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Abstract
Background: Coagulopathic bleeding is a major cause of mortality after trauma, and 
platelet dysfunction contributes to this problem. The causes of platelet dysfunction 
are relatively unknown, but a great deal can be learned from the plasma environment 
about the possible pathways involved.
Objective: Describe the changes in plasma proteomic profile associated with platelet 
dysfunction after trauma.
Methods: Citrated blood was collected from severely injured trauma patients at the 
time of their arrival to the Emergency Department. Samples were collected from 110 
patients, and a subset of twenty-four patients was identified by a preserved (n = 12) 
or severely impaired (n = 12) platelet aggregation response to five different agonists. 
Untargeted proteomics was performed by nanoflow liquid chromatography tandem 
mass spectrometry. Protein abundance levels for each patient were normalized to 
total protein concentration to control for hemodilution by crystalloid fluid infusion 
prior to blood draw.
Results: Patients with platelet dysfunction were more severely injured but otherwise 
demographically similar to those with retained platelet function. Of 232 proteins de-
tected, twelve were significantly different between groups. These proteins fall into 
several broad categories related to platelet function, including microvascular obstruc-
tion with platelet activation, immune activation, and protease activation.
Conclusions: This observational study provides a description of the change in prot-
eomic profile associated with platelet dysfunction after trauma and identifies twelve 
proteins with the most profound changes. The pathways involving these proteins are 
salient targets for immediate investigation to better understand platelet dysfunction 
after trauma and identify targets for intervention.
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1  |  BACKGROUND

Trauma is a major cause of morbidity and mortality, accounting for 
more disability-adjusted life-years than malignancy and cardiovas-
cular disease.1 Hemorrhage is the second-leading cause of death 
after trauma,2 and it is the leading cause of preventable death after 
injury.3

Coagulopathic bleeding is a major contributor to death from 
hemorrhage.4–6 Trauma-induced coagulopathy (TIC) is a derange-
ment of normal hemostatic processes that was first defined by plas-
matic tests of coagulation.4,5 The definition of TIC has since become 
less clear, defined sometimes by prothrombin time, sometimes by 
viscoelastic whole blood measurements, and sometimes by clinical 
judgment. However, platelet function has since been found to be an 
important contributor to coagulopathic bleeding after trauma.7,8

The phenotype of platelet dysfunction is multifaceted. It has 
been found to include impaired platelet adhesion, aggregation, and 
contraction.7,9–11 Studies have found impairment of different and 
sometimes conflicting agonist pathways, though the degranulation 
mechanism appears to remain intact.12 The platelet dysfunction 
phenotype may be induced by ligand alteration, surface receptor 
inhibition, receptor shedding, and/or cellular metabolic dysfunc-
tion.8,13 While much of the research in this area focuses on the 
platelet behaviors, a great deal can also be learned from the plasma 
environment after injury, which may directly alter platelet function. 
Studying the changes in the plasma environment using untargeted 
proteomics would provide unbiased insight into the presence of pos-
sible inhibitors of platelet function, changes to their major ligands, 
or other previously unknown pathways affecting platelet function.

Here, we present the changes in plasma proteomic profile as-
sociated with platelet dysfunction in trauma patients. We hypothe-
sized that comparing the plasma of trauma patients with and without 
platelet dysfunction would reveal a proteomic signature of platelet 
dysfunction that could provide insights into the mechanisms under-
lying it. We identified 12 proteins whose levels were significantly 
altered and discuss the implications. These exploratory findings 

should spur further study of the contribution of these proteins and 
their associated pathways to platelet dysfunction after injury.

2  |  METHODS

2.1  |  Patient population

Trauma patients presenting to Harborview Medical Center, a Level 
I trauma center in Seattle, WA, and meeting the criteria in Table 1 
were enrolled at the time of Emergency Department (ED) arrival as 
part of a human subjects board-approved study. Inclusion criteria 
were generally meant to identify acute polytrauma patients not be-
longing to a vulnerable population and without dramatic exogenous 
alteration of the blood. The requirement for highest-level trauma 
team activation was used as an early surrogate for severe injury. The 
institutional criteria for this level of trauma team activation have 
been published previously.14

2.2  |  Sample collection and processing

Blood was collected in 3.2% citrate tubes at the time of arrival to 
the ED using standard methods and existing intravenous catheters. 
Within 2  h of collection, samples were tested for complete blood 
counts and whole blood impedance aggregometry in response to 
each of five agonists (adenosine diphosphate, ADP; arachidonic 
acid, AA; thrombin receptor activating peptide, TRAP; collagen; and 
ristocetin). Samples were then centrifuged at 1200 G for 10 min to 
obtain plasma, which was then frozen at −80°C.

