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ABSTRACT

Childhood stunting is an important and intractable public health problem that underlies w20% of deaths among children aged <5 y in

developing countries. Environmental enteropathy (EE), 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 deoxynivaenol (DON), may impair child growth. Although these toxins have distinct actions, they all mediate intestinal damage

through: 1) inhibition of protein synthesis (AF, DON); 2) an 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 EE. We propose that future studies should

address the role of mycotoxins in the pathogenesis of EE and evaluate interventions to limit mycotoxin exposure and reduce childhood

stunting. Adv. Nutr. 3: 526–531, 2012.

Introduction
Child stunting, severe wasting, and intrauterine growth re-
striction together are responsible for more than 2 million
deaths and 20% of disability-adjusted life-years among
children <5 y 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 investigat-
ing new pathways or mechanisms that will better explain the
pathogenesis of stunting. Recent evidence, reviewed here,
suggests several mechanisms by which mycotoxins, specifi-
cally aflatoxin (AF)4, fumonisin (FUM), and deoxynivalenol
(DON), may share a downstream pathway for impaired
growth by targeting the intestinal tract and inducing envi-
ronmental enteropathy (EE).

EE, a subclinical condition characterized by villous atro-
phy, crypt hyperplasia, increased small intestinal permeabil-
ity, inflammatory cell infiltrate, and modest malabsorption,
is highly prevalent in the developing world (3). Rural Gam-
bian infants between 3 and 15 mo of age were found to have
intestinal barrier dysfunction 75% of the time and the pres-
ence and severity of the enteropathy (measured by lactulose:
mannitol urinary excretion ratio, which is an indicator
of intestinal permeability) could explain 43% of the long-
term linear growth faltering (4). A subsequent study by
the same researchers showed that enteropathy was associ-
ated with chronic immune stimulation, which was inversely
correlated with growth during infancy (5). Increased intes-
tinal permeability may allow the translocation of luminal
antigens and microbial products than can stimulate a sys-
temic inflammatory response. There are therefore 2 main
pathways by which EE may cause growth retardation: mal-
absorption of nutrients in the small intestine and chronic
systemic immune activation.

Although the cause of EE is unknown, it is almost univer-
sal 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 Be-
nin, West Africa, nearly every child was exposed to AF, a
toxin that commonly contaminates maize and groundnuts.
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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 EE is common.

AF are one of a group of mycotoxins, secondary metab-
olites produced by microfungi that are capable of causing
disease and death in humans and animals. There are 300–
400 compounds that are currently classified as mycotoxins,
withw12 recognized to be important to animal and human
health (8). Two families of mycotoxins are particularly im-
portant 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 AF and ochratoxin and Fusarium
mold strains can produce FUM, DON, and zearalenone.
Both molds are particularly common in maize and ground-
nuts, which constitute a major portion of the diet in many
developing countries.

AF 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 com-
pounds and is most often the subject of AF research. AF is
fat soluble and can be measured in blood as an AF-albumin
adduct, in urine (AF M1) as an AF-guanine adduct, and
in breast milk as AF M1. Although there are few human
data, animal studies provide evidence that chronic AF ex-
posure retards growth and interferes with micronutrient
absorption and utilization. The possible mechanisms sug-
gested are: 1) gastrointestinal cytotoxicity resulting in in-
creased 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 FUM toxins and may
cause decreased expression of local proinflammatory cyto-
kines 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 ab-
dominal 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 relation-
ship between maize consumption and HIV transmission
in Africa and suggested that 67% of the variation among
HIV transmission in African countries was explained by var-
iations in maize consumption between nations (17). It was
speculated that FUM exposure may underlie this 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 epide-
miological 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
suggests convergent pathways by which mycotoxins may
cause stunting in children. Although exposure to AF 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 rela-
tively recent and have been limited in scope to Africa. This
review is not an exhaustive synthesis of the mycotoxin liter-
ature; rather, each section will present key studies that pro-
vide information to inform our understanding of the
biological mechanisms by which food chain mycotoxin ex-
posure may lead to growth retardation in children.

