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Abstract

Background: Resolution of inflammation is an active and dynamic process after surgery. Maresin 1 (MaR1) is one of a

growing number of specialised pro-resolving lipids biosynthesised bymacrophages that regulates acute inflammation.We

investigated the effects ofMaR1onpostoperativeneuroinflammation,macrophage activity, and cognitive function inmice.

Methods: Adult male C57BL/6 (n¼111) and Ccr2RFP/þCx3cr1GFP/þ (n¼54) mice were treated with MaR1 before undergoing

anaesthesia and orthopaedic surgery. Systemic inflammatory changes, bone healing, neuroinflammation, and cognitionwere

assessedatdifferent timepoints.MaR1protectiveeffectswerealsoevaluatedusingbonemarrowderivedmacrophagecultures.

Results:MaR1exertedpotent systemicanti-inflammatoryeffectswithout impairing fracturehealing. ProphylaxiswithMaR1

prevented surgery-induced glial activation and opening of the bloodebrain barrier. In Ccr2RFP/þCx3cr1GFP/þ mice, fewer

infiltrating macrophages were detected in the hippocampus after surgery with MaR1 prophylaxis, which resulted in

improvedmemory function. MaR1 treatment also reduced expression of pro-inflammatory cell surface markers and cyto-

kinesby invitroculturedmacrophages.MaR1wasdetectable in thecerebrospinalfluidofolderadultsbeforeandafter surgery.

Conclusions: MaR1 exerts distinct anti-inflammatory and pro-resolving effects through regulation of macrophage infil-

tration, NF-kB signalling, and cytokine release after surgery. Future studies on the use of pro-resolving lipid mediators

may inform novel approaches to treat neuroinflammation and postoperative neurocognitive disorders.
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Editor’s key points

� Maresin 1 is a specialised pro-resolving lipid bio-

synthesised by macrophages that regulates acute

inflammation.

� The effects of maresin 1 on postoperative neuro-

inflammation, macrophage activity, and cognitive

function were investigated in mouse models of ortho-

paedic surgery with general anaesthesia.

� Maresin 1 prevented surgery-induced glial activation,

opening of the bloodebrain barrier and infiltration of

macrophages into the hippocampus, and improved

postoperative memory.

� Pro-resolving lipidmediators such asmaresin 1 provide

novel targets to treat postoperative neuroinflammation

and neurocognitive dysfunction.
Acute inflammation and activation of the innate immune

response are fundamental processes after tissue trauma or

infection.1 Resolution of inflammation is an active and highly

controlled process orchestrated by severalmolecules including

omega-3-derived specialised pro-resolving mediators (SPMs).2

SPMs regulate the magnitude and duration of inflammation,

limiting neutrophil infiltration and promoting efferocytosis.3

Failed resolution is a key component of several inflammatory

conditions and is of considerable interest in translational

biomedical research.4 Maresins (macrophage mediators in

resolving inflammation) are a genus of resolution agonists

biosynthesised from docosahexaenoic acid (DHA)

by macrophages that display anti-inflammatory and pro-

resolving actions.5 Maresin 1 (MaR1; 7R,14S-dihydroxy-

docosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid) is a family of

structurally distinct autacoids, which, together with lipoxins,

resolvins, and protectins, stimulate general resolution signal-

ling.6,7 Importantly, SPMs (including MaR1) boost self-limiting

inflammatory processes and enhance bacterial clearance

without being immunosuppressive.3 MaR1 was also shown to

enhance microbial killing in clinical periodontitis8 and to

regulate human macrophages during infectious

inflammation.9

Macrophages are pivotal in response to cellular damage or

invading pathogens. However, dysregulated macrophage ac-

tivity, especially caused by non-resolving inflammation, can

be maladaptive and pathological in several conditions ranging

from atherosclerosis to neurodegeneration.10 Peripheral sys-

temic factors, circulating monocytes, macrophages, neutro-

phils, and the ensuing pro-inflammatory milieu can exert

multiple effects on the central nervous system (CNS),

contributing to changes in neuronal function, synaptic plas-

ticity, and glial homeostasis.11 Peripheral surgery and remote

organ damage may also contribute to macrophage infiltration

in the CNS, neuroinflammation, cognitive dysfunction, and

overall brain injury.12e14 Perioperative neurocognitive disor-

ders (PNDs) are a common postoperative complication in
elderly patients, who represent an expanding segment of our

population.15 The mechanisms underlying PNDs remain

elusive and, despite a marked incidence and burden on global

health, no effective therapeutics are currently available.

