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Abstract

Objective—To investigate the effect of nutrient withdrawal on human intestinal epithelial barrier 

function (EBF). We hypothesized that unfed mucosa results in decreased EBF. This was tested in 

a series of surgical small intestinal resection specimens.

Design—Small bowel specifically excluding inflamed tissue, was obtained from pediatric 

patients (aged 2 days to 19 years) undergoing intestinal resection. EBF was assessed in Ussing 

chambers for transepithelial resistance (TER) and passage of FITC-Dextran (4kD). Tight junction 

and adherence junction proteins were imaged with immunofluorescence staining. Expression of 

Toll like receptors (TLR) and inflammatory cytokines were measured in loop ileostomy 

takedowns in a second group of patients.

Results—Because TER increased with patient age (p<0.01), results were stratified into infant 

versus teenage groups. Fed bowel had significantly greater TER versus unfed bowel (p<0.05) in 

both age populations. Loss of EBF was also observed by an increase in FITC-Dextran permeation 

in nutrient-deprived segments (p<0.05).

Immunofluorescence staining showed marked declines in intensity of ZO-1, occludin, Ecadherin 

and Claudin-4 in unfed intestinal segments, as well as a loss of structural formation of tight 

junctions. Analysis of cytokine and TLR expression showed significant increases in TNF-α and 

TLR4 in unfed segments of bowel compared to fed segments from the same individual.
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Conclusion—EBF declined in unfed segments of human small bowel. This work represents the 

first direct examination of EBF from small bowel derived from nutrient-deprived humans and may 

explain the increased infectious complications seen in patients not receiving enteral feeds.
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epithelial barrier function; intestinal epithelial cells; parenteral nutrition; zonula occludens-1; 
occludin

INTRODUCTION

Parenteral nutrition (PN) is used commonly as treatment for many patients, ranging from 

short-term use in those with gastrointestinal dysfunction (1) to long-term use with short 

bowel syndrome (2). PN is administered in over 350,000 patients within the U.S. each year, 

and the usage has almost doubled in the last two decades (3). While life-saving for many, 

PN use is associated with numerous harmful sequelae, comprising a loss of immune 

reactivity, organ failure (4, 5), and an increased frequency of infectious complications (6–8). 

While investigations continue, the etiology of the increased prevalence of perioperative 

infectious complications is unknown.

Despite sustaining the host organism with sufficient energy and nutrient needs, total PN 

(TPN) places the intestine in an abrupt state of nutrient deprivation. Previous studies from 

our laboratory and others have shown substantial physical changes and immunologic 

imbalances in the intestinal mucosa using a murine model of TPN (9–14). Immunologically, 

a pro-inflammatory state develops within the gastrointestinal tract, including increased 

mucosal and intraepithelial lymphocyte-derived tumor necrosis factor-α (TNF-α) and 

interferon-γ (IFN-γ) (15, 16). More recently, using this same mouse model, our group has 

shown a marked increase in the abundance of Toll-like receptors (TLRs) within the lamina 

propria of the small bowel, and that these factors may be a critical signaling pathway for the 

mediation of this pro-inflammatory state (17).

The consequences of this pro-inflammatory state may be a critical element in the 

development of a variety of complications observed clinically in patients on PN, including 

infectious complications as well as secondary cholestatic changes (18, 19). In our mouse 

model, TPN administration results in distinct changes in the expression and distribution of 

tight junctional proteins (16, 20). The intercellular junctions formed by these proteins are 

crucial for maintenance of epithelial barrier function (EBF) as well as other functions, 

including modulating passage of electrolytes and nutrients (21–26). Changes in EBF are 

well described in enterally-deprived rodents receiving TPN, however, changes in EBF in 

humans maintained on TPN are poorly understood and scarcely documented. Buchman, van 

der Hulst and D’Antiga and colleagues (27)(28)(29) have each shown that the intestine 

undergoes mucosal atrophy in humans receiving TPN, although apparently at lesser rates 

than in rodent models. Buchman, et al. also demonstrated moderate increases in urinary 

lactulose-mannitol ratios that approached significance with a group of healthy adult 

volunteers receiving short-term TPN (27). While suggesting a loss of EBF, this important 

study failed to demonstrate the site at which this loss of EBF occurred. Additionally, the 
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study did not examine the potential mechanisms which led to this increase in sugar 

permeation.

