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Age-related frailty and cognitive decline are complex multidimensional conditions that sign-
ificantly impact the ability of older adults to sustain functional capacity and independence.
While underlying causes remain poorly understood, nutrition continually emerges as one
associated risk element. Many studies have addressed the importance of adequate nutrition
in delaying the onset of these conditions, but the specific role of micronutrients is not well
established. The consideration of pre-frailty as an outcome variable is also limited in the cur-
rent literature. In this review, we focus on the potential value of maintaining micronutrient
sufficiency to sustaining the health of the ageing population. Using data from the Irish lon-
gitudinal study on ageing, we consider several vitamins known to have a high prevalence of
low status in older adults and their impact on pre-frailty, frailty and cognitive impairment.
They include vitamin B12 and folate, both of which are associated with multiple biological
mechanisms involved in long-term health, in particular in cognitive function; vitamin D,
which has been associated with increased risk of musculoskeletal disorders, depression
and other chronic diseases; and the carotenoids, lutein and zeaxanthin, that may help miti-
gate the risk of frailty and cognitive decline via their antioxidant and anti-inflammatory
properties. We show that low concentrations of folate and carotenoids are implicated in
poorer cognitive health and that the co-occurrence of multiple nutrient deficiencies confers
greatest risk for frailty and pre-frailty in the Irish longitudinal study on ageing cohort. These
health associations contribute to evidence needed to optimise micronutrient status for health
in the older adult population.
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Background

Global population ageing

Unprecedented technological developments coupled with
advances in medicine and public health over the past
two centuries has contributed to exponential growth in
the global population from 1 billion in 1800, to a projected
8 billion in 2023(1–3). This population growth can be
attributed to profound reductions in child mortality and
the rapid increase in life expectancy from 40 to 80 years
in developed countries(4–6). The extension in life expect-
ancy has resulted in an increasing population of older
adults, a situation exacerbated by lower fertility rates,
especially in developed countries(7). In 2018, for the first
time in human history, the number of people aged ≥65
years surpassed those aged ≤5 years of age globally(8).
The combination of these two demographic phenomena
has resulted in a growing, yet increasingly ageing
population throughout the developed world; with similar
patterns emerging in the developing world(7). By 2030,
one-in-six Europeans will be aged over 60 years and by
2040 one-in-four older adults will be aged over 85
years(9). This global phenomenon of population ageing
presents pressing challenges to the sustainability of our
healthcare, social care and welfare systems, particularly
if increases in lifespan are decoupled from increases in
healthspan.

Lifespan and healthspan

Increases in the total number of years lived (lifespan) are
not keeping pace with gains in the number of years lived
free of disease and disability (healthspan). The gap
between lifespan and healthspan is estimated at 9
years(10). More pessimistic estimates suggest that as
much as one-fifth of life may be lived with chronic dis-
ease(11). Chronic conditions of mid- and later-life account
for 4 out of every 5 years lived with disability, while four
conditions – CVD, cancer, diabetes and respiratory dis-
eases – account for 80 % of chronic disease-related
deaths(12,13).

Current health and social care strategies are largely
ineffective in closing the gap between lifespan and health-
span. The increasing demand on healthcare and social
support services resulting from living longer, with a
growing burden of disease and disability, is becoming
ever more apparent to governments, policy makers, ser-
vice planners and stakeholders.

This is underscored by high profile programmes target-
ing the extension of healthy lifespan such as the United
Nations Sustainable Development Goals and the WHO
Decade of Healthy Ageing. To achieve measurable
gains in healthspan, thereby sustaining the ageing
population, a more coordinated and cohesive approach
across medicine, science, government and wider civic
society will be necessary(14). Fundamental to this will
be targeting modifiable risk and ameliorating factors
that are useful in terms of preventing, monitoring and
intervening in the onset and progression of age-related
conditions.