This was part of a larger study collecting samples on 110 pa-
tients measuring platelet function after trauma. Platelet function 
was measured using multiple electrode aggregation (Multiplate) 
immediately after blood draw.15 Platelet function was defined by 
aggregation response to adenosine diphosphate (ADP), arachi-
donic acid (AA), collagen, thrombin-receptor activating peptide 

Essentials

•	 Platelet dysfunction after trauma is common, deleterious, and poorly understood.
•	 Plasma proteomics was performed in 12 trauma patients with and 12 without platelet 

dysfunction.
•	 The abundances of 12 proteins were significantly different between patient groups.
•	 These proteins have several known links to platelet function that are targets for future study.

Inclusion criteria Exclusion criteria

•	 Age ≥18 years
•	 Highest-level trauma team activation13

•	 English-speaking (for consent)
•	 Able to consent

•	 ≥1 unit blood products transfused before 
screening

•	 ≥2 L crystalloid infused before screening
•	 ≥3 h since injury
•	 Incarcerated
•	 Pregnant

TA B L E  1  Inclusion and exclusion 
criteria for patient enrollment
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(TRAP), and ristocetin as the area under the aggregation curve. 
For this study, aggregation responses were divided into quartiles, 
and twelve subjects from the lowest quartile of platelet aggrega-
tion were compared to twelve subjects from the highest platelet 
function quartile. To ensure results were not due to laboratory 
error, patients in the low platelet function were also required to 
have clinical evidence of severe injury (injury severity score >15, 
blood transfusion within 24 h after ED arrival, or death). Because 
no preliminary data regarding plasma proteomics in trauma were 
available to guide a power analysis at the time of data collection, 
this was performed as an exploratory analysis to identify targets 
for future investigation. The decision to include twelve patients in 
each group was based on previous experience that major changes 
in proteomic profile can be detected with similar patient enroll-
ments in trauma.16

2.3  |  Sample preparation and protein digestion

Plasma samples were thawed when ready for mass spectrometry 
analysis. At this time, total protein concentration was measured by 
the Bradford protein assay (Bio-Rad) according to the manufacturer's 
instructions. Bovine serum albumin was used as the standard (Pierce™ 
Bovine Serum Albumin Standard Ampules, ThermoFisher Scientific).

Two isotope-labeled peptides (LSEAEFEVL*K and EAPDLVL*QR, 
L*  =  L-13C615  N, Anaspec) were used as internal standards (IS) to 
ensure samples injected for analysis reflected actual plasma concen-
trations before processing. Ten microliters of each plasma sample 
were mixed with IS and Ultra protease inhibitor (Roche). Samples 
were then processed with a multiple-affinity removal spin car-
tridge-Hu14 (Cat# 5188–6560, Agilent) according to the manufac-
turer's instructions to remove the 14 most abundant plasma proteins 
(albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen, 
alpha2-macroglobulin, alpha1-acid glycoprotein, IgM, apolipoprotein 
AI, apolipoprotein AII, complement C3 and transthyretin). Depletion 
was verified by repeat total protein concentration, which indicated 
that 93±1% of protein was removed. Five micrograms of total protein 
from each depleted plasma sample were reduced with 10 mmol/L 
dithiothreitol for 20  min at 70°C, alkylated with 25  mmol/L iodo-
acetamide for 15 min at room temperature, and then digested with 
sequencing grade modified trypsin (Promega) (1:10 wt/wt, tryp-
sin/protein) in 50  mmol/L Tris (pH 8) containing 5% acetonitrile 
and 1  mmol/L calcium chloride at 37°C overnight. Digestion was 
terminated by acidification with trifluoroacetic acid. The digested 
mixtures were concentrated and desalted with C18 extraction disk 
cartridges, dried under vacuum, and resuspended in 0.1% formic 
acid and 5% acetonitrile for proteomics analysis.

