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Mini-Abstract 

Trauma/hemorrhagic shock are associated with multiple organ dysfunction syndrome 

(MODS). Resolvin D1 (RvD1) is reduced in patients with trauma/MODS and 

administration of synthetic RvD1 reduces the organ injury/dysfunction in rats. These 

RvD1 beneficial effects are due to reduction of NF-κB activation, formation of 

proinflammatory cytokines and neutrophil infiltration into organs. 
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Structured Abstract 

Objectives: To evaluate the potential changes in the plasma levels of resolvin D1 

(RvD1) in patients with trauma and hemorrhage. Having found that trauma results in a 

profound reduction in plasma RvD1 in patients, we have then investigated the effects 

of RvD1 on the organ injury and dysfunction associated with hemorrhagic shock (HS) 

in the rat. 

Summary Background Data: HS is a common cause of death in trauma due to 

excessive systemic inflammation and multiple organ failure. RvD1 is a member of the 

resolvin family of pro-resolution mediators.   

Methods:  Blood samples were drawn from critically injured patients (n=27, ACITII-

prospective observational cohort study) within two hours of injury for targeted liquid 

chromatography tandem mass spectrometry. HS rats (removal of blood to reduce 

arterial pressure to 30±2 mmHg, 90 minutes, followed by resuscitation) were treated 

with RvD1 (0.3 or 1 µg/kg i.v.) or vehicle (n=7). Parameters of organ injury and 

dysfunction were determined.  

Results: Plasma levels of RvD1 (mg/dl) were reduced in patients with trauma+HS 

(0.17±0.08) when compared to healthy volunteers (0.76±0.25) and trauma patients 

(0.62±0.20). In rats with HS, RvD1 attenuated the kidney dysfunction, liver injury, and 

tissue ischemia. RvD1 also reduced activation of the NF-κB pathway and reduced the 

expression of pro-inflammatory proteins such as iNOS, TNF-α, IL-1β and IL-6.  

Conclusions: Plasma RvD1 is reduced in patients with trauma-HS. In rats with HS, 

administration of synthetic RvD1 on resuscitation attenuated the multiple organ failure 

associated with HS by a mechanism that involves inhibition of the activation of NF-κB.  
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Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, 

creatine kinase; iNOS, inducible nitric oxide synthase; HS, hemorrhagic shock; IL-6, 

interleukin 6; MAP, mean arterial pressure; MODS, multiple organ dysfunction 

syndrome; MPO, myeloperoxidase; NF-κB, nuclear factor kappa B; TNF-α, tumour 

necrosis factor-α. 
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INTRODUCTION 

Despite improvements in trauma care, the morbidity and mortality associated with 

trauma remains very high. Approximately 40% of trauma deaths are due to excessive 

bleeding and occur in the first few hours after injury1,2. Severely injured patients that 

do survive the initial insult often develop persistent organ dysfunction associated with 

poor outcome1,3. Multiple organ dysfunction syndrome (MODS) is considered the 

leading cause of death and of poor-quality life after severe trauma3. The resuscitation 

after severe hemorrhage improves tissue perfusion, but also aggravates injury and 

triggers a systemic inflammatory response, both of which contribute to the 

development of MODS4,5. Although the precise mechanism responsible for MODS 

remains to be elucidated, inflammation plays a key role, and the increased release of 

inflammatory cytokines and nitric oxide (NO) importantly contribute to the 

pathophysiology of HS6,7. We have recently demonstrated that pharmacologic 

interventions which either reduce organ injury or increase the resistance of target 

organs against injury attenuate the MODS associated with HS8–11.  

Resolution of inflammation is a physiological active process, which is highly 

coordinated and regulated by several endogenous mediators of protein and lipid 

nature. As such, specialized pro-resolving mediators (SPMs), including lipoxins, 

protectins, maresins and resolvins, do not completely inhibit the inflammatory 

responses, but reprogram the immune response to accelerate resolution of 

inflammation and repair12–14. SPMs exhibit protective roles in several inflammatory 

conditions, including arthritis15,16, sepsis17,18, burn injury19, uveitis20 and edema21.  

Resolvin D1 (RvD1), a bioactive lipid mediator synthesised from docosahexaenoic 

acid, is member of the resolvin family that mediates resolution of inflammation22,23. 
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RvD1 reduces the inflammation and lung injury caused by lipopolysaccharide24, it 

reduces the inflammation in endometriosis25, and improves survival in experimental 

sepsis26. However, therapeutic approaches that mimic or amplify these endogenous 

efforts to resolve inflammation and to initiate repair have not yet been investigated in 

trauma-hemorrhage. Thus, the aim of the present study is to evaluate the changes in 

the plasma levels of RvD1 in patients with severe trauma. Having found that trauma 

and hemorrhagic shock (HS) leads to a significant fall in the plasma levels of RvD1, 

we have then used a reverse-translational approach aimed at investigating the 

potential beneficial effects of synthetic RvD1 in a rat model of HS and MODS. 

METHODS 

Use of Human Subjects—Ethic Statement 

Healthy Volunteers: Volunteers gave written consent in accordance with a Queen Mary 

Research Ethics Committee (QMREC 2014:61) and the Helsinki declaration. Venous 

peripheral blood was collected at indicated intervals from fasting volunteers (n=8) that 

declared not taking NSAIDS for at least 14 days, caffeine and alcohol for at least 24h 

and fatty fish for 48h.  

