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Abstract

Hypotheses regarding the developmental origins of health and disease postulate that developing
fetuses—and potentially young children—undergo adaptive epigenetic changes with longstanding
effects on metabolism and other processes. Ongoing research explores whether these adaptations
occur during early life following malnutrition. In the developing world there remains a high
degree of nutritional stunting—Ilinear growth failure due to inadequate calories that may be
exacerbated by inflammation from ongoing infections. In areas with poor sanitation children
experience vicious cycles of enteric infections and malnutrition, resulting in poor nutrient
absorption from intestinal mucosa changes now termed “environmental enteropathy.” Emerging
evidence links early childhood diarrhea and/or growth failure with increased CVD risk factors in
later life, including dyslipidemia, hypertension and glucose intolerance. The mechanisms for these
associations remain poorly understood and may relate to epigenetic responses to poor nutrition,
increased inflammation or both. Given increases in CVD in developing areas of the world,
associations between childhood malnutrition, early life infections and increased CVD risk factors
underscore further reasons to improve nutrition and infection-related outcomes for young children
worldwide.
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Introduction

For over 20 years evidence has accumulated linking low birth weight (LBW) to an increased
risk for both cardiovascular disease (CVD) and type 2 diabetes (T2DM).1: 2 These risks
appear to be mediated at least in part by relationships between intrauterine growth restriction
and an increase in individual risk factors related to the metabolic syndrome (MetS), such as
insulin resistance, 4 dyslipidemia, © high blood pressure (BP),’: 8 and elevated
cortisol®-11—findings that have been noted in children3 4 7-9 and adults.>~"- 12 Collectively
this concept was originally referred to as the Fetal Origins Hypothesis or the Barker
Hypothesis, postulating a causal link between nutrient restrictions /7 utero and subsequent
epi-genetic changes in pathways related to metabolism, blood pressure (BP) and glucose
regulation.13: 14 The exact mechanisms that account for these findings are still not fully
understood and may depend in part on genes that increase susceptibility to intrauterine
effects1® 16, Nevertheless, the consistency of findings continues to lend credibility to
changes in programming in the developing fetus.

More recently, studies have also suggested that epi-genetic changes in metabolic pathways
may not be limited to malnutrition in the prenatal period. “Stunting” refers to poor height
gain due to malnutrition and infection, with height-for-age z-scores more than two standard
deviations below normal. Stunting remains common in the developing world where
contaminated water supplies lead to a cycle of enteric infections and malnutrition.17-20
Increasing sources of evidence suggest that poor weight gain in the first two years of life and
subsequent stunting in children and adults are related to worsened metabolic findings,
helping transform what was originally called the Fetal Origins Hypothesis to the
developmental origins of health and disease.?!: 22 These relationships between early stunting
and later disease are significant given that such stunting affects up to 25% of children in
impoverished areas, even as the obesity epidemic reaches into developing areas around the
globe.1” Given this high prevalence of stunting, any relationship between stunting and future
metabolic risk would be of extreme importance. This is particularly true as CVD
increasingly becomes a leading cause of death in the developing world and as obesity and
diabetes are increasingly recognized as diseases of poverty.23

In this review we will discuss the prevalence and etiologies of early childhood malnutrition,
potential mechanisms behind the developmental origins of health and disease, evidence for
links between stunting and metabolic risk, and potential implications.

Malnutrition as an enteric disease

In developing regions of the world 1.1 billion people lack access to safe water, resulting in a
vicious cycle of chronic enteric infections, leading to malabsorption of nutrients and
malnutrition, which in turn increases susceptibility to more enteric infections.1’ This cycle
(reviewed in reference 17) typically begins soon after weaning and results in a chronic
environmental enteropathy (Figure 1A-B24 25, low childhood body mass index (BMI) and
early stunting. The reciprocal nature of malnutrition and enteral infections are illustrated by
the fact that malnourished children followed prospectively have both increased incidence
and duration of diarrheal illnesses (Figure 1C).26-28 Similarly, children followed
prospectively for the number of diarrheal illnesses have worsening growth failure with an
increasing number of diarrheal episodes in the first two years of life (Figure 2).20: 21, 29,30 |
addition to episodes of overt diarrhea, longstanding subclinical enteral infections also affect
linear growth over time.18

