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abstract

The incidence of blast lung has more than doubled over the course of the conflicts in Iraq and Afghanistan.  During a peak in injuries caused by explosion that occurred in Afghanistan in 2009, blast lung was seen in 11% of the British blast injured casualties and it most often occurred in casualties that had significant polytrauma.  In addition to the early risk of life-threatening intraalvelolar hemorrhage, blast lung induces a secondary inflammatory response in the lung which contributes significantly to the risk of developing acute respiratory distress syndrome (ARDS).  Neutrophil infiltration in blast lung is primarily focused within the areas of lung hemorrhage where the released iron induces pro-inflammatory structural changes in the endothelial cells which favor neutrophil diapedesis. Similar structural changes are seen in cultured endothelial cells exposed to iron in vitro. Following resuscitation from trauma/hemorrhage there is a transient increase in blood iron that may be further increased by the transfusion of aged red blood cells.  Thus standard resuscitation strategies may increase the iron load to the lung endothelial cells and thereby increase the likelihood of developing ARDS in this high risk population.  In this paper we will review the dysregulation of iron handling in the lung which is seen both in blast lung and following toxic gas exposures. We will discuss the results of our studies on the mechanisms of iron induced inflammation in the lung and our findings identifying a newly discovered source of the increased in iron in plasma following hemorrhage/resuscitation. Finally, we will discuss the timeline for expected changes in systemic handling of iron and propose resuscitation strategies that may lessen the likelihood of developing ARDS in polytrauma casualties with blast lung.  

1.0
Introduction
Because it is a highly compressible air-filled organ, the lung is very vulnerable to injury from blast exposure1


( ADDIN EN.CITE , 2)
.  The risk of developing blast lung is directly dependent upon the magnitude of the blast impulse that reaches the thorax, which in turn is influenced by the size and type of the explosion, the distance from the explosion, the vicinity of reflective surfaces that may amplify the peak overpressure and the shielding provided by personal protective gear, vehicles, and other intervening structures3()
. Blast exposure is the most common cause of injury in the recent conflicts4


( ADDIN EN.CITE )
 and the incidence of blast lung appears to be increasing.  In a review of the U.S. Joint Theater Trauma Registry (JTTR) Ritenour et al have shown that 3.1 %  of explosion wounded casualties in 2003 -2004 had blast lung while that number increased to 4.6% in 2005-2006 5


( ADDIN EN.CITE )
. Review of the British JTTR from 2003-2009 by Smith showed that during a peak of injuries in Iraq in 2007 the incidence of blast lung was 7.3% and during a peak in injuries in Afghanistan in 2009 the incidence reached 11% 6


( ADDIN EN.CITE )
.  In addition to the primary blast injury to the lung, blast exposed casualties frequently have multiple other injuries to less protected regions of the body resulting from secondary, tertiary and quarternary blast effects (shrapnel, acceleration and body displacement and toxic gas exposures).  As a consequence, these casualties are at significant risk for the development of acute respiratory distress syndrome (ARDS) in the days following their initial resuscitation and surgical care.  Tsokos in reviewing the pathology of blast lung in humans has concluded that “those who survive blast exposure are likely to develop ARDS”7()
.  Given this progression and the multiple other contributing factors in the development of ARDS in polytrauma victims, the JTTR does not utilize development of ARDS as a criterion for the diagnosis of blast lung.  Mackensie and Turnnicliffe addressed this issue by reviewing early radiographic studies of blast casualties admitted to a role 4 facility between July 2008 and January 2010 8


( ADDIN EN.CITE )
. Their study included 107 patients of which 13 met JTTR criteria for blast lung. Radiographs obtained at the role 3 facility were available in 88 patients and of these 67% had pulmonary abnormalities.  The authors conclude that because “these examinations were performed relatively early in the process of resuscitation it is probable that these changes were blast related, rather than the consequence of trauma-related acute respiratory distress syndrome (ARDS)”.