Current status of knowledge
Food chain mycotoxin exposure and growth
AF and birth weight. In a recent review focusing on the re-
productive health effects of AF, Shuaib et al. (24) concluded
that there was no consensus on findings regarding the rela-
tionship between AF and birth weight. The wide variation in
methodology and findings made it difficult to assess out-
comes across studies. The review included only 5 studies as-
sessing birth weight and all were cross-sectional. In 4 of the
studies, authors reported a negative correlation between
birth weight and maternal or infant AF levels, but in 2 stud-
ies, this relationship was only found in female infants (25–
28). In the fifth study, there was no correlation between
the presence of AF and birth weight (29).

The authors of these studies suggested various potential
mechanisms underlying adverse birth outcomes and im-
paired growth. Turner et al. (25) suggested that intestinal
malabsorption leads to zinc deficiency, which then 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 the synthesis of
proteins, enzymes, and clotting factors and impairs glu-
cose metabolism, fatty acid synthesis, and phospholipid
synthesis.

AF and stunting. There are 2 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 con-
ducted a longitudinal study and found that the highest quar-
tile of AF-albumin adduct was associated with a 1.7-cm
mean height reduction compared with the lowest quartile
(6). Given the intractable nature of stunting, these findings
have stimulated discussion in the public health field and
propelled a surge of research interest into further character-
izing this potential relationship. The authors acknowledged
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that AF exposure may be a proxy for poor diet quality and
suggested that future research must address this potential
confounder. However, there are 3 biologically plausible
pathways through which AF may affect growth: zinc defi-
ciency, inhibition of protein synthesis leading to impaired
metabolism, and enterocyte damage ultimately leading to
systemic immune activation.

FUM 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 had a decrease in food consumption and body
weight. There was an interactive effect of the 2 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 coexist in the same food source (30). Kimanya
et al. (31) found that children with FUM intakes greater
than the provisional maximum tolerable daily intake
(PMTDI) were significantly shorter and lighter than chil-
dren with FUM intakes less than the PMTDI. The major
causal pathways suggested are decreased food intake and
the inhibition of sphingolipid metabolism, which could
lead to the degradation of the epithelial barrier and stim-
ulation 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 cell vi-
ability and proliferation, modify cytokine production, and
modulate intestinal barrier function.

DON and stunting. The effects of DON exposure on
growth in children have not yet been studied, because a bio-
marker for DON was only recently discovered (33). None-
theless, 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 an observed reduction in
weight gain in rodents (10). Rotter et al. (34) found that pigs
fed grain contaminated with DON had a 20% lower feed in-
take and a 13% lower weight gain than the control group
and suggested that DON induces feed refusal in pigs. In a re-
cent study, Amuzie and Pestka (21) found that DON intake
in mice induced a decrease in circulating levels of insulin-
like growth factor (IGF)-1 (IGF-1), an important mediator
of the growth hormone axis, and hepatic IGF 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 4 main pathways by which AF, FUM, and
DON may impair growth: 1) reduced nutrient absorption;

2) inhibition of protein synthesis; 3) inhibition of sphingo-
lipid synthesis; and 4) food refusal. Three of these proposed
pathways cause damage to the intestinal tract, leading to re-
duced absorptive capacity or impaired intestinal barrier
function. The following section will review the current liter-
ature, focusing on the effects of mycotoxins on the intestine
to further elucidate the possible relationship between myco-
toxin exposure and growth.

AF and gut health. Although several researchers have pro-
posed that AF exposure may have negative effects on gut
health, there is very little research on this hypothetical path-
way. In one study in Ghana, researchers found a correlation
between AF exposure and history of vomiting and abdomi-
nal 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
with 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 vil-
lus length, which increased the villus:crypt ratio, indicating
reduced intestinal absorptive capacity. The authors sug-
gested 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 pro-
tein synthesis and not apoptosis of intestinal cells directly
from AF exposure.

