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Abstract: Polyphenols and omega-3 polyunsaturated fatty acids from fish oils, i.e., eicosapentaenoic
and docosahexaenoic acids, are well-recognized nutraceuticals, and their single antioxidant and anti-
inflammatory properties have been demonstrated in several studies found in the literature. It has been
reported that the combination of these nutraceuticals can lead to three-fold increases in glutathione
peroxidase activity, two-fold increases in plasma antioxidant capacity, decreases of 50–100% in lipid
peroxidation, protein carbonylation, and urinary 8-isoprotanes, as well as 50–200% attenuation of
common inflammation biomarkers, among other effects, as compared to their individual capacities.
Therefore, the adequate combination of those bioactive food compounds and their single properties
should offer a powerful tool for the design of successfully nutritional interventions for the prevention
and palliation of a plethora of human metabolic diseases, frequently diet-induced, whose etiology
and progression are characterized by redox homeostasis disturbances and a low-grade of chronic
inflammation. However, the certain mechanisms behind their biological activities, in vivo interaction
(both between them and other food compounds), and their optimal doses and consumption are
not well-known yet. Therefore, we review here the recent evidence accumulated during the last
decade about the cooperative action between polyphenols and fish oils against diet-related metabolic
alterations, focusing on the mechanisms and pathways described and the effects reported. The
final objective is to provide useful information for strategies for personalized nutrition based on
these nutraceuticals.

Keywords: eicosapentaenoic acid; docosahexaenoic acid; omega-3 polyunsaturated fatty acids; plant
bioactives; oxidative stress; inflammation; metabolic disorders; nutraceuticals

1. Introduction

Nutraceuticals, defined as “any substance that is food or part of a food and provide
medical or health benefits, including the prevention and treatment of disease” [1], are
currently considered a viable strategy for the prevention and palliation of several human
diseases, including those induced by the consumption of “obesogenic” diets.

The widespread consumption of diets high in saturated fat and sugar and low in
polyunsaturated fatty acids (PUFAs) and antioxidants, together with a more sedentary
lifestyle, have notably increased the prevalence of metabolic alterations such as the so-
called Metabolic Syndrome (MetS) [2]. MetS is a pathological condition defined by the
simultaneous presence of different combinations of three or more of the following metabolic
alterations: abdominal obesity, blood hypertension, hyperglycemia, and serum dyslipi-
demia [3]. It has been estimated that MetS affects over a billion people worldwide [4]
and is considered a risk factor for noncommunicable diseases such as type 2 diabetes
and cardiovascular diseases (CVD) [5]. Other main chronic illnesses promoted by obesity
are cancer and neurodegenerative pathologies, both affecting a great number of people
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worldwide and whose incidence grows in parallel with the dramatic increase in the aging
population around the world [6].

All the metabolic alterations of MetS and its derived diseases are characterized by an
increase in oxidative stress and a proinflammatory status [7]. The pathogenesis of MetS is
very complex and not fully understood yet, but the breakdown of the redox homeostasis
induced by the imbalance between prooxidants and antioxidants might play important
roles in its development [8] and favor the appearance of inflammation and the other
pathophysiological alterations concomitant with the syndrome [9]. Interestingly, it seems
that oxidative stress and inflammation also are both the cause and the consequence of MetS
and associated diseases [10].

For this reason, bioactive compounds naturally present in food with antioxidant
and/or anti-inflammatory properties have attracted the attention of the scientific commu-
nity for the development of successful nutritional interventions. Among those, dietary
polyphenols are often considered because they are one of the most important groups of
natural antioxidants and anti-inflammatory agents found in human diets, including fruits,
vegetables, grains, tea, essential oils, and their derived foods and beverages [11]. More
than 10,000 structural variants exist in the polyphenol family [12], more than 500 in food-
stuffs [13]. According to their chemical structures, they can be classified into phenolic acids,
flavonoids, stiblins, phenolic alcohols, and lignans [14]. This heterogeneity determines
diverse bioavailability, biological functions, and health effects and should be considered in
studies concerning polyphenols [15].

As potent antioxidants and antimicrobial agents, polyphenols have been used as food
additives because they are natural food ingredients and hence, safe and available [16].
Interestingly, different polyphenols of diverse origins (tea, tomato, pomegranate, pista-
chio, or grape) have been often used as additives in fish and fish product foodstuffs. In
those cases, polyphenols have demonstrated that their antioxidant properties were able
to prevent lipid oxidation of PUFAs, avoiding organoleptic and sensory deterioration,
formation of toxic substances, and above all, preserve the bioactive and functional prop-
erties of omega-3 PUFAs of marine origin [17,18]. Moreover, the combination between
polyphenols and omega-3 PUFAs reciprocally influence their pharmacological profiles
and bioavailability because polyphenols prevent omega-3 PUFAs oxidation, assisting their
intestinal uptake while preserving their bioactivity [19,20], and omega-3 PUFAs influence
the metabolism and bioaccesibility of polyphenols [21,22] and when they are conjugated
(as lipophenols) they can have, among others, the following potential advantages: in-
crease lipophilicity, cell penetration, and bioavailability of specific polar phenolic drugs,
reach appropriate solubility of hydrophobic drugs and can become tissue/tumor-specific,
limit auto-oxidation of the conjugate PUFAs and mask their hydroxyl polar functions and
thus, by reducing their biotransformation or the pace of oxidative degradation, increase
antioxidant properties, etc. [23].

Omega-3 PUFAs, i.e., eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids are
essential dietary PUFAs with numerous health benefits. Humans and other mammalian
can synthesize EPA and DHA via the activity of elongase and desaturase enzymes over the
shorter-chain omega-3 fatty acids, α-linolenic acid (ALA), which is usually found in many
land plants commonly part of the normal human diet. However, it has been described that
this de novo synthesis process is poorly efficient, making it necessary to obtain adequate
amounts of EPA and DHA from the diet, mainly through the consumption of fish and
seafood products [24].

Habitual intake of fish-derived omega-3 has been reported to be involved in the
prevention of several metabolic alterations and diseases, including autoimmune disor-
ders, MetS, diabetes, CVD, neurodegenerative diseases, cancer, and others [25]. Those
beneficial effects are the consequence of their biological functions and bioactivities. EPA
and DHA are incorporated in many parts of the body, including cell membranes, altering
their fluidity and viscosity [26]. They also interact with several transcription factors like
peroxisome proliferator-activated receptor (PPAR), nuclear factor kB (NF-kB), or sterol
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regulatory element-binding proteins (SREBP), affecting critical metabolic pathways [27].
Interestingly, EPA and DHA play an important role in anti-inflammatory processes because
they are substrates for cyclooxygenase, lipoxygenase, cytochrome P450, and several other
enzymes [28]. As a result, there are generated numerous lipid mediators involved in
inflammatory processes, including specialized pro-resolving lipid mediators (SPMs), which
actively resolve inflammation [29].

Several studies have pointed out that fish oils can also improve the antioxidant defense,
mainly via nuclear factor erythroid 2 (Nrf2)-dependent mechanisms [30–33]. However, the
influence of highly unsaturated fatty acids on redox homeostasis remains controversial.
The high consumption of these omega-3 causes an enriched in PUFAs of cell membranes
and tissues, which could make them more vulnerable to suffering from lipid peroxidation
under oxidative stress insults because of the presence of those high unsaturated structures
carrying many “fragile” double bonds [34].

The combination of omega-3 PUFAs and polyphenols in food may not only be useful
for retaining their bioactive value and bioavailability but also may eliminate, or at least
limiting, the deleterious potential effects of the high PUFAs intake regarding oxidation.
Moreover, a recent genome-wide association study (GWAS) [35] showed that both polyphe-
nols (particularly resveratrol and flavonoids) and omega-3 PUFAs can potentially regulate
genes implicated in immune responses and disease pathways, but also several individual
effects on gene expression have been reported. As a consequence, the coadministration of
these nutraceuticals may result in additive (A + B = C; A = 1 and B = 1; C = 2), synergistic
(A + B = C; A = 0 and B = 0; C > 0), amplificated (A + B = C; A = 1 and B = 1; C > 2),
potentiated (A + B = C; A = 0 and B = 1; C > 1), or even attenuated (A + B = C; A = 1 and
B = 1; C < 2), and antagonist (A + B = C; A = 1 and B = 1; C = 0) health effects that need
to be clarified [36–38]. It is necessary to unequivocally identify the molecular processes
and biochemical pathways that can be modulated by the combination of those nutrients,
determine the optimal consumption in the context of several metabolic alterations and
describe potential adverse or antagonist effects that could exist, among other concerns.

Therefore, the aim of this review was to summarize the recent evidence that supports
the combined use of fish-derived PUFAs and polyphenols as nutraceuticals for the pre-
vention and treatment of metabolic disturbances characterized by oxidative stress and
inflammation. For this reason, we have searched the studies published during the last
decade (since 2010) that have investigated the effects that the dietary coadministration of
polyphenols and fish oil or fish-derived omega-3 exerts on health. We have only considered
the studies that tested the health action of the omega-3 PUFAs for marine origin, EPA, and
DHA, excluding those that only evaluated the effects of their precursor ALA, and/or other
PUFAs different from fish-derived omega-3. Moreover, those studies addressing the role of
the combination between polyphenols and fish-derived omega-3 PUFAs as food additives
were also omitted from the review.

2. Combined Polyphenols and Fish Oils Intake for Improving Metabolic Health

During the last decade, several researchers have investigated the synergistic, additive,
and complementary effects between fish oils (EPA and DHA) and polyphenols in prevent-
ing and palliating metabolic alterations and other physiological situations governed by
oxidative stress and inflammation processes to provide solid scientific evidence for the
optimum design of nutritional strategies.

2.1. Combined Polyphenols and Fish Oils Intake for Improving Metabolic Syndrome Features

Several studies, both preclinical and clinical ones, have evaluated the effects that
the combination of polyphenols and fish oils would exert on MetS issues, and they are
summarized in Table 1.
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Table 1. Summary of the researches from the last ten years that have studied the effect of the combination between
polyphenols and fish oils for improving Metabolic Syndrome features.

Bioactive Dose Model Health Effects of the Combination Reference

• In vitro studies

Epigallocatechin-3-
gallate (EGCG) from
green tea and DHA.

EGCG, DHA or
EGCG + DHA
(50 µM)
1 h.

FaO cells
(H4-11-E-C3 rat
hepatoma).

Less lipid peroxidation levels
More GSH/GSSG and less catalase
EGCG impairs DHA-related Nrf2 nuclear
translocation and decreases HO-1 protein
levels.

[39]

Resveratrol and EPA.

Resveratrol
(25 mg/mL);
EPA (30 mM);
19 h.

RAW 264.7 murine
macrophage.

Enhanced anti-inflammatory effect
Decreased NO levels;
Modulating P-SAPK/JNK;
Down-regulation of proinflammatory;
genes (IL, chemokines, transcription
factors);
Up-regulation antioxidant genes.

