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Abstract: The objectives of this study were to explore the role that eicosapentaenoic acid (EPA)
and/or docosahexaenoic acid (DHA) plays in heart failure (HF), highlighting the potential connection
to oxidative stress pathways. Following PRISMA guidelines, we conducted electronic searches of
the literature in MEDLINE and EMBASE focusing on serum EPA and/or DHA and EPA and/or
DHA supplementation in adult patients with heart failure or who had heart failure as an outcome of
this study. We screened 254 studies, encompassing RCTs, observational studies, and cohort studies
that examined HF outcomes in relation to either serum concentrations or dietary supplementation
of EPA and/or DHA. The exclusion criteria were pediatric patients, non-HF studies, abstracts,
editorials, case reports, and reviews. Eleven studies met our criteria. In meta-analyses, high serum
concentrations of DHA were associated with a lower rate of heart failure with a hazard ratio of 0.74
(CI = 0.59–0.94). High serum concentrations of EPA also were associated with an overall reduction
in major adverse cardiovascular events with a hazard ratio of 0.60 (CI = 0.46–0.77). EPA and DHA,
or n3-PUFA administration, were associated with an increased LVEF with a mean difference of 1.55
(CI = 0.07–3.03)%. A potential explanation for these findings is the ability of EPA and DHA to inhibit
pathways by which oxidative stress damages the heart or impairs cardiac systolic or diastolic function
producing heart failure. Specifically, EPA may lower oxidative stress within the heart by reducing
the concentration of reactive oxygen species (ROS) within cardiac tissue by (i) upregulating nuclear
factor erythroid 2-related factor 2 (Nrf2), which increases the expression of antioxidant enzyme
activity, including heme oxygenase-1, thioredoxin reductase 1, ferritin light chain, ferritin heavy
chain, and manganese superoxide dismutase (SOD), (ii) increasing the expression of copper–zinc
superoxide dismutase (MnSOD) and glutathione peroxidase, (iii) targeting Free Fatty Acid Receptor
4 (Ffar4), (iv) upregulating expression of heme-oxygenase-1, (v) lowering arachidonic acid levels,
and (vi) inhibiting the RhoA/ROCK signaling pathway. DHA may lower oxidative stress within the
heart by (i) reducing levels of mitochondrial-fission-related protein DRP-1(ser-63), (ii) promoting the
incorporation of cardiolipin within the mitochondrial membrane, (iii) reducing myocardial fibrosis,
which leads to diastolic heart failure, (iv) reducing the expression of genes such as Appa, Myh7, and
Agtr1α, and (v) reducing inflammatory cytokines such as IL-6, TNF-α. In conclusion, EPA and/or
DHA have the potential to improve heart failure, perhaps mediated by their ability to modulate
oxidative stress.

Keywords: eicosapentaenoic acid; docosahexaenoic acid; oxidative stress; heart failure

1. Introduction

The role of long-chain ω-3 fatty polyunsaturated acids in heart failure is controver-
sial. Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are both omega-three
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fatty acids that are found in high concentrations in certain fish and are widely used as
supplements. Low plasma levels of DHA or EPA appear to be associated with adverse
long-term prognosis in patients with heart failure, while high plasma levels are associated
with a better prognosis [1,2]. Randomized control trials administering EPA and or DHA to
patients with established coronary artery disease or at high risk for cardiovascular disease
have usually reported no benefit in these patient populations [3–5], although there are
exceptions [6]. However, most of these studies focused on cardiovascular outcomes and
did not focus on heart failure (HF) as an entry criterion or a primary outcome. Heart failure
is not a single clinical entity with a single etiology. Heart failure has been categorized
according to an individual’s ejection fraction, into those with reduced ejection fraction (less
than 40% or HFrEF), heart failure with preserved or normal ejection fraction (HFpEF), and
heart failure with midrange ejection fraction. HFrEF can be due to a variety of causes,
including ischemia (coronary artery disease) with or without myocardial infarction and
cardiomyopathy to mention a few. HFpEF is associated with a wide range of conditions
and has been further subtyped into as many as six different kinds [7]. Whether trials of ω-3
fatty acid supplementation have considered the types of heart failure is unclear.

Several lines of evidence are required to establish a relationship between a risk factor
and a disease [8]. These include demonstrating an association between EPA and/or DHA
and heart failure, determining the existence of a gradient of risk between low levels of
EPA and or DHA and heart failure, and establishing a reduction in heart failure with
higher EPA/DHA administration. Further, there should be biological linkage or evidence
to suggest a credible biological mechanism. In clinical studies as well as animal models of
HF, increased levels of ROS and impairment of antioxidant defenses have been identified
and correlated with cardiac systolic and diastolic dysfunction [9–11].

The objective of this study was to examine studies that reported serum levels of EPA
and/or DHA rather than infer EPA/DHA circulating levels from dietary intake of fish. It
further focused only on studies that examined heart failure. This study found evidence to
link EPA and/or DHA with heart failure and proposes a novel connection between these
fatty acids and heart failure that involves oxidative stress.

2. Materials and Methods

This review was directed following the 2020 Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [12]. Electronic searches were conducted
in MEDLINE and EMBASE with the following search strategy: ((“Eicosapentaenoic Acid”
[Mesh]) OR “Docosahexaenoic Acids” [Mesh]) AND (“Heart Failure” [Mesh] OR “Heart
Failure, Diastolic” [Mesh] OR “Heart Failure, Systolic” [Mesh])’ from database inception to
April 2024.

The inclusion criteria were cohort studies or all primary randomized controlled trials
published in English that examined the effect of serum EPA and/or DHA or EPA and/or
DHA supplementation in adult patients with heart failure or who had heart failure as an
outcome of this study. The exclusion criteria were papers that involved pediatric patients
or non-HF studies. Abstracts, editorials, case reports, and reviews were also excluded. As
there were no primary data collected, there was no requirement for our ethics committee to
review this study.

All references were uploaded to Covidence and were electronically merged to remove
duplicates [13]. Two authors individually reviewed each study to determine their inclusion
or exclusion. Upon searching references of publications, additional articles regarding
left ventricular assessment after EPA/DHA administration in HF patients were added
to the review. The data extracted from each study were study design, country in which
the study was conducted, sample size, mean age, % male, duration of follow-up, study
design, polyunsaturated fatty acid (PUFA) treatment (EPA, DHA, others), mass of fatty
acid administered, duration of fatty acid regime, type of heart failure as per left ventricular
ejection fraction, survival data, and hazard ratios. Two reviewers (JS and SS) conducted data
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extraction, and a consensus was reached for any conflicts, as any conflicts were resolved by
agreement between JS and SS.

3. Results

Two hundred and forty-five studies were uploaded onto Covidence for screening
from the literature search. Two hundred and three studies were identified after duplicates
were removed. Nine additional studies were added through citation search. Two hundred
and six abstracts were excluded, as they did not meet the inclusion criteria; mainly, they
were not the correct population, most notably pediatric patients, or they did not have
heart failure, did not use EPA or DHA, or did not indicate a heart-failure-related outcome.
After abstract exclusion, 36 studies were examined for full-text review. Of these, 17 studies
were included for data extraction. Seven studies were excluded as they were conference
proceedings with no manuscript. Four studies were excluded as they did not examine
heart failure outcomes. Two studies were excluded as they did not include baseline values
for heart failure outcomes. Four studies were excluded and deemed to have a wrong
intervention, as they did not measure or supplement with EPA and/or DHA. Finally, two
studies were excluded because they examined pediatric populations. The study selection
process is illustrated in Figure 1.

Figure 1. PRISMA flow diagram.

The characteristics of the 17 studies that examined EPA/DHA in heart failure show a
diverse range (Table 1).
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Table 1. Shows some details of studies examining EPA/DHA in heart failure.

Study Country Study
Design %Male Sample

Size Follow-Up Age * Dose EPA/DHA Dose
EPA

Dose
DHA

Radaelli
et al. 2006 Italy RCT 96% 15 - 59.4 (2.5) 2 g daily n3-PUFA - -

Nodari
et al. 2008. Italy RCT 95.4% 22 6 months 61.09 ± 11.22

850 to 882 mg of
eicosapentaenoic acid

[EPA] and
docosahexaenoic acid
[DHA] ethyl esters in

the average ratio
EPA/DHA of 0.9:1.5

- -

Zhao et al.
2009 China RCT 71% 38 3 months 74 (68,80) 2 g/day of n-3 PUFA - -

Moertl et al.
2011 Austria RCT 100% 13 3 months 61.9 ± 9.6

1 g/d omega-3-
polyunsaturated fatty

acids (n3-PUFAs)
- -

Jiang et al.
2011 USA Prospective

Cohort Study 57.5% 109 N/A 62 (55, 71) - - -

Nodari
et al. 2011 Italy RCT 95.5% 64 3 months 61 (11.1) 850 to 882 mg of EPA

and DHA ethyl esters - -

Mozafferian
et al. 2012 USA Prospective

Cohort Study - 2735 14 years - - - -

Hara et al.
2013 Germany Retrospective

cohort study - 712 1079 days 65 (57–73) - - -

Kojuri et al.
2013 Iran RCT 58 38 1 Year 54 2 g/day of omega 3 - -

Kohashi
et al. 2014 Japan Prospective

Cohort Study - 139 12 months 70.2 ± 9.0 -
1800
mg

daily

Ghio et al.
2014 Italy RCT 88.8% 312 3 years 67 (11) 1:1 to n-3 PUFA (1

g/day) - -

Chrysohoou
et al. 2016 Greece RCT 79.2% 101 6 months 63 (12.8)

1000 mg omega
3-PUFA

supplementation
- -

Ouchi et al.
2017 Japan Prospective

Cohort Study 68.3% 306 2.4 ± 1.2
years 66.4 ± 15.0 - - -

Block et al.
2019 USA Prospective

Cohort Study 58.9% 292 13 years 69± 9 - - -

Matsuo
et al. 2021 Japan Retrospective

Cohort Study 42.9% 140 - 84 (77–88) - - -

Selvaraj
et al. 2022 USA RCT 69.3% 1446 - 63.0 - - -

Le et al.
2023 USA Prospective

Cohort Study 57% 987 10 years 61.5 ± 12.2 - - -

* Values reported as mean ± SD. N/A = Not reported. References [1,2,14–28].

Jiang et al. evaluated the prognostic value of ω-3 fatty acids in patients with heart
failure [14]. The study measured serum levels of ω-3 fatty acids as a percent of total fatty
acid weight. In a sample of 109 patients, median EPA and DHA percent compositions were
0.45% and 3.07%, respectively. Low and high values were, respectively, the 25th percentile
and 75th percentile. High EPA was significantly associated with survival (hazard ratio
[HR] = 0.73, 95% CI = 0.573–0.972). DHA was associated with increased survival as well
(HR = 0.67, 95% CI = 0.43–1.04).

