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Background: There is growing evidence that an antioxidant diet is a protective factor against frailty. However, few studies have
examined the effect of comprehensive dietary antioxidants on frailty symptoms. The aim of this study was to examine the relationships
between the composite dietary antioxidant index (CDAI) and frailty and the underlying mechanisms involved.

Methods: Based on the National Health and Nutrition Survey (NHANES) 2003-2018, this study included 11,277 older persons aged
>60 years. In this study, frailty was defined as having a total score >0.21 on the 49-item frailty index. Six dietary antioxidants were
selected for use in calculating the CDAI. A weighted multiple logistic regression model with subgroup analysis and restricted cubic
splines (RCSs) were used to examine the association between the CDAI and frailty. To examine the role of oxidative stress, mediation
analyses were also conducted.

Results: The association between the CDAI score and frailty risk was significant according to the multivariate model. Compared with
participants in tertile 1, participants in both tertile 2 and tertile 3 had lower odds of developing frailty symptoms (OR=0.86; 95%
CI=0.75-0.97; P=0.02; and OR=0.81; 95% CI=0.70-0.93; P=0.003). According to the subgroup analyses, the differences in interac-
tions were not statistically significant. There was also a potential nonlinear relationship between the CDAI score and frailty risk. The
serum albumin concentration and uric acid concentration had significant mediating effects on the association between the CDAI score
and frailty index, with 19.25% (P=0.002) and 21.26% (P < 0.001) of the total, respectively.

Conclusion: Frailty is negatively associated with the CDAI score, which may be partially mediated by oxidative stress.
Keywords: frailty, CDAI, NHANES, elderly adults

Introduction

Frailty is a complex biological syndrome characterized by a decrease in the reserve and function of multiple physiolo-
gical systems.' The prevalence of frailty is high in the aging population.? According to a systematic review, the overall
weighted prevalence of frailty in community-dwelling adults aged >60 years ranged from 4.0 to 59.1%.? Frailty increases
the risk of falls, disability, and mortality and is becoming a major global public health problem in older people.®
However, frailty is a dynamic process, and early detection of frailty stages may provide a window of opportunity for
timely preventive or therapeutic interventions, which may delay or even reverse frailty.*

Aging, nutritional status, diet, physical activity, and inflammation are known risk factors for frailty.”® Oxidative stress
is another important risk factor for frailty.” Oxidative stress is caused by an imbalance between the oxidation and
reduction systems, resulting in excessive reactive oxygen species (ROS). ROS-induced changes at the cellular level can
lead to organ dysfunction and loss of muscle mass, eventually resulting in frailty in older persons.®
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As a result, preventing oxidative stress has also become a priority. According to the Krakow study, daily intake of
antioxidants can increase antioxidant defense and reduce oxidative stress by increasing plasma antioxidant levels.”
Studies have shown that antioxidants such as vitamin E and vitamin C can effectively control oxidative stress and
improve frailty status.'® A population-based longitudinal study conducted by Millar et al suggested that carotenoid intake
is associated with frailty prevention over time.'' At present, the effects of single antioxidants on frailty have been
reported. However, few observational studies have examined the relationship between comprehensive dietary antioxidant
intake and frailty.

The composite dietary antioxidant index (CDAI) is the comprehensive score of a variety of dietary antioxidants,
including vitamin A, C, and E; selenium; zinc; and carotenoid.'” The CDAI can represent an individual’s overall dietary
antioxidant intake. Epidemiological studies have shown that the CDAI is significantly associated with reduced risks of

13715 (cervical cancer, colorectal cancer and lung cancer), cardiovascular disease'® and osteoporosis.'’

several cancers
Notably, frailty and chronic diseases frequently occur together. Some studies believe that the presence of chronic diseases
is a major determinant of frailty.'® According to previous studies, the CDAI may be associated with frailty.'*'® There is
growing interest in understanding the pathways involved in the effects of the CDAI on frailty. A study by Luu et al
showed that the CDALI is associated with oxidative stress and inflammation biomarkers, which provides some support for
the validity of the CDAI as an indicator of oxidative/antioxidant balance.'® The serum albumin concentration and uric
acid concentration can reflect the level of oxidative stress and can be used as markers of oxidative stress.”**' Another
study revealed that the oxidative balance score (OBS), which combines antioxidant and pro-oxidant components of
dietary and lifestyle factors, is positively correlated with cognitive function in older adults, and both albumin and uric
acid could mediate this relationship.”* Based on these studies, we hypothesize that the CDAI may be associated with
oxidative stress biomarkers for reducing the risk of frailty. Nevertheless, few studies have examined whether the effects
of the CDAI on frailty are related to oxidative stress markers.