These enteric infections in early childhood are associated with 1) a decrease in absorption of
macronutrients,1’ 2) a decrease in absorption of micronutrients3l: 32 and 3) increases in
systemic inflammation, and each of these processes may contribute to growth delay 17 33. 34,
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Interventions targeting increases in total calorie delivery have only improved a portion of the
growth delay.35-37 Similarly, replacement of micronutrients including iron, vitamin A and
zinc have had limited success in improving growth, potentially related to poor absorption
from on-going infections.38-40 Thus, the exact causes of growth failure in the setting of
enteric diseases may be multi-factorial.

Adding to the burden of poor absorption is an increase in intestinal and systemic
inflammation in the setting of enteric disease. This has been demonstrated in a group of
Gambian children whose growth and health status was prospectively followed from 2-15
months of age, during which time a high degree of diarrhea was noted (0.8 days/wk on
average).33 41 Levels of fecal neopterin correlated negatively with linear growth and weight
gain,*! as did serum levels of antibodies to endotoxin.33 Growth and weight gain were also
inversely related to a measure of intestinal permeability, but to a lesser degree, supporting
the concept that inflammation itself may play a key role in suppression of growth in enteric
disease.33

The burden of these issues in developing regions of the world remains significant, and in
areas affected by these environmental enteropathies it is common to see 14-34% of young
children with height-for-age z-scores of <-2.42-45 When children remain in the same living
environment of malnutrition and enteric infections throughout childhood, this childhood
stunting leads to a stunted adult height as well, shown in prospective studies.?! There are
clear additional costs related to the care of these children during illness, the future cognitive
development of affected children,6-48 and quality of life,17: 45 resulting in a high burden of
disease in terms of disability-adjusted life years (DALY's), an estimate of the cost across the
lifespan.49 50

However, pertinent to this review—and potentially adding to the costs of enteric disease in
terms of DALY s—there has been accumulating evidence that such nutritional stunting from
enteric disease in early life has longstanding effects on risk factors for diabetes and
cardiovascular disease. This evidence has accumulated from multiple study designs, as
described below.

Evidence for long-term effects of nutritional stunting

Stunting and obesity frequently co-exist in the same setting

Studies from both urban and rural populations in developing areas over the past decade have
revealed increases in rates of obesity throughout the lifespan and related chronic diseases in
adults. Often there is the presence of both stunting in early childhood and later obesity in the
same impoverished neighborhoods, often referred to as the “dual burden paradox.”®1: 52 This
has been seen in Pakistan, South Africa and Brazil (Table 1).42-44 One study in Brazil was
notable for documenting the presence of both undernutrition and obesity together in 30% of
households.#* This thus raises the possibility that poor early growth and later obesity may
also exist among some individuals in communities in the developing world. Interestingly, in
many of these studies it was the females who were much more affected by obesity among
older children and adults (Table 1). As we shall see, this predominance of findings among
females has also been shown among other studies of stunted individuals.

Childhood growth of individuals who develop CVD and glucose intolerance

Large cohort studies have evaluated individuals who developed adult disease, looking back
to childhood data to investigate for their pattern of growth. In Norway a group of
investigators evaluated a long-term cohort of >8700 adults and selected those who had
experienced cardiovascular events by 64 y.0.23 They then evaluated the average growth in
childhood for the group, revealing that those who later developed CVD exhibited below-
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average height, weight and BMI in early life with rapid weight rebound in later childhood
(Figure 3A).53

Another group assessed a cohort of 1492 adults in New Delhi India by performing oral
glucose tolerance tests (OGTT) on subjects when they were about 30 years old.>* They
defined glucose intolerance as a blood sugar >140 mg/dL at the 2 hour point of the OGTT.
In looking at the childhood growth of those with glucose intolerance, these researchers noted
childhood growth patterns similar to the Norwegian cohort—below average height, weight
and BMI in early life, followed by rapid weight gain thereafter (Figure 3B).2* In both of
these studies the subjects overall exhibited below-normal growth prior to 3-4 years old,
suggesting that poor growth in early childhood (along with later weight gain) may play a
role in the development of these disease processes. The relatively early onset of rapid weight
gain is termed “adiposity rebound” and is defined as the time when the physiologic nadir of
BMI reverses and begins to increase with age.>* The early onset of this weight gain may
indicate something different about these individuals. Potential explanations include genetic
features or, alternatively, epigenetic changes conferring an increased predilection toward
rapid weight gain.