[40]

Resveratrol and EPA.
Resveratrol
(25 µmol/L);
EPA (20 µmol/L).

Human peripheral
blood leukocytes
(PBLs);
Normal human
articular
chondrocytes from
knee (NHAC-kn).

Synergistic effects on CCL5/RANTES;
Additive effects on IL-6 or CXCL8/IL-8. [41]

• In vivo studies

Resveratrol and fish
oil.

20 mg
resveratrol/kg/day;
0·4 g fish oil (54%
EPA, 10% DHA)/kg
per day;
2 months.

Obese male Wistar
rats.

Activation of the Nrf2/Keap1 pathway;
Increases survival of obese rats because of
less oxidative stress in the aorta and
myocardium.

[42]

Grape seed
proanthocyanidins
extract and fish oil.

Proanthocyanidin
rich grape seed
extract (GSPE,
0.8 g kg−1 feed)
EPA/DHA 1:1
(16.6 g kg−1 feed);
24-weeks.

Prediabetic female
Wistar–Kyoto rats.

Both additive and synergistic effects on
total and specific protein carbonylation in
liver;
Effects strongly depended on the
background diet;
Results correlated with improved insulin
sensitivity and antioxidant status.

[43]

Grape seed
proanthocyanidins
extract and oil rich in
DHA.

GSPE (25 mg/kg
body weight);
500 mg oil-rich DHA
(38.8%)/kg body
weight;
21 days.

Obese male Wistar
rats.

Activation of muscle β-oxidation
More mitochondrial functionality and
oxidative capacity;
Up-regulation of AMPK phosphorylation,
PPARα and Ucp2.

[44]

Apple polyphenols
and fish oil.

1.5% apple
polypheno
l10% fish oil (27%
EPA, 11% DHA);
4 weeks.

Male
Sprague–Dawley rats.

Synergistic effects: lower posterior
abdominal fat wall and testicle peripheral
fat;
Additive effects: lower cholesterol and
FFA; lower adiponectin than in fish oil
and more than in polyphenols; less
oxidative stress than in polyphenols but
more than in fish oil.

[45]
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Table 1. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

Grape seed
proanthocyanidins
extract and fish oil.

GSPE(0.8 g kg−1 feed)
EPA/DHA 1:1
(16.6 g kg−1 feed);
24-weeks.

Prediabetic female
Wistar–Kyoto rats.

Complementary effects:
Lower omega-6/-3 ratio;
Lower production of ARA
proinflammatory lipid mediators;
Up-regulation desaturases towards
omega-3.
Additive effects:
Down-regulation ∆5D and COX activities
on ARA;
Enhancing the antioxidant enzymes
decreasing total FFA in plasma.

[46]

Grape seed
proanthocyanidins
extract and fish oil.

GSPE(0.8 g kg−1 feed)
EPA/DHA 1:1
(16.6 g kg−1 feed);
24 weeks.

Prediabetic female
Wistar–Kyoto rats.

Synergistic effect of GPx activity;
Higher amount of MUFA and
PUFA-containing DAG and long-chain
fatty acid-containing ceramides.

[47]

Grape seed
proanthocyanidins
extract and fish oil.

GSPE(0.8 g kg−1 feed)
EPA/DHA 1:1
(16.6 g kg−1 feed).
24 weeks.

Prediabetic female
Wistar–Kyoto rats.

Additive effects on the regulation of
proteins involved in insulin signaling,
glycolysis, fatty acid beta-oxidation, and
endoplasmic reticulum stress.

[48]

Grape seed
proanthocyanidins
extract and fish oil.

GSPE(0.8 g kg−1 feed)
EPA/DHA 1:1
(16.6 g kg−1 feed);
24 weeks.

Prediabetic female
Wistar–Kyoto rats.

Additive effect on insulin, leptin, and
triglycerides levels in prediabetic rats. [49]

Plant oil extracts
(tocopherols,
cholecalciferol,
retinol, lignans,
coumarins and
dicyclo esters) and
fish oil.

Daily oral gavage of
salmon oil
(1365 mg/kg body
weight)
supplemented with
Schisandra chinensis
oil extract and
Matricaria chamomilla
oil extract at growing
doses of plant extract
from 1365, 2730 to
5460 mg/kg body
weight;
21 days.

Male Balb/c mice.

Synergistic antioxidant effect as free
radical scavengers;
Better immunomodulatory activity at
highest plant extract doses without any
toxicity.

[50]

Brown seaweed
lipids.

0.5% or 2.0% seaweed
lipids;
4 weeks.

Female KK-Ay mice. Less lipid peroxidation in the liver;
Hepatic enrichment in DHA and ARA. [51]

Anti-inflammatory
dietary mixture
(AIDM) (resveratrol,
lycopene, catechin,
vitamins E and C,
and fish oil)

AIDM;
6 weeks.

Female
ApoE*3Leiden
transgenic mice.

Decreased CRP and fibrinogen expression.
Decreased plasma cholesterol, TG, serum
amyloid Aβ, vascular inflammation
markers, and adhesion molecules

[52]

Biologically active
substances-enriched
diet (BASE-diet)
(polyphenols,
b-carotene, probiotics,
and omega-3 and
-6 PUFAs).

BASE-diet;
3 vs. 14 months

Adult male
Sprague–Dawley rats.

Regulation of gonadotrope cell activation
pathway and guanylate cyclase pathway,
mast cell activation, gap junction
regulation, melanogenesis, and apoptosis.

[53]
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Table 1. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

Functional food of
salmon oil
(omega-3 and
omega-6 PUFAs,
vitamins A, E and D3)
with oil extract of
motherwort
(flavonoids and
iridoids).

Daily intragastric
administration of
functional food
(salmon
oil:motherwort oil
extract in 8:2 ratio) at
the doses of 2340 and
1170 mg/kg body
weight;
14 days.

Rats.

Increased left ventricular pressure after
ischemia;
Normalized contraction/relaxation of left
ventricle;
Decreased aspartate amino transferase
and creatine kinase activity;
Cardioprotective effect without any
toxicity.

[54]

• Human studies

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
8 weeks

Humans at high
metabolic risk.

Reduction of the postprandial lipid VLDL;
Increases IDL;
LDL richer and HDL poorer in TG.

[55]

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
8 weeks.

Humans at high
metabolic risk.

Additive effects of polyphenols (less TG,
large VLDL, and urinary 8-isoprostanes)
and of fish oils (less postprandial
chylomicron cholesterol and VLDL
apolipoprotein B-48);
Correlation lipoprotein changes and
8-isoprostanes.

[56]

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
8 weeks

Humans at high
metabolic risk.

Additive effects of polyphenols (less
plasma glucose and increased early
insulin secretion) and of fish oils (reduced
beta-cell function and GLP-1).

[57]

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
8 weeks.

Humans at high
metabolic risk.

Lipid rearrangements (in phospholipids
fatty acid profiles of HDL). [58]

Cranberry
polyphenols;
EPA and DHA.

200 mL of the
cranberry;
1 g omega-3 fatty acid
capsule, 180 mg EPA
and 120 mg DHA,
twice daily;
8 weeks.

Humans with
diabetes and
periodontal disease.

Decreased glycated hemoglobin;
Increased HDL-C;
Improve periodontal status.

[59]
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Table 1. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
Blood samples taken
before and up to 6 h
after the test meal.

Humans at high
metabolic risk.

Change in levels of chylomicron
cholesterol and triglycerides due to
omega-3;
Response to nutraceuticals depends on
acute or chronic supplementation.

[60]

Diet rich in
polyphenols and
omega-3; PUFAs.

Retrospective study;
June 2017 to
December 2018;
Łódź, Poland.

Middle-age patients
after percutaneous
coronary
intervention.

PLR and NLR depending on the
omega-6/omega-3 ratio. [61]

Polyphenols from
green tea and coffee,
vegetables, fruits,
dark chocolates, and
extra-virgin olive oil;
Omega-3 PUFAs
from salmon, dentex,
and anchovies.

Diet naturally rich/or
not in
omega-3 PUFAs
(4 g/day) and/or
polyphenols
(2.861 mg/day);
8 weeks.

Human at high
metabolic risk.

Change in gut microbiota associated with
changes in glucose/lipid metabolism. [62]

Fish oil;
Chocolate containing
plant sterols and
green tea.

Fish oil (1.7 g EPA +
DHA/day);
Chocolate containing
plant sterols
(2.2 g/day);
Green tea (two
sachets/day);
6 weeks.

Patients suffering
from type 2 diabetes.

Both nutraceuticals combined with statin
therapy significantly reduced LDL-C and
CRP.

[63]

Mix of phytosterols,
antioxidants,
probiotics, fish oil,
berberine, and
vegetable proteins
(PROG) + proprietary
lifestyle.

PROG plan daily;
13 weeks.

Healthy overweight
people with
cardiometabolic
syndrome.

Less body and fat mass;
Improved plasma lipid profiles and
inflammation markers.

[64]

Nutraceutical cocktail
(polyphenols,
omega-3 fatty acids,
vitamin E, and
selenium).

Nutraceutical cocktail
daily;
10–20 days.

People with
sedentary behaviors
and fructose
overfeeding.

Less alterations on lipid metabolism;
No effect in preventing insulin resistance. [65]

Aterofisiol® (EPA,
DHA, oligomeric
proanthocyanidin-
sand resveratrol,
vitamins K2, B6, and
B12).

Aterofisiol®;
1 tablet every 24 h
starting 30 days
before the surgery
and stopping 5 days
before it.

Patients with carotid
stenosis who
underwent
endarterectomy.

Alteration of atherosclerotic plaque
composition;
More prevention from neurological events
associated.

[66]

2.1.1. Preclinical Evidence: In Vitro and In Vivo Studies

As Table 1 shows, several studies in both cell and animal models addressed the effects
of the combination between fish oil and polyphenols in restoring the redox homeostasis
that is broken in MetS. Some studies found additive effects on the activation of the nuclear
factor Nrf2 p45-related factor 2/Kelch-like ECH-associated protein 1 (Keap1) pathway.
Particularly, the treatment with a mix of the epigallocatechin-3-gallate (EGCG) and DHA
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significantly activated the Nrf2/Keap1 pathway in hepatic cells [39], and the supplementa-
tion with resveratrol and fish oil showed additive effects on the Nrf2/Keap1 pathway in
the myocardium and aorta of obese male Wistar rats [42], increasing the survival rate of
the obese rats mainly because of the decrease in oxidative stress.

