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Aims Inflammation plays a role in atrial fibrillation (AF), but classical anti-inflammatory molecules are ineffective. Recent
evidence suggests that failure of inflammation-resolution causes persistent inflammatory signalling and that a novel
drug-family called resolvins promotes inflammation-resolution. Right heart disease (RHD) is associated with AF; ex-
perimental RHD shows signs of atrial inflammatory-pathway activation. Here, we evaluated resolvin-therapy effects
on atrial arrhythmogenic remodelling in experimental RHD.

....................................................................................................................................................................................................
Methods and
results

Pulmonary hypertension and RHD were induced in rats with an intraperitoneal injection of 60 mg/kg monocrotaline
(MCT). An intervention group received daily resolvin-D1 (RvD1), starting 1 day before MCT administration. Right
atrial (RA) conduction and gene-expression were analysed respectively by optical mapping and qPCR/gene-
microarray. RvD1 had no or minimal effects on MCT-induced pulmonary artery or right ventricular remodelling.
Nevertheless, in vivo transoesophageal pacing induced atrial tachyarrhythmias in no CTRL rats vs. 100% MCT-only
rats, and only 33% RvD1-treated MCT rats (P < 0.001 vs. MCT-only). Conduction velocity was significantly de-
creased by MCT, an effect prevented by RvD1. RHD caused RA dilation and fibrosis. RvD1 strongly attenuated RA
fibrosis but had no effect on RA dilation. MCT increased RA expression of inflammation- and fibrosis-related gene-
expression pathways on gene-microarray transcriptomic analysis, effects significantly attenuated by RvD1 (334 path-
ways enriched in MCT-rats vs. control; only 177 dysregulated by MCT with RvD1 treatment). MCT significantly in-
creased RA content of type 1 (proinflammatory) CD68-positive M1 macrophages without affecting type 2 (anti-in-
flammatory) M2 macrophages. RvD1-treated MCT-rat RA showed significant reductions in proinflammatory M1
macrophages and increases in anti-inflammatory M2 macrophages vs. MCT-only. MCT caused statistically significant
increases in protein-expression (western blot) of COL3A1, ASC, CASP1, CASP8, IL1b, TGFb3, CXCL1, and
CXCL2, and decreases in MMP2, vs. control. RvD1-treatment suppressed all these MCT-induced protein-expres-
sion changes.

....................................................................................................................................................................................................
Conclusion The inflammation-resolution enhancing molecule RvD1 prevents AF-promoting RA remodelling, while suppressing

inflammatory changes and fibrotic/electrical remodelling, in RHD. Resolvins show potential promise in combating
atrial arrhythmogenic remodelling by suppressing ongoing inflammatory signalling.
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1. Introduction

Right heart disease (RHD) is associated with structural and functional
remodelling that promotes atrial fibrillation (AF), the most common car-
diac arrhythmia.1 AF is common in RHD associated with a range of com-
mon clinical conditions, including chronic obstructive pulmonary
disease,2 pulmonary arterial hypertension,3 and congenital cardiac dis-
ease4 and is associated with impaired outcomes.4,5 The mechanisms by
which RHD promotes AF are poorly understood, and the therapeutic
implications of these mechanisms are largely unknown.6

Atrial fibrosis is commonly associated with AF and is believed to play a
significant pathophysiological role.1,7,8 We recently studied AF-
promoting right atrial (RA) remodelling in an animal model of RHD

associated with monocrotaline (MCT)-induced pulmonary hypertension
(PH) and found that conduction abnormalities caused by atrial fibrosis
play a prominent role in the arrhythmogenic substrate.9 Furthermore,
we obtained evidence pointing to inflammatory signalling as an important
contributor to RHD-induced RA fibrosis.9

Chronic inflammatory signalling has been implicated as a patho-
genic mechanism in a variety of cardiac conditions, including AF.10–13

An evolving concept in the area of chronic diseases is that there are
discrete processes leading to the resolution of acute inflammation,
and when these fail, chronic inflammation results, leading to chronic
disease.14,15 It has been suggested that failed resolution of inflamma-
tory processes (leading to chronicization of disease-promoting inflam-
mation) can be ameliorated with the use of inflammation-resolution
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promoting molecules.14,15 Recent studies have revealed that n-3 poly-
unsaturated fatty acid (PUFA)-derived immune response modulating
compounds, including resolvins such as E Series molecules (abbrevi-
ated ‘RvEs’) derived from eicosapentaenoic acid (EPA) and D Series
molecules (‘RvDs’) derived from docosahexaenoic acid (DHA), atten-
uate inflammation-related injury and its consequences in aortic, renal,
pulmonary, cerebral, and ocular diseases.15–19 Evidence in cardiac dis-
ease is limited, but Halade et al.16 showed that RvD type-1 (RvD1)
prevented cardiorenal syndrome after experimental myocardial infarc-
tion in mice.

Since we previously observed persistent activation of atrial inflamma-
tory signalling in an RHD rat model 21 days after the initial insult,9 we
considered the possibility that unresolved inflammation might be con-
tributing to the pathophysiology of the RA substrate that promotes AF.
We hypothesized that resolvins might suppress the development of the
AF-promoting substrate associated with RHD by promoting the resolu-
tion of inflammation, and selected the autacoid and bioactive lipid pro-
resolution molecule RvD120,21 to study in the animal model of RHD.
Accordingly, the objectives of the present study were: (i) to evaluate the
effect of RvD1 on AF susceptibility due to RHD in the MCT-induced rat
model of PH; (ii) to investigate the effect of RvD1 on arrhythmogenic
RHD-induced atrial structural, functional and electrical remodelling; and
(iii) to evaluate the impact of RvD1-therapy on the expression of under-
lying molecular pathways.