There is no specific therapy for blast lung9()
, but studies have provided insights into the pathogenesis of the blast associated  inflammatory response in the lung which suggest that the risk of developing blast associated ARDS may be influenced by trauma resuscitation strategies. In this paper we will review the studies on the pathogenesis of blast lung with special emphasis on our findings that dysregulation of iron handling contributes to this process.  Based on these findings and recent insights into the systemic handling of iron during inflammation we propose a heuristic model of iron handling during blast trauma resuscitation and discuss resuscitation strategies that may decrease the risk of developing ARDS. 

2.0
Pathogenesis of blast induced lung inflammation  
2.1
Localized Hemorrhage from Blast Exposure
Blast exposure results in distension of the aveolae with thinning and rupture of alveolar septae10


( ADDIN EN.CITE )
. There is also rupture of small vessels at various locations within the lung depending on the local excess of strain at these locations.  Although some models of blast exposure can produce a homogenous distribution of gross lung hemorrhage this is not usually the case.  The mechanisms responsible for the spotty distribution of the hemorrhage are not fully understood but models have suggested two possible explanations: 1.) differences in the transmission of a compression wave due to variances in the viscoelastic properties of various regions within the thorax11


( ADDIN EN.CITE )
 or 2.) differences in the  blast pressures within the lung due to reflections of the blast wave on various anatomic structures12()
.  Red blood cells appear in the perivascular space surrounding the vessels (termed “ring hemorrhage”)13


( ADDIN EN.CITE )
 and immunopositive hemoglobin is later found in the alveolar spaces without immunopostive erythrocyte cell structures10


( ADDIN EN.CITE )
 presumably the result of macrophage engulfment and degradation of red blood cells14()
.   The hemorrhage is usually immediate and self limited but a recent report has noted late appearance of alveolar hemorrhage at day 4 and 7 following low level blast exposure while none was noted at day 115()
.  Imminent death can acutely result from severe lung hemorrhage but even more limited injury and hemorrhage can induce an inflammatory response in the lung that can progress over several days.  This inflammation includes edema, and macrophage and neutrophil infiltration.   Neutrophil infiltration is apparently facilitated by a systemic leukocytosis that occurs by three hours after the blast14


( ADDIN EN.CITE , 16)
.  The systemic leukocytosis is mediated in part by systemic complement activation and blocked by anti-C5a treatment which also decreases neutrophil levels in the bronchoalveolar lavage (BAL)16


( ADDIN EN.CITE )
.  Chemokine and cytokine levels are also increased in the lung  14


( ADDIN EN.CITE , 17-19)
 and evidence suggests that alveolar macrophages have altered Fas receptor expression20()
 and that macrophages contribute to chemokine release.  
2.2
Oxidative Stress
Blast results in the 3.5 fold decrease in the total antioxidant reserve of the lung, depletion of water soluble antioxidants ascorbate and glutathione and the lipid soluble antioxidant vitamin E13


( ADDIN EN.CITE )
, the formation of lipid oxidation products13


( ADDIN EN.CITE , 19, 21)
, protein oxidation19()
 and the formation of met hemoglobin22


( ADDIN EN.CITE )
. The role of oxidative stress in the injury process is supported by the findings that loading with some antioxidants prior to the blast limits injury. Vitamin E loading prevented hemoglobin oxidation and reduced lipid peroxidation23


( ADDIN EN.CITE )
.  Loading with  N-acetylcysteine amide reduced the infiltration of neutrophils and blocked activation of chemokines24


( ADDIN EN.CITE )
.
2.3
Sources of Oxidative Stress – Hemoglobin/Heme 
Histology shows that the regions of hemorrhage have the greatest density of infiltrated neutrophils14()
 suggesting that either hemoglobin or its degradation products of heme and iron are pivotal in the initiation of the inflammatory response. The steps in the degradation of extravasated blood are illustrated in figure 1. The role of hemoglobin in the lung injury is consistent with the recent finding that pre-induction of heme oxygenase by hemin provides significant improvement in survival after blast exposure in rats25


( ADDIN EN.CITE )
.  Hemoglobin can participate in the generation of the oxidative stress through the formation of the highly reactive ferryl radical from met hemoglobin26


( ADDIN EN.CITE )
.  
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A scheme illustrating stepwise spatial alterations and iron cycling (indicated with
numders) in hypothetic alveolus after blood influx into alveolar space following force of

SW impact.

