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Background: Increased intestinal permeability is an important measure of disease activity and 

prognosis. Currently, many permeability tests are available and no consensus has been reached 

as to which test is most suitable. The aim of this study was to compare urinary probe excretion 

and accuracy of a polyethylene glycol (PEG) assay and dual sugar assay in a double-blinded 

crossover study to evaluate probe excretion and the accuracy of both tests.

Methods: Gastrointestinal permeability was measured in nine volunteers using PEG 400, PEG 

1500, and PEG 3350 or lactulose-rhamnose. On 4 separate days, permeability was analyzed after 

oral intake of placebo or indomethacin, a drug known to increase intestinal permeability. Plasma 

intestinal fatty acid binding protein and calprotectin levels were determined to verify compro-

mised intestinal integrity after indomethacin consumption. Urinary samples were collected at 

baseline, hourly up to 5 hours after probe intake, and between 5 and 24 hours. Urinary excretion 

of PEG and sugars was determined using high-pressure liquid chromatography-evaporative light 

scattering detection and liquid chromatography-mass spectrometry, respectively.

Results: Intake of indomethacin increased plasma intestinal fatty acid-binding protein and 

calprotectin levels, reflecting loss of intestinal integrity and inflammation. In this state of 

indomethacin-induced gastrointestinal compromise, urinary excretion of the three PEG probes 

and lactulose increased compared with placebo. Urinary PEG 400 excretion, the PEG 3350/

PEG 400 ratio, and the lactulose/rhamnose ratio could accurately detect indomethacin-induced 

increases in gastrointestinal permeability, especially within 2 hours of probe intake.

Conclusion: Hourly urinary excretion and diagnostic accuracy of PEG and sugar probes 

show high concordance for detection of indomethacin-induced increases in gastrointestinal 

permeability. This comparative study improves our knowledge of permeability analysis in man 

by providing a clear overview of both tests and demonstrates equivalent performance in the 

current setting.
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Introduction
Under physiological conditions, the gastrointestinal epithelium provides an effective 

barrier between the internal and external environment, protecting the body from 

potentially harmful luminal substances such as bacterial products, digestive enzymes, 

and antigens.1 Gastrointestinal barrier integrity loss is accompanied by an increase 

in epithelial permeability, reflecting a state in which luminal substances can perme-

ate the barrier and enter the systemic circulation, where they may contribute to a 

systemic inflammatory response and organ dysfunction.2,3 Increased  gastrointestinal 

permeability plays a role in the etiology and worsening of various intestinal and 
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systemic diseases,4–7 and is considered an important measure 

of disease activity and prognosis.1

Analysis of gastrointestinal permeability is based on the 

appearance of orally administered probes such as  sugars, 
51chromium-labelled ethylenediamine tetra-acetic acid 

(51CrEDTA), and polyethylene glycol (PEG) in the circula-

tion and urine after permeation of the intestinal epithelium. 

Each probe has its specific advantages and disadvantages, 

and requires a specific method of detection.1

Radioactive 51CrEDTA is easily detectable because it 

is not naturally present in man. The commonly used dose 

of 100 µCi (3.7 Mbq) 51CrEDTA is similar to the burden 

of other clinical nuclear diagnostic tests, and its estimated 

total radiation dose of 0.12 mSv8 is small compared with 

the worldwide annual background radiation exposure of 

approximately 3 mSv.9 However, 51CrEDTA-based per-

meability tests do expose patients to additional radiation. 

Therefore, use of 51CrEDTA should be avoided in pediatric 

patients, women of childbearing age, and in patients requiring 

multiple permeability analyses. Another concern is that the 
51CrEDTA assay is the only test that uses a single probe for 

permeability analysis; therefore, no correction for the influ-

ence of individually determined factors such as intestinal 

transit is performed.

Sugars provide the opportunity to obtain site-specific 

information on gastrointestinal permeability when applied in 

a multi-sugar test solution.1,10 Classically, the dual sugar test 

is used for intestinal permeability analysis. The dual sugar 

test combines the disaccharide lactulose (molecular weight 

342 Da) with the monosaccharide L-rhamnose (molecular 

weight 164 Da). While the exact routes of permeation remain 

to be clarified, macromolecules such as lactulose are com-

monly thought to permeate the intestinal mucosa via the 

size-selective paracellular pathway, while smaller probes 

such as rhamnose are considered to permeate the mucosa 

transcellularly as well as paracellularly.1,11,12 Various other 

sugar probes may be added to the permeability test mix, and 

by exploiting the differences in digestibility and degradation 

of these probes, permeability assessment can be performed 

on the gastroduodenal part, small intestine, and large 

intestine.13,14 Furthermore, quantification of plasma sugar 

concentrations after intake of the sugar test solution enables 

detection of moderate and transient changes in gastrointes-

tinal permeability.15 The use of liquid chromatography-mass 

spectrometry allows the quantification of very low sugar 

concentrations, but this technique is expensive and the sys-

tem is not yet standard laboratory equipment, thereby limit-

ing the applicability of sugar-based permeability analysis. 

