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Aims Free fatty acid receptor 4 (Ffar4) is a G-protein-coupled receptor for endogenous medium-/long-chain fatty acids
that attenuates metabolic disease and inflammation. However, the function of Ffar4 in the heart is unclear. Given its
putative beneficial role, we hypothesized that Ffar4 would protect the heart from pathologic stress.

Methods and In mice lacking Ffar4 (Ffar4KO), we found that Ffar4 is required for an adaptive response to pressure overload in-

results duced by transverse aortic constriction (TAC), identifying a novel cardioprotective function for Ffar4. Following
TAC, remodelling was worsened in Ffar4dKO hearts, with greater hypertrophy and contractile dysfunction.
Transcriptome analysis 3-day post-TAC identified transcriptional deficits in genes associated with cytoplasmic phos-
pholipase Aja signalling and oxylipin synthesis and the reduction of oxidative stress in Ffar4KO myocytes. In cul-
tured adult cardiac myocytes, Ffar4 induced the production of the eicosapentaenoic acid (EPA)-derived, pro-resolv-
ing oxylipin 18-hydroxyeicosapentaenoic acid (18-HEPE). Furthermore, the activation of Ffar4 attenuated cardiac
myocyte death from oxidative stress, while 18-HEPE rescued Ffar4dKO myocytes. Systemically, Ffar4 maintained
pro-resolving oxylipins and attenuated autoxidation basally, and increased pro-inflammatory and pro-resolving oxyli-
pins, including 18-HEPE, in high-density lipoproteins post-TAC. In humans, Ffar4 expression decreased in heart fail-
ure, while the signalling-deficient Ffar4 R270H polymorphism correlated with eccentric remodelling in a large clini-
cal cohort paralleling changes observed in Ffar4KO mice post-TAC.

Conclusion Our data indicate that Ffar4 in cardiac myocytes responds to endogenous fatty acids, reducing oxidative injury, and protect-
ing the heart from pathologic stress, with significant translational implications for targeting Ffar4 in cardiovascular disease.

Keywords Free fatty acid receptor 4 (Ffar4) ¢ GPR120 e Heart failure e Cytoplasmic phospholipase Ay (cPLAyo) e
Eicosapentaenoic acid (EPA) e 18-hydroxyeicosapentaenoic acid (18-HEPE)

1. Introduction regulate metabolism and attenuate inflammation.™” The endogenous

. ligands for Ffar4 include medium- and long-chain (C10-C22) saturated
Free fatty acid receptor 4 (Ffar4, GPR120) is a G-protein-coupled recep- - (SFA), mono-unsaturated (MUFA), and poly-unsaturated fatty acids
tor (GPR) that functions as a nutrient sensor for fatty acids (FA) to : (PUFA), which bind the receptor with affinities in the low pM range.
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However, PUFAs are generally full agonists, whereas SFAs are only par-
tial agonists.>™ Consistent with a primary role in regulating metabolism,
Ffar4 is expressed in enteroendocrine cells in the Gl tract,” o, B, and 8-
cells in the pancreas,” and both white and brown adipose.g'9 However,
Ffar4 is also highly expressed in the lung and the brain, with lower levels
of expression in the heart, taste buds, and immune cells, including macro-
phages.*1%"2 Ffar4 signals through both Gg/11 and Barrestin-2 (BArr2)-
mediated pathways, which can be cell-type specific.*'"3'* Interestingly,
humans express two isoforms of Ffar4, short and long (Ffar4S, Ffar4lL),
differentiated by a 16 amino acid insertion in the third intracellular loop
of Ffar4L, whereas other species express only one isoform, homologous
to Ffar4S in humans." The Ffar4L isoform only signals through B-Arr2
and is unable to activate G4/11-mediated signalling.14

Currently, nothing is known about Ffar4 function in the heart.
Previous studies have indicated that @3-polyunsaturated fatty acids (@3-
PUFAs) signalling through Ffar4 attenuate inflammation and obesity.”
Clinical studies indicate that ®3-PUFAs, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), improve outcomes in coronary heart dis-
ease and heart failure (HF)," but the mechanisms underlying this benefit
remain unclear. In mice, we were the first to demonstrate that EPA pre-
vents fibrosis and contractile dysfunction in response to pathologic
stress in the heart, but EPA was not incorporated into cardiac myocyte
or fibroblast cellular membranes, the traditional mechanism of action for
EPA."®"® However, we found that Ffar4 is expressed in cardiac myocytes
and fibroblasts, and that in cardiac fibroblasts, Ffar4 was sufficient and
necessary to prevent TGFp1-induced fibrosis.'® These findings suggest
that Ffar4 might mediate @3-PUFA cardioprotection, possibly by pre-
venting fibrosis. However, to date, no studies have directly addressed
the function of Ffar4 in the heart, nor provided any mechanistic link be-
tween Ffar4 and @3-mediated cardioprotection.

