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Abstract

Lactulose and mannitol have been used to assess intestinal permeability and several methodologies have been
used.

Objectives: This study aimed to validate the high performance liquid chromatography method coupled with
tandem mass spectrometry to measure mannitol and lactulose sugars.

Materials and methods: We used a High Performance Liquid Chromatography (HPLC) system coupled to an
ABsciex Q-TRAP 5500 triple quadrupole Mass Spectrometer (MS/MS) with an ABSciex Electro Nebulization
Interface (ESI). For the separation of lactulose and mannitol compounds in the HLPC, the analytical column HILIC-
ZIC® from ES Industries (West Berlin, USA) was used. The parameters analyzed for analytical validation were
specificity/selectivity, linearity, LD, LQ accuracy, precision (repeatability and intermediate precision) and matrix
effect.

Results: The accuracy was demonstrated from the recovery at three concentration levels (100 ng/mL, 500 ng/mL
and 1000 ng/mL) and in triplicate, which showed recovery values above the recommended (>120%). Intermediate
precision was determined at 24 hours intervals and the coefficients of variation found were less than 8.7%. The
matrix effect was measured through the retention times in the standard samples and in the samples of the spiked
standards in dilutions with urine samples, which varied between 99.3% and 100.3%. Urine samples from
malnourished and healthy children were analyzed. The L:M ratio was considerably lower in the control group
compared to the MN group (p<0.0001) and the mannitol excretion rate was higher (p<0.0001).

Conclusion: The results showed that the HPLC-MS/MS method was sensitive, specific and accurate for the
determination of molecular biomarkers of lactulose and mannitol. In addition, the L:M test is a functional test capable
of determining with high sensitivity the barrier function damage of the intestinal epithelium in children with
malnutrition compared to health control children.
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Introduction The disaccharide lactulose (mw: 342 Da) has a higher molecular

The need to show the quality of chemical measurements, through
their comparability, traceability and reliability, is being increasingly
recognized and demanded. Unreliable analytical data can lead to
disastrous decisions and irreparable financial losses. To ensure that a
new analytical method generates reliable and interpretable information
about the sample, it must undergo an evaluation called validation [1].
The Lactulose: Mannitol test (LM test) is a quantitative assay that
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measures two sugar molecules permeating across the functional
intestinal epithelium barrier [2]. It consists of the oral administration
of a solution containing lactulose and mannitol, followed by the
collection of urine for a period (5 hours). Both sugars are absorbed
through permeation through the functional intestinal epithelium
barrier, are not metabolized in the body and are excreted in the urine
through the process of glomerular filtration. The monosaccharide
mannitol (mw: 182 Da) due to its low molecular weight and
hydrophilic characteristics, passes through the gastrointestinal
functional barrier through hydrophilic pores via transcellular route [3].
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weight and passes into the normal intestine in low amounts via the
paracellular route. The reduction in villus length with consequent
reduction in the absorption area reduces the absorption of mannitol, as
well as the permeation of lactulose. On the other hand, the increase in
intercellular space permeation or damage to the intestinal functional
epithelium barrier results in increased absorption of lactulose. Thus,
the lactulose: Mannitol ratio is associated with changes in the
absorption area, permeability and damage to the intestinal functional
epithelium barrier [4].

In this work we present the development of a high performance
Liquid Chromatography method coupled with tandem Mass
Spectrometry (LC-MS/MS) to measure mannitol and lactulose sugars.
In addition, we evaluate the functional intestinal epithelium barrier in
children with malnutrition compared to health control children [5].

Materials and Methods

Standard and calibration solutions

Standard solutions of lactulose, mannitol, and sorbitol were
prepared by dissolving them in eluent B, containing acetonitrile and
formic acid (0.05%) as the mobile phase. Individual stock solutions of
each analyte were prepared at a concentration of 20 png/mL and then
were diluted in eluent B to 10, 50, 100, 500, 1000, 1500 and 2000
ng/mL. The final concentration of the internal standard (sorbitol) was
100 ng/mL (Supplementary Figure 1).

