Ba nutrients MBPY

Review

Omega-3 PUFA Responders and Non-Responders and
the Prevention of Lipid Dysmetabolism and

Related Diseases

Simona Serini and Gabriella Calviello *

Department of Translational Medicine and Surgery, Division of General Pathology, School of Medicine,
Universita Cattolica del S. Cuore, L.go F. Vito, 1 00168 Rome, Italy; simona.serini@unicatt.it
* Correspondence: gabriella.calviello@unicatt.it; Tel.: +39-06-3015-4914; Fax: +39-06-3386-446

check for

Received: 30 March 2020; Accepted: 7 May 2020; Published: 10 May 2020 updates

Abstract: The long-chain omega-3 polyunsaturated fatty acids (LC-omega-3 PUFAs) eicosapentaenoic
acid and docosahexaenoic acid are the most popular dietary supplements recommended for the
prevention/management of lipid dysmetabolisms and related diseases. However, remarkable
inconsistencies exist among the outcomes of the human intervention studies in this field, which contrast
with the impressive homogeneity of positive results of most of the preclinical studies. In the present
review, we will firstly examine a series of factors—such as background diet composition, gut microbiota
and genetic/epigenetic variants, which may lie beneath these inconsistencies. Moreover, we will
discuss the recent advance in the knowledge of possible specific biomarkers (genetic-, epigenetic-
and microbiota-related) that are being investigated with the goal to apply them in a personalized
supplementation with omega-3 PUFAs. We will also consider the possibility of using already available
parameters (Omega-3 index, Omega-6 PUFA/Omega-3 PUFA ratio) able to predict the individual
responsiveness to these fatty acids and will discuss the optimal timing for their use. Finally, we will
critically examine the results of those human studies that have already adopted the distinction of the
subjects into omega-3 PUFA responders and non-responders and will discuss the advantage of using
such an approach.

Keywords: dietary supplement; dysmetabolism; omega-3 index; omega-6/omega-3 PUFA ratio;
responders; non-responders

1. Introduction

The long-chain omega-3 polyunsaturated fatty acids (LC-omega-3 PUFAs) eicosapentaenoic acid
(EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are the most popular over-the-counter
dietary supplements recommended for the prevention and management of lipid dysmetabolisms and
related cardiovascular diseases (CVDs) [1,2]. Compared to other widely used nutritional supplements,
such as polyphenols or carotenoids, these fatty acids, besides being normal components of our diet
(especially found in fish and seafood), can be endogenously produced by sequential elongation and
desaturation steps from their precursor, the shorter-chain and essential nutrient x-linolenic acid (ALA,
18:3 n-3), widely found in foods of vegetable origin [3]. Moreover, they are structural constituents of
our cell membranes, and can also be metabolically converted into a series of bioactive compounds.

One intriguing point regarding these LC-omega-3 PUFAs is that, in spite of their large use as
dietary supplements, especially for the prevention of blood lipid dysmetabolism and CVDs, remarkable
inconsistencies exist among the outcomes of human intervention studies investigating their ability to
reduce the development and progression of these disorders [2,4]. As a result, most of the meta-analyses
recently published in the CVD research field conclude that, overall, they do not induce statistically
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significant health effects, and that their use for the management of blood lipid dysmetabolism and CVDs
should be further reconsidered [2]. Thus, clarity regarding whether supplementation or an increased
dietary intake of LC-omega-3 PUFAs may be useful for the prevention of these pathologies is still lacking.
Similar conclusions have also been drawn by meta-analyses of the human studies focusing on the
preventive and adjuvant therapeutic usage of LC-omega-3 PUFAs against the main human cancers [5-7].
Yet, the high degree of inconsistency observed between human studies, especially in some fields of
omega-3 PUFA research, including CVDs and cancer, contrasts with the impressive homogeneity of
positive results obtained in almost all the preclinical studies performed in animals. However, we cannot
forget that the experimental conditions used in the animal studies (i.e., background diet and total
amount of omega-3 and omega-6 PUFAs ingested; genetic background; environmental conditions
such as temperature, humidity, light, etc. used during the experiments) are more homogeneous and
strictly controlled as compared to those of the human studies. A factor that should not be ignored
when considering the inconsistencies in the outcomes of different meta-analyses is also the extremely
variable bioavailability that can be obtained when different forms of these fatty acids (free fatty
acids—FFAs—or esterified fatty acids) are ingested in diets or supplements. Moreover, recently, it has
become increasingly clear that, within a human population, different individuals may show a diverse
degree of response to LC-omega-3 PUFA dietary supplementations [8]. Altogether, these factors
may concur to the lack of statistically significant effects that are often reported in human studies or
meta-analyses evaluating the beneficial activity of LC-omega-3 PUFAs, especially in the CVD and
oncologic research fields. Furthermore, the responses of different populations to these fatty acids may
vary considerably, thus explaining the inconsistency found between studies performed on populations
with varying ethnic backgrounds or living in different countries. Thus, some human studies have
started to use the useful strategy of sub-dividing the participants into omega-3 PUFA responders (“Rs”)
and omega-3 PUFA non-responders (“NRs”), i.e., individuals that show the beneficial effects induced
by LC-omega-3 PUFAs and those that do not. It has been suggested that heterogeneity in response
to treatment with omega-3 PUFAs may be explained by genetic [5,9-11] or epigenetic [12] variability
between individuals. Specifically, it has been hypothesized that the epigenetic make-up during the
developmental age, being influenced by the environment and the personal history of each individual,
may modify the expression of a variety of genes. Variations of genes involved in the metabolism of
omega-3 PUFAs—or the alterations in their epigenetic regulation—have drawn particular attention,
even though it cannot be excluded that other factors may play a role in making an individual an “R” or
an “NR” to omega-3 PUFA supplementation.

