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Abstract: Cardiac remodeling is defined as molecular, cellular, and interstitial changes that manifest
clinically as alterations in the size, shape, and function of the heart. Despite the pharmacological ap-
proaches, cardiac remodeling-related mortality rates remain high. Therefore, other therapeutic options
are being increasingly studied. This review highlights the role of omega-3 as an adjunctive therapy to
attenuate cardiac remodeling, with an emphasis on its antioxidant and anti-inflammatory actions.
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1. Introduction

Cardiac remodeling is defined as molecular, cellular, and interstitial changes that
manifest clinically as alterations in the size, shape, and function of the heart. Cardiac
dysfunction is the main consequence of cardiac remodeling; therefore, it plays a critical role
in the onset and progression of ventricular dysfunction [1–3].

Damage to cardiomyocytes owing to several conditions, including myocardial infarc-
tion (MI), myocarditis, hypertension, diabetes, valvular diseases, toxicity, inflammation,
arrhythmia, and genetic diseases, can lead to cardiac remodeling [1,2].

The clinical diagnosis of remodeling is based on the detection of morphological
changes, which can be evaluated by image methods like echocardiography, ventricu-
lography, and cardiac nuclear magnetic resonance [1].

Although the elucidation of all pathophysiological mechanisms in cardiac remodeling
is lacking, some of those implicated in this condition are cellular death, inflammation,
fibrosis, oxidative stress, neurohumoral activation, cardiomyocyte energy metabolism
deficit, and alterations in contractile proteins and calcium channels. Some pharmacological
treatments that act on these targets include beta-blockers, angiotensin-converting enzyme
inhibitors, aldosterone antagonists, and SGLT-2 inhibitors. Despite these pharmacological
approaches, cardiac remodeling-related mortality rates remain high; therefore, other ther-
apeutic options are being increasingly studied [1,3,4]. Considering this background, we
highlight the body of clinical evidence available to support the use of omega-3 polyunsatu-
rated fatty acids (ω3-PUFAs) as an adjunctive therapy to attenuate cardiac remodeling.

Polyunsaturated fatty acids are lipid components comprising a hydrocarbon chain
terminating with a carboxylic acid group (–COOH) at the polar hydrophilic end and a
nonpolar hydrophobic methyl group (–CH3) at the other end, with at least two carbon
double bonds. The terminology used (n/ω-) depends on the position of the first double
bond from the methyl end of the molecule [5].

As PUFAs are essential fatty acids, they need to be ingested, and the most common
dietaryω3-PUFAs include eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),

Antioxidants 2023, 12, 2067. https://doi.org/10.3390/antiox12122067 https://www.mdpi.com/journal/antioxidants

https://doi.org/10.3390/antiox12122067
https://doi.org/10.3390/antiox12122067
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-7544-6897
https://orcid.org/0000-0002-8741-3558
https://orcid.org/0000-0003-4979-0894
https://orcid.org/0000-0003-4060-870X
https://orcid.org/0000-0002-2875-9532
https://doi.org/10.3390/antiox12122067
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox12122067?type=check_update&version=1


Antioxidants 2023, 12, 2067 2 of 14

which originate primarily in fish oils, and alpha-linolenic acid (ALA) found in vegetable
foods [4–6].

The first evidence of the beneficial effect ofω3-PUFAs came from pioneer studies on
Eskimos in the 1970s, wherein a diet rich in ω3-PUFAs was associated with decreased
coronary mortality [7]. Subsequently, substantial evidence from experimental and epidemi-
ological studies has suggested that the intake ofω3-PUFAs could be beneficial for patients
with heart failure (HF) [8].

Therefore, considering that the above mechanisms are modulators of the cardiac
remodeling process, our review aims to evaluate the role of ω3-PUFAs in attenuating
cardiac remodeling, with an emphasis on their antioxidant and anti-inflammatory actions.

2. Mechanisms through Which ω3-PUFAs Exert Their Biological Actions

The health cardiac effects associated with ω3-PUFAs are mainly thought to be me-
diated by anti-inflammatory and antioxidant effects, alteration in cardiomyocyte mito-
chondrial function, the modification of cardiomyocyte ion channels, alterations in vas-
cular endothelial response, and the modulation of autonomic nervous system activity
(Figure 1) [4].

2.1. Anti-Inflammatory and Antioxidant Effects

The ω3-PUFAs’ anti-inflammatory and antioxidant properties can be explained by the
production and antagonistic action of the arachidonic acid-derived metabolite eicosanoid
and the reduced serum concentrations of pro-inflammatory cytokines, like TNF-α, IL-1,
and IL-6.

In addition, ω3-PUFAs downregulate pro-inflammatory pathways, such as those
of nuclear factor kappa beta (NF-kB) and NLRP3 inflammasome, and upregulate anti-
inflammatory signaling pathways, including that of peroxisome proliferator-activated
receptor (PPARα/γ), a transcriptional activator [4]. Eicosapentaenoic acid; DHA; and some
specialized pro-resolving lipid mediators, including resolvins, protectins, and maresins,
can activate nuclear factor erythropoietin 2 related factor 2 (NRF2), which has antioxidant
activity, controls oxidative stress, and protects the heart from fibrosis.

The interaction between EPA and other receptors such as free fatty acid receptor
4 (Ffar4) and fibroblast GPR120 receptors appears to inhibit fibrosis [3].

