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Abstract

Background—The molecular mechanisms underlying the pathophysiology of irritable bowel

syndrome (IBS) are poorly understood. One mechanism may involve increased intestinal

permeability that is reversed with glutamine supplementation. Our goal was to evaluate the

expression of glutamine synthetase and its complementary miRNA in blood microvesicles and gut

tissues of IBS patients with increased intestinal membrane permeability.

Methods—We evaluated 19 diarrhea-predominant IBS patients and 10 controls for intestinal

membrane permeability using the lactulose/mannitol method. miRNA expression was evaluated in

blood microvesicles and gut tissue. To further confirm the relationship between miRNA and

glutamine synthetase expression, cell culture experiments were conducted. Glutamine synthetase

was also evaluated in the gut tissues of patients.

Results—A subset of IBS patients (8/19, 42%) had increased intestinal membrane permeability

and decreased glutamine synthetase expression compared to IBS patients with normal membrane

permeability and to controls. Expression of miR-29a was increased in blood microvesicles, small

bowel and colon tissues of IBS patients with increased intestinal membrane permeability.

Increased intestinal permeability was modulated by miR-29a which has a complementary site in

the 3'-UTR of the GLUL gene.

Conclusions—The results support the conclusion that GLUL regulates intestinal membrane

permeability and miR-29a regulates both GLUL and intestinal membrane permeability. The data
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suggests that miR-29a effects on intestinal membrane permeability may be due to its regulation of

GLUL. Targeting this signaling pathway could lead to a new therapeutic approach to the treatment

of patients with IBS, especially because small molecules that mimic or inhibit miRNA-based

mechanisms are readily available.
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Irritable bowel syndrome (IBS); miRNA; miR-29a; blood microvesicles; glutamine synthetase

gene (GLUL); glutamine synthetase; intestinal membrane permeability

INTRODUCTION

Irritable bowel syndrome (IBS) is one of the most frequent functional gastrointestinal

disorders seen by physicians. It affects up to 20% of the United States population.1

However, the pathophysiological mechanisms underlying abdominal pain and chronic

symptoms in IBS are not well understood.2, 3 Several studies have recently shown that

patients with diarrhea-predominant IBS have increased intestinal membrane permeability.4–

7 Low-grade inflammation has also been reported in mucosal biopsies of some patients with

increased intestinal membrane permeability.5 Indeed, patients with both inflammatory and

non-inflammatory GI conditions such as inflammatory bowel disease, irritable bowel

syndrome, celiac sprue, and acute alcoholic gastroenteritis have increased gut permeability.

7–10 Acute symptoms in these disorders – abdominal pain, diarrhea, urgency and bloating –

usually coincide with acute inflammation (as is seen in patients with IBS). Transient

inflammation of the gut may cause sensitization of enteric neurons which persists long after

resolution of the inflammation (post-infectious IBS)6. Several recent animal models have

also been reported in which there is alteration of motility and/or sensory function following

a transient inflammatory event. 11–13

Glutamine synthetase (GS) catalyzes the conversion of ammonia and glutamate to

glutamine. It plays a major role in cell signaling, ammonia detoxification, inter-organ

nitrogen flux, and acid-base homeostasis. Congenital glutamine deficiencies have been

reported in children with glutamine synthetase gene (GLUL) mutations.14 Because of the

multiple functions and importance of glutamine synthetase in cellular metabolism, both

catalytic activities and synthesis are highly regulated. Previously, it has been well

established that deficiencies in glutamine may lead to increased membrane permeability and

supplementation with glutamine can restore intestinal membrane permeability.15–17 Thus,

conditions in which decreased levels of intestinal glutamine synthetase are present may lead

to low levels of available glutamine and increased intestinal membrane permeability.

Blood microvesicles are circular membrane fragments that are shed from the cell surface,

and act as cell-to-cell and cell-to-organ communicators. Virtually all cells are able to release

small-size vesicles (microvesicles) derived from the plasma membrane (microparticles) or

from multivesicular endocytic compartments (exosomes). Several recent studies have also

shown that shedding of membrane-derived microvesicles accompanies cell activation.18–25

Activation of microvesicles may serve as a physiological vehicle to deliver diverse

molecules to cells, and ultimately to functional organs. Changes in molecular signature and

number of microvesicles may be used to characterize certain disease processes and allow the

development of new diagnostic strategies.26, 27

MicroRNAs (miRNAs) are a class of 21–23 nucleotide long non-coding RNA molecules.