2.4  |  Proteomics analysis

Tryptic peptides from each sample (100  ng/injection) were ana-
lyzed by nanoflow liquid chromatography (nanoLC) electrospray 

ionization tandem mass spectrometry (nano LC-MS/MS) with a 
Thermo Scientific LTQ OrbitrapVelos mass spectrometer coupled to 
a Waters nanoAcquity Ultra Performance LC system. Peptides were 
separated at a flow rate of 300 nl/min on an ACQUITY UPLC M-
Class HSS T3 Column (100 × 0.075 mm, 1.8 μm, Cat# 186008006, 
Waters), using solvent A (0.1% formic acid in water) and solvent B 
(0.1% formic acid in acetonitrile). Peptides were eluted using a linear 
gradient of 5%-25% solvent B over 150  min, 25%–65% solvent B 
over 20 min. The LTQ OrbitrapVelos mass spectrometer was oper-
ated in data-dependent MS/MS acquisition mode with a full scan in 
the Orbitrap, followed by data-dependent MS/MS of the 15 most 
abundant precursor ions. A spray voltage was 3.0 kV, and the colli-
sion energy for MS/MS was 35%. Dynamic exclusion was used for 
30 s after 3 repeats.

Mass spectrometry data were processed with Proteome 
Discoverer 2.4 (Thermo Scientific) software using a default set-
ting and label free quantification work flow. MS/MS spectra were 
searched against the human protein database downloaded from 
UniProt. Search parameters allowed modified thiol residues (fixed 
carbamide methylation and variable methionine sulfoxide) and two 
incomplete cleavage sites with trypsin. The precursor tolerance 
was 10 ppm, and the fragment mass tolerance was 0.6 Da. Protein 
identifications were accepted if false discovery rate (FDR) <1.0%, at 
least 2 unique peptides per protein were detected, and there was a 
protein score >0. Protein abundance was determined by the sum of 
normalized peak area of precursor ions of unique and razor peptides. 
Average area of duplicated analysis was used for further statistical 
analysis.

2.5  |  Gelsolin Enzyme-Linked Immunosorbent 
Assay (ELISA)

The protein found to be the most significantly different between 
groups by proteomics (gelsolin) was tested for confirmation by 
ELISA. Patient plasma gelsolin concentration was calculated using 
a human gelsolin sandwich ELISA kit (Cusabio) per manufacturer in-
structions. One patient each in the platelet dysfunction and control 
groups did not have enough remaining plasma for this test, so these 
data were collected on a total of 11 patients in each group.

2.6  |  Statistical analysis

Because trauma patients receive differing amounts of crystal-
loid fluid, they likely have differing amounts of hemodilution. 
Controlling for this can be difficult, as patients have differing 
blood volumes, and crystalloid fluids are known to rapidly redis-
tribute into the interstitium. We chose to control for hemodilution 
by normalizing the mass spectrometry peak intensity areas (using 
the standard definition17,18) to the patient's corresponding total 
plasma protein concentration, as the best possible method from 
available data.
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For statistical analysis, protein peak area normalized by the above 
methods were entered into MetaboAnalyst 4.0, a web-based soft-
ware suite for metabolomics analysis that has been used for multi-
omics analysis, including proteomics.19 Undetectably low values 
were estimated as half of the lowest detected value for each protein. 
Proteins with greater than half of values missing were excluded from 
analysis. For covariance heatmapping, data were auto-scaled (mean-
centered and divided by standard deviation of each variable). For 
all data, continuous variables were compared by Wilcoxon rank-sum 
test, and dichotomous variables were compared by the chi square 
test. Correlation was determined by Pearsons's r statistic. Statistical 
significance was considered p <.05. As this was an exploratory anal-
ysis, no adjustments were made for multiple comparisons. There is 
no consensus in the literature on the most appropriate method for 
handling multiple comparisons in small, exploratory omics studies. 
However, there is precedent for this approach.20 This is deliberated 
further in the Discussion section below.

3  |  RESULTS

3.1  |  Patient information

Patient demographic, clinical, and laboratory data are summarized 
in Table 2. Compared to patients with high platelet function, those 
with low platelet function were more severely injured and trended 
toward receiving more blood products during entire hospital admis-
sion. As expected, they also trended toward a lower total protein 
concentrations, suggesting more hemodilution. Consistent with 
the method of group allocation, they also exhibited markedly lower 
platelet aggregation response to nearly all agonists tested.

3.2  |  Proteomics

Two hundred thirty-two proteins were identified with the criteria 
listed in the Methods. A detailed list of proteins and peak areas from 
each analysis, as well as processed data with adjustment for hemodi-
lution, are provided as supplemental spreadsheet files in Appendix 
S1 and S2. The raw data are available on Proteome Xchange with 
identifier PXD024370. Among the identified proteins, 12 were 
significantly different between platelet function groups (Figure 1). 
Their data are summarized in Table 3.