Moreover, ω3-PUFAs act by reducing the sensitivity of cardiomyocytes to reactive
oxygen species (ROS)-induced ischemia–reperfusion injury, increasing the levels of antiox-
idant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) and
acting on sirtuin1 and forkhead box protein [9].

2.2. Myocardial Metabolism Effects

Regarding cardiomyocyte metabolism, their effects include the ability to modify
myocardial energy metabolism by changing the mitochondrial membrane phospholipid
composition in cardiomyocytes, leading to decreased oxygen consumption [4].

The suppression of mitochondrial permeability transition pore (mPTP) opening, espe-
cially via DHA supplementation, prevents mitochondrial cell apoptosis [10].

2.3. The Effects of Cardiomyocyte Ion Channels

Some hypotheses are used to explain the main mechanisms through which ω3-PUFAs
alter the ion channels of cardiomyocytes and thus the electrophysiology of the heart. One of
these hypotheses is that ion channels may contain a specific binding site forω3-PUFAs, and
when they are occupied, they can alter their function. Other hypotheses include alterations
in membrane fluidity and, subsequently, ion channel function and changes in the membrane
immediately surrounding the channels, which might be responsible for the ion channel
effects, resulting in the slight hyperpolarization of the cell membrane, increasing the depo-
larizing stimuli necessary to induce an action potential [5]. Furthermore,ω3-PUFAs can
affect calcium regulation, inhibiting the voltage-dependent inward calcium current during
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phase 2 of an action potential. Specifically, the frequency of calcium sparks, spontaneous
calcium waves, and delayed after-depolarizations are reduced byω3-PUFAs [4,11].

2.4. Vascular Endothelial Effects

The effects of ω3-PUFAs on the vascular endothelial response are associated with
improvement in the vascular endothelial function via the activation of NO synthase, as
well as the decreased expression of E-selectin, intercellular adhesion molecule-1 (ICAM-1),
and vascular cell adhesion molecule-1 (VCAM-1) on endothelial cells, which are molecules
related to the attachment of leucocytes to the endothelium and decreased homocysteine
levels [5]. These effects are also related to the modulation of autonomic nervous system
activity, increasing the vagal tone [4,5].

The antithrombotic effects ofω3-PUFAs include their ability to suppress the synthe-
sis of platelet-derived thromboxane A2 (TXA2), which causes platelet aggregation and
vasoconstriction, and to increase the plasminogen activator inhibitor-1 with a reduction in
fibrinogen [4].

2.5. Autonomic Nervous System Effects

In the central nervous system, DHA is reported to activate NO synthase and the
concentration of tetrahydrobiopterin, which may increase local NO availability and exert
the tonic inhibition of the central sympathetic outflow [4]. Although the detailed mechanism
remains unknown, some studies show thatω3-PUFA supplementation partially restored
autonomic modulation in patients with chronic HF, associated with an improvement in
arterial baroreflex function and heart rate variability, which may be related to a reduced
agonist affinity of beta-receptors [5,12,13].
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Gharrae, 2022 
[17] 

Rats (hyperten-
sion) 

EPA 1.9 g/kg for 20 
weeks ↓ E/e’, ↓ fibrosis ↓ inflammation (↑ IL-10) 

Fosshaug, 2011 
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Figure 1. Cardiac effects of ω3-PUFAs. Legend: VSCM, vascular smooth muscle cells; Ca2+, cal-
cium; NO, nitric oxide; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion
molecule-1; TGF-B1, transforming growth factor-β 1; TLR4, Toll-like receptor 4; NFKB, nuclear factor
kappa beta; IL-6, interleukin-6; IL-1, interleukin-1; ↓ = reduction; ↑ = increase. Adapted from [14].
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3. Experimental Evidence of the Influence of Omega-3 on Cardiac Remodeling

Numerous studies have assessed the influence ofω3-PUFA supplements on cardiac
remodeling to gain insights into the mechanism of this effect. In this section, we provide
an overview of the primary evidence obtained from experimental studies on the effects of
ω3-PUFAs in various models of cardiac remodeling. Table 1 summarizes the significant
findings of these studies.

Table 1. Experimental evidence of inflammation and oxidative stress in cardiac remodeling.

Author, Year Model ω3-PUFA Cardiac Remodeling
Effect Mechanisms

Saeedi, 2023 [15] Mice (aged) diet containing 7.3%
ALA for 12 months

prevents diastolic
dysfunction (↓ E/A,

↑ IVRT)
↓ ECM remodeling

↓ inflammation (↓ NFKB1,
↓ TNF-α, ↓ COX2), ↓ OS
(↓MDA, ↑ SOD, ↑ GPX),

↓ apoptosis

Li,
2017 [16]

Mice
(heart/muscle-specific

Mn-SOD-deficient)

3 mg/(kg·day) n-3
PUFA for 10 weeks ↓ Fibrosis ↓ ROS, ↓ protein

carbonylation, ↓ apoptosis

Gharrae, 2022 [17] Rats (hypertension) EPA 1.9 g/kg for
20 weeks ↓ E/e′, ↓ fibrosis ↓ inflammation (↑ IL-10)