Here, we hypothesized that Ffar4 functions as a nutrient sensor for
endogenous medium- and long-chain fatty acids, protecting the heart
from pathologic stress. To test this hypothesis, we employed mice with
systemic deletion of Ffar4 (Ffar4KO mice) to determine if Ffar4 is neces-
sary for an adaptive response to pathologic pressure overload induced
by transverse aortic constriction (TAC). Briefly, our results indicated
that TAC induced more profound pathologic remodelling in FfardKO
mice, identifying a novel cardioprotective role for Ffar4. In cardiac myo-
cytes, Ffar4 induced the production of the cardioprotective, pro-resolv-
ing oxylipin 18-hydroxyeicosapentaenoic acid (18-HEPE) and prevented
cardiac myocyte cell death in response to oxidative stress. Systemically,
Ffar4 was required to maintain pro-resolving oxylipins and suppress au-
toxidation basally, and to produce both pro-inflammatory and pro-re-
solving oxylipins in circulating high-density lipoproteins (HDL) following
TAC. In humans, Ffar4 was expressed in the heart, and decreased in HF,
while the signalling-deficient Ffar4 R270H polymorphism was correlated
with eccentric remodelling in a large clinical cohort. In summary, our
data suggest an entirely novel paradigm whereby FAs function as signal-
ling molecules that activate receptor-mediated signalling through Ffar4
to attenuate oxidative stress and protect the heart from pathologic
stress.

2. Methods

Detailed methods describing the mice, diet (Supplementary material on-
line, Table S1 and S2), TAC surgery, measurement of cardiac function by
echocardiography, measurement of erythrocyte FA composition,

isolation and culture of adult mouse cardiac myocytes, RNA-Seq, mea-
surement of oxylipins in myocytes and lipoproteins, measurement of cell
death, measurement of Ffar4/1 RNA levels, analysis of R270H on cardiac
function in humans (EchoWAS), and all statistical protocols are available
in Supplementary material online.

2.1 Study approvals

2.1.1 Animal

All procedures on animals conformed to the NIH Guide for the Care
and Use of Laboratory Animals and were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of
Minnesota.

2.1.2 Human

All tissue samples and data used in this study were deidentified. Heart tis-
sue was collected by and subsequently obtained from the Duke Human
Heart Repository and approved by the Duke University Institutional
Review Board. All analyses of human-derived echocardiographic data
were approved by the Vanderbilt University Medical Center Institutional
Review Board. The present study complies with the Declaration of
Helsinki.

2.1.3 Additional compliance statements

For all surgeries, mice were anesthetized by induction with 3% isoflurane,
and once anaesthesia was induced, mice were maintained at 1.5% isoflur-
ane, and verified by toe-pinch. Post-surgery, buprenorphine (0.1 mg/kg
IP) was administered for pain management during the first 24 h post-sur-
gery and as needed thereafter. At the indicated time points post-surgery
or for the isolation of cardiac myocytes, mice were anesthetized with 3%
isoflurane, verified by toe-pinch, followed by removal of the heart in ac-
cordance with recommendations from the American Veterinary Medical
Association.

3. Results

3.1. Ffar4 mitigates pathologic
hypertrophy and attenuates contractile
dysfunction induced by TAC

To test the hypothesis that Ffar4 is cardioprotective, wild-type (WT)
and Ffar4dKO mice were subjected to pathologic pressure overload by
TAC. Based on our prior studies demonstrating that in cultured fibro-
blasts, Ffar4 is sufficient and necessary to prevent TGFp1-induced fibro-
sis, we hypothesized that TAC would produce more fibrosis and
diastolic dysfunction in the Ffar4KO. Therefore, we analysed the re-
sponse to TAC at 4 weeks, a time point where the heart exhibits con-
centric remodelling with significant interstitial fibrosis prior to the
transition to ventricular dilation and overt systolic failure. After 4 weeks,
TAC induced an exaggerated hypertrophic response with a trend to-
wards increased lung weights, but surprisingly not excessive fibrosis in
male FfardKO mice (Figure 1A-E, Supplementary material online, Table
$3A). Functionally, TAC induced significantly more systolic and diastolic
dysfunction in male Ffar4KO mice (Figure 1F—G, Supplementary material
online, Table S3B). In contrast, no significant differences were observed
in female Ffar4KO mice (Supplementary material online, Figure 7). In
summary, Ffar4 is necessary for an adaptive response to pathologic
stress in the heart. The surprising lack of an exacerbated fibrotic
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Figure | Four weeks following TAC, mice were euthanized and hearts were collected. (A) Heart weight (HW) and (B) heart weight-to-body weight ra-
tio (HW/BW) of male WT and Ffar4KO mice. (C) Representative images of ventricular fibrosis quantified from ventricular cross sections from male WT
and Ffar4KO mice stained with Sirius red/Fast Green. (D) Ventricular fibrosis quantified by fibrotic area (Sirius red)/total ventricular area (Fast green)
from male WT and Ffar4KO mice. (E) Lung weight of male WT and Ffar4KO mice. Four weeks following TAC, cardiac function measured by echocardi-
ography in male WT and Ffar4KO mice. (F) Ejection fraction (EF, %); (G) E/A ratio. Data were compared by a Welch’s two sample t test. Error bars repre-

sent the mean with SD.
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response in the Ffar4KO, as we had hypothesized, would indicate that
the more severe remodelling observed in the Ffar4KO heart was most
likely due to the lack of cardioprotective Ffar4 signalling in cardiac
myocytes.

