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associated with lower odds of frailty onset over 12 years of follow-up among
adults in the Framingham Heart Study
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A B S T R A C T

Background: Polyphenolic antioxidants derived from plant foods may reduce oxidative stress and frailty, but the effect of the polyphenol subclass of
dietary flavonoids and their subclasses on frailty is uncertain.
Objectives: To determine the association between dietary flavonoids, their subclasses, quercetin (a specific flavonol), and frailty onset in adults.
Methods: This prospective cohort study included individuals from the Framingham Heart Study with no frailty at baseline. Intake of total flavonoids,
subclasses of flavonoids (flavonols, flavan-3-ols, flavonones, flavones, anthocyanins, and polymeric flavonoids), and quercetin were estimated via semi-
quantitative FFQ along with frailty (Fried phenotype), and covariates at baseline (1998–2001). Frailty was re-evaluated in 2011–2014. Logistic regression
estimated OR and 95% CIs for each flavonoid variable and frailty onset.
Results:Mean age was 58.4 y (SD � 8.3, n ¼ 1701; 55.5% women). The mean total flavonoid intake was 309 mg/d (SD � 266). After 12.4 (SD � 0.8) y,
224 (13.2%) individuals developed frailty. Although total flavonoid intake was not statistically associated with frailty onset (adjusted OR: 1.00; 95% CI:
0.99–1.01), each 10 mg/d of higher flavonol intake was linked with 20% lower odds of frailty onset (OR: 0.80; 95% CI: 0.67–0.96). Other subclasses
showed no association (P values range: 0.12–0.99), but every 10 mg/d of higher quercetin intake was associated with 35% lower odds of frailty onset
(OR: 0.65; 95% CI: 0.48–0.88).
Conclusions: Although no association was observed between total flavonoid intake and frailty onset in adults, a higher intake of flavonols was associated
with lower odds of frailty onset, with a particularly strong association for quercetin. This hypothesis-generating study highlights the importance of
assessing specific subclasses of flavonoids and the potential of dietary flavonols and quercetin as a strategy to prevent the development of frailty.
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Introduction

Frailty is a geriatric syndrome that afflicts 10–15% of older adults
and is caused by multiple age-related physiological changes [1]. In-
dividuals with frailty have a greater risk of falls, fractures, disability,
hospitalization, and mortality [2], which results in an enormous per-
sonal and economic burden. As life expectancy increases, more in-
dividuals are predisposed to developing age-related conditions such as
frailty and the associated health consequences, augmenting the societal
and economic burden [3]. However, effective treatments for frailty are
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lacking, underscoring the importance of research in frailty prevention
and treatment. Understanding risk factors that lead to frailty is neces-
sary to develop interventions that delay, reverse, or prevent frailty.

Currently, in addition to physical exercise [4,5], poor nutrition (e.g.,
low protein intake) is considered to be an important risk factor for the
development of frailty [6,7]. A recent meta-analysis of 13 studies re-
ported that an overall healthy dietary pattern might decrease the odds of
frailty onset by 50–70% [8–10]. Similarly, both Mediterranean-style
and anti-inflammatory diets have been associated with frailty preven-
tion over time [11–13]. Both dietary patterns encourage the intake of
ingham Heart Study; PAI, physical activity index.
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fruits and vegetables, which are rich in flavonoids, plant-derived
compounds that are known for their anti-inflammatory and antioxi-
dant properties [14]. In a cross-sectional study, higher urinary total
polyphenols (a surrogate marker for polyphenols, including flavonoid
intake and bioavailability) were associated with a 36% and 64% lower
prevalence of prefrailty and frailty, respectively [15]. Supplementation
with blueberries, a rich source of flavonoids, showed improvement in
gait speed (1 of the components of the Fried frailty phenotype) in adults
older than 60 y [16]. Given that flavonoids can mitigate the age-related
accumulation of oxidative stress by reactive oxygen species, and some
flavonoids even target the elimination of age-related senescent cells,
they may have a role in reducing inflammation and consequent frailty
development [14,17]. Together, the previous research suggests that
flavonoid intake may have a role in frailty prevention.