Methods

Animal model of RHD and RvD1 intervention
Experiments and animal handling procedures were approved by the Animal
Ethics Committee of the Montreal Heart Institute and were conducted in ac-
cordance with the Canadian Council on Animal Care (CCAC) and NIH
Guide for the Care and Use of Laboratory Animals. The approval reference
number is 2016-2068, 2016-47-06. Adult male Wistar rats obtained from
Charles River Laboratories (Montreal, Quebec) weighing 200–275 g were
randomly assigned to each of four groups: control (vehicle-treated); control
þ RvD1; MCT; or MCTþ RvD1. MCT rats received a single i.p. dose (60 mg/
kg) of MCT. RvD1 treatment (2lg/kg/day; i.p.) started 1 day before MCT in-
jection. Control rats received an equivalent volume of vehicle (to MCT and
RvD1). On Day 21 post-MCT injection, echocardiography, transoesophageal
electrophysiological study (EPS), haemodynamic studies ,and ex vivo optical
mapping experiments were performed on six rats/group. For histological and
biochemical analysis, six additional rats/group were euthanized with i.p. keta-
mine (100 mg/kg) and xylazine (10 mg/kg) followed by cardiac excision.
Heart tissues were dissected and weighed; and then two-thirds of each tissue
was fixed in formalin (10%) while one-third was homogenized and fast-
frozen in liquid nitrogen for subsequent analysis. For echocardiographic stud-
ies, haemodynamic measurements and EPS, animals were anaesthetised with
an inhaled mixture of 3% isoflurane and 1 L/min O2 throughout the
procedure.

Echocardiography
At baseline, Days 14 and 21, echocardiograms were obtained with a phased
array 10S probe (4.5–11.5 MHz) in a Vivid 7 Dimension system (GE
Healthcare UltrasoundHorten, Norway). Parasternal long-axis views were
recorded to obtain M-mode echocardiographic measurements of left atrial
(LA) and RA dimension at end-systole (LADs and RADs) and diastole (LADd

and RADd); tricuspid annulus plane systolic excursion (TAPSE), tricuspid re-
gurgitation, left ventricular (LV) and right ventricular (RV) wall thickness
(LAW and RAW), dimensions (LVD and RVD); LV and RV ejection time
(ET), ejection fraction, and pulmonary artery flow.

Transoesophageal stimulation
Transoesophageal EPS was performed with 4-Fr quadripolar catheters/2-mm
interpolar distances (St. Jude Medical #401993). Atrial arrhythmia inducibility
was assessed by applying 12 3-s 50-Hz pacing-bursts (pulse width 2 ms, 4�
threshold current), separated by 2-s intervals.22 AF was defined as a rapid
(>800 beats/min) irregular atrial rhythm. Atrial flutter (AFl) was defined as a
regular atrial tachyarrhythmia at a cycle length between 600 and 800 b.p.m.
AF and AFl inducibility were quantified based on the induction of arrhythmia
episodes lasting for at least 1 s immediately after a pacing-burst. If an atrial ar-
rhythmia lasting more than 2 s was induced by a burst, subsequent pacing
was suspended to avoid interfering with the induced episode. AF duration
was defined as the mean duration of all induced AF episodes. Recording and
analysis of surface electrocardiogram (ECG) and catheter signals were per-
formed with Iox2 software (version 2.8.0.13, EMKA technologies, FR).

Haemodynamic measurements
RV systolic pressure (RVSP) was measured with a 2-Fr pressure-transducer
catheter (SPR 407 Pressure-only catheter, Mikro-TipVR , ADInstrument,
Colorado, USA) introduced via the right jugular vein. Recording and analysis
of haemodynamic data were performed with Iox2 software.

Optical mapping
The heart was excised and perfused via the aorta with Krebs solution at
10 mL/min and 37�C, containing (mM): NaCl 120, KCL 4, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 2.5, CaCl2 1.25, D-Glucose 5.5. The Krebs solution
was adjusted to pH 7.5 and bubbled with 95%-O2/5%-CO2. After 20 min for
stabilization, mechanical contraction was suppressed using a recirculating so-
lution of 15-mM blebbistatin. Di-4-ANEPPS (10mM, 0.1 mL) was injected via
the perfusate to detect voltage-fluorescence signals. Recordings were
obtained at 2 kHz with a charge-coupled device camera (CardioCCD,
RedShirtImaging, Decatur, GA, USA) focused on a region of up to approxi-
mately 8� 8 mm (depending on the anatomy) in the RA or LA free wall.
Effective refractory period (ERP: the longest S1–S2 coupling interval failing to
generate a propagated beat) was determined with programmed stimulation
at an S1S1 basic cycle length (BCL) of 150 ms followed by a decremental S2
extrastimulus beginning with an S1–S2 of 80 ms. Optical maps were then
obtained over a range of BCLs (between 150 and 60 ms; 3 s each). In situ AF
induction was performed over a range of BCLs between 300 and 60 ms, with
3-s bursts at each. Finally, 25-Hz burst pacing was applied as six repeated 3-s
burst cycles separated by 1-s intervals, with burst-pacing suspended if AF-
episodes occurred to avoid interfering with the evolution of the induced ar-
rhythmia. Conduction velocity (CV) and action potential duration to 80% re-
polarization (APD80) were measured with a MatlabVR custom-written
algorithm as previously described.23 Mean APD80 was calculated as the aver-
age for all pixels in the field of view.

