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Abstract

Intestinal failure is common in patients with septic shock, with dysfunction of the gut often 

manifesting as both a cause and consequence of their critical illness. Most studies investigating the 

pathogenesis of intestinal failure focus on the systemic aspect, although few data examine the 

inflammatory signaling in the intestinal lumen. Having previously demonstrated apical/luminal 

chemokine secretion in an in vitro model of intestinal inflammation, we hypothesized that 

endotoxemia would induce secretion of proinflammatory chemokines into the intestinal lumen. In 

addition, we examined the contribution of these mediators to intestinal dysmotility. C57/BL6 male 

mice were injected intraperitoneally with LPS. Serum, intestinal tissue, and intestinal luminal 

contents were harvested for cytokine analysis. For intestinal motility studies, a transit assay was 

performed after oral gavage of chemokines. Caco-2 cells grown on Transwell culture inserts were 

used to examine the role of the intestinal epithelium in chemokine secretion. Monocyte 

chemoattractant protein 1 (MCP-1/CCL2) and macrophage-derived chemokine (MDC/CCL22) 

were secreted into the lumen of multiple segments of the gut during endotoxemia in mice. In vitro 

work showed that the intestinal epithelium participates in monocyte chemoattractant protein 1 and 

MDC secretion and expresses the CCR2 and CCR4 receptors for these chemokines. Intestinal 

transit studies show that oral gavage of MDC results in impaired gut motility. This study 

demonstrates that the intestinal lumen is an active compartment in the gut's inflammatory 

response. Proinflammatory chemokines are secreted into the intestinal lumen during endotoxemia. 

These intraluminal chemokines contribute to intestinal dysmotility, complicating intestinal failure.
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INTRODUCTION

Acute intestinal failure is defined as the inability of the gastrointestinal tract to meet the 

nutritional, hydration, and electrolyte needs of the patient in the setting of critical illness or 
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an acute surgical disease (1). This process is broadly classified, based on the cause and 

severity of the intestinal dysfunction. Mild disease is often associated with a self-limiting 

postoperative ileus, where more severe disease is often due to a postoperative bowel 

obstruction, abdominal contamination, or enterocutaneous fistula. The consequences of 

acute intestinal failure include the need for parenteral nutrition and invasive central venous 

access, each of which carries its own risks and complications. Furthermore, there are 

atrophy of bowel mucosa and impaired mucosal defense due to lack of enteral nutrients, 

worsening intestinal dysfunction. This process of intestinal failure is too frequently 

understated in the care of a critically ill patient, whereas emphasis is placed on failure of 

other organ systems, such as acute respiratory or acute renal failure. This is unfortunate as 

intestinal dysfunction often manifests as both a cause and consequence of critical illness (2–

4).

Adynamic ileus caused by sepsis is a common presentation of intestinal failure. Sepsis 

induces dysfunction in each of the multiple protective mechanisms of the intestine. There is 

impaired intestinal motility in the septic patient (5), allowing for bacterial overgrowth (6). 

Impairment of normal fluid and nutrient absorption is common, resulting in bowel wall and 

luminal fluid sequestration and thus increasing in intra-abdominal pressure (7). Sepsis is 

associated with impaired intestinal barrier function, allowing breach of the intestinal lining 

and opening of the luminal compartment to the systemic circulation (8), which is closely 

followed by bacterial translocation (9). The intestine participates in this inflammatory 

response locally, with cytokine and nitric oxide production and leukocyte recruitment, and 

propagates the systemic response, contributing to distant organ dysfunction (10–12).

Most studies examining the pathogenesis of intestinal dysfunction have focused on the 

systemic aspect of inflammation. There is relatively little information regarding 

inflammatory signaling in the lumen of the intestine. Recent studies suggest that loss of the 

intestinal mucus layer after injury exacerbates the intestinal inflammatory response and that 

pancreatic proteases in the lumen damage the gut mucosa (13, 14). In addition, it is known 

that the bacteria in the gut contribute to the inflammatory response, some through complex 

quorum sensing mechanisms (15). Previously, we have shown that the intestinal epithelium 

in vitro is capable of responding to apical/luminal tumor necrosis factor α (TNF-α) in a 

direction fashion, with chemokines secreted into the apical media (16). In addition, we have 

shown that there are chemokines secreted into the gut lumen after hemorrhagic shock and 

resuscitation (17).