Mozafferian et al. enrolled 2735 patients without heart disease and evaluated the
relationship between serum ω-3 fatty acids and the incidence of heart failure [15]. They
found that serum EPA was inversely correlated with HF development. The risk was
approximately 50% lower in the highest versus the lowest quartile (hazard ratio [HR], 0.52
[95% CI, 0.38 to 0.72]; p for trend = 0.001. Similarly, DHA showed a low HR of 0.84 [CI, 0.58
to 1.21]; P for trend = 0.38.
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Hara et al. evaluated whether or not serum levels of EPA and DHA correlated with
heart-failure-free survival and HF hospitalization after myocardial infarction [16]. EPA
and DHA serum levels were divided into tertiles. Both low EPA and DHA groups had
worse heart-failure-free survival and more heart failure hospitalization. DHA- and EPA-
Low groups showed significantly worse HF-free survival (hazard ratio (HR) 1.68, 95%
confidence interval (CI) 1.03–2.72, p = 0.0358, and HR 1.69, 95% CI 1.05–2.72, p = 0.0280,
respectively), with the EPA-Low group having a higher risk of HF hospitalization (HR
2.40, 95% CI 1.21–4.75, p = 0.0097) than the DHA-Low group (HR 1.72, 95% CI 0.86–3.45,
p = 0.1224).

Ouchi et al. examined the association of serum DHA and long-term mortality in
patients with acute decompensated heart failure [2]. Serum concentrations were measured
once. Median EPA was 40.2 ug/mL, and DHA was 109.5 ug/mL. Patients were subse-
quently analyzed as those above and below the median. The event-free survival rates for
all-cause death were significantly (p < 0.05) better (higher) in patients with high PUFA
levels than in those with low PUFA levels.

Block et al. carried out a clinical trial to assess whether or not plasma concentrations
of EPA would predict the incidence of heart failure [17]. Cox proportional hazard modeling
was used to estimate hazard ratios associated with plasma phospholipid %EPA on a log
scale. Median %EPA was 0.70% for all participants. Patients were subsequently analyzed
as those above and below this median. They found that log% EPA was associated with
lower HF incidence (hazard ratio: 0.73 [95% CI 0.60 to 0.91] per log-unit difference in %EPA;
p = 0.001).

In a retrospective study, Matsuo et al. found that serum concentrations of DHA were
associated with all-cause mortality in patients with heart failure with preserved ejection
fraction [1]. Serum concentrations were measured once. Median EPA and DHA were
identified as, respectively, 46.3 ug/mL and 115.8 ug/mL. Patients were subsequently
analyzed as those above and below the median. Multivariate regression analysis revealed
that DHA levels were significantly associated with a lower incidence of all-cause death
(HR: 0.16, 95% CI: 0.06–0.44, p = 0.001).

In an observational study, Le et al. compared EPA and DHA serum levels in pa-
tients [18]. They found that compared with the first quartile, in the fourth quartile, EPA
was associated with lower MACE (HR = 0.36 (CI: 0.22, 0.58), including HF hospitalization.
However, DHA was not associated with a lower risk of MACE.

Selvaraj et al. analyzed the REDUC-IT trial and found that icosapent ethyl reduced
MACE in the subset of individuals with heart failure (HR = 0.75, CI = 0.68–0.83) [19].

Kohashi et al. showed that EPA treatment of patients with heart failure significantly
reduced MACE (HR = 0.21, CI = 0.05 = 0.93) [20]. It was a nonrandomized observational
study where 139 patients with congestive heart failure were allocated into either an EPA or
non-EPA group. Patients with dyslipidemia at baseline were allocated to the EPA group.

Several studies examined left ventricular systolic function in persons receiving EPA,
DHA, or combinations of n3-PUFA. In the study by Kohashi et al., the group given EPA
after 12 months showed an improvement in LVEF [20].

Ghio et al. randomized 312 patients to n3-PUFA administration, but the composition
of EPA and DHA was not clearly stated. They found that at one year of treatment, LVEF
improved from 30.0% (CI = 29.0–31.0) to 32.5% (95% CI = 31.4–33.5). After 3 years, LVEF
improved further to 33.5 (CI = 32.0–34.9) [21].

Nodari et al. carried out a double-blind randomized control trial in which they
administered both 1 g/day or 4 g/day of n3-PUFA and found that both doses increased
LVEF after 3 months [22]. The changes were statistically significant, with LVEF improving
from 24 ± 8% to 27 ± 8% (SD) in the 1 g/day arm (p = 0.01) and from 24 ± 7% to 29 ± 8%
(SD) (p = 0.005).

Kojuri et al. carried out a double-blind randomized control trial in 70 patients with
congestive heart failure [23]. A total of 38 patients received n3-PUFA, while 32 patients
received a placebo. This double-blind randomized control trial was conducted in Iran over
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a one-year period. They found that administration of n3-PUFA reduced left ventricular
mass and improved ejection fraction but nonsignificantly.

Chrysohouu et al. enrolled 205 consecutive patients with chronic compensated heart
failure due to ischemic heart disease or dilated cardiomyopathy, with NYHA classification
I-III, under optimal medical treatment [24]. These patients were one-to-one randomized
to a 1000 mg omega 3-PUFA supplementation or no supplementation. They found that
n-3 PUFA supplementation improved left ventricular diastolic function and subsequently
improved LVEF.

Nodari et al. enrolled 47 patients and administered tablets of 1.0 g gelatin capsules
containing 850 to 882 mg of eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]
ethyl esters in the average ratio EPA/DHA of 0.9:1.5 [25]. They found that compared
with patients on placebo, those receiving n-3 PUFAs showed a decrease from baseline in
the LV end-systolic volume from 120 ± 53 (SD) to 111 ± 52 mL versus from 122 ± 37 to
122 ± 36 mL on placebo, (p = 0.039) with a concomitant increase in the LVEF, from 36 ± 9%
to 39 ± 10% versus from 36 ± 10% to 34 ± 9% with placebo (p = 0.01) and a slight but
significant increase in peak VO2 (from 19.6 ± 3.9 to 20.1 ± 2.7 mL/kg/min versus from
16.3 ± 4.2 to 16.4 ± 3.9 mL/kg/min with placebo, p = 0.03).

Moertl et al. enrolled 43 patients with severe nonischemic heart failure and treated
either with 1 g/d n3-PUFA (n = 14), 4 g/d n3-PUFA (n = 13), or placebo (n = 16) for 3
months [26]. They found that patients who received n3-PUFA experienced significant
increases in LVEF. Additionally, they found that these patients experienced parallel im-
provements in endothelial function and a slight reduction in serum IL-6 levels.

Zhao et al. carried out a randomized control trial in which they randomized 76 patients
with heart failure to receive 2 g/day of n-3 PUFA or placebo for 3 months [27]. Treatment
with n-3 PUFA significantly decreased plasma levels of tumor necrosis factor, interleukin-6,
intercellular adhesion molecule 1, and NT-proBNP. The left ventricular ejection fraction
showed a small, nonsignificant improvement.

Radaelli et al. administered 2 g n3-PUFA or placebo to patients who experienced
myocardial infarction and found that n3-PUFA did not cause a significant improvement in
LVEF; however, they did indicate that n3-PUFA improved heart rate variability in patients
with congestive heart failure [28].

Figure 2 shows that seven studies examined the association of higher DHA serum
concentrations with MACE hazard ratios in patients with heart failure. Higher DHA
serum concentrations were associated with a significant (p = 0.01) reduced hazard of a
MACE outcome, with a combined hazard ratio of 0.74 (95% CI: 0.59,0.94). The I2 value
of 56% suggests that there was moderate heterogeneity among the studies. The p-value
for heterogeneity (0.04) suggests that the variation between study results is not due to
random chance.

Figure 2. Forest plot of serum DHA concentration and its association with major adverse cardiac
events in patients with heart failure [1,2,14–18].

Figure 3 shows that seven studies examined the association of higher EPA serum
concentrations with MACE hazard ratios in patients with heart failure. Higher EPA serum
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concentrations were associated with a significant (<0.01) reduction in the hazard of a
MACE outcome with a combined hazard ratio of 0.60 (95% CI: 0.46–0.77). The I2 value
of 75% suggests that there was significant heterogeneity among the studies. The p-value
for heterogeneity (<0.01) suggests that the variation between study results is not due to
random chance.

Figure 3. Forest plot of serum EPA concentration and its association with major adverse cardiac
events in patients with heart failure [1,2,14–18].

Figure 4a shows that six studies examined mean differences in LVEF after n3-PUFA
supplementation. Overall, the common effect model shows a mean difference of −0.02
(95% CI: −0.51, 0.46), indicating no significant difference in LVEF before and after n3-
PUFA supplementation. The random effects model shows a mean difference of 1.55 (95%
CI: 0.04, 3.03), indicating that there was a significant increase in LVEF after n3-PUFA
supplementation. The random effects model is considered more appropriate than the
common effects model. The I2 value of 89% suggests there is significant heterogeneity
among the studies. The p-value for heterogeneity (<0.01) confirms that the variation
between study results is not due to random chance.

Figure 4. (a) Forest plot of mean differences in left ventricular ejection fraction before and after
N3-PUFA supplementation. (b) Forest plot of mean Differences in left ventricular ejection fraction
before and after EPA and/or DHA supplementation [20,22–28].

Figure 4b shows that two studies examined mean differences in LVEF after EPA and/or
DHA supplementation. The random effects model shows a mean difference of 4.08 (95%
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CI: 3.26, 4.89). The common effects model shows a mean difference of 4.08 (95% CI: 3.26,
4.89), indicating a significant increase in LVEF after n3-PUFA supplementation. The fact
that the mean difference and confidence interval are the same for both the common and
random effect models suggests there is little variability among the studies. This is further
confirmed by the I2 value of 0%. The p-value for heterogeneity (0.82) confirms that the
variation between study results may be due to random chance.

4. Discussion

Our systematic review suggests that both EPA and DHA improve heart failure out-
comes with a significantly lower hazard rate associated with higher serum levels of EPA
and or DHA. Prior reviews have assessed the effects of omega-3 fatty acid supplementation
on cardiovascular outcomes, which were a composite of myocardial infarction, coronary
heart disease, and cardiovascular mortality in the general population [29]. Previous reviews
have not focused only on heart failure, a condition with a different pathophysiology from
coronary artery disease although it may be linked to underlying coronary artery disease.
We further show that studies of EPA or DHA, not combined with other n-3- PUFA products,
significantly increase LV ejection fraction. Moreover, studies focusing on EPA or DHA alone
showed a greater increase in LVEF compared with studies with n-3-PUFA generally. The
positive effects of EPA and DHA on left ventricular function may account for the benefits
EPA and DHA provide on heart failure outcomes.

Considering the data on the role of oxidative stress in the pathophysiology of heart
failure, we explored how EPA and DHA interact with oxidative stress mechanisms to
improve HF outcomes.

