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Abstract

Background—Postshock mesenteric lymph (PSML) is the mechanistic link between splanchnic 

ischemia reperfusion (IR) and remote organ injury. We hypothesize that an unbiased inspection of 

the proteome of PSML will reveal previously unrecognized aberrations in systems biology 

provoked by hemorrhage-induced mesenteric IR injury in vivo.

Methods—Shock was induced in male Sprague-Dawley rats by controlled hemorrhage, and the 

mesenteric duct was cannulated for lymph collection. Preshock and postshock lymph were 

collected for differential in-gel electrophoresis (DIGE)-based proteomics. Proteins that increased 

or decreased in relative concentration ≥1.5-fold were selected for trypsin digestion and analysis by 

mass spectrometry (MS).

Results—Evidence of tissue injury was detected by an increase in cell/tissue proteins in PSML. 

Components of coagulation were depleted, whereas products of hemolysis were increased. 

Haptoglobin was decreased, which supports an early postshock hemolytic process. Interestingly, 

several protective protease inhibitors were decreased in PSML. The unexpected findings were an 

increase in α-enolase (a key glycolitic enzyme and cell-surface plasminogen binding receptor, 

+2.4-fold change) and increased major urinary protein (MUP, a sex-specific lipid-binding protein, 

+17.1-fold change) in PSML.

Conclusion—A proteomic evaluation of PSML revealed evidence of several shock-associated 

processes: protein release from tissue injury, depletion of coagulation factors and evidence of 

hemolysis, depletion of protective protease inhibitors, and an increase in abundance of lipid 

carriers. These results suggest that constitutive changes in the proteome of PSML may provide 

novel insights into the complex pathophysiology of postshock systems biology.
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Multiple organ failure (MOF) remains the leading cause of post-traumatic death after the 

first 24 h following injury.1,2 Mesenteric ischemia reperfusion (IR), subsequent to trauma 

(T)/hemorrhagic shock (HS), is central in the pathogenesis of postinjury organ 

dysfunction. 3 However, the molecular processes involved are not well understood, and to 

date the identification of culprit mediators remains elusive. The failure of advances in 

medical therapy to impact significantly the late mortality associated with trauma is partly 

because of our incomplete understanding of the complex mechanisms by which T/HS 

contributes to remote organ dysfunction.

Experimental work has demonstrated that post-shock mesenteric lymph (PSML) serves as 

the conduit by which causative agents, which are contained in exudates from these stressed 

splanchnic beds, are conveyed to the systemic circulation.4,5 In animal models, the diversion 

of mesenteric lymphatics prior to T/HS attenuates postshock neutrophil priming, pulmonary 

neutrophil sequestration, endothelial adhesion molecule expression, and remote organ 

injury.5–7 We have shown previously that the concentration of proteins, cholesterol, 

triglycerides, and high-density lipoprotein (HDL) in mesenteric lymph are altered after 

T/HS.8 We have also found that gelsolin, which is an actin scavenger and lipid binding 

protein, is depleted in PSML.9 However, each of these studies resulted from hypothesis-

driven biochemical approaches. A mass spectrometry (MS)-based proteomic analysis can 

identify how a tableau of proteins might change at the quantitative and qualitative level. The 

role of PSML as a conduit for the transport of responsible mediators makes it an attractive 

target for MS investigations directed at elucidating the altered proteome after shock. 

Consequently, we hypothesize that an unbiased inspection of the proteome of PSML will 

reveal previously unrecognized aberrations in systems biology provoked by hemorrhage-

induced mesenteric IR injury in vivo.

In this study, we used differential in-gel electrophoresis (DIGE) and MS in an animal model 

of T/HS to determine the early constitutive changes in the proteome of PSML. The results of 

this study reveal evidence of proteomic changes involved in several shock-associated 

processes, which include tissue injury, evidence of hemolyis, depletion of coagulation 

factors, depletion of protective protease inhibitors, and potentially enhanced bioavailability 

of proinflammatory lipids because of an increased abundance of lipid carriers.

MATERIALS AND METHODS

All animal experiments were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee at the University of Colorado Denver. 

