin 

exposure. 

 

We found significant associations of aflatoxin exposure with a range of demographic and dietary 

variables. Increased reliance on foods that are prone to aflatoxin contamination (namely maize, 

groundnuts, milk and vitamin-A fruits) was significantly associated with increased odds of 

aflatoxin exposure. We did not find associations between wealth or maternal education and 

aflatoxin exposure; although in this study population, there is little variability in maternal 

education with almost 80% of women completing secondary schooling. There is mixed evidence 

for associations between wealth and aflatoxin exposure in prior studies. Four studies investigated 

the socio-demographic determinants of aflatoxin exposure, two (Kenya and Ghana) reporting 
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lower aflatoxin exposure in higher income households[58, 59] and two (also Kenya and Ghana) 

reporting no relationship [50, 60]. Although aflatoxin exposure did not vary across wealth 

quintiles it is possible that aflatoxin exposure occurs across all economic subgroups and that the 

pathways to exposure are different for different economic subgroups. In our data, we found that 

80% of households in the highest quintile wealth reported eating maize from their own field in 

the last 7 days, whereas farmers in the lowest quintile were more likely to source food from the 

market or as a gift (56%). Wealthier farmers have larger grain stores and keep grains in storage 

for longer, which may increase the chance for development of aflatoxin in the grain. Poor 

farmers rely more heavily on donations and market supplies of grains that may be more 

contaminated than home-grown stores.  

 

Although it is commonly assumed that food-insecure farmers would be more at risk for aflatoxin 

exposure, it is possible that risk-inducing and risk-protective coping practices occur together. In 

our analyses, practices of borrowing food from friends or relatives, relying on less expensive or 

less preferred foods, harvesting immature crops, and sending household members to beg were 

associated with increased odds of aflatoxin exposure, whereas practices of limiting portion size 

at meals, reducing number of meals eaten per day and gathering unusual types or amounts of 

wild food/hunt were predictive of decreased odds of aflatoxin exposure (Analysis of individual 

practices in Supplemental Table 4.2).  

 

We also found significant temporal and spatial variation in aflatoxin exposure in the study area. 

Although the temporal trend was not linear, exposure prevalence was highest immediately after 

maize and groundnut harvest and tended to decrease moving further from harvest. In our study 
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area, groundnuts are commonly consumed immediately after harvest; ground nuts contaminated 

in the field may be the source of high exposure seen in May. Although not included in these 

analyses because of the transient nature of AFM1 (3 days exposure) compared to references of 

the previous harvest season (up to 11 months prior), pre- and post-harvest practices could be 

important determinants of aflatoxin exposure at the household level[61] and should be further 

explored with a more stable exposure indicator (AF-alb). 

 

Although aflatoxin exposure is ubiquitous in the study region, there was significant variability 

within the region. The southeast portion of the study area (St. Theresa’s) had the highest 

proportion of exposed individuals. Elevation has previously been reported as a significant 

predictor of aflatoxin accumulation and subsequent exposure with mid-altitude zones having 

higher aflatoxin accumulation [52, 62]. The elevation in the two study districts ranges from 900 

m-1500 m which is all mid-to-high altitude. Within this range, increased elevation was 

associated with decreased odds of aflatoxin exposure. 

 

However, one limitation of this study is the lower sensitivity of the Helica AFM1 ELISA 

compared to HPLC or mass spectrometry. The detection limit of this assay was 80 pg/ml, 

whereas other methods are able to detect AFM1 in <10 picogram amounts. The implication is 

that our non-detectable category is a combination of exposures lower than 80 pg/ml and truly 

non-exposed individuals. Thus, when comparing these results to other studies, it is important to 

take into account the difference in sensitivity of the assay because the method here will 

underestimate the true prevalence of mild exposure. The AFM1 ELISA is inexpensive and 
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commercially available allowing high throughput of large samples and has utility for answering 

research questions in which recent exposure to aflatoxin is relevant. 

 

Overall, this study is one of the largest assessments of aflatoxin exposure in Sub-Saharan Africa. 

The cross-sectional sampling for an entire calendar year allowed us to further describe seasonal 

variation. Although this is a strength, it is important to note that these patterns may vary from 

year to year, and our analyses are limited to one complete year.  Additionally, cross-sectional 

sampling does not allow us to examine within person variation which is likely significant.  We 

showed that 30% of pregnant women had detectable aflatoxin in their urine, indicating that these 

women had been exposed to aflatoxin in the past few days and that season, geographical 

location, and dietary practices may all be important determinants of aflatoxin exposure.  

 

This study also advances understanding of dietary practices that are associated with increased 

odds of aflatoxin exposure. This highlights an important issue for food security policy—how can 

we reconcile attempts to ensure nutritional adequacy with mycotoxin exposure risk in the context 

of marginal diets?  Given the high prevalence of aflatoxin exposure, strengthening agricultural 

extension programs is warranted to decrease the prevalence of pre- and post-harvest practices 

promoting aflatoxin accumulation.  Additionally, current dietary interventions focus on 

increasing household dietary diversity and household food security, but do not account for the 

potential relationship between changing dietary practices and risk of aflatoxin exposure. In our 

analyses, we showed that a higher reliance on potential aflatoxin-prone foods such as maize, 

groundnuts, lentils and milk was associated with aflatoxin exposure, whereas differences in 

dietary diversity showed no association with differences in aflatoxin exposure. Certain foods 
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(e.g. groundnuts) that are emphasized to improve dietary diversity may also negatively affect 

health by increasing risk of aflatoxin exposure. Aflatoxin is a potent liver carcinogen and may 

contribute to the development of adverse birth outcomes and child stunting, which are enormous 

public health burdens.  These results suggest that it is critical to incorporate considerations of 

aflatoxin-prone foods and conditions favoring aflatoxin accumulation into food security 

programs and public health policy to adequately address the nutritional food safety and security 

of rural populations, particularly pregnant women and children.
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Supplemental Table 4.1. Dietary Diversity Categories used to create Aflatoxin-prone/non-prone 
Food Categories 

Category Description 
Aflatoxin-Prone 
Maize 
 

sadza, maize, maize porridge 

Vitamin A-rich fruits 
 

ripe mangoes or papaya 

Nuts  peanuts, peanut butter, or cashews 

Cheese, yoghurt, milk or other milk 
products 
 

 

Not Aflatoxin-Prone 

Vitamin A-rich vegetables and tubers 
 

pumpkin, carrots, or sweet potatoes that are orange and yellow inside 

White tubers and roots or other starchy 
foods 
 

potatoes, white yams, white sweet potato (not orange inside), potato crisps or 
other foods made from roots (not orange or yellow roots), or cassava 
 

Dark green leafy vegetables 
 

spinach, rape, covo, chomolia, okra leaves, pumpkin leaves 
 

Other Vegetables squash, cauliflower, cabbage, onion, okra, or cucumbers 
 

Other fruits bananas, apples, guavas, oranges, other citrus fruits, pineapple, watermelon, 
grapes, grapefruit berries, or plums) 

Any beef, goat, lamb, chicken, duck, or 
other birds, liver, kidney, heart, or other 
organ meats 

 

Any foods made from beans, peas, or 
lentils 

beans, peas, lentils, other pulses, soyabeans, or peas 

Eggs eggs of different birds including chicken, duck, or turkey; with yolk or 
without yolk 

Fish big/small fresh or dried fish or shellfish such as prawn or crab 

Any foods made with oil, fat or butter  oil, fats (e.g. lard) or butter added to food or used for cooking 
 

Sweet things 
 

sugar, molasses, honey, chocolates, candies, or biscuits 
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Supplemental Table 4.2. Evaluation of Associations between Aflatoxin Exposure and Food 
Coping Strategies 

Have you ever 
practiced the 

following 
behaviors? 