Biological v. chronological age

Chronological age is associated with declines in physical
and cognitive health, the risk of adverse health outcomes
and mortality, and the increased use of health and social
care services(13,15). However, older adults of the same age
are not at the same risk for these outcomes(16). Ageing is a
dynamic and heterogeneous process and there is substan-
tial variability in how we age biologically. Biological age-
ing occurs due to damage and dysregulation at the
cellular (macromolecules and cells), physiological (tissue,
organ, system) and functional (organismal) level, ultim-
ately manifesting in the decline of physical and cognitive
function(17,18). Indeed, the heterogeneity in the pace of
biological ageing becomes more pronounced, with more
divergent trajectories, at older ages(17,19). During the
recent coronavirus disease (COVID-19) pandemic,
many countries advised adults aged ≥70 years to shield
to prevent infection and mortality and protect health ser-
vices(20). However, using chronological age to character-
ise individual mortality risk as the basis to implement a
blanket policy for older adults at the population level
had its problems. Such policies did not take account of
the heterogeneity in the pace of ageing among older
adults and failed to recognise the consequent harms of
physical deconditioning, social isolation, loneliness,
depression and decreased quality of life(21–23).

In this narrative review, we will focus on the potential
value of micronutrients and maintaining micronutrient
sufficiency, to sustaining the health of the ageing popula-
tion. We will pay particular attention to two common
and interlinked conditions of ageing, frailty and cognitive
impairment, which significantly impact the ability of
older adults to sustain functional capacity and independ-
ence. The graphical abstract depicts the role of micronu-
trient status and the physiological systems that underpin
frailty and cognitive impairment.

Frailty and cognitive decline in older adults

Frailty and the disability cascade

As discussed earlier, not everyone of the same age is at
the same risk of adverse health outcomes. Frailty cap-
tures this differential biological risk that is distinct
from, but related to, chronological ageing(24). It is a com-
mon condition in older adults, although it is not an inev-
itable part of ageing. While recognised as a clinical
syndrome, frailty is not a medical diagnosis because it
can have different underlying causes in different indivi-
duals. Frailty is characterised by multisystem loss of
physiological reserve, systemic decompensation in
response to stressors (e.g. infection, medication change
or a change in living arrangements) and increased risk
of adverse outcomes including falls, disability and mor-
tality, independently of chronological age(25). It is also
predictive of increased use of health and social care ser-
vices(26). Frailty is a dynamic process that can be viewed
on a continuum. An older person can transition in either
direction between robustness or non-frailty, pre-frailty
(an intermediate sub-clinical state) and frailty(27–29).
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Thus, it can represent a transition between healthy age-
ing and disability, and is a target condition for the pre-
vention of disability and the extension of healthy life
years(30–32).

The gold standard methodology for the assessment
and management of frailty is comprehensive geriatric
assessment. Comprehensive geriatric assessment is a hol-
istic and interdisciplinary assessment of the individual,
resulting in a personalised care plan, and has been
demonstrated to reduce the risk of disability, cognitive
decline, long-term residential care and death(33,34).
However, this approach is unfeasible for systematic
case finding at the population level. The frailty pheno-
type(35,36), the frailty index(37,38) and the clinical frailty
scale(39,40) are widely accepted screening instruments for
diagnosing frailty at the population level. The choice of
frailty instrument depends largely on the type of clinical
or research setting, the participant or patient group,
availability of trained personnel, time constraints and
administrative burden(41). Internationally, the prevalence
of frailty is 4–59% among adults aged ≥65 years,
depending on the frailty instrument applied and popula-
tion under study(42).

Associations between frailty and cognitive impairment

The study of the relationship between frailty and cogni-
tive decline is complex with several different approaches
considered including the examination of effects of separ-
ate domains on one another, temporal studies and
bidirectionality.

Physical function (often as individual components of
the frailty phenotype) and its association with cognitive
impairment have been examined. For example, slow
gait speed(43) and a decline in grip strength(44) have
been linked to cognitive impairment and poorer perform-
ance on tests of memory, verbal skills, spatial skills and
processing speed, respectively. Further, some studies
have investigated the temporal relationship between the
reduction of muscle strength and cognitive ability, sug-
gesting that cognitive decline may precede physical
decline(45,46), although the evidence suggests that this
effect is attenuated when other comorbidities are
considered(47).

While a number of studies have linked frailty to cogni-
tive decline(48), with some indicating frailty predicts glo-
bal cognitive decline and incident Alzheimer’s disease(49),
many investigations have focused on the associations
between frailty and individual domains of cognitive func-
tion. In a recent longitudinal study, participants who
were frail showed deficits on assessments of verbal
fluency and information processing speed over a
12-year period(50).