In addition, sugar permeability analysis may be hampered by 

the presence of food-derived sugars in urine and plasma,10,16 

stressing the importance of an adequate analytical technique 

for accurate permeability analysis.

Another commonly used option for permeability analysis 

is based on the use of PEG probes of different sizes. While 

the addition of PEG to some food products, such as artifi-

cially sweetened sodas,17,18 and its occasional use in clinical 

practice for colonic lavage limits its applicability,1 PEG has 

a number of advantages over the use of 51CrEDTA and sugars 

for permeability analysis. It does not require radioactivity, is 

not metabolized by enzymes or degraded by bacteria within 

the human gastrointestinal tract,1,19,20 and the required method 

of analysis is less expensive and time-consuming than for 

the other probes. Therefore, PEG probes are suggested to 

be particularly suitable markers for whole gut permeability 

assessment in man.

The current lack of consensus for gastrointestinal per-

meability assessment has led to many studies on intestinal 

permeability using different probes, making it very difficult 

to compare and interpret results. Therefore, our aim was to 

resolve part of this diversity by comparing urinary probe 

excretion and accuracy of a PEG-based permeability assay 

with the dual sugar lactulose-rhamnose test in a double-blind 

crossover study using indomethacin, a nonsteroidal anti-

inflammatory drug (NSAID), to induce a state of increased 

gastrointestinal permeability in healthy individuals.21,22

Materials and methods
The current study was approved by the medical ethics com-

mittee of Maastricht University Medical Center and was con-

ducted according to the revised version of the Declaration of 

Helsinki (October 2008, Seoul). The study is part of a larger 

project registered at the US National Library of Medicine 

(http://www.clinicaltrials.gov, NCT00943345).

Participants
Nine healthy men and women (five men, four women; 

mean age 31.2 ± 4.7 years; body mass index 23.9 ± 0.9) 

were included in this study. Subjects were not experiencing 

abdominal complaints during their normal daily activities, 

as assessed by a questionnaire prior to inclusion. Exclusion 

criteria were recent (defined as being in the past 30 days) 

use of any medication, history of abdominal surgery, known 

hypersensitivity to NSAIDs or food products, pregnancy, 

alcohol or substance abuse, and any other medical condition 

that could influence the experimental results (eg, gastroin-

testinal disease). Volunteers were informed about the nature 
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and risks of the experiments. Written consent was obtained 

at least 5 days before the experiments. No medication use 

was permitted during the study period.

Pretest restrictions and arrangements
In the 2 days prior to the experimental test days, test sub-

jects were instructed to maintain normal dietary patterns 

and to record their dietary intake. In addition, subjects were 

instructed to avoid alcohol, caffeine, or spicy products, and 

to maintain diet as recorded for the subsequent test days 

to minimize the effects of variations in dietary intake. The 

evening before each test day, participants received a stan-

dardized meal (1695 kJ, consisting of 62.6 g carbohydrate, 

18.9 g protein, and 7.9 g of fat). All participants maintained 

normal activities of daily living and refrained from heavy 

physical activity in the 2 days prior to each test day. Subjects 

were fasted overnight, but were allowed to drink tap water 

(maximum of 300 mL) in the morning.

Test mix preparation
The PEG test mix used consisted of 5.7 g of PEG 400 

(Chempri BV, Raamsdonksveer, The Netherlands), 2.5 g of 

PEG 1500 (Chempri BV), and 13.8 g of PEG 3350 (Norgine 

BV, Amsterdam, The Netherlands), dissolved in 150 mL of 

tap water, based on previous studies by Parlesak et al and 

Kerckhoffs et al.23,24 All PEG used in the test mix was tested 

for safe oral consumption by Basic Pharma BV (Geleen, The 

Netherlands). The dual sugar mix consisted of 5 g lactulose 

(Centrafarm, Etten-Leur, The Netherlands) and 0.5 g of 

L-rhamnose (Danisco Sweeteners, Copenhagen, Denmark), 

also dissolved in 150 mL of tap water. Both sugars were 

intended and tested for safe oral human consumption by the 

manufacturer.