Other than these few studies, there is a paucity of literature describing EBF in humans 

receiving TPN. Furthermore, a direct investigation of the intestinal mucosa in such patients 

has not been performed. Such direct examination of the intestine is essential in order to gain 

mechanistic insight into any aberrant EBF in patients on TPN. Even though hard evidence of 

a decrease in EBF in humans is lacking, the detrimental impact of the loss of EBF has been 

well described (6, 8,30–32).

In the present work, we posited that enteric nutrient deprivation leads to loss of EBF in 

human small bowel. To study this, operative specimens from pediatric patients undergoing 

small bowel resections were collected, and a comparison between those segments which 

were exposed to enteral nutrients and those which were isolated from such nutrients was 

performed. EBF, as well as the changes in expression and distribution of tight junction and 

adherens junction proteins, were investigated. The study represents the first demonstration 

of a loss of the junctional integrity of the cell with nutrient deprivation. To further explore 

the role that intestinal inflammation plays in decreasing EBF, TLRs and pro-inflammatory 

cytokines, which could be produced secondary to TLR stimulation, were also measured. 

Despite inter-individual variability, the study shows the novel finding of a striking increase 

in mucosal TNF-α and TLR4 with nutrient deprivation, potentially representing a 

mechanistic path which might lead to changes in the tight junction found in this study.

Methods

Inclusion Criteria and Handling of Human Tissue

Experiments were done in accordance with University of Michigan Hospital Institutional 

Review Board, IRB #_HUM00024263. All pediatric patients with planned or emergent 

small bowel resections were considered. Patients with active inflammation (including 

Crohn’s disease), necrotizing enterocolitis, and acute ischemia or perforation were excluded, 

because each of these pathologies may intrinsically change EBF unrelated to their nutrient 

delivery (33–36). Feeding status was determined by chart review and discussion with family 

and the surgical team. Unfed specimens were labeled as such only if they were chronically 

devoid of enteral feeds (>14 days). Unfed specimens comprised two patient populations. 

The first were those who were unable to eat and thus were TPN-dependent. All patients in 

this group were on TPN for a minimum of 2 weeks, but in most cases greater than 2 weeks, 

before the small bowel specimens were obtained. The other unfed specimens were obtained 

from children who had either small bowel enterostomies or mucus fistulae in which the 

distal limb was isolated from enteric flow. Patients achieving nutritional goals through a 

combination of the enteral and parenteral route were excluded due to the degree of difficulty 

in stratifying partially-fed patients. Importantly, to avoid the inherent differences in EBF 

between jejunum and ileum, samples were limited to portions taken from mid-small bowel 

to terminal ileum.

In all cases, demographic data were recorded as well as whether or not the small bowel 

segment was in contact with enteral nutrients. All specimens were taken fresh to the 
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Pathology Department from the operating room by the primary author. After brief evaluation 

by the pathologist, a portion of the specimen was cut and placed into RPMI 1640 with 

glutamine (Invitrogen, Carlsbad, CA) for immediate transport to the laboratory on ice. The 

tissue was divided into sections for analysis as permitted by the size of the tissue sample. 

For physiologic assessment of EBF, a fresh segment was selected and further divided for 

Ussing chamber mounting as described previously (37). A second segment underwent 

mucosal scrapping for mRNA analysis. A third segment was placed into optimum cutting 

temperature embedding compound (PELCO International, Redding, CA) and snap-frozen 

for subsequent immunofluorescence staining. A final segment was embedded in paraffin for 

histologic examination.

Physiologic EBF studies

Transepithelial resistance (TER) across the mucosal surface of the small bowel was 

assessed. A submucosal dissection was performed to strip the muscularis propria from the 

specimens. This mucosal/submucosal specimen was then mounted on P2307 Ussing 

chamber slider with a 0.03cm2 area and measured using a modified Ussing chamber 

(Physiologic Instruments, San Diego, CA). The tissue was allowed to equilibrate in 37°C 

Krebs buffer as described previously (38). TER was analyzed using instrument-associated 

software Acquire & Analyze v2.3 (Physiologic Instruments). To further investigate EBF, 

paracellular passage of fluorescein isothiocyanate (FITC)-Dextran (4000 MW, Sigma-

Aldrich Co. LLC, St Louis, MO) was also quantified using previously described methods 

(39). Briefly, in addition to the buffer solution, 150µl of FITC-Dextran was added to the 

chamber interfaced with the mucosa. Samples (500µl) from the chamber interfaced with the 

submucosa were taken at 60, 90 and 120 min and snap frozen for later measurement of 

concentration using the SpectraMax M5 Multi-Mode Microplate Readers (Molecular 

Dynamics LLC, Sunnyvale, CA). Volume was replaced with fresh Krebs buffer.

