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Abstract:  

There is currently no effective treatment for multiorgan failure following shock other than alleviation supportive 

care. A better understanding of the pathogenesis of these sequelae to shock is required.  The intestine plays a 

central role in multiorgan failure.  It was previously suggested that bacteria and their toxins are responsible for 

the organ failure seen in circulatory shock, but clinical trials in septic patients have not confirmed this 

hypothesis.  Instead, we review here evidence that the digestive enzymes, synthesized in the pancreas and 

discharged into the small intestine as requirement for normal digestion, may play a role in multi-organ failure.  

These powerful enzymes are non-specific, highly concentrated and fully activated in the lumen of the intestine.  

During normal digestion they are compartmentalized in the lumen of the intestine by the mucosal epithelial 

barrier.  However, if this barrier becomes permeable, e.g. in an ischemic state, the digestive enzymes escape 

into the wall of the intestine.  They digest tissues in the mucosa and generate small molecular weight cytotoxic 

fragments such as unbound free fatty acids.  Digestive enzymes may also escape into the systemic circulation 

and activate other degrading proteases.  These proteases have the ability to clip the ectodomain of surface 

receptors and compromise their function; for example cleaving the insulin receptor causing insulin resistance.  

The combination of digestive enzymes and cytotoxic fragments leaking into the central circulation causes cell 

and organ dysfunction, and ultimately may lead to complete organ failure and death.  We summarize current 

evidence suggesting that enteral blockade of digestive enzymes inside the lumen of the intestine may serve to 

reduce acute cell and organ damage and improve survival in experimental shock.   
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Introduction 

 Organ failure after shock often involves damage to remote organs that are not necessarily part of the 

initial injury.  An example is intestinal ischemia that is followed by failure of the lung (1,2), heart, brain and 

other organs (3,4).  The relationship of the intestine to remote organ failure is illustrated by enterectomy, which 

has been found to protect against the irreversible progression of multiorgan failure and death in acute shock (5).  

However, the molecular pathways by which the intestine causes remote organ injury are not clearly understood.   

 The fundamental function of the intestine is digestion of food to provide nutritive requirements to the 

body.  During digestion the lumen of the intestine is filled with digestive enzymes, degraded food components, 

and ambient microorganisms and viruses.  Shock research has focused for decades on the role of bacterial 

microorganisms (i.e. the microbiome), but no treatment to prevent the irreversible progression to organ failure 

in shock has been demonstrated.  Instead, in the following discussion we will focus on the other components in 

the gut, mainly (a) digestive enzymes and (b) products they produce during food degradation; both may play a 

role in organ injury mediated by the intestine (6,7).  The evidence available to date is derived from preclinical 

studies unless stated otherwise.   

Digestion requires pancreatic enzymes that are discharged into the proximal small intestine where they 

mix with food entering from the stomach.  Pancreatic digestive enzymes in the small intestine are relatively 

non-specific, fully activated and present in high concentrations.  These enzymes are able to hydrolyse daily 

hundreds of grams of complex biological compounds (8,9).  This is the dominating degrading process in the 

body and the key requirement to derive nutrients from the environment.  Any discussion about the intestine in 

shock needs to be concerned with digestive enzymes and starts with a fundamental question:   

“How is it possible that food (which may consist of intestine) is degraded in the small intestine, and yet the 

intestine itself is not - or is only minimally - digested.” 
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In other words, how are the intestine and other organs protected against autodigestion?  

 One of the main protection mechanisms against autodigestion of the intestine is provided by the mucosal 

epithelial barrier.  This barrier prevents leakage of contents from the intestine, including digestive enzymes, 

from entering into the wall of the intestine.  Consequently, breakdown of mucosal barrier integrity may allow 

digestive enzymes to escape past the mucosal barrier and into the wall of the intestine where they can begin the 

autodigestion process.   

 Different forms of shock including hemorrhage, trauma and sepsis are accompanied by markers for an 

inflammatory cascade (10) whose fundamental purpose is to repair damaged tissue after an injury.  We will 

focus on initial mechanisms that may cause tissue injury and thereby evoke a repair mechanism, i.e. an 

inflammatory cascade.  The approach serves as basis for new strategies to minimize tissue injury starting from 

early stages of shock.  