Rationale  Percent Exposed 
to Aflatoxin 

P-Value 
(difference 

across 
categories)  

    

Potentially Protective Dietary Practices 
Limit portion size at meals 
(n=1672) 

Smaller portions of staple foods (e.g. maize) 
could decrease risk of exposure 

Yes 25.3 (81) 0.038 
No 31.2 (422) 

Reduce number of meals 
eaten per day (n=1671) 

Reduced meals could be associated be 
associated with reduced maize consumption 

and decreased risk of exposure 

Yes 26.8 (61) 0.231 
No 30.1 (422) 

Gather unusual types or 
amounts of wild food/hunt 
(n=1672) 

Increased dietary diversity and decreased 
reliance of aflatoxin-prone foods 

Yes 20.6 (37) 0.003 
No 31.2 (466) 

Potentially protective 
dietary practices 

Number of potentially protective behaviors 
practiced 

0 31.7 (355) 0.033 
1 30.4 (80) 
2 25.7 (56) 
3 17.4 (12) 

    

Potentially Risk Enhancing Dietary Practices 
Borrow food or rely on 
help from friend or 
relatives (n=1669) 

Donated food may be of lower quality and 
more likely to be contaminated 

Yes 26.8 (61) 0.231 
No 30.7 (442) 

Rely on less expensive or 
less preferred foods 
(n=1671) 

Less expensive sources of food may be more 
contaminated with aflatoxin 

Yes 29.7 (145) 0.722 
No 30.5 (356) 

Harvest immature crops 
(n=1673) 

Crops harvested when immature may not be 
fully dried and more prone to aflatoxin 

contamination 

Yes 30.2 (42) 0.968 
No 30.1 (461) 

Send household members 
to beg (n=1669) 

Donated food may be of lower quality and 
more likely to be contaminated 

Yes 32.0 (16) 0.763 
No 30.0 (486) 
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CHAPTER 5 

ASSOCIATION BETWEEN AFLATOXIN EXPOSURE AND MARKERS OF 

INTESTINAL AND SYSTEMIC INFLAMMATION IN PREGNANT RURAL 

ZIMBABWEAN WOMEN 

 

Abstract 

Aflatoxin exposure has been documented during pregnancy and has been suggested to be 

associated with adverse birth outcomes, but evidence from human studies is limited and the 

relevant mechanisms are poorly understood. We hypothesize that one mechanism may be 

through aflatoxin-induced immunomodulation and enteropathy leading to systemic 

inflammation. We aimed to 1) measure and describe exposure to aflatoxin and markers of 

intestinal and systemic inflammation (plasma C-reactive protein (CRP), plasma and stool α1-

antitrypsin (AAT), and stool myeloperoxidase) using commercially-available enzyme-linked 

immunosorbent assays in a community-based sample of 732 HIV-negative Zimbabwean 

pregnant women, and 2) explore the potential associations among aflatoxin exposure, 

enteropathy and inflammation. Thirty percent of women had detectable levels of aflatoxin M1 

(median, IQR of detectable= 184, 106-354 pg/mg creatinine). Almost half of the women had 

elevated levels of plasma CRP and AAT (45 and 46% respectively). There were significant 

differences across quartiles of aflatoxin exposure for CRP, but not for other demographic 

variables or other biomarkers. Fractional polynomial analysis revealed potentially non-linear 

relationships between aflatoxin exposure and CRP and stool AAT but not for plasma AAT nor 

fecal myeloperoxidase, indicating that aflatoxin may be associated with certain pathways to 
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systemic and mucosal inflammation in a dose-dependent fashion. These results suggest that 

aflatoxin exposure may contribute to the complex milieu of inflammation during pregnancy. 

Given the high prevalence of aflatoxin exposure and inflammation and the potential negative 

impacts during the critical period of pregnancy, future research in the context of adverse birth 

outcomes is warranted. 

 

Introduction 

Aflatoxins are toxic secondary metabolites of Aspergillus molds that contaminate staple foods 

such as maize and groundnuts.  It is estimated that over half the global population – 

predominantly those living in developing countries – are at risk of being exposed to dietary 

aflatoxins [1]. Aflatoxin is classified as a group 1 carcinogen [2] because of its link to 

hepatocellular carcinoma and has been associated with other adverse human health outcomes 

including infant growth faltering [3] and maternal anemia[4]. Although exposure during 

pregnancy has been widely documented [5, 6], the effects on the mother and fetus are not well 

understood.  

 

There are several challenges to human studies of aflatoxin: first, difficulty in measuring exposure 

dose; second, high variability in concentration within foodstuffs both temporally and spatially; 

third, heterogeneity of household dietary practices; and, fourth, high variability in metabolism of 

the toxin among individuals. Additionally, underlying biological mechanisms of toxicity and 

dosages associated with relative risk are not well described in humans.  
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Aflatoxin has complex effects on the immune system depending on exposure dose.  In vivo 

animal studies have shown a general suppression of pro-inflammatory cytokines following 

administration of relatively high doses of aflatoxin (3-15µg/kg bw), but an increase in pro-

inflammatory cytokine mRNA expression following low doses (0.01 and 0.1 ng/kg bw) [7, 8]. In 

vivo studies in animals and in vitro studies have demonstrated that low doses of aflatoxin down-

regulate anti-inflammatory cytokines such as interleukins (IL)-2, IL-4 and IL-10 [8-10] and 

upregulate pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), IL-1β, IL-6 

and interferon-gamma (INF-γ) [9, 11-13]. We have previously hypothesized that aflatoxin 

exposure may directly affect the regulation of pro-and anti-inflammatory cytokines, and this may 

provide a mechanism through which aflatoxin exposure in pregnant women and infants causes 

adverse birth outcomes and growth faltering [14-16].  Among pregnant women in Bangladesh 

and Nepal, concentrations of serum AF-albumin adducts (a marker of aflatoxin exposure) were 

positively associated with serum acute phase proteins alpha-1-acid glycoprotein (AGP) and C-

reactive protein (CRP) [17], but the dose-dependence of the relationship was not explored.  

 

We have hypothesized that aflatoxin-induced immunomodulation and decreased intestinal cell 

proliferation may result in altered intestinal architecture [18], leading to malabsorption of 

nutrients and impaired intestinal barrier function, which are hallmarks of enteropathy[15]. 