HPLC-MS/MS for validation and measurement of lactulose
and mannitol levels

The LC-MS/MS system consisted of a high performance liquid
chromatography instrument (Agilent, Santa Clara, CA, USA) with a
1200 series LC pump, degasser, autosampler and column oven
coupled to a Q-TRAP 5500 triple quadrupole mass spectrometer from
ABsciex with an Electrospray lonization interface (ESI) (ABSciex,
Framingham, MA, USA). For the separation of the compounds by LC,
a HILIC-ZIC® analytical column from (ES Industries, West Berlin,
NJ, USA) was used. MS/MS parameters for monitored ion transitions
were obtained using 10 ng/mL solutions of each substance at a flow
rate of 10 pL/min in the negative ionization mode.

The mobile phase for chromatographic separation was composed of
an aqueous fraction (eluent A) and an organic fraction (eluent B). The
aqueous fraction contained a mixture of a 5.0 mmol/L ammonium
acetate solution and the organic fraction contained acetonitrile
acidified with 0.05% formic acid. The mobile phase composition was
altered for gradient elution based on the study by Kubica, et al.
(Supplementary Table 1). The parameters analyzed for analytical
validation were specificity, selectivity, linearity, Limit of Detection
(LD), Limit of Quantification (LQ), accuracy, precision (repeatability
and intermediate precision) and matrix effect.

Preparation of standard solutions and urine samples

Each 500 pL urine sample was initially diluted in 500 pL of
ultrapure water and 100 mg of Amberlite MB150 resin ion exchange
was added to the diluted samples to eliminate excess sodium ions. The
samples were vortexed for 3 min and then centrifuged for 6 min at
9,000 rpm. Thereafter, 10 pL of the supernatant was added to 100 pL
of the internal standard sorbitol solution (100 ng/mL) and diluted
again in eluent B to a total volume of 2 mL. Lactulose, mannitol and

sorbitol were dissolved in four urine samples free of compounds of
interest at a concentration of 20 pg/mL each. The enriched samples
were prepared as previously described [6]. The final concentrations of
the samples were 1000 ng/mL, 1500 ng/mL, 3000 ng/mL and 6000
ng/mL for each substance. The prepared spiked samples were
analyzed using LC-MS/MS.

Preparation and performance of the lactulose: Mannitol
test

After fasting for at least 5 h, the children ingested lactulose (5 g)
and mannitol (1 g) diluted in 20 mL of water. Children weighing less
than 10 kg ingested 2 mL/kg of this solution. We then determined the
amount of lactulose and mannitol recovered from a urine sample taken
in 5 h with 50 pL of 20 pg/mL chlorhexidine solution added per each
50 mL of urine as a preservative. Lactulose and mannitol analytes
excreted in the urine samples were measured using LC-MS/MS.

Study design, population and ethical approval

To validate in clinical specimens in the LC-MS/MS method, we
used urine samples from intestinal permeability tests done in children.
The clinical study has been performed on 34 children enrolled in the
study protocol from the malnourished clinic IPREDE and Canarinho
day care center at Fortaleza, Ceara, Brazil. Ethical approval of the
study was provided by Federal university of Ceara and university of
Virginia and informed consent and assent were provided by all
participants. This case control study was carried out in Fortaleza, CE,
in the Northeast region of Brazil from August 19, 2010, to May 23,
2017. Malnourished (MN) children Weight for Age Z-score (WAZ) <
-2 were followed up at the Institute for the promotion of nutrition and
human development for nutritional counseling. As a control group,
healthy children from the Canarinho day care center were recruited in
Fortaleza. All children were examined with permission from the
mother or primary caregiver responsible for legal custody of the child.
The study protocol and consent form were approved by the
institutional review board of the Federal university of Ceara and the
national council for ethics in research. We included children aged
0.5-7 years. Malnourished children were defined as those having a
WAZ of less than -2 and healthy children without any specific illness
or fever with a WAZ above -1 [7]. Healthy children were also defined
as having a Z-score of WAZ >-1. Exclusion criteria defined in the
study protocol were prolonged hospitalization or serious health issues,
such as human immunodeficiency virus infection, tuberculosis,
neonatal illness, kidney disease or other illnesses diagnosed by a
physician. In addition, children with a parent or a primary caregiver
with cognitive deficits or younger than 16 years of age were excluded.