Pentobarbital sodium was purchased from Abbott Labs (Chicago, IL). Intramedic 

polyethylene tubing was acquired from Fisher Scientific (Pittsburgh, PA), and heparin was 

purchased from American Pharmaceutical Partner (Schaumburg, IL). The reagents used for 

DIGE experiments were obtained from GE Healthcare (Piscataway, NJ). All other reagents 

were purchased from Sigma-Aldrich Corp. (St. Louis, MO) unless otherwise specified.

Hemorrhagic shock

Sprague-Dawley rats weighing 218 mg to 351 mg (Colorado State University, Fort Collins, 

CO) were housed in a climate-controlled barrier facility with 12-h light/dark cycles and free 
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access to food and water for a period of at least 1 week prior to experimental procedures. 

Anesthesia was given with intraperitoneal injection of 50 mg/kg sodium pentobarbital. Local 

anesthesia was performed with subcutaneous injection of 1% lidocaine. The femoral artery 

and vein were then cannulated with PE 50 tubing, and blood pressure was monitored using a 

ProPaq invasive monitoring device (Welch-Allyn, Skaneateles Falls, NY). A separate skin 

puncture was created to tunnel the catheters prior to closure of the groin incision. A 3-cm 

midline laparotomy was performed to mimic tissue injury with trauma. The bowel was 

eviscerated and rotated to the left, and the mesenteric duct and accessory duct (located 

adjacent to the superior mesenteric artery) were isolated by blunt dissection. The main 

lymphatic duct was cannulated with PE 100 tubing and secured with 7-0 prolene suture; the 

catheter was tunneled posteriorly through the skin. The accessory duct was then ligated with 

suture. After a 1-h period of preshock lymph collection, shock was induced by controlled 

hemorrhage to a mean arterial pressure of 30 mm Hg, which was sustained for 40 min by 

withdrawing or returning shed blood (SB). Body temperature was monitored rectally, and 

euthermia was maintained with a heat lamp. Resuscitation was performed by infusing 2 × 

SB volume in NS over 30 min, followed by ½ SB volume over 30 min, then completed with 

2 × SB volume in NS over 60 min via the femoral vein. Lymph collection continued for 1 h 

after the completion of resuscitation (3rd-h lymph). The animals were then euthanized via 

pentobarbital overdose. Preshock, shock, and postshock lymph samples were collected each 

30 min during the procedure and centrifuged at 5,000 g for 10 min. The supernatant were 

collected and frozen in liquid nitrogen prior to storage at −80°C. Protein quantification was 

performed using the bicinchoninic acid protein analysis method with bovine serum albumin 

standards to create a regression analysis for estimating overall protein concentration for each 

hourly sample.

Lymph sample preparation and protein isolation

Equal fractions of lymph from 3 animals (preshock and postshock) were pooled for 

proteomic analysis. Samples were methanol-chloroform precipitated, and the resulting 

protein pellet was resuspended in room-temperature rehydration buffer overnight.10 Protein 

concentration was quantified using the Bradford assay as previously described.

Cy dye labeling

Three analytical gels (50 µg protein per sample) were run (each representing 1 animal) to 

compare differentially the preshock with postshock (3rd-h) lymph. Additionally, a 

preparative gel was run using 500 µg of protein from pooled preshock lymph and 500 µg of 

protein from pooled postshock lymph from the 3 animals. The dyes were swapped between 

analytical and preparative gels, so that preshock and postshock lymph samples were 

alternatively labeled with either Cy3 or Cy5 to control for any dye-specific labeling artifacts. 

All Cy labeling was performed according to the manufacturer’s protocol, where 200 pmol of 

dye was used to label 50 mg of protein under standard minimal dye labeling conditions.12

Two-dimensional (2-D) electrophoresis

After combining the Cy-labeled preshock and post-shock proteins, the mixture was diluted 

to a total volume of 450 µL with reaction buffer. Samples for both analytical and preparative 

gels were passively rehydrated with Immobiline DryStrips (GE Healthcare) 24 cm pH3-10 
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overnight or for at least 18 h, followed by isoelectric focusing (IEF) using an IPGPhor IEF 

unit. IEF and 2D electrophoresis for analytical and preparative gels was performed using 9–

