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 Heart failure (HF) is a complex and heterogeneous syn-
drome, and two broadly defi ned phenotypes have emerged 
in the last 10 years: HF with reduced ejection fraction (EF) 
and HF with preserved EF (HFpEF). Currently, over half 
of all HF diagnoses are HFpEF, and incidence is increas-
ing rapidly as the population ages ( 1, 2 ). Generally, pa-
tients with HFpEF are older, female, and more likely to 
have hypertension, renal disease, atrial fi brillation, and/
or pulmonary disease ( 2 ). More importantly, standard HF 
therapies show no effi cacy in HFpEF ( 3, 4 ). 

 Numerous studies have established that  � 3-PUFAs, EPA, 
and DHA are cardioprotective [reviews ( 5–7 )]. Four large 
randomized clinical trials demonstrated that increased 
blood levels of  � 3-PUFAs correlate with reduced mortality 
and hospitalizations in coronary heart disease (CHD) ( 8–
11 ). This is supported by several meta-analyses indicating 
that  � 3-PUFAs reduce the risk of CHD by preventing sud-
den death ( 12–16 ). Few studies have examined  � 3-PUFAs 
in HF, but the most prominent is GISSI-HF ( 17 ). In GISSI-
HF,  � 3-PUFAs reduced total mortality 9% and cardiovascu-
lar mortality 8%, on top of standard care, whereas statins 
had no effect ( 17 ). Another small clinical trial examined 
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 METHODS 

 Mice 
 In this study, 97 8-week-old C57BL/6J mice were randomly di-

vided into four groups and started on diets supplemented with 
 � 3-PUFAs (see Diets below). After 2 weeks, mice were subjected 
to TAC (see TAC below) and diets were continued for an addi-
tional 6 weeks. All procedures on animals conformed to the Pub-
lic Health Service Policy on Humane Care and Use of Laboratory 
Animals and were reviewed and approved by the Institutional 
Animal Care and Use Committee at Sanford Research. 

 Diets 
 Each diet contained 4% by weight test oil:  1 ) CO, 40 g CO per 

kilogram;  2 ) FO, 12 g menhaden oil and 28 g CO per kilogram; 
 3 ) EPA, 1.9 g EPA and 38.1 g CO per kilogram; and  4 ) DHA, 1.3 g 
DHA and 38.7 g CO per kilogram) (Dyets, Bethlehem, PA). The 
levels of EPA and DHA in the experimental diets were based on 
the relative amounts of EPA and DHA in the FO diet. 

 TAC 
 TAC surgery was performed as previously described ( 21, 23–

25 ). TAC was validated by examining the relationship between 
aortic velocity and hypertrophy [heart weight-to-body weight 
ratio (HW/BW)], fi brosis, systolic dysfunction (EF), and dia-
stolic dysfunction [early mitral valve fi lling velocity to early mi-
tral annular tissue velocity (E/E’)], which all showed a direct 
(HW/BW, fi brosis, E/E’) or indirect correlation (EF) (supple-
mentary Fig. 1). Additional details are included in the supple-
mentary Methods. 

 Measurement of FAs 
 Blood was collected from the left ventricle for quantifi cation 

of FA in erythrocytes. Five TAC mice from each diet group were 
used to quantitate FAs in cardiac myocytes and nonmyocytes (fi -
broblasts). Myocytes and nonmyocytes (fi broblasts) were isolated 
as previously described ( 26 ). FA levels were measured as previ-
ously described ( 21, 27 ). Additional details are included in the 
supplementary Methods. 

 Measurement of cardiac function 
 Echocardiography was performed before TAC and weekly 

after TAC using a Vevo 2100 system (VisualSonics, Toronto, 
Canada) with the MS250 (9–18 MHz) and MS400 (18–38 MHz) 
transducers. For all measurements, mice were anesthetized 
with isofl urane, gently restrained, and echocardiographic im-
ages were captured as mice were recovering from anesthesia to 
achieve a target heart rate of 500–550 bpm. Additional details 
on specifi c parameters measured are included in the supple-
mentary Methods. 

 Measurement of fi brosis 
 Six weeks after TAC, hearts were arrested in diastole and per-

fusion-fi xed for 20 min with 4% paraformaldehyde (Electron Mi-
croscopy Sciences, Hatfi eld, PA). Hearts were paraffi n-embedded, 
sectioned, and stained by the Sanford-Burnham Histopathology 
Core (La Jolla, CA). Paraffi n-embedded transverse sections were 
stained with picrosirius red (collagen stain) to quantitate ven-
tricular fi brosis. Ventricular fi brosis (as percent of total ventricu-
lar area) was quantifi ed using Fiji software (National Institutes of 
Health). Ventricular fi brosis was quantifi ed using images cap-
tured at 4× magnifi cation and included both the right and left 
ventricle. The threshold settings were adjusted to highlight and 
calculate the total tissue area or the picrosirius red positively 
stained area. 

the effects of  � 3-PUFAs on left ventricular systolic func-
tion in patients with stable class II-IV NYHA HF secondary 
to nonischemic dilated cardiomyopathy   ( 18 ). After 1 year, 
 � 3-PUFAs signifi cantly improved left ventricular EF, peak 
VO 2 , exercise duration, and mean NYHA functional class. 
While results from the GISSI-HF trial and this more re-
cent study are promising, neither addressed patients with 
HFpEF ( 17, 18 ). 