Flavonoids contain several subclasses, including flavonols, flavan-
3-ols, flavonones, flavones, anthocyanins, and polymeric flavonoids.
Quercetin, a flavonol, increased lifespan and oxidative stress resistance
in diverse organism models [18,19]. A recent review article suggested a
therapeutic potential for quercetin to treat age-related diseases such as
degenerative joint disorders, CVD, metabolic diseases, and neurode-
generative diseases through the clearance of senescent cell accumula-
tion [20]. However, it is unclear if all subclasses of flavonoids have a
role in frailty prevention or whether these associations are driven by
specific subclasses (e.g., quercetin). Therefore, this study aims to
determine the association of intake of total flavonoids, the individual
flavonoid subclasses, and quercetin with frailty onset in middle-aged
and older adults from the Framingham Heart Study (FHS). We hy-
pothesize that higher dietary flavonoid intake, particularly quercetin, is
associated with lower odds of frailty onset.
Methods

Subjects and study population
The FHS is a population-based cohort that began in 1948 by

enrolling 5209 individuals to investigate CVD and familial risk factors
[21]. In addition, from 1971–1975, 5124 offspring of the original
participants in the FHS were enrolled to investigate the roles of family
history and genetics in the development of CVD [22]. Detailed
in-person examinations have been conducted every 4 y in each FHS
cohort [23]. The current study is a prospective cohort study of
middle-aged and older adults, including individuals without frailty
from the FHS Offspring study, assessed for diet, frailty, and relevant
covariates at baseline (1998–2001) and had a follow-up frailty
assessment between 2011 and 2014. This study was approved by the
institutional review board at Hebrew SeniorLife, Advarra (IRB pro-
tocol number Pro00046414). All participants gave their informed
consent.
Flavonoids intake
Dietary intake was assessed at this study’s baseline examination

(1998–2001) using a validated semi-quantitative, 126-itemWillett FFQ
[24–26]. The participants completed the self-administered FFQ based
on their food intake over the previous year. Questionnaires were
considered invalid if >12 food items were left blank or energy intake
was <600 or >4000 kcal (women) and <600 or >4200 (men). Total
flavonoid intake (mg/d) was calculated as the sum of intake of flavo-
noid subclasses (flavonols, flavones, flavan-3-ols, flavanones, antho-
cyanins, and polymeric flavonoids in mg/d, as defined by Cassidy et al.
[27]) from the FFQ [24]. The FFQ was also used to estimate the intake
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of specific types of flavonoid subclasses (e.g., flavonols and quercetin,
mg/d). Validation of this FFQ has been described in multiple studies
[24–26]. Given that the total mean flavonoid intake in the United States
has not changed significantly between 1999 and 2010 [28], and no
significant differences have been found in the estimation of total
flavonoid intake after several years of follow-up [28,29], baseline
flavonoid intake was assumed to reflect mean intake over a 12 y
follow-up.

Frailty assessment
Frailty was defined using a modification of Fried’s frailty phenotype

[2], which characterizes frailty as a geriatric syndrome with the pres-
ence of 3 or more of the following outcomes: 1) Self-reported unin-
tentional weight loss of >4.5 kg in the last year; 2) Self-reported
exhaustion when answering “occasionally a moderate amount of time”
or “most of the time” to 1 or more of either of the following Center for
Epidemiologic Studies Depression Scale (CES-D) questions of “I could
not get going” or “I felt that everything I did was an effort”; 3) Weak
grip strength (kg); 4) Slow walking speed (m/s); 5) Low physical ac-
tivity, defined as the lowest sex-specific quintile of the physical activity
index (PAI). As previously described [11,12], the following amend-
ments to the low physical activity and unintentional weight loss criteria
were made to accommodate longitudinal frailty assessments. The
maximum PAI in the lowest quintile at baseline was used to classify
low physical activity. The same threshold was also used for the
follow-up examination. If a participant had PAI below the threshold,
they were considered as having low physical activity [11,12]. It may be
unreasonable to expect a participant to lose 4.5 kg in the past year
across several years of follow-up. Therefore, the unintentional weight
loss definition was modified to fulfilling 1 of the following criteria [11,
12]: 1) self-reported unintentional weight loss> 4.5 kg in the last year;
2) BMI (in kg/m2) lower than 18.5 kg/m2; 3) annual weight loss of >
4.5 kg between 2 measurements 4–8 y apart. Weight was measured
with a standardized balance-beam scale wearing light clothing. Height
was measured to the nearest quarter inch without shoes with a
stadiometer.

