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Abstract

Background—Intestinal injury is a consequence of hemorrhagic shock and resuscitation. The
intestinal mucosa has been shown to respond to ischemia/reperfusion injury with production of
inflammatory mediators. Previous work in our laboratory indicates that intestinal epithelial cells
secrete proinflammatory cytokines in the direction of both the lamina propria and intestinal lumen.
The ability of the intestinal mucosa to transmit inflammatory signals into the gut lumen after
hemorrhagic shock is unknown. We hypothesized that hemorrhagic shock results in secretion of
proinflammatory cytokines into the gut lumen.

Methods—Male C57/BI6 mice underwent femoral artery cannulation and hemorrhage to a
systolic blood pressure of 20 mmHg for 1 h, then resuscitation with lactated Ringer’s (LR)
solution. Sham animals were cannulated only. Mice were decannulated and sacrificed at intervals.
Stool and succus were removed from intestinal segments, weighed, and placed into buffer
solution. Specimens were analyzed via enzyme-linked immunosorbent assay (ELISA).

Results—Compared with sham-injured mice, hemorrhagic shock resulted in increased intestinal
luminal cytokines. At 3 h after injury, elevated levels of IL-6 were found in the cecal stool. At 6 h
after injury, TNFa, IL-6, and MIP-2 were significantly elevated in the cecal stool, and IL-6 and
MIP-2 were significantly elevated in the distal colonic stool.

Conclusions—Hemorrhagic shock results in secretion of proinflammatory cytokines into the
intestinal lumen. These findings suggest that the intestinal mucosa may transmit and receive
signals in a paracrine fashion via the gut lumen.
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INTRODUCTION

Hemorrhagic shock continues to be a leading cause of mortality, accounting for 30% to 40%
of trauma related deaths [1]. Even after initial survival, patients suffering from hypotension

due to hemorrhagic shock are at risk for acidosis, sepsis, and multi-organ failure later in
their hospital course [2]. The intestinal mucosa is affected during hemorrhagic shock,

1To whom correspondence and reprint requests should be addressed at: Department of Surgery, University of Cincinnati, Mail
Location 0558, 231 Albert Sabin Way, Cincinnati, OH 45267. sonnieds@ucmail.uc.edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sonnier et al.

Page 2

resulting in significant local inflammation, enterocyte damage [3], breech of the gut barrier
[4], and translocation of harmful mediators and pathogens from the lumen into the
interstitial space [5]. It is now increasingly recognized that factors derived in the intestine
serve to propagate systemic injury during shock and critical illness [6, 7].

In nontraumatic inflammatory conditions of the intestine, such as Crohn’s disease or
ulcerative colitis, proinflammatory mediators have been found in the intestinal lumen. These
cytokines and chemokines in the stool have been shown to correlate with disease activity,
predicting relapse and disease severity. Initially, TNF-a was detected in stool of pediatric
patients with active Crohn’s and ulcerative colitis [8]. Subsequently, multiple chemokines
have been found in the intestinal epithelium and mucin vacuoles of goblet cells [9, 10].
Currently, other luminal markers such as fecal calprotectin are used in clinical practice to
monitor patient disease [11-13].

In previous work using an in vitro model of gut inflammation, we have shown that
differentiated, polarized intestinal epithelial cells are capable of secreting inflammatory
mediators in the apical/luminal direction [14]. Specifically, when a monolayer of intestinal
epithelial cells was treated on the apical surface with TNF-a, apical cytokine secretion
resulted. When the cells were stimulated basolaterally, cytokines were produced in both the
apical and basolateral directions. These data indicated that intestinal epithelial cells have the
capability to produce and respond to proinflammatory stimuli from the luminal direction
[14].

In the setting of trauma and hemorrhagic shock, the ability of the intestinal mucosa to
secrete inflammatory cytokines into the intestinal lumen is currently unknown. We
hypothesized that hemorrhagic shock induces secretion of cytokines into the intestinal
lumen.

METHODS

Animals

Male C57/BL6 mice weighing 21-29 g were purchased from Charles River Laboratories,
fed a standard laboratory diet and water ad libitum. Experiments were performed after
acclimation for 2-3 wk 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.