They are cleaved from 70- to 100-nucleotide hairpin pre-miRNA precursors. Single-stranded

miRNAs bind through partial sequence complementarity to the 3'-UTR of target mRNAs

and cause a block of translation as well as some degree of mRNA degradation. miRNAs are
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involved in the regulation of gene expression in critical biological processes, including

development, differentiation, apoptosis and proliferation, through imperfect pairing with

target mRNAs of protein coding genes.28, 29 The miRNA (miR)-29 family (29a, 29b, 29c)

has significant complementarities to the 3`-UTRs of DNA methyltransferase 3A and -3B (de

novo methyltransferases), two key enzymes involved in DNA methylation.30 Although a

role for aberrant miRNA expression in gastrointestinal disorders has been postulated, the

pathophysiologic role and relevance of the expression of specific miRNAs in patients with

IBS has not been reported. The objective of our study was to evaluate the role of aberrantly

expressed miRNA and its direct target genes in blood microvesicles and gut tissues of IBS

patients who exhibit increased intestinal membrane permeability.

METHODS

Human subjects

This study was approved by the University and Veterans Administration Institutional

Review Boards. Diarrhea-predominate IBS patients and healthy controls were recruited via

posted advertisements. All subjects provided written informed consent during an

introductory session prior to the start of the study. During the same session, participants

underwent (1) a complete physical exam and (2) a standardized lactulose breath test as

previously described.31,32 Also, blood was drawn for analysis of blood microvesicles and to

determine an anti-endomysial antibody titer. None of the control subjects had any evidence

of acute or chronic abdominal pain or IBS. The diagnosis or exclusion of IBS was made by

the same gastroenterologist who examined patients based on the ROME III criteria and

exclusion of organic disease.33 All patients had IBS symptoms for at least 5 years. None of

the participants were allowed to ingest nonsteroidal anti-inflammatory drugs or alcohol for

at least 3 weeks prior to the study.

Seven days later, all subjects that qualified for the study were brought back and underwent

membrane permeability testing using lactulose/mannitol kits (Genova Diagnostics®,

Asheville, NC). Seven days following membrane permeability testing, all subjects

underwent endoscopy during which biopsies of the duodenum and colon were taken. For

each patient, multiple random biopsies were taken from the duodenum and throughout the

colon. Inflammation of the duodenum and/or colon was not an exclusion criterion for IBS

patients. Specimens were stained with hematoxylin and eosin for light microscopy. The

same blinded pathologist performed histological analyses on the tissues and used standard

pathologic criteria to determine the presence of any inflammation in the duodenum and/or

colon. In addition, biopsied tissues were prepared for total RNA extravasations for miRNA

microarray profiling and real time PCR as well as western blots.

Intestinal Membrane Permeability Testing

All subjects emptied their bladders and then ingested 5 g of lactulose + 2 g of mannitol

dissolved in 100 ml of water. Urine was collected from 0–5 hours and was analyzed for

lactulose and mannitol. Urine was also collected from 6–24 hours and was analyzed to

obtain a measure of colonic permeability.34 A lactulose/mannitol excretion ratio ≥0.07 was

taken to indicate the presence of an increase in permeability (permeability between adjacent

intestinal epithelial cells).

Blood Microvesicle Isolation

Blood microvesicles were isolated using the combined methods of Leonards & Ohki35,

Victoria et al36 and Hunter & Marsh’s lab provided protocol (see supplementary)
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miRNA Analysis

Total RNA was isolated from blood microvesicles and tissue biopsies by Trizol (Invitrogen,

Carlsbad, CA), according to the manufacturer's recommendations. RNA was labeled and

hybridized on miRNA microarray chips as previously described.37 (see supplementary).

Quantitative Real-Time PCR

To validate the finding of increased expression of miR-29a, we collected blood

microvesicles, and small bowel and colon tissue from 8 IBS patients with increased

membrane permeability, 8 IBS patients with normal membrane permeability, and compared

them to 8 normal controls. Quantitative real-time PCR for miR-29a was done using a

TaqMan miRNA Assay kit (see supplementary).

Immunoblotting

Protein extraction was done from the same small bowel and colon tissues obtained above to

detect glutamine synthetase expression (see supplementary).

