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Abstract

Objectives—Specialized proresolving lipid mediators have emerged as powerful modulators of
inflammation and activators of resolution. Animal models show significant benefits of specialized
proresolving lipid mediators on survival and wound healing after major burn trauma. To date, no
studies have investigated specialized proresolving lipid mediators and their relation to other lipid
mediator pathways in humans after trauma. Here we determine if patients with poor outcomes
after trauma have dysregulated lipid mediator pathways.

Design—We studied blood leukocyte expression of 18 genes critical to the synthesis, signaling,
and metabolism of specialized proresolving lipid mediators and proinflammatory lipid mediators,
and we correlated these expression patterns with clinical outcomes in trauma patients from the
Inflammation and the Host Response to Injury study.

Setting—Seven U.S. medical trauma centers.

Subjects—Ninety-six patients enrolled in the Inflammation and Host Response to Injury study,
after blunt trauma and unambiguously classified as having uncomplicated or complicated
recoveries. Twenty-eight healthy volunteers were enrolled as controls.

Interventions—None.

Measurements and Main Results—Within each patient, the 18 genes of interest were used to
calculate scores for distinct families of lipid mediators, including resolvins, lipoxins,
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prostaglandins, and leukotrienes, as well as leukotriene to resolvin score ratios. Scores were built
using a simple weighting scheme, taking into consideration both dependent and independent
activities of enzymes and receptors responsible for lipid mediator biosynthesis and function.
Individually, ALOX12, PTGS2, PTGES, PTGDS ALOX5AP, LTA4H, FPR2, PTGER2, LTB4R,
HPGD, PTGR1, and CYP4F3 were expressed differentially over 28 days posttrauma between
patients with uncomplicated and complicated recoveries (p < 0.05). When all genes were
combined into scores, patients with uncomplicated recoveries had differential and higher resolvin
scores (p < 0.001) and lower leukotriene scores (p < 0.001). A final combined ratio was calculated
for each patient, and posttrauma leukotriene score to resolvin score ratios were significantly lower
in patients with uncomplicated clinical courses (p < 0.001).

Conclusions—Trauma patients with uncomplicated recoveries had higher resolvin pathway
gene expression and lower gene expression ratios of leukotriene:resolvin pathways. Further
validation of these findings with more complex modeling including measures with specialized
proresolving lipid mediator lipidomics and/or protein expression, and identifying associated
therapeutic targets, may influence the clinical management of trauma patients.

Keywords

gene expression; lipid mediators; outcomes; resolvins; systemic inflammatory response syndrome;
trauma

Severe trauma alters the expression of more than 80% of the leukocyte transcriptome during
the first 28 days after injury, a response referred to as a “genomic storm” (1). Unlike small
injuries that trigger a well-regulated inflammatory cascade to contain infection and stimulate
tissue repair, sepsis, major injury, and critical illness trigger exaggerated innate immune
responses, leading to multiple organ dysfunction beyond the initial time of injury.

In addition to cytokines and growth factors commonly studied in the context of innate
immunity, specialized proresolving lipid mediators (SPM) have emerged as critical for the
control of inflammation and its resolution (2). Proinflammatory lipid mediators arise from
enzymatic metabolism of arachidonic acid by cyclooxygenases (COX) and 5-lipoxygenase
(5-LOX) and include the prostaglandins (PG), which trigger vasodilation, and leukotrienes
(LT), which serve in leukocyte adhesion and chemotaxis (Fig. 1). Their counterparts, SPM
—including lipoxins, resolvins (Rv), protectins, and maresins—are biosynthesized
predominantly via 12- and 15-LOX initiated pathways from arachidonic acid and omega-3
fatty acids (e.g., docosahexaenoic acid [DHA] and eicosapentaenoic acid [EPA]). SPMs
thwart inflammation by inhibiting neutrophil chemotaxis and stimulate resolution through
the recruitment and differentiation of macrophages to clear cell debris and apoptotic
neutrophils from inflamed tissue. The balance between these separate families of lipid
mediators contributes to the persistence or resolution of inflammation and therefore has
potential implications for wound healing, infection control, and organ failure.

