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Abstract 

 

Introduction: Hemorrhagic shock is a frequent complication in trauma patients, after gastrointestinal 

bleeding and major surgery. Hemorrhagic shock is associated with end organ damage, caused by 

hypoperfusion and local and systemic inflammation. The intestine is one of the first organs affected by 

hemorrhagic shock. An early event in intestinal damage is gut wall integrity loss, including the opening 

or breakdown of tight junctions. In the first part of the study, the sequence of events in the gut after 

hemorrhagic shock and the underlying mechanism causing tight junction loss were studied. In the 

second part, the use of the transmembrane tight junction protein, claudin-3, as urinary marker for 

intestinal tight junction loss was investigated.  

Methods: Sprague-Dawley rats were subjected to hemorrhagic shock and sacrificed 15, 30, 60 and 

90 minutes after shock. Control rats were sacrificed without intervention. Tight junction integrity was 

studied by immunofluorescence (IF) and western blot analysis (WB) of tight junction proteins ZO-1 and 

claudin-3 in the ileum. The underlying mechanism of tight junction loss was investigated by studying 

ADF activation by WB and changes in actin cytoskeleton by IF. Epithelial cell injury was investigated 

by ileal lipid binding protein (ILBP) detection in epithelial cells and plasma. Intestinal barrier function 

was studied by investigating intestinal permeability to macromolecules and bacterial translocation. 

Finally, local and systemic inflammation were studied by investigating neutrophil influx and by 

measuring TNF-α plasma concentration by ELISA respectively. For the second part of the study, 

claudin-3 urine levels were semi-quantitatively analyzed by WB. To investigate whether claudin-3 

detected in the urine is released by intestinal tight junction loss and not by tight junction loss in the 

liver and kidney, tight junction integrity loss in the liver and kidney was studied by IF and WB. 

Results: The first part of the study shows that hemorrhagic shock leads to neutrophil influx from 15 

minutes after shock. From this time point, hemorrhagic shock causes a significant upregulation of 

activated ADF and the turnover of F-actin (filamentous or polymeric actin) into G-actin (globular or 

monomeric actin). This is followed by a significant loss of tight junction proteins claudin-3 from 30 

minutes and ZO-1 from 60 minutes after shock. Epithelial ILBP content decreases from 60 minutes 

after shock. Intestinal barrier function loss from 60 minutes after shock is represented by bacterial 

translocation and from 90 minutes after shock by enhanced permeability to horseradish peroxidase 

(HRP). Plasma TNF-α levels are significantly elevated from 60 minutes after shock. The results of the 

second part of the study show that claudin-3 urine levels are significantly increased 30, 60 and 90 

minutes after hemorrhagic shock. Tight junction integrity in the liver and kidney is maintained 15, 30, 

60 and 90 minutes after hemorrhagic shock.  

Discussion: This study gives more insight into the sequence of events in the gut after hemorrhagic 

shock. Hemorrhagic shock leads to neutrophil influx followed by intestinal tight junction integrity loss 

after upregulation of activated ADF and consequent actin cytoskeleton degradation. This is followed 

by bacterial translocation and systemic hyperinflammation. In addition, this study indicates that 

intestinal claudin-3 loss is followed by an increase in claudin-3 urine levels and that claudin-3 integrity 

in the liver and kidney is maintained, suggesting that claudin-3 can be used as urinary marker for 

intestinal tight junction loss. 
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Abstract (Dutch) 

 

Introductie: Hemorrhagische shock is een veel voorkomende complicatie in trauma patiënten, na 

gastrointestinale bloedingen en grote operaties. Hemorrhagische shock wordt geassocieerd met 

orgaanschade, veroorzaakt door hypoperfusie, lokale en systemische inflammatie. De darm is één van 

de eerste organen die schade ondervindt na shock. Een vroege gebeurtenis in darmschade is het 

verlies van darmwand integriteit, waaronder opening of verlies van tight junctions. In het eerste deel 

van deze studie, werd de opeenvolging van gebeurtenissen in de darm na hemorrhagische shock 

bestudeerd alsook het onderliggende mechanisme van tight junction verlies. In het tweede deel, werd 

het gebruik van claudine-3 als urine marker voor intestinaal tight junction verlies bestudeerd.  

Methoden: Sprague-Dawley ratten ondergingen hemorrhagische shock en werden 15, 30, 60 en 90 

minuten (min) na shock opgeofferd. Controle ratten werden zonder interventie opgeofferd. Tight 

junction integriteit werd bestudeerd aan de hand van immunofluorescentie (IF) en western blot (WB) 

van de tight junction proteïnen ZO-1 en claudine-3 in het ileum. Het onderliggende mechanisme van 

tight junction verlies werd onderzocht door ADF activatie en veranderingen in het actine cytoskelet te 

bestuderen met WB en IF respectievelijk. Epitheliale celschade werd bestudeerd door ILBP detectie in 

intestinale epitheelcellen en plasma. De darmbarrière functie werd bestudeerd door darmpermeabiliteit 

voor macromoleculen en bacteriële translocatie te onderzoeken. Tot slot, werden lokale en 

systemische inflammatie bestudeerd door respectievelijk de influx van neutrofielen en de plasma 

concentratie van TNF-α te onderzoeken. Voor het tweede deel van de studie, werd de hoeveelheid 

claudine-3 in de urine gekwantificeerd met WB. Ook werd onderzocht of claudine-3, dat gedetecteerd 

wordt in de urine, wordt vrijgezet door intestinaal tight junction verlies en niet door tight junction verlies 

in de lever en nier. Tight junction integriteit verlies in de lever en nier werd bestudeerd met IF en WB. 

Resultaten: Het eerste deel van de studie toont aan dat hemorrhagische shock leidt tot de influx van 

neutrofielen vanaf 15 min na shock. Vanaf dit tijdstip veroorzaakt hemorrhagische shock een 

significante upregulatie van geactiveerd ADF alsook de turnover van F-actine (filamenteus actine) in 

G-actine (globulair actine). Hierop volgt een significant verlies van de tight junction proteïnen claudine-

3 vanaf 30 min en ZO-1 vanaf 60 min na shock. Epitheliale ILBP inhoud neemt af vanaf 60 min na 

shock. De darmpermeabiliteit voor HRP neemt significant toe 90 min na shock. Op hetzelfde tijdstip 

zijn ook bacteriële translocatie en plasma TNF-α waarden significant toegenomen. Het tweede deel 

van de studie toont aan dat de urine waarden voor claudine-3 30, 60 en 90 min na shock significant 

toenemen. Er treedt geen significant tight junction verlies op in de lever en nier 15, 30, 60 en 90 min 

na hemorrhagische shock.  

Discussie: Deze studie biedt meer inzicht in de opeenvolging van gebeurtenissen in de darm na 

hemorrhagische shock. Hemorrhagische shock leidt tot neutrofiel influx, gevolgd door intestinaal tight 

junction integriteit verlies na upregulatie van ADF activatie en actine cytoskelet degradatie. Bovendien 

toont deze studie aan dat intestinaal claudine-3 verlies gevolgd wordt door een toename van claudine-

3 in de urine en dat claudine-3 integriteit in de lever en nier behouden wordt. Deze bevindingen 

suggereren dat claudine-3 gebruikt kan worden als urine marker voor intestinaal tight junction verlies 

na shock.  
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1 Introduction 

 

Hemorrhagic shock is a clinical condition of reduced organ perfusion, which leads to an 

inadequate delivery of oxygen and nutrients necessary for normal tissue and cellular 

function. Hemorrhagic shock is frequently caused by trauma, gastrointestinal bleeding and 

surgery. When compensatory mechanisms like tachycardia and increased stroke volume fail 

to restore the consequences of blood loss, hemorrhagic shock can lead to serious organ 

damage and even death [1]. The intestine is affected early in the process of shock since 

cardiac output is redirected to so called vital organs like the heart, brain and kidneys, which 

leads to a reduced perfusion of the intestine [2]. One of the early events in intestinal injury is 

the loss of tight junction integrity [3, 4]. In this study, the effect of hemorrhagic shock on 

intestinal barrier function will be studied. The sequence of events after shock will be 

elucidated and the underlying mechanism of tight junction loss will be investigated. In 

addition, an urinary marker for tight junction loss will be developed. 

 

 

1.1 The human intestine 

The intestine is the part of the digestive tract between the stomach and the anus. It consists 

of two parts, the small and the large intestine (or colon). The small intestine is subdivided into 

the duodenum, jejunum and ileum. The lumen is the cavity where the digestion takes place, 

digested material passes through and where nutrients are absorbed. The luminal content is 

separated from the underlying intestinal tissue by a layer of epithelial cells that surrounds the 

villi. Villi are vaginations of the mucosa, which is the layer beneath epithelial cells. They 

serve to increase the overall surface area of the intestine. Between the mucosa and the 

muscle layer the submucosa is located, in which blood vessels, lymphatic vessels and 

nerves are situated. The underlying smooth muscle is involved in continuous peristaltic 

movement along the intestine (Fig. 1) [5].  

 
Figure 1. The small intestine. Epithelium separates luminal content from the underlying intestinal layers [6]. 
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1.2 Intestinal inflammation 

The gut is an important source of pathogens that can penetrate the human body and induce 

local and/or systemic inflammation. When the intestinal permeability is increased, content of 

the intestinal lumen (bacteria, bacterial products, food antigens and other immunostimulatory 

antigens) enters the body and mixes freely with content of the lamina propria or submucosa. 