2. Objectives of the Review

The first aim of this review is to examine a series of factors (such as the composition of the
background diet, the gut microbiota, and the genetic/epigenetic variants) which may lie beneath the
inconsistency observed in the intervention human studies vs. the preclinical studies performed with
omega-3 PUFAs in the field of lipid dysmetabolism and CVDs (see also Figure 1).

Since it is becoming increasingly clear that, based on these factors, the individuals in a given human
population may respond differently to a supplementation containing these fatty acids, new approaches
are starting to be used in designing studies with omega-3 PUFAs as well as in analyzing their results.
Therefore, the second aim of this review is to examine critically the results of those human studies that
have so far used the useful strategy of sub-dividing the participants into omega-3 PUFA “Rs” and
“NRs”. The advantage of using such an approach will be also discussed.
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Figure 1. Reasons for the inconsistencies observed in the outcomes of the human LC-w-3 PUFA

intervention trials as compared to experimental preclinical studies.
3. Methodology

A systematic literature search of the PubMed database was conducted from September 2019
to February 2020 to identify published peer-reviewed original articles regarding the effects of
omega-3 PUFAs on dysmetabolisms in human studies. The key words used for the search of
titles and abstracts were: “Omega-3 PUFA” or “Docosahaxaenoic acid” or “Eicosapentaenoic acid” or
“Fish 0il” and “supplementation” and “dysmetabolism” or “lipoproteins” or “hypertriglyceridemia”
or “cardiovascular” and “human studies” and “responders” and “microbiota” and “genetic” and
“polymorphism” and “epigenetics”. We identified full-text articles written in English. The papers were
chosen without restriction of time.

4. Discussion
4.1. Human vs. Preclinical Studies, Reasons for the Inconsistencies

4.1.1. Influence of Background Diets

A first important point that can help to understand why the results of the human studies are
usually more inconsistent as compared to those obtained in the preclinical studies is that the laboratory
animal diets are designed to ensure precise and optimal basal intakes of essential components of
mammal diets such as omega-6 and omega-3 PUFAs. In contrast, a large variability exists in the
basal dietary intake of these fatty acids between the individuals within a human population [13,14].
Furthermore, in the studies specifically investigating the effects of dietary omega-3 PUFAs in animals,
controlled doses of these fatty acids are given as an oral supplement (often by gavage) in addition to
the basal diets or are added to the basal diet itself. These procedures have also allowed the discovery
of how different basal laboratory diets with either low- or high-fat levels may influence the effects
induced by a further supplementation with omega-3 PUFAs [15-17]. This suggests that it would be
also extremely important to evaluate the actual background dietary intake of these fatty acids as well
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as those of other classes of lipids in each of the participants in intervention clinical trials, and, possibly,
try to analyze the results by stratifying them according to these variables. In the following paragraphs
we will focus on several of these different dietary variables and will consider also the strategies that
have been used so far to take them into proper account.

Influence of the Background Levels of Dietary Omega-3 PUFAs

It has been largely discussed how difficult is to evaluate the background level of LC-omega-3 PUFA
intake by using questionnaires to obtain the information [18]. It has been suggested that the direct
evaluation of the LC-omega-3 PUFA levels in each subjects’ cells/tissues could be more helpful [18].
In fact, the ability of LC-omega-3 PUFAs to induce health effects has been usually related to their level
in tissues, otherwise known as the omega-3 tissue status. Particularly, the level of omega-3 fatty acids
in the erythrocyte membranes (Omega-3 index) has often been proposed as a useful marker directly
related to the omega-3 PUFA dietary intake, given its feasibility [19]. Since the Omega-3 index depends
also on individual metabolic ability to incorporate these fatty acids in cell membranes, it represents a
more complete parameter compared to the level of dietary intake.

It is known that remarkable differences exist also in the basal dietary intake of omega-3 PUFAs
between different populations, and these differences should be taken into account in the meta-analyses
examining the outcomes of a considerable number of studies performed on different populations that
often show extremely variable dietary habits.

Influence of the Background Levels of Dietary Omega-6 PUFAs

Furthermore, the large variability in the daily intake of omega-6 PUFAs, and in particular that
of linoleic acid (LA, 18:2 w-6), may also contribute to explaining why extremely different levels of
LC-omega-3 PUFAs can be found in the tissues of different individuals, in spite of a comparable amount
of dietary omega-3 PUFAs that have been ingested. In fact, as already mentioned, EPA and DHA
incorporated in tissues do not derive only from the diet, but they may also be endogenously synthesized
through a pathway starting from ALA, which is their metabolic precursor. Sequential enzymatic steps
of elongation and desaturation allow ALA to be converted into EPA and, eventually, to DHA. However,
this synthetic pathway is negatively influenced by the presence of LA, which competes with ALA for
the same desaturation enzyme (A-6 desaturase) to be converted into the LC-omega-6 PUFA arachidonic
acid (AA, 20:4 w-6). Even though ALA shows a higher affinity than LA for the A-6 desaturase, the latter
is the most represented PUFA in the Western diet, thus limiting the endogenous production of EPA
and DHA. Moreover, it should be underlined that AA is the precursor of a series of oxygenated
derivatives, most of which have been found to possess health-threatening activities, being able to
induce pro-inflammatory, pro-thrombotic, and pro-carcinogenic effects. Thus, it has been demonstrated
that the health effects of LC-omega-3 PUFAs can be antagonized by the simultaneous incorporation of
omega-6 PUFAs in tissues [20]. Therefore, it has also been often recommended that, as a starting point
for the human studies, it should be essential to evaluate the n-6 PUFA/n-3 PUFA ratio of the human
subject red blood cells, since this parameter is directly able to indicate the proportions at which the
two different classes (omega-6 and omega-3) of PUFAs are present in tissues [21]. Not differently from
the Omega-3 Index, this parameter is also subject to wide variations among people and populations.
Finally, it cannot be ignored that the level of intake of EPA and DHA themselves in the background diet
may influence the biosynthetic pathway going from ALA to EPA and DHA. As the final products of
this pathway, their abundance reasonably induces a feedback repression of the synthetic enzymes [22].