To address this critical gap in knowledge, we first used data from the National Health and Nutrition Examination
Survey (NHANES) to investigate the association between the CDAI and frailty after adjustment for several potential
confounders. In addition, we further explored whether oxidative stress biomarkers mediate the association between the
CDALI and frailty.

Methods

Study Population

Eight cycles of NHANES data (2003-2004, 2005-2006, 2007-2008, 2009-2010, 2011-2012, 2013-2014, 2015-2016,
and 2017-2018) were analyzed. The NHANES is a national survey of health conducted by the Centers for Disease
Control and Prevention (CDC) and the National Center for Health Statistics (NCHS) to analyze the health and nutritional
status of a nationally representative sample of noninstitutionalized US citizens. In this analysis, only those individuals
who were 60 years and older, had complete CDAI scores, or had no missing data were considered. During 2003-2018,
NHANES collected data from 80,312 participants, among whom 15,381 were 60 years and older. A total of 1914
participants lacked information on CDAI components and were excluded (13,467 included). Then, we collected frailty
data from the NHANES. The frailty index was calculated using the standard 49-item procedure.”> To include more
participants, participants who completed 80% of the questionnaire were included, and 471 respondents with serious
deficiencies in the frailty scale were excluded (12,996 included). A total of 11,276 participants were ultimately included
in the analysis after excluding participants with incomplete oxidative stress biomarker data or missing data for any other
covariate. The NCHS Research Ethics Review Board approved the survey protocol, while all participants provided
written informed consent.

Composite Dietary Antioxidant Indices

Through a 24-hour dietary recall interview, the NHANES collected participants’ food intake over two days. The first
dietary recall was conducted in person, and the second was conducted by telephone within three to ten days. Dietary
intake data from two days were more accurate than data from a single day.** Participants were asked to recall what foods
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and drinks they had consumed in the 24 hours preceding the interview. In this study, six dietary antioxidants were
studied: vitamin A, vitamin C, vitamin E, zinc, selenium, and carotenoids. Based on Wright et al’s Composite Dietary
Antioxidant Index (CDAI), joint exposure from dietary antioxidant intake was assessed.'> The CDAI was calculated
using the following formula.

CDAI = Y=} Individual Intake — Mean/SD

Frailty Index

According to Searle et al,> the frailty index was constructed based on a standard procedure. The frailty index covered 49
deficits, including cognition, dependence, depression, comorbidities, hospital utilization, general health, physical perfor-
mance and anthropometry, and laboratory values. The frailty index was calculated as the number of acquired deficits
divided by the total number of potential deficits. Table S1 shows the frailty indices and their scoring systems. The frailty
index cutoff point was 0.21.%° Frailty was diagnosed when the frailty index was >0.21, and nonfrailty was diagnosed
when the frailty index was <0.21.

Albumin and Uric Acid

Detailed information about the laboratory methods can be found on the NHANES website (https://www.cdc.gov/nchs/

nhanes/index.htm). Albumin and uric acid were detected using a Beckman Coulter UniCel DxC800 (Beckman Coulter,
Fullerton, CA, USA). The serum albumin concentration was measured using the bichromatic digital endpoints method,
and the serum uric acid concentration was determined via timed-endpoint analysis.

