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ARTICLE INFO ABSTRACT

Keywords:

Evidence suggests antioxidant and anti-inflammatory properties of omega-3 polyunsaturated fatty acids (n-3

Aging PUFA). However, the effect of supplementation of this fatty acid profile on the telomere length and the telo-

Fatty acids
Inflammation
Longevity
Nutrigenomic
Oxidative stress

merase enzyme activity was not revised yet. The PubMed and Embase® databases were used to search for clinical
trials. A total of six clinical trials were revised. Omega-3 PUFA supplementation did not statistically affect
telomere length in three out of three studies but affected telomerase activity in two out of four studies. The
supplementation increased telomerase enzyme activity in subjects with first-episode schizophrenia. Besides, it

decreased telomerase enzyme activity without modulating the effects of Pro12Ala polymorphism on the PPARy
gene in type 2 diabetes subjects. The methodological differences between the studies and the limited number of
studies on the theme suggest that further studies are needed to elucidate the effects of n-3 PUFA supplementation
on telomere length and telomerase enzyme activity in humans.

Abbreviations
DHA docosahexaenoic acids
EPA eicosapentaenoic acids

n-3 PUFA omega-3 polyunsaturated fatty acid
MUFA  monounsaturated fatty acid
Nrf2 factor-2 related erythroid nuclear transcription factor 2

NF-kB  nuclear factor kappa B
PBMC  peripheral blood mononuclear cells
PPARy peroxisome proliferator activated receptor gamma

SFA saturated fatty acid
SPMs specialized pro-family mediators
TRF1 telomeric repeat-binding factor 1

1. Introduction

aging-related diseases have been responsible for a crescent number
of premature deaths worldwide [1,2]. Type 2 diabetes, cardiovascular
diseases, chronic kidney disease, neurodegenerative diseases, mental
disorders [3,4], and even central fat accumulation [5] are some

examples of common morbidities in aging. Telomere shortening is
directly related to the chronological age of individuals and is proposed
as a programmed theory of the cellular aging process [6,7]. Further-
more, telomere attrition has been associated with all these diseases
[8-10].

Telomeres are complex structures formed by proteins and repeated
sequences of DNA (5-TAGGG-3') located at the end of chromosomes,
responsible for avoiding chromosomes fusion, for protecting the DNA
from oxidative damage suffered throughout life, thus keeping genomic
stability [11,12]. In its turn, the telomerase enzyme is responsible for
maintaining telomere length [12,13]. In addition to genetic factors and
the own cell division, nongenetic factors such as environmental, lifestyle
events, and behavior are associated with telomeres shortening, leading
to senescence and consequent cell dysfunction [11]. Although telomere
shortening is a natural process in the organism [14], studies have shown
that it can be accelerated by oxidative stress and inflammation [15,16].

Considering the etiology of age-related diseases linked to oxidative
stress and inflammation process, nutrition is one of the behavioral and
modifiable risk factors that can interfere with these processes [17,18].
Thus, it becomes necessary to investigate the role of foods and nutrients
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Table 1
Characterization of six clinical trials that investigated the n-3 polyunsaturated fatty acid supplementation on telomere length and/or in telomerase enzyme activity.
Authors, Sample Intervention Method Study design and Markers Main results
year, and characteristics characteristics follow-up
country
Holub et al., n: 30 adults with —81 mg/d of aspirin alone ~ TRAPeze 8-week sequential Relative No statistically significant change in
2020 T2DM in capsules for 7 days telomerase therapy unblinded telomerase activity ~ telomerase enzyme copy number
USA Age: 56.6 (SD 8.9) y —4 g/day of n-3 PUFA fish  detection kit; clinical trial (copies) compared to baseline and between
BMI: 34.6 (SD7.5) kg/  oil (EPA: 1600 mg + DHA:  RT-PCR interventions
m? 800 mg) alone in capsules (sample: PBMC)
for 28 days
-Combination of n-3 PUFA
fish oil and aspirin in
capsules for another 7
days.
Pawelczyk n: 71 subjects with a G1: 2.2 g/day of n-3 PUFA  TE ELISA kit Randomized Telomerase G1: 1 levels of telomerase vs. G2
etal.,, 2017 first episode of fish oil (EPA: 1320 mg + (sample: PBMC) placebo-controlled concentration
Poland schizophrenia DHA: 880 mg) + 0.2% of clinical trial
Age: vitamin E in capsules —26 weeks
G1:23.2(SD4.8) y G2: olive oil (MUFA:
G2:23.3(SD4.8)y 73.9% + PUFA: 9.8%) +
0.2% of vitamin E in
capsules
Toupchian n: 72 PPARy Prol2Ala  G1: 2.4 g/day of n-3 PUFA  Telomeric repeat Double-blind Telomerase G1: | telomerase activity vs.
etal., 2016  polymorphism fish oil (EPA: 400 mg + amplificaton randomized activity baseline and G2
Iran genotyped subjects DHA: 1450 mg) in capsules  protocol (TRAP); controlled clinical No statistically significant change in
with T2DM G2: 600 mg of paraffin in PCR-Elisa RT-PCR  trial telomerase activity between
Age: capsules (sample: PBMC) - 8 weeks genotypes
G1:559(SD7.8)y
G2:56 (SD7) y
Barden etal., n: 74 subjects with G1: 4 g/day of n-3 PUFA qPCR Double-blind Absolute telomere No statistically significant change in
2016 chronic kidney disease ~ (EPA: 460 mg + DPA: 38 (sample: PBMC randomized length (kb/ telomere length compared to

Australia

0O’ Callaghan
et al., 2014
Australia

Kiecolt-
glaser
et al., 2013
EUA

Age: 56.5 (SEM 1.4) y
BMI: 27.3 (SEM 0.5)
kg/m2

n: 33 older adults with
mild cognitive
impairment

G1:

Age: 748 (SD5) y
BMI: 28.1 (SD 4.1) kg/
m2

G2:

Age: 742 (SD7)y
BMI: 26.8 (SD 2.6) kg/
m2

G3:
Age:73(SD3.9)y
BMI: 28.1 (SD 5.3) kg/

m2

n: 106 adults and older
adults with overweight
G1:

Age: 50.6 (SD 6.5) y
BMI: 30.7 (SD 3.8) kg/
m2

G2:

Age: 50.3(SD 7.8) y
BMLI: 31.7 (SD 4.5) kg/
mZ

G3:

Age: 51.2(SD8.9)y
BMI: 31.1 (SD4.8) kg/

mZ

mg + DHA: 380 mg) in
capsules

G2: 200 mg/day of
coenzyme Q10 in capsules
G3: Combination of 4 g/
day de n-3 PUFA + 200
mg/day of coenzyme Q10
in capsules