Metabolic syndrome characteristics following poor childhood growth

The researchers investigating the cohort from New Delhi also looked for relationships
between childhood growth and components of MetS among this group. They divided
individuals into quintiles by childhood BMI at 2 years old and assessed correlations between
low childhood BMI and MetS in adulthood, adjusting for adult BMI.>> With this adjustment,
low childhood BMI was associated with less favorable measures of multiple findings related
to MetS, including triglycerides, cholesterol, blood pressure, insulin resistance (as measured
by HOMA), and glucose level during an OGTT (Table 4). The relationship with adult
findings was particularly strong as related to the OGTT (p<0.001). Interestingly, when these
relationships were evaluated prior to adjustment for adult BMI the relationships were less
striking. Prior to adjustment, childhood BMI is only a significant predictor of abnormal
glucose tolerance. This likely indicates that while low BMI at 2 years old is a contributor to
risk for future MetS findings, adult BMI—potentially a marker for obesity-prone genetics or
adult lifestyle—is a much stronger predictor of MetS.>°

Similar findings was seen in a meta-analysis of cohort studies in which children in
developing countries had growth followed in early childhood and were later evaluated as
adults.?! Following adjustment for adult BMI, low childhood BMI at 2 years old was
associated with higher adult BP (p<0.001) and blood glucose levels (p<0.05). These
relationships were not apparent prior to adjustment for adult BMI, suggesting again that
adult obesity is likely a stronger influence on these adult findings than low childhood BMI.
Nevertheless, these prospective studies suggest an additive residual effect following low
childhood weight, likely as a result of enteric disease.

The research team lead by Ana Sawaya from Sao Paulo, Brazil has reported multiple studies
using stunting in adults from shanty towns as a surrogate for poor childhood growth due to
enteric disease. As mentioned previously, the prevalence of stunting in these areas is high
(Table 1), and while there may be other factors also associated with short stature (e.g.
genetics), the association of stature with a history of impoverished living conditions and
poor sanitation was felt to justify use of adult height as a surrogate measure for prior
undernutrition/inflammation related to enteric disease in this context.56 In their
investigations in a shanty town in Macei0, Brazil these researchers compared women with
an adult height in the bottom quartile of the group (corresponding to a z-score of <-2,
representing stunting) to women of normal stature from the same neighborhood. In this
evaluation women with stunting had a higher odds ratio for having central obesity, high
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body fat, hypertension and insulin resistance (Table 2),%6 and these higher odds remained
significant, both before and after adjusting for age, current BMI and other MetS-related
factors such as waist:hip ratio. Sawaya’s group also evaluated mean levels of MetS-related
variables between women who were stunted vs. normal height and found that the women
who were short had more extreme findings related to MetS, including insulin resistance and
HDL cholesterol (Table 3).57

As alluded to earlier, these findings predominated among women. Men with stunting did
exhibit a tendency toward increased overweight (24.5% in stunted men vs. 14% in non-
stunted men)*4 but did not exhibit the differences in hypertension that had been noted in
women.%® The cause of these gender differences in the effect of stunting on MetS is not
clear.

Sawaya’s group also used stunting as a marker for early childhood nutrition in evaluating
children from impoverished areas in Sao Paulo, revealing that some of these findings were
present as early as 4 years old. Notably, when compared to non-stunted children, stunted
children have higher systolic and diastolic BP and a far greater rate of hypertension (71% in
stunted children vs. 20% in non-stunted children from the same neighborhood).>®
Additionally, stunted girls age 7-11 years old exhibited a greater waist:hip ratio than non-
stunted girls.60

Nevertheless, most of the findings seen among adults with stunting (e.g. elevated levels of
insulin and dyslipidemia) have not been noted during childhood, particularly related to
insulin resistance in boys. Stunted boys also tended to be thinner than non-stunted boys and
exhibited greater insulin sensitivity as measured by the homeostasis model of insulin
resistance (HOMA) as may have been expected from their thinner body habitus.51