Cell Culture

Human colonic epithelial cells (FHC) and human small intestinal epithelial cells (FHs74Int)

were used for this study. Both FHC and FHs74Int cells were cultured as recommended by

the supplier (ATCC, Manassas, VA) and we followed the original growth protocol

descriptions38,39 (see supplementary).

Transfections and Reagents

Pre-miRNA precursors and specific inhibitors of miR-29a and negative controls were

purchased from Ambion (Austin, TX) (see supplementary).

Luciferase Assay

The genomic region 1.8 kb 3’UTR site of GLUL was amplified using primers 5′-AGC CTG

GCT TGG GAC TAA AT-3′ (forward) and 5′-TGC TTT GGG CAG TTA CAC AG-3′
(reverse). Due to the size and CG content, PCR amplification was done using the Herculase

II fusion DNA polymerase (Stratagene). The resulting fragments containing intact putative

miR-29a recognition sequences from the 3'-UTR of GLUL or with random mutations were

cloned in the pGL3 basic vector (Promega), the pMIR-REPORT luciferase expression

vector, or the pGL3-TK-luciferase vector (from Ambion). Both FHC and FHs74Int cells

were cotransfected using Transit-TKO (Invitrogen) with the reporter plasmids and either the

GLUL wild type or mutant vector. Luciferase assays were done 48 h post-transfection

following the manufacturer's protocol (Dual-luciferase reporter assay system; Promega).

Firefly luciferase activity was normalized to Renilla luciferase activity for each sample.

In Vitro Membrane Permeability

To further clarify the mechanisms between enhanced expression of miR-29a and increased

intestinal permeability, we designed an In Vitro Permeability Assay to test how miR-29a

may regulate membrane permeability. FHC colon and FHs74Int small bowel epithelial cells

were transfected with 100 nmol/L miR-29a–specific or control miRNA precursors /

inhibitors, and the permeability index was assessed after 48 hours using In Vitro

Permeability Assay Kit (purchased from Millipore Inc). We also silenced GLUL to

determine if it modulated permeability. FHC and FHs74Int cell lines were transfected with

200 nmol/L GLUL siRNA, control siRNA, and negative control. In vitro epithelial

permeability was assessed after 48 hours. The method of detection is illustrated in

supplementary Figure 1. The in vitro permeability experiments were repeated 4 times.
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Confocal Fluorescence Microscopy

FHC human colon and FHs74Int small intestinal epithelial cells were transfected with

miRNA precursors, as described above, plated onto fibronectin-coated chamber slides (BD

Biosciences) and stained on day 3 (detail see supplementary).

Transmission Electron Microscopy (TEM)

Blood micro vesicles in suspension were fixed for TEM (detail see supplementary).

STATISTICAL ANALYSIS

Statistical analysis was done using GeneSpring GX software version 7.3 (Agilent

Technologies) and Prism version 6. One way ANOVA was done followed by Tukey

comparison. Analysis of variance (ANOVA) was also done followed by the Benjamini and

Hochberg correction for false-positive reduction. T-tests were also used to analyze all data.

Values are expressed as mean ± standard deviation (SD). Tissue and blood samples from

IBS patients (and controls) were paired for comparison based on close matching for age and

sex in all experiments.

Analysis of Microarray Data

Raw data were normalized and analyzed by GeneSpring GX software version 7.3 (Agilent

Technologies). The GeneSpring software generated unique values for each miRNA species,

determining the average of the results from four spots. Samples were normalized using the

on-chip median normalization feature of GeneSpring software; the result for each cell line

time course experiment was normalized to that at time zero.

miRNAs showing an altered expression across the time course were identified using the

filter of the n-fold-change tool. To this end, a GeneSpring GX filter with the n-fold-change

tool was used to point out the miRNAs that, for at least two cell lines, were 1.5-fold

upregulated at 24 h compared to expression levels at time zero. The 1.5-fold-change

threshold was chosen on the basis of previously published studies employing these particular

types of microarrays.31

Analysis of variance (ANOVA) with the Benjamini and Hochberg correction for false-

positive reduction was used to compare the average values obtained with miRNA probes in

all cell lines at 24 and 48 h with values at time zero. Hierarchical cluster analysis was

performed using average linkage and Pearson correlation as a measure of similarity.