In response, an acute inflammatory reaction is induced in which first neutrophils and later 

monocytes are recruted to the site of inflammation to kill and clear invading pathogens by 

phagocytosis. Activated monocytes or macrophages, secrete interleukin-1 (IL-1), IL-6 and 

tumor necrosis factor-α (TNF-α) to activate the complement system which will help clear 

away pathogens. If the innate immune system fails to clear infection, a specific immune 

response is induced in which toll-like receptors (TLRs) on antigen-presenting cells (APCs) 

are activated after recognition of molecules derived from microbes, such as 

lipopolysaccharide (LPS) on gram-negative bacteria. APCs process and present antigens to 

T lymphocytes, resulting in the activation of T lymphocytes. APCs also secrete IL-12, thereby 

activating T helper 1 (Th1) and natural killer (NK) cells. Both cells secrete interferon-γ (IFN-γ) 

and TNF-α which cause damage to epithelial cells, resulting in a further increase in intestinal 

permeability. In this manner, a vicious circle is created in which intestinal hyperpermeability 

allows further leakage of luminal content [7, 8].  

 

 

1.3 The intestinal epithelial barrier 

To prevent luminal antigens and bacteria from penetrating the body and inducing 

inflammation, the intestinal lumen is lined by sheets of epithelial cells functioning as a 

protective barrier. The plasma membrane of epithelial cells prevents translocation of micro-

organisms and antigens from the lumen to the underlying mucus where blood vessels and 

immune cells are located. The space between epithelial cells, however, is also a very 

important component of the intestinal barrier. The epithelial cells are tightly sealed by 

junctional complexes, which prevent translocation of pathogens through the paracellular 

space [9, 10]. 

 

 

1.4 Intercellular junctional complexes 

Intestinal epithelial cells adhere to one another through junctional complexes located at the 

lateral membrane. An interepithelial junction consists of four components: tight junctions, 

adherens junctions, desmosomes and gap junctions. Tight junctions and adherens junctions 

are collectively referred to as the apical junctional complex (AJC), which is the most apical 

intercellular junction. Both are associated with the actin cytoskeleton of epithelial cells. The 
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AJC regulates cell-cell adhesion, paracellular permeability and cell polarity. Tight junctions, 

or zonula occludens (ZO), represent the most important component of an intercellular 

junctional complex. They consist of protein complexes that connect the apical lateral 

membrane of two epithelial cells. Tight junctions are attached to actin and myosin filaments 

by interaction with intercellular proteins. Adherens junctions, or zonula adherens, are a 

region of the plasma membrane where cadherin molecules and actin filaments are densely 

associated [9, 11, 12, 13]. Desmosomes, or macula adherens, are complexes of cadherin 

and linking proteins that are attached to intracellular keratin filaments. They are randomly 

arranged on the lateral sides of plasma membranes. Finally, gap junctions or nexi, are 

channels that interconnect the cytosol of neighbouring cells. They allow small molecules to 

diffuse freely between cells. Because cells that communicate through gap junctions are 

electrically coupled, ions can flow through gap junctions (Fig. 2) [1].  

 

 

 

Figure 2. Intercellular junctional complexes. Tight junctions, adherens junctions, desmosomes and gap 

junctions [14]. 

 

 

1.5 Tight junctions 

As already mentioned, tight junctions represent the major barrier between intestinal epithelial 

cells. Tight junctions encircle the cells at the apical end of the lateral membrane and are 

visible as a meshwork of fibrils that are made up of proteins. Several tight junction proteins 

have been identified so far [15, 16, 17, 18].     
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1.5.1 Barrier and fence function 

In the intestine, tight junctions prevent translocation of luminal pathogens through the 

paracellular pathway. They fulfill this function by creating a barrier between individual cells 

that prevents entering of luminal content into the body. Disruption of this barrier results in 

exposure of the underlying tissue to antigens and bacteria, resulting in inflammation. This 

barrier is also important to preserve the concentration gradient between compartments 

defined by the epithelium, which is essential for normal intestinal function. Tight junctions do 

not represent absolute diffusion barriers but are semi-permeable because they allow the 

selective passage of molecules and solutes based on their charge and size. Besides a 

barrier, tight junctions also function as a fence that restricts the diffusion of lipids and proteins 

between the apical and basolateral plasma membrane of epithelial cells. This helps to 

preserve cellular polarity [9, 19, 20].     

   

1.5.2 Structure and composition 

Tight junctions consist of fibrils that form a continuous network around epithelial cells. These 

fibrils consist of transmembrane and cytosolic proteins (Fig. 3) [21]. 

 

 

 

Figure 3. Tight junction proteins. Transmembrane proteins occludin, claudin(s) and junctional adhesion 

molecule (JAM) function to define barrier properties of the paracellular space. The cytosolic protein ZO-1 interacts 

with occludin and claudin. Zonula occludens protein 1 (ZO-1) is known to bind actin [11].   

 

 

Transmembrane tight junction proteins 

So far, three different types of transmembrane proteins have been identified in a tight 

junction: occludins, claudins and junctional adhesion molecules (JAMs) [22].   
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Occludin (55.9 kDa) was the first transmembrane tight junction protein identified. It is 

expressed predominantly in tight junctions of epithelial and endothelial cells. Occludin is 

composed of four transmembrane domains, two extracellular loops, and a large C-terminal 

cytosolic domain [15]. It interacts with several other tight junction proteins. The C-terminal 

cytoplasmic domain of occludin binds to the (guanylate kinase) GuK region of ZO-1 (zonula 

occludens protein 1), ZO-2 and ZO-3, which are cytosolic tight junction proteins. These 

interactions serve to link occludin to the actin cytoskeleton [23, 24]. Occludin, however, may 

not be essential in maintaining the structural integrity of tight junctions since in the absence 

of occludin still structural and functional intact tight junctions are formed [22, 25, 26].        

 

Claudins (20-25 kDa) (from the Latin claudere meaning to close) are a large family of 

transmembrane proteins and considered being the primary barrier elements of a tight 

junction. The structural domains of claudins are similar to occludin with four transmembrane 

domains, two extracellular loops, and short cytoplasmic N- and C termini. Claudins, however, 

share no sequence homology with occludin. Interaction with ZO proteins takes place by the 

C-terminal sequences (Fig. 4). Twenty four members of this protein family have been 

identified. Claudins show different expression patterns among various tissues, suggesting 

that they may contribute to functional differences in barrier properties among different tissues 

[15, 22, 26]. In the intestine several claudin proteins are expressed, of which claudin-3 is 

most expressed [27, 28]. Claudin-2 is not expressed in the healthy intestine, it is a pore-

forming protein, in contrast to all other claudins which are sealing tight junction proteins. In 

active Crohn’s disease, a chronic inflammatory bowel disease, claudin-2 expression is 

upregulated which causes an increase in intestinal paracellular permeability [29, 30].  

 

 
 

Figure 4. Membrane topology model for claudins. Claudins are constituted of 4 transmembrane domains, 2 

extracellular loops and a cytoplasmatic tail. The COOH-terminal PSd/SAP90, discs large, ZO-1 (PDZ)-binding 

motif binds zonula occludens (ZO) proteins [11]. 
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Finally, JAMs (36-41 kDa) are a member of the immunoglobulin (Ig) gene superfamily found 

in epithelial and endothelial tight junctions. They interact with the cytosolic tight junction 

protein ZO-1. JAMs are believed to play a role in the migration of monocytes through the 

paracellular pathway [15, 26].  

 

Cytosolic tight junction proteins 

Transmembrane tight junction proteins interact with cytosolic proteins, which are associated 

with the cell cytoskeleton [15]. As already mentioned, ZO proteins are cytosolic tight junction 

proteins. There are three types of ZO-proteins: ZO-1 (210-225 kDa), ZO-2 (180 kDa) and 

ZO-3 (130 kDa). ZO proteins are members of the membrane-associated guanylate kinase 

(MAGuK) homologue family, containing three PSd/SAP90, discs large, ZO-1 (PDZ) domains, 

a Src Homology-3 (SH3) domain and a guanylate kinase (GuK) domain. ZO-1 interacts with 

ZO-2 and ZO-3 via its PDZ domains. In addition, all three ZO proteins interact with the C-

terminal regions of claudins 1 to 8 via their PDZ-1 domain. ZO-2 and ZO-3 interact with 

various actin-binding proteins, thereby linking the tight junction with the actin cytoskeleton 

[31, 32]. ZO-1 on the other hand interacts directly with the actin cytoskeleton, more specific 

with filamentous actin (F-actin) [7]. The GuK domain of ZO-1 binds to the C-terminus of 

occludin. ZO-1 also binds to the adherens junction protein, α-catenin, and the gap junction 

protein, connexin-43 [33]. Other cytosolic tight junction proteins are cingulin, 7H6 and 

symplekin. The function of these three proteins is not known, neither their binding 

interactions and amino acid sequence [15]. 