Metabolic syndrome characteristics following childhood illness

As mentioned previously, the changes in growth and weight gain in early childhood appear
to be related to both systemic inflammation and poor absorption of nutrients. In addition to
investigating the relationship between poor childhood growth and nutrition and future MetS,
other researchers have examine the relationship between childhood illness and metabolic
outcomes, including data from the Nutrition Institute of Central America (INCAP), a
prospective study of nutrition and health in Guatemala.62 63 This study followed the health
and burden of illness in children <2 years old and reassessed the same individuals 25-35
years later. These data revealed that serious illness and anorexia during early childhood (as
assessed by bi-weekly interviews with the mother during the first 2 years of life) were
associated with an increased risk for a classification of MetS®2 and high levels of
triglycerides®? as adults. In a set of analyses of these data increasing days with serious
illness or anorexia in the first 7 years of childhood (as determined by parent report) carried
OR’s of 1.52 and 1.58, respectively, for developing MetS as adults. The relation persisted in
with similar OR’s following adjustment for individual factors including birth weight, overall
childhood morbidity and SES, and adult SES.52 Similarly, the number of days with fever
had an OR of 1.15 for having elevated triglycerides as adults.53 Additionally, a higher
burden of early childhood diarrhea was associated with modest increases in risk for elevated
fasting glucose (OR 1.51),62 Jlow HDL (OR 1.06),3 and abdominal obesity (OR 1.07)83 in
adulthood. In general, these studies found higher associations of other markers of disease
(anorexia, fever, serious illness) than diarrhea itself in predicting adult diseases and the
associations were attenuated following adjustment for childhood stunting, underscoring the
potential overlap between inflammation, poor growth and future metabolic disease.52
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Sum of evidence

As seen above, data from multiple approaches including cross-sectional and cohort studies
among children and adults begin to support a hypothesis that early childhood illness and
malnutrition (resulting in low BMI at 2 years old and stunting of height) increases risk for
findings related to MetS. The relationship of these issues to enteric infections is further
supported by the independent association of frequent diarrhea illness in early childhood to
elevations in MetS-related factors as adults.52 63 Similarly, these associations involving low
early childhood BMI in regions of the world in which enteric diseases are endemic suggests
further links between environmental enteropathies and future risk. Many of the large-scale
studies presented here include statistical adjustments for possible confounders such as
parental education, degree of poverty and household sanitation.20: 21. 62, 63 gij||, there may
remain some residual confounders that contribute to the associations presented here.

Some of these findings regarding adult disease—in particular glucose intolerance—appear
to have an especially tight link to poor childhood growth, while other adult findings appear
to have a more modest link to early childhood processes. In most cases, known effects of
adult obesity on these MetS factors appear to predominate over the effect of poor childhood
growth. Nevertheless, even minor effects of childhood illness and poor growth on future
disease may provide opportunities to learn mechanisms regarding the causes—and
ultimately the prevention—of future disease.

Potential etiologies

Basic science data in models of LBW and inflammation

The etiology for these relationships between childhood nutrition and illness and adult
metabolic outcomes is not known, including whether this process shares mechanisms with
those connecting LBW and future disease. Also not known is whether potential epigenetic
changes relate more strongly to nutritional deprivation or to inflammatory mechanisms. In
the case of LBW, postulated mechanisms include methylation of genes and acetylation of
histones, two epigenetic processes that can alter the accessibility of certain genes for
transcription.84 Animal models models have been able to evaluate the effects of poor
nutrition in the absence of inflammation via feeding restriction in neonatal mice in the first
days of life (analogous to the late third trimester in humans).8° Such nutritional deprivation
results in changes in acetylation of genes such as PDX-1, a transcription important for islet
cell development and later insulin production.86 Another basic science approach gave
pregnant mice 50% of their usual food intake and found that nutrient deprivation resulted in
a decrease in expression of glucose transporters in muscle—a process linked to increase
insulin resistance.5” This appeared to occur via alterations in the methylation of Glut4 and
acetylation of histones associated with its promoter region. While it is difficult to evaluate
for each of these processes in humans, investigators have demonstrated early evidence that
similar mechanisms may be involved. For example, relative to unaffected control subjects,
individuals exposed to prenatal famine during World War 11 with clear effects of nutritional
deprivation exhibit differences in methylation in genes related to metabolism.88 As these
types of epigenetic modifications become better delineated, it will be important to employ
both basic and translational approaches to identify whether windows of vulnerability for
these events persist after gestation and into early life. This could help to answer whether
caloric deficits after birth could also result in life-long changes related to metabolism and
glucose utilization.