16% trisglycine gels (Jules Gels, Milford, CT) run at 20 W per gel on the Ettan Dalt System 

for approximately 4–6 h as previously described.13

Gel imaging

Imaging was performed on a Typhoon 9400 Variable Mode Laser Imager (GE 

Healthcare).14 The initial preparative gel was then fixed for 1 h in 7.5% acetic acid/10% 

methanol and stained overnight with Sypro Ruby protein gel stain (Invitrogen/Molecular 

Probes, Eugene, OR). After destaining (7.5% acetic acid/30% methanol), gels were 

reimaged at 100-µm resolution (laser excitation 532 nm, emission 560 nm, LP Gen. Purple).

Data analysis

DeCyder software v 6.5 (Amersham Pharmacia, Piscataway, NJ; GE Healthcare) was used 

for image analysis. The differential in-gel analysis module was used to merge Cy3 and Cy5 

images and to detect spot boundaries. Dust, scratches, and other nonprotein features were 

eliminated prior to calculation of normalized spot volume as previously described.15 The 

preparative image of the gel set was then loaded into the biologic variance module, where 

spots that changed in relative abundance greater than 1.5-fold were identified for spot 

picking and trypsin digestion.

Spot picking

Proteins of interest were robotically excised from the preparative gel using a robotic spot 

picker (Ettan SpotPicker software v 1.10; GE Healthcare) and then transferred to an Ettan 

Digester (software v 1.10; GE Healthcare). Excised spots were washed twice with 100 µL of 

50 mmol/L ammnonium bicarbonate, once with 100 µL of 75% acetonitrile and once with 

100 µL of 100% acetonitrile and left to dry at room temperature.

Tryptic digestion

Excised spots of interest, from the preparative gel, were incubated for 30 min at 4°C with 

sequencing grade modified trypsin in 25 mmol/L ammonium bicarbonate (1:50 wt/wt; 

Promega, Madison, WI). Tryptic digestion of proteins, within the excised spot, proceeded 

for approximately 16 h at room temperature. Samples were then stored at −80°C prior to 

analysis.

Mass spectrometry

For MS analysis, equal parts of sample and α-cyano-4-hydroxycinnamic acid solution (7%) 

were manually spotted onto 100-well or 384-well stainless steel target plates (Applied 

Biosystems, Foster City, CA). Matrix Assisted Laser-Desportion Tandem Time-of-Flight 

(MALDI TOF-TOF) analysis was carried out on either an Applied Biosystems 4700 MS or 

Applied Biosystems 4800 MS. All spectra were processed in Data Explorer v 5.0 (Applied 

Biosystems) and internally calibrated to a minimum of 3 monoisotopic trypsin autolysis 

peaks. Spectra were then used to interrogate sequences in the Swiss-Prot database using 

Mascot Daemon software v 2.2.2 (Matrix Science, Boston, MA) running the Mascot server v 
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2.0. Mass tolerance was set at 100 ppm and 300 ppm for fragment ions and enzyme 

specificity to trypsin. One missed cleavage was allowed per protein, and 

carboxyamidomethylation of cysteine was set as a fixed modification. The oxidation of 

methionine was set as a variable modification. Protein identification, with a P value of <.05, 

required a Protein Prospector best discriminant score of >0.9 and/ or a Mascot score of >70.

RESULTS

A threshold of 1.5-fold change in protein abundance between preshock and postshock was 

chosen to evaluate changes in the proteome of PSML. Using differential in-gel image 

analysis for the 2D gel of Cy3 labeled (green) preshock lymph and Cy5 labeled (red) 

postshock lymph, we identified 55 spots on the gel where proteins changed in relative 

abundance at least 1.5-fold after hemorrhagic shock (Fig 1). In 28 of these spots, the protein 

abundance increased from preshock to postshock, whereas in 27 spots, proteins were 

depleted. Given that equal amounts of preshock and postshock lymph protein were loaded 

for electrophoresis, the differences in abundance after hemorrhagic shock suggests selective 

protein changes in PSML (Fig 2, A and B).