 

 

1.6  Tight junction loss: role of actin depolymerizing factor 

As already mentioned, one of the early events in intestinal damage after hemorrhagic shock 

is tight junction loss. The underlying mechanism of tight junction loss in the intestine after 

shock, however, has not been described. Previous studies have shown that changes in actin 

cytoskeleton may precede loss of tight junction integrity. In the kidney, a role for actin 

depolymerizing factor (ADF)/cofilin has been described. ADF is a 19kDa actin-associated 

protein that binds actin when it is activated via dephosphorylation. Phosphorylation of ADF 

inhibits binding to actin, and consequently any effect on actin dynamics. Molitoris [34, 35, 36] 

has demonstrated that ischemic kidney injury upregulates ADF activation. Total ADF levels 

stay unchanged, whereas phosphorylated ADF (pADF) levels decrease. Dephosphorylated 

ADF binds F-actin (filamentous or polymeric actin), causing the turnover of F-actin into G-

actin (globular or monomeric actin). As a result the actin cytoskeleton falls apart and the 

connection with tight junction proteins is disrupted, leading to the disassembly of tight 

junctions [37]. Turner [38, 39] has described the physiological regulation of tight junctions in 
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Caco-2 human intestinal epithelial cells. These cells were transfected with the intestinal 

sodium-glucose cotransporter, SGLT1. Activation of SGLT1 results in the phosphorylation of 

MLC (pMLC). Phosphorylation of MLC results in contraction of the actin cytoskeleton, which 

leads to tight junction opening and consequently bacterial translocation. Phosphorylation of 

MLC depends on myosin light chain kinase (MLCK) activation. Bueno [40]  has demonstrated 

that inhibition of MLCK can prevent or reverse tight junction loss. 

 

 

1.7 Hypothesis 

Hemorrhagic shock is a frequent clinical manifestation caused by trauma, gastrointestinal 

bleeding and major surgery. Blood loss or hypoperfusion results in reduced organ perfusion, 

which leads to organ damage. The intestine is one of the first organs affected by 

hemorrhagic shock. One of the first events in intestinal injury is tight junction loss [3, 4]. 

Changes in actin cytoskeleton structure could play a prominent role in tight junction loss. 

Upregulation of ADF activation is suggested to play a role in structural changes of the actin 

cytoskeleton [34, 35, 36, 41].  

We hypothesize that hemorrhagic shock causes hypoperfusion in the intestine, resulting in 

oxygen and consequently adenosin triphosphate (ATP) depletion. As a result of ATP 

depletion, high energy phosphates are lost resulting in dephosphorylation or activation of 

ADF. In response, actin filaments are depolymerized. This causes the disruption of the 

connection between tight junctions and the actin cytoskeleton. Consequently, tight junctions 

are openend and lost. As a result of tight junction loss, bacteria translocate through the 

paracellular pathway and induce local inflammation. Hemorrhagic shock causes epithelial 

cell injury, which together with tight junction loss results in intestinal hyperpermeability. This 

will further contribute to local inflammation, which can spread into systemic inflammation. 

The presence of bacteria in the bloodstream (sepsis) may result in organ failure, also known 

as the multiple organ dysfunction syndrome (MODS), and eventually death.  

 

 

1.8 Aim of the study 

This study consists of two parts. In the first part, the sequence of events in the intestine after 

hemorrhagic shock will be elucidated and the underlying mechanism of tight junction loss will 

be investigated. In the second part, a clinical marker for tight junction loss will be developed. 

For both studies, a rat model of hemorrhagic shock will be used. This model is known to 

induce bacterial translocation and increase intestinal permeability [16]. All experiments were 

performed on ileal tissue sections since this is the part of the intestine which is the most 

susceptible to damage after hemorrhagic shock [1]. 
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1.8.1 Elucidation of the sequence of events after hemorrhagic shock 

In previous studies, our research group has shown that hemorrhagic shock results in tight 

junction loss, intestinal cell injury, bacterial translocation, increased intestinal permeability 

and systemic inflammation [3, 4, 16]. However, the cascade of succeeding events is still 

unclear. In this study, first the sequence of events after hemorrhagic shock that cause 

intestinal injury will be elucidated. The events that will be studied are tight junction loss, ADF 

activation, changes in actin cytoskeleton, epithelial cell injury, bacterial translocation, 

intestinal permeability and local and systemic inflammation. Secondly, the underlying 

mechanism of tight junction loss will be investigated. Previous studies, using an ischemia 

model for the kidney, have shown that activation of ADF causes disruption of the actin 

cytoskeleton and results in the breakdown of tight junctions. To investigate whether the same 

mechanism takes place after hemorrhagic shock in the intestine, changes in actin 

cytoskeleton and upregulation of ADF activation will be studied.  

 

1.8.2 Finding a clinical marker for tight junction loss 

Clinical markers are very important diagnostic and prognostic parameters for the 

management of patients with acute tissue injury. Since tight junction loss is an early event in 

intestinal damage caused by hemorrhagic shock, the development of a marker for tight 

junction loss will make it possible to detect intestinal damage in an early stage. Claudin-3 is a 

small transmembrane tight junction protein. We hypothesize that it is lost after hemorrhagic 

shock, comes into the plasma and is excreted via the urine. The development of an urinary 

marker would represent a non-invasive way for detecting tight junction loss. Therefore, the 

use of claudin-3 as urinary marker for intestinal tight junction loss will be investigated. To 

study whether claudin-3 in urine is released by intestinal tight junction loss and not by tight 

junction loss in the liver and kidney, in which claudin-3 is also expressed [42, 43], tight 

junction loss in the liver and kidney will also be investigated.  
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2 Materials and methods 

 

2.1 Hemorrhagic shock experiment 

The present study was performed according to the guidelines of the Animal Care Committee 

of the University of Maastricht and approved by the committee. Healthy male Sprague-

Dawley rats weighing 266-450 g, purchased from Charles River (Maastricht, the 

Netherlands), were housed under controlled conditions of temperature and humidity. A non-

lethal hemorrhagic shock model was used for this experiment. After anaesthesia with 

isoflurane (3-4%), the femoral artery was dissected and cannulated with polyethylene tubing 

containing heparinized saline (10 IU/ml). Hemorrhagic shock was induced by withdrawal of 

2.1 ml blood per 100 gram of body weight. Rats were sacrificed at several time points (t=15, 

30, 60 and 90 minutes, n=6 per group) after shock. Control rats were sacrificed without 

intervention. Urine was collected and stored at -80°C. Distal ileum segments, liver and kidney 

were isolated for immunohistochemistry, immunofluorescence and western blot. Mesenteric 

lymph nodes, the midsection of the spleen, and segment IV of the liver were aseptically 

removed for bacteriological examination [16]. 

 

 

2.2 Epithelial cell isolation and protein extraction 

After isolation, distal ileum segments were inverted and washed in cold phosphate-buffered 

saline (PBS). Tissues were incubated in cold 30mM ethylenediaminetetraacetic acid (EDTA) 

for 20 minutes. EDTA binds calcium and blocks all cell-cell interactions. After EDTA 

incubation, ileal tissues were placed in a dispase (Boehringer Mannheim, Germany) solution 

(0.3 U/ml dispase in HANKS medium) for 20 minutes at 37°C to detach the epithelial cells 

from the underlying basal lamina. Finally, the ileum segments were washed in PBS and 

epithelial cells were scraped off from the basal lamina [44]. In the tissues used to study ADF 

dephosphorylation, 50 nM calyculin A (Merck Biosciences, Nottingham, UK) was added to 

PBS to block all dephosphorylation processes. The intestinal epithelial cells, liver and kidney 

were homogenized in lysate buffer (200 mM NaCl, 5 mM EDTA, 10mM Tris, 10% glycine, 1 

mM phenylmethanesulphonylfluoride (PMSF), 1 µg/ml leupeptine and 28 µg/ml aprotinin) and 

centrifuged (for 10 min at 10,000 rpm at 4°C).  

 

 

2.3 Bradford assay 

A Bradford protein assay was used to determine the total protein concentration of intestinal 

epithelial cell, liver and kidney samples. Samples were diluted in milliQ and Coomassie plus 

reagent was added to the samples. This dye binds the proteins resulting in a colour reaction. 



Materials and methods 

 
 

 
Gut barrier dysfunction after hemorrhagic shock                      

10 

The absorbance was measured at 590nm and the protein concentration of each sample was 

determined using a protein standard with known concentration (bovine serum albumin (BSA), 

stock: 2 mg/ml). Intestinal epithelial cell, liver and kidney samples were equalized for the total 

amount of protein (1 µg/µl). Urine samples were equalized for creatinin concentration (2 

mmol/l). Finally, samples for western blot were diluted 1:1 in sample buffer (47.5% sample 

stock, 47.5% tris-buffered saline (TBS) and 5% β-mercapto-ethanol).   

 

 

2.4 Histological scoring of intestinal injury 

To investigate whether hemorrhagic shock causes intestinal injury, paraffin tissue sections 

were stained for haematoxylin/eosin (H/E) and graded histologically for intestinal injury 

(Park/Chiu Scoring System) (Table 1) [45]. Briefly, slides were hydrated in xylene, alcohol 

and water to give the cells an affinity for the dyes. Nuclei were stained blue with 

haematoxylin and were counterstained with eosin. Finally, slides were washed, runned in 

water, alcohol and xylene and coverslipped.  

 

 

Table 1: Description of Park/Chiu Scoring System [45]. 

Park/Chiu 

Chiu 
0. Normal mucosa 
1. Subepithelial space at villus tips 
2. Extension of subepithelial space with moderate lifting 
3. Massive lifting down sides of villi, some denuded tips 
4. Denuded villi, dilated capillaries 
5. Disintegration of lamina propria  

Park 
6. Crypt layer injury 
7. Transmucosal infarction 
8. Transmural infarction 

 

 

 

2.5 ZO-1 and claudin-3 in the intestine 

To study tight junction integrity loss in the gut after hemorrhagic shock, the distribution of 

tight junction proteins ZO-1 and claudin-3 was studied by immunofluorescence. In addition, 

expression of ZO-1 and claudin-3 was semi-quantitatively analyzed by western blotting.  