Current evidence suggests that worsening frailty
among older adults is considered a precursor to cognitive
impairment, to a lesser extent, the reverse may also be
true(43,44). Frailty and cognitive impairment have a var-
iety of underlying causes, both conditions can predict
incident dementia, and each may influence the other.
As they are highly correlated with advancing age, it is
expected that the two will interact as people age(45,46).

Understanding their co-occurrence and interplay could
therefore shed light on pathophysiology, management
and prevention. The combination of two perspectives
that are typically treated individually presents a chal-
lenge in the study of frailty and cognitive impairment.
Additionally, only a few studies have explicitly investi-
gated frailty and cognitive impairment in this manner.
Although frail older persons may perform poorly on cog-
nitive tests, they may not show significant changes in the
cognitive tests, according to research that looked at the
bidirectionality of frailty and individual domains of cog-
nitive function(50,51). Conversely, some researchers have
examined a bidirectional association between compo-
nents of frailty indices, namely physical function, and
cognition. A significant predictive value of baseline
handgrip strength on the onset of further cognitive
decline was recently confirmed by a longitudinal study
conducted on an American population over a 20-year
period(52). Interestingly, the authors also highlighted a
significant bidirectional relationship in which the absence
of cognitive deficit or the presence of increasing baseline
cognitive deficit severity related to progressively higher
risks of weaker handgrip strength(52). The consistent
bidirectional association between physical and cognitive
functions has also been validated in a large Korean
population over 8 years, with results suggesting that
these conditions might share common pathways such as
oxidative stress or chronic inflammation(53). Oxidative
stress(54) and chronic inflammation(55) are associated
with both frailty and with cognitive decline.

No matter the method of measurement, frailty is a
broader, more comprehensive concept that incorporates
deficits across various domains and incorporates many
aspects of physical function. Thus, rather than focusing
solely on physical function, using the concept of frailty
allows for the assessment of a more comprehensive meas-
ure of health and susceptibility. Few longitudinal studies
have explored a bidirectional relationship between frailty
and cognitive impairment. One such study by Godin
et al.(56) identified a significant bi-directional relationship
across two waves of SHARE, a study based in Europe.

Cognitive frailty

Another strategy for the exploration of the relationship
between frailty and cognitive impairment is the concept
of cognitive frailty. Defined by the International
Academy of Nutrition and Aging/International
Association of Gerontology and Geriatrics as ‘the simul-
taneous presence of physical frailty operationalized with
the frailty phenotype model and cognitive impairment
diagnosed with a CDR score of 0·5 among older adults
without concurrent Alzheimer’s disease (AD) or any
other form of dementia’, it is used to characterise people
who have both features but have not been clinically diag-
nosed with dementia(57). The inclusion of cognitive mea-
sures in the assessment of frailty can improve the
predictive validity of the phenotype regarding unfavour-
able health and is important for assessing both physical
and cognitive function in older adults for the planning
of timely interventions.
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The role of nutrition in frailty and cognitive impairment

Nutrition and frailty are intrinsically linked.
Unintentional weight loss is a key susceptibility factor
for frailty, according to Fried et al.(36). Primary sarcope-
nia, due in part to macro- and micro-nutrient deficien-
cies, is common among frail populations(58,59) with up
to 90% of older persons who are malnourished also
being more frail(58,60,61).

While many studies have focused on the impact of
macronutrient (e.g. protein) intake on frailty, fewer
have reported associations between explicit frailty and
the circulating micronutrients captured within the scope
of this review(62–68) (Table 1). Previous investigations
have exhibited design limitations including modest or
female-only or relatively young samples or have used a
single frailty measure(62–67). However, a study from our
research group used a large representative sample of
adults aged 50 and over, to demonstrate that lower levels
of lutein, zeaxanthin and vitamin D were associated with
three different measures of frailty, and also that these
relationships were evident in measures of prefrailty
(Fig. 1)(68).

Nutrition is a modifiable risk factor that has been
associated with many non-communicable diseases linked
to dementia, such as diabetes and CVD(69,70). Lifelong
nutrition may also have a direct effect on brain function,
for example, longitudinal studies have reported associa-
tions between certain dietary patterns or nutrients and
brain-volume loss(71,72) and integrity(73), with some clin-
ical trials confirming these results(74,75). Oxidative stress
is thought to be a major contributor to neurodegenera-
tion and depression(76); thus, antioxidants such as vita-
min C(77–80), E(81) and β-carotene may be important(82),
but no clear conclusions can be made. Overall, a substan-
tial body of research, largely from observational studies,
points to a direct impact of lifelong nutrition on clinical
indicators of cognitive status in older persons.