Trauma Patients: Patients recruited into the Activation of Coagulation and 

Inflammation and Trauma (ACITII) study, a platform prospective observational study 

at an urban major trauma centre, were eligible for inclusion. The National Health 

Service (NHS) Research Ethics Committee (REC) provided ethical approval for this 

study (REC reference 07/Q0603/29). Informed consent for participation was obtained 

from the patient or their next of kin. All adult patients meeting criteria for trauma team 

activation were screened for inclusion. Exclusion criteria consisted of presentation 
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more than two hours after injury, administration of more than 2000 ml crystalloid prior 

to blood sampling, major burns and known bleeding diathesis or immunocompromise.  

Patient Selection: We selected a subset of critically injured patients from the ACITII 

cohort for inclusion into this study based on their injury profile and clinical course. 

Patients with an injury severity score (ISS) of ≥25 resulting from blunt force trauma 

were included (n=27). We excluded patients with severe traumatic brain injury 

(abbreviated injury score >3) and those who died within 48 hours of admission, to 

eliminate the confounding effects of severe head injury on the immune response and 

to focus on patients at risk of MODS.  

Data collection and Blood Sampling: Blood samples were collected immediately on 

arrival in the emergency department and within two hours of injury. Demographic data, 

admission physiology, mechanism of injury and blood product utilisation were collected 

prospectively on admission to hospital by a trained research fellow. HS was defined as 

a base deficit of >6mmol/L on arterial blood gas analysis at the time of sampling for 

RvD1 measurement, as previously described27,28. All patients were followed up daily 

over the first 28 days unless death or hospital discharge occurred sooner. Scores were 

calculated on each day of critical care unit stay. MODS was defined as a sequential 

organ failure assessment (SOFA) score of ≥5 occurring on two or more consecutive 

days, excluding the first 48h of admission, as previously described29–31. Additional 

outcome variables included ventilator and vasopressor utilisation, critical care and 

hospital length of stay, and 28-day mortality. 

RvD1 measurement using targeted liquid chromatography tandem mass spectrometry 
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Peripheral blood from healthy volunteers and patients was drawn into vacutainers 

containing 3.2% sodium citrate (Becton, Dickinson and company, Plymouth, UK) and 

centrifuged at 1500 x g for 10 minutes at room temperature. The plasma fraction was 

isolated and centrifuged again using the same settings before immediate storage at -

80°C. All samples were extracted using solid-phase extraction columns as in32,33. Prior 

to sample extraction, deuterated labelled RvD2 (500 pg per sample) was added to 

facilitate quantification in 4 volumes of cold methanol. Samples were kept at -20°C for 

a minimum of 45 min to allow protein precipitation. Supernatants were subjected to 

solid phase extraction, methyl formate fraction collected, brought to dryness and 

suspended in phase (methanol/water, 1:1, vol/vol) for injection on a Shimadzu LC-

20AD HPLC and a Shimadzu SIL-20AC autoinjector, paired with a QTrap 6500 plus 

(Sciex). An Agilent Poroshell 120 EC-C18 column (100 mm x 4.6 mm x 2.7 μm) was 

kept at 50°C and mediators eluted using a mobile phase consisting of methanol-water-

acetic acid of 20:80:0.01 (vol/vol/vol) that was ramped to 50:50:0.01 (vol/vol/vol) over 

0.5 min and then to 80:20:0.01 (vol/vol/vol) from 2 min to 11 min, maintained till 14.5 

min and then rapidly ramped to 98:2:0.01 (vol/vol/vol) for the next 0.1 min. This was 

subsequently maintained at 98:2:0.01 (vol/vol/vol) for 5.4 min, and the flow rate was 

maintained at 0.5 ml/min. QTrap-6500+ was operated using a multiple reaction 

monitoring method using ion pairs 375 > 141 and 375 > 215 as in32,33. RvD1 was 

identified using established criteria including matching retention time to synthetic and 

authentic materials and at least 6 diagnostic ions32,33. Calibration curves were obtained 

using synthetic compound mixtures at 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50, 100, and 

200 pg that gave linear calibration curves with an r2 values of 0.98–0.99. 

Use of Experimental Animals—Ethic Statement 
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All animal procedures were approved by the Animal Welfare Ethics Review Board 

(AWERB) of Queen Mary University of London (PCF29685) in accordance with Home 

Office guidance on Operation of Animals (Scientific Procedures Act 1986) and Guide 

for Care and Use of Laboratory Animals of the National Research Council. Male Wistar 

rats (Charles River Ltd, UK) weighing 250 to 280 g receiving a standard diet and water 

ad libitum were used. 

Hemorrhagic Shock and Quantification of Organ Injury and Dysfunction  

HS was performed as previously described8,34. Briefly, rats were anesthetized with 

sodium thiopentone (120 mg/kg i.p. maintained using 10 mg/kg i.v.). Blood was 

withdrawn from the right carotid artery and collected with 2 IU/ml of heparin until the 

mean arterial pressure (MAP) reach 30±2 mmHg, which was maintained for 1.5 h. The 

shed blood was kept between 6-10oC. After 1.5h of initiation of hemorrhage, 

resuscitation was performed with the shed blood over a period of 5 min. An infusion of 

Ringer Lactate (1.5 mL/kg/hour; i.v.) was maintained throughout the experiment for a 

total of 4h. The last 3h urine was obtained for the estimation of creatinine clearance. 

Four hours after resuscitation, blood was collected from carotid artery for measurement 

of lactate (Accutrend Plus Meter, Roche Diagnostics, UK) and organ injury parameters 

(IDEXX Ltd, UK), and tissue samples were taken, placed on liquid nitrogen and stored 

at -80oC. Sham-rats were used as control and underwent identical surgical procedures, 

but without hemorrhage. 