Study design and sampling
The current study was randomized, controlled, and double-

blind in design. All subjects completed 4 test days. On 

all these days, gastrointestinal permeability analysis was 

performed, using either PEG probes or dual sugar probes. 

 Subjects were tested twice using the PEG probes; once to 

assess permeability under basal (placebo) conditions, and 

once to assess permeability after indomethacin. On 2 other, 

separate test days, dual sugar probes were used to assess basal 

and indomethacin-induced permeability. The interval between 

test days was at least 7 days, but incidentally extended up 

to a maximum of 20 days. Subjects received either placebo 

capsules (to test basal  permeability) or capsules with indo-

methacin (Actavis BV, Baarn, The Netherlands) 75 mg at 

10 pm the night before the test day and 50 mg at 7:30 am 

(1 hour prior to the start of the tests) to increase gastrointesti-

nal permeability.21 Capsules were macroscopically identical. 

Both the participants and investigators were unaware of the 

content of the capsules. Participants were instructed to drink 

200 mL of tap water per hour during the test.

After ingestion of the probes, urinary samples were col-

lected at baseline and hourly for up to 5 hours after ingestion 

of the test mix. Urinary volumes were recorded and 4 mL 

of each sample was put into a polypropylene tube (Greiner 

Bio-One, Kremsmünster, Austria) and kept on ice until cen-

trifugation (within 30 minutes after sampling). In addition, 

subjects collected 5–24-hour urine at home and returned 

the bottles on the following morning. Urinary volume was 

recorded, and urine was immediately processed.

Baseline blood samples were collected in prechilled 

ethylenediamine tetra-acetic acid (EDTA) tubes (BD Vacu-

container, Becton Dickinson Diagnostics, Aalst, Belgium) 

and immediately centrifuged. Both plasma and urine samples 

were centrifuged at 4°C and 2300 × g for 15 minutes and 

stored at -80°C until analysis.

Analysis of intestinal epithelial damage 
and inflammation
Intestinal epithelial cell damage was assessed by quantifica-

tion of plasma concentrations of human intestinal fatty acid 

binding protein (I-FABP) using a highly specific enzyme-

linked immunosorbent assay developed inhouse (detection 

window 20–5000 pg/mL), as previously described.15

Inflammation was determined in the same plasma samples 

by analysis of calprotectin concentrations using a commer-

cially available calprotectin enzyme-linked immunosorbent 

assay (detection window 0.78–50 ng/mL) kindly provided 

by Hycult Biotechnology (Uden, The Netherlands). Both 

markers were determined on all experimental days, in each 

first blood sample of the day (t = 0).

Analysis of permeability probes
All chemicals used for laboratory purposes were of analyti-

cal grade, and unless specified otherwise, were purchased 

from Sigma Aldrich (St Louis, MO). Ultrapure water was 

generated through a Super-Q water purification system 

( Millipore, Billerica, MA) and used as the source of water 

for all analytical assays.

Urinary sugar concentrations were determined by iso-

cratic ion-exchange chromatography in combination with 

mass spectrometry detection, as previously described.10 

Urinary PEG concentrations were analyzed by reversed 
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phase high-pressure liquid chromatography in combination 

with evaporative light scatter detection. The analysis was 

based on PEG analysis as described by Kerckhoffs et al.24 

In short, samples were thawed to room temperature and 

transferred to 1.5 mL Eppendorf cups containing 6 mg of 

5-sulfosalicylic acid. After thorough mixing, samples were 

centrifuged at 50,000 × g for 10 minutes at 4°C in a high-

speed centrifuge (Model Biofuge Stratos; Heraeus, Hanau, 

Germany). Clear urinary supernatant was injected into the 

high-pressure liquid chromatography system (2 Model 

PU-980 pumps; Jasco, Easton, MD) using a WISP auto 

sampler (Model 715; Waters, Milford, MA). Separation of 

PEG was achieved by reversed-phase chromatography on an 

Allsphere ODS-2 column (particle size 3 µM, 150 × 4.6 mm 

ID; Grace Alltech, Deerfield, IL), mounted in a Mistral col-

umn oven (Separations Analytical Instruments, Ambacht, 

The Netherlands) set to 50°C. The simplified workup of the 

urinary samples, using only high-speed centrifugation to 

prepare the urinary samples, did not lead to accelerated deg-

radation of the Allsphere column. Solvents used were water 

(solvent A) and methanol/water (90/10 v/v; solvent B). The 

gradient of the mobile phase used for  separation of the PEG 

probes was: 0 minutes, 95% solvent A; 9 minutes, 95% sol-

vent A; 10 minutes, 70% solvent A; 11 minutes, 45% solvent 

A; 12 minutes, 45% solvent A; 13 minutes, 20% solvent A; 