While the exact effects of inflammation have not been as closely defined, basic science
studies have shown changes in chromatin remodeling in response to inflammatory
cytokines.®9 These known effects are related to immunologic cells per se, but other
epigenetic changes occur in the colonic mucosa through toll-like receptors in response to gut
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pathogens, suggesting a wide degree of complexity in cues for epigenetic changes and
downstream tissue effects.’? Overall, the contributions of undernutrition and inflammation
to MetS effects and the underlying mechanisms therein will require more detailed basic
science investigation.

Clinical studies

Clinical studies investigating the connection between stunting and MetS have revealed
interesting findings that address potential mechanisms. Florencio et al. assessed food intake
in women living in poor urban areas of Maceid and reported that total calorie consumption
per day was not increased among adult women with stunting compared to those without.”®
Hoffman et al. assessed children from poor urban areas of Sao Paulo for their respiratory
quotient, a measure of expired CO» per calorie expended that serves as a marker of fat
metabolism, for which lower respiratory quotient correlates with a lower degree of fat
metabolism.’2 They found that stunted children have a greater fasting respiratory quotient
than those without stunting. During a re-feeding program, stunted girls had a more rapid rate
of weight re-gain than girls without stunting, perhaps analogous to the “catch-up” growth
seen in malnourished children who do not have heavy diarrhea burden.1”- 73 Nevertheless,
stunted girls did not exhibiting the concomitant increase in resting energy expenditure seen
during weight gain among girls without stunting.59 Thus, while food intake did not appear to
be affected among stunted individuals, long-term changes in energy utilization and
metabolic rate may play a role in these long-term differences between stunted and non-
stunted individuals.

One proposed mechanism for the connection between stunting and MetS relates to stress
response, including the regulation of cortisol and epinephrine. Cortisol is released under
control of the hypothalamic-pituitary-adrenal axis and epinephrine is released primarily by
the adrenal medulla; both hormones produce an increase in hepatic release of glucose, an
increase in insulin resistance and an increase in vascular tone leading to increased blood
pressure.’# Indeed it has been noted that tonic increases in cortisol could produce findings
related to MetS.”® Normally cortisol is released in a diurnal pattern but it is also released in
response to physical and psychological stress. Long-term changes in cortisol regulation have
also been proposed to occur following significant psychological stress.”® The mechanism
behind such changes is not known, though animal models of psychological stress have
demonstrated an increase in methylation of brain tissue, suggesting the possibility of
alterations in hypothalamic-pituitary control of cortisol regulation.”’~79

Cortisol levels have also been noted to be higher among individuals born with low birth
weight as compared to those born with normal birth weight.®-11 Similarly, levels of cortisol
have been found to be higher among stunted children in the developing world compared to
non-stunted children. Fernald et al. measured random cortisol levels among children from a
neighborhood in Haiti and reported higher levels of cortisol among stunted vs. non-stunted
children.80 Stunted children also had higher levels of urinary epinephrine and
norepinephrine.81 However, a follow-up study of similar size failed to reveal differences in
cortisol levels and suggested a blunted response to psychological stress among stunted
children in Nepal.82 Basic science approaches also support the potential for involvement of
the hypothalamic-pituitary-adrenal axis following undernutrition.83: 84 Overall the role of
stress response in mediating long term effects remains unclear.8°

Hypertension in these settings could result from either effects at the levels of the kidney or
the endothelium. The effect of childhood diarrhea on kidney function is unknown but there
is potential that severe or recurrent cases may result in damage, as suggested by an increase
in renal disease and CVD following accidental contamination of a Canadian city’s water
supply with £.coli 0157:H7 and Campylobacter86 It is also important to note that infectious
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diarrhea can result in systemic inflammation which can contribute to chronic remodeling of
the intima media of arteries, ultimately increasing BP.87 While this has not been
demonstrated specifically in the case of recurrent diarrhea, it remains an additional potential
mechanism for hypertension in later life. Clearly, more extensive investigations are
necessary regarding this and other potential mechanisms of future disease risk.