Vitamin B12 and folate

The role of vitamin B12 and folate in frailty

Vitamin B12 and folate have been linked to various
chronic diseases of ageing such as CVD, diabetes and
cognitive impairment(83,84). These water-soluble micro-
nutrients are essential co-factors in one-carbon metabol-
ism, DNA-methylation and nucleotide synthesis, serving
a regulatory effect in all tissues in the body, including sys-
temic inflammation(84). Therefore, it has been proposed
that these B vitamins provide a fundamental framework
for comprehending the onset and development of frailty,
by their modulating effect on cellular processes.
Deficiency or low serum levels of vitamin B12 (<400 pg/
ml, equivalent to <295·1 pM/l) seem to have a negative
effect on conditions such as sarcopenia(85) and other
musculoskeletal disorders(86) related to frailty.
Conversely, it has been observed that ageing and frailty
can lead to vitamin B12 deficiency(60). Low folate has
also been independently associated with frailty(62,64),

but this relationship has not been observed
consistently(67,68).

The role of vitamin B12 and folate in cognitive
impairment

B-vitamins that are involved in one-carbon metabolic
pathways have been studied extensively for their poten-
tial effect on cognitive impairment and dementia(87).
Both vitamin B12 and folate, in addition to vitamin B6
and riboflavin, are required for DNA synthesis and
repair, amino acid metabolism and methylation reac-
tions. Further, these B-vitamins are required for efficient
metabolism of homocysteine (HCY), a cytotoxic inter-
mediary amino acid that is a downstream product of bio-
logical methylation reactions(87). Observational evidence
suggests that the inhibition of methylation reactions may
influence cognitive impairment in ageing(87) and there is
growing interest in the possibility that a loss of cognitive
function may partly be explained by inadequate status of
these vitamins(88–91). Severe vitamin B12 deficiency, such
as that seen in pernicious anaemia, causes severe neuro-
logical consequences including sensory and motor neur-
opathy. Low or deficient vitamin B12 status is
associated with depression(92) and altered mental status
and cognitive decline(93). It also reduces the availability
of folate for DNA synthesis(93). Age-related deficiencies
in folate transport and metabolism, use of anti-folate
drugs, genetic factors and excessive alcohol consumption
are among the factors that contribute to vitamin B12 and
folate insufficiency(94), frequently seen in older per-
sons(95). In Irish longitudinal study on ageing (TILDA),
the prevalence of older people with deficient or low
vitamin B12 (<185 pM/l) and folate (<10 nM/l) status
was 12 % and 15%, respectively(96).

Several epidemiological studies have shown cross-
sectional and prospective associations between low vita-
min B12

(93) and folate(97–106), and the risk of cognitive
impairment and dementia. As demonstrated previously
by our group(107), low baseline folate levels can predict
a reduction in overall cognitive function and episodic
memory in older persons who were cognitively healthy,
making them a potential key marker for the risk of
early decline (Fig. 2). This was consistent with other
studies showing low folate status was associated with
higher risks of cognitive impairment or dementia(97–106).

In addition, selected observational data have suggested
that older adults with simultaneous low vitamin B12 and
high folate status had higher risks of anaemia and cogni-
tive impairment or decline(108–110), given that high-dose
folic acid (FA) treatment was shown to temporarily
mask clinical symptoms in persons with pernicious
anaemia(111). However, the causal relevance of these
associations remains uncertain with conflicting
results(112–114). TILDA reported that those with low B12
combined with high folate status did not have any
adverse associations with cognitive performance com-
pared. In contrast, the study demonstrated that higher
concentrations of folate were associated with small, but
statistically significant higher scores for global cognitive
performance in this setting(115).
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Table 1. Summary of the existing relationship between selected micronutrients, frailty and cognitive impairment

Micronutrient Major sources
Main findings associated with frailty and related measures

(references)
Main findings associated with cognitive impairment
and related measures (references)

Vitamin B12 Animal products . Low serum B12 concentrations associated with frailty(62)

. Increasing MMA – 1·66–2·33 times greater odds of being frail
compared to non-frail(66)

. Serum B12 15% lower in individuals with sarcopenia(60,69)