The combined intake of proanthocyanidins from grape seed extract and fish oils
showed relevant additive and even synergistic effects regarding oxidative stress features in
a redox proteomics study focused on the modulation of the hepatic carbonylome (which is
defined as the total carbonylated proteins) in female Wistar–Kyoto rats fed an obesogenic
diet [43]. In fact, only the group fed both nutraceuticals, coadministered with an obeso-
genic diet, showed significantly lower levels of protein carbonylation in the liver and less
plasma insulin concentration. Other additive effects were detected in the coadministered
group, which showed lower lipid peroxidation levels and better oxygen radical absorbance
capacity (ORAC) while lowering cholesterol and tumor necrosis factor-alpha (TNFα) levels,
although these effects seemed to be mainly due to the fish oil effect. Both fish oil and
grape proanthocyanidins up-regulated the glutathione peroxidase (GPx) activity in plasma.
Interestingly, a synergistic effect on the GPx activity was measured, since the double sup-
plementation dramatically enhanced the activity of plasma GPx, an increment that cannot
be explained by the single addition of individual effects of the nutraceuticals. Moreover,
both nutraceuticals and their combination tightly regulated the liver carbonylome. Some
of the carbonylated proteins identified differently responded to each nutraceutical, and
curiously that behavior was strongly dependent on the background diet. The functional
analysis of the pathways potentially modulated by the nutraceuticals through changing
carbonylation profiles revealed enrichments in pathways related to lipid and carbohydrate
metabolism, antioxidant defense, and insulin signaling, which could contribute to explain
the biochemical measurements. As a result, the double supplementation was the most
effective in improving the metabolic health status of the rats. Apart from the effects on
the redox homeostasis in the liver, it is noteworthy that the coadministration of grape
seed proanthocyanidins and an oil-rich in DHA in the diet of obese male Wistar rats
activated muscle β-oxidation, increased the mitochondrial functionality and oxidative
capacity, and up-regulated fatty acid uptake gene expressions, mainly because of increas-
ing 5′-AMP-activated protein kinase (AMPK) phosphorylation, up-regulating peroxisome
proliferator-activated receptor alpha (PPARα) and uncoupling protein 2 (Ucp2) [44]. This
study reflected that the combination of polyphenols and fish-derived omega-3 PUFAs could
also improve muscle status, avoiding the detrimental effects of obesity through altering the
AMPK signaling pathway, which is one of the mechanisms proposed to be behind the MetS
and its derived diseases [67]. Other authors have studied the combination of fish oil with
polyphenols from apples when added to a high cholesterol diet in male Sprague–Dawley
rats [45]. They found that the combination of fish oil and apple polyphenols in the diet
improved serum and liver lipid profiles, but the best results regarding oxidative stress
were given by the supplementation with fish oil alone, although the antioxidant outcomes
of fish oil remained in the double supplemented group.

Besides their effects in restoring the broken redox homeostasis in diet-induced metabolic
disorders, several studies in both cell and animal models addressed the effects of the com-
bination between fish oil and polyphenols on inflammation, which is also a hallmark of
diet-related metabolic disorders.

The mechanisms behind the anti-inflammatory effects of resveratrol plus EPA were
explored in macrophages [40], human peripheral blood leukocytes (PBLs), and articular
chondrocytes from knee (NHAC-kn) [41]. Synergistic anti-inflammatory effects were
detected in macrophages regarding decreased NO levels, modulation of the phospho-stress
activated protein kinase/Jun N-terminal kinase (P-SAPK/JNK) level, down-regulation of
proinflammatory genes, such as interleukins (IL), chemokines, transcription factors; and
up-regulation of several antioxidant genes [40]. In the secretome of IL-1β activated human
chondrocytes, resveratrol and EPA exerted synergistic effects on CCL5/RANTES and
additive effects on IL-6 or CXCL8/IL-8. Moreover, both omega-3 and resveratrol reduced
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the expression of catabolic genes, including metalloproteinases (MMPs), a disintegrin-
like metalloproteinase with thrombospondin motifs-4 (ADAMTS-4), IL-1β, and IL-6, in
chondrocytes [41].

The study of the effect of the combined intake of polyphenols and fish oil using
animal models revealed other mechanisms behind the anti-inflammatory action of these
bioactive compounds. The combination of grape proanthocyanidins and fish oil [46] in
female Wistar–Kyoto rats fed an obesogenic or a control diet, resulted in significant changes
in both total lipid and lipid mediator profiles. The high intake of fish oil caused an en-
richment in omega-3 PUFAs of membranes and tissues, with the concomitant decrease in
omega-6 amount. As a consequence of this replacement, rats exhibited a more favorable
inflammatory and redox status, which was defined by a shift in the 12/15-lipoxygenases
activities towards omega-3 PUFAs, enhanced GPx activities, and significant modulation of
the cyclooxygenase (COX)-dependent synthesis of proinflammatory lipid mediators and
the down-regulation of de novo synthesis of arachidonic acid (ARA) leaded by ∆5 desat-
urase. Polyphenols’ bioactivity was more dependent on the background diet, being more
active when added to a standard diet. In this healthy framework, the coadministration of
polyphenols and fish oils cooperatively downregulated ∆5D and COX activities on ARA,
enhancing the antioxidant enzymes and decreasing total FFA in plasma. In the obesogenic
framework, the double supplementation significantly improved the antioxidant status, but
the proinflammatory outcomes are mainly derived from the fish oils effects rather than
polyphenols because the supplementation with polyphenols alone of the obesogenic diet
led to the activation of some proinflammatory pathways (up-regulation COX pathways
toward omega-3 proinflammatory eicosanoids as PGE2 and 11-HETE and decreased the
detoxification of omega-3 hydroperoxides). Interestingly, the addition of fish oils sup-
pressed those potentially negative effects of polyphenols in the obesogenic diet. Therefore,
additive effects between fish oils and polyphenols were found in the standard diet, but fish
oils are mainly behind the positive effects in obesogenic one rather than polyphenols, con-
sidering lipid mediator modulation. Moreover, the double supplemented group showed
increased GPx activity, as well as monounsaturated fatty acid and polyunsaturated fatty
acid-containing diacylglycerols (DAG) and long-chain fatty acid-containing ceramides
abundances compared to the control [47].

These lipidomic profiles were correlated with lower insulin resistance, and further
research demonstrated that there was also an up-regulation of proteins involved in improv-
ing insulin signaling as well as glycolysis enzymes, enhancing fatty acid beta-oxidation
and ameliorating endoplasmic reticulum stress in the liver, especially in the double sup-
plemented obesogenic diet [48]. Biochemical and biometric parameters confirmed the
conclusions given by the lipidomic and proteomic data, which showed that whereas sepa-
rate supplementation with fish oil or grape proanthocyanidins might not counteract all
the metabolic disturbances induced by the obesogenic diet, the nutraceutical combination
could restore insulin, leptin, and triglyceride levels to normal values [49].

Several authors also used preclinical studies to test the effects of the combination of
polyphenols, marine omega-3 PUFAs, and other biologically active substances. Fish oil
supplemented with plant oil extracts (from Schisandra chinensis and Matricaria chamomilla),
rich in tocopherols, cholecalciferol, retinol, lignans, coumarins, and dicyclo esters, [50]
demonstrated synergistic effects as free radical scavengers compared to controls in mice
animal models. Brown seaweed lipids extracts (rich in polyphenols, omega-3, and fucox-
anthin) resulting in less lipid peroxidation in the liver of female KK-Ay mice, although
the hepatic percentage of PUFAs (especially DHA and AA) increased [51]. The long-term
intake of a mixture of polyphenols, b-carotene, probiotics, and salmon fat modulated the
expression of relevant genes associated with chronic disorders (gonadotrope cell activation
pathway and guanylate cyclase pathway, mast cell activation, gap junction regulation,
melanogenesis, and apoptosis) in the liver of male Sprague–Dawley rats. These data
suggested a link between the diet, reproductive system function, and aging and the po-
tential control by diet bioactive substances [52]. Moreover, an anti-inflammatory bioactive
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mixture containing resveratrol, lycopene, catechin, vitamins E and C, and fish oil was
effective in improving lipid and inflammatory CVD risk factors. This nutraceutical mixture
strongly reduced atherosclerotic lesion development in female transgenic mice because of
decreased cytokine-induced human C-reactive protein (CRP) and fibrinogen expression,
plasma cholesterol, triacylglycerols (TG), serum amyloid Aβ and expression of the vascular
inflammation markers and adhesion molecules as compared to the control group [53].
Focusing on cardiovascular protection, a new functional food was developed by com-
bining the bioactive capacities of fish oil (namely salmon oil, rich in PUFAs, omega-3,
omega-6, and vitamins A, E, and D3) with a herbal oil extracted from motherwort (rich in
flavonoids and iridoids) to obtain a food with superior cardioprotective properties than a
single product, in terms of normalization of heart rate after ischemia, increasing the left
ventricular pressure and normalizing the contraction and relaxation of the left ventricle,
while decreasing aspartate amino transferase and creatine kinase activity in rats, without
any toxicity [54].

2.1.2. Clinical Evidence: Human Trials

The combined effect between polyphenols and fish oils was also evaluated in some
human trials focusing MetS disturbances based on their synergistic, additive, or comple-
mentary antioxidant and anti-inflammatory properties supported by the studies in cell and
animal models.

The effects of diets rich in fish-derived omega-3 (EPA and DHA) and polyphenols
in subjects at high cardiovascular risk have been studied in several human trials focused
on lipoprotein metabolism and atherogenicity. Results showed that both nutraceuticals
induced: a reduction in the postprandial lipid content of large very-low-density lipoprotein
(VLDL) and increases intermediate-density lipoprotein (IDL) cholesterol; modification of
the composition of LDL particles, which become richer in triglycerides, and of HDL, which
become instead triglyceride poor [55,56] while decreasing oxidative stress (lower urinary
8-isoprostane concentrations) [56], and blood glucose (mainly in response to polyphenols),
insulin secretion and postprandial glucagon-like peptide 1 levels (mainly because of marine
omega-3 intake) [57]. Moreover, nutritional intervention with diets rich in fish oils and
polyphenols induced relevant lipid rearrangements, especially in the phospholipids fatty
acid profiles of HDL, in subjects at high cardiovascular disease risk, which could be useful
as a biomarker of early lipid metabolic alterations [58].

The beneficial influence of diets enriched in proanthocyanidins from cranberry juice
and fish oil on both insulin and lipoprotein metabolisms were also found in patients
with diabetes and periodontal disease since this mixture of nutrients decreased gly-
cated hemoglobin and increased HDL-C, while improving periodontal status in those
patients [59]. It was also reported that the postprandial chylomicron response to acute or
chronic fish oils plus polyphenols intake is different and even opposite [60], adding an extra
layer in the complex effects of the nutritional intervention with these food compounds.
Some other authors demonstrated that the balanced omega-6/omega-3 ratio should also
be considered in this kind of nutrition strategies, at least for patients after percutaneous
coronary intervention, where it seemed that a balanced omega-6/omega-3 ratio rather than
high polyphenols and fish in the diet was the main responsible for lowering some inflam-
mation markers and predictors of CV mortality (platelet to lymphocyte ratio and CRP) in
blood [61]. A significant modulation of the microbiota composition of diets naturally rich
in polyphenols and fish in subjects at high cardio metabolic risk was also reported [62]
and correlated with changes in glucose and lipid metabolism. Previous studies in ani-
mal models have already demonstrated the influence of fish oils in the bioavailability of
proanthocyanidins by changing the microbial-derived metabolites in rats fed both bioactive
compounds [21]. Interestingly, some pieces of information demonstrated that statin therapy
of patients suffering from CVD could be efficiently complemented with a combination
of fish oils and polyphenols, which reduced LDL-C and CRP, allowing the treatment of
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patients with or at risk for CVD who cannot tolerate high dose statin therapy by using
lower statin dose and those specific dietary compounds [63].