4.1. Heart Failure and Oxidative Stress

The electron transport chain (ETC) of mitochondria generates reactive oxygen species
(ROS) as a byproduct of cellular respiration. Cells have many antioxidant defense mecha-
nisms, consisting primarily of enzymatic antioxidants such as superoxide dismutase (SOD),
glutathione peroxidase (GSHPx), and catalase [30]. When the balance between oxidation
and reduction reactions is disrupted, oxidative stress, the deleterious effects of excessive
production of ROS relative to the level of endogenous antioxidants, may occur [31]. These
consequences of excessive ROS include disruptions in intracellular signaling pathways,
redox signaling, cellular dysfunction, and tissue damage. In heart failure (HF), there is an
increased production of ROS, leading to mitochondrial DNA (mtDNA) damage, decreased
mitochondrial function, and further ROS formation12. In clinical studies, as well as animal
models of HF, increased levels of ROS and impairment of antioxidant defenses have been
identified and correlated with a decrease in cardiac systolic and diastolic dysfunction [9–11].
Clinically heart failure is associated with increased levels of oxidative stress and a deficit
of antioxidant reserves (as measured by glutathione peroxidase, plasma lipid peroxides,
malondialdehyde, vitamin C, and vitamin E levels) [11].

There are several causes for myocardial damage due to oxidative stress which accounts
for systolic and diastolic dysfunction and cardiac remodeling (Figure 5). Contractile dys-
function is due mostly to oxidation reactions of thiol groups of the ryanodine receptor (RyR)
Ca2+ channel leading to aberrant channel opening [32]. This was shown to be reversible
when cells were treated with a reducing agent [33]. Secondly, ROS can also cause direct
mitochondrial damage and activation of signaling cascades leading to cardiac cell apop-
tosis and ventricular decompensation [34,35]. Oxidative stress induces aberrant cardiac
remodeling, fibroblast proliferation, and matrix remodeling. Oxidative stress can involve
myeloperoxidase (MPO). MPO is operative in the production of HFpEF or HFrEF. MPO
levels were significantly higher in HFpEF than in individuals without HF [36]. Furthermore,
ROS cause DNA breaks and activates nuclear enzyme poly (ADP-ribose) polymerase-1
(PARP-1) which acts as a DNA damage sensor and signaling protein. Increased levels of
PARP-1 have been found in animal models of HF, as well as in cardiac biopsies of human
patients with HF [37,38]. Furthermore, treatment with PARP-1 inhibitors has therapeutic
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effects, improving diastolic function, as measured by left ventricular end-diastolic pressure
(LVEDP), in a rat model of chronic HF [39].
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of harmful ROS. NADPH oxidase is a cytosolic enzyme responsible for the oxidation of NADPH by
the equation: NADPH + 2O2 ⇌ NADP+ + 2O2

− + H+. This generates two superoxide (O2
−) radicals

as a byproduct of the reaction. Xanthine oxidase (XO) first converts hypoxanthine to xanthine, then
further oxidizes it to produce uric acid. This is performed by equations: (1) hypoxanthine + H2O + O2

⇌ xanthine + H2O2, and (2) xanthine + H2O + O2 ⇌ uric acid + H2O2. Occasionally, mitochondria
produce ROS due to the “leakage” of electrons during cellular respiration. This is mainly in the form
of O2

− radicals. Abbreviations: RyR2 = ryanodine receptor 2, ERK = Extracellular signal-regulated
kinase. JNK = Jun nuclear kinase, MAPK = mitogen-activated protein kinase, and AP-1 = activator
protein-1.

An emerging hypothesis for the role of ROS in the pathogenesis of HF is the “dark side”
hypothesis of long-term β-adrenergic stimulation. Normal β-adrenergic activation leads to
the generation of ROS due to increased consumption of oxygen by cardiomyocytes [40].
The “dark side” hypothesis purports that ROS dampen the heart’s short-term response to
β-adrenergic stimulation, but prolonged exposure leads to myocardial dysfunction [41].
Treatment of normal human subjects with vitamin C, which modulates ROS, potentiates the
inotropic response to dobutamine, a β-adrenergic agonist [42]. The elimination of cardiac
ROS by antioxidant treatment led to an increased β-adrenergic response, suggesting that
a physiologic role of ROS is to suppress β-adrenergic stimulation. On the other hand,
long-term exposure to ROS is detrimental, leading to pathological cardiac remodeling and
cardiomyocyte apoptosis [42].

The primary sources of ROS in HF are NADPH oxidases, xanthine oxidase, mitochon-
dria, and uncoupling of nitric oxide synthase 3 (NOS3) [43,44]. In guinea pig models of HF
and humans with HF, there is increased activity and expression of NADPH oxidase (NOX),
which generates ROS [43,44]. Preliminarily studies suggest a link between oxidative stress
produced by NOX, and diastolic dysfunction or HFpEF. In a mouse model of myocardial
infarction, genetic knockout of NOX subunit p47phox was protective against LV remodel-
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ing and mortality, suggesting NOX contributes to pathological oxidative stress [45]. In a
mouse model of diabetes mellitus, treatment with the NOX enzyme inhibitor apomycin
was protective not only against ROS production but also diastolic dysfunction and aber-
rant cardiac remodeling [46,47]. In peripheral blood monocytes of patients with diastolic
dysfunction, levels of NOX1 were elevated [48]. Perhaps most intriguingly, Raad et al. [49]
studied 75 women with ischemia-induced diastolic dysfunction, measuring aminothiol
cysteine levels as markers of oxidative stress. They found that systemic oxidative stress was
associated with diastolic dysfunction. Taken together, these studies suggest an association
between oxidative stress and diastolic dysfunction and HFpEF.

Xanthine oxidase (XO) dysfunction also plays a role in the pathogenesis of HF. XO,
an enzyme that is involved with uric acid synthesis as well as the catabolism of purines,
generates ROS as a byproduct of these reactions [50]. Although commonly cited in the
literature as a key player in ROS generation during HF, the evidence of the therapeutic
effect of XO inhibition is mixed. Initial small clinical trials suggested that allopurinol,
an XO inhibitor, increased myocardial efficiency in patients with idiopathic dilated car-
diomyopathy or increased LV ejection fraction in heart failure [51]. A much larger RCT of
405 patients treated with either oxypurinol or placebo failed to reproduce these results and
found no clinical benefit of XO inhibition [52]. Although XO-mediated ROS production
contributes to HF, viable therapeutic strategies are still under active investigation. Adeno-
sine deaminase (ADA), an enzyme that breaks down adenosine and is upstream to XO in
the purine degradation pathway, is also observed to have lower activity in heart failure
patients [53]. Lowered ADA activity alongside hypoxia in the lowered cardiac output
state seen in HF contributes to increased adenosine derivatives in cardiomyocytes [54].
Adenosine derivatives have anti-free-radical effects, suggesting this pathway may serve as
a defense mechanism against oxidative stress in heart failure [54].

An important source of ROS in HF is the mitochondrial generation of ROS. Ide
et al. [55] evaluated mtDNA damage in a mouse model of HF after MI (left anterior
descending coronary artery ligation for 4 weeks). There was an association between ROS
and mitochondrial damage (i.e., increased lipid peroxidation, decreased mtDNA copy
number, and decrease in mitochondria enzymatic functioning) [55]. These results suggest
that HF leads to ROS generation and mitochondrial damage. This sparks a catastrophic
cycle of mitochondrial functional decline and further ROS generation.

Finally, the uncoupling of nitric oxide synthase 3 (NOS3), which normally produces
nitric oxide (NO), has also been implicated in HF [56]. Under conditions of oxidative stress,
oxidation of the BH4 cofactor may occur. This leads to structural instability of NOS3 and
the generation of ROS. Takimoto et al. showed that in a mouse model of HF, a knockout
NOS3 was protective against diastolic dysfunction [57]. Additionally, treatment of HF mice
with BH4 prevented uncoupling of NOS3 and generation of ROS, reducing the severity of
cardiac remodeling. We summarize some of the different pathways by which oxidative
stress contributes to heart failure (Figure 5).

4.2. Eicosapentaenoic Acid and Oxidative Stress

Eicosapentaenoic acid (EPA) has been proposed to play a role in regulating immune
response, inflammation, and oxidative stress, contributing to the beneficial cardiac effects
of EPA [58] (Figure 6).

There are several proposed mechanisms by which EPA may lower oxidative stress
within the heart. Firstly, EPA exerts antioxidant effects by reducing the concentration
of reactive oxygen species (ROS) within cardiac tissue [59]. EPA can both reduce ROS
production and increase ROS consumption/breakdown leading to lower steady-state ROS
levels. EPA can upregulate nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription
factor expressed ubiquitously in the cardiovascular system [59,60]. In turn, Nrf2 increases
the expression of antioxidant enzyme activity, including heme oxygenase-1, thioredoxin
reductase 1, ferritin light chain, ferritin heavy chain, and manganese superoxide dismutase
(SOD) [59]. Within cardiac tissue, EPA and other n-3 polyunsaturated fatty acids act
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at the level of the mitochondria to increase the expression of copper–zinc superoxide
dismutase (MnSOD). In vivo experiments in mice demonstrate that increased MnSOD
activity exerts cardioprotective effects by improving oxygen consumption efficiency and
contractile function [61]. In addition, EPA reduces cardiac myocyte sensitivity to ROS. Zhou
et al. demonstrated that in situations of ischemia–reperfusion injury (IRI), EPA increased
levels of antioxidant enzymes, such as glutathione peroxidase and SOD, preventing further
tissue damage [62].
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Figure 6. EPA’s role in reducing oxidative stress within cardiomyocytes. Under normal conditions,
EPA (eicosapentaenoic acid) is involved in various cellular processes that promote mitochondrial
efficiency and protect against dysfunction. During conditions of oxidative stress, EPA is shown
to reduce the breakdown of cardiolipin and mitigate mitochondrial dysfunction. It improves O2
consumption efficiency by Complex IV in the mitochondrial membrane, facilitated by MnSOD
(manganese superoxide dismutase). EPA also prevents the translocation of Fyn to the cell membrane,
thereby inhibiting the activation of Rho Kinase. Additionally, EPA interacts with Ffar4, leading to
the production of 18-HEPE. EPA also activates transcription factor Nrf2. This interaction results in
altered gene expression through Nrf2 and 18-HEPE, which enhances the expression of antioxidant
enzymes, including heme-oxygenase-1.

EPA may also mitigate oxidative stress in the heart by targeting Free Fatty Acid
Receptor 4 (Ffar4), a G-protein-coupled receptor for endogenous medium-/long-chain fatty
acids that attenuates inflammation [63]. Murphy et al. found that in mice lacking Ffar4
(Ffar4KO), there were transcriptional deficits in cytoplasmic phospholipase A2alpha and
oxylipin synthesis, leading to increased oxidative stress, cardiac remodeling, hypertrophy,
and contractile dysfunction [64]. Under physiological conditions, Ffar4 is involved in
producing EPA-derived proresolving oxylipin 18-hydroxyeicosapentaenoic acid (18-HEPE),
which reduces myocardial cell death due to oxidative stress. In addition, Murphy et al.
demonstrated that 18-HEPE upregulated the expression of heme-oxygenase-1, which also
protected myocardial cells from oxidative stress by increasing the consumption of ROS [64].