To begin to explore clusters of proteins that could be involved in 
common causal pathways, correlations between changes in protein 
abundance between groups are shown in Figure S1. Among the 12 
proteins identified above there was a cluster of strongly co-varying 
proteins that included seven of these proteins: alpha-enolase, histone 
H4, heat shock protein 90-alpha, protein S100-A8, protein S100-A9, 
transketolase, and neutrophil gelatinase-associated lipocalin.

Among the 12 proteins, five decreased and seven increased in 
abundance in association with platelet dysfunction. The five that 
decreased were predominantly plasma proteins, and the seven 

that increased were predominantly intracellular proteins. Two of 
the proteins are involved with pathways that lead to microvascu-
lar obstruction. Approximately half of the proteins are involved in 
inflammatory pathways, and this includes four previously identified 
damage-associated molecular patterns (DAMPs).

3.3  |  Gelsolin ELISA

Plasma gelsolin concentration (median, IQR) was not significantly 
different between platelet dysfunction (17.3, 14.3–27.8 μg/ml) and 
control (22.3, 17.9–52.6  μg/ml) groups (p  =  .200). A simple linear 
regression testing for covariance between ELISA concentration and 
MS peak area resulted in p = .271. In a similar attempt to control for 
hemodilution as was performed with MS peak areas, these gelsolin 
concentrations were normalized to total protein. Normalized gelso-
lin concentrations were not also not significantly different between 
platelet dysfunction (467.8, 300.8–797.7 arbitrary units) and control 
(415.8, 285.1–766.7 arbitrary units) groups (p = 0.870).

4  |  DISCUSSION

To our knowledge, this study is the first to present the changes in the 
plasma proteomic profile associated with platelet dysfunction after 
severe trauma. We identified twelve proteins whose abundance sig-
nificantly change in patients with low platelet function. Interestingly, 
few of the identified proteins have previously described direct links 
to platelet function. However, several themes common to subgroups 
of these proteins could provide insight into the pathophysiology of 
platelet dysfunction after trauma to guide future study.

Two of the proteins could be related to microvascular ob-
struction and platelet activation. Gelsolin was the most markedly 
changed of the twelve proteins, showing a dramatic decrease in 
patients with low platelet function. It is a highly conserved actin-
remodeling protein that acts intracellularly to reshape the actin 
cytoskeleton and, in the plasma, to scavenge actin leaked into 
the blood from tissue damage. After gelsolin solubilizes actin fil-
aments, the gelsolin-actin complexes are then cleared from the 
plasma by an unknown mechanism.21 Plasma gelsolin levels are 
known to decline in trauma and burn patients, and lower levels 
are tied to poor clinical outcomes, but no link to coagulopathy 
has been shown in trauma patients.22–24 Levels also fall in several 
other critical illnesses, suggesting a common pathway.25–27 A pre-
vailing theory is that tissue damage in critical illness leads to actin 
release, which leads to saturation of the actin-scavenging system 
and gelsolin sequestration.28 Thus, low gelsolin levels could both 
serve as a biomarker for tissue damage and signal a decreased 
ability to clear further actin filaments from the blood. This de-
creased actin-clearing capacity could obstruct microvascular flow 
and worsen end-organ damage, leading to a self-perpetuating spi-
ral of cell death. Interestingly, another one of the proteins that 
showed a modest decrease in this study, vitamin D-binding protein 
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(also called “Gc protein”), is also involved in the extracellular actin 
scavenging system, supporting a model of actin toxicity in criti-
cal illness.28 In support of this, injection of globular actin into rats 
leads to microvascular obstruction and microthrombus formation, 
and the culpable intravascular actin filaments complex with two 
proteins: gelsolin and vitamin D-binding protein.29 Furthermore, 

preincubation with supplemental vitamin D-binding protein pre-
vents the damage caused by actin injection. The role of gelsolin in 
platelet function is not well understood, but a few key links have 
been found. First, a gelsolin knockout mouse exhibits decreased 
platelet shape change and activation in response to stimulation 
and prolonged bleeding time after tail snip, though this is likely 

TA B L E  2  Patient demographic, clinical, and laboratory data summary

All patients (n = 24)
High platelet function 
(n = 12)

