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The global population is living longer; however, not everyone ages at the same rate with regard to their physical and cognitive abilities and their
vulnerability to certain diseases and death. This review aimed to synthesize the contribution of biological age—predictive biomarkers to nutrition
research and highlight the implications for future research and clinical practice. MEDLINE, CINAHL, and Cochrane CENTRAL were systematically
searched on 30 September 2021 for randomized controlled trials and cross-sectional studies examining the association between nutrition and
biological age in older adults reporting on genetic, clinical, or molecular biomarkers of biological aging. Cochrane’s ROB 2 and ROBINS-I were
used to assess the quality of included studies. Synthesis was undertaken narratively. Of 1245 records identified from the search, 13 studies from 8
countries and territories, involving 5043 participants, were included. Seven studies assessed associations between nutrient food intake and telomere
attrition, reporting protective effects for branched-chain amino acids, calcium and vitamin D, and a diet of a lower inflammatory index; whereas they
found shorter telomeres in people consuming more processed foods and arachidonic acid and other proinflammatory compounds. Five studies
examined the associations between plasma nutrition biomarkers and cognitive function, and found a protective effect for HDL cholesterol, lycopene,
carotenoids, w-3 and w-6 fatty acids, and vitamins B, C, D, and E; whereas trans fatty acids and fibrinogen correlated with a decline in cognitive
function. One study used Horvath's clock and reported the epigenetic rejuvenation effect of a Mediterranean diet. In conclusion, biological aging
was negatively associated with an anti-inflammatory diet. However, a few studies did not control for the confounding effect of other lifestyle factors.
Future research should address this and also assess the synergistic effect of different nutrients, their combinations, and evaluate their dose-response
relations. Nutrition practice can incorporate updated screening procedures for older people that include relevant biological aging nutrition markers,
leading to anti-aging precision nutrition therapy. The methodology of this systematic review was registered in PROSPERO (CRD42021288122). Adv
Nutr 2022;13:1930-1946.

Statement of Significance: This review is the first to collate original findings on the associations between nutrients and dietary practices
with biological aging, including their effects on telomere shortening, cognition, and epigenetic rejuvenation (measured using Horvath's clock)
in order to provide a current synthesis of evidence and to discuss its implications for future research and clinical practice.

Keywords: aging, cognitive function, diet, dietetics, epigenetics, geriatrics, gerontology, nutritional epidemiology, telomere length

Introduction

Epidemiological insight combined with advances in medical
technology and pharmacology have resulted in dramatic
increases in life expectancy over recent years. Life expectancy
increased, on average, by 5 y between 2000 and 2015, the
greatest increase since the 1960s (1). Today, most people can
expect to live into their 60s and beyond. The WHO predicts
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that, by 2030, 1-in-6 people in the world will be aged 60 y and
over (2), and by 2050, the population of people aged 60 y and
older will double, and the population of people aged 80 y and
older will triple (2).

Although people are increasingly living longer, not ev-
eryone ages at the same rate with regard to their functional
and intellectual ability. Aging is a complex process governed
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by molecular and cellular changes that mediate gradual
decreases in physical and mental capacity, increasing the risk
of disease and death (2). The rate at which these changes
occur depends on a variety of genetic and environmental
factors. Hence why, apart from “chronological age,” which
denotes the number of years an individual has lived, the
term “biological age” was coined, describing the rate of
interindividual variation in loss of function, cognitive ability,
and vulnerability to certain diseases and death.

Aging increases the risk for a plethora of conditions,
such as diabetes (3), cancer (4), cardiovascular disease (5),
neurodegenerative disorders (6, 7), osteoarthritis, joint pain
and frailty (8), and chronic obstructive pulmonary disease
(9), which pose a burden on health care systems. Therefore,
understanding how to delay biological aging is paramount
both atindividual and population levels (10, 11). Importantly,
the WHO states that evidence to date suggests that the
proportion of life in good health has remained broadly
constant, meaning that the additional years gained via the
recent medical and technological advancements are in poor
health (2). It is crucial to elucidate the factors that improve
health and quality of life in the older population.