Sample size and statistical analysis

The lactulose: Mannitol urinary excretion ratio was selected as the
primary outcome variable and used to calculate the sample size for
LM test validation. To detect a 30% change in the lactulose: Mannitol
ratio at a level of P=0.05 and power 80%, we calculated that we would
need 17 participants in each subgroup. This calculation was based on
the data from preliminary studies in the same population (lactulose:
Mannitol ratio=0.13 + 0.04). Data were entered into spreadsheets
(Microsoft access software; Microsoft corporation, Redmond, WA,
USA) and verified by two independent researchers to ensure accuracy.
All data were de-identified and statistical analysis was performed
using SPSS statistics 20.0 (IBM corporation, for analytical processing
and measurement of mannitol and lactulose biomarker levels using
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LC-MS/MS, we used analyst 1.4.1 software. We used the Shapiro-
Wilk test to assess the normality of the data distribution and Levene’s
test to assess the equality of variances. For nonparametric variables,
we used the Mann-Whitney U test for the independent samples. For
qualitative variables, we used the y? test or Fisher’s exact test. We
used Analysis of Covariance (ANCOVA) to explore the influence of
children’s age on the differences in the lactulose: Mannitol ratio
between healthy children and children with MN (Supplementary Table
5). The results were considered significant if P<0.05 [8].

Results

The identification of the precursor ions of the standard lactulose,
mannitol and sorbitol analytes using the automatic method of direct
multiple reaction monitoring in the mass spectrum is shown in Table 1
and summarizes the results obtained from monitoring and analyzing

MS/MS spectra of precursor and product ions of the injected standards
of lactulose, mannitol and sorbitol. The component ions of interest
were detected in the negative ESI mode. The highest intensity product
ions in the detector were 160,952 m/z, 112,798 m/z and 112,912 m/z
for lactulose, mannitol and sorbitol, respectively. The automatic
parameters detected for precursor and product ions of the lactulose,
mannitol and sorbitol standards were determined by the Flow Injection
Analysis (FIA) coupled with LC (without the addition of the
chromatographic column) and MS. The parameters selected for the
FIA by the best signal strength of the product ions in the MS detector
are listed in Supplementary Table 2. Table 2 shows the
chromatographic conditions, when using the HILIC-ZIC® column and
selected FIA and MS/MS parameters, as well as product ions best
quantified and selected from the precursor ions of lactulose, mannitol
and sorbitol standards based on calibration curves and correlation
coefficients (Supplementary Tables 3-9).

Analytes Precursor ions Productions Dp? EPP CE° CXPd Intensity®
(m/z) (m/z) vy V) v) V) (cps)
Lactulose 341.016 160.952 -75 -10 -12 -1 499000
184.939 -48 -3 420000
58.947 -48 -9 324000
100.89 -22 -9 301000
73.008 -36 -9 281000
Mannitol 180.932 112.798 -60 -10 -10 -9 230000
136.813 -16 -9 193000
58.994 -26 -9 124000
71.009 -26 -5 122000
89.033 -18 -7 109000
Sorbitol 180.935 112.912 -75 -10 -26 -9 225000
58.924 -16 -7 150000
136.927 -26 -9 143000
70.973 -26 -9 131000
92.879 -24 -1 107000
Note: 2=Decomposition potential (voltage applied to the orifice to avoid clustering of ions); P=Entry potential; and °=Collision energy; 9=Collision cell output potential;
e=|ntensity of fragment ions by MRM; f=Volt (voltage measurement).