EPA’s therapeutic effects to reduce the incidence of heart failure may also be explained
by its ability to counteract the left ventricular dysfunction caused by oxidative stress. Raad
et al. demonstrated that higher oxidative stress, measured by cysteine levels, was associated
with diastolic dysfunction in women even after adjusting for common comorbidities [49].
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The role oxidative stress plays in diastolic dysfunction is poorly understood [49]. In a
large animal model of heart failure with preserved ejection fraction, basal superoxide
production was 3-fold higher than controls [65]. In addition, in states of oxidative stress,
myocardial sarcoplasmic proteins are phosphorylated by ROS-sensitive enzymes, leading
to increased myofilament Ca2+ sensitivity and impaired myocyte relaxation [65]. Finally,
oxidative stress decreases nitric oxide levels, which leads to sarcomere stiffening [66,67].
We found that EPA, DHA, and some but not all combinations of n-3 PUFA improved left
ventricular ejection fraction. The findings are similar to that of Liu et al. [68], except we
differentiated studies that specified only EPA or DHA from studies that combined all n-3
PUFA studies. Animal studies found that EPA may exert positive ventricular remodeling
effects by significantly suppressing phenylephrine- and histone deacetylase p300-induced
cardiomyocyte hypertrophy, expression of hypertrophy response genes, and acetylation
of histone H3K9 [69]. In addition, EPA allosterically inhibits histones and competitively
inhibits acetyl-CoA in myocytes which is the mechanism behind the histone deacetylase
p300-induced hypertrophic response [69]. Importantly, EPA (1 g/kg) preserved fractional
shortening and prevented MI-induced left ventricular remodeling [69]. Thus, EPA may
prevent or delay the worsening of heart failure caused by oxidative stress through positive
effects on ventricular remodeling.

EPA may protect against oxidative stress in the heart by preventing mitochondrial
dysfunction. Metcalf et al. showed that EPA supplementation lowers arachidonic acid levels
in cardiomyocytes [70]. High arachidonic acid levels in diabetic hearts promote cardiolipin
breakdown, leading to mitochondrial damage and increased ROS production [71]. Thus, by
reducing arachidonic acid, EPA helps prevent mitochondrial damage and oxidative stress
in the heart.

EPA may help reduce oxidative stress by inhibiting the RhoA/ROCK signaling path-
way, which is crucial for various cellular functions including in the cytoskeleton, which
is involved in cell proliferation, migration, and contraction [72]. This pathway is partic-
ularly important for cardiomyocyte contractile physiology, enabling myocardial tissue
to contract cohesively. The RhoA/ROCK pathway contributes to the pathogenesis of
heart failure, due to oxidative stress [73]. In oxidative stress conditions, ROS directly
activates and increases RhoA levels [74]. Superoxide radicals enhance ROCK activity [75].
Increased RhoA/ROCK signaling can potentially contribute to heart failure [76]. In addi-
tion, increased Rho-associated kinase activity due to oxidative stress may lead to aortic
wall stiffness, increasing afterload, and further contributing to heart failure [77]. There
is also some evidence that increased RhoA/ROCK activity can lead to cardiomyocyte
apoptosis [73]. Nakao et al. found that EPA may inhibit Rho-kinase pathway activation by
preventing the cellular translocation of Fyn, an Src protein tyrosine kinase (SrcPTK), and
the subsequent activation of SrcPTK by SPC. This leads to the inactivation of ROK and the
Rho-kinase pathway [78]. By inhibiting this pathway, EPA may mitigate oxidative stress
and its contribution to heart failure. Thus, there are a number of different pathways by
which EPA acts within cardiomyocytes to reduce oxidative stress (Figure 6).

Because oxidative stress is operative in heart failure, the role of EPA as an antioxidant
may explain, at least in part, its therapeutic potential for heart failure.

4.3. DHA and Oxidative Stress

DHA has been suggested to be protective of the myocardium by alleviating mitochon-
drial dysfunction [79]. LPS-induced myocardial damage leads to a significant increase in
ROS [80]. These heightened levels of ROS consume the antioxidant capacity of the mito-
chondria, leading to oxidative stress, which can produce mitochondrial lipid peroxidation
and mtDNA damage [81]. Wang et al. found that DHA improved HL-1 cardiomyocyte via-
bility in LPS-induced cardiotoxicity and alleviated cardiac cell apoptotic cell death perhaps
by reducing caspase-3 activity [80]. Moreover, DHA also reduced levels of mitochondrial-
fission-related protein DRP-1(ser-63) and mitochondrial fusion protein, demonstrating the
ability of DHA to reduce mitochondrial dysfunction and mitochondrial fragmentation [80].
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DHA promotes the incorporation of cardiolipin within the mitochondrial mem-
brane [82]. Cardiolipin, a phospholipid component of the inner mitochondrial membrane,
plays a crucial role in interacting with numerous components of the mitochondrial respira-
tory chain and generating the electrochemical gradient required for ATP production [83].
Cardiolipin is a common target of lipid peroxidation from ROS, which are often generated
as byproducts of the electron chain [82]. Omega 3 fatty acids such as DHA can induce
structural changes in cardiolipin that confer protection against lipid peroxidation [82].

Gui et al. explored the impact of DHA on diabetic cardiomyopathy in rats on a high-fat
diet [84]. Reactive oxygen species impair mitochondrial function impacting cellular energy
production and mitochondrial dysfunction that can lead to cell death of cardiomyocytes [84].
DHA reverses signs of cardiotoxicity and, in addition, prevents the development of my-
ocardial fibrosis [84]. Additionally, DHA reduced the expression of inflammatory cytokines
such as IL-6 and TNF-α, as well as hypertrophy-associated genes such as Appa, Myh7, and
Agtr1α [84]. DHA prevented TNF-α-induced VCAM1 expression in endothelial cells and
decreased VCAM-1 through the NF-kb pathway in [85]. Both of these cytokines, TNF-α
and NF-kB, are also implicated in oxidative stress [86].

In summary, DHA has been shown to have a positive impact on lowering oxida-
tive stress (Figure 7), which subsequently could indicate its therapeutic potential for
heart failure.
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Figure 7. DHA’s role in reducing oxidative stress within cardiomyocytes. DHA plays a role in
alleviating oxidative stress within cardiomyocytes. DHA increases the promotion of cardiolipin within
the mitochondrial membrane, which subsequently reduces mitochondrial stress and subsequent
dysfunction due to oxidative damage. DHA also attenuates the Nrkb pathway and reduces the
production of inflammatory cytokines and activation of genes such as appa, Myrh7, and Agtr-alpha,
which have been implicated in hypertrophy and fibrosis of cardiomyocytes. DHA also enhances eNOS
activity through AKT and HSP90 activation, which subsequently enhances nitric oxide production
and minimizes oxidative stress.
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4.4. Strengths, Limitations, and Next Steps

Our review presents several strengths. The studies had large sample sizes with a
total of 7469 individuals. Most studies had a long-term follow-up, as all but two studies
were tracking patients for a duration of two or more years. This strengthens the quality of
evidence for the included observational studies. The analyzed studies were gathered from
several countries in different continents. This strengthens the ability to extrapolate the data
because of the diverse demographics and pathophysiological etiologies for heart failure.

Several limitations in our study warrant discussion. There are differences in EPA
and DHA administration, patient populations with respect to inclusion criteria, and heart
failure outcomes. First, observational studies examining serum concentrations of EPA and
DHA assess the levels, which can be influenced by dietary intake, metabolism, absorption
efficiency, and/or lifestyle considerations. For example, tobacco smokers may have lower
circulating n-3 long-chain polyunsaturated fatty acids compared with nonsmokers [87].
The prevalence of tobacco usage in different studies may influence the results, but it was
not reported consistently in the studies in our meta-analysis. One notable exception was
the study by Kohashi et al., which reported comparable percentages of active smokers
in both their EPA (14.1%) and non-EPA (16.2%) groups [20]. This minimized the effect
of smoking as a confounding variable in their observational study. Another issue is that
studies administered varying doses of EPA and DHA, complicating the comparison of heart
failure outcomes. Omega-3 fatty acids may not influence cardiovascular outcomes in a
simple dose–response manner in all studies. Zhang et al. found a nonlinear dose–response
relationship between omega-3 fatty acids and blood pressure, with optimal systolic blood
pressure reductions occurring at 2–3 g/day [88].

Another issue is the presence of different comorbidities in the different studies, which
could have influenced the response to EPA and DHA. Cardiovascular and metabolic
comorbidities such as diabetes, smoking, hypertension, and coronary artery disease increase
the risk of developing heart failure. The differing proportions of patients with these
comorbidities between studies present potential confounding variables for hazard ratios
related to all-cause mortality, major adverse cardiovascular events (MACE), and heart
failure incidence. Another issue is whether the beneficial effects of EPA and DHA on heart
failure are outweighed by the increased risk of atrial fibrillation in patients who regularly
use fish oil supplements, including EPA and DHA [89].

Another limitation is that few studies stratified the effects of EPA and DHA by type of
heart failure. While studies reported LVEF, no proportion of patients with HFrEF, HFmrEF,
and HFpEF were provided. In addition, there was no consideration on whether EPA and
DHA had differential effects on heart failure outcomes when stratifying by systolic, or
diastolic heart failure or the underlying etiology of the heart failure. Another consideration
is the sex distribution of the study participants. The samples exhibited a disproportionate
sex distribution, with a higher representation of males compared with females.

A significant limitation arises from the presence of missing data in follow-up. While
all studies conducted thorough follow-ups with respect to HF incidence, cardiovascular
events, and all-cause mortality, all the studies did not collect follow-up data on other
variables, such as ejection fraction, NYHA class, hospitalization, or NT-pro-BNP. To fully
appreciate the potential of EPA and DHA on cardiac function in HF, it is important to
corroborate hazard ratios with other numerical factors and assessments of heart function in
heart failure.

Furthermore, there were limitations associated with heterogeneity that reduced the
reliability of the meta-analyses conducted on both MACE hazard ratios and LVEF mean
differences. High heterogeneity among the studies could be due to differences in the study
design, populations, interventions, or outcomes measured. This variability compromises
the conclusions of the combined effect size in the meta-analyses.

Our study suggests several areas for future research. The next steps to further charac-
terize the role of EPA and DHA in the management of heart failure patients should involve
a more thorough evaluation of HF subtypes. There are subtypes of heart failure such as
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systolic and diastolic heart failure and the different subtypes within each of those kinds of
heart failure. We suggest greater female representation in future studies, as this representa-
tion will better elucidate sex-based differences in EPA and DHA supplementation, should
any differences exist. Furthermore, prespecified randomized clinical trials are still missing,
and the use of EPA and DHA is still debated in the treatment of cardiovascular diseases.
Currently, European guidelines only suggest the use of icosapent-ethyl, albeit with a low-
grade recommendation [90]. Randomized clinical trials must be conducted examining the
effect of EPA and DHA supplementation on LVEF, diastolic LV function, cardiac fibrosis,
NT-pro-BNP, NYHA classification, and hospitalizations due to HF. This will allow for a
more robust quantitative analysis of the impact of EPA and DHA supplementation on
heart failure.