Hemorrhage Model

Hemorrhagic shock was induced in a similar fashion as described previously [15]. Briefly,
mice were injected intraperitoneally with 0.1 mg/g body weight pentobarbital to induce
anesthesia. After clipping and skin sterilization with povidone-iodine and alcohol solutions,
the femoral vessels were exposed and cannulated with tapered polyethylene catheters.
Pressure transducers were used to continuously monitor and record hemodynamic
parameters (Harvard Apparatus, Holliston, MA). Hypothermia was avoided by placing the
mice on a circulating water blanket maintained at 41°C. An equilibration period of 10 min
was allowed, and then blood was withdrawn over 3 min until a systolic blood pressure
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(SBP) of 20 mmHg was achieved. Mice were maintained at a SBP of 20 mmHg + 5 mmHg
for 60 min by drawing or administering shed blood volume. For resuscitation, lactated
Ringer’s (LR) solution was infused to a goal SBP of 80 mmHg over 5 min. Animals were
monitored for 15 min to ensure adequate resuscitation, then decannulated and sacrificed at
intervals. Sham animals were similarly cannulated and monitored for 90 min, but were not
hemorrhaged or resuscitated. Five animals were used in the hemorrhagic shock and sham
groups at each time point.

Specimen Preparation

Blood was collected via direct cardiac puncture at intervals after resuscitation, allowed to
clot, centrifuged at 6800 g to separate the serum and cellular components, and stored at
—80°C until analysis.

Intestinal tissue was separated into jejunum, ileum, cecum, and distal 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 was
removed from the cecum and distal colon and placed into 1 mL of extraction buffer (0.1M
Tris-buffered saline with 0.3% BSA, 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 mm x 5 mm Whatman 42 (Whatman International Ltd.,
Maidstone, England) 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 18,000 g for 15 min. Supernatants were transferred to
clean containers and stored at —80°C until analysis.

After removing the luminal contents, intestinal tissue was snapfrozen in liquid nitrogen.
Specimens were homogenized, and then sonicated for 10 s in 1 mL phosphate-buffered
saline (PBS) containing complete protease inhibitor cocktail tablets (Roche, Indianapolis,
IN) and 2 mM PMSF (Sigma, St. Louis, MO). Samples were centrifuged at 12,000 g at 4°C
for 45 min. Supernatant density was determined using BCA Protein Assay Kit (Pierce
Protein Research Products, Rockford, IL, USA). Samples were stored at —80°C until
analysis.

Cytokine Analysis

Tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), and macrophage inflammatory
protein 2 (MIP-2) levels were determined by enzyme-linked immunosorbent assay (ELISA)
using commercially available kits (R and D Systems, Minneapolis, MN) per the
manufacturer’s instructions. Serum values are presented as pg/mL. Stool values are
presented as pg/mL in the jejunum and ileum specimens, and as pg/g stool in cecum and
distal colon specimens, adjusting for the stool weight. Tissue values are presented as ng/g
protein, as determined by BCA assay. Statistical analysis was performed by t-test between
hemorrhage and sham groups using SigmaPlot 11 software (Systat, Chicago, IL) with P
values <0.05 considered significant. Data are reported as mean + standard error of the mean
(SEM).
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RESULTS

Blood Pressure and Fluid Volumes During Hemorrhagic Shock and Resuscitation

To test our hypothesis, we used a previously described model of murine pressure-clamp
hemorrhagic shock [15]. During the equilibration phase, SBP was mildly decreased in all
animals due to induction of anesthesia, but there was no difference in SBP between groups.
The SBP of hemorrhaged mice was significantly lower than in sham injured animals during
the 60 min period of hemorrhagic shock (Fig. 1). Hemorrhaged animals were resuscitated
with LR to a SBP of 73.37 + 1.33 mmHg. At the end of 90 minutes of monitoring, the SBP
of sham injured animals increased to 81.93 + 1.75 mm Hg. (Fig. 1)

In hemorrhaged mice, shed blood volumes and resuscitation volumes of LR were similar in
all animals. There were no differences in shed blood volumes or resuscitation volumes
between animals sacrificed at 1, 3, and 6 h after shock (Table 1). All animals survived to
time of sacrifice.

Stool Weights in Hemorrhaged and Sham Mice

Stool specimens from cecum and distal colon in all mice were weighed. Specimens from the
lumen of the jejunum and ileum were liquid absorbed by the filter paper, and were not
weighed. Animals sacrificed 1 h after hemorrhagic shock had significantly more stool in the
distal colon than in sham injured animal (Table 2), but there was no difference in weight of
cecal stool. There were no differences in stool weight in the cecum or distal colon in animals
sacrificed 3 h after injury. Compared with sham injured animals, animals sacrificed 6 h after
undergoing hemorrhagic shock had significantly higher stool weight in the cecum and distal
colon (Table 2).