Experimental Design  

Forty-two rats were randomly divided into the following groups (n=7 per group): 

sham+vehicle; sham+RvD1 (0.3 µg/kg); sham+RvD1 (1 µg/kg); HS+vehicle; HS+RvD1 
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(0.3 µg/kg) and HS+RvD1 (1 µg/kg). RvD1 was diluted in saline (vehicle) and rats were 

treated (i.v.) upon resuscitation.  

Immunohistochemistry  

Myeloperoxidase positive cells and ICAM-1 were detected through 

immunohistochemistry. Briefly, kidney and liver samples were obtained, fixed and 

processed to obtain 4µm sections. Sections were incubated with 0.03% H2O2 for 

inactivation of endogenous peroxidase (Dako EnVision+ System-HRP-DAB, K4010) 

and were blocked with 10% goat serum (15 min). The slides were then incubated with 

rabbit anti-ICAM-1 antibody (1:100; Cat# ab124760, Abcam, Cambridge, UK, 1 h, room 

temperature) or with rabbit anti-myeloperoxidase antibody (1:25; Cat# ab9535, Abcam, 

Cambridge, UK) for 1 h at 37°C. After washing with PBS, slides were incubated with 

labelled polymer-HRP antibody (Dako EnVision+ System-HRP-DAB, K4010), washed 

and incubated with DAB chromogen solution until a brown precipitate could be 

observed. A negative control was performed through the omission of primary antibody 

(data not shown). Reaction was stopped by immersing slides in water. Counter-

staining was performed with Harris haematoxylin. Images were acquired using 

NanoZoomer Digital Pathology Scanner (Hamamatsu Photonics K.K., Japan) and 

analysed using the NDP Viewer software. The relative quantification of ICAM-1 

immunostaining was achieved through densitometry analysis in 5 randomly selected 

fields (x400) per animal (5 per group) using NIH ImageJ 1.36 imaging software (NIH, 

Bethesda, MD, USA) and it is expressed as arbitrary units. The number of MPO 

positive cells was counted in 10 randomly selected fields (x400) in a double-blinded 

manner. 

Determinations of Cytokines 
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Serum and tissue cytokines TNF-α, IL-1β, IL-6 and IL-10 were determined using 

commercial immunoassay kits (R&D Systems, Minneapolis, MN). 

Western Blot Analysis 

Briefly, kidney and liver samples were homogenized in buffer and centrifuged (4000 

rpm, 5 min, 4oC). To obtain the cytosolic fraction, supernatants were centrifuged 

(14000 rpm, 4oC, 40 min). The pelleted nuclei were re-suspended in extraction buffer 

and centrifuged (14000 rpm, 20 min, 4oC). Protein content was determined on both 

nuclear and cytosolic extracts using bicinchoninic acid (BCA) protein assay (Thermo 

Fisher Scientific Inc, Rockford, IL). Semi-quantitative immunoblot analyses of the 

phosphorylation of IKK𝛼/𝛽, I𝜅B𝛼, nuclear translocation of p65 and expression of iNOS 

were carried out. Equal amounts of proteins were separated by SDS-PAGE and 

electrotransferred to PVDF membrane. After blocking (1h in 5% dry milk solution), 

membranes were incubated with primary antibodies (rabbit anti-NF-kB [1: 1000], rabbit 

anti-IKK𝛼/𝛽 [1:1000], rabbit anti-Ser176/180 IKK𝛼/𝛽 [1:5000], mouse anti-I𝜅B𝛼 [1:1000], 

mouse anti-Ser32/36 I𝜅B𝛼 [1:1000], rabbit anti-iNOS [1:1000]) followed by incubation 

with appropriated HRP-conjugated secondary antibodies. Proteins were detected with 

ECL detection system and quantified by densitometry using analytic software 

(Quantity-One, Bio-Rad, Hercules, CA, USA). Results were normalized with respect to 

densitometric value of tubulin for cytosolic proteins or histone H3 for nuclear proteins. 

Materials 

Unless otherwise stated, all compounds were from Sigma-Aldrich Company Ltd 

(Poole, Dorset, U.K.). Ringer’s Lactate was from Baxter Healthcare Ltd.; sodium 

thiopentone (Thiovet©) from Link Pharmaceuticals (Horsham, UK). The BCA protein 
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assay kit and SuperBlock blocking buffer were from ThermoFisher Scientific Inc. 

(Rockford, USA).  

Statistics  

All figures are expressed as box-and-whisker format showing medians, inter-quartile 

range and full range. The distribution of the data was verified by Shapiro-Wilk normality 

test, and the homogeneity of variances by Bartlett test. When necessary, values were 

transformed into logarithmic values to achieve normality and homogeneity of 

variances. Data were assessed by one-way ANOVA followed by Newman-Keuls post-

hoc test. Data that were not normally distributed were analysed with Kruskal-Wallis 

followed by Dunn’s test. Clinical samples were analysed by Mann Whitney test. A p-

value of less than 0.05 was considered significant. Statistical analysis was carried out 

using GraphPad Prism 5.03 (GraphPad Software, USA). 

RESULTS 

Resolvin D1 is significantly Reduced in Plasma from Trauma Patients who Develop 

Organ Dysfunction.  