Systemic inflammation and pro-inflammatory cytokines

released after surgery have been associated with changes in

neuronal function and are highlighted as critical pathogenic

mechanisms underlying cognitive decline in preclinical mod-

els.16e18 Because SPMs provide both anti-inflammatory and

pro-resolving actions without being immunosuppressive,19 we

tested the hypothesis that targeting macrophage trafficking

into the brain using synthetic MaR1 will reduce neuro-

inflammation and improve cognitive outcome in a murine

model of orthopaedic surgery. We also provide preliminary

evidence that MaR1 levels can be measured in human cere-

brospinal fluid (CSF) before and after surgery, raising the pos-

sibility thatMaR1 levels couldpotentially play a role in resolving

postoperative neuroinflammation in the human CNS.
Methods

Mice

All experiments were performed in accordance with protocols

approved by the local ethics committee for animal research in

Sweden (Stockholm North Animal Ethics Board) and con-

formed to the Animal Research: Reporting In Vivo Experiments

(ARRIVE) guidelines. Inbred C57BL/6 mice 10e14 weeks old

were purchased from Charles River (Sulzfeld, Germany), and

Ccr2RFP/þCx3cr1GFP/þ were bred at the Karolinska Institutet

animal facility and used as described.13,20 Malemicewere used

in the experiments and housed four per cage under tempera-

ture- and humidity-controlled conditions with a 12 h

lightedark cycle and provided food and water ad libitum. All

experiments were performed during the light cycle.
Surgery

An experimental aseptic tibia fracture model was used as

described.21 Anaesthesia was induced in a dedicated chamber

with 5 vol% isoflurane (Abbott Scandinavia AB, Stockholm,

Sweden) for 2 min, and an open stabilised tibia fracture of the

left hind leg was performed under 2.1 vol% isoflurane for

10e12 min. Briefly, after shaving and disinfecting the surgical

field, a longitudinal incision was made and the muscles were

dissociated from the periosteum. A 0.38 mm pin was then

inserted in the intramedullary canal and osteotomy was per-

formed. The wound was irrigated and sutured using 6e0 Pro-

lene. During the procedure, non-invasive pulse oximetry

(MouseSTAT™; Kent Scientific, Torrington, CT, USA), concen-

trations of O2, CO2, isoflurane (Capnomac Ultima; Datex-

Ohmeda, Helsinki, Finland), and temperature (Harvard Appa-

ratus, Holliston, MA, USA) were continuously monitored and

maintained within the normal range. Analgesia (buprenor-

phine, 0.1 mg kg�1 s.c.) was given after anaesthesia induction

and prophylaxis withMaR1 (Cayman Chemical, Ann Arbor, MI,
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USA) was given at 2 mg ml�1 in saline with 0.14% ethanol, i.p.

(50 ml) 100 ng per mouse before skin incision. Control mice

received analgesia (buprenorphine, 0.1 mg kg�1 s.c.) and a

bolus dose of 0.14% ethanol in saline.
Cytokine detection

Blood from C57BL/6 and Ccr2RFP/þ Cx3cr1GFP/þ mice was

collected via cardiac puncture under deep isoflurane anaes-

thesia at 24 h, 72 h, and 14 days after surgery, centrifuged at

2000 g for 9 min at 4�C, aliquoted and stored at e80�C for

further analysis. MesoScale Discovery Technology (Gaithers-

burg, MD, USA) was used to analyse inflammatory markers in

plasma with a SECTOR Imager 2400 apparatus following the

manufacturer’s instructions.
Behavioural tests

Contextual fear conditioning was performed in a dedicated

chamber (Med Associates Inc., St Albans, VT, USA). Separate

cohorts of C57BL/6 or Ccr2RFP/þCx3cr1GFP/þ mice were trained

before surgery as described.21 Briefly, an initial exploratory

phase (100 s) was followed by two trials with a conditional

stimulus (20 s auditory cue, 75e80 dB, 5 kHz) and an uncon-

ditional stimulus (2 s foot shock, 0.75 mA) separated by a 100 s

inter-trial interval. After 72 h, mice were returned to the same

chamber for the contextual assessment (i.e. no tone or shock

cues). Freezing behaviour was automatically scored for 270 s

using a video tracking software and defined as lack of move-

ment for �2 s, excluding breathing. To avoid possible loco-

motion impairments, general activity was recorded in an open

field (Aditech, Fj€arås, Sweden) with an automated photobeam

activity system during a 5 min exploration period.
Bone healing assessment

Tibias and femurs were collected 14 days after surgery and

fixed overnight in 4% paraformaldehyde (PFA). Bones were

decalcified for 1 month in 10% ethylenediaminetetraacetic

acid (EDTA; pH 8.05), which was replaced every 2e3 days. After

decalcification, pins were removed from the bones using for-

ceps; bones were then passed through an ethanol gradient to

xylene and were embedded in paraffin. Serial sections of 5 mm
thickness were collected every 70 mm throughout the callous

on Superfrost Ultra Plus slides (Menzel-Glaser, Braunschweig,

Germany). Haematoxylin and eosin staining was performed to

identify the centre of the callous. Five consecutive serial sec-

tions were then stained for Safranin O/Fast Green to identify

cartilaginous regions within the callous. Cartilaginous regions

were then quantified using ImageJ software (Bethesda, MD,

USA) using a colour threshold of the area using a Zeiss Axio-

scope 2, equipped with an Axiocam digital camera (Carl Zeiss).
Immunofluorescence

Mice were killed under deep isoflurane anaesthesia and

perfused transcardially with ice-cold 0.1 M phosphate-buffered

saline (PBS) followed by 4% PFA in 0.1 M PBS at pH 7.4 (VWR In-

ternational, East Grinstead, UK). Brains were harvested and

post-fixed in 4% PFA in 0.1M PBS at 4�C, and cryoprotected in 0.1

MPBScontaining15%sucrose for 24hand then30%sucrose for a

further 48h. Brain tissuewas freeze-mounted in optimal cutting

temperature (OCT) embedding medium (VWR International),

and 25 mm thick coronal sections were cut sequentially and
mounted on Superfrost Plus slides (Menzel-Glaser). Sections

were permeabilised in PBS with 0.5% Triton X-100 and blocked

with 5% bovine serum albumin (BSA) in PBS for 60 min at room

temperature to block non-specific binding. The following pri-

mary antibodies were used: rabbit anti-glial fibrillary acidic

protein (GFAP) (1:100, cat. #Z0334; Dako, Kista, Sweden), goat

anti-Iba-1 (1:2000, cat. #ab107159;Abcam,Cambridge,UK), rabbit

anti-Claudin-5 (1:100, cat. #34-1600; Invitrogen, Stockholm,

Sweden) and goat anti-mouse podocalyxin (1:200, cat. #AF1556;