Missing Fried frailty criteria
Missing information on Fried frailty criteria was handled as pre-

viously described [11,12]. When participants were missing the majority
of the frailty criteria (e.g., missing �3), they were excluded. If par-
ticipants did not meet the frailty status with�3 of the criteria, they were
classified as nonfrail. However, when the participants were missing 2
out of the 5 criteria, and �1 of the criteria was in a different category
from the other 2, they were excluded because, in theory, they could be
either frail or nonfrail. Participants that were coded with missing gait
speed or grip strength because of physical limitations were assumed to
reach frailty status for these categories as such participants may be too
frail to complete these measurements.

Measurement of covariates
Covariates included in the analysis were sex, age (y), energy intake

(kcal/d), smoking (yes/no), depressive symptoms severity CES-D,
diabetes (type 1 or type 2, yes/no), CVD (yes/no), and any form of
nonskin cancer (except melanoma, yes/no). Energy intake was derived
from the FFQ. Smoking was defined as current smoking (yes/no) and
classified as having smoked cigarettes within the past 2 y or not at the
baseline examination. CES-D scale (range 0–60 points with higher
scores indicating more severe symptoms) was used to evaluate
depressive symptom severity, and the continuous score was used as a
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covariate. Diabetes was defined as persons with a history of diabetes
mellitus (type 1 or type 2), who used oral hypoglycemic medications or
insulin, or who had a baseline fasting plasma glucose concentration
>126 mg/dL (>7.0 mmol/L) or a baseline postoral glucose tolerance
test plasma glucose concentration >200 mg/dL (>11.1 mmol/L).
Prevalent CVD was defined as CHD (coronary death, MI, coronary
insufficiency, and angina), cerebrovascular events (including ischemic
stroke, hemorrhagic stroke, and transient ischemic attack), peripheral
artery disease (intermittent claudication) and heart failure. Cancer was
defined as a prevalence of nonskin cancer (except melanoma) at
baseline examination.
TABLE 1
Baseline characteristics of the men and women from the Framingham Heart
Study - Offspring Cohort

Characteristics Study participants
(n ¼ 1701)

Participants with
incomplete data at
follow-up or lost to
follow-up (n ¼ 783)

Age, y (range: 33–85) 58.4 � 8.3 66.0 � 9.2
Sex, n (% male) 758 (44.5) 384 (49.0)

2

Figure 1. Inclusion and exclusion criteria for Framingham Heart Study -
Offpsring Cohort participants included in this analysis. FFQ, Food Frequency
Questionnaire; FHS, Framingham Heart Study.
Statistical analysis
Means and SD were calculated for continuous variables, whereas

percentages were calculated for categorical variables. We further
evaluated the means and SD of all variables among those who were
either lost to follow-up or were not included because of missing in-
formation after follow-up. The study exposures were estimated intakes
of total flavonoids (defined as the sum of intake of flavonols, flavones,
flavanones, flavan-3-ols, anthocyanidins, and polymeric flavonoids in
mg/d), specific flavonoid subclasses (flavonols, flavones, flavan-3-ols,
flavanones, anthocyanins, and polymeric flavonoids in mg/d), and the
specific flavonols, quercetin (mg/d) [30]. Flavonoid variables were
correlated with each other using Pearson’s (r). Each of these exposure
variables was analyzed in separate models. For total flavonoid intake,
the assumption of linearity for logistic models was checked using the
Box-Tidwell test before implementing the models.

Logistic regression was used for total flavonoids, flavonoids sub-
class, and quercetin to estimate OR and 95%CI per unit higher intake of
total flavonoids (1 unit¼ 50 mg/d) or flavonoids subclasses 1 unit¼ 10
mg/d, except for flavones for which 1 unit ¼ 1 mg/d because of lower
mean daily intake. These increments for 1 unit of flavonoid exposure
variables were chosen based on the mean intake of these flavonoid
variables in our study population, which is relatively consistent with
estimates from middle-aged and older Americans [28]. Model 1
adjusted for age and sex, and model 2 further adjusted for energy intake,
current smoking, depressive symptoms, and disease indicators (i.e.,
cancer, CVD, and diabetes). The prevalence of frailty is known to be
higher in older adults, particularly in women [31,32]. Given this and the
wide age range of the study population, we determined whether the
association of flavonoid exposures with frailty onset was modified by
age or sex. Interactions were tested between each of the flavonoid
exposure variables with age and sex (separately) using model 2. If the
interaction term was significant (P < 0.05), then stratification by age
groups (�60 y compared to <60 y) or sex was performed. Given that
we considered the study to be hypothesis-generating, no adjustments
for multiple comparisons were made. All analyses were conducted
using SAS software version 9.3 (SAS Institute Inc.).
BMI, mg/kg 27.9 � 5.1 28.5 � 5.5
Total flavonoid intake, mg/d 309.4 � 265.9 301.7 � 264.2
Energy intake, kcal/d 1859 � 600 1792 � 593
Physical activity index
(range 24–120)

