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Abstract

Background

Lactulose/mannitol (L:M) test has been used as a non-invasive marker of intestinal mucosal -integrity and -permeability
(enteropathy). We investigated the association of enteropathy with anthropometrics, micronutrient- status, and morbidity in children.

Methods

The urine and blood samples were collected from 925 children aged 6–24 months residing in Mirpur slum of Dhaka, Bangladesh
during November 2009 to April 2013. L:M test and micronutrient status were assessed in the laboratory of International Centre for
Diarrhoeal Diseases Research, Bangladesh (icddr,b) following standard procedure.

Results

Mean±SD age of the children was 13.2±5.2 months and 47.8% were female. Urinary- lactulose recovery was 0.264±0.236, mannitol
recovery was 3.423±3.952, and L:M was 0.109±0.158. An overall negative correlation (Spearman’s-rho) of L:M was found with age
(r  = -0.087; p = 0.004), weight-for-age (r  = -0.077; p = 0.010), weight-for-length (r  = -0.060; p = 0.034), mid-upper-arm-
circumference (r  = -0.098; p = 0.001) and plasma-retinol (r  = -0.105; p = 0.002); and a positive correlation with plasma α-1-acid
glycoprotein (r  = 0.066; p = 0.027). However, most of the correlations were not very strong. Approximately 44% of children had
enteropathy as reflected by L:M of ≥0.09. Logistic regression analysis revealed that younger age (infancy) (adjusted odds ratio
(AOR) = 1.35; p = 0.027), diarrhea (AOR = 4.00; p = 0.039) or fever (AOR = 2.18; p = 0.003) within previous three days of L:M test
were the risk factors of enteropathy (L:M of ≥0.09).

Conclusions

Enteropathy (high L:M) is associated with younger age, undernutrition, low vitamin A and iron status, and infection particularly
diarrhea and fever.
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Introduction

Environmental enteropathy is a disorder often subclinical that usually takes place among the residents of low-and middle income
(developing) countries where the sanitation is often poor and hygiene practice is sub optimal. Persistent contact/exposure to fecal
pathogens may trigger inflammation and structural changes in the small bowel, which ultimately result in functional changes. It is
manifested by increased intestinal permeability, malabsorption, growth faltering in individuals without overt diarrhea [1, 2]. It was
reported that severely malnourished children have impaired intestinal mucosal function compared with better nourished children
from the same environments [3, 4]. It was also found that multiple micronutrient supplementation improved small bowel villous
height and absorptive area in adults [5]. This kind of enteropathy is presumed to be common in Bangladesh and can be assessed
by Lactulose and Mannitol intestinal permeability test.

The Lactulose/Mannitol intestinal permeability test (L:M) is a non-invasive technique to measure small intestinal epithelial area,
transcellular and paracellular transport, damage and permeability. L:M is considered as a consistent and sensitive marker of
intestinal permeability [6], and it has been used as an indicator of intestinal mucosal integrity and function [7, 8]. Absorption and
urinary excretion of two orally administered non-metabolizable sugars, such as lactulose and mannitol are measured and their ratio
is L:M. Lactulose is assumed to permeate through the tight junctions and extrusion zones of the intervillous spaces and mannitol
enters the mucosal cell through the hydrophilic portion of the cell membrane. Consequently, lactulose absorption (as assessed by
urinary excretion) can be considered as a measure of the integrity of intestinal mucosal tight junctions, and mannitol absorption as
an indicator of the mucosal absorptive area, [9]. Thus both aspects of intestinal mucosal function can be assessed, and the use of
their urinary recovery ratio provides the additional advantage of controlling for extraneous factors such as gastric retention, liver
disease, or partial intra-intestinal or urinary bacterial degradation of the sugars, which may otherwise confound the test results [10,
11]. The L:M was found impaired during acute and chronic disorders of the small intestine, and probably in malnutrition. There is
insufficient information on L:M and its association with micronutrient status plus markers of inflammation. We investigated the
association of intestinal mucosal -integrity and -permeability (enteropathy) with nutritional- and micronutrient- status, and morbidity
in children.