4.5. Conclusions

In summary, DHA was associated with a lower rate of major adverse cardiovascular
events in patients, specifically with heart failure with a hazard ratio of 0.74. EPA also was
associated with an overall reduction in major adverse cardiovascular events with a hazard
ratio of 0.60. EPA and DHA or n3-PUFA administration was associated with an increased
LVEF with a mean difference of 1.55%. There are many cellular mechanisms involving
oxidative stress that are likely operative in mediating the beneficial effects of EPA and DHA
on heart failure.

Author Contributions: J.S., data extraction, analysis, and manuscript writing; S.S., data extraction,
analysis, and manuscript writing; C.J.L., data analysis and manuscript writing; S.W.R., conceptualiza-
tion, supervision, and manuscript writing. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Matsuo, N.; Miyoshi, T.; Takaishi, A.; Kishinoue, T.; Yasuhara, K.; Tanimoto, M.; Nakano, Y.; Onishi, N.; Ueeda, M.; Ito, H.

High Plasma Docosahexaenoic Acid Associated to Better Prognoses of Patients with Acute Decompensated Heart Failure with
Preserved Ejection Fraction. Nutrients 2021, 13, 371. [CrossRef] [PubMed]

2. Ouchi, S.; Miyazaki, T.; Shimada, K.; Sugita, Y.; Shimizu, M.; Murata, A.; Kato, T.; Aikawa, T.; Suda, S.; Shiozawa, T.; et al. Low
Docosahexaenoic Acid, Dihomo-Gamma-Linolenic Acid, and Arachidonic Acid Levels Associated with Long-Term Mortality in
Patients with Acute Decompensated Heart Failure in Different Nutritional Statuses. Nutrients 2017, 9, 956. [CrossRef] [PubMed]

3. Nicholls, S.J.; Lincoff, A.M.; Garcia, M.; Bash, D.; Ballantyne, C.M.; Barter, P.J.; Davidson, M.H.; Kastelein, J.J.P.; Koenig, W.;
McGuire, D.K.; et al. Effect of High-Dose Omega-3 Fatty Acids vs Corn Oil on Major Adverse Cardiovascular Events in Patients
at High Cardiovascular Risk: The STRENGTH Randomized Clinical Trial. JAMA 2020, 324, 2268–2280. [CrossRef] [PubMed]

4. Bosch, J.; Gerstein, H.C.; Dagenais, G.R.; Díaz, R.; Dyal, L.; Jung, H.; Maggiono, A.P.; Probstfield, J.; Ramachandran, A.; Riddle,
M.C.; et al. N-3 Fatty Acids and Cardiovascular Outcomes in Patients with Dysglycemia. N. Engl. J. Med. 2012, 367, 309–318.
[CrossRef] [PubMed]

5. Bhatt, D.L.; Steg, P.G.; Miller, M.; Brinton, E.A.; Jacobson, T.A.; Ketchum, S.B.; Doyle, R.T.J.; Juliano, R.A.; Jiao, L.; Granowitz, C.;
et al. Cardiovascular Risk Reduction with Icosapent Ethyl for Hypertriglyceridemia. N. Engl. J. Med. 2019, 380, 11–22. [CrossRef]
[PubMed]

6. Bonds, D.E.; Harrington, M.; Worrall, B.B.; Bertoni, A.G.; Eaton, C.B.; Hsia, J.; Robinson, J.; Clemons, T.E.; Fine, L.J.; Writing
Group for the AREDS2 Research Group; et al. Effect of Long-Chain ω-3 Fatty Acids and Lutein + Zeaxanthin Supplements on
Cardiovascular Outcomes: Results of the Age-Related Eye Disease Study 2 (AREDS2) Randomized Clinical Trial. JAMA Intern.
Med. 2014, 174, 763–771. [CrossRef] [PubMed]

7. Nouraei, H.; Rabkin, S.W. A New Approach to the Clinical Subclassification of Heart Failure with Preserved Ejection Fraction. Int.
J. Cardiol. 2021, 331, 138–143. [CrossRef] [PubMed]

8. Rabkin, S.W.; Sackett, D.L. Epidemiology of Arterial Thromboembolism. In Textbook of Hemostasis and Thrombosis; Column, S.,
Marker, H., Eds.; JB. Lippincott Co.: Philadelphia, PA, USA, 1982; pp. 873–888.

9. Hill, M.F.; Singal, P.K. Antioxidant and Oxidative Stress Changes during Heart Failure Subsequent to Myocardial Infarction in
Rats. Am. J. Pathol. 1996, 148, 291–300. [PubMed]

10. Hill, M.F.; Singal, P.K. Right and Left Myocardial Antioxidant Responses during Heart Failure Subsequent to Myocardial
Infarction. Circulation 1997, 96, 2414–2420. [CrossRef] [PubMed]

https://doi.org/10.3390/nu13020371
https://www.ncbi.nlm.nih.gov/pubmed/33530352
https://doi.org/10.3390/nu9090956
https://www.ncbi.nlm.nih.gov/pubmed/28867781
https://doi.org/10.1001/jama.2020.22258
https://www.ncbi.nlm.nih.gov/pubmed/33190147
https://doi.org/10.1056/NEJMoa1203859
https://www.ncbi.nlm.nih.gov/pubmed/22686415
https://doi.org/10.1056/NEJMoa1812792
https://www.ncbi.nlm.nih.gov/pubmed/30415628
https://doi.org/10.1001/jamainternmed.2014.328
https://www.ncbi.nlm.nih.gov/pubmed/24638908
https://doi.org/10.1016/j.ijcard.2021.01.052
https://www.ncbi.nlm.nih.gov/pubmed/33529665
https://www.ncbi.nlm.nih.gov/pubmed/8546218
https://doi.org/10.1161/01.CIR.96.7.2414
https://www.ncbi.nlm.nih.gov/pubmed/9337218


Antioxidants 2024, 13, 955 16 of 19

11. Keith, M.; Geranmayegan, A.; Sole, M.J.; Kurian, R.; Robinson, A.; Omran, A.S.; Jeejeebhoy, K.N. Increased Oxidative Stress in
Patients with Congestive Heart Failure. J. Am. Coll. Cardiol. 1998, 31, 1352–1356. [CrossRef] [PubMed]

12. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.A.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.;
Moher, D. The PRISMA Statement for Reporting Systematic Reviews and Meta-Analyses of Studies That Evaluate Health Care
Interventions: Explanation and Elaboration. Ann. Intern. Med. 2009, 151, W65–W94. [CrossRef] [PubMed]

13. Veritas Health Innovation, Melbourne, Australia Covidence Systematic Review Software. Available online: https://support.
covidence.org/help/how-can-i-cite-covidence (accessed on 12 June 2024).

14. Jiang, W.; Oken, H.; Fiuzat, M.; Shaw, L.K.; Martsberger, C.; Kuchibhatla, M.; Kaddurah-Daouk, R.; Steffens, D.C.; Baillie, R.;
Cuffe, M.; et al. Plasma Omega-3 Polyunsaturated Fatty Acids and Survival in Patients with Chronic Heart Failure and Major
Depressive Disorder. J. Cardiovasc. Transl. Res. 2012, 5, 92–99. [CrossRef] [PubMed]

15. Mozaffarian, D.; Lemaitre, R.N.; King, I.B.; Song, X.; Spiegelman, D.; Sacks, F.M.; Rimm, E.B.; Siscovick, D.S. Circulating
Long-Chain ω-3 Fatty Acids and Incidence of Congestive Heart Failure in Older Adults: The Cardiovascular Health Study: A
Cohort Study. Ann. Intern. Med. 2011, 155, 160–170. [CrossRef] [PubMed]

16. Hara, M.; Sakata, Y.; Nakatani, D.; Suna, S.; Usami, M.; Matsumoto, S.; Hamasaki, T.; Doi, Y.; Nishino, M.; Sato, H.; et al. Low
Levels of Serum N-3 Polyunsaturated Fatty Acids Are Associated with Worse Heart Failure-Free Survival in Patients After Acute
Myocardial Infarction. Circ. J. 2013, 77, 153–162. [CrossRef] [PubMed]

17. Block, R.C.; Liu, L.; Herrington, D.M.; Huang, S.; Tsai, M.Y.; O’Connell, T.D.; Shearer, G.C. Predicting Risk for Incident Heart
Failure with Omega-3 Fatty Acids: From MESA. JACC Heart Fail. 2019, 7, 651–661. [CrossRef] [PubMed]

18. Le, V.T.; Knight, S.; Watrous, J.D.; Najhawan, M.; Dao, K.; McCubrey, R.O.; Bair, T.L.; Horne, B.D.; May, H.T.; Muhlestein, J.B.; et al.
Higher Docosahexaenoic Acid Levels Lower the Protective Impact of Eicosapentaenoic Acid on Long-Term Major Cardiovascular
Events. Front. Cardiovasc. Med. 2023, 10, 1229130. [CrossRef] [PubMed]

19. Selvaraj, S.; Bhatt, D.L.; Steg, P.G.; Miller, M.; Brinton, E.A.; Jacobson, T.A.; Juliano, R.A.; Jiao, L.; Tardif, J.; Ballantyne, C.M.; et al.
Impact of Icosapent Ethyl on Cardiovascular Risk Reduction in Patients with Heart Failure in REDUCE-IT. J. Am. Heart Assoc.
2022, 11, e024999. [CrossRef] [PubMed]

20. Kohashi, K.; Nakagomi, A.; Saiki, Y.; Morisawa, T.; Kosugi, M.; Kusama, Y.; Atarashi, H.; Shimizu, W. Effects of Eicosapentaenoic
Acid on the Levels of Inflammatory Markers, Cardiac Function and Long-Term Prognosis in Chronic Heart Failure Patients with
Dyslipidemia. J. Atheroscler. Thromb. 2014, 21, 712–729. [CrossRef] [PubMed]

21. Ghio, S.; Scelsi, L.; Latini, R.; Masson, S.; Eleuteri, E.; Palvarini, M.; Vriz, O.; Pasotti, M.; Gorini, M.; Marchioli, R.; et al. Effects
of N-3 Polyunsaturated Fatty Acids and of Rosuvastatin on Left Ventricular Function in Chronic Heart Failure: A Substudy of
GISSI-HF Trial. Eur. J. Heart Fail. 2010, 12, 1345–1353. [CrossRef] [PubMed]

22. Nodari, S.; Triggiani, M.; Campia, U.; Manerba, A.; Milesi, G.; Cesana, B.M.; Gheorghiade, M.; Dei Cas, L. Effects of N-3
Polyunsaturated Fatty Acids on Left Ventricular Function and Functional Capacity in Patients with Dilated Cardiomyopathy. J.
Am. Coll. Cardiol. 2011, 57, 870–879. [CrossRef] [PubMed]