14 minutes, 10% solvent A; 15 minutes, 10% solvent A; and 

16 minutes, 0% solvent A. PEG detection was performed 

using evaporative light scatter detection on a model 2000 

ES detector (Grace Alltech). Optimal signal-to-noise 

ratios for PEG determination were obtained by setting the 

evaporative light scatter detector to a temperature of 50°C 

with a nitrogen gas flow of 1.5 mL/minute at 5 bar, and 

with the impactor off, while maintaining a gradient flow 

of 1.00 mL/minute.

PEG concentrations in samples were determined using 

external standard calibration. Analytical standards were pre-

pared by dissolving analytical grade PEG 400, PEG 1500, 

and PEG 3350 in water, after which aliquots of the standard 

were stored at -80°C. Standards were run before each set 

of 10 samples. PEG 400 concentration was measured by 

injecting 2 µL of sample into the detector, and for optimal 

detection of the lower concentrated PEG 1500 and PEG 3350, 

the injection volume was increased to a maximum of 100 µL. 

If urinary probe concentrations in the samples collected at 

baseline were above zero, these baseline levels were sub-

tracted from the concentrations measured in urinary samples 

collected at subsequent time points. Urinary excretions of 

sugars and PEG were calculated by multiplying urinary 

concentrations with urine volume. Urinary recovery of the 

orally ingested probe dose was calculated and expressed as 

a percentage of the oral dose. Probe ratios were calculated 

from the urinary excretion values.

Urine spiked with PEG 400 was analyzed before and after 

addition of indomethacin, and urinary samples containing 

indomethacin were spiked with PEG 400 to confirm our 

hypothesis that the presence of indomethacin (molecular 

weight 358 Da) did not interfere with PEG 400 analysis in 

urine.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 

 (version 5; GraphPad, San Diego, CA). Normality of all 

data was verified using the Kolmogorov–Smirnov test. 

 Measurements of basal intestinal permeability and perme-

ability after indomethacin intake were compared using the 

 Wilcoxon signed-rank test, considering the small number of 

study participants. For the PEG assay and the dual sugar per-

meability test, receiver operating characteristic curves were 

plotted to determine the cutoff points and discriminate between 

basal and indomethacin-induced intestinal permeability in 

our healthy participants. The ideal cutoff point, defined as the 

maximum sum of sensitivity and specificity, was reported. 

Correlations were computed by calculating Spearman cor-

relation coefficients (r
S
), unless specifically stated otherwise. 

Data from nine healthy individuals with and without intake 

of indomethacin are presented as the mean ± standard error 

of the mean if most data were normally distributed, or as 

the median (range) if not. P , 0.05 was considered to be 

statistically significant.

Results
PEG analysis: linearity, accuracy,  
and limit of detection
Linearity of PEG detection was determined by injecting 

a standard containing the three PEG probes. Calibration 

curves were linear in a range from 0 to 200 µM. The results 

of linear regression analysis of the calibration curves 

are shown in Table 1. The lower limit of quantification 

observed at a  signal-to-noise ratio of 5:1 was 0.63 µM 

for PEG 400, 0.14 µM for PEG 1500, and 0.054 µM for 

PEG 3350.  Coefficients of variation were calculated from 

10 measurements of urinary samples obtained from different 

individuals. These samples were spiked with different PEG 

concentrations ranging from 0 µL to 100 µL, resulting in 

overall coefficients of variation of 3.6% for PEG 400, 2.7% 

for PEG 1500, and 1.2% for PEG 3350.
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Indomethacin induces loss  
of gastrointestinal barrier integrity
To verify the putative loss of gastrointestinal barrier 

integrity induced by indomethacin, plasma I-FABP and 

calprotectin were analyzed. I-FABP levels, determined 

in plasma samples collected at baseline (ie, before intake 

of permeability probes), were significantly higher after 

intake of indomethacin (443 [206–1306] pg/mL) com-

pared with placebo (336 [76–885] pg/mL, P , 0.01, 

Figure 1A), reflecting minor intestinal injury in the 

indomethacin-challenged situation. In line with this, 

plasma calprotectin l evels increased after intake of indo-

methacin (116 [28–273] ng/mL), compared with placebo 

(76 [26–138] ng/mL, P = 0.0005, Figure 1B). While none 

of the  volunteers experienced gastrointestinal complaints 

during the test days or in the week thereafter, these 

plasma data confirm the putative loss of a small amount of 

intestinal integrity and inflammation in the indomethacin-

challenged situation.