Significant protein identification results (P< .05) by MALDI TOF-TOF MS for the 55 spots 

of interest are shown in Tables I and II. The apparent molecular weight (MW) was estimated 

from the gel images. Many proteins such as fibrinogen, creatine kinase, albumin, and 

complement are known to exist in multiple isoforms, which results in different MWs and/or 

isoelectric points. Consistent with this, we identified several proteins from multiple spots on 

the gel. These proteins could result from splice forms, post-translational modifications, and 

protease cleavage of the translational product listed in the sequence database. Proteins were 

grouped into physiologic classes (nonsecreted intracellular proteins associated with tissue 

injury, coagulation, protease inhibitors, etc) based on gene ontology (Table III). Certain 

proteins such as afamin (P36953, an alpha albumin that carries unknown ligands) or 

transthyretin (P02767, a prealbumin that can carry thyroxine) were not grouped into 

physiologic classes because of limited gene ontology for those proteins. Because of the 

complexity of the complement pathway (as indicated by the numerous complement 

identifications) and its interaction in multiple physiologic processes, these proteins were not 

grouped by physiologic class. Although the findings of this study are exploratory, they 

provide insight into postshock pathophysiology and may be useful in developing 

investigational hypothesis.

Tissue injury can be inferred from the finding that PSML has an increased abundance of 

cellular proteins that should not be secreted. These include parvalbumin-α, carbonic 

anhydrase 3, cytoplasmic malate dehydrogenase, cytoplasmic β-actin, creatine kinase, and 

α-enolase (Table II). Parvalbumin-α (P02625) is a calcium-binding protein of the EF-hand 

type, which functions as an intracellular cytoplasmic calcium sink in excitable cells. In the 

rat, the highest concentrations of this protein are found in muscle and neurons.16 Changes in 

the extracellular concentration of parvalbumin in response to injury or disease have not 

previously been described, and the protein does not seem to be secreted. The finding that 

parvalbumin-α was the protein most increased in PSML (nearly 20-fold) suggests that it 

may serve as a novel marker of injury severity after hemorrhagic shock. Carbonic anhydrase 
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3 (EC 4.2.1.1, P14141) belongs to a family of enzymes that function in the conversion of 

carbon dioxide and water to bicarbonate and protons. This cellular protein was increased 

8.3-fold in PSML. In the rat, carbonic anhydrase III (CAIII) is predominately expressed by 

the liver and type I skeletal muscle fibers with only trace amounts expressed in the heart, 

erythrocytes, and other tissues.17 This enzyme is regulated by androgenic hormones and is 

30-fold greater in male rats than in females.18 In humans, elevated serum CAIII has been 

reported after acute lower extremity ischemia, as a reflection of deteriorating cellular 

integrity.19 Given the tissue specificity and cellular release after acute ischemia, the 

elevation of CAIII after T/HS may serve as a novel biomarker of specific secondary tissue 

injury. Cytoplasmic-malate dehydrogenase (C-MDH) (EC 1.1.1.37, O88989) was elevated 

3.6-fold in PSML. Malate dehydrogenase exists as 2 isozymes, cytoplasmic and 

mitochondrial, which are crucial to cellular metabolism in the malate-aspartate shuttle and 

citric acid cycle.20 Interestingly, both the intestine and liver are represented in the rat tissue 

distribution of C-MDH.21,22 The increased levels of C-MDH in PSML may serve as a 

marker for the severity of mesenteric and/or hepatic ischemia associated with hemorrhagic 

shock. Cytoplasmic β-actin (P60170) is one of 2 nonmuscle cytoskeletal actins and was 

increased 3.2-fold in PSML. Actin monomers may be released from cells during apoptosis 

or cell turnover, or from cell death associated with tissue injury; the extracellular 

environment favors polymerization of actin monomers into filaments.23,24 Experimental 

evidence suggests that if these actin filaments are not removed from the circulation by actin 

scavengers (GC-globulin and gelsolin) and the reticuloendothelial system, then the increased 

intravascular abundance of filamentous actin may contribute to the pathophysiology of acute 

respiratory distress syndrome (ARDS) through microangiopathic mechanisms.24 Previous 

work by our laboratory has shown that gelsolin is depleted in PSML.9 This previously 

reported depletion of actin scavengers, taken with the current findings of elevated actin in 