38.2 � 5.9 39.4 � 6.8

CES-D score (range 0–60) 4.6 � 5.6 4.7 � 5.8
Current smokers, n (%) 170 (10) 118 (5.1)
CVD, n (%) 137 (8.1) 150 (19.2)
Cancer, n (%) 42 (2.5) 33 (4.2)
Diabetes n (%) 110 (6.5) 137 (17.9)

BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression
Scale; CVD, cardiovascular disease; SD, standard deviation.
Characteristics are presented as mean value � SD or n (%).
Results

Study population
Of the 5124 participants enrolled in the FHS, 3030 completed the

dietary assessment at baseline. Of these, 1826 had frailty assessments at
baseline and follow-up examinations. Participants categorized as frail
at baseline were excluded (n ¼ 26), along with 99 participants missing
covariates at baseline (88 missing data on depressive symptoms and 11
missing diabetes information). The final sample for analysis included
1701 individuals (Figure 1), of which 55.5% were women, with a mean
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age of 58.4 y (SD ¼ 8.3, Table 1). The mean total flavonoid intake was
309 mg/d (SD ¼ 266). Compared to participants included in this study
(Table 1), those who were lost to follow-up or were not included in the



TABLE 3
Characteristics of men and women from the Framingham Heart Study -
Offspring Cohort stratified by age-stratified groups (age <60 compared with
�60 y)

Variables Age <60 y Age �60 y

(n ¼ 985) (n ¼ 716)

Anthocyanin intake (mg/d) 16.4 � 21.4 16.9 � 21.2
Age (y, range: 33–85) 52.6 � 4.8 66.3 � 4.8
Energy intake (kcal/d) 1887 � 637 1821 � 545
Grip strength (kg) 36.5 � 13.2 32.0 � 12.0
Gait speed (m/s) 1.27 � 0.25 1.16 � 0.24
BMI (kg/m2) 27.8 � 5.5 27.9 � 4.6
Physical activity index, range 24–120 37.5 � 5.7 39.0 � 6.0
CES-D score, range 0–60 5.1 � 5.8 3.8 � 5.3

Characteristics are presented as mean value � SD or n (%).
BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression
Scale; SD, standard deviation.
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analysis because of missing information at the baseline or follow-up (n
¼ 783) tended to be older [mean age: 66.0 y (SD ¼ 9.2)], males (49%)
with higher prevalence of diabetes (18%) and CVD (19%).

Flavonoid intake and frailty
The mean intake of flavonols was 13.6 mg/d (SD¼ 9.1), and that of

quercetin was 9 mg/d (SD ¼ 5, Table 2). Over an average of 12 y (SD
¼ 1) of follow-up, 224 (13.2%) individuals exhibited frailty. In age and
sex-adjusted model 1, every 50 mg/d of higher total flavonoid intake
was associated with 3% reduced odds of frailty onset (OR: 0.97; 95%
CI: 0.94–1.00, P ¼ 0.05, Table 2). Further adjustment for energy
intake, current smoking, CES-D, cancer, CVD, and diabetes in model 2
did not meaningfully change the magnitude of the association, but the
association became nonsignificant (OR: 0.98; 95% CI: 0.95–1.01, P ¼
0.12). We observed no significant interactions between total flavonoids
and age (P ¼ 0.11) or sex (P ¼ 0.09) in model 2. The correlation
between the flavonoid subclasses ranged from 0.23–0.95 (P range:
<0.001 – 0.97, Supplementary Table 1).