Fosshaug, 2011 [18] Rats (MI)

krill oil (EPA + DHA
0.75% of energy intake)
14 days before MI until

7 weeks after

↓ HW, ↓ LVDD, ↓ RWT ↓ ANP, TGF-β, TNF-α,
IL-1, IL-6, MCP-1

Fang,
2011 [19] Rats (MI) PUFA (450 mg/kg (30%

ALA) 12 weeks

↓ LVDD, ↓ LVSD, ↑ FS,
↓ LVWt, ↑ LV dP/dt,
↑ LVESPVR

↓ LVEDPVR ↓ LVEDP
↓ Tau, ↓ fibrosis

(collagen)

↓ OS (↑ GSH total and
reduced, ↓ GSSG)

Abdukevum, 2016
[20] Rats (MI)

fish oil (n-3 PUFA);
sunflower seed oil (n-6
PUFA); or beef tallow
(saturated fat, SF) for

6 weeks before MI

n-3 PUFA ↓ Infarct size n-3 PUFA ↓ LPO, MDA,
↑ SOD

Takamura, 2017 [21] Rats (MI)
EPA 28 days pre and

28 post-MI,
1 g/(kg·day)

↓mortality, ↓ heart
weight, ↓ LVEDD,
↓ LVESD, ↑ LVEF,
↑ %FS, ↓ CSA,

↓ fibrosis, ↓ ANP and
BNP mRNA expression

↓macrophage
polarization

↓ inflammation (↓ TGFB,
CCL2, EMR1, IL-6, IRF5
↑MRC1, VEGF),

Parikh, 2019 [22] Rats (MI)
Flaxseed (milled and
oil) 2 weeks pre and

8 weeks post-MI.

↓MI size,
↓ arrhythmias, ↓ LVID,

↓ fibrosis
↓ inflammation (TNF-α)

Habicht, 2020 [23] Rats (MI) DHA 0.26 g/kg for
7 days after MI

↓ LVEDP, ↑ EF, ↑ dP/dt,
↓ Tau

↓ inflammation (↓ TNF-α,
IL-1, IL-10, ↓ chemokine

mRNA), ↓ OS (↓ GPX,
↓ HO-1, variation

in UCP3)

Wang, 2022 [24] Rats (MI)

Maresin1
(intraperitoneal

injection 10 ng/g once
every 2 days for

28 days)

↑ EF, ↑ FS, ↓ LVEDV,
↓ LVESV, ↓ LVIDD,
↓ LVIDS, ↓ fibrosis

(↓ collagen, ↓ α-SMA),

↓ OS (↑NRF2/HO-1,
↑ SOD, ↓MDA),

↓ inflammation (↓ TLR4,
TNFa, IL-6), ↓ apoptosis
(↓ Bax, caspase-3, ↑ Bcl2)
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Table 1. Cont.

Author, Year Model ω3-PUFA Cardiac Remodeling
Effect Mechanisms

Nagai, 2013 [25] Rats (transverse
aortic constriction)

EPA (7% of the total
energy) 2 weeks pre

and 4 weeks post TAC

↓ HW,
↓ LVEDD,↓ LVESD,
↓ LVEDP, ↑ FS, ↓ AWT,
↓ PWT, ↓ CSA,

↓ fibrosis (↓ TGF-β)

↓ inflammation (IL6), ↓ OS
(GPX, p47 phox)

Dabkowski, 2013 [26] Rats (transverse
aortic constriction)

DHA 2.3% of energy
intake, 3 days after

surgery for 14 weeks
↑ FS, ↑ EF

↓ ROS-induced
mitochondrial

permeability transition

Toko, 2020 [27] Rats (transverse
aortic constriction)

EPA + DHA, 1.5 mg/g
for 4 weeks

↓ LVESD, ↑ FS, ↓ HW,
↓ CSA, ↓ Fibrosis

↓ inflammation
(↓ leukocytes and

macrophages, ↓ TNFα and
MIP-1α), no difference in

MDA and iso-PGF2α

Shah, 2009 [28] Rats (abdominal
aortic banding)

EPA + DHA 2.3% of
energy intake, ↓ LVM

↓ inflammation (↓ AA in
cardiac phospholipids,
↓ TA2 excretion)

Duda,
2009 [29]

Rats (abdominal
aortic banding)

EPA + DHA or ALA
0.7–7% of energy

intake, 1 week before
and 12 weeks
after surgery

↑ FS, ↑ EF, ↓ PWT,
↓ LVEDV, ↓ LVESV

↓ inflammation (↓ AA in
cardiac phospholipids,
↓ TNF-α, ↓ TA2,
↓ 6-KPGF1α)

Szeiffova,
2020 [30] Rats (isoproterenol)

Omega-3
1.68 g/(kg·day) until

60 days

↓ fibrosis and ECM
remodeling,

↓myocardial injury
↓ LVW

↓ OS (↑ SOD)

Abdellatif,
2023 [31] Rats (isoproterenol) Calanus oil 400 mg/kg

b.wt for 4 weeks

↓ LVPWd, ↓ IVd,
↑ LVIDD, ↓ IVs,

↑ LVIDS, ↓ LVM, ↑FS
↑ EF, ↓ HW,
↓ hypertrophy

↓MDA, ↑TAC

Gui,
2020 [32] Cardiomyocytes DHA (20 µM) for

16 weeks
↓ HW, ↓ hypertrophy,
↓ fibrosis (↓ α-SMA)

↓ OS (↓ Tom20, ↓ R OS,
↓ roGFP, ↓ 4HNE),
↓ apoptosis

Olivares-Silva,
2021 [33]

Rats (ang
II hypertension)