Histological analysis
RV hypertrophy was assessed based on Fulton’s Index (RV mass/[LVþ septal
mass]). Formalin-fixed heart samples were processed with standard paraffin-
embedding procedures, cut at 6-lm thickness, and stained with Masson’s
Trichrome. Images were analysed (blinded to rat group) to quantify fibrous-
tissue area (excluding blood vessels, perivascular tissue, and endocardial/epi-
cardial surface) with Image Pro Premier 9.3 Software (MediaCybernetics,
MD). Lung samples were fixed and stained with Masson’s Trichrome, to ana-
lyse pulmonary artery medial wall thickness. Immunohistochemical analyses
were performed to identify pro- and anti-inflammatory macrophages (M1
and M2), respectively immunolabelled by CD68 antibody (diluted 1:1000)
and CD206 antibody (diluted 1:750). Myeloperoxidase (MPO) antibody (di-
luted 1:200) was also used to quantify neutrophil invasion in the atria (exclud-
ing the circulating neutrophils). Images were analysed, blinded to rat group,
for quantification of these inflammation-related cells, with Image Pro Premier
9.3 Software (MediaCybernetics, MD). Counts of the targeted inflammation-
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Figure 1 Cardiovascular remodelling and atrial arrhythmia inducibility in vivo. (A) Morphometric analyses of the right and left ventricle after 21 days of
treatment under control, monocrotaline (MCT) and RvD1 (without and with MCT). (B) Representative lung tissue sections (stained with Masson’s
Trichrome). Dark lines indicate pulmonary artery wall thickness. (C) Right ventricular (RV) hypertrophy index [ratio of right ventricular (RV) weight over
left ventricular þ septum (LV þ S) weight]. (D) Quantitative analyses of pulmonary artery (PA) wall thickness. (E) Pulmonary artery flow expressed as a
ratio of the acceleration time (AT) over the right ventricular ejection time (RVET). (F) Right ventricular pressure (RVSP). All measurements were
obtained on Day 21 or on samples taken on Day 21. Results in C–F are mean ± SEM. (Statistical analysis: one-way ANOVA followed by Bonferroni cor-
rection. Each point represents results from an individual animal. n = 6 rats per group.) (G) Representative ECGs showing sinus rhythm (SR), 3s burst stim-
ulation and an induced atrial fibrillation (AF) episode in an MCT and in an MCT þ RvD1 rat. AF episodes were followed by spontaneous restoration of
sinus rhythm. (H) Number of rats that showed AF and AFl during transesophageal EPS in vivo. (I) Dot-plot graphs showing mean ± SEM of AF duration in
MCT and MCTþRvD1 treated rats. (Statistical analysis: one-way ANOVA followed by Bonferroni correction. Each point represents results from an indi-
vidual animal.)
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related cells were quantified by an observer blinded to group identity, as the
number of cells/mm2.

PCR
Tissue samples were freshly isolated, snap-frozen in liquid nitrogen and ho-
mogenized in QIAzolVR Lysis Reagent. Extraction of RNAs was performed
with RNeasyVR Mini Kit (QIAGEN group, Montreal, QC, Canada). RT-PCR
was performed with Applied Biosystems Thermal Cycler 2720
(ThermoFisher Scientific, Watham, MA, USA). Taqman probes were used
for collagen1a1 (Col1a1 Rn01463848_m1), collagen3a1 (Col3a1
Rn01437681_m1), a-SMA (Acta1 Rn01426628_g1), interleukin 6 (Il6
Rn01410330_m1); and SYBR green primers for glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), inducible nitric oxide synthase (Nos2, iNOS), inter-
leukin-1-bêta (Il1b), matrix metalloproteinase-2 and -9 (Mmp2 and Mmp9),
platelet-derived growth factor receptor alpha and beta (Pdgfra and Pdgfrb),
transforming growth factor beta 1 (Tgfb1), and periostin (Postn)
(Supplementary material online, Table S1).

Gene microarray analysis
Isolation of mRNAs was performed with the Macherey Nagel Nucleospin
RNA II isolation kit (Macherey-Nagel Düren, Germany). RNA concentra-
tions were determined with an ND-2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA), and RNA quality was assessed using an
Agilent Bioanalyzer RNA-chip (Agilent, Santa Clara, CA, USA). RNA
Integrity Number (RIN) >7 was required for use. Samples from six rats were
analysed per experimental group. Samples were pooled pairwise to reduce
variability. Transcriptome profiling was obtained with the Affymetrix rat
Clariom S Assay including >22 000 gene transcripts (Affymetrix, Santa Clara,
CA, USA). Samples were processed on a GeneChip Scanner 3000 7G
System (Thermo Fisher Scientific, Waltham, MA, USA).

Quality control and differentially expressed genes were assessed with
Transcriptome Analysis Console (TAC) 4.0. The significance filter was set at
P < 0.05 with a fold-change >2 needed for further analysis. KOBAS 3.0 web
server was used for enrichment analysis to determine signalling path-
ways.24,25 DAVID database was used to analyse biological process, cellular
component, and molecular function.26

Western blot
Proteins were separated by electrophoresis on 4–20% sodium dodecyl
sulfate-polyacrylamide gels and transferred electrophoretically onto polyvi-
nylidene difluoride membranes. Tris-buffered saline (TBS) containing 0.2%
(volume/volume) Tween-20 and 5% (weight/volume) bovine serum albumin
(BSA) were used to block the membranes. Membranes were then incubated
overnight at 4�C with primary antibodies diluted in TBS containing 0.2%
Tween-20 and 1% BSA. Membranes were washed with TBS-Tween/1% BSA
and hybridized with horseradish peroxidase-conjugated secondary antibody.
Detection of immunoreactive bands was performed by electrochemilumi-
nescence with BioMax films (Sigma-Aldrich, San Luis, MO, USA). Protein lev-
els were quantified with Quantity One software (Bio-Rad, Hercules, CA,
USA). All expression data were relative to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) staining for the same samples on the same gels.