 

Digestive Enzymes  

We obtained initial insight into a potential role for digestive enzymes in cell and microvascular injury 

from studies using organ homogenates. These studies in the rat indicate that homogenates derived from the 

pancreas and the small intestine, as compared to other organs, are a major source of cytotoxic and inflammatory 

mediators (11).  The intestine generates these mediators if the lumenal contents are present but not when the 

lumen is flushed and cleared of material.  The addition of selected pancreatic enzymes to a flushed intestine 

restores the generation of inflammatory mediators, similar to the native environment of the intestine.  This 

evidence clearly points to the digestive enzymes in the small intestine as instrumental in the generation of 

inflammatory mediators.  Further analysis showed that among the major families of pancreatic digestive 

enzymes (proteases, lipases, amylases, and nucleases) proteases and lipases can generate mediators that are able 
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to cause acute cell injury and organ dysfunction (12,13).  In the following, we will limit the discussion to 

digestive proteases; other degrading enzymes are currently less explored.   

Digestive proteases originate by biosynthesis in the acinar cells of the pancreas and are released in the form of 

proenzymes. Digestive proteases are transported via the pancreatic ducts into the duodenum and activated by 

enterokinases (14).  In the lumen of the small intestine digestive proteases facilitate degradation of proteins and 

peptides from food into amino acids that can be taken up by the mucosal epithelial transporters (15). In the 

small intestine they form a powerful degrading system due to their high concentrations and relatively non-

specific ability to hydrolyze proteins from different food sources, which suggests that the barrier is controlled 

by several factors to protect the gut against its contents.  Thus, there is a fundamental need for an intrinsic 

protection mechanism in the small intestine against the action of digestive enzymes and autodigestion.  

 

Mucosal Barrier  

The mucosal barrier is well recognized for its ability to prevent undigested food or bacteria from passing 

across the epithelial cells into the mucosal space of the intestinal villi (16,17).  In the context of the current 

discussion, the intestinal mucosal barrier serves to compartmentalize the digestive enzymes inside the lumen of 

the intestine.  The mucosal barrier consists of a mucus layer, composed chiefly of mucins, covering the 

epithelium on the villi of the intestine.  This layer, in conjunction with the epithelium, forms a barrier to the 

entry of digestive enzymes (18-20) and larger molecular weight food fragments while allowing the uptake of 

relatively low molecular weight nutrients (e.g. ions, amino acids, monosaccharides).  There are multiple 

isoforms of mucin that protect the intestine via different mechanisms.  In the rat, Mucin 2 is secreted by the 

goblet cells to cover the epithelium. During intestinal peristalsis this mucin is carried with food and detaches 

from the cells, helping facilitate movement along the length of the intestine.  In contrast, Mucin 13 is bound to 

the epithelial membrane, protecting membrane receptors against extracellular cleavage by digestive proteases.  
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This protection mechanism against ectodomain receptor cleavage is essential for normal nutrient absorption by 

the gut epithelium because if these proteins were nonfunctional, normal digestion would be hindered.   

 

Breakdown of the Mucosal Barrier:  A Hallmark for Shock 

There is evidence that epithelial cells at the tips of the intestinal villi are subject to cell damage even in 

the absence of an apparent challenge that may be associated with shock (i.e., villous ischemia); in fact apoptosis 

is consistently observed in these cells even in apparently normal animals (21,22).   

Experimental breakdown of the mucus barrier (e.g. with mucolytic N-acetylcysteine treatment) allows 

digestive enzymes to enter the intestinal wall, a process that is followed by severe damage to the intestinal 

mucosa (20) and may lead to death even in the absence of any other systemic challenge (19).   