Histology and Immunofluorescence microscopy

Paraffin-embedded specimens underwent hematoxylin and eosin (H&E) staining for 

histologic examination. To confirm a perceived increased density of goblet cells, we also 

performed period acid-Schiff (PAS) Alcian blue stains on selected samples. 

Immunofluorescence of OCT-embedded human tissue were challenging due to a rapid 

degradation and loss of immunofluorescence staining. To address this, tissues were 

embedded immediately in OCT compound and snap-frozen in liquid nitrogen. A 

modification of previous techniques allowed for an improvement in the detection of the 

immunofluorescence signal. Cryosections (8–10µm) were fixed, soaked in 2% formalin for 

15 min, and washed three times with 1× Phosphate Buffered Saline (PBS) for 10 min. The 

samples were then incubated in blocking buffer (10% goat serum) for 1 h at room 

temperature, and incubated with primary antibodies diluted in 2% goat serum (mouse 

monoclonal anti-ZO-1 1:100, anti-occludin 0.6:100, anti-claudin-4 at 0.5:100 and anti-E-

cadherin at 0.3:100 (Life Technologies, Invitrogen™, Carlsbad, CA) at 4°C overnight. After 

3 additional 10 min washes in PBS, slides were incubated with corresponding secondary 

antibodies for 1 h and mounted with ProLong® Gold antifade reagent with 4’6-diamidino-2-

phenylindole (DAPI) (Life Technologies). Slides were visualized using a Nikon A-1 

Confocal fluorescence microscope.
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Reverse transcriptase polymerase chain reaction (PCR) and Quantitative real-time PCR

Expression of Toll-like receptors (TLRs) and their eventual down-stream effector cytokines, 

TNF-α, IFN-γ, IL-1β and IL-6, were measured to assess inflammatory signaling within 

harvested mucosa. Relative expression of mRNA was measured using real time quantitative 

PCR as described previously (10, 40). Fold changes of target genes were calculated using 

comparative quantification to high abundance 18S rRNA. Primers were developed using 

basic local alignment search tool (BLAST) software by NCBI.

A group of 12 patients undergoing loop ileostomy takedown were studied for expression of 

TLRs and selected cytokines. This approach allowed the comparison of fed and unfed bowel 

from the same individual, thus subjected to the identical systemic scenario. The only 

difference in these paired samples was the exposure to luminal nutrition. The inflammatory 

data were averaged as a whole group, but inter-individual differences in expression became 

quickly apparent. Given the variability between patient samples, results are reported by 

paired analysis, thereby comparing fed versus unfed segments of the small intestine from the 

same patient.

Statistical Analysis

Results are expressed as mean ± standard deviation unless otherwise specified. Comparison 

between two groups used the unpaired, one-tailed t-test. For TLR and cytokine expression, a 

paired t-test was used. Linear regression analysis was used when comparing EBF with age in 

segments in contact with nutrition and those that were eternally deprived.

RESULTS

Demographics

Specimens were collected from January, 2011 to March, 2014. A complete summary of the 

patient demographic information is given in Table 1. A total of 31 patients, 22 male and 9 

female, with a mean age of 11.5±10.4 (range 4 months to 39 years), resulted in 48 samples 

which were appropriate and sufficient for analyses. This comprised 27 fed samples and 21 

unfed samples. The underlying pathology in the group included uninvolved small bowel 

from patients with ulcerative colitis (none with backwash ileitis, n=12), previous cases of 

necrotizing enterocolitis (all specimens were 2 months or more after their acute event and 

without active disease, n=6), Hirschsprung disease (n=4), gastroschisis (n=3), intestinal 

atresia (n=3), trauma (n=2), and malrotation with volvulus (n=1).

Due to the limited size of each surgical sample, tissue was dedicated to either EBF studies or 

TLR and cytokine analysis. Among samples collected for EBF analysis, four of the unfed 

patients were TPN-dependent and devoid completely of enteral nutrition. Five patients had 

an ileostomy (with complete distal diversion) and were undergoing operation to close their 

stoma. This approach resulted in more samples than patients and allowed in several patients 

for direct comparison of fed and unfed segments in the same individual at the same time 

point. All samples collected for cytokine and TLR abundance measurement were obtained 

from takedown of a loop ileostomy which proved particularly important due to individual 

variability in the expression of these factors. The proximal stoma was in continuity with 
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enteric flow, whereas the distal segment (mucus fistula) was isolated from enteric contents. 