Low platelet function 
(n = 12)

p 
Value

Demographic data

Age (years) 38 (35–61) 39 (35–52) 37.5 (32–71) .885

% Female 16.7 8.3 25 .273

Clinical data

% Blunt mechanism 87.5 91.7 83.3 .537

% Taking aspirin 0 0 0 .999

Initial HR (bpm) 100 (77–109.5) 93.5 (70.5–106) 100.5 (86–121) .272

Initial SBP (mmHg) 131.5 (120–141) 135 (120.5–151.5) 129.5 (104–136) .419

ISS 20 (13.5–29.5) 13.5 (6–20) 29.5 (21.5–34.5) .002

Crystalloid given prior to enrollment 
(mL)

800 (500–1500) 700 (150–1900) 950 (500–1500) .672

% Transfused in first 24 h 20.8 8.3 33.3 .132

Total in-hospital blood products 
received (units)

0 (0–2.5) 0 (0–0) 0.5 (0–4) .063

% In-hospital mortality 4.2 0 8.3 .307

Laboratory data

Hemoglobin (mg/dl) 13.45 (12.0–14.25) 13.7 (12.95–14.4) 13.2 (11.35–13.85) .175

Platelet count (x109/L) 208 (173–262.5) 208 (177.5–264) 201.5 (168–262.5) .644

PT (s) 14.45 (13.7–16.15) 13.0 (12.75–13.85) 13.45 (12.85–14.05) .451

% PT ≥18 s 12.5 0 25 .064

Initial [lactate] (mmol/L) 2.4 (1.7–4.8) 1.5 (1.2–3.25) 3.3 (1.9–6.8) .117

Initial [ETOH] (mg/dl) 0 (0–0) 0 (0–0) 0 (0–49.5) .626

Total protein (mg/dl) 57.9 (48.4–60.2) 58.7 (55.7–62.9) 54.4 (36.5–59.1) .065

Aggregometry AUC–ADP (AU) 49 (22.5–65) 59.5 (54.5–88.5) 22.5 (12.5–39) .003

Aggregometry AUC–AA (AU) 34 (19–54) 50.5 (28.5–69) 20.5 (8–39) .017

Aggregometry AUC–TRAP (AU) 106 (70.5–124.5) 114.5 (94.5–139.5) 74 (54–117.5) .057

Aggregometry AUC–collagen (AU) 27.5 (12–53.5) 53.5 (30.5–62) 12 (5.5–26) .001

Aggregometry AUC–ristocetin (AU) 28.5 (7–51) 43 (15–55.5) 8.5 (3–44) .099

ROTEM–CT (s) 60.5 (50.5–73) 58.5 (50.5–72.5) 64.5 (51–75) .386

ROTEM–CFT (s) 97 (80–134) 90 (79–110) 99.5 (80.5–150) .355

ROTEM–alpha angle (°) 70 (65–74) 73 (68–74.5) 70 (62–74) .193

ROTEM–MCF (mm) 62 (56–65) 62.5 (59.5–65) 61 (51–65) .309

ROTEM–LI30 (%) 100 (100–100) 100 (100–100) 100 (100–100) .999

PCF (nN) at 2 min perfusion 86.5 (72.7–141.0) 98.7 (82.3–145.6) 82.9 (63.4–133.2) .309

Continuous variables reported as median (IQR).
p values obtained by Wilcoxon rank-sum test for continuous variables and chi-square test for dichotomous variables.
Abbreviations: AA, arachidonic acid; ADP, adenosine diphosphate; AU, arbitrary units; AUC, area under the curve; bpm, beats per minute; CFT, 
clot formation time; CT, clotting time; HR, heart rate; ISS, injury severity score; LI30, lysis index after 30 min by whole blood EXTEM assay; MCF, 
maximum clot firmness; PCF, platelet contractile force after different durations of perfusion through previously described platelet function assay; 
PT, prothrombin time; ROTEM, rotational thromboelastometry whole blood EXTEM assay; SBP, systolic blood pressure; TRAP, thrombin receptor 
activating peptide.15
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due to deficiency of the cytosolic form of gelsolin that facilitates 
cytoskeletal remodeling.30 Second, extracellular actin triggers 
platelet aggregation, primarily by potentiating ADP agonism.31,32 
This suggests low gelsolin levels and accompanying high actin lev-
els could lead to a bleeding phenotype, caused by offsite activa-
tion of platelets, as seen in disseminated intravascular coagulation. 
Synthesizing all of this evidence, gelsolin and possibly the greater 
extravascular actin-scavenging system are salient candidates for 
involvement in coagulopathic bleeding and possibly microvascu-
lar obstruction. These should be an immediate focus for further 
investigation.