Damage to the mucosal barrier is consistently observed in shock.  Irrespective of the particular form of 

injury (e.g. splanchnic artery occlusion, hemorrhagic, endotoxic shock, peritonitis), the resulting shock state is 

accompanied by a breakdown of the mucosal barrier.  Even relatively short periods of intestinal ischemia (~15 

min) are associated with degradation of the epithelial villi, including the underlying connective tissue and 

capillaries.  Longer periods of ischemia lead to a more complete degradation of the villi, and even complete 

destruction of the entire villus structure (23), leaving the intestinal wall fully exposed to digestive enzymes and 

other luminal contents (e.g. partially digested food, bacteria, viruses).  As the lamina propria degrades, not only 

are the epithelial cells detaching and apoptotic, but also the remaining cells are subject to a proteolytic 

degradation of their membrane receptors.  We demonstrated this for the inter-epithelial adhesion molecules (e.g. 

occludin, E-cadherin) (24).  The loss of the ectodomain of these adhesion molecules reduces the ability of 

epithelial cells to remain attached and maintain a tight barrier.  New biosynthesis of these adhesion molecules in 

the absence of degrading digestive enzymes in the extracellular space is required to restore the epithelial barrier.   
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Entry of Digestive Enzymes into the Systemic Circulation 

 If the mucosal barrier is compromised, digestive proteases are transported from the intestinal lumen into 

the wall of the intestine (Figure 1).  They may be further carried into venous blood vessels and intestinal 

lymphatics, and even across the full thickness of the small intestine directly into the peritoneal cavity (25-27).  

The escape of pancreatic proteases from the small intestine is accompanied by an increase in digestive protease 

activity in plasma and tissues, such as the liver, lung and heart (25,27), suggesting that endogenous inhibitors of 

digestive proteases may become fully bound and their ability to block proteases has become saturated (28-30).  

In experimental shock, proteases circulate in plasma and exhibit elevated activities as detected by cleavage of 

fluorescently quenched substrates (27,31), irrespective of whether caused by a directly ischemic state (e.g. 

hemorrhagic shock, splanchnic artery occlusion), by exposure to endotoxin or digested food in the intestine (e.g. 

endotoxic shock, cecal ligation shock) or by generation of inflammatory mediators in burns (e.g. complements 

(32)).  In addition, there may be release of digestive enzymes directly from the pancreas, the magnitude of 

which in specific models of shock remains to be determined.   

 

Generation of inflammatory and cytotoxic fragments by digestive enzymes 

 Entry of digestive enzymes into the intestinal wall leads to generation of lipid fragments with cytotoxic 

activity (13).  This is observed in the intestinal wall during ischemia (but not without ischemia) and under 

conditions of elevated permeability of the mucosal barrier with entry of digestive proteases into the intestinal 

wall.  Cytotoxic mediators are also generated by trypsin, chymotrypsin and elastase and are undetectable if 

digestive enzymes in the lumen of the intestine are inhibited.  While digestive enzymes may generate many 

water soluble protein fragments, such fragments may stimulate cells but collectively have low cytotoxicity (13).  

Instead, the major cytotoxic mediators are lipid in nature, especially unbound free fatty acids, which may cause 
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severe destruction of membranes even at low concentrations.  Free fatty acid binding proteins, e.g. albumin, 

bind unbound free fatty acid and may prevent their cytotoxic actions unless the albumin is also degraded by 

proteases (6).  Mesenteric lymph draining the intestinal wall following ischemia is toxic due to the presence of 

free fatty acids (20,33) and may be involved in lung damage in shock due to the fact that mesenteric lymph 

enters the subclavian vein via the thoracic duct, which empties directly into the venous return and the lungs (20).     

Another source of free fatty acids may be in food itself within the lumen of the intestine after exposure 

to pancreatic lipases and proteases, as suggested by in-vitro studies (13).  The evidence is consistent with the 

protection provided to the intestine if the lumen is emptied and food absent prior to ischemia (4,26).  

 

 

Matrix Metalloproteinases – Trigger for elevated permeability 

 Another family of proteases that is prominently involved in the inflammatory cascade and tissue repair 

is matrix metalloproteinases (MMPs) (34,35).  They are present in tissues in a pro-form and can be activated 

within minutes, and therefore may play a role in the early stages of shock.  ProMMPs are activated under 

ischemic conditions or by other proteases, including the pancreatic proteases in the intestine (e.g. trypsin) (36).  

MMP activity is encountered in the extracellular matrix, on endothelial and epithelial cells and mast cells and 

derived from activated neutrophils in the circulation.   