SPMs have been well-studied in models of localized inflammation (2—10) and wound
healing (11-13) and in animal models of sepsis (14, 15). Few studies, however, have
explored their role in the systemic inflammatory response to severe trauma in humans.
Supporting the importance of SPM in the immune responses after injury, RvD2 at nanogram
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doses dramatically increases survival in both a rat model of large burn injury and endotoxin
shock and a mouse model of sepsis (14— 16). Elucidating the role of counterregulatory lipid
mediator pathways in the inflammatory response after traumatic injury in humans has
potential ramifications for organ support and clinical recovery.

We hypothesized that patients with worse outcomes after trauma have dysregulated systemic
lipid mediator pathways, particularly, up-regulated proinflammatory lipid mediator
pathways, and down-regulated proresolving lipid mediator pathways. To test our hypothesis,
we studied the expression of genes critical to the synthesis, signaling, and further
metabolism of SPMs and proinflammatory lipid mediators within blood leukocytes. These
expression patterns were correlated with clinical outcomes of trauma patients from the
Inflammation and the Host Response to Injury study.

MATERIALS AND METHODS

Gene Expression Database for Trauma Patients

Inflammation and the Host Response to Injury is a large study that has collected and
analyzed patient blood samples and clinical data with the aim to enhance understanding of
serious injury. Patients were 16-55 years old and treated for severe traumatic injuries at one
of seven U.S. hospitals. Inclusion criteria for the Inflammation and the Host Response to
Injury research database were designed to capture trauma patients at highest risk of
physiologic derangement, multiple organ failure, and death. These inclusion criteria
included the following: age 16 years or older, suffered blunt trauma, arrival to hospital
within 6 hours of injury, shock on presentation (systolic blood pressure less than 90 or base
deficit of at least 6), blood transfusion within 12 hours of injury, and body region
Abbreviated Injury Scale (AIS) score at least 2 (exclusive of brain) (1, 17). Of note, patients
with Glasgow Coma Scale up to 8, with head injury AIS at least 2, and with cervical spine
injuries were excluded from the database, to avoid confounding data with the effects of
neurogenic shock.

Enrolled patients were managed according to standard procedures adopted and audited
across all participating centers to minimize variation in posttrauma treatment, including
early goal-directed resuscitation, strict glycemic control, venous thromboembolism
prophylaxis, appropriate tidal volume ventilation, ventilator-associated pneumonia
management, use of sedation and analgesic, antimicrobial therapy, and restrictive
transfusion guidelines (1, 17).

Of 1,637 patients enrolled in the study, 167 consented to blood sampling which was used for
full genomic profiling using the Affymetrix platform and buffy coat (1). Patients in this
cohort were divided into uncomplicated, complicated, and intermediate groups based on
their clinical outcomes (see Definitions of Complicated and Uncomplicated Recovery
section). To investigate genomic changes at the extremes of clinical recovery, we analyzed
the expression levels of 18 genes in the transcriptome data from the uncomplicated (n = 55)
and complicated (n = 41) patients (96 total), for which the genome-wide expression as well
as the clinical course of recovery has been carefully mapped (1). In addition, we measured
gene expression in 28 healthy controls.
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Blood was sampled within 12 hours of injury (day 0) and at 1, 4, 7, 14, 21, and 28 day(s)
after injury. Genome-wide expression analysis of whole leukocyte buffy coat was performed
using the Affymetrix U133plus2 GeneChip (1). The clinical and laboratory data of the
patients are summarized in Table 1. To manage the variability of the actual days of sample
collection, we defined nominal days based on time intervals posttrauma, as shown in Table
2. Expression values in Figure 2 were normalized to healthy controls. Nonnormalized
expression values are shown in Supplementary Table 2 (Supplemental Digital Content 1,
http://links.lww.com/CCM/B436). The study was approved by the institutional review board
of each institution. In addition to local institutional oversight, Massachusetts General
Hospital reviewed and approved the program’s data center and databases.