G4: 4 g/day of olive oil in
capsules

G1: fish oil (EPA: 1670 mg
+ DHA: 160 mg) in
capsules

G2: fish oil (EPA: 400 mg
+ DHA: 1550 mg) in
capsules

G3: 2.2 g/day of linoleic
acid from safflower oil in
capsules

(total de 4 capsulas diarias)

G1: 2.5 g/day of n-3 PUFA
fish oil (EPA: 2080 mg +
DHA: 340 mg) + 1 Ul vit. E
in capsules

G2: 1.25 g/day n-3 PUFA
fish oil (EPA: 1040 mg +
DHA: 170 mg) + 1 Ul vit. E
in capsules

G3: SFA:MUFA:PUFA
ratio= 37:42:21 + 1 Ul vit.
E in capsules

and neutrophils)

qPCR
(sample: whole
blood)

TRAPeze
telomerase
detection kit
gPCR

(sample:
peripheral blood
lymphocytes)

placebo-controlled
clinical trial
—8 weeks

Double-blind,
randomized
placebo-controlled
clinical trial

—6 months (24
weeks)

Double-blind,
randomized
placebo-controlled
clinical trial

—4 months (16
weeks)

diploide genome)

Absolute telomere
length (kb/
diploide genome)

Telomere length
(base pairs) and
telomerase activity

baseline and between interventions
n-3 PUFA supplementation: 1
telomere length in neutrophils
when results were adjusted by total
neutrophil count vs. subjects who
did not receive n-3

No statistically significant change in
telomere length compared to
baseline and between interventions

No statistically significant change in
telomere length and telomerase
activity between interventions

| n-6 PUFA:n-3 PUFA ratio = 1
telomere length

Legend: G, group; BMI, body mass index; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid; RT-PCR, reverse tran-
scription polymerase chain reaction; qPCR, quantitative real-time PCR; EPA, eicosapentaenoic fatty acid; DHA, docosahexaenoic fatty acid; PBMC, peripheral blood

mononuclear cell.
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Fig. 1. Flowchart of studies included in the systematic review.

in developing, progressing, and protecting against diseases and the
mechanism behind longevity and a healthy lifespan.

Well-described reviews of epidemiological studies [19,20] and also
randomized clinical trials [20] showed that high adherence to the
Mediterranean diet [19], as well as the consumption of some antioxi-
dants, fruits, and vegetables, are associated with longer telomeres length
[20]. On the other hand, several studies have investigated the role of n-3
polyunsaturated fatty acid (n-3 PUFA) supplementation as a potential
modulators of telomere length and telomerase activity [21-25]. Two
review studies also briefly cited the results of some original studies on
the effect of n-3 PUFA supplementation on telomere length and/or
telomerase activity [20,26]. Despite this, no review has focused on
critically evaluating these studies, particularly reviewing omega-3 sup-
plementation alone rather than in combination with other compounds.

N-3 PUFA is a long-chain fatty acid present in significant amounts in
plant and animal foods. Health beneficial effects of n-3 PUFA supple-
mentation primarily attributed to its antioxidant and anti-inflammatory
properties have been suggested [17,27,28]. Eicosapentaenoic acids
(EPA) and docosahexaenoic acids (DHA) present mainly in fish oil have
been associated with cardiovascular risk reduction [29]. However, it has
not been answered if the supplementation of n-3 PUFA affects the
modulation of the senescence process through telomere length and
telomerase enzyme activity. Thus, this systematic review aims to review
the effect of n-3 PUFA supplementation on telomere length and

telomerase enzyme activity in humans.
2. Materials and methods
2.1. Protocol and registration

This systematic review was carried out according to the guideline
“Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)” [30] and was registered in PROSPERO (https://www.crd.
york.ac.uk/prospero/), registration number CRD42020186349.

2.2. Literature search

Studies were identified by searching the following electronic data-
bases: MEDLINE / PubMed (https://pubmed.ncbi.nlm.nih.gov/) and
Embase® (https://www-embase.ez35.periodicos.capes.gov.br/a/#/p
icoSearch). The keywords chosen for the search were based on MeSH
terms and a list of synonyms suggested by Embase®. The intervention
and outcome fields of the PICOS (population/intervention/comparator/
outcome/study design) search strategy were used for the research. Then,
filters were used to select studies in humans and clinical trials. Table 1
lists the key terms used in the search. The last search was carried out in
June 2021. The search was performed independently by two authors (AS
and BKSS). First, a selection was made by titles and abstracts. Then, the
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articles were read in full and eligible studies were selected. Any
disagreement between the authors was resolved by consensus. Finally, a
backward search was performed to identify possible relevant articles to
be included in the review. Duplicate articles were removed manually.

2.3. Eligibility criteria

The following criteria were applied for the inclusion of studies: (1)
original clinical trials, randomized or not, controlled or not; (2) studies
that evaluated the effect of consuming any dose of n-3 PUFA at any time;
(3) studies that evaluated telomere length or the expression of telome-
rase enzyme activity. If data were duplicated in more than 1 study, the
most complete and detailed study was included. The following exclusion
criteria were applied: (1) studies with observational design, reviews,
congress abstracts, letters, protocol articles, notes; (2) no investigation
of telomere length or telomere-related markers; (3) interventions in
which fatty acids were consumed along with mineral/vitamin supple-
ments, other nutritional supplements; and (4) interventions that
included behavioral modifications, such as physical activity.

2.4. Selection of studies and data extraction

The studies were selected by analyzing titles, abstracts, and full texts
by two independent authors (AS and BKSS), and differences were
resolved by consensus. In the absence of the whole article or when
additional information was needed to compile the results, an email was
sent to the corresponding author requesting the article or information.

Of the studies eligible for the review, two independent authors (AS
and BKSS) extracted the following data from the studies: i) name of the
first author, year of publication, and country of study, ii) sample char-
acteristics (number of participants, presence of diseases, age, and body
mass index), iii) characteristics of the intervention (description of each
intervention group, as well as the doses of n-3 PUFA used), iv) study
design and duration, v) analysis technique used to measure the telo-
meres length and telomerase and cell type used for the analyses, vi)
markers evaluated in the study (telomere length and/or telomerase, and
vii) main results.

2.5. Risk of bias assessment

The risk of bias was assessed independently by two authors (AS and
BKSS) following the Joanna Briggs Institute Reviewer’s Manual (JBI).
The purpose of this appraisal is to assess the methodological quality of a
study and to determine the extent to which a study has addressed the
possibility of bias in its design, conduct, and analysis. Thirteen questions
for randomized clinical trials and nine questions for non-randomized
clinical trials were answered for each study included in the systematic
review. Finally, the answers to these questions were classified as Yes,
No, Unclear, or not applicable [31].