MMPs can increase endothelial and epithelial permeability by proteolytic cleavage of the ectodomain of 

junctional proteins and opening of intercellular junctions (25,37,38), increasing mucosal permeability early in 

shock.  MMPs also have the ability to digest the basement membrane of endothelium (39), thereby allowing 

characteristic tissue lesion formation due to escape of plasma and blood cells into the surrounding tissue (27).  

MMPs can also process lymphokines and cytokines that contribute to the inflammatory cascade (40), which 

illustrates their dual functions in tissue injury and tissue repair.   
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MMP activity and inhibition have been studied in models of organ ischemia and in shock and trauma 

(41-43), observed in acute lung (44) and heart injury (45) and in vascular refractoriness to different contractile 

agents (46).  MMP inhibition in human shock conditions and as a therapy that may serve to minimize 

breakdown of the mucosal barrier remains to be examined.  

 

Protease Activity and Receptor Cleavage 

One consequence of enhanced proteolytic activity in the circulation and the extracellular space is that 

proteins and specifically receptors on the surface of cells may be degraded (18,24,47) (Figure 2).  Receptor 

extracellular domains (“ectodomains”) may be clipped, leading to a loss of cell function.  There appear to be 

multiple receptors subject to ectodomain cleavage (e.g. the TLR4 in the bowel), in addition to the inter-

endothelial or inter-epithelial adhesion molecules (e.g. VE- cadherin, E-cadherin) (26,47).   

One interesting case in this regard is the insulin receptor.  Critically ill patients exhibit a decrease in 

insulin response, i.e. acute insulin resistance (48,49).  The ectodomain of this receptor is readily cleaved by 

proteases, such as MMPs or serine proteases, yielding extracellular (“soluble”) receptor fragments (50).  This 

action renders the receptor unable to signal after insulin binding and therefore contributes to an insulin-resistant 

state.  Indeed, analysis of the molecular mechanisms for acute insulin resistance after hemorrhagic shock 

indicates proteolytic cleavage of the insulin receptor on endothelium and other cells as possibly cause for acute 

insulin resistance (51).  In addition, there may also be a possible proteolytic degradation of the insulin molecule 

itself; this remains to be investigated.   

Other models of acute inflammation provide evidence that receptor degradation by ectodomain cleavage 

may be a common mechanism for decreased intracellular signaling (50).  Since many membrane receptors have 

potential cleavage sites in their extracellular domains, the phenomenon may play a major role in the multiple 
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organ dysfunction characteristic of shock.  Proteolytic destruction of membrane receptor ectodomains may also 

compromise pharmacological interventions that are receptor dependent, and therefore the receptor cleavage 

mechanism may underlie hemodynamic instability in shock where patients are less responsive to treatment.    

It has yet to be demonstrated in animal models or human subjects, but an increase in soluble receptor 

fragments or reduced signaling of key surface receptors on endothelial cells may be responsible for inadequate 

cellular function in response to a receptor-mediated signal (52-54).  A diminished response to stimulation of an 

extracellular receptor points to the possibility that either the receptor signaling is not properly in place or the 

receptor itself is missing.  Cellar membrane receptors have specific structures including loops and chains that 

are necessary for binding to ligands.  If these binding sites are disrupted, their agonists may not bind properly.  

However, there is difficulty in conducting experiments that differentiate between the extracellular and 

intracellular domain of receptors due to specific antibody availability and it remains a challenge to detect low 

levels of peptides in shock plasma that may have been cleaved from receptors.  The development of a 

downregulated state of the immune system in sepsis (55) is consistent with such receptor cleavage by proteases.  

Many membrane ligand binding- or adhesion-receptors have potential cleavage sites in their ectodomain for 

proteases like trypsin or MMPs.  The development of intestinal mucosa apoptotic markers and lesions in septic 

patients is also consistent with an uncontrolled proteolytic activity (56,57).   

