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SUPPLEMENTARY METHODS 

Inclusion and exclusion criteria 

None of the participants had history of abdominal surgery (except appendectomy or 

cholecystectomy), inflammatory bowel disease, microscopic colitis, or celiac disease, nor were 

they pregnant at the time of the study. Use of tobacco or alcohol (during the study) and 

consuming any food or drink that contains artificial sweeteners (sucralose, aspartame, lactulose 

or mannitol, within 2 days of permeability test) were prohibited. 

All subjects were asked to complete the Hospital Anxiety and Depression Scale (HADS). IBS 

patients were also asked to complete the Long Bowel Disease questionnaire (BDQ), the 

Symptom Checklist-90 (SCL-90), IBS Symptom severity scale (IBS-SSS), and IBS-quality of 

life (IBS-QoL) questionnaire. 

 

Methods 

Proteolytic activity measurement 

In order to choose the concentration of AEBSF for our experiments, Caco-2 monolayers were 

exposed to various concentrations of trypsin. 1 mM of trypsin caused greatest flux increase 

(3kDa Texas-Red Dextran) without sloughing the monolayer. Then, two concentrations of 

AEBSF (0.2 and 1 mM) were used. 0.2 mM of AEBSF caused inhibition of increased flux 

induced by 1 mM trypsin. Similar experiment was done with exposing cells to various 

concentrations of papain (0.002, 0.02, 0.2, 0.5, and 1.0U). The 1.0U concentration caused most 

increase in the flux. 10uM E64 significantly inhibited flux increase induced by 1.0U of Papain. 

These concentrations used are well within the previously published inhibitory concentrations 

with these two molecules (AEBSF, 0.1-1 mM; E64, 1 to10 μM).  

Cell culture 

Human intestinal Caco-2 epithelial cell line (passages 6−16; ATCC, Manassas, VA, USA) was 

maintained in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, Carlsbad, CA, 

USA) with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 μM non-essential 
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amino acids (Gibco Laboratories, Gaithersburg, MD, USA), and 2 mM L-glutamine (Life 

Technologies, Carlsbad, CA, USA) at 37°C in 5% CO2.  

Suppression of PAR-2 expression in Caco-2 cells by siRNA  

Tranfections were conducted with the cationic lipid Lipofectamine 2000 (Thermo Scientific, St. 

Peters, MO, USA) and final concentration of 25 nM of Human F2RL1 siRNA 

(GGUAUUGGGUCAUCGUGAA, GUUAAGACCUCCUAUUGAG, 

CUAGUAACCUUCUGCUUGU, GUGGUGGGUUUGCCAAGUA, On Target plus-SMART 

pool, Dharmacon, Lafayette, USA) or Non-targeting Pool (UGGUUUACAUGUCGACUAA, 

UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA, 

UGGUUUACAUGUUUUCCUA, Dharmacon, Lafayette, USA), a negative control, diluted in 

OPTI-MEM was added and incubated. 

In vitro transepithelial measurement in cellZscope
® 

Polarized Caco-2 monolayers grown on Transwell
® 

inserts were transferred into a 24-well 

cellZscope
®
 system with serum free media and incubated (37°C and 5% CO2) overnight to allow 

equilibration. TER values were recorded every hour with cells unperturbed in the incubated 

conditions. After overnight incubation, FSNs (100uL) were added to the apical chamber. 

Western blotting 

Caco-2 cells were collected and washed in ice-cold PBS three times. The cell pellet was lysed in 

RIPA buffer (Thermo Scientific, St. Peters, MO, USA) with protease inhibitor cocktail for 15 

min on ice. For studying patient biopsies, lysis buffer (Cell Signaling Technology, Danvers, MA, 

USA) instead of RIPA buffer was used. Protein content was quantitated by Bradford protein 

assay and equal amount (30 μg) was separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (4-20%, 7.5%; Bio-Rad, Hercules, CA, USA) and transferred to PVDF 

membrane (0.45 μm; Millipore, Danvers, MA, USA) at 15V for 30 min. After blocking in PBS 

Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA), the membrane was incubated at 4 °C 

overnight with primary antibodies (Rabbit polyclonal anti-occludin antibody; Abcam, 

Cambridge, MA, USA at 1:1000, Mouse monoclonal anti-Myosin light chain (MLC) antibody; 

ECM Biosciences, Versailles, KY, USA at 1:250, Rabbit monoclonal anti-phospho (Ser19) 

MLC20 (pMLC) antibody; Thermo Fisher Scientific, Rockford, IL, USA at 1:500, Rabbit 



 

3 
 

polyclonal anti-claudin-2, Abcam, Cambridge, MA, USA at 1:250, and Mouse monoclonal anti-

β-actin antibody at 1:10000). Immunoreactive bands were detected on membranes after 

incubation with anti-rabbit IRDye 800 or anti-mouse IRDye 700-conjugated secondary 

antibodies (at 1:10,000 dilution) using a LI-COR Odyssey Infrared Imaging Scanner (LI-COR 

Bioscience, Lincoln, NE). The protein bands were measured by densitometric quantitation with 

ImageJ software normalized to β-actin as control. pMLC/MLC ratio was measured using the 

same software. 