RvD1 (3 µg/(kg·day)
i.p.) after surgery
until euthanized

↓ CSA, ↓ IVSWT,
↓ PWT, ↓ LVEDD,
↓ fibrosis

↓ inflammation
(↓ granulation, neutrophil

and macrophage;
↓ ICAM-1, VCAM-1,

IL-1β, TNF-α, IL-6, IL-10,
KC e MCP-1)

Legend: MI, myocardial infarction; EPA, eicosapentaenoic acid; LV, left ventricle; LVEDD, LV end-diastolic
diameter; LVESD, LV end-systolic diameter; EF, ejection fraction; FS, fractional shortening; CSA, cross-sectional
area; TGF-β, transforming growth factor-β; CCL2, chemokine C-C motif ligand 2; EMR1, EGF-like module-
containing mucin-like hormone receptor-like 1; IL, interleukin; IRF5, interferon regulatory factor 5; MRC1,
mannose receptor C type 1; VEGF, vascular endothelial growth factor; ANP, atrial natriuretic peptide; BNP,
B-type natriuretic peptide; LVID, LV internal diameter; TNF-α, tumor necrosis factor alpha; ALA, alpha-lipoic
acid; IVRT, isovolumic relaxation time; NF-κB, nuclear factor kappa beta; COX2, cyclooxygenase2; OS, oxidative
stress; MDA, malondialdehyde; SOD, superoxide dismutase; GPX, glutathione peroxidase; ECM, extracellular
matrix; LVW, LV weight; LVIDD, LV internal diastolic diameter; LVISD, LV internal systolic diameter; αSMA,
smooth muscle alpha-actin; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; NRF2, nuclear
factor erythroid-derived 2-related factor 2; HO-1, heme oxygenase-1; TLR4, Toll-like receptor 4; BAX, BCL-2
associated protein X; IL-10, interleukin-10; PUFA, polyunsaturated fatty acids; ALA, alpha-linolenic acid; LVDD,
LV diastolic diameter; LVSD, LV systolic diameter; dP/dt, ratio of pressure change in the ventricular cavity
during the isovolemic contraction period; LVESPDR, LV end-systolic pressure volume relation; LVEDPVR, LV
end-diastolic pressure volume relation; LVEDP, LV end-diastolic pressure; GSH, reduced glutathione; GSSG,
oxidized glutathione; HW, heart weight; AWT, anterior wall thickness; PWT, posterior wall thickness; p47phox,
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47-kDa α-subunit of nicotinamide adenine dinucleotide phosphate oxidase; Tom20, anti-translocase of outer
membrane 20; ROS, reactive oxygen species; roGFP, reduction–oxidation sensitive green fluorescent protein;
4-HNE, anti-4-hydroxynonenal; UCP3, uncoupling protein 3; LVPWd, end-diastolic left ventricular posterior wall
thickness; IVd, interventricular septum in end diastole; IVs, interventricular septum in end systole; LVM, left
ventricular mass; TAC, total antioxidant capacity; RvD1, resolvin-D1; IVWST, interventricular septal wall thickness;
ICAM1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; KC, keratinocyte-derived
chemokine; MCP1, monocyte chemoattractant protein-1; MIP-1α, macrophage inflammatory protein-1 alpha;
PGF2α, prostaglandin F2α; RWT, relative wall thickness; AA, arachidonic acid, TA2, thromboxane A2; 6-KPGF1α,
6-keto prostaglandin F1α; LPO, lipid hydroperoxides; ↓ = reduction, ↑ = increase.

3.1. Preventive Effects of ω3-PUFAs in the Development of HF

Long-term supplementation withω3-PUFAs has been suggested to prevent cardiac re-
modeling in different models. A recent study compared the effects of an ALA-enriched diet
to those of a non-ω3-PUFA-supplemented diet in 6-month-old rats [15]. After 12 months,
ALA supplementation prevented the development of age-related diastolic dysfunction,
as indicated by echocardiographic parameters such as a reduction in the E/A ratio and
an increase in the isovolumetric relaxation time in the ventricular diastolic phase. Rats
receiving ALA supplementation exhibited a reduction in various markers of oxidative
stress (such as increased levels of SOD1, GPX1, and isocitrate dehydrogenase; a decrease
in malondialdehyde (MDA) levels; and reduced levels of inflammatory markers such as
NFKB1, TNF-α, and COX-2).

Another experimental study assessed the effects ofω3-PUFA supplementation over a
10-week period in rats with a specific Mn-SOD deficiency, an animal model that exhibits the
typical pathophysiology of dilated cardiomyopathy [16]. The group receivingω3-PUFA
supplementation showed a significant reduction in cardiac fibrosis in comparison to rats in
the control group. Additionally, the treated group exhibited a decrease in ROS production
in isolated cardiomyocytes, suggesting an effect via the reduction in oxidative stress in
cardiac remodeling in these rats.

Eicosapentaenoic acid supplementation was tested in a spontaneously hypertensive
rat model to assess its effects on the cardiac remodeling process secondary to systemic
arterial hypertension [17]. This study compared the effects of a diet containing 1.9 g/kg
EPA for 20 weeks with those of a standard diet without EPA supplementation. The results
showed that EPA supplementation significantly reduced the left ventricular (LV) diastolic
filling pressure and interstitial collagen deposition in the LV, although it had no impact on
the development of cardiac hypertrophy. This study did not assess the effects ofω3-PUFAs
on oxidative stress. However, there was a substantial increase in interleukin-10 (IL-10), an
anti-inflammatory cytokine, in the LV tissues of rats supplemented with EPA, suggesting
the anti-inflammatory effects of this treatment.