23. Kojuri, J.; Ostovan, M.A.; Rezaian, G.R.; Archin Dialameh, P.; Zamiri, N.; Sharifkazemi, M.B.; Jannati, M. Effect of Omega-3 on
Brain Natriuretic Peptide and Echocardiographic Findings in Heart Failure: Double-Blind Placebo-Controlled Randomized Trial.
J. Cardiovasc. Dis. Res. 2013, 4, 20–24. [CrossRef] [PubMed]

24. Chrysohoou, C.; Metallinos, G.; Georgiopoulos, G.; Mendrinos, D.; Papanikolaou, A.; Magkas, N.; Pitsavos, C.; Vyssoulis, G.;
Stefanadis, C.; Tousoulis, D. Short Term Omega-3 Polyunsaturated Fatty Acid Supplementation Induces Favorable Changes in
Right Ventricle Function and Diastolic Filling Pressure in Patients with Chronic Heart Failure; A Randomized Clinical Trial. Vasc.
Pharmacol. 2016, 79, 43–50. [CrossRef] [PubMed]

25. Nodari, S.; Metra, M.; Milesi, G.; Manerba, A.; Cesana, B.M.; Gheorghiade, M.; Dei Cas, L. The Role of N-3 PUFAs in Preventing
the Arrhythmic Risk in Patients with Idiopathic Dilated Cardiomyopathy. Cardiovasc. Drugs Ther. 2009, 23, 5–15. [CrossRef]
[PubMed]

26. Moertl, D.; Hammer, A.; Steiner, S.; Hutuleac, R.; Vonbank, K.; Berger, R. Dose-Dependent Effects of Omega-3-Polyunsaturated
Fatty Acids on Systolic Left Ventricular Function, Endothelial Function, and Markers of Inflammation in Chronic Heart Failure
of Nonischemic Origin: A Double-Blind, Placebo-Controlled, 3-Arm Study. Am. Heart J. 2011, 161, 915.e1–915.e9. [CrossRef]
[PubMed]

27. Zhao, Y.T.; Shao, L.; Teng, L.L.; Hu, B.; Luo, Y.; Yu, X.; Zhang, D.F.; Zhang, H. Effects of N-3 Polyunsaturated Fatty Acid Therapy
on Plasma Inflammatory Markers and N-Terminal pro-Brain Natriuretic Peptide in Elderly Patients with Chronic Heart Failure. J.
Int. Med. Res. 2009, 37, 1831–1841. [CrossRef] [PubMed]

28. Radaelli, A.; Cazzaniga, M.; Viola, A.; Balestri, G.; Janetti, M.B.; Signorini, M.G.; Castiglioni, P.; Azzellino, A.; Mancia, G.; Ferrari,
A.U. Enhanced Baroreceptor Control of the Cardiovascular System by Polyunsaturated Fatty Acids in Heart Failure Patients. J.
Am. Coll. Cardiol. 2006, 48, 1600–1606. [CrossRef] [PubMed]

29. Djuricic, I.; Calder, P.C. Pros and Cons of Long-Chain Omega-3 Polyunsaturated Fatty Acids in Cardiovascular Health. Annu. Rev.
Pharmacol. Toxicol. 2023, 63, 383–406. [CrossRef]

30. Van der Pol, A.; van Gilst, W.H.; Voors, A.A.; van der Meer, P. Treating Oxidative Stress in Heart Failure: Past, Present and Future.
Eur. J. Heart Fail. 2019, 21, 425–435. [CrossRef] [PubMed]

31. Aon, M.A.; Cortassa, S.; O’Rourke, B. Redox-Optimized ROS Balance: A Unifying Hypothesis. Biochim. Biophys. Acta 2010, 1797,
865–877. [CrossRef] [PubMed]

https://doi.org/10.1016/S0735-1097(98)00101-6
https://www.ncbi.nlm.nih.gov/pubmed/9581732
https://doi.org/10.7326/0003-4819-151-4-200908180-00136
https://www.ncbi.nlm.nih.gov/pubmed/19622512
https://support.covidence.org/help/how-can-i-cite-covidence
https://support.covidence.org/help/how-can-i-cite-covidence
https://doi.org/10.1007/s12265-011-9325-8
https://www.ncbi.nlm.nih.gov/pubmed/22042636
https://doi.org/10.7326/0003-4819-155-3-201108020-00006
https://www.ncbi.nlm.nih.gov/pubmed/21810709
https://doi.org/10.1253/circj.CJ-12-0875
https://www.ncbi.nlm.nih.gov/pubmed/23047296
https://doi.org/10.1016/j.jchf.2019.03.008
https://www.ncbi.nlm.nih.gov/pubmed/31302044
https://doi.org/10.3389/fcvm.2023.1229130
https://www.ncbi.nlm.nih.gov/pubmed/37680562
https://doi.org/10.1161/JAHA.121.024999
https://www.ncbi.nlm.nih.gov/pubmed/35377160
https://doi.org/10.5551/jat.21022
https://www.ncbi.nlm.nih.gov/pubmed/24670266
https://doi.org/10.1093/eurjhf/hfq172
https://www.ncbi.nlm.nih.gov/pubmed/20952767
https://doi.org/10.1016/j.jacc.2010.11.017
https://www.ncbi.nlm.nih.gov/pubmed/21215550
https://doi.org/10.1016/j.jcdr.2013.02.013
https://www.ncbi.nlm.nih.gov/pubmed/24023466
https://doi.org/10.1016/j.vph.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26807502
https://doi.org/10.1007/s10557-008-6142-7
https://www.ncbi.nlm.nih.gov/pubmed/18982439
https://doi.org/10.1016/j.ahj.2011.02.011
https://www.ncbi.nlm.nih.gov/pubmed/21570522
https://doi.org/10.1177/147323000903700619
https://www.ncbi.nlm.nih.gov/pubmed/20146881
https://doi.org/10.1016/j.jacc.2006.05.073
https://www.ncbi.nlm.nih.gov/pubmed/17045894
https://doi.org/10.1146/annurev-pharmtox-051921-090208
https://doi.org/10.1002/ejhf.1320
https://www.ncbi.nlm.nih.gov/pubmed/30338885
https://doi.org/10.1016/j.bbabio.2010.02.016
https://www.ncbi.nlm.nih.gov/pubmed/20175987


Antioxidants 2024, 13, 955 17 of 19

32. Zima, A.V.; Blatter, L.A. Redox Regulation of Cardiac Calcium Channels and Transporters. Cardiovasc. Res. 2006, 71, 310–321.
[CrossRef]

33. Anzai, K.; Ogawa, K.; Kuniyasu, A.; Ozawa, T.; Yamamoto, H.; Nakayama, H. Effects of Hydroxyl Radical and Sulfhydryl
Reagents on the Open Probability of the Purified Cardiac Ryanodine Receptor Channel Incorporated into Planar Lipid Bilayers.
Biochem. Biophys. Res. Commun. 1998, 249, 938–942. [CrossRef] [PubMed]

34. Cesselli, D.; Jakoniuk, I.; Barlucchi, L.; Beltrami, A.P.; Hintze, T.H.; Nadal-Ginard, B.; Kajstura, J.; Leri, A.; Anversa, P. Ox-
idative Stress–Mediated Cardiac Cell Death Is a Major Determinant of Ventricular Dysfunction and Failure in Dog Dilated
Cardiomyopathy | Circulation Research. Circ. Res. 2001, 89, 279–286. [CrossRef] [PubMed]

35. Rabkin, S.W.; Kong, J.Y. Nitroprusside Induces Cardiomyocyte Death: Interaction with Hydrogen Peroxide. Am. J. Physiol. Heart
Circ. Physiol. 2000, 279, H3089–H3100. [CrossRef] [PubMed]

36. Wong, C.N.; Gui, X.Y.; Rabkin, S.W. Myeloperoxidase, Carnitine, and Derivatives of Reactive Oxidative Metabolites in Heart
Failure with Preserved versus Reduced Ejection Fraction: A Meta-Analysis. Int. J. Cardiol. 2024, 399, 131657. [CrossRef] [PubMed]

37. Pacher, P.; Liaudet, L.; Bai, P.; Virag, L.; Mabley, J.G.; Haskó, G.; Szabó, C. Activation of Poly(ADP-Ribose) Polymerase Contributes
to Development of Doxorubicin-Induced Heart Failure. J. Pharmacol. Exp. Ther. 2002, 300, 862–867. [CrossRef] [PubMed]

38. Molnár, A.; Tóth, A.; Bagi, Z.; Papp, Z.; Édes, I.; Vaszily, M.; Galajda, Z.; Papp, J.G.; Varró, A.; Szüts, V.; et al. Activation of the
Poly(ADP-Ribose) Polymerase Pathway in Human Heart Failure. Mol. Med. 2006, 12, 143–152. [CrossRef] [PubMed]

39. Pacher, P.; Liaudet, L.; Mabley, J.G.; Komjáti, K.; Szabó, C. Pharmacologic Inhibition of Poly(Adenosine Diphosphate-Ribose)
Polymerase May Represent a Novel Therapeutic Approach in Chronic Heart Failure. J. Am. Coll. Cardiol. 2002, 40, 1006–1016.
[CrossRef]

40. Opie, L.H.; Thandroyen, F.T.; Muller, C.; Bricknell, O.L. Adrenaline-Induced “Oxygen-Wastage” and Enzyme Release from
Working Rat Heart. Effects of Calcium Antagonism, Beta-Blockade, Nicotinic Acid and Coronary Artery Ligation. J. Mol. Cell
Cardiol. 1979, 11, 1073–1094. [CrossRef] [PubMed]

41. Givertz, M.M.; Sawyer, D.B.; Colucci, W.S. Antioxidants and Myocardial Contractility: Illuminating the “Dark Side” of Beta-
Adrenergic Receptor Activation? Circulation 2001, 103, 782–783. [CrossRef] [PubMed]

42. Mak, S.; Newton, G.E. Vitamin C Augments the Inotropic Response to Dobutamine in Humans with Normal Left Ventricular
Function. Circulation 2001, 103, 826–830. [CrossRef] [PubMed]

43. Li, J.-M.; Gall, N.P.; Grieve, D.J.; Chen, M.; Shah, A.M. Activation of NADPH Oxidase During Progression of Cardiac Hypertrophy
to Failure. Hypertension 2002, 40, 477–484. [CrossRef]

44. Maack, C.; Kartes, T.; Kilter, H.; Schäfers, H.-J.; Nickenig, G.; Böhm, M.; Laufs, U. Oxygen Free Radical Release in Human Failing
Myocardium Is Associated with Increased Activity of Rac1-GTPase and Represents a Target for Statin Treatment. Circulation 2003,
108, 1567–1574. [CrossRef] [PubMed]