3. Results
3.1. Studies selection

We identified three hundred and seven articles in our search and
removed nineteen duplicate articles. During the screening of titles and
abstracts, two hundred and seventy-five articles were excluded for not
meeting the eligibility criteria. Fifteen articles remained for full-text
evaluation, and then nine articles were excluded. Other study designs
(observational studies), animal studies, and interventions with a com-
bination of nutraceutical supplements were the reasons for excluding
the studies. As a result, six articles met the eligibility criteria and were
included in this systematic review [21-25,32] (Fig. 1). The character-
istics of these studies are presented in Table 1.
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3.2. Studies characteristics

The six eligible studies were published between 2013 and 2020. Five
studies were randomized [21-23,25,33], only one was a sequential
intervention [32], and four were double-blinded [21-23,25]. The
studies were conducted in Australia [22,23], US [21,32], Iran [25], and
Poland [24]. A total of 386 subjects were evaluated, being adolescents
and adults with first episodes of schizophrenia [24], adults with chronic
kidney disease [23], older adults with mild cognitive impairment [22],
and adults with overweight [21]. In addition, three studies assessed
telomerase activity [24,25,32], another two studies assessed telomere
length [22,23] and one study evaluated both markers [21]. Of the
studies that evaluated telomerase activity, the intervention period
ranged from 28 days to 6 months, with doses of EPA from 1040 mg to
2080 mg/day and DHA between 170 mg to 880 mg/day. On the other
hand, of the studies that evaluated telomere length, the intervention
period ranged from 8 weeks to 6 months, with doses of EPA from 400 mg
to 2080 mg/day and DHA between 160 mg to 1550 mg/day.

Controls used in the studies were olive oil [23,24], aspirin [32], n-6
PUFA [22], paraffin [25], and a mixture of oils - SFA:MUFA:PUFA ratio
of 37:42:21 [21]. Furthermore, in all studies, n-3 PUFA were taken in
capsules and taken in the context of a habitual diet. Peripheral blood
mononuclear cells (PBMC) were used in most studies.

3.3. Results of individual studies

In summary, omega-3 PUFA supplementation did not statistically
affect telomere length in three out of three studies but affected telo-
merase activity in two out of four studies. In patients with chronic
kidney disease, the supplementation of 4 g of n-3 PUFA (EPA: 460 mg +
DHA: 380 mg) or combined with the supplementation of coenzyme Q10
did not change telomere length in eight weeks compared to the sup-
plementation of coenzyme Q10 alone and, also with olive oil. However,
when analyzed together, those who received n-3 PUFA had increased
neutrophil telomere length adjusted by total neutrophil count compared
to patients who did not receive n-3 PUFA. This result was independent of
age, sex, and body mass index [23]. In another study, the supplemen-
tation of different doses of EPA and DHA (EPA: 1.670 mg + DHA: 160
0.16 mg and EPA: 400 mg + DHA: 1550 mg) did not affect telomere
length in older adults with mild cognitive impairment compared to
baseline and the supplementation of 2.2 g/day of safflower oil in six
months [22].

In line with these findings, one study found that the supplementation
of different doses of n-3 PUFA (EPA: 1040 mg + DHA: 170 mg and EPA:
2080 mg + DHA: 340 mg, respectively) did not impact telomere length
and telomerase enzyme activity of overweight older adults over four
months. Such results are of comparison between doses and with the
placebo group. To further explore the data obtained, the authors unified
the groups that received both doses of n-3 PUFA and observed that the
decrease in the n-6 PUFA:n-3 PUFA ratio was associated with an increase
in telomere length [21]. In subjects with type 2 diabetes mellitus, the
supplementation of 4 g of n-3 PUFA (EPA: 1600 mg + DHA: 800 mg) for
twenty-eight days also did not affect the copy number of the telomerase
enzyme activity compared to baseline and aspirin consumption [32].

On the other hand, supplementation of 2.4 g of n-3 PUFA (EPA: 400
mg + DHA: 1450 mg) for eight weeks decreased the telomerase enzyme
activity of subjects with type 2 diabetes without modulating effects of
PPARy Prol2Ala polymorphism compared to the placebo group [25]. In
another study, supplementation of 4 g of n-3 PUFA (EPA: 1320 mg +
DHA: 880 mg) for twenty-six weeks more pronouncedly increased
telomerase enzyme levels in subjects diagnosed with first-episode
schizophrenia compared to the placebo group who received olive oil.
However, after eight weeks of intervention, this effect was not observed
[24].
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3.4. Risk of bias

Supplementary Figure 1 summarizes the results of the risk of bias
assessment. Most of the studies (76%) did not address the possibility of
bias in its design, conduct, and analysis. For example, the intention-to-
treat analysis was mentioned in just one article, which justifies the
prevalence of increased risk of bias on the item “Patients analyzed in the
groups to which they were randomized”. In addition, most studies did
not mention the number and training of raters and their intra and inter
reliability, which confer some unclear answers.

4. Discussion and conclusions

This is the first systematic review of clinical trials focusing on sup-
plementation of n-3 PUFA as a potential modulator of telomere length
and telomerase enzyme activity in humans. Despite being a natural
phenomenon of cell fate [12], telomere shortening has been associated
with behavioral characteristics such as food consumption [19,20]. In
this sense, behavioral changes focused on improving dietary constitu-
ents have shown promising results in maintaining telomere length or
decelerating telomere attrite [34] and in greater telomerase enzyme
activity [24].

To date, six clinical trials investigated the effects of n-3 PUFA sup-
plementation on telomere length (EPA: 400 mg to 2080 mg + DHA: 160
mg to 1550 mg) and/or telomerase enzyme activity (EPA: 1040 mg to
2080 mg + DHA: 170 mg to 880 mg), with unanimity regarding the
absence of effect on telomere length. Omega-3 PUFA supplementation
did not statistically affect telomere length in three out of three studies
but affected telomerase activity in two out of four studies. Similar results
were observed when n-3 PUFA was supplemented with other com-
pounds. The supplementation of NucleVital®Q10 complex, which con-
tains n-3 PUFA (1350 mg), ubiquinone (300 mg), astaxanthin (15 mg),
lycopene (45 mg), lutein palmitate (30 mg), zeaxanthine palmitate (6
mg), i-selenomethionine (330 mg), cholecalciferol (30 ng), and
a-tocopherol (45 mg) for twelve weeks unchanged telomere length, but
increased telomerase levels by more than 25% in healthy subjects [33].
Interestingly, linseed-oil-supplemented pigs showed lower levels of the
shelterin telomeric repeat-binding factor 1 (TRF1) protein compared to
the control group [35]. TRF1 increased is associated with oxidative
stress and is involved in the negative regulation of the telomere length
by inhibiting the telomerase activity [36-38] suggesting a possible
protective role of n-3 PUFA from linseed oil on telomere attrition.