Hallmarks of biological aging include genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis,
nutrient-sensing deregulation, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered intra-
cellular communication (12). Studies have demonstrated that
biological age models can predict morbidity and mortality
more accurately than chronological age (6, 13-15).

To delay aging, the WHO recommends “maintaining
healthy behaviours throughout life, particularly eating a
balanced diet, engaging in regular physical activity and
refraining from tobacco use” (2). Although these recommen-
dations have been consistent for years, the role of nutrition in
delaying biological aging has not yet been clearly described.
Research has attempted to describe associations between
different nutrients and foods and the several markers of
aging, such as frailty (16), cognition (17-19), physical
strength (19), and “healthy aging” in general (20-21).

Recent findings in animals demonstrate that diet is a more
potent weapon against biological aging than commonly used
medications, such as metformin, resveratrol, and rapamycin,
emphasizing the need for more nutritional evidence and
tailored dietary interventions to delay aging (22). The
objective of this review is to describe the contribution of
biological age—predictive biomarkers to nutrition research by
synthesizing the evidence in the literature in order to provide
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a complete summary of the current evidence on the associ-
ations between nutrition and biological aging, and highlight
the implications for clinical practice and future research.

Methods

Search strategy

The protocol and reporting of this systematic review and
meta-analysis followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (23). EBSCOhost CINAHL complete, EMB
Cochrane CENTRAL Register of Controlled Trials, and
Ovid MEDLINE were searched on 30 September 2021
using broad search terms and Medical Subject Heading
(MeSH) terms. The complete search strategy used for
the databases is presented in Supplemental Table 1.
The systematic review methodology was registered in
PROSPERO (CRD42021288122) and is available at:
https://www.crd.york.ac.uk/prospero/display_record.php?
RecordID=288122.

Study selection

Citations and abstracts of all retrieved studies were imported
into Covidence systematic review software (Veritas Health
Innovation). Duplicates were removed and the remaining
studies were assessed for eligibility by both authors. The full
list of inclusion and exclusion criteria is shown in Supple-
mental Table 2. Briefly, randomized controlled trials (RCTs),
including cluster, pilot, crossover, and prospective RCTs, and
observational, cross-sectional studies examining the associa-
tion between nutrition and biological age in older adult pop-
ulations (mean age >65 y) and reporting on genetic, clinical,
or molecular biomarkers of biological aging were considered
for inclusion. No restriction was imposed on the language or
year of publication. The database searches were conducted
on the 30" of September 2021 and therefore manuscripts
published to this date have been considered in this review.

Data extraction

A comprehensive data-extraction form was developed, re-
fined, and piloted based on the guidelines in the sixth
version of the Cochrane Handbook for Systematic Reviews
of Interventions (24). The following data were extracted:
publication details (title, journal, year), authors’ details
(names, affiliations, funding, conflict of interest), study
details [start and end date, country, design, purpose, set-
ting, methods for blinding, randomization and allocation
concealment (if an RCT), retention rate, statistical analyses
methods], participants’ characteristics [condition, severity of
condition, comorbidities, inclusion and exclusion criteria,
sample size, recruitment process, and demographics (i.e., age,
sex, race, ethnicity, income, education, and remoteness of
residence)], intervention (for RCTs, including type, duration,
frequency, other details, primary and secondary outcome
factors), comparison (details of care, other details), assess-
ments (for non-RCTs, including dietary and biochemical
assessments and measurements, methods of assessments
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and measurements, primary and secondary outcomes and
methods of their measurements), results (time point for
follow-up, primary and secondary outcomes and statistical
significance, validated tool for measurement), conclusions,
and limitations (Supplemental Table 3).