It is likely that investigations into these mechanisms will reveal complex and overlying
processes. This is particularly true regarding so-called “thrifty” genes that may decrease the
weight loss incurred from malnutrition and enteric diseases but in the long-run increase risk
for adult disease.88 An example of this is ApoE4, a gene involved in cholesterol regulation
which in early childhood protects against recurrent diarrhea and the cognitive sequelae of
diarrhea but in adulthood increases risk for CVD.89 90 By protecting against early
malnutrition but contributing to later CVD, such “thrifty” genes may mask the effect of
stunting on future health. Hence a multitude of factors will have to be weighed in assessing
mechanism of risk.

Markers of risk

With the mechanism of these associations unknown, questions persist regarding the optimal
marker of risk to use in assessing the effects of nutrition on future disease risk. Potential
markers of risk (along with their advantages and disadvantages) include the following:

1. Height-for-age z-score: Stunting (height-for-age z-score <2 standard deviations
below the mean) is likely the most dramatic and noticeable of the markers of
nutritional deficiency. It also has clinical implications in that the degree of stunting
at 2 years old is associated with the number of diarrheal infections2® and with adult
height.21 A single height measurement is likely the easiest of these markers to
evaluate in settings in low income settings.?? However, in many ways height z-
scores may not be the best predictor of risk. Some children who are genetically
programmed to have tall stature may experience significant growth restriction but
still not reach a height below the 3" percentile. Alternatively, children with a
height z-score below the 3 percentile may be genetically programmed to be short
despite proper nutrition and a lower burden of intestinal disease. While not known,
these confounding issues may have contributed to the lower associations of height
with measures reported here.2!

2. BMI-for-age z-score: Low BMI at 2 years old may offer benefits over evaluations
based on stunting alone. BMI (though not a validated tool for use in children below
2 years old) offers the advantage that it takes into account both height and weight.
Children with poor growth due to malnutrition or enteric infections are likely to
have less lean and fat mass and thus have a lower weight for height. Thus, as a
marker of risk, BMI-for-age is more likely to catch children with tall stature genes
who are relatively undernourished but not technically stunted. BMI is also more
likely to exclude children with short stature genes who are otherwise robust.
However, using low BMI z-score as a marker of risk still may include children with
a genetic tendency toward thinness, even in the setting of adequate nutrition. This
drawback notwithstanding, of the childhood markers here, BMI z-score at 2 years
old was the marker most predictive of future risk, though adult BMI was an even
better marker.21: 55

3. Diarrheal illnesses: The presence of diarrheal illness represents a potentially
powerful marker of future risk of adult disease because of the risk of both systemic
inflammation and poor nutrient absorption. A meta-analysis of multiple studies
suggested that the number of cases of diarrhea represents an important marker of
risk for stunting, with an OR of stunting of 1.025 per episode of diarrhea.20- 62, 63

Nutr Rev. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

DeBoer et al.

Page 9

Similarly select enteric pathogens such as Giardia 34 and Cryptosporidium 27 or the
duration of episodes (i.e. acute vs. prolonged vs. persistent) may prove markers of
risk.27 Children with multiple cases of diarrhea are more likely to have poor gains
in weight and height, presumably due to either an increase in intestinal or systemic
inflammation 3341 or to a decrease in absorbed nutrients over time.2”- 29 Systemic
inflammatory responses to the infection may also play other roles in blood pressure
remodeling.8” Nevertheless, counting the number of episodes of diarrhea could
prove difficult in the developing world outside of research studies given limited
family education and resources, though assessing duration of diarrheal episodes in
early life may help identify at-risk children.2 Further, it has been well documented
that a high proportion of children in the developing world have environmental
enteropathy even in the absence of overt diarrhea, with measures of intestinal
permeability correlating with poor growth while days with diarrhea did not.18: 33, 41
Lastly, diarrhea also identifies the undernourished child at risk of infectious
comorbidities such as pneumonia, which in addition to its staggering toll on child
survival, clearly contributes to growth faltering.%2 Perhaps the greatest utility in
using diarrheal burden as a marker of risk is that it may help us come closer than
the other markers to understanding the mechanisms behind these effects.

