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In addition to testing fingers, food, and drinking water of infants, three infants actively 

ingested 11.3 ± 9.2 (mean ± SD) handfuls of soil and two ingested chicken feces

2 ± 1.4 times in 6 hours…  A one-year-old infant ingesting 1 gram of chicken feces in

a day would consume 4,700,000–23,000,000 E. coli.
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ENVIRONMENTAL ENTERIC DYSFUNCTION (EED)

• EED is a subclinical condition of the 

small intestine characterized by:

– Villous atrophy;

– Crypt hyperplasia;

– Increased intestinal permeability;

– Inflammatory cell infiltrate;

– Malabsorption.

• Exact cause is unknown, but EED likely 

results from chronic fecal-oral exposure 

to enteropathogens that commonly 

occurs in poor sanitary conditions.

Figure A. Villi of small 

intestine – normal histology

Figure B. Villi of small 

intestine – enteric dysfunction 

Korpe and Petri. Trends Mol Med, 2012; 18(6):328-36.

Figure A: pathologyoutlines.com; Figure B: nature.com/ajg/journal/v100/n1



Keusch et al. CID 2014: 

59 (Suppl 4) S207
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Front. Immunol., 24 May 2013 | https://doi.org/10.3389/fimmu.2013.00109

https://doi.org/10.3389/fimmu.2013.00109
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Am J Clin Nutr 2016;103:1548–54
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Higher concentrations of anti-flagellin IgG and anti-LPS IgG were 

significantly associated with shorter length of infant 

gestational age at birth, lower length at birth, and lower LAZ 

at birth
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CONCLUSIONS
• Key challenges persist, including a lack of agreed-upon case-definition and diagnostic 

criteria for EED

• Given that EED has multiple domains, a multi-plex panel of biomarkers may be a 

promising path forward. 

• The connection between poor WASH and EED is still hypothesized but has strong biological 

plausibility. 

• There is mounting evidence  that EED impairs linear growth in infants and young children in 

LMICs. 

• More research is needed on the role of EED in birth outcomes, micronutrient 

deficiencies, and other forms of undernutrition. 





Mycotoxins, the Microbiome and 

Environmental Enteric Dysfunction
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Risk factors
Aflatoxin exposure
Other mycotoxin exposure
EED
Inflammation

Birth outcomes
Low birth weight
Small for Gestational Age
Low weight for age/weight for 
height (WAZ, WLZ)
Head circumference for Age
Short for GA (LAZ), stunted at 
birth

Risk factors
Aflatoxin exposure
Other mycotoxin exposure
EED, inflammation and the microbiome

Outcomes
Attained length/LAZ, WAZ and WLZ at 2 or 
5 years
Risk of being stunted, underweight, 
wasted at 2 or 5 years
Recovery from Moderate Acute 
Malnutrition



NUTRITION INNOVATION LAB STUDIES
• Timor Leste (n=513): Cross sectional national survey conducted as part of the Timor Leste Food and Nutrition Survey of 

2013, children < 59 months of age

• Mozambique (n=894): Cross sectional survey representative of 10 districts of Nampula province, Mozambique, children 6 

months to 59 months of age

• Uganda: 

– Mukono Cohort (Longitudinal birth cohort following up pregnant women through birth in Mukono district) (n= 254)

– Gulu Cohort (Longitudinal birth cohort called PreNaps that followed pregnant women through early infancy in Gulu

district (n=403)

– Uganda Birth cohort (longitudinal birth cohort following pregnant women through 12 months infant age in 8 districts in 

rural Uganda (n=5000 mother-infant dyads)

• Nepal (n=1675) : Aflacohort Study- a longitudinal birth cohort that followed 1675 mother-infant dyads from pregnancy 

through 26 months of age 

• Sierra Leone (n= 520) : USAID Food Aid Quality Review Four Foods MAM treatment study, Pujehun district of Sierra 

Leone, children under 59 months of age, diagnosed with moderate acute malnutrition 



WHAT CAN WE SAY ABOUT THE INTERACTIONS OF 

MYCOTOXINS, EED AND MICROBIOME? 

