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ABSTRACT

Background: Antibodies to LPS and flagellin have been described
as indirect measures of increased gastrointestinal permeability and
may be markers of environmental enteric dysfunction (EED), which
is a condition associated with poor child growth.

Objective: We assessed whether LPS- and flagellin-specific immu-
noglobulin (Ig) concentrations were associated with poor growth in
young Tanzanian children at risk of EED.

Design: Blood samples were obtained from 590 children at 6 wk, 6
mo, and 12 mo of age. Serum LPS- and flagellin-specific Ig con-
centrations (IgA and IgG) were measured with the use of an ELISA.
Growth was measured on a monthly basis for 18 mo.

Results: Anti-LPS and anti-flagellin IgA and IgG concentrations
increased over the first year of life and were higher than concentra-
tions (measured at 9 mo of age) in healthy controls. Children with
anti-flagellin IgA, anti-LPS IgA, anti-flagellin IgG, and anti-LPS
IgG concentrations in the highest quartile at 6 wk of age were
2.02 (95% CI: 1.11, 3.67), 1.84 (95% CI: 1.03, 3.27), 1.94 (95%
CI: 1.04, 3.62), and 2.31 (95% CIL: 1.25, 4.27) times, respectively,
more likely to become underweight (weight-for-age z score <—2) after
adjustment for covariates (P-trend < 0.05) than were children with Ig
concentrations in the lowest quartile. Children with increased concen-
trations of anti-flagellin IgA were also more likely to become wasted;
however, there was no association between any of the markers and
subsequent stunting.

Conclusion: Serologic measures of increased intestinal permeability
to bacterial components are associated with subsequent poor growth
and could help identify children who may benefit most from preven-
tive interventions. This trial was registered at clinicaltrials.gov as
NCT00421668. Am J Clin Nutr 2016;103:1548-54.

Keywords: child growth, environmental enteric dysfunction, in-
testinal biomarkers, anti-flagellin antibodies, anti-LPS antibodies, in-
testinal permeability, environmental enteropathy

INTRODUCTION

Environmental enteric dysfunction (EED)m is a subclinical
condition of the small intestine that is characterized by villous
atrophy, crypt hyperplasia, increased intestinal permeability,
inflammatory cell infiltrate, and malabsorption (1-3). Although
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the exact cause is unknown, EED is thought to result from a
chronic fecal-oral exposure to enteropathogens that are common in
poor sanitary and hygiene conditions. The subclinical characteris-
tics of EED can ultimately lead to serious functional consequences
including impaired child growth and development (4). Because of
the global burden of these problems, there is a critical need to
identify sensitive and early biomarkers of EED to target vulnerable
infants who may benefit most from appropriate interventions.

The diagnosis of EED has remained challenging. Small bowel
biopsies have been considered the gold standard for the as-
sessment of the mucosal structure; however, such procedures are
invasive, expensive, and impractical for widespread use in
community-based settings. Carbohydrate-absorption tests, such
as the d-xylose and lactulose:mannitol ratio tests, have also been
used, but these tests are typically time-consuming procedures,
and questions have been raised regarding the correlation of these
tests results with actual enteropathy, clinical symptoms, and
impaired growth (5, 6).

The bacterial protein flagellin, which mediates bacteria mo-
tility, and LPS, a major structural component of bacteria, are
normally present in the gut lumen but are usually excluded from
absorption by the gut epithelium. However, in conditions of gut-
barrier dysfunction and perhaps alterations in the amount or
composition of the gut microbiota, the translocation of LPS and
flagellin across the intestinal mucosa may activate the adaptive
immune response resulting in the generation of anti-flagellin and
anti-LPS antibodies. Although anti-flagellin and anti-LPS Igs are
present at low but detectable concentrations in the serum of
healthy children, in certain disease states such as short bowel
syndrome (7) and Crohn disease (8), the concentrations of these

! Supported by the NIH (grants RO1 HD048969 and K24 DK104676) and
the Bill & Melinda Gates Foundation (award OPP1066203).

