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Abstract

Diarrheal diseases are a major cause of childhood death in resource-poor countries, killing about 

760, 000 children under age 5 each year. While deaths due to diarrhea have declined dramatically, 

high rates of stunting and malnutrition have persisted. Environmental Enteric Dysfunction (EED) 

is a subclinical condition caused by constant fecal-oral contamination with resultant intestinal 

inflammation and villous blunting. These histological changes were first described in the 1960’s 

but the clinical impact of EED is only just being recognized in the context of failure of nutritional 

interventions and oral vaccines in resource-poor countries. We review the existing literature 

regarding the underlying causes of and potential interventions for EED and poor growth in 

children, highlighting the epidemiology, clinical and histologic classification of the entity, as well 

as discussing novel biomarkers and possible therapies. Future research priorities are also 

discussed.
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 Introduction

Enteric infections and diarrheal diseases are the second leading cause of death in children < 

five years old world-wide, causing approximately 760, 000 annual deaths (1). Diarrhea is 

inextricably interlinked with malnutrition and is one of the main causes of under-nutrition in 

children < five years of age (1). Chronic malnutrition and stunting in children is thought to 

carry further life-long morbidity by leading to cognitive and physical deficits with 

subsequent adverse implications for the economic potential of low and middle income 

countries (2, 3).

Over the past several decades, there have been substantial efforts to reduce the burden of 

childhood diarrheal disease. These have included the introduction of an improved oral 

rehydration solution of lowered osmolarity, the adoption of routine zinc supplementation, 

the encouragement of exclusive breastfeeding, the introduction of enteropathogen vaccines 

(e.g. rotavirus) and, critically, public health campaigns to promote these effective therapeutic 

and preventive approaches (4). Together, these steps have helped to dramatically reduce 

childhood deaths due to diarrhea from > 5 million in the 1980s (5) to < 1 million recently 

(6).

Despite these impressive improvements in prevention and therapy for childhood diarrhea, 

however, there has generally not been a concomitant reduction in rates of childhood 

undernutrition in young infants and children in resource-poor countries (3, 7–9). Although 

better treatment and prevention of clinically apparent gastrointestinal infections has been a 

laudable achievement, these public health efforts have not always resulted in better growth 

outcomes. Indeed, one modeling approach showed that the near universal provision of many 

known interventions to prevent childhood growth faltering (including vitamin A and zinc 

supplementation, balanced energy protein supplementation, complementary feeding, 

breastfeeding promotion, and prenatal micronutrient supplementation) would only reduce 

the global prevalence of stunting at 36 months by about a third (4). These and other data 

have led to the hypothesis that the driver of poor growth may not be clinically apparent 

infections per se, but instead a chronic, indolent inflammatory state affecting the 

gastrointestinal tract of children and infants in poor countries (10).

Termed environmental enteric dysfunction (EED), this entity is now hypothesized to be 

more important for nutritional and other cognitive outcomes compared to clinically apparent 

infections. Given the large postulated burden of EED in children globally, the paradigm shift 

from acute infections to EED is a key topic of interest and relevance to the pediatric 

gastroenterology and nutrition community. There is a current lack in our knowledge 

regarding the role of nutrition in the development of EED and as a potential intervention. 

This review provides an overview of the currently proposed underlying causes of EED with 

specific emphasis on potential interventions.
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 Environmental Enteric Dysfunction: Definition, Epidemiology & 

Pathogenesis

Environmental enteric dysfunction (EED) is an acquired subclinical condition of the small 

intestine among residents of low-income countries that is thought to be a result of chronic 

exposure to enteropathogens with resultant mucosal inflammation, villous blunting, altered 

barrier integrity, and reduced intestinal absorptive capacity (10–13). EED has also been 

variously described in the literature as tropical or environmental enteropathy, subclinical 

malabsorption, and tropical sprue (13, 14). The term EED has been recently proposed (11) in 

order to emphasize the functional nature of the lesion, as opposed to basing its definition 

solely on histopathologic criteria. First described in the 1960–70’s (15–17) studies in Asia, 

Africa, the Indian sub-continent and Central America showed morphological changes or 

functional signs of EED in a high proportion of apparently healthy adults and children (18–

21). These included clinical or subclinical malabsorption of macro- and micronutrients, as 

well as increased permeability to small molecules. While widely reported in the 1970–80’s, 

minimal progress was made on the underlying disease mechanisms, and the topic of EED 

sharply diminished from the global health literature over the next 20 to 30 years. Interest in 

the condition has now resurfaced in the context of failure of nutritional interventions, 

susceptibility to infection with pathogens and poor response to oral vaccines (22), as well as 

the demonstration that measures of small intestine permeability are related to altered weight 

and height gain patterns (23).