 A limited number of studies have examined  � 3-PUFAs 
mechanistically in cell or animal models of HF. Further, 
due to the phenotypic variation and complicated patho-
physiology of HFpEF, no animal models perfectly repli-
cate remodeling in HFpEF ( 19, 20 ). However, transverse 
aortic constriction (TAC), a surgical model of afterload-
induced HF, approximates some aspects of remodeling in 
HFpEF ( 20 ). TAC induces hypertrophy, interstitial cardiac 
fi brosis, and systolic and diastolic dysfunction, which, ex-
cluding systolic dysfunction, are common features of HF-
pEF. Recently, we reported that dietary supplementation 
with a fi sh oil (FO) diet rich in  � 3-PUFAs prevents intersti-
tial fi brosis and cardiac systolic and diastolic dysfunction 
induced by TAC ( 21 ). More importantly, we identifi ed a 
direct effect of  � 3-PUFAs on cardiac fi broblasts to inhibit 
myofi broblast transformation and, thereby, prevent fi bro-
sis. Prevention of fi brosis and diastolic dysfunction in the 
TAC model by  � 3-PUFA supplementation might suggest 
that  � 3-PUFA supplementation could be a novel therapy 
for HFpEF. 

 However, the  � 3-index [erythrocyte  � 3-PUFA levels de-
fi ned by (DHA + EPA)/total FAs] and  � 3-PUFA levels in 
heart tissue (15.3 and 36.5%, respectively) achieved in our 
previous study were well above the basal  � 3-index observed 
in most human populations ( � 4% in US;  � 9% in Japan), 
and signifi cantly higher than the maximal cardioprotec-
tive effects in CHD associated with an  � 3-index  � 8% ( 22 ). 
This raised several important questions including:  1 ) 
whether the cardioprotective effects we observed were due 
to the supra-physiologic  � 3-levels;  2 ) which  � 3-PUFA(s) 
mediated prevention of fi brosis; and  3 ) whether improve-
ment in function was due solely to prevention of fi brosis, 
or whether  � 3-PUFAs have a protective effect on function 
independent of prevention of fi brosis. To address these 
questions, we examined ventricular remodeling follow-
ing TAC in mice fed diets supplemented with EPA or 
DHA, and control mice fed the standard  � 3-diet (FO) or 
control diet [corn oil (CO)] from our previous study 
( 21 ). To achieve more clinically relevant  � 3-PUFA levels, 
we reduced the pre-TAC diet regimen to 2 weeks and 
continued the diet for 6 weeks post-TAC. Briefl y, the 
shorter diet regimen produced  � 3-PUFA levels closer 
to humans treated with  � 3-PUFAs ( � 10%). Further, we 
found that EPA prevented fi brosis, but did not accumu-
late in cardiac myocytes or nonmyocytes (fi broblasts), the 
traditional mechanism of action. Alternatively, we found 
that FFA receptor (FFAR)4, a G protein-coupled receptor 
(GPR) for long-chain FAs, including  � 3-PUFAs, was both 
suffi cient and required to prevent fi brotic signaling in cul-
tured adult cardiac fi broblasts, suggesting a novel mecha-
nism of action. 
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diets supplemented with specifi c  � 3-PUFAs, including 
EPA or DHA, while control mice were fed diets supple-
mented with either CO or FO, as we previously described 
( 21 ). The shorter diet regimen resulted in lower  � 3-PUFA 
levels (EPA + DHA) in erythrocytes and heart tissue for 
mice fed the FO diet [FO  � 3-PUFA levels (10.02 ± 0.74%, 
24.00 ± 1.51%), CO  � 3-PUFA levels (5.10 ± 0.60%, 10.79 ± 
0.36%) for erythrocytes and heart, respectively ( Fig. 1B ; 
supplementary Tables 2, 4)], which was roughly half the 
increase achieved in our previous study (compare with red 
dashed lines) ( 21 ). With only 2 weeks of dietary supple-
mentation before TAC versus 8 weeks in our previous 
study,  � 3-PUFA levels were also likely signifi cantly lower at 
the time of surgery in this study. Dietary supplementation 
with EPA or DHA alone also signifi cantly increased  � 3-
PUFA levels (EPA + DHA) in erythrocytes and heart to a 
similar degree ( Fig. 1B ; and supplementary Tables 2, 4). 
Decreased levels of arachidonic acid (AA) ( � 6) and doc-
osapentaenoic acid ( � 6) primarily offset the increased 

 Measurement and detection of FFAR gene expression 
 Total RNA was extracted from heart tissue or freshly isolated 

cardiac myocytes and nonmyocytes (fi broblasts) [cell isolations 
were as previously described ( 26 )] using TRIzol reagent (Life 
Technologies) followed by RNeasy fi brous tissue mini kit (Qia-
gen). Total RNA was quantifi ed using a NanoDrop ND-2000 
spectrophotometer (Thermo Scientifi c). Quantitative RT-PCR 
for FFAR1, FFAR2, FFAR3, and FFAR4 gene expression in whole 
hearts was measured by the Genomic-Microarray/qPCR Core at 
the Sanford/Burnham Institute (La Jolla, CA), as previously de-
scribed ( 21, 28 ). Additional details are included in the supple-
mentary Methods. 

 Culture of adult cardiac fi brosis and examination 
of FFAR4 signaling 

 Cardiac fi broblasts were isolated from hearts of a group of 
untreated C57BL/6J mice and cultured as previously described 
( 21 ). Where indicated, fi broblasts were transfected with 5 nM 
siRNA directed against FFAR4 or control scrambled siRNA using 
Lipofectamine 2000 (Life Technologies). After 48 h, fibro-
blasts were treated with transforming growth factor  � 1 (TGF � 1) 
(1 ng/ml) and GW9508 (1–50  � M), an FFAR1/4 agonist. After 
48 h, myofi broblast transformation was assessed by collagen I ex-
pression, fi broblast proliferation, and  � -smooth muscle actin 
staining, as previously described ( 21 ). Additional details are in-
cluded in the supplementary Methods. 