Risk of bias

The Cochrane Risk of Bias 2 (ROB 2) tool was used
to assess the quality of the included RCT on aspects of
selection (random-sequence generation and allocation con-
cealment), performance (blinding of participants, personnel,
and assessors) and deviations from intended interventions,
appropriateness of analysis (missing outcome data, appro-
priate method for the measurement of the outcome), and
selective reporting. The RCT was ranked by both authors as
“low risk,” “high risk,” or “some concerns,” in accordance
with the recommendations of the Cochrane Collaboration
(25). Authors resolved discrepancies by discussion. The
Risk Of Bias In Non-randomised Studies—of Interventions
(ROBINS-I) tool was used to assess the quality of the
included nonrandomized studies of interventions on aspects
of confounding of the effect of the intervention, selection of
participants, classification of interventions, deviations from
intended interventions, appropriateness of analysis (missing
outcome data, appropriate method for the measurement of
the outcome), and selective reporting. The included studies
were ranked by both authors as “low risk,” “moderate
risk,” “serious risk,” or “severe risk,” in accordance with
the recommendations of the Cochrane Collaboration (26).
Authors resolved discrepancies by discussion.

Evidence synthesis and other analyses

The heterogeneity of study designs and outcomes did
not permit a meta-analysis. Therefore, the evidence was
presented in a table and summarized via a narrative synthesis.
In the table, effect measures were presented as in the
original manuscripts (e.g., ORs, r coefficient) and discussed
accordingly. Descriptive statistics were calculated using IBM
SPSS version 26.0 (IBM Corporation).

Results

Study selection

The search yielded 1245 records. Fifty-two duplicates were
removed and the remaining 1193 titles and abstracts were
assessed for eligibility (Figure 1). A total of 1146 abstracts
were excluded during the first exclusion round, and a further
34 records were excluded during the second exclusion round,
after assessing their full-text articles. The reasons for exclu-
sion during the second round are shown in the Supplemental
Results (page 9). Thirteen studies were included in the
narrative synthesis.

Characteristics of included studies
Table 1 summarizes the characteristics of the studies,
including the country of conduct, study design, number
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1245 records identified from initial
search

81 CENTRAL

447 CINAHL

717 MEDLINE

52 duplicates removed

\4

1193 titles and abstracts screened

1146 records excluded

A 4

47 articles included for
full-text screening

34 full-text articles excluded
17 ineligible participants

6 ineligible intervention

9 ineligible outcomes

2 ineligible study design

A

13 studies included in the
narrative synthesis

FIGURE 1 Flow diagram of the study selection process.

of participants and their clinical and demographic charac-
teristics at baseline, interventions (where these occurred)
and assessment methods, primary and secondary findings,
conclusions, and an assessment of the validity of these
conclusions considering the study limitations.

Included studies were undertaken in 7 countries (Aus-
tralia, India, Italy, Poland, Spain, Thailand, and United
States) and 1 territory (Taiwan) amassing a combined
5043 participants (Supplemental Figure 1). Eleven studies
were conducted in high-income economies, according to
the World Bank classification (27), with 1 study being
conducted in an upper-middle and 1 in a lower-middle
economy (Supplemental Figure 1). Despite not applying any
publication year restrictions in the search for this review,
most of the studies were recent, with 8 of them being
published in the last 3 years (after 2019), and only 2 being
older than 10 y, with the oldest having been published in 2002
(Table 1). Only 1 study was an RCT, 9 were cross-sectional
studies, 1 was a case-control study, 1 was a nonrandomized
intervention-control study, and 1 was a correlational study
(Table 1).
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(Continued)

TABLE 1

Assessments

(for NRSI),
intervention and

Participants and

baseline
characteristics

Study design and

First author (ref),
year, country

Validity of conclusions

Conclusions

Findings

control (for RCT)

primary outcome

3) the limitation of an

-3 PUFAs moderated the frontoparietal

observational study

network and general intelligence,
while -6 PUFAs and lycopene

for causal relations; 4)
the restriction of the

sample to

moderated the dorsal attention

network and executive function.

well-educated,

Caucasian,

neurologically healthy

older adults.