Influence of Other Non-Lipidic Components in the Background Diet

The levels of other dietary non-lipidic components may also affect the individual effectiveness
of a dietary treatment with omega-3 PUFAs. For instance, B vitamin status was recently involved as
a factor that may deeply influence the efficacy of the omega-3 PUFA action in different subjects [23].
In particular, it has been observed that the baseline levels of plasma total homocysteine, which is
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considered a marker of vitamin B status, is able to modify the effect that a dietary supplementation
with omega-3 PUFAs may have on cognitive performance in patients affected by moderate forms of
Alzheimer’s disease [23].

4.1.2. Influence of Gut Microbiota

Microbiota is a dynamic and complex community of microorganisms colonizing our body. The huge
number of microorganisms, together with their genes and metabolic products, substantially affects the
homeostasis of the host [24]. In particular, the microbiota residing in the gut has the potential to deeply
affect the host health and immune response [25]. An optimal interspecies balance exists, and this has
been related to a healthy state. However, host genotype and a series of environmental factors, including
poor colonization, antibiotics therapy, lifestyle, age, and an unhealthy diet can perturb this equilibrium
and induce microbiota dysbiosis, that, in turn, has been related to the development of a series of human
diseases [25,26]. Due to the influence that many factors may have on it, the microbiota profile may
differ substantially between different individuals. However, by using metagenomic approaches, it was
possible to demonstrate that healthy subjects show a microbiota profile characterized by the prevalence
of few commensal microbial species, while others are less prevalent [27].

Two kinds of relationships may exist between the gut microbiota and the dietary interventions
with omega-3 PUFAs. On one hand, it has been observed that omega-3 PUFAs may exert their
protective activity through the induction of healthy modifications in the gut microbiota composition
and, on the other hand, an established microbiota could also influence the efficacy of omega-3
PUFAs [28]. In fact, these fatty acids may influence and antagonize several potentially harmful
environmental factors that, in turn, are able to affect the gut microbiota composition and balance
causing dysbiosis [29]. Among them, the beneficial influence of omega-3 PUFAs on dysbiosis caused
by exposure to microorganisms, antibiotic use [30] or pharmacological therapies, as well as the
consumption of a high fat diet [31] have been recently considered. Moreover, since the genetic
background and multiple environmental variables may shape the gut microbiota composition [32],
different individuals may show a diverse microbiota profile, under the effects of extremely variable
microbiota-affecting stimuli. In this contest, omega-3 PUFA supplementation may represent only
one among a series of stimuli able to affect the microbiota, and, in the same individuals, it can be
counterbalanced by stimuli having opposite effects or be synergistically enforced by stimuli showing
similar effects. In this quite complicated network, the animal studies make things easier, since they
consider a single colony of mice or rats that are fed since weaning an identical background diet and
are always exposed to identical environmental conditions. These strictly controlled experimental
conditions may allow a better identification of the effects that an increased intake of omega-3 PUFAs
has on the composition of microbiota, and, in turn, the possible influences that these modifications may
have on the healthy effect induced by omega-3 PUFAs. The results of a series of pre-clinical animal
studies published so far have demonstrated that omega-3 PUFA supplementation may positively
modify gut microbiota composition and prevent dysbiosis [28,31,33]. On the contrary, the outcomes of
the human studies often appear contrasting or inconclusive [28,34]. In particular, one recent finding
by Djuric et al. [34] focuses on the possibility that the individual microbiota profile may influence
the efficacy of a supplementation with omega-3 PUFAs. These authors treated healthy subjects with
a personalized omega-3 PUFA supplementation (ranging from 2 to 10 g/day) based on blood fatty
acid response. They evaluated the dose needed to achieve a specific EPA/AA ratio that, according
to a mathematical model, was able to predict a 50% reduction in colonic Prostaglandin E2 (PGE2).
This is worth noticing, since the level of PGE2 in colonic mucosa represents a marker of inflammation
strictly related to colonic mucosa carcinogenesis [35]. The authors found that a subgroup of individuals
showing high abundance of the Bacteroides Prevotella, both in colonic mucosa biopsy and brush-border
samples, resulted resistant to the omega-3 PUFA anti-inflammatory effects (decrease in colonic PGE2).
Even though these results have not been obtained in relation to lipid dysmetabolism and related CVDs,
they appear to be particularly stimulating, since high Prevotella abundance had been previously observed
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in association to inflammatory conditions and even to high blood cholesterol [36,37]. This observation
strongly suggests that the individual gut microbiota pattern may represent an additional factor able
to deeply influence the efficacy of an omega-3 PUFA supplementation in reverting an inflammatory
status or a condition of dyslipidemia and associated diseases.