3.2. Ffar4 induction of cytoplasmic
phospholipase A,u (cPLA,2) signalling
pathways in cardiac myocytes is essential
for an adaptive response post-TAC

To define a potentially cardioprotective role for Ffar4 in cardiac myo-
cytes in male mice (Figure 1), we used RNAseq to analyse transcriptomes
of myocytes freshly isolated from male WT and Ffar4KO hearts 3 days
post-TAC, an early time point when patterns of gene expression that
will define the remodelling response show the greatest degree of regula-
tion."” While a principal component analysis (PCA) revealed only minor
differences in the transcriptomes post-TAC, indicating a larger effect of
surgery than genotype (Figure 2A), further analysis revealed a significant
transcriptional deficit in male Ffar4dKO myocytes post-TAC. By using a
threshold of 1.7-fold change in expression, TAC altered the expression
of 2789 genes in WT cardiac myocytes, but only 1656 genes in Ffar4dKO
myocytes. In total, 1409 genes were common between the two geno-
types, whereas 1380 genes were unique to WT myocytes, but only 247
genes were unique to Ffar4dKO myocytes (Figure 2B). Genes were further
sorted by Gene Ontology terms for biological function for nine different
categories that reflect cardiac myocyte biology (Figure 2C,
Supplementary material online, Tables S5-S13). Genes for cell death, in-
flammation, and oxidation—reduction were the most divergent, with sig-
nificantly more genes identified in WT cardiac myocytes (Figure 2C).

To gain insight into cellular functions altered in Ffar4KO cardiac myo-
cytes post-TAC, we employed a custom Ffar4 signalling map designed
with the Ingenuity Pathway Analysis Software (Figure 2D,E). We desig-
nated five gene categories: Ffar4 proximal signalling, inflammatory signal-
ling* cPLAyo-oxylipin production,’® cPLAy0-IGF hypertrophy,' and
oxidation—reduction,”® and Table 1 indicates specific genes altered in
each category. Most striking, WT myocytes increased genes associated
with cytoplasmic phospholipase A2a signalling (cPLA2a,, Pla2g4a, up 2.8-
fold)) and oxylipin synthesis, including Cyclooxygenase 2 (Cox-2, Ptgs2, a
known cardioprotective gene,*' up 7.2-fold) and arachidonate 5-lipoxy-
genase activating protein (Alox5ap), with decreased arachidonate 5-lip-
oxygenase (Alox5) (Figure 2D and Table 7). Conversely, in FfardKO
myocytes, two cytochrome P450 isoforms were down-regulated
(CYP4B1 and CYP2U) (Figure 2E and Table 7). Additionally, WT myocytes
increased genes associated with the reduction of oxidative stress, most
notably heme-oxygenase-1 (Hmox1, a known cardioprotective gene,””
up 24-fold) (Figure 2D and E and Table 1). Alternatively, to validate spe-
cific cardiac gene regulation by Ffar4, WT mice were dosed with the
Ffar4 agonist TUG-891 (35 mg/kg/d),® and cardiac gene expression was
measured after 3 days. TUG-891 infusion specifically increased the ex-
pression of three genes from Table 1, hmox, ptgs2, and pi3kr5, as well as
three of five genes selected from Supplementary material online, Tables
$5-S513, il1rn, pak3, and timp1, in the hearts from WT mice (Figure 2F).
The concordance between the two models (75%), TAC vs. Ffar4 agonist
infusion, supports our original findings with RNAseq, and improves the
rigor of the findings. In summary, the transcriptome analysis indicated
specific transcriptional deficits in Ffar4dKO myocytes related to the syn-
thesis of biologically active oxygenated fatty acids (oxylipins) or cytopro-
tection through induction of haeme oxygenase-1 expression and
reduction of oxidative stress.

3.3. Ffar4 increases production of
18-HEPE in adult cardiac myocytes

To define the functional impact of Ffar4 in cardiac myocytes, we focused
on Ffar4-cPLAa signalling. Upon activation, cPLAy0 can translocate to
the nuclear membrane and cleave PUFAs from the sn2-acyl bond in
membrane phospholipids, traditionally arachidonic acid (AA), but also
EPA, DHA, or other PUFAs such as linoleic acid (LA).24 Cleaved FAs are
subsequently metabolized by lipoxygenases (LOX), cyclooxygenases
(COX), and CYPpgroxyiases AN CYPepoyygenases to produce biologically ac-
tive oxylipins (Supplementary material online, Figure S2, outlines this
mechanism).