Methods

From November 2009 to April 2013, 500 underweight (weight-for-age z-score (WAZ) <-2) and 480 well-nourished (WAZ >-1)
children aged 6–24 months were enrolled in a study, in Mirpur slum of Dhaka, Bangladesh to find the interactions of enteric
infections and malnutrition [12]. On enrollment L:M, short term morbidity (fever and/or diarrhea within last three days), and
biochemical data were available of 925 (483 underweight and 442 well-nourished) children, and were analyzed.

Study site

The study was conducted among residents of an under-privileged community in Mirpur, Dhaka, Bangladesh. Mirpur is inhabited by
poor and middle class families, residential and sanitary conditions are typical of any congested urban settlement and it is one of the
14 thanas (sub-district) of Dhaka City with a population of about one million in an area of 59 square kilometers. About 75% of
fathers and 85% of mothers were illiterate or had less than 5 years of formal education. The average family income was Tk.4200
(about US $68) per month.

Data collection

Research assistant interviewed the mother/caregiver using a pretested, structured questionnaire and took morbidity data for last
three days and did the anthropometrics. Children’s nude weight using a frequently-standardized digital scale with 10 g precision
(Seca, model-345, Hamburg, Germany), Mid-upper-arm-circumference (MUAC) and recumbent length were obtained to the nearest
mm using standard procedures. The new WHO growth standard (2006) was used to calculate different anthropometric indices:
weight-for-age z-score (WAZ), length-for-age z-score (LAZ) and weight-for-length z-score (WLZ).

Procedure of L:M test

Mothers were informed earlier, and they did not offer any food to the children on the test day for approximately 2 hours before
ingesting a test solution, that contained lactulose (250 mg/ml) and mannitol (50 mg/ml) in a dose of 2 ml/Kg of weight or a
maximum 20 ml. The children were requested to empty their bladders whenever possible while fasting and before ingesting the test
sugar solution. A pediatric urine collection bag was attached to children to collect their urine. The children were allowed for their
regular diet 30 minutes after ingestion of the lactulose-mannitol test solution and urine was collected for five hours, during which
time the caregiver offered children liquids frequently in order to permit collection of an adequate volume of urine. For every 50 mL of
urine 1–2 drops of 2.35% chlorhexidine is added as a preservative during collection. Total urine volume during these five hours was
measured and recorded and a sample of five ml was stored in a -80°C freezer until laboratory analysis.

Laboratory procedures: Lactulose and mannitol were measured using High Performance Anion-Exchange Chromatography with
Pulsed Amperometric Detection (HPAE-PAD) [13, 14]. In this method we employed Thermo Scientific Dionex ICS-3000 with
CarboPac-MA1 column for the determination of weakly ionized sugars in high concentrations of sodium hydroxide. At high pH,
carbohydrates are electro catalytically oxidized at the surface of the gold electrode by application of a positive potential. The current
generated is proportional to the carbohydrate concentration, and therefore carbohydrates can be detected and quantified.

After the samples were vortex-mixed for 10 seconds and centrifuged for 10 minutes @ 4500 rpm, supernatant were collected and
diluted 30-fold with de-ionized water and internal standard (melibiose) to a volume of 3 mL. The solutions were mixed thoroughly
and 1 mL aliquots of sample were transferred into a 1.5 mL injection vial. All samples were automatically injected to the HPIC
(Dionex ICS-3000 Ion Chromatography (IC) with auto sampler AS 40, Detector ICS-3000 DC) and results were automatically
calculated from the standard curve.
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For quality control purposes, following controls were used: (i) pooled urine, (ii) standard containing both lactulose (0.75mM) and
mannitol (0.75mM), and (iii) spiked urine. Pooled urine: urine samples were collected from 20 individuals, pooled and used for
assessment of sugars; target values were set and the pooled sample was used with every analysis. Spiked urine: recovery was
determined by adding known amounts of sugars to urine and comparing the concentration of sugar estimated with the amount
added. The results ranged from 93% to 105% for lactulose and 93% 100% for mannitol for spiked urine. Co-efficient of variation
(CV %) was 5.3% for lactulose and 2.8% for mannitol in pooled urine respectively. CV% was 1.3% for lactulose and 2.6% for
mannitol in the known standards.