EXAMPLES: AFLACOHORT NEPAL AND FOUR FOODS 

STUDY, SIERRA LEONE





Exposure to Environmental 

Contaminants

Ingestion of Microbes and 

Contaminants 

Changes in Microbiota Profile

Microbes, poor WASH

Aflatoxins, other mycotoxins

Microbiota analysis

Changes in Small Intestine

Impaired Tight Junctions 

Villous Atrophy Intestinal Permeability

Microbial Translocation

Environmental Enteric 

Dysfunction

Reduced Absorption 

Mucosal Inflammation

Poor Absorption of Nutrients Systemic Inflammation

Stunting and Moderate Acute 

Malnutrition

Increased Nutrient Needs + 

Reduced Consumption

Adapted from Prendergast AJ et al. 
Assessment of Environmental Enteric 
Dysfunction in the SHINE Trial: Methods 
and Challenges. Clinical Infectious 
Diseases. 2015;61 Suppl 7:S726-32.

Singh A. 2020. Environmental Enteric Dysfunction 
during Moderate Acute Malnutrition in Sierra 
Leone: Examining the Burden, Causes and 
Consequences



MYCOTOXIN EXPOSURE AT 18-22 MONTHS OF AGE: 

AFLACOHORT NEPAL

n Detectable 

(%)

Min Max Average mean 

(SD)

Geometric mean 

(CI)

Aflatoxin B1, (pg/mg 

albumin)

699 595  (85) 0.40 128.1 2.4 (7.88) 1.3  (1.2, 1.4)

Ochratoxin A, ng/mL 699 699  (100) 0.02 44.5 0.48  (1.82) 0.31  (0.29, 0.33)

Fumonisin B1, pg/mg 

creatinine

683 683  (100) 6.57  132,373 2,594 (9,756.7) 192.1 (163.7, 225.3)

DON ng/mg 

creatinine

685 596  (87) 0.04 129.9 0.78  (5.42) 0.31  (0.28, 0.33)



EED AND MYCOTOXINS: AFLACOHORT NEPAL

Aflatoxin 

B1

Ochratoxin A Fumonisin 

B1

DON L:M ratio % LE % ME

Aflatoxin B1 1.0000 

Ochratoxin A 0.2575* 1.0000 

Fumonisin B1 0.0001 -0.0727 1.0000 

Deoxynivalenol -0.0456 -0.0298 0.3401* 1.0000 

L:M ratio 0.0779* 0.1208* 0.0423 0.1019* 1.0000 

%LE 0.0137 0.0658 -0.0158 -0.0369 0.4944* 1.0000 

%ME -0.0518 -0.0321 -0.0540 -0.1280* -0.3252* 0.6611* 1.0000 

LMER 0.0779* 0.1208* 0.0423 0.1019* 1.0000* 0.4944* -0.3252*

L:M, lactulose:mannitol ratio; LE= Lactulose excreted, ME= Mannitol excreted
1 Excludes children with <10 mL of urine 



Dependent Stunting, OR (95%CI) Underweight, OR 

(95%CI)

Low head circumference, OR 

(95%CI)

Model 1 Aflatoxin B1, pg/mg albumin 1.28 (1.08, 1.52) ** 1.18 (1.00, 1.38)** 1.12 (0.94, 1.32)

L:M ratio 1.19 (0.92, 1.54) 1.01 (0.77, 1.32) 1.05 (0.79, 1.42)

Model 2 Ochratoxin A, ng/mL 1.05 (0.86, 1.29) 0.92(0.72, 1.19) 0.92(0.62, 1.36)

L:M ratio 1.19 (0.92, 1.54) 1.02 (0.78, 1.34) 1.06 (0.77, 1.45)

Model 3 Fumonisin B1, pg/mg creatinine 1.06(0.94, 1.18) 1.08(0.99, 1.17) 0.93(0.80, 1.07)

L:M ratio 1.23 (0.96, 1.59) 1.03 (0.79, 1.33) 1.07 (0.84, 1.38)

Model 4 Deoxynivalenol, ng/mg creatinine 1.05(0.86, 1.28) 0.99(0.84, 1.16) 1.03(0.86, 1.23)

L:M ratio 1.15 (0.85, 1.58) 0.97 (0.73, 1.29) 1.02 (0.79, 1.34)

Cells present individual models and ORs, 95% confidence interval, and p‐value. 