RESULTS

A total of 19 diarrhea-predominant IBS patients (19 white females, mean age 27 + 3.3 years)

and 10 healthy controls (10 white females, white, mean age 29 + 5.2 years) participated in

the current study. All participants had a negative hydrogen breath test for bacterial

overgrowth and a negative antiendomysial antibody titer. Biopsies of the duodenum and

colon from all participants were stained with hematoxylin and eosin for light microscopy

and did not reveal any evidence of intestinal inflammation.

Intestinal Membrane Permeability

A subset of IBS patients, 8/19 (42%) had increased intestinal membrane permeability with

an elevated lactulose/mannitol ratio of ≥0.07, whereas, 11/19(58%) of the IBS patients and

all of the controls had a lactulose/mannitol ratio of <0.07 (See Figure 1). The results for

lactulose/mannitol excretion were consistent with increased intestinal membrane
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permeability of both the small intestine and colon for urine collected during hours 0–5 hours

and for urine collected during hours 6–24.

miRNA Array of Blood Microvesicles

We took advantage of hybridization based miRNA microarray techniques to profile and

compare blood-microvesicles from IBS patients with increased membrane permeability and

normal controls as described above. Upper panel of Figure 2A illustrates electron

microscope picture of blood-microvesicle from one of the participants. We found several

miRNAs whose expression was consistently up-regulated in blood microvesicles samples

from IBS patients with increased membrane permeability compared to controls (Figure 2A-

lower, left panel). Three up-regulated miRNAs with a p<0.001 were identified: miR-142-3p,

miRNA-29a and miR-148b (Figure 2A-lower, left panel). The blood microvesicle miRNA

array data exhibited a unique miRNA expression profile for IBS patients with increased

membrane permeability compared to controls (Figure 2A-lower, right panel). This cluster

analysis distinguished expression of specific miRNAs that were either significantly

decreased or significantly increased in the microvesicles of these patients (Figure 2A-lower,

right panel).

miRNA Microarray of Colon Tissue

We obtained colonic biopsies from 4 of the 8 IBS patients with increased membrane

permeability and from 3 normal controls above and used miRNA microarrays to analyze the

tissue samples. The colon tissue miRNA expression patterns in IBS patients and normal

controls were analyzed using a self-organizing tree algorithm. A dendrogram showing 3

clusters was generated. Cluster 1 defined a group of 291 miRNA isoforms that showed a

marked increase in expression in IBS patients. Cluster 2 included 337 miRNA isoforms that

were minimally increased or unchanged in expression. Cluster 3 included a group of 305

miRNA isoforms which were unchanged or decreased in IBS patients compared with normal

controls. The miRNA data from the colon biopsies in these IBS patients revealed that, as

seen for blood microvesicles, several miRNAs were up-regulated, including miR-29a. Thus,

miR-29a was up-regulated in both blood microvesicles and colon tissue of IBS patients with

increased membrane permeability. Figure 2B illustrates the increased expression of miR-29a

in colon tissues from these IBS patients. miR-29a expression was significantly increased by

more than 3-fold in all 4 IBS patients with increased intestinal membrane permeability

(filled bars) when compared with normal controls (unfilled bars).

Quantitative Real-Time PCR

Interestingly, miR-29a was consistently over-expressed in blood microvesicles, small bowel

and colon in IBS patients with increased intestinal membrane permeability compared to IBS

patients with normal intestinal permeability and controls (Figure 2C).

Association of miR-29a and in Vitro Membrane Permeability

Over-expression of miR-29a significantly enhanced epithelial permeability in both FHC and

FHs74Int cells whereas inhibiting miR-29a had the opposite effect (Figure 3). These data

indicates that miR-29a alters colon and small bowel epithelial cell permeability in vitro, and

suggests a role for miR-29a in the regulation of intestinal membrane permeability in vivo.