(1) — Prompt extravasation of the red blood cells (RBCs); (2) — Macrophage (Mph)
erythrophagocytosis; (3) — RBC decomposition in macrophages, and deposition and
release of labile iron, [Fe]; (4) — Appearance of labile iron, [Fe] in alveolar epithelial cells
(PMC); (5, 6) — Neutrophil (PMN) transmigration and their attachment to blood clot
containing RBCs; (7, 8) — Hemoglobin oxidation, hemolysis, formation of hemoprotein
crystals, and development of hemorrhagic edema, 9 — Degradation of hemoglobin

(hemoglobin crystals) and release of labile iron.
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Figure 1.
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2.4
Iron in Acute Lung Injury
Lagan has reviewed the literature demonstrating  that iron mobilization, decompartmentalization, and delocalization occurs in many models of lung injury including toxic gas exposure27


( ADDIN EN.CITE )
. Iron chelators are protective in most of these models of lung injury.  Utilizing both electron paramagnetic spectroscopy and histochemical staining, Gorbunov et al have shown increased non-heme iron in the lungs after blast exposure28-30


( ADDIN EN.CITE )
. The lung inflammation after blast is mitigated by the administration of N,N'-bis (2-hydroxybenzyl) ethylenediamine-N,N'-diacetic acid, an iron chelator/antioxidant31


( ADDIN EN.CITE )
.  The increase is likely in part due to the breakdown of extravasated red blood cells; however, oxidative stress can also result in the release of iron from intracellular chaperones and intracellular binding proteins which increases intracellular labile iron32


( ADDIN EN.CITE )
.  Similar increase in intracellular labile iron also occurs in the lung following ischemia/reperfusion and under these circumstances some of the mobilized iron is release into the extracellular compartment33()
.  Extracellular intraparenchyma iron may also increased in the lung as a result of its release from ferritin and transferrin secondary to the oxidative stress34


( ADDIN EN.CITE , 35)
 and locally low pH36()
.     The resultant generation of extracellular low molecular weight iron complexes favors the formation of damaging free radicals, and provides a favorable milieu for proliferation of invading microbes for which iron is a requisite nutrient and virulence factor37()
. It is tempting to speculate that this increase in available iron contributes to the increased mortality seen in mice exposed to cecal ligation and puncture 24 hours after blast exposure of the lung38


( ADDIN EN.CITE )
.  

In particular, the ferrous form of iron can be quite injurious as it participates in the Haber–Weiss reaction, resulting in oxidative injury, and the Fenton reaction which leads to the formation of hydroxyl radicals and facilitates protein nitration39


( ADDIN EN.CITE )
.  Extracellular ferrous iron may also participate in paracrine signaling as an extracellular binding site for ferrous iron has recently been identified for insulin like growth factor binding protein-3, and binding of ferrous iron to this site influences signaling40


( ADDIN EN.CITE )
. We have recently demonstrated that ferrous iron can bind the metalloprotease inhibitor TIMP-2 41


( ADDIN EN.CITE )
.   This does not result in any decrease in TIMP-2 ability to inhibit metalloprotease 2 or 9 but its potential influence on other non-metalloprotease signaling pathways of TIMP-2 has not been studied.  TIMP-2 ferrous iron is found in mesenteric lymph after hemorrhage resuscitation. Since mesenteric lymph joins the systemic circulation at the thoracic duct, this novel source of iron has first pass access to the lung and may contribute to the iron load to the lung immediately following resuscitation.   