 Statistical analysis 
 Results are presented as mean ± SEM or with 95% confi dence 

interval, as indicated in the fi gure legends. Data were analyzed by 
unpaired  t -test with Welch’s correction, one-way ANOVA, or two-
way ANOVA with a Tukey post-test, or linear/non-linear regres-
sion, as indicated in the fi gure legends. Data were tested for 
normal distribution with the D’Agostino and Pearson test. In 
cases where data were not normally distributed, data were log-
transformed and anti-log values were presented. The unpaired 
 t -test with Welch’s correction was used to adjust for small n values 
in the sham group. Where explanatory models were developed, 
Mallow’s Cp was used to identify the most parsimonious model 
with the least bias at the lowest parameter (p), where Cp < p.  P  < 
0.05 was considered signifi cant. Data were analyzed using Prism 
(GraphPad Software, version 6.0) or JMP Pro (SAS Institute, ver-
sion 10.0.2). 

 RESULTS 

 Eight weeks of dietary supplementation with  � 3-PUFAs 
produced an  � 3-index similar to US patients treated 
with  � 3-PUFAs 

 We previously demonstrated that 12 weeks of dietary 
supplementation with  � 3-PUFAs produced high levels of 
 � 3-PUFAs that prevented fi brosis and contractile dysfunc-
tion in mice subjected to pathologic pressure overload by 
TAC ( 21 ). However,  � 3-PUFA levels achieved by 12 weeks 
of dietary supplementation were well above levels observed 
in most human populations. To achieve  � 3-levels more 
relevant to human populations, we reduced the duration 
of dietary supplementation before TAC to 2 weeks, and 
continued for 6 weeks following surgery (timeline,   Fig. 1A  ).  
To delineate the effects of specifi c  � 3-PUFAs on prevent-
ing pathologic remodeling following TAC, mice were fed 

  Fig. 1.  Eight weeks of dietary supplementation with  � 3-PUFAs 
produced an  � 3-index similar to US patients treated with  � 3-
PUFAs. A: Experimental design. Two weeks before TAC surgery 
( � 2 weeks), mice were randomized to specifi c diets; CO, FO, EPA, 
or DHA. At time 0, TAC surgery was performed. Following surgery, 
cardiac function was assessed weekly by echocardiography (indi-
cated by *), and 6 weeks after surgery, mice were euthanized and 
heart size, fi brosis, and blood  � 3-PUFA levels were measured. B, C: 
The  � 3-PUFA levels in erythrocytes and heart (B), and EPA and 
DHA (C) in erythrocytes. In (B) and (C), 8 weeks after initiation of 
dietary supplementation with  � 3-PUFAs and at termination of the 
protocol, FA levels were measured (see Methods) and expressed as 
percent of total FAs. Total  � 3-PUFA levels [percent EPA + percent 
DHA in erythrocytes or whole heart membranes (B)], and EPA or 
DHA levels in erythrocytes (C) are plotted as mean ± SEM. In (B), 
the red lines indicate  � 3-PUFA levels from our previous study ( 21 ). 
Data were analyzed by one-way ANOVA with a Tukey post-test. The 
Tukey post-test compared all groups versus control and signifi -
cance at  P  < 0.05 is indicated. CO, n = 19; FO, n = 19; EPA, n = 15; 
DHA, n = 15.   
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was different within each group, using model-fi tting to 
test whether this simple relationship between percent 
EPA and percent fi brosis was suffi cient or whether the di-
etary group provided a better explanation ( Fig. 2C ). Both 
diets supplemented with EPA (FO and EPA) were in-
versely correlated to myocardial fi brosis; however, the FO 
diet, providing both DHA and EPA, had low fi brosis at 
lower EPA levels than the EPA diet. Neither diet lacking 
EPA reduced fi brosis. Therefore, the current study indi-
cated that EPA, but not DHA, prevents TAC-induced fi -
brosis, with a possible role for DHA in sensitizing the EPA 
response. 

 Previously we reported that dietary  � 3-PUFA (FO)-me-
diated prevention of ventricular fi brosis induced by TAC 
was associated with prevention of systolic and diastolic dys-
function ( 21 ). However, TAC-induced systolic and diastolic 
dysfunction (EF and E/E’, respectively, in the TAC CO 
group) were not prevented by dietary supplementation in 
this study (FO, EPA, or DHA;  P  = NS for EF or E/E’;  Table 1 ). 
Furthermore, we failed to detect a correlation between 
erythrocyte EPA or DHA levels and either EF or E/E’ ( Fig. 
2D, E  and  Fig. 2F, G , respectively). 

 In the current study, our intention was to achieve an 
 � 3-index (erythrocyte EPA + DHA) closer to levels ob-
served in patients treated with prescription  � 3-PUFA 
supplementation in the US (9–10%) associated with the 
greatest protection from sudden death in CHD. In that 
regard, the lower overall levels of  � 3-PUFA uptake, 
particularly prior to surgery (8 weeks prior to surgery 
previously, only 2 weeks in this study) might explain the 
inability to prevent contractile dysfunction in this study. 
In addition, a recent report examining pathology in 
human HFpEF indicated that while fi brosis was signifi -
cantly increased in HFpEF patients, fi brosis alone could 
not account for systolic and diastolic dysfunction in 
HF, and other parameters contribute to contractile 
dysfunction ( 29 ). 

levels of  � 3-PUFAs (supplementary Table 2). To validate 
the EPA- and DHA-specifi c diets, we also measured eryth-
rocyte levels of each FA from each diet group. As expected, 
erythrocyte EPA or DHA levels were signifi cantly increased 
in mice fed each respective diet ( Fig. 1C , supplementary 
Table 2). 