In adult cardiac myocytes treated with the Ffar4 agonist TUG-891,
which was used to avoid confounding effects of exogenous FAs, we
employed UPLC/MS/MS to measure oxylipin production as an indirect
measurement of cPLA,a activity. In total, we were able to identify 57 dif-
ferent oxylipins produced following TUG-891 treatment (Figure 3A-H,
Supplementary material online, Tables S14-S15). Surprisingly, we found
that TUG-891 selectively increased the intracellular production of one
oxylipin almost to the exclusion of all of the other 56 oxylipins. Ffar4
specifically increased the EPA-derived oxylipin 18-hydroxyeicosapentae-
noic acid (18-HEPE) in WT but not Ffar4KO cardiac myocytes (esterified
18-HEPE, Figure 3A and unesterified 3B) as well as 18-HEPE exported
from myocytes (esterified 18-HEPE, Figure 3C). Interestingly, EPA shows
preferential enrichment in the nuclear membrane, the site of cPLA20 ac-
tivity (Figure 3I), in adult cardiac myocytes (Figure 3)).

3.4. Ffar4 prevents cell death from
oxidative stress

Results from the transcriptome analysis indicated that Ffar4KO cardiac
myocytes failed to increase genes associated with cell death and oxida-
tion—reduction in FfardKO myocytes (Figure 2C), suggesting a loss of
cytoprotective signalling. Examination of the oxidation—reduction genes
identified several cytoprotective genes uniquely up-regulated in WT
myocytes (Figure 4A), most notably, haeme-oxygenase-1 (Hmox1).
Therefore, the inability to produce 18-HEPE or up-regulate Hmox1 in
Ffar4KO myocytes might increase their susceptibility to oxidative stress
post-TAC. To investigate this more directly, we quantified the ability of
TUG-891 and 18-HEPE to prevent cell death induced by oxidative stress
(H,O5) in cultured myocytes. In WT but not Ffar4KO myocytes, TUG-
891 pre-treatment overnight, but not for 2 h, attenuated cell death in-
duced by H,O, (Figure 4B and C). The requirement for a longer pre-
treatment might indicate that time is needed to mount a cardioprotec-
tive effect, possibly through production/accumulation of 18-HEPE or up-
regulation of cytoprotective genes such as Hmox1. Interestingly, 18-
HEPE pre-treatment for 2 h attenuated cell death induced by H,O, in
both WT and Ffar4KO cardiac myocytes (Figure 4D and E). In summary,
we suggest that Ffar4 reduction of oxidative stress provides one poten-
tial mechanistic explanation for the worse outcomes in FfardKO mice
post-TAC.

3.5. Loss of Ffar4 changes circulating HDL
oxylipins consistent with autoxidation and
prevents initiation of both mediators of

inflammation and resolution following TAC
AA, EPA, DHA, and LA oxylipins are produced intracellularly but are
exported and trafficked in plasma HDL. HDL are the largest reservoir of
plasma oxylipins and the likely destination for 18-HEPE produced in and
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Table | Ffar4 signalling pathway gene expression in WT and Ffar4KO cardiac myocytes 3-day post-TAC

Gene Gene name WT Ffar4KO
Proximal signalling Fold change

Arrb2 PArestin2 248

Rgs3 Regulator of G-protein signalling 3 -1.77

Prkeb Protein kinase Cb 2.1

Prked Protein kinase Cd 2.08 2.79

Prkeq Protein kinase Cq -3.79

Prkd1 Protein kinase D1 -1.97
Inflammatory signalling

Nfkb2 NFkB2 1.87

Nfkbie Ikb-e (NFkb inhibitor, epsilon) 5.08

Nfkbiz Ikb-z (NFkb inhibitor, zeta) 325

Mapk10 Jnk3 (mitogen activated protein kinase 10) -1.83 -1.81
cPLA2a-oxylipin production

Pla2g4a Cytoplasmic phospholipase A2a 2.79

Alox5 Arachidonate 5-lipoxygenase -1.77

Alox5ap Arachidonate 5-lipoxygenase activating protein 4.29

Ptgs2 Prostaglandin-endoperoxide synthase 2 (cyclooxygenase 2) 7.15

Cyp2ut Cytochrome P450, family 2, subfamily u, polypeptide 1 -1.86

Cyp4b1 Cytochrome P450, family 4, subfamily b, polypeptide 1 -1.80
cPLA20/IGF hypertrophy

Akt2 Akt2, PKBb -1.85

lgf1 Insulin-like growth factor 1 2.79

Pak 1 PAK1 (p21 (RAC1) activated kinase 1) 6.59

Pi3ked p110d (phospatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta) 2.34

Pi3kcg p110g (phospatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma) 3.24

Pi3kr1 p85a (phospatidylinositol-4,5-bisphosphate 3-kinase regulatory subunit alpha) -7.46

Pi3kr5 Phospatidylinositol-4,5-bisphosphate 3-kinase regulatory subunit 5 10.22
Oxidation-reduction