Several mixtures of bioactive substances and nutraceutical cocktails, all of them
especially rich in polyphenols and fish oils, were also tested in human trials. A mix of phy-
tosterols, antioxidants, probiotics, fish oil, berberine, and vegetable proteins significantly
decreased body and fat mass and improved plasma lipid profiles and inflammation mark-
ers in healthy overweight subjects with MetS that were following a proprietary lifestyle
modification program [64]. One similar nutraceutical cocktail (composed of polyphenols,
omega-3 fatty acids, vitamin E, and selenium) were evaluated on the metabolic and phys-
iological changes induced by sedentary behaviors along with fructose overfeeding [66],
resulting in prevention of the alterations on lipid metabolism but without any effect in
preventing insulin resistance. Finally, the combination of EPA, DHA, oligomeric proan-
thocyanidins, resveratrol, and vitamin K2, vitamin B6, vitamin B12 (Aterofisiol®) [66]
altered the composition of the atherosclerotic plaque significantly, reducing the amounts
of cholesterol and lipids and providing more protection against the adverse neurological
events that could be derived from the rupture of the atherosclerotic plaque.

2.2. Combined Polyphenols and Fish Oils Intake in Neurodegenerative Pathologies, Cancer, and
Other Health Effects

Besides MetS disorders, during the last decade, the combination of polyphenols and
fish oils has been studied for the development of nutritional strategies that would result
in an effective method of preventing and treating other diseases. In all the cases, these
diseases, and also other physiological situations addressed, were also characterized by the
disruption/change of the redox homeostasis and/or inflammatory status, and hence, they
are strongly influenced by diet as well. Many of them are age-related diseases, such as
brain damages, cognition alterations, and neurodegenerative diseases, which have been
gained increasing interest in parallel with the extension of lifespan and the dramatic rate of
aging of the worldwide population. The summary of the studies addressing these issues
from the last decade is shown in Table 2.

Table 2. Summary of the researches from the last ten years that have studied the effect of the combination between
polyphenols and fish oils for improving neurodegenerative pathologies, cancer, and other health effects.

Bioactive Dose Model Health Effects of the Combination Reference

Neurodegenerative Diseases

• In vitro studies

EPA, Lyc-O-mato,
carnosic acid, and
lutein.

0.125 µM EPA, 0.1 µM
Lyc-O-mato, 0.2 µM
carnosic acid and 0.2 µM
lutein.

BV-2 immortalized
murine microglial
cell line.

Synergistic inhibition of the production
of proinflammatory mediators:
Inhibition redox-sensitive NF-κB
activation;
Inhibition of superoxide production;
Upregulation COX-2 and iNOS;
More release of PGE2 and NO;
Attenuation IL-6 and CD40.

[68]

Polyphenols
(resveratrol,
quercetin, and
apigenin),
omega-3 and
omega-9 fatty
acids (α-ALA, EPA,
DHA, and OA) and
α-tocopherol.

Polyphenols: 1.5 to
6.25 µM;
Fatty acids: 6.25 to 50 µM.
α-Tocopherol: 400 µM.

N2a Neuronal cells. Cytoprotective against
7-Ketocholesterol-induced neurotoxicity. [69]



Molecules 2021, 26, 2438 12 of 24

Table 2. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

• In vivo studies

Resveratrol and
DHA.

50 mg/kg/day of each
supplement (alone and
combined);
6 weeks.

Adult
C57Bl/6 mice.

Modulation of steroid hormone
biosynthesis, JAK-STAT signaling
pathway, ribosome, graft-versus-host
disease pathways in the hippocampus;
Decreased IL-6 and Apolipoprotien E
(ApoE) expression.

[70]

LMN diet rich in
polyphenols and
PUFAs.

LMN diet;
5 months.

Tg2576 male and
female mice as a
model of AD.

Delays the Aβ plaque formation and
decreases Aβ1–40 and Aβ1–42 plasma
levels in adult mice.

[71]

LMN diet rich in
polyphenols and
PUFAs.

LMN diet;
10, 20, 30, or 40 days.

129S1/SvImJ adult
male mice.

Enhancement of cholinergic and
catecholaminergic transmissions;
Nrf2 activation and increased protein
levels of SOD-1 and GPx.

[72]

Resveratrol,
prebiotic fiber, and
DHA.

Resveratrol 50 mg/L
drinking water;
DHA and prebiotics in
powdered food (100 g of
prebiotic, 300 g of DHA,
and 600 g of standard diet
per 1 kg of food);
Administration from
post-natal day 21 to 43.

Adolescent male
and female
Sprague–Dawley
rats suffering from
mild traumatic
brain injury.

Modify premorbid characteristics
Prevented injury-related deficits in
longer-term behavior measures, medial
prefrontal cortex spine density, and
levels of Aqp4, Gfap, Igf1, Nfl, and Sirt1
expression in the prefrontal cortex.

[73]

Multivitamins, zinc,
polyphenols,
omega-3 fatty acids,
and probiotics.

Bioactive mixture for 2 two
weeks;
48 days.

Crickets.

A combination of multivitamins, zinc,
and omega-3 fatty acids was the most
effective for improving memory and
cognitive performance.

[74]

• Human studies

Smartfish®

(omega-3 EPA and
DHA, and
resveratrol, vitamin
D, and whey
protein).

200 mL/day Smartfish®

drink containing 1000 mg
DHA, 1000 mg EPA,
pomegranate and
chokeberry, 10 mg vitamin
D3 and resveratrol, whey
protein, fiber, and fruit
juice;
4–17 months.

Patients with minor
cognitive
impairment (MCI),
with pre-MCI, or
with Alzheimer
disease (AD).

Increase amyloid-β phagocytosis and
resolvin D1 in patients with MCI. [75]

Smartfish®

(omega-3 EPA and
DHA, and
resveratrol, vitamin
D, and whey
protein).

200 mL/day Smartfish®

drink containing 1500 mg
DHA and 1500 mg EPA,
10 µg vitamin D3, 150 mg
resveratrol, and 8 g whey
protein isolate;
6 months.

Older adults
(68–83 years)
without any specific
pathology.

Limited beneficial effects improving
cognitive function. [76]

NEWSUP (high in
plant polyphenols
and omega-3 fatty
acids, high
fortification of
micronutrients, and
high protein
content).

NEWSUP;
23 weeks.

Children aged
15 months to
7 years; primary
population:
children younger
than 4.

Increased working memory, hemoglobin
concentration among children with
anemia, decreased body mass index z
score gainm, and increased lean tissue
accretion with less fat;
Increased index of cerebral blood flow
(CBFi).

[77]
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Table 2. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

Cancer

• In vivo studies

Curcumin and
fish oil.

1% (w/w) curcumin;
4% (w/w) menhaden
fish oil;
3 weeks nutraceutical
supplementation +
genotoxic carcinogen
injections + 17 weeks.

Lgr5-EGFP-
IREScreERT2

knock-in mice.

Only fish oils + curcumin reduced
nuclear β-catenin in aberrant crypt foci
and synergistically increased targeted
apoptosis in DNA damaged Lgr5+
stem cells;
Only fish oils + curcumin up-regulated
p53 signaling in Lgr5+ stem cells from
mice exposed to a carcinogen.

[78]

• Human studies

PureVida™
(EPA/DHA/
hydroxytyrosol/
curcumin).

3 capsules of
PureVida™/day;
Each capsule: 460 mg of
fish oil (EPA and DHA),
125 mg of Hytolive®

powder (12.5 mg of natural
hydroxytyrosol), and
50 mg extract of curcumin
(47.5 mg curcuminoids);
1 month.

Post-menopausal
breast cancer
patients.

Decrease in CRP;
Reduction of pain from aromatase
inhibitors of hormonal therapies.

[79]

Mediterranean diet.

Mediterranean-type
dietary pattern;
Population-based
case–control study;
January 2015 to
December 2016;
Catania, Italy.

Prostate cancer
(PCa) cases and
controls.

High adherence to diet inversely
associated with the likelihood of
prostate cancer:
PCa cases consume a lower amount of
vegetables, legumes, and fish.

[80]

Exercise and physical activity

• In vivo studies

Fish oil and
curcumin.

5% fish oil (EPA: 13.2%;
DHA: 8.6%; DPA: 4.9%),
1% curcumin in diet;
10 days supplement +
7 day hindlimb unloading.

C57BI/6 mice.

Decreased loss of muscle
cross-sectional area;
An enhanced abundance of HSP70 and
anabolic signaling (Akt
phosphorylation, p70S6K
phosphorylation) while reducing Nox2.

[81]

• Human studies

Beverages based on
almonds and olive
oil and enriched
with α-tocopherol
and DHA.

1 L daily supplementation
of almond and olive oil
and α-tocopherol based
beverage enriched with a
DHA functional beverage
five days a week;
5 weeks.

Young/senior male
athletes.

Increased PUFAs and reduced SFAs
in plasma;
Increased DHA in erythrocyte;
Increased blood cell polyphenol
concentration in senior athletes;
Protects against oxidative damage but
enhances nitrative damage in
young athletes;
Gene expression of antioxidant enzymes
in peripheral blood mononuclear cells
after exercise in young athletes (GPx,
CAT, and Cu–Zn SOD).

[82]
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Table 2. Cont.

Bioactive Dose Model Health Effects of the Combination Reference

Beverages based on
almonds and olive
oil and enriched
with α-tocopherol
and DHA.

1 L daily supplementation
of almond and olive oil
and α-tocopherol based
beverage enriched with a
DHA functional beverage
five days a week;
5 weeks.

Young/senior
male athletes.

Increased TNFα levels depending on
age and exercise;Attenuated the increase
in plasma NEFAs, sICAM3 and
sL-Selectin induced by exercise;
Exercise increased PGE2 plasma levels
in supplemented young athletes;
Exercise increased NFkβ-activated
levels in PBMCs mainly in
supplemented young athletes.

[83]

Antioxidant/anti-
inflammatory
cocktail
(polyphenols,
vitamin E, selenium,
and omega-3).

Daily antioxidant/anti-
inflammatory cocktail
(741 mg of polyphenols,
138 mg of vitamin E, 80 µg
of selenium, and 2.1 g of
omega-3);
60 days of hypoactivity.

Healthy, active
male subjects.

Ineffectiveness regarding oxidative
muscle damage, mitochondrial content,
and protein balance and a disturbance
of essential signaling pathways (protein
balance and mitochondriogenesis)
during the remobilization period.

[84]

Age-related eye disease

• In vitro studies

Resvega (30 mg of
trans resveratrol
and 665 mg of
omega-3 EPA and
DHA, among
other nutrients).