 EPA prevented TAC-induced cardiac fi brosis; erythrocyte 
EPA abundance was inversely correlated with fi brosis 

 Pathologic remodeling induced by TAC is character-
ized by concentric remodeling/hypertrophy, interstitial 
fi brosis, and systolic and diastolic dysfunction. Six weeks 
after TAC, mice fed the control CO diet exhibited a 
signifi cant increase in heart weight (HW) and heart 
weight-to-body weight ratio (HW/BW), a signifi cant in-
crease in ventricular fi brosis, a signifi cant drop in EF, and 
a signifi cant increase in E/E’ versus sham animals on the 
CO diet (  Table 1  ),  all indicative of pathologic remodel-
ing. As with our prior study ( 21 ), dietary supplementa-
tion with  � 3-PUFAs (FO, EPA, or DHA) had no effect on 
TAC-induced hypertrophy (HW or HW/BW). Interest-
ingly, TAC-induced fi brosis (percent ventricular area in 
the TAC CO group) was not prevented by dietary supple-
mentation with either the FO or DHA diets, but the de-
gree of fi brosis in mice fed the EPA diet was similar to 
sham (sham CO: 1.46 ± 0.25%; EPA: 1.44 ± 0.29%), al-
though this did not reach signifi cance due to variability in 
the fi brotic response (one way ANOVA, comparing CO, 
FO, EPA, DHA;  P  = 0.22;  Table 1 ). Alternatively, we exam-
ined the relationship between the abundance of erythro-
cyte  � 3-PUFAs (defi ned as percent mass of total FAs) and 
the degree of fi brosis (  Fig. 2A, B  ; EPA and DHA, respec-
tively).  Importantly, we found a signifi cant inverse corre-
lation between erythrocyte EPA levels and total fi brosis 
(n = 48,  P  = 0.027) that was not evident for DHA levels 
(n = 48,  P  = 0.471) ( Fig. 2A, B ). We next asked whether the 
inverse relationship between fi brosis and EPA abundance 

 TABLE 1. Summary of the effects of  � 3-PUFA dietary supplementation on cardiac morphology and function 
following TAC         

CO Sham  CO TAC FO TAC EPA TAC DHA TAC

RBC FA%
 n — 18 20 15 16
 EPA — 0.27 ± 0.05 1.54 ± 0.04  b  2.71 ± 0.13  b  0.46 ± 0.09
 DHA — 4.83 ± 0.59 8.47 ± 0.79  b  8.09 ± 0.76  b  9.73 ± 1.17  b  
Pathology
 n 5 18 20 16 19
 HW (mg) 107.1 ± 4.2 176.8 ± 8.7  a  187.2 ± 8.6 183.4 ± 9.8 177.0 ± 8.6
 BW (g) 24 ± 1 25 ± 0 25 ± 0 25 ± 0 24 ± 0
 HW/BW (mg/g) 4.5 ± 0.2 7.1 ± 0.4 1   a  7.5 ± 0.3 7.5 ± 0.5 7.3 ± 0.4
Echocardiography
 n 5 19 19 15 19
 HR 528 ± 6 517 ± 8 526 ± 4 533 ± 7 522 ± 5
 EF 69.8 ± 4.3 52.4 ± 4.0  a  50.0 ± 3.9 48.1 ± 4.3 52.1 ± 4.2
 E/E’ 19.4 ± 1.1 31.4 ± 1.9  a  34.2 ± 2.7 29.7 ± 2.1 28.7 ± 2.1
 AoV 1001 ± 153 4736 ± 223  a  5000 ± 221 4459 ± 165 4676 ± 155
Histology
 n 5 14 14 10 14
 Fibrosis (%) 1.46 ± 0.25 3.66 ± 0.97  a  2.55 ± 0.65 1.44 ± 0.29 3.54 ± 0.86

RBC FA%, erythrocyte FA percent; HR, heart rate; AoV, peak aortic velocity; Fibrosis, percentage of positive 
picrosirius red stain of ventricular tissue.

  a P  < 0.05 versus CO Sham ( t -test).
  b P  < 0.05 versus CO TAC (one-way ANOVA, Tukey post-test).
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 � 3-PUFAs (FO, EPA, or DHA) failed to increase EPA levels 
in either cardiac myocytes or nonmyocytes (  Fig. 3A  ; sup-
plementary Tables 5, 6), with EPA levels in nonmyocytes 
(fi broblasts) moderately reduced by the FO diet.  In con-
trast, DHA levels were increased by FO, EPA, and DHA, 
and uniformly so, across all cell types ( Fig. 3B ; supplemen-
tary Tables 5, 6). 

 Diet-induced changes in cell-specifi c FA profi les 
 Typically, assessing the effi cacy of an intervention on an 

outcome is straightforward. However, each dietary treat-
ment had the potential to alter multiple FAs, including 
non- � 3 FAs. Here, we assessed changes in other FAs in or-
der to best identify plausible molecular mechanisms to 

 Dietary supplementation with  � 3-PUFAs failed to 
increase EPA levels in cardiac myocytes and nonmyocytes 
(fi broblasts) 

 Our previous ( 21 ) and current data indicated that basal 
levels of  � 3-PUFAs in the heart were relatively high and 
that dietary supplementation caused further signifi cant in-
creases in  � 3-PUFA uptake in the heart. To further exam-
ine the distribution of  � 3-PUFAs in the heart, we measured 
 � 3-PUFA levels in isolated cardiac myocytes and nonmyo-
cytes (based on the isolation procedure, we do not con-
sider this population to be exclusively fi broblasts, but 
fi broblasts are likely the major component of this cell 
fraction) from mice in each diet group (supplementary 
Tables 4–6). Surprisingly, dietary supplementation with 

  Fig. 2.  EPA prevented TAC-induced cardiac fi brosis; erythrocyte EPA abundance was inversely correlated 
with fi brosis. A–C: Erythrocyte levels of EPA or DHA were correlated to ventricular fi brosis [(C) was a sepa-
rate analysis examining the relationship between fi brosis and EPA abundance using model-fi tting, as de-
scribed in the Methods]. E/E’ (diastolic function) (D, E) or EF (systolic function) (F, G  ). Diet groups are 
identifi ed in the legends (CO, white; FO, yellow; EPA, green; DHA, blue). Data were analyzed by linear 
regression, the  P  value for each analysis is indicated and the 95% confi dence interval is shown in gray. All 
analyses, n = 48.   
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 FFAR4 was expressed in cardiac myocytes and 
nonmyocytes (fi broblasts) 