Table 1: Mass spectrum monitoring and operational parameters of precursor ions and product ions of lactulose, mannitol and

sorbitol, through Multiple Reaction Monitoring (MRM).

Mobile phase gradient (%)

Eluent A (25/90/25)/Eluent B (75/10/75)

Analysis run time

Flow 300 pL/min
Injection volume 20 yL
Column oven temperature 40°C

10 min
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Parameters for transition ions
Quantitative [Q] a— qualitative [q] b DP (V) EP (V)° CE (V)f CXP (v)®
Precursor ion (m/z) c— product ion (m/z)
Lactulose Q341.016—160.952 135 -10 -12 A1
Q341.016—58.9474 48 9
i -10
Mannitol Q180.932112.7981 -60 -10 9
26
-5
Q180.932—71.009¢
Sorbitol Q180.935-112.912 75 -10 -26 -9
-16 7
Q80.935—58.924*
Mass spectrum operating parameters
TEMP GS1! CURI GS2! ISm CAD"
(c) (psi) (psi) (psi) v)
Lactulose
Q341.016—160.952 500 50 20 40 -3500 Median
Q341.016—058.947 )
500 50 20 45 -3500 High
Mannitol .
Q180.932>q112.798 450 50 20 50 -4000 Median
Q180.932—q71.009 550 50 22 50 -4000 High
Sorbitol ]
- Med
Q180.935q112.912 650 50 20 45 4500 edian
Q180.935—q58.973* 450 40 30 40 -3500 High
Selection of parameters for 500 47 25 5 -3500 High
analysis
Note: 2=Q precursor ion detected by Multiple Reaction Monitoring (MRM); ®=q means the best quantitation product ion from the
equation of the calibration curve and correlation coefficient. °<=Mass/charge unit; 9=Decomposition potential (voltage applied to
the orifice to avoid clustering of ions; V); e=Entry potential; =Collision energy; 9=Collision cell output potential; "=Temperature at
the source (Celsius unit); '=Nebulizer gas (pound force per square inch unit); i=gas flow between orifice and gas curtain;
'=heating gas; M=ions spray; "=gas collision; *=ratio of precursor ion (m/z) to product ion (m/z) chosen to avoid coelution with
mannitol.

Table 2: Column chromatographic conditions (HILIC-ZIC®) and optimal parameters for monitoring transition ions.
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Table 3 shows the precursor and product ions of the lactulose,
mannitol and sorbitol standard analytes with their respective
calibration curve equations, detection and quantification limits and
correlation  coefficients. The linear parts of the standard
lactulose, mannitol and sorbitol analyte curves were in the
concentration range between 10 ng/mL and 2000 ng/mL The
correlation coefficients of the linear equations obtained for the three
sugars were greater than 0.99. The calculations of LD and LQ were
based on the standard deviation

of the sample at a concentration of 100 ng/mL (the lowest
concentration at which the method used was accurate and precise for
each analyte) and the slope of the calibration curve in the region
between 10 ng/mL and 2000 ng/mL (Tables 4 and 5). The accuracy of
the analytical method determined from the recovery and coefficients
of variation of the standard analytes is summarized in detail in Tables
4 and 5, Supplementary Table 3. The matrix effect interference of the
standard analytes diluted in urine samples is shown in Supplementary
Table 4.

Analytes (precursor ion/ Calibration curve equation LD?2 LQb R
product ions; m/z unit)
(ng/mL) (ng/mL)
Lactulose (341.016/58.947) y=1.15e*x+1.33e® 0.0055 0.0168 0.991
Mannitol (180.932/71.009) y=4.46e*x+6.42e® 0.0003 0.0010 0.993
Sorbitol (180.935/58.924) y=5.03e*x+7.10e® 0.0031 0.0001 0.995
Note: 2=The detection limit; >=Limit of quantification; °=Correlation coefficient.
Table 3: Linearity, Limit of Detection (LD), Limit of Quantification (LQ) of the method in the LC-MS/MS system for

analysis of the excretion of lactulose, mannitol and sorbitol sugars.