288 ng of Resvega (30 mg
of trans resveratrol and
665 mg of omega-3, among
other nutrients);
48 h.

ARPE-19 cells.

Induced autophagy by increased
autolysosome formation and
autophagy flux;
Change p62 and LC3 protein levels;
Cytoprotection under
proteasome inhibition

[85]

• In vivo studies

Resvega (30 mg of
trans resveratrol
and 665 mg of
omega-3, among
other nutrients).

100 µL of Resvega once
a day;
38 days.

C57BL6/J mice.

Less vascular endothelial growth factor
(VEGF) protein expression levels and
less MMP-9 activity;
Mitigate choroidal neovascularization
and retinal disease.

[86]

Others

Dermatologic food
(EPA + DHA +
polyphenols).

Dermatologic food;
8 weeks. Adult atopic dog. Reductions in clinical scores of

atopic dermatitis. [87]

Olive oil
polyphenols and
fish oil.

Prospective birth cohort
Assessment of Lifestyle
and Allergic Disease
During INfancy
(ALADDIN)
Families recruited:
September 2004–
November 2007;
Stockholm area, Sweden.

Placentas. Altered histone acetylation in placentas. [88]

Omega-3 fatty
acids, and
polyphenols, fiber.

Mother–neonate pairs from
the prospective and
observational MAMI
birth cohort.
Recruited: 2015–2017
Spanish–Mediterranean
area;
18 months.

Gut microbiota
from
mother–neonate
pairs.

Higher abundance of the Ruminococcus
species in maternal gut microbiota;
Higher relative abundance of
Faecalibacterium prausnitzii considered as
a biomarker of colonic health, associated
with anti-inflammatory properties;
Modulation of neonatal microbiota.

[89]
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2.2.1. Preclinical and Clinical Evidence on Neurodegenerative Diseases

In order to discover the mechanistic roles behind the beneficial effects of polyphenols
and fish oils on cognition alteration and neurodegenerative processes, it has been investi-
gated the effects of dietary supplementation with resveratrol and DHA on hippocampal
gene expression in adult C57BL/6 mice because the hippocampus is vital for multiple
cognitive functions, including memory formation [70]. Most of the genes that were signif-
icantly altered were associated with inflammatory responses, with a decreased IL-6 and
apolipoprotein E expression. So, genomic data indicate that resveratrol and DHA likely
exert their beneficial effects through anti-inflammatory mechanisms.

This anti-inflammatory action was further investigated by determining the role of
polyphenols and fish oils in modulating the release of proinflammatory mediators and
cytokines related to cognitive failures and neurodegenerative processes. In cell models, [68]
it was reported that low concentrations of a combination of fish oils (particularly EPA-
rich) and phytonutrients (Lyc-O-mato, carnosic acid with or without lutein) were very
efficient in inhibiting the transformation of microglia to proinflammatory M1 phenotype
and may prevent cognition deficit because there were synergistic effects in the inhibition
of the redox-sensitive NF-κB (nuclear factor-κ light-chain enhancer of activated B-cell)
activation and increasing the anti-inflammatory IL-10 secretion. In N2a neural cell, it was
also demonstrated that the combination of polyphenols (resveratrol, quercetin, apigenin),
as well as omega-3 and omega-9 unsaturated fatty acids (α-linolenic acid, ALA, EPA, DHA,
and oleic acid (OA)) main nutrient of the Mediterranean diet, were potent cytoprotective
agents against 7-Ketocholesterol-induced neurotoxicity by decreasing ROS, mitochondrial
dysfunction and cell death [69]. The benefits of other diets rich in polyphenols and
polyunsaturated fatty acids, like the LMN diet, have also been shown in animal models of
aging and Alzheimer’s disease, where the diet decreased the behavioral deterioration and
delayed the amyloid plaques formation [71], and caused an enhanced modulatory effect
on both cholinergic and catecholaminergic transmissions [72] pointing toward to a possible
reducing effect on cognitive decline underlying aging and Alzheimer’s disease. Similar
conclusions on the improvement of memory and cognitive performance were also reached
in animal models feeding diets rich in those compounds and other bioactive nutrients [74].

The supplementation of the diet with Smartfish®, a bioactive mixture containing
omega-3 EPA and DHA, resveratrol, vitamin D, and whey protein, increased amyloid-β
phagocytosis and resolvin D1 in patients with minor cognitive impairment [75]. However,
a further clinical trial with this diet in a sample from older adults (68–83 years) without any
other pathology, had only a limited beneficial impact, highlighting the need for more inves-
tigations to establish any potential clinical applications of such targeted interventions with
longer durations of supplementation, or in populations with defined cognitive deficits [76].

Several other studies have addressed the effect of omega-3 and polyphenols in young
subjects. It has been shown that the combination of resveratrol, prebiotic fiber, and omega-
3 DHA improves the post-mild traumatic brain injury function in adolescent rats [73]. In
addition, supplementary feeding for 23 weeks with plant polyphenols and fish oils seemed
to improve executive function, brain health, and nutritional status in vulnerable young
children at risk of undernutrition living in low-income countries [77].

2.2.2. Preclinical and Clinical Evidence on Cancer

The bioactivity of the combination between polyphenols and omega-3 PUFAs was
also tested against some types of cancers. Both natural lipophilic polyphenols and omega-
3 PUFAs are well-known suppressors of the Wnt- and NF-κB-related pathways, at least,
individually, and often have been targeted in colon cancer research, because the majority
of colon tumors are driven by aberrant Wnt signaling in intestinal stem cells [90]. It has
been studied the less-known effects of these nutrients (fish oil and curcumin) on colonic
leucine-rich repeat-containing G-protein-coupled receptor 5-positive (Lgr5 + ) stem cells
in mice, which are the cells of origin of colon cancer. The authors reported that only the
combination between the bioactive compounds synergistically increased targeted apoptosis
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in DNA damaged Lgr5+ stem cells, maximally reduced damaged Lgr5+ stem cells, drop to
the level measured in saline-treated mice. Moreover, p53 signaling in Lgr5+ stem cells from
mice exposed to azoxymethane (a genotoxic carcinogen) was uniquely up-regulated only
following fish oil plus curcumin cotreatment [78]. This promising combination between
omega-3 and polyphenols in colorectal cancer has driven new strategies to ameliorate the
efficacy and reduce the toxicity of the drugs. Particularly, the encapsulation of omega-
3 PUFA into solid lipid nanoparticles (SLN) having a lipid matrix containing resveratrol
esterified to stearic acidenhanced their incorporation in human HT-29 CRC cells in vitro
significantly, and also their growth inhibitory effects in these cancer cells because of reduced
cell proliferation [91].

Other nutraceutical combinations were also evaluated for different cancers. A recent
study reported that olive-derived polyphenol hydroxytyrosol combined with omega-
3 fatty acids and curcumin (PureVida™) reduced inflammation and pain in patients with
aromatase-induced musculoskeletal symptoms, as one of the side effects of the hormonal
therapies for breast cancer [79]. Potential links between diets rich in polyphenols and fish
oils, such as the Mediterranean diet, were also described for prostate cancer. The high
adherence to this diet was found inversely associated with the likelihood of suffering from
prostate cancer [80].

2.2.3. Preclinical and Clinical Evidence on Other Pathologies and Physiological Processes

During this last decade, other physiological processes in which oxidative stress and/or
inflammation are causal were also studied. The combination of fish oil and curcumin
prevented skeletal muscle atrophy due to a boost of heat shock proteins and anabolic
signaling in an unloaded state [81]. Functional beverages based on almonds and olive
oil and enriched with α-tocopherol and DHA [82] protected against oxidative damage,
although it enhanced nitrative damage in young athletes. These beverages enhanced the
gene expression of antioxidant enzymes in peripheral blood mononuclear cells (PBMCs)
after exercise in young athletes while enhanced a proinflammatory circulating environment
in response to the exercise, but this proinflammatory outcome was less evident in the senior
athletes [83]. The effects of an antioxidant/anti-inflammatory cocktail in the prevention of
muscle deconditioning induced by long-term inactivity in healthy men were evaluated but
did not find any significant one [84]. Therefore, it seems that redox balance mechanisms in
skeletal muscle are extremely complex, and it is probable they were deficiently studied for
the development of successful nutritional strategies.

Several studies have focused on some age-related eye diseases to test the effects of the
combination between fish oils and polyphenols. As a result of these researches, it has been
reported that omega-3 and resveratrol could prevent aged retinal pigment epithelial (RPE)
cells damage and age-related macular degeneration [85], choroidal neovascularization [86],
and blueberry polyphenols can prevent lipid peroxidation of DHA and ARA induced
daily visible light exposure to the retina [92]. It has been proposed that they can be used
for designed dermatologic diets to improve skin barrier function for the treatment of
dermatitis [87].

Finally, some studies were aimed to test the effects of maternal supplementation with
polyphenols and omega-3 on immune priming in the newborn [88], and maternal and
neonatal microbiota, and the consequence of this modulation on the infant health out-
comes [89]. These studies revealed that microbiota and immune priming in the newborn
are tightly regulated by maternal diet composition and polyphenols and omega-3 partic-
ularly, affecting microbiota populations and modulating the histone acetylation pattern
in placentas. Previous studies already demonstrate that a combination of polyphenols,
particularly resveratrol and marine omega-3 EPA and DHA, modulated the gene expression
level of histone deacetylase Sirtuin 1 in human monocytes (THP1) [93].
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2.3. Omega-3 Lipophenols Derivatives: The Combined Properties of Omega-3 PUFAs and
Polyphenols in a Single Molecule

The successful combination of the biological activities of polyphenols and omega-
3 PUFAs on oxidation, inflammation, diet-related diseases, cancer, and other human
pathologies have been reported in several studies, as we showed in this review. As a
consequence, the interest in the so-called omega-3 lipophenol derivatives or phenolipids
has grown during the last decade. It has been described a heterogeneous group of different
chemical structures obtained from the chemical bonding between polyphenols and omega-
3 PUFAs and some from natural sources [94–96]. There are also esterified phenols with
fatty acids different from omega-3 PUFAs, such as caprylic acid [97], palmitoyl acid [98], or
oleic acid [99], mainly investigated because of their protective effect in lipid-based food
matrices from oxidation, and more recently as functional food ingredients [100]. Even if
they are also very relevant and showed important properties and functions, they are out of
the scope of this review, and only the last studies about omega-3 lipophenol derivatives
will be considered and summarized in Table 3.

Table 3. Summary of the most recent researches that have studied the potential of lipophenols for their use in the prevention
and treatment of several human diseases and pathologies.

Lipophenol Dose Model Health Effects of the
Combination Reference

• In vitro studies

Isopropyl-
phloroglucinol
(IP)-DHA; IP–D2-DHA;
IP–D4-DHA.

0–80 µM for 1 h. ARPE-19 cells.

Reduced radical lipid
peroxidation status on cells
under oxidative conditions as a
model of age-related macular
degeneration and
Stargardt’s disease.