Bearing some possible similarities, plasma histone H4 abundance 
was 16-fold higher in patients with platelet dysfunction. Histone H4, 
one of the major deoxyribonucleic acid-packaging proteins, resides 
primarily within cell nuclei but can be released upon cell death. 
Histone H4 released into the blood induces microvascular obstruc-
tion and platelet adhesion, activation, and aggregation, and high 
histone levels in the blood are associated with thrombocytopenia 
in a general population of critically ill patients.33,34 Histone levels 
rise in correlation with poor outcomes and coagulopathy in sepsis 
and in association with acute lung injury after trauma.35–37 Recently, 
histone H4 was found to coat platelets in severely injured trauma pa-
tients and convert them into procoagulant balloons.38 Our findings 
are consistent with this mechanism and underline the importance of 
pursuing this pathway as a possible therapeutic target.

Another common theme among several of the identified pro-
teins was widespread immune activation. Histidine-rich glycopro-
tein (HRG) was markedly decreased in association with platelet 
dysfunction. HRG binds a wide array of ligands and serves many 
roles, including modulating aspects of hemostasis. HRG inhib-
its fibrinolysis by inhibiting plasminogen activation.39 It also 

inactivates the adhesive glycoprotein thrombospondin, leading 
to less adhesive platelets.40 Finally, HRG maintains circulating 
neutrophils in the quiescent state.41 Though not previously linked 
to trauma, low plasma levels have been found in multiple disease 
states,42–45 and supplementation in rodent models of sepsis and 
pancreatitis decreases the development of immunothrombosis 
and improves survival.43,46 The cause of decreased HRG levels 
are unknown, but the effect of low HRG is thought to be related 
to the mitigation of an overwhelming inflammatory response. 
Activated neutrophils have been tied to hemostasis in two ways. 
First, they release neutrophil elastase, a nonspecific protease that 
cleaves and inactivates several proteins critical to hemostasis, in-
cluding platelet glycoprotein Ibα,47 platelet fibrinogen receptor 
αIIbβ3,48 von Willebrand factor (VWF),49,50 fibrin/fibrinogen,51,52 
plasminogen activator inhibitor type 1 (PAI-1),53 and plasmino-
gen.54 Second, the reactive oxygen species released by activated 
neutrophils have complex effects on many hemostasis proteins, 
including VWF,55 the primary VWF-cleaving protease ADAMTS13 
(a disintegrin and metalloprotease with a thrombospondin type 1 
motif, member 13),56 and fibrinogen.16 Combined, these data sug-
gest it is possible that low HRG levels permit fibrinolysis, hyper-
adhesive platelets, and rampant neutrophil activation, resulting in 
oxidation and cleavage by elastase of numerous proteins involved 
in normal platelet function.

Several of the other identified proteins are involved in immune 
activation, though they do not have known direct links to platelet 
function. These include protein S100-A8 and -A9, alpha-enolase, 
heat shock protein 90-alpha, alpha-2-HS-glycoprotein, and neutro-
phil gelatinase-associated lipocalin. While these proteins do not fit 
into any single known pathway, they could represent widespread 
immune activation, which is known to impact primary hemostasis 

F I G U R E  1  Volcano plot depicting fold-change and statistical significance of individual proteins in patients with low vs. high platelet 
function. Dotted horizontal line represents p = .05. Twelve proteins showed a statistically significant p value
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as mentioned above. Indeed, several of these proteins (S100-A8, 
S100-A9, heat shock protein 90-alpha, and histone H4) have 
been identified as DAMPs, intracellular molecules released after 
acute trauma that trigger massive immune activation.57 Notably, 
he S100-A10 protein, which has been previously noted to be de-
ranged in association with hyperfibrinolysis after trauma,58 was no 
different between groups.

A third theme is that the proteins that increased in abundance 
were generally intracellular in origin, while those that decreased 
in abundance were mostly extracellular. The relative abundance 
of intracellular proteins is consistent with widespread tissue dam-
age. Their association with platelet dysfunction could largely be 
explained through DAMP triggering of inflammation, as discussed 
above. The decrease in abundance of plasma proteins, even after 
controlling for hemodilution, could reflect the highly proteolytic en-
vironment that arises after trauma.