Subclasses of flavonoids
In the analysis of individual subclasses of flavonoids, each 10 mg/

d higher flavonols intake was associated with 20% lower odds of
becoming frail (OR: 0.80; 95% CI: 0.67–0.96, P ¼ 0.02, Table 2).
These associations did not change meaningfully after adjustment for
other covariates in model 2. No significant associations were observed
for flavones, flavanones, flavan-3-ols, anthocyanin, or polymeric fla-
vonoids in model 2 (P values range: 0.12–0.99).

Quercetin intake and frailty
Every 10 mg/d higher quercetin intake was associated with 35%

lower odds of frailty onset (OR: 0.65; 95% CI: 0.48–0.88, P ¼ 0.01,
Table 2) over 12 y. These associations did not change meaningfully
after further adjustment in model 2. No interactions between quercetin
intake and age and sex were observed in model 2 (P value range:
0.11–0.46).

Interaction by age and sex
A significant interaction was observed between age and anthocya-

nins in model 2 (P < 0.001). Characteristics of participants by age
groups (�60 y compared to <60 y) is described in Table 3. Among
individuals younger than 60 y (n¼ 985), each 10 mg/d higher intake of
TABLE 2
Mean � SD intake of total flavonoids, flavonoid subclasses, and quercetin and th

Exposure variables (mg/d) Mean � SD Model 1

(mg/d) OR (95% CI)1

Total flavonoids 309.4 � 265.9 0.99 (0.98–1.0
Flavonols 13.6 � 9.1 0.80 (0.67–0.9
Quercetin 9.0 � 5.8 0.65 (0.48–0.8
Flavones 2.2 � 1.8 0.91 (0.82–1.0
Flavanones 45.1 � 41.6 0.99 (0.95–1.0
Flavan-3-ols 44.3 � 54.7 0.98 (0.95–1.0
Anthocyanins 16.6 � 21.3 0.95 (0.87–1.0
Polymeric flavonoids 187.7 � 191.1 0.99 (0.98–1.0

Model 1 adjusted for age and sex. Model 2 additionally adjusts for energy intake, cu
2 diabetes, and nonskin cancer.
CI, confidence interval; OR, odds ratio; SD, standard deviation.
1 OR (95% CI) presented per 50 mg (total flavonoids), per 10 mg (flavonols, flava

1 mg for flavones. P < 0.05 was considered significant.
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anthocyanins was associated with 52% lower odds of frailty onset (OR:
0.48; 95% CI: 0.32–0.71, P < 0.01, model 2, Table 4). For participants
aged 60 y and older (n ¼ 716), no significant association between
anthocyanin intake and frailty onset existed (OR: 1.02; 95% CI:
0.94–1.12, P ¼ 0.61, model 2, Table 4). No significant interactions
between other subclasses of flavonoids and either age or sex were
observed in model 2 (P values range: 0.07–0.90).
Discussion

In this prospective cohort study of middle-aged and older adults,
total flavonoid intake was not significantly associated with odds of
frailty onset over 12 y, but each 10 mg/d higher intake of flavonols was
significantly associated with 20% lower odds of frailty onset after
adjustment for potential confounders. Additionally, each 10 mg/
d higher quercetin intake (a specific flavonol) was significantly asso-
ciated with a 35% lower odds of frailty onset. Age significantly
modified the association of anthocyanin intake with frailty onset such
that each 10 mg/d higher anthocyanin intake was associated with 52%
lower odds of frailty onset among participants aged<60 y, although no
significant association was observed in those aged 60 y and above.

Previous studies have focused on age-related declines in mobility in
association with the Mediterranean diet (rich in dietary flavonoids) [8],
flavonoid supplementation [33], or total dietary polyphenols in humans
eir association with odds of frailty onset in men and women

P value Model 2 P value

OR (95% CI)1

0) 0.05 1.00 (0.99–1.01) 0.12
6) 0.02 0.81 (0.67–0.97) 0.03
8) 0.01 0.66 (0.48–0.89) 0.01
1) 0.07 0.94 (0.85–1.04) 0.25
3) 0.56 1.00 (0.96–1.04) 0.99
1) 0.13 0.98 (0.96–1.01) 0.27
3) 0.19 0.95 (0.87–1.03) 0.21
0) 0.06 0.99 (0.98–1.00) 0.12

rrent smoking, depressive symptoms severity, cardiovascular disease, type 1 or

nones, flavan-3-ols, anthocyanins, polymeric flavonoids and quercetin) and per



TABLE 5
Examples of the 6 subclasses of flavonoids and typical foods containing these
flavonoids1