Despite the lack of statistical significance, a trend towards lesser
shortening of telomeres after n-3 PUFA supplementation could be
observed [21-23]. Thus, this result may be relevant from a clinical point
of view. Considering that telomere attrition is associated with the trig-
gering of diseases [38], slowing down this process, can be advantageous,
even if it is minimal.

The anti-inflammatory and antioxidant bioactivity of n-3 PUFA is
recognized in the literature either from vegetables [39] or from animal
sources such as fish oil [40]. The increase in reactive oxygen species in
the organism parallel to the state of imbalance redox and inflammation
seem to contribute to telomeric attrition and, consequently, exposure of
genetic material to oxidation. In most studies included in this review, the
subjects evaluated had some morbidity, such as type 2 diabetes, chronic
kidney disease, overweight, and schizophrenia. Both inflammation and
oxidative stress are a consequence and are also involved in the pro-
gression of these morbidities [41,42]. Thus, it would be precisely
through these two mechanisms of action that we expected to observe the
beneficial effects of n-3 PUFA supplementation on telomere length and
telomerase activity [7].

Studies suggest that peroxidation of n-3 PUFA increases the con-
centration of 4-hydroxyhexenal in the cytosol, which activates factor-2
related erythroid nuclear transcription factor 2 (Nrf2). Thus, antioxi-
dant enzymes are produced, giving antioxidant characteristics to this
fatty acid profile [43,44]. In this sense, EPA and DHA could attenuate
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oxidative stress in vascular endothelial cells through upregulation of
Nrf2 [18].

In addition to antioxidant effects, n-3 PUFA has anti-inflammatory
properties. N-3 PUFA’s are involved in the synthesis of specialized
pro-family mediators (SPMs), such as resolvins, maresins, and pro-
tectins, which are involved in the resolution of inflammation [45]. Be-
sides, dietary fats have a key role in modulating cell membranes, and
thus inflammatory mediators such as leukotrienes, prostaglandins,
among others, can be produced depending on the lipid composition of
the membranes. In this sense, a balanced diet between the proportions of
n-6 PUFA: n-3 PUFA can favor the balance between arachidonic fatty
acid and EPA in cell membranes. When removed by the phospholipase
A2 enzyme into cells, the EPA fatty acids will be bioconverted by the
lipoxygenase and cyclooxygenase 1 enzymes into unique leukotrienes,
prostaglandins, and thromboxanes. These substances have
anti-inflammatory characteristics, unlike the leukotrienes produced by
arachidonic acid. The anti-inflammatory capacity of n-3 PUFA is also
related to the disarticulation of the complete TAK-1-TAB-1/2-ubiquitin.
EPA and DHA fatty acids bind to the GPR120 receptor on cell mem-
branes, recruiting the p-arrestin protein. When activated by GPR120,
B-arrestin rescues the binding protein 1/2 (TAB-1/2) to TAK-1 from the
inflammatory protein complex initiated by inflammatory mediators
such as TNF or by activation of toll-like receptors, preventing dephos-
phorylation of the kappa B inhibitor kinase (IKK). Thus, nuclear factor
kappa B (NF-kB) does not target the cell nucleus to stimulate the pro-
duction of cytokines and other inflammatory mediators. Furthermore,
n-3 PUFA increases the expression of the peroxisome
proliferator-activated receptor y (PPARy) and consequently negatively
impacts the activity of the transcription factor NF-kB through the
mechanism of transrepression [28,46]. In addition to these effects, n-3
PUFA also modulates the expression of sterol regulatory
element-binding protein (SREBP), decreasing the liver’s synthesis of
fatty acids and cholesterol [47].

In one of the revised studies, the decrease in the n-6:n-3 PUFA ratio
was associated with longer telomere length [21]. This association may
indicate that the imbalance between these two types of fat consumption
is related to inflammatory processes and oxidative stress, which are the
main links in the cellular senescence process. The imbalance between
the consumption of n-6:n-3 fatty acids, typical of the Western dietary
pattern, may favor the production of serial pair pro-inflammatory me-
diators such as leukotrienes, prostaglandins, and thromboxanes [28]. In
patients with stable coronary artery disease, there was an inverse rela-
tionship between baseline blood levels of marine n-3 PUFA and the rate
of telomere shortening over five years [48]. In another study, higher n-6:
n-3 PUFAs ratio and lower EPA and DHA were associated with shorter
telomere length in the Chinese population [49]. Furthermore, in the
Nurse’s Health Study, the n-6 PUFA linoleic acid intake was inversely
associated with telomere length [50].

In subjects with type 2 diabetes, supplementation of n-3 PUFA for 28
days numerically increased telomerase activity, but without statistical
significance in relation to aspirin consumption and the same amount of
EPA and DHA combined with the consumption of aspirin [32]. In
contrast, supplementation of a lower dose of EPA and higher dose of
DHA compared to the study above [32] decreased telomerase levels in
type 2 diabetes subjects with PPARy Prol12ALA polymorphism within
eight weeks [25]. In the first study [32], the short intervention time may
be insufficient to detect a statistically significant increase in telomerase
activity. Studies have shown that subjects with the rs1801282 variant
may have decreased type 2 diabetes susceptibility and may have posi-
tive, beneficial effects on insulin sensitivity and body mass index [51,
52]. Despite this, DHA-enriched fish oil upregulated cyclin-dependent
kinase inhibitor 2A expression, a marker of cell senescence, which is
related to inhibition of the telomerase activity [25].

Subjects with first-episode schizophrenia seem to benefit from n-3
PUFA supplementation, as they had increased telomerase enzyme ac-
tivity after six months of supplementation compared to supplementation
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Fig. 2. Comparison of EPA and DHA doses used in studies that evaluated the
effects of n-3 supplementation on: A. telomere length and B. telomerase enzyme
activity. Data dashed are from studies that observed a statistically significant
effect of n-3 PUFA supplementation on telomerase enzyme activity.

with olive oil [24]. In contrast, the supplementation with a higher dose
of EPA but a lower dose of DHA compared to the prior study did not
impact telomerase activity in adults and older adults with overweight
compared to the placebo group after sixteen weeks. Evidence suggests
that oxidative stress and inflammation are involved in the pathology of
schizophrenia [53]. Due to the bond between schizophrenia patho-
physiology and the anti-inflammatory and antioxidant properties of n-3
mentioned earlier, individuals with the disease may benefit from sup-
plementation with EPA + DHA. A detail of all three studies that observed
a trend toward less telomere shortening after supplementation with n-3
PUFA [21-23] is that the dose of EPA was higher than those of DHA.
Furthermore, studies have shown improvement in lipid profile markers
after EPA supplementation, whereas DHA supplementation appears to
increase low-density lipoprotein cholesterol concentrations [54-56]. In
another study, EPA, but not DHA, markedly activated the sirtuin 1 gene
expression in THP1 cells [57]. In fact, molecular mechanisms link
telomeres to sirtuin expression, which are positively related to telomere
stabilization [58]. Despite this, the mechanisms of EPA and DHA in cell
senescence markers still need to be further studied. It is noteworthy that
the studies differed regarding the doses of EPA and DHA supplemented,
intervention time, profile and number of evaluated subjects, and com-
parison group (Fig. 2). These observations may justify the different re-
sults regarding telomerase activity between studies and allow us to infer
that more studies are necessary for the field.