R&D Systems, Minneapolis, MN, USA) at 4�C overnight. For

secondary detection, (goat anti-rat, goat anti-rabbit, donkey

anti-goat) conjugated with Alexa Fluor dyes (405, 488, and 555)

from Invitrogen (1:500) were used. Immunolabelled sections

were coverslipped with Prolong Gold antifade reagent with 40,6-
diamidino-2-phenylindole (DAPI; Invitrogen) and analysed by

confocal microscopy (LSM5 Exciter; Zeiss, Jena, Germany). Four

highmagnificationswerechosen in threenon-overlappingfields

randomly acquired in hippocampal subregions using a counting

frame size of 0.4 mm2. Images were processed and the area of

the astrocytes, microglia/macrophages quantified using ImageJ

software (National Institutes ofHealth, Bethesda,MD, USA). The

area of the selected cells was converted into a binary image

using the dilation method and the cell outline measured. Total

immunoreactivity was calculated as percentage area density

definedas thenumberofpixels (positively stainedareas) divided

by the total number of pixels (sum of positively and negatively

stained area) in the imaged field. Quantitative analyses were

performed in a blinded manner.
Bone marrow-derived macrophages

Primary culture

Bonemarrow-derivedmacrophages (BMDMs) were cultured as

described with minor modifications.13 In brief, femoral and

tibia bone-marrow cells from C57BL/6 mice were collected,

and single-cell suspensions were prepared and cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 20% heat-inactivated FBS, 100 U ml�1 penicillin, 100 mg
ml�1 streptomycin, 2 mM L-glutamine (all reagents from Life

Technologies, Stockholm, Sweden), and 20 ng ml�1 rmM-CSF

(recombinant mouse macrophage colony-stimulating factor;

R&D Systems) for 8 days. Cells were harvested using 2 mM

EDTA and seeded in 48-well plates at 5�105 cells/well. Cells

were then stimulated with 10 ngml�1 lipopolysaccharide (LPS)

from Escherichia coli endotoxin (0111:B4, 10 ng ml�1; Sigma-

Aldrich, St. Louis, MO, USA), with or without MaR1 (10 nM)

for 2 or 24 h, respectively. Nuclear factor-kappa B (NF-kB)
activation (2 h after treatment) and nicotinamide adenine

dinucleotide phosphate (NADPH) mediated superoxide gen-

eration (24 h after treatment) were then evaluated. Cultured

medium was collected for measurement of tumour necrosis

factor-alpha (TNF-a) using a commercially available enzyme-

linked immunosorbent assay (ELISA) kit (Biosource Invi-

trogen, Carlsbad, CA, USA) with a sensitivity of <3 pg ml�1.

Separate batches of BMDMs were stimulated with LPS (10 ng

ml�1) or 20 ng mL�1 recombinant mouse interleukin (IL)-4, IL-

10, and recombinant human transforming growth factor

(TGF)-b1 (R&D Systems) for 24 h and macrophage activation

surfacemarker expressionwas assessed using flow cytometry.
NF-kB activation

Cells were fixed with 4% PFA for 15 min at room temperature,

blocked in 5% BSA (in PBS containing 0.3% Triton X-100) for 1 h,
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and stained with anti-phospho-NF-kB p65 (1:200, cat. #3033;

Cell Signaling Technology, Danvers, MA, USA) for 24 h at 4�C.
For secondary detection a goat anti-rabbit Cy3-conjugated

secondary antibody (1:200; Jackson ImmunoResearch, Ely,

UK) was used for 1.5 h at room temperature in the dark. Cov-

erslips were then mounted using Prolong Gold antifade re-

agent with DAPI (Invitrogen). Four representative images per

slice were taken with an Axioplan II epifluorescence micro-

scope (Zeiss). Quantificationwas determined as the proportion

of total cells exhibiting nuclear phospho-NF-kB p65.
Superoxide generation

Cells were incubated in Dulbecco’s PBS (DPBS) at 37�C for 10

min after treatment and detached by gently repeated pipet-

ting. Cell suspensions were collected in detection tubes fol-

lowed by addition of lucigenin (5 mM; Sigma) and NADPH (100

mM; Sigma). Superoxide generation was detected every 3 s for 3

min by chemiluminescence reaction using a AutoLumat LB953

Multi-Tube Luminometer (Berthold Technologies, Germany).
Flow cytometry

Cells were detached with 2 mM EDTA for 45 min at 37�C, then
stained with antibodies specific for CD86, PD-L1, PD-L2, and

CD206, and isotype controls (all from BD Pharmingen, Stock-

holm, Sweden). Samples were detected using a Gallios flow cy-

tometer (Beckman Coulter, Brea, CA, USA), and Kaluza version

1.1 software (Beckman Coulter) was used for analysis. The me-

dian fluorescence intensity (MFI) of CD86, PD-L1, PD-L2, and

CD206 was quantified as the readout of macrophage activation.
Gene expression analysis

Mice were killed 72 h after surgery and perfused transcardially

with ice-cold 0.1 M PBS to avoid blood contamination. The

hippocampus was rapidly dissected on ice and stored at

e80�C. Total RNA was then extracted using RNeasy Kit (Qia-

gen, Valencia, CA, USA) according to the manufacturer’s pro-

tocol. An Agilent 2100 bioanalyser (Agilent Technologies, Palo

Alto, CA, USA) was used for the RNA quality control and the

samples with RNA integrity number (RIN) higher than 5.5 were

used for further microarray analysis. Hippocampal RNA was

hybridised to the Affymetrix Mouse Gene 2.1 ST 16-Array Plate

(Affymetrix, Santa Clara, CA, USA) at the Karolinska Institu-

tet’s Bioinformatics and Expression core facility. The func-

tional annotation tool from the Database for Annotation,

Visualization, and Integrated Discovery (DAVID) software was

used to identify gene ontology (GO) categories and biological

pathways of differentially expressed genes.22 A cut-off at

P<0.05 and fold change >2 or >1.5 was used for analysis. This

dataset is deposited and available at GEO (submission number

GSE115440).
Human patient enrollment

CSF samples were collected via lumbar puncture from 11 older

adult subjects (age �60 yr) before, 24 h after, and 6 weeks after

non-cardiac, non-neurological surgery. They were prospec-

tively enrolled in the Markers of Alzheimer’s Disease and

Neurocognitive Outcomes after Perioperative Care (MADCO-

PC) study,23 which is registered with clinicaltrials.gov

(NCT01993836) and approved by the Duke University Medical

Center Institutional Review Board. All MADCO-PC subjects
underwent informed consent before completing any study