. Low or deficient B12 concentrations associated
with depression(92) and cognitive decline(93)

Folate Animal products; milk;
leafy vegetables;
legumes

. Low serum folate associated with frailty(62)

. Higher folate significantly and negatively associated with
frailty(60,64,85)

. Supplementation with folate, vitamins B6, B12, D and calcium
improves frailty among community-living older persons(166)

. Low folate associated with the risk of cognitive
impairment and dementia(97–106)

Vitamin D Fish oils; red meat;
fortified foods (e.g.
ready to eat breakfast
cereals, milk)

. Odds of being frail were higher for those participants with
lowest vitamin D(62,63)

. Higher vitamin D was significantly and negatively associated
with frailty(64)

. Three measures of frailty were associated with lower levels
vitamin D(68)

. Vitamin D supplementation is linked to improved gait speed and
muscle strength in the elderly(129)

. Lower vitamin D was linked to faster cognitive
ageing and worsening cognitive test
scores(143,144)

Xanthophyll
carotenoids
(lutein,
zeaxanthin)

Leafy vegetables and
eggs

. Association between frailty and lutein/zeaxanthin(62)

. Lowest quartile of serum carotenoids – increased risk of
becoming frail(63)

. Measures of frailty were associated with lower levels of lutein
and zeaxanthin(68)

. Zeaxanthin lower in subjects who are physically, cognitively or
psychologically frail(162)

. Lower plasma lutein and zeaxanthin concentrations were linked
to decreased grip, hip and knee strength in community-dwelling
older women, according to a cross-sectional study(163)

. Higher lutein and zeaxanthin have been positively
associated with cognitive performance(164)

Composite of
micronutrients

. Frail women were more likely to have at least two or more
micronutrient deficiencies (a-carotene, β-carotene,
β-cryptoxanthin, lutein/zeaxanthin, lycopene, retinol,
α-tocopherol, 25 (OH) D, vitamin B6, B12 and folate)(62)

. The number of nutritional deficiencies (retinol, α-tocopherol,
25-hydroxyvitamin D, vitamin B6, vitamin B12, folate, selenium,
zinc and total carotenoids) associated with incident frailty(63)

. Low intake of more than three (protein, vitamin D, E, C and
folate)(64)

. Three separate measures of frailty were associated with
deficiencies in 5 – of B12, folate, vitamin D lutein and
zeaxanthin(68)

M
icronutrients,

frailty
and

cognitive
decline
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Evidence from randomised controlled trials (RCT) of
B-vitamins has shown no consistent benefit of supple-
mentation on cognitive outcomes. FA supplementation
was associated with improved domain-specific cognitive
performance in RCT with relatively large samples and
≥2 years follow-up(116–118). One trial that examined indi-
viduals with high HCY to exclude causes other than low
folate concentrations and FA supplementation (0·8mg
oral FA daily) was associated with improved memory,
processing speed and sensorimotor speed after 3
years(117). Supplementation was more effective in
improving processing speed in those with high baseline
HCY levels (>12·9 μM/l) and in improving information

processing and sensorimotor speed in those with low
baseline vitamin B12 concentrations (<250 pM/l)

(117).
In another trial, testing combinations of folate, vita-

mins B6 and B12, and n-3 fatty acids for 4 years were
effective in preserving semantic memory or temporal
orientation in a subgroup of participants with previous
coronary artery disease or ischaemic stroke, but not in
the total trial population of 1748 men and women aged
45–80 years(119). These observations suggest that indivi-
duals with high baseline HCY, low baseline vitamin B
concentrations or established cardiovascular and cere-
brovascular disease might benefit most from vitamin B
supplementation.

Fig. 1. Micronutrient insufficiency associated with pre-frailty and frailty as indexed by the frailty phenotype and frailty index.
Adapted from O’Halloran et al., J Am Med Dir Assoc. 2020.

Fig. 2. Low folate predicts cognitive decline over 8 years. Adapted from O’Conner et al., Eur J Clin Nutr. 2022.
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While most trials that have been carried out have been
underpinned by the hypothesis that lowering HCY,
which is associated with cognitive impairment, by
B-vitamin supplementation, it is plausible that biological
mechanisms other than hyperhomocysteinaemia may
underlie the associations between B-vitamins and cogni-
tive impairment. Other proposed mechanisms include
impaired methylation and misincorporation of uracil
into DNA. Vitamins and nutrients often function as a
collection of cofactors, therefore interventions using sin-
gular or closely related compounds may have too narrow
a focus and do not account for the complexity of the syn-
ergistic interactions between nutrients. This is illustrated
by another trial using FA, B6 and B12, showing treatment
was effective only in those with high baseline n-3 fatty
acid concentrations. In fact, n-3 fatty acid status was pro-
tective against brain atrophy only in the presence of
B-vitamin supplementation, suggesting that both are
needed for effectiveness(120).