Normally we are protected from the accumulation of extracellular ferrous iron by the ferroxidase activity of ceruloplasmin. Ceruloplasmin is the major ferroxidase of plasma and it converts ferrous iron to the ferric form without the generation of damaging radicals. It serves a critical role in systemic iron transport as the iron recycled from the engulfment of senescent red blood cells by splenic macrophages is transported out of these cells as ferrous iron on the ferroportin transporter.  Normally this iron is converted to the ferric form by ceruloplasmin, allowing it to bind to transferrin. Ceruloplasmin knock out animals have significant disruption of this iron processing42()
.  Our studies have shown that the ferroxidase activity of plasma ceruloplasmin is disrupted in trauma/hemorrhage . We have also shown that the electron paramagnetic resonance signal of ceruloplasmin was decreased in the plasma of rats during hemorrhage43()
 and that the oxidase activity of plasma was decreased in trauma and burn patients during the first 3 days after injury without a change in ceruloplasmin levels as determined by ELISA44()
.  The mechanism for this decrease in activity is unknown but it may involve nitration of ceruloplasmin which has been demonstrated in the plasma of patients with ARDS45


( ADDIN EN.CITE )
.  This mechanism is consistent with the finding of increased staining for nitro-tyrosine in blast lungs31


( ADDIN EN.CITE , 46)
. Further studies are required to determine the cause of the changes in trauma.  The decrease in activity was moderate (at most 50% in rats after hemorrhage) but in local protected environments the ceruloplasmin activity can be completely abolished.  An example of such an environment is mesenteric lymph following hemorrhage resuscitation where ceruloplasmin electron paramagnetic spectrum is not detectable and  ferrous iron is found41


( ADDIN EN.CITE )
.  It is interesting to note that very low levels of ceruloplasmin are found in pre-term infants and this is believed to contribute to the increase in non-transferrin bound iron and increase in oxidation products following blood transfusion47


( ADDIN EN.CITE )
.  

2.4
How Increased Intracellular Labile Iron May Contribute to Lung Inflammation  
Increased labile iron in the cell may have multiple effects.  Two important consequences are changes in HIF-1, which is directly related to the iron levels and changes in redox sensitive signaling pathways, which are secondary to the change in redox potential of the cell.  

The activity of the iron-dependent oxygen sensor enzyme, prolyl-4-hydoxylase is influenced by level of iron in the cell.  Increased levels of labile iron could lead to destabilization of HIF-1 and decreased expression of the HIF-1 related survival genes48


( ADDIN EN.CITE )
. 

We have focused most of our recent studies on the changes in redox sensitive signaling pathways following the increase in intracellular labile iron28-31


( ADDIN EN.CITE , 49)
.  These changes include increased expression of NFKb and TNF  but also include increased expression of ICAM-1 and the formation of very specialized microvilli that protrude from the endothelial cells and facilitate the capture and diapedesis of neutrophils. Studies have been performed in blast lung, lung exposed to intratracheal administration of iron and pulmonary endothelial cells exposed to an abrupt increase in intracellular iron by a 10 minute exposure to ferrous iron in the presence of an iron ionophore.  The results of all three studies show very similar findings which are summarized in figure 2.    Iron results in the translocation of NFk-B to the nucleus where it associates with both Ref-1 and thioredoxin(TRX).  The complex interaction presumably facilitates the reduction of NFk-b allowing it to bind to DNA.  There is also a translocation of ICAM-1 to the surface of the cell and the synthesis of new ICAM-1.  The ICAM-1 localizes to the microvilli-like projections on the endothelial cells forming a “docking station” for the leading lamillapod of neutrophils expressing CD11b on the surface of the lamillapod.  Further studies in cultured endothelial cells demonstrate that these endothelial microvilli also stain positive for F-actin and phospho-caveolin-1. Caveolin-1 has been identified as a “critical regulator of lung injury”50


( ADDIN EN.CITE )
.The formation of this cuplike structure was inhibited by the administration of a rho-kinase inhibitor.  The increase in expression of ICAM-1 is similar to that seen when endothelial cells in culture are exposed to the serum of patients with thalasemia who normally have high levels of non-transferrin bound iron51


( ADDIN EN.CITE )
.  This suggests that presentation of non-transferrin iron to the luminal surface of endothelial cells can induce or amplify this iron mediated endothelial remodeling and favoring the docking and diapedesis of neutrophils.  
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Figure 2: Shematic of morphologic changes in endothelial cells following an 
abrupt increase in intracellular labile iron pool. Microvilli are rich in ICAM-1.