Identification of GLUL as a miR-29a Target

Further investigation of miR-29a revealed that GLUL carries a putative miR-29a binding

site, as predicted by the Sanger miRNA data base target search program (miRBase

http://microrna.sanger.ac.uk/sequences/). There was perfect complementarity between

miR-29a and the 3’UTR of GLUL over the first 9 nucleotides (including the 2−7 seed),
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which is consistent with it being a bona fide mir-29a binding site, as shown in the upper

panel of Figure 4A. To confirm target specificity between miR-29a and GLUL, we did a

dual-luciferase reporter assay with the vector containing the putative (mutant) GLUL 3’

UTR target site downstream of a luciferase reporter gene. Relative luciferase reporter

activity of FHC cells, co-transfected miR-29a precursor with GLUL-WT (wild type), was

significantly lower than FHC cells transfected with GLUL-MUT (mutant) (p = 0.003). In

contrast, FHC cells transfected with anti-miR-29a inhibitor and GLUL-WT displayed

increased luciferase activity when compared to GLUL-MUT (p = 0.002; Figure 4A, lower

panel). Among the eleven gastrointestinal associated miRNAs normalized to RNU6B, there

was higher expression of miR-29a in colonic and small intestinal epithelial cells when

compared to expression of several other miRNAs (supplementary Figure 4). This data

further supports that miR-29a has a physiologic role in gastrointestinal tract.

These data suggest that GLUL is one of the targets of miR-29a and that miR-29a can down-

regulate GLUL by translational repression. Since there is conservation of human miR-29a

and GLUL, we next evaluated the role of GLUL in the small bowel and colon of IBS

patients as well as in human colon / small bowel epithelial cells.

Silencing GLUL enhances epithelial permeability

Enteral glutamine maintains the intestinal barrier and reduces bacterial translocation. Loss of

GLUL could be associated with altered epithelial barrier function. Changes in GLUL

expression may reflect aberrant expression of miR-29a. GLUL silencing by RNA

interference in FHC and FHs74Int cells results in an increase in epithelial cell permeability,

similar to those increases observed with enforced expression of miR-29a by transfection

with miR-29a precursor (Figure 4B, lower panel), suggesting the direct regulation of colon

and intestinal epithelial barrier function by glutamine synthetase (Supplementary Figure 3).

miR-29a Regulation of Glutamine Synthetase Expression

Based on the above observations, we hypothesized that a function of miR-29a is to repress

the expression / activation of glutamine synthetase in small bowel / colonic epithelial cells,

which may be an important mechanism driving increased intestinal membrane permeability

by reducing glutamine synthesis. To test this hypothesis, we examined the expression of

glutamine synthetase in small bowel and colon in the subset group of IBS patients with

increased miR-29a. Human small bowel (n=8) and colon (n=8) biopsy tissues were obtained

from IBS patients with increased intestinal membrane permeability and upregulated

miR-29a expression. Small bowel (n=8) and colon biopsy tissues (n=8) were also obtained

from normal controls. Glutamine synthetase expression in small bowel was significantly

reduced in these IBS patients (Figure 5A). Our data also showed decreased glutamine

synthetase expression in the colon and small bowel of these IBS patients (Figure 5B).

We then examined the effects of miR-29a modulation on epithelial cell phenotype.

Transfection of miR-29a precursors / inhibitors for 72 hours significantly down-regulated /

up-regulated glutamine synthetase protein levels respectively in both FHC and FHs74Int

epithelial cells (Figure 5C). Confocal immunofluorescent staining of human FHC colon and

human FHS-74 small bowel epithelial cells for GLUL also revealed that expression was

reduced after miR-29a over-expression (Figure 5D lower panel and 5E lower panel). Thus,

the extent of reduction of glutamine synthetase was directly correlated with miR-29a

expression and led to increased membrane intestinal permeability.
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DISCUSSION

Our study demonstrates that a subset of patients with diarrhea-predominant IBS have

increased intestinal permeability that is associated with increased miR-29a expression in

blood microvesicles, small bowel and colon tissue. It also delivered the first evidence that

altered gastrointestinal miR-29a expression may mediate changes in intestinal membrane

permeability in IBS patients through glutamine-dependent signaling pathways. Furthermore,

altered miR-29a in blood microvesicles could serve as a unique molecular marker for IBS

patients with increased intestinal membrane permeability.