Vitamin D

The role of vitamin D in frailty

Due to its well-established relationship with bone and
muscle health, vitamin D intake is vital for the ageing
population. Vitamin D is known to regulate calcium
homeostasis, bone mineralisation and inflammatory
response. Vitamin D deficiency (25(OH)D < 30 nM/l)
has been consistently reported to be highly prevalent in
older adults(121) with data from TILDA suggesting a
prevalence of 13 %(122). Low vitamin D also has been
consistently associated with frailty(62–64) and prefrailty
in the TILDA cohort (Fig. 1)(68) Evidence linking low
vitamin D levels and incident phenotype frailty has been
shown in both meta- and longitudinal analyses(123–128).
After a 3-year follow-up, Vogt et al. observed that parti-
cipants (>65 years) with baseline vitamin D levels <37·5
nM/l, compared with ≥75 nM/l, were more likely to
become pre-frail or frail(127). A meta-analysis revealed
that vitamin D supplementation is linked to improved
gait speed and muscle strength in the older persons(129).
Similar to this, a meta-analysis of intervention trials
reported that calcium and vitamin D supplementation
may help prevent fractures in older persons(57). In add-
ition, vitamin D supplementation was associated with
increased global DNA methylation levels and reduced
epigenetic ageing(130,131). However, the exact role of vita-
min D intake in older adults remains unclear, in part due
to limitations in intervention study design and targeting
of appropriate populations.

Frailty, COVID-19 and vitamin D

The presence of co-morbidity and frailty in older adults
has been associated with a higher risk of undesired out-
comes and mortality due to COVID-19 and poorer
response to COVID-19 vaccination(132). Therefore, the
identification of potentially accessible and low-cost
health and lifestyle behaviours that could attenuate this
risk in those with frailty remains a high priority.

Recent research has highlighted that vitamin D may
have an important function within the immune system.
Expression of the vitamin D receptor has been identified
on a variety of cells of the immune system including
macrophages, T lymphocytes, dendritic cells and mono-
cytes and may act as a modulator through its ability to
alter cytokine secretion(133). For instance, low vitamin
D status has been previously associated with markers
of inflammation and an enhanced pro-inflammatory
profile in older Irish adults(134). Pro-inflammatory cyto-
kines have been implicated in increased severity of
COVID-19 and positive modulation of these interleukins
by vitamin D has been hypothesised(135). Early observa-
tional evidence suggested that countries with either a pro-
gramme of mandatory vitamin D food fortification or
higher exposure to UVB vitamin D forming light had
lower incidence of COVID-19 and death rates in com-
parison to countries without fortification or low light
exposure(135,136). Actual vitamin D intervention studies
have produced mixed results with little to no effect in
healthy populations but positive effects in the at-risk
frail populations(137).

The role of vitamin D in cognitive impairment

The body of evidence for the function of vitamin D in
maintaining brain health has been growing since the dis-
covery of the vitamin D receptor in the brain(138). Several
different neurobiological pathways have been linked(139).
A meta-analysis(140) observed an inverse dose–response
relationship between the concentrations of vitamin D
and risk of dementia or Alzheimer’s disease.

Systematic reviews and meta-analyses have demon-
strated that Alzheimer’s disease patients’ serum vitamin
D status is lower than that of healthy controls, and
that this is related to worse cognitive results(141,142).
Reduced vitamin D status has been linked to faster cog-
nitive ageing and worsening cognitive test scores, accord-
ing to longitudinal studies(143,144). In addition,
Hooshmand et al. used MRI to show that having more
vitamin D was linked to larger brain volumes(145).