Initial  concentration2| Concentration Recovery¢ (%) spd cve

obtained® (ng/mL) (n=3)
(ng/mL)
(%)

Lactulose 100 95.7 95.7 1.71 1.8
(341.016/58.947)

500 499.2 99.8 6.15 1.2

1000 994.8 99.4 20.83 21
Mannitol 100 112.9 112.9 11.06 9.8
(180.932/71.009)

500 661.2 132.2 8.63 1.3

1000 1116.4 111.6 18.71 1.7
Sorbitol (180.935/58.924) | 100 90.4 90.4 2.25 2.5

500 568.6 113.7 33.08 5.8

1000 988.2 98.8 45.82 4.6
Note: 2=Concentration in fortified samples; P=Concentration obtained through the average of the values obtained by the equation of the calibration curve of the spiked
samples adding the standards in the samples of urine of volunteers; °=% recovery; 9=Standard deviation and e=Coefficient of variation.

Table 4: Repeatability of the method in the LC-MS/MS system to analyze the excretion of lactulose, mannitol and sorbitol sugars.
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Analytes Day Initial . Con(_:entration Recovery® SD° CcVvd (%)
(mass/charge; m/z) ?:S;‘,.;e:)t ration® ?nbig;ned a (ng/mt) (%)
Lactulose 1 500 621.6 1243 411 6.6
(341.016/58.947) 2 504.7 100.4 11.8 23

3 607.7 121.5 52.3 8.6
Mannitol 1 500 531.4 106.3 46.5 8.7
(180.932/71.009) 2 650.7 130.1 31.3 4.8

3 698.8 139.8 30.2 4.2
Sorbitol 1 500 575.6 115.1 50.2 8.7
(180.935/58.924) 2 564.2 112.8 34.8 6.1

3 657.8 131.6 104.0 5.8
Note: 2=Concentration in fortified samples; P=Percentage of recovery of concentrations obtained through the equation of the calibration curve in fortified samples
adding the standards in the samples of urine of volunteers; °=% recovery of mean concentrations obtained on different days; 9=Standard deviation and coefficient of
variation.

Table 5: Intermediate precision of the method in the LC-MS/MS system for analysis of lactulose, mannitol and sorbitol in urine samples.

The Mann Whitney test was conducted to compare the differences
between the two groups in the lactulose: Mannitol ratio. The
differences between the experimental groups in the L:M ratio and
mannitol excretion is significant (Figure 1).

Mann Whitney test B
A %
P=0.085

0 o &
& Ly
& & P ¢
‘?@\s‘y o"& ‘pﬁ‘&
P <0.0001 P < 0.0001
C 0.3
024
=
>3 ke 3
0.0 T T
S
&Q‘& <
<&

Figure 1: The distribution parameters associated with LM test in

children are shown in the boxplot plots.

Figure 1 shows the boxplot distribution of percentage of urinary
lactulose excretion in the groups of healthy control and Malnourished
(MN) children. In Figure B, we observe the parameter of the
percentage of urinary excretion of

mannitol in the groups of control and MN children. Figure 3 shows the
lactulose: Mannitol urinary excretion rate in the control and MN
groups of children. The statistical test used for comparisons between
the experimental groups and the P values when significant are shown
in the graph. Details on understanding the figure are described in the
manuscript text.

Discussion

Several chromatographic methods have been used for the analysis
of lactulose and mannitol in urine [9]. However, the LC-MS/MS
method proposed in this study has advantages over LC alone because
of its higher sensitivity, specificity and throughput (shorter sample run
time) in the analysis of lactulose and mannitol as biomarkers.

The linearity of the method was demonstrated by the addition of
known amounts of standards (lactulose, mannitol and sorbitol). The
calibration curves for the working ranges of the three analytes showed
satisfactory linearity (R > 0.991).