[101]

IP-DHA. 0–80 µM for 1 h.
Primary rat RPE, mouse
neural retina and human
ARPE-19 cells.

Both polyphenol and PUFAs are
needed for anti-carbonyl and
anti-oxidative capacities;
Protection against a lethal dose
of all-trans-retinal;
Long term protection effects.

[102]

Quercetin conjugated
to DHA (Q-3-DHA). 0–80 µM for 1 h. ARPE-19 cells.

Less toxicity that quercetin alone
and better
anti-carbonyl capacity.

[103]

Q-3-DHA-7OiP
(quercetin-isopropyl
DHA).

0–80 µM for 1 h. ARPE-19 cells. Highly capacity against carbonyl
and oxidative stresses. [104]

Quercetin-3-O-
glucoside (Q3G)-EPA
and -DHA.

1 mM for 48 h at 37 ◦C.

Normal diploid human
fetal lung fibroblast cell
line (WI-38);
Fresh human normal
primary hepatocytes
(h-NHEPS™).

Greater cell viability upon H2O2
exposure in lung and liver;
Lower production of lipid
hydroperoxides under induced
oxidative stress.

[105]

Quercetin-3-O-
glucoside (Q3G)-EPA
and -DHA.

1 mM for 48 h at 37 ◦C.
Normal diploid human
fetal lung fibroblast cell
line (WI-38).

Protection against nicotine- and
Cr(VI)-induced cell death and
membrane lipid peroxidation;
A less inflammatory response
(lesser COX-2 and PGE2).

[106]

DHA linked to
resveratrol (RES-DHA).

10, 20, 40, or 80 µM for
72 h. THP-1 monocytes. Capacity for inhibiting MMP-9. [107]
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Table 3. Cont.

Lipophenol Dose Model Health Effects of the
Combination Reference

• In vivo studies

IP-DHA.

An intravenous
injection at doses from
5 to 30 mg/kg body
weight;
An orally gavaged
administration at doses
from 40 to 150 mg/kg
body weight.

Albino Abca4−/−mice.

A dose-dependently decreased
light-induced photoreceptor
degeneration and preserved
visual sensitivity by reducing
carbonyl stress in the retina;Long
term protection effects.

[108]

Acylated
phloridzin-DHA
(PZ-DHA).

In vitro: 10, 50, 100 µM
for 24 h at 37 ◦C;
In vivo: 5 intra-tumoral
injections of PZ-DHA:
0.75 mg/kg;
15-days.

Mammary carcinoma
(MDA-MB-231,
MDA-MB-468, 4T1,
MCF-7 and T-47D) cells;
Female non-obese diabetic
severe combined
immunodeficient
(NOD-SCID) mice.

Selectively cytotoxic to breast
cancer cells in vitro and in vivo. [109]

Acylated
phloridzin-DHA
(PZ-DHA).

In vitro: 10 µM for 24 h
at 37 ◦C;
In vivo: Intraperitoneal
injection of PZ-DHA
(100 mg/kg body
weight) every second
day for 9 days;
17-days.

Mammary carcinoma
(MDA-MB-231,
MDA-MB-468, 4T1,
MCF-7 and T-47D) cells;
BALB/c and NOD-SCID
female mice.

Potential prevention or
inhibition of triple-negative
breast cancer (TNBC).

[110]

Over the last five years, esterified phenols with DHA have been studied for the
treatment of retinal pathologies characterized by high levels of carbonyl and oxidative
stresses, including age-related macular degeneration and Stargardt’s disease. Several
lipophenols has been synthetized and tested, such as O-alkylated resorcinol derivatives
(phloroglucinol or resveratrol) linked to DHA or lysophosphatidylcholine–DHA [23],
isopropyl-phloroglucinol–DHA [101,102,108], quercetin conjugated to DHA [103], and
very recently, a new DHA-quercetin lipophenol [104]. These investigations reported
powerful antioxidant properties and high protection activities against reactive aldehyde
all-trans-retinal toxicity and photo-oxidative toxicity and constitute highly promising
strategies for the prevention of retinal degeneration. Antioxidant, anti-inflammatory, and
anticarcinogenic properties for quercetin and quercetin glycosylated derivatives bound to
omega-3 PUFAs ALA, EPA and DHA were also reported in lung cells exposure to H2O2
insult [105] or cigarette smoke toxicants [106].

Finally, DHA and phenols conjugated have also been synthesized for increasing the
bioactivity of the individual compounds against breast cancer. Remarkably, DHA-acylated
phloridzin (PZ-DHA), a novel polyphenol fatty acid ester derivative [109], was selectively
cytotoxic to breast cancer cells in vitro and in vivo and also might prevent or inhibit the
progression of triple-negative breast cancer (TNBC) [110]. DHA linked to resveratrol
was evaluated as an inhibitor of gelatinolytic matrix metalloproteinase MMP-9, but its
inhibitory activity was lower than the resveratrol-linoleic acid conjugated [107].

3. Conclusions

The health benefits of the combination of the bioactive properties of polyphenols
and fish-derived omega-3 PUFAs have been largely supported by a growing amount of
scientific evidence. Much more research is still needed to fully understand the biological
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mechanisms behind the health effects of those nutraceuticals because of the complexity of
the interactions between nutrients and metabolism. Nevertheless, researchers have made
huge efforts to unveil those mechanisms, and some of them have been already described.
Significant cooperative antioxidant and anti-inflammatory effects have been consistently
reported. The antioxidant outcomes seem to be mediated by the additive effects of both
nutraceuticals on the Nrf2 signaling pathway and synergistic effects on the activity of
glutathione peroxidase, which triplicated its activity in some animal models. Amplification
of the plasma antioxidant capacity (more than double in regards to individual capacities)
and attenuation or even antagonism of lipid peroxidation, protein carbonylation, and
urinary 8-isoprostane (decreases of up to 50–100% regarding individual effects) were other
antioxidant cooperative effects often reported. Regarding inflammation, the combination of
the individual bioactivities showed additives effects on several inflammation biomarkers,
such as TNFα, PGE2, or IL-6, which was attenuated by 50–200% in some studies. Nu-
traceuticals also induced lipid rearrangements, changed total lipid profiles, and altered
the formation of lipid mediators towards anti-inflammatory profiles. Alterations in the
metabolism of the lipoproteins and chylomicrons, formation of amyloid Aβ, and atheroscle-
rotic plaques are also consistently reported. Improvements in insulin sensitivity mediated
by changes in protein regulation and gene expression and also gut microbiota modulation
were also reported. It should be noted that the bioactive properties of polyphenols are
closely dependent on their chemical structure, and the proportion between EPA and DHA
determines their functional activities. Among other multiple factors that can influence the
results and the different conclusion extracted from several studies, this review highlight
that the bioactivity of those nutraceuticals are strongly influenced by the background diet,
the progression of the pathophysiological condition, the physical activity of patients and
age, the presence of other bioactive substances, etc. As a consequence, some bioactive
cocktails failed in reproducing the beneficial effects described in cell and animal models
when they were administered in human trials. Because of the complexity of the interaction
of nutraceuticals-metabolism and multiple mechanisms of action, future research should
adopt multi-omic approaches and systems biology strategies to fully understand that inter-
action and mechanisms and identify novel and more precise biomarkers. Current research
also demands more clinical trials and a careful selection of the population cohort in each
case. Moreover, lipophenols, which combine the bioactive properties of both nutraceuticals
in a single molecule, are a very promising strategy for the treatment and prevention of a
plethora of human diseases that need to be tested, and their health effects also need to be
validated both in in vivo studies and human trials.

To summarize, the combination of the bioactive properties of the polyphenols and
fish oils have demonstrated important beneficial effects, especially as antioxidant and anti-
inflammatory agents, because of several synergistic, additive, or complementary effects
between both nutraceuticals, as is evidenced in the majority of the studies already published.
However, more information is needed to understand how these nutraceuticals interact
with each other in vivo and also how they actually interact with the metabolism of a certain
organism, and if it is wanted to use those nutraceuticals as part of personalized nutrition.
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61. Sut, A.; Chiżyński, K.; Różalski, M.; Golański, J.G. Omega-3 Fatty Acids and Low Omega-6/Omega-3 Ratio but not Polyphenols in
Diet Decrease Inflammatory Markers in Men with Chronic Coronary Syndrome Treated with Percutaneous Coronary Intervention.
Kardiol. Pol. 2019. [CrossRef]

62. Vetrani, C.; Maukonen, J.; Bozzetto, L.; Della Pepa, G.; Vitale, M.; Costabile, G.; Riccardi, G.; Rivellese, A.A.; Saarela, M.;
Annuzzi, G. Diets Naturally rich in Polyphenols and/or Long-Chain n-3 Polyunsaturated Fatty Acids Differently Affect
Microbiota Composition in High-Cardiometabolic-Risk Individuals. Acta Diabetol. 2020, 57, 853–860. [CrossRef]

63. Scolaro, B.; Nogueira, M.S.; Paiva, A.; Bertolami, A.; Barroso, L.P.; Vaisar, T.; Heffron, S.P.; Fisher, E.A.; Castro, I.A. Statin Dose
Reduction with Complementary Diet Therapy: A Pilot Study of Personalized Medicine. Mol. Metab. 2018, 11, 137–144. [CrossRef]

64. Dahlberg, C.J.; Ou, J.J.; Babish, J.G.; Lamb, J.J.; Eliason, S.; Brabazon, H.; Gao, W.; Kaadige, M.R.; Tripp, M.L. A 13-Week
Low Glycemic Load Diet and Lifestyle Modification Program Combining Low Glycemic Load Protein Shakes and Targeted
Nutraceuticals Improved Weight Loss and Cardio-Metabolic Risk Factors. Can. J. Physiol. Pharmacol. 2017, 95, 1414–1425.
[CrossRef]

65. Damiot, A.; Demangel, R.; Noone, J.; Chery, I.; Zahariev, A.; Normand, S.; Brioche, T.; Crampes, F.; de Glisezinski, I.; Lefai, E.; et al.
A Nutrient Cocktail Prevents Lipid Metabolism Alterations Induced by 20 Days of daily steps reduction and Fructose Overfeeding:
Result from a Randomized Study. J. Appl. Physiol. 2019, 126, 88–101. [CrossRef]

66. Amato, B.; Compagna, R.; Amato, M.; Gallelli, L.; de Franciscis, S.; Serra, R. Aterofisiol® in Carotid Plaque Evolution. Drug Des.
Devel. Ther. 2015, 3877. [CrossRef]

67. Mendrick, D.L.; Diehl, A.M.; Topor, L.S.; Dietert, R.R.; Will, Y.; La Merrill, M.A.; Bouret, S.; Varma, V.; Hastings, K.L.;
Schug, T.T.; et al. Metabolic Syndrome and Associated Diseases: From the Bench to the Clinic. Toxicol. Sci. 2018, 162, 36–42.
[CrossRef] [PubMed]