Large cross-sectional and prospective investigations
revealed that a higher risk of depression was associated
with decreased serum vitamin D status(146–149). A thor-
ough systematic analysis that incorporated data from
cross-sectional, prospective and RCT studies concluded
that having reduced vitamin D status may increase the
chance of developing late-life depression(147). More
recently, an extensive meta-analysis of 41 RCT (n53
235) found that vitamin D supplementation reduced the
occurrence of depressive symptoms(150). However, experi-
mental evidence of the effect of vitamin D supplementa-
tion is scarce, with a recent review suggesting that a role
for vitamin D supplementation in enhancing cognition
(separate from depression) in adults cannot be supported
based on evidence to date(151). The variability of vitamin
D concentrations, cognitive tests used, supplementation
doses and the samples’ characteristics (i.e. ethnicity or
number of participants who are deficient) may explain
the ambiguity in the findings.
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Lutein and zeaxanthin

The role of lutein and zeaxanthin in frailty

Xanthophyll carotenoids have long been implicated in
improving visual outcomes and disease progression in
individuals with age-related macular degeneration.
More recently, a putative protective role for these com-
pounds in other chronic diseases of ageing has emerged,
including cancer(152), CVD(153), diabetes(154), neurode-
generative disease(155) and bone health(156). Citrus fruits,
spinach, kale, broccoli, maize and other vegetables and
fruits are the main sources of lutein and zeaxanthin in
the diet(157). The biological mechanisms underpinning
these associations may lie in their antioxidant(158) and
anti-inflammatory properties(159,160) and the promotion
of cell membrane stabilisation(161). These mechanisms
likely explain why inverse associations between caroten-
oid levels and disease risk have been observed for several
age-associated conditions with an inflammatory or oxi-
dative stress aetiology. Consequently, they may influence
multi-system dysregulation which has been proposed to
underlie the frailty syndrome.

Several studies have shown associations between lutein
and zeaxanthin and frailty(62,63,68,162), in addition to
physical deficits including decreased grip, hip and knee
strength in community-dwelling older women, according
to a cross-sectional study(163). Fig. 1 displays the results
of a recent cross-sectional examination from our group
that demonstrated that plasma lutein and zeaxanthin
concentrations were negatively correlated with prefrailty
and frailty across three different frailty instruments(68).

The role of lutein and zeaxanthin in cognitive
impairment

Carotenoids have been proposed to have anti-
inflammatory effects in addition to their antioxidant
characteristics, by interacting with inflammatory
cellular signalling cascades(159). Lutein and zeaxanthin –
xanthophyll carotenoids with antioxidant and anti-
inflammatory characteristics – are present in the retina
and the brain and have neuroprotective properties.
High concentrations of these carotenoids have been
positively related to cognitive performance(164). Higher
plasma lutein and zeaxanthin were independently
associated with better composite scores in the areas of
executive function, memory and global cognition.
Additionally, Feeney et al. discovered evidence linking
increased plasma zeaxanthin with better processing
speed(164). Although the results of large population stud-
ies and clinical trials have been somewhat mixed, a recent
review demonstrated a direct relationship among cogni-
tive functions, macular pigment and the intake of lutein
and zeaxanthin(165).

Dietary patterns, frailty and cognitive impairment

It is important to acknowledge the complex and synergis-
tic relationships between nutrients. Vitamins and micro-
nutrients often act as collections of co-factors, therefore

interventions using singular or closely related compounds
may have a focus that is too narrow. Interestingly, several
studies have reported an increasing likelihood of
frailty(62–64,68) with increasing accumulation of micronu-
trient insufficiencies. This is supported by a study that
found supplementation with folate, vitamins B6, B12, D
and calcium improved frailty among community-living
older persons(166).

Because of the complex biological interactions
between the various components of the diet, it has
been suggested that using a whole-diet approach,
through the study of dietary patterns rather than
individual nutrients or food groups, might help to
elucidate the role of diet in chronic diseases, such as
frailty and cognitive impairment in older people. The
Mediterranean diet is a good example of using dietary
patterns to characterise dietary intake. Adherence to a
Mediterranean-type diet pattern, known for its benefits
on cardiovascular health and longevity(167,168), has also
been linked to a decreased risk of frailty(169–174) and
cognitive impairment(175).