activities, and then completed a neurocognitive test battery

before and 6 weeks after surgery. Patients were excluded if

they were pregnant, taking anticoagulants in contravention of

the American Society of Regional Anesthesia and Pain Medi-

cine (ASRA) guidelines, taking chemotherapeutic drugs, or

were correctional facility inmates.
Perioperative CSF samples

Before lumbar puncture, the lower back was sprayed with 20%

benzocaine spray (available without prescription in the USA),

and then an additional 2e5 ml of 1% lidocaine was injected

subcutaneously at the planned lumbar puncture site. After

waiting for several minutes, CSF samples were obtained via

lumbar puncture at the L4e5 interspace (or one space more

rostral or caudal) with a 25 g pencil point needle. First, 10 ml of

CSF was gently aspirated with a 10 ml polypropylene syringe,

and was then placed in a pre-chilled 15 ml polypropylene

conical tube on ice. Within 1 h, this CSF sample was separated

into 1 ml aliquots using low binding polypropylene pipette

tips, which were then frozen at e80�C. Cognitive testing was

performed, and continuous cognitive indices were calculated

as described.23 As no prior study had measured MaR1 in hu-

man CSF, there were insufficient data to perform a sample size

or power analysis calculation to evaluate how many patients

(or samples) are necessary to determine MaR1 in human CSF.

Thus, we simply used samples from 11MADCO-PC subjects for

this pilot study. Because a prior study that measured other

lipid concentrations in human CSF found that several milli-

litres of CSF was necessary for successful detection of low

abundance lipid molecules,24 we chose to measure MaR1

levels in 3 ml CSF from each subject’s sample time point.
Human CSF lipidomic analysis

CSF samples (three aliquots of 1 ml each per subject at each

time point) were shipped via overnight express on dry ice to the

Lipid Core Research Facility at Wayne State University (Detroit,

MI, USA). Liquid chromatography mass spectrometry (LC-MS)

grade methanol was added to the internal standard supple-

mented samples to a final concentration of 15%. Samples were

sonicated in a bath sonicator for 2 min and left on ice for 1 h in

the dark, and were applied to pre-conditioned C18 solid phase

extraction cartridges (StrataX C18, Torrance, CA, USA, 30 mg;

Phenomenex; conditionedwith 2mlmethanol followed by 2ml

water containing 15% methanol), washed with 2 ml 15%

methanol in water followed by 2 ml hexane, and dried under

vacuum. Cartridgeswere eluted directly into high-performance

liquid chromatography (HPLC) autosampler vials with 1 ml

methanol containing 0.1% formic acid. Eluates were evapo-

rated to dryness under a gentle stream of nitrogen while

maintaining external temperature at 25�C. The dried residue

was immediately reconstituted in methanol, vials flushed with

nitrogen, capped, and stored at e80�C until analysis. At the

time of LC-MS analysis, samples were thawed to room tem-

perature and an equal volume of 25 mM aqueous ammonium

acetate was added, vortex mixed, and loaded in the autosam-

pler maintained at 15�C. HPLC is performed on a Prominence

XR system (Shimadzu, Kyoto, Japan) using a Luna C18 (3 mm,

2.1 � 150 mm) column. The mobile phase consisted of a

gradient between A (methanolewatereacetonitrile, 10:85:5 v/v)

and B (methanolewatereacetonitrile, 90:5:5 v/v), both con-

taining 0.1% ammonium acetate. The gradient program with

http://clinicaltrials.gov
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respect to the composition of B was as follows: 0e1 min, 50%;

1e8 min, 50e80; 8e15 min, 80e95%; and 15e17 min, 95%, with

flow rate 0.2mlmin�1. TheHPLC eluatewas directly introduced

to the electrospray ionization (ESI) source of a QTRAP5500mass

analyser (SCIEX), Redwood City, CA in the negative ion mode

with the following conditions: curtain gas, GS1, and GS2: 35 psi;

temperature: 600�C; ion spray voltage: e2500 V; collision gas:

low; declustering potential: e60 V; entrance potential: e7 V.

The eluate was monitored via multiple reaction monitoring

(MRM) to detect uniquemolecular ions. MRMwas scheduled to

monitor each transition for 120 s around the established

retention time for each lipid mediator. Optimised collisional

energies (18e35 eV) and collision cell exit potentials (7e10 V)

were used for each MRM transition. Mass spectra for each

detected lipid mediator were recorded using the Enhanced

Product Ion (EPI) feature to verify the identity of the detected

peak in addition to MRM transition and retention time match

with the standard. Data were collected using Analyst 1.6.2

software, and the MRM transition chromatograms were

quantitated using MultiQuant software (both from SCIEX). The

detection limit for MaR1 was 0.1 pg on the column, and the

quantitation limit was 3 pg on the column. The internal stan-

dard signals in each chromatogram were used for normal-

isation for recovery and relative quantitation of each analyte.
Statistical analysis