Definitions of Complicated and Uncomplicated Recovery

We compared gene expression patterns among patients at the extremes of clinical recovery
as has been done previously (1), by categorizing patients according to their length of
recovery, according to the following criteria:

Uncomplicated (n = 55): Recovery within less than 5 days; maximum modified
Marshall score less than 6.

Complicated (n = 41): Recovery within at least 14 days, no recovery by 28 days, or
death; maximum modified Marshall score more than 6.

Patients who did not meet criteria for either uncomplicated or complicated recovery were
classified as intermediate recovery and were not included in this analysis (n = 71). This
exclusion allowed for a comparison of two unambiguously defined cohorts of patients.

Survival, hospital and ICU lengths of stay, infectious and noninfectious complications, and
maximum modified multiple organ dysfunction (Marshall) scores (18) were followed for all
patients and compared between the uncomplicated and complicated recovery groups.

Genes of Interest

We analyzed blood leukocyte gene expression levels for 18 genes coding for enzymes
involved in the synthesis and degradation of lipid mediators, as well as for their leukocyte
receptors. These 18 genes included all currently identified genes of importance in lipid
mediator pathways (Fig. 1; and Supplementary Table 1, Supplemental Digital Content 1,
http://links.lww.com/CCM/B436). Enzymes and receptors in any given lipid mediator
pathway have synergistic activities; thus, we created scores to evaluate groups of genes
controlling separate lipid mediator pathways. These scores do not attempt to capture actual
measures of pathway activity but rather serve as crude estimators of pathway activity useful
for comparative analyses. The interactions between these genes are scored in the form of
logical operators, where activities of coded entities (i.e., genes of specific enzymes or
receptors) use AND (i.e., multiplication) clauses for dependent and OR (i.e., addition)
clauses for independent activities. For example, to define a resolvin score, we first included
genes pivotal in the synthesis of resolvins, ALOX15 and ALOX5 (Fig. 1). These enzymes
work together in a dependent fashion (AND) for resolvin pathway activation, with further
dependence (AND) on known G-protein-coupled receptors of resolvins, FPR2, GPR32, and
CMKLRY1, which themselves function independently (OR) of each other in resolvin
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signaling. To attribute the degradation of resolvins to specific enzymes, we included the
expression of HPDG and LTB4DH, genes coding for two enzymes that work in parallel,
independent (OR) of each other. The final score was calculated by dividing the activities of
synthesis and signaling entities by the activities of degradation entities: resolvin score =
(ALOX5 x ALOX15 x (FPR2 + GPR32 + CMKLRL1))/(HPGD + PTGR1). These same
principles were applied in the creation of scores for lipoxin, prostaglandin, and leukotriene
pathways, as they appear below.

Statistical Methods

RESULTS

For clinical data, univariate analysis was performed to compare characteristics between
groups using the Student t test for continuous variables and chi-square or Fisher exact test
for categorical variables. Comparisons of gene expression between patients with
complicated and uncomplicated recoveries were assessed with repeated-measures analysis of
variance with a compound symmetric within patient covariance matrix and empirical
(sandwich estimator) SES. Gene scores were divided by 107 prior to analysis in order to
obtain numerical stability in SAS PROC MIXED. An overall F test for any difference
between groups over time and a test for a between-group difference at each day were
included in the analysis.

Patient Outcomes

Patients with uncomplicated and complicated recoveries did not differ significantly in age or
sex (Table 1). The healthy controls matched the age, sex, and race distributions of patients
(~54% men, aged 28.7 £+ 9.4 yr, ~89% Caucasian). When comparing clinical variables
between cohorts, patients in the complicated recovery group had statistically significantly
higher Acute Physiology and Chronic Health Evaluation (APACHE) Il scores, Injury
Severity Scores, volume of crystalloid resuscitation, and blood transfusions in the first 12
hours. There was no difference in base deficit between groups. Patients with complicated
recoveries had higher mortality rates, as well as longer hospital and ICU lengths of stay and
higher modified multiple organ dysfunction (Marshall) scores. Complicated trauma patients
also had statistically significantly higher rates of ventilator-associated pneumonia and other
nosocomial infections, as well as a greater occurrence rate of noninfectious complications
(Table 1).