With respect to frailty, data from a 6-year longitudinal
study revealed a lower risk of frailty in participants with a
high Mediterranean diet score(173). A recent meta-analysis,
examining adherence to the Mediterranean diet and risk
of frailty, indicated those with strongest adherence had a
56% decreased risk of frailty(176). Further, a study found
that older women with type-2 diabetes who were at risk
for frailty from the nurses’ health study benefited from
better adherence to a Mediterranean diet(177). Therefore,
it seems in addition to consuming a Mediterranean-type
diet to possibly treat frailty, later adoption of a
Mediterranean-type diet may act as a limiting factor for
the development of frailty(177,178).

Other dietary patterns have shown comparable
results. Higher healthy eating index scores were
inversely related to lower risks of physical frailty in
US older adults, according to Fan et al.(179). Another
study using the ‘dietary inflammatory index’, a dietary
pattern marker of foods and nutrient intakes related
with inflammation, which may contribute to frailty,
found that among 1948 participants who were tracked
for up to 4 years, those with the highest adherence to
the index had a higher risk of frailty and slower gait
speed(180).

The majority of observational studies examining cog-
nitive impairment point to an association between higher
adherence to the Mediterranean diet and slower perform-
ance decline on various cognitive test batteries, as well as
a decreased risk of dementia, mild cognitive impairment
or progression from mild cognitive impairment to
dementia. Two clinical trials that compared the
Mediterranean diet pattern with nuts or olive oil to
recommendations to limit dietary fat confirm these
findings(181,182).

These approaches have the benefit of capturing poten-
tial interactions between microconstituents of diet,
whether they are additive, antagonistic or synergistic(183).
Applying similar approaches to the study of frailty and
cognitive impairment may yield more informative
insights than focusing on single nutrients alone.
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Summary and way forward

In this review, we have focused on selected micronutri-
ents that have been demonstrated to have a high preva-
lence of insufficiency and/or deficiency among older
adults. We have reviewed the evidence, from TILDA
and other studies, for their impact on age-related pre-
frailty, frailty and cognitive decline. We have shown
that low concentrations of folate and carotenoids are
implicated in poorer cognitive health and that the
co-occurrence of multiple nutrient deficiencies confers
greatest risk for pre-frailty and frailty in the TILDA
cohort of older adults. These findings are largely, if not
consistently, supported by other epidemiological studies
internationally. While the results from RCT often fail
to support these relationships, there may be design rea-
sons for this, such as relatively short follow-up times dur-
ing RCT and the exclusion of those older adults with
morbidities, frailty and cognitive problems. Inconsistent
relationships for individual micronutrients with these
outcomes in older adults may be overcome by assessing
sup-optimal levels of several micronutrients simultan-
eously and using the accumulation of micronutrient
insufficiencies/deficiencies, as demonstrated by TILDA
data (Fig. 1). Single measurements can lead to misclas-
sification, and the cut-off points routinely used to
define deficiency may identify an acute rather than a
chronic deficiency in older age groups. The complex syn-
ergistic interactions between nutrients are also important
to consider. Vitamins and nutrients often function as a
collection of co-factors, therefore interventions using sin-
gular or closely related compounds may have too narrow
a focus. Also, given that older adults tend to experience
malabsorption of nutrients, some micronutrients may
be absorbed differently or less efficiently among older
age groups. This may mean that definitions of micronu-
trient insufficiency and deficiency may be less accurate
at older ages and chronic low/sub-optimal status could
have less well-understood negative impacts on health.
These biological changes coupled with diminution of
appetite may partly explain the consistent observation
that older adults struggle to maintain sufficient dietary
intakes and circulating levels of several micronutrients
with advancing age. Among previous TILDA studies,
our group has demonstrated that the current custom of
voluntary micronutrient fortification in Ireland is not
effective in maintenance of sufficient micronutrient status
among older age groups(96,122).

Sustaining the health of a globally ageing population
requires strategies that will prolong healthspan by delay-
ing the onset of age-related diseases until later in the life
course. Therefore, it is important to focus on modifiable
factors, such as micronutrients, that can be intervened
upon, particularly in ‘at-risk’ groups if they can be iden-
tified early, i.e. those who have pre-frailty and/or indica-
tions of cognitive decline. Testing for micronutrient
insufficiencies/deficiencies in these ‘at-risk’ groups may
be used to both monitor the health of older adults and
as an intervention target to support biological function
and decelerate biological ageing and the onset of physical
and cognitive decline. To achieve this, public health

policies and awareness programmes are required that
highlight the importance of maintaining micronutrient
sufficiency via mandatory fortification and/or supple-
mentation to support health as we age.
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