EED is proposed to be a consequence of the continuous burden of immune-stimulation by 

fecal-oral exposure to entero-pathogens leading to a persistent acute phase response and 

chronic inflammation (24, 25). While studies of intestinal biopsies are few and among small 

numbers of children, EED can be characterized by a spectrum of histological findings 

ranging from normal to pathologic with a significant reduction in the villus-to-crypt ratio 

due to villus shortening, crypt hyperplasia and resultant decrease in the surface area of 

mature absorptive intestinal epithelial cells. Epithelial damage and loss of brush-border 

enzymes leads to macro- and micronutrient malabsorption (24, 26) (Figure 1). Histological 

examination can also be notable for lymphocytic and plasma cell infiltration in the lamina 

propria (12, 13) (Figure 2). Brown et al. recently reported the first animal model of EED 

(27) and demonstrated that early-life consumption of a 7% protein and 5% fat diet (versus an 

isocaloric control diet), in combination with iterative oral exposure to commensal 

Bacteroidales species and Escherichia coli, remodels the murine small intestine to resemble 

features of EED observed in humans. A critical functional characteristic of EED is altered 

small intestinal permeability leading to a measurable increase in flux of small water soluble 

molecules across epithelial cells. The lactulose:mannitol test (described below) has been 

widely used as a surrogate for the gold standard for diagnosis, especially when biopsies are 

difficult to obtain (28, 29). Recurrent viral, bacterial, protozoal and/or helminthic infections 

lead to chronic mucosal inflammation and increased permeability – this both leads to and is 

a consequence of malnutrition. Parallels can be drawn between EED and other conditions 

marked by gastrointestinal malabsorption such as celiac disease, Crohn’s disease and 

intestinal failure syndromes, with the thought that potential diagnostic and therapeutic 
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applications exist from these common clinical pediatric gastroenterology conditions (11, 30–

33) (Table 1).

 Biomarkers of gut function

Although the gold standard for diagnosing the histologic features of EED is via intestinal 

biopsy, the fact that functional measures of GI absorption and permeability characterize the 

entity mean that these functional assays have also been proposed as diagnostic tests. It is 

important to recognize that the ability to obtain small bowel mucosal biopsies from living 

patients has been a relatively recent addition to the pediatric gastroenterology diagnostic 

armamentarium (34). We need to be able to safely and cheaply diagnose children with EED, 

to monitor the effect of interventions and possibly to also screen those at risk. At present, 

there is no single biomarker/or set of measures that comprehensively and reliably detects 

early functional bowel dysfunction and the effect on growth faltering (Table 1). Putative 

biomarkers of EED broadly fall under the following categories:

 1. Intestinal absorption and mucosal permeability

For many years, dual sugar permeability tests have stood as the most widely used biomarker 

of EED. The tests utilize sugars that are not enzymatically digested in the gut and are 

excreted intact by the kidneys. The lactulose:mannitol (L:M) diagnostic test has been used to 

assess intestinal barrier function over several decades in multiple populations (35–37). In 

this test, in patients with normal enteric function, there should be a low level of disaccharide 

lactulose (larger sugar) compared with monosaccharide mannitol (smaller molecule) in the 

urine. In patients with impaired intestinal integrity, intestinal permeability to larger sugars 

increases and that to smaller molecules stays the same or decreases, resulting in higher 

lactulose to mannitol ratio (38). The L:M test has been investigated in the context of infant 

malnutrition by Manary et al. (39). While the premise of the test, since it measures true 

physiology, appear promising, there have been several issues identified with the application 

of this and other sugar permeability tests to quantify EED. Constraints include variability in 

the testing reporting, protocol (dosage of sugars given, the solution osmolarity, and the urine 

collection time) and instrumental performance, all of which combine to limit comparison 

across different studies. Furthermore, whether high-performance liquid chromatography 

platforms were used versus enzyme-based assays, study report of excretion ratios versus 

concentration ratios and the lack of international reference or measurement standards are all 

factors precluding these from being the ideal test to use in EED.