Two major functions of the gastrointestinal tract are to act as an absorptive organ and to

serve as a barrier to bacteria, macromolecules, and toxic compounds.8,40 Disruption of this

barrier can lead to local gastrointestinal dysfunction as well as systemic abnormalities such

as bacterial translocation and sepsis. Moreover, abnormalities of the immune or mechanical

barriers lead to enhanced uptake of inflammatory luminal macromolecules and pathogenic

bacteria. Increased permeability of the mucosal barrier in the intestines appears to correlate

with a number of clinical disorders including inflammatory bowel disease, food allergies,

allergic disorders, rheumatoid arthritis, celiac disease, and several chronic dermatological

conditions.41 Several recent studies have shown that increased intestinal permeability may

be a potential etiologic factor in diarrhea-predominant IBS patients.4–7, 42

In patients with post-infectious IBS, it has been hypothesized that chronic inflammation with

increases in intestinal permeability, mast cells, proinflammatory cytokines, serotonin-

containing enterochromatin cells, and T lymphocytes play a role.4, 43, 44, 45 The activation

of these inflammatory factors may lead to increased intestinal permeability, especially in a

subset of patients prone to or with diarrhea-predominant IBS.4, 36 Increased intestinal

permeability allows the passage of bacteria and antigens through the mucosal layer of the

gut. This could lead to activation of mucosal immune responses and, subsequently, the

chronic diarrhea and abdominal pain seen in IBS patients.43

The human gastrointestinal tract is the major site of glutamine utilization in the body.

Glutamine is a major energy source for rapidly dividing intestinal mucosal cells of the

digestive tract. Its depletion results in epithelial atrophy and a subsequent increase in

permeability of the intestinal barrier. Glutamine supplementation has been shown to

decrease bacterial translocation and intestinal permeability after intestinal injury.15–17

Glutamine supplementation has also been shown to decrease intestinal permeability and

improve gastrointestinal function in Crohn’s disease and in patients with advanced

esophageal cancer undergoing radiochemotherapy.41,42 It also provides clinical benefits to

critically ill patients who develop increased intestinal permeability that leads to septicemia

of enteric origin.15–17

Glutamine synthetase is an important enzyme that helps maintain adequate levels of

intestinal glutamine. Glutamine synthetase has been shown to be important for cell

proliferation in rat intestinal crypt cells.48 Mucosal epithelial cells lining the gastrointestinal

tract have a relatively small free glutamine pool and rely on glutamine synthetase. Inhibition

of glutamine synthetase decreased proliferation of cultured rat intestinal cells.48 Thus,

conditions in which decreased levels of intestinal glutamine synthetase are present may lead

to low levels of available glutamine and a shortage of the energy supply for metabolism in

epithelial cells, resulting in increased permeability of the intestinal barrier. Interestingly, our

study evaluated IBS patients with increased membrane permeability who also had reduced

levels of intestinal glutamine synthetase activity associated with increased miR-29a

expression. Therefore, it is possible that miR-29a plays a key role in directly modulating
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intestinal permeability through glutamine dependent signaling pathways which directly

down regulate glutamine synthetase expression and lead to increased intestinal permeability.

Our study has confirmed that glutamine synthetase is a target of miR-29a. These data

indicate that decreased levels of glutamine synthetase may lead to insufficient intestinal

glutamine levels and result in increased intestinal permeability. Our data also suggest that

miR-29a modulates colon and small bowel epithelial cell permeability as confirmed in our in

vitro cell culture study. Meanwhile, miR-29a is also predicted to target Claudin-1, an

important mucosal tight junction protein that is significantly reduced in D-IBS patients.

Claudin-1 has been shown to be a critical component in the regulation of paracellular

permeability to ions and pathogens. Since regulation by miRNAs is obviously not as simple

as one miRNA–one target gene; miR-29a could be a valid translational molecule that may

be involved in the regulation of intestinal permeability in some IBS patients through

multiple target genes.

Interestingly, miR-29a expression was also systemically up-regulated as indicated by its

increased expression in microvesicles in the blood of these IBS patients. Microvesicles are

released by many cell types and differ in composition depending on cell origin and status.
49–51 Release of intact vesicles is increasingly recognized as a major avenue for the delivery

of extracellular signals or bioactive factors.18–25 Furthermore, changes in circulating

microvesicles may reflect alteration of localized physiological processes such as those seen

in the gastrointestinal tract of IBS patients with increased intestinal permeability. Therefore,

microvesicles have great potential to serve as diagnostic markers of disease processes.

Microvesicles may also allow the development of new diagnostic strategies based on the

analysis of molecular signature profiling, such as miRNA arrays.