4. Nutrition: A theoretical marker of increased risk could be some other marker of
malnutrition. This could be based on something as simple as an accurate estimate
of calories delivered or as complex as a biomarker of nutrition status. Estimates of
calories delivered are still problematic given that not all of these calories are likely
to be absorbed. Though there are currently no biomarkers of nutritional status in
common use, there is great interest in the development of such predictive
biomarkers as early warnings of nutritional shortfalls. The use of such a marker
may help identify children before growth falters significantly and could also be
evaluated in its relationship to the potential epigenetic processes noted above.

At this point, gain of weight and height over time remain the best markers of nutrition
adequacy, even if these are more difficult to quantify in assessing long-term effects on adult
health risk factors. Similar to questions about markers of risk, the timing of these potential
epigenetic changes is also unknown. Many investigations have suggested that while early
stunting <2 years old can exhibit “catch-up growth,” stunting at 2 years old is more likely to
be persistent.18: 21 Determining the timing of potential effects on long-term health will
require careful evaluation of long-term cohorts.

Conclusions

In conclusion, childhood infection and growth restriction as estimated by low BMI or
stunting of height appears linked to risk factors for CVD and T2DM. These effects are
similar to those seen following LBW and may compound the even greater overall risk posed
by adult obesity. While the etiology remains unclear, it is possible that both calorie deficit
and infection-related inflammation may play a role. Given the prevalence of enteropathy-
related growth failure and worsening rates of obesity in the developing world, early
childhood infections and growth failure may prove to be important contributors to future
cardiovascular and metabolic diseases in addition to impacts on physical and cognitive
development. If these relationships are confirmed through further research, this could bring
important worldwide attention to yet another costly reason to prevent malnutrition and
enteric disease in childhood.
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Figure 1. Environmental enteropathy: villus atrophy and a cycle of infections and malnutrition
Children in developing areas in the world frequently exhibit abnormalities in their intestinal
mucosa referred to as “environmental enteropathy.” Associated findings following on biopsy
of the intestinal mucosa include villus blunting and deepened crypts (A) compared to normal
mucosa (B). C. As shown in this model, these cases of environmental enteropathy are
thought to be due to reciprocal relationships between malnutrition and recurrent enteric
infections due in part to contaminated drinking water and poor sanitation. This cycle of
undernutrition ultimately leads to poor weight gain and stunting. (From McKay?4
International Health 2010; 2: 172-180, Levine2®> BMC Biology 2010; 8:129 and Guerrant2®
Nutr Rev 2008; 66:487-505, used by permission.)
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Figure 2. Meta-analysis of the relationship between diarrheal illnesses and stuntingin the

developing world

A. Point estimates and confidence intervals for the odds of stunting at 2 y.o. in children who
had at least 5 episodes of diarrhea compared with those with less than 5 episodes. B. There
was a linear relationship between the cumulative diarrheal incidence before 2 y.o. vs. the log
odds of stunting at 2 y.o., suggesting a dosage effect of diarrhea on stunting. (From
Checkley?? International J of Epidemiology 2008; 37:816-830, used by permission.)
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Figure 3. Individualswho develop CVD and glucose intolerance on aver age exhibit poor early
childhood growth

A. Childhood growth characteristics of 357 men who developed coronary heart disease as
adults. Mean values for age of height, weight and BMI z-score for the overall sample (4630
boys) is set to a z-score of zero. On average, men who developed coronary heart disease
exhibited below average growth parameters in early life followed by rapid weight gain in
later childhood. B. Childhood BMI z-score of 156 individuals found to have glucose
intolerance at age 25-34 years. The mean childhood BMI for the overall sample (1492
individuals evaluated as adults) is set to a z-score of zero. Individuals with glucose
intolerance as adults exhibited a mean childhood BMI z-score (solid line, with confidence
intervals as dotted lines) that was below average in early life followed by rapid weight gain
later. (From Barker®3 NEJM 2005; 353: 1802-1809 and Bhargava® NEJM 2004; 350: 865
875; used by permission.)
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Figure 4. Model for the effects of early childhood nutrition on adult health