Increased intestinal permeability leading to protein losses can be measured by fecal α1-anti-

trypsin (α 1AT) content. α 1AT is an endogenous glycoprotein present in normal serum at a 

concentration of 1.9 to 5.0 g/L. It is normally not present in the diet and has a molecular 

weight similar to albumin. This protease inhibitor is normally not actively secreted, 

absorbed, and is resistant to degradation by gut proteases (40). α 1AT has been recently used 

along with neopterin and myeloperoxidase to compose an EE disease activity score as part 

of the MAL-ED study (see below) (41). Issues with α 1AT as a screening test for EED 

include its non-specific nature given that elevations can be secondary to common GI 
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infections (eg., Shigella and other invasive species) as well as cardiac or gastrointestinal 

disorders.

 2. Enterocyte mass and function

Measures of enterocyte mass and function are another proposed class of biomarkers and 

include plasma citrulline (CIT) concentration or measuring increases in CIT after an oral 

dose of a precursor, alanine-glutamine dipeptide (11, 42). CIT is a non-essential amino acid 

that is synthesized from glutamine and proline by the enterocytes of the small intestine. 

Chronic and acute reduction of enterocyte mass has correlated with low plasma CIT and has 

been validated for quantitative enterocyte mass assessment in villous atrophy disease (43), 

Crohn’s disease (44), gastrointestinal toxicity of chemotherapy and radiotherapy (45), and 

for follow-up on small bowel transplantation (46). Recent data from young Malian children 

with moderate acute malnutrition, showed that CIT increased with gains in WHZ and 

MUAC during nutritional rehabilitation and could be reflective of improved enteral 

absorptive ability (47). However, in the setting of systemic inflammation such as sepsis, the 

entercocytes may be acutely dysfunctional with decreased synthetic ability to make CIT. 

This would mean that the lab value would not accurately reflect enterocyte mass. 

Additionally, the kidneys convert CIT into arginine and therefore in the setting of renal 

impairment, CIT levels may be elevated leading to a false conclusion of elevated enterocyte 

mass (48).

 3. Inflammation

Given that EED is characterized by intestinal inflammation, measures used in clinical 

diseases characterized by inflammation such as IBD, have been proposed. These include 

plasma cytokines, stool calprotectin, myeloperoxidase, neopterin and lactoferrin. Cytokines 

are polypeptides that are 8–30 kDa in size and include interleukins, chemokines, interferons, 

tumor necrosis factors (TNFs), and growth factors (49) and have been demonstrated to be 

critical in the modulation of host responses to infection, injury and inflammation. Cytokine 

analysis can identify the presence of an activated immune response and immunosuppression. 

It can guide targeted therapeutic regimens designed to reduce inflammation and its 

secondary effects, or to address a poorly functioning immune system (50). Pro-inflammatory 

cytokines (e.g., IL-1β, IL-15, IL-17, TNF-α, IFN-γ, GM-CSF) and anti-inflammatory 

cytokines (e.g., IL-4, IL-6, IL-10) have been studied in many chronic disease states (e.g. 

IBD, rheumatoid arthritis and dermatitis). Petri et al. recently reported associations of pro-

inflammatory cytokines with neurodevelopment in a prospective cohort of Bangladeshi 

infants from birth until 24 months of age. They showed elevated levels of the pro-

inflammatory cytokines IL-1β (> 7.06 pg/mL) and IL-6 (> 10.52 pg/mL) were significantly 

associated with decreases in motor score, conversely, an elevated level of the Th-2 cytokine 

IL-4 (> 0.70 pg/mL) was associated with a 3.6 increase in cognitive score (51). Limitations 

include lack of standardization and use in different clinical settings. Fecal calprotectin has 

been extensively studied as a non-invasive marker of intestinal inflammation in patients with 

inflammatory bowel disease (52).

Calprotectin is secreted extracellularly from stimulated neutrophils and monocytes, or is 

released by cell disruption or death (53). However, fecal calprotectin was demonstrated in 
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healthy US children to be elevated in the stools of breastfed children in comparison to 

infants who were mixed-fed (54). Furthermore, the usefulness of this biomarker remains 

debated in neonates due to high levels in this age range, more than 5 times higher than in 

adults and children > 4 years of age, and because of high inter-individual variations in both 

healthy full-term and preterm infants during the first weeks of life (53).