The recovery of each sugar excreted in the urine (%) was then calculated using the total urine volume and individual sugar
concentrations.

Calculation of urinary lactulose and mannitol recovery and their ratio:

Urinary lactulose recovery = [(total urine volume (dL) over 5 hours multiplied by lactulose in mg/dL of urine) multiplied by 100]
divided by amount (mg) of lactulose taken.

Urinary mannitol recovery = [(total urine volume (dL) over 5 hours multiplied by mannitol in mg/dL of urine) multiplied by 100]
divided by amount (mg) of mannitol taken.

Urinary lactulose by mannitol recovery ratio = urinary lactulose recovery divided by urinary mannitol recovery.

Ethical consideration

The study (including the option of taking written consent from the guardians) was approved by the Research Review Committee
and Ethical Review Committee of icddr,b. Written consent was given by the mothers or legal guardians of the children. They were
made aware about the voluntary participation and informed about the study and had the rights for non-response to the
questionnaires or other study related activities. They retained the rights to withdraw their children from the study at any time. All
information, research data, and related records were anonymously entered in computer and analyzed without indicating the child’s
name and identity. All the investigators completed the “Human Participants Protection Education for Research Teams” online
course, sponsored by the National Institutes of Health.

Data analysis

Data were entered using SPSS for Windows (version 11.5; SPSS Inc., Chicago, IL, USA), and analyzed using SPSS and WHO
Anthro software (Geneva, Switzerland). For normally distributed continuous variables, means were compared using unpaired t-tests
after checking the equality of variance (Levene's test). For non-normally distributed continuous variables, the Mann-Whitney U test
was performed. The association/relation between continuous variables was checked by correlation analysis (Spearman’s-rho for
non-parametric data). Differences in proportions were compared by the Chi-square test or Fisher’s exact test if the expected
number in any cell was < 5. All independent variables were analyzed initially in bivariate models and the attributes that were
significantly associated with enteropathy (L:M of ≥ 0.09) (dependent variable) and biologically plausible were included in logistic
regression models with stepwise backward elimination. A probability of less than 0.05 was considered statistically significant. The
strength of association was determined by estimating the odds ratios (OR) and their 95% confidence intervals (95% CI).

Results

Mean±SD age of the children was 13.2±5.2 months, WAZ was -1.60±1.28, LAZ was -1.69±1.23, WLZ was -0.95±1.16, MUAC was
13.8±1.2cm, and 47.8% were female (Table 1). Urinary lactulose recovery was 0.264±0.236%, mannitol recovery was
3.423±3.952%, and L:M was 0.109±0.158, and approximately 44% of the children had an L:M > 0.09 (Table 1). Hemoglobin was
10.7±1.3 g/dl, α-1-acid glycoprotein (AGP) was 100±39 mg/dl, plasma retinol was 25.7±15.0 μg/dl, plasma zinc was
0.75±0.13mg/L, vitamin D was 58.4±25.6 nmol/L, plasma-ferritin was 26.6±33.5 ng/ml, and plasma-transferrin was 7.11±4.07 μg/ml
(Table 1).

Table 1. Age, sex, anthropometric characteristics, lactulose and mannitol (L:M) test results and other biochemical values among the studied
children.
https://doi.org/10.1371/journal.pone.0164447.t001

https://doi.org/10.1371/journal.pone.0164447.t001
http://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0164447.t001
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Table 2 shows the correlation (Spearman’s-rho) of different anthropometric and biochemical characteristics and urinary recovery of
lactulose and mannitol, and L:M in all children (among underweight- and well-nourished altogether). However, most of the
correlations observed were not very strong.

Table 2. Overall (among underweight- and well-nourished- children altogether) correlations (Spearman’s-rho) between lactulose/mannitol (L:M)
test.
https://doi.org/10.1371/journal.pone.0164447.t002

Lactulose recovery: a negative correlation between plasma-ferritin (r  = -0.128; p<0.001) and positive correlation between plasma-
transferrin (r  = 0.103; p = 0.001) was observed with urinary lactulose recovery.