There are several approaches to assess accuracy and precision
(repeatability and intermediate precision). Most commonly, the
percentage of analyte recovery is calculated [10]. The coefficients of
variation did not exceed 9.79%, below the limit accepted and
suggested by Barboza, et al. The recovery values obtained in order to
assess the accuracy and repeatability of the method varied between
95.7 and 132.9, according to the concentrations analyzed. For
intermediate precision, the recovery ranged between 100.94 and
139.76. Although recoveries close to 100% are desirable, the extent of
analyte recovery up to 50%-60% may be acceptable if the recovery is
accurate and reproducible. The accuracy and precision parameters are
key to the validation process. They are required for all method
validation studies, except for those with a qualitative purpose and
intended only to demonstrate the presence of an analyte. For the
quantitative analysis of trace elements, it is necessary to validate the
detection and quantification limits. For the qualitative analysis, it is
mandatory to validate only the detection limit. Linearity parameter
evaluation is mandatory for new methods and qualitative analyses.
The addition of a specific amount of ion exchange resin to urine
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samples was sufficient to obtain high recovery values, as reported by
Kubica, et al. For further detail discussion in the LC-MS/MS
analytical method (Supplementary Figures 10-12).

The lactulose: Mannitol urinary excretion ratio test has recently
been considered one of the best noninvasive tests to assess the area of
absorption, permeability and damage to the FGB [11]. In this study,
we developed and validated a new robust, sensitive, specific and
accurate HPLC-MS/MS method for measuring sugar biomarkers, such
as lactulose and mannitol. The lactulose: Mannitol permeability test
was considered abnormal or positive for comparison purposes if the
LM urine excretion ratio was 0.0864 [12-14]. In particular, the rate of
urinary mannitol excretion was significantly higher in the control
group than in the MN group (p<0,0001). The rate of urinary lactulose
excretion was ower in the groups of children MN than in the control
group (p=0.085). The L:M ratio was higher in the MN group than
compared to the control group (p<0.001). Thus, the noninvasive test to
assess the urinary excretion rates of lactulose and mannitol was
consistent and therefore, may be applicable for the study of changes in
the FGB as an ideal method for follow-up and evaluation of the
response to preventive and curative interventions [15,16]. This study
has advantages, such as the use of a robust, highly sensitive, specific
and accurate method for determining lactulose and mannitol levels.
The limitation of the method is the total time of urine collection during
5 h, which makes its reproduction difficult. Our preliminary data show
that the total collection time can be shortened to 1.5 h-2 h.

Conclusion

The results of this study allow us to propose LC-MS/MS as a
robust, sensitive, specific and accurate method for the determination
of lactulose and mannitol to study the barrier function damage of the
intestinal epithelium in children with malnutrition compared to health
control children.

Acknowledgement

The authors of this study are immensely grateful to the parents and
guardians and participating children for signing the terms of free and
arbitrary consent, acceptance and cooperation in the study protocol.

The authors declare that they have no known competing
commercial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Author Contributions

Conceptualization: LMVC. Magalhaes; FAP. Rodrigues; RNDG.
Gondim; AA. Santos, PJC; Magalhaes, BLL, Maciel; A. Havt, AAM,;
Lima, methodology, FAP; Rodrigues, LMVC. Magalhaes, BLL.
Maciel, RNDG. Gondim, A. Havt, AAM; Lima, formal analysis:
LMVC. Magalhaes, FAP; Rodrigues; A. Havt, AAM; Lima; data
curation, LMVC. Magalhaes, FAP. Rodrigues, J. Quirino-Filho, A.
Havt, AAM. Lima; writing-original draft preparation: LMVC.
Magalhaes, FAP. Rodrigues, RNDG. Gondim, S. Ribeiro, JK. Sousa,
M. Clementino, AA. Santos, PJC. Magalhaes, BLL. Maciel, A. Havt,
AAM. Lima; writing review and editing: LMVC. Magalhaes, FAP.
Rodrigues, AA. Santos, RNDG. Gondim, S. Ribeiro, JK. Sousa, M.
Clementino, PJC. Magalhaes, A. Havt, BLL. Maciel, AAM. Lima. All
authors have read and agreed to the published version of the
manuscript.