In this systematic review, we critically analyzed the studies that
assessed the effects of the n-3 PUFA supplementation on telomere length
and telomerase enzyme activity. Heterogeneous studies were compared
in this review. Differences between studies regarding the doses of EPA
and DHA supplemented, intervention time, profile and number of
evaluated subjects, and the comparison group were detected and
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critically assessed. It is necessary to conduct more studies with n-3 PUFA
supplementation and other promising fatty acid sources. In addition, it
would be interesting to assess markers related to telomere constituents
such as proteins from the shelterin complex and others. Finally, we
emphasize the lack of human studies on mechanisms behind the effects
of n-3 PUFA on the senescence process through modulation of telomere
length and telomerase enzyme activity.

Supplementation of n-3 PUFA had no statistically significant effect
on telomere length, but showed a tendency to reduce telomere attrition
in three of three studies that assessed telomere length. The supple-
mentation increased telomerase enzyme activity in subjects with first-
episode schizophrenia. Besides, it decreased telomerase enzyme activ-
ity without modulating the effects of Prol2Ala polymorphism on the
PPARy gene in type 2 diabetes subjects. The methodological differences
between the studies and the limited number of studies on the theme
allow us to infer that further studies are needed to elucidate the effects of
n-3 PUFA supplementation on telomere length and telomerase enzyme
activity in humans.

CRediT authorship contribution statement

Alessandra da Silva: Writing — original draft, Writing — review &
editing, Visualization. Brenda Kelly Souza Silveira: Writing — original
draft, Writing — review & editing, Visualization. Helen Hermana
Miranda Hermsdorff: Writing — review & editing, Supervision. Walmir
da Silva: Writing — review & editing, Supervision. Josefina Bressan:
Writing — review & editing, Supervision.

Declarations of Competing Interest

None.

Acknowledgments

This study was financed by the Coordenacaoo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) - Finance Code 001. BKS Silveira, and
A Silva are CAPES PhD scholarships, and HHM Hermsdorff and J Bressan
are CNPq Research Productivity fellows.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.plefa.2022.102451.

References

[1] L Katzir, M. Adler, O. Karin, N. Mendelsohn-Cohen, A. Mayo, U. Alon, Senescent
cells and the incidence of age-related diseases, Aging Cell 20 (2021), https://doi.
org/10.1111/acel.13314.

[2] S. Khosla, J.N. Farr, T. Tchkonia, J.L. Kirkland, The role of cellular senescence in
ageing and endocrine disease, Nat. Rev. Endocrinol. 16 (2020) 263-275, https://
doi.org/10.1038/s41574-020-0335-y.

[3] WHO, Ageing and health, (2018). https://www.who.int/news-room/fact-sheets/
detail/ageing-and-health.

[4] S. Stern, S. Behar, S. Gottlieb, Aging and diseases of the heart, Circulation (2003)
108, https://doi.org/10.1161/01.CIR.0000086898.96021.B9.

[5] P. Mancuso, B. Bouchard, The impact of aging on adipose function and adipokine
synthesis, Front. Endocrinol. (Lausanne) 10 (2019), https://doi.org/10.3389/
fendo.2019.00137.

[6] G. Aubert, P.M. Lansdorp, Telomeres and Aging, Physiol. Rev. 88 (2008) 557-579,
https://doi.org/10.1152/physrev.00026.2007.

[7] J. Zhang, G. Rane, X. Dai, M.K. Shanmugam, F. Arfuso, R.P. Samy, M.K.P. Lai,

D. Kappei, A.P. Kumar, G. Sethi, Ageing and the telomere connection: an intimate
relationship with inflammation, Ageing Res. Rev. 25 (2016) 55-69, https://doi.
org/10.1016/j.arr.2015.11.006.

[8] P. Russo, G. Prinzi, S. Proietti, P. Lamonaca, A. Frustaci, S. Boccia, R. Amore,

M. Lorenzi, G. Onder, E. Marzetti, V. Valdiglesias, F. Guadagni, M.G. Valente, G. Lo
Cascio, S. Fraietta, G. Ducci, S. Bonassi, Shorter telomere length in schizophrenia:
evidence from a real-world population and meta-analysis of most recent literature,
Schizophr. Res. 202 (2018) 37-45, https://doi.org/10.1016/].schres.2018.07.015.


https://doi.org/10.1016/j.plefa.2022.102451
https://doi.org/10.1111/acel.13314
https://doi.org/10.1111/acel.13314
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.1038/s41574-020-0335-y
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.1161/01.CIR.0000086898.96021.B9
https://doi.org/10.3389/fendo.2019.00137
https://doi.org/10.3389/fendo.2019.00137
https://doi.org/10.1152/physrev.00026.2007
https://doi.org/10.1016/j.arr.2015.11.006
https://doi.org/10.1016/j.arr.2015.11.006
https://doi.org/10.1016/j.schres.2018.07.015

A. da Silva et al.

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

D. Ma, W. Zhy, S. Hu, X. Yu, Y. Yang, Association between oxidative stress and
telomere length in type 1 and type 2 diabetic patients, J. Endocrinol. Invest. 36
(2013) 1032-1037, https://doi.org/10.3275/9036.

P.C. Haycock, E.E. Heydon, S. Kaptoge, A.S. Butterworth, A. Thompson, P. Willeit,
Leucocyte telomere length and risk of cardiovascular disease: systematic review
and meta-analysis, BMJ 349 (2014), https://doi.org/10.1136/bmj.g4227
84227-g4227.

J.L. Sanders, A.B. Newman, Telomere length in epidemiology: a biomarker of
aging, age-related disease, both, or neither? Epidemiol. Rev. 35 (2013) 112-131,
https://doi.org/10.1093/epirev/mxs008.

E.H. Blackburn, E.S. Epel, J. Lin, Human telomere biology: a contributory and
interactive factor in aging, disease risks, and protection, Science 350 (2015)
1193-1198, https://doi.org/10.1126/science.aab3389.

S.R.W.L. Chan, E.H. Blackburn, Telomeres and telomerase, Philosophical
Transactions of the Royal Society of London, Series B: Biol. Sci. 359 (2004)
109-122, https://doi.org/10.1098/rstb.2003.1370.

W.-.G. Zhang, S.-.Y. Zhu, X.-J. Bai, D.-.L. Zhao, S.-.M. Jiang, J. Li, Z.-.X. Li, B. Fu,
G.-.Y. Cai, X.-.F. Sun, X.-.M. Chen, Select aging biomarkers based on telomere
length and chronological age to build a biological age equation, Age (Omaha) 36
(2014) 9639, https://doi.org/10.1007/s11357-014-9639-y.