Drugs and chemical reagents
MCT was obtained from Sigma-Aldrich (St. Louis, MO, USA). Resolvin D1
was obtained from Cayman Chemical (Ann Arbor, MI, USA). Blebbistatin
and di-4-ANEPPS were obtained from Cedarlane (Burlington, Ontario,
Canada). ACTA1, COL1a1, COL3a1, GAPDH, IL1b, IL6, iNOS (Nos2),
MMP2, MMP9, PDGFRa, PDGFRb, POSTN and TGFb1 qPCR probes, as
well as CD68 and MPO polyclonal antibodies, were obtained from Thermo
Fisher Scientific (Waltham, MA). CD206 polyclonal antibody was obtained
from Abcam (Toronto, Ontario, Canada).

Antibodies used for western blot experiments included: CASP1 (SC-
56036 monoclonal) obtained from Santa Cruz (Texas, DA, USA); GAPDH

(10R-G109a monoclonal) obtained from Fitzgerald (North Acton, MA,
USA); a-SMA (ab92536 polyclonal), COL1A1 (ab34710 polyclonal) and
MMP2 (ab92536 monoclonal) obtained from Abcam (Toronto, Ontario,
Canada); ASC (NBP1-78977 polyclonal), COL3A1 (NB600-594 polyclonal)
and NLRP3 (NBP1-77080SS polyclonal) obtained from Novus Biologicals
(Centennial, CO, USA), CXCL1 (PA1-29220 polyclonal), CXCL2 (PA5-
88673 polyclonal), IL1b (PA5-46956 polyclonal), IL6 (ARC0962 monoclo-
nal), CASP8 (MA5-15914 monoclonal) and TGFb3 (PA551070 polyclonal)
obtained from Thermo fisher (Waltham, MA, USA).

Data analysis and statistics
The Student’s t-test (for two-sample analyses only) or one-way or two-way
analysis of variance (ANOVA) was performed for statistical analysis.
ANOVA followed by post hoc Tukey or Bonferroni-corrected Student’s t-
tests were performed to evaluate group differences when analyses of vari-
ance revealed significant group effects. Shapiro–Wilk tests were performed
to assess consistency with normal distribution. The Fisher’s exact test was
used for categorical variables like AF inducibility. Results are expressed as
mean ± SEM (standard error of the mean). Statistically significant differences
were defined as two-tailed P-values <0.05.

Results

Effect of RvD1 on MCT-induced cardiac
structural and functional remodelling
MCT caused substantial pulmonary vascular and right heart remodelling.
Figures 1A and B shows histological sections of heart and lung tissue from
control, controlþ RvD1, MCT, and MCTþ RvD1 rats, obtained 21 days
after injection. The RV was hypertrophied and dilated in both MCT-
treated groups (Figure 1A). Fulton’s index (RV mass normalized to left
ventricle þ septal mass) was significantly increased from 0.22 ± 0.01
(control) to 0.51± 0.03 in MCT-rats. Histological analysis showed that
RvD1 did not affect RV structure, whether in control or MCT conditions
(Figure 1A and C).

Pulmonary artery (PA) wall thickness increased significantly in MCT-
rats (to 43.8± 1 lm) vs. controls (11.2 ± 1.1 lm). RvD1 treatment did
not affect control PA wall thickness under control conditions, and
slightly (by about 11%) but significantly reduced PA wall thickness in the
presence of MCT, indicating slight attenuation of PA remodelling (Figure
1B and D). PA flow, as assessed by acceleration time to right ventricular
ejection time (AT/RVET) ratio, was significantly decreased in MCT-rats
(to 15.1 ± 0.4) vs. controls (34.8± 2). RvD1 did not influence PA flow un-
der control conditions; however, it slightly but significantly attenuated
the effect of MCT (Figure 1E). RVSP more than doubled under MCT
treatment (Figure 1F). RvD1 had no effect on RVSP under control condi-
tions; however, RvD1 treatment attenuated MCT-enhanced RVSP by
about 30%.

On echocardiography, RvD1 had no effect in control conditions.
MCT-rats showed decreased right ventricular systolic contractility com-
pared to control; RvD1 did not prevent this functional remodelling
(Supplementary material online, Figure S1A). All MCT-rats showed de-
creased TAPSE (Supplementary material online, Figure S1B) and tricuspid
annulus motion velocity (Supplementary material online, Figure S1C).
RvD1 attenuated the effects on TAPSE, without significantly altering tri-
cuspid annulus motion velocity. Tricuspid regurgitation was also ob-
served in rats with RHD; RvD1 did not prevent this dysfunction
(Supplementary material online, Figures S1D, S2, and Online Videos). LV
parameters showed slight reduction in LV dimensions and augmentation
in LV ejection fraction in MCT treated rats. RvD1 normalized changes in
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aortic blood pressure, LV anterior wall at end-diastole (LVAWd) and LV
ejection fraction (Supplementary material online, Table S2). Overall,
RvD1 had small, if any, protective effects against MCT-induced PA and
RV remodelling.

Effects of RvD1 on MCT-induced AF vulner-
ability and ECG modifications in vivo
Transoesophageal stimulation (Figure 1G) failed to induce AF in control
rats, but induced AF in all MCT-only rats (Figure 1H). One MCT rat also
developed runs of AFl in addition to AF. In the presence of MCT-

induced remodelling, RvD1 produced a significant (67%) decrease in AF
inducibility (Figure 1H). RvD1 also significantly decreased mean AF dura-
tion in MCTþ RvD1 rats (Figure 1I).

Analysis of ECG variables showed that MCT increased P-wave dura-
tion (Supplementary material online, Figure S3A), R–R (Supplementary
material online, Figure S3B), and QT intervals (Supplementary material
online, Figure S3C), while QRS duration was decreased (Supplementary
material online, Figure S3D) and PR interval was unchanged
(Supplementary material online, Figure S3E). RvD1 had no effect on con-
trol electrocardiograms (ECGs), but significantly attenuated all ECG
alterations associated with MCT treatment.