Indomethacin-induced permeability 
changes assessed by PEG probes
Indomethacin increases urinary PEG probe excretion
Urinary PEG 400 excretion increased significantly after 

indomethacin intake compared to basal (placebo) conditions 

in the 0–1-hour, 0–2-hour, and 0–5-hour urinary collections 

(Figure 2A and B, Table 2), and a trend towards increased 

0–24-hour PEG 400 excretion was observed (P = 0.06, 

 Figure 2A). In line with PEG 400 data, urinary excretion of 

PEG 1500 increased significantly after intake of indomethacin 

in the 0–2-hour and 0–5-hour urinary collections. No differ-

ences in 0–24-hour PEG 1500 excretion were observed between 

placebo and the indomethacin-challenged state (Figure 2C and 

D; Table 2). Urinary excretion of the largest probe, PEG 3350, 

significantly increased after indomethacin intake only in the 

0–5-hour urinary collection (Figure 2E and F, Table 2).

Interestingly, two of the nine individuals consistently 

showed decreased 0–2-hour urinary PEG excretion in the indo-

methacin-challenged state (Figure 2B, D, and F). Decreased 

plasma I-FABP levels (454 pg/mL at baseline to 433 pg/mL 

after indomethacin intake) corroborated the decreased PEG 

excretion in one of these individuals, suggesting a lack of 

indomethacin-induced epithelial integrity loss. The other 

subject had increased plasma I-FABP levels but decreased 

PEG probe excretion after intake of indomethacin.

Statistical analysis of the PEG excretion rates revealed 

that early urinary collections can be used to detect increased 

permeability with acceptable sensitivity and specificity 

(Table 3). Alternatively, 0–5-hour urinary PEG excretion 

may be used to detect increased gastrointestinal permeability 

after intake of indomethacin (Table 3).

Table 1 Slope, intercept, and determination coefficient (R2) 
of linear regression analysis of calibration curves for PEG 400, 
PEG 1500, and PEG 3350

Slopea Y intercepta X intercept R2

PEG 400 8.761e + 006 ±  
489706

-95362 ± 43874 0.01088 0.9816

PEG 1500 7.846e + 007 ±  
3.468e + 006

-743532 ± 310682 0.00948 0.9884

PEG 3350 1.955e + 008 ±  
1.388e + 007

-1.718e + 006 ±  
816305

0.00879 0.9754

Note: aData are presented as the mean ± standard deviation.
Abbreviations: PEG, polyethylene glycol; h, hour.

Figure 1 Intake of indomethacin results in minor intestinal cell damage and inflammation. (A) Plasma I-FABP levels increase after intake of indomethacin, indicating 
indomethacin-induced enterocyte damage. (B) Plasma calprotectin levels increase after intake of indomethacin, indicating inflammation after indomethacin ingestion.
Notes: Data are shown as the median (range) of baseline plasma samples (t = 0) of nine healthy individuals. *P , 0.05; **P , 0.01; ***P = 0.0005, significantly different from 
basal (placebo) conditions.
Abbreviations: PEG, polyethylene glycol; DS, dual sugar; I-FABP, intestinal fatty acid binding protein.
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To increase our understanding of the relationship between 

cellular injury and increased gastrointestinal permeability, 

correlations between intestinal cell integrity loss (ie, plasma 

I-FABP levels) and increased gastrointestinal permeability 

(ie, urinary PEG excretion) were sought. Normalized levels 

of I-FABP, a small 14–15 kDa protein25 measured in plasma 

samples collected just before probe intake, correlated sig-

nificantly with PEG 3350 excretion (R
S
 = 0.51, P , 0.05 

for 0–2-hour urinary excretion and R
S
 = 0.69, P , 0.005 

for 0–5-hour urinary excretion), while no correlations were 
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Table 2 Urinary PEG probe excretion in basal (placebo) and indomethacin-challenged state

Basal probe excretion 
(μmol)

Indomethacin probe excretion  
(μmol)