Flavonoid subclass Typical food sources

Flavonol Green brewed tea and wine
Flavones Green leafy spices, e.g., parsley
Flavan-3-ols Apple, tea, and dark chocolate
Flavanones Citrus foods
Anthocyanins Red, purple, and blueberries
Polymeric flavonoids Black tea, coffee, and wine

1 Adapted from [45,46].
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[15,34,35] or murine models [36,37]. Lifestyle modifications such as
diet-based interventions may protect against frailty [4,5], but informa-
tion about dietary flavonoids is limited. Although research on flavo-
noids and frailty remains limited, several studies have evaluated the
utility of flavonoids on specific aspects of frailty. A 2-phase randomized
controlled trial assigned 60 men and women (aged 55–70 y) to a daily
intake of flavonoid-rich (179 mg/d) cocoa beverage, non-flavonoid
cocoa beverage, or placebo for 12 wks. Participants randomly assigned
to the flavonoid-rich group demonstrated improvement in their skeletal
muscle index, walking speed, and balance test compared to the other 2
groups [33]. A follow-up randomized controlled trial in 74 older adults
(aged 65–90 y) assigned participants to a daily intake of flavonoid-rich
or non-flavonoid cocoa beverages for 8 wks. This study showed that a
flavonoid-rich beverage significantly improved gait speed and grip
speed and reduced prefrailty by 29% compared to the non-flavonoid
cocoa beverage [33]. We did not observe a similarly strong association
between high flavonoid intake and odds of frailty onset in the current
study. However, the current study extends the knowledge base by
providing information on subclasses of flavonoids such that higher
flavonols intake was significantly associated with reduced frailty onset.
Higher urinary isoflavone metabolite concentrations were associated
with a 24% frailty reduction in 600 women (median age 66.5 y) in a
cross-sectional study [34]. Similar results were reported by 2 other
prospective cohorts in 807 and 811 participants, respectively, mean age
of 74.3 � 6.9 y for both. They reported no association between total
dietary polyphenols and frailty onset; however, they reported a signif-
icantly reduced association with higher urinary total polyphenol con-
centrations [15,35]. This suggests that more research is needed to isolate
the role of flavonoid subclasses and their role in frailty prevention and
treatment. The benefits of polyphenols are dependent on the quantity
consumed and their bioavailability, which varies between the different
subclasses [38].

Furthermore, we showed that quercetin is associated with a lower
risk of frailty when consumed in the diet. Mechanistically, quercetin in
combination with the tyrosine kinase inhibitor, Dasatinib, has been
shown in mice [39] and humans to reduce the accumulation of senes-
cent cells that no longer divide, but develop a secretory phenotype,
generating increased inflammatory cytokines, extracellular
matrix-modifying proteases, and reactive oxygen, which impair
neighboring cell function and alter tissue structure [40,41]. Since
senescence is an important predictor of sarcopenia and frailty [41], this
mechanism might be pivotal in developing frailty, but data on this topic
is lacking. Supplementation with 500 mg/d of quercetin in combination
with Dasatinib over 3 d showed a decrease in senescent cells in humans
[42]. Supplementation with 250 mg/kg body weight of quercetin in
cancer-induced cachectic mice led to limited body weight loss and
muscle wasting [43]. For reference, 10 mg of quercetin can be obtained
from 1 apple or 100 g of kale [44]. Other quercetin-rich foods include
TABLE 4
Associations between dietary anthocyanins (per 10 mg/d higher intake) and
odds of frailty onset stratified by age (<60 y compared with >60 y)

n Model 2 OR (95% CI) P value

All participants 1701 0.95 (0.87–1.03) 0.21
<60 y 985 0.48 (0.32–0.71) 0.0002
�60 y 716 1.02 (0.94–1.12) 0.61