Figure 2 Fibrosis quantification. Histological analysis of right (upper panels) and left (lower panels) atria stained with Masson’s Trichrome 21 days after
treatment under control, MCT-, and RvD1 ± MCT conditions. (A) Percentage RA fibrotic area and (B) RA dimension at the end of systole (RADs). (C)
Percentage LA fibrotic area and (D) LA dimension at the end of systole (LADs). Results in A–D are mean ± SEM. (Statistical analysis: one-way ANOVA fol-
lowed by Bonferroni correction. Each point represents results from an individual animal. n = 6 rats per group.)

Resolvin D1 prevents AF in right heart disease 1781

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa186#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..Effects of RvD1 on RHD-associated atrial
structural remodelling
Atrial fibrosis is a common theme for a wide range of AF substrates,27

and prominently figures in the pathophysiology of AF in RHD.9,28 RA
fibrous-tissue content was significantly increased about five-fold in MCT-
rats (Figure 2A). In addition, RA dilation occurred in MCT-treated rats
(Figure 2B). RvD1 significantly reduced RA fibrosis (by over 50%) in
MCT-exposed rats (Figure 2A) without preventing RA dilation
(Figure 2B). In the left atrium, MCT increased fibrous-tissue content over
two-fold (Figure 2C) without LA dilation (Figure 2D). RvD1 treatment
prevented MCT-induced LA fibrosis (Figure 2C).

RvD1 effects on RHD-associated atrial elec-
trophysiological changes in situ
RA CV was slowed in MCT rats, with slowing increasing at shorter BCLs
(Figure 3A). RA ERP (Figure 3B) and APD80 (Figure 3C) were significantly
increased in MCT rats compared to control. CV was slowed in left
atrium to a somewhat lesser, but still significant, extent compared to RA
changes in MCT-rats (Supplementary material online, Figure S4A). LA
ERP (Supplementary material online, Figure S4B) and APD (BCL 80)
(Supplementary material online, Figure S4C) also significantly increased
with MCT-only.

Figure 3 Right atrial optical mapping. (A) Left: right-atrial (RA) activation maps at BCL 80 ms. Right: mean ± SEM RA conduction velocity values. (B) RA
effective refractory period (mean ± SEM). (C) Action potential duration at 80% repolarization (APD80, mean ± SEM). (D) Number of rats/group (of 6/
group) with AF induced by RA programmed stimulation. (E) AF mean duration (±SEM). (Statistical analysis: A and C: two-way ANOVA followed by
Tukey’s test. B, C, and E: one-way ANOVA followed by Bonferroni correction. D: the Fisher’s exact test. Each point in B and E represents results from an
individual animal. n = 6 rats per group.)
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.RvD1 treatment prevented the electrophysiological changes caused
by MCT, maintaining CV, ERP and APD in the range of control values
(Figure 3 and Supplementary material online, Figure S4). Consistent with
the results of in vivo EPSs, in situ atrial burst-pacing (Supplementary mate-
rial online, Table S3) revealed that AF inducibility was significantly in-
creased in right atrium (Figure 3D) under MCT-only conditions (6/6) vs.
control (1/6); RvD1 significantly attenuated AF inducibility under MCT

conditions. Qualitatively similar results were seen for programmed stim-
ulation in left atrium (Supplementary material online, Figure S4D). AF du-
ration was quantitatively larger in MCT vs. control rats, and shorter in
MCTþ RvD1 rats vs. MCT-only, but perhaps because of the small num-
bers (n = 1 inducible control rat, n = 2 inducible MCT þ RvD1 rats), the
differences were not statistically significant (Figure 3E, Supplementary
material online, Figure S4E).

Figure 4 Top dysregulated genes and ontology classification. (A) Venn diagrams of the top dysregulated genes (-10 >_ fold-change >_ 10) under MCT
(red) and MCTþ RvD1 (blue) compared to control in RA (left panel) and LA (right panel). Commonly dysregulated genes in MCT and MCTþ RvD1 re-
lated to inflammation are in green. (B) Top common differentially expressed inflammation-related genes in MCT compared to control and MCTþ RvD1
treatment compared to control, in RA (left panel) and LA (right panel). (C) Molecular functions dysregulated under MCT vs. control (left, red bars) and
MCTþ RvD1 treatment vs. control (right, blue bars). Bars show statistical significance of differentially expressed genes and associated numbers indicate
the number of dysregulated genes (n = 6 rats/group; P < 0.05). b., binding; Const., constituent; ECM, extracellular matrix; heterod, heterodimerization; Id.,
identical; k., kinase; Prot., protein; R., receptor; Transcr., transcription.
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Effect of RvD1 on expression of selected
genes by qPCR

The expression of selected fibrosis-related genes was investigated by
qPCR. A variety of important genes, including Col1a1, Col3a1, Tgfb1,
Acta1, Mmp2, and Pdgfrb (Supplementary material online, Figure S5) were
up-regulated in right atrium of MCT-rats. No statistically significant
increases were observed in left atrium of MCT-rats. RvD1 treatment at-
tenuated the MCT-induced up-regulation of these genes, with statisti-
cally significant decreases in the right atrium for Col1a1, Col3a1, and
Mmp2; and in the left atrium for Tgfb1.

Transcriptomic analysis of effects of RvD1
on RHD-activated pathways
We applied pangenomic transcriptome microarray analysis to address
the potential molecular pathways mediating the protective effect of
RvD1 on MCT-induced remodelling.