Plasma was collected from healthy volunteers (n=8), severely injured trauma patients 

(n=12) and trauma + HS patients (n=15) and the concentrations of RvD1 were 

determined using LC-MS/MS. The median age and sex distribution of the three groups 

was similar. Trauma patients were critically injured [median ISS 38 (IQR 33-44)] but 

received minimal volumes of crystalloid [median 0mL (IQR 0-300)] prior to blood 

sampling. Detailed patient demographics and injury characteristics are reported in 

supplemental table 1 (see Table, Supplemental Digital Content 1). When compared to 

healthy volunteers (HV) and trauma patients (T), patients with concomitant trauma and 



 14 

HS (T+HS) had significantly lower plasma levels of RvD1 (HV: 0.76±0.25; T: 0.62±0.20 

and T+HS 0.17±0.08, p=0.02; Fig. 1). 

Resolvin D1 Reduces Multiple Organ Failure Induced by HS in Rats 

Having demonstrated that patients with T+HS bear marked reduction in RvD1 plasma 

levels, we next explored whether pharmacological intervention with synthetic RvD1 

attenuates the MODS associated with HS in rats. 

Rats subjected to HS developed renal dysfunction as observed by an increase in 

serum creatinine (Fig. 2A) and a decrease in creatinine clearance (Fig. 2B). HS-rats 

also developed significant increases in serum AST (Fig. 2C) and ALT (Fig. 2D), 

indicating the development of liver injury; increases of creatine kinase (CK; Fig. 2E) 

and lactate (Fig. 2F) indicating the development of muscular injury and tissue/organ 

ischemia, respectively. Administration of RvD1 upon resuscitation (after a period of 

prolonged hemorrhage) resulted in a dose-dependent reduction in the organ 

injury/dysfunction. No differences in heart rate and urine output were observed among 

any of the groups studied (see Supplemental Table 2, Supplemental Digital Content 

2). As the higher dose of 1 µg/kg of RvD1 showed the largest beneficial effect, we used 

kidney and liver biopsies of HS-animals treated with either vehicle or 1µg/kg of RvD1 

to investigate the mechanism(s) of the observed beneficial effects of RvD1 in 

experimental HS. Administration of RvD1 to sham-animals had no significant effect on 

any of the parameters evaluated (data not shown). 

Resolvin D1 Reduces MPO Positive Cells and ICAM-1 Expression in Liver and Kidney 

When compared to sections of both kidneys and livers of sham rats, those of HS-rats 

treated with vehicle showed a significant increase in cells expressing MPO (a specific 

marker of local neutrophil accumulation) and a significant upregulation of the adhesion 
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molecule ICAM-1, which is the endothelial ligand for the neutrophil receptor 

CD11b/CD18, in both kidney (Figs. 3A, B, E and Figs. 4A, B, E) and liver (Figs. 3F, G, 

J and Figs. 4F, G, J). The treatment of HS-rats with RvD1 significantly reduced the 

markers of neutrophil infiltration (Figs. 3D, E, I, J and Figs. 4D, E, I, J). 

Resolvin D1 Attenuates the Activation of the NF-B Pathway 

When compared to sham animals, rats subjected to HS developed a significant 

increase in the phosphorylation of IKKαβ (Figs. 5A and D), IκBα (Figs. 5B and E) 

resulting in a nuclear translocation of the p65 NF-κB subunit (Figs. 5C, F) in the kidney 

(Figs. 5A-C) and liver (Figs. 5D-F) suggesting significant activation of the NF-κB 

pathway in both organs. Treatment of the HS-rats with RvD1 on resuscitation 

significantly attenuated the phosphorylation of IKKαβ, IκBα and the translocation of the 

p65 NF-κB subunit to the nucleus in both organs (Fig. 5). 

Resolvin D1 Reduces Pro-inflammatory proteins Induced by HS 

As RvD1 decreased the nuclear translocation of p65 NF-κB, we investigated the effects 

of RvD1 on the expression of NF-κB-dependent pro-inflammatory proteins. Kidney 

biopsies from HS rats exhibited a significant increase in iNOS expression (Fig. 6A) and 

in the concentrations of the pro-inflammatory cytokines TNF-α (Fig. 7E), IL-1β (Fig. 7F) 

and IL-6 (Fig. 7G). In the liver, only iNOS expression (Fig. 6B) and IL-1 β (Fig. 1J) 

levels were significantly higher than in the livers obtained from sham-animals. When 

compared to sham animals, HS also resulted in a significant increase in the pro-

inflammatory cytokines TNF-α (Fig. 7A), IL-1β (Fig. 7B) and IL-6 (Fig. 7C), and in the 

anti-inflammatory cytokine IL-10 (Fig. 7D) in the blood. Treatment of HS-rats with RvD1 

significantly attenuated the observed increases in tissue/blood cytokines and iNOS 
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expression caused by HS (Fig. 6 and Fig. 7). It should be noted that treatment of sham-

rats with RvD1 had no significant effect on any of the parameters measured.  

DISCUSSION 

We report here for the first time that trauma patients who experienced significant 

hemorrhage had a significant reduction in the plasma levels of the pro-resolution 

mediator RvD1. As there is good evidence that RvD1 is a powerful, pro-resolving 

mediator in man12–14,35, we postulated that a reduction in endogenous levels of RvD1 

could contribute to excessive systemic inflammation and organ injury/dysfunction. To 

investigate this hypothesis, we have used a reverse-translational approach (from 

humans to rodents) in which we have investigated the potential beneficial effects of 

synthetic RvD1 in a well-established rat model of HS, previously reported in this 

journal8,11. Most notably, we report here that administration of RvD1 on resuscitation 

(following a 90 min period of severe hemorrhage) attenuated HS-induced systemic 

inflammation and organ injury/dysfunction (renal dysfunction, liver injury, 

skeletomuscular injury and tissue hypoxia).  