Data frommice were expressed asmean (standard error of the

mean, SEM). Sample size calculation was performed with one-

way analysis of variance (ANOVA) omnibus fixed-effects anal-

ysis usingG*Power v 3.1 (http://www.gpower.hhu.de). Based on

our previous work and preliminary studies,13,21 the effect size f

of the primary analysis (trace fear conditioning and neuro-

inflammation) between interventionswere larger than 1. Thus,

a study analysing four groups with five ormore individuals per

group would have 80% power to detect an effect size f of 0.835,

which corresponds to the critical F value of 3.24. Differences

between groups were compared using Student’s t-test (two

groups), one-way ANOVA (multiple groups), or two-way ANOVA

(multiple groups at multiple time points) followed by post hoc

Bonferroni test (GraphPad version 7.0; GraphPad Software, San

Diego, CA, USA). Statistical significance was defined as P<0.05.
For human CSF data, Friedman’s test was used to evaluate the

change in CSF MaR1 levels over the full study period, and

Wilcoxon signed rank tests were used to assess change be-

tween pairs of time points, because of the small sample size

and skewed distribution of MaR1 levels in this cohort.
Results

Pro-resolving and anti-inflammatory effects of
maresin 1

C57BL/6 and Ccr2RFP/þCx3cr1GFP/þ mice were continuously

monitored during surgery for haemodynamic changes. No

significant differences were observed in average heart rate

(HR) and HR variability, and the percentage oxygen saturation

(SpO2) remained >95% throughout the procedure (not shown).

All mice were included in the study.

We evaluated systemic changes in the expression of in-

flammatory cytokines and the process of bone healing up to 14

days after surgery (Fig. 1a). Surgery induced a systemic in-

flammatory response at 24 h, with significantly elevated levels

of IL-6 [113 (34) pg ml�1; P¼0.02], IL-12 [81 (20) pg ml�1; P¼0.03],
and CXCL1 [287 (68) pg ml�1; P¼0.01] compared with control

mice (Fig. 1bed). MaR1 prophylaxis reduced the levels of IL-6

and CXCL1 to baseline [33 (3) pg ml�1, P¼0.04; and 112 (8) pg

ml�1, P¼0.02] comparedwith the vehicle-treated surgery group

(Fig. 1b,d) and attenuated IL-12 (P¼0.77), which remained up-

regulated in plasma up to 72 h after surgery [68 (7) pg ml�1,

P<0.01 vs Control; Fig. 1c]. Notably, MaR1 induced a sustained

IL-10 response both at 24 h [26 (1) pg ml�1] and 72 h [36 (4) pg

ml�1] after surgery compared with vehicle-treated mice with

osteotomy [21 (1) pg ml�1, P¼0.038 and 26 (1) pg ml�1, P¼0.097,

respectively; Fig. 1e]. All of these cytokines levels returned to

baseline by day 14 (Fig. 1bee).

Systemic inflammation after infection or injury is well

appreciated to affect behaviour and cognitive function. We

tested hippocampal memory function using contextual fear

conditioning in wild-type C57BL/6 and Ccr2RFP/þCx3cr1GFP/þ

mice. Training was performed before any intervention, and

working memory was established for the context after tone/

shockpairing.Micewere tested in the samecontext butwithno

cues 72 h after surgery. Freezing time was significantly

improved in animals receiving MaR1 treatment in both wild-

type and Ccr2RFP/þCx3cr1GFP/þ mice (Fig. 1f and g; P<0.01), indi-
cating better memory outcome after treatment. There was a

significant effect on freezing time analysed using ANOVA. Loco-

motor activity at 72 h was also measured using an open field,

and no differences in exploratory timewere observed amongst

groups (not shown). We also performed gene expression ana-

lyses in hippocampal tissues showing a protective effect of

MaR1 on biological pathways of relevance to neurological sys-

tem processes and cognition (Supplementary Fig. S1a and b).

Resolvins exert dual anti-inflammatory and pro-resolution

effects, which help stimulate pathways to terminate inflam-

mation and influence tissue repair.19 We evaluated the effects

of MaR1 on bone healing and callus formation after fracture

and tibial pinning. Safranin O/Fast Green staining showed no

statistically significant difference in callus formation in mice

treated with MaR1 compared with vehicle on day 14 (P¼0.35;

Fig. 1h and i).
Maresin 1 prevented neuroinflammation and
macrophage infiltration after surgery

We previously described changes in glial activation, including

microglia and astrocytes, using this model of orthopaedic

surgery.13,21 Here we evaluated the effects of MaR1 on neuro-

inflammation by measuring changes in GFAP and Iba-1

immunoreactivity in the hippocampus at 24 and 72 h after

surgery. GFAP expression in the hippocampus was acutely

dysregulated in the surgical group at 24 h [GFAP IR: 130 (18)%

area in the Surgery group and 234 (11)% area in the Control

group; P<0.01], returning to normal levels at 72 h [GFAP IR: 172

(23)% area; Fig. 2a and b]. Mice treated with MaR1 (1 ng per

mouse) retained the physiological features of classical astro-

cytes, with longer and more complex processes than mice

treated with vehicle.

MaR1 also improved microglial/macrophage activation as

measured by morphological changes in Iba-1 immunoreac-

tivity. Surgery induced more stout microglia in the hippo-

campus at 24 h [Iba1 IR: 224 (12)% area in the Surgery group and

128 (9)% area in the Control group; P<0.01], whereas mice

treated with MaR1 retained a more ramified morphology

reminiscent of the physiological state [Iba1 IR: 144 (16)% area;

Fig. 2a and c]. Fewer activated microglia were evident at 72 h

after surgery, with levels returning to baseline (Fig. 2a and c).

http://www.gpower.hhu.de


Fig 1. Anti-inflammatory and pro-resolving effects of maresin 1 prophylaxis. (a) Study design and endpoints. (bee) Time course of plasma

levels of interleukin (IL)-6, IL-12, CXCL1, and IL-10 at 24 h, 72 h, and 14 days after orthopaedic surgery. (f) Cognitive evaluation of mice using

contextual fear conditioning. Training was performed before surgery and hippocampus-dependent memory was assessed at 72 h. MaR1

prevented surgery-induced cognitive dysfunction in both wild-type mice and (g) Ccr2RFP/þ Cx3cr1GFP/þ transgenic mice. (hei) Effects of MaR1

on bone healing 14 days after stabilised tibia fracture surgery. Arrows indicate the original cortical bone. Scale bar: 50 mm. Data expressed as

mean (SEM); *P<0.05; n¼5e6per group (**P<0.01, n¼8e10 for behaviour). C, Control;MaR1,Maresin 1; S, Surgery; SEM, standard error of themean.