Enteropathy is common in developing countries and can have multiple causes including fecal 

ingestion, HIV and acute malnutrition[19]; the potential contribution of aflatoxin to this 

condition has not been explored in humans. In rats, chronic dosing with aflatoxin caused 

decreased intestinal cell proliferation [20] and significant increases in CD8+ T-cells in 

mesenteric lymph nodes and splenic tissue [9, 21].  Sufficient IL-2 and IL-10 secretion may be 
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an important mechanism for preventing enteropathy because both are able to down-regulate 

mucosal T-cell activation [22, 23]. IL-2 is an important modulator of intestinal cell proliferation 

[24]. Decreases in IL-2 and IL-10 reduce intestinal cell proliferation and the number of 

regulatory T-cells, leading to impaired barrier function and infiltration of activated mucosal T-

cells. This syndrome has been associated with changes in villous architecture, resulting in 

decreased surface area and increased permeability of the gut [25]. Together, these studies suggest 

that aflatoxin exposure may modulate cytokine expression and induce enteropathy and that 

effects on the immune system may depend on the dose of the toxin.  

 

Previously, we have reported that 30% of pregnant rural Zimbabwean women had detectable 

AFM1 in their urine (median of exposed 162.5 pg AFM1/mg creatinine) with a wide range in the 

level of aflatoxin exposure (range 30-6046 pg AFM1/mg creatinine). In this study, we therefore 

aimed to explore associations between aflatoxin exposure and markers of altered intestinal 

structure and function and inflammation in HIV-free Zimbabwean women in early pregnancy. 

We excluded HIV-infected women because of HIV’s known effects on inflammation.  We 

hypothesized that the relationship between aflatoxin and these markers may be dose-dependent. 

 

Methods 

Study Design 

Population and data collection 

The study site was Chirumanzu and Shurugwi districts in the Midlands Province in rural 

Zimbabwe, a subsistence farming region with considerable variation in topography.  Maize and 

groundnuts are the major food crops with a single growing season in which planting generally 
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begins with the first rains in November and crops are harvested in April and May [26]. The data 

were collected as part of the Sanitation Hygiene Infant Nutrition Efficacy (SHINE) trial –  a 

cluster-randomized community-based trial investigating the independent and combined effects of 

a nutrition intervention and a sanitation and hygiene intervention on linear growth and anemia in 

early childhood [27]. Briefly, between November 2012 and April 2015, 5,282 pregnant women 

were enrolled at a median gestational age of 14 weeks gestation through prospective pregnancy 

surveillance, following written informed consent. Within 2 weeks of enrollment, a baseline visit 

was conducted, which included collection of sociodemographic data and biologic specimens 

(mid-stream urine, blood, saliva and stool) from pregnant women. Samples were transported in 

cooler boxes from the mother’s homestead to a field laboratory and then stored at -80◦C after 

processing.  

 

HIV testing was conducted at the homestead during the baseline visit and follow-up visit during 

later pregnancy using a rapid test algorithm; women with a positive result at either of these visits 

were categorised as HIV-infected during the antenatal period. Hemoglobin was also measured 

with a hemoglobinometer (Hemocue, Sweden) at baseline and women were considered to be 

anemic if their hemoglobin was <11g/dL as per WHO definitions for pregnant women [28]. 

Urinalysis (BayerMutistix 10 SG reagent strips) was conducted to measure bilirubin, blood, 

glucose, ketones, leukocytes, nitrites, pH, protein, specific gravity and urobilinogen, and a 7-day 

recall was used to capture recent illness. Women were referred to the clinic if testing revealed 

moderate anemia (Hb<10g/dL), abnormal urinalysis (evidence of glycosuria, proteinuria, urinary 

tract infection or bilirubinuria), acute illness and/or positive HIV test. Of the 5,282 women, 

1,070 (30% HIV-positive) with available stool samples at the baseline visit were selected for 
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measurement of biological biomarkers with a purposeful oversampling of HIV-positive women 

(prevalence in study population is 16%) (Supplemental Table 5.1). The present analysis was 

limited to 732 HIV-negative women at baseline; HIV-positive women were excluded from this 

analysis because HIV is a complex virus that has significant effects on the immune system. 

Consistent with previously reported studies, CRP, sCD14 and I-FABP [29-31] were significantly 

higher in the HIV positive women measured from our study population (Supplemental Table 

5.1). Ethical approval for the SHINE trial, and for this current study, was obtained from the 

Medical Research Council of Zimbabwe (MRCZ) and from Johns Hopkins University 

Bloomberg School of Public Health, USA. It was approved by Cornell University through a 

blanket agreement with Johns Hopkins University.  

 

Laboratory Analysis 

Aflatoxin M1 

Urine samples were thawed and centrifuged to remove precipitate and diluted with distilled 

water; AFM1 was measured in duplicate by a direct ELISA (Helica, USA) as previously reported 

[32]. The intra- and inter-plate coefficients of variation (CV) for the assay in our lab were <3% 

and <15%, respectively. 

 

Urinary creatinine was measured on the same sample to adjust for physiological concentration, 

using a colormetric test for kinetic measurement using a clinical chemistry analyzer (Human 

Diagnostics, Germany). 

 

Biomarkers of gut damage and inflammation 
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In the SHINE trial, a broad range of biomarkers are hypothesized to represent several domains of 

environmental enteric dysfunction and inflammation [33]. Markers of intestinal and systemic 

inflammation were selected based upon the following underlying biological realities: potential 

biological relationship with aflatoxin exposure and the biological half-life (Table 5.1). According 

to the biological realities, fecal 1-antitrypsin (AAT) and myeloperoxidase were selected as 

markers of intestinal inflammation and serum CRP and 1-antitrypsin as markers of systemic 

inflammation.  The regulatory mechanisms are unclear for sCD14, and the half-lives for 

neopterin and I-FABP are relatively transient, indicating that they may be poorly representative 

of the underlying biological process. Therefore, sCD14, neopterin and I-FABP were excluded. 
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Table 5.1. Summary of Potential Biomarkers Considered for this Study  

Biomarker Underlying biological Process Hypothesized Relationship to Aflatoxin exposure Biological Half-life 

Urinary Aflatoxin 
M1 
 

Hydroxy metabolite of aflatoxin B1 and correlated with dietary 
intake (r=0.82) [34, 35] 
 

 21.6 hours [36] 
 

C-Reactive protein 
 

Acute phase protein regulated by interleukins- 6 and 1β[37] Aflatoxin may modulate cytokine expression which 
may cause changes in CRP. Aflatoxin has been 
shown to modulate cytokines depending on the dose 
including tumor necrosis factor alpha (TNF-α), 
interleukin-1β (IL-1β), interleukin-6 (IL-6) and 
interferon-gamma (INF-γ) [9, 11-13]. It has also 
been shown to be associated with elevated CRP in 
pregnant women[17].  

19 hours [38] 
 

    
Serum Alpha-1 
antitrypsin  

Acute phase protein produced primarily in the liver regulated by 
interleukin-6 [39].  

Aflatoxin may modulate AAT by changing cytokine 
expression.  

 
3-5 days[39] 
 

    

Fecal Alpha-1 
antitrypsin  
 

Acute phase protein of either hepatic or intestinal origin. [40] 
Fecal AAT has been associated with protein-losing enteropathy 
[41] 

AAT in stool may be indicative of intestinal leakage. 
Aflatoxin may affect the intestinal barrier function. 
 