What, then, are the mechanisms by which RvD1 reduces both systemic inflammation 

and organ injury/dysfunction in experimental HS? There is now very good evidence 

that RvD1 has potent anti-inflammatory effects: specifically, RvD1 reduces 

polymorphonuclear leukocyte infiltration36, inhibits activation of the NF-κB pathway24,37 

and reduces the formation of pro-inflammatory cytokines38. However, so far, none of 

these beneficial effects of RvD1 have been demonstrated in settings of HS. Here we 

demonstrated, that the MODS-related activation of NF-κB cascade (measured as 

IKKα/β phosphorylation, IκBα phosphorylation and nuclear translocation of p65) in 

kidney and liver, and the following enhanced formation of many NF-κB-dependent 
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proteins including TNF-α, IL-1β, IL-6, IL-10 (kidney, liver, serum) and iNOS (in kidney, 

liver), are strongly inhibited by RvD1 administration. Taken together, these findings not 

only further confirm the key role of NF-κB activation in the pathophysiology of the 

MODS in HS, but, most notably, form the basis for our current working hypothesis that 

the observed reduction in MODS afforded by RvD1 is secondary to inhibition of NF-

κB. We have not investigated the detailed mechanism(s) by which RvD1 inhibits the 

activation of NF-κB, thus we cannot rule out potential indirect effects due to RvD1 

interference with other inflammatory cascades. Nevertheless, the pro-resolving effects 

of RvD1 are known to be secondary to interactions with the receptors ALX/FPR2 and/or 

GPR32, whose activation has been demonstrated to directly downregulate NF-κB p65 

nuclear translocation39–41. Indeed, there is evidence in both human endothelial and 

epithelial cells42,43 which supports the view that activation of either ALX/FPR2 or 

GPR32 by RvD1 results in inhibition of nuclear translocation of p65, whereas the pre-

treatment of these cells with specific ALX/FPR2 antagonists or a GPR32-neutralizing 

Ab abolished the inhibition of NF-κB afforded by RvD1 in these cells in vitro. Thus, we 

speculate that the inhibition of NF-κB afforded in our study by RvD1 administration is 

also secondary to activation of ALX/ FPR2 and/or GPR32. 

There is good evidence that excessive formation of the proinflammatory cytokines 

TNF-α, IL-1β and IL-6 contribute to both development of MODS and mortality in 

HS34,44–46. We report here that administration of RvD1 on resuscitation attenuated the 

HS-induced formation of these proinflammatory cytokines. RvD1 treatment has also 

attenuated the increase of the anti-inflammatory cytokine IL-10 caused by HS in rats, 

and reduction in IL-10 improves outcome in experimental HS9. In patients with trauma-

HS, increases in IL-10 are associated with immunosupression and delayed clinical 

recovery47,48, Thus, the reduction of IL-10 may have contributed to the beneficial 
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effects of RvD1 in HS. Our result corroborate previous studies reporting that RvD1 

reduces IL-10 formation in septic shock49. 

The formation of proinflammatory cytokines including TNF-α and IL-1β drives the 

expression of iNOS in many disease states. There is good evidence that the excessive 

formation of nitric oxide by iNOS contributes to the development of MODS in rodents 

with HS and that inhibition of iNOS activity reduces MODS6–9. We report here that 

RvD1 abolishes the expression of iNOS caused by HS in the kidney and attenuates 

the expression caused by HS in the liver. Thus, we propose that prevention of the 

expression of iNOS importantly contributes to the beneficial effects of RvD1. 

Neutrophils play a key role in the MODS associated with HS. Neutrophils bind to ICAM-

1 expressed on endothelial cells and drives the recruitment of neutrophils into tissues; 

these neutrophils cause direct local cytotoxic cellular effects through the release of 

mediators such as reactive oxygen species, nitric oxide, cytokines and MPO45. We 

report here that the reduction in MODS afforded by RvD1 is associated with a reduced 

recruitment of neutrophils to target organs (kidney and liver) and this was due to 

reduced expression of ICAM-1 in these tissues. These protective actions of RvD1 are 

also in line with findings made during ischemia-reperfusion injury as well as with 

primary human leukocytes where RvD1 was found to regulate neutrophil recruitment 

and protect against neutrophil mediated organ injury40,50. 

Limitations of the study: Although the improvement of organ dysfunction by RvD1 is an 

interesting finding, we have evaluated the animals in a short follow-up and in a single 

time-point (4 h after surgery). We have also not investigated the effects of RvD1 on 

other important organs involved in the MODS associated with HS including the lungs 

and the heart or in mortality rate. Thus, the results must be cautiously interpreted and 
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carefully extrapolated to a clinical situation. Further studies in in vivo HS survival 

protocols and in larger cohorts of trauma patients are required to assess the 

relationships between RvD1 and clinical outcomes in humans, including measurement 

of RvD1 kinetics over time. 

In summary, this paper shows that the development of MODS in patients with severe 

trauma/HS is associated with low plasma levels of RvD1. This finding formed the basis 

for our hypothesis that a restoration of higher plasma levels of RvD1 may reduce the 

MODS associated with trauma/HS. Indeed, administration of RvD1 on resuscitation 

(after a 90-min period of severe hemorrhage) reduced the organ dysfunction and injury 

as well as the local and systemic inflammation associated with HS. We propose that 

these beneficial effects of RvD1 are secondary to inhibition of the activation of NF-κB 

resulting in reduced formation of pro-inflammatory cytokines, NO from iNOS and 

neutrophil recruitment into target tissues (secondary to expression of ICAM-1). Thus, 

we believe that the reduction of MODS by RvD1 in the rodent model used here may 

be useful in the development of a preclinical dossier with the ultimate aim to evaluate 

RvD1 in patients with trauma-hemorrhage. 