68. Hadad, N.; Levy, R. Combination of EPA with Carotenoids and Polyphenol Synergistically Attenuated the Transformation of
Microglia to M1 Phenotype Via Inhibition of NF-κB. NeuroMolecular Med. 2017, 19, 436–451. [CrossRef]

69. Yammine, A.; Nury, T.; Vejux, A.; Latruffe, N.; Vervandier-Fasseur, D.; Samadi, M.; Greige-Gerges, H.; Auezova, L.; Lizard, G.
Prevention of 7-Ketocholesterol-Induced Overproduction of Reactive Oxygen Species, Mitochondrial Dysfunction and Cell Death
with Major Nutrients (Polyphenols, ω3 and ω9 Unsaturated Fatty Acids) of the Mediterranean Diet on N2a Neuronal Cells.
Molecules 2020, 25, 2296. [CrossRef]

70. Thomas, J.; Garg, M.L.; Smith, D.W. Dietary Supplementation with Resveratrol and/or Docosahexaenoic Acid Alters Hippocampal
Gene Expression in Adult C57Bl/6 Mice. J. Nutr. Biochem. 2013, 24, 1735–1740. [CrossRef]

71. Fernández-Fernández, L.; Comes, G.; Bolea, I.; Valente, T.; Ruiz, J.; Murtra, P.; Ramirez, B.; Anglés, N.; Reguant, J.;
Morelló, J.R.; et al. LMN Diet, Rich in Polyphenols and Polyunsaturated Fatty Acids, Improves Mouse Cognitive Decline
Associated with Aging and Alzheimer’s Disease. Behav. Brain Res. 2012, 228, 261–271. [CrossRef] [PubMed]

http://doi.org/10.1007/s12263-014-0427-1
http://www.ncbi.nlm.nih.gov/pubmed/25156242
http://doi.org/10.3945/jn.110.133751
http://doi.org/10.24411/0042-8833-2017-00021
http://www.ncbi.nlm.nih.gov/pubmed/30645891
http://doi.org/10.1038/s41430-019-0459-0
http://doi.org/10.3945/ajcn.113.073445
http://www.ncbi.nlm.nih.gov/pubmed/24368433
http://doi.org/10.1007/s00125-015-3592-x
http://www.ncbi.nlm.nih.gov/pubmed/25906754
http://doi.org/10.1002/mnfr.201400155
http://doi.org/10.1080/07315724.2017.1357509
http://www.ncbi.nlm.nih.gov/pubmed/29272211
http://doi.org/10.1016/j.nutres.2014.07.005
http://doi.org/10.33963/KP.15078
http://doi.org/10.1007/s00592-020-01494-9
http://doi.org/10.1016/j.molmet.2018.02.005
http://doi.org/10.1139/cjpp-2016-0704
http://doi.org/10.1152/japplphysiol.00018.2018
http://doi.org/10.2147/dddt.s87609
http://doi.org/10.1093/toxsci/kfx233
http://www.ncbi.nlm.nih.gov/pubmed/29106690
http://doi.org/10.1007/s12017-017-8459-5
http://doi.org/10.3390/molecules25102296
http://doi.org/10.1016/j.jnutbio.2013.03.002
http://doi.org/10.1016/j.bbr.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22119712


Molecules 2021, 26, 2438 23 of 24

72. Fernández-Fernández, L.; Esteban, G.; Giralt, M.; Valente, T.; Bolea, I.; Solé, M.; Sun, P.; Benítez, S.; Morelló, J.R.; Reguant, J.; et al.
Catecholaminergic and Cholinergic Systems of Mouse Brain are Modulated by LMN Diet, Rich in Theobromine, Polyphenols and
Polyunsaturated Fatty Acids. Food Funct. 2015, 6, 1251–1260. [CrossRef] [PubMed]

73. Salberg, S.; Yamakawa, G.; Christensen, J.; Kolb, B.; Mychasiuk, R. Assessment of a Nutritional Supplement Containing
Resveratrol, Prebiotic Fiber, and Omega-3 Fatty Acids for the Prevention and Treatment of Mild Traumatic Brain Injury in Rats.
Neuroscience 2017, 365, 146–157. [CrossRef] [PubMed]

74. Madireddy, S.; Madireddy, S. Most Effective Combination of Nutraceuticals for Improved Memory and Cognitive Performance in
the House Cricket, Acheta domesticus. Nutrients 2021, 13, 362. [CrossRef]

75. Fiala, M.; Halder, R.C.; Sagong, B.; Ross, O.; Sayre, J.; Porter, V.; Bredesen, D.E. ω-3 Supplementation Increases Amyloid-β
Phagocytosis and Resolvin D1 in Patients with Minor Cognitive Impairment. FASEB J. 2015, 29, 2681–2689. [CrossRef] [PubMed]

76. Moran, C.; Scotto di Palumbo, A.; Bramham, J.; Moran, A.; Rooney, B.; De Vito, G.; Egan, B. Effects of a Six-Month Multi-Ingredient
Nutrition Supplement Intervention of Omega-3 Polyunsaturated Fatty Acids, Vitamin D, Resveratrol, and Whey Protein on
Cognitive Function in Older Adults: A Randomised, Double-Blind, Controlled Trial. J. Prev. Alzheimer’s Dis. 2018, 1–9. [CrossRef]

77. Roberts, S.B.; Franceschini, M.A.; Silver, R.E.; Taylor, S.F.; de Sa, A.B.; Có, R.; Sonco, A.; Krauss, A.; Taetzsch, A.; Webb, P.; et al.
Effects of Food Supplementation on Cognitive Function, Cerebral Blood Flow, and Nutritional Status in Young Children at Risk
of Undernutrition: Randomized Controlled Trial. BMJ 2020, m2397. [CrossRef]

78. Kim, E.; Davidson, L.A.; Zoh, R.S.; Hensel, M.E.; Salinas, M.L.; Patil, B.S.; Jayaprakasha, G.K.; Callaway, E.S.; Allred, C.D.;
Turner, N.D.; et al. Rapidly cycling Lgr5+ stem cells are exquisitely sensitive to extrinsic dietary factors that Modulate Colon
Cancer Risk. Cell Death Dis. 2016, 7, e2460. [CrossRef]

79. Martínez, N.; Herrera, M.; Frías, L.; Provencio, M.; Pérez-Carrión, R.; Díaz, V.; Morse, M.; Crespo, M.C. A Combination of
Hydroxytyrosol, Omega-3 Fatty Acids and Curcumin Improves Pain and Inflammation Among Early Stage Breast Cancer Patients
Receiving Adjuvant Hormonal Therapy: Results of a Pilot Study. Clin. Transl. Oncol. 2019, 21, 489–498. [CrossRef]

80. Russo, G.I.; Solinas, T.; Urzì, D.; Privitera, S.; Campisi, D.; Cocci, A.; Carini, M.; Madonia, M.; Cimino, S.; Morgia, G. Adherence to
Mediterranean Diet and Prostate Cancer Risk in Sicily: Population-Based Case–Control Study. Int. J. Impot. Res. 2019, 31, 269–275.
[CrossRef]

81. Lawler, J.M.; Garcia-Villatoro, E.L.; Guzzoni, V.; Hord, J.M.; Botchlett, R.; Holly, D.; Lawler, M.S.; Janini Gomes, M.; Ryan, P.;
Rodriguez, D.; et al. Effect of Combined Fish Oil & Curcumin on Murine Skeletal Muscle Morphology and Stress Response
Proteins During Mechanical Unloading. Nutr. Res. 2019, 65, 17–28. [CrossRef]

82. Capó, X.; Martorell, M.; Busquets-Cortés, C.; Sureda, A.; Riera, J.; Drobnic, F.; Tur, J.A.; Pons, A. Effects of Dietary Almond-
and Olive Oil-Based Docosahexaenoic Acid- and Vitamin E-Enriched Beverage Supplementation On Athletic Performance and
Oxidative Stress Markers. Food Funct. 2016, 7, 4920–4934. [CrossRef]

83. Capó, X.; Martorell, M.; Sureda, A.; Riera, J.; Drobnic, F.; Tur, J.A.; Pons, A. Effects of Almond- and Olive Oil-Based
Docosahexaenoic- and Vitamin E-Enriched Beverage Dietary Supplementation on Inflammation Associated to Exercise and Age.
Nutrients 2016, 8, 619. [CrossRef]

84. Arc-Chagnaud, C.; Py, G.; Fovet, T.; Roumanille, R.; Demangel, R.; Pagano, A.F.; Delobel, P.; Blanc, S.; Jasmin, B.J.; Blottner, D.; et al.
Evaluation of an Antioxidant and Anti-inflammatory Cocktail Against Human Hypoactivity-Induced Skeletal Muscle Decondi-
tioning. Front. Physiol. 2020, 11. [CrossRef]

85. Koskela, A.; Reinisalo, M.; Petrovski, G.; Sinha, D.; Olmiere, C.; Karjalainen, R.; Kaarniranta, K. Nutraceutical with Resveratrol
and Omega-3 Fatty Acids Induces Autophagy in ARPE-19 Cells. Nutrients 2016, 8, 284. [CrossRef]

86. Ivanescu, A.A.; Fernández-Robredo, P.; Heras-Mulero, H.; Sádaba-Echarri, L.M.; García-García, L.; Fernández-García, V.; Moreno-
Orduna, M.; Redondo-Exposito, A.; Recalde, S.; García-Layana, A. Modifying Choroidal Neovascularization Development with a
Nutritional Supplement in Mice. Nutrients 2015, 7, 5423–5442. [CrossRef]

87. Witzel-Rollins, A.; Murphy, M.; Becvarova, I.; Werre, S.R.; Cadiergues, M.-C.C.; Meyer, H. Non-Controlled, Open-Label Clinical
Trial to Assess the Effectiveness of a Dietetic Food on Pruritus and Dermatologic Scoring in Atopic Dogs. BMC Vet. Res. 2019,
15, 220. [CrossRef]

88. Acevedo, N.; Frumento, P.; Harb, H.; Alashkar Alhamwe, B.; Johansson, C.; Eick, L.; Alm, J.; Renz, H.; Scheynius, A.;
Potaczek, D.P.; et al. Histone Acetylation of Immune Regulatory Genes in Human Placenta in Association with Maternal
Intake of Olive Oil and Fish Consumption. Int. J. Mol. Sci. 2019, 20, 1060. [CrossRef]

89. García-Mantrana, I.; Selma-Royo, M.; González, S.; Parra-Llorca, A.; Martínez-Costa, C.; Collado, M.C. Distinct Maternal
Microbiota Clusters are Associated with Diet during Pregnancy: Impact on Neonatal Microbiota and Infant Growth during the
First 18 Months of Life. Gut Microbes 2020, 11, 962–978. [CrossRef]

90. Zhan, T.; Rindtorff, N.; Boutros, M. Wnt Signaling in Cancer. Oncogene 2017, 36, 1461–1473. [CrossRef]
91. Serini, S.; Cassano, R.; Corsetto, P.A.; Rizzo, A.M.; Calviello, G.; Trombino, S. Omega-3 PUFA Loaded in Resveratrol-Based Solid