Serum Cytokine Levels After Hemorrhagic Shock

Serum samples taken at intervals after hemorrhagic shock (HS) were analyzed for TNF-a,
IL-6, and MIP-2 levels (Fig. 2). There were no significant differences in serum TNF-a or
MIP-2 levels after hemorrhagic shock. After 1 h of shock, MIP-2 levels were increased
compared with sham animals, but the difference was not statistically different due to the
variability in the hemorrhaged animals. At 1 and 3 h after shock, serum IL-6 levels were
significantly increased compared with sham injured animals (Fig. 2).

Stool Cytokine Levels after Hemorrhagic Shock

Luminal contents of the four intestinal segments were sampled at intervals and analyzed for
TNF-a, IL-6, and MIP-2 levels. In the jejunum and ileum, there were no significant
differences in luminal cytokines between sham and hemorrhaged animals at any time point
(Fig. 3). Although luminal MIP-2 levels appeared to increase initially in the ileum, this did
not reach statistical significance due to variability in the hemorrhaged animals. In stool
recovered from the cecum, no differences were found at the 1 h time point in any cytokine.
Three hours after resuscitation, stool 1L-6 was significantly increased (Fig. 3). Six hours
after hemorrhagic shock, significant increases were seen in all three cytokines (Fig. 3).
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After hemorrhage and resuscitation, IL-6 was significantly increased in the stool recovered
from the distal colon compared to specimens from sham animals (Fig. 3). There were no
differences seen in TNF-a or MIP-2 levels (Fig. 3).

Intestinal Tissue Cytokine Levels after Hemorrhagic Shock

Segments of whole gut tissue were analyzed for TNF-a, IL-6, and MIP-2 by ELISA. In
jejunal tissue, MIP-2 was significantly increased in injured mice compared witih sham (Fig.
4). No differences were found in jejunal tissue levels of TNF-a or IL-6 between sham and
hemorrhaged animals at any time point. In the ileum, tissue levels of MIP-2 were increased
1 h after hemorrhagic shock (HS 60.724 + 13.338 ng/g versus sham 15.262 + 3.409 ng/g, P
= 0.021), while no differences were seen in TNF-a or IL-6 (Fig. 4). In the cecum, tissue
levels of MIP-2 were elevated at 1 h after shock (HS 59.180 + 7.616 ng/g versus sham
22.603 = 7.758 ng/g, P = 0.013). No differences were found between sham and
hemorrhaged animals in the cecum levels of TNF-a and IL-6. No cytokine differences were
found in the distal colonic tissue at any time point (Fig. 4).

DISCUSSION

In the present study we demonstrate the presence of inflammatory cytokines in the lumen of
the intestine after hemorrhagic shock. Our data suggest that hemorrhagic shock and
resuscitation results in an increase in intestinal luminal cytokine levels that is not easily
attributed to serum or mucosal increases in these cytokines. This is consistent with previous
work from our laboratory where we found evidence of directed vectorial secretion of IL-8 in
response to TNF-a treatment in vitro in cultured intestinal epithelial cells [14]. The present
experiment extends these findings into an in vivo model of hemorrhage and resuscitation.
Taken together, these studies suggest that cytokine levels in the intestinal lumen may change
during acute inflammation and that intestinal epithelial cells are the likely source of luminal
cytokines.

In these experiments, analysis of fecal samples showed elevations in TNF-a, IL-6, and
MIP-2 in mice undergoing hemorrhage and resuscitation mice. Increases in these three
inflammatory mediators were found in the cecum at 6 h after shock. IL-6 was also elevated
in the cecum at the 3 h interval and in the distal colon at 6 h after injury. Interestingly, no
overlap was found between elevations in stool cytokines in these locations and time points
and the corresponding intestinal tissue cytokine levels. In the intestinal tissue, only MIP-2
was elevated above control levels, at 1 h in the ileum and cecum and 3 h in the jejunum. In
order to compare with stool and intestinal tissue levels, we measured serum levels of TNF-
a, IL-6, and MIP-2. Consistent with this model of hemorrhagic shock, no significant
elevation in TNF-a or MIP-2 was seen. Serum IL-6 was elevated at early time points and
decreased to sham levels by 6 h after shock.