2 Supplemental Table 1 is available from the “Online Supporting Material”
link in the online posting of the article and from the same link in the online
table of contents at http://ajcn.nutrition.org.

*Towhom correspondence should be addressed. E-mail: christopher.
duggan@childrens.harvard.edu.

10 Abbreviations used: EED, environmental enteric dysfunction; LAZ,
length-for-age z score; WAZ, weight-for-age z score.

Received January 28, 2016. Accepted for publication March 30, 2016.

First published online April 27, 2016; doi: 10.3945/ajcn.116.131409.

Am J Clin Nutr 2016;103:1548-54. Printed in USA. © 2016 American Society for Nutrition



BIOMARKERS OF ENVIRONMENTAL ENTERIC DYSFUNCTION

antibodies are considerably higher than in healthy controls, which
suggests that they may be markers of impaired gastrointestinal
barrier function. To our knowledge, these biomarkers have not
been previously evaluated in resource-limited settings as indicators
of EED. Therefore, we aimed to determine whether serum LPS- and
flagellin-specific Ig concentrations were associated with poor growth
in young Tanzanian children at risk of EED.

METHODS

Subjects included in this analysis were part of a randomized,
double-blind, placebo-controlled trial that was designed to in-
vestigate whether the daily administration of zinc or multivita-
mins to Tanzanian infants reduced risk of infectious morbidity
compared with that shown with the administration of a placebo.
Results of this trial have been published previously (9). In brief,
HIV-negative mothers of potentially eligible infants were recruited
into the study, and their infants were randomly assigned to one of
4 study arms between 5 and 7 wk of age. Infants of multiple births
and those with congenital anomalies or other conditions that would
interfere with the study procedures were excluded from the trial.

Birth characteristics were obtained immediately after delivery.
At the time of random assignment, a study physician performed
a clinical examination, and a study nurse performed a history of
morbidity and infant-feeding practices, anthropometric mea-
surements, and a blood draw. Mothers were asked to return to the
study clinic with their infants every 4 wk for data collection and
standard clinical care including growth monitoring, immuniza-
tions, routine medical treatment of illnesses, and periodic vitamin
A supplementation (100,000 IU at 9 mo of age and 200,000 IU at
15 mo of age). At these visits, study nurses performed a morbidity
history, measured the child’s weight with the use of a digital
infant balance with a 10-g precision (Tanita), and measured the
child’s length with a 1-mm precision with the use of a rigid
length board with a movable foot piece.

Blood samples were obtained from children at baseline and at
6, 12, and 18 mo of age. To be eligible for inclusion in this
subanalysis of anti-flagellin and anti-LPS Igs and child growth,
children were required to have a blood sample available at 6 wk
and 6 mo of age and have a length-for-age z score (LAZ) of =—2
at 6 wk of age. We anticipated that 590 children would meet
both eligibility criteria, which would have provided 99% power
to detect a stunting HR of 1.5 for every 0.4-U increase in anti-
LPS IgG and 91% power to detect a stunting HR of 1.5 for every
0.2-U increase in anti-flagellin IgG. These calculations assumed
SDs of 0.48 and 0.19 for anti-LPS IgG and anti-flagellin IgG
(10), respectively, an estimated stunting incidence of 30% by 2 y
of age (11), and a 15% rate of loss to follow-up.

Flagellin- and LPS-specific IgA and IgG concentrations were
measured with the use of an ELISA as previously reported (7).
Microtiter plates were coated with purified Escherichia coli
flagellin (100 ng/well) or purified E. coli LPS (2 pg/well). Serum
samples from study participants were diluted 1:200 and applied to
wells coated with flagellin or LPS. After incubation and wash-
ing, the wells were incubated with anti-human IgA (KPL) or IgG
(GE Healthcare) coupled to a horseradish peroxidase. The quanti-
fication of total Igs was performed with the use of the colorimetric
peroxidase substrate tetramethylbenzidine, and absorbance (optical
density) was read at 450 nm with the use of an ELISA plate reader.
Data are reported as optical density—corrected data by subtracting
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background concentrations, which were determined from the
readings in samples that lacked serum.

For purposes of comparison, anti-flagellin and anti-LPS Igs
were also measured in a cohort of 36 healthy infants seen at
Boston Children’s Hospital. After institutional review board
approval was obtained, any infant from birth to 12 mo of age
with an excess blood sample in the Boston Children’s Hospital
central laboratory was eligible for inclusion. Subjects were ex-
cluded from participation in the research study if /) their LAZ
was <—2 or >2; 2) their WAZ was <—2 or >2; 3) no growth
data were available for the review and analysis; 4) there was
evidence of a recent fever, which was defined as any temperature
>38.5°C in the past 48 h; and 5) there was any evidence of
a systemic illness (e.g., malignancy). A total of 67 infants were
screened for enrollment, and 31 infants were excluded. The
mean age of the remaining 36 infants at the time of the blood
draw was 9.5 mo (range: 5-12 mo).

Data were double entered with the use of Microsoft Access
software (version 12.0; Microsoft Corp.), converted to SAS
(version 9.2; SAS Institute) data sets, and uploaded to a secured
UNIX-based server (Oracle Solaris 10 x64) for analysis. De-
scriptive statistics were used to summarize baseline character-
istics of the study population. Frequencies were reported for
categorical variables and means = SDs for continuous variables.

The possibility of nonlinear growth in children’s LAZ and
weight-for-age z score (WAZ) over the course of follow-up was
examined nonparametrically with restricted cubic splines (12).
An automated stepwise selection with entry and retain criteria of
P < 0.05 was used for the placement of 21 knots in each curve.

The concentrations of each of the 4 biomarkers (i.e., anti-
flagellin IgA, anti-flagellin IgG, anti-LPS IgA, and anti-LPS IgG)
at 6 wk and 6 mo of age were categorized into quartiles to examine
their associations with child growth. Separate Cox proportional
hazards models were constructed to estimate HRs and corre-
sponding 95% CIs with the time to the first episode of stunting,
wasting, and underweight as the outcome and the child’s age
(in mo) as the metameter. Each outcome was modeled sepa-
rately, and the first time the child reached a score of <—2 SDs was
classified as an event. The follow-up time was censored at the time
of the event or the time of the last anthropometric assessment. To
assess the association between each biomarker and the anthropo-
metric outcomes, we first ran a series of univariate models. Second,
we ran multivariate models that adjusted for the following co-
variates: child sex, preterm birth, maternal age, maternal education,
maternal midupper arm circumference, number of household as-
sets, study regimen, and anthropometric z score at 6 wk of age.

All analyses were performed with the use of SAS version 9.2
software (SAS Institute). Institutional approval was granted by
the Harvard T.H. Chan School of Public Health Human Subjects
Committee; the Muhimbili University of Health and Allied
Sciences Research and Publications Committee; the National
Institute of Medical Research, Tanzania; the Tanzanian Food and
Drugs Authority; and the Boston Children’s Hospital Committee on
Clinical Investigation. This trial was registered at clinicaltrials.gov
as NCT00421668.

RESULTS

Of 2400 children who were enrolled in the parent trial for
multivitamin, zinc, or multivitamin and zinc supplementation
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between August 2007 and December 2009, 590 children met the
eligibility criteria and were included in the current substudy. As
shown in Table 1, mothers of enrolled children had a mean age
of 27 y, and only 25% of mothers had =8 y of formal education.
Most mothers were married or cohabitating with a partner, and
~70% of them had =1 previous pregnancy. One-half of all
children were boys, and the prevalence of low birth weight was
2.1%.

Figure 1 illustrates the progressive increase in the concen-
trations of all 4 biomarkers over the follow-up period. Figure 1
also shows that, in the case of anti-flagellin IgG, anti-LPS IgA,
and anti-LPS IgG, mean concentrations were considerably lower
in the healthy Boston children than in the Tanzanian children at
6 and 12 mo of age. The mean concentration of anti-flagellin
IgA was also lower in the group of Boston children than in the
Tanzanian infants at 12 mo of age.

With the exclusion from the analysis of children with an
LAZ <—2 at enrollment, mean = SD LAZ, weight-for-length
z score, and WAZ scores at 6 wk of age were —0.14 = 1.01,
—0.01 = 1.22, and —0.17 % 0.87, respectively. The restricted
cubic spline models highlighted a marked decline in all 3 z scores
over the course of the follow-up period (Figure 2). The mean LAZ
declined in a linear fashion and reached —1.12 by 78 wk of age.
The mean WAZ increased slightly from 6 to 15 wk of age but

TABLE 1
Background characteristics of the study population (n = 590)
Value
Maternal characteristics
Age, y 266 + 5.1"
Formal education, y, n (%)
0 14 (2.4
1-7 429 (73.2)
=8 143 (24.4)
Employment, n (%)
Housewife without income 346 (59.2)
Housewife with income 193 (33.0)
Other 46 (7.9)
Married or cohabitating with partner, n (%) 537 (92.0)
Previous pregnancy, n (%)
0 172 (29.3)
1-4 394 (67.1)
=5 21 (3.6)
Midupper arm circumference, cm 26.8 £ 3.2
Socioeconomic characteristics, n (%)
Daily food expenditure per person in household is <1000 140 (25.1)
Tanzanian shillings®
Household possessions,3 n
0 176 (30.0)
1-3 329 (56.1)
=3 81 (13.8)
Child characteristics
Boys, n (%) 293 (49.7)
Low birth weight (<2500g), n (%) 12 (2.1)
Born preterm (<37 wk), n (%) 56 (10.7)
Apgar score =7 at 5 min after birth, n (%) 8 (1.4)
Length-for-age z score at 6 wk of age —0.14 = 1.01
Weight-for-length z score at 6 wk of age —0.01 = 1.22
Weight-for-age z score at 6 wk of age —0.17 = 0.87

"Mean * SD (all such values).
Approximately US$0.80 at the time of the study.
3From a list that included a sofa, television, radio, refrigerator, and fan.
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fell steadily to a low of ~—0.68 by 72 wk of age. The drop in
the weight-for-length z score was the least extreme and reached
a low of ~—0.28 by 68 wk of age.

The median duration of follow-up in the stunting analysis was
57 wk, over which time 27.6% of children became stunted. None
of the biomarkers were significantly associated with risk of
stunting in either the unadjusted or adjusted models (Table 2).
The median duration of follow-up in the underweight analysis
was 73 wk, over which time 18.7% of children became un-
derweight. Contrary to the stunting models, an increased con-
centration of each biomarker was associated with a significant
increase in risk of underweight. In adjusted analyses, children
with anti-flagellin IgA, anti-LPS IgA, anti-flagellin IgG, and
anti-LPS IgG concentrations in the highest quartile at 6 wk of
age were 2.02 (95% CI. 1.11, 3.67; P-trend = 0.007), 1.84
(95% CI: 1.03, 3.27; P-trend = 0.02), 1.94 (95% CI: 1.04, 3.62;
P-trend = 0.009), and 2.31 (95% CI: 1.25, 4.27; P-trend = 0.01)
times, respectively, more likely to become underweight than
were children with concentrations in the lowest quartile. At
15.8%, wasting was the least common outcome to occur in
children with a median follow-up time of 61 wk. Although there
was a borderline significant association between increased con-
centrations of anti-flagellin IgA at 6 wk of age and subsequent
risk of wasting in the adjusted model (P-trend = 0.05), the other 3
biomarkers were not significantly related to risk of wasting. In
parallel models that included the quartile of concentration of each
biomarker at 6 mo of age as the exposure, there were no signifi-
cant associations with any of the 3 outcomes, most likely because
many cases of stunting, underweight, and wasting had already
occurred by 6 mo of age.

In multivariate analyses that investigated the relation between
the concentration of each biomarker at 6 wk of age and sub-
sequent risks of severe stunting, severe wasting, and severe un-
derweight (i.e., z scores <—3), no significant associations were
detected between any of the biomarkers and severe stunting or
severe underweight (Supplemental Table 1). There was a non-
significant trend (P = 0.07) for children with anti-LPS IgA
concentrations in the highest quartile to become severely wasted
than was shown for children in the lowest quartile. There was
also a nonsignificant trend between elevated anti-flagellin IgA
concentrations and risk of severe wasting (P-trend = 0.07).

DISCUSSION

In this longitudinal study of 590 Tanzanian infants at risk of
EED, we observed a clear trend of increasing anti-LPS and anti-
flagellin IgA and IgG concentrations over the first year of life.
Elevated concentrations of all 4 biomarkers at 6 wk of age were
predictive of future underweight but not of stunting. There was
also a borderline significant association between concentrations
of anti-flagellin IgA at 6 wk of age and subsequent wasting. To
our knowledge, our study is the first to explore the use of these Igs
as potential indicators of EED in a resource-limited setting.

To date, most investigations of anti-flagellin and anti-LPS Ig
concentrations have been conducted in clinical settings and have
involved patients with various gastrointestinal conditions. Ziegler
et al. (7) observed elevated anti-flagellin IgA, IgM, and IgG as
well as anti-LPS IgA concentrations in adult patients with short
bowel syndrome who were dependent on parenteral nutrition
compared with the concentrations in healthy controls and concluded
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FIGURE 1 Anti-flagellin and anti-LPS Ig concentrations in Tanzanian infants compared with concentrations in healthy Boston infants. Black circles
indicate means * SDs in Tanzanian infants over the follow-up period. White circles indicate mean = SD values in 36 healthy Boston infants with a mean age
of 9.5 mo. n = 590 for all biomarkers in Tanzanian infants at 6 wk and 6 mo of age; n = 214 for all biomarkers in Tanzanian infants at 12 mo of age; n = 36 for
all biomarkers in Boston infants at 9.5 mo of age. ***For comparisons of mean biomarker concentrations in Tanzanian infants with those of healthy Boston
infants (7 tests): *P < 0.05, **P < 0.001. All P-trend values were calculated in Tanzania infants only.

that this patient population was systemically exposed to flagellin and
LPS from the gut lumen. Similarly, Galloway et al. (13) observed
higher plasma concentrations of anti-flagellin IgA and anti-LPS IgA
in children with intestinal failure than in healthy controls. These
same authors also noted that anti-flagellin IgA concentrations in-
creased during febrile episodes in all patients with intestinal failure.
In contrast, anti-LPS and anti-flagellin IgA and IgG concentrations
were lower in a small cohort of infants with short bowel syndrome
than in healthy children; however, anti-flagellin IgA and IgG
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concentrations increased over the follow-up period (14). Diarrhea-
predominant irritable bowel syndrome has also been characterized
by elevated concentrations of LPS and flagellin antibodies (15).
Although no other studies have specifically explored anti-
flagellin and anti-LPS Ig concentrations as biomarkers of EED in
community-based settings in developing countries, our findings
can be compared with previous investigations that examined
other markers of impaired intestinal barrier function in relation to
child growth. The lactulose:mannitol ratio test has been most
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FIGURE 2 Mean (95% CI) length-for-age, weight-for-age, and weight-for-length z scores in Tanzanian infants over the follow-up period. Solid lines