45. Doerries, C.; Grote, K.; Hilfiker-Kleiner, D.; Luchtefeld, M.; Schaefer, A.; Holland, S.M.; Sorrentino, S.; Manes, C.; Schieffer, B.;
Drexler, H.; et al. Critical Role of the NAD(P)H Oxidase Subunit P47phox for Left Ventricular Remodeling/Dysfunction and
Survival After Myocardial Infarction. Circ. Res. 2007, 100, 894–903. [CrossRef] [PubMed]

46. Gimenes, R.; Gimenes, C.; Rosa, C.M.; Xavier, N.P.; Campos, D.H.S.; Fernandes, A.A.H.; Cezar, M.D.M.; Guirado, G.N.; Pagan,
L.U.; Chaer, I.D.; et al. Influence of Apocynin on Cardiac Remodeling in Rats with Streptozotocin-Induced Diabetes Mellitus.
Cardiovasc. Diabetol. 2018, 17, 15. [CrossRef] [PubMed]

47. Li, J.; Zhu, H.; Shen, E.; Wan, L.; Arnold, J.M.O.; Peng, T. Deficiency of Rac1 Blocks NADPH Oxidase Activation, Inhibits
Endoplasmic Reticulum Stress, and Reduces Myocardial Remodeling in a Mouse Model of Type 1 Diabetes. Diabetes 2010, 59,
2033–2042. [CrossRef] [PubMed]

48. Xu, L.; Balzarolo, M.; Robinson, E.L.; Lorenz, V.; Della Verde, G.; Joray, L.; Mochizuki, M.; Kaufmann, B.A.; Valstar, G.; de Jager,
S.C.A.; et al. NOX1 Mediates Metabolic Heart Disease in Mice and Is Upregulated in Monocytes of Humans with Diastolic
Dysfunction. Cardiovasc. Res. 2021, 118, 2973–2984. [CrossRef] [PubMed]

49. Raad, M.; AlBadri, A.; Wei, J.; Mehta, P.K.; Maughan, J.; Gadh, A.; Thomson, L.; Jones, D.P.; Quyyumi, A.A.; Pepine, C.J.; et al.
Oxidative Stress Is Associated with Diastolic Dysfunction in Women With Ischemia With No Obstructive Coronary Artery Disease.
J. Am. Heart Assoc. 2020, 9, e015602. [CrossRef] [PubMed]

50. Cappola, T.P.; Kass, D.A.; Nelson, G.S.; Berger, R.D.; Rosas, G.O.; Kobeissi, Z.A.; Marbán, E.; Hare, J.M. Allopurinol Improves
Myocardial Efficiency in Patients with Idiopathic Dilated Cardiomyopathy. Circulation 2001, 104, 2407–2411. [CrossRef] [PubMed]

51. Cingolani, H.E.; Plastino, J.A.; Escudero, E.M.; Mangal, B.; Brown, J.; Pérez, N.G. The Effect of Xanthine Oxidase Inhibition Upon
Ejection Fraction in Heart Failure Patients: La Plata Study. J. Card. Fail. 2006, 12, 491–498. [CrossRef] [PubMed]

52. Hare, J.M.; Mangal, B.; Brown, J.; Fisher, C.; Freudenberger, R.; Colucci, W.S.; Mann, D.L.; Liu, P.; Givertz, M.M.; Schwarz, R.P.
Impact of Oxypurinol in Patients with Symptomatic Heart Failure: Results of the OPT-CHF Study. J. Am. Coll. Cardiol. 2008, 51,
2301–2309. [CrossRef] [PubMed]

53. Wahedi, M.; Daneshkhah, N.; Menbari, S.; Rahbari, R.; Ahmadi, A.; Lahoorpour, F. Comparison of Adenosine Deaminase Activity
in Chronic Heart Failure Patients and Healthy Subjects. Clin. Biochem. 2011, 44, S171. [CrossRef]

54. Valdes, F.; Brown, N.; Morales-Bayuelo, A.; Prent-Peñaloza, L.; Gutierrez, M. Adenosine Derivates as Antioxidant Agents:
Synthesis, Characterization, in Vitro Activity, and Theoretical Insights. Antioxidants 2019, 8, 468. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cardiores.2006.02.019
https://doi.org/10.1006/bbrc.1998.9244
https://www.ncbi.nlm.nih.gov/pubmed/9731240
https://doi.org/10.1161/hh1501.094115
https://www.ncbi.nlm.nih.gov/pubmed/11485979
https://doi.org/10.1152/ajpheart.2000.279.6.H3089
https://www.ncbi.nlm.nih.gov/pubmed/11087267
https://doi.org/10.1016/j.ijcard.2023.131657
https://www.ncbi.nlm.nih.gov/pubmed/38101703
https://doi.org/10.1124/jpet.300.3.862
https://www.ncbi.nlm.nih.gov/pubmed/11861791
https://doi.org/10.2119/2006-00043.Molnar
https://www.ncbi.nlm.nih.gov/pubmed/17088946
https://doi.org/10.1016/S0735-1097(02)02062-4
https://doi.org/10.1016/0022-2828(79)90395-X
https://www.ncbi.nlm.nih.gov/pubmed/522135
https://doi.org/10.1161/01.CIR.103.6.782
https://www.ncbi.nlm.nih.gov/pubmed/11171781
https://doi.org/10.1161/01.CIR.103.6.826
https://www.ncbi.nlm.nih.gov/pubmed/11171790
https://doi.org/10.1161/01.HYP.0000032031.30374.32
https://doi.org/10.1161/01.CIR.0000091084.46500.BB
https://www.ncbi.nlm.nih.gov/pubmed/12963641
https://doi.org/10.1161/01.RES.0000261657.76299.ff
https://www.ncbi.nlm.nih.gov/pubmed/17332431
https://doi.org/10.1186/s12933-017-0657-9
https://www.ncbi.nlm.nih.gov/pubmed/29343259
https://doi.org/10.2337/db09-1800
https://www.ncbi.nlm.nih.gov/pubmed/20522592
https://doi.org/10.1093/cvr/cvab349
https://www.ncbi.nlm.nih.gov/pubmed/34849611
https://doi.org/10.1161/JAHA.119.015602
https://www.ncbi.nlm.nih.gov/pubmed/32375556
https://doi.org/10.1161/hc4501.098928
https://www.ncbi.nlm.nih.gov/pubmed/11705816
https://doi.org/10.1016/j.cardfail.2006.05.005
https://www.ncbi.nlm.nih.gov/pubmed/16952781
https://doi.org/10.1016/j.jacc.2008.01.068
https://www.ncbi.nlm.nih.gov/pubmed/18549913
https://doi.org/10.1016/j.clinbiochem.2011.08.436
https://doi.org/10.3390/antiox8100468
https://www.ncbi.nlm.nih.gov/pubmed/31600955


Antioxidants 2024, 13, 955 18 of 19

55. Ide, T.; Tsutsui, H.; Hayashidani, S.; Kang, D.; Suematsu, N.; Nakamura, K.; Utsumi, H.; Hamasaki, N.; Takeshita, A. Mitochondrial
DNA Damage and Dysfunction Associated with Oxidative Stress in Failing Hearts After Myocardial Infarction. Circ. Res. 2001,
88, 529–535. [CrossRef] [PubMed]

56. Takimoto, E.; Kass, D.A. Role of Oxidative Stress in Cardiac Hypertrophy and Remodeling. Hypertension 2007, 49, 241–248.
[CrossRef] [PubMed]

57. Takimoto, E.; Champion, H.C.; Li, M.; Ren, S.; Rodriguez, E.R.; Tavazzi, B.; Lazzarino, G.; Paolocci, N.; Gabrielson, K.L.; Wang, Y.;
et al. Oxidant Stress from Nitric Oxide Synthase-3 Uncoupling Stimulates Cardiac Pathologic Remodeling from Chronic Pressure
Load. J. Clin. Investig. 2005, 115, 1221–1231. [CrossRef] [PubMed]

58. Nassar, M.; Jaffery, A.; Ibrahim, B.; Baraka, B.; Abosheaishaa, H. The Multidimensional Benefits of Eicosapentaenoic Acid: From
Heart Health to Inflammatory Control. Egypt. J. Intern. Med. 2023, 35, 81. [CrossRef]

59. Oppedisano, F.; Macrì, R.; Gliozzi, M.; Musolino, V.; Carresi, C.; Maiuolo, J.; Bosco, F.; Nucera, S.; Caterina Zito, M.; Guarnieri, L.;
et al. The Anti-Inflammatory and Antioxidant Properties of n-3 PUFAs: Their Role in Cardiovascular Protection. Biomedicines
2020, 8, 306. [CrossRef] [PubMed]

60. Zhou, S.; Sun, W.; Zhang, Z.; Zheng, Y. The Role of Nrf2-Mediated Pathway in Cardiac Remodeling and Heart Failure. Oxid. Med.
Cell Longev. 2014, 2014, 260429. [CrossRef] [PubMed]

61. Abdukeyum, G.G.; Owen, A.J.; Larkin, T.A.; McLennan, P.L. Up-Regulation of Mitochondrial Antioxidant Superoxide Dismutase
Underpins Persistent Cardiac Nutritional-Preconditioning by Long Chain n-3 Polyunsaturated Fatty Acids in the Rat. J. Clin.
Med. 2016, 5, 32. [CrossRef] [PubMed]

62. Zhou, T.; Prather, E.R.; Garrison, D.E.; Zuo, L. Interplay between ROS and Antioxidants during Ischemia-Reperfusion Injuries in
Cardiac and Skeletal Muscle. Int. J. Mol. Sci. 2018, 19, 417. [CrossRef]

63. Alvarez-Curto, E.; Milligan, G. Metabolism Meets Immunity: The Role of Free Fatty Acid Receptors in the Immune System.
Biochem. Pharmacol. 2016, 114, 3–13. [CrossRef] [PubMed]

64. Murphy, K.A.; Harsch, B.A.; Healy, C.L.; Joshi, S.S.; Huang, S.; Walker, R.E.; Wagner, B.M.; Ernste, K.M.; Huang, W.; Block, R.C.;
et al. Free Fatty Acid Receptor 4 Responds to Endogenous Fatty Acids to Protect the Heart from Pressure Overload. Cardiovasc.
Res. 2021, 118, 1061–1073. [CrossRef]

65. Sorop, O.; Heinonen, I.; van Kranenburg, M.; van de Wouw, J.; de Beer, V.J.; Nguyen, I.T.N.; Octavia, Y.; van Duin, R.W.B.; Stam,
K.; van Geuns, R.-J.; et al. Multiple Common Comorbidities Produce Left Ventricular Diastolic Dysfunction Associated with
Coronary Microvascular Dysfunction, Oxidative Stress, and Myocardial Stiffening. Cardiovasc. Res. 2018, 114, 954–964. [CrossRef]
[PubMed]