Therefore, the results

cannot be generalized

'AD, Alzheimer disease; BCAA, branched-chain amino acid; C, control; CD4* /8%, cluster of differentiation 4+/8%; CRP, C-reactive protein; CVD, cardiovascular disease; d, Cohen’s d; DI, Dietary Inflammatory Index; GEE, generalized estimating

equation; |, intervention; IGF-I, insulin-like growth factor-I; MET, metabolic equivalent of task; MMSE, Mini-Mental State Examination; mtCN, mitochondrial DNA copy number; NBP, nutrient biomarker pattern; NRSI, nonrandomized studies of

interventions; PA, physical activity; PCA, principal component analysis; r, Pearson’s correlation coefficient; RCT, randomized controlled trial; ref, reference; SES, socioeconomic status; TERRA, telomeric repeat-containing RNA; TG, triglyceride; T/S: ratio

of telomeric DNA (T) to the amount of a single-copy control DNA (S); UPF, ultra-processed food.

The combined participant population was 5043 people
with a baseline mean age of 71.7 y. The majority were women
(56%), European White (49%), and had completed 1 y of
tertiary education (Supplemental Table 4). The participants
were, on average, overweight [average mean BMI (kg/m?):
26.6], the majority had hypertension (64%) and dyslipidemia
(54%), more than one-quarter were current alcohol drinkers,
nearly one-fifth were smokers, and nearly 1-in-6 had diabetes
(Supplemental Table 5).

Summary of studies’ assessments, findings, and
conclusions

The primary outcome reported by most of the included
studies was telomere attrition (28, 31-33, 36-38), followed
by cognitive function (29, 30, 35, 39, 40) assessed using
the Mini-Mental State Examination test (29, 30, 35, 39)
and/or MRI (29, 40) and/or clinical dementia rating (30);
1 study reported on telomeric repeat-containing RNA
expression (31), 1 study on mitochondrial DNA copy
number (38), 1 study on epigenetic age using Horvath’s
clock (34), and 1 study on select aging biomarkers (39)
(Table 1).

Alonso-Pedrero et al. (28) tested the effect of ultra-
processed food (UPF) consumption on telomere short-
ening, and found shorter telomeres in people who were
consuming more UPFs. Atzmon et al. (29) assessed the
effect of plasma lipids on cognitive function, reporting an
association between cognitive dysfunction and decline in
plasma HDL cholesterol. Bowman et al. (30) and Zwilling
et al. (40) evaluated the associations between nutrient
biomarker patterns and cognitive function. Bowman et al.
(30) reported positive associations between plasma con-
centrations of B vitamins, and plasma vitamins C, D, and
E, and cognitive function, and between plasma w-3 fatty
acids and cognitive function, whereas they found plasma
trans fatty acids to be negatively associated with cognitive
function. In agreement with Bowman et al. (30), Zwilling et
al. (40) also reported positive associations between plasma
-3 PUFAs and cognitive function, and between vitamins
B and D and cognitive function. In addition, Zwilling et
al. (40) reported positive associations between lycopene,
carotenoids, and w-6 PUFAs and cognitive function. Zwilling
et al. (40) reported that w-3 PUFAs moderated the fronto-
parietal network and general intelligence, whereas w-6
PUFAs and lycopene moderated the dorsal attention network
and executive function. Chang et al. (31) examined the effect
of regular-strength exercise and a combination of supple-
ments that included branched-chain amino acids (BCAAs),
calcium, and vitamin D on telomere length and on the
expression of telomeric repeat-containing RNA (TERRA).
They reported that the intervention significantly increased
TERRA but did not alter telomere shortening. Freitas-Simoes
et al. (32) looked at the associations between the RBC
proportions of PUFAs and leukocyte telomere length and
reported no associations, but found an association between
the proportion of arachidonic acid (20:4n—6) and shorter
telomeres. Garcia-Calzén et al. (33) assessed the association
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FIGURE 2 Summary of findings of studies assessing the effect of nutritional biomarkers on biological aging in older adults
Branched-chain amino acids (e.g., supplementation), calcium (e.g., milk), and vitamin D (e.g., mushrooms, sun exposure) protect the
telomeric ends of chromosomes, whereas ultra-processed foods (e.g., salami, sausages), arachidonic acid, and other proinflammatory
compounds are associated with shorter telomeres. Vitamin B-12 (e.g., red meat), vitamin C (e.g., oranges), vitamin D (e.g., mushrooms, sun),
vitamin E (e.g,, nuts), lycopene (e.g., tomatoes), carotenoids (e.g., carrots), w-3 and w-6 fatty acids (e.g, fish), and rice germ bran preserve
cognitive function in older adults, whereas trans fatty acids (e.g., French fries) and fibrinogen (endogenously produced in the liver)

correlate with cognitive function decline.