KOBAS database analysis indicated that 334 pathways were
enriched, with statistically significant differential expression, in the
right atrium of MCT-rats vs. control (Supplementary material online,
Figure S6). In the right atrium of MCT þ RvD1 treated rats a smaller
number of pathways (177) was dysregulated vs. control. Among the
top 20 dysregulated pathways from each comparison shown in the

Figure 5 Gene expression of specific macrophage markers. Gene expression level (mean ± SEM), from pangenomic transcriptome microarray analysis,
expressed in arbitrary units (A.U.) for (A) proinflammatory (M1) macrophage markers: Nfkb, Icam1, CD68 and (B) anti-inflammatory (M2) macrophage
markers: Il10, Socs3, Mrc1/CD206, in RA and LA. (Statistical analysis: one-way ANOVA followed by Bonferroni correction. Each point represents results
from an individual animal. n = 6 rats per group.)
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figure, a majority was related to inflammation and fibrosis. RvD1 nota-
bly attenuated changes in inflammation-related pathway genes in-
volved in: advanced glycation end products/receptors (AGE-RAGE),
TGFb, mitogen-activated protein kinase (MAPK), and/or phosphatidy-
linositol 3-kinases-protein kinase B (PI3k-AKT) signalling, as well as fo-
cal adhesion and cytokine signalling pathways central in extracellular
matrix (ECM) regulation and fibrosis development.

To better understand the relation between these pathways and the
pathophysiology of RHD and RvD1 effects, we analysed the expression
changes of the most dysregulated genes. Figure 4A shows Venn diagrams
of the most statistically significant differentially expressed genes under
MCT-only and MCT þ RvD1 vs. control in the right and the left atrium.
Among the top dysregulated genes commonly expressed in MCT and
MCT þ RvD1 compared to control, six were related to inflammation

Figure 6 Histological analysis of pro- and anti-inflammatory macrophage infiltration. Immunohistochemical staining (brown coloration) of (A) proin-
flammatory (M1) macrophage marker CD68, (B) anti-inflammatory (M2) macrophage marker CD206, and (C) neutrophil marker myeloperoxidase
(MPO), in right atria. Arrows indicate representative immune-targeted macrophages. Dot-plot graphs show the mean ± SEM number of right atrial
CD68, CD206, and neutrophil cells per mm2. (Statistical analysis: one-way ANOVA followed by Bonferroni correction. Each point represents results
from an individual animal. n = 6 rats per group.)
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Figure 7 Protein expression of fibrosis- and inflammation-related genes. Western blot analysis of (A) fibrosis-related proteins: COL1A1, COL3A1, and
MMP2 and (B) effectors of inflammation: NLRP3, ASC, CASP1, CASP8, IL1b, TGFb3, CXCL1, and CXCL2. Images are grouped according to gels on
which they were run, along with corresponding GAPDH bands. (Statistical analysis: one-way ANOVA followed by Bonferroni correction. Each point rep-
resents results from an individual animal. n = 6 rats per group.)
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and fibrosis [C-C motif chemokine ligand 2 (Ccl2), C-X-C motif chemo-
kine ligand 1 (Cxcl1), Cxcl2, Il6, regenerating islet-derived 3 beta (Reg3b),
and thrombospontin 1 (Thbs1); green in the figure]. In the right atrium,
RvD1 given to MCT-rats decreased the expression of the cytokines Ccl2,
Cxcl1, Cxcl2, Il6, and Thbs1 compared to MCT-only (Figure 4B, left panel).
In the left atrium, RvD1 notably decreased the expression of Cxcl1 com-
pared to MCT-only (Figure 4B, right panel). The DAVID database was
used to perform gene ontology classification. MCT-rats treated with
RvD1 had fewer differentially expressed genes, at lower levels of statisti-
cal significance, than MCT-only rats compared to control (Figure 4C and
Supplementary material online, Table S4).

We then focused on the expression of genes involved in arrhythmia-
promoting electrical remodelling, encoding connexins, calcium-handling pro-
teins, and ion channel subunits. Gene-microarray data from RA samples
revealed that under MCT-only conditions: connexin 43 (Cx43), ryanodine re-
ceptor 2 (Ryr2), sarcolipin (Sln), sodium-calcium exchanger 1 (Ncx1), sarco/
endoplasmic reticulum Ca2þ-ATPase (Serca), phospholamban (Plb), calcium
voltage-gated channel subunit alpha1 C (Cacna1c), potassium voltage-gated
channel subfamily (Kcn) A member 1 [Kcna1], Kcna5, Kcnj2 and Kcnq1 were
down-regulated; and Cx40, stromal interaction molecule 1 (Stim1), calcium
release-activated calcium channel protein 1 (Orai1), and Kcna3 were up-
regulated vs. control (Supplementary material online, Figure S7). Compared
to MCT-only, RvD1-treatment of MCT rats reversed the MCT-effects on
Cx43, Ryr2, Sln, Ncx1, Serca, Plb, Cacna1c, Kcna1, Kcna5, Kcnj2, and Kcnq1, con-
sistent with the reversal of electrophysiological changes shown in Figure 3.

Changes in indices of inflammation
There is evidence for a role of inflammation7 and specifically the NLRP3
(nucleotide-oligomerization-domain-like receptor family, pyrin domain con-
taining 3) inflammasome11 in AF. The NLRP3-inflmmasome-related genes:
Nlrp3, apoptosis-associated speck-like protein containing caspase recruit-
ment domain (Asc), caspase 1 (Casp1), Casp8, and interleukin 1 beta (Il1b)
showed increased expression on gene-microarray analysis of MCT-rat RA
vs. control (Supplementary material online, Figure S8). MCT-rats receiving
RvD1 showed decreased expression of these genes vs. MCT-only, with all
but Asc showing statistical significance from MCT-only values
(Supplementary material online, Figure S8 and Table S4).