The increase in intracellular iron in the endothelial cells also resulted in the increased release of asymmetric dymethyl arginine (ADMA)52()
, an endogenous inhibitor of nitric oxide synthase produced primarily in the lungs53


( ADDIN EN.CITE )
 and believed to be a mediator of the pulmonary vasoconstriction in pulmonary arterial hypertension54()
.  Because the neutrophil trapping in the lung occurs in the capillaries and not post capillary venules (as seen in the mesenteric circulation)55


( ADDIN EN.CITE , 56)
, neutrophil rigidity and capillary diameter are the key factors in the initial capture of neutrophils in the lung. The release of ADMA may be important in the initial accumulation of neutrophils that is seen early after blast.  

3.0
Systemic iron handling in blast/hemorrhage/resuscitation 

Immediately following fluid resuscitation from hemorrhage we have seen an increase in transferrin saturation with iron in rat57()
.  It is unknown if this increase in iron is the result of iron entering the circulation from mesenteric lymph or if this represents release of iron from other sources.  In this regard Kozlov et al have shown increased intracellular labile iron in the liver after hemorrhage resuscitation58()
.  Blood transfusion may provide an additional source of iron59


( ADDIN EN.CITE , 60)
.  Hod et al have shown that transfusion with aged red blood cells also leads to an increase in plasma non-transferrin iron and deposition of iron in liver, spleen and kidney (lung was not assessed)59


( ADDIN EN.CITE )
.  The increase in non-transferrin iron requires processing of the red blood cells in macrophages.  The only known transporter for the export of cellular iron is ferroportin. Ferroportin expression is regulated at several levels but the primary control is through the peptide hormone hepcidin61()
.  Hepcidin binds to ferroportin inducing internalization and degradation.  Thus increased levels of hepcidin decrease the release of iron and would be expected to limit the increase in non-transferrin iron that is seen with the transfusion of aged red blood cells.  Hepcidin is secreted by the liver in response to cytokine stimulation, in particular IL-6, and increased levels of IL-6 are associated with systemic hypoferremia. Trauma patients have been shown to have very high levels of hepcidin but the timing of this increase has not been determined62


( ADDIN EN.CITE )
.  It is a reasonable postulate that this follows the rise in plasma IL-6. Following blast exposure in rats there is systemic hypoferremia by 3 hours after the blast which is associated with the rise in plasma IL-614()
. Thus it would appear that the greatest risk of systemic iron loading in casualties with blast lung and polytrauma would be during the first 2-3 hours following the injury prior to the hepcidin mediated hypoferremia. Subsequent to the early loading with iron it is likely that the iron regulatory proteins and elements within the cell lead to an increase in intracellular ferritin the primary binding protein of intracellular iron61


( ADDIN EN.CITE , 63)
.  Studies of the “iron recovery” processes have not been perform in blast lung but Park et al studied rats fed a normal iron sufficient diet and found increases in serum and BAL ferritin cancentrations after hemorrhage. 64()
.  When these animals were fed an iron poor diet they had lower serum ferritin cocentrations and decreased lung inflammation after hemorrhage. 64()
.  Similar increases in BAL ferritin and other iron binding proteins (lactoferrin, transferrin receptor) are seen in patients with ARDS65


( ADDIN EN.CITE )
 and similar studies of iron regulatory responses would be warranted in blast lung. 
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Figure 3: Scheme illustration of the various pathways contributing to and influence 
by the dysregulation of iron handling after blast/trauma/hemorrhage.

Oxidative stress frees iron from intracellular storages sites (ferritin, lysosomes, mitochondria) allowing it to join the labile iron pool (LIP).  Following resuscitation non-transferrin bound iron generated from transfusion of aged red blood cells and/or coming from mesenteric lymph will add to the LIP.  The increase in LIP initiates redox sensitive signaly cascades outlined in the test.  It is expected that this iron will also decrease the levels of HIF-1 and interact with Iron regulatory elements and proteins to initiate recovery of elevated intracellular iron levels. (results include increased production of ferritin).  The increase in LIP also causes release of more asymmetric dimethyl arginine (ADMA that may cause vasoconstriction and increase neutrophil trapping. 