4.1.3. Influence of Genetic and Epigenetic Variations

Variation of Genes Involved in Omega-3 PUFA Metabolism

In the pre-clinical studies, syngeneic animals are used. This means that all the animals in a study
express identical variants of the genes encoding the enzymes involved in the metabolic pathways
converting short-chain omega-3 PUFAs into LC-omega-3 PUFAs, or these fatty acids into a series
of bioactive lipidic derivatives. Therefore, since all the animals are fed strictly controlled diets,
these metabolic activities are supposed to function at a comparable level in all the animals. On the other
hand, in different individuals within a human population, large variability exists in genes encoding for
the desaturases and elongases of the PUFA synthetic pathways [38]. This variability may contribute to
explain the inter-individual (and inter-population) differences existing in the cell/tissue capacity of
incorporating EPA and DHA. In fact, depending on the gene variants possessed, the subjects may have
a high propensity or a very scarce attitude to synthesize LC-omega-3 PUFAs from ALA and accumulate
them in red blood cells/lipids or in tissues. It has been suggested that, as a result, these different
genotypes could be associated respectively with low or high risk for inflammation and some diet-related
chronic diseases showing inflammation as the key pathogenic step, including CVDs [39]. However,
it has also been suggested that personalized dietary fatty acid intake could have the potential to modify
the relationship between these gene variants and the levels of these fatty acids that can be accumulated
in cells and tissues [39].

Moreover, the health effects of LC-omega-3 PUFAs have been related to the intrinsic activities of
these fatty acids, as well as to those of their oxygenated derivatives (prostaglandins, thromboxanes,
leukotrienes, resolvins, protectins). In fact, on the one hand, these fatty acids may act in part by
themselves, thanks to their ability to specifically bind to specific receptors [40,41] or by modulating
the physico-chemical lipid microenvironments (i.e., rafts) of plasma membranes, and the activity
of a multiplicity of molecular factors/pathways residing in those micro-regions [42,43]. However,
a substantial role seems to be played also by the resolvins and protectins [44], which have been
demonstrated to be even more bioactive than their precursors, showing powerful inhibitory and
pro-resolving roles in the inflammatory processes [45]. It has been hypothesized that the presence of
different variants of genes codifying for enzymes involved in these metabolic conversions of LC-omega-3
PUFAs in different subjects within a human population could help to explain the discrepancies among
different studies focusing on the health-promoting effects of these fatty acids [46].

Epigenetic Changes Affecting the Expression of Genes Involved in Omega-3 PUFA Metabolism

Unlike laboratory animals that are exposed to strictly controlled environmental conditions at
all stages of their life and during the experiments, everyone in a human population has a personal
history and is subject to environmental factors that can vary dramatically from individual to individual.
Under the influence of casual environmental factors (such as insufficient or excessive nutrition),
and especially during the early plastic phases of our life, epigenetic modifications may take place
and induce alterations of gene expression [47]. Particularly, it has been observed that epigenetic
changes may regulate the transcription of genes codifying for the enzymes involved in omega-3
PUFA metabolism [48,49]. Since the epigenetic modulation of gene expression is related to variable
environmental influences, it may variably shape the individual ability to metabolize and accumulate
LC-omega-3 PUFAs in tissues.
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Genetic and Epigenetic Regulation of Enzymes Involved in Omega-3 PUFA Metabolism: Outcomes of
Human Studies

Several reports have supported the hypothesis that variants of genes involved in the metabolism
of omega-3 PUFAs as well as alterations in the epigenetic regulation of these genes may help to explain
why the beneficial activity of these fatty acids can be observed only in some individuals. However,
the detailed analysis of the available studies in this field is beyond the aim of this review, and a
comprehensive review of the literature was recently published on this topic [8]. In particular, it covered
the genetic and epigenetic variations in genes (including FADS1, FADS2, ELOVL5, and ELOVL2) of the
LC-omega-3 PUFA endogenous synthetic pathway [8] that had been directly associated to serum and
tissue changes in the levels of these fatty acids. However, it is worth mentioning here the results of a
more recent report by the same group of authors as that review. In this report, they further investigated
the genetics of the rate-limiting steps in the metabolic process catalyzed by the desaturases FADS1
and FADS2 [46] by examining 44 different tissues from the Genotype-Tissue Expression Project. They
evaluated the impact that genetic single nucleotide polymorphisms (SNPs) in and near FADS gene
cluster could have on the expression of FADS1 and FADS2. In particular, they observed that more than
half of the tissues examined contained significant quantitative trait loci (eQTLs, i.e., loci that explain
variance in expression traits) for either FADS1 or FADS2, and that six tissues (i.e., artery, esophagus,
heart, muscle, nerve, and thyroid) showed significant eQTLs associated with both FADS1 and FADS2.
What is most intriguing to us is that the eQTLs identified in the six tissues were associated always
with changes in the expression of the two FADS genes going in opposite directions. This raises new
questions on how the opposite regulation of FADS1 and FADS2 expression may influence LC-omega-3
PUFA metabolism and enrichment in specific tissues. This is crucial, since the beneficial action of
these fatty acids may be related to their concentrations. For instance, in the central nervous system,
LC-omega-3 PUFAs, and specifically DHA, represent main constituents, and depending on their
concentrations, may protect from the risk of inflammation-related diseases, or even increase that
risk [50-52]. Similarly, high levels of LC-omega-3 PUFA incorporation in prostate tissue has been
hypothesized to be associated to an increased risk of cancer, while lower levels are believed to exert a
protective anticancer activity in that district [53].