REFERENCES 

1.  Dimaggio C, Ayoung-Chee P, Shinseki M, et al. Traumatic injury in the United 

States: In-patient epidemiology 2000-2011. Injury. 2016;47:1393–1403. 

2.  Krug EG, Sharma GK, Lozano R. The global burden of injuries. Am J Public 

Health. 2000;90:523–526. 

3.  Mira JC, Cuschieri J, Ozrazgat-Baslanti T, et al. The Epidemiology of Chronic 

Critical Illness After Severe Traumatic Injury at Two-Level One Trauma 

Centers. Crit Care Med. 2017;45:1989–1996. 



 20 

4.  Eltzschig HK, Eckle T. Ischemia and reperfusion—from mechanism to 

translation. Nat Med. 2011;17:1391–1401. 

5.  Jarrar D, Chaudry IH, Wang P. Organ dysfunction following hemorrhage and 

sepsis: mechanisms and therapeutic approaches. Int J Mol Med. 1999;4:575–

583. 

6.  Thiemermann C, Szabó C, Mitchell J a, et al. Vascular hyporeactivity to 

vasoconstrictor agents and hemodynamic decompensation in hemorrhagic 

shock is mediated by nitric oxide. Proc Natl Acad Sci U S A. 1993;90:267–271. 

7.  Huber-Lang M, Lambris JD, Ward PA. Innate immune responses to trauma. 

Nat Immunol. 2018;19:327–341. 

8.  Sordi R, Nandra KK, Chiazza F, et al. Artesunate protects against the organ 

injury and dysfunction induced by severe hemorrhage and resuscitation. Ann 

Surg. 2017;265:408–417. 

9.  Sordi R, Chiazza F, Johnson FL, et al. Inhibition of IkB kinase attenuates the 

organ injury and dysfunction associated with hemorrhagic shock. Mol Med. 

2015;21:563–575. 

10.  Sordi R, Chiazza F, Collino M, et al. Neuronal nitric oxide synthase is involved 

in vascular hyporeactivity and multiple organ dysfunction associated with 

hemorrhagic shock. Shock. 2016;45:525–533. 

11.  Yamada N, Martin LB, Zechendorf E, et al. Novel Synthetic, Host-defense 

Peptide Protects Against Organ Injury/Dysfunction in a Rat Model of Severe 

Hemorrhagic Shock. Ann Surg.;XX . Epub ahead of print 2017. DOI: 

10.1097/SLA.0000000000002186. 



 21 

12.  Gilroy DW, Lawrence T, Perretti M, et al. Inflammatory resolution: new 

opportunities for drug discovery. Nat Rev Drug Discov. 2004;3:401–16. 

13.  Serhan CN, Yacoubian S, Yang R. Anti-inflammatory and proresolving lipid 

mediators. Annu Rev Pathol. 2008;3:279–312. 

14.  Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-

inflammatory and pro-resolution lipid mediators. Nat Rev Immunol. 

2008;8:349–61. 

15.  Norling L V., Headland SE, Dalli J, et al. Proresolving and cartilage-protective 

actions of resolvin D1 in inflammatory arthritis. JCI Insight. 2016;1:1–17. 

16.  Xu ZZ, Ji RR. Resolvins are potent analgesics for arthritic pain. Br J 

Pharmacol. 2011;164:274–277. 

17.  Spite M, Norling L V, Summers L, et al. Resolvin D2 is a potent regulator of 

leukocytes and controls microbial sepsis. Nature. 2009;461:1287–91. 

18.  Sordi R, Jr OM, Horewicz V, et al. Dual role of lipoxin A 4 in pneumosepsis 

pathogenesis. Int Immunopharmacol. 2013;17:283–292. 

19.  Inoue Y, Yu Y, Kurihara T, et al. Kidney and liver injuries after major burns in 

rats are prevented by Resolvin D2. 2016;44:e241–e252. 

20.  Settimio R, Clara DF, Franca F, et al. Resolvin D1 Reduces the 

Immunoinflammatory Response of the Rat Eye following Uveitis. Mediators 

Inflamm. 2012;2012:318621. 

21.  Menezes-de-Lima O, Kassuya CAL, Nascimento AFZ, et al. Lipoxin A4 inhibits 

acute edema in mice: Implications for the anti-edematogenic mechanism 

induced by aspirin. Prostaglandins Other Lipid Mediat. 2006;80:123–135. 



 22 

22.  Serhan CN, Brain SD, Buckley CD, et al. Resolution of inflammation: state of 

the art, definitions and terms. FASEB J. 2007;21:325–32. 

23.  Serhan CN, Savill J. Resolution of inflammation: the beginning programs the 

end. Nat Immunol. 2005;6:1191–7. 

24.  Liao Z, Dong J, Wu W, et al. Resolvin D1 attenuates inflammation in 

lipopolysaccharide-induced acute lung injury through a process involving the 

PPARγ/NF-κB pathway. Respir Res. 2012;13:1. 

25.  Dmitrieva N, Suess G, Shirley R. Resolvins RvD1 and 17(R)-RvD1 alleviate 

signs of inflammation in a rat model of endometriosis. Fertil Steril. 

2014;102:1191–1196. 