PSML, suggests a potential contributing mechanism for development of ARDS after trauma/

hemorrhagic shock. Creatine kinase-M (CK-M) (EC 2.7.3.2, P00564) and -B (EC 2.7.3.2, 

P07335) isoforms were found to increase 3.2-fold and 1.8-fold, respectively, in PSML. The 

measurement of CK and its isoenzymes have been employed in the diagnosis and 

management of cardiac injury, myopathies, encephalopathies, musculoskeletal trauma, and 

crush injuries, and these isoenzymes have recently been reported in hemorrhagic shock 

encephalopathy syndrome.25–27 Note that the myocardial isoform is the CK-MB dimer. The 

lack of stoichiometric increase in CK-M and CK-B isoenzymes suggests at least some 

muscle injury other than myocardium. Thus, the assessment of creatine kinase isozymes in 

PSML may serve as a marker of specific tissue injury associated with T/HS. Finally, α-

enolase (EC 4.2.1.11, P04764) was elevated 2.4-fold in PSML. This multifunctional enzyme 

is highly conserved across species and is best known for its role in the glycolytic pathway. 

Endothelial cell expression of α-enolase is increased during chronic hypoxia where cellular 

protection may be conferred by increased aerobic metabolism.28 This enzyme is also 

expressed on the surface of eukaryotic cells where it serves as a strong plasminogen-binding 

receptor. Surface expression of α-enolase in neutrophils, monocytes, T-cells and B-cells is 

dependent on the pathophysiologic condition of the cells and increases after stimulation with 

lipopolysaccharide.29 This function of α-enolase as a plasminogen-binding receptor and the 

initiation of fibrinolytic systems have been implicated in several disease processes, which 

include bacterial infection, tumor formation, and cancer metastasis.30 The impact of 
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circulating α-enolase on coagulation during pathologic states is unknown, but it may have 

significant implications on patient outcome. Assessment of plasma or cerebrospinal fluid 

levels of an alternate enolase isozyme, which is called neuron-specific enolase (γ-enolase), 

has diagnostic or prognostic value in several disease states, including small-cell lung cancer, 

neuroblastoma, pancreatic endocrine tumors, and medullary thyroid cancer, as well as 

traumatic and ischemic brain injury.31,32 Similarly, the assessment of α-enolase levels in 

PSML may be useful as both a marker of injury severity and prognostic factor after T/HS.

Postinjury coagulopathy is critical to the management of the severely injured patient and has 

prognostic implications for outcome after trauma. Although acidosis, hypothermia, and 

hypotension are known to accentuate coagulopathy,33,34 the precise physiologic mechanisms 

remain unknown. Brohi et al35 have reported that acute traumatic coagulopathy may be 

related to an early protein C activation and the subsequent inhibition of thrombin generation, 

which is associated with protein-protein interactions in the clotting cascade, as a result of 

hypoperfusion. In our experimental model, where surgical hemostasis and euthermia are 

controlled, we observed a depletion of fibrinogen-α, -β, -γ, and plasminogen in PSML 

(Table II). Curiously, the observed MW of fibrinogen gamma chain (120 kD) and 

plasminogen (140 kD) seemed to be much larger than the theoretical masses (51 kD and 81 

kD, respectively). This suggests substantial modification of these proteins in mesenteric 

lymph.

We also found evidence for hemolysis in the increase of hemoglobin subunits after T/HS 

and resuscitation. Three distinguishable spots of hemoglobin beta chain, albeit of similar 

mass and pI, were increased in PSML 9.4-fold, 5.9-fold, and 5.5-fold, respectively. 

However, 2 spots for the hemoglobin alpha chain did not increase proportionately. This 

potentially indicates different degradation rates for the hemoglobin heterotetramer after red 

cell lysis. In support of this evidence for hemolysis, haptoglobin (Hp) was decreased in 

PSML. The accession number denotes the primary product of Hp translation, which is a 

single polypeptide that contains both α and β subunits. This protein is modified 

cotranslationally by proteolytic activity in the rough endoplasmic reticulum (RER) and by 

carbohydrate side-chain processing in the RER and golgi, which forms prohaptoglobin. 