 

Soluble CD14  
       

Acute phase protein regulated by interleukins and a co-receptor 
for lipopolysaccharide- has shown to be elevated in the absence 
of bacterial infection [42, 43] 

Aflatoxin may modulate sCD14 through modulation 
of cytokines. 

N/A 
 

    

I-FABP  
       

Facilitates fat absorption in the small intestine[44]. Mixed 
evidence on whether its presence in blood is associated with 
mucosal damage[45] 

Aflatoxin may cause damage to enterocytes by 
causing mucosal inflammation, but it is not clear in 
the literature how well I-FABP represents this 
process. 

 
11 Minutes[46] 

    

Fecal Neopterin  
 

Intermediary metabolite in the synthetic pathway of biopterin and 
is produced and released by phagocytic cells upon stimulation 
with interferon-γ. Has been correlated with macroscoptic 
intestinal inflammation in inflammatory bowel disease [47, 48]. 

Aflatoxin may modulate INF-γ which regulates 
neopterin. 

90 minutes [49] 

    

Fecal 
Myeloperoxidase  
 

Microbicidal and released from neutrophils by a degranulation 
process. Elevated levels have been found in inflammatory bowel 
disease. [50]  

Aflatoxin may stimulate muscosal inflammation 
triggering infiltration of neutrophils 

 
6 hours (mRNA)[51] 
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All analytes were measured by ELISA. CRP (R&D Systems, Minneapolis, Minnesota, USA) was 

measured according to manufacturer instructions, except that CRP was initially run at a 1:1000 

dilution because initial analyses indicated the majority of samples were too high to be measured 

at the suggested 1:100 dilution. Myeloperoxidase and AAT (Immunochom, Donnersberg, 

Germany) were run according to the manufacturer’s protocol except that both samples were 

centrifuged for 10 minutes at 10,000 rpm. Intra-plate and inter-plate CVs were as follows: CRP 

<7% and <10%; myeloperoxidase and AAT <7% and <20%. Plasma AAT was measured 

according to the manufacturer’s protocol. CRP was measured in duplicate and AAT and 

myeloperoxidase were measured in singlicate. All samples with CVs above 7% were rerun. 

Samples that fell out of the range of the standard curve were also rerun at alternative dilutions. A 

house quality control sample was included on all plates.  

 

Statistical Analysis 

 

Descriptive statistics about demographic and health characteristics were analyzed, calculating  

means and standard deviations for continuous variables and percentages for categorical variables. 

No biomarker was normally distributed, so medians and IQRs were calculated for all assays. A 

wealth index was created using the tetrachroric PCA command (STATA) including 18 variables 

on current access to water and sanitation, durable assets, and household characteristics equivalent 

to the variables used in the DHS rural wealth index [32, 52, 53]. Quartiles of aflatoxin exposure 

levels were calculated to examine variability across aflatoxin concentrations. Quartiles provided 

the best discrimination while maintaining adequate sample sizes within groups. ANOVA tests on 

transformed variables were conducted to assess differences across categories of aflatoxin 
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exposure. CRP and AAT were log transformed and myeloperoxidase used an inverse 

transformation.  

 

To examine the association and the shape of the potential relationship between aflatoxin 

exposure and markers of enteropathy and inflammation, we conducted fractional polynomial 

regression, an approach that avoids cut-points and is particularly useful for assessing 

relationships that may not be linear;  we followed the method described by Royston et al. [54]. In 

brief, in fractional polynomial analysis, the first test (inclusion) compares the fitted model to no 

effect of aflatoxin, the second test (linear) compares the fitted model to a pure linear model; the 

third test compares a first-degree polynomial model  linear model to a linear model (non-

linearity); and the 4th test compares a second-order fractional polynomial model to a first-order 

model and determines the best fit fractional polynomial model for the dataset if the first two tests 

for inclusion and non-linearity are significant.  

 

We also explored these signs of infection as covariates: reported fever, diarrhea, and presence of 

leukocytes and/or nitrites in urine. As CRP and AAT are acute phase proteins, individuals 

reporting signs of recent illness (defined as fever, diarrhea, cough or abnormal urinalysis) were 

excluded from these analyses. Fractional polynomial regression was conducted on untransformed 

data, as recommended [54]. For women with values of AFM1 below the detection limit, we 

imputed half of the lowest detectable value (20 pg/mg creatinine). All analyses were conducted 

with Stata 14. Fractional polynomial regression was conducted with the fp command. 
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Results 

Overall, 30% of the HIV-negative women had detectable AFM1 (median, IQR of detectable= 

184, 106-354 pg/mg creatinine; Table 5.2).  

 

Plasma, urine and stool samples were available for 708, 695, and 732 women at enrollment 

(mean 14 weeks gestation).  Mean maternal age was 26.6 years (SD 6.9) and almost 80 percent 

of women had completed some secondary schooling (Table 2), as expected given Zimbabwe’s 

high education rates [55].  Twenty-three percent of women had hemoglobin <11g/dL. Median 

CRP was 2.6 mg/L (IQR 1.1-6.1) with significant variability among AF quartiles (p=0.041). 

Median CRP was 69% (2.6 mg/l vs. 4.4 mg/l) higher in the first quartile of aflatoxin exposure 

than in those with undetectable AFM1. Median (IQR) values for plasma AAT, fecal AAT, and 

myeloperoxidase were 1.8 (1.4-2.2) mg/ml,  0.06 (0.03-0.10) mg/g and 1103.7 (905.8, 1502.1) 

ng/ml respectively; none varied significantly across AF quartiles.  

 

There were no significant correlations between the biomarkers (Supplemental Table 5.2). 
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Table 5.2   Characteristics of Study Participants (HIV-uninfected Pregnant Zimbabwean women) according to Quartile of Urinary 
Aflatoxin M1 Concentration 

Characteristica 
 Urinary aflatoxin M 1 concentration quartile (pg/mg) p value 

 All 
 Non-

detectable 
 

37-105 
 

 106-183 
 

 184-353 
  354-

5652 
 

 

 
Age, mean ± SD, y  26.6 (6.9) 

 
26.7 (6.8) 

 
27.0 (6.5) 

 
26.6 (5.9) 

 
26.8 (7.5) 

 
26.4 (8.1) 0.99 

 
Height, mean ± SD, cm 

 160.0 (5.8) 
 

159.7 (5.8) 
 

160.4 (5.2) 
 

159.8 (6.1) 
 

160.8 (5.2) 
 

161.6 (6.8) 0.63 

 
Body Mass Index, mean 
± SD 

 24.1 (10.0) 
 

24.2 (11.4) 
 

23.1 (6.1) 
 

23.0 (5.8) 
 

24.4 (5.1) 
 

24.4 (5.8) 0.89 

 
Education, n (%) 

  
 

 
 

 
 

 
 

 
 

 

0.07     None  43 (4.5)  25 (5.4)  0  1 (2.1)  0  2 (4.6) 
Primary    161 (16.8)   72 (15.5)  4 (8.7)  5 (10.9)  1 (2.3)  5 (11.6) 

    Secondary  78.7 (752)  367 (79.1)   42 (91.3)  40 (87.0)  43 (97.7)  36 (83.7) 
 
Wealth Index,b quintile  

  
 

 
 

 
 

 
 

 
 

 