Variables of Interest

The sociodemographic factors were age (60-69, 70-79, and > 80), sex (female or male), and race/ethnicity (non-Hispanic
white, non-Hispanic black, Mexican American, and other races/ethnicities). Education was divided into three categories
(college or above, high school, and less than high school). For each subject, metabolic equivalents (METs) were
calculated. Participants without any physical activity (PA) and performing <600 METs min/week were classified as
inactive.?® Those performing >600 METs min/week were active. It has been consistently demonstrated that PA levels of
600 METs min/week are associated with substantial health benefits.”” The poverty-income ratio was used to measure
income inequality, and it was classified into four categories (<1, 1-1.99, 2-3.99, and 4). Finally, the smoking status of the
participants was divided into three categories: never (reported smoking fewer than 100 cigarettes in their lifetime),
former (reported smoking more than 100 cigarettes in their lifetime and smoking not at all now), and current (reported
smoking more than 100 cigarettes in life and smoking some days or every day). Other variables of interest included
hypertension, diabetes, and chronic obstructive pulmonary disease (COPD).

Statistical Analysis

Due to the complex sampling design of the NHANES, sample weights were included in the analyses. The baseline
characteristics of the study participants are summarized as the means and standard errors (SEs) for continuous
variables and cases and percentages for categorical variables. The CDAI was modeled as a tertile, with the lowest
tertile used as a reference group. Multivariate logistic regression models were used to estimate odds ratios (ORs)
and 95% confidence intervals (Cls) associated with the CDAI score and risk of frailty. We developed three
models: Model 1 was unadjusted; Model 2 was adjusted for age, sex, and race/ethnicity; and Model 3 was
modified for all covariates. Stratified and interaction analyses were conducted using age, sex, and race/ethnicity.
Restricted cubic splines were used to determine the shape of the dose-response correlation between the CDAI
score and risk of frailty. Furthermore, we evaluated the association between the CDAI and frailty indices using
multivariate linear regression models. Using similar methods, we also examined the CDAI and its associations
with the serum albumin concentration and uric acid concentration and between the serum albumin concentration
and the serum uric acid concentration and the frailty index.
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Two mediation models were used to estimate the potential mediating effects of serum albumin and uric acid
concentrations on the association between the CDAI and the frailty index. We estimated the individual mediating effects
of the serum albumin concentration and uric acid concentration using the R package. To make a mutual adjustment, we
entered all the covariates into the mediation analyses. We present the indirect effect size (Bingirect), the direct effect size
(Bairect)> the total effect size (Bioral), the proportion mediated (PM), and the P values in our results. All the statistical
analyses were conducted using R 4.2.1. Two-sided P values <0.05 were considered to indicate statistical significance.

Results

Patient General Characteristics

The baseline characteristics of the research participants are shown in Table 1. This study involved a total of 11,276
participants (Figure 1). Table 1 shows the characteristics of the target population based on the CDALI tertiles. Sex, age,
race/ethnicity, educational levels, smoking status, physical activity, the poverty income ratio, frailty status, hypertension,
diabetes, COPD, albumin, and uric acid were significantly different among the three CDAI tertiles. The CDAI scores
were significantly different between the frail and non-frail groups (Table S2).

Table | Survey-Weighted Characteristics of the NHANES Sample According
to CDAI Tertiles

Characteristic CDAI Tertiles P
Tertile | Tertile 2 Tertile 3

Age (%) <0.001
60-69 1827 (50.13) | 1866 (53.93) | 1947 (55.98)
70-79 1234 (32.76) | 1181 (30.33) | 1158 (30.72)
>80 698 (17.11) 713 (15,74) | 652 (13.30)

Sex (%) 0.0l
Male 1869 (42.65) | 1965 (47.44) | 1870 (46.68)
Female 1890 (57.35) | 1795 (52.56) | 1887 (53.32)

Race (%) <0.0001

Non-Hispanic White | 1757 (74.85) | 2058 (81.50) | 2190 (84.18)
Non-Hispanic Black 886 (11.23) | 684 (7.31) | 596 (5.69)