Hmox1 Haeme oxygenase-1 24.04

PlaZ2g4a Cytoplasmic phospholipase A2a 2.79

exported from cardiac myocytes (Figure 3C and G).>>*’ Therefore, we
quantified changes in HDL oxylipin content in FfardKO mice post-TAC.
Across all groups, we identified 56 oxylipins in HDL and they were ana-
lysed by wide PCA to compare oxylipin content in HDL amongst groups
(Figures 5A and B and Supplementary material online, Tables S16 and
$17). In WT mice, TAC had a profound effect on HDL oxylipins, as evi-
denced by the TAC-dependent shift in location from the lower right
quadrant upwards towards the centre relative to sham mice (Figure 5A,
green circles). HDL from WT sham mice were enriched in e.g. 8(9)-
epoxyeicosatrienoic acid (8(9)-EpETrE) and 15-hydroxyeicosatetraenoic
acid (15-HpETE), but low levels of 12-hydroxyeiscosatetraenoic acid
(12-HETE) and 15-HETE. Post-TAC, HDL oxylipin content in WT mice
reflected an increase in pro-inflammatory (12-HETE and 15-HETE) and
pro-resolving (18-HEPE) oxylipins. In contrast, TAC had a minimal adap-
tive effect on HDL—oxylipin content in Ffar4dKO mice. Ffar4dKO sham
mice loaded oppositely of most oxylipins except 9-HETE, which is a
unique marker of autoxidative oxylipin generation, and displayed a mini-
mal post- TAC-dependent shift in oxylipin composition (Figure 5A).
Changes in specific, influential oxylipins most explained by principal com-
ponents 1-3; 18-HEPE, 15-HETE, 12-HETE, 14(15)-epoxyeicosatetrae-
noic acid (14(15)-EpETE), and 8(9)-EpETrE, as well as 9-HETE, were

further examined (Figure 5C and H). Of note, 18-HEPE, which is a metab-
olite of CYP,groxyiase: Was nearly undetected in Ffar4KO HDL (Figure 5C),
suggesting that Ffar4 is required for basal production of 18-HEPE.
However, both WT and Ffar4KO mice could increase 18-HEPE, presum-
ably through a Ffar4-independent mechanism, but levels were still low in
the Ffar4KO. Also of note, was the increase in pro-inflammatory oxyli-
pins 15-HETE and 12-HETE post-TAC in WT HDL (Figure 5D and E). In
summary, the adaptive response in WT mice post-TAC was character-
ized by increased pro-inflammatory LA and AA 15-LOX metabolites as
well as increased pro-resolving EPA metabolite, 18-HEPE. We also con-
firmed that the production of 18-HEPE is impaired in FfardKO mice.
Finally, the FfardKO mice, especially sham mice, were characterized by
an autoxidative condition suggesting that activities regulated by Ffar4
prevent autoxidation.

3.6. Ffar4 is expressed in the human heart
and down-regulated in HF

Similar to mice, nothing is known about Ffar4 in the human heart.
Measuring Ffar4 levels in samples from both healthy donors (non-failing)
and HF patients indicated that human hearts do express Ffar4 (Ffar4S +
Ffar4L) and that Ffar4 expression is reduced in failing hearts (Figure 6A
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Figure 3 (A-H) Cultured adult cardiac myocytes from WT (green) and Ffar4KO (blue) male mice were treated with the Ffar4 agonist, TUG-891
(50 uM) for 0, 15, 30, and 60 min. Oxylipins were detected by mass spectrometry from cardiac myocyte membranes (esterified) or cytosolic fractions
[non-esterified, or from the culture medium in lipoproteins (esterified) or free (non-esterified)]. Probability plots for oxylipins detected from cardiac
myocytes in the (A) esterified or (B) unesterified fractions after 60 min, or in the culture medium in the (C) esterified or (D) unesterifed fractions, or time
course of 18-HEPE production in myocytes in the (E) esterified or (F) unesterifed fractions, or in the medium in the (G) esterified or (H) unesterified frac-
tions (dashed lines represent the 95% ClI). () Cytoplasmic phospholipase Ao (cPLA;at) mediated cleavage of EPA from membrane phospholipids and
production of 18-HEPE by CYP},,groyiase- 18-HEPE is re-acylated into membrane phospholipids (sequestration), remains free in the cell and is further me-
tabolized (potentially E-Resolvins), or exported, esterified in a lipoprotein. (/) EPA, DHA, and AA concentration in cardiac myocyte nuclear membrane
(NM) or sarcolemma/plasma membrane (PM) fractions. Data are mean + SD, n = 3 separate preparations, fold differences indicated.

and B). Unexpectedly, the expression of Ffar1, the only other known
GPR for medium- and long-chain fatty acids, was reciprocally increased
in failing hearts relative to healthy controls (Figure 6C), which is not ob-
served in mice (Figure 6D and E)."°