In these latter cases, the bowel was defined as unfed, or enterally-deprived. A description of 

these latter patients is given in Table 2.

Studies of Epithelial Barrier Function

Several approaches were taken to examine EBF in our human specimens to ensure detection 

of changes at the physiologic level as well as the distribution and amount of selected 

junctional proteins. First, the intestinal epithelial barrier of the small bowel was assessed by 

measuring TER in fed and unfed segments using Ussing chambers. Because of a wide 

variation, and an observed greater TER in specimens from older children, we first plotted 

TER against patient age. Figure 1A shows that in fed samples, TER significantly increased 

with patient age (r2=0.51). This also trended in a similar manner, but to a lesser degree, for 

unfed bowel (r2=0.20). This observation has been reported by others (41), and greatly 

influenced our subsequent analysis of EBF results. To address this age-related change in 

TER, the results were then stratified by patient age into two groups: infants (2 months to 2.5 

years) or teenagers (13–19 years). Figure 1B shows TER data as stratified by these two age 

groups. This analysis showed increased TER with age, but more importantly, the results 

demonstrated that enterally-fed small bowel segments had greater TER compared to unfed 

bowel segments in both the infant (24.2±4.4 vs. 18.1±5.6 Ohms• cm2) and teenager 

(33.7±7.10 vs. 22.0±6.2 Ohms•cm2) groups (p<0.05).

We next examined paracellular permeation using the tracer molecule dextran-4000 labeled 

with FITC. Interestingly, unlike TER, FITC-Dextran permeation did not correlate with the 

age of the patient. The enterally-deprived samples had consistently greater FITC-Dextran 

permeation compared to those exposed to luminal nutrients (Figure 1C; 60 minutes 

0.56±0.14 vs. 1.47±0.42 µg/ml, P=0.03; 90 minutes 0.48±0.14 vs. 1.45±0.39 µg/ml, P=0.02; 

and 120 minutes 0.48±0.14 vs. 1.20±0.39 µg/ml, P=0.04).

Microscopy

To better examine the structural distribution and integrity of the tight junction and adherens 

junction in our surgical specimens, a series of immunofluorescence stainings was performed. 

Representative immunofluorescence images are shown in Figure 2. Enterally-fed specimens 

showed consistently staining of selected tight junction and adherens junction proteins to the 

apical/lateral portion of the cell membrane, forming a tight lattice appearance, demonstrating 

an intact epithelial barrier. Marked decreases in the intensity of ZO-1 and occludin staining 

were observed in unfed samples. Interestingly, at greater magnification, an internalization of 

ZO-1 protein was noted within the cytoplasm of unfed specimens. A similar loss of staining 

intensity was seen with E-cadherin and Claudin-4 proteins. Thus, this marked deterioration 

in the microscopic integrity of both tight junction and adherens junction correlated closely 

with our physiologic measures. We also noted a loss of villus height and an increase in the 

abundance of goblet cells in the immunofluorescence specimens. To address this, we 

examined standard microscopic specimens.

Morphologically, villus atrophy was seen in unfed samples on standard hematoxylin and 

eosin staining (Figure 3). Morphologic measurements of crypt depth, did not significantly 
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differ (96±23 µm versus 80±25 µm, fed versus non-fed, respectively, P>0.05). Villus height 

was not measured because consistently well-oriented villi could not be identified adequately, 

but Figure 3 shows a decline in villus height which appeared to be present subjectively in all 

unfed specimens. To examine the perceived increase in goblet cells, Periodic acid-Schiff 

staining was performed. Although not quantified due to the relatively small number of 

samples, it was also interesting to note a large increase in the number of goblet cells relative 

to other epithelial cells in unfed specimens compared to fed ones (Figure 3).