Mexican American 547 (4.71) 497 (3.84) 444 (3.00)
Other races 569 (9.20) 521 (7.35) 527 (7.13)
Educational level (%) <0.0001
College or above 1327 (43.34) | 1738 (55.71) | 2041 (63.60)
High school 935 (29.22) | 956 (26.68) | 857 (23.26)
Less than high school 1497 (27.45) | 1066 (17.61) | 859 (13.14)
Smoking status (%) <0.0001
Current 613 (15.18) | 433 (10.30) 378 (9.11)
Former 1418 (38.65) | 1536 (40.64) | 1540 (41.82)
Never 1728 (46.17) | 1791 (49.05) | 1839 (49.06)
Physical activity (%) <0.0001
Active 1393 (41.21) | 1575 (46.88) | 1801 (51.75)
Inactive 2366 (58.79) | 2185 (53.12) | 1956 (48.25)
Poverty income ratio (%) <0.0001
<l 848 (14.06) 552 (7.67) 449 (6.65)
1-1.99 1265 (29.38) | 1173 (23.94) | 1023 (19.06)
2-3.99 991 (31.34) | 1148 (34.47) | 1095 (29.69)
24 655 (25.22) | 887 (33.92) | 1190 (44.61)
(Continued)
166 https: Clinical Interventions in Aging 2024:19

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=448354.docx
https://www.dovepress.com
https://www.dovepress.com

Dove

Wu et al

Table | (Continued).

Characteristic CDAI Tertiles P
Tertile | Tertile 2 Tertile 3
Frailty Status (%) <0.0001
Frail 1439 (35.74) | 1253 (28.26) | 1073 (24.50)
Non-frail 2320 (64.26) | 2507 (71.74) | 2684 (75.50)
Diabetes (%) < 0.0001
Yes 1022 (23.68) | 974 (21.68) | 837 (17.86)
No 2737 (76.32) | 2786 (78.32) | 2920 (82.14)
Hypertension (%) < 0.0001
Yes 2790 (72.76) | 2665 (67.89) | 2557 (64.16)
No 969 (27.24) | 1095 (32.11) | 1200 (35.84)
COPD 0.03
Yes 359 (10.54) 296 (8.29) 306 (8.38)
No 3400 (89.46) | 3464 (91.71) | 3451 (91.62)
Albumin (g/dl) 4.14 (0.01) 4.18 (0.01) 4.19 (0.01) <0.0001
Uric acid (mg/dl) 5.79 (0.03) 5.69 (0.03) 5.52 (0.03) <0.0001

Association Between the CDAI Score and Risk of Frailty
Table 2 illustrates the relationship between the CDAI and the risk of frailty based on logistic regression. We found that
participants in the highest CDAI tertile had lower odds of frailty (OR=0.58; 95% CI=0.51-0.67; P < 0.001). The
relationship persisted even after potential confounders were included in Model 3. Participants in tertile 3 of the CDAI had
the lowest risk of frailty, with an OR of 0.81 (95% CI=0.70-0.93).

Subgroup analyses of the CDAI score and risk of frailty stratified by age, sex, and race/ethnicity are presented in
Figure 2. After adjusting for the covariates, the CDAI was associated with a lower risk of frailty among people aged 70—
79 years, females, and non-Hispanic white individuals. Interactions were not found to be significant. Restricted cubic
splines showed a nonlinear relationship between the CDAI and risk of frailty after adjusting for all covariates (p for

nonlinearity = 0.0052; Figure 3).

Figure | Participants are selected according to the flowchart.

NHANES 2003-2018
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Table 2 Multiple Logistic Regression Analysis on the Association
Between CDAI and the Risk of Frailty

CDAI Weighted ORs (95% Cls) P-Tend
Tertiles | Tertiles 2 Tertiles 3
<-1.87 -1.87-0.79 >0.79
Model | 1.00 0.71 (0.63, 0.80)*** | 0.58 (0.51, 0.67)*** | <0.0001
Model 2 1.00 0.75 (0.66, 0.84)*** | 0.63 (0.56, 0.72)*** | <0.0001
Model 3 1.00 0.86 (0.75, 0.97)* 0.81 (0.70, 0.93)** 0.004

Notes: *P < 0.05, **P < 0.01, ***P < 0.001. Model |: unadjusted model. Model 2: adjusted for
age, sex, race/ethnicity. Model 3: further adjusted for smoking status, educational level, family
income to poverty ratio, physical activity.

Association Between the CDAI and Frailty Indices

Table S3 shows the association between the CDAI and the frailty index according to linear regression. Compared with
participants in tertile 1, participants in both tertile 2 and tertile 3 had a lower frailty index (B:-0.01; 95% CI:-0.01-0.00;
P =0.02; and B:-0.01; 95% CI:-0.02—0.00; P < 0.001, respectively).