0.42 
1st    83 (18.6)  6 (13.3)  7 (16.3)  6 (14.3)  7 (15.6) 
2nd    89 (19.9)  10 (22.2)  4 (9.3)  9 (21.4)   10 (22.2) 
3rd    102 (22.8)   8 (17.8)  8 (18.6)  4 (9.5)  8 (17.8) 
4th    98 (21.9)  12 (26.7)  15 (34.9)  15 (35.7)  8 (17.8) 
5th    75 (16.8)  9 (20.0)  9 (20.1)  8 (19.0)  12 (26.7) 

 
Household size,  mean ± 
SD  

 5.0 (2.2) 
 

5.0 (2.1) 
 

5.2 (2.4) 
 

5.5 (3.2) 
 

5.2 (2.1) 
 

4.9 (2.0) 0.57 

 
Anemic,c n (%) 

 202 (22.9) 
 

75 (17.4) 
 

4 (9.8) 
 

7 (16.3) 
 

10 (24.4) 
 

9 (20.0) 0.51 

 
+Urine leukocytes, n(%) 

 86 (12.6) 
 

59 (12.2) 
 

4 (8.5) 
 

6 (12.8) 
 

5 (10.6) 
 

10 (21.3) 0.38 

 
+Urine nitrites, n(%) 

 111 (16.2) 
 

75 (15.5) 
 

4 (8.5) 
 

10 (21.3) 
 

13 (27.7) 
 

6 (12.8) 0.09 

 
Recent acute illness,d n 
(%)  

 4 (0.05) 
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aNos. of observations were  682 (age); 679 (height); 646 (BMI); 643 (education); 622 (wealth index); 655 (household size); 601 (anemic); 683 (urinary leukocytes and nitrites); 
732 (recent illness); 695 (mean (SD) urinary AFM1 concentration); 663 (plasma CRP); 650 (plasma AAT); 681 (fecal AAT); 682 (fecal myeloperoxidase). 
P values represent an ANOVA test for continuous variables and a chi2 for categorical variables 
b Asset-based wealth index developed using polychoric PCA with 18 variables representing current access to water and sanitation, durable assets, and household characteristics 
equivalent to the variables used in the DHS rural wealth index[52, 53] 
c Hemoglobin <11.0 mg/dl 
d History of cough, diarrhea, fever in past 7 days 
e Alflatoxin M1 
f C-reactive protein 
g Alpha-1-Antitrypsin

Table 5.2 continued              
 
Urine AFM1e/mg 
creatinine  
[n=311, 30% detectable] 
    Median 
    IQR  

 
 

184.0  

(106.0,353.9
)  N/A  

 
78.6 

(61.6,95.7)  

 
 
 

143.1 
(119.8,160.7
)  

 
227.8 

(206.6,277.2
)  

 
568.1 

(445.3,916.5)  
 
Plasma CRP,f mg/L   
     Median (IQR),    
     n(%) detectable  

 

 
 

2.6 (1.1,6.1) 
979 (99)  

 
 

2.6 (1.0, 5.8) 
472 (99)  

 
 

4.4 (1.9, 9.0) 
48 (100)  

 
 

2.6 (1.4, 6.0) 
45 (100)  

 
 

2.7 (1.1, 9.2) 
48 (100)  

 
 

2.9 (1.3, 6.5) 
45 (100) 

 
 

0.04 

 
Plasma AAT,g mg/L   
     Median (IQR),    
     n(%) detectable  

 
1.8 (1.4, 2.2) 

880 (92)  
1.8 (1.4, 2.3) 

619 (92)  
1.8 (1.4, 2.1) 

56 (95)  
1.7 (1.3, 2.1) 

49 (87)  
1.8 (1.3, 2.1) 

54 (93)  
1.6 (1.2, 2.1) 

51 (91) 

 
 

0.26 

 
Fecal AAT, g  mg/g 
     Median (IQR),    
     n(%) detectable  

 

 
 

0.06 
(0.03, 0.10) 

267 (27)  

0.05  
(0.03, 0.09) 

94 (19)  

0.08  
(0.05, 0.14) 

14 (28)  

0.09  
(0.04, 0.15) 

12 (25)  

0.08  
(0.03, 0.13) 

15 (31)  

0.04 
(0.03, 0.09) 

8 (17) 

 
 

0.18 

 
Fecal Myeloperoxidase, 
ng/g   
     Median     
      (IQR) 
     n(%) detectable  

 
1103.7 

(905.8,1502.1
) 

493 (49)  

1109.2  
(944.8, 
1536.6) 
232 (47)  

1128.3 
 (861.0, 
1460.9) 
24 (50)  

947.9 
 (912.0, 
1498.9) 
24 (50)  

1022.4 
 (874.5, 
1428.6) 
24 (50)  

931.3 
 (840.8, 
1244.8) 
31 (65) 

 
 

0.51 
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Criteria for fractional polynomial model selection and final significant models are reported in 

Table 5.3. For example, for fecal AAT, we can reject the null model, the linear model and the 

first degree polynomial model with a p value of <0.10, leaving us with the best fit of a second 

degree polynomial model (-0.5, -0.5). In contrast, for plasma AAT, we cannot reject the null 

model, and therefore conclude there is no evidence of a relationship between aflatoxin and 

plasma AAT. Final deviance differences for CRP indicate that either a 1st degree or 2nd degree 

polynomial model achieves sufficient fit, although the R2 for the 2nd degree model (-1,-0.5) was 

higher. For myeloperoxidase the deviance differences indicate that all models fail the test for 

inclusion and cannot achieve a significant fit indicating there is no evidence of a relationship 

between aflatoxin exposure and myeloperoxidase. The predicted models and their respective 

confidence intervals for CRP and fecal AAT are plotted in Figure 5.1. For both models, there is 

evidence of a non-linear relationship between aflatoxin exposure and the biomarker. 
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Table 5.3 Fractional polynomial model selection 

  Deviance 
difference 

P* Powers 

     
     

CRP Inclusion 9.2 0.059  
 Linear 9.0 0.03 1 
 First 

degree 
3.9 0.147 -2 

 Second 
degree 

0 -- -1, -0.5 

     

Plasma AAT Inclusion 3.5 0.482  
 Linear 3.3 0.356 1 
 First 

Degree 
.46 0.797 -2 

 Second 
Degree 

0 -- 0.5, 1 

     

Fecal AAT Inclusion  15.3 0.004  
 Linear 14.9 0.002 1 
 First 

degree 
7.0 0.032 -2 

 Second 
Degree 

0 -- -0.5, -0.5 

     