Lipid Nanoparticles: Physicochemical Properties and Antineoplastic Activities in Human Colorectal Cancer Cells In Vitro. Int. J.
Mol. Sci. 2018, 19, 586. [CrossRef]

92. Liu, Y.; Zhang, D.; Hu, J.; Liu, G.; Chen, J.; Sun, L.; Jiang, Z.; Zhang, X.; Chen, Q.; Ji, B. Visible Light-Induced Lipid Peroxidation
of Unsaturated Fatty Acids in the Retina and the Inhibitory Effects of Blueberry Polyphenols. J. Agric. Food Chem. 2015, 63,
9295–9305. [CrossRef] [PubMed]

http://doi.org/10.1039/C5FO00052A
http://www.ncbi.nlm.nih.gov/pubmed/25756794
http://doi.org/10.1016/j.neuroscience.2017.09.053
http://www.ncbi.nlm.nih.gov/pubmed/28988852
http://doi.org/10.3390/nu13020362
http://doi.org/10.1096/fj.14-264218
http://www.ncbi.nlm.nih.gov/pubmed/25805829
http://doi.org/10.14283/jpad.2018.11
http://doi.org/10.1136/bmj.m2397
http://doi.org/10.1038/cddis.2016.269
http://doi.org/10.1007/s12094-018-1950-0
http://doi.org/10.1038/s41443-018-0088-5
http://doi.org/10.1016/j.nutres.2018.12.013
http://doi.org/10.1039/C6FO00758A
http://doi.org/10.3390/nu8100619
http://doi.org/10.3389/fphys.2020.00071
http://doi.org/10.3390/nu8050284
http://doi.org/10.3390/nu7075229
http://doi.org/10.1186/s12917-019-1929-2
http://doi.org/10.3390/ijms20051060
http://doi.org/10.1080/19490976.2020.1730294
http://doi.org/10.1038/onc.2016.304
http://doi.org/10.3390/ijms19020586
http://doi.org/10.1021/acs.jafc.5b04341
http://www.ncbi.nlm.nih.gov/pubmed/26456696


Molecules 2021, 26, 2438 24 of 24

93. Tsuchiya, T.; Endo, A.; Tsujikado, K.; Inukai, T. Involvement of Resveratrol and ω-3 Polyunsaturated Fatty Acids on Sirtuin
1 Gene Expression in THP1 Cells. Am. J. Med. Sci. 2017, 354, 415–422. [CrossRef] [PubMed]

94. Crauste, C.; Vigor, C.; Brabet, P.; Picq, M.; Lagarde, M.; Hamel, C.; Durand, T.; Vercauteren, J. Synthesis and Evaluation
of Polyunsaturated Fatty Acid-Phenol Conjugates as Anti-Carbonyl-Stress Lipophenols. European J. Org. Chem. 2014, 2014,
4548–4561. [CrossRef]

95. Medina, S.; Domínguez-Perles, R.; Auñón, D.; Moine, E.; Durand, T.; Crauste, C.; Ferreres, F.; Gil-Izquierdo, Á. Targeted
Lipidomics Profiling Reveals the Generation of Hydroxytyrosol-Fatty Acids in Hydroxytyrosol-Fortified Oily Matrices: New
Analytical Methodology and Cytotoxicity Evaluation. J. Agric. Food Chem. 2020, 68, 7789–7799. [CrossRef] [PubMed]

96. Fotiadou, R.; Chatzikonstantinou, A.V.; Hammami, M.A.; Chalmpes, N.; Moschovas, D.; Spyrou, K.; Polydera, A.C.;
Avgeropoulos, A.; Gournis, D.; Stamatis, H. Green Synthesized Magnetic Nanoparticles as Effective Nanosupport for the
Immobilization of Lipase: Application for the Synthesis of Lipophenols. Nanomaterials 2021, 11, 458. [CrossRef]

97. Hu, X.-P.; Yin, F.-W.; Zhou, D.-Y.; Xie, H.-K.; Zhu, B.-W.; Ma, X.-C.; Tian, X.-G.; Wang, C.; Shahidi, F. Stability of Resveratrol Esters
with Caprylic Acid during Simulated In Vitro Gastrointestinal Digestion. Food Chem. 2019, 276, 675–679. [CrossRef]

98. Yin, F.; Hu, X.; Zhou, D.; Ma, X.; Tian, X.; Huo, X.; Rakariyatham, K.; Shahidi, F.; Zhu, B. Hydrolysis and Transport Characteristics
of Tyrosol Acyl Esters in Rat Intestine. J. Agric. Food Chem. 2018, 66, 12521–12526. [CrossRef]

99. Marzocchi, S.; Caboni, M.F. Study of the Effect of Tyrosyl Oleate on Lipid Oxidation in a Typical Italian Bakery Product. J. Agric.
Food Chem. 2018, 66, 12555–12560. [CrossRef]

100. Yin, F.; Wang, X.; Hu, Y.; Xie, H.; Liu, X.; Qin, L.; Zhang, J.; Zhou, D.; Shahidi, F. Evaluation of Absorption and Plasma
Pharmacokinetics of Tyrosol Acyl Esters in Rats. J. Agric. Food Chem. 2020, 68, 1248–1256. [CrossRef]

101. Rosell, M.; Giera, M.; Brabet, P.; Shchepinov, M.S.; Guichardant, M.; Durand, T.; Vercauteren, J.; Galano, J.-M.; Crauste, C.
Bis-allylic Deuterated DHA Alleviates Oxidative Stress in Retinal Epithelial Cells. Antioxidants 2019, 8, 447. [CrossRef]

102. Cubizolle, A.; Cia, D.; Moine, E.; Jacquemot, N.; Guillou, L.; Rosell, M.; Angebault-Prouteau, C.; Lenaers, G.; Meunier, I.;
Vercauteren, J.; et al. Isopropyl-phloroglucinol-DHA Protects Outer Retinal Cells Against Lethal Dose of All-Trans-Retinal. J. Cell.
Mol. Med. 2020, 24, 5057–5069. [CrossRef]

103. Moine, E.; Brabet, P.; Guillou, L.; Durand, T.; Vercauteren, J.; Crauste, C. New Lipophenol Antioxidants Reduce Oxidative Damage
in Retina Pigment Epithelial Cells. Antioxidants 2018, 7, 197. [CrossRef]

104. Moine, E.; Boukhallat, M.; Cia, D.; Jacquemot, N.; Guillou, L.; Durand, T.; Vercauteren, J.; Brabet, P.; Crauste, C. New Lipophenols
Prevent Carbonyl and Oxidative Stresses Involved in Macular Degeneration. Free Radic. Biol. Med. 2021, 162, 367–382. [CrossRef]

105. Warnakulasuriya, S.N.; Ziaullah; Rupasinghe, H.P.V. Long Chain Fatty Acid Esters of Quercetin-3-O-glucoside Attenuate
H2O2-induced Acute Cytotoxicity in Human Lung Fibroblasts and Primary Hepatocytes. Molecules 2016, 21, 452. [CrossRef]
[PubMed]

106. Warnakulasuriya, S.N.; Ziaullah; Rupasinghe, H.P.V.P.V. Novel Long Chain Fatty Acid Derivatives of Quercetin-3-O-glucoside
Reduce Cytotoxicity Induced by Cigarette Smoke Toxicants in Human Fetal Lung Fibroblasts. Eur. J. Pharmacol. 2016, 781,
128–138. [CrossRef]

107. Shamseddin, A.; Crauste, C.; Durand, E.; Villeneuve, P.; Dubois, G.; Pavlickova, T.; Durand, T.; Vercauteren, J.; Veas, F. Resveratrol-
Linoleate Protects from Exacerbated Endothelial Permeability Via a Drastic Inhibition of the MMP-9 Activity. Biosci. Rep. 2018, 38,
1–13. [CrossRef] [PubMed]

108. Taveau, N.; Cubizolle, A.; Guillou, L.; Pinquier, N.; Moine, E.; Cia, D.; Kalatzis, V.; Vercauteren, J.; Durand, T.; Crauste, C.; et al.
Preclinical Pharmacology of a Lipophenol in a Mouse Model of Light-Induced Retinopathy. Exp. Mol. Med. 2020, 52, 1090–1101.
[CrossRef]

109. Fernando, W.; Coombs, M.R.P.; Hoskin, D.W.; Rupasinghe, H.P.V.P.V. Docosahexaenoic Acid-Acylated Phloridzin, a Novel
Polyphenol Fatty Acid Ester Derivative, is Cytotoxic to Breast Cancer Cells. Carcinogenesis 2016, 37, 1004–1013. [CrossRef]

110. Fernando, W.; Coyle, K.; Marcato, P.; Vasantha Rupasinghe, H.P.P.; Hoskin, D.W. Phloridzin Docosahexaenoate, a Novel Fatty
Acid Ester of a Plant Polyphenol, Inhibits Mammary Carcinoma Cell Metastasis. Cancer Lett. 2019, 465, 68–81. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.amjms.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29078847
http://doi.org/10.1002/ejoc.201402282
http://doi.org/10.1021/acs.jafc.0c01938
http://www.ncbi.nlm.nih.gov/pubmed/32603105
http://doi.org/10.3390/nano11020458
http://doi.org/10.1016/j.foodchem.2018.10.062
http://doi.org/10.1021/acs.jafc.8b04487
http://doi.org/10.1021/acs.jafc.8b04826
http://doi.org/10.1021/acs.jafc.9b05112
http://doi.org/10.3390/antiox8100447
http://doi.org/10.1111/jcmm.15135
http://doi.org/10.3390/antiox7120197
http://doi.org/10.1016/j.freeradbiomed.2020.10.316
http://doi.org/10.3390/molecules21040452
http://www.ncbi.nlm.nih.gov/pubmed/27058521
http://doi.org/10.1016/j.ejphar.2016.04.011
http://doi.org/10.1042/BSR20171712
http://www.ncbi.nlm.nih.gov/pubmed/29921577
http://doi.org/10.1038/s12276-020-0460-7
http://doi.org/10.1093/carcin/bgw087
http://doi.org/10.1016/j.canlet.2019.08.015
http://www.ncbi.nlm.nih.gov/pubmed/31473253

	Introduction 
	Combined Polyphenols and Fish Oils Intake for Improving Metabolic Health 
	Combined Polyphenols and Fish Oils Intake for Improving Metabolic Syndrome Features 
	Preclinical Evidence: In Vitro and In Vivo Studies 
	Clinical Evidence: Human Trials 

	Combined Polyphenols and Fish Oils Intake in Neurodegenerative Pathologies, Cancer, and Other Health Effects 
	Preclinical and Clinical Evidence on Neurodegenerative Diseases 
	Preclinical and Clinical Evidence on Cancer 
	Preclinical and Clinical Evidence on Other Pathologies and Physiological Processes 

	Omega-3 Lipophenols Derivatives: The Combined Properties of Omega-3 PUFAs and Polyphenols in a Single Molecule 

	Conclusions 
	References