Toll-Like Receptor and Inflammatory Cytokine Abundance

TNF-α and other pro-inflammatory cytokines have been shown to contribute to loss of EBF 

through the activation of myosin light chain kinase and disruption of several tight junction 

molecules from the junctional complex (42–45). Because a major signaling pathway for the 

activation of these pro-inflammatory cytokines is via TLRs, we examined if the breakdown 

of the intestinal EBF was associated with changes in TLR and pro-inflammatory cytokine 

abundance. mRNA expression of TLR2, TLR4, TLR5, and TLR9 were measured in fed and 

unfed mucosal samples. Initial analysis comparing mean abundances between these two 

groups showed no significant differences (TLR2: 0.034±0.028 vs 0.035±0.025, P=0.99; 

TLR4: 4.9E-3±4.2E-3 vs 9.9E-3±8.9E-3, P=0.09; TLR5: 9.3E03±0.013 vs 0.015±0.023, 

P=0.45; TLR9: 9.2E-3±0.013 vs 0.016±0.023, P=0.39; fed and unfed groups, respectively). 

It was clear, however, that there was a substantial variation in the expression of these 

receptors between individual patients. Therefore, a sub-analysis was performed on 12 

patients (Table 2) from which both a fed and unfed portion of bowel was available, allowing 

paired t-test comparison (Figure 4). Although there was wide variation between patients in 

the expression of the genes that encode the TLRs, paired analysis revealed marked relative 

increases in TLR expression in unfed bowel relative to patient-matched fed samples. The 

mean difference in expression of TLRs was 2.0E-4±2.5E-2, 5.0E-3±6.9E-3, 5.9E-3±2.2E-2, 

and 6.6E-3±2.2E-2 for TLR-2, -4, -5 and -9 respectively. Within this paired analysis group, 

an increase in expression was found for TLR-4 (P=0.03), while TLR-2 (P=0.98), TLR-5 

(P=0.37), and TLR-9 (P=0.32) remained non-significant statistically.

We next examined pro-inflammatory cytokines potentially elicited by TLR signaling. 

Congruent with the TLR findings, marked variability existed between patients in cytokine 

expression. Nonetheless, mean TNF-α abundance was increased in unfed compared to fed 

bowel on unpaired analysis (4.4E-3±3.8E-3 vs. 10.3E-3±6.4E-3, P=0.01; fed vs. unfed). 

Unpaired analysis of remaining cytokines did not show significant differences between 

groups (IFN-γ: 0.043±0.069 vs. 0.089±0.13, P=0.28; IL-6: 8.6E-3±0.012 vs. 0.017±0.025, 

P=0.31; and IL1β: 8.9E-4±1.2E-3 vs. 1.7E-3±2.0E-3, P=0.22; fed and unfed groups, 

respectively). A paired analysis was again performed on patientmatched fed and unfed 

portions of bowel (Figure 5). Although there were notable inter-individual differences in 

cytokine levels, paired analysis, as with the TLR data, revealed marked relative differences 

in cytokine expression in unfed bowel relative to patient-matched fed samples. The mean 

increase in expression of cytokines was 5.9E-3±5.4E-3 (P=0.003) for TNF-α; 

4.6E-2±1.3E-1 (P=0.23) for IFN-γ; 8.2E-3±2.5E-2 (P=0.29) for IL-6; and 8.5E-4±2.0E-3 

(P=0.16) for IL-1β. While TNF-α demonstrated a significant increase in unfed samples, 

significance was not reached in the paired analyses of other cytokines.
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DISCUSSION

In the present study, we demonstrated a significant loss of intestinal EBF in nutrient-

deprived pediatric small intestine using a number of different approaches. First, we 

measured TER in specimens from patients receiving enteral nutrition and compared these to 

segments of bowel that were devoid of luminal nutrients. We found an overall decrease in 

TER in the samples deprived of enteral nutrition compared to enterally-fed samples when 

matched for age. This finding correlated with increased paracellular passage of the tracer 

molecule FITC-Dextran. The decline in EBF was thought to be due to an aberrant function 

of tight junction and adherence junction proteins and was examined via immunofluorescence 

staining. Immunofluorescence images showed that the distribution and intensity of these 

proteins were decreased markedly in unfed samples.

This is the first study to definitively demonstrate mechanistic evidence and solid proof in 

humans that small bowel EBF is lost with the absence of enteral nutrition. The loss of the 

integrity and structure of the tight and adherens junctions in unfed segments correlated quite 

closely with the physiologic measures performed. Although not studied in this work, it may 

well be that this loss of EBF contributes to the known increased rate of bacterial 

translocation and increased infectious complications seen in patients receiving TPN (6, 

27,29, 38, 46). Importantly, we observed this loss of EBF in patients on TPN as well as in 

segments of small bowel that were isolated from the normal continuity of enteric flow. Thus, 

this investigation supports the theory that the removal of enteral nutrients, rather than the 

administration of TPN, is responsible for the decrease in EBF. Again, this decrease in EBF 

was demonstrated most clearly in patients with loop enterostomies in which fed and unfed 

samples could be studied from the same patient. Based on the differential function of the 

epithelial barrier in the same patient, it appears that intraluminal factors rather that systemic 

signaling are responsible for the decline in EBF.