Myeloperoxidase Inclusion 6.3 0.18  
 Linear 6.1 0.11 1 
 First 

Degree 
0.77 0.68 -1 

 Second 
Degree 

0 -- 0, 0 

The first test (inclusion) compares the fitted model with no effect of aflatoxin, the second test (linear) compares the pure linear 
model with the fitted model; the third test compares a first-degree polynomial model  linear model with a linear model (non-
linearity); and the 4th test compares a second-order fractional polynomial model to a first-order model and determines the best fit 
fractional polynomial model for the dataset if the first two tests for inclusion and non-linearity are significant. Women with 
reported acute infection (fever, diarrhea, cough), and signs of urinary tract infection (presence of leukocytes/nitrites in urine) 
were excluded from analyses for systemic acute phase proteins (plasma CRP and AAT). 
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Figure 5.1 Fractional Polynomial Model predicting the Relationship between Recent Aflatoxin 
Exposure and Inflammation  
A. Fractional polynomial predicting the relationship between AFM1 and CRP; CRP= 1.63 – 0.33(0.14)^-1 
+2.74 (1.28)^-0.5 where standard errors are in parentheses; R2=0.02. B. Fractional polynomial predicting the 
relationship between AFM1 and fecal AAT; Fecal AAT= -0.03 + 0.04(0.01)^-.05 +0.008 (0.003)^-0.5 where 
standard errors are in parentheses; R2=0.02.  Gray shading represents the 95% confidence interval. 
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Discussion 

The primary aim of this study was to evaluate the potential relationship between aflatoxin 

exposure and biomarkers of intestinal and systemic inflammation (fecal myeloperoxidase and 

alpha-1-antitrypsin and plasma CRP and alpha-1antitrypsin) in pregnant women at high risk of 

aflatoxin exposure.  

 

Overall 30% of the study population had detectable urinary AFM1, indicating recent exposure to 

aflatoxin from food. Given the high frequency of aflatoxin contamination of crops and biological 

plausibility for mechanism of action[15], it is a relevant to evaluate the potential contribution of 

aflatoxin ingestion to intestinal and systemic inflammation in rural Zimbabwe. Using a fractional 

polynomial approach to assess relationships between AFM1 and biomarkers, we found 

significant but non-linear associations with two of the four biomarkers studied, suggesting that 

aflatoxin exposure may contribute to mucosal and systemic immunomodulation and that the 

relationship may be dose-dependent. The R2 for the models were small (0.02) indicating poor 

predictive power of the models likely because of the multiple interacting causes of inflammation 

during pregnancy.  Nevertheless, this relationship may have public health importance given the 

high prevalence of chronic low-dose exposure to aflatoxin in the developing world.   

 

We report levels of fecal myeloperoxidase and AAT, and plasma CRP and AAT as indicators of 

the process of intestinal and systemic inflammation.  Overall, many of these women show 

evidence of elevated markers of mucosal inflammation, although at lower prevalence than 

previously reported in Bangladeshi children [56, 57]. When compared to clinical non-tropical 
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standards (myeloperoxidase <2000 ng/L[58] and AAT<0.54 mg/g [59]), 8% have elevated 

myeloperoxidase, and 0.1 % elevated fecal AAT. In contrast, in Bangladeshi infants prevalence 

of elevated myeloperoxidase was greater than 80% [56] and overall median values in infants of 

0.44 mg/g for fecal AAT and 11,118 ng/ml for myeloperoxidase [57].  

 

A greater proportion of women showed signs of systemic inflammation; 45% of women have 

CRP levels above 3 mg/L  and 31% above 5 mg/L (upper limit of reference range =1.27 

mg/L[60]), and 46% have plasma AAT levels above the established upper limit of the clinical 

reference range (190 mg/dL[61]). Although pregnancy is a naturally inflammatory state, 

previous studies examining CRP in early pregnancy have found an association between elevated 

CRP and preterm birth [62, 63]. 

 

We hypothesized that aflatoxin exposure may be associated with mucosal and systemic 

inflammation. Our analyses indicate that aflatoxin may be associated with some markers of 

mucosal and systemic inflammation in a non-linear dose dependent manner. CRP is the only 

biomarker in which a difference across levels was detected with both an ANOVA test and a 

fractional polynomial model.  Traditional cut-point methods of analyzing continuous biological 

data may not be sufficient to examine non-linear relationships when the relative dose of 

importance is unknown [54]. Fractional polynomial models are data-driven models to help 

elucidate the shape of an unknown relationship in a statistically rigorous way. Our results 

suggest that there may be a relationship between aflatoxin exposure and CRP and fecal AAT, 

and that this relationship is not linear. AFM1 was not significantly associated with fecal 

myeloperoxidase or serum AAT which may indicate that aflatoxin exposure impacts certain 
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inflammatory pathways and not others. In addition, fecal myeloperoxidase has been largely 

associated with lower bowel inflammation[64], and aflatoxin is largely absorbed in the small 

intestine [65]. 

 

Women with low levels of aflatoxin exposure had higher levels of CRP than women with non-

detectable aflatoxin exposure, but CRP decreased as aflatoxin exposure increased. Groopman et 

al. (2014) reported a significant association between aflatoxin-albumin and CRP; in pregnant 

women with CRP greater than 5 (indicating inflammation), the geometric mean of aflatoxin-

abumin was 118 pg/mg alb, whereas in women with with CRP levels below 5 (indicating no 

inflammation), the geometric mean was 23 pg/mg alb [17].  

 

Two studies have shown a significant correlation between aflatoxin-albumin and AFM1, 

indicating that AFM1 may be a useful proxy for AF-ALB with R2 of 0.27 and 0.35 respectively 

[66, 67]. To compare our results to this prior study, we used the correlations reported by 

Piekkola et al.[66] to calculate the equivalent AFM1 level associated with the AF-alb results 

reported by Groopman et al. [17]. For pregnant women with CRP of below 5 mg/L (indicating no 

clinically relevant inflammation), the associated AFM1 level calculated was 47 pg/mg creatinine; 

for women with CRP of above 5 mg/L (indicating inflammation) the associated AFM1 level 

calculated was 170 pg/mg creatinine. Interestingly, these calculated values are similar to the low 

to medium ranges of exposure in our study population, and correspond to the range of exposure 

in which we find elevated CRP.  
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The shape of the relationship between fecal AAT and AFM1 was similar to that observed for 

CRP.  Low levels of aflatoxin dose were associated with higher levels of AAT compared to non-

detectable levels, but as aflatoxin levels increase, AAT decreased.  

 

We studied women during pregnancy, when the innate immune system is stimulated and there 

are increased numbers of monocytes and granulocytes as early as the first trimester onwards 

[68]. Nevertheless, greater inflammation during pregnancy is a risk factor for preterm birth and 

may be a contributing risk factor for other adverse birth outcomes [15, 69], suggesting that 

although pregnancy is a naturally proinflammatory state, an overactive immune system is 

associated with adverse birth outcomes. We found a high prevalence of systemic inflammation 

with almost half of women with elevated plasma CRP and AAT. Our data suggest that there may 

be an association between prevalent aflatoxin ingestion and systemic inflammation.   

 

These potential immunomodulatory effects do not appear to be linear. The relationship between 

aflatoxin and biomarkers appears to be stimulatory at low levels, whereas CRP and fecal AAT 

decrease at higher levels, although still remain elevated when compared to those with AFM1 

below the detection limit. Furthermore, the range at which aflatoxin appears to be 

immunostimulatory is less than 200 pg/mg creatinine with the peak indicated by the fractional 

polynomial models for CRP occurring at 50 pg/mg creatinine and for fecal AAT at 75 pg/mg 

creatinine. In Egypt, the geometric mean of those with detectable AFM1 was 20 pg/mg 

creatinine [70], whereas in this study in Zimbabwe, the geometric mean was 201 pg/mg 

creatinine. In Ghana, considered a high-risk country for aflatoxin exposure, two recent studies in 

adults and children have found comparable ranges and medians to those found in this study [71, 
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72]. In our study population, 52% of those with detectable AFM1 have values below 200 pg/mg 

creatinine.   