The results obtained recently in a preclinical study by Gromovsky et al. [54] are also worth
mentioning. They unequivocally succeed in demonstrating the role of FADS1 as a regulator of
inflammation and resolution. The authors used hyperlipidemic mice [for a mutation in the low-density
lipoprotein (LDL) receptor] treated with antisense oligonucleotide targeting the selective knockdown of
FADS1. The complete loss of activity of this enzyme caused deep alterations in the levels of LC-omega-3
and -6 PUFAs, as well as in those of their pro-resolving or proinflammatory metabolic products in
the tissues investigated. Moreover, the animals displayed hepatic inflammation and atherosclerosis,
and their isolated macrophages showed a prevalent pro-inflammatory M1 phenotype. These results
further support the hypothesis that individual genetic or epigenetic variation in the expression and
activity of the enzymes involved in LC-PUFA metabolism may represent key determinants contributing
to explain why a treatment with LC-omega-3 PUFAs may protect some individuals from the risk of
inflammatory diseases, including some CVDs, while they do not exert any effects in others.

The inter-individual variability of the genes codifying for enzymes involved in the metabolism
of LC-omega-3 PUFAs, and its possible impact on the individual risk for several chronic diseases,
has also prompted an investigation into the frequency with which these enzyme variants are present in
different populations. Some of these studies have investigated the frequencies of variant alleles of
FADS genes in different human populations [55-58]. Interestingly, the results obtained have allowed us
to hypothesize that these enzymes were primary targets of natural selection in some ancestral human
populations. This is comprehensible, since LC-PUFAs and their metabolic products represent structural
and signaling components essential for biological processes, including the development and functions
of neuronal tissues and the regulation of inflammation [59]. In particular, it has been suggested that,
due to the large variability in the availability of dietary PUFAs in prehistoric ages, some ancestral
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populations were forced to adapt to the PUFA scarcity in some environments in order to survive
through modifications of their capacity to synthesize and metabolize these fatty acids [60]. For instance,
it has been inferred that the pressure for endogenously synthesizing LC-omega-3 PUFAs was reduced
in some populations following the emergence of the regular hunting of large animals—excellent
sources of these fatty acids [60]. Similarly, it has been hypothesized that the diet of the Inuit population,
containing extremely high levels of LC-PUFAs from fish and marine mammals and low levels of
linoleic acid, may have caused a pressure to decrease the need to endogenously synthesize LC-omega-3
PUFAs, thus increasing the frequency of specific FADS variants [61,62].

4.2. LC-Omega-3 PUFA Forms in Diets or Supplements and Bioavailability

Another possible factor that should not be ignored and that could explain the existing
inconsistencies between meta-analyses that systematically examine and compare the outcomes of
different human studies on LC-omega-3 PUFAs is the extremely variable bioavailability obtained
when different forms of these fatty acids (free fatty acids -FFAs- or esterified fatty acids) are ingested.
In fact, the omega-3 PUFA supplements approved by the international health agencies contain these
fatty acids in the FFA form or included in ethyl esters, triacylglycerol or monoacylglycerol [63-66].
Moreover, the bioavailability of omega-3 PUFAs in tissues may also be different depending on the
lipid content of a diet and on individual differences in metabolism. For instance, it was previously
reported that the bioavailability obtained with triacyl glycerol bound omega-3 PUFAs was higher
than that observed with ethyl ester bound forms [67,68]. Moreover, the matrix effect was also
analyzed, and it was reported that a sufficient amount of fat in the diet represents an important factor,
being able to improve the fatty acid bioavailability up to three times [69]. It was also demonstrated
that the galenic form (i.e., microencapsulation, emulsification) can increase up to four times the
omega-3 PUFA bioavailability [67,70]. In a recent report from the American Heart association [71],
individual metabolic ability was shown to be an additional key factor able to influence the omega-3
PUFA bioavailability. These authors observed that when omega-3 PUFAs were used as lipid-lowering
drugs, the best bioavailability was obtained with supplements containing either EPA-FFA or the
combination EPA-FFA+DHA-FFA since, differently from omega-3 PUFAs included in triacylglycerol
or ethyl esters, they did not need enzymatic hydrolysis to be absorbed.

4.3. Omega-3 PUFA Responders and Non-Responders: Reports Applying This Distinction

Based on the inter-individual differences that may exist in response to a supplementation with
LC-omega-3 PUFAs, new approaches are starting to be used in designing studies with omega-3 PUFAs,
as well as in analyzing the results. In particular, some human studies have used the strategy of
sub-dividing the participants into omega-3 PUFA “Rs” and “NRs”. We will critically examine here only
the results of those studies that, by applying this strategy, have evaluated the potential of LC-omega-3
PUFAs to reduce hypertriglyceridemia.