References

1. Ribani M (2004) Validation for chromatographic and electrophoretic
methods. Quimica Nova, 27: 771-780.

2.  Barboza MS Jr, Silva TM, Guerrant RL, Lima AA (1999) Measurement
of intestinal permeability using mannitol and lactulose in children with
diarrheal diseases. Braz ] Med Biol Res 32: 1499-1504.

3. Kubica P, Kot-wasik A, Wasik A (2012) Modern approach for
determination of lactulose, mannitol and sucrose in human urine using
HPLC-MS/MS for the studies of intestinal and upper digestive tract
permeability. J Chromatogr B Analyt Technol Biomed Life Sci 907:
34-40.

4. Lima AAM, Leite AM, di Moura A, Lima NL, Soares AM, et al. (2017)
Determinant variables, enteric pathogen burden, gut function and
immune related inflammatory biomarkers associated with childhood
malnutrition: A prospective case control study in Northeastern Brazil.
Pediatr Infect Dis J 36: 1177-1185.

5. Welcker K, Martin A, Kolle P, Siebeck M (2004) Increased intestinal
permeability in patients with inflammatory bowel disease. Eur ] Med Res
9: 456-460.

6. Zhou Q, Zhang B, Verne GN (2009) Intestinal membrane permeability
and hypersensitivity in the irritable bowel syndrome. Pain 46: 41-46.

7. Gervasoni J, Schiattarella A, Giorgio V (2016) Validation of an LC-
MS/MS method for urinary lactulose and mannitol quantification:
Results in patients with irritable bowel syndrome. Dis Markers 2016:
5340386.

8. Burin R, Burin, VM, Taha P (2008) Validation of an analytical
methodology for determination of calcium in meat products. Food Sci
Technol 28: 973-978.

9. Keusch GT, Denno DM, Black R (2014) Environmental enteric
dysfunction: Pathogenesis, diagnosis and clinical consequences. Clin
Infect Dis 59: S207-S212.

10. Denno DM, Vanbuskirk K, Nelson ZK (2014) Use of the lactulose to
mannitol ratio to evaluate childhood environmental enteric dysfunction:
A systematic review. Clin Infect Dis 59: S213-S219.

11. Lee GO, McCormick BJJ, Seidman JC, Kosek MN, Haque R, et al.
(2017) Infant nutritional status, feeding practices, enteropathogen
exposure, socioeconomic status and illness are associated with gut barrier
function as assessed by the lactulose mannitol test in the MAL-ED birth
cohort. Am J Trop Med Hyg 97: 281-290.

12. Lima NL, Soares AM, Mota RM, Monteiro HS, Guerrant RL, et al.
(2007) Wasting and intestinal barrier function in children taking alanyl-
glutamine supplemented enteral formula. J Pediatr Gastroenterol Nutr 44:
365-374.

13. MAL-ED Network Investigators (2018) Early childhood cognitive
development is affected by interactions among illness, diet,
enteropathogens and the home environment: Findings from the MAL-ED
birth cohort study. BMJ Glob Health 3: e000752.

14. MAL-ED Network Investigators (2017) Relationship between growth
and illness, enteropathogens and dietary intakes in the first 2 years of
life: Findings from the MAL-ED birth cohort study. BMJ Glob Health 2:
€000370.

15. Lima AAM, Leite AM, di Moura A, Lima NL, Soares AM, et al. (2017)
Determinant variables, enteric pathogen burden, gut function and
immune related inflammatory biomarkers associated with childhood
malnutrition: A prospective case control study in Northeastern Brazil.
Pediatr Infect Dis J 36: 1177-1185.