It is currently unknown if there are proinflammatory mediators secreted into the gut lumen 

in the setting of sepsis or endotoxemia. In addition, it is unknown if these intraluminal 

chemokines contribute to intestinal failure. We hypothesized that endotoxemia, a well-

studied septic model in mice, results in the secretion of proinflammatory chemokines into 

the intestinal lumen. In addition, we examined the role of intraluminal chemokines in 

intestinal dysfunction, as pertains to intestinal dysmotility.
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METHODS

Materials and reagents

Lipopolysaccharide from Escherichia coli 0111:B4 and fluorescein isothiocyanate (FITC)–

dextran 70 kd were purchased from Sigma (St Louis, Mo). Whatman 42 filter paper was 

purchased from GE Healthcare UK Limited (Buckinghamshire, UK). Eagle minimum 

essential medium (EMEM) with Earle's balanced salt solution and 2 mM L-glutamine were 

obtained from American Type Culture Collection (Rockville, Md). Sodium pyruvate, 

nonessential amino acids, penicillin, streptomycin, and fetal bovine serum were purchased 

from Hyclone Laboratories (Logan, Utah). Recombinant human TNF-α, murine monocyte 

chemoattractant protein 1 (MCP-1)/CCL2, murine MDC/CCL22, and enzyme-linked 

immunosorbent assay (ELISA) kits were purchased from R&D Systems (Minneapolis, 

Minn). Rabbit anti–human CCR2 and goat anti–human CCR4 antibodies were purchased 

from Abcam (San Francisco, Calif). Secondary antibodies used were immunoglobulin G, 

horse-radish peroxidase–conjugated goat anti–rabbit (Bio-Rad, Hercules, Calif), and donkey 

anti-goat (Santa Cruz Bio, Santa Cruz, Calif). Culture flasks and Costar Transwells were 

purchased from Corning, Inc (Corning, NY). EVOM2 Epithelial Voltohmmeter was 

purchased from World Precision Instruments (Sarasota, Fla). Ninety-six-well plates were 

purchased from Nunc (Roskilde, Denmark). Custom Multiplex ELISA kits were purchased 

from Quansys Biosciences (Logan, Utah).

Animals

Male C57/BL6 mice weighing 21 to 29 g were purchased from Charles River Laboratories 

and fed a standard laboratory diet and water ad libitum. Experiments were performed after 

acclimation for 2 to 3 weeks in a climate controlled room with a 12-h light-dark cycle and 

were approved by the Institutional Animal Care and Use committees of the University of 

Cincinnati.

Endotoxemia model

Endotoxemia was induced as previously described (18). Mice were intraperitoneally injected 

with LPS (15 mg/kg) dissolved in sterile saline. Control mice received a corresponding 

volume of sterile saline. All mice then received a 1-mL injection of sterile saline 

intraperitoneally for resuscitation. Following injection, mice were allowed full access to 

food and water.

Specimen preparation

At intervals after injection, mice were killed by carbon dioxide inhalation, followed by 

cervical dislocation. Blood was collected via direct cardiac puncture, allowed to clot, 

centrifuged at 6,800g to separate the serum and cellular components, and stored at –80°C 

until analysis.

To examine cytokine production in the intestine and lumen, tissue was harvested as 

previously described (17). Gut tissue was separated into jejunum, ileum, cecum, and colon 

segments. Jejunum was defined as a 15-cm segment beginning at the ligament of Treitz, and 

ileum was defined as a 15-cm segment proximal to the ileocecal valve. Solid and liquid stool 
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was removed from the cecum and colon and placed into 1 mL of extraction buffer (0.1 M 

Tris-buffered saline with 0.3% bovine serum albumin, 0.01% sodium azide, and 0.002% 

Tween). The jejunum and ileum were opened longitudinally, and intestinal contents were 

absorbed with filter paper. Two pieces of 100 × 5-mm filter paper were used on each the 

jejunum and ileum. The filter paper was placed into 1 mL of extraction buffer. All stool 

specimens were gently agitated overnight at 4°C then centrifuged at 18,000g for 15 min. 