4.3.1. Beneficial Effect of Omega-3 PUFAs on Hypertriglyceridemia

Over the last few decades, a great deal of evidence has been accumulated indicating that the
most relevant healthy effect of LC-omega-3 PUFAs is the reduction of hypertriglyceridemia. Moreover,
we are now witnessing a renewed interest in the potential of these fatty acids to decrease the level of
triglycerides (TG), following the conclusive demonstration that hypertriglyceridemia plays a clear
pathogenic role in cardiovascular risk [72]. In fact, previously, several epidemiological studies [73,74]
had reported the association between high TG serum levels and an increased risk of CVDs. However,
a complete agreement on this point was never reached until, more recently, several Mendelian
randomization studies were able to shed more light on the direct causal association existing between
the levels of TG-rich lipoprotein and the risk of CVDs [72]. This means that, even independently from
the level of LDL-C, we now know that hypertriglyceridemia may contribute to the patients’ risk of
developing CVDs. With this new scenario, the supplementation with natural dietary components
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such as omega-3 PUFAs seems to be perceived as a suitable and valuable approach for controlling
hypertriglyceridemia in the clinical management of CVD risk. However, the efficiency of these fatty
acids in reducing serum TG has not always been observed. Since there is a growing awareness
of the different individual capacity of metabolizing and accumulating omega-3 PUFAs in serum
and tissues, increasing efforts are being expended to distinguish the subjects that can benefit from
dietary supplementations with these fatty acids from those that cannot have any advantage from
them. Thus, several reports have distinguished between individuals that positively responded—the
“Rs”—and those that did not respond—the “NRs”—to a dietary supplementation with LC-omega-3
PUFAs in the setting of hypertriglyceridemia and related CVDs [75-79]. For instance, in one of the most
recent studies analyzed by us, among the 53 statin-treated type 2 diabetic patients enrolled [80], it was
possible to identify sub-groups of 10 “Rs” and 10 “NRs”, according to the greater or lesser degree of
their response to treatment with LC-omega-3 PUFA-rich fish oil (containing 1.7 g EPA + DHA/day) over
6 weeks. However, in this case, the fish oil treatment was also combined to a supplementation with
dark chocolate and green tea (rich in polyphenols and antioxidants, respectively). The inclusion in the
“R” or “NR” sub-groups was related to the responses in terms of plasma LDL-C and C-Reactive Protein
(hsCRP), respectively, as compared to the control group (receiving soybean oil, regular dark chocolate
and anise tea). Interestingly, however, when a substantial reduction in hsCRP (medium decrease, 35%)
was observed in the “R” subgroup, it was specifically attributed to the anti-inflammatory activity of the
LC-omega-3 PUFAs supplemented. Moreover, it was observed that, among the patients receiving the
combined nutritional supplementation, only those having baseline TG values above the median were
able to significantly reduce their TG levels. The author hypothesized that this effect could be ascribable
specifically to the LC-omega-3 supplemented, since previous data [81] had shown that the extent of
the hypotriglyceridemic effect of these fatty acids was strictly related to a high baseline concentration
of TG. Only the “R” and “NR” subgroups were enrolled in a second phase of the study, in which the
“NR” patients received the control treatment and full statin therapy, while the “R” patients followed a
pilot protocol of statin reduction coupled with the combined bioactive nutraceutical supplementation.
As noticed above, the study was not designed to give specific information on the effect of omega-3
PUFAs alone. However, it demonstrated that combining a lower statin dose (50% of the full dose) with a
dietary supplementation with these fatty acids, polyphenols and antioxidants, produced the same effect
as a full statin dose on parameters (such as plasma lipids, inflammatory markers, HDL particles) related
to lipidic dysmetabolisms and CVDs. Thus, this therapeutic approach including the identification of
“R” patients appears very interesting, and suggests that the identification of specific markers (genetic
or metabolic) able to predict the individual responses to omega-3 PUFAs—and to other combined
nutraceuticals, as in this particular case—would be essential for their application in the clinical practice.
This strategy has been largely suggested in the past several years as an essential step for the applicability
of tailored treatments with LC-omega-3 PUFAs in CVD patients. Particularly, several interesting
reports published by the Vohl’s group investigated some genetic variants that could be useful in
predicting the individual responsiveness to these fatty acids [75-77,79]. In a first phase, by using a
genoma-wide association study (GWAS) approach, these authors identified the SNPs of 10 loci related
to the plasma TG response to an omega-3 PUFA supplementation and computed the associated genetic
risk score (GRS) [75-77]. Then, more recently [79], they used fine mapping with the aim to compute
a novel and more refined GRS and found 31 SNPs associated with the TG response to an omega-3
PUFA supplementation. The higher number of genetic variants identified in the more recent study
was able to explain a larger proportion of the TG variance (about 50%) than the 10 SNPs identified
previously (about 22%). On this basis, the authors [79] were able to better demonstrate the disparity
existing between the “Rs” and “NRs” in terms of the number of at-risk alleles carried. In other terms,
this means that the identification of these new genetic variants has the potential to predict, with a
higher accuracy, to which category (the “R” or “NR”) each individual belongs.

In a recent sub-study [78] of a previously performed randomized controlled trial, modifications in
gene expression and metabolic differences were also identified in individuals that showed a clear TG
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reduction in response to omega-3 (the “Rs”) with respect to the “NRs”. Among the “Rs”, the reduction
in TG was observed not only in plasma, but also in most of the VLDL (four out of six) and HDL
subclasses (in three out of four) analyzed in the study. Moreover, by analyzing peripheral blood
mononuclear cell gene expression, they found that more than 450 transcripts resulted differentially
altered in “Rs”, as compared to “NRs”. By the examination of these transcripts and pathway analysis
in the “Rs”, the authors were able to observe alterations in signaling pathways related to development
and immune function and lysophosphatidic acid signaling. Interestingly, most of the transcripts
differentially altered in the “R” subjects showed a binding site for HNF4-«, which is a transcription
factor able to activate the expression of genes involved in lipid metabolism. Its decreased activity was
previously related to a decrease in serum TG [82], and this prompted the authors to suggest that an
altered activity of this transcription factor could probably be involved in the hypotriglyceridemic effect
of these fatty acids.

