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Objective: This study investigates the potential association between lutein and
zeaxanthin (LZ) intake, particularly lutein, and biological aging. The study aims
to explore how LZ intake affects the biological aging progression, particularly in
organs like the liver, kidneys, and cardiovascular system, and explore the potential
mechanism of lutein as the main carotenoid mediating this effect.

Methods: We analyzed biological aging using biological age calculations based
on data from the NHANES 2007-2015 database. Various adjusted models were
used to assess the relationship between LZ intake and aging phenotypes.
Transcriptome analysis was conducted to explore the potential mechanisms
underlying the anti-aging effects of lutein.

Results: A higher intake of LZ was associated with a slower biological aging rate
(P < 0.01), observed in major organs such as the liver and kidneys, as well as
the cardiovascular system. LZ intake showed a significant negative correlation
with biological aging acceleration (P < 0.05). Enrichment analysis suggested
that lutein’s anti-aging effects might be mediated through telomere regulation
and modulation of aging-related metabolic pathways. Additionally, lutein intake
appeared to reduce pro-inflammatory Thl cell abundance, further suggesting a
potential anti-aging effect by suppressing inflammation. Sustained lutein intake
also led to a decrease in the expression of aging phenotype-related molecules.
However, in the evaluation of linear relationships, excessive lutein intake beyond
a certain threshold may not yield additional benefits.

Conclusion: Combined LZ intake is associated with attenuated multi-level
biological aging [OR (95% CI): 0.93 (0.88, 0.93), P = 0.016] and high LZ intake
significantly reduce the risk of all-cause death (P < 0.001), with lutein driving
systemic effects via telomere regulation and inflammation suppression. These
findings highlight lutein’s translatable potential for aging interventions and
provide insights for dietary strategies in aging health management.
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1 Introduction

Aging, as a Multisystem Phenomenon, is a primary risk factor
for chronic diseases and mortality (1), characterized by progressive
functional decline across multiple organ systems. Crucially,

Abbreviations: LZ, lutein and zeaxanthin; CA, chronological age; BA, the
rate of aging varies due to individual differences. As a result, biological age;
KDM, Klemera-Doubal method; BaC, biological age; Bal, liver biological
age; BaK, kidney biological age; NDI, National Death Index; PSM, Propensity
Score Matching; GPEC, gene prioritization by evidence counting; GSEA, gene
set enrichment analysis; RCS, restricted cubic splines; RCTs, randomized
controlled trials; IQR, interquartile ranges; ORs, odds ratios; 95% Cls, 95%
confidence intervals; PIR, ratio of family income to poverty; BMI, body
mass index; BP, biological process; SASP, senescence-associated secretory

phenotype.
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biological aging exhibits significant inter-organ heterogeneity—
while chronological age (CA) advances uniformly, organs like the
liver (detoxification hub), kidneys (metabolic waste clearance),
and cardiovascular system (systemic perfusion) experience
divergent aging trajectories that collectively determine organismal
health span (2). This multisystem perspective necessitates
organ-specific biological aging quantification to identify targeted
interventions (3-5).

Since the inception of biological age (BA) calculation (2),
BA estimation has evolved from CA-biomarker correlations
(6) to algorithms treating CA as an integrated biomarker
(5). The Klemera-Doubal Method (KDM) now demonstrates
superior mortality prediction (3, 7) by incorporating organ-
specific biomarkers.

Among modifiable aging factors, as multiorgan anti-aging
agents, carotenoids - particularly lutein and zeaxanthin (LZ)—
show exceptional promise (8). While renowned for retinal
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protection (9), their systemic anti-aging potential remains
underexplored. Mechanistically, LZ could scavenge lipid peroxides
in hepatic/kidney tissues (9-11), protect against skin damage
induced by free radicals (12), and these substances could be
considered “longevity vitamins” (9).

Although there are relevant evidences that LZ intake has certain
anti-inflammatory and anti-aging effects, there are few studies to
quantify the association between LZ and human organ-specific
biological aging.

Leveraging NHANES (National
Examination Survey)

Health and Nutrition
database, we constructed biological
aging acceleration models for various organs and systems
(liver/kidney/cardiovascular) to assess LZ intake associations with
organ-specific and systemic aging. Furthermore, we also analyzed
the potential effects and the specific mechanisms of sustained high
concentrations of lutein on aging phenotypes via transcriptomics.
This multi-level analysis provides actionable insights for dietary

strategies against heterogeneous aging (Graphical Abstract).

2 Methods
2.1 Study design and population

This study utilized data from the National Health and
Nutrition Examination Survey (NHANES), a program conducted
in the United States to assess the health and nutritional status
of both adults and children (https://www.cdc.gov/nchs/nhanes/).
NHANES is a cross-sectional survey based on the general U.S.
population. Data from NHANES 2007-2015 were analyzed, and
29,040 participants were initially selected, all of whom provided
written informed consent. The focus was primarily on adults
aged 20 and above. After combining the databases using unique
identifiers for each participant, cases with missing data on physical
examinations, alcohol consumption, smoking, and carotenoid
intake (19,335 cases) were excluded. Ultimately, 7,554 participants
were included in the study (Figure 1).

2.2 Assessment of biological age

Biological age was assessed at three different levels to
quantify the degree of biological aging, including cardiovascular
biological age (BaC), liver biological age (Bal), and kidney
biological age (BaK). The biomarkers related to BaC were
collected, including triglycerides, high-density lipoprotein, low-
density lipoprotein, fasting blood glucose, systolic blood pressure,
diastolic blood pressure, and total cholesterol. The biomarkers
related to Bal included gamma-glutamyl transferase, serