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ABSTRACT

Background: Undernutrition remains a significant problem world-
wide, with environmental enteropathy implicated as a contributing
factor. An understanding of the pathogenesis and identification of
children at risk are critical to the design of more-effective interven-
tions.

Objective: The stool regenerating gene 13 (REG1B) protein, which
is a putative measure of intestinal injury and repair, was tested as
a noninvasive biomarker of future childhood stunting.

Design: A total of 222 children from Bangladesh and 97 children
from Peru, who were from impoverished communities, were fol-
lowed from birth through 24 mo of age with anthropometric mea-
sures obtained every 3 mo. Stool REG1B protein concentrations
were obtained by using an REG1B polyclonal-polyclonal ELISA
at 3 mo of age. We tested for the ability of REG1B to forecast future
anthropometric shortfalls, independent of known predictors of un-
dernutrition of family income and baseline height and weight.
Results: In the Bangladesh cohort of 222 children, higher REG1B
concentrations at month 3 were significantly and independently
associated with a growth shortfall in a linear regression analysis
at months 9, 12, 18, 21, and 24 and, in the Peru cohort, at months
12, 15, 18, 21, and 24. With the use of a mixed model for repeated
measurements, higher stool REG1B concentrations at 3 mo were
also independently predictive of a lower future length-for-age z
score through 24 mo of age (Bangladesh P = 0.006; Peru P = 0.058).
Conclusion: The ability of fecal REG1B to predict growth shortfall
in independent cohorts of impoverished children from the develop-
ing world offers promise as a malnutrition biomarker and supports
a role for environmental enteropathy in the pathogenesis of growth
shortfall. Am J Clin Nutr 2013;97:1129-33.

INTRODUCTION

WHO growth standards were developed by using data obtained
from infants and young children of different ethnic and cultural
groups around the world and can be used as a screening tool to
detect children at risk of nutritional problems or disease (1, 2). A
child whose height or weight is >2 SDs below the WHO growth
standard is considered stunted (low-height-for-age) or un-
derweight (low-weight-for-age), respectively (1, 3).

Despite progress over the years in many countries, un-
dernutrition remains a widespread problem. For example, the
2007 Bangladesh Demographic and Health Survey showed that
43% of children <5y of age are stunted, 41% are underweight,
and 17% are wasted. The survey also showed that 16% of
children <5 y of age are severely stunted, 12% are severely
underweight, and 3% are severely wasted (4).

Am J Clin Nutr 2013;97:1129-33. Printed in USA. © 2013 American Society for Nutrition

Infectious diseases are the leading cause of death in children
<5 y of age worldwide (5). Undernutrition increases risk of
infections such as pneumonia and diarrhea, which in turn in-
crease risk of additional undernutrition (6). Both frequent in-
fections and inadequate nutrition in early childhood are common
causes of childhood stunting, and the negative consequences of
stunting can last into adulthood. Stunted children are more likely
to grow into stunted adults, and are also more likely to have
learning disabilities in adulthood. Undernutrition during early
childhood has also been associated with hypertension, insulin
resistance, and dyslipidemia during adulthood (7, 8). Fetal
intrauterine growth restriction is another common cause of
childhood stunting, and maternal stunting is subsequently as-
sociated with intrauterine growth restriction and increased
perinatal mortality (3).

Fortunately, nutritional interventions early in life (within the
first 3 y) can have a significant effect on long-term height and
future economic productivity (3). The identification of children at
risk of undernutrition, so that interventions can be intensified
early, is critical. To this end, noninvasive biomarkers that are easy
to perform in a resource-limited setting are needed.

The purpose of this study was to determine whether there is an
association between stool regenerating gene 18 (REG1B)* protein
concentrations with subsequent childhood growth deficits. The
regenerating gene family has 4 subclasses (I, II, III, and IV), and
regenerating gene la (REG1A) and REG1B genes are highly
homologous (9). Frequent or persistent childhood diarrhea may
lead to malnutrition, and REG1A messenger RNA expression has

"Fromthe University of Virginia Health Systems, Charlottesville, VA
(KMP, FN, JZM, ZY, PSK, and WAP); TechLab Inc, Blacksburg, VA (JB
and RE); the Johns Hopkins Bloomberg School of Public Health, Baltimore,
MD (MNK and MPO); the International Centre for Diarrhoeal Disease Re-
search, Bangladesh, Dhaka, Bangladesh (RH); and the Asociacion Benefica
PRISMA, Iquitos, Peru (MNK and MPO).

2 Supported by the NIH (grant Al-43596; to WAP) and the Bill & Melinda
Gates Foundation (grant “Etiology, Risk Factors and Interactions of Enteric
Infections and Malnutrition and the Consequences for Child Health and
Development”; to WAP and MNK).

3 Address correspondence and reprint requests to WA Petri Jr, Chief, Di-
vision of Infectious Diseases and International Health, University of Virginia
Health System, Carter Harrison Building Room 1709A, 345 Crispell Drive,
PO Box 801340, Charlottesville, VA 22908. E-mail: wap3g@virginia.edu.

* Abbreviations used: LAZ, length-for-age z score; REGI, regenerating
gene 1; REGIA, regenerating gene la; REGI1B, regenerating gene 1[;
WAZ, weight-for-age z score; WHZ, weight-for-height z score.

Received July 27, 2012. Accepted for publication January 24, 2013.

First published online April 3, 2013; doi: 10.3945/ajcn.112.048306.

1129



1130

TABLE 1

Demographic information for Bangladesh and Peru cohorts’

PETERSON ET AL

Variables Bangladesh cohort (n = 222) Peru cohort (n = 97)
M [n (%)] 114 (51.4) 50 (51.5)
Family monthly income ($) 822 x 35.1 180.8 = 162.3
Maternal education [n (% with formal education)] 134 (60.4) 97 (100)
Maternal BMI (kg/mz) 209 £ 29 255 =35
Mothers with BMI <18.5 kg/m? [n (%)] 44 (19.8) 1(1.0)

Birth weight (kg) 2.7+ 04 32 +04

1 . . .
Data are expressed as counts (percentages) for categorical measures and means = SDs for continuous measures.

been shown to be increased within inflamed colonic tissue (10—
12) whereby REG1 proteins may be involved in tissue repair (13,
14), cell growth, and regeneration (15, 16). Therefore, we hy-
pothesized that higher regenerating gene 1 (REGI1) protein con-
centrations in stool early in life may be a measure of ongoing
intestinal injury that may predict future growth deficits. Thus, the
rationale for the work was to determine whether REG1B was
a potential biomarker and test whether intestinal injury was as-
sociated with undernutrition. We evaluated this combined hy-
pothesis by testing a stool REG1B ELISA format in birth cohorts
in Bangladesh and Peru.

SUBJECTS AND METHODS

Subjects were from birth cohorts in Dhaka, Bangladesh, or
Iquitos, Peru. The populations were not derived via random
sampling procedures to derive a sample that was representative of
Bangladesh or Peru populations. However, anthropometric in-
dexes were consistent with regional and national indexes. The
children were followed longitudinally from birth until =24 mo of
age, and anthropometric measures were obtained every 3 mo.
Stool REG1B concentrations were measured by using a REG1B
polyclonal-polyclonal ELISA at 3 mo for the first 222 and 97
children enrolled in the Bengali and Peruvian birth cohorts re-
spectively. The research protocol was reviewed by the In-
stitutional Review Boards of the University of Virginia,
International Centre for Diarrhoeal Disease Research, Bangla-
desh, The Johns Hopkins Bloomberg School of Public Health,
and the Asociacion Benefica PRISMA, Lima, Peru.

Weights and lengths of children were assessed by using standard
procedures of the WHO (2) by using electronic scales that were
precise to 10 g (SECA GmbH & Co) and length boards that were
precise to 1 mm (SECA GmbH & Co). Weight and length were taken
2 times, and the mean of 2 measurements were recorded. Weight
and length measurements were converted to weight-for-age z scores
(WAZs) and length-for-age z scores (LAZs) according to the
WHO Multicenter Growth Reference Study child growth stan-
dards (2). Underweight was defined as a WAZ less than -2, and
stunting was defined as a LAZ less than -2.

ELISA plates were coated with goat polyclonal anti-REG1B
at 1 ug/well. Fecal samples were diluted at 1:10,000 before the
addition of 100 uL. REGIB standards/well, a negative control,
or fecal samples to plates. Plates were incubated at 37°C, washed
5 times, and 100 uL 0.2 mg/mL goat anti-REG1B-horseradish
peroxidase/well, which was diluted 1:5000, was added. Plates
were again incubated at 37°C, washed, and substrate was added
before additional incubation at room temperature. After the stop
solution was added, plates were read at OD 450/620.

The study involved a longitudinal design with repeated an-
thropometric measures over a 24-mo period. This design is
powerful because it allows for the study of changes within in-
dividuals over time; however, a limitation of this design is that
the repeated measurements within each child are correlated.
Therefore, by focusing on a specific time point, a simple linear re-
gression analysis may assume a greater association than is actually
present (17). A mixed-model analysis, in contrast, involves repeated
measurements to detect developmental trends across the whole
follow-up time. A mixed model incorporates both fixed and
random effects and adjusts for within-subject correlation.
Therefore, we performed a linear regression analysis and con-
firmed the results of the linear regression analysis with a mixed
model for repeated measurements.

First, a linear regression analysis was performed in a cohort
of 222 Bengali children and a cohort of 97 Peruvian children
to determine whether there was an association with REG1B con-
centrations at 3 mo and future anthropometric measures, with
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FIGURE 1. Anthropometric z scores from 0 to 24 mo of age in the
Bangladesh cohort. A total of 222 children from a birth cohort in
Bangladesh were followed during their first 24 mo of life. Anthropometric
measures were obtained every 3 mo. Average LAZs in the Bengali cohort
were below normal at the initiation of the study and declined over the next
24 mo. WHZs were also below normal throughout the study, although less
abnormal than LAZs. (The 95% CIs were too small to depict in the graph.)
LAZ, length-for-age z score; WHZ, weight-for-height z score.
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FIGURE 2. Anthropometric z scores from 0 to 24 mo of age in the Peru
cohort. A total of 97 children from a birth cohort in Peru were followed
during their first 24 mo of life. Anthropometric measures were obtained
every 3 mo. Average LAZs in the Peruvian cohort were below normal at
the initiation of the study and declined over the next 24 mo, whereas WHZs
stayed near the normal range. (The 95% CIs were too small to depict in the
graph.) LAZ, length-for-age z score; WHZ, weight-for-height z score.

adjustment for potential confounding effects of family income,
sex, and LAZ, WAZ, or weight-for-height z score (WHZ) at 3 mo
or birth weight. A mixed model for repeated measurements was
further used to confirm if REG1B concentrations at 3 mo were
associated with future anthropometric measures in both Bengali
and Peruvian birth cohorts. Statistical significance in this study
was set at P < 0.05, and all reported P values were 2 sided. All
analyses were performed with SAS software (version 9.3; SAS
Institute), and the hier.part package in R statistical software
(version 2.15; R Project for Statistical Computing).

TABLE 2
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RESULTS

We performed studies in birth cohorts of children in both
Bangladesh and Peru to test for an association between stool
REGI1B concentrations and future anthropometric measures. We
used 2 cohorts on separate continents to evaluate the consistency
of the relation between the biomarker and the anthropometric
outcomes in different epidemiologic contexts. Demographic data
were similar for the 2 cohorts except that Bengali mothers were
more likely to have BMI (in kg/mz) <18.5 (Table 1).

As shown in Figure 1, average LAZs in the Bengali cohort, which
consisted of 222 children, were below normal at the initiation of the
study and declined over the following 24 mo. WHZs were also below
normal throughout the study, although less abnormal than LAZs. As
shown in Figure 2, average LAZs in the Peruvian cohort, which
consisted of 97 children, were also below normal at the initiation of
the study. LAZs were the most abnormal anthropometric measure
throughout the study, whereas WHZs stayed near the normal range.

Fecal REG1B concentrations were measured when children were
3 mo of age because this was a time at which the WHZ was maximal
(Figures 1 and 2). The median = SD REGIB concentration in stool
was 30.8 = 26.3 and 16.5 = 17.7 ug/mL for Bangladesh and Peru
respectively. After adjustment for sex, a linear regression analysis was
performed for LAZs at 3 mo of age, family income, and REG1B
concentrations in each cohort. In the Bengali cohort, higher REG1B
concentrations at month 3 were significantly and independently
associated with a lower LAZ at months 9, 12, 18, 21, and 24
(Table 2). The association of REG1B with future stunting also
remained significant when controlled for birth weight instead
of the 3-mo LAZ (data not shown). There was not a significant
interactive effect of low birth weight (<2.5 kg) and REGIB
on repeated LAZs in either Bangladesh or Peru cohorts (data
not shown). Higher REG1B concentrations at month 3 were
not associated with a diminished WHZ at any month (data not
shown).

Within the Peruvian cohort, higher REG1B concentrations at
month 3 were significantly associated with decreased LAZs at 12,
15, 18, 21, and 24 mo (Table 3). REG1B concentrations at month
3 were not associated with subsequent WAZ or WHZ measures
(data not shown).

Linear regression analysis modeling future LAZs at 6-24 mo to LAZs at 3 mo, REGIB, and family monthly income for the Bangladesh birth cohort’

Bangladesh cohort

LAZ at 3 mo (every unit)

REGIB (every 20 pg/mL)

Family income (every $100)

Visit Estimate (SE)2 Contribution® P Estimate (SE)>  Contribution’ P Estimate (SE)>  Contribution® P
% % %

Month 6 (n = 220) 0.62 (0.04) 54.3 <0.0001 —0.07 (0.04) 0.5 0.067 0.39 (0.13) 7.1 0.004

Month 9 (n = 218) 0.57 (0.05) 43.8 <0.0001 —0.13 (0.04) 1.8 0.001 0.24 (0.15) 4.2 0.114

Month 12 (n = 220) 0.57 (0.05) 42.5 <0.0001 —0.11 (0.04) 1.4 0.011 0.47 (0.16) 7.5 0.003

Month 15 (n = 216) 0.57 (0.05) 37.6 <0.0001 —0.09 (0.05) 0.9 0.064 0.60 (0.18) 8.2 0.001

Month 18 (n = 214) 0.55 (0.05) 38.6 <0.0001 —0.10 (0.05) 1.2 0.023 0.51 (0.17) 7.9 0.002

Month 21 (n = 214) 0.54 (0.05) 38.8 <0.0001 —0.12 (0.04) 1.9 0.007 0.66 (0.16) 10.9 <0.0001
Month 24 (n = 215) 0.55 (0.05) 35.2 <0.0001 —0.16 (0.05) 2.6 0.001 0.68 (0.17) 10.4 <0.0001

"LAZ, length-for-age z score; REG1B, regenerating gene 1.

2 Estimated effect of LAZ at 3 mo, REG1B, and family income on future LAZ expressed as the magnitude change in future LAZ for every unit increment
in LAZ at 3 mo, 20-ug/mL increment in REG1B, and $100 increment in family income. SE values are for the corresponding covariate effect.
¥ Independent contribution of a covariate expressed as the percentage of the explained variation in future LAZ.
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TABLE 3

PETERSON ET AL

Linear regression analysis modeling future LAZ at 6-24 mo to LAZ at 3 mo, REGIB, and family monthly income for the Peru birth cohort’

Peru cohort

LAZ at 3 mo (every unit)

REGIB (every 20 pg/mL)

Family income (every $100)

Visit Estimate (SE)°  Contribution’ P Estimate (SE)>  Contribution’ P Estimate (SE)>  Contribution’ P
% % %

Month 6 (n = 97) 0.68 (0.07) 48.4 <0.0001  —0.11 (0.08) 23 0.153 0.02 (0.04) 0.02 0.558
Month 9 (n = 97) 0.65 (0.07) 46.4 <0.0001  —0.07 (0.08) 15 0.375 0.03 (0.04) <0.01 0.406
Month 12 (n = 88) 0.55 (0.08) 327 <0.0001  —0.19 (0.08) 4.4 0.025 0.10 (0.05) 1.4 0.029
Month 15 (n = 84) 0.55 (0.07) 36.5 <0.0001  —0.20 (0.07) 7.4 0.009 0.06 (0.04) 0.3 0.147
Month 18 (n = 74) 0.53 (0.08) 34.4 <0.0001  —0.31 (0.09) 12.5 0.0006 0.07 (0.04) 0.2 0.079
Month 21 (n = 49) 0.46 (0.13) 20.2 0.0009  —0.30 (0.01) 13.5 0.010 0.07 (0.06) 0.8 0.239
Month 24 (n = 37) 0.41 (0.15) 213 0.0107  —0.42 (0.18) 28.4 0.025 0.23 (0.19) 3.4 0.244

"LAZ, length-for-age z score; REG1B, regenerating gene 18.

2 Estimated effect of LAZ at 3 mo, REG1B, and family income on future LAZ expressed as the magnitude change in future LAZ for every unit increment
in LAZ at 3 mo, 20-pug/mL increment in REG1B, and $100 increment in family income. Data in parentheses are SEs for the corresponding covariate effect.
7 Independent contribution of a covariate expressed as the percentage of the explained variation in future LAZ.

A mixed model for repeated measurements was further used to
verify if stool REG1B concentrations at 3 mo of age within both
cohorts were independently associated with future anthropo-
metric measures. In both Bengali and Peruvian cohorts, higher
stool REG1B concentrations at 3 mo were associated with lower
future LAZ measures through 24 mo of age (P = 0.006 and P =
0.059, respectively) (Tables 4 and 5). We also evaluated the
predictive power of REG1B on the probability of stunting at
12 mo (LAZ less than —2) in the logistic regression. We showed
that REG1B was significant (P = 0.0174) after adjustment for
sex, LAZ at 3 mo, and monthly family income. The AUC was
0.83, which indicated a reasonably good discrimination.

DISCUSSION

Childhood undernutrition continues to be prevalent in de-
veloping countries. In 2005, an estimated 32% of children <5 of
age in the developing world were stunted, 20% were underweight,
and 10% were wasted. Although a child’s low weight-for-age
may indicate wasting or stunting, stunting is the most common

TABLE 4

Mixed-model analysis for repeated LAZ and WAZ from 6 to 24 mo by
regressing on sex, monthly family income, REG1B polyclonal-polyclonal
ELISA, and LAZ and WAZ at 3 mo of age for the Bangladesh birth cohort’

Responses/outcomes and variables Values P
LAZ
Month —0.058 = 0.003 <0.0001
Male sex —0.022 % 0.095 0.8165
Family income (every $100) 0412 = 0.134 0.0021
REGIB (every 20 ug/mL) —0.100 = 0.036 0.0061
LAZ at 3 mo (every unit) 0.581 = 0.040 <0.0001
WAZ
Month —0.034 = 0.003 <0.0001
Male sex —0.045 £ 0.088 0.606
Family income (every $1000) 0.207 £ 0.123 0.0918
REGIB (every 20 ug/mL) —0.017 £ 0.034 0.6119
WAZ at 3 mo (every unit) 0.714 = 0.040 <0.0001

" All values are estimated effects + SEs. LAZ, length-for-age z score;
REGI1B, regenerating gene 183; WAZ, weight-for-age z score.

and the result of a chronic restriction of a child’s growth potential
(18). Rapid, noninvasive biomarkers that are able to predict the
subsequent development of undernutrition are needed so that
early interventions can be implemented and optimized.

This study tested a REG1B polyclonal-polyclonal ELISA to
assess associations with REG1B concentrations in stool and
future childhood stunting, low weight, or wasting. REG1 proteins
may be important markers for increased risk of undernutrition
because they have a role in gut health. REG1 proteins are in-
volved with cell differentiation and proliferation within the
gastrointestinal tract (19). They are also increased with intestinal
inflammation, including during active inflammatory bowel dis-
ease, pseudomembranous colitis (20), and amebiasis (21).

We evaluated stool REG1B concentrations in 2 birth cohorts of
children in Bangladesh and Peru to identify a possible association
between higher REG1B concentrations and lower future an-
thropometric measures. A linear regression analysis showed that
higher stool REG1B concentrations at 3 mo were significantly
associated with future LAZs at months 9, 12, 15, 18, 21, and 24 in
the cohort of 222 Bengali children and marginally significant at
month 6 (Table 1). In the Peruvian cohort, which consisted of 97
children, a linear regression analysis revealed that higher REG1B
concentrations at 3 mo were also significantly associated with
future stunting at months 12, 15, 18, 21, and 24 (Table 2). The
linear regression analysis was confirmed with a mixed model for
repeated measurements. When family income was included in the
mixed model, the coefficient that corresponded to REG1B and the
P value hardly changed, which indicated that income was in-
dependent of REGI1B in the prediction of a future growth
shortfall.

There were several potential limitations of this study. Sex
effect, family income, and baseline weight and length were
adjusted; however, there may have been residual confounding
unknowingly included in the analysis. In addition the polyclonal
anti-REG1B antibody may have cross-reacted with the highly
similar REG1A protein.

In conclusion, associations with higher REG1B stool protein
concentrations at 3 mo of age and future stunting were shown
within a cohort of 222 Bengali children by using both linear
regression analysis and a mixed model for repeated measures. A
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TABLE 5

Mixed-model analysis for repeated LAZ and WAZ from 6 to 24 mo by
regressing on sex, monthly family income, REG1B polyclonal-polyclonal
ELISA, and LAZ and WAZ at 3 mo of age for the Peru birth cohort’

Responses/outcomes and variables Values P
LAZ
Month —0.065 £ 0.004 <0.0001
Male sex —0.128 = 0.120 0.2838
Family income (every $100) 0.045 = 0.037 0.2212
REGIB (every 20 wg/mL) —0.129 = 0.068 0.0588
LAZ at 3 mo (every unit) 0.634 + 0.065 <0.0001
WAZ
Month —0.041 = 0.004 <0.0001
Male sex —0.113 £ 0.113 0.3211
Family income (every $100) —0.022 = 0.034 0.5173
REGIB (every 20 pg/mL) —0.088 = 0.064 0.1714
WAZ at 3 mo (every unit) 0.882 + 0.058 <0.0001

" All values are estimated effects = SEs. LAZ, length-for-age z score;
REGI1B, regenerating gene 183; WAZ, weight-for-age z score.

linear regression analysis in a smaller cohort of 97 children in
Peru similarly showed an association with higher REG1B stool
protein concentrations and future stunting. This association with
stunting was independent of the LAZ at 3 mo of age. Larger
studies with both REG1A and REG1B ELISAs should be per-
formed in additional birth cohorts to verify this preliminary
association and attempt to clarify the individual roles of these
REGI1 proteins. The goal is to predict children at risk of mal-
nutrition so that early interventions can be made.

However, the significance of this work is not only in the
identification of a potential biomarker to help predict linear
growth retardation but also that the biomarker measures intestinal
epithelial health. The association of REG1 with growth impli-
cates gut health and barrier function in the pathogenesis of
malnutrition.
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