The mechanisms by which the removal of nutrients leads to a loss of EBF are unclear. To 

address this, we examined the TLR expression, because TLR signaling is one of the major 

pathways by which the intestinal mucosa senses changes in the luminal environment (47). 

Further, there is an emerging theory that shifts in the microbiota in unfed portions of 

intestine lead to inflammation and perhaps barrier breakdown. Recently, we reported that 

humans with enteral nutrient deprivation showed a change in the microbial population 

compared to fed segments of small bowel (48), including an expansion of many Gram-

negative organisms which could well signal via TLR-4. While we did not report the 

microbial data from this group of patients, the finding of an increased expression of TLR-4 

would be consistent with our previous publication. Thus, we speculate that an altered 

microbial population may result in signaling via TLRs in unfed small bowel segments. 

Further, we showed recently in a mouse model of TPN that blockade of MyD88 signaling 

led to a marked improvement in EBF, suggesting the importance of this signaling pathway 

in this process (17).

Our investigation of TLR and cytokine expression in fed and unfed specimens first revealed 

marked baseline variation in these inflammatory mediators between patients. This is a key 

finding, because these changes have ramifications in the interpretation cytokine and TLR 
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data from human samples in diverse inflammatory diseases – where pooling samples may 

hide significant differences due to inter-patient variability (49). Upon paired analysis, we 

found significantly increased expression of TLR-4 and TNF-α in unfed samples compared 

to matched fed samples. Notable trends toward increased expression in unfed limbs were 

evident, however – especially for IL-1β and IFN-γ, where all but one patient demonstrated 

increases in unfed bowel. However, the values were not significant. As well, the 

demographic data showed that there were no differences in age, sex, or diagnosis. Therefore 

these patients were not excluded from analysis. Clearly additional analysis of larger samples 

will need to be done to better understand these cytokine changes.

An up-regulation of TNF-α and IFN-γ have been well recognized in a mouse model of TPN 

to drive a loss of EBF by disrupting the integrity of junctional proteins as well as the 

internalization of tight junction proteins (50–52). This study provides evidence that such an 

increase in pro-inflammatory cytokines may contribute to the loss of EBF observed in 

human patients.

Admittedly, enteral contents contain more than bacteria that may signal the epithelium. 

Sodhi et al. noted that bile acids play a critical role in cell lineage differentiation and gut 

health (53). Other dietary nutrients such as glutamine, the preferred fuel source of 

enterocytes, and polyunsaturated fats are absent or decreased in these enterally-deprived 

segments, and these changes may well contribute to the loss of EBF (54, 55). While 

hormonal mechanisms may also affect intestinal atrophy with nutrient deprivation, the fact 

that we observed a similar decrease in EBF in samples from TPN-dependent patients as well 

as in unfed distal segments from fed patients suggests nutrient deprivation to a particular 

segment of the intestine may be more important mechanistically. Our observation of an 

increase in goblet cells with nutrient deprivation may represent an atrophy of other epithelial 

cells or may be a true expansion of goblet cells potentially to serve to promote additional 

barrier function which is lost at the tight junctional level. Future studies are required to 

quantify the extent of goblet cell expansion. Interestingly, this same observation was found 

in a pig model of TPN (56).

The current study does have several limitations. As with many pediatric human studies, this 

is a relatively small and heterogeneous patient group. Each disease process, however, was 

selected carefully to exclude confounding conditions which would affect EBF, including 

active obstruction or inflammatory conditions. Concrete conclusions from the TLR and 

cytokine analysis might be inappropriate, but the observation of a nearly universal increase, 

albeit selectively, in the inflammatory signaling in paired samples supports our hypothesis. 