Apolipoprotein A-IV, which was lower with platelet dysfunction, 
binds platelet surface receptor αIIbβ3 and inhibits platelet aggrega-
tion.59 It is unclear whether this is through direct inhibition or stabi-
lization of the quiescent state of αIIbβ3, but its role in trauma requires 
further investigation.

Coagulation factor XIII (FXIII) B chain was lower in association 
with platelet dysfunction. Depletion of FXIII B chain from normal 
plasma leads to impaired fibrin cross-linking.60 Although platelets 
contain FXIII in their alpha granules, this cytoplasmic form of FXIII 
does not contain the B chain. The FXIII B chain associates only with 
the plasma form of FXIII and acts as a carrier protein that is shed on 
plasma FXIII activation. There are no known direct links between 
the FXIII B chain and platelet function or trauma. The B chain can 
serve as a marker of thrombin generation, but high levels can also in-
hibit contact pathway activation.61 Together, low FXIII B chain levels 
could link platelet dysfunction with impaired fibrin cross-linking, but 
the causal pathways are currently unknown.

Correlation analysis revealed one cluster of tightly co-varying 
proteins that included seven of the proteins of interest (alpha-
enolase, histone H4, heat shock protein 90-alpha, protein S100-A8, 
protein S100-A9, transketolase, and neutrophil gelatinase-associated 
lipocalin). While not directly tied to a single known pathway, nearly 
all of them fit into the broader category of widespread inflamma-
tory activation. As mentioned above, four of them have been identi-
fied as trauma-induced DAMPs, which are associated with immune 
activation and remote organ injury, though these mechanisms are 

TA B L E  3  Normalized protein abundance, mean fold-change, and p value of the twelve proteins found to be significantly different 
between platelet function groups

Protein

Normalized protein abundance

Mean fold-change (Low vs. High 
Platelet Function Groups) p value

High platelet function 
(n = 12)

Low platelet function 
(n = 12)

Gelsolin 1.48E + 7 (1.32E + 7–
1.71E + 7)

9.70E + 6 (8.27E + 6–
1.19E + 7)

0.68 .002

Transketolase 9.36E + 3 (7.67E + 3–
1.76E + 4)

2.86E + 4 (1.35E + 4–
4.15E + 4)

3.68 .003

Protein S100-A8 2.64E + 4 (8.29E + 3–
2.87E + 4)

4.60E + 4 (2.83E + 4–
6.26E + 4)

5.16 .006

Histone H4 8.47E + 3 (7.62E + 3–
7.10E + 4)

5.72E + 4 (7.20E + 3–
1.50E + 5)

16.10 .007

Histidine-rich glycoprotein 8.30E + 6 (7.11E + 6–
9.45E + 6)

5.00E + 6 (3.50E + 6–
6.04E + 6)

0.64 .008

Protein S100-A9 4.07E + 4 (2.78E + 4–
5.11E + 4)

5.83E + 4 (4.42E + 4–
1.17E + 5)

5.20 .012

Coagulation factor XIII B chain 1.61E + 6 (1.22E + 6–
1.81E + 6)

1.09E + 6 (9.70E + 5–
1.30E + 6)

0.74 .020

Apolipoprotein A-IV 3.28E + 7 (2.46E + 7–
4.04E + 7)

2.30E + 7 (1.67E + 7–
2.58E + 7)

0.76 .024

Alpha-enolase 4.15E + 4 (1.77E + 4–
1.03E + 5)

1.02E + 5 (4.59E + 4–
1.32E + 5)

3.36 .024

Heat shock protein 90-alpha 4.08E + 3 (3.10E + 3–
1.25E + 4)

1.41E + 4 (6.40E + 3–
2.79E + 4)

3.82 .045

Alpha−2-HS-glycoprotein 3.68E + 7 (3.06E + 7–
4.26E + 7)

2.83E + 7 (2.34E + 7–
3.34E + 7)

0.79 .045

Neutrophil gelatinase-associated 
lipocalin

1.36E + 4 (7.72E + 3–
2.06E + 4)

3.44E + 4 (1.42E + 4–
5.99E + 4)

2.24 .045

Normalized protein abundance reported as median (IQR).
p values obtained by Wilcoxon rank-sum test.
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not completely understood. This suggests that DAMP release and 
immune activation trigger platelet dysfunction in addition to their 
other known effects.