Prohaptoglobin is secreted from cells where additional modification by proteolytic enzymes 

in the plasma occurs resulting in the native α2, β2 tetramer.36 Haptoglobin functions in the 

sequestration and processing of free hemoglobin (Hb). Through interaction with the CD163 

scavenger receptor on monocytes and macrophages, the Hp-Hb complex is taken up for Hb 

degradation and iron recycling. Given the role of heme toxicity and iron-generated reactive 

oxygen species, especially during reperfusion injury, the depletion of haptoglobin reveals a 

defensive process that may be overwhelmed after T/HS.

Taken with the observation of increased products of hemolysis (hemoglobin α and β) and 

depletion of haptoglobin, these findings suggest both an early postshock hemolytic process 

and a depletion of coagulation factors associated with splanchnic hypoperfusion. 

Understanding the complex interplay between the coagulation pathways, the fibrinolytic 

system and complement cascades will require more work. However, our findings suggest 

that PSML may be a novel media for investigating the complex pathophysiology of 

postshock coagulopathy.
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Endogenous proteases are emerging as important mediators of inflammation and disease 

processes. In addition to their specific proteolytic activity in physiologic pathways (ie, 

coagulation, digestion, and wound remodeling), proteases such as thrombin, trypsin, and 

tissue kallikreins may function in disease and inflammation via protease-activated receptors. 

This alternate function of endogenous proteases has been implicated in several disease 

states, which include cancer and inflammation of the cardiovascular, respiratory, 

musculoskeletal, gastrointestinal, and nervous systems.37 Excessive activity of proteases in 

vivo is counteracted by inhibitors including serine-protease inhibitors (inter-alpha-inhibitor 

H3 and H4) and alpha-2-macroglobulin.38 In humans with sepsis, a relative depletion of 

inter-alpha-inhibitors or alpa-2-macroglobulin has been associated with increased disease 

severity and mortality.38,39 In this study, we observed a depletion of the protease inhibitors 

alpha-2-macroglobulin, alpha-1-inhibitor 3, and inter-alpha-inhibitor H3 and H4 in PSML 

(Table III). These findings may implicate the loss of protective protease inhibitors and 

subsequent unopposed protease activity in the development of postshock inflammation.

Lipid carriers may play an important role in posttraumatic inflammation by contributing to 

the bioavailability of proinflammatory lipids. Major urinary protein is a fatty-acid-binding 

protein of the lipocalin family.40 Interestingly, it is found only in the urine of adult males.41 

The concentration of other potential lipid carriers was also altered in PSML. We have 

previously found apolipoprotein A-I in lymph by biochemical assay.8 Analysis by MS 

clarifies that apolipoprotein A-I and A-IV are increased in PSML 3.5-fold and 5.17-fold, 

respectively, whereas paradoxically apolipoprotein E is depleted (−3.8). The apolipoprotein 

A-I and A-IV genes are both located on chromosome 8 and are known components of HDL 

and chlylomicrons, which are reported to be anti-inflammatory.42 In contrast, apoliprotein E 

is located on a different chromosome(1) and is involved in low-density lipoprotein 

metabolism. The increase in various albumin species (with apparent molecular weight 

comparable with the theoretical weight) may also contribute to altered lipid transport after 

T/HS.

DISCUSSION

Mesenteric ischemia reperfusion is central in the genesis of postinjury MOF, and PSML 

serves as the conduit by which causative agents from these stressed splanchnic beds are 

conveyed to the circulation.3–5 This critical role of PSML in transporting responsible 

mediators makes it a valuable media for investigating postshock systems biology. The 

results of the current study suggest that constitutive changes in the proteome of PSML, 

which are determined by 2D-DIGE and MS proteomics, can provide novel insights into the 

complex pathophysiology of postshock systems biology.