Logistic regression models with L:M ratio plus length/weight at birth (or 3 months for head circumference), child’s minimum dietary diversity (yes/no) and mother’s schooling included as covariates; Due to 

their skewed distribution, outcomes were natural log (ln) transformed prior to all analyses.

* p<0.05, **p<0.01, ***p<0.001

INDIVIDUAL MYCOTOXINS AND L:M RATIO AT 18-22 MONTHS AND 

ANTHROPOMETRY AT 24-26 MONTHS



Dependent Stunting, % Underweight, % Low head circumference, %

Model 1 Model 2 Model 3

Aflatoxin B1, pg/mg albumin 1.26** 1.22** 1.13

(1.09, 1.46) (1.07, 1.41) (1.93, 1.39)

Ochratoxin A, ng/mL 0.96 0.86 0.83

(0.73, 1.25) (0.60, 1.24) (0.51, 1.36)

Fumonisin B1, pg/mg creatinine 1.03 1.06 0.9

(0.93, 1.14) (0.96, 1.19) (0.78, 1.03)

Deoxynivalenol, ng/mg 

creatinine
1.03 0.96 1.15

(0.84, 1.25) (0.79, 1.16) (0.97, 1.36)

L:M ratio 1.13 0.95 0.98

(0.82, 1.54) (0.71, 1.28) (0.71, 1.36)

Cells present ORs (dichotomous outcomes), 95% confidence interval, and p‐value. 

Logistic regression models with L:M ratio plus length/weight/head circumference at birth (or 3 months for head circumference), child’s minimum dietary diversity (yes/no) 

and mother’s schooling included as covariates; Due to their skewed distribution, outcomes were natural log (ln) transformed prior to all analyses.

MULTIPLE MYCOTOXINS AND LM RATIO 



Dependent L:M ratio 
β (95% CI)

Model 1 Aflatoxin B1, pg/mg albumin 0.02 (-0.05, 0.09)

Model 2 Ochratoxin A, ng/mL 0.09 * (0.01, 0.19)

Model 3 Fumonisin B1, pg/mg creatinine 0.01 (-0.01, 0.04)

Model 4 Deoxynivalenol, ng/mg creatinine 0.08* (0.01, 0.15)

Cells present β coefficient, 95% confidence interval, and p‐value.
Models adjusted for type of toilet facility, wealth of the household and mother’s education. Improved toilet facilities include any non-
shared toilet of the following types: flush/pour flush toilets to piped sewer systems, septic tanks, and pit latrines; ventilated improved 
pit (VIP) latrines; pit latrines with slabs; and composting toilets.

INDIVIDUAL MYCOTOXINS AND L:M RATIO



EED, MICROBIOME, AND MODERATE ACUTE 

MALNUTRITION IN SIERRA LEONE

• EED: High inflammation and permeability are negatively associated with 

both LAZ and WLZ in children with MAM (prior to treatment)

• Children with high intestinal permeability- lower length gain, lower weight 

gain

• Children with lower intestinal permeability were more likely to recover from 

moderate acute malnutrition (12-week treatment) 



EED, MICROBIOME, AND MODERATE ACUTE MALNUTRITION IN 

SIERRA LEONE

• Gut microbiota of children with MAM were 

enriched in inflammogenic taxa

• Alterations of the gut microbiota were 

associated with MAM, and gut inflammation 

during EED

Result based on 16S rRNA V4 amplicon sequencing, followed by computational 
analysis in Quantitative Insights Into Microbial Ecology 2, and examination of 
differentially abundant taxa using Linear Discriminant Analysis Effect Size 
algorithm.