Associations Between the CDAI and Biomarkers and Between Biomarkers and the

Frailty Index

Tables S4 and S5 show the associations between the CDAI and serum albumin concentration and between the CDAI and

uric acid concentration, respectively. Table S6 shows the relationships of the serum albumin concentration and uric acid

concentration with the frailty index. We found that higher CDAIs were associated with lower uric acid levels and that

lower uric acid levels were associated with a lower frailty index. Similarly, higher CDAIs were related to higher levels of

albumin, and higher albumin levels were related to a lower frailty index.

subgroup
Sex
Female
Q1
Q2
Male Q3
Q1
Q2
Age Q3
60-69
Q1
Q2
Q3
70-79 a1
Q2
Q3
>=80
Q1
Q2
Race 63
Non-Hispanic White
Q1
Q2
Q3
Mexican American
Q1
Q2
Q3
Non-Hispanic Black Q1
Q2
Q3
Other race Q1
Q2
Q3

OR P for interaction
0.08
1(Ref)
0.77(0.64,0.93)
0.74(0.62,0.88)
1(Ref)
0.99(0.83,1.18)
0.92(0.74,1.15) 0.07

1(Ref)
0.73(0.58,0.92)
0.80(0.63,1.02)

1(Ref)
0.95(0.76,1.18)
0.76(0.61,0.96)

1(Ref)
1.07(0.86,1.33)

0.89(0.71,1.12) 005

1(Ref)
0.78(0.67,0.91)
0.75(0.64,0.89)
1(Ref)
0.91(0.66,1.26)
0.82(0.59,1.14)
1(Ref)
1.18(0.95,1.45)
1.01(0.81,1.25)
1(Ref)
1.16(0.80,1.70)
0.96(0.60,1.53)

0

——
——
——
—
+
——
———
——
——
+
+ :
—_——
—
-
—
——
— —
1

2

Figure 2 Subgroup analysis of risk factors for the relationship between CDAI and frailty. Each stratification was adjusted for age, sex, race/ethnicity, smoking status,
educational level, family income to poverty ratio and physical activity, except the stratification factor itself.
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P for non-linearity=0.0052

1.4

N
[N}

0Odds ratio

1.0

0.8

0 10 20 30
CDAI

Figure 3 Restricted cubic spline plot of the association between CDAI and the risk of frailty. Model was adjusted for age, sex, race/ethnicity, smoking status, educational

level, family income to poverty ratio and physical activity.

Mediating Role of Albumin and Uric Acid

Based on the mediation analyses, both the serum albumin concentration and the serum uric acid concentration had
significant mediating effects on the association between the CDAI score and the frailty index, with 19.25% and 21.26%,

respectively (Table S7; Figure 4).

(A)

Indirect effect: f=-0.0002, P<0.001

Proportion mediated:19.25%

Frailty index

Total effect: f=-0.001, P<0.001

(B)

Indirect effect: p=-0.0002, P<0.001

Uric acid

Proportion mediated: 21.26%

Frailty index

Total effect: p=-0.001, P<0.001

Figure 4 Estimated proportion of the association between CDAI and frailty index mediated by oxidative stress markers. (A) The association between CDAI and frailty index

mediated by albumin. (B) The association between CDAI and frailty index mediated by uric acid.

169

Clinical Interventions in Aging 2024:19
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=448354.docx
https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

Discussion

In this study, we examined the association between the CDAI score and frailty in a sample of elderly individuals in the
United States. After we adjusted for all the covariates, participants in CDALI tertile 3 had lower odds of developing frailty
than did those in tertile 1. A restricted cubic spline curve showed a decreasing relationship between the CDAI and the
risk of frailty, which seemed more like L-shaped associations. The CDAI was negatively associated with the frailty index
according to the multivariate linear model. According to our mediation analyses, the serum albumin concentration and
serum uric acid concentration were found to mediate the association between the CDAI and the frailty index.