26.  Chen F, Fan XH, Wu YP, et al. Resolvin D1 improves survival in experimental 

sepsis through reducing bacterial load and preventing excessive activation of 

inflammatory response. Eur J Clin Microbiol Infect Dis. 2014;33:457–464. 

27.  Cohen MJ, Carles M, Brohi K, et al. Early release of soluble receptor for 

advanced glycation endproducts after severe trauma in humans. J Trauma - Inj 

Infect Crit Care. 2010;68:1273–1278. 

28.  Cohen MJ, Call M, Nelson M, et al. Critical Role of Activated Protein C in Early 

Coagulopathy and Later Organ Failure, Infection and Death in Trauma 

Patients. Ann Surg. 2011;255:379–385. 

29.  Ciesla DJ, Moore EE, Johnson JL, et al. Multiple organ dysfunction during 

resuscitation is not postinjury multiple organ failure. Arch Surg. 2004;139:590–

595. 

30.  Cabrera CP, Manson J, Shepherd JM, et al. Signatures of inflammation and 



 23 

impending multiple organ dysfunction in the hyperacute phase of trauma: A 

prospective cohort study. PLoS Med. 2017;14:1–21. 

31.  Antonelli M, Moreno R, Vincent JL, et al. Application of SOFA score to trauma 

patients. Intensive Care Med. 1999;25:389–394. 

32.  Dalli J, Colas RA, Serhan CN. Novel n-3 immunoresolvents: Structures and 

actions. Sci Rep. 2013;3:1–13. 

33.  Rathod KS, Kapil V, Velmurugan S, et al. Accelerated resolution of 

inflammation underlies sex differences in inflammatory responses in humans. J 

Clin Invest. 2017;127:169–182. 

34.  Sordi R, Chiazza F, Patel NSA, et al. “Preconditioning” with low dose 

lipopolysaccharide aggravates the organ injury/dysfunction caused by 

hemorrhagic shock in rats. PLoS One. 2015;10:1–15. 

35.  Motwani MP, Colas RA, George MJ, et al. Pro-resolving mediators promote 

resolution in a human skin model of UV-killed Escherichia coli–driven acute 

inflammation. J Clin Investig Insight. 2018;3:1–14. 

36.  Serhan CN, Hong S, Gronert K, et al. Resolvins: a family of bioactive products 

of omega-3 fatty acid transformation circuits initiated by aspirin treatment that 

counter proinflammation signals. J Exp Med. 2002;196:1025–1037. 

37.  Zhao YL, Zhang L, Yang YY, et al. Resolvin D1 protects lipopolysaccharide-

induced acute kidney injury by down-regulating nuclear factor-kappa B signal 

and inhibiting apoptosis. Chin Med J (Engl). 2016;129:1100–1107. 

38.  Lima-Garcia JF, Dutra RC, Da Silva KABS, et al. The precursor of resolvin D 

series and aspirin-triggered resolvin D1 display anti-hyperalgesic properties in 



 24 

adjuvant-induced arthritis in rats. Br J Pharmacol. 2011;164:278–293. 

39.  Krishnamoorthy S, Recchiuti A, Chiang N, et al. Resolvin D1 binds human 

phagocytes with evidence for proresolving receptors. Proc Natl Acad Sci U S 

A. 2010;107:1660–5. 

40.  Norling L V., Dalli J, Flower RJ, et al. Resolvin D1 limits polymorphonuclear 

leukocyte recruitment to inflammatory loci: Receptor-dependent actions. 

Arterioscler Thromb Vasc Biol. 2012;32:1970–1978. 

41.  Ramon S, Bancos S, Serhan CN, et al. Lipoxin A4 modulates adaptive 

immunity by decreasing memory B-cell responses via an ALX/FPR2-dependent 

mechanism. Eur J Immunol. 2014;44:357–369. 

42.  Chattopadhyay R, Mani AM, Singh NK, et al. Resolvin D1 blocks H2O2-

mediated inhibitory crosstalk between SHP2 and PP2A and suppresses 

endothelial-monocyte interactions. Free Radic Biol Med. 2018;117:119–131. 

43.  Hsiao H-M, Thatcher TH, Levy EP, et al. Resolvin D1 Attenuates Polyinosinic-

Polycytidylic Acid–Induced Inflammatory Signaling in Human Airway Epithelial 

Cells via TAK1. J Immunol. 2014;193:4980–4987. 

44.  Zhang Y, Zhang J, Korff S, et al. Delayed neutralization of interleukin 6 reduces 

organ injury, selectively suppresses inflammatory mediator, and partially 

normalizes immune dysfunction following trauma and hemorrhagic shock. 

Shock. 2014;42:218–227. 

45.  Sauaia A, Moore FA, Moore EE. Postinjury inflammation and organ 

dysfunction. Crit Care Clin. 2017;33:167–191. 

46.  Meng ZH, Dyer K, Billiar TR, et al. Essential role for IL-6 in postresuscitation 



 25 

inflammation in hemorrhagic shock. Am J Physiol Cell Physiol. 

2001;280:C343–C351. 

47.  Adib-Conquy M, Moine P, Asehnoune K, et al. Toll-like receptor-mediated 

tumor necrosis factor and interleukin-10 production differ during systemic 

inflammation. Am J Respir Crit Care Med. 2003;168:158–164. 

48.  Roquilly A, Broquet A, Jacqueline C, et al. Hydrocortisone prevents 

immunosuppression by interleukin-10+ natural killer cells after trauma-

hemorrhage. Crit Care Med. 2014;42:e752–e761. 