between the Dietary Inflammatory Index (DII) and leukocyte
telomere length and reported a protective effect of DII on
telomere length. Gensous et al. (34) evaluated the effect of
the Mediterranean diet on epigenetic age using Horvath’s
clock, and reported an epigenetic rejuvenation that was
country (Poland) and sex (females) specific, emphasizing the
need for personalized approaches to nutrition interventions.
Handing et al. (35) examined the effect of macronutrient
distributions, micronutrient intake, and serum inflammatory
biomarkers on cognitive function. They found cognition to
be positively associated with serum folate and negatively
associated with fibrinogen. Nettleton et al. (36) assessed the
associations between dietary intake patterns and leukocyte
telomere length, reporting an association between processed
meat and shorter telomeres. O’Callaghan et al. (37) tested
the association between w-3 fatty acid supplementation and
telomere length, and found that telomere attrition may be
attenuated by w-3 PUFA supplementation. Praveen et al.
(38) evaluated the associations between plasma folate and
vitamin B-12 on telomere length and mitochondrial DNA
copy number and reported protective effects. Seesen et al.
(39) examined the effect of rice germ bran supplementa-
tion and exercise on cognition and select aging biomark-
ers and reported that the synergistic effect of the com-
bined intervention improved physical performance, muscle
strength, and the profile of inflammatory biomarkers and
insulin growth factor-I (IGF-I). Figure 2 summarizes these
findings.
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Quality appraisal
Risk of bias was assessed using the relevant tools developed
by Cochrane for randomized and nonrandomized studies
of interventions. The detailed results per domain assessed
are presented in Table 2. Briefly, reasons for downgrading
the quality included not using an intention-to-treat analysis
method [e.g., Alonso-Pedrero et al. (28)], not reporting on
and not analyzing by the sociodemographics of the popula-
tion [e.g., Atzmon et al. (29)], not considering confounders
such as physical activity [e.g., Bowman et al. (30), Chang et
al. (31), Gensous et al. (34), Praveen et al. (38)], smoking
and alcohol [Gensous et al. (34)], not reporting on subgroup
results [Handing et al. (35)], not controlling habitual dietary
intake in dietary interventions [Seesen et al. (39)], not
checking the fidelity of the intervention [Seesen et al. (39)],
not reporting on blinding [Seesen et al. (39)] or on the
baseline differences between the intervention and control
group and missingness of outcomes [O’Callaghan et al. (37)].
Conflicts of interest were analyzed and are presented in
Supplemental Tables 6 and 7. Three studies did not include
a conflict-of-interest statement and therefore no assessment
could be made (29, 37, 38). Of the 10 studies that included
a conflict-of-interest statement, 2 received funding from
industry (32, 40), 6 from nonindustry sources (30, 31, 33,
34, 36, 39), 1 from both industry and nonindustry sources
(28), and 1 study did not receive funding (35). All authors
had academic affiliations, but in 3 studies the authors also
reported industry affiliations (30, 32, 33). The authors of 1
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study were deemed to have a conflict of interest (32), and
a possible conflict of interest was determined for 3 other
studies (28, 30, 33).

Discussion

This review aimed to describe the contribution of bio-
logical age-predictive biomarkers to nutrition research by
synthesizing the evidence in the literature in order to
provide a complete summary of the current evidence on the
associations between nutrition and biological aging,

We identified 13 studies from 8 countries and territories,
involving a total of 5043 participants. The majority of
the studies were recent cross-sectional studies conducted
in high-income countries involving older adults, many of
whom had metabolic syndrome. Studies indicated protective
effects for BCAAs, calcium and vitamin D, and a diet of
a lower inflammatory index against telomere attrition, and
for HDL cholesterol, B vitamins, vitamin C, vitamin D,
vitamin E, lycopene, carotenoids, and w-3 and w-6 fatty
acids against cognitive decline. Shorter telomeres were found
in people consuming more UPFs, arachidonic acid, and
other proinflammatory compounds and a cognitive decline
correlated with plasma concentrations of trans fatty acids and
fibrinogen. Epigenetic rejuvenation was observed in people
following the Mediterranean diet.