Supernatants were transferred to clean containers and stored at –80°C until analysis.

Intestinal tissue was snap frozen in liquid nitrogen. Specimens were homogenized and then 

sonicated for 10 s in 1 mL phosphate-buffered saline containing complete protease inhibitor 

cocktail tablets and 2 mM phenylmethylsulfonyl fluoride. Samples were centrifuged at 

12,000g at 4°C for 45 min. Supernatant density was determined using BCA Protein Assay 

Kit. Samples were stored at –80°C until analysis. Serum, tissue, and stool chemokine levels 

were analyzed using custom multiplex cytokine array.

Cell culture

Caco-2 cells were grown in flasks at 37°C in 5% CO2 in nutrient media consisting of 

EMEM supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 0.1 mM 

nonessential amino acids, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells used for 

experiments were between passages 5 and 20 and were seeded at a density of 300,000 cells/

well onto 24-mm-diameter Transwell permeable inserts with 0.04-μm pores. Cells were 

grown in supplemented EMEM for 21 days to achieve full differentiation before use. 

Transepithelial electrical resistance values were measured in all wells, and only cells with 

transepithelial electrical resistance greater than 500 Ωcm2 were considered fully 

differentiated and suitable for use. For experiments, cells were placed in serum-free media 

for 24 h and treated with TNF-α at a concentration of 100 ng/mL into the apical or 

basolateral compartment. After 24 h of treatment, cell media from the apical and basolateral 

chamber were harvested. Samples were analyzed by conventional ELISA.

Intestinal transit

To determine intestinal transit, experiments were performed as previously described, with 

modifications (19). Briefly, mice were given an oral gavage of a solution of MDC (500 ng/

mL), MCP-1 (500 ng/mL), or vehicle (0.1% bovine serum albumin in phosphate-buffered 

saline). Six hours after chemokine gavage, mice were administered a 10 μL intraoral aliquot 

of FITC-dextran 70-kd solution at a concentration of 10 mg/mL using a micropipette. 

Exactly 90 min later, animals were killed using CO2 inhalation and cervical dislocation. The 

gastrointestinal tract was divided into 12 segments: stomach, eight small intestine segments, 

cecum, and two colon segments. Each segment was placed into a plastic tube containing 1 

mL of deionized water. Segments were allowed to elute for 30 min then centrifuged at 

12,000g for 5 min to force out luminal contents, including the fluorescent marker. The 

supernatant was transferred to a 96-well plate, and fluorescence from each gut segment was 

measured.
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Western blot

Caco-2 cytoplasmic extracts were prepared as follows. After scraping from membrane 

inserts, cells were pelleted by centrifugation at 3,800g for 5 min. Supernatants were 

removed, and pellets were stored at –80°C until assay. Cytoplasmic fractions were prepared 

by resuspension of pellets in one packed cell volume of lysis buffer, consisting of 10 mM 

HEPES, pH 7.9; 10 mM KCL; 0.1 mM EDTA; 1.5 mM MgCl; 0.2% Nonidet P-40 by 

volume; 1.5 mM dithiothreitol; 0.5 mM phenylmethylsulfonyl fluoride; and 1.5 μM 

pepstatin. Then cells were incubated on ice for 5 min with intermittent vortexing. Cells were 

again centrifuged as above. The supernatant was collected and saved as the cytoplasmic 

fraction. Protein concentrations of the cytoplasmic extracts were determined by the BCA 

protein assay.