E. Coluzzi, S. Leone, A. Sgura, Oxidative stress induces telomere dysfunction and
senescence by replication fork arrest, Cells 8 (2019) 19, https://doi.org/10.3390/
cells8010019.

T. Von Zglinicki, Oxidative stress shortens telomeres, Trends Biochem. Sci. 27
(2002) 339-344, https://doi.org/10.1016/50968-0004(02)02110-2.

D. Swanson, R. Block, S.A. Mousa, Omega-3 fatty acids EPA and DHA: health
benefits throughout life, Adv. Nutr. 3 (2012) 1-7, https://doi.org/10.3945/
an.111.000893.

C. Sakai, M. Ishida, H. Ohba, H. Yamashita, H. Uchida, M. Yoshizumi, T. Ishida,
Fish oil omega-3 polyunsaturated fatty acids attenuate oxidative stress-induced
DNA damage in vascular endothelial cells, PLoS ONE 12 (2017), e0187934,
https://doi.org/10.1371/journal.pone.0187934.

S. Canudas, N. Becerra-Tomads, P. Hernandez-Alonso, S. Galié, C. Leung, M. Crous-
Bou, L. De Vivo, Y. Gao, Y. Gu, J. Meinila, C. Milte, S. Garcia-Calzén, A. Marti,
V. Boccardi, M. Ventura-Marra, J. Salas-Salvad6, Mediterranean diet and telomere
length: a systematic review and meta-analysis, Adv. Nutr. (2020), https://doi.org/
10.1093/advances/nmaa079.

S. Galie, S. Canudas, J. Muralidharan, J. Garcia-Gavilan, M. Bulld, J. Salas-Salvadd,
Impact of nutrition on telomere health: systematic review of observational cohort
studies and randomized clinical trials, Adv. Nutr. 11 (2020) 576-601, https://doi.
org/10.1093/advances/nmz107.

J.K. Kiecolt-Glaser, E.S. Epel, M.A. Belury, R. Andridge, J. Lin, R. Glaser, W.

B. Malarkey, B.S. Hwang, E. Blackburn, Omega-3 fatty acids, oxidative stress, and
leukocyte telomere length: a randomized controlled trial, Brain Behav. Immun. 28
(2013) 16-24, https://doi.org/10.1016/j.bbi.2012.09.004.

N. O’Callaghan, N. Parletta, C.M. Milte, B. Benassi-Evans, M. Fenech, P.R.C. Howe,
Telomere shortening in elderly individuals with mild cognitive impairment may be
attenuated with w-3 fatty acid supplementation: a randomized controlled pilot
study, Nutrition 30 (2014) 489-491, https://doi.org/10.1016/j.nut.2013.09.013.
A. Barden, N. O’Callaghan, V. Burke, E. Mas, L. Beilin, M. Fenech, A. Irish,

G. Watts, I. Puddey, R.-.C. Huang, T. Mori, n-3 Fatty Acid Supplementation and
Leukocyte Telomere Length in Patients with Chronic Kidney Disease, Nutrients 8
(2016) 175, https://doi.org/10.3390,/nu8030175.

T. Pawelczyk, M. Grancow-Grabka, E. Trafalska, J. Szemraj, N. Zurner,

A. Pawelczyk, Telomerase level increase is related to n-3 polyunsaturated fatty acid
efficacy in first episode schizophrenia: secondary outcome analysis of the OFFER
randomized clinical trial, Prog. Neuropsychopharmacol. Biol. Psychiatry 83 (2018)
142-148, https://doi.org/10.1016/j.pnpbp.2017.12.008.

0. Toupchian, G. Sotoudeh, A. Mansoori, S. Abdollahi, S. Ali Keshavarz, M. Djalali,
E. Nasli-Esfahani, E. Alvandi, R. Chahardoli, F. Koohdani, DHA-enriched fish oil
upregulates cyclin-dependent kinase inhibitor 2A (P16(INK)) expression and
downregulates telomerase activity without modulating effects of PPARy Prol2Ala
polymorphism in type 2 diabetic patients: a randomized, double-blind, placebo,
Clin. Nutr. 37 (2018) 91-98, https://doi.org/10.1016/j.cInu.2016.12.007
(Edinburgh, Scotland).

S. Davinelli, A. Trichopoulou, G. Corbi, I. De Vivo, G. Scapagnini, The potential
nutrigeroprotective role of Mediterranean diet and its functional components on
telomere length dynamics, Ageing Res. Rev. 49 (2019) 1-10, https://doi.org/
10.1016/j.arr.2018.11.001.

P.C. Calder, Eicosapentaenoic and docosahexaenoic acid derived specialised pro-
resolving mediators: concentrations in humans and the effects of age, sex, disease
and increased omega-3 fatty acid intake, Biochimie 178 (2020) 105-123, https://
doi.org/10.1016/j.biochi.2020.08.015.

P.C. Calder, Omega-3 Fatty Acids and Inflammatory Processes, Nutrients 2 (2010)
355-374, https://doi.org/10.3390/nu2030355.

S.U. Khan, A.N. Lone, M.S. Khan, S.S. Virani, R.S. Blumenthal, K. Nasir, M. Miller,
E.D. Michos, C.M. Ballantyne, W.E. Boden, D.L. Bhatt, Effect of omega-3 fatty acids
on cardiovascular outcomes: a systematic review and meta-analysis,
EClinicalMedicine 38 (2021), 100997, https://doi.org/10.1016/j.
eclinm.2021.100997.

M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann, C.D. Mulrow,
L. Shamseer, J.M. Tetzlaff, E.A. Akl, S.E. Brennan, R. Chou, J. Glanville, J.

M. Grimshaw, A. Hrébjartsson, M.M. Lalu, T. Li, E.W. Loder, E. Mayo-Wilson,

S. McDonald, L.A. McGuinness, L.A. Stewart, J. Thomas, A.C. Tricco, V.A. Welch,
P. Whiting, D. Moher, The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews, BMJ (2021) n71, https://doi.org/10.1136/bmj.n71.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Prostaglandins, Leukotrienes and Essential Fatty Acids 181 (2022) 102451

C. Tufanaru, Z. Munn, E. Aromataris, J. Campbell, L. Hopp, P. Mattis, K. Lisy,

P. Mu, Chapter 3: systematic reviews of effectiveness, Editors, in: E. Aromataris,
Z. Munn (Eds.), Joanna Briggs Institute Reviewer’s Manual, The Joanna Briggs
Institute, 2017, pp. 1-9, https://reviewersmanual.joannabriggs.org/.