Mannitol recovery: a negative correlation between plasma ferritin (r  = -0.091; p = 0.005) and positive correlation was found
between age (r  = 0.071; p = 0.016), WAZ (r  = 0.073; p = 0.013), LAZ (r  = 0.065; p = 0.024), MUAC (r  = 0.070; p = 0.017) and
plasma-retinol (r  = 0.124; p<0.001) with urinary mannitol recovery.

Urinary L:M: a negative correlation of L:M was found with age (r  = -0.087; p = 0.004), WAZ (r  = -0.077; p = 0.010), WLZ (r  =
-0.060; p = 0.034), MUAC (r  = -0.098; p = 0.001) and plasma-retinol (r  = -0.105; p = 0.002); and a positive correlation was found
with AGP (r  = 0.066; p = 0.027).

Approximately 44% of children had enteropathy as reflected by L:M of ≥0.09 (Table 2). Table 3 shows the distribution of age, sex,
nutritional status, biochemical characteristics, and morbidities as categorical variables are shown by enteropathy (L:M of ≥0.09) in
bivariate analysis. Logistic regression analysis revealed that younger age (infancy) (adjusted odds ratio (AOR) = 1.35; p = 0.027),
having diarrhea (AOR = 4.00; p = 0.039) or fever (AOR = 2.18; p = 0.003) within previous three days of lactulose/mannitol test were
the associated/risk factors of enteropathy (Table 4).

Table 3. Age, sex, nutritional status, biochemical characteristics, and morbidities by impaired intestinal mucosal -integrity and -permeability
(L:M ≥ 0.09), bivariate analysis.
https://doi.org/10.1371/journal.pone.0164447.t003

Table 4. Risk factors of impaired intestinal mucosal -integrity and -permeability (L:M ≥ 0.09) by backward logistic regression analysis.
https://doi.org/10.1371/journal.pone.0164447.t004

Discussion

We investigated the intestinal mucosal -integrity and -permeability (enteropathy) by duel sugar-permeability test and are describing
in this paper its association with nutritional- and micronutrient- status, and morbidity in children. We conducted the test to measure
the amount of lactulose and mannitol recovered in a 5-hour urine sample as suggested by many investigators in their earlier
reports. Permeability to lactulose if increases it indicates leaky gut, while permeability to mannitol if decreases it indicates
malabsorption of small molecules. The lactulose/mannitol ratio (LM) is thus considered as a useful parameter, and an elevated ratio
indicates impaired-IMIP.

The present study found that the children’s age was directly related with urinary mannitol recovery and inversely related with L:M.
We believe that maturation of the intestinal epithelium (thus lager absorptive capacity) takes place with advancement of child’s age
and that is the reason of such observation. Previous data have shown association of undernutrition with intestinal villus atrophy and
disruption of the intestinal barrier function [15, 16]. Like the above mentioned findings the nutritional status of the children assessed
by WLZ, WAZ, and MUAC in the current study was found inversely associated with intestinal permeability results. It is uncertain,
however, whether undernutrition was the cause or result of altered small intestinal function. It is recognized that underourished
children are more susceptible to infections [17]. In our current study we also observed that AGP and CRP (data not shown) level
was directly correlated with undernutrition and L:M. Moreover, studies in experimental animals have found that intestinal mucosal
recovery after enteric infection is delayed in malnourished hosts [18]. Abnormality of intestinal permeability may also be associated
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http://journals.plos.org/plosone/article/figure/image?size=medium&id=info:doi/10.1371/journal.pone.0164447.t004
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with malabsorption of macro and micronutrients, thereby causing secondary malnutrition. Field studies in Gambia found that
children with abnormal intestinal permeability had slower growth during first year of observation [19]. Thus, it is possible that
enteropathy may have contributed to undernutrition in these children. Lunn [20] and Campbell et al., [21] ascribed 64% of height
and weight faltering in two to 15 month-old Gambian infants as being due to impaired intestinal integrity and absorption. They
suggested that frequent gastrointestinal infections damaged the small intestinal mucosal function, with loss of vulnerable brush-
border enzymes, including lactase, thereby impairing digestion and absorption as well as disrupting barrier function, and allowing
translocation of macromolecules across the mucosa and into the body.