 

2.5.1 Immunofluorescene for ZO-1 and claudin-3 

Frozen cryostat tissue sections (4µm) were cut and stained for ZO-1 and claudin-3. Briefly, 

slides were dried, fixed in 3.7% paraformaldehyde for 15 minutes, washed three times in 

PBS for 5 minutes and air-dried. Non-specific antibody binding was blocked with 10% normal 

goat serum (NGS) in PBS for 30 minutes. After three washes in PBS, slides were stained 
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overnight at 4°C with the primary antibody (rabbit α-rat ZO-1 (1:100) or rabbit α-rat claudin-3 

(1:80) in 0.1% BSA in PBS). Slides were washed three times for 10 minutes in PBS and 

incubated for 1 hour at 4°C with Texas Red conjugated goat α-rabbit antibody (1:50 in 0.1% 

BSA in PBS). After three washes in PBS, cell nuclei were stained with 4, 6-diamidino-2-

phenylindole (DAPI) (0.5 µg/ml in PBS). Slides were washed with PBS and dehydrated in 

ethanol (70%, 96%, 96% 100% and 100%). Finally, slides were coverslipped and viewed with 

an immunofluorescence microscope.  

 

2.5.2 Western blot for ZO-1 and claudin-3 

Equal amounts of each sample (5µg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electroforese (SDS-PAGE) (8% gels for ZO-1 and 15% gels for claudin-3) 

and electrotransferred onto a polyvenylidene difluoride (PVDF) membrane (Millipore, 

Bedford, MA) in a blotting buffer (3.03 g/l Tris, 14.4 g/l glycine and 20% methanol). Blots 

were blocked for 1 hour in blocking buffer (3% milk powder, 0.1% tween-20 in PBS for ZO-1 

and 5% milk powder, 0.2% tween-20 in TBS for claudin-3) and then incubated in primary 

antibody to ZO-1 (rabbit α-rat ZO-1, 1:100 in blocking buffer, stock: 0.25 mg/ml, Zymed 

Laboratories (San Francisco, CA)) or claudin-3 (rabbit α-rat claudin-3, 1:167 in blocking 

buffer, Zymed Laboratories (San Francisco, CA)) overnight at 4°C. Blots were washed two 

times with blocking buffer and a peroxidase labeled secondary antibody (goat α-rabbit 

horseradish peroxidase (HRP), 1:5000, Jackson, West Grove, PA) was added for 1,5 hour at 

4°C. After two washes in blocking buffer and one wash in distilled water, the membrane was 

developed by incubation in ECL detection reagent (Ashersham). Band intensities were 

quantified by densitometry and expressed as mean ± standard deviation (SD) using Quantity 

One software (Bio-Rad). A students t-test was used for between group comparisons. P < 

0.05 was considered statistically significant. 

 

 

2.6 Actin cytoskeleton and actin depolymerizing factor 

To investigate whether changes in actin cytoskeleton precede tight junction loss, a staining 

for F- and G-actin was performed. To investigate whether ADF activation is upregulated after 

hemorrhagic shock and causes loss of actin-cytoskeleton integrity, total ADF (tADF) and 

phosphorylated ADF (pADF) expression were measured.  

 

2.6.1 Immunofluorescence for filamentous and globular actin 

Slides were dried, fixed in 4% paraformaldehyde for 15 minutes, washed three times in PBS 

for 5 minutes and air-dried. Non-specific antibody binding was blocked with 10% normal rat 

serum (NRS) in PBS for 15 minutes. After three washes in PBS, G-actin was stained with the 
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primary antibody mouse α-G actin (1:50 in 0.1% BSA in PBS) for 1 hour at room 

temperature. Slides were washed with PBS and secondary antibody (Texas Red conjugated 

rat α-mouse, 1:50 in 0.1% BSA in PBS) was added for 45 minutes at room temperature. F- 

actin was stained with Oregon green-Phalloidin (1:50 in 0.1% BSA in PBS) for 45 minutes at 

room temperature. After three washes in PBS, cell nuclei were stained with DAPI, slides 

were washed with PBS and dehydrated in ethanol. Finally, slides were coverslipped and 

viewed with an immunofluorescence microscope.  

 

2.6.2 Western blot for total and phosphorylated ADF 

Aliquots of 5 µg protein from epithelial cells of rat ileum were electrophoresed in 15% SDS-

PAGE gels and electrotransferred onto a PVDF membrane in a blotting buffer (0.1% SDS, 40 

mM glycine, 120 mM Tris and 10% methanol, pH 8.2). Blots were blocked overnight in 5% 

BSA in 0.1% tween-20 TBS (TTBS) at 4°C. After three washes in TTBS, blots were 

incubated in primary antibody for 1 hour at room temperature. Primary antibody, rabbit α-

ADF/cofilin (1:10.000) for total ADF detection and rabbit α-pADF/pcofilin (1:15.000) for pADF 

detection, kindly provided by Dr. J. Bamburg (Colorado State University, Colorado,USA), was 

diluted in dilution buffer (0.1% BSA in TBS). After three washes in TTBS, the secondary 

antibody (goat α-rabbit IgG HRP, 1:1000 in dilution buffer) was added for 1 hour at room 

temperature. After two washes in blocking buffer and one wash in distilled water the 

membrane was developed. Band intensities were quantified by densitometry and expressed 

as mean ± SD using Quantity One software (Bio-Rad). A students t-test was used for 

between group comparisons. P < 0.05 was considered statistically significant. 

 

 

2.7 Ileal lipid binding protein 

Epithelial cell injury was studied by detection of ileal lipid binding protein (ILBP) by 

immunohistochemistry. In addition, ILBP plasma concentration was measured by sandwich 

enzyme-linked immunosorbent assay (ELISA).  

 

2.7.1 Immunohistochemistry for ILBP 

Paraffin tissue sections (3 µm) were deparaffinated in xylol and ethanol. Slides were 

immersed in 0.3% hydrogen peroxide (H2O2, stock: 30%) in methanol to prevent endogenous 

peroxidase activity. After three washes in TBS, non-specific antibody binding was blocked 

with 5% BSA in TBS for 30 minutes at room temperature. Slides were stained with rabbit α-

mouse ILBP (1:50 in 0.1% BSA in TBS), kindly provided by Hbt (Uden, the Netherlands).  

After three washes in TBS, 5 minutes each, slides were incubated for 30 minutes with a 

biotin-labelled secondary antibody (swine α-rabbit) diluted 1:500 in 0.1% BSA and TBS. 
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Slides were washed and HRP labelled avidin-biotin (AB) complex (1:500 avidin and 1:500 

biotin in 0.1% BSA in TBS) was added for 30 minutes at room temperature to amplify the 

detection signal. After three washes in TBS, staining was visualized with 3-amino-9-

ethylcarbazole (AEC) followed by haematoxylin counterstain. The slides were coverslipped 

and viewed with a light microscope.  

 

2.7.2 Plasma ILBP ELISA 

Ileal lipid binding protein plasma concentration was determined using a standard ELISA kit 

(kindly provided by Hbt, Uden, the Netherlands) for rat-ILBP. Briefly, the plate was coated 

with catcher antibody (α-rat ILBP). Standards and samples were diluted in dilution buffer and 

incubated for 1 hour. The plate was washed and biotinylated detection antibody was added 

for 1 hour. After washing, streptavidin-peroxidase (SPO) was added for 1 hour. The plate 

was incubated with tetramethylbenzidine (TMB) substrate for 30 minutes. TMB reacts with 

SPO resulting in a colour reaction. This enzymatic reaction was stopped by adding stop 

solution (5M citric acid). Finally, the plate was placed in a spectrophotometer and the 

absorbance was measured at 450 nm.  

 

 

2.8 Intestinal permeability test 

Intestinal permeability for macromolecules was assessed by measuring the translocation of 

the 44 kD enzyme horseradish peroxidase (HRP) using the everted sac method. In short, a 

segment of the distal ileum was washed (8 cm), everted and filled with 1 ml Tris buffer (125 

mmol/L NaCl, 10 mmol/L fructose, 30 mmol/L Tris, pH 7.5) and ligated at both ends. The 

filled segments were incubated for 45 minutes in Tris buffer containing 40 mg/ml HRP 

(Sigma, St. Louis, MO). After incubation, the content of the ileum segments was collected 

carefully in a 1 ml syringe. HRP-activity was measured spectrophotometrically at 405 nm 

after addition of TMB as substrate for HRP. A students t-test was used for between group 

comparisons. P < 0.05 was considered statistically significant. 

 

 

2.9 Bacteriology 

To evaluate bacterial translocation, mesenteric lymph nodes, spleen and liver were removed 

during surgery and collected aseptically in 2 ml pre-weighed thioglycolate broth tubes 

(Becton Dickinson [BBL] Microbiology Europe, Maylan, France). After weighing, the tissue 

specimens were homogenized and subsequently transferred onto the following agar plates: 

Columbia III blood agar base supplemented with 5% vol/vol sheep blood (BBL) (duplicate 

plates) and Chocolate PolyviteX agar (BioMe´rieux, Marcy L’Etoile, France). After 48 hours of 
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incubation, the colonies were counted, adjusted to the weight of the tissue and expressed as 

the number of colony forming units (CFU) per gram tissue. A Wilcoxon test was used for 

between group comparisons. P < 0.05 was considered statistically significant. 