P

Median Range Median Range

PEG 400 (0–1-h urine) 1487 (108–8260) 5795 (1272–9923) ,0.05
PEG 400 (0–2-h urine) 1969 (458–11,013) 8230 (2908–12,942) ,0.01
PEG 400 (0–5-h urine) 4597 (2081–12,123) 9893 (4180–14,808) ,0.01
PEG 1500 (0–1-h urine) 3.20 (0.40–318.30) 35.90 (6.70–165.90) 0.20
PEG 1500 (0–2-h urine) 11.90 (1.30–383.30) 111.00 (22.60–339.60) ,0.05
PEG 1500 (0–5-h urine) 18.90 (2.80–386.50) 174.20 (35.50–366.10) 0.05
PEG 3350 (0–1-h urine) 0.00 (0.00–8.60) 0.40 (0.00–9.80) 0.67
PEG 3350 (0–2-h urine) 0.10 (0.00–10.30) 1.10 (0.00–11.50) 0.20
PEG 3350 (0–5-h urine) 0.40 (0.00–10.30) 1.80 (0.00–104.00) ,0.05

Abbreviations: PEG, polyethylene glycol; h, hour.

Table 3 Overall accuracy and cutoff points of both urine-based permeability tests

Urinary collection Cutoff point 
(μmol)

Sensitivity Specificity AUC (95% CI) P

PEG 400
0–1-h 2288 89% 67% 0.79 (0.57–1.01) ,0.05
1–2-h 1507 100% 67% 0.85 (0.67–1.03) 0.01
0–2-h 5226 89% 78% 0.84 (0.65–1.03) ,0.05
0–5-h 7251 89% 78% 0.83 (0.63–1.03) ,0.05
PEG 1500
0–1-h 5.00 100% 56% 0.74 (0.49–0.99) 0.09
1–2-h 9.00 100% 67% 0.79 (0.56–1.01) ,0.05
0–2-h 20.00 100% 56% 0.77 (0.53–1.01) 0.06
0–5-h 33.00 100% 67% 0.74 (0.48–1.00) 0.09
PEG 3350
0–1-h 0.05 78% 56% 0.64 (0.38–0.90) 0.31
1–2-h 0.15 78% 78% 0.77 (0.53–1.00) 0.06
0–2-h 0.15 89% 56% 0.74 (0.50–0.98) 0.09
0–5-h 0.75 89% 78% 0.78 (0.54–1.02) ,0.05
PEG 3350/400
0–1-h 5e–005 67% 89% 0.77 (0.54–1.00) 0.05
1–2-h 5e–005 78% 89% 0.79 (0.55–1.03) ,0.05
0–2-h 5e–005 78% 89% 0.80 (0.58–1.03) ,0.05
0–5-h 5e–005 89% 89% 0.85 (0.66–1.06) 0.01
L/R ratio
0–1-h 0.17 75% 100% 0.85 (0.62–1.09) ,0.05
1–2-h 0.105 78% 89% 0.86 (0.68–1.04) ,0.05
0–2-h 0.13 78% 100% 0.87 (0.69–1.07) ,0.05
0–5-h 0.18 78% 78% 0.77 (0.65–1.08) 0.08

Abbreviations: AUC, area under the curve; CI, confidence interval; PEG, polyethylene glycol; h, hour.

found between I-FABP and other PEG probes. Hence, urinary 

PEG 3350 excretion correlates with increased I-FABP levels 

after indomethacin consumption, suggesting a role for loss 

of enterocyte integrity and subsequent release of cytosolic 

protein I-FABP in the development of intestinal barrier loss 

reflected by increased PEG 3350 permeation.

Indomethacin and urinary PEG probe ratios
Gastrointestinal permeability can be assessed either by 

determination of urinary probe excretion or by calculation 

of probe ratios.1 Expressing permeability information as the 

ratio of a larger probe over a smaller probe has a couple of 

advantages compared with the use of single-probe urinary 

excretion rates.1 Most importantly, permeability probe 

ratios are less affected by individually determined factors 

unrelated to gastrointestinal permeability, such as renal 

clearance.26 Therefore, the three PEG probes were also 

analyzed as urinary PEG ratios. The PEG ratios determined 

in the 0–2-hour urinary collections are shown in Figure 3. 

While the majority of individuals showed an increase in all 
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three urinary PEG ratios after consumption of indomethacin 

(Figure 3), statistical significance was not reached. In line 

with these data, urinary PEG ratios did not correlate with 

plasma I-FABP levels. Only the PEG 3350/PEG 400 ratio 

increased significantly after intake of indomethacin compared 

with basal conditions (P # 0.05 in 0–1-hour, 2–3-hour, and 

0–5-hour urine collections).