Research by our laboratory and that of Deitch et al, using animal models of hemorrhagic 

shock, has demonstrated that PSML can incite acute lung injury through mechanisms of 

neutrophil priming, endothelial cell inflammation, and epithelial cell apoptosis; in addition, 

PSML can induce the upregulation of cellular adhesion molecules involved in the systemic 

posttraumatic inflammatory response.4–7 Diversion of the mesenteric lymphatics prior to 

hemorrhagic shock attenuates systemic neutrophil priming as well as pulmonary neutrophil 

sequestration, and it diminishes the severity of postshock lung injury; this supports the role 
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of PSML as a conduit for the transport of mediators responsible for postinjury organ 

dysfunction.4–7 Investigations to identify the specific causative agents contained in PSML 

have implicated both lipids and proteins as potential mediators of this process, which 

include phospholipase-A2 derived lipids43,44 and modified albumin.45,46 However, to date 

the complex molecular pathophysiology remains to be defined, and no single substance has 

been identified to account for the downstream pathology that results from delivery of PSML 

to the systemic circulation.

This study is the first proteomic exploration of PSML, and as such it provides novel findings 

that may be important to expand the understanding of postshock pathophysiology. In 

preliminary comparison of preshock and postshock lymph from individual animals, 

hundreds of proteins are available that change in relative abundance of ≥1.5-fold after T/HS 

(data not shown). The results presented here are limited to those proteins that consistently 

changed in abundance from pooled preshock and postshock samples from 3 animals. This 

finding provides a measure of confidence for the biologic relevance of the proteins we have 

identified. However, a larger sample size may increase the number of spots with significant 

fold change and may allow for a more detailed analysis of the postshock physiology. 

Second, the analysis was restricted to a comparison of lymph sampled before shock and after 

resuscitation. The inclusion of lymph samples obtained during shock could provide a better 

temporal distinction between shock and resuscitation. However, the volumes of lymph 

obtained during the shock period are prohibitively small.8 A comparison of the lymphatic 

proteome with that of plasma is also required to provide a better understanding of whether 

proteins that increase in PSML are released from the mesenteric bed or elsewhere 

systemically. Using the current analytical platform, we could not identify some proteins 

from low-intensity spots on the gel despite having a significant fold change (≥1.5). 

Alternative analytical platforms (nLC-MS/MS) should improve these identifications.

Proteomics studies the panel of proteins present in a cell, organ, or organism at a given 

time,47 and whereas the genome reflects what can happen in a given circumstance, the 

proteome reflects what actually happens.48 The physiologic response to trauma has been 

inferred by many specific proteins, which include acute phase components, cytokines, and 

contents of cellular lysates. The proteome of mesenteric lymph after T/HS is also amenable 

to such characterization. Leak et al49 have compared the proteome of normal mesenteric 

lymph with the proteome of normal plasma in an ovine model.49 Their results indicate that 

in the absence of disease or shock, the proteins present in lymph are quantitatively and 

qualitatively different from those expressed in plasma and that certain proteins are unique to 

the lymph. These findings support the premise that lymph is more than simply an 

ultrafiltrate of plasma. Alterations in the proteome during stress or disease may reflect 

sequelae of a disease state and be useful as biomarkers; alternatively, specific proteins may 

be causative in the pathology and thus potential targets for therapeutics. Thus, characterizing 

the changes in the proteome of mesenteric lymph after T/HS may provide insight into 

postshock path-ophysiology and may aid in the identification of causative agents.

The novel and intriguing molecular processes after hemorrhagic shock implicated in this 

exploratory study include tissue injury, coagulation, hemolysis, loss of protease inhibitors, 

and an increase in lipid carriers (Table II). As anticipated, the evidence of tissue injury was 

Peltz et al. Page 9

Surgery. Author manuscript; available in PMC 2015 February 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



detected by an increase in the abundance of intracellular proteins in PSML. However, 

although creatine kinase and possibly actin have previously been associated with tissue 

injury or ischemia, the others (parvalbumin α, carbonic anhydrase 3, malate dehydrogenase, 

and α-enolase) have not been described in this context. Moreover, apart from the surprising 

role of α-enolase in coagulation and of actin in endothelial inflammation, the extracellular 

effects of these proteins remain unexplored. The discovery of increased androgen regulated 

proteins in PSML (carbonic anhydrase 3 and major urinary protein 1 [MUP1]) was 

unexpected. It is unclear whether these and other undiscovered sex-linked proteins are 

related to the recently described sensitivity of males to hemorrhagic shock.50 Finally, the 

depletion of both the heme scavenger haptoglobin and the antiproteases could lead to new 

areas of therapeutic intervention to reduce iron toxicity and proteolysis in the setting of 

hemorrhagic shock.