3.2. Effects of ω3-PUFAs on Cardiac Remodeling Secondary to Acute MI

Acute MI is a leading cause of HF worldwide. Its complex pathophysiology in-
volves mechanisms ranging from the release of pro-inflammatory mediators to oxidative
stress in cardiomyocytes. Considering these pathophysiological processes, numerous stud-
ies have assessed the effects of ω3-PUFAs on cardiac remodeling after acute coronary
ischemia [18–24].

Some studies suggest that prior ω3-PUFA consumption before an acute ischemic
event in rat models of left anterior descending coronary artery ligation is associated with
improved outcomes related to the development of HF, such as a reduction in infarct
size, [20,22], a decrease in heart weight, [18,21] and a reduction in post-infarct fibrotic
area [21,22]. These studies also showed reductions in inflammatory markers such as IL-1,
IL-6, TGF-β, and TNF-α, [18,21,22] and a decrease in oxidative stress [20]. Rats fed with fish
oil, a known source ofω3-PUFAs, for 6 weeks before infarction, showed high levels of SOD
activity, although there was no increase in copper–zinc SOD and GPX activity, suggesting
an antioxidative protective mechanism [20].

Supplementation withω3-PUFAs after acute ischemic events is also associated with
improved cardiovascular outcomes [18,19,21–24]. Both the continuation ofω3-PUFA sup-
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plementation in rats that were already using the supplement and the initiation of sup-
plementation after acute infarction mitigated some manifestations of cardiac remodeling,
including a reduction in fibrotic area, decreased cardiac weight, reduced arrhythmias, and
reduced infarct area. An experimental study evaluating the effects of ω3-PUFA supple-
mentation before and after infarction in rats demonstrated a reduction in mortality among
rats supplemented with EPA when compared to that in rats in the control group [21].
Among the variables measured, some stood out for their relationship with oxidative stress.
Fang et al. [19] demonstrated that ω3-PUFA supplementation for 1 and 12 weeks after
infarction induction in rats increased the reduced levels of GSH and decreased levels of
oxidized glutathione (GSSG) compared with these levels in rats fed a control diet. In
addition, the study showed an increase in gamma-glutamylcysteine synthetase, an enzyme
whose function is associated with GSH production, indicating a potential antioxidant effect.
Another antioxidant mechanism highlighted by Wang et al. [24] is the upregulation of
NRF2 and HO-1, proteins that prevent oxidative stress-related injuries. As evidenced in the
study, rats that received Maresin1, a bioactive compound derived fromω3-PUFAs, after
left anterior descending coronary artery ligation showed an increased expression of the
NRF2/HO-1 pathway, an increase in serum levels of SOD, and a reduction in serum levels
of MDA.

3.3. Effects of ω3-PUFAs on Pressure-Overload-Induced Cardiac Remodeling

Another experimental model of cardiac remodeling used to assess ω3-PUFA sup-
plementation is pressure-overload-induced cardiac remodeling. In both rats subjected to
transverse aortic constriction and rats subjected to abdominal aortic binding, ω3-PUFA
supplementation was associated with a reduction in LV mass and cardiac fibrosis following
the induction of hypertrophic cardiomyopathy [25–29].

Nagai et al. [25] demonstrated that supplementation with EPA for 2 weeks before and
4 weeks after transverse aortic constriction surgery reduced serum levels of both IL-6 and
markers of oxidative stress, such as GPX3 and nicotinamide adenine dinucleotide phosphate
oxidase (p47phox). In a similar experimental model, Dabkowski et al. [26] showed that
DHA supplementation for 14 weeks was associated with alterations in mitochondrial
activity, such as a reduction in the viscosity of the interfibrillar mitochondrial membranes.
These changes slightly attenuated the mitochondrial permeability transition induced by
ROS, an event that triggers a sequence of pathophysiological processes leading to cell death.

3.4. Effects of ω3-PUFAs on Cardiac Remodeling in Other HF Models

Other models of cardiac remodeling have also been employed to study ω3-PUFA sup-
plementation. Bacova et al. and Abdellatif et al. supplementedω3-PUFAs in rats exposed
to isoproterenol, a synthetic catecholamine capable of inducing structural cardiomyopathy.
The results demonstrated that the intervention was associated with a reduction in cardiac
fibrosis and the remodeling of the extracellular matrix of the myocardium compared to that
in the control group. Although the interventions used differed, both were associated with
improved outcomes related to oxidative stress, such as increased SOD levels [30,31].

An in vitro study demonstrated positive results following DHA supplementation in a
diabetic cardiomyopathy model [32]. This intervention reduced the decline in Tom20 ex-
pression, an indirect marker of mitochondrial function and quantity, in rat cardiomyocytes.
Additionally, a histological evaluation of cardiac tissues showed significantly reduced
ROS levels in cells treated with palmitate, an agent capable of inducing mitochondrial
oxidative stress.