3.7. Genetic inhibition of FFAR4 is
associated with eccentric remodelling in

humans

To determine whether the propensity towards eccentric remodelling
observed in FfardKO mice post-TAC was present in humans, we
assessed for association between genetic inhibition of Ffar4 signalling and
echocardiographic indices of LV mass and diastolic dimension in a cohort
of 7140 genotyped subjects (median age 65.0 [53.0,74.9] years, 48% fe-
male) who underwent clinically indicated transthoracic echocardio-
graphic examination. We found that that a genetic proxy for Ffar4
inhibition, the loss of function FFAR4 R270H variant (minor allele fre-
quency 1.8%),2% was associated with an increase in maximum LV mass

and maximum LV end-diastolic diameter (Table 2). In secondary analyses,
R270H was also associated with increased maximum left atrial size
(P=0.004) and a non-significant trend towards lower minimum LV ejec-
tion fraction (Table 2). In sex stratified analyses, R270H was associated
with a similar pattern of remodelling in males but not females, with an in-
crease in LV mass, end-diastolic diameter, and maximal left atrial diame-
ter observed only in males (Table 2). These findings identify an
interesting parallel between humans with the signalling-deficient FFAR4
R270H polymorphism and the worse outcomes in Ffar4dKO mice post-
TAC, including differences by sex, and suggest that impaired Ffar4 signal-
ling in humans may be associated with predilection towards eccentric
left ventricular remodelling.

4. Discussion

Here, we identify an entirely novel cardioprotective role for Ffar4 in the
heart with significant translational potential. In cardiac myocytes, Ffar4
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Figure 5 Plasma was collected 4 weeks following TAC or sham surgery, and oxylipins in HDL were detected by liquid chromatography/mass spec-
trometry. To discriminate changes in oxylipin content between WT and Ffar4KO in sham and TAC operated mice, wide principal component analysis
was performed (A). Scores plot of group locations by PC Scores 1 (x-axis) and PC Scores 2 (y-axis). (B) PCA loadings with the identification and location
of selected oxylipins. To exemplify changes, five oxylipins selected according to total variance explained in the first three-principle components were se-
lected along with 9-HETE, an autoxidative marker. Important fold-differences (95%Cls) are summarized in each graph. (C) 18-HEPE, EPA metabolite of
CYPhygroxytase: (D) 15-HETE, AA-metabolite of 12/15-LOX. (E) 12-HETE, AA-metabolite of 12/15-LOX. (F) 14(15)-EpETE, EPA metabolite of
CYPepoxygenase: (G) 8(9)-EpETFE, AA metabolite of CYPepoygenase and (H) 9-HETE, auto-oxidatively derived from AA.

specifically induced production of the cardioprotective oxylipin 18-HEPE
and attenuated oxidative stress, while the loss of these cardioprotective
signals resulted in worse pathologic remodelling in Ffar4KO mice post-
TAC (Figure 1). Furthermore, Ffar4-mediated cardioprotection occurred
independent of any dietary intervention implying that Ffar4 senses and
responds to endogenous fatty acids to protect the heart. Mechanistically,
transcriptome analysis of cardiac myocytes from Ffar4dKO hearts 3 days
post-TAC identified significant deficits in the regulation of genes associ-
ated with cell death, inflammation, and oxidation-reduction, and specific

deficits in genes associated with cytoplasmic phospholipase Ao
(cPLA,0) signalling and reduction of oxidative stress (Figure 2). In cardiac
myocytes, Ffar4 specifically induced the production of the EPA-derived,
cardioprotective, and pro-resolving oxylipin 18-HEPE (Figure 3).
Furthermore, Ffar4 signalling protected WT cardiac myocytes from oxi-
dative stress-induced cell death, while 18-HEPE protected both WT and
Ffar4KO cardiac myocytes (Figure 4). Systemically, the loss of Ffar4 was
associated with lower overall oxylipin content in HDL, the presence of
an autoxidative oxylipin (9-HETE), and the inability to increase
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Table 2 Genetic inhibition of FFAR4 (FFAR4 R270H) is associated with eccentric remodelling in humans

Overall Males Females
Phenotype Beta [95% CI] n P value Beta [95% CI] n P value Beta [95% CI] n P value
LV mass max (g) 10.9 [1.9, 19.9] 6402 0.02 20.4[5.2, 35.6] 3182 0.009 3.0[-7.2,13.2] 3220 0.56
LVIDd max (mm) 1.25[1.2,0.5] 6969 0.01 2.8[1.2,4.5] 3357 <0.001 -0.0004 [-1.2,1.1] 3612 0.99
LA diam max (mm) 1.48[0.5, 2.5] 6894 0.004 2.410.74,4.1] 3337 0.005 0.80 [-2.0, 0.4] 3557 0.20
EF min (%) -0.96 [-2.4,0.5] 6964 0.19 -2.3[-0.17,4.8] 3559 0.07 0.13 [-1.5,1.7] 3605 0.87

EF min, ejection fraction minimum; LA diam, left atrial diameter; LV mass max, left ventricular mass maximum; LVIDd, left ventricular internal dimension during diastole.