Control Versus Trauma Patient Data

In the majority of cases, traumatic injury induced a statistically significant change in lipid
mediator pathway gene expression when compared with healthy controls. Patients had
significantly lower expression levels of ALOX12, ALOX15, PTG, PTGDS, PTGER2, and
PTGDR immediately after injury (day 0) compared with controls (data not shown),
indicating a potential initial down-regulation of prostaglandin synthesis (Fig. 1). Levels of
ALOX5, PTGSL, PTGES, ALOX5AP, LTA4H, GPR32, FPR2, CMKLR1, LTB4R, HPGD,
and CYP4F3, meanwhile, were significantly increased compared with controls at
immediately postinjury (day 0; data not shown). The only gene in for which there was not a
statistically significant change early after trauma was PTGR1. As expected, our patient
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cohort had neutrophil and total WBC counts higher than normal ranges for healthy
individuals (data not shown).

Between Individual Gene Expression and Clinical Outcomes

Resolvin Biosynthesis Enzymes—~Proresolving lipid mediators are biosynthesized by
the sequential actions of 15-LOX (ALOX15), 12-LOX (ALOX12), and 5-LOX (ALOX5) on
DHA and arachidonic acid (Fig. 1). Of these genes, only the overall course of leukocyte
ALOX12 expression was different between patients with uncomplicated and complicated
recoveries (overall F test p = 0.0198), although expression on any single day was not
significantly different between the groups (Fig. 2A).

Prostaglandin Biosynthesis Enzymes—Prostanoids PGE, and PGD, are both
proinflammatory and proresolving in self-limited inflammatory responses. They stimulate
vascular leakage that allows leukocytes to transmigrate into tissues but also act as critical
triggers of lipid mediator class switching (19). PGE, and PGD, are synthesized by the
sequential actions of COX-1 (PTGSL) or COX-2 (PTGS2) followed by PGE> synthase
(PTGES) for PGE5 or PGD, synthase (PTGDS) for PGD» (Fig. 1). COX-1 and COX-2 are
also involved in the first step of E-series resolvin synthesis. The overall course of expression
of PTG2, PTGES and PTGDSwere altered between patients with uncomplicated and
complicated recoveries (Fig. 2B). PTGS2 expression was higher in leukocytes of patients
with uncomplicated recoveries and closer to that of healthy controls in the first week
postinjury, compared with patients with complicated recoveries. PTGESexpression, on the
other hand, was slightly higher initially following injury (days 0 and 1) in patients who
experienced complicated recoveries. Total WBC, neutrophil, and monocyte counts were not
significantly different between our patient cohorts over this same time period (data not
shown).

Leukotriene Biosynthesis Enzymes—The potent chemoattractant and
proinflammatory mediator LTBy is synthesized from arachidonic acid by 5-LOX (ALOX5)
acting with 5-LOX activating protein (ALOX5AP), followed by LTA,4 hydrolase (LTA4H)
(Fig. 1). Expression of both ALOX5AP and LTA4H were significantly different over time
between the two patient cohorts (p < 0.05) (Fig. 2C). ALOX5AP expression was lower at
days 1-14 posttrauma in patients with uncomplicated compared with complicated clinical
outcomes, with the largest difference at day 7 (4,964 + 249 vs 7,008 + 272; p < 0.0001).