 

This analysis illustrates the potential limitation of conducting a traditional cut-point analysis 

assessing an unknown relationship between an exposure variable and a biological process, 

especially if prior studies indicate the potential presence of a non-linear trend. It is critical that 

studies investigating the relationship between aflatoxin and immune modulation involve a 

careful analysis, interpretation and discussion of the ranges of exposure in a given population.  

 

A major strength of our study is that we have a well-characterized population of rural pregnant 

women with known HIV-status and information about acute and chronic illness. In addition, we 

have documented a large range of exposure among those with detectable aflatoxin in their urine, 

allowing us to explore potential relationships across a large gradient. Although markers of 

mucosal inflammation and enteropathy are not yet well-defined in the literature, especially in 

healthy rural populations, we have been able to explore several novel biomarkers including AAT 

and myeloperoxidase. We have furthermore confirmed a non-linear relationship between 

aflatoxin exposure and CRP.  

 

One limitation of our analyses is that levels of all of the investigated biomarkers are driven by 

complex processes that may be unaccounted for in our analyses. Additionally, biomarkers have 

different half-lives. Aflatoxin M1 has a half-life of about one day[36], indicating that it 

represents exposure over approximately the previous 3 days, although other studies have 

reported significant correlations between AF-alb (which indicates exposure over the last 2-3 
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months)[66, 67]. We have previously shown that aflatoxin exposure varies significantly 

throughout the year; some of the women with detectable AFM1 will be chronically exposed and 

some will have only experienced acute exposure. Our analyses show an association between 

AFM1 and markers of intestinal and systemic inflammation, but do not address the potential 

differences in effect between these types of exposure. The strength of the associations between 

aflatoxin and relative biomarkers is likely to be influenced by the heterogeneity in the relative 

half-lives of the biomarkers.  An additional limitation of our analyses is that we were not able to 

evaluate a relationship with gut damage or microbial translocation which is part of our 

hypothesized pathway by which aflatoxin exposure could cause inflammation. Elucidating these 

potential pathways could enhance our understanding of how aflatoxin influences the milieu of 

inflammation. 

 

Nevertheless, this study uncovers potentially important relationships between recent aflatoxin 

ingestion and markers of local and systemic inflammation that have not been previously 

reported. Given the potential negative health impact of inflammation during pregnancy and the 

relatively high burden of aflatoxin exposure in the developing world, understanding the 

relationship in the context of adverse birth outcomes is of critical importance.  
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Supplemental Table 5.1 Biomarkers in Zimbabwean Pregnant Women by HIV status 

Biomarker HIV Positive 
Women 

HIV Negative P value  

    

AFM1 (HIV-positive 
n=316; HIV-negative 
n=695) 
       Pg/mg creatinine 

 
175.5 

  (108.6,309.8) 

 
184.0 

(106.0,353.9) 

 
0.4288 

        % detectable 33 29  

CRP (HIV-positive 
n=313; HIV-negative 
n=703) 
       mg/L 

 
4.0  (1.9, 7.8) 

 
2.8 (1.2, 6.0) 

 
0.0029 

      % detectable 99 99  

Plasma Alpha-1 
antitrypsin (HIV-
positive n=309; HIV-
negative n=681) 
      mg/ml 

 
 
1.8 (1.4, 2.2) 

 
 
1.8 (1.4, 2.2) 

 
 
0.8312 

      % Detectable 93 91  

sCD14 (HIV-positive 
n=317; HIV-negative 
n=708) 
      ug/ml 

 
1.5 (1.3, 2.0) 

 
1.2 (1.0, 1.5) 

 
<0.0001  

      % detectable 100 100  

I-FABP (HIV-positive 
n=294; HIV-negative 
n=530) 
      Ng/ml 

 
0.49 (0.30, 0.74) 

 
0.33  (0.21,0.47) 

 
0.0004 

      % detectable 98 98  

Fecal Neopterin 
(HIV-positive n=326; 
HIV-negative n=731) 
      nmol/L 

 
 
55.8 (44.3, 85.1) 

 
 
53.4 (44.1, 67.1) 

 
 
0.1214 

      % Detectable 57 44  

Fecal Alpha-1 
antitrypsin (HIV-
positive n=326; HIV-
negative n=731) 
      mg/g 

 
 
0.06 a(0.04, 0.13) 

 
 
0.05(0.03, 0.10) 

 
 
0.3319 

      % Detectable 39 21  

Fecal 
Myeloperoxidase 
(HIV-positive n=326; 
HIV-negative n=732) 
      ng/ml 

 
1098.5 (890.1, 
1448.5) 

 
1107.2 (905.9, 
1527.0) 

 
0.8966 

      % Detectable 49 48  

*Medians and IQRs are reported as all biomarkers were not normally distributed. Percent with detectable were also reported as 
the rate of detection also varied. Limits of detection are as follows: AFM1-80pg/ml; CRP- 0.01 mg/l; NEO- 0.7nmol/l; AAT- 1.5 
(mg/g); myeloperoxidase- 1.6 ng/ml; sCD14- 0.000125 ug/ml; and IFABP-0.047 ng/ml.  
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Supplemental Table 5.2 Correlation Matrix of Biomarkers of Intestinal and Systemic 
Inflammation  
 CRP Plasma AAT Fecal AAT myeloperoxidase 

CRP 1    

Plasma AAT 0.06 1   

Fecal AAT 0.02 -0.03 1  

myeloperoxidase 0.04 0.06 -0.15 1 

None of the biomarkers were significantly correlated with all p 
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CHAPTER 6 

CONCLUSION 

 

Overview 

Human nutrition research is rightly focused on nutrients and energy and their effects on health. 

However, chemical contaminants, additives and toxins co-occur in foods and can have 

substantive negative effects on human health. Mycotoxins are commonly present in common 

foods such as maize and groundnuts that are widely consumed by billions of people.  Aflatoxins 

were structurally identified in the 1960’s and have been widely studied by toxicologists for the 

last 50 years; as relevant biomarkers of exposure were developed, exposure was documented in 

sub-Saharan Africa and Southeast Asia, and studied extensively for its role in hepatic 

carcinoma1.  

 

Although extensively studied by toxicologists and animal scientists, much less is known about 

how chronic exposure to mycotoxins affects maternal and child health in the context of the 

human diet. The majority of research on the immunomodulatory effects of mycotoxins has been 

conducted on farm animals and animal models, yet it is likely that there is greater variability in 

human exposure because of the high variability in contamination within certain foods. 

Additionally, the difference in susceptibility to the toxins depends on the fraction of the dose that 

is directed into various potential pathways, with harmful exposure depending on the fraction that 

is able to react with DNA and proteins. High variability in potential human exposure combined 

with variability in the metabolism of exposure create difficulty in assessing the potential effects 

of the exposure in human populations. The majority of studies assessing exposure in humans are 



123 
 

small and do not allow interpretation or discussion about the variability of aflatoxin exposure in 

free-living humans and what that might mean for assessing associations with disease outcomes. 