 

Inhibition of Digestive Protease Activity  

Recent evidence from our lab and others on rats and pigs indicate that enteral inhibition of digestive 

enzymes attenuates a wide range of organ complications in shock.  Protection against intestinal damage is 

observed in hemorrhagic shock, shock after splanchnic artery occlusion, endotoxin shock, and peritonitis (by 

peritoneal injection of cecal material) (3,4,23,27,58-62).  Irrespective of the particular (serine) protease inhibitor 

used, the mortality after shock is significantly reduced in these shock models (27).  Animal mobility and 
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responsiveness in the recovery phase after shock is also improved (60).  Histologically, damage to the intestinal 

villi is significantly reduced, as well as injury to remote organs such as the lung, liver, and heart (27).  If 

digestive proteases are inhibited inside the lumen of the small intestine no signs of insulin resistance (discussed 

above) or insulin receptor cleavage are detected after hemorrhagic shock (51).  This evidence in rats and pigs is 

in line with the basic hypothesis advanced in this review for autodigestion in shock.  The evidence is also in line 

with protection provided to a septic patient treated on consent basis for the first time by enteral blockade of 

digestive enzymes (63).  Addition of a free radical scavenger to protease inhibitors given enterally does not 

provide enhanced protection against tissue damage in intestinal ischemia (64), indicating that the protease 

inhibition per se is the major contributor to the protection.   

 

An important issue is that inhibitors of the digestive proteases have to be applied directly into the lumen 

of the small intestine (“enterally’); intravenous application is ineffective (4,58).  The requirement for the enteral 

route of administration is due to the high concentrations of the digestive enzymes in the lumen of the intestine 

(at an order of magnitude of 100 µM and higher).  Such high concentrations need to be matched if competitive 

inhibitors are used and would be with side effects if used intravenously.  Furthermore, intravenous inhibitors 

will not readily reach the lumen of the intestine if the microcirculation in the intestinal wall is compromised.   

 

Another important requirement for effective enteral blockade of digestive enzymes is that enzymatic 

activity needs to be inhibited over the entire length of the small intestine.  If digestive proteases are not inhibited 

in even short segments of the small intestine, such segments may be subject to significant intestinal damage and 

generate multi-organ failure (27). Regions of higher enzyme concentration may be not homogenously 

distributed across the intestine’s length, causing a bias in regions that are more susceptible to damage.  
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The enteral protease inhibitor treatment serves to minimize destruction of the intestine, but it should be 

noted that enteral digestive enzyme inhibition is not a treatment to repair damaged intestine.  Repair of the 

damaged intestine requires a program of proliferation and differentiation of mucosal stem cells, epithelial 

growth factors and inflammatory repair mechanisms; inhibition of digestive enzymes merely stops continued 

elevation of mucosal permeability and autodigestion of the intestinal wall.   

 

 

Conclusions, Clinical Implications and Future Work  

The current evidence is consistent with the hypothesis that an important complication following 

elevation of the mucosal barrier permeability is escape of pancreatic digestive enzymes from the lumen of the 

intestine into the intestinal wall, peritoneum, lymph and circulation (Figure 1).  Inside the wall of the intestine 

there is inadequate endogenous blockade of the high concentrations of digestive enzymes.  The consequence is 

autodigestion of the intestinal wall.  Digestive enzymes as well as cytotoxic products they generate escape into 

the systemic circulation, activate other degrading proteases, such as MMPs, proteolytically degrade membrane 

proteins and consequently cause loss of various cell functions (Figure 2).  Degrading proteases can be derived 

not only from the pancreas and the lumen of the intestine, but also from circulating cells, mast cells, endothelial 

and epithelial cells, the extracellular matrix and bacteria in the intestine.  Their role in opening of the mucosal 

barrier and resulting escape of digestive enzymes from the lumen of the intestine remains to be determined.  

Besides enteral blockade of the digestive enzymes, this new insight may open additional opportunities to 

minimize escape of digestive enzymes from the lumen of the intestine.  MMP inhibition may serve to attenuate 

elevation of the mucosal barrier permeability, reduce the cytotoxic actions of free fatty acids by minimizing 

lipase activity and/or attachment to free fatty acid binding proteins (e.g. albumin).   
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Enteral blockade of digestive enzymes in shock patients may be feasible by way of a nasal gastric tube 

(63).  However, the degree to which enteral blockade of digestive enzymes may serve to improve clinical 

outcomes in shock patients remain to be determined and depends in part on the magnitude of intestinal damage 

at the time an intervention is possible.  If severe prolonged autodigestion and organ damage has already 

developed, enteral blockade of the digestive enzymes may not be sufficient to prevent organ failure.  The earlier 

the blockade is initiated, the lower the level of subsequent organ damage.  Ideal in this respect are elective 

surgery scenarios, in which pretreatment with digestive enzyme or MMP inhibitors is an option to minimize 

damage due to an ischemic intestine and autodigestion.   