Lipid Mediator Receptors—D-series resolvin receptor GPR32 (GPR32) (specifically,
for RvD1, RvD3, and RvD5) and RVE1 receptor ChemR23 (CMKLRL) gene expression
were not different overall or at any specific day posttrauma between the two patient cohorts
(Fig. 2D). In contrast, lipoxin receptor ALX/FPR2 (FPR2) gene expression was significantly
different posttrauma between the two groups (overall F test p = 0.03); however, there were
no differences at any particular day (Fig. 2D). Regarding prostaglandin and leukotriene
receptors, both the LTBy4 receptor LTB4R (LTB4R) and the PGE, receptor EP2 (PTGER2)
gene expression were highly significantly different between patients cohorts (Fig. 2D). Both
LTB4R and PTGER2 levels were lower in leukocytes of patients with uncomplicated
outcomes on several days (Fig. 2D). LTB4R levels reached the largest differences at day 7
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between uncomplicated and complicated patients (603 + 35 vs 836 + 31; p < 0.0001).
PTGER2 expression in patients with uncomplicated recoveries was significantly lower by
day 4 compared with patients with complicated recoveries (429 + 21 vs 510 + 28; p = 0.02).
Comparisons at days 21 and 28 should be interpreted with caution, as many patients were
lost to follow up. Only five and two uncomplicated recovery patients, respectively,
participated in analyses at 21 and 28 days (Table 2).

Lipid Mediator Further Metabolism/Inactivation Enzymes—Enzymes that convert
lipid mediators to their mostly less-active further metabolites include 15-prostaglandin
dehydrogenase (HPGD) and eicosanoid oxidoreductase (PTGR1), which often act
sequentially. The CYP450 enzyme, CYP4F3 (CYP4F3), is primarily involved in degradation
of LT. Gene expression of all three of these further metabolism enzymes was significantly
different postinjury between the two cohorts (Fig. 2E). Both HPGD and PRGRL1 expression
was lower in patients with uncomplicated reveries at several sample days between days 1
and 28, indicating a potential lower rate of conversion of lipid mediators. The greatest
differential in expression of a single gene, between patient cohorts, was observed in the case
of HPGD at day 1, which was expressed at lower levels in patients with uncomplicated
recoveries (301 + 28 vs 516 + 61; p = 0.001). However, the overall course of HPGD
expression was only weakly associated with outcome (p = 0.02) (Fig. 2E).

Between Pathway Scores and Clinical Outcomes

Given that lipid mediator levels and bioactivity are the result of multiple components
working in concert, we next developed equations that reflected the multigene nature of each
lipid mediator pathway. We hypothesized that scores considering the formation, signaling,
and degradation of lipid mediators would more accurately reflect inflammatory changes and
their influence on clinical outcome than would expression measurements of isolated genes.

For D-series resolvins, the following equation was developed:

ALOX5 x ALOX15 x (FPR2+GPR32+C’MKLR1))

Resolvin Score=
esolvin Score ( (HPGD+PTGR1)

This algorithm takes into consideration the sequential and dependent nature of 5-LOX and
15-LOX enzymes in the production of resolvins, as well as their known receptors which
function independently of each other, and enzymes that can independently convert resolvins
to inactive further metabolites (20).

Using the same principles, the following equations were developed for lipoxins, PG, and
LT:

Linoxin Score— (ALOX5xALOX 12x(FPR2+ GPR32)
IPOXIN SCOTe= (HPGD+PTGRI) )
. __ (PTGS1xPTGS2x(PTGES+PTGDS)x(PTGER2+PTGDR)
Prostaglandin Score= ( (HPGDPTGRI) ,
: _ (ALOX5x ALOX5APXLTA{Hx LTB4R
Leukotriene Score= ( (HPCDT PTGRI+ CYBIEFS) ) ,
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Patients with worse clinical outcomes had overall significantly lower resolvin scores over
the time course of recovery (p = 0.0003). For individual days, there were significantly higher
resolvin scores at day 21 posttrauma in uncomplicated patients compared with patients with
complicated recoveries (7.23 + 0.41 x 1073 vs 5.08 + 0.55 x 1073; p = 0.002) (Fig. 3).
Similarly, the prostaglandin score was different between the two cohorts posttrauma (p =
0.03), with higher scores at days 4 and 7 posttrauma among uncomplicated patients (1.23 +
0.20 vs 0.622 £ 0.149, p=0.01 at day 4; 3.80 + 1.16 vs 0.80 £ 0.17, p = 0.01 at day 7) (Fig.
3). The lipoxin score, meanwhile, was not significantly associated with outcomes
posttrauma (Fig. 3). Finally, leukotriene scores over the course of recovery posttrauma were
significantly associated with outcome (p = 0.0001). Leukotriene scores were lower between
days 4 and 14 postinjury for patients with uncomplicated recoveries, with the most
significant difference at day 7 (487 + 45 vs 744 + 51; p = 0.0002) (Fig. 3).