Myeloperoxidase is a specific leukocytic enzyme that has been used previously to quantify 

the number of neutrophils in tissue (55). Its activity has been related linearly to the number 

of neutrophils present. Since leukocytes play an important role in initiating and amplifying 

the immune response that results in the mucosal damage that is characteristic of 

inflammatory bowel disease, MPO which is a constituent of neutrophilic granules is an 

indicator of activity (26). Various prior studies have shown that solubilized MPO from 

inflamed tissue is directly proportional to the number of neutrophils present (56, 57). MPO 

levels in patients with IBD are significantly high and a rapid decline is seen with resolution 

of disease exacerbation. MPO is currently under investigation in ongoing EED studies. 

Limitations include lack of standardization for MPO assessment and that increased MPO is 

nonspecific and can reflect activation of neutrophils and macrophages in any infectious, 

inflammatory, or infiltrative process.

Lactoferrin is an iron-binding glycoprotein found to be concentrated in secondary granules 

of leukocytes. It is not detected in normal stool specimens unless neutrophils are present and 

hence is considered to be a useful marker for fecal leukocytes and a measure of intestinal 

inflammation (58). It has been shown to be elevated in colitis secondary to severe 

Clostridium difficile (59), cryptosporidiosis (60) and shigellosis (58). Lactoferrin test is 

rapid, cheap and commercially available. It is limited by need for further investigation into 

optimum thresholds for the lactoferrin test in different epidemiologic settings such as in 

areas where diarrheal disease is endemic.

 4. Microbial translocation and immune activation

A central component to EED pathogenesis includes microbial translocation and immune 

activation. Biomarkers measuring this include fecal neopterin, plasma lipopolysaccharide 

(LPS)–specific and flagellin (FLA)–specific antibodies, and circulating soluble CD14. 

Neopterin is a catabolic product of guanosine triphosphate and is synthesized by 

macrophages upon stimulation with the cytokine interferon-gamma serving as a marker of 

cellular immune system activation as well (61). Investigators following Gambian children 

with enteropathy for growth outcomes showed that fecal neopterin concentrations were 

inversely associated with height and weight gain (28). Limitations of neopterin include its 

nonspecific nature as a marker of activated cell mediated immunity involving release of 

interferon gamma. Longitudinal serial measurements in the same individual could overcome 

difficulties with interpretation in settings where chronic parasitic (malaria) or bacterial 

(tuberculosis) infections may elevate the baseline neopterin level.

Lipopolysaccharide (LPS)–specific and flagellin (Fla)–specific antibodies have been 

described as indirect measures of increased gastrointestinal permeability and have been 

studied in adult IF patients (62): in 23 adults with IF, Fla-specific serum IgM, IgA, and IgG 

levels were markedly increased compared with controls. LPS-specific IgA was significantly 
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higher in IF patients compared with healthy controls; LPS-specific IgM, IgA, and IgG levels 

each decreased over time in association with PN weaning. Both LPS– and Fla– antibodies 

have been studied as biomarkers of systemic infections (63) however, whether this gut 

barrier dysfunction is associated with growth has not been determined. Preliminary results 

investigating the relationship of poor growth in young Tanzanian children at risk of EED 

showed an increase in serum Fla and LPS immunoglobulin (Ig) levels in Tanzanian infants 

was noted in follow-up versus healthy Boston infants (47). After adjusting for gender, 

baseline LAZ, and multiple demographic variables, there was a trend toward an increased 

risk of stunting associated with increased anti-Fla IgG concentrations (HR for Q4 vs. Q1 = 

1.52; p for trend = 0.08). Increased anti- Fla IgA, anti-LPS IgA, anti- Fla IgG, and anti-LPS 

IgG concentrations at 6 wks of age were each associated with an increased risk of 

subsequent underweight. Limitations of anti-Fla and LPS antibodies include lack of 

standardization and expense of assays.