 Although incorporation into cellular membranes is con-
sidered the traditional mechanism of action for  � 3-PUFAs 
( 30, 31 ), the failure of cardiac myocytes and nonmyocytes 
(fi broblasts) to accumulate EPA suggests an alternate 
mechanism for EPA-mediated prevention of fi brosis. In 
the last 10 years, a family of orphan GPRs was identifi ed as 
receptors for FFAs. GPR41 and GPR43, now termed FFAR3 
and FFAR2, respectively, were identifi ed as receptors 
for short-chain FAs (<8 carbons) ( 32 ), and GPR40 and 
GPR120, now termed FFAR1 and FFAR4, respectively, were 
identifi ed as receptors for long-chain FAs ( 33, 34 ). Fur-
thermore, FFAR4 was identifi ed as a specifi c receptor for 
 � 3-PUFAs, both EPA and DHA ( 35 ). Therefore, we mea-
sured the expression of the FFAR family in heart tissue. 
FFAR4 was expressed at levels greater than 20-fold rela-
tive to FFAR1–3 in whole heart (  Fig. 5A  ), and FFAR4 
was expressed in both isolated cardiac myocytes and non-
myocytes (fi broblasts) ( Fig. 5B ).  Previous studies indi-
cated that cardiac expression of FFAR4 was low relative 
to other tissues, and we confi rmed this by analyzing 
FFAR1 and FFAR4 expression in a variety of tissues (sup-
plementary Fig. 2). 

 FFAR4 was suffi cient to prevent TGF � 1-induced fi brotic 
signaling in cardiac fi broblasts 

 Previously, we found that both EPA and DHA inhibited 
fi brosis induced by TGF � 1, the main profi brotic cytokine 
in the heart that is induced by TAC, in primary cultures of 
cardiac fi broblasts ( 21 ). However, both EPA and DHA 
were also readily incorporated into membranes of primary 
cardiac fi broblasts and, therefore, we assumed membrane 
incorporation as a mechanism for  � 3-PUFA prevention of 
fi brosis ( 21 ). However, our current data indicating that 
EPA is not incorporated into fi broblast membranes sug-
gests that EPA might be actively excluded in vivo; whereas 
in cultured fi broblasts in vitro, EPA is readily accumulated 
in the membrane. To circumvent the ambiguity caused by 
EPA membrane incorporation in vitro, we employed a syn-
thetic FFAR4 agonist, GW9508. As a small molecule with 
several benzyl ring structures, GW9508 is not likely acyl-
ated into lipids in fi broblast membranes, therefore allow-
ing us to discriminate between membrane incorporation 
and receptor activation. 

 In primary cultures of adult mouse cardiac fi broblasts, 
TGF � 1, the main profi brotic cytokine in heart, increased 
collagen I expression, fi broblast proliferation, and  � -smooth 
muscle actin expression, all hallmarks of myofi broblast trans-
formation and a profi brotic response (  Fig. 6A–C  ).  GW9508, 
a small molecule agonist for FFAR1/4 (more potent at 
FFAR1, but EC 50  at FFAR4, 3  � M), prevented TGF � 1 profi -
brotic signaling in a concentration-dependent manner in 
primary cardiac fi broblasts by inhibiting collagen I expres-
sion and proliferation, and  � -smooth muscle actin expres-
sion ( Fig. 6A–C ). In short, our experiments with GW9508 
suggest that activation of FFAR4 is suffi cient to prevent 
TGF � 1-induced fi brosis without affecting membrane FA 
composition. 

explain the outcome.   Figure 4   illustrates the combined 
saturated, monounsaturated, and polyunsaturated FAs in 
erythrocytes, cardiac myocytes, and nonmyocytes (fi bro-
blasts) (full list in the  Fig. 4  legend).  Due to limit of detec-
tion issues in the myocyte and nonmyocyte (fi broblast) 
fractions, we restricted the dataset to the 12 FAs whose lev-
els were reliably detected ( Fig. 4A ) (Note: the full analysis 
of 24 FAs is included in supplementary Tables 2, 4–6). This 
approach reduced error, but resulted in a FA fractional 
abundance greater than usual. Approximately half of all 
FAs were saturated, and nonmyocytes (fi broblasts) were 
notably enriched in myristic acid; however, no effect of diet 
was detected ( Fig. 4B ).  � 3-PUFAs appeared to replace other 
unsaturated FAs. The abundance of oleic acid was reduced 
by all diets compared with CO, regardless of cell type ( Fig. 
4C ). The two major long-chain  � 6 FAs, AA and docosapen-
taenoic acid n6, were reduced in erythrocytes and my-
ocytes, but less so in nonmyocytes   (fi broblasts) ( Fig. 4D ). 

  Fig. 3.  Dietary supplementation with  � 3-PUFAs failed to increase 
EPA levels in cardiac myocytes and nonmyocytes (fi broblasts). 
Eight weeks after initiation of  � 3-PUFA dietary supplementation 
and at the termination of the protocol, EPA (A) and DHA (B) lev-
els were measured (see Methods) and expressed as percent of total 
FAs in erythrocytes (erythrocyte data reproduced from  Fig. 1  solely 
for sake of comparison), cardiac myocytes, and nonmyocytes (en-
riched fi broblast population) isolated from a subset of mice. Data 
were analyzed by mixed model ANOVA and are presented as mean 
(95% confi dence interval). Unadjusted contrasts were made to es-
timate post hoc differences. For all diet groups, n = 5 for both car-
diac myocytes and nonmyocytes.   
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GW9508, indicating that FFAR4 is required for this effect 
( Fig. 7A–C ). 