Furthermore, about twenty years ago, the Minihane’s group [83] already demonstrated that the
fasting postprandial TG response to an LC-omega-3 PUFA intervention could be influenced by the
individual apolipoprotein E (apoE) genotype in individuals possessing an “atherogenic lipoprotein
phenotype” (ALP) that is associated with a high risk for CVDs. In this study, the ALP subjects were
treated for six weeks with fish oils corresponding to a supplementation with 3 g/day EPA + DHA and
the authors tried to identify which group of patients carrying different genotypes resulted in being
the “Best Responders”. The fasting TG levels decreased substantially in all the participants, but those
carrying the apoE4 genotype showed the maximal beneficial effect (38% reduction vs. 31% and 35%
reduction observed in the apoeE2 and apoE3 subjects, respectively). The hypotriglyceridemic effect at
fast was consistent with a large body of evidence that associated it to the inhibitory effect of EPA and
DHA on the endogenous very low-density lipoproteins (VLDL) secretion, the inhibition of hepatic
lipogenic enzymes, and the induction of apoB degradation [84-86]. Of high interest, the authors
found that, following the omega-3 PUFA treatment, the postprandial TG increase in response to the
meals (TG IAUC) decreased by only 8% if the entire group of participants was considered. However,
the fatty acids induced different effects depending on the apokE allele carried by each subject. Whereas
only minor changes in TG IAUC (going from 3% to 6%) were observed in individuals carrying the
apoE3 or E4 alleles, a 28% reduction in this parameter was observed in the apoE2 subjects. This group
also showed a larger omega-3 PUFA-induced increase in LPL activity as compared to the other groups
(47% vs. 2% and 17% in apoE3 and apoE4, respectively). Moreover, there was an influence of the
genotype also on the undesired increasing effect that these fatty acids may induce on LDLc levels [87,88].
Whereas the LDLc increase was substantial in the apoE4 subjects (16% increase), this effect was much
more limited in individuals carrying the apoE2 and apoE3 alleles (3% and 1% increase, respectively).
Overall, these results are very interesting and suggest to us that the more suitable candidates for a
personalized supplementation with 3 g/day EPA and DHA would be the subjects carrying the apoE2
allele, since, after this intervention, they can substantially reduce both fasting and postprandial TG,
with limited adverse consequences on the level of LDLc. However, according to later findings from
the same group of authors [89], these hypertriglyceridemic effects seem not to be observed to the
same degree if lower LC-omega-3 PUFA doses (0.7-1.8 g/day for 8 weeks) were supplemented. This is
consistent with what is reported by different guidelines focusing on LC-omega-3 PUFA dosage and
effects released by different health agencies worldwide. They state that omega-3 PUFA doses of about
3—4 g/day are necessary to optimally reduce serum TG [71]. In fact, the lower doses used in the second
study [89] were able to induce only a 12% reduction in fasting TG, and this effect resulted to be not
significantly related to the genotype, unless the sex was also considered. In fact, only males with an
apoE4 genotype showed a doubled capacity to reduce fasting TG (15% and 23% reduction following
8 weeks treatment with 0.7 and 1.8 g/day EPA + DHA) with respect to the whole group. Moreover,
for all the genotypes, including the apoE4, the increase in LDLc was only less than one fourth of that
observed with the higher omega-3 PUFA dose in the first study (3.6% LDLc increase in the second
study vs. 16% increase in the first study). In our opinion, the finding is stimulating, since it indicates
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that the apoE4 male subjects would represent good candidates for a hypotriglyceridemic treatment
with 1.8 g/day omega-3 PUFAs. In fact, only in these subjects this dose could substantially reduce
(by more than 20%) the level of TG, having, however, a limited undesirable increasing effect on LDLc
(about 3—4% increase).

4.3.2. Beneficial Effect of Omega-3 PUFAs on Other Pathologies

Some studies [90-92] that subdivided the participants into omega-3 PUFA “Rs” and “NRs” are also
worthy of mention here, even though they were carried out in patients affected by pathologies different
from those (dyslipidemias and associated pathologies) specifically analyzed here. In these studies,
the participants were affected by metastatic breast cancer [90], depression [91], or ulcerative colitis
(UC) [92]. In the first study, Bognoux et al. [90] treated patients affected by metastatic breast cancer
with 1.8 g/day DHA both 7-10 days before the initiation of an anthracycline-based chemotherapy
(loading period) and during the 5 months of chemotherapy. The authors subdivided the patients in
two groups (“high- and low-DHA incorporators”), according to their ability to incorporate DHA after
the loading period, considered as the cutoff point for the median value of incorporation. Notably,
they found that the outcome of the chemotherapy was substantially improved in the subpopulation of
high incorporators, demonstrating for the first time that, among a population of cancer patients treated
with omega-3 PUFAs, some can be “Rs” and some can be “NRs” to the treatment itself. Moreover,
this finding suggests that the content of DHA in the plasma phospholipids (PL) could reflect the degree
of DHA incorporation in normal and tumor tissues and could represent an easily measurable biomarker
for establishing the potential response of patients to an omega-3 PUFA treatment. Interestingly,
the choice of a DHA loading period lasting about 7-10 days was not casual. In fact, it has been largely
demonstrated that the maximum incorporation of LC-omega-3 PUFAs in plasma lipids, and in red
blood cells (RBC) or tissues, can be reached after this period, and then stabilizes in a plateau [53].
This suggests that, while we are gaining more knowledge on specific characteristics and biomarkers
(genetic- epigenetic- or microbiota-related) to be used in the future, we could now identify the “Rs” by
evaluating the levels of LC-omega-3 PUFAs incorporated in PLs or RBCs after less than two weeks
of supplementation. Thus, we could quite easily decide which participants in a study are the most
eligible to continue a LC-omega-3 PUFA treatment for a longer period, and, thus, presumably obtain
more consistent results.