represent means; dotted lines represent 95% Cls.
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commonly used to assess intestinal permeability, although its
association with child growth outcomes has been inconsistent.
Approximately 25 y ago, Lunn et al. (16) reported that the
lactulose:mannitol ratio could predict 43% of the observed
variation in linear growth and 39% of the weight gain in a cohort
of Gambian infants. In a longitudinal study that was also con-
ducted in the Gambia, Campbell et al. (5) observed that intestinal
permeability more than doubled between 12 and 52 wk of age and
was inversely related to age-corrected weight and length gains
over the follow-up period. A study that involved rural Bangla-
deshi infants similarly showed that elevated lactulose:mannitol
ratios were associated with lower HAZs and WAZs (17). In
contrast, intestinal permeability was not related to the HAZ or
WAZ in a study of mildly stunted Nepali children <5 y of age
(18), and in a cross-sectional analysis that involved Gambian
residents 2-60 y of age, the lactulose:mannitol ratio was only
associated with the HAZ but not with the WAZ (19).

A smaller number of studies have also investigated whether
increased intestinal permeability caused the translocation of
bacteria and microbial-associated products from the lumen of the
gut into the systemic circulation and resulted in immunostimu-
lation. In the aforementioned study by Campbell et al. (5), plasma
endotoxin concentrations were elevated and increased further
with age. Plasma IgG endotoxin-core antibody concentrations
increased even more dramatically with age and were inversely
associated with HAZs and WAZs. Although this same study
illustrated that plasma IgA, IgM, and IgG concentrations were
similarly associated with child growth, a significant association
was not detected between IgG concentrations and either HAZs or
WAZs in Bangladeshi infants (17). A recent analysis that in-
volved 700 Bangladeshi infants identified fecal reglB, myelo-
peroxidase, and a-1 antitrypsin, among others, as biomarkers of
environmental enteric dysfunction. More than 80% of infants
had abnormal values of these biomarkers at 12 wk of age, and
fecal reglB and myeloperoxidase concentrations were nega-
tively associated with changes in WAZs and HAZs from the
time of enrollment to 1 y of age (20). Kosek et al. (21) similarly
reported an association between neopterin, myeloperoxidase,
and a-antitrypsin and linear growth in a cohort of 537 children
from 8 countries. Unfortunately, because our study used stored
serum samples, and stool sampling was not comprehensively
performed, we were not able to compare these alternative
measures of EED with our Ig concentrations.

Opverall, our data are consistent with the notion that increased
gut permeability in the first months of life results in an increased
translocation of microbial products that drives proinflammatory
gene expression that results in reduced growth. An important
limitation of our study is that we could not assess whether such an
increase in the bacteria product translocation may have occurred
because of alterations in the microbial composition, including
the presence of flagellated bacterial pathogens such as mildly
pathogenic E. coli species. Furthermore, the detection of cir-
culating Igs to bacterial components does not distinguish small
bowel from colonic exposure. Another limitation is our inability
to quantify the amount of IgG at 6 wk of age that crossed the
placenta from the mother compared with that which was pro-
duced by the infant (22). The fact that we observed similar
associations between IgA concentrations and underweight is
encouraging, although breast milk may have contributed a portion
of the IgA that was detected in the infants’ serum at 6 wk of age.
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Finally, because child stunting was initially the primary outcome of
interest, we excluded infants who had this outcome at baseline,
which limited the generalizability of our findings.

Some strengths of our study also deserve comment. We were
able to obtain frequent, repeated measures of a large number of
children over a follow-up period of 18 mo. Our antibody data
were obtained in early infancy, which was well before the oc-
currence of growth faltering. Our analysis also involved multi-
variate modeling, which was a considerable advancement from
many of the early studies of EED and child growth.

In conclusion, anti-flagellin and anti-LPS Ig concentrations
increased substantially over the first year of life in young Tan-
zanian children. Elevated concentrations of all Igs at 6 wk of age
independently predicted risk of subsequent underweight but not
of stunting. The ability of these biomarkers to independently
predict future nutritional deficits is encouraging because they
may help identify children who are most vulnerable to under-
nutrition and who may benefit most from preventive interven-
tions. An evaluation of these biomarkers as they relate to other
measures of EED, including small bowel histology and other
markers of gastrointestinal inflammation, is warranted.
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