 DISCUSSION 

 Previously, we found that very high levels of  � 3-PUFAs 
prevented fi brosis and contractile dysfunction following 
TAC ( 21 ), a mouse model of pressure overload-induced 

 FFAR4 was required to prevent TGF � 1-induced fi brosis 
in primary cardiac fi broblasts 

 To address the role of FFAR4 more directly, we used 
siRNA to knockdown receptor expression and test the 
requirement for FFAR4 to prevent TGF � 1-induced fi bro-
sis. We observed knockdown of FFAR4 mRNA within 
48 h (  Fig. 7A  ).  More importantly, we found that in pri-
mary cardiac fi broblasts treated with TGF � 1, knock-
down of FFAR4 blocked the anti-fibrotic effects of 

  Fig. 4.  Diet-induced changes in cell-specifi c FA profi les. Eight weeks after initiation of  � 3-PUFA dietary 
supplementation and at termination of the protocol, the levels of a reduced panel of 12 FAs (see below) were 
measured (see Methods) and expressed as percent of total FAs in erythrocytes (RBC), cardiac myocytes, and 
nonmyocytes (fi broblasts) isolated from a subset of mice. Data were analyzed by mixed model ANOVA and 
are presented as mean (95% confi dence interval). Unadjusted contrasts were made to estimate post hoc dif-
ferences. N = 5 for cardiac myocytes and nonmyocytes (fi broblasts) for all diet groups except EPA-fi broblasts, 
where one preparation was eliminated  . Saturated FAs: myristic acid (C14:0, MA); palmitic acid (C16:0, PA); 
stearic acid (C18:0, SA). Monounsaturated FA: oleic acid (C18:1n9, OA).  � 6-PUFAs: linoleic acid (C18:2n6 
LA); dihomo gamma linoleic acid (C20:3n6, DGLA); AA (C20:4n6); docosatetraenoic acid (C22:4n6; DTA); 
docosapentaenoic acid n6 (C22:5n6, DPAn6).  � 3-PUFAs: EPA (C20:5n3); docosapentaenoic acid n3 (C22:5n3, 
DPAn3); DHA (C22:6n3).   
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consistent with our previous fi nding that  � 3-PUFAs pre-
vent cardiac fi brosis in a mouse model of pressure over-
load-induced HF that resembles some aspects of HFpEF in 
humans. Furthermore, our data suggest a dependency on 
EPA abundance (threshold) for EPA-mediated preven-
tion of fi brosis, and suggest a novel mechanism of action 
through FFAR4. 

 A recent meta-analysis demonstrated that patients given 
a fi xed dose of  � 3-PUFAs (EPA + DHA) had signifi cant 
individual variation in  � 3-blood levels, and that risk reduc-
tion in CHD correlated with higher  � 3-PUFA levels ( 36 ). 
For example, in the JELIS trial, an EPA/AA ratio of 0.75 
was associated with signifi cantly lower risk of events in 
CHD patients ( 11 ). However, 28 days of EPA supplementa-
tion increased the EPA/AA ratio from 0.12 to 0.9, yet only 
68% of the patients achieved a ratio of 0.78–1.02. More 
importantly, several trials that measured  � 3-PUFA uptake 
never achieved an EPA/AA ratio of 0.75 ( 37–39 ). There 
are three practical implications of these fi ndings:  1 ) there 
is a physiologic and genetic basis for the variability in 
erythrocyte levels of  � 3-PUFAs in patients receiving a fi xed 
dose;  2 ) erythrocyte levels of  � 3-PUFAs are a better predic-
tor of outcome than fi xed dosing (all trials have given a 
fi xed dose); and  3 ) patients that, for whatever reason, have 
lower erythrocyte levels of  � 3-PUFAs might negatively af-
fect trial results ( 36 ). A combined analysis of our previous 
and current data suggests EPA-mediated prevention of fi -
brosis and diastolic dysfunction is dependent on EPA 
abundance (  Fig. 8  ).  For this analysis, EPA levels were plot-
ted against TAC-induced pathology (interstitial fi brosis 
and diastolic dysfunction). These rough calculations sug-
gest a threshold concentration required for prevention of 
fi brosis of approximately 3% EPA, and slightly higher for 
prevention of diastolic dysfunction. In summary, our fi nd-
ings imply that there is a therapeutic index for  � 3-PUFA 
function in general, and that best outcomes might be 
achieved by titrating the  � 3-PUFA dose to reach optimal 
erythrocyte abundance. 

 The rightward shift in the IC 50  for EPA prevention of 
diastolic dysfunction ( Fig. 6 ) suggests that prevention of 
fi brosis alone might not necessarily account for the protec-
tive effects of EPA. Recently, microvascular rarefaction was 
detected in HFpEF patients at autopsy (along with myocar-
dial fi brosis) ( 29 ). Microvascular rarefaction can result in 
impaired oxygen delivery, reduced systolic and diastolic 
reserve, and exacerbated exercise intolerance   ( 40 ). The 
role of  � 3-PUFAs in angiogenesis is poorly documented; 
however, one recent report indicates that  � 3-PUFA dietary 
supplementation prevents microvascular rarefaction in a 
hind-limb ischemia model ( 41 ). Further, another report 
indicates that EPA induces VEGF-A expression through 
activation of FFAR4 in adipocytes ( 42 ). Therefore, pre-
vention of microvascular rarefaction might, through EPA-
mediated angiogenesis, represent another mechanism to 
improve outcomes in HFpEF  . 