FUM 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 that are infected with E. coli had higher and more pro-
longed 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 sphingo-
lipid metabolism, and impairs membrane formation (39).
Bouhet et al. (40) found that FUM exposure in intestinal
porcine epithelial cells led to a decrease in the transepithelial
electric resistance (a marker of increased epithelial permea-
bility). In a follow-up study (41), FUM-exposed pigs showed
a downregulation of local IL-8 measured in the intestine,
suggesting that FUM affects mucosal immunity, which
may increase the risk of enteric infection. Taken together,
FUMmay cause increased intestinal permeability due to dis-
ruptions in sphingolipid metabolism and increased risk of
infection due to altered mucosal immunity.

DON and gut health. No studies in humans have investi-
gated 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 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
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nutrient absorption (42,43). Studies conducted in Human
Colon Carcinoma cells-2 and intestinal porcine epithelial
cells-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 impair-
ment 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 epi-
thelial 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,

Figure 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 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 affects 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 the uptake of key nutrients such as copper and zinc. IGF-1 mediates the effects of growth hormone,
which is required for linear growth; the 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; IGF, insulin-like growth factor; IGF-ALS, insulin-like growth factor acid labile subunit.
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and L-serine transporters. They suggested that low levels
of DON may cause inhibition of the intestinal SGLT1 trans-
porter, resulting in a decrease of D-glucose–associated water
absorption and increased water content of the intestinal lu-
men. High levels of DON may lead to inhibition of SGLT1
and 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). The authors
suggest that DON acts by inhibiting protein biosynthesis
in HT-29-D4 cells.

Overall, DON inhibits protein synthesis, leading to: 1) de-
creased circulating IGF-1 and IGF-ALS; 2) reduced expres-
sion of claudin-4, which increases intestinal permeability
and enables systemic immune activation; and 3) 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 ef-
fects of all 3, resulting in impaired nutrient uptake and intes-
tinal pathology that resembles EE (Fig. 1). Persistent diarrhea
results in impaired nutrient uptake (47). Altered intestinal
architecture and EE can result in a loss of enzymes, leading
to malabsorption of a variety of nutrients; most notably,
EE has been associated with zinc deficiency (48). AF, FUM,
and DONmay therefore share a convergent pathway in which
mucosal damage can lead to impaired nutrient absorption
and/or increased intestinal permeability, pathology that re-
sembles the changes seen in EE.

Conclusions
Historically, interventions to improve child growth have fo-
cused on macro- and micronutrient supplementation. Given
the relatively modest impact of these approaches, nutrition
and public health researchers have refocused their attention
on EE because of its association with growth retardation in
children. EE has beenmost commonly attributed to focally de-
rived bacteria found in high concentrations in disadvantaged
settings, where sanitation, hygienic practices, and drinking wa-
ter treatment practices are frequently poor. However, there are
multiple overlapping causes of enteropathies in developing
countries (49), and the role of mycotoxins in mediating enter-
opathy has received little attention to date.

The downstream pathways described here are remarkably
similar to the proposed causal pathways of EE (3,47,50) (Fig.
1). Our framework therefore presents a strong rationale for
exploring the role of mycotoxins in the pathogenesis of
EE. Human epidemiological research should include bio-
markers assessing AF, FUM, and DON exposure and inter-
mediary biological mechanisms presented in Figure 1 as
well as a rigorous assessment of dietary diversity and sanita-
tion 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 inter-
ventions that focus on the whole food production chain, in-
cluding: planting disease-resistant crops, bio-control agents,
cultural planting practices, and harvesting, storing, and
preparation practices (51). Because the cause of childhood
growth faltering is likely to be multifactorial, future studies
would benefit from collaborations between different re-
search communities that have previously been quite sepa-
rate, including both animal and human fields of nutrition,
gastroenterology, toxicology and agronomy.
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