 5. Intestinal injury and repair

The stool regenerating gene 1β (REG1B) protein has been proposed as a potential measure 

of intestinal injury and repair. In mouse models, REG1 proteins have been demonstrated to 

be involved with cellular proliferation and differentiation within the gastrointestinal tract 

(64). Human Reg1A and Reg1B proteins are both dramatically increased during 

inflammatory diarrheal diseases. Up-regulated expression of Reg1A and Reg1B genes has 

also been observed in other gastrointestinal inflammatory disorders including inflammatory 

bowel disease (65) as well as in colorectal cancer (66). In terms of a role in infectious 

diseases, it has been found that Reg1A and Reg1B are the most up-regulated genes in colon 

biopsy samples of individuals with acute E. histolytica colitis (67). Reg1A protein is found 

in Paneth cells and nonmature columnar cells of small intestinal crypt (68), and the mid-to 

basal portion of colonic crypts (69), which are areas of epithelial cell renewal. The 

proliferative and anti-apoptotic effects of Reg1 proteins, the response of these proteins to 

inflammatory stimuli, and the up-regulation of Reg1A and Reg1B during a broad range of 

intestinal inflammatory conditions, suggest an important role for these proteins during 

enteric infections and intestinal inflammation. Limitations similar to other biomarkers under 

investigation include lack of standardization.

 Interventions to improve EED

Multiple postulated mechanisms for impaired growth in children with EED include: (1) 

decreased nutrient intake; (2) altered nutrient absorption; (3) increased intestinal 

permeability with subsequent bacterial translocation and immune stimulation; (4) increased 

energy expenditure due to chronic inflammation; and (5) the growth-inhibiting effects of 

chronic inflammation (e.g., inhibition of IGF-1 by IL-6) (13, 70). Strategies currently under 

study to treat EED aim to target several of these. Both nutritional (vitamin A (19), zinc (71), 

glutamine (72–74), multiple micronutrients (75) and medical (antibiotics (29), anti-

inflammatory agents (76), probiotics (18)) therapies have been studied for the treatment of 

EED (Table 2) (70). Other therapies proposed for future study include drugs which are 

currently being used or under investigation in diseases with similar pathogenesis such celiac 

and IBD. In celiac disease, research has been focused on identifying drugs targeted to tight 
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junction regulation. Recently, Larazotide acetate has been shown to decrease intestinal 

permeability following gluten challenge in celiac disease patients (77). In Crohn’s disease 

(78) and ulcerative colitis (79), drugs used for epithelial healing include topical 5-

aminosalicylic acid (5-ASA/mesalamine) and its derivatives 5-ASA compounds (e.g. 

sulfasalazine) (80) and topical corticosteroids (e.g. budesonide) (81). Another anti-

inflammatory agent currently under investigation for Crohn’s disease to consider for EED 

would be Mongersen (82), an oral SMAD7 antisense oligonucleotide formulated to deliver 

its active ingredient primarily into the lumen of the terminal ileum and right colon (82).

 Research Directions

 The Interactions of Malnutrition & Enteric Infections: Consequences for Child Health and 
Development (MAL-ED)

Increased understanding of the complex inter-relationship between enteric infections and 

malnutrition is needed to design better intervention strategies to reduce childhood morbidity 

and mortality. An international investigator group is collaborating on a project entitled The 

Interactions of Malnutrition & Enteric Infections: Consequences for Child Health and 

Development (MAL-ED) (83). This project has established a network of sites that focuses 

on studying populations with a high prevalence of malnutrition and enteric infections. The 

investigators at the following eight sites, including those in Peru, Brazil, Bangladesh, India, 

Pakistan, Tanzania, South Africa and Nepal, and their colleagues in the United States are 

conducting comprehensive studies, using shared and harmonized protocols, to identify and 

characterize the factors associated with a child’s risk of enteric infection, chronic diarrhea, 

malnutrition as well with impaired gut function, vaccine response and cognitive and physical 

development. These studies will elucidate some of the complex relationships among these 

factors, leading to more targeted, cost-effective interventions that will further reduce the 

burden of disease for those living in poverty. The results of these studies are intended to 

address the following scientific hypotheses, namely that:

1. Infection with specific enteropathogens leads to malnutrition by causing 

intestinal inflammation and/or by altering the barrier and adsorptive functions 

of the gut.

2. The combination of enteric infections and malnutrition results in growth and 

cognitive impairments in young children and may lead to impaired immunity 

as measured by responses to childhood vaccine.