Extracellular iron will also increase as a result of hemoglobin degradation and release from the cell.  This iron is more likely to remain in the ferrous form because of decreased activity of ceruloplasmin.  

4.0
Model of iron dysregulation following blast and hemorrhagic shock 

Based on the available evidence,  we propose the following schema of iron dysregulation following blast and hemorrhagic shock/resuscitation.  

Immediate effects of blast injury to the lung include intraparenchymal hemorrhage and decompartmentalization of cellular iron leading to an increase in labile iron.  This initiates the relocalization of ICAM-1 to the surface of the endothelial cells (before new synthesis) and begins the morphologic changes forming a “docking station” for activated neutrophils.  This also results in the release of ADMA which constricts the pulmonary capillaries trapping circulating neutrophils. Uptake of released iron by alveolar macrophages causes activation and release of chemokines that attract macrophages.   Hemorrhagic shock and resuscitation cause additional oxidative stress that results in further dysregulation of intracellular iron. Plasma iron increases in part as a result of released iron in the mesenteric lymph joining the systemic circulation at the thoracic duct. The levels of non-transferrin iron are greatly increased if resuscitation includes aged red blood cells.  The increase in blood iron leads to further increases intracellular iron in the lung and adds to the initiation of the inflammatory process.  

By 3 hours after the injury, the release of hepcidin by the liver has decreased the expression of ferroportin and decreased plasma iron levels.  

Over the next three days the reabsorption of extravasated blood in the lung provides a continuous source of extracellular iron while it is likely that the intracellular handling of iron has been partially restored by increasing levels of intracellular ferritin. The potentiation of this blast/ trauma resuscitation induced acute lung injury into persistent ARDS is influenced by many other factors, but it is clear that the extent of the initial inflammatory response in the lung after injury has a significant influence on the risk of developing ARDS.  Thus resuscitation strategies that minimize the initial inflammatory response in the lung may make an important difference in reducing the risk of ARDS. 

5.0
Summary 
There is considerable evidence of iron dysregualtion in blast lung as seen in many other forms lung injury. Early after trauma/hemorrhage resuscitation there is a transient increase in plasma levels of iron and these may increase further if aged red blood cells are administered during this time period. The iron released from senescent red blood cells and the iron appearing in mesenteric lymph is not bound to transferrin making it more likely to contribute to the lung burden of labile iron and thus further increasing the inflammatory stimulus.       

6.0
Conclusions

We present here an iron centric view of the pulmonary inflammation after blast in which the greatest risk of increasing the iron load to the lung occurs within the first few hours of resuscitation.  Limiting the oxidative stress by graded fluid resuscitation with appropriate fluids may help.  The benefit/risk ratio of administering inhaled oxygen is still unresolved.  It will increase the oxidative stress, but if there is traumatic brain injury the benefits of improved brain oxygenation may outweigh the risk to the lung66()
. Resuscitation with old red blood cells prior to the hepcidin induced suppression of ferroportin may be particularly harmful. Future studies should determine if abnormalities in iron turnover, signaling or iron responsive elements contribute to the progression and persistence of the lung injury.  Finally, a cautionary comment about the use of iron chelators for the treatment of blast lung. While iron chelation is very appealing as a therapeutic intervention for blast lung, the choice and dosage schedule for the administration of chelators requires careful study.  Tenenbein et al reported fatal lung injury in four patients treated for acute iron poisoning with continuous infusions of desferoxamine for more than 24 hours67()
.  Subsequent study in mice reproduced the effect when animals were treated with high dose desferoxamine and 100% oxygen implicating oxygen radical formation in the injurious process68


( ADDIN EN.CITE )
. This would suggest that the use of different chelators or the combination of chelators and antioxidants may provide wider therapeutic window69


( ADDIN EN.CITE )
.
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