 

Microscopy 

The cells were washed three times with PBS and fixed with 4% PFA for 15 min at room 

temperature. After permeabilization with 0.2% Triton X-100 in PBS {PBS (+)} for 10 min, the 

cells were incubated with PBS(+) with BSA for 60 min and then with the primary antibodies 

(occludin 1 µg/mL and pMLC 2 µg/mL, same as above) diluted with PBS(+) with BSA for 60 

min at room temperature. After being washed with PBS, the samples were allowed to react with 

the secondary antibody (Cy3-conjugated donkey anti-rabbit antibody; Millipore, Danvers, MA, 

USA, 1:800) diluted with PBS(+) with BSA for 60 min at room temperature together with 

200nM Acti-stain
TM

 670 Fluorescent Phalloidin (Cytoskeleton, Denver, CO, USA) to stain F-

actin. The membranes were cut with a sterile surgical blade and mounted onto slides with 

SlowFade
TM

 Gold antifade reagent (Invitrogen, Carlsbad, CA, USA). Images were collected and 

analyzed by confocal microscopy using Fluoview 1000 software (Olympus, Brooklyn Park, MN, 

USA). 

 

Biopsy immunofluorescence 

Sections were cut (10 µm thickness) with a cryostat (Leica Biosystems, Lincolnshire, IL, USA) 

and mounted. After blocking for one hour with 0.3% Triton/ 1%BSA in PBS, slides were stained 

with primary antibody (occludin 1 µg/mL, same as above) for 60 min. After being washed with 

PBS, the samples were treated with the secondary antibody (donkey Cy3 anti-rabbit antibody at 

1:800, same as above) overnight. Slides were mounted with Prolong Gold Antifading Reagent 

with 4’, 6’-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad, CA, USA), to 

counterstain cell nuclei. Images were collected and analyzed by confocal microscopy using 

Fluoview1000 software. 
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Ussing chamber studies 

All endoscopic procedures were done by a single endoscopist (MG) and biopsies were collected 

using a large capacity biopsy forceps (no pin). Four biopsy pieces were placed in Krebs solution, 

on ice, and immediately transported from the Clinical Research and Trials Unit to the laboratory. 

Biopsies were allowed to equilibrate for 20-30 min and baseline transmucosal resistance (TMR) 

and baseline short-circuit current (Isc) of each tissue was measured. Paracellular flux across 

biopsies was measured using 4 kDa FITC-Dextran in a 1 mg/mL concentration on the mucosal 

side. Sampling was done from the submucosal side every 30 minutes for a total of 3 hours and 

cumulative fluorescence was measured using a Synergy Multi-Mode Microplate Reader (BioTek, 

VT, USA), and converted to concentration using standard curves. Cumulative flux at the end of 

three hours was calculated. At the end of the experiment, every tissue was treated with 10uM 

forskolin (mucosal side) to check for tissue responsiveness. Tissues were excluded if Isc drifted 

>100µA over the course of the experiment, if the baseline TMR<5 Ω·cm
2
, and if treatment with 

forskolin at experiment end did not elicit a response. 

 

Transmission Electron Microscopy 

Representative colonic biopsies were fixed with Trump’s fixative. Biopsies were then stained 

with 1% osmium tetroxide and 2% uranyl acetate, dehydrated through an ethanol series and 

embedded into Embed 812 resin. Samples underwent a 24 hrs polymerization at 60˚C and were 

sectioned into 0.1 µm ultrathin sections and post-stained with lead citrate. Images of mucosal 

tight junctions were taken using a JEOL1400 Transmission Electron Microscope (Peabody, MA) 

operating at 80kV with a Gatan Orius camera and Digital Micrograph software (Pleasanton, CA). 

 

In situ zymography 

A pilot set of sigmoid colonic biopsies were obtained to determine tissue PA. Briefly, biopsy 

sections (8µm), freshly embedded in OCT, were air dried and washed using PBS containing 2% 

Tween-20. The sections were stained with SYTOX™ Green Nucleic Acid Stain for 15 minutes in 

a humid chamber at room temperature. The sections were then covered with 0.3% low melting 
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agarose prepared in 50mM Tris-HCl pH 8.0 containing 10mM CaCl2 which is supplemented with 

the substrate (100µg/mL). The slides were incubated at 4ºC (Control) and 37ºC (Test) overnight 

before obtaining images on an epifluorescence microscope. Area corrected image intensities 

were determined using ImageJ software.  