To better understand the inflammatory changes produced by MCT-
induced RHD with and without RvD1 treatment, we evaluated the expres-
sion of markers characterizing proinflammatory type 1 macrophages (M1)-
and anti-inflammatory type 2 (M2) macrophages. The gene-expression lev-
els of M1 macrophage markers: nuclear factor kappa-light-chain-enhancer
of activated B cells (Nfkb), intercellular adhesion molecule 1 (Icam1), and
cluster of differentiation 68 (CD68) were significantly increased on gene-
microarray in right atrium of MCT-only rats vs. control (Figure 5A, left);
these changes were suppressed by RvD1. LA changes were less striking,
but whereas MCT-only significantly enhanced LA expression of Nfkb and
Icam1 vs. control, the changes were smaller in RvD1-treated MCT-rats and
were not significantly different from control (Figure 5A, right). The M2
markers: interleukin 10 (Il10), suppressor of cytokine signalling 3 (Socs3),
and c-type-mannose-receptor-1/cluster of differentiation 206 (Mrc1/
CD206) were significantly increased in right atrium of RvD1-treated MCT-
rats compared to MCT-only and control rats (Figure 5B).

The gene-expression of effectors of inflammation was evaluated by
qPCR. Postn, Il6, Il1b, and Nos2 were significantly increased in the right
and the left atrium of MCT-only compared to control rats. RvD1 treat-
ment reduced the MCT-induced up-regulation of these genes, with
MCT þ RvD1 rats showing statistically significant decreases relative to
MCT-only (Supplementary material online, Figure S9).

Blinded analysis of immunohistological staining of the right atrium
from control, MCT and RvD1 rats revealed an increased density of cells
expressing the M1 macrophage marker CD68 marker in MCT-only rats
vs. control. CD68-expressing M1 macrophage cell number was signifi-
cantly reduced in RvD1-treated MCT-rat RA vs. MCT-only (Figure 6A).
On the other hand, the number of cells expressing the M2-macrophage
marker CD206 was significantly increased in MCT-rat RA treated with
RvD1 vs. MCT-only or control (Figure 6B). The number of cells
expressing the neutrophil-marker myeloperoxidase (MPO) was small in
RA tissue (Figure 6C) and did not vary among groups.

Western blot analysis was performed to assess RA levels of proteins
involved in fibrosis (COL1A1, COL3A1, MMP2) (Figure 7A), inflamma-
some (NLRP3, ASC, CASP1, CASP8), interleukin (IL1b), and cytokines
(TGFb3, CXCL1, and CXCL2) (Figure 7B). MCT rats shown statistically
significant increases in protein expression of COL3A1, ASC, CASP1,
CASP8, IL1b, TGFb3, CXCL1, and CXCL2 compared to control. The
protein expression of the collagenase MMP2 was significantly decreased
in MCT-only animals compared to control. RvD1 treatment
significantly attenuated all MCT-induced protein-expression changes.

Discussion

In this study, we examined the effects of an inflammation-resolution promot-
ing molecule, RvD1, on the development of atrial remodelling and arrhyth-
mogenesis in experimental RHD. RvD1 strongly attenuated atrial fibrotic and
electrophysiological remodelling and suppressed AF-promotion, while show-
ing much more modest actions on MCT-induced pulmonary vascular changes
and RV remodelling. The improvements in electrophysiology and fibrotic
remodelling were associated with marked reductions in inflammation-related
gene expression in the presence of RvD1, along with a clear shift in RA mac-
rophage expression away from proinflammatory M1 macrophages and to-
wards M2 macrophages with anti-inflammatory properties.

Right heart disease and AF
RHD is known to be an important potential cause of AF.2–5 In a large
database of Asian subjects, those with AF were over six times as likely as
those without AF to have chronic obstructive lung disease.29 The mecha-
nisms underlying the association of AF with RHD have been poorly un-
derstood. We recently employed the MCT-induced PH model to study
atrial remodelling associated with RHD, finding substantial AF promotion
related primarily to atrial fibrotic remodelling.9 Prominent inflammatory
signalling alterations accompanied the fibrotic changes, so we were moti-
vated to investigate the effect of an intervention promoting the resolu-
tion of inflammation. We selected RvD1 based on its low toxicity and
recognized anti-inflammatory properties.30

RvD1 and fibrosis
RvD1 is recognized as an endogenous immune responsive, pro-resolving
lipid mediator,20,21 generated from DHA in response to infection, injury,
and inflammation.20 RvD1 has been reported to produce beneficial
effects in several experimental disease models. RvD1 inhibits inflamma-
tion in a cellular model of Parkinson’s disease18; protects against ischae-
mia–reperfusion-induced kidney damage and associated fibrosis17;
reduces polymorphonuclear-neutrophil infiltration in periodontitis30;
prevents aortic dilation in models of aortic aneurysms31; decreases bac-
terial growth and neutrophil infiltration in cystic fibrosis32; and prevents
cardiorenal syndrome and myocardial infarction-induced LV structural
remodelling in myocardial infarction.16
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To our knowledge, ours is the first study examining the effects of

RvD1 in a model of RHD or arrhythmia. While we saw prominent antifi-
brotic effects and prevention of arrhythmia susceptibility, the effects on
MCT-induced pulmonary vascular changes and RV remodelling were
much more modest. These findings suggest that RvD1 does not substan-
tially alter the primary vascular pathophysiology in MCT-induced PH or
the RV response, but reduces the inflammation-related alterations that
produce the associated atrial changes.