To our knowledge, this is the first study to report the relationship between the CDAI and frailty. According to our
findings, older adults in the US with a higher CDAI were at lower risk of frailty. The CDAI is a composite score that
considers the biological interaction between dietary antioxidants to reflect an individual’s antioxidant status. Our results
are in agreement with those of a prospective study reporting that a low intake of antioxidants may be a factor in the
development of frailty in older men.”® Another study based on NHANES data showed that antioxidant-rich dietary
patterns (Mediterranean diet) were associated with lower levels of frailty symptoms among community-dwelling US
adults.”® According to a cross-sectional study of Japanese older persons, participants in the highest quintile of dietary
total antioxidant capacity (DTAC) were less likely to suffer from frailty than were those in the lowest quintile.® The
same results revealed an inverse association between total antioxidant capacity (TAC) and the occurrence of frailty in
older Australian men.*>' These results indicated that an antioxidant diet is an important factor in the pathogenesis and
progression of frailty. It is necessary to conduct further prospective studies to examine the contribution of the CDAI to
frailty.

Although the mechanism by which the CDAI affects the risk of frailty is not fully understood, oxidative stress may
play an important role. Oxidative stress increases intracellular calcium levels, promoting proteasomal activity and
enhancing muscle decomposition, which may lead to a decline in muscle function and strength.*? Physical activity
levels can be directly affected by a loss of muscle mass and strength, and frailty is characterized by low physical
activity.” In addition, oxidative stress can promote immune activation and generate inflammatory cytokines.
Inflammatory cytokines may affect frailty either directly by promoting protein degradation or indirectly by affecting
important metabolic pathways.** This evidence may explain the link between the CDAI score and frailty symptoms.

As part of our investigation, we further explored potential pathways that link the CDALI to frailty. We found that the
serum albumin concentration and uric acid concentration mediated the relationship between the CDAI score and frailty in
older persons. In the present study, the CDAI was significantly correlated with oxidative stress indicators, positively
correlated with the serum albumin concentration, and negatively correlated with the serum uric acid concentration.
Moreover, our results indicated that the serum albumin concentration was negatively associated with the frailty index and
that the serum uric acid concentration was positively associated with the frailty index. The biochemical structure of
albumin has made it a good indicator of oxidative stress in the circulatory system.>> As an extracellular antioxidant and
major transporter, albumin may protect aging cells from excessive oxidative stress induced by inflammation and could be
an important indicator of frailty. A protective relationship between the serum albumin concentration and frailty status was
found in our study, which was in agreement with the findings of an observational study from Japan.*® Some research
indicates that uric acid promotes oxidative stress in human cells.>’ Oxidative stress induced by elevated uric acid may
play a role in aging and apoptosis of endothelial cells.*® Garcia-Esquinas et al found that uric acid is a risk factor for
frailty symptoms in older persons.>” Our findings further support this view. It has also been shown that uric acid performs
important antioxidant functions, particularly in the central nervous system. However, further research is needed to
determine whether the antioxidant protective effect of uric acid occurs within a certain range.

There were several strengths in our study. First, to assess an individual’s antioxidant status, we used the CDAI,
a composite index that combines the dietary intake of six antioxidant factors. Second, our study examined the association
between the CDAI and frailty indices in a large, nationally representative sample. Third, mediation analyses were used to
further explore the mechanisms underlying the relationship between the CDAI and frailty indices.

This study has several limitations worth mentioning. First, the reliability of the results may have been affected by
self-reported frailty symptoms. Second, individual diet estimations were based on the average of two 24-hour recalls,
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which may be biased. Third, we conducted mediation studies using a cross-sectional study design, making causal
association inference difficult. Fourth, frailty is a geriatric syndrome whose underlying mechanisms remain elusive. It
may be influenced by genetic, physical, biological, social, environmental, and a variety of risk factors.**° Therefore, we
cannot eliminate residual and unmeasured confounding variables, despite adjusting for several possible confounders.
Considering the limitations of the current study, our findings should be interpreted with caution, and further research is
required to confirm them.

Conclusions
In conclusion, a higher CDAI was associated with lower odds of frailty. We also found that the serum albumin
concentration and uric acid concentration may mediate the association between the CDAI and frailty indices.
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