Olivares-Silva et al. [33] used small implanted pumps to assess the effects of resolvin-
D1 infusion, a synthetic compound derived from DHA, in rats with angiotensin II-induced
hypertensive cardiomyopathy. Although the oxidative stress markers were not studied in
this investigation, the intervention was associated with a reduction in pro-inflammatory
cytokines such as TNF-α, IL-6, IL-1β, and IL-10, and a reduction in the area of myocar-
dial fibrosis.
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3.5. Absence of Significant Effects of ω3-PUFAs on Cardiac Remodeling

Despite the positive results mentioned earlier, not all studies involvingω3-PUFAs have
shown significant improvement in outcomes related to cardiac remodeling. In a protocol
for the prevention and treatment of HF usingω3-PUFA supplementation, Galvão et al. [10]
demonstrated that despite alterations in mitochondrial function and the phospholipid com-
position of the mitochondrial membrane, there was no increase in the survival of the studied
rats. After testingω3-PUFA supplementation in infarcted rat models, O’Shea et al. [34] also
did not observe significant changes in LV function and mitochondrial respiration.

One possible explanation for the differences in results is the significant variability in
methodology among studies. The interventions in these studies varied according to the
type of supplement, quantity, duration, and timing ofω3-PUFA administration, making
comparisons between studies challenging. Moreover, the experimental models studied
and the assessed outcomes varied considerably. Therefore, further studies are necessary to
better evaluate the effects ofω3-PUFAs on cardiac remodeling.

4. Clinical Aspects of ω3-PUFAs on HF

Interest in the cardiovascular benefits of ω3-PUFAs was initially instigated in the
1970s by Danish scientists. They concluded that Inuits (Eskimos) from northern Greenland
had a remarkably low incidence of cardiovascular disease, which they attributed to a
diet rich in ω3-PUFAs, consisting mainly of fish, seal meat, and whale blubber [35,36].
Subsequently, a broad scenario of ω3-PUFA benefits has been explored, such as its role in
the lipid profile, endothelial integrity, arrhythmia, and thrombosis [4]. In this section, we
present an overview of the results of clinical trials on the dietary ingestion and therapeutic
intervention ofω3-PUFAs in cardiac remodeling and HF.

Studies on animal models have indicated that PUFA intake inhibits interstitial fibrosis
and cardiac dysfunction. Food frequency studies have shown that fish consumption is
inversely associated with the risk of HF [37–39] because fish are an important source of
ω3-PUFAs. To strengthen this hypothesis, a study was conducted using a large cohort
of more than 6000 participants to define the role of EPA in the primary prevention of HF.
African Americans, Hispanics, Asians, and Whites from the United States, aged 45–84 years,
were followed up for approximately 13 years, and their plasma EPA percentages were
measured. The authors concluded that a higher plasma %EPA was associated with a lower
risk of HF, including HF with reduced ejection fraction and HF with preserved ejection
fraction [40].

Next, we highlight the body of clinical evidence generated by intervention studies
that have been successful in demonstrating the clinical effect of ω3-PUFA supplementation
on parameters compatible with cardiac remodeling. The inclusion of studies evaluating
cardiovascular outcomes, in general, is beyond the scope of our review as such benefits
can be achieved via the multifaceted action of ω3-PUFAs on the lipid profile, endothelium,
arrhythmia, and thrombosis. The trials reviewed here are listed in Table 2 [13,41–54].

The GISSI-HF study was the first randomized clinical trial to evaluate the effect of
ω3-PUFAs in patients with HF. In this study, the daily supplementation of 1 g of ω3-
PUFAs for 3.9 years reduced the risk of mortality and hospitalization. In absolute terms,
the reduction in the risk of mortality from all causes was 1.8% (95% CI 0.3–3.9), and
mortality or hospitalization for cardiovascular reasons was 2.3% (0.0–4.6). The number
needed to treat was 56 patients to prevent one death or 44 to prevent an event such as
death or hospitalization for cardiovascular reasons [41]. Despite the small advantage, it
is important as a simple and safe therapy. In an echocardiographic substudy of GISSHI-
HF, Ghio et al. [44] demonstrated a small but statistically significant improvement in the
ejection fraction.
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Table 2. Clinical trials with positive findings of omega-3 on cardiac remodeling.

Author, Year Country N Patients Omega-3
Dose/Day Follow Up Main Indexes

Tavazzi, 2008 [41] Italy 7046 CHF NYHA II–IV 1 g (EPA/DHA) 3.9 years
↓Mortality (all causes

and owing to CV),
↓ hospitalization

Nodari, 2009 [42] Italy 44 CHF by DCM
EF ≤ 45% 1 g (EPA/DHA) 6 months

↓ LVESV, ↑ EF,
↓ arrhythmia risk, ↑ VO2,
↓ serum norepinephrine

TNFα, IL-1, IL-6

Zhao,
2009 [43] China 76 CHF NYHA II–III

DCM, EF < 40% 2 g (EPA/DHA) 3 months
↓ CRP, ↓ TNFα, ↓ IL6,

↓ ICAM-1,
↓ NT-proBNP

Ghio,
2010 [44] Italy 608 Patients with CHF

NYHA II–IV 1 1 g (EPA/DHA) 3 years ↑ EF

Moertl,
2011 [45] Austria 43 CHF NYHA III–IV

DCM EF < 35%
1–4 g

(EPA/DHA) 3 months ↑ EF, ↓ IL-6

Nodari, 2011 [46] Italy, USA 133 CHF NYHA II–III
DCM EF ≤ 45% 2 g (EPA/DHA) 12 months