 

 

2.10 Myeloperoxidase staining 

To study local inflammation, neutrophil influx was determined by myeloperoxidase (MPO) 

staining. Briefly, tissue sections were deparaffinated in xylol, fixed in alcohol and incubated 

with 0.6% H2O2 in methanol. Slides were washed in TBS and incubated with 20% NGS in 1% 

BSA and 0.1% tween-20 in TBS. Staining for neutrophils was performed with rabbit α-human 

MPO antibody (1:250 in 1% BSA and 0.1% tween-20 in TBS, DAKO). After three washes in 

TBS for 5 minutes each, slides were incubated with secondary antibody (goat α-rabbit HRP, 

1:500 in 1% BSA and 0.1% tween-20 in TBS). Slides were washed in TBS and staining was 

visualized by AEC. Cell nuclei were stained blue with haematoxylin. The slides were 

coverslipped and viewed with a light microscope. Neutrophils were counted by examining 10 

villi per ileum section at 400x magnification in a blinded manner.  

 

 

2.11 TNF-α ELISA 

Systemic inflammation was studied by measuring TNF-α plasma concentration using a 

standard ELISA kit for rat-TNF-α (kindly provided by Hbt, Uden, the Netherlands). The ELISA 

was performed by the same procedure as the ILBP ELISA. The catcher antibody used, was a 

α-rat TNF-α. A Wilcoxon test was used for between group comparisons. P < 0.05 was 

considered statistically significant. 

 

 

2.12 Claudin-3 in urine 

To investigate whether claudin-3 can be used as urinary marker for intestinal tight junction 

loss, claudin-3 in urine was semi-quantitatively analyzed by western blotting. 

Equal amounts of each sample were electrophoresed in 15% SDS-PAGE gels and 

electrotransferred onto a PVDF membrane in a blotting buffer (3.03 g/l Tris, 14.4 g/l glycine 

and 20% methanol). Blots were blocked for 2 hours in blocking buffer (5% milk powder, 0.2% 

tween-20 in TBS) and then incubated in primary antibody (rabbit α-rat claudin-3, 1:167 in 

0.1% BSA in TBS, Zymed Laboratories (San Francisco, CA)) overnight at 4°C. Blots were 

washed three times in 0.1% TTBS and a peroxidase labeled secondary antibody (goat α-

rabbit horseradish peroxidase (HRP), 1:5000, Jackson, West Grove, PA) was added for 1,5 

hour at 4°C. After two washes in 0.1% TTBS and one wash in distilled water, the membrane 

was developed by incubation in ECL detection reagent (Ashersham). Band intensities were 
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quantified by densitometry and expressed as mean ± SD using Quantity One software (Bio-

Rad). A students t-test was used for between group comparisons. P < 0.05 was considered 

statistically significant. 

 

 

2.13 ZO-1 and claudin-3 in the liver and kidney 

To study loss of claudin-3 in the liver and kidney, the distribution of claudin-3 was visualized 

by immunofluorescence. In addition, claudin-3 expression was semi-quantitatively analyzed 

by western blotting.  

 

2.13.1 Immunofluorescene for ZO-1 and claudin-3 

Frozen liver and kidney tissues (4µm) were stained for ZO-1 and claudin-3 by using the 

same procedure as for the staining of ZO-1 and claudin-3 in intestinal tissues. 

 

2.13.2 Western blot for claudin-3 

The western blots were performed according to the same procedure as the western blots for 

claudin-3 in the intestine. Band intensities were quantified by densitometry and expressed as 

mean ± SD using Quantity One software (Bio-Rad). A students t-test was used for between 

group comparisons. P < 0.05 was considered statistically significant. 
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3 Results 

 

In the first part of the study, the sequence of events in the gut after hemorrhagic shock and 

the underlying mechanism of tight junction loss were investigated. 

 

 

3.1 Intestinal injury 

To investigate whether hemorrhagic shock causes intestinal injury, ileum segments were 

stained for haematoxylin/eosin and graded for injury according to the Park/Chiu Scoring 

System [45]. 

 

Control rats (Fig. 5A) and animals sacrificed 15 minutes after shock (Fig. 5B) show a normal 

intestinal structure. The villi are intact and a normal epithelial cell lining is visible. Rats 

sacrificed 30 minutes after shock (Fig. 5C) show a mild extension of the subepithelial space 

with moderate lifting of the villus tips. However, most injury is seen 60 (Fig. 5D) and 90 

minutes (Fig. 5E) after hemorrhagic shock. There is a massive lifting down sides of the villi, 

some villus tips are denuded and epithelial cells are severely injured. (Fig. 5 D, E and F).  

 

 . 

   

 

 

 

          

 

 

 

 

 

 

 

 

 

Figure 5. Haematoxylin/eosin (H/E) staining at 200x magnification. Control rats (A) and rats sacrificed 15 

minutes (B) after hemorrhagic shock, show intact villi. Animals sacrificed 30 minutes (C) after shock, show a mild 

extension of the subepithelial space with moderate lifting of the villus tips. Sixty (D) and 90 (E) minutes after 

shock there was a massive lifting down sides of the villi and some denuded villus tips. The H/E staining was 

graded histologically for intestinal injury (F) (Park/Chiu Scoring System), by 3 impendent observers.   
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3.2 Loss of tight junction integrity 

One of the early events in the loss of gut wall integrity is tight junction loss. To this end, the 

effects of hemorrhagic shock on tight junction integrity were studied. ZO-1 and claudin-3 

distribution at several time points after shock was visualised by immunofluorescence and 

semi-quantified by western blotting.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Immunolocalisation of zonula occludens protein 1 (ZO-1) (A1-E1) and claudin-3 (A2-E2) (red) in 

the intestine (ileum) at a 200x magnification. Control rats (A1-2) and animals sacrificed 15 minutes after shock 

(B1-2) show a regular distribution of ZO-1 and claudin-3. Thirty minutes after shock ZO-1 (C1) and claudin-3 (C2) 

distribution are disturbed. Sixty (D1-2) and 90 (E1-2) minutes after hemorrhagic shock there is still loss of ZO-1 

and claudin-3. The tissue is disrupted and disorganized, illustrated by an irregular distribution of the nuclei (blue).  
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In control rats (Fig. 6 A1-2) and animals sacrificed 15 minutes after hemorrhagic shock (Fig. 

6 B1-2), there is a regular distribution of tight junction proteins ZO-1 and claudin-3. Thirty 

minutes after shock loss of ZO-1 (Fig. 6 C1) and claudin-3 (Fig. 6 C2) takes place. Sixty and 

90 minutes after hemorrhagic shock there is still loss of both ZO-1 and claudin-3 (Fig. 6 D1-

2, E1-2). Although tissue sections of rats sacrificed 30, 60 and 90 minutes after shock show 

parts with a normal distribution of ZO-1 and claudin-3, the difference as compared with the 

earlier time points is striking. 

 

The results of western blot analysis show a significant loss of ZO-1 60 and 90 minutes after 

hemorrhagic shock as compared to control rats (P<0.01). Animals sacrificed 15 and 30 

minutes after hemorrhagic shock show no significant decrease in ZO-1 expression. The 

slight increase in ZO-1 expression at 90 minutes is not significant with ZO-1 expression at 60 

minutes (Fig. 7).  
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Figure 7. Western blot analysis for zonula occludens protein-1 (ZO-1) in epithelial cells. There is a 

significant attenuation in densitometric intensity at 60 and 90 minutes after shock compared to earlier time points 

(P<0.01). Band intensity of control rats was set as 100% and was compared with the after shock sacrificed animal 

values. Values are expressed as mean ± standard deviation.  

 

 

The expression of claudin-3 is significantly attenuated at 30, 60 and 90 minutes after 

hemorrhagic shock compared to control rats (P<0.01). Animals sacrificed 15 minutes after 

shock show no significant loss in claudin-3 expression as compared to untreated control rats 

(Fig. 8). 
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Figure 8. Western blot analysis for claudin-3 in epithelial cells. Thirty, 60 and 90 minutes after shock, there is 

a significant decrease in claudin-3 expression (P<0.01). Band intensity of control rats was set as 100% and was 

compared with values of rats sacrificed 15, 30, 60 and 90 minutes after hemorrhagic shock. Values are expressed 

as mean ± standard deviation.  

 

 

3.3 The underlying mechanism of tight junction loss 

Next, the underlying mechanism of tight junction loss was investigated. Upregulation of ADF 

activation by dephosphorylation is hypothesized to play an important role in the development 

of tight junction integrity loss [35]. Therefore, the expression of total ADF (tADF) and 

phosphorylated ADF (pADF) in epithelial cells were measured by western blotting. Since 

dephosphorylation of ADF is suggested to result in actin depolymerization [37], we 

investigated whether an increase in ADF results in the turnover of F-actin (filamentous or 

polymeric actin) into G-actin (globular or monomeric actin).  

 

3.3.1 ADF activation 

Western blot analysis shows a significant attenuation for tADF 60 minutes after hemorrhagic 

shock as compared to control rats (P<0.05) (Fig. 9A). Phosphorylated ADF, or deactivated 

ADF, expression is significantly decreased 15, 30 and 60 minutes after shock (P<0.01) (Fig. 