Additionally, although we did not investigate the microbiota, using 454 pyrosequencing of 

the mucosally associated bacteria because it would require larger tissue specimens, we have 

recently shown with other clinical specimens that enteral nutrient deprivation produces 

significant changes to the human microbiome (48). Bacterial translocation in the human 

samples was also not assessed, because mesenteric lymphoid tissue was typically not 

available for testing. Finally, the limited amount of tissue available (often less than 1 cm2) 

prevented us from understanding which cell populations within the small bowel expressed 

the observed changes in either TLRs or cytokines. Future studies will be necessary to 

delineate further the underlying mechanisms driving these changes in TLR and cytokine 
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expression, as well as downstream intracellular signaling. Such studies will hopefully allow 

us to better understand the complex mechanisms which drive this loss of EBF with the 

absence of enteral nutrition.
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Figure 1. 
Physiologic measurement of distal small bowel barrier function was performed in Ussing 

chambers. Mounted mucosa and submucosa specimens (post-dissection of the muscularis 

propria) were studied in triplicate, and a minimum of N=4 humans were studied for each 

group. A. Measurements of transepithelial resistance (Ω*cm2) of epithelial barrier function 

in Fed (dark gray upper line) vs. Unfed (light gray lower line) small bowel groups. 

Regression lines show a significantly increased resistance in fed patients with increasing 

age, and a similar trend toward increased resistance in unfed specimens from older patients. 

B. Age-stratified transepithelial resistance in Fed vs. Unfed small bowel (*P<0.05 by t test). 

C. FITC-Dextran-4000 paracellular permeability was assessed by placement of the tracer 

molecule on the mucosal side with interval sampling from the submucosal side (muscularis 

and serosa were stripped). Results are shown in subgroups (N=6/group) from fed and unfed 

segments of matched patients. Note the greater permeation (P<0.05) in unfed segments at 

each time point measured.
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Figure 2. 
Representative immunofluorescence images from samples taken from Fed and Unfed 

portions of the small bowel for ZO-1 and Occludin, E-Cadherin, and Claudin-4, with DAPI 

nuclear counterstain. Note the loss of the tight lattice formation in Unfed segments, along 

with an internalization of ZO-1 into the cytoplasm. Note also the relative increase in goblet 

cells within the epithelial lining (some of which are marked with white asterisks).
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Figure 3. 
Representative histologic sections of Fed and Unfed sections of bowel. Hematoxylin and 

eosin (H&E) staining demonstrates villus flattening in unfed intestine, while periodic acid-

Schiff (PAS) staining shows an increase in goblet cells. Scale = 50 µm.
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Figure 4. 
mRNA levels of Toll-like receptors (TLRs) from 12 individuals from whom fed and unfed 

specimens were collected. When grouped analysis was performed, no statistical significance 

was achieved between patient, however, paired analysis, as shown, demonstrated a 

significant increase in TLR4 expression in unfed bowel.
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Figure 5. 
mRNA levels of inflammatory cytokines from 12 patients from whom fed and unfed 

specimens were collected. Substantial inter-individual variability is apparent. Unfed bowel 

segments demonstrated a significant increase in TNF-α expression versus patient-matched 

fed segments. IL-1β and IFN-γ expression was increased in 10 of the 12 patients, but not in 

2 patients (patients 6 and 8). See Table 2 for individual patient characteristics.
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Table 1

Demographics of 31 study patients.

Number Percent
age

Range

Sex

    Female 9 29.0

    Male 22 71.0

Age 11.5 ± 10.4 years 4 months – 39 years

Diagnosis

  Ulcerative colitis (UC) 12 38.7

  Necrotizing enterocolitis (NEC) 6 19.4

  Hirschsprung disease (HD) 4 12.9

  Gastroschisis 3 9.7

  Intestinal atresia 3 9.7

  Trauma 2 6.5

  Volvulus 1 3.2

Time Since Treatment of Primary Disease 13.1 ± 26.7 months 6 weeks – 11 years
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Table 2

Patients with Loop Ileostomies for Paired Analysis

Patient Number Age Sex Diagnosis

1 18 years male UC

2 39 years male UC

3 17 years male trauma

4 17 years male UC

5 39 years female UC

6 11 years female UC

7 18 years male UC

8 19 years female UC

9 18 years male HD

10 4 months male NEC

11 12 months female gastroschisis

12 6 months male HD

12 patients underwent loop ileostomy takedowns, which provided paired fed and unfed tissue samples for PCR analysis of TLR (Figure 4) and 
cytokine (Figure 5) expression. Abbreviations: UC = ulcerative colitis; HD = Hirschsprung disease; NEC = necrotizing enterocolitis
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