 

In vivo permeability testing 

Lactulose (1,000 mg) and mannitol (100 mg) were dissolved in 250 ml of water and were orally 

administered to subjects. Urine samples were collected 0-24 h after saccharide administration 

and high-performance liquid chromatography-mass spectrometry was used to measure 

saccharide concentrations in urine samples, as previously described.[1] Cumulative 2-24 h 

lactulose (mg) excretion was reported as a parameter of in vivo colonic permeability.[2] 

 

Microbiota analysis 

We used the MP Biomedicals FastPrep-24 5G Homogenizer and an M-PVA bead based 

automated high throughput nucleic acid isolation system (Perkin Elmer Chemagic MSM I) 

followed by MO BIO Laboratories PowerSoil DNA Isolation Kit. The concentration measured 

using Qubit dsDNA HS Kit (PN Q32854 Thermo Fisher Scientific Inc., Waltham, MA). A two-

step PCR protocol was used to amplify the V3-V5 region of the 16S rRNA gene. Modified 

primers were used:  V3_341F_Nextera: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGAGGCAGCAG and 

V5_926R_Nextera: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGTCAATTCMTTTRAGT. The 

PCR products were diluted, cleaned, quantified and normalized using a Quant-iT dsDNA HS 

assay kit (Thermo Fisher Scientific Inc., Waltham, MA). The 16S amplicon pools were 

quantified using the KAPA SYBR FAST qPCR kit (KAPA Biosystems, Wilmington, MA) and 

sequenced using the MiSeq 600 cycle v3 kit (Illumina, San Diego, CA) and MCS v2.6.1.  

Mice experiments 

Mice cages were built with the following: Sani-Chips, enhancement bedding, food (Purina Lab 

diet, 5K67, Collins feed and seed center, Rochester, MN), and autoclaved as whole units. 

Autoclaved, nanopure water was added aseptically, upon mouse addition to the cage. Every two 
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weeks, mice were transferred to clean cages as prepared above with feed and water 

supplemented as needed. Germ-free (GF) status was confirmed prior to experimentation using 

consecutive cultures of fecal pellet, feed, and bedding using brain heart infusion (BHI), 

Sabouraud dextrose, and nutrient media. Cultures were done under both anaerobic and aerobic 

conditions. Mice were monitored daily for signs physical stress or behavioral changes and 

euthanized in accordance with protocol if found in distress. Stool suspensions for gavage were 

made by mixing sterile pre-reduced PBS and donor stool inside an anaerobic chamber at a 2:1 

ratio in a screw cap bottle (Coy Laboratory Products, Grass Lake, MI). The vial was then sealed 

before removing from the anaerobic chamber and opened just prior to humanization. 

Experiments were completed in compliance with regulatory guidelines with all mice co-housed 

and maintained on a 12 hr light-dark cycle.  

In vivo permeability testing in mice  

Food was replaced after an additional 2 hour fasting post-gavage. Five hours post-gavage, blood 

was harvested from the mice by intracardiac puncture. Serum was separated using 1.1 mL Z-gel 

micro tubes (Sarstedt, NC, USA), spinning at 10,000 rpm for 10 min at 4°C. Serum creatinine 

was measured using an automated chemistry analyzer (COBAS c311, Roche diagnostics) by the 

Mayo Clinic Immunochemical Core while fluorescence for FITC and RITC were measured using 

a Synergy Mx (BioTek) at excitation wavelengths of 485 and 553nm and emission wavelengths 

of 528 and 627nm respectively. These were converted into absolute concentrations using 

standard curves.  

 

Statistical Analysis 

Microbiota composition analysis 

Alpha diversity (within sample diversity) reflects species richness and evenness within bacterial 

populations. Three alpha diversity indices were calculated: observed number of OTUs, Shannon 

and Inverse Simpson index on the rarefied microbiome data (rarefied to 10,000 reads). To test 

the association between the covariates (i.e., protease level) and α-diversity, while adjusting for 

potential confounders (i.e., IBS subtype), a multiple linear regression was used and a Wald-type 

test was used for assessing statistical significance. Beta diversity reflects the shared diversity 

between bacterial populations in terms of ecological distance; pair-wise distance metrics allows 



 

7 
 

quantification of differences between samples.[3] The unweighted UniFrac reflecting a 

difference in community membership (i.e., the presence or absence of an OTU) was calculated. 

To test the association between the covariates and β-diversity measures, a PERMANOVA was 

used, a distance-based analysis of variance based on permutation (1,000 permutations, “adonis” 

function in the R “vegan” package).[4] Ordination plots were generated using principal 

coordinate analysis (PCoA) (“cmdscale” function in the R “vegan” package) for visualization the 

association of covariate with the beta diversity. 
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