Aliquots of cytoplasmic fractions containing 40 μg of protein were boiled in equal volumes 

of loading buffer (250 mM Tris, pH 6.8; 10% sodium dodecyl sulfate; 50% glycerol; 0.1% 

bromophenol blue; and 25% betamercaptoethanol) for 5 min. Proteins were then separated 

by electrophoresis on a gradient gel with a molecular weight marker. The proteins were 

transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dried 

milk in Tris-buffered saline containing 0.05% Tween-20 for 30 min. Membranes incubated 

overnight with a rabbit monoclonal rabbit anti–human CCR2 antibody and polyclonal goat 

anti–human CCR4 antibody. After being washed twice in tris-tween buffered saline, the 

blots were incubated with a peroxidaseconjugated goat anti–rabbit and donkey anti–goat 

secondary antibodies, respectively, for 1 h. The blots were then washed three times in TTBS 

for 15 min, followed by incubation in enhanced chemiluminescence reagents and exposure 

on radiographic film. Where indicated, blots were stripped and reprobed with a 

commercially available antibody to actin.

Statistical analysis

Statistical analysis was performed using SigmaPlot 11 software (Systat, Chicago, Ill). For in 

vitro experiments, analysis of variance was used to compare all treatment groups. For in vivo 

experiments, t test was used to compare vehicle- and LPS-injected animals at each time 

point. For each, P < 0.05 was considered statistically significant. Data are reported as mean 

± SEM.

RESULTS

Increased serum cytokine levels during endotoxemia

Serum samples taken at intervals after LPS versus vehicle injection were analyzed via 

multiplex ELISA. As is expected during endotoxemia, there was a robust systemic response 

compared with control groups, with multiple cytokines increased during endotoxemia. 

Serum MCP-1 and MDC peaked at 6 h after injection, whereas macrophage inflammatory 

protein (MIP)-1α and MIP-2 peaked early at the 1-h time point, steadily declining afterward. 

Serum KC and interleukin 6 (IL-6) levels were increased early and were sustained, finally 

tapering by the 24-h interval (Fig. 1).
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Increased intestinal tissue cytokine levels during endotoxemia

To determine the effect of endotoxemia on cytokine expression in the intestine, whole 

intestinal tissues were processed and analyzed. We were specifically interested in the 

chemokines MCP-1 and MDC because of their known contribution to intestinal 

inflammation, namely, MCP-1's participation in the pathogenesis of ileus and MDC's role in 

attracting dendritic cells (DCs), a cell known to be present at the luminalmucosal interface. 

We also measured IL-6 levels given the role of this cytokine in the systemic inflammatory 

response. In animals receiving vehicle injection, there was little to no MCP-1 production in 

any intestinal segment. Control animals also had very little MDC production except in the 

small bowel, where there was a low level of constitutive MDC production, consistent with 

known data about MDC in other tissues (20). In LPS-injected animals, there was an increase 

in both MCP-1 and MDC levels in all intestinal segments (Fig. 2). This increase reached 

statistical significance in the small bowel at 3 and 12 h after injection, with higher levels of 

MCP-1 found in the cecum and distal colon, whereas MDC levels were higher in the 

proximal intestinal tissue (Fig. 2). Interleukin 6 levels were also increased in the intestinal 

tissues at 3 and 12 h after injection in the jejunum, ileum, and colon and at 3 h in the cecum 

in LPS-injected animals, compared with control groups (data not shown).

Increased luminal chemokine levels during endotoxemia

Intestinal contents were harvested from each intestinal segment for cytokine analysis. 

Monocyte chemoattractant protein 1 was significantly increased in the ileal lumen at 3, 6, 

and 12 h after LPS injection compared with controls (Fig. 3). There was a trend toward 

higher levels in the proximal intestine early after injection and increased levels in the cecum 

and distal colon at later times during endotoxemia. Macrophage-derived chemokine was 

present at a level of approximately 150 to 300 pg/mL in the lumen of control animals at 

nearly all time points studied (Fig. 3). In LPS-injected animals, MDC was increased in the 

lumen of the jejunum and ileum at 3 and 12 h into endotoxemia. In the cecum, luminal MDC 

was increased at 6 and 24 h after endotoxin injection. In the lumen of the colon, there was 

no significant difference between vehicle and experimental animals except for a trend 

toward increased MDC at 12 and 24 h after injection in the experimental group. Interleukin 

6 levels were measured in the lumen of each intestinal segment with no significant increase 

in luminal IL-6 except for one 3-h time point in the ileum, suggesting that increased MCP-1 

and MDC levels were not simply a part of a generalized response (data not shown).