49.  Murakami T, Suzuki K, Tamura H, et al. Suppressive action of resolvin D1 on 

the production and release of septic mediators in D-galactosamine-sensitized 

endotoxin shock mice. Exp Ther Med. 2011;2:57–61. 

50.  Shinohara M, Kibi M, Riley IR, et al. Cell-cell interactions and 

bronchoconstrictor eicosanoid reduction with inhaled carbon monoxide and 

resolvin D1. AJP Lung Cell Mol Physiol. 2014;307:L746–L757. 

 

FIGURE LEGENDS 

Fig. 1: RvD1 is significantly reduced in plasma from trauma / hemorrhagic shock 

patients. Plasma was collected from healthy volunteers (n = 8), trauma patients (n=12) 

and trauma+HS patients (n=15) and the concentrations of RvD1 were determined 

using LC-MS/MS based lipid mediator profiling. (A) Multiple reaction monitoring 

chromatogram (B) MS-MS spectrum used for the identification of RvD1. (C) Plasma 

RvD1 concentrations. Data are presented as box and whiskers, showing medians, 

inter-quartile range and full range. * p<0.05 using Kruskal-Wallis followed by Dunn’s 

test. 
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Fig. 2. RvD1 attenuates the organ injury and dysfunction induced by HS. (A) 

serum creatinine, (B) creatinine clearance, (C) serum aspartate aminotransferase 

(AST), (D) serum alanine aminotransferase (ALT), (E) serum creatine kinase (CK) and 

(F) lactate of HS-rats treated with vehicle or RvD1 (0.3 or 1.0 µg/kg) on resuscitation 

are shown. Sham rats were treated with vehicle or RvD1 (0.3 or 1.0 µg/kg). Data are 

presented as box and whiskers, showing medians, inter-quartile range and full range 

(n = 7 animals per group). Statistical analysis was performed using one-way ANOVA 

followed by Newman-Keuls post hoc test. *p < 0.05 versus sham + vehicle and #p < 

0.05 versus HS + vehicle. 

Fig. 3. RvD1 reduces the increased number of MPO positive cells in kidney and 

liver tissue induced by HS. MPO positive cells recruitment in kidney (A-E) and liver 

(F-J) of sham (A, C, F, H) and HS-rats (B, D, G, I) treated with vehicle (A, B, F, G) or 

RvD1 (1.0 µg/kg; C, D, H, I) on resuscitation were determined by 

immunohistochemistry. Data are presented as box and whiskers, showing medians, 

inter-quartile range and full range (n = 5 animals per group; E, J). Statistical analysis 

was performed using one-way ANOVA followed by Newman-Keuls post hoc test. *p < 

0.05 versus sham + vehicle and #p < 0.05 versus HS + vehicle. 

Fig. 4. RvD1 attenuates the expression of ICAM-1 in kidney and liver tissue 

induced by HS. ICAM-1 expression in kidney (A-E) and liver (F-J) of sham (A, C, F, 

H) and HS-rats (B, D, G, I) treated with vehicle (A, B, F, G) or RvD1 (1.0 µg/kg; C, D, 

H, I) on resuscitation are shown. Data are presented as box and whiskers, showing 

medians, inter-quartile range and full range (n = 5 animals per group; E, J). Statistical 

analysis was performed using Kruskal-Wallis test followed by Dunn’s post hoc test. *p 

< 0.05 versus sham + vehicle and #p < 0.05 versus HS + vehicle. 
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Fig. 5. RvD1 attenuates the activation of NF-κB pathway induced by HS. The 

phosphorylation of IKK on Ser176/180 (A and D), IκBα on Ser32/36 (B and E) and the 

nuclear translocation of the p65 NF-κB subunit (C and F) in the kidney (A-C) and liver 

(D-F) of sham and HS rats treated with RvD1 were determined by western blotting. 

Protein expression was measured as relative optical density (O.D.), corrected for the 

corresponding β-actin or Histone contents and normalized using the related sham 

band. Data are presented as box and whiskers, showing medians, inter-quartile range 

and full range (n = 7 animals per group). Statistical analysis was performed using 

Kruskal-Wallis test followed by Dunn’s post hoc test. *p < 0.05 versus sham + vehicle 

and #p < 0.05 versus HS + vehicle. 

Fig. 6. RvD1 attenuates iNOS expression in liver and kidney tissue induced by 

HS. The iNOS expression in the kidney (A) and liver (B) of sham and HS rats treated 

with vehicle or RvD1 (1.0 µg/kg) on resuscitation were determined by western blotting. 

Protein expression was measured as relative optical density (O.D.), corrected for the 

corresponding tubulin content and normalized using the related sham band. Data are 

presented as box and whiskers, showing medians, inter-quartile range and full range 

(n = 7 animals per group). Statistical analysis was performed using Kruskal-Wallis test 

followed by Dunn’s post hoc test. *p < 0.05 versus sham + vehicle and #p < 0.05 versus 

HS + vehicle. 

Fig. 7. RvD1 attenuates cytokines production induced by HS. The serum (A-D), 

kidney (E-H) and liver (I-L) amounts of TNF-α (A, E, I), IL-1β (B, F, J), IL-6 (C, G, K) 

and IL-10 (D, H, L) were determined by ELISA in sham and HS-rats treated with vehicle 

or RvD1 (1.0 µg/kg) on resuscitation. Data are presented as box and whiskers, 

showing medians, inter-quartile range and full range (n = 7 animals per group). 

Statistical analysis was performed using one-way ANOVA followed by Newman-Keuls 
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post hoc test. *p < 0.05 versus sham + vehicle and #p < 0.05 versus HS + vehicle. 
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