Bold values indicate statistical significance.

pro-inflammatory oxylipins in lipoxygenase pathways and EPA-derived
pro-resolving oxylipins (18-HEPE) following TAC (Figure 5). Together,
these results suggest that Ffar4 cardioprotection depends upon induc-
tion of pro-resolving oxylipins that reduce oxidative stress in cardiac
myocytes directly, and through indirectly effects in balancing pro-inflam-
matory and pro-resolving oxylipin composition systemically. In the hu-
man heart, Ffar4 expression was evident, and decreased in HF, while the
signalling-deficient Ffar4 R270H polymorphism was correlated with ec-
centric remodelling in a large clinical cohort (Figure 6 and Table 2). In
summary, our results indicate that Ffar4 is a cardioprotective nutrient
sensor for endogenous fatty acids that reduces oxidative stress to pro-
tect the heart from pathologic stress.

Transcriptome analysis of cardiac myocytes performed 3 days post-
TAC suggested a deficit in cPLAya signalling in Ffar4 cardiac myocytes
(Figure 2).%* There are six cPLA, family members (o, B, 7, 8, €, and §),
which show only roughly 30% sequence homology, but have different
enzymatic properties, tissue expression, and subcellular localizations.**
cPLA2q is widely expressed and has biologic functions in a multitude of
cell types,”* and upon activation, it localizes to the nuclear membrane.?’
Functionally, cPLA,a cleaves PUFAs from the sn2-acyl bond in mem-
brane phospholipids. AA is the most common substrate, but DHA
and EPA are also well-known substrates, leading to the production of
downstream oxylipins.>* Initially, cleaved FAs (AA, EPA, DHA, LA) are
metabolized by lipoxygenases (5-LOX, 12/15-LOX), cyclooxygenases
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(COX172), or CYPpygroxyiases aNA CYPepoyygenases tO generate oxygenated
signalling mediators. These modified fatty acids, including leukotrienes
and prostaglandins, are collectively known as oxylipins, many of which
mediate pro- or anti-inflammatory responses, or initiate resolution of in-
flammation.>® Here, we found that in cardiac myocytes, the Ffar4 agonist
TUG-891 induced the production of a specific EPA-derived oxylipin, 18-
HEPE (Figure 3). Interestingly, we also found that EPA levels in red blood
cells were low, 0.1-0.2% of total membrane FAs, whereas DHA was 4%
and AA was 13% (Supplementary material online, Tables S2A and S2B),
similar to our previous studies.'® Furthermore, we previously found that
in cardiac myocytes, EPA was 0.5% of total membrane FAs, whereas
DHA was 10% and AA was about 12%."° Therefore, Ffar4 displays sur-
prising and unprecedented degree of specificity for the production of
18-HEPE, largely to the exclusion of other EPA, DHA, AA, or LA-derived
oxylipins despite the low levels of EPA in cardiac myocyte membranes.

While there are no previous studies regarding the direct effects of 18-
HEPE in cardiac myocytes, macrophages from fat-1 mice, which have
high endogenous levels of m3-PUFAs, particularly EPA, due to overex-
pression of the Caenorhabditis elegans fat-1 gene, produced high levels of
18-HEPE that were associated with cardioprotection in fat-1 mice post-
TAC?" The high levels of EPA that Fat-1 transgenic mice produce can
override canonical signalling mechanisms to produce 18-HEPE, whereas
our study identifies Ffar4 signalling as an important contributor of 18-
HEPE at physiological levels of EPA. Furthermore, direct injection of 18-
HEPE attenuated remodelling post-TAC." Interestingly, 18-HEPE is also
the precursor for E-series resolvins (RvE1, RvE2, and RvE3), a class of
pro-resolving oxylipins.>* E-resolvins signal through ERV1/ChemR23, an
orphan GPR that binds to and is activated by both E-resolvins and the en-
dogenous peptide chemerin, suggesting a potential mechanism to explain
EPA-mediated inflammation resolving effects.>*> ERV1/ChemR23 is
expressed in the heart, and preconditioning with RvE1 reduces ischemia/
reperfusion injury,34 while RvE1 infusion 1-week following coronary ar-
tery ligation attenuates post-MI inflammatory response.35 Here, we
show for the first time that the activation of Ffar4 prevents cell death
from oxidative stress (Figure 4), and that 18-HEPE, the downstream
product of Ffar4-cPLA2a signalling in cardiac myocytes, protected both
WT and Ffar4dKO cardiac myocytes (Figure 4). In summary, our studies
demonstrate that Ffar4-cPLA,a-mediated production of 18-HEPE is
cytoprotective, either through a direct effect or possibly effects via pro-
duction of E-resolvins and activation of ERV1/ChemR23.