9B). The total amount of ADF (tADF) (100%) equals to the amount of dephosphorylated ADF 

(ADF) and phosphorylated ADF (pADF). Therefore, the expression of dephosphorylated ADF 

(in percentage) was calculated as 100 minus the percentage of decrease in pADF levels 

under physiological conditions. Control rats show no expression in dephosphorylated, or 

activated, ADF. Fifteen minutes after shock, ADF activation is already increased to 20% of 

tADF. ADF activation is significantly up-regulated 15, 30 and 60 minutes after shock as 

compared to control rats (P<0.01) (Fig. 9C).  
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Figure 9. Semi-quantitative analysis of western blot for total actin depolymerizing factor (tADF) and 

phosphorylated ADF (pADF). Total ADF is significantly decreased 60 minutes after shock compared to control 

rats (P<0.05) (A). pADF is significantly attenuated 15, 30 and 60 minutes after shock compared to controls 

(P<0.01) (B). ADF activation is significantly upregulated 15, 30 and 60 minutes after shock (P<0.01) (C). Values 

are expressed as mean ± standard deviation. 
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3.3.2 Changes in actin cytoskeleton 

Immunofluorescence shows an increase in G-actin from 15 minutes after hemorrhagic shock 

(Fig. 10 B1). From this time point the distribution of F-actin decreases (Fig. 10 B2). The 

distribution of G-actin further increases 30 and 60 minutes after shock (Fig. 10 C1 and D1). 

Ninety minutes after hemorrhagic shock G-actin content seems to repair (Fig. 10 E1).  

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Immunolocalisation of globular actin (G-actin) (A1-E1) (red) and filamentous actin (F-actin) (A2-

E2) (green) in the intestine (ileum) at a 200x magnification. The distribution of G-actin is increasing from 15 

minutes after hemorrhagic shock and further increases 30 and 60 minutes after shock. At the same time points F-

actin distribution is decreasing. G-actin distribution seems to repair 90 minutes after shock. 
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3.4 Epithelial cell injury 

To investigate the time point at which epithelial cells are damaged, tissue sections were 

stained for ILBP. ILBP is a small cytosolic protein (13-14 kDa) expressed in intestinal 

epithelial cells [46]. When epithelial cells are damaged, ILBP leaks out of the cell and comes 

into the plasma. ILBP plasma levels were measured by ELISA. 

 

ILBP immunolocalisation shows the presence of ILBP in epithelial cells in control rats (Fig. 

11A) and rats sacrificed 15 (Fig. 11B) and 30 (Fig. 11C) minutes after hemorrhagic shock. 

Sixty (Fig. 11D) and 90 (Fig. 11E) minutes after shock there is a loss of ILBP. The tissue is 

disrupted and disorganised, illustrated by an irregular distribution of the nuclei (Fig. 11 D and 

E).  

A

B

C

D

E

Figure 11. Immunolocalisation of ileal lipid binding protein (ILBP) 

(red) at 200x magnification. Control rats (A) and animals sacrificed 

15 (B) and 30 (C) minutes after hemorrhagic shock show a normal 

distribution of ILBP. Sixty (D) and 90 (E) minutes after shock, there is a 

loss of ILBP. Rats sacrificed 60 and 90 minutes after shock show parts 

with a normal ILBP distribution. However, the difference as compared 

with the earlier time points is obvious.  
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The ELISA data illustrate that plasma ILBP levels are significantly increased at each time 

point after hemorrhagic shock as compared to control rats (P<0.005) (Fig. 12). Since 

immunolocalisation shows a significant ILBP loss only 60 (Fig. 11D) and 90 (Fig. 11E) 

minutes after shock, we calculated whether the increase in plasma ILBP, seen 60 and 90 

minutes (Fig. 11) after shock, was significantly higher than 30 minutes after shock. Statistical 

analysis shows that plasma ILBP levels at 60 and 90 minutes are significantly increased as 

compared to 30 minutes (Fig. 12) (P<0.0001).  
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Figure 12. ELISA for plasma ileal lipid binding protein  (ILBP). Plasma ILBP levels are significantly elevated 

15, 30, 60 and 90 minutes after shock compared to controls (P<0.005). Sixty and 90 minutes after shock ILBP 

plasma levels are significantly increased as compared to 30 minutes after shock (P<0.0001). Values are 

expressed as mean ± standard deviation.  

 

 

3.5 Intestinal permeability 

To evaluate changes in intestinal barrier function, the intestinal permeability for HRP was 

measured. The leakage of HRP through the intestinal barrier was determined in isolated 

ileum segments as described previously.  

 

The results of the permeability test show a significant increase in permeability for HRP 90 

minutes after hemorrhagic shock (P<0.0001). Earlier time points show no significant increase 

in intestinal permeability for HRP (Fig. 13).  
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Figure 13. Horseradish peroxidase (HRP) measurement. Intestinal permeability for HRP is significantly 

elevated 90 minutes after shock as compared to controls (P<0.0001). Animals sacrificed 15, 30 and 60 minutes 

after hemorrhagic shock show no significant increase in intestinal permeability for HRP. Values are expressed as 

mean ± standard deviation. 

 

 

3.6 Bacterial translocation 

To study leakage of bacteria from the gut, bacterial translocation to mesenteric lymph nodes, 

spleen and liver was determined.  

 

Bacterial translocation is significantly increased at all time points after hemorrhagic shock 

(p<0.05) and is significantly increased between each two succeeding time points (P<0.005). 

Bacterial translocation is the highest 90 minutes after hemorrhagic shock (Fig. 14). 
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Figure 14. Bacterial translocation after hemorrhagic shock. Bacterial translocation to mesenteric lymph 

nodes, spleen and liver is significantly increased 15, 30, 60 and 90 minutes after hemorrhagic shock as compared 

to controls (P<0.05). Values are expressed as mean ± standard deviation. 
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3.7 Local inflammation 

The influx of neutrophils was studied by staining ileum segments for MPO. MPO is an 

enzyme present in neutrophils. Neutrophils were counted by examining 10 villi per ileum 

section at 400x magnification in a blinded manner.  

 

Neutrophil influx starts 15 minutes after hemorrhagic shock (Fig. 15B). Neutrophils migrate 

from the submucosa through the blood vessels towards the villus tips (Fig. 15, Table 2).  

 

       

     

Figure 15. Myeloperoxidase (MPO) immunohistochemistry at 200x magnification. Neutrophil influx starts at  

15 (B) minutes after hemorrhagic shock. Neutrophils migrate from the submucosa through the blood vessels 

towards the villus tips. 

 

 

Table 2: Mean number of MPO per 10 villi for 6 animals per group. 

                                                control                  15 min                30 min                 60 min                  90 min 

 
Mean MPO/10 villi                4.0                       18.7                     4.7                      16.0                        7.3  
                                             0.6                        9.3                    26.4                        3.2                       2.2 
                                             5.8                      13.6                      9.8                        8.6                     14.1 
                                           16.3                      14.8                      5.1                      15.1                     15.4 
                                           16.0                        8.1                      5.4                      16.4                     15.0 
                                             6.7                        8.4                    10.5                        7.9                       8.7 
 
Mean MPO/group               8.2                      12.2                    10.3                      11.2                      10.5              
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3.8 Systemic inflammation 

To study systemic inflammation, the plasma concentration of TNF-α was measured by 

performing an ELISA.   

 

TNF-α concentration is significantly increased 60 and 90 minutes after hemorrhagic shock as 

compared to control rats (P<0.05). Control rats and rats sacrificed 15 and 30 minutes after 

shock show no presence of TNF-α in plasma (Fig. 16). 
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Figure 16. Plasma tumor necrosis factor-αααα (TNF-αααα) ELISA. TNF-α levels in plasma are significantly increased 

60 and 90 minutes after hemorrhagic shock (P<0.05). Control rats and rats sacrificed 15 and 30 minutes after 

hemorrhagic shock have no TNF-α plasma levels. Values are expressed as mean ± standard deviation. 
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In the second part of the study, the use of claudin-3 as urinary marker for tight junction loss 

was investigated. 

 

 

3.9 Claudin-3 as urinary marker 

Western blot analysis of claudin-3 in intestinal epithelial cells shows a significant loss of 

claudin-3 from 30 minutes after hemorrhagic shock. To investigate whether the intestinal loss 

of claudin-3 is followed by an increase in claudin-3 urinary levels, claudin-3 expression in 

urine was semi-quantitatively analyzed by western blotting.  

 

Animals sacrificed 30, 60 and 90 minutes after hemorrhagic shock show a significant 

increase in claudin-3 urine levels as compared to control rats (P<0.05) (Fig. 17). 
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Figure 17. Western blot analysis for claudin-3 in urine. Thirty, 60 and 90 minutes after shock, there is a 

significant increase in claudin-3 urine levels (P<0.05). Values are expressed as mean ± standard deviation.  

 

 

3.10 Tight junction loss in the liver 

To investigate whether claudin-3 detected in the urine is released by intestinal tight junction 

loss and not by tight junction loss in the liver, in which claudin-3 is also expressed [42, 43], 

tight junction integrity loss in the liver was studied by visualizing ZO-1 and claudin-3 at 

several time points after hemorrhagic shock. In addition, the expression of claudin-3 in the 

liver was semi-quantitatively analyzed by western blotting.   