 This study provides unique insights into how FA metab-
olism differs among cell types. To our knowledge, no prior 
studies have demonstrated the uniqueness of basal FA 
composition by cell-type in the heart, or a cell-type specifi c 

HF that resembles some aspects of HFpEF in humans ( 20 ). 
Here, we sought to determine how  � 3-PUFA levels are cor-
related to these cardioprotective effects, which  � 3-PUFA(s) 
mediate prevention of fi brosis and cardiac dysfunction in 
this HF model, and whether prevention of cardiac dys-
function was due solely to prevention of fi brosis. We tested 
 � 3-PUFA-specifi c diets containing EPA or DHA and short-
ened the duration of dietary supplementation to 2 weeks 
before TAC and 6 weeks after TAC to reduce overall up-
take of  � 3-PUFAs. First, we achieved lower  � 3-PUFA levels 
than our previous study ( 21 ), but closer to levels seen in 
the US population ( 22 ). Second, we found that dietary 
supplementation with EPA prevented fi brosis following 
TAC in a manner inversely proportional to erythrocyte lev-
els of EPA ( 21 ), but did not prevent contractile dysfunc-
tion at the levels of EPA achieved here, unlike our previous 
study, which achieved higher levels of EPA. This suggests 
that either EPA-mediated prevention of fi brosis alone was 
not suffi cient to prevent contractile dysfunction, that 
higher levels of EPA uptake are required, or that another 
 � 3-PUFA is required to prevent contractile dysfunction. 
Third, we found that EPA was not accumulated in cardiac 
myocytes or nonmyocytes (fi broblasts), although EPA lev-
els were increased in erythrocytes. Conventional mecha-
nisms of action for  � 3-PUFAs include incorporation into 
cell membranes and modulation of intracellular signaling. 
However, failure to accumulate EPA into nonmyocyte (fi -
broblast) membranes suggested an alternate mechanism 
of action. In fact, we detected expression of FFAR4, a GPR 
for long-chain FAs, in cardiac myocytes and fi broblasts, 
and found that FFAR4 was both suffi cient and required to 
prevent TGF � 1-induced fi brotic signaling in cultured 
adult cardiac fi broblasts. Finally, our current data are 

  Fig. 5.   FFAR4 was expressed in cardiac myocytes and nonmyo-
cytes (fi broblasts). A: FFAR expression in mouse heart. RNA was 
isolated from adult mouse heart and mRNA levels of FFAR1–4 were 
measured by semi-quantitative RT-PCR (n = 4). B: FFAR4 expres-
sion in whole heart (H), cardiac myocytes (M), and nonmyocytes 
(fi broblasts) (N). RNA was isolated from freshly isolated adult 
mouse cardiac myocytes and nonmyocytes (fi broblasts) and mRNA 
levels of FFAR4 were measured by qualitative PCR. PCR products 
for FFAR4 (520 bp) and GAPDH (326 bp) are indicated  .   
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(fi broblasts) to accumulate EPA suggests an alternate 
mechanism. In the last 10 years, a family of orphan GPRs 
(FFAR1–4) was identifi ed as a receptor for FFAs. Here, we 
found that a GPR for long-chain FAs ( 33 ), including EPA 
and DHA ( 35 ), was expressed in both cardiac myocytes 
and nonmyocytes (fi broblasts). The identifi cation of FFAR4 
in the heart and our data in cultured adult cardiac fi bro-
blasts highlight ( Figs. 6, 7 ) an entirely novel mechanism of 
action for FA signaling. To date, most studies of FFAR4 have 
focused on FFAR4’s role in infl ammation and diabetes/
obesity. Interestingly, FFAR4 knockout mice were used 
to show that  � 3-PUFAs activate FFAR4-mediated anti-
infl ammatory signaling in macrophages ( 35 ). More recently, 
loss-of-function gene variants of FFAR4 were linked to insu-
lin resistance in humans ( 44 ). However, the epidemiologic 
link between  � 3-PUFAs and cardiovascular disease is stron-
ger than the link between  � 3-PUFAs and insulin sensitivity. 
In summary, our results indicate that EPA was clearly car-
dioprotective, consistent with previous fi ndings in humans, 
but our data suggest a novel mechanism that requires 
FFAR4. 

 We cannot rule out a cardioprotective role for other 
FAs, specifi cally DHA, in response to pressure overload-
induced HF. Four factors suggest that DHA might play a 
role. First, DHA is readily incorporated into cardiac myo-
cytes and fi broblast membranes ( Fig. 4 ), in line with more 
traditional mechanisms of action. Further, DHA appears 
to be unique compared with other  � 3-PUFAs by virtue of 

response in the heart to dietary intervention  . In order for 
a unique FA to emerge as having superior effi cacy, we con-
sidered two characteristics:  1 ) superior association with 
lower fi brosis; and  2 ) a pattern of handling by fi broblasts 
that is unique in comparison to other possible mediators. 
The second is essential because EPA and DHA are highly 
correlated in human tissues ( 43 ), and an apparently superior 
association of one is often serendipitous. EPA fulfi lled both 
characteristics, and it had the added benefi t of being a tar-
get of primary intervention, which provides a simpler infer-
ence. Erythrocyte EPA is the best measure of global EPA 
abundance, and it has a signifi cant inverse relationship to 
fi brosis. While the handling of EPA by cardiac myocytes 
and fi broblasts was unexpected, it was uniquely different 
from DHA or other FAs. No experimental diet changed 
EPA abundance from levels in the CO diet among cardiac 
myocytes; nonmyocytes (fi broblasts) also failed to accumu-
late EPA; however, diets containing DHA (FO and DHA) 
appeared to reduce EPA levels. The failure of cardiac cells 
to accumulate EPA was not a failure to absorb EPA, be-
cause erythrocyte EPA was enhanced 4.3-fold in the FO diet 
over CO  . In contrast, DHA induced a 92% increase over 
CO regardless of cell type  . Other PUFAs (4 total) were also 
cell dependent; however, the response to EPA was the most 
cell dependent and provided the simplest inference. 