These findings suggest an overall increase in the inflammatory status of the intestinal
luminal milieu. While the current study does not investigate the effect of intraluminal
cytokines on the intestinal epithelium, mucosal leukocytes, or intestinal flora under these
conditions, the systemic and intestinal functions of TNF-q, IL-6, and MIP-2 are well
described, each having important relationships to the inflammatory cascade in intestinal
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tissue. TNF-a has been shown to induce intestinal mucosal damage via epithelial apoptosis
after thermal injury [16]. Anti-TNF therapy is an important component of the treatment of
inflammatory bowel diseases. In ischemia and reperfusion, TNF-a has been demonstrated to
be responsible for impaired barrier function [17, 18]. IL-6 is a pleiotropic cytokine,
exhibiting multiple effects, but in hemorrhagic shock, has been found to contribute to NF-
kB and STAT3 activation as well as PMN infiltration into liver and lung tissues [19].
Interestingly, orally administered recombinant IL-6 has been shown to protect from
bacteremia after hemorrhagic shock [20] and prevent intestinal epithelial cells from hypoxia
induced apoptosis in vitro [21]. Additionally, IL-6 plays a role in shock-induced intestinal
dysmotility [22]. MIP-2, a murine analog of human IL-8, plays an important role in
neutrophil and lymphocyte recruitment to the intestine [23, 24] and is important mediator in
neutrophil recruitment to the lung and acute lung injury [25]. This scenario of intraluminal
cytokines, produced by the intestinal epithelium and to which the intestinal epithelium
respond, may represent a novel autocrine or paracrine mechanism of regulation.

During stool and organ harvest, stool weights were measured. We demonstrated a difference
in distal colonic stool weight at 1 h after shock and in cecal and distal colonic stool weight at
6 h after shock. These differences in stool weight are potentially the result of ileus induced
by shock and reperfusion. This is consistent with other work demonstrating smooth muscle
dysfunction due to elevated ICAM and IL-6 expression and leukocyte infiltration [26, 27].
Increased stool weight or volume in mice treated with hemorrhagic shock and resuscitation
does not explain increased luminal cytokine levels in those animals, as these were adjusted
for weight during data analysis. Indeed, the actual increase in luminal cytokine levels may
be somewhat diluted by increased stool volume.

Samples from the lumen of the jejunum and ileum were taken using a filter paper blotting
technique. Other experiments have demonstrated this to be an effective technique, which
was superior to lavage of intestinal segments. Filter paper blotting has been used with
success during endoscopy procedures for sampling of the luminal milieu [28-30].
Alternatively, a whole gut lavage model has been used in human studies, but is not practical
for this murine model [31].

The origin of the intraluminal cytokines seen in the present study is likely derived from
intestinal epithelial cells. It has previously been well described that production of TNF-a,
IL-6, and MIP-2 may originate from intestinal epithelial cells in sepsis, burn, hemorrhage, or
other disease processes [32—35]. Washout from the serum into the intestinal lumen is an
unlikely explanation for our findings. Previous work from our laboratory in this model of
hemorrhagic shock has shown significant increase in vascular permeability in the lung tissue
after hemorrhagic shock, using an Evans blue infusion method [15]. More recent
experiments have not shown increased vascular permeability in intestinal tissue under these
conditions (Makley AT and Pritts TA, unpublished observations, 2011). Other studies have
shown that sepsis- and coronary bypass surgery- induced changes in intraluminal rectal
levels of lactic acid, a very small molecule compared with cytokine peptides, were not the
result of lactate washout from the serum, except in cases of profound serum lactate elevation
[36, 37]. In our present study, IL-6 serum levels were markedly elevated for a considerable
period of time (at 1 and 3 h), and intraluminal 1L-6 elevated at 6 h after shock could be a
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result of serum washout. Serum levels of TNF-a and MIP-2 were very low after
resuscitation, making this an unlikely source of those luminal cytokines. Additionally, while
the presence of biliary IL-6 has been demonstrated in a liver transplant rejection model [38],
the absence of cytokines in the proximal intestine in this study makes the bile an unlikely
source. Moreover, previous studies have shown that there is preferential activation of NF-xB
and cytokine production in the proximal gut (jejunum and ileum), suggesting that active
production of proinflammatory mediators occurs in these segments [39, 40]. These studies,
combined with our current data, strongly suggest that proinflammatory cytokines are
actively secreted into the intestinal lumen after resuscitation from hemorrhagic shock, where
they accumulate in the fecal mass of the cecum and distal colon.