 

Immunofluorescent staining shows no difference in ZO-1 immunolocalization between control 

rats and rats sacrificed 15, 30, 60 and 90 minutes after hemorrhagic shock (Fig. 18 A1-E1). 
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There is also no difference in claudin-3 immunolocalization between control rats and rats 

sacrificed 15, 30, 60 and 90 minutes after hemorrhagic shock ( (Fig. 18 A2-E2). 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Immunolocalisation of zonula occludens protein-1 (ZO-1) (A1-E1) and claudin-3 (A2-E2) in the 

liver at a 200x magnification. Control rats (A1) and animals sacrificed 15, 30, 60 and 90 minutes after shock 

(B1-E1) show no difference in ZO-1 immunolocalization. There is also no difference in claudin-3 

immunolocalization between control rats (A2) and rats sacrificed 15, 30, 60 and 90 minutes after hemorrhagic 

shock (B2-E2). 
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Western blot analysis shows no significant loss of claudin-3 in the liver 15, 30, 60 and 90 

minutes after hemorrhagic shock as compared to control rats (Fig. 19).  
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Figure 19. Western blot analysis for claudin-3 in the liver. Claudin-3 levels are not significantly decreased 15, 

30, 60 and 90 minutes after hemorrhagic shock as compared to control rats. Band intensity of control rats was set 

as 100% and was compared with values of rats sacrificed 15, 30, 60 and 90 minutes after hemorrhagic shock. 

Values are expressed as mean ± standard deviation.  

 

 

3.11 Tight junction loss in the kidney 

Claudin-3 is also expressed in the kidney [42]. To investigate whether claudin-3 detected in 

the urine is released by intestinal tight junction loss and not by tight junction loss in the 

kidney, tight junction integrity loss in the kidney was studied by immunolocalization of ZO-1 

and claudin-3 several time points after hemorrhagic shock. In addition, the expression of 

claudin-3 in the kidney was semi-quantitatively analyzed by western blotting.   

 

Immunofluorescence microscopy shows no difference in ZO-1 immunolocalization between 

control rats and rats sacrificed 15, 30, 60 and 90 minutes after hemorrhagic shock. ZO-1 is 

localized in glomerular endothelial cells (Fig.20 A1-E1). There is also no difference in 

claudin-3 immunolocalization between control rats and rats sacrificed 15, 30, 60 and 90 

minutes after hemorrhagic shock. Claudin-3 is localized in peritubular capillary endothelial 

cells (Fig.20 A2-E2).  
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Figure 20. Immunolocalisation of zonula occludens protein-1 (ZO-1) (A1-E1) and claudin-3 (A2-E2) in the 

kidney at a 200x magnification. Control rats (A1) and animals sacrificed 15, 30, 60 and 90 minutes after shock 

(B1-E1) show no difference in ZO-1 immunolocalization. There is also no difference in claudin-3 

immunolocalization between control rats (A2) and rats sacrificed after hemorrhagic shock (B2-E2). ZO-1 is 

localized in glomerular endothelial cells. Claudin-3 is localized in peritubular capillary endothelial cells.  

 
 

A1 

 

A2 

 

  

B1 B2 

E2 E1 

C1 C2 

D2 D1 

ZO-1 Claudin-3 

15 min 

30 min 

60 min 

90 min 

Control 



Results 

 
 

 
Gut barrier dysfunction after hemorrhagic shock                      

31 

Western blot analysis shows no significant loss of claudin-3 in the kidney 15, 30, 60 and 90 

minutes after hemorrhagic shock as compared to control rats (Fig. 21).  
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Figure 21. Western blot analysis for claudin-3 in the kidney. Fifteen, 30, 60 and 90 minutes after hemorrhagic 

shock, there is no significant decrease in claudin-3 expression as compared to control rats. Band intensity of 

control rats was set as 100% and was compared with values of rats sacrificed 15, 30, 60 and 90 minutes after 

hemorrhagic shock. Values are expressed as mean ± standard deviation.  
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4 Discussion 

 

4.1 The cascade of succeeding events in the intestine after hemorrhagic shock 

Hemorrhagic shock is a frequent clinical manifestation in trauma patients. Previous studies 

have demonstrated that the intestinal barrier function is compromised after hemorrhagic 

shock [2, 32, 47, 48, 49]. However, the sequence of events after hemorrhagic shock  remains 

to be elucidated. One of the early events in the loss of gut wall integrity is tight junction loss 

[3, 4]. The underlying mechanism causing tight junction loss is currently unknown. Therefore, 

the mechanism that preceeds and possibly causes tight junction loss has been investigated 

in this study.  

 

The gut is affected early by hemorrhagic shock 

It is hypothesized that the gut is one of the first organs affected by hemorrhagic shock [2]. 

Our data of haematoxylin/eosin staining support this hypothesis. Thirty minutes after shock 

villi are damaged. Intestinal injury further increases 60 and 90 minutes after shock, at this 

time villus tips are denuded and epithelial cells are severely injured. We conclude that 

hemorrhagic shock causes intestinal injury early.  

 

Tight junction integrity loss is one of the first events caused by hemorrhagic shock 

Tight junctions are an essential component of the intestinal barrier. They define the 

paracellular barrier of the gut. Therefore, loss of tight junction integrity results in an increase 

in intestinal permeability. Tight junction loss has been studied extensively in intestinal 

diseases such as inflammatory bowel disease (IBD) and coeliac disease [50, 51]. Intestinal 

tight junction loss occurs also after hemorrhagic shock. Tight junction loss has been studied 

90 minutes and 4 hours after shock [3, 4]. However, tight junction loss has not been 

investigated at earlier time points. Therefore, we studied the expression of tight junction 

proteins ZO-1 and claudin-3 in the ileum 15, 30, 60 and 90 minutes after hemorrhagic shock. 

We hypothesize that tight junction loss is an early event in gut barrier dysfunction caused by 

hemorrhagic shock. 

Immunofluorescence microscopy shows that the distribution of ZO-1 and claudin-3 is 

disturbed 30, 60 and 90 minutes after shock. Western blot analysis shows a significant 

decrease of claudin-3 from 30 minutes after hemorrhagic shock as compared to control rats 

(P<0.01). ZO-1 levels, however, are significantly decreased from 60 minutes after shock 

(P<0.01). These observations show that tight junction loss occurs early after hemorrhagic 

shock. An explanation for the earlier loss of ZO-1 seen in immunofluorescence as compared 

to western blot analysis, could be that hemorrhagic shock induces translocation of ZO-1. 
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During hemorrhagic shock, the intestinal epithelial cells are hypoperfused. Thereby, the 

extracellular calcium concentration decreases and can result in the internalization of ZO-1. 

This could explain the gaps in the red lining around the villi that we observe 30 minutes after 

hemorrhagic shock. Translocation of cytosolic tight junction proteins has been described in 

T84 intestinal epithelial cells after decreases in extracellular calcium concentration [37]. 

Western blot analysis shows also an earlier significant decrease for claudin-3 than for ZO-1. 

The reason herefore is that claudin-3 is a paracellular located tight junction protein and 

therefore is lost more easily than ZO-1 which is an intracellular tight junction protein.  

 

Hemorrhagic shock activates actin depolymerizing factor: role in tight junction loss 

The mechanism responsible for tight junction loss is currently unclear. Previous studies, in 

which ischemia/reperfusion was studied in the kidney, show that ADF activation causes 

actin-cytoskeleton integrity loss [34, 35, 36, 41]. When ADF is activated/dephosphorylated it 

binds F-actin (polymeric actin) which results in the turnover of F-actin into G-actin 

(monomeric actin), also known as actin depolymerization. Tight junction proteins are linked to 

the actin cytoskeleton. Therefore, modulation of the actin cytoskeleton can cause changes in 

the tight junction structure.  

Our data show that ADF activation is significantly upregulated 15, 30 and 60 minutes after 

hemorrhagic shock (P<0.01). Immunofluorescence microscopy shows depolymerization of F-

actin 15, 30 and 60 minutes after shock. These results demonstrate that hemorrhagic shock 

causes upregulation of ADF, which in turn causes loss of actin-cytoskeleton integrity by actin 

depolymerization. Consequently, the interaction of tight junction proteins with F-actin is 

disrupted, which can lead to the opening and loss of tight junctions. The upregulation of ADF 

activation in the gut after hemorrhagic shock could be the result of ATP depletion. Evidence 

for this can be found in studies in the gut, liver, kidney and lung. In these organs hemorrhagic 

shock has been shown to cause a profound decrease in ATP levels [52, 53]. In the kidney 

ischemia is responsible for an attenuation of ATP. This is shown to result in 

dephosphorylation of ADF [41]. Further research is required to find out whether ATP 

depletion in the gut caused by hemorrhagic shock causes ADF dephosphorylation. 

 

Epithelial cell injury succeeds tight junctions loss  

Hemorrhagic shock induces epithelial cell injury [54]. ILBP is a small cytosolic protein that is 

only expressed in intestinal epithelial cells [46]. When epithelial cells are damaged, ILBP 

leaks, due to its small size, rapidly out of the cells leading to a rise in ILBP plasma levels. 

Therefore, ILBP can be used as a marker for epithelial cell injury.  

Sixty and 90 minutes after hemorrhagic shock, the presence of ILBP in epithelial cells is 

decreased. At the same time points ILBP plasma levels are significantly increased (P<0.005). 
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Epithelial cell injury seems to succeed tight junction loss, which is seen from 30 minutes after 

shock.  