According to hypothesies related to the early origins of adult disease, intrauterine growth
restriction leads to epigenetic changes, affecting adult health outcomes. Data are beginning
to accumulate that these changes may not be complete at birth but may be affected by
further malnutrition and inflammation in early childhood. The mechanistic basis for this
(and the ultimate effect on adult health outcomes) is not yet known.
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Table 1
Cross-sectional studiesin developing parts of theworld revealing co-incidence of stunting
in early childhood and obesity in later childhood

Adapted from Jafar Arch Dis. Child. 2008;93:373; Kimani-Murage BMC Public Health. 2010;10:158; and
Florencio BrJ Nutr. Aug 2001;86(2):277-284.

Reference Location, time Stunting (%) Obesity
Jafar (2008)42. Urban Pakistan ("04-’05) | 5-6y.0.’s: 13-14y.0.’s:
Girls 14.1% Girls 10.5%
>Boys 30% Boys 7.4%
Kimani-Murage (2010)43. | Rural South Africa ('07) | 2y.0.’s: 18y.0.’s:
Girls 21% Girls 25%
Boys 25% Men 4.5%
Florencio (2001)%. Maceid, Brazil ("99) <10y.o. Adults:
Boys & girls:17% Women 32%
Men 16%
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Odds of MetS- related findings among women with stunting

Women in Maceid, Brazil, aged 30.2 +/- 7.7 yrs (range 18-53) with adult height in the bottom quartile were
compared with those in the top 3 quartiles in a multivariate analysis. P values are shown for significance of
relationship both before and after adjusting for factors such as adult BMI, age and waist:hip ratio. Adapted
from Ferreira HS et al. BrJ Nutr. 2009;101(8):1239-1245 and Florencio TT et al. Eur J Cardiovasc Prev
Rehabil. 2007;14(2):346-348.

Adult MetSrelated finding | OddsRatio | P valuebeforeadjustment | P valueafter adjustment for adult BMI, age, other factors
Waist:Hip ratio = 0.85 1.33 0.007 <0.001

Pecent body fat = 30% 2.13 <0.001 <0.001

Insulin resistance 3.24 <0.05 <0.05

Systolic BP = 140 3.07 0.006 <0.01
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Table 3
Differencesin MetS-related variables among women with and without stunting

Women were a random selection of a larger cohort from a shanty town in Macei6, Brazil. Adapted from
Florencio TT et al. Eur J Cardiovasc Prev Rehabil. 2007;14(2):346-348.

Adult MetS Finding Stunted (n=20) | Average stature(n=20) | Pvalue
Insulin (UU/mL) 11.34 9.26 0.02
HOMA-IR 2.39 1.93 0.01
LDL cholesterol (mg/dL) | 116 103.2 0.02
HDL cholesterol (mg/dL) | 44.0 48.3 0.05

Nutr Rev. Author manuscript; available in PMC 2013 November 01.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

DeBoer et al. Page 22

Table 4
Association of low BMI at 2 y.0. with MetS-related findings as adults 25

—34y.0. P values are given for the significance of association of the lowest quintile of BMI at 2 y.o. with the
MetS finding listed, as compared to the other quintiles. Abbreviations: OGTT, oral glucose tolerance test;
IGT, impaired glucose tolerance; HOMA, homeostasis model of insulin resistance; T2DM, type 2 diabetes
mellitus. Adapted from Fall HD et al. Diabetes Care 2008; 31: 2349-2356.

Adult MetS Finding P value after adjustment for adult BMI | P value before adjustment for adult BMI
Adult MetS diagnosis 0.01 0.1

Triglycerides 0.02 0.6

Total cholesterol 0.02 0.8

Systolic BP 0.05 0.1

Insulin resistance (HOMA) | 0.002 0.1

Glucose after OGTT <0.001 <0.001

IGT/T2DM <0.001 0.06
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