There are only a few small studies addressing mycotoxins and their effect on the developing 

fetus and infant. Although these studies are suggestive of an association, there is very little 

empirical evidence in humans to the causal mechanisms by which aflatoxin could be associated 

with these outcomes and the dose response relationship. 

 

Given these gaps in the literature, this collection of studies aimed to achieve the following: 

1.  Evaluate existing human, animal and cellular evidence for the the causal relationship between 

mycotoxins (particularly aflatoxin) and adverse birth outcomes and subsequent child stunting. 

This will facilitate the development of testable frameworks for future research. 

 

2. Describe aflatoxin exposure in a cohort of women during early pregnancy in rural Zimbabwe 

over one complete calendar year, and explore potential determinants of exposure including 

seasonality, agroecology, and dietary practices. 

 

3. Informed by aims 1 and 2, evaluate the potential relationship between biomarker of aflatoxin 

exposure (AFM1) and biomarkers of gut damage (serum IFABP and sCD14) and local (fecal 

neopterin, myeloperoxidase, alpha-1-antitrypsin) and systematic immune activation (serum CRP, 

neopterin and alpha-1-antitrypsin) in rural Zimbabwean pregnant women.   
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Empirical synthesis  

The major contributions of this research addressed gaps in knowledge about distribution and 

variability in aflatoxin exposure and suggested potential mechanisms by which mycotoxins, 

particularly aflatoxin could contribute to adverse birth outcomes and subsequent child stunting. 

 

In our analyses, we found that one third of pregnant rural Zimbabwean women had detectable 

urinary aflatoxin M1, indicating they had ingested aflatoxin in the past few days. The range of 

aflatoxin excretion in this population is large (37 -6000 pg/mg creatinine). The prevalence and 

severity of aflatoxin exposure varied significantly throughout the year, with the highest 

prevalence of detectable exposure in May, but the largest proportion in the highest tertile of 

excretion in September. Understanding seasonal variability in aflatoxin exposure is critical for 

understanding its potential relationships to disease outcomes, particularly if there are critical time 

periods during pregnancy or early infancy in which exposure to aflatoxin could be more 

important. Although we found aflatoxin exposure to be fairly ubiquitous in our study region, 

there was significant variability in the prevalence of exposure by locale, and this variability was 

partially explained by elevation. Although the study region is mid to high altitude (800-1500m), 

areas in the mid-altitude range had higher prevalence of aflatoxin exposure. Dietary practices at 

the household level were also predictive of aflatoxin exposure, with greater reliance on aflatoxin-

prone foods (maize, groundnuts, milk and vitamin-A rich fruits) being associated with higher 

odds of risk of exposure. 

 

In our analysis of the available literature, we identified several inter-related mechanisms by 

which mycotoxins could contribute to the burden of adverse birth outcomes and child stunting. 
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We have identified a potential causal mechanism by which aflatoxin and other mycotoxins may 

interfere with fetal development and child growth causing enteropathy and inflammation. 

Through development of two conceptual frameworks, we have outlined potential causal 

pathways to direct future research. 

 

Lastly, in a cohort of pregnant Zimbabwean women, we have found that recent exposure to 

aflatoxin (AFM1) was associated with markers of mucosal (stool AAT) and systemic 

inflammation (CRP). Although the analysis was exploratory in nature, these findings suggest that 

aflatoxin may contribute to the high burden of inflammation in these pregnant women; 

inflammation could be an important cause of adverse birth outcomes2.  

 

Theoretical contributions 

This work highlights two important theoretical considerations to understanding distribution and 

variability of aflatoxin exposure and potential causal mechanisms by which aflatoxin may 

contribute to adverse birth outcomes and child stunting. First, the high level of temporal and 

spatial variability in exposure makes any inferences about the relationship between aflatoxin and 

human health outcomes potentially seasonally and spatially dependent. Second, we have outlined 

strong biological plausibility that aflatoxin exposure may contribute to inflammation and it is 

biologically plausible that this pathway could be a central mechanism by which aflatoxin may 

cause adverse birth outcomes and child stunting.  
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Recommendations for future research 

This research illustrates that aflatoxin exposure is widespread in a region where one third of 

children are stunted. Additionally, it suggests several mechanisms by which aflatoxin could 

plausibly contribute to the burden of child stunting.   

 

Overall, the large burden of aflatoxin exposure and known adverse health effects suggest the 

need for developing appropriate and effective programs for mitigating aflatoxin exposure in 

areas at risk. The presence and severity of food aflatoxin contamination depends on multiple 

environmental and harvest factors including elevation, rainfall, pre- and post-harvest practices 

and storing conditions. Human exposure further depends on household dietary practices. 

Mitigating the multiple influences of human aflatoxin exposure will likely require a package of 

behavior change and technological advancements to address issues related to field 

contamination, storage contamination and human consumption. Future research should focus on 

the development and implementation of these programs and careful impact assessment on 

pregnancy outcomes and child growth. 

 

Policy Implications 

The findings from this work have significant policy implications in Zimbabwe and globally. This 

body of work, including the research questions, was developed in collaboration with the 

Zimbabwean government including the Food and Nutrition Council, the Ministry of Health and 

Child Care and the Ministry of Agriculture to inform policy decisions about future aflatoxin 

mitigation strategies.  
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Zimbabwe’s Food and Nutrition Security Policy aims to ensure that food and nutrition security is 

achieved for all Zimbabweans, particularly the poor and most vulnerable so as to ensure sustained 

economic growth for the nation.  Agriculture is a key sector for achieving food security. Increased 

agricultural productivity of a diverse range of crops and livestock has great potential to contribute 

to meeting food security and nutrition objectives of the nation and to enhance economic growth 

through trade.  However, this will only happen if food safety is ensured at all stages of the food 

chain, from farm to fork.   

 

These findings suggest that mitigation of aflatoxin exposure is of national concern as it is common 

and may be a threat to human health. In the process of conducting this research, we convened 

stakeholders from the Zimbabwe Ministry of Agriculture, the Ministry of Health and Childcare 

and the Food and Nutrition Council, as well as various donor stakeholders including the European 

Union, DFID, USAID and FAO to discuss role of aflatoxin exposure in implementation of multi-

sectoral nutrition-sensitive programs, and development of food safety policy.  These research 

findings have provided a foundation for commencing a multi-sectoral discussion of priorities for 

investment, programmatic actions and surveillance. 

 

Limitations 

Although this work has made significant contributions, there are several limitations that should 

be noted. First, our analysis assessing the determinants of aflatoxin exposure is limited to one 

calendar year. It is likely that there is significant variability across years that should be further 

explored. Nevertheless, this is the largest observational study assessing aflatoxin M1 in sub-

Saharan Africa and shows important seasonal variation within the year.  
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Second, all analyses are cross-sectional, which allowed us to explore potential associations but 

does not indicate causality. In our analyses assessing the association between aflatoxin exposure 

and markers of enteropathy and inflammation, all of the biomarkers have different half-lives 

which may weaken the potential associations with aflatoxin exposure. Although our research 

focused on a well-characterized cohort, there are also many unmeasured potential causes of 

enteropathy and inflammation in this population.  
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