Potential mechanisms of RvD1 effects on
RDD-associated AF
RvD1 interacts with the G-coupled protein receptors GPR32 and/or
ALX/FPR to produce its actions33,34 and can also stimulate the expres-
sion of other specialized pro-resolving mediator receptors like
ChemR23 (Supplementary material online, Table S5). RvD1 is believed
to favour preservation of the ECM by resolving inflammation.35 We
noted prominent reductions in a range of inflammatory indicators with
RvD1 exposure, accompanying the reductions in atrial fibrosis. RvD1 at-
tenuated the expression of key inflammation-related genes like Il6, Il1b,
Ccl2, p-selectin (Selp), and e-selectin (Sele). There is evidence for an im-
portant role of the NLRP3 inflammasome in AF.11 We observed sub-
stantial increases in the expression of right atrium Nlrp3, Asc, Casp1,
Casp8, and Il1b with MCT-induced RHD (Supplementary material online,
Figure S8); these changes were largely reversed by RvD1. Furthermore,
whereas MCT caused an accumulation of M1 macrophages (Figures 5A
and 6A), RvD1 reversed this trend and produced an increase in M2 mac-
rophages (Figures 5B and 6B). M1 macrophages have a prominent proin-
flammatory phenotype and classically convert the amino acid arginine to
bioactive nitric oxide, whereas M2 macrophages have anti-inflammatory
effects and convert arginine to ornithine.36 The final profibrotic pathways
activated by inflammation were inhibited by RvD1 in our rats, as indi-
cated by significant attenuation of the atrial expression of Col1a1, Col3a3,
Tgfb1, Mmp2, and Pdgfrb (Supplementary material online, Figure S5).
RvD1 also exerted inhibitory effects on AGE-RAGE, PI3K-AKT, and
MAPK signalling pathways that were enriched by MCT-induced up-regu-
lation of cytokine/chemokine genes like Il6, Cxcl1, Cxcl2, Ccl2, and Thbs1.

Novel anti-inflammatory and omega-3 fatty
acid derivatives in cardiovascular
therapeutics
Our observation of the protection provided by RvD1 against RHD-
associated atrial arrhythmogenic remodelling adds to a growing list of
novel compounds, many derived from omega-3 fatty acids, with thera-
peutic properties for cardiovascular disease. Icosapent ethyl is a highly
purified EPA-derivative that was found to protect against a broad pri-
mary cardiovascular endpoint, as well as cardiovascular deaths, in a large
randomized multicentre trial (REDUCE-IT) of high-risk patients with
heart disease.37 Interestingly, anti-inflammatory actions mediated by
RvE1 are one of the main candidates to explain the benefits of icosapent
ethyl observed in REDUCE-IT.38 Canakinumab is a monoclonal anti-
body targeting interleukin 1-b, which has been shown to significantly re-
duce the rate of cardiovascular events in patients with prior myocardial
infarction and elevated blood C-reactive protein concentrations.39

Colchicine, a fairly innocuous and widely used agent with anti-
inflammatory properties, has also recently been demonstrated in a
large-scale randomized study to prevent myocardial infarction and
stroke after an index event.40 The field of inflammation-modulating
therapeutics for cardiovascular disease appears to be burgeoning, and

our demonstration for the first time of substantial efficacy of an
inflammation-resolution promoting molecule in a clinically relevant AF
paradigm is of potential importance.

Potential limitations
In this study, we limited ourselves to the specific pathological context of
RHD-associated AF. It would be of interest to examine other clinically rele-
vant animal models of AF, such as atrial remodelling associated with heart
failure, myocardial infarction and AF-induced remodelling. Since RvD1 is
relatively non-toxic, it might be an interesting therapeutic to study in a num-
ber of clinical contexts, including the prevention of AF recurrence after ab-
lation. We have only looked at one inflammation-resolving molecule,
RvD1, but there is a wide range of agents with varying chemistries, receptor
systems and pharmacology that could be investigated.14,20,21 Finally, further
study of the pharmacokinetics and pharmacodynamics of these agents will
be needed to optimize therapeutic dose regimens.

We administered RvD1 on a daily basis after initial dosing with MCT, in
order to provide a test in principle of its effectiveness in preventing RHD-
associated RA remodelling. The closest analogous clinical situation would
be administration immediately after the diagnosis of a RHD-inducing condi-
tion like early pulmonary fibrosis or the early stages of chronic obstructive
pulmonary disease. Whether the RA pathology due to fully established
RHD can be reversed by RvD1 is an interesting question that goes beyond
the scope of the present study, but should be explored in future work.

We have studied the MCT model of RHD-related AF because our prior
data9 pointed to a strong role of inflammatory signalling in the development
of the AF substrate. It will be of potential interest to assess the effects of
RvD1 therapy in one of the many other animal models of AF.41

Conclusions

The present study shows that the inflammation-resolution promoting
DHA derivative RvD1 attenuates atrial arrhythmogenic remodelling as-
sociated with RHD. RvD1 selectively suppressed electrical and fibrotic
remodelling in the atria, with little or no effect on RV remodelling. RvD1
is a promising potential lead compound for novel therapeutic
approaches to combating atrial arrhythmogenic remodelling in RHD and
potentially other conditions.
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All data underlying this research are available into the article and in its
online supplementary material.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Mounting evidence suggests that chronic diseases are promoted by failure of inflammation to resolve. Here, we tested the effects of a molecule that
promotes inflammation-resolution, Resolvin-D1, in a rat model of atrial arrhythmogenic remodelling caused by right-heart disease and marked by
signs of persistent inflammatory signalling. Resolvin-D1 suppressed inflammatory signalling, shifted the balance of atrial macrophage-infiltration from
proinflammatory M1 macrophages towards anti-inflammatory M2-macrophages and prevented atrial fibrosis. Disease-induced conduction-slowing
was suppressed and atrial fibrillation promotion was prevented. These findings support the potential value of a relatively non-toxic inflammation-re-
solving molecule in preventing the development of an arrhythmogenic substrate associated with chronic inflammatory signalling.
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