A. Holub, S. Mousa, A. Abdolahi, K. Godugu, X.M. Tu, J.T. Brenna, R.C. Block, The
effects of aspirin and N-3 fatty acids on telomerase activity in adults with diabetes
mellitus, Nutrition, Metabol. Cardiovasc. Dis. 30 (2020) 1795-1799, https://doi.
org/10.1016/j.numecd.2020.06.014.

A. Balcerczyk, A. Gajewska, E. Macierzynska-Piotrowska, T. Pawelczyk, G. Bartosz,
J. Szemraj, Enhanced antioxidant capacity and anti-ageing biomarkers after diet
micronutrient supplementation, Molecules 19 (2014) 14794-14808, https://doi.
org/10.3390/molecules190914794.

C. Marin, J. Delgado-Lista, R. Ramirez, J. Carracedo, J. Caballero, P. Perez-
Martinez, F.M. Gutierrez-Mariscal, A. Garcia-Rios, N. Delgado-Casado, C. Cruz-
Teno, E.M. Yubero-Serrano, F. Tinahones, M. del M. Malagon, F. Perez-Jimenez,
J. Lopez-Miranda, Mediterranean diet reduces senescence-associated stress in
endothelial cells, Age (Omaha) 34 (2012) 1309-1316, https://doi.org/10.1007/
s11357-011-9305-6.

M. Ogtuszka, M.F.W. te Pas, E. Potawska, A. Nawrocka, K. Stepanow,

M. Pierzchata, Omega-3 alpha-linolenic fatty acid affects the level of telomere
binding protein TRF1 in porcine skeletal muscle, Animals 10 (2020) 1090, https://
doi.org/10.3390/ani10061090.

P.L. Opresko, Oxidative damage in telomeric DNA disrupts recognition by TRF1
and TRF2, Nucleic Acids Res. 33 (2005) 1230-1239, https://doi.org/10.1093/nar/
gki273.

A. Smogorzewska, B. van Steensel, A. Bianchi, S. Oelmann, M.R. Schaefer,

G. Schnapp, T. de Lange, Control of human telomere length by TRF1 and TRF2,
Mol. Cell. Biol. 20 (2000) 1659-1668, https://doi.org/10.1128/MCB.20.5.1659-
1668.2000.

G. Gavia-Garcia, J. Rosado-Pérez, T.L. Arista-Ugalde, 1. Aguiniga-Sanchez,

E. Santiago-Osorio, V.M. Mendoza-Ntinez, Telomere Length and Oxidative Stress
and Its Relation with Metabolic Syndrome Components in the Aging, Biology
(Basel) 10 (2021) 253, https://doi.org/10.3390/biology10040253.

M. Rahimlou, N.B. Jahromi, N. Hasanyani, A.R. Ahmadi, Effects of Flaxseed
Interventions on Circulating Inflammatory Biomarkers: a Systematic Review and
Meta-Analysis of Randomized Controlled Trials, Adv. Nutr. 10 (2019) 1108-1119,
https://doi.org/10.1093/advances/nmz048.

M.S. Ellulu, H. Khaza’ai, Y. Abed, A. Rahmat, P. Ismail, Y. Ranneh, Role of fish oil
in human health and possible mechanism to reduce the inflammation,
Inflammopharmacology 23 (2015) 79-89, https://doi.org/10.1007/s10787-015-
0228-1.

N. Miiller, E. Weidinger, B. Leitner, M.J. Schwarz, The role of inflammation in
schizophrenia, Front Neurosci 9 (2015), https://doi.org/10.3389/
fnins.2015.00372.

J. Camps, A. Garcia-Heredia, Introduction: Oxidation and Inflammation, A
Molecular Link Between Non-communicable Diseases (2014) 1-4, https://doi.org/
10.1007/978-3-319-07320-0_1.

A. Ishikado, K. Morino, Y. Nishio, F. Nakagawa, A. Mukose, Y. Sono, N. Yoshioka,
K. Kondo, O. Sekine, T. Yoshizaki, S. Ugi, T. Uzu, H. Kawai, T. Makino,

T. Okamura, M. Yamamoto, A. Kashiwagi, H. Maegawa, 4-hydroxy hexenal derived
from docosahexaenoic acid protects endothelial cells via Nrf2 activation, PLoS ONE
8 (2013) e69415, https://doi.org/10.1371/journal.pone.0069415.

P. Abrescia, L. Treppiccione, M. Rossi, P. Bergamo, Modulatory role of dietary
polyunsaturated fatty acids in Nrf2-mediated redox homeostasis, Prog. Lipid Res.
80 (2020), 101066, https://doi.org/10.1016/j.plipres.2020.101066.

N. Chiang, C.N. Serhan, Specialized pro-resolving mediator network: an update on
production and actions, Essays Biochem. 64 (2020) 443-462, https://doi.org/
10.1042/EBC20200018.

M. RICOTE, C. GLASS, PPARs and molecular mechanisms of transrepression,
Biochimica et Biophysica Acta (BBA) 1771 (2007) 926-935, https://doi.org/
10.1016/j.bbalip.2007.02.013.

A. Georgiadi, S. Kersten, Mechanisms of gene regulation by fatty acids, Adv. Nutr. 3
(2012) 127-134, https://doi.org/10.3945/an.111.001602.

R. Farzaneh-Far, J. Lin, E.S. Epel, W.S. Harris, E.H. Blackburn, M.A. Whooley,
Association of marine omega-3 fatty acid levels with telomeric aging in patients
with coronary heart disease, JAMA 303 (2010) 250-257, https://doi.org/10.1001/
jama.2009.2008.

X. Chang, R. Dorajoo, Y. Sun, L. Wang, C.N. Ong, J. Liu, C.C. Khor, J.-.M. Yuan, W.
P. Koh, Y. Friedlander, C.-.K. Heng, Effect of plasma polyunsaturated fatty acid
levels on leukocyte telomere lengths in the Singaporean Chinese population, Nutr.
J. 19 (2020) 119, https://doi.org/10.1186/512937-020-00626-9.

A. Cassidy, 1. De Vivo, Y. Liu, J. Han, J. Prescott, D.J. Hunter, E.B. Rimm,
Associations between diet, lifestyle factors, and telomere length in women, Am. J.
Clin. Nutr. 91 (2010) 1273-1280, https://doi.org/10.3945/ajcn.2009.28947.
D.P. BALDANI, L. SKRGATIC, J.Z. CERNE, P. FERK, V. SIMUNIC, K. GERSAK,
Association of PPARG Pro12Ala polymorphism with insulin sensitivity and body
mass index in patients with polycystic ovary syndrome, Biomed. Rep. 2 (2014)
199-206, https://doi.org/10.3892/br.2013.215.