The contradicting effect of arachidonic acid, an w-6
fatty acid, on biological aging in terms of a positive effect
on cognition [Zwilling et al. (40)] and a negative effect
on telomere length [Freitas-Simoes et al. (32)] may be
explained by virtue of its both proinflammatory and anti-
inflammatory properties (41, 42). The relevant presence and
proportions of proinflammatory- versus anti-inflammatory-
mediator converting enzymes, such as cyclooxygenases and
lipoxygenases and cytochrome P450, may be responsible
for its opposite results in different tissues. It also needs
to be noted that the presence of arachidonic acid in
dietary fats is marginal and this compound is mainly
endogenously produced. Therefore, instead of a reduction
in consumption of its parent foods, such as meat, eggs,
and poultry, intake of marine -3 fatty acids may be
a better strategy to displace arachidonic acid from the
plasma membranes of leukocytes and thus prevent telomere
shortening.

Another contradicting finding was the report by Chang
et al. (31) that BCAA and vitamin D supplementation
combined with regular-strength exercise significantly in-
creased TERRA but did not alter telomere shortening.
TERRA is central to the modulation of telomere length.
In cells with longer telomeres, TERRA competes with the
telomerase’s DNA substrate, or it enhances the catalytic
reverse transcriptase subunit of the enzyme, to inhibit the
elongation of telomeric repeats (43). On the contrary, in
cells with shorter telomeres, TERRA promotes telomere
lengthening by facilitating the recruitment of telomerase.
It is possible that the findings reflect a lag in the increase
in telomere size. The cross-sectional design of this study
limits any causal associations between TERRA and telomere
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length, which need to be explored using a prospective study
design.

Review findings are consistent with previously reported
dietary habits in populations known for their longevity, such
as people from Japan who eat fish high in w-3 fatty acids (44)
and people from the Mediterranean Basin who traditionally
consume a diet high in antioxidants (olive oil, legumes, fruits
and vegetables) and low in processed foods (45). It needs to be
acknowledged, however, that extrapolating conclusions for
food and dietary pattern with biological aging is risky, when
most of the associations reported in the literature are focused
on the effects of nutrients, either alone or in combination.
Eleven out of the 13 included studies in this review reported
on nutrient associations with biological aging, with only 1
study reporting on the effect of food processing on aging (28)
and another one on the effect of diet as a whole on aging
(34). Whole diets and dietary patterns display a complexity
that cannot be reduced to the summed effect of their nutrient
constituents, and therefore conclusions on the effects of foods
and diet on biological aging should be tempered and treated
with caution. Moreover, the mechanisms that underpin these
associations are not yet understood in depth. A reason is
that animal studies are usually used to assess these biological
mechanisms, but the metabolism of certain nutrients can be
different in humans compared with, for example, rodents.
With regard to 1 of the compounds reported in this review,
rats are able to derive arachidonic acid from dietary linoleic
acid (18:2n-6) (46); however, this is not the case in humans
(47), thus not allowing to extrapolate RBC arachidonic acid
concentrations to dietary intake. Other factors, in addition
to nutrition, have been proposed within the broader aging
literature to contribute to longevity, and include warmer
climates (48), ocean proximity (49), access to modern health
care (50), and socioeconomic status (SES). In fact, the longest
living people reside in Monaco, a very affluent sovereign city-
state with a poverty rate of 0% (51) and a relaxed lifestyle
(52).