Specialised pro-resolving mediators and neuroinflammation - 355
We used Ccr2RFP/þCx3cr1GFP/þ knock-in mice to differentiate

between monocyte-derived macrophages and resident micro-

glia cells. At 24 h after surgery, the peak of neuroinflammation,

we recorded an increase in CCR2þ cells in the vehicle-treated

surgery group [CCR2 IR: 4.6 (0.8)% area at 24 h, P<0.01 vs Con-

trol and 2.4 (0.5)% area at 72 h, P<0.01 vs Control; Fig. 2d and e],

indicating the presence of monocyte-derived macrophages in

the CA1eCA3 area of the hippocampus. ProphylaxiswithMaR1

in Ccr2RFP/þCx3cr1GFP/þ mice limited macrophage infiltration in

the brain parenchyma [CCR2 IR: 2.2 (0.4)% area at 24 h, P¼0.04 vs

vehicle-treated group, and 0.6 (0.2)% area at 72 h, P¼0.02 vs

vehicle-treated group; Fig. 2d and e]. Notably, macrophage

infiltration was preceded by a reduction in claudin-5 (cld-5)

expression, a key tight-junction protein critical to bloodebrain

barrier (BBB) integrity, at 12 h after surgery [cld5þ IR: 2.7 (0.7)%

area in the Surgery group and 10 (1)% area in the Control group,

P<0.01; Fig. 2f and g]. Mice treated with MaR1 were protected

from changes in cld-5 (Fig. 2f and g).
Maresin 1 reduced LPS-induced NF-kB nuclear
translocation and superoxide generation in BMDMs

To better investigate the effects of MaR1 on CCR2þ monocytes,

we cultured BMDMs in the presence of LPS with or without

MaR1. LPS stimulation induced evident NF-kB p65 nuclear

translocation [nuclear p65þ cells: 75 (4)% in the LPS group and 5

(1)% in the Control group, P<0.01; Fig. 3a and b] and TNF-a
release in the culture medium [685 (52) pg ml�1 in the LPS

group and 49 (1) pg ml�1 in the Control group, P<0.01; Fig. 3c].
Co-incubation withMaR1 (10 nM) significantly attenuated LPS-

induced NF-kB p65 nuclear translocation in BMDMs [nuclear

p65þ cells: 16 (3)%, P<0.01 vs LPS group, Fig. 3a and b], and

partly reduced TNF-a levels in the culture medium [494 (49) pg

ml�1, P¼0.01 vs LPS group; Fig. 3c].

MaR1 significantly decreased LPS-induced NADPH oxidase

activity in BMDMs at 24 h, indicated by the lower superoxide

generation [Chemiluminescence Unit, % Control: 213 (15)% in

the LPS group and 155 (8)% in the LPSþMaR1 group, P<0.01;
Fig. 3d]. In addition, enhancement of PD-L1 and CD86 by LPS

stimulation was significantly reduced by co-incubation of

MaR1 (Fig. 3e and f). MaR1 treatment did not significantly affect

PD-L2 and CD206 changes in response to anti-inflammatory

macrophage stimulation (IL-4/IL-10/TGF-b; Fig. 3g and h).
Human CSF maresin 1 levels before and after non-
cardiac surgery

To determine the potential role of endogenous MaR1 in

resolving neuroinflammation in patients at risk for developing

PNDs, we measured CSF MaR1 levels in 11 older adults before

and after major non-cardiac, non-neurological surgery. Base-

line preoperative data and postoperative cognitive perfor-

mance data in these 11 patients are presented in Table 1. CSF

MaR1 levels were detectable in all 11 patients before and after

surgery, although we detected no statistically significant

overall change in MaR1 levels in this pilot patient sample

(Fig. 4a; P¼0.53), nor between any pair of study time points. A

scatterplot of these data is presented in Supplementary Fig. S2.



Fig 2. Maresin 1 prevents hippocampal neuroinflammation by regulating macrophage infiltration and claudin-5 (cld-5) expression at the

bloodebrain barrier. (a) Representative confocal images immunostained for GFAP and Iba1 at 24 h and 72 h. (b, c) Quantification of GFAP

and Iba1 immunostaining. Surgery affected astrocytic processes and microglia/macrophage activation peaking at 24 h, with mild changes

at 72 h. MaR1 pretreatment significantly reduced surgery-induced neuroinflammation. (d) Representative z-stack images from Ccr2RFP/þ

Cx3cr1GFP/þ at 24 h show macrophage infiltration (red) and residency microglia (green) in the CA1eCA3 hippocampus region. (e) Treatment

with MaR1 reduced macrophage infiltration into hippocampus at 24 and 72 h after surgery. (f, g) Representative images for cld-5 immu-

nostaining. MaR1 prevented cld-5 downregulation on the hippocampal vasculature, restoring the expression to control levels. Scale bar: 50

mm. Data expressed as mean (SEM). *P<0.05, **P<0.01; n¼3e5 per group. C, Control; DAPI, 40,6-diamidino-2-phenylindole; GFAP, glial fibrillary

acidic protein; MaR1, Maresin 1; slm, stratum lacunosum-moleculare; pyr, pyramidale; sr, stratum radiatum; S, Surgery; SEM, standard error