In the clinical setting, measurement of intestinal luminal factors has become an important
tool in the management of inflammatory bowel diseases (IBD). TNF-a levels found in the
stool of patients with active Crohn’s disease and ulcerative colitis represented the first use of
this tool. Interestingly, healthy control subjects as well as control subjects with infectious
diarrhea had no elevations in TNF-a [8]. A later study consisting of immunohistochemical
staining of human biopsy specimens from patients with inflammatory bowel disease probed
for IL-8, MIP-1a, MCP-1, and other cytokines. A heavy staining pattern was found not only
in the epithelial cells, but in the apical secretory vacuoles of goblet cells and in the lumen
[9]. Since cytokines are small, readily degradable peptides, other more stable proteins are
currently in clinical use as luminal markers of inflammation due to IBD. The most useful
markers being neutrophil elastase, lactoferrin, and fecal calprotectin, which are present in
the intestinal lumen, correlate with disease activity and are stable at room temperature for 1—
7 d, making them useful in the process of diagnosis and following disease progression [11,
12, 41]. Our data add to this previous experience and suggest that cytokines may be present
in the intestinal lumen after hemorrhagic shock.

CONCLUSION

In conclusion, this study demonstrates the presence of inflammatory cytokines in the
intestinal lumen after hemorrhagic shock. The precise source and function of these cytokines
remains to be elucidated, but we feel that this may represent a form of autocrine signaling in
the intestine after injury.
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FIG. 1.
Systolic blood pressure during hemorrhagic shock and resuscitation. Animals were subjected

to hemorrhagic shock (closed symbols) or sham shock (open symbols). *P < 0.05 shock
versus sham by t-test; n = 15 animals in each group.
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FIG. 2.

Serum cytokine levels after hemorrhagic shock. TNF-a, IL-6, and MIP-2 levels in the serum
at intervals after hemorrhage (closed symbols) or sham injury (open symbols). *P < 0.05
shock versus sham at each time point; n =5 for each group at each time point.
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FIG. 3.

Stool cytokine levels after hemorrhagic shock. TNF-a, IL-6, and MIP-2 levels in luminal
contents from each intestinal segment at intervals after hemorrhage (closed symbols) or
sham injury (open symbols). *P < 0.05 shock versus sham at each time point; n =5 for each
group at each time point.
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FIG. 4.

Gut tissue cytokine levels after hemorrhagic shock. TNF-a, IL-6, and MIP-2 levels in the
tissue of each intestinal segment at intervals after hemorrhage (closed symbols) or sham
injury (open symbols). *P < 0.05 shock versus sham at each time point; n =5 for each group

at each time point.
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TABLE 1

Shed Blood and Resuscitation Volume in Hemorrhaged Mice

1lh 3h 6h

Volume of shed blood (mL) 0.500 +0.051 0.490 +0.037 0.510 + 0.066
Volume of lactated Ringers (mL)  1.020+0.037 1.040+0.025 1.110 + 0.056

Hemorrhaged mice were sacrificed at 1, 3, and 6 h after shock. Shed blood volumes and LR resuscitation volumes were equal in all groups; n=5

for each group at each time point.

J Surg Res. Author manuscript; available in PMC 2015 October 20.



Page 15

Sonnier et al.

Author Manuscript

‘utod awy yaea e dnoub yoes Joy G = u ‘uebio yoes ui uiod awi Yyaes 1e weys o) yooys Burredwod 1s81-1 Aq 50°0 > d
M

‘Buissaooid 03 Jorid paybiam alem asnow yoes woly sajdwes [001S

OC00F6550  1200F¥S5p'0  6T00F SIS0 LT00F 870 «LC00FT8G0  gzo0F 980  u0j0d [EISI

LSP00F68L0  eco0F V90 6E00FE6L0 TSOOF6EL0  GO0OFTLLO €900 F ¥ELOQ wnas)

Jous weys Joous weys Joous weuys

uo ye ut

S[ewiuy weys snsie pabeysiowsH ul s)ybiapn [001S

¢ 31avl

Author Manuscript Author Manuscript Author Manuscript

J Surg Res. Author manuscript; available in PMC 2015 October 20.