16. Guerrant RL, Leite AM, Pinkerton R, Medeiros PH, Cavalcante PA, et al.
(2016) Biomarkers of environmental enteropathy, inflammation, stunting
and impaired growth in children in Northeast Brazil. PLoS One 11:
e0158772.

J Gastrointest Dig Syst, an open access journal (MRPFT)

Volume 13 « Issue 4 « 1000753


https://www.scielo.br/j/qn/a/bq5SjVnnKptZkf8NnK6kqRc/abstract/?lang=en&format=html
https://www.scielo.br/j/qn/a/bq5SjVnnKptZkf8NnK6kqRc/abstract/?lang=en&format=html
https://www.scielo.br/j/bjmbr/a/mwycjCGvg3FNBj5KSCNFc7H/abstract/?lang=en
https://www.scielo.br/j/bjmbr/a/mwycjCGvg3FNBj5KSCNFc7H/abstract/?lang=en
https://www.scielo.br/j/bjmbr/a/mwycjCGvg3FNBj5KSCNFc7H/abstract/?lang=en
https://www.sciencedirect.com/science/article/abs/pii/S157002321200503X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S157002321200503X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S157002321200503X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S157002321200503X?via%3Dihub
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://cir.nii.ac.jp/crid/1570291225964607232
https://cir.nii.ac.jp/crid/1570291225964607232
https://journals.lww.com/pain/Abstract/2009/11000/Intestinal_membrane_permeability_and.12.aspx
https://journals.lww.com/pain/Abstract/2009/11000/Intestinal_membrane_permeability_and.12.aspx
https://www.hindawi.com/journals/dm/2016/5340386/
https://www.hindawi.com/journals/dm/2016/5340386/
https://www.hindawi.com/journals/dm/2016/5340386/
https://academic.oup.com/cid/article/59/suppl_4/S207/280746?login=false
https://academic.oup.com/cid/article/59/suppl_4/S207/280746?login=false
https://academic.oup.com/cid/article/59/suppl_4/S213/280980?login=false
https://academic.oup.com/cid/article/59/suppl_4/S213/280980?login=false
https://academic.oup.com/cid/article/59/suppl_4/S213/280980?login=false
https://www.ajtmh.org/view/journals/tpmd/97/1/article-p281.xml
https://www.ajtmh.org/view/journals/tpmd/97/1/article-p281.xml
https://www.ajtmh.org/view/journals/tpmd/97/1/article-p281.xml
https://www.ajtmh.org/view/journals/tpmd/97/1/article-p281.xml
https://journals.lww.com/jpgn/Fulltext/2007/03000/Wasting_and_Intestinal_Barrier_Function_in.13.aspx
https://journals.lww.com/jpgn/Fulltext/2007/03000/Wasting_and_Intestinal_Barrier_Function_in.13.aspx
https://gh.bmj.com/content/3/4/e000752
https://gh.bmj.com/content/3/4/e000752
https://gh.bmj.com/content/3/4/e000752
https://gh.bmj.com/content/3/4/e000752
https://gh.bmj.com/content/2/4/e000370
https://gh.bmj.com/content/2/4/e000370
https://gh.bmj.com/content/2/4/e000370
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://journals.lww.com/pidj/Abstract/2017/12000/Determinant_Variables,_Enteric_Pathogen_Burden,.22.aspx
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158772
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0158772

	Contents
	Measuring Lactulose and Mannitol Levels Using Liquid Chromatography Coupled with Tandem Mass Spectrum: Application to Clinical Study of Intestinal Epithelium Barrier Function
	Abstract
	Introduction
	Materials and Methods
	Standard and calibration solutions
	HPLC-MS/MS for validation and measurement of lactulose and mannitol levels
	Preparation of standard solutions and urine samples
	Preparation and performance of the lactulose: Mannitol test
	Study design, population and ethical approval
	Sample size and statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgement
	Author Contributions
	References