Investigators have quantified the association between intestinal inflammation and linear 

growth failure using an EE disease activity score comprised of three fecal markers 

(neopterin, AIATand myeloperoxidase) in children under longitudinal surveillance for 

diarrheal illness in eight countries. Results were notable for children with the highest score 

growing 1.08 cm less than children with the lowest score over the 6-month period following 

the tests after controlling for the incidence of diarrheal disease (41). Recent MAL-ED results 

published from Bangladesh (84) investigating the relationship between exposure to enteric 

pathogens through geophagy, consumption of soil, EE, and stunting showed that children 

with caregiver-reported geophagy had significantly higher EE scores (0.72 point difference, 

95% confidence interval [CI]: 0.01, 1.42) and calprotectin concentrations (237.38 μg/g, 95% 
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CI: 12.77, 462.00). At the 9-month follow-up the odds of being stunted (height-for-age z-

score < −2) was double for children with caregiver-reported geophagy (odds ratio [OR]: 

2.27, 95% CI: 1.14, 4.51).

The MAL-ED sites also recently reported pathogen-specific burdens of community diarrhea 

from all their sites (85). Norovirus GII, rotavirus, Campylobacter spp, astrovirus, and 

Cryptosporidium spp exhibited the highest attributable burdens of diarrhea in the first year 

of life. The major pathogens associated with diarrhea in the second year of life were 

Campylobacter spp, norovirus GII, rotavirus, astrovirus, and Shigella spp. Rotavirus had the 

highest adjusted attributable fraction (AF) for sites without rotavirus vaccination and the 

fifth highest AF for sites with the vaccination. Bloody diarrhoea was primarily associated 

with Campylobacter spp and Shigella spp, fever and vomiting with rotavirus, and vomiting 

with norovirus GII. These findings suggested that although single-pathogen strategies have 

an important role in the reduction of the burden of severe diarrheal disease, the effect of such 

interventions on total diarrheal incidence at the community level might be limited. Further 

results of the MAL-ED study are anticipated to shed critical light on the problem of EED

 Microbiome and Vaccine Responsiveness

With increases in our knowledge of the human microbiome and its interplay with the 

genome (86), the role of a ‘dysbiotic microbiome’ in children with EED is an area of current 

research (87–90). It has been demonstrated that the human gut microbiome undergoes 

development over the first 2–3 years of life that is altered in malnourished children, despite 

receiving high-nutrient interventions (88–90). This is reflective of the critical importance of 

the first 1000 days of life in the development of stunting (3, 91). A complex interplay 

involving maternal malnutrition, micronutrient deficiencies in breast milk and 

complementary foods and/or unhygienic preparation predisposes infants in these resource-

poor countries to develop a ‘dysbiotic microbiome’. Researchers from the International 

Centre for Diarrheal Disease Research, Bangladesh have published results from 48 infants 

demonstrating that Bifidobacterium predominance early in infancy may enhance thymic 

development and responses to both oral and parenteral vaccines, whereas deviation resulting 

in greater bacterial diversity may cause systemic inflammation with lower vaccine responses 

(92). The authors concluded that vaccine responsiveness may be improved by promoting 

intestinal bifidobacteria and minimizing dysbiosis early in infancy. There are many 

questions as yet unanswered regarding the role of the microbiome and the development of 

EED: 1) Are there possible therapeutic targets (such as use of probiotics or antimicrobials) 

for intestinal dysbiosis? 2) What is the longitudinal bacterial profile of children at risk of 

stunting? 3) What is the ‘best microbiome’ to have? 4) Are the microbiomes in otherwise 

non-diseased non-stunted children living in low and middle-income countries similar to 

healthy children living in industrialized countries?

However, there needs to be caution when considering which strategies, including the use of 

antibiotics, to use to help manipulate the microbiome. Blaser et al recently reported (93) that 

the disruption of the intestinal microbiota during maturation by low-dose antibiotic exposure 

can alter host metabolism and adiposity. They showed that low-dose penicillin (LDP), 

delivered from birth, induces metabolic alterations and affects ileal expression of genes 
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involved in immunity. LDP that is limited to early life transiently perturbs the microbiota, 

which is sufficient to induce sustained effects on body composition, indicating that 

microbiota interactions in infancy may be critical determinants of long-term host metabolic 

effects. In addition, LDP enhances the effect of high-fat diet induced obesity. They further 

highlighted the role of the microbiome by demonstrating that the growth promotion 

phenotype was transferrable to germ-free hosts by LDP-selected microbiota, showing that 

the altered microbiome, and not antibiotics, plays a causal role. Oral Rotavirus and Polio 

vaccine response in children with EED is an area of active research. The Performance of 

Rotavirus and Oral Polio Vaccines in Developing Countries (PROVIDE) study (94, 95) has 

been constructed to investigate the association of EED and other possible explanatory factors 

with oral polio and rotavirus vaccine failure in communities in Dhaka, Bangladesh, and 

Kolkata, India. Results of the PROVIDE study are pending at the time of this publication.