Combined Lipid Mediator Score

Considering the opposing effects of LT (proinflammatory) and resolvins (proresolving)
during inflammation, we next questioned if a combined score comparing LT to resolvins
would be most highly associated with clinical course posttrauma. To calculate this value, we
divided the leukotriene score by the resolvin score for each patient at each time point. As
with the pathway scores themselves, this combined score is a crude estimate of pathway
activity that enables relative comparison of the two patient cohorts, rather than a
measurement of pathway activity itself. This combined score takes into account that higher
levels of proinflammatory lipid mediators and lower levels of proresolving lipid mediators
often occur simultaneously in dysregulated inflammation. Posttrauma, the combined ratio of
leukotriene to resolvin score was highly associated with clinical outcome (overall p <
0.0001) (Fig. 4). The leukotriene:resolvin score ratio was lower starting day 1 in patients
with uncomplicated recoveries (3.39 + 0.28 x 10° vs 5.08 + 0.57 x 10°; p = 0.008) and the
difference increased by day 7 (1.26 + 0.17 x 10° vs 2.66 + 0.37 x 10°; p = 0.0007) (Fig. 4).
Scores were comparable by day 28, and in both uncomplicated and complicated patients,
this ratio had decreased close to the values seen in healthy controls. These results indicate
that a high patient score of leukotriene pathway to resolvin pathway gene expression—
indicative of imbalance of inflammatory mediator activity weighted toward a
proinflammatory state—is most powerfully associated with complicated recovery
posttrauma.

DISCUSSION

In this study, we demonstrate that lipid mediator pathway gene expression in blood
leukocytes correlates with clinical outcomes after trauma. We found that the ratio of
expression between endogenous proinflammatory (LT) and proresolving (resolvins) lipid
mediator pathway genes was significantly higher in patients with prolonged, complicated
recovery after blunt trauma. These results suggest that patients with complicated recoveries
have dysregulated lipid mediator signaling, which can be detected as early as 24 hours
postinjury. It is also possible that severe traumatic injury itself may contribute to this
dysregulation of inflammatory mediators, suggested by the lower baseline Injury Severity
Scores and APACHE |1 scores in the uncomplicated recovery group compared with the
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complicated recovery group. Changes in individual lipid mediator pathway genes were
associated with clinical recovery, although to a lesser extent than for any of the
conglomerate scores.

The use of Boolean logic and various weighting schemes has been established in the
analysis of genomic data in the context of existing knowledge about biochemical pathways
(21-23). Here, we applied these concepts in the context of lipid mediator pathways of both
inflammation initiators (LT, prostaglandin) and proresolving (resolving, protectin)
pathways. Our pathway scores capture crude estimates of pathway activity, which provide
values useful for relative comparisons between cohorts.

The data from this study hint at a potential therapeutic role for SPM in protecting against
posttraumatic multiple organ failure. Prior studies in other areas of critical illness support
this theory. For example, randomized controlled trials suggest that administration of 1V fish
oil—which contains DHA and EPA, precursors to SPM—may decrease mortality and
ventilator days in critically ill patients (24, 25). Evidence also suggests that statins and
nonsteroidal anti-inflammatory drugs exert their benefits in part through increased
production of SPM such as LXA, (26). Immunomodulating therapies that restore the
balance of lipid mediators, favoring proresolving SPM, may similarly exert a protective
effect in trauma patients, limiting organ damage from a prolonged inflammatory state.
Furthermore, in recent studies in animals, we found that survival improved significantly
after administration of resolvins to burn-injured and septic rats (16).