MicroRNAs influence a number of chronic disease processes and may also be involved in

regulating disease activity in gastrointestinal disorders. Recently, one study evaluated

patients with both active and inactive ulcerative colitis.52 They found differential expression

of 11 miRNAs present in patients with active ulcerative colitis. Aside from these findings,

they also evaluated a few patients with Crohn’s disease, microscopic colitis, infectious

colitis, and irritable bowel syndrome. miR-29a was increased (but not significantly) in the

IBS patients that they evaluated. Several factors may account for their findings which differ

from ours including a small sample size and the inclusion of fewer IBS patients that were

not clinically phenotyped. We have carefully phenotyped a specific subset of IBS patients

that were diarrhea-predominant and who had increased intestinal permeability. In our study,

multiple random biopsies were taken from the duodenum and throughout the colon in 19

IBS patients instead of using tissue from the sigmoid colon only. Another recent study has

been carried out evaluating miR-510 in diarrhea-predominant IBS patients.53 They chose

miR-510 directly from miRBase without microRNA profiling since it was predicted to target

the serotonin receptor gene, HTR3E. Thus, the functional role of microRNAs in IBS has not

been extensively evaluated by other investigators. In our study, we did microRNA profiling

of all available miRNAs in order to identify all possible miRNAs that might have potential

functional regulation properties in IBS patients.

In summary, our current study, which includes microvesicle-miRNA profiling data from IBS

patients, revealed up-regulation of miR-29a. This supports a potential role for miR-29a in

regulating intestinal membrane permeability in diarrhea-predominant IBS patients. Thus,

profiling of systemic microvesicles may be useful as a molecular marker for IBS patients

with increased intestinal permeability and could lead to new therapeutic interventions. Our

study is unique in that it suggests that some patients with diarrhea-predominant IBS have

increased intestinal permeability associated with increased miR-29a expression in blood

microvesicles and in small intestinal and colonic tissue. Thus, altered gastrointestinal
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miR-29a expression may mediate intestinal membrane permeability in IBS patients through

glutamine dependent mechanisms as our study confirms the functional interaction between

miR29a and the GLUL gene. Since our preliminary study addresses the molecular basis of

gut permeability and the role of miRNAs in IBS, additional larger studies are needed in

order to validate our hypothesis that miRNA-29a expression in blood microvesicles may

serve as a biomarker with which to identify IBS patients with increased intestinal

permeability. Future studies are now needed to evaluate miR-29a as a potential therapeutic

target in the treatment of IBS. Other functional targets of miR-29a will also need to be

further in IBS patients.

What is already known about this subject

• The molecular mechanisms underlying the pathophysiology of irritable bowel

syndrome (IBS) are poorly understood

• Patients with diarrhea-predominant IBS have increased intestinal membrane

permeability

• Deficiencies in glutamine may lead to increased intestinal membrane

permeability

What are the new findings

• Blood microvesicles from IBS patients may be involved in gastrointestinal

signaling pathways via a horizontal transfer of miRNA

• Increased expression of miR-29a leads to decreased glutamine synthetase levels

and resulting increased intestinal membrane permeability in IBS patients

through glutamine dependent mechanisms

• miRNA profiling of systemic microvesicles may be useful as a molecular

marker for IBS patients with increased intestinal permeability

How might it impact clinical practice in the foreseeable future

• Characterization of the molecular basis of IBS will provide new molecular

prognostic markers and targets for therapy

• Glutamine may serve as potential therapeutic agent to treat patients with IBS

and increased intestinal membrane permeability

• The signaling pathway of miRNA modulated targets could lead to a new

therapeutic approach for IBS patients
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

This figure depicts 0–5 hour collection for lactulose/mannitol excretion ratios. A lactulose/

mannitol excretion ratio ≥0.07 indicated increased intestinal permeability.
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Figure 2.

Alterations in miRNA expression in blood microvesicles and colon tissues from IBS

Patients. Panel A: Upper panel – Illustrates electron microscope picture of blood-

microvesicle; Left lower panel – We randomly selected blood-microvesicles from 4 of the 8

IBS patients with increased membrane permeability and 4 normal controls. Total RNA and

miRNA were isolated from blood microvesicles and miRNA profiling was done. The log

(base 10) ratio of P values for relative miRNA expression was plotted for each miRNA in

descending order of formal name. Representative p-values for spots as calculated by

unpaired tests for selected miRNAs from whole blood microvesicles of IBS patients vs.

controls. The lower right graph shows the generated heat maps that were row normalized

between samples based on the minimum and maximum values for each miRNA and thus

provided a non-quantitative visual representation of relative differences between each

miRNA. The heat map of the most up-regulated and down-regulated miRNAs is illustrated

in the lower right graph. miR-29a was increased in blood microvesicle samples from all four