Although longevity has been increasing worldwide, it is
questioned whether these extra years gained are lived in good
health (53). In 1948, the WHO defined health as “a state
of complete physical, mental, and social well-being, and not
merely the absence of disease or infirmity” (54). It is thus cru-
cial to understand how different people age in relation to their
physical, functional, and mental capacity, and their risk of
disease, in addition to that of death. Several direct biomarkers
of aging have been proposed to date, including genomic
instability, telomere attrition, epigenetic alterations, loss of
proteostasis, nutrient-sensing deregulation, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and
altered intracellular communication (12). Surrogate markers
include markers of cognitive function, strength, and frailty
(55). This review synthesized evidence from 8 studies
that used direct markers—that is, telomere attrition and
epigenetic changes (assessed using Horvath’s clock)—and
5 that used surrogate markers—that is, cognitive function.
The included studies pointed to a trend towards longer
telomeres and functional improvements, both physical (e.g.,



strength), as well as intellectual (e.g., cognition), in people
who were consuming diets with higher anti-inflammatory
content and unprocessed foods. Surrogate markers including
those diagnostic of sarcopenia and frailty were identified
during the searches but were excluded as the research did not
describe these markers in the context of biological aging.

This review synthesized novel research exploring the
role of nutrition in biological aging. Studies are examining
how diet can influence biological aging via assessing its
association with direct aging markers, such as telomere
shortening (56), or indirect ones, such as cognition or bone
mineral density (57, 58). Additional studies are needed to
elucidate the effects of the plethora of nutrients, foods,
and importantly, their combinations on biological aging to
obtain a more representative understanding of the real-
life complex dietary patterns on aging. Although 2 studies
included in this review reported on the effect of nutri-
ent intake patterns on aging, this field warrants further
study. Mechanistic studies are also warranted to assess the
molecular pathways that mediate the effects of nutrition on
aging—for example, the effects of w-3 and w-6 PUFA ratios
on inflammation and telomere length (59). The potential
dose-response relationship also warrants investigation to
determine whether, in the advanced stages of life, certain
nutrients or foods are needed in higher amounts to elicit their
effects—for example, due to compromised absorption and
bioavailability of these in the aging gastrointestinal tract (60,
61). Future research should examine the association between
nutrients (e.g., vitamin D) and the immune system’s function
in aging populations. Also, given the accumulating number
of supercentenarians who survived coronavirus disease 2019
(COVID-19) (62, 63), it is important to know whether
dietary factors mediate or moderate these outcomes (64, 65),
and whether the guidelines of increased risk for ill health
for older people should be informed with biological, rather
than chronological, age. Although the search strategies of
this review were optimized to capture several biomarkers
of aging, the current literature is focused on studies that
assessed the effect of diet and nutrients on telomere length
and on cognition. Future studies should aim to evaluate the
effects of diet and nutrients on other markers of biological
aging, such as mitochondrial dysfunction, nutrient-sensing
deregulation, loss of proteostasis, and genomic instability, for
which their potential associations with diet have not yet been
explored. Further studies are also warranted to assess the
effects of diet and nutrients on the epigenetic clock, as this
review only managed to identify 1 such study [i.e., Gensous et
al. (34)]. In addition to future nutrition research, the findings
can inform nutrition practice. Future updates of nutrition
screening procedures for older people should incorporate
the relevant nutrients identified by the studies to associate
with biological aging markers. Ultimately, this will pave the
way for healthy aging precision nutrition therapy that could
also benefit from the development of a pertinent algorithm
with the use of artificial intelligence to assist in integrating
genomic, epigenomic, physiologic, pathophysiological, and
lifestyle data.