66. Silberman, G.A.; Fan, T.-H.M.; Liu, H.; Jiao, Z.; Xiao, H.D.; Lovelock, J.D.; Boulden, B.M.; Widder, J.; Fredd, S.; Bernstein, K.E.;
et al. Uncoupled Cardiac Nitric Oxide Synthase Mediates Diastolic Dysfunction. Circulation 2010, 121, 519–528. [CrossRef]
[PubMed]

67. Paulus, W.J.; Tschöpe, C. A Novel Paradigm for Heart Failure with Preserved Ejection Fraction: Comorbidities Drive Myocardial
Dysfunction and Remodeling through Coronary Microvascular Endothelial Inflammation. J. Am. Coll. Cardiol. 2013, 62, 263–271.
[CrossRef]

68. Liu, J.; Meng, Q.; Zheng, L.; Yu, P.; Hu, H.; Zhuang, R.; Ge, X.; Liu, Z.; Liang, X.; Zhou, X. Effect of N-3 PUFA on Left Ventricular
Remodelling in Chronic Heart Failure: A Systematic Review and Meta-Analysis. Br. J. Nutr. 2022, 129, 1500–1509. [CrossRef]
[PubMed]

69. Funamoto, M.; Imanishi, M.; Tsuchiya, K.; Ikeda, Y. Roles of Histone Acetylation Sites in Cardiac Hypertrophy and Heart Failure.
Front. Cardiovasc. Med. 2023, 10, 1133611. [CrossRef] [PubMed]

70. Metcalf, R.G.; James, M.J.; Gibson, R.A.; Edwards, J.R.; Stubberfield, J.; Stuklis, R.; Roberts-Thomson, K.; Young, G.D.; Cleland,
L.G. Effects of Fish-Oil Supplementation on Myocardial Fatty Acids in Humans. Am. J. Clin. Nutr. 2007, 85, 1222–1228. [CrossRef]
[PubMed]

71. Hao, Y.; Fan, Y.; Feng, J.; Zhu, Z.; Luo, Z.; Hu, H.; Li, W.; Yang, H.; Ding, G. ALCAT1-Mediated Abnormal Cardiolipin Remodelling
Promotes Mitochondrial Injury in Podocytes in Diabetic Kidney Disease. Cell Commun. Signal. 2024, 22, 26. [CrossRef] [PubMed]

72. Amano, M.; Nakayama, M.; Kaibuchi, K. Rho-Kinase/ROCK: A Key Regulator of the Cytoskeleton and Cell Polarity. Cytoskeleton
2010, 67, 545–554. [CrossRef] [PubMed]

73. Dai, Y.; Luo, W.; Chang, J. Rho Kinase Signaling and Cardiac Physiology. Curr. Opin. Physiol. 2018, 1, 14–20. [CrossRef] [PubMed]
74. Aghajanian, A.; Wittchen, E.S.; Campbell, S.L.; Burridge, K. Direct Activation of RhoA by Reactive Oxygen Species Requires a

Redox-Sensitive Motif. PLoS ONE 2009, 4, e8045. [CrossRef] [PubMed]
75. Knock, G.A.; Snetkov, V.A.; Shaifta, Y.; Connolly, M.; Drndarski, S.; Noah, A.; Pourmahram, G.E.; Becker, S.; Aaronson, P.I.; Ward,

J.P.T. Superoxide Constricts Rat Pulmonary Arteries via Rho-Kinase-Mediated Ca2+ Sensitization. Free Radic. Biol. Med. 2009, 46,
633–642. [CrossRef] [PubMed]

76. Okamoto, R.; Li, Y.; Noma, K.; Hiroi, Y.; Liu, P.-Y.; Taniguchi, M.; Ito, M.; Liao, J.K. FHL2 Prevents Cardiac Hypertrophy in Mice
with Cardiac-Specific Deletion of ROCK2. FASEB J. 2013, 27, 1439–1449. [CrossRef] [PubMed]

77. Hartmann, S.; Ridley, A.J.; Lutz, S. The Function of Rho-Associated Kinases ROCK1 and ROCK2 in the Pathogenesis of
Cardiovascular Disease. Front. Pharmacol. 2015, 6, 276. [CrossRef] [PubMed]

https://doi.org/10.1161/01.RES.88.5.529
https://www.ncbi.nlm.nih.gov/pubmed/11249877
https://doi.org/10.1161/01.HYP.0000254415.31362.a7
https://www.ncbi.nlm.nih.gov/pubmed/17190878
https://doi.org/10.1172/JCI21968
https://www.ncbi.nlm.nih.gov/pubmed/15841206
https://doi.org/10.1186/s43162-023-00265-6
https://doi.org/10.3390/biomedicines8090306
https://www.ncbi.nlm.nih.gov/pubmed/32854210
https://doi.org/10.1155/2014/260429
https://www.ncbi.nlm.nih.gov/pubmed/25101151
https://doi.org/10.3390/jcm5030032
https://www.ncbi.nlm.nih.gov/pubmed/26959067
https://doi.org/10.3390/ijms19020417
https://doi.org/10.1016/j.bcp.2016.03.017
https://www.ncbi.nlm.nih.gov/pubmed/27002183
https://doi.org/10.1093/cvr/cvab111
https://doi.org/10.1093/cvr/cvy038
https://www.ncbi.nlm.nih.gov/pubmed/29432575
https://doi.org/10.1161/CIRCULATIONAHA.109.883777
https://www.ncbi.nlm.nih.gov/pubmed/20083682
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1017/S0007114521004979
https://www.ncbi.nlm.nih.gov/pubmed/35241186
https://doi.org/10.3389/fcvm.2023.1133611
https://www.ncbi.nlm.nih.gov/pubmed/37008337
https://doi.org/10.1093/ajcn/85.5.1222
https://www.ncbi.nlm.nih.gov/pubmed/17490956
https://doi.org/10.1186/s12964-023-01399-4
https://www.ncbi.nlm.nih.gov/pubmed/38200543
https://doi.org/10.1002/cm.20472
https://www.ncbi.nlm.nih.gov/pubmed/20803696
https://doi.org/10.1016/j.cophys.2017.07.005
https://www.ncbi.nlm.nih.gov/pubmed/29527586
https://doi.org/10.1371/journal.pone.0008045
https://www.ncbi.nlm.nih.gov/pubmed/19956681
https://doi.org/10.1016/j.freeradbiomed.2008.11.015
https://www.ncbi.nlm.nih.gov/pubmed/19103285
https://doi.org/10.1096/fj.12-217018
https://www.ncbi.nlm.nih.gov/pubmed/23271052
https://doi.org/10.3389/fphar.2015.00276
https://www.ncbi.nlm.nih.gov/pubmed/26635606


Antioxidants 2024, 13, 955 19 of 19

78. Nakao, F.; Kobayashi, S.; Mogami, K.; Mizukami, Y.; Shirao, S.; Miwa, S.; Todoroki-Ikeda, N.; Ito, M.; Matsuzaki, M. In-
volvement of Src Family Protein Tyrosine Kinases in Ca2+ Sensitization of Coronary Artery Contraction Mediated by a
Sphingosylphosphorylcholine-Rho-Kinase Pathway. Circ. Res. 2002, 91, 953–960. [CrossRef] [PubMed]

79. Dabkowski, E.R.; O’Connell, K.A.; Xu, W.; Ribeiro, R.F.; Hecker, P.A.; Shekar, K.C.; Daneault, C.; Des Rosiers, C.; Stanley, W.C.
Docosahexaenoic Acid Supplementation Alters Key Properties of Cardiac Mitochondria and Modestly Attenuates Development
of Left Ventricular Dysfunction in Pressure Overload-Induced Heart Failure. Cardiovasc. Drugs Ther. 2013, 27, 499–510. [CrossRef]
[PubMed]

80. Wang, C.; Han, D.; Feng, X.; Hu, L.; Wu, J. Docosahexaenoic Acid Alleviates LPS-Induced Cytotoxicity in HL-1 Cardiac Cells via
Improving Stress-Induced Mitochondrial Fragmentation. Heliyon 2023, 9, e22465. [CrossRef] [PubMed]

81. Williamson, J.; Davison, G. Targeted Antioxidants in Exercise-Induced Mitochondrial Oxidative Stress: Emphasis on DNA
Damage. Antioxidants 2020, 9, 1142. [CrossRef] [PubMed]

82. Ting, H.-C.; Chao, Y.-J.; Hsu, Y.-H.H. Polyunsaturated Fatty Acids Incorporation into Cardiolipin in H9c2 Cardiac Myoblast. J.
Nutr. Biochem. 2015, 26, 769–775. [CrossRef] [PubMed]

83. Paradies, G. Oxidative Stress, Cardiolipin and Mitochondrial Dysfunction in Nonalcoholic Fatty Liver Disease. WJG 2014, 20,
14205. [CrossRef] [PubMed]

84. Gui, T.; Li, Y.; Zhang, S.; Zhang, N.; Sun, Y.; Liu, F.; Chen, Q.; Gai, Z. Docosahexaenoic Acid Protects against Palmitate-Induced
Mitochondrial Dysfunction in Diabetic Cardiomyopathy. Biomed. Pharmacother. 2020, 128, 110306. [CrossRef] [PubMed]

85. Wang, T.-M.; Chen, C.-J.; Lee, T.-S.; Chao, H.-Y.; Wu, W.-H.; Hsieh, S.-C.; Sheu, H.-H.; Chiang, A.-N. Docosahexaenoic Acid
Attenuates VCAM-1 Expression and NF-κB Activation in TNF-α-Treated Human Aortic Endothelial Cells. J. Nutr. Biochem. 2011,
22, 187–194. [CrossRef] [PubMed]

86. Lingappan, K. NF-κB in Oxidative Stress. Curr. Opin. Toxicol. 2018, 7, 81–86. [CrossRef] [PubMed]
87. Murff, H.J.; Tindle, H.A.; Shrubsole, M.J.; Cai, Q.; Smalley, W.; Milne, G.L.; Swift, L.L.; Ness, R.M.; Zheng, W. Smoking and Red

Blood Cell Phospholipid Membrane Fatty Acids. Prostaglandins Leukot. Essent. Fat. Acids 2016, 112, 24–31. [CrossRef] [PubMed]
88. Zhang, X.; Ritonja, J.A.; Zhou, N.; Chen, B.E.; Li, X. Omega-3 Polyunsaturated Fatty Acids Intake and Blood Pressure: A

Dose-Response Meta-Analysis of Randomized Controlled Trials. J. Am. Heart Assoc. 2022, 11, e025071. [CrossRef] [PubMed]
89. Chen, G.; Qian, Z.M.; Zhang, J.; Zhang, S.; Zhang, Z.; Vaughn, M.G.; Aaron, H.E.; Wang, C.; Lip, G.Y.; Lin, H. Regular Use of Fish

Oil Supplements and Course of Cardiovascular Diseases: Prospective Cohort Study. BMJ Med. 2024, 3, e000451. [CrossRef]
90. McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Böhm, M.; Burri, H.; Butler, J.; Čelutkienė, J.; Chioncel, O.;
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