Intestinal epithelial cells secrete MCP-1 and MDC

We hypothesized that the intestinal epithelium participated in the secretion of MCP-1 and 

MDC into the lumen intestinal lumen. To test this hypothesis, we used our in vitro model of 

intestinal inflammation (16). Caco-2 cells grown on Transwell membranes were treated with 

TNF-α either apically (luminally) or basolaterally (systemically). Control cells received 

treatment with serum-free media alone. Control groups produced no MCP-1 at baseline, but 

after apical treatment with TNF-α, the cells produced MCP-1 into the apical chamber. With 

basolateral TNF-α treatment, the Caco-2 cells secreted MCP-1 into the apical and 

basolateral chamber (Fig. 4). The cells secreted a small amount of MDC into the apical 

media at baseline and, when stimulated apically, increased their apical MDC production. 

Sonnier et al. Page 6

Shock. Author manuscript; available in PMC 2015 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cells stimulated with basolateral TNF-α produced MDC into the apical and basolateral 

direction (Fig. 4).

Intestinal epithelial cells express CCR2 and CCR4 receptors

We hypothesized that the intestinal epithelium had the capacity to respond to intraluminal 

MCP-1 and MDC and therefore expressed the associated chemokine receptors CCR2 (for 

MCP-1) and CCR4 (for MDC). To test this, untreated Caco-2 cells were scraped from the 

Transwell membrane and lysed. Western blotting was performed on this cell fraction to 

determine if the cells expressed the CCR2 and CCR4 receptors. Differentiated Caco-2 cells 

on Transwells express the CCR2 and CCR4 receptor proteins (Fig. 5).

Intraluminal cytokines induce intestinal dysmotility

One potential role for increased chemokines in the intestinal lumen after endotoxemia is in 

the pathophysiology of adynamic ileus. To determine this, we performed an intestinal transit 

assay after giving MCP-1 or MDC by oral gavage. As a positive control, the transit assay 

was performed on endotoxemic animals as well. After intraperitoneal LPS injection, 

approximately 95% of the FITC marker was retained in the small intestine (data not shown). 

Animals receiving vehicle had normal gastrointestinal motility, with approximately 95% of 

the FITC-dextran 70 kd reaching the cecum or distal colon at 90 min (Fig. 6, A, D, and E). 

Macrophage-derived chemokine gavage resulted in a significant increase in the amount of 

fluorescent marker retained in the small bowel and failing to reach the colon (Fig. 6, CYE). 

There was a nonsignificant trend toward increased dysmotility in MCP-1 gavaged mice (Fig. 

6, B, D, and E). When used in combination, MDC and MCP-1 resulted in a significant 

increase in FITC marker being retained in the small bowel compared with vehicle but did 

not differ from MDC used alone (data not shown).

DISCUSSION

In the present study, we have demonstrated secretion of MCP-1 and MDC into the intestinal 

lumen in multiple segments of the gut during endotoxemia in mice. These intraluminal 

chemokines appear to be secreted with directional selectivity into the lumen as increased 

luminal concentrations were not in concordance with increased tissue levels at all time 

points. In addition, the cytokine IL-6 was increased systemically in serum and intestinal 

tissue but was found to be increased in the lumen at only one time point in the ileum, 

suggesting that luminal secretion of MCP-1 and MDC is unlikely to be a non-specific 

response to systemic inflammation.

Our data demonstrate that intestinal epithelial cells have the ability to secrete MCP-1 and 

MDC chemokines in the luminal direction in a dual-chamber, in vitro model of intestinal 

inflammation. Directional secretion of MDC and MCP-1 was observed, with apical TNF-α 

treatment inducing only apical secretion, but basolateral stimulation resulting in apical and 

basolateral secretion in approximately a 1:3 ratio in both MDC and MCP-1. The intestinal 

epithelial cells also possess the cognate receptor for these chemokines, as demonstrated by 

CCR2 and CCR4 expression on Western blot of Caco-2 cell lysates. Taken together with our 

in vivo data, these data support the concept that the intestine is able to specifically secrete 
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and respond to inflammatory mediators via the intestinal lumen. Additional experiments will 

be needed to determine if the chemokines act either by increasing inflammation in the 

mucosa or by directly affecting the mucosa and gut function. We feel that it is possible that 

both are occurring, but further experiments will be needed to increase our understanding of 

this process.