Both the consequences of changes in specific protein levels and their subsequent 

contribution to postshock organ dysfunction require additional investigation. However, these 

unique findings may be useful in the development of future investigational hypothesis. It is 

important to consider that although therapies directed at single proteins elaborated as distal 

components of inflammatory cascades may not significantly impact the overall postshock 

pathophysiology, the identification of pathway activation may lead to therapies directed at 

key components involved in the initiation of those cascades. Additionally, effective 

treatment strategies may require the integration of therapeutic efforts against multiple 

aspects of the postshock proteome to generate clinically significant improvements in patient 

outcome. Alternatively, an understanding of the proteomic changes that occur after trauma 

may aid in the development of investigations directed at the epigenetics of trauma and the 

regulation of gene transcription/translation, which results in the observed changes in the 

postshock proteome.

In conclusion, by using a DIGE-MS–based proteomic approach to evaluate the constitutive 

changes in the proteome of PSML, this study provides evidence of several shock-associated 

processes: protein release from tissue injury, depletion of coagulation factors, and evidence 

of hemolysis. Other findings, with potentially profound implications, are (1) an increase in 

α-enolase, a known plasminogen binding receptor and initiator of the fibrinolytic system 

which may contribute to the early coagulopathy associated with trauma; (2) the loss of 

intrinsic protection caused by the depletion of protease inhibitors; and (3) potentially 

enhanced bioavailability of proinflammatory lipids because of the increased abundance of 

lipid carriers (MUP and apolipoproteins). These results suggest novel pathways are involved 

in PSML mediated organ injury and postshock systems biology, and they provide a road 

map for future investigation of postshock pathophysiology.
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Fig 1. 
Two-dimensional–DIGE of preshock and post-shock mesenteric lymph. Two-dimensional–

DIGE illustrates the separation of proteins from preshock and PSML, which are loaded at 

equal protein concentrations, by molecular weight on the y-axis and isoelectric point on the 

x-axis. Preshock proteins are Cy3 labeled (green), whereas postshock proteins are Cy5 

labeled (red). Areas where a given protein was present in approximately the same abundance 

for both preshock and postshock subsequently appear yellow. Spots on the gel where 

proteins changed in relative abundance ≥ 1.5-fold after shock, as determined by difference in 

fluorescent emission from a computerized biologic variance model, were robotically excised 

for trypsin digestion and MS analysis. Numbers correspond to identifications shown in 

Tables I and II, and the white box corresponds to the region shown in Fig 2, A and B.
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Fig 2. 
Matched areas from 2D–DIGE of preshock proteins (A) and postshock proteins (B) showing 

selective protein changes in PSML. Equal amounts of preshock and postshock lymph protein 

were loaded for electrophoresis, and a comparison of matched areas from the preparative gel 

(corresponding to the white box on Fig 1) illustrates that whereas some proteins increased in 

abundance from preshock to postshock (white arrows), other proteins were depleted (black 

arrows).
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Table III

Proteins by physiologic class

Tissue injury Fold change Hemolysis Fold change

Parvalbumin-α +19.7 Hemoglobin-α chain +6.4

Carbonic anhydrase 3 +8.3 Hemoglobin-β chain +9.4

Cytoplasmic malate dehydrogenase +3.6 Haptoglobin −6.9

Cytoplasmic β-actin +3.2

Protease inhibitors

Creatine kinase-M +3.2

Creatine kinase-B +1.8 α-2-Macroglobulin −2.7

α-enolase +2.4 α-1-Inhibitor 3 −2.1

Inter-α-inhibitor H3 −1.8

Inter-α-inhibitor H4 −1.6

Coagulation/fibrinolysis Lipid carrier

Fibrinogen-α −2.1

Fibrinogen-β −2.3 Major urinary protein +17.1

Fibrinogen-γ −12.3 Apolipoprotein A-I +3.5

Plasminogen −1.9 Apolipoprotein A-IV +2.7
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