 Although incorporation into cellular membranes is con-
sidered the traditional mechanism of action for  � 3-PUFAs 
( 30, 31 ), the failure of cardiac myocytes and nonmyocytes 

  Fig. 6.   FFAR4 was suffi cient to prevent TGF � 1-induced fi brotic signaling in cardiac fi broblasts. Cardiac 
fi broblasts isolated from adult mouse heart were cultured as described (see Methods). Fibroblasts were cul-
tured for 48 h in serum-free medium, and then treated with TGF � 1 (1 ng/ml) in the presence of increasing 
concentrations of GW9508 (0–50 nM). After 48 h drug treatment, collagen expression (A), proliferation 
(B), and  � -smooth muscle actin expression (C) were determined (see Methods). Collagen I expression was 
determined by RT-PCR, proliferation was determined by cell counts, and  � -smooth muscle actin expression 
was determined by staining fi broblasts for  � -smooth muscle actin and counting the percent of positive cells 
(Hoescht 33342 was used to stain nuclei). In (B) and (C), data are presented as mean ± SEM for n = 3 sepa-
rate experiments. Data were analyzed by two-way ANOVA with a Sidak post-test. The post-test compared all 
groups and signifi cance at  P  < 0.05 is indicated.   
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ventricular relaxation and fi lling caused by:  1 ) increased 
extracellular matrix (ECM) production ( 47 );  2 ) structural 
changes that increase passive stiffness, such as alterations 
in titin isoform expression ( 48 ); or  3 ) altered calcium han-
dling ( 49 ). Our results indicate that in the mouse TAC 
model, EPA prevents interstitial fi brosis, a prevalent co-
morbidity in HFpEF that contributes to diastolic stiffness, 
impaired ventricular fi lling, and exercise intolerance ( 3, 4, 
47 ). Resident fi broblasts are thought to be the primary 
cells responsible for the production of ECM in response to 
injury. Upon transformation, activated myofi broblasts in-
crease proliferation and ECM production, and alter the 
balance of matrix metalloproteinases and tissue inhibitors 
of metalloproteinases to favor fi brosis ( 50 ). Inhibition of 
myofi broblast transformation is a signifi cant and novel 
therapeutic target for the treatment of cardiac fi brosis 
( 51 ). Our previous results demonstrated that both EPA 
and DHA were suffi cient to prevent myofi broblast trans-
formation in primary cultures of adult mouse cardiac fi -
broblasts ( 21 ). Here, we found that EPA prevents fi brosis, 
potentially through activation of FFAR4. In summary, 
EPA-mediated prevention of fi brosis could represent a 
novel preventative therapy for HFpEF. 

 Finally, our primary fi nding is that EPA prevented fi bro-
sis in a mouse model of pressure overload-induced HF 
(TAC) that resembles some aspects of remodeling in HFpEF, 
but uptake of EPA into cardiac nonmyocytes (fi broblasts) 

its ability to alter membrane properties such as membrane 
fl uidity, elasticity, phase behavior, ion permeability, fusion, 
and protein function ( 30, 31 ). DHA has known effects in 
the TAC model, including inhibition of mitochondrial 
transition pore opening ( 45, 46 ), but whether this im-
proves survival is not clear ( 45 ). Our data suggest that 
EPA-mediated prevention of fi brosis does not completely 
reverse diastolic dysfunction ( Fig. 8 ), although a standard 
 � 3-diet (DHA + EPA) does, albeit at a higher overall level 
of  � 3-uptake. Finally, when DHA was provided in diets 
alongside EPA, lower levels of EPA were associated with 
the same reduction in fi brosis, suggesting that DHA could 
sensitize the EPA-mediated suppression of fi brosis. There-
fore, DHA might have an as yet undefi ned cardioprotec-
tive effect in response to pressure overload-induced HF. 

 Diastolic dysfunction is a defi ning feature of HFpEF. 
The hallmarks of diastolic dysfunction are impaired 

  Fig. 7.   FFAR4 was required to prevent TGF � 1-induced fi brosis 
in primary cardiac fi broblasts. Cardiac fi broblasts isolated from 
adult mouse heart were cultured as described (see Methods). Fi-
broblasts were cultured for 48 h in serum-free medium and trans-
fected with 5 nM siRNA to FFAR4 (or 5 nM scrambled siRNA 
control), then treated with TGF � 1 (1 ng/ml) in the presence of 
increasing concentrations of GW9508 (0–50 nM) for another 48 h. 
After 48 h drug treatment, collagen expression (A), proliferation 
(B), and  � -smooth muscle actin expression (C) were determined 
(see Methods). In (B) and (C), data are presented as mean ± SEM 
for n = 2 separate experiments.   

  Fig. 8.  Erythrocyte EPA abundance (EPA-index) and prevention 
of pathologic phenotypes following TAC in mice compared with 
EPA levels in humans. Upper section (mouse): EPA levels were 
plotted against TAC-induced pathology (interstitial fi brosis or dia-
stolic dysfunction). EPA levels from this and our prior report ( 21 ) 
are plotted on the x axis (e.g., EPA-diet/2 week: mice were fed an 
EPA-supplemented diet for 2 weeks before TAC and the erythrocyte 
EPA levels at termination are plotted on the x axis). EPA-mediated 
prevention of fi brosis or diastolic dysfunction was assessed by calcu-
lating the percent inhibition [e.g., percent fi brosis in TAC EPA/
(percent fi brosis TAC control diet  �  percent fi brosis sham control 
diet)] from this and our prior report ( 21 ), and is plotted on the 
y axis. Lower section (human): In FONIA, baseline erythrocyte 
EPA levels increased from 0.4 to 2.2% in a US patient (4 months, 
3.4 g/day  � 3-PUFAs; unpublished observations) versus untreated 
Japanese [2.8%, JELIS ( 52 )].   
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