Adjusted for age and sex, energy intake, current smoking, depressive symp-
toms severity, cardiovascular disease, diabetes 1 or 2, and nonskin cancer.
P<0.05 was considered significant
CI, confidence interval; OR, odds ratio.
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blueberries, brassica vegetables, onions, and tea [44]. Subclasses of
flavonoids are present in many different foods (Table 5) [45,46]. It
should be noted that in animal studies, quercetin dosages were
considerably higher and should therefore be carefully compared to
analyses with human dietary intake [43]. Interestingly, the mean intake
of quercetin in our study (mean¼ 9.0, SD¼ 5.8 mg/d) is notably lower
than the current mean intake in the United States (14–22 mg/d) [29,44].
Comparatively, previous intervention studies have used therapeutic
doses that were much higher to study the acute health benefits of
quercetin. Chronic low doses may also be physiologically relevant as
compared to high acute doses. It is also possible that these findings
could be influenced by other factors that coincide with quercetin in-
takes, such as other dietary antioxidants and overall healthier dietary
patterns. Therefore, additional studies are needed to confirm these
findings. Furthermore, because of increased intestinal permeability and
altered gut microbiome, there is likely an impact on the bioavailability
of flavonoids and their metabolites with advancing age [47,48]; there-
fore, additional studies are needed to address these age-related changes
in the absorption and metabolism of flavonoids and determine the
physiological relevance of chronic compared with acute intake.

Frailty is an age-related condition, with older individuals at greater
risk of frailty development. The current study showed that the asso-
ciation between anthocyanin intake and odds of frailty onset was
stronger among individuals below the age of 60 y compared to rela-
tively older individuals. As expected, the participants younger than 60
y tended to have a lower prevalence of the disease indicators, but they
also appeared to have worse lifestyle habits, such as higher current
smoking and less physical activity. Similar age-related effect modifi-
cation was previously seen in this cohort with a pro-inflammatory diet
and frailty [12]. Therefore, it is possible that the anti-oxidative com-
pounds may be more beneficial for those with more lifestyle-induced
oxidative stress [49].

This is one of the first studies to comprehensively investigate the
association between dietary flavonoids, subclasses of flavonoids, and
quercetin with frailty onset over a long-term follow-up of ~12 y in both
men and women. Frailty assessments were conducted longitudinally
over a long-term follow-up. Dietary data was sourced from the FFQ,
which had been previously validated in this cohort and other studies
[11,12,24–26]. Limitations of the study include using an FFQ, which
may be affected by misclassification and recall bias. In total, 32% (n ¼
783) of the individuals were lost to follow-up. Those lost to follow-up
tended to be older with a higher prevalence of certain diseases; there-
fore, healthy survivor bias might have occurred such that the findings
of this study are perhaps generalizable to relatively healthier older
adults. Despite adjusting for many potential confounders, residual
confounding may occur. Additionally, since our study included mostly
participants of self-reported European ancestry (~99.4%), the results
may not be generalizable to other races. In addition, foods with higher
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flavonoid content (fruits and vegetables) tend to have higher dietary
fiber and antioxidants [50], known nutritional factors that have been
previously associated with frailty [11,17]. Therefore, overall diet
quality may be a potentially confounding variable. Given that diet
quality is likely to be highly correlated with the exposure of interest,
adjustment for this variable poses additional challenges. Furthermore,
we did not account for changes in diet over time. However, previous
studies show that older adults tend to have stable diets over time [29].
The total mean flavonoid intake in the United States has not changed
significantly between 1999 and 2010 [28] and, therefore, is unlikely to
impact the study results meaningfully. The age range of the participants
was wide and included individuals aged <60 y of age at baseline;
however, this issue was addressed by testing for age interactions and
stratification by age for select nutrition exposures. Finally, especially of
importance for quercetin, no senescent biomarkers were included in
these exploratory analyses. Current results should be interpreted as
hypothesis generation for future research in this area.

In conculusion, this prospective cohort study found that flavonoid
intake was not significantly associated with the odds of frailty onset in
middle-aged and older adults, however, higher intake of the flavonoid
subclass, flavonols, was associated with reduced odds of frailty onset,
which appeared to be driven by the specific flavonol, quercetin. The
protective association between the flavonoid subclass anthocyanins and
frailty onset was primarily seen in participants below the age of 60 y.
Although hypothesis-generating, this study highlights the potential of
dietary flavonols and quercetin as a strategy to prevent frailty onset.
Future research should focus on dietary interventions of flavonols or
quercetin for treating frailty.
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