The strengths of this review include the use of standard
methodology as documented in the PRISMA and Cochrane
guidelines for conducting systematic reviews and the de-
cision to not restrict the searches by language or year of
publication. However, despite the robust methodology, the
analyses presented here are limited by the methodological
limitations of the included studies. First, the majority of the
studies identified used a cross-sectional design that is not
suited for inferring any causal association since the tempo-
ral relation is unattainable. Second, most studies assessed
the effect of nutrition (environmental factor) on telomere
attrition. However, telomere length is also under genetic
control and shows interindividual variation at birth (66,
67). Therefore, studies should be taking into account these
inherent differences, but this is not possible with a cross-
sectional design as it does not permit the investigation of
telomere changes over time. Third, most included studies in
this review reported on nutrient associations with biological
aging, limiting the ability to draw conclusions on the effect
of foods, dietary patterns, and diets on biological aging.
Fourth, although a number of studies assessed the effect of
other modifiable factors on telomere length, such as obesity
status, smoking, alcohol consumption, and physical activity,
these potential confounders were not always accounted for
and thus some of the results may have been over- or
underestimated. Nine out of the 11 studies that reported on
BMI included participants who were, on average, overweight
(BMI = 25-29.9). This is another inherent limitation of this
review as BMI has been reported to correlate with telomere
attrition (68). In fact, obesity has been shown to promote
telomere shortening from as early as the age of 8 y (69). For
example, Alonso-Pedrero et al. (28) reported an association
between UPFs and shorter telomeres and their participants
were, on average, overweight. A recent study reported an
association of UPFs with obesity (70). Therefore, this poten-
tial confounder needs to be accounted for when assessing
the effects of UPF consumption on telomere shortening.
Garcia-Calzon et al. (33) and Gensous et al. (34) reported
on the confounding effect of BMI. Seven studies reported
on the smoking status of participants and 3 reported alcohol
consumption status. These are also confounders that need
to be carefully considered. A 2017 meta-analysis reported
shorter telomere length in ever-smokers compared with
never-smokers, as well as in current smokers compared with
former smokers (71). An inverse trend between pack-years of
smoking and telomere length was also found (71). Smoking
has also been associated with cognitive decline, potentially
due to the effects of nicotine on its brain receptors (72). A
recent meta-analysis indicated that alcohol consumption per
se is not associated with telomere attrition, in the absence of
alcohol abuse or dependence (73). Similarly, frequent heavy
consumption of alcohol has been associated with decreased
cognitive performance, whereas regular light and moderate
consumption may have protective effects (74). Interestingly,
total abstainers show an inferior cognitive performance
compared to people with moderate or light consumption
(74). Since the consumption of alcohol was not quantitatively
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reported by the included studies, relevant evaluations and
conclusions are not possible, presenting another limitation.
Finally, physical activity is positively associated with telomere
length (75), but only 3 studies reported on the physical
activity status of their participants (32, 33, 35), and out
of these, only 1 study assessed the confounding effect of
physical activity (33). Fifth, most studies did not conduct
subpopulation analyses, such as reporting stratified results by
BM]I, levels of alcohol intake, or smoking. Alonso-Pedrero
et al. (28) reported that consumption of processed foods
was associated with shorter telomeres; however, there was
no analysis by SES, although it is known that people with
lower SES may be more likely to consume these foods due
to their perceived lower cost, and that people with lower SES
may experience greater life stress, which has been associated
with telomere attrition (76, 77). Sixth, the lack of consistency
between the methods, analyses, and settings of the different
studies meant that their results could not be pooled via a
meta-analysis and therefore a quantitative synthesis was not
possible. Seventh, there is no consensus on the definition
of “older adult,” with some sources citing 60 y or more
while others cite 65 y or more (2, 78-80). In this review,
we adopted the 65 y or older cutoff of the United Nations
old-age dependency ratio (81), but we do acknowledge this
as a limitation since aging, in terms of biological aging
mechanisms, may, in fact, commence at an earlier age, and
thus some relevant studies may have been excluded. Finally,
the lack of consistency between results in humans and animal
models (46, 47) and the void in the literature between
nutrient associations and foods, dietary patterns, and whole
diets with biological aging limit the ability to propose
biological mechanisms for the described epidemiological
associations.

In conclusion, anti-inflammatory nutrients and unpro-
cessed foods were associated with longer telomeres, epige-
netic rejuvenation, and improved cognition. Future research
should assess the synergistic effects of different nutrients
and their combinations, and evaluate their dose-response
relations, while controlling for the confounding effects of
other modifiable factors, such as obesity status, physical
activity, alcohol intake, and smoking. Nutrition practice
can incorporate updated screening procedures for older
people that include the relevant biological aging nutrition
markers, paving the way for an anti-aging precision nutrition
therapy.
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