N. Sarhangi, F. Sharifi, L. Hashemian, M. Hassani Doabsari, K. Heshmatzad,

M. Rahbaran, S.H. Jamaldini, H.R. Aghaei Meybodi, M. Hasanzad, PPARG
(Prol2Ala) genetic variant and risk of T2DM: a systematic review and meta-
analysis, Sci. Rep. 10 (2020) 12764, https://doi.org/10.1038/541598-020-69363-
7.

1. Grabnar, T. Vovk, B. Kores Plesnicar, M. Boskovic, Oxidative stress in
schizophrenia, Curr. Neuropharmacol. 9 (2011) 301-312, https://doi.org/
10.2174/157015911795596595.


https://doi.org/10.3275/9036
https://doi.org/10.1136/bmj.g4227
https://doi.org/10.1093/epirev/mxs008
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1098/rstb.2003.1370
https://doi.org/10.1007/s11357-014-9639-y
https://doi.org/10.3390/cells8010019
https://doi.org/10.3390/cells8010019
https://doi.org/10.1016/S0968-0004(02)02110-2
https://doi.org/10.3945/an.111.000893
https://doi.org/10.3945/an.111.000893
https://doi.org/10.1371/journal.pone.0187934
https://doi.org/10.1093/advances/nmaa079
https://doi.org/10.1093/advances/nmaa079
https://doi.org/10.1093/advances/nmz107
https://doi.org/10.1093/advances/nmz107
https://doi.org/10.1016/j.bbi.2012.09.004
https://doi.org/10.1016/j.nut.2013.09.013
https://doi.org/10.3390/nu8030175
https://doi.org/10.1016/j.pnpbp.2017.12.008
https://doi.org/10.1016/j.clnu.2016.12.007
https://doi.org/10.1016/j.arr.2018.11.001
https://doi.org/10.1016/j.arr.2018.11.001
https://doi.org/10.1016/j.biochi.2020.08.015
https://doi.org/10.1016/j.biochi.2020.08.015
https://doi.org/10.3390/nu2030355
https://doi.org/10.1016/j.eclinm.2021.100997
https://doi.org/10.1016/j.eclinm.2021.100997
https://doi.org/10.1136/bmj.n71
https://reviewersmanual.joannabriggs.org/
https://doi.org/10.1016/j.numecd.2020.06.014
https://doi.org/10.1016/j.numecd.2020.06.014
https://doi.org/10.3390/molecules190914794
https://doi.org/10.3390/molecules190914794
https://doi.org/10.1007/s11357-011-9305-6
https://doi.org/10.1007/s11357-011-9305-6
https://doi.org/10.3390/ani10061090
https://doi.org/10.3390/ani10061090
https://doi.org/10.1093/nar/gki273
https://doi.org/10.1093/nar/gki273
https://doi.org/10.1128/MCB.20.5.1659-1668.2000
https://doi.org/10.1128/MCB.20.5.1659-1668.2000
https://doi.org/10.3390/biology10040253
https://doi.org/10.1093/advances/nmz048
https://doi.org/10.1007/s10787-015-0228-1
https://doi.org/10.1007/s10787-015-0228-1
https://doi.org/10.3389/fnins.2015.00372
https://doi.org/10.3389/fnins.2015.00372
https://doi.org/10.1007/978-3-319-07320-0_1
https://doi.org/10.1007/978-3-319-07320-0_1
https://doi.org/10.1371/journal.pone.0069415
https://doi.org/10.1016/j.plipres.2020.101066
https://doi.org/10.1042/EBC20200018
https://doi.org/10.1042/EBC20200018
https://doi.org/10.1016/j.bbalip.2007.02.013
https://doi.org/10.1016/j.bbalip.2007.02.013
https://doi.org/10.3945/an.111.001602
https://doi.org/10.1001/jama.2009.2008
https://doi.org/10.1001/jama.2009.2008
https://doi.org/10.1186/s12937-020-00626-9
https://doi.org/10.3945/ajcn.2009.28947
https://doi.org/10.3892/br.2013.215
https://doi.org/10.1038/s41598-020-69363-7
https://doi.org/10.1038/s41598-020-69363-7
https://doi.org/10.2174/157015911795596595
https://doi.org/10.2174/157015911795596595

A. da Silva et al.

[54]

[55]

E.A. Brinton, R.P. Mason, Prescription omega-3 fatty acid products containing
highly purified eicosapentaenoic acid (EPA), Lipids Health Disease 16 (2017) 23,
https://doi.org/10.1186/s12944-017-0415-8.

Z.-H. Yang, M. Amar, M. Sampson, A.B. Courville, A.V. Sorokin, S.M. Gordon, A.
M. Aponte, M. Stagliano, M.P. Playford, Y.-.P. Fu, S. Yang, N.N. Mehta, A.

T. Remaley, Comparison of omega-3 eicosapentaenoic acid versus docosahexaenoic
acid-rich fish oil supplementation on plasma lipids and lipoproteins in
normolipidemic adults, Nutrients 12 (2020) 749, https://doi.org/10.3390/
nul2030749.

[56]

[57]

[58]

Prostaglandins, Leukotrienes and Essential Fatty Acids 181 (2022) 102451

A.A. Bernasconi, M.M. Wiest, C.J. Lavie, R.V. Milani, J.A. Laukkanen, Effect of
omega-3 dosage on cardiovascular outcomes, Mayo Clin. Proc. 96 (2021) 304-313,
https://doi.org/10.1016/j.mayocp.2020.08.034.

T. Tsuchiya, A. Endo, K. Tsujikado, T. Inukai, Involvement of resveratrol and »-3
polyunsaturated fatty acids on sirtuin 1 gene expression in THP1 cells, Am. J. Med.
Sci. 354 (2017) 415-422, https://doi.org/10.1016/j.amjms.2017.06.002.

H. Amano, E. Sahin, Telomeres and sirtuins: at the end we meet again, Mol Cell
Oncol 6 (2019), 1632613, https://doi.org/10.1080/23723556.2019.1632613.


https://doi.org/10.1186/s12944-017-0415-8
https://doi.org/10.3390/nu12030749
https://doi.org/10.3390/nu12030749
https://doi.org/10.1016/j.mayocp.2020.08.034
https://doi.org/10.1016/j.amjms.2017.06.002
https://doi.org/10.1080/23723556.2019.1632613

	Effect of omega-3 fatty acid supplementation on telomere length and telomerase activity: A systematic review of clinical trials
	1 Introduction
	2 Materials and methods
	2.1 Protocol and registration
	2.2 Literature search
	2.3 Eligibility criteria
	2.4 Selection of studies and data extraction
	2.5 Risk of bias assessment

	3 Results
	3.1 Studies selection
	3.2 Studies characteristics
	3.3 Results of individual studies
	3.4 Risk of bias

	4 Discussion and conclusions
	CRediT authorship contribution statement
	Declarations of Competing Interest
	Acknowledgments
	Supplementary materials
	References