↑ EF, ↑ VO2, ↑ exercise
duration, ↓mean NYHA
class, ↓ hospitalization,
improved systolic and

diastolic function, ↓ IL-6,
IL-1, TNFα

Kojuri,
2013 [47] Iran 70 CHF NYHA II–III

ICM EF < 40% 2 g (EPA/DHA) 6 months ↓ Tei index, ↑ AM index

Kohashi,
2014 [48] Japan 139 CHF mean

EF 37.6% ± 8%
1.8 g

(EPA/DHA) 12 months

↓ BNP, ↓ BP, ↓ cholesterol,
↑ EF, ↓ CRP, ↓mean

NYHA class, ↓MCP-1,
↓ TNFα, ↓ AA

Chrysohoou,
2016 [49] Greece 205 CHF NYHA I–III

ICM and DCM 1 g (EPA/DHA) 6 months ↓ BNP, ↓ LVESD, ↓
LVEDD, ↓ LA, ↓ Etv/Atv

Heydari et al.,
2016 [50] EUA 358 MI 4 g (EPA/DHA) 6 months ↓ LVESVI, ↓ Fibrosis

Oikonomou et al.,
2019 [51] Greece 31 CHF–ICM with

EF < 40% 2 g (EPA/DHA) 6 weeks

↑ EF, ↓ global longitudinal
strain, ↓ E/e’ ratio, ↓ ST2
levels, ↑ flow-mediated
dilation, ↓ CRP levels

Djoussé et al.,
2020 [52] EUA 499 patients with CHF 2 1 g (EPA/DHA) 5.3 years ↓ recurrent

CHF hospitalization

Kalstad et al.,
2021 [53] Norway 1027 MI 1.8 g

(EPA/DHA) 2 years

↓ composite nonfatal MI,
CRev, stroke,

all-cause death,
CHF hospitalization.

Legends: ↓ = reduction; ↑ = increase; DCM, dilated cardiomyopathy; EF, ejection fraction; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; LV, left ventricle; LVESV, LV end-systolic volume; TNF-α, tumor necrosis
factor alpha; IL, interleukin; CHF, congestive heart failure NYHA, New York Heart Association; MI, myocar-
dial infarction; CRP, C-reactive protein; ICAM1, intercellular adhesion molecule-1; NT-proBNP, aminoterminal
pro-B-type natriuretic peptide; VO2, oxygen uptake; ICM, ischemic cardiomyopathy; AM index, late diastolic
velocity index; BP, blood pressure; MCP-1, monocyte chemoattractant protein-1; AA, arachidonic acid; BNP, B-type
natriuretic peptide; LVESD, LV end-systolic diameter; LVEDD, LV end-diastolic diameter; LA, left atrium; Etv/Atv,
ratio of E and A waves of tricuspid annulus; CV, cardiovascular; LVESVI, left ventricular systolic volume index;
TG, triglycerides; CRev, coronary revascularization; UA, unstable angina; ST2, suppression of tumorigenicity 2.
1 Substudy: effects of n-3 polyunsaturated fatty acids and rosuvastatin on left ventricular function in chronic heart
failure: a substudy of the GISSI-HF trial; 2 subanalysis from VITAL: vitamin D supplements and prevention of
cancer and cardiovascular disease.
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Nodari et al. conducted two trials on ω3-PUFA supplementation. First, on a small
scale,ω3-PUFA supplementation was evaluated in 44 patients with dilated cardiomyopathy.
The administration of ω3-PUFAs was associated with a slight but significant improvement
in parameters related to LV function and exercise capacity [42]. Subsequently, they con-
ducted a trial with a higher dose and larger sample size. In this study, ω3-PUFA intake
(2 g/day) improved LVEF by 10.4% versus a reduction of 5% with the placebo (p < 0.001),
increased VO2, exercise duration, and NYHA functional class of HF with a reduction in
NYHA. Additionally, hospitalization for HF was significantly suppressed in theω3-PUFA
group (6% vs. 30% in the placebo group, p = 0.0002).

Exploring the mechanistic pathway, a small trial in 2006 demonstrated that fish oil sup-
plementation reduced TNF-α production in HF and improved the body weight of patients in
advanced classes (NYHA III and IV) [55]. Consistent with this, subsequent studies showed
that reduced inflammation and improved endothelial function [42,43,45,46,48,51] may be
involved in the beneficial role ofω3-PUFAs. However, regarding laboratory markers, some
studies have shown that ω3-PUFAs can decrease BNP and NT-proBNP levels [43,48,49].
The plasma concentration of BNP or NT-proBNP is an indicator of HF severity and increases
exponentially as the cardiac condition worsens, with robust prognostic implications [56].

Moertl et al. [45] discussed a determining aspect of the role of ω3-PUFAs, the dose.
In this randomized clinical trial, treatment with 1 to 4 g/day of ω3-PUFAs (EPA and
DHA) significantly improved LVEF in a dose-dependent manner. Bernasconi et al. [57]
performed a meta-analysis with more than 135,000 patients demonstrating that omega-3
supplementation withω3-PUFAs for the prevention of cardiovascular events such as HF
and MI has a greater protective effect in the presence of a higher dosage. Another meta-
analysis demonstrated that the benefit of ω3-PUFAs was more significant in long-term
treatment, defined as greater than 12 months [8].