In the second and more recent pilot study [91] that we have considered here, a group of patients
showing symptomatic major depressive disorders was supplemented with fish oil (furnishing 1.6 g
EPA and 0.8 DHA daily for 6 weeks). The authors considered as “Rs” only the patients (5 patients
out of 16) showing a substantial decrease in the score used for evaluating the degree of depression
(>50% reduction of the 17-item Hamilton Depression Rating Scale) after the omega-3 PUFA treatment.
These patients were considered by the authors to be in remission. In this case, the basal levels of either
EPA or DHA in plasma PL was found to be unrelated with the treatment efficacy, and not able to
predict the response. However, at the end of the treatment, the “Rs” showed a higher increase of DHA
in plasma PLs as compared to the “NRs”, and, particularly, a higher proportion of DHA to EPA in their
plasma PLs. There being, however, an amount of EPA twice that of DHA in the fish oil supplemented,
what probably differentiated the “Rs” from the “NRs” was the greater ability of the “Rs” to convert
EPA into DHA.

In the third study analyzed here [92], the UC patients enrolled were in stable clinical remission
and showed high levels (more than 150 pg/g) of fecal calprotectin (FC), a cytosolic protein abundant
in neutrophil granulocytes. This fecal protein is considered a useful biomarker able to predict the
inflammatory status of the mucosa, the response to therapy, and even anticipate a possible clinical
relapse better than other inflammatory biomarkers present in serum [93,94]. In this case, most of the
UC patients (17 out of 19) that had received EPA (2 g/day) for three months increased substantially
the content of EPA itself and other LC-omega-3 PUFA (DHA and DPA) in their RBCs. Moreover,
the treatment was able to reduce significantly and substantially (by more than 60%) the levels of
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FC in all patients excluding two, where FC remained higher than 150 pg/g even after three months.
The authors considered these patients “NRs”, and continued to explore the mechanisms underlying the
EPA effects only in the patients that had shown a positive FC response (the “R” patients). Even though
the authors did not specity if the same patients who did not respond to the EPA treatment by enhancing
their LC-omega-3 PUFA levels in their RBCs were also those that did not reduce their FC levels,
this appears highly probable. Therefore, it seems that the same strategy of measuring the incorporation
of LC-PUFAs after 7-10 days could be applied also in this pathological condition to easily predict those
patients that could potentially be able to respond to the omega-3 PUFA treatment. In fact, only the UC
patients showing a high basal level of FC and able to incorporate substantial amounts of LC-omega-3
PUFAs in their RBCs after just 7-10 days of treatment could be considered eligible for continuing
this intervention for longer periods. They could be more likely able to suppress colonic mucosa
inflammation after the LC-omega-3 PUFA treatment, and to reduce markedly the risk of developing
colon cancer.

Based on these findings, we suggest that the same strategy of measuring the incorporation of
LC-PUFAs in plasma PL or RBCs after 7-10 days could be applied whenever the potential beneficial
effects of LC-PUFA treatments are investigated. This would allow to easily predict which patients
could behave as “Rs”, i.e., which could have an advantage from the LC-omega-3 PUFA treatment.

Finally, it is important to highlight the limitations of this review. The main limitation is that the
review is a narrative one and is not the result of a complete systematic review process. This implicates
the possibility of selection bias, since the methodology adopted in the primary studies analyzed were
not examined in a systematic manner. Moreover, the review is limited to the search terms and databases
indicated in the “Methodology” section.

5. Conclusions

A network of factors (variants of genes involved in PUFA metabolism and the epigenetic regulation
of their expression; microbiota profile) are currently being explored, which may influence the individual
ability to efficiently respond or not to an omega-3 PUFA treatment. The final goal is the identification of
specific factors/biomarkers usable in the clinical practice for an easy pre-identification of those subjects
that could benefit from a sustained LC-omega-3 supplementation. This appears particularly interesting
in the management of lipid dysmetabolisms and CVDs, where supplementations with these fatty acids
are currently indicated. However, while more specific biomarkers are still under study, it is worth
considering an approach that has already led to positive results in some human studies. These studies
found that the beneficial effects associated with an omega-3 PUFA treatment were mainly observed
in those patients (the “Rs”) that were able to incorporate LC-omega-3 PUFAs at the highest levels in
their circulating PLs, RBCs or tissues. We suggest here that, after receiving a short LC-omega-3 PUFA
treatment, a preliminary check should be performed in all patients, with the aim to identify among
the subjects the “best-incorporators” and potential “Rs”, that could be most eligible for long-lasting
LC-omega-3 PUFA treatments. This approach would allow us to avoid sustained and sometimes
useless treatments in all the patients. Moreover, through this strategy, more homogenous results could
be obtained in human studies, and the health potential of these fatty acids could be definitely identified.
Importantly, this preliminary check could be performed already after the first 7-10 days of treatment,
without any further waste of time, since it has been largely reported that this is the time needed to
achieve the maximal incorporation of LC-PUFAs in cells and tissues.
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