We found that MCP-1 and MDC secretion into the intestinal lumen was increased during 

endotoxemia. The mechanism of luminal directional secretion in vivo is not known, and 

there is no previously existing literature describing the function of these chemokines in the 

luminal compartment of the intestine. Their systemic functions have been previously 

described. Monocyte chemoattractant protein 1 (CCL2) is the prototypical member of the 

CC family of chemokines and is produced by many cell types including macrophages, 

endothelial cells, and epithelial cells (21). Through the CCR2 receptor, MCP-1 signaling is 

important in the systemic inflammatory response during sepsis. Although the primary 

known function of MCP-1 is as a potent chemoattractant for recruiting monocytes and 

macrophages to diseased tissues from the serum and bone marrow, MCP-1 signaling is also 

vital to the inflammatory response of intestinal tissues. Monocyte chemoattractant protein 1 

mRNA is upregulated in surgical specimens from patients with Crohn disease and ulcerative 

colitis (22). Monocyte chemoattractant protein 1 also inhibits the differentiation of 

monocytes into tolerant intestinal-type macrophages, resulting in the recruitment of a more 

inflammatory phenotype of macrophage (23). In experimental colitis, treatment with 

bindarit, an oral MCP-1 inhibitor, reduced severity of the colitis (24). In a coculture in vitro 

model, MCP-1 induces transmigration of macrophages into a monolayer of intestinal 

epithelial cells (25). Monocyte chemoattractant protein 1 may be an important mediator in 

endotoxemic and postoperative ileus, with the intestinal epithelium and resident 

macrophages secreting MCP-1 into the lamina propria, leading to influx of circulating 

monocytes into the muscularis layer of the intestine, where they cause local tissue damage 

and intestinal dysmotility (26, 27).

Macrophage-derived chemokine (CCL22) is also a member of the CC chemokines family. 

Macrophage-derived chemokine was first described as being produced by macrophages but 

is now known to be produced by many tissues, including constitutive expression in the 

thymus, spleen, and small intestine (20). Signaling through its receptor CCR4, MDC serves 

as a potent chemoattractant of T cells and monocytes but is approximately 100 times more 

potent in recruiting immature DCs of monocyte origin than monocytes and macrophages 

(28). Dendritic cells are antigen-presenting cells of specific immunity. In the intestine, they 

are located between epithelial cells and sample the microenvironment and report back to the 

local lymphoid tissues. This increased reactivity of DCs to MDC implies that a lower 

concentration gradient would be required to recruit DCs to the site of inflammation. In the 

gut, MDC is constitutively produced, and production is increased in response to TNF-α, 

IL-1β, and interferon γ (29). In the intestine of patients with inflammatory bowel disease, 

MDC transcription is increased in specimens exhibiting grossly inflamed mucosa but not in 

the noninflamed tissue (30).

In our study, we found that MDC was constitutively produced, both in the tissue and into the 

intestinal lumen, at low but readily detectible levels. Both luminal and tissue levels were 
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increased during endotoxemia. This is in agreement with previous work (29) but represents a 

novel finding, in that neither constitutive nor activated MDC production into the gut lumen 

has been demonstrated previously. Our data suggest a potential novel role for MDC in the 

intestine during endotoxemia.

Having demonstrated that the intestinal epithelium was exposed to these luminal 

chemokines during endotoxemia in vivo and that intestinal epithelial cells in vitro were 

capable of secreting these chemokines, MCP-1 and MDC, into the apical or luminal 

compartment and expressed their associated receptors, CCR2 and CCR4, respectively, we 

sought to test whether these luminal chemokines were capable of generating a functional 

response in vivo. One of the manifestations of intestinal failure in sepsis is intestinal 

dysmotility, and our intestinal transit experiment was designed to elucidate the role of 

MCP-1 and MDC in this process. We found a significant decrease in intestinal motility after 

gavage of MDC. Monocyte chemoattractant protein 1 was associated with a trend toward 

dysfunctional motility but without statistical significance. This is the first time that an 

intraluminal chemokine has been demonstrated to be associated with intestinal dysfunction.