 

Tight junction integrity loss and epithelial cell injury result in the increase of intestinal 

permeability 

Epithelial barrier dysfunction can be measured as an increased intestinal permeability for 

macromolecules, such as HRP [54].  

Intestinal permeability for HRP is significantly increased 90 minutes after hemorrhagic shock 

(P<0.0001). The reason herefore could be that at this time point epithelial cell injury and tight 

junction loss are both present, resulting in an increase of intestinal permeability. Intestinal 

hyperpermeability may have clinical implications, because increased intestinal permeability 

has been shown to be associated with an increased risk of complications, MODS, or even 

mortality in critically ill patients [55, 56]. 

 

Intestinal barrier dysfunction is responsible for bacterial translocation 

Disruption of the intestinal epithelial barrier permits the leakage of bacteria [57, 58].  

Our data show that bacterial translocation to the mesenteric lymph nodes, liver and spleen 

occurs at all time points after hemorrhagic shock. Rats subjected to 90 minutes of shock 

exhibit more bacterial translocation than rats receiving 15, 30 or 60 minutes of hemorrhagic 

shock. At this time point also intestinal permeability is the highest.  

 

Neutrophil influx: the motor of gut barrier dysfunction after hemorrhagic shock? 

Hemorrhagic shock causes hypoperfusion of the intestine [1]. In response to a decreased 

blood supply the intestine is damaged. This causes the recruitment of leucocytes that will 

clear away the damaged cells. However, leucocytes can induce local inflammation and 

thereby cause further intestinal damage. The first leucocytes that are recruted to a site of 

damage are neutrophils [5]. Therefore, we investigated intestinal infiltration of neutrophils. 

Most neutrophils are observed 15 minutes after hemorrhagic shock, before tight junction 

loss. This is an interesting observation which suggests that neutrophils could play a role in 

the induction of intestinal injury and therefore in ADF activation. In previous studies, 

neutrophils have been shown to play an important role in tissue injury caused by ischemia 

and reperfusion. Inhibition of neutrophil influx has been shown to have a protective effect on 

tissue injury [59]. Further research is required to study the contribution of neutrophil influx to 

ADF activation.   

We would expect to see neutrophil influx only after hemorrhagic shock. However, control rats 

show also the presence of neutrophils in the intestinal villi. Probably these neutrophils are in 

an inactivated status and become activated after hemorrhagic shock.  
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Neutrophils were visualized by a MPO staining. However, MPO not only localizes neutrophils 

but also macrophages. Based on the observation that the MPO-positive cells were situated 

at the submucosa, where blood vessels are located, and keeping in mind that neutrophils 

migrate from the blood to the site of damage, we concluded that only neutrophils were 

stained. Moreover, MPO is most abundantly present in neutrophils. It is very unlikely that 

systemic macrophages are present so early after hemorrhagic shock. 

 

The gut as source of sepsis after hemorrhagic shock 

Sepsis and multiple organ failure are common after hemorrhagic shock. Already in the 80’s 

evidence was provided for the gut as source of sepsis after hemorrhagic shock [49, 60]. To 

study systemic inflammation, TNF-α levels were measured in plasma. TNF-α is a cytokine 

mainly produced by macrophages that causes inflammation.  

Our data show that systemic TNF-α levels are significantly increased at the time point (60 

and 90 minutes after hemorrhagic shock) at which bacterial translocation from the gut is 

considerable. This observation suggests that bacterial invasion from the gut plays a role in 

sepsis caused by hemorrhagic shock. In turn, sepsis can cause damage to other organs. In 

this manner, the gut could be involved in the induction of injury to other organs during 

hemorrhagic shock. 

 

Conclusion 

This study provides evidence that the upregulation of ADF activation is the underlying 

mechanism causing intestinal tight junction loss after hemorrhagic shock. Moreover, this 

study gives more insight into the sequence of events in the gut after hemorrhagic shock. We 

have shown that hemorrhagic shock causes hypoperfusion, intestinal neutrophil influx, 

upregulation of ADF activation, depolymerization of actin filaments, tight junction loss, 

intestinal cell injury, bacterial translocation and systemic inflammation. In addition, this study 

suggests that claudin-3 can be used as urinary marker for intestinal tight junction loss. In 

conclusion, these data bring new insights into the mechanisms causing gut barrier 

dysfunction after hemorrhagic shock and therefore offer new approaches for therapeutic 

intervention.  

 

Future directions 

Now the sequence of events in the gut after hemorrhagic shock has been clarified, causal 

correlations between the succeeding events should be investigated. Therefore, neutrophil 

influx will be blocked. If neutrophil influx contributes to ADF activation, the succeeding events 

will not occur or at least in a less pronounced way. For example, we would expect less tight 
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junction integrity loss and therefore less bacterial translocation. Neutrophil influx will be 

inhibited by blocking the adhesion molecules, CD18 and P-selectin, on the cell surface of 

neutrophils with an antibody that will be injected into rats. In this manner, neutrophils will be 

prevented from adhering to the endothelium and migrating from the circulation into the 

intestinal tissue [61].  

 

Another possible cause of the upregulation of ADF activation will be investigated by studying 

ATP depletion. Intestinal ATP content will be separated and quantified by using High-

Performance Liquid Chromatography (HPLC). Briefly, ATP will be separated from the other 

metabolites in the sample by forcing it, together with a liquid (mobile phase), through a 

column at high pressure. Components that dissolve easily in the mobile phase, will be 

passed through the column. Components that are less soluble in the mobile phase will stick 

on the column. In this manner, components are separated based on their solubility.  

 

The present study was performed using a rat model for hemorrhagic shock. To test whether 

the same sequence of events occurs in humans, a humane study will be set up in which the 

same events will be studied. For this, ileum sections will be isolated from patients who are 

having a Whipple procedure (pancreaticoduodenectomy). This is the surgical removal of the 

pancreas and duodenum. During this procedure, ischemia (30 minutes) and reperfusion (1,5 

– 2,5 hours) cause injury to the intestine. As a result, gut barrier dysfunction occurs. An 

ischemia/reperfusion model is not the same as a hemorrhagic shock model. But for practical 

reasons, a hemorrhagic shock model can not be used. Since ischemia/reperfusion has been 

shown to cause upregulation of ADF activation [34, 35, 36], this model will be used to study 

intestinal barrier dysfunction in humans.  

 

 

4.2 The use of claudin-3 as urine marker for tight junction loss 

Clinical markers are very important tools for the diagnosis of acute clinical conditions. 

Hemorrhagic shock is an acute manifestation causing intestinal damage very early, resulting 

in sepsis and eventually MODS. One of the first events in intestinal damage is tight junction 

integrity loss. Therefore, the development of a marker for intestinal tight junction loss is 

crucial for an early diagnosis of intestinal damage.  

The development of an urinary marker would represent a non-invasive way for detecting tight 

junction loss. Since claudin-3 is a small paracellular tight junction protein (22kDa), it is very 

likely that it is released in plasma and is excreted in the urine after intestinal loss. Therefore 

in the second part of this study, the usefulness of claudin-3 as urinary marker for intestinal 

tight junction loss after hemorrhagic shock was evaluated.  
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Claudin-3 as urinary marker for intestinal tight junction loss 

In the first part of the study, we have shown that hemorrhagic shock causes a significant loss 

of claudin-3 from 30 minutes after shock (Fig. 8). Therefore we expected an increase in 

claudin-3 urine levels from 30 minutes after shock. To investigate whether intestinal claudin-3 

loss actually leads to an increase in claudin-3 urine levels and whether this increase is 

significant from 30 minutes after shock, we studied claudin-3 urine levels 15, 30, 60 and 90 

minutes after hemorrhagic shock.  

Western blot analysis shows a significant increase in claudin-3 urine levels 30, 60 and 90 

minutes after hemorrhagic shock as compared to control rats (P<0.05). These observations 

show that intestinal loss of claudin-3 caused by hemorrhagic shock is followed by an 

increase in claudin-3 urine levels and therefore, suggest that claudin-3 can be used as 

urinary marker for intestinal tight junction loss. Four hours (240 minutes) after shock, the 

increase in claudin-3 urine levels is not significant. An explanation herefore is that there is a 

large variation between the animals in this group.    

 

Claudin-3 in urine does not come from the kidney and liver 

A possible problem with measuring claudin-3 levels in urine is that, not only claudin-3 loss 

from the intestine but also loss from other organs may be detected. Unfortunately, there is no 

claudin protein specific for the intestine. Our choice for claudin-3 is based on the fact that of 

all claudins, claudin-3 is most expressed in the intestine [27, 28]. However, it is also 

expressed in the liver and kidney [42, 43]. To investigate whether claudin-3 in urine is 

released by intestinal tight junction loss and not by tight junction loss in the liver or kidney, 

claudin-3 loss was studied in these organs by immunofluorescence and western blotting. In 

addition, also ZO-1 loss was studied.  

Immunofluorescence microscopy shows that there is no significant loss of ZO-1 and claudin-

3 15, 30, 60 and 90 minutes after hemorrhagic shock as compared to control rats. Data of 

western blot analysis lead to the same conclusion. Based on these observations, we can 

conclude that claudin-3 measured in urine is not released by tight junction loss in the liver 

and kidney. The increase of claudin-3 in urine is most likely the result of intestinal tight 

junction loss. Therefore, we suggest that claudin-3 can be used as urinary marker for 

intestinal tight junction loss after hemorrhagic shock.  
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