Interestingly, many of the proteins identified in this study (in-
cluding gelsolin, apolipoprotein A-IV, and alpha-2-HS-glycoprotein) 
have shown similar alterations in trauma patients with hyperfibrino-
lysis, which has similar risk factors to and often coincides with plate-
let dysfunction.62 Indeed, there is a great deal of interplay between 
platelet function and fibrinolysis. There are likely common causes 
of both disorders after trauma,5 and poor platelet function also in-
creases the susceptibility of a fibrin clot to external lysis.63,64 These 
overlapping results reinforce the importance of these proteins and 
suggest they could be involved in pathways common to both pheno-
types contributing to hemostatic failure.

The gelsolin ELISA data are difficult to interpret, primarily be-
cause the power of these comparisons is unknown. The raw gelsolin 
concentrations had a possible weak trend toward confirming the MS 
data, but after normalization for hemodilution any existing trend dis-
appeared. The gelsolin concentrations we found in these patients 
(platelet dysfunction and control groups both) were comparable to 
the lowest range of gelsolin concentrations in polytrauma patients 
published previously.22,23 They were far below the ranges of healthy 
controls. There are several possible reasons for this, including dif-
ferences in patient populations and number of sample freeze-thaw 
cycles. This likely severely limits the power to detect differences by 
ELISA, compared to the more-sensitive modality of MS. Indeed, as-
suming the previously published mean of 261 μg/ml and standard 
deviation of 104  μg/ml, a total of 52 patients (26 in each group) 
would be required to detect the 0.68-fold change we found by MS 
with 80% power and alpha 0.05. The current sample size of 22 (11 
per group) would have a power of only 43.4% to definitively say 
there is no difference between groups by ELISA.

Weaknesses of this study include the lack of a universal defi-
nition of platelet dysfunction after trauma. The use of combined 
aggregation response is probably a reasonable surrogate for global 
aggregatory function, but it does not directly measure other key 
platelet functions, such as adhesion, degranulation, and contraction. 
A second weakness is the use of total plasma protein concentration 
to control for hemodilution from crystalloid fluid administration. 
Hemodilution is a uniquely challenging issue for proteomic analy-
sis in critical illness, because sicker patients tend to receive more 
crystalloid fluid. It is an important issue to control for, but there is 
no perfect method to do so. While we felt that normalizing to total 
protein concentration was the best method available, it introduces 
variability into the results, which likely reduces the overall power 
of this study to detect differences. Our analysis identified only 232 
proteins total, which is relatively low for a proteomics study. This is 
a result of our decision to have a relatively high threshold for pro-
tein identification. This prioritized accurate protein identification 
but should be acknowledged as potentially limiting additional pro-
tein identification. Another weakness is that the mass spectrometry 
method used is only semi-quantitative. Although it likely accurately 
reflects relative concentrations, which is the most important 

comparison at this stage, it does not show actual plasma concentra-
tions of the molecules in question. Future research will likely need to 
test numerical concentrations for the proteins of most interest. Also, 
our statistical analyses did not adjust for multiple comparisons. This 
was intentional, as the primary goal of this pilot study is to describe 
with a wide view what proteins could be areas for further study. The 
risk of a type II error weighs more heavily against the risk of a type 
I error at this early stage than in later studies, especially given that 
the study has unknown power to detect differences in this novel 
area. There is not a clear consensus in the literature about the most 
appropriate approach to multiple comparisons in exploratory omics 
analyses. However, there is precedent for our approach for the rea-
sons mentioned.20 If we were to adjust for multiple comparisons, 
only gelsolin would remain significantly different between groups. 
However, the other proteins reported likely also warrant further 
investigation. A related limitation is the relatively low number of 
patients included. This pilot study was intended to identify major 
differences between groups, but it is likely underpowered to detect 
some subtler changes in the proteome. A final limitation is that this 
study only represent a single early snapshot in what is probably a 
dynamic progression of plasma proteomic changes. It is focused on 
the critical early phase, during which hemostasis is critically import-
ant, but subsequent changes could be meaningful, particularly to 
patients who subsequently become hypercoagulable.

In conclusion, this study provides a description of the change in 
plasma proteomic profile associated with platelet dysfunction after 
trauma and identifies 12 proteins whose abundance was markedly 
different. Themes in these proteins suggest microvascular obstruc-
tion with platelet activation, tissue damage inducing widespread 
inflammation, and possibly proteolysis are associated with platelet 
dysfunction. The possible roles of these processes and individual 
proteins in platelet dysfunction after injury warrant further inves-
tigation urgently.
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