Intestinal motility is a complex process. Alterations in intestinal motility potentially involve 

many different cell types and mediators. The current experiments suggest that intestinal 

mucosa may secrete chemokines, which could, in turn, alter motility. Our finding that 

gavaged chemokines were biologically active suggests that endogenously secreted 

chemokines would be active as well. These data are not without limitations and should not 

be overinterpreted. Although intriguing, the current experiments do not provide data directly 

linking MCP-1 and MDC to intestinal dysfunction. Additional experiments, ideally with the 

use of intestinal mucosa–specific MCP-1 or MDC knockout mice, will be needed to more 

directly address this question. In addition, we do not currently know the mechanism of this 

process, but signaling may be mediated through intestinal epithelial-derived mediators such 

as nitric oxide (31) or through signaling by the resident antigen-presenting cells (32, 33). 

Although currently unknown, we are interested in exploring the half-life of these 

chemokines in the intestinal lumen, how much they are absorbed, and how far distal they 

transit before being degraded by intestinal proteases. Furthermore, the intestinal mucosa is 

composed of a variety of individual cell types. Although our in vitro data suggest that 

intestinal epithelial cells are capable of producing chemokines in a vectorial fashion, the cell 

type(s) involved in luminal chemokine production in vivo in the present study are unknown.

In conclusion, our data demonstrate that there is directional and selective secretion of 

proinflammatory chemokines into the intestinal lumen during endotoxemia in mice. Based 

on our in vitro data, these chemokines are in part produced by intestinal epithelial cells, 

which in turn express the CCR2 and CCR4 receptors. Using a gain-of-function approach, we 

demonstrate that enteral MDC and, to some extent, MCP-1 provoke dysmotility of the 

intestine and likely contribute to the intestinal failure of sepsis. In total, our data suggest a 

potentially novel role for chemokines in the development of intestinal dys-function during 

endotoxemia.
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Fig. 1. 
Serum chemokines during endotoxemia. Animals were injected with vehicle (open bars) 

or LPS (closed bars) and killed at intervals. *P < 0.05 LPS vs. vehicle by t test. n = 4 

animals in 1-h group; n = 7 in 3-, 6-, 12-h groups; n = 3 in 24-h group.
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Fig. 2. 
Intestinal tissue chemokines during endotoxemia. Animals were injected with vehicle 

(open bars) or LPS (closed bars) and killed at intervals. *P < 0.05 LPS vs. vehicle by t test. n 

= 3 at each time point.
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Fig. 3. 
Intestinal lumen chemokines during endotoxemia. Animals were injected with vehicle 

(open bars) or LPS (closed bars) and killed at intervals. *P < 0.05 LPS vs. vehicle by t test. n 

= 4 animals in 1-h group; n = 7 in 3-, 6-, 12-h groups; n = 3 in 24-h group.
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Fig. 4. 
Intestinal epithelial cell chemokine production. Caco-2 cells were treated with apical or 

basolateral TNF-α or serum-free media. Monocyte chemoattractant protein 1 and MDC 

were measured in the apical and basolateral compartments by ELISA. *P < 0.05 vs. control, 

**P < 0.05 vs. control and apical treatment. n = 6.
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Fig. 5. 
Intestinal epithelial cell chemokine receptor expression. Caco-2 cell cytoplasmic/membrane 

fractions were analyzed with Western blot for CCR2 and CCR4 receptors. n = 3.
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Fig. 6. 
Gavage with chemokines induces intestinal dysmotility. Mice were treated with oral gavage 

of vehicle, MCP-1, or MDC, followed 6 h later by oral 70-kd FITC-dextran marker to 

determine intestinal transit. *P < 0.05 compared with vehicle. n = 4, 7, and 7 in vehicle, 

MCP-1, and MDC groups, respectively. Stom indicates stomach; SI, small intestine; ce, 

cecum; co, colon.
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