IBS patients when compared to controls (p < 0.01). Panel B: Differential expression of

miR-29a in colon tissues from IBS patients. Top two panels represent fold-change in

miR-29a expression in IBS patients compared with controls. Bottom two panels illustrate the

miR-29a/GAPDH expression ratios in 4 IBS patients and 3 controls. Panel C: miRNA

expression analysis for miR-29a was done using TaqMan microRNA qRT-PCR Assay kits.
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Quantitative data from 8 IBS patients with increased intestinal membrane permeability, 8

IBS patient without increased intestinal membrane permeability, and 8 normal controls

representing the mean and standard error are presented in the bar graph. (**p<0.001

compared with expression in controls, there is no differences between normal control and

IBS with normal permeability). IBS/w = IBS with increased intestinal permeability; IBS/n =

IBS without increased intestinal permeability.
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Figure 3.

Modulation of colon and small bowel epithelial cell permeability by miR-29a. FHC colonic

cells and FHs74Int small intestinal epithelial cells were transfected with either100 nmol/L

miR-29a–specific miRNA precursors / inhibitors or control miRNA precursors / inhibitors.

Permeability was assessed after 48 hours using In Vitro Permeability Assay Kits. Over-

expression of miR-29a significantly enhanced epithelial permeability in FHC (Panel A) and

FHs74Int (Panel B) cells whereas silencing miR-29a had the opposite effect (*p < 0.05, **

p< 0.01 when compared with controls).
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Figure 4.

Panel A: Identification of GLUL as a target of miR-29a. Top Graph: The location of the

putative miR-29a target site in the GLUL 3'-UTR is shown. The sequence of the mutated

target site with mutations to disrupt base pairing between miR-29a binding sites and GLUL

is also displayed. The mutation sites are labeled with red symbol “*”. Bottom Graph: FHC

human colon epithelial cells were transfected with 1 µg of the GLUL-wt or GLUL-mut

firefly luciferase expression construct, along with either miR-29a or control precursors (or

inhibitors). Luciferase assays were done after 48 h using a dual luciferase reporter assay

system. All the groups are normalized to the average of GLUL MUT group co-transfected

either with control precursor or with control anti-miRNA (average value = 1). A significant

decrease (or increase) in relative firefly luciferase activity in the presence of wild type

miR-29a with miR-29a precursors (or anti-miR-29a inhibitors) indicates the presence of a

miR-29a modulated target sequence in the 3'-UTR of GLUL. Bars show mean ± SD from

eight separate experiments done in triplicate (*p<0.05). Panel B: Lower panel indicate

down-regulation of GLUL increased epithelial cell permeability. All the groups are

normalized to the percentage of control siRNA group in both cell lines tested (average value

of control siRNA group = 100%). The mean and standard deviation from 4 separate

experiments are shown when compared with control siRNA-transfected cells (**p<0.001).

Upper panel show immunoblot analysis: Cell lysates were obtained after in-vitro epithelial

permeability for immunoblot analysis of glutamine synthetase expression. Down-regulation
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of GLUL silenced glutamine synthetase expression in FHC and FHs74Int cells. (GS=

glutamine synthetase).
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Figure 5.

miR-29a modulates expression of glutamine synthetase (GS). Small bowel tissue (Panel A)

and colon tissue (Panel B) homogenates were obtained from 8 IBS patients with increased

intestinal membrane permeability as well as 8 normal controls. Glutamine synthetase

expression was significantly reduced in all 8 IBS patients compared with normal controls.

Panel C: FHC human colon and FHs74Int small bowel epithelial cells were transfected with

100 nmol/L miR-29a control or precursors. Cell lysates were obtained after 72 hours for

immunoblot analysis of glutamine synthetase expression. Up-regulation of miR-29a

significantly silenced glutamine synthetase expression in human colon and intestinal

epithelial cells. Panels D & E: Human FHC colon and human FHs74Int small bowel

epithelial cells were transfected with 100 nmol/L miR-29a precursor or control construct.

Immunocyto-chemistry for glutamine synthetase (GS) was done after 72 hours. A decrease

in glutamine synthetase expression was observed in both types of epithelial cells transfected

with miR-29a precursor (lower panels) compared with control precursor (upper panels).
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