The current study found a significant inverse correlation between iron status (lower serum ferritin and higher transferrin) and urinary
lactulose recovery, confirming the results of previous studies [22, 23]. This suggests that adequate iron reserves may help in
maintaining normal intestinal mucosal function. Alternatively, it is conceivable that those intestinal changes as identified by
permeability studies may interfere with iron absorption. It should be considered that ferritin is also an acute phase protein and can
be increased in the context of inflammation that may explain the positive correlation with urinary mannitol recovery. However,
speculation regarding the correlation and its variation in iron binding proteins is difficult to infer without iron concentrations and iron
saturation levels (those were not done in this study).

It the current study analyses of plasma retinol level showed a significant direct correlation between urinary mannitol recovery and
inverse correlation between urinary L:M ratios and plasma retinol. But no association was observed between zinc and L:M. As it is
well known that plasma zinc concentration is a poor indicator of zinc status in individual subjects [24]. Thus, the absence of a
significant association between serum zinc concentrations and intestinal permeability study results may not necessarily rule out a
functional relationship between zinc status and intestinal mucosal integrity. This observed effect was presumably accounted for
predominantly by higher mannitol absorption with higher serum retinol levels. Since mannitol uptake/excretion is an indicator of
overall villous surface area, this suggests that either villous surface area is compromised as a result of vitamin A deficiency and/or
vitamin A status is compromised in children who have decreased villous surface area. Either possibility, and quite likely both, could
be happened. Although one study from Bangladesh [25] found that supplementation of vitamin A and zinc resulted in significant
reductions (improvements) in the L:M. The changes in the L:M were largely due to a decrease in lactulose absorption, which might
be predominantly an effect of zinc, based on the evidence that the reductions of lactulose excretion, but not increased mannitol
absorption, were significantly influenced by zinc supplementation in Bangladeshi children with acute and persistent diarrhea [25].
Thus, vitamin A and zinc may have different types of effect on intestinal permeability that are complementary and may be
synergistic. The correlations were not very strong, and that reflects that there would be other factors not captured in the present
study, that might hamper the altered lactulose and mannitol permeability.

An upper normal limit of L:M (mean + 2 standard deviations) of 0.09 was found among 30 healthy Dutch children whose ages
ranged from 0 to 16 years [26]. We define enteropathy if L:M is ≥0.09 as used by others [13, 27] and found that about 44% of all
children had enteropathy. In an earlier study it was found that over 57% of the Bangladeshi infants had abnormal intestinal
permeability values throughout the study [28]. Recent history of diarrhea was associated with impaired intestinal integrity and
absorption in our study as also found by others [4, 27, 29]. The results further agree with several reports published from the data of
children with acute and persistent diarrhea [8, 30–32].

Because diarrhea and/or fever themselves can alter the intestinal permeability, we have reanalyzed the correlations from the data
excluding the children having history of previous three days diarrhea and/or fever. The correlation (Spearman’s-rho) between
urinary lactulose recovery and: plasma zinc (r  = 0.091; p = 0.014); plasma ferritin (r  = -0.134; p<0.001); and plasma-transferrin (r
= 0.113; p = 0.001); and between urinary mannitol recovery and plasma ferritin (r  = -0.0.85; p<0.020) were found similar to that
found before without excluding the data of children having history of diarrhea and/or fever.

In our knowledge we are the first time reporting that recent history of fever is also associated with impaired intestinal integrity and
absorption. Although we did not find any correlation with vitamin D level and L:M, but in our knowledge we are the first group who
tried to assess this association and reporting about that. In conclusion, this study found that probably due to lack of maturation of
the intestinal cellular structure at younger age the L:M is comparatively higher than that when the children are grown up. High L:M
is found to be also associated with, undernutrition and low iron status. Lower body iron status is associated with defect in tight
junction in intestinal epithelium (as reflected by more para-cellular absorption and higher urinary lactulose recovery). The positive
correlation between urinary mannitol recovery, and age and nutritional status reflects maturation of intestinal epithelium takes place
with increments of child’s age and better nutritional status, and vitamin A helps the process. Moreover, diarrhea, and fever are also
associated/risk factors of impaired-IMIP.
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