of the mean.
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Discussion

In the present study, maresin 1, a novel SPM synthetised by

macrophages during the inflammatory resolution phase, pro-

vides distinct anti-inflammatory and pro-resolving effects by

limiting excessive neuroinflammation and facilitating post-

operative recovery (Fig. 4b). Dysregulated inflammation and

failed resolution is now a well-recognised phenomenon in a

variety of disease models.25 Trauma initiates an immune

response contributing to the overall extent of injury and

outcome. We previously reported a key role of TNF-a in initi-

ating a cytokine cascade, contributing to the onset of cognitive

decline after surgery.26 TNF-a is one of the earliest cytokine to

appear after damage and is responsible for the production of

many mediators, including IL-1b and IL-6. Our results show

that MaR1 attenuates release of systemic pro-inflammatory

cytokines and TNF-a in macrophages. Besides reducing phos-

phorylation and nuclear translocation of the NF-kB p65 sub-

unit, a critical component in the regulation of the

inflammatory process, MaR1 also attenuated superoxide gen-

eration in activated macrophages. The synergism/crosstalk

between pro-inflammatory cytokines and oxidative stress in

the pathophysiology of cognitive decline remains to be further

explored. MaR1 exerts protective effects after vascular injury

through modulation of NADPH-oxidase 4 (NOX-4) and NF-kB
activity in vascular smooth muscle cells.27 This is consistent

with our current findings in BMDMs and previous reports that

other SPMs reduced reactive oxygen species production.21,28e30

Maresins are stereotypical pro-resolving mediators that

exert dual actions after trauma or infection by limiting

polymorphonuclear leukocyte entry and stimulating effer-

ocytosis.2 MaR1 exerts potent actions inmodels of peritonitis,5

colitis,29 and acute respiratory distress syndrome,7 in some

cases being superior to other resolvins. Recently, we described

a role for MaR1 in preventing postoperative pain in this model

of orthopaedic surgery, even when administered 2 weeks after

surgery.31 Acute perioperative treatment with MaR1 and DHA

also delayed the development of mechanical allodynia and

cold allodynia. MaR1 was also shown to modulate transient

receptor potential vanilloid 1 (TRPV1) currents in dorsal root

ganglia neurones, thereby producing analgesia.6 It is possible

that managing postoperative pain signalling with SPMs,

including MaR1, may interfere with the onset of neuro-

inflammation and cognitive decline. In addition, we described

the protective effects of MaR1 on BBB permeability and other

cell types, including microglia and astrocytes. Although SPMs

stereotypically interact with cell-surface G-protein coupled

receptors,32 the target of MaR1 will likely contribute to novel

opportunities for resolution pharmacology.



Fig 3.Maresin 1 effects on bone marrow-derived macrophages (BMDMs). (a) Representative images of immunostaining of NF-kB in BMDMs.

Stimulated with 10 ng ml�1 LPS for 2 h. (b) 2 h of LPS stimulation (10 ng ml�1) significantly increased NF-kB nuclear translocation in BMDMs.

(c) LPS caused significant increase of TNF-a release from BMDMs after 24 h stimulation, which was reduced by co-application of MaR1 (10

nM). (d) NADPH oxidase mediated superoxide production in BMDMs was significantly increased after 24 h of LPS stimulation, which was

inhibited by MaR1 co-application. (eeh) MaR1 reduced LPS-induced PD-L1 and CD86 expression in BMDMs at 24 h. No significant effect of

MaR1 on PD-L2 and CD206 expression in BMDMs stimulated by M2 polarisation cytokines (IL-4/IL-10/TGF-b). Data are expressed as mean

(SEM). *P<0.05, **P<0.01; n¼3e5 per group. CLU, chemiluminescence unit; IL, interleukin; LPS, lipopolysaccharide; MaR1, Maresin 1; MFI,

median fluorescence intensity; NADPH, nicotinamide adenine dinucleotide phosphate; SEM, standard error of the mean; TNF, tumour

necrosis factor.
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These findings have clinical relevance to several common

complications in the postoperative period, including preven-

tion of delirium and postoperative cognitive dysfunction

(POCD), and improvement of bone healing. The regenerative

properties of MaR1 were initially reported using a surgical

model in plenaria, a worm with the intrinsic ability to regen-

erate.6 We found that in rodents MaR1 does not impair the

process of bone repair but actually enhances callus formation.

We also found that MaR1 increased the systemic levels of IL-10

with a long-lasting trend up to postoperative day 14. IL-10

has anti-inflammatory actions but its contribution to the

healing process is not fully established.33 The possible anti-

inflammatory actions that IL-10 has on the pro-inflammatory

niche, potentially attenuating neuroinflammation and cogni-

tive decline, might be different from the pro-resolving effects

that a ‘resolution agonist’ have to restore physiological func-

tion in the tissue.19 Notably, maresins were recently shown to

interact with stem cells, limiting chronic inflammation and

improving wound healing in diabetes mellitus and spinal cord

injury.34,35

We describe an attenuation of classically associated M1

markers in macrophages stimulated by LPS, including
expression of miR155 in hippocampus, which has an estab-

lished role in controlling Toll-like receptors (TLR) and NF-kB
signalling.36,37 Other SPMs aside from MaR1 have been shown

to modify miRNAs, reduce nuclear translocation of NF-kB, and
downregulate phospho-IkB, both in murine and human mac-

rophages.38 Although we could not detect significant changes

in M2 markers in vitro, it has been shown that MaR1 enhances

‘M2-like’ polarisation in vivo.29 The total organic synthesis and

complete stereochemistry assignment performed by Dalli and

colleagues39 identified a precursor in the MaR1 biosynthesis

pathway, termed 13,14-epoxy-maresin (13,14-eMaR), which

accounts for the change in human macrophage polarisation

toward a homeostatic and tissue-protective ‘M2-like’ pheno-

type. This switch to an ‘M2-like’ profile may account for the

multiple organoprotective actions of MaR1 that were also

evident in our model, including promotion of tissue healing

and attenuation of CCR2þ cell infiltration in the hippocampus.