Although our analyses reveal associations between time to recovery and lipid mediator
pathway scores within the first week after trauma, scores from later assessment days should
be interpreted with caution. Many patients in the uncomplicated recovery group were lost to
follow up by days 21 and 28, reducing the statistical power for those observations, which
may account for the lack of differences between cohorts at later time points. It remains an
open question whether lipid mediator profiles return to homeostasis in all patients or not, a
point that may be important to study in the context of long-term complications after trauma.
A further drawback to our analyses is the absences of a positive control arm, that is, patients
with systemic inflammatory response syndrome but no traumatic injury (e.g., septic shock).
The fact that complicated patients had higher APACHE |1 scores raises the question of
whether or not critical illness from nontraumatic causes is also associated with lipid
mediator dysregulation and whether such scores as the APACHE Il are predictive of lipid
mediator dysfunction. Our analyses included gene expression of 18 currently known
important enzymes and receptors in lipid mediator pathways, and these analyses could be
significantly shifted by taking into consideration as-yet-unidentified genes of importance.
Finally, future studies on purified cell populations of blood neutrophils and monocytes
would help incorporate cell-cell interactions of lipid mediator biosynthesis into metabolism
equations.

Gene expression analyses, particularly of multiple associated pathway genes, offer insight
into pathway kinetics that cannot be ascertained through direct measurements. However,
despite this strength, gene expression cannot precisely capture the interplay of lipid
mediators in vivo; enzymes exert cumulative effects on substrates over time, and receptors
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may undergo amplification and recycling. Therefore, incorporating measurements of serum
lipid mediator, enzyme activity, and protein expression levels, particularly receptor surface
expression, would complement and further validate the present findings. Lipid mediators are
present in blood and tissue at picomolar to nanomolar concentrations, usually have short
half-lives, and require sophisticated technologies, for example, liquid chromatography mass
spectrometry, for quantification, currently limiting their use in large clinical studies. The
results attained via this study provide preliminary data that substantiate the need for further
investigation in the face of these technical challenges. In the clinical arena, IV n-3 essential
fatty acids (EPA and DHA) supplementation may offer a compelling avenue of research for
trauma patients with significant physiologic derangement.

CONCLUSIONS

We found that trauma patients with complicated courses and worse clinical outcomes have
higher expression ratios of leukotriene pathway genes to resolvin pathway genes. Future
studies are warranted to confirm correlations between lipid mediator levels and clinical
responses in trauma, in particular validating the current findings on the lipid mediator
lipidomic level. If further laboratory work validates our findings, such research,
complemented with clinical studies, could potential identify a therapeutic role of SPMs in
regulating the excessive posttrauma inflammatory response, to the ultimate benefit of
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematics of lipid mediator biosynthesis, degradation, and receptor activation. The lipid

precursors (arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid) and active
lipid mediators are presented in the open boxes. The enzymes involved in synthesis are
presented in blue, with their corresponding genes in parenthesis. Degradation enzymes and
receptors are presented in green and orange, respectively, again with corresponding genes in
parenthesis. Note that distinct lipid mediators share several of enzymes and receptors. ALX
= lipoxin A4 receptor, BLT1 = leukotriene B4 receptor 1, COX = cyclooxygenase, DP =
prostaglandin D, receptor 1, EOR = eicosanoid oxidoreductase, EP2 = prostaglandin E,
receptor 2, LOX = lipoxygenase, LT = leukotriene, LX = lipoxin, MaR = maresin, PD =
protectin, PG = prostaglandin, PTGDS = prostaglandin D, synthase, PTGES = prostaglandin
E, synthase, Rv = resolvin.
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Figure 2.