In shock research, many interventions that exhibit significant protection in preclinical studies ended up 

in human clinical trials demonstrating little or no efficacy.  To help understand this discrepancy, it may be 

relevant to note that preclinical studies carried out in otherwise healthy animals may not simulate the degree of 

intestinal damage seen in critically ill patients, especially such comorbidities as prolonged surgery, previous 

infections or bowel diseases.  The degree to which the intestine of patients is damaged and allows escape of 

digestive enzymes requires new measurement techniques.   

Several lines of independent investigations on shock and acute organ failure point to proteolytic injury 

of cells and tissues as one of the early injury mechanisms.  This provides an opportunity to understand and 

possibly prevent early injury as compared to interventions against the downstream inflammatory cascade, which 

in fact is often part of the tissue repair mechanisms.   
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Figure Legends 

 

Figure 1.   

(a) Example for escape of a digestive enzyme (trypsin) into the wall of the small intestine in the case of splenic 

artery occlusion (SAO).  Top panels show intestinal villi morphology (frozen section labeled with Evans blue) 

before (Sham) and 15 and 30 min after SAO (SAO15, SAO30, respectively).  Bottom panels show 

corresponding pancreatic trypsin activity (by in-situ zymography according to Methods described in (47)).  

Bright blue fluorescence indicated cleavage of trypsin specific substrate and is visible inside the villi and across 

the full thickness of the intestinal wall to the level of the muscle and outer serosa.  (Modified from Reference 

(47)).   

(b) Normal Digestion:  Schematic illustration of normal containment of digestive enzymes in the lumen of the 

intestine by the mucosal barrier (mucin layer in conjunction with the epithelium).  Autodigestion:  entry of 

digestive enzymes into the wall of the villi and small intestine and destruction of mucosal barrier.    

 

 

Figure 2.   

(a)  Example of proteolytic receptor destruction as detected by immune-label density measurement.  Receptor 

density on typical circulating leukocytes after labeling with a primary Ab against the extracellular domain of the 

insulin receptor before (CONTROL) and after hemorrhagic shock (SHOCK), according to Methods described in 

(27).  Note the reduction in receptor density, a phenomenon associated with reduced insulin signaling and 

preventable by enteral blockade of the digestive proteases.  Adopted from Reference (27) 
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 (b)  Schematic of extracellular receptor cleavage hypothesis by destruction of the extracellular domain of 7-

transmembrane spanning receptor by cleavage of extracellular connecting loops, by extracellular destruction of 

membrane ion transporters, and by extracellular cleavage of single transmembrane receptors (e.g. insulin 

receptor).   
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Reply to Reviewers 
 
 
Reviewer #1: Thank you for your comments.  Autodigestion by one’s own digestive enzymes is a relatively new idea, 

and thus we are very grateful for any comments (positive or negative).  We revised the text in accordance with your 
suggestions and also provide some background comments in response to your thoughts.  Specifically:    
 
1) This reviewer is doing hard to classify this paper as a review article. In the present form almost 
50% (23 out of 57) of references listed are their own work. In light of this, one should be careful to 
avoid bias in interpretation of the related literature. 
 
Please note that this review is focused on the digestive enzymes.  Few articles have been published on this topic.  We 
scanned again the literature and added recent references.  We list all articles by investigators outside our group, in 
some cases even if only indirectly related to this topic, and thereby try to cover all available evidence.  We only list 
highlights of our own work, the individual research articles provide much more detailed evidence and additional 
references.   

 
 
2) The group is very well known and their scientific contribution to the field is highly appreciated. 
However, the novelty of the conclusion of the present review is missing. The article reads like 
pieces of their previous papers, which are now put together. Instead of a summary of published 
articles, a review article is supposed to bring about a new insight/outlook to the field. Such an 
approach would make the article more attractive to the reader. 
 