Two randomized clinical trials were performed in the MI scenario and provided
information on cardiac remodeling. Kalstad et al. [53] failed to detect a reduction in
clinical events in elderly patients with recent MI treated with 1.8 g ofω3-PUFAs daily for
2 years, except for a reduction in combined outcomes. However, an extremely important
study that consolidates evidence of the role of ω3-PUFAs in cardiac remodeling is the
OMEGA-REMODEL trial [50]. In this study, a higher dose of omega-3 (4 g) was associated
with a significant improvement in the remodeling parameters evaluated using magnetic
resonance imaging. The LV end-systolic volume index (−5.8%, p = 0.017) and myocardial
fibrosis without infarction (−5.6%, p = 0.026) were significantly suppressed in theω3-PUFA
group compared to those in the placebo group. In addition, serum biomarkers related to
systemic and vascular inflammation were significantly suppressed, suggesting that the
suppression of myocardial fibrosis could be one of the mechanisms ofω3-PUFA-mediated
protection in the damaged myocardium.

In summary, the body of positive findings provides evidence of the role of ω3 PUFAs
in critical outcomes such as mortality, a reduction in events in a combined manner, improve-
ment in NYHA functional class and functional capacity, and systolic and diastolic function
parameters compatible with the attenuation of remodeling. In addition, differences in
prognostic laboratory markers such as BNP and mechanistic markers such as inflammatory
markers were observed.

However, we would also like to highlight some studies that did not demonstrate
significant beneficial effects ofω3-PUFA supplementation. A small trial conducted in 2001
evaluated the effects of omega-3 supplementation for 12 weeks post-MI. Left ventricular
function and atrial natriuretic peptide concentrations did not differ, but the number of
patients in this evaluation was small (N = 55) [58]. Another study conducted in 2006 on
patients post-infarction with an even smaller N (N = 25) did not show improvement in
the ejection fraction or the functional class of patients with HF; only an improvement in
baroreflex function was observed [13]. Subsequently, a large study, the Alpha Omega Trial,
which included 4837 patients, showed thatω3-PUFAs at low dosage did not significantly
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reduce cardiovascular complications in patients post-MI; however, cardiac function was
not evaluated in this study [59].

An important debate that can help to better understand and define the role of omega-3
is the offered omega-3 formulation. As observed above, isolated EPA and DHA or their
combination constituted the main formulation. However, different results were obtained
using the proposed formulations. Eicosapentaenoic acid and DHA differ in their molecular
structures and exert distinct biological effects. For example, EPA results in E-resolvins,
whereas DHA results in D-resolvins, with differences in oxidation. Eicosapentaenoic acid
may stabilize cholesterol membrane rafts, whereas DHA may not [60,61]. Therefore, a
mixture of EPA and DHA or a comparison of the use of different compounds may not
provide complete information. In a recent study among patients with high triglyceride
levels despite statin use (REDUCE-IT), the risk of ischemic events, including cardiovas-
cular death, was significantly lower among those who received 2 g of icosapent ethyl (an
ultrapure product of EPA) twice daily than among those who received the placebo [62].

In short, clinical and experimental studies indicate that the attenuation of cardiac
remodeling and myocardial fibrosis may be one of the protective pathways promoted by
ω3-PUFAs for improvement in systolic and diastolic function as well as relevant clinical
outcomes. Given the importance of HF as a pathological entity with high morbidity and
mortality rates despite current therapies, measures to slow or reverse remodeling are
always highly desired. Although the ideal time of use, whether in preventive or curative
cardiology, as well as the formulation, dose, and duration of use, remain uncertain in
HF, the available data suggest that the highly positive results of dietary supplementation
are mainly related to the duration and dosage of the treatment. The key to the future
of ω3-PUFAs is perhaps no longer the evaluation of EPA and DHA as equivalents or
a combined supplement but a better understanding of their individual roles as distinct
molecules and perhaps of their use as ultra-pure compounds.

There is a discrepancy between the remarkable results obtained usingω3-PUFAs in ex-
perimental and clinical settings. A recent article that specifically addresses the justifications
for this discrepancy highlights interesting aspects to consider [63]. First, a critical point
of translational medicine is that the experimental conditions used in animal studies are
more homogeneous and rigorously controlled than in human studies. The bioavailability
of omega 3 varies according to the different forms of these fatty acids ingested. Defining
the appropriate dose for use in humans based on animal studies is a difficult task. The
effectiveness of omega 3 is influenced by the intestinal microbiota and also depends on
the non-lipid components of the diet. Furthermore, different individuals may present a
diverse degree of response to LC-omega-3 PUFA dietary supplements, suggesting that such
heterogeneity may be justified by genetic or epigenetic variability. Some human studies
have begun to use the strategy of subdividing participants into omega-3 PUFA responders
and omega-3 PUFA non-responders to understand the benefit of this supplement better.
Finally, we highlight that experimental benefits generally comprise molecular assessment
models to support a pathophysiological explanation, while clinical studies have been disap-
pointing when strict parameters (such as mortality) have been used to evaluate the efficacy
ofω3-PUFAs in clinical scenarios.

In conclusion, despite the actual evidence of the beneficial effects of ω3-PUFAs in
different scenarios, large randomized studies specifically addressingω3-PUFAs and cardiac
remodeling remain lacking. Therefore, we cannot recommend supplementation to prevent
or mitigate cardiac remodeling. However, while awaiting further studies, we believe that
encouraging fish intake could be an attractive strategy.
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