Individual lipid mediator pathway genes showed minor differences between patients with
uncomplicated (blue dashed line) and complicated (red solid line) recovery from trauma,
including resolvin synthesis enzymes ALOX12, ALOX5, and ALOX15 (A); prostaglandin
synthesis enzymes PTGSL (cyclooxygenase, COX-1), PTGS2 (COX-2), PTGES, and
PTGDS (B); leukotriene synthesis enzymes ALOX5AP and LTA4H (C); lipid mediator
receptors FPR2 (ALX/FPR2), GPR32, CMKLR1 (ChemR23), PTGER2, PTGDR, and
LTB4R (D); and degradation enzymes HPGD (15-prostaglandin dehydrogenase, 15-PGDH),
PTGR1 (eicosanoid oxidoreductase, EOR), and CYP4F3 (E). Expression is normalized to
healthy controls (HC; gray), nonnormalized values are listed in Supplementary Table 2
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(Supplemental Digital Content 1, http://links.lww.com/CCM/B436). Plotted are mean and
SEM. Overall (longitudinal) F test for complicated versus uncomplicated groups given
under each gene title: Tp < 0.05, TTp < 0.001, TT1p < 0.0001. Significant differences
between complicated and uncomplicated groups at specific days denoted by *p < 0.05.
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Figure 3.

Patients without complications (blue dashed lin€) have a higher resolvin and lower
leukotriene scores than patients with complications (red solid ling). Expression is

normalized to healthy controls (HC; gray). Overall (longitudinal) F test for uncomplicated
versus complicated groups given under each score title: Tp < 0.05, tTp < 0.001. Significant
differences between groups at specific days denoted by *p < 0.05.
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Figure 4.
Leukotriene:resolvin gene expression ratio is lower in patients with uncomplicated

recoveries (blue dashed line) compared with those with uncomplicated recoveries (red solid
line). Changes in the ratio within blood leukocytes begin within 24 hr after trauma and
persist for an extended period, up to 14 d in uncomplicated patients and more than 3 weeks
in complicated patients. Expression is normalized to healthy controls (HC; gray). Overall
(longitudinal) F test for uncomplicated versus complicated groups is t11p < 0.0001.
Significant differences between groups at specific days denoted by *p < 0.05.
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Patient Characteristics and Clinical Outcomes

TABLE 1

Variables

Uncomplicated Recovery (<5D; n=
55)

Complicated Recovery (= 14 D, No
Recovery by 28 D, or Death; n = 41)

Demographics
Age, yr
Sex, male (n)

Race, white (n)

32.5+11.2
54.5% (30)
85.45% (47)

34.2+11.1
73.1% (30)
90.2% (37)

Acute care
Acute Physiology and Chronic Health Evaluation 11 24.4+6.0 29.4+5.38
Injury Severity Score 26.2+13.2 35.7+12.62
Total blood administered within the first 12 hr, L 1.7+1.3 3.0+2.78
Total crystalloid within the first 12 hr, L 10.645.7 15.0+9.82
Worst base deficit -9.5+4.1 -11.3+4.7
Outcomes
Survival (n) 100% (55) 83% (34)2
Maximum modified Marshall score 2.9+1.0 8.842.62
Hospital length of stay, d 14.4+12.9 35.5+22.92
ICU length of stay, d 4.8+2.9 25.1+14.62
Complications
Noninfectious complications (n) 5.5% (3) 90.2% (37)@

Nosocomial infections (n)

Ventilator-associated pneumonia (n)

20.0% (11)

1.8% (1)

85.4% (35)2

63.4% (26)2

a . . . . . . .
p < 0.01 complicated vs uncomplicated recovery group by Student t test for continuous variables and chi-square or Fisher exact test for categorical

variables.

Values represent the mean + SD or % and number (n) from total n as appropriate.

Crit Care Med. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Orretal.

Nominal Days and Patient Follow-Up

TABLE 2

No. of Patients

Posttrauma Day Nominal Day Uncomplicated Complicated
0 0 55 41
1,2 1 51 40
3,4,5 4 41 37
6,7,8,9, 10 7 33 35
11, 12, 13, 14, 15, 16, 17 14 10 30
18, 19, 20, 21, 22, 23, 24 21 5 26
25, 26, 27, 28, 29, 30, 31 28 2 20
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