Consistent with these results, the statistical analysis 

shows that only the urinary PEG 3350/PEG 400 ratio could 

accurately detect indomethacin-induced increases in gastro-

intestinal permeability (Table 3).

Indomethacin-induced permeability 
changes assessed by the dual sugar test
The urinary excretion of the 342 Da sugar probe lactulose 

increased after intake of indomethacin, an increase that was 

most pronounced in the first 2 hours after intake of the sugars 

(Figure 4A and B). Urinary recovery in these first 2 hours 

was roughly 0.110% ± 0.030% after intake of indomethacin 

compared with 0.096% ± 0.024% under basal conditions. 

Two individuals had decreased lactulose excretion in the 

indomethacin-challenged state, but these individuals were not 

the same individuals who showed decreased PEG excretion 

after indomethacin intake.

Urinary excretion of the 164 Da sugar probe rhamnose 

decreased after intake of indomethacin, reaching significance 

at the 0–2-hour and 0–5-hour urinary collections (P , 0.01 and 

P , 0.05, respectively, Figure 4C and D); 0–5-hour urinary 

rhamnose excretion levels were equivalent to 8.6% ± 0.8% and 

6.4% ± 0.5% urinary recovery after placebo and indomethacin 

intake, respectively (P , 0.05). Due to the increased lactulose 

excretion and simultaneous decrease in rhamnose excretion, 

urinary ratios of the large lactulose probe and the smaller 

rhamnose probe increased significantly after indomethacin 

intake (Figure 4E and F). In keeping with the excretion pro-

files of lactulose and the PEG probes, this increase was most 

pronounced in the first 2 hours after probe intake (Figure 4E 

and F). While lactulose excretion could not provide accurate 

sensitivity and specificity to detect indomethacin-induced 

intestinal permeability as a single probe, urinary L/R ratios in 

these first 2 hours could accurately detect increased perme-

ability in the indomethacin-challenged state (Table 3).

Discussion
Intestinal permeability is an important parameter of gut bar-

rier function, but the availability of multiple permeability 

tests impedes the interpretation and comparison of urinary 

probe excretion. The aim of the current study was to com-

pare urinary probe excretion and accuracy of a PEG assay 

and a dual sugar lactulose-rhamnose permeability assay in a 

double-blind crossover study using the NSAID, indometha-

cin, to induce increased gastrointestinal permeability.

Before performing the human study, the time-consuming 

sample preparation protocol for analysis of the PEG probes 

was optimized. Analysis of PEG probes in biological samples 

was previously described by Parlesak et al using high-

pressure liquid chromatography with differential refraction 

index detection.23 We enhanced the analytical sensitivity 

of PEG analysis using evaporative light scatter detection, 

as described by Kerckhoffs et al,24 while simultaneously 

reducing the sample preparation protocol to a single sample 

centrifugation step prior to high-pressure liquid chromato-

graphy analysis. Due to this simple high-speed centrifugation 

step, the time-consuming extraction methods previously 
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required to obtain satisfactory lower limits of detection were 

no longer necessary,23,24 making PEG analysis rapid and 

simple. Sugar analysis was performed by high-pressure liquid 

chromatography-mass spectrometry detection, as described 

elsewhere.10 The human study was performed to analyze the 

application of this optimized PEG approach in a controlled 

experimental setting and to compare its results with data 

obtained using the classical dual sugar test.

Increased gastrointestinal permeability was previously 

described after short-term consumption of indomethacin.21 
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Because indomethacin was used in the current study as a 

method to increase gastrointestinal permeability, we first 

verified the putative loss of gastrointestinal barrier integrity in 

our participants. Indeed, significantly increased plasma levels 

of I-FABP and calprotectin were observed after indomethacin 

intake, allowing the use of this setting for controlled evalu-

ation of the PEG test and the dual sugar test for analysis of 

gastrointestinal permeability.