This study further illustrates the bidirectional communication

between the periphery and brain, and the importance of

macrophages in mediating CNS pathology. BBB dysfunction

may represent a key mechanism contributing to neurological

dysfunction and complications after surgery,40 and provides a



Table 1 Patient characteristics and cognitive data. SD, standard
deviation

All
(n¼11)

Age, range 60e80
Male sex, n (%) 10 (91)
ASA physical status, n (%)
2 3 (27)
3 7 (64)
4 1 (9)

Surgical service, n (%)
Thoracic 1 (9)
General surgery 3 (27)
Urology 7 (64)

Surgery duration (min incision to end
procedure), median (Q1, Q3)

215 (117,
297)

Years of education, median (Q1, Q3) 16 (14, 20)
Mini-Mental Status Exam Score
Preoperative, median (Q1, Q3) 29 (27, 30)
6-week, median (Q1, Q3) 29 (27, 29)

Cognitive index
Preoperative, mean (SD) 0.23 (0.80)
6-week, mean (SD) 0.29 (0.74)
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potential pathway for peripheral macrophage access to the

brain. This ‘passive’ diffusion through a relative permeable

barrier may account for the subsequent neuroinflammatory

response.13,14 MaR1 prevented damage to the BBB via regula-

tion of the expression of tight junctions (cld-5) and expression

of endothelial microRNAs, such asmiR126, that are implicated

in response to stress and inflammation.41 This is consistent

with the effects of resolvins and maresins on endothelial
Fig 4. Maresin 1 levels in CSF before, 24 h, and 6 weeks after major non

Each line represents a single patient. Diagonal cross marks on the X

Working model for MaR1 protection in PNDs. Pre-treatment with MaR1

reducing NF-kB activation, oxidative stress, pro-inflammatory cytokin

milieu did not impair fracture healing or cause signs of immunosup

expression at the bloodebrain barrier (BBB) and macrophage infiltr

operative neuroinflammation leads to improved cognitive function.

nuclear factor-kappa B; PNDs, perioperative neurocognitive disorders;
function and vasculature homeostasis, regulating diapedesis

and stimulating vasoprotective and anti-thrombotic media-

tors.19,42 In addition to reducing macrophage trafficking and

neuroinflammation after surgery, MaR1 also restored memory

function in both wild-type and Ccr2RFP/þCx3cr1GFP/þ mice,

suggesting that block of peripheral cell influx into the brain is a

potential avenue to treat surgery-induced cognitive disorders.

Evidence of de novo synthesis of pro-inflammatory cytokines

and chemokines (including MCP-1) in the hippocampus has

been reported, suggesting ‘active’ recruitment of peripheral

monocytes into the CNS.12,14 The mechanisms whereby sys-

temic trauma contributes to changes in brain physiology

require further investigation. It is suggested that CCR2þ Ly6Chi

monocytes (as labelled in the CCR2-RFP knock-in mouse)

initiate and sustain neuroinflammatory responses.43 Specific

CCR2 subsets may be vital to the recovery process and local

anti-inflammatory actions.44

Lipoxins, resolvins, protectins, and maresins were recently

identified in human peripheral blood and lymphoid organs

throughmetabololipidomics.45We detectedMaR1 in the CSF of

older patients before and after non-cardiac, non-neurological

surgery. Although we found no evidence of overall change in

MaR1 levels in this limited cohort, two patients exhibited

markedly greater change than others. There are potentially

important differences between the subset of patientswith large

24 h increases in MaR1 and those without preoperative factors

commonly associated with cognitive outcomes (age, baseline

cognition, years of education). Future studies with larger sam-

ple sizes might identify patient and procedural factors associ-

atedwithpostoperativeCSFMaR1 increase. Such future studies

may provide novel insights into the role of SPMs as biomarkers

(such as for PND severity) in the perioperative period.

Limitations in our study include the specific interrogation of

MaR1 signalling after surgery. Although MaR1 is a primary
-cardiac, non-neurologic surgery in older patients (age �60 yr). (a)

and Y axes indicate non-linearity/scale discontinuity. n¼11. (b)

regulated excessive inflammation from circulating macrophage by

e release, overall contributing to a ‘M2-like’ switch. This systemic

pression. In fact, these systemic effects prevented loss of cld-5

ation into the brain parenchyma. Overall, dampening the post-

CSF, cerebrospinal fluid; IL, interleukin; MaR1, Maresin 1; NF-kB,

ROS, reactive oxygen species.
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product of monocytic cell types, the ligandereceptor in-

teractions are not yet fully defined. MaR1 can lead to complex

metabolites that exert different temporal functions in the

resolution of inflammation.9 This bioactive metabolome im-

pacts multiple signalling pathways (anti-inflammation,

regeneration, anti-nociception, etc.) which require further

investigation in the perioperative context. For example, we

recently described the analgesic effects ofMaR1 at significantly

higher doses (500 ng) and different routes of administration,

including intrathecal.31 This suggests a different mode of ac-

tion and effects on cell types that could be harnessed for

different therapeutic needs. Earlier strategies aimed at atten-

uating the neuroinflammatory response after surgery have

focused on dampening the innate immune response, with

potential implications to bothhost defense andorgan function.

SPMs display potent anti-inflammatory actions without being

immunosuppressive.42 Although clinical studies are identi-

fying inflammatory biomarkers implicated with cognitive

impairment after surgery, the role of neuroinflammation in

PNDs needs to be further established.

In summary, our results identify MaR1 as a novel regulator

of postoperative inflammation and ensuing cognitive decline

through the modulation of macrophage trafficking and activ-

ity. These findings suggest a novel therapeutic potential for

SPMs in preventing surgery-induced cognitive decline,

including facilitating postoperative recovery, and provide ev-

idence for detection in human CSF after surgery.
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