 WAter, Sanitation and Hygiene (WASH)

Water, sanitation and hygiene (WASH) have traditionally been linked to acute 

gastrointestinal infections. Recently it has been hypothesized that an important pathway 

through which inadequate WASH access impacts on the burden of disease is via chronic 

inflammation in EED (96, 97). Improving WASH, as well as the child’s macro- and 

micronutrient intake, may be the primary means of preventing or mitigating environmental 

enteropathy and undernutrition. There are commonalities between the WASH and nutrition 

sectors with regard to research, advocacy and programmatic integration to tackle 

undernutrition. It is argued that WASH and nutrition as cornerstones of public health share a 

number of common goals but also common challenges that put both fields at risk of being 

de-prioritized in health policy (98). However, new evidence has raised questions about the 

WASH strategy of increased latrine coverage as an effective method for reducing exposure 

to faecal pathogens and preventing disease. Clasen et al. performed a cluster-randomized 

trial in India that found that increased toilet coverage did not lead to any significant 

improvements in the occurrence of child diarrhea, prevalence of parasitic worm infections, 

child stunting or child mortality (99). The authors highlighted the need for sanitation 

approaches that meet international coverage targets, but are locally implemented in a way 

that achieves uptake, reduces exposure, and delivers genuine health gains (99). Further 

WASH sanitation intervention studies are currently on-going in rural Zimbabwe and 

Mozambique (100, 101).

 Conclusions

There is now enough evidence to suggest an association between recurrent clinical or sub-

clinical enteric infections leading to a continuum of changes in the small bowel of children 

in developing countries, who are exposed to poor sanitation and inadequate environmental 

hygiene. This gut dysfunction, termed as EED, may lead to poor nutrient absorption, weaker 

immune response to oral vaccines, stunted growth, and impaired cognitive development. 

EED is thought to be an acquired condition which potentially may be reversible and has now 

become the new focus of preventive malnutrition related efforts in the global health context. 

Studies designed specifically to assess the impact of EED in children using the gold standard 

of histology from gut biopsies as a primary end-point and growth as a secondary end-point 
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are currently in progress. To date, a limited number of trials have focused on the effect of 

nutritional and medical interventions on small intestinal permeability (using sugar 

permeability tests as EED biomarkers). Chronic enteropathies seen in clinical pediatric 

gastroenterology such as celiac disease, Crohn’s disease and intestinal failure syndromes, 

can help provide information that can be used to understand EED better. Large multi-country 

observational studies of infants in low-income countries are currently underway which will 

help improve our understanding of the pathophysiology of EED along with bringing 

consensus to an operational definition. Future areas of research focus will include trials 

exploring therapeutics along with investigation of biomarkers for gut function as a proxy for 

the gold standard of histology from gut biopsies and the EED microbiome. Exciting 

opportunities exist for the application of our current clinical understanding of similar entities 

such as celiac disease, inflammatory bowel disease and intestinal failure.
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Figure 1. 
Proposed schematic progression of Environmental Enteric Dysfunction resulting from a 

hyper-stimulated enteric immune system: i) chronic recurrent exposure to abnormally high 

concentrations of ingested enteropathogens in the small-intestinal lumen, ii) mucosal 

inflammation with infiltration of the lamina propria by plasma cells and lymphocytes, iii) 

spectrum of villous blunting, altered barrier integrity, and reduced intestinal absorptive 

capacity (e.g. malabsorption of small sugars such as lactulose). The bidirectional arrow 

points out the fact that the lesion may improve or worsen over time (Illustration © 2015 

Haderer & Muller Biomedical Art).
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Figure 2. 
a) & b) Duodenal biopsies typical histo-pathological features of Environmental Enteric 

Dysfunction (villus atrophy, crypt hyperplasia and lamina propria infiltration by 

inflammatory cells) (Histopathology images courtesy of Dr. A Ali)
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