In this experimental setting of integrity loss, urinary 

excretion of PEG 400, PEG 1500, and PEG 3350 increased 

after indomethacin consumption. While the absolute excre-

tion rates of the three different-sized PEG probes varied, the 

urinary excretion profiles of the PEG probes showed high 

consistency. Urinary excretion of lactulose, the 342 Da sugar 

probe, increased in the indomethacin-challenged situation in 

a similar fashion. Indomethacin-induced increases in urinary 

excretion of PEG and lactulose were most pronounced in the 

first 2 hours after probe intake. The latter suggests the pres-

ence of increased upper gastrointestinal permeability after 

indomethacin intake, which correlates with the established 

injury profile of NSAIDs, especially affecting the upper 

gastrointestinal tract and small intestine.27

It is thought that urinary permeability ratios of two 

different-sized probes provide more reliable information on 

gastrointestinal permeability than single probe excretion rates 

for one-time analysis.1 The main reason for this assumption 

is that urinary probe ratios are less affected by everyday 

variations in urinary output due to gastric emptying and 

intestinal transit.1 In the current study, both the PEG probes 

and the sugar probes are expressed as urinary ratios and as 

single probe excretion rates. PEG probes are not commonly 

expressed as excretion ratios,28,29 and since the excretion of all 

three PEG probes increased after indomethacin consumption, 

the increase in urinary PEG ratios was not very pronounced 

in this study. Only the PEG 3350/PEG 400 ratio could detect 

increased gastrointestinal permeability after indomethacin 

use with accurate sensitivity and specificity. Compared with 

the PEG ratios, the urinary L/R ratio increased more dis-

tinctly, especially in the first 2 hours after probe intake, due 

to an indomethacin-induced increase in lactulose excretion 

and a simultaneous decrease in urinary rhamnose excretion. 

The standing theory is that large (.300 Da) probes permeate 

the gastrointestinal mucosa in a paracellular manner, while 

smaller probes, such as rhamnose, travel via both paracel-

lular and transcellular routes.30 This theory dictates that the 

PEG-based permeability assay provides information on the 

paracellular permeability pathway,31 while the dual sugar 

test assesses both the paracellular and transcellular pathway. 

However, because diffusion of water also occurs transcel-

lularly, a hyperosmolar luminal content, such as the 5 g 

lactulose dose given in the current study, may affect the per-

meability of small, transcellular traveling probes by directing 

the water and small probe (ie, rhamnose) flux towards the 

hyperosmolar intestinal lumen.32 It remains to be clarified 

whether changes in osmolarity affect the reliability of the 

permeability test.

Our aim was to compare urinary probe excretion as 

well as the accuracy of both tests. The main finding of this 

study was that the urinary excretion of large (.300 Da) 

probes, urinary probe ratios, and accuracy of the tests are 

very much alike. Single PEG 400 excretion, the PEG 3350/

PEG 400 ratio, and the L/R ratio determined in 0–2-hour 

urine after probe intake all provided accurate detection 

of indomethacin-induced increases in gastrointestinal 

permeability. The L/R cutoff point of 0.18 in 0–5-hour urine 

is in line with data from previous studies using the dual 

sugar test after short-term indomethacin consumption33,34 

and prolonged indomethacin intake.35–37 Unfortunately, 

no cutoff points were reported in previous studies using 

PEG for permeability analysis in healthy individuals after 

indomethacin. Previously, Bjarnason et al studied the 

intestinal permeability of healthy subjects and patients 

with celiac disease with PEG 400, lactulose, rhamnose, and 
51CrEDTA, and found similar excretion and sensitivity rates 

for both the dual sugar test and 51CrEDTA permeability test.38 

However, PEG 400 excretion was decreased in the latter 

study in the event of increased permeability due to celiac 

disease.38 We have to conclude that due to the numerous 

factors influencing urinary probe excretion, cutoff points, 

and accuracy data, one needs to evaluate the different 

permeability tests in one study in order to enable a correct 

comparison of test performance.

Data from the current study increase our knowledge about 

permeability probe excretion by giving a clear overview of 

urinary PEG and sugar probe excretion over time in a con-

trolled, experimental setting. Future studies are warranted 

to evaluate the applicability of the permeability tests in 

clinical settings, eg, for permeability assessment in patients 

with intestinal diseases, such as celiac disease. Based on the 

current findings, we consider that both tests may be used 

to assess gastrointestinal permeability, using urinary probe 

ratios if multiple testing is impossible, such as in patients 

with active disease. Furthermore, we recommend combining 

gastrointestinal permeability assessment with the analysis of 

plasma I-FABP and calprotectin levels, providing a more 

thorough overview of gastrointestinal mucosal integrity. 
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PEG analysis may provide information on whole-gut perme-

ability, while the dual sugar assay requires additional inert 

sugars in the test mix to enable analysis of permeability in 

the large intestine.1

In conclusion, the current study demonstrates that gastro-

intestinal permeability tests based on the urinary excretion of 

PEG and lactulose-rhamnose show equivalent performance in 

healthy individuals after NSAID consumption. Given that a 

clear demand for a standardized whole gut permeability test 

continues to exist, efforts to develop the ideal permeability 

test should be continued.
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