Singh A. 2020. Environmental Enteric Dysfunction during Moderate Acute Malnutrition in Sierra Leone: Examining the 
Burden, Causes and Consequences
Singh A.,* Ghosh S., Ward H., Manary M., Rogers BL., and Rosenberg IH. Biomarkers of environmental enteric dysfunction 
differently predict recovery and growth among children with moderate acute malnutrition in Sierra Leone. American Journal of 
Clinical Nutrition. March 2021 https://doi.org/10.1093/ajcn/nqaa434

https://doi.org/10.1093/ajcn/nqaa434


MYCOTOXINS AND MICROBIOTA INTERACTIONS

• Probiotics are known to bio-transform mycotoxins to less toxic metabolites

• Changes in microbiota composition could be a consequence 

• antimicrobial properties of mycotoxins 

• the toxic effect on epithelial and immune cells in the gut releasing antimicrobial 

peptides

• Mycotoxin exposure to mycotoxins could lead to changes in the gut microbiota composition 

at the phylum, genus, and species level.

• Changes in the gut microbiota composition – modulate toxicity of mycotoxins and bacterial 

toxins



CONCLUSIONS

• Co-existence of multiple mycotoxins in Nepali infants with aflatoxins, DON and ochratoxin 

correlated with L-M ratio/EED

• The relationships of each of these risk factors with nutritional status confounded by individual 

interactions among mycotoxins and LM ratio

• The association between aflatoxin, stunting and underweight seems independent of the L-M ratio 

and remains significant after adjusting for diet, prior nutritional status and mother’s education

• EED modulated recovery from MAM in Sierra Leone

• Altered/poor gut microbiota associated with MAM and with gut inflammation/EED prior to 

treatment

• Evidence on the bi-directional relationship of mycotoxins and the gut microbiota in animal studies 

warrants investigations in humans



CONCLUSIONS

• Our work highlights the importance of assessing the interactions between exposure to 

environmental toxins and microbes, the process of EED and the gut microbiota 

• Given the complexities and co-existence issues, such research will be important in driving 

future policy and programming within the context of food systems, agriculture, nutrition and 

health



Patrick Webb, PhD 

Director, FTF Innovation Lab for Nutrition

Mycotoxins, EED and Inflammation:

Implications for Programming



Source: Disability-adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990–2010: a 
systematic analysis for the Global Burden of Disease Study 2010. Murray et al. Lancet 2012; 380: 2197–223

Prevalence and relative contribution of 

contributors to global burden of disease 

change over time:

▪ Rising treatment/prevention

▪ Reduced exposure

▪ Enhanced assessment

RELATIVE RISK IS NOT STATIC



0.5 1 1.5 2 2.5 3

Years of schooling

Middle

Richest

Low maternal height

FAO DD Score

Smoker

Odd Ratios

AF in blood

Risk factors for Low 
Birth Weight in 
Nepal (n= 1440)



Source: Lauer et al. 2018. Am Jou Trop. Med.

▪ More E. Coli linked to 

more EED in child. 

▪ More EED in child 

associated with 

stunting and wasting.

SW Uganda birth cohort (n=365 children <5y)

Water safety matters 

for health and nutrition
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Source: Lauer et al. 2018

▪ E. Coli contamination of 

‘treated’, ‘covered’ or 

‘improved’ water sources 

almost as bad as 

unimproved. 

Water safety matters 

for health and nutrition



Source: Lauer et al. 2018. Unsafe Drinking Water Is Associated with 
Environmental Enteric Dysfunction (Am Jou Trop Med Hyg).



Source: Kulinkina et al. 2016. Piped Water 
Consumption in Ghana (Science of Total Environ.) 
https://doi.org/10.1016/j.scitotenv.2016.03.148

https://doi.org/10.1016/j.scitotenv.2016.03.148


▪ What matters as a risk factor depends on context.  Know the context!

▪ Inflammation and stressors of all kinds (HIV, mycotoxins, e.coli) interact in 

important but not always linear ways. Behaviors matter hugely.

▪ Programs can’t measure everything, but assumptions should always be tested 

and validated. Theories of Change should be more rigorous and transparent in 

their assumptions and expectations. 

▪ Field-friendly metrics and measurement techniques are still limited (for 

assessing multiple mycotoxins in food as cooked, cleanliness of water, 
sanitary status of kitchens, etc.) 

CONCLUSIONS



Q&A



THANK YOU

• To register for upcoming webinars, you can visit 

NutritionInnovationLab.org or 

AdvancingNutrition.org. More details coming soon!

• Recordings and slides for each webinar will also be 

posted on our websites. 
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