Both quantitative and qualitative deficits were observed in circulating
HDL oxylipin profiles in Ffar4KO mice; first, Ffar4KO mice lacked the ca-
pacity to produce oxylipins in response to TAC consistent with impair-
ment of cPLAya and, second, they lacked the capacity to modify the
types of oxylipins produced in response to TAC. Surprisingly, WT TAC
mice did not suppress the activation of inflammatory oxylipin produc-
tion. This is consistent with previous reports that 15-LOX activi‘cy36 and
CYPhy droxyiase-mediated production of unesterified HETEs®’ remains high
in HF, and may mediate cardiac myocyte hypertrophy by MAPK- and
NF-kB-dependent mechanisms.*® We add further evidence by demon-
strating successful adaptation post-TAC in WT mice required
concurrent activation of pro-inflammatory, anti-inflammatory, and pro-
resolving signalling pathways. In mice, the overexpression of 12/15-LOX
is associated with increased levels of unesterified 12-HETE, 15-HETE,
and HF.2® We found that despite this pro-inflammatory insult, WT mice
were protected through their capacity to co-produce the pro-resolving
18-HEPE, and the anti-inflammatory 14(15)-EpETE, which was lacking in
Ffar4KO mice. This suggests that the capacity to produce 12/15-LOX

metabolites is beneficial, provided this can be moderated by simulta-
neously producing anti-inflammatory/pro-resolving oxylipins.

Interestingly, Ffar4-mediated cardioprotection was sex-specific, and
loss of Ffar4 signalling in both mice (Ffar4KO) and humans (FFAR4
R270H) was associated with worse cardiac outcomes in males (Figure 1
and Table 2). To our knowledge, this is the first report of an Ffar4 sex-
based phenotype. In humans, where sex-based differences in the preva-
lence of cardiovascular disease are well no‘ced,39 the association between
FFAR4 R270H and eccentric left ventricular remodelling in males is par-
ticularly noteworthy, but somewhat surprising given that prior studies
reported no sex-based association between FFAR4 R270H and obesity.*®
In humans, pathologic ventricular remodelling in women is generally
more favourable, potentially due to estrogen.*® Mechanistic studies in
mice indicate that oestrogen attenuates ventricular remodelling post-
TAC,*" and requires oestrogen receptor-p and non-nuclear ERa. signal-
ing.“z'43 However, oestrogen inhibits Ffar4 expression in the pituitary,**
which would not necessarily support a protective role of oestrogen in
our experiments. Alternatively, we considered that 18-HEPE levels might
be increased in HDL from female vs. male Ffar4KO mice and contribute
to cardioprotection in females. While 18-HEPE levels were increased in
HDL from female Ffar4KO relative to males in both sham and TAC
mice, the absolute levels were still significantly less than observed in WT
mice post-TAC and unlikely to explain the sex-based difference
(Supplementary material online, Figure S3). In summary, although the
mechanistic basis for the sex-based difference in Ffar4-dependent ven-
tricular remodelling remains unclear, our data identify a clear cardiopro-
tective function of Ffar4 in males.

In conclusion, our results indicate that Ffar4, a GPR for medium and
long-chain fatty acids, is cardioprotective. In cardiac myocytes, Ffar4 acti-
vation of cPLAa and production of the cardioprotective, EPA-derived
oxylipin 18-HEPE as well as upregulation of heme-oxygenase-1 pro-
tected cardiac myocytes from oxidative stress. Systemically, Ffar4 was
required to maintain pro-resolving oxylipins and suppress autoxidation
basally, and to produce both pro-inflammatory and pro-resolving oxyli-
pins following TAC in circulating HDL. We suggest that these results es-
tablish an entirely novel paradigm in the heart whereby Ffar4 functions
as a nutrient sensor responding to endogenous fatty acids functioning as
signalling molecules, not simply an energy source, to activate a GPR and
protect the heart from pathologic stress. Interestingly, Ffar4 displayed re-
markable and previously unsuspected specificity to produce EPA-derived
oxylipins, even in basal conditions where EPA levels are generally much
lower than DHA or AA levels. This implies that EPA is not only a ligand
for Ffar4 but also a substrate for Ffar-cPLA20-mediated oxylipin produc-
tion, functioning in a feed-forward cardioprotective mechanism. Finally,
Ffar4-mediated production of anti-inflammatory and pro-resolving oxyli-
pins has broader mechanistic implications for attenuating systemic in-
flammation associated with ischemic HF, atherosclerosis, and metabolic
syndrome.
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Translational perspective

Here, we establish that free fatty acid receptor 4 (Ffar4, GPR120), a G-protein-coupled receptor for medium-/long-chain fatty acids, attenuates oxi-
dative injury in cardiac myocytes and protects the heart from pathologic stress. This cardioprotective benefit of Ffar4 is observed in the absence of
dietary intervention indicating that Ffar4 responds to endogenous fatty acids functioning as signalling molecules, not simply in their traditional role as
an energy source. More broadly, these findings advance a novel paradigm whereby modulation of cellular/organ fatty acid composition could im-
prove cardiovascular outcomes by the activation of receptor signalling, possibly through dietary supplementation with @3-PUFAs. In humans, Ffar4
expression is down-regulated in heart failure (HF), while the signalling-deficient Ffar4 R270H polymorphism is associated with eccentric remodelling
in a large clinical cohort. Together with our novel finding that Ffar4 is cardioprotective in mice, these concordant human data suggest a potential
translational benefit to targeting Ffar4 in the clinical management of HF.
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