Thank you for bringing this deficiency to light.  We agree and revised several sentences in the review and in the 
Conclusion to provide new outlooks.  In particular we added in the Conclusions the sentence: 

Besides enteral blockade of the digestive enzymes, such new insight may open additional opportunities to 

minimize escape of digestive enzymes from the lumen of the intestine. MMP inhibition may serve to attenuate 

elevation of the mucosal barrier permeability, reduce the cytotoxic actions of free fatty acids by minimizing 

lipase activity and attachment to free fatty acid binding proteins (e.g. albumin).   

 
 
3) Considering one case report (authors work) only, the statement that "enteral blockade of 
digestive enzymes in shock patient may be technically feasible (Ref#56)" is highly questionable. As 
the authors correctly mentioned the treatment may only be effective prior to the injury 
(prophylactically) for elective surgery but not for treatment of shock. That might also explain the 
limited clinical translation of the experimental data. 
 
The sentence was misunderstood.  We modified it to state the following:  Enteral blockade of digestive enzymes in 

shock patients may be feasible by way of a nasal gastric tube.  Please note that this particular patient was 

treated in a far advanced stage of sepsis.   

 
No clinical trial has been completed to date with enteral blockade of pancreatic digestive enzymes.  It is the rationale for 
this review to stimulate a discussion about this approach.   

 
 
 
Reviewer #2: In this review, the authors addressed the role of digestive enzymes and gut barrier 
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dysfunction in shock. The review appears well written and provides up-to-date scientific evidence to 
support the role of digestive enzymes in organ failure. 
 
Thank you.   

 
 
Reviewer #3: This review discusses the interesting topic of how intestinal proteases may contribute 
to development of multi-organ injury after shock. The manuscript is well organized and presents a 
provocative perspective. It would be improved by attention to detail because there are too many 
assumptions that animal data recapitulates the human condition. A review of experimental data in 
animal models is fine, but that should be the clear focus without translational assumptions about 
mechanisms of shock-related organ injury in patients.  
 
Thank you for this suggestion.  We completely agree.  We have highlighted this discrepancy between animal and 
human data.  We also provide in the “Conclusions” a short description of a mechanism for this discrepancy.   

 
 
* Given that this topic is related to sepsis, shock and patients, and the related history of 
unsuccessful translation of research observations to the clinic, the authors should take care to 
specify the context of their references. For example, in the Introduction, page 3, lines 13-15, 
reference #5 actually refers to a study in rats, not humans, but this is not clear to the reader who is 
wary of broad statements like this. Same comment for references 10, 11,12, 14 and throughout. 
Mouse, rat, porcine, human, other? 
 
We thank you for this perspective.  We added in the Introduction a collective statement (The evidence available to 

date is derived from preclinical studies unless stated otherwise.) to make sure the reader is aware of the fact that 

almost all studies discussed in this review are from preclinical studies.  In addition we added in the text clarifications 
when we address rat or porcine experiments.  In no way do we wish to mislead the reader in this regard.   
  
 

* The final paragraph of the Introduction begins with a sentence that is not correct. There is no 
convergence of these conditions into a stereotypic inflammatory cascade. That was disproved years 
ago and far more complexity is now appreciated. This sentence is not needed.  
 
We modified this sentence to focus on the fact that the intestinal permeability and damage to the mucosal barrier is a 
common pathway in experimental shock.   

 
While not completely certain about the evidence you have in mind, we also added a reference to the down-regulation of 
inflammation and immune response in sepsis (Perl et al.) and a potential mechanisms due to receptor cleavage in the 
last sentence of the Section on “Protease Activity and Receptor Cleavage”.  
 
 

* The article discusses considerable experimental data in animal models, but no human pathology 
as validation.  
 
Yes.  The Autodigestion hypothesis has not yet been formally tested in man in an FDA approvable trial.  But it has been 
applied in some consent cases.  This is the reason for writing this review about the preclinical evidence we have at the 
moment.  It will hopefully stimulate thinking about clinical trials.   
 
We added reference to human pathology and mucosal barrier in shock (Haglund et al., Coutinho et al.)   
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* Pg 9: "MMP inhibition has not been demonstrated to be effective in human shock conditions". 
Does this mean a failed clinical trial or it hasn't been attempted? Reference(s) and clarification need 
here. 

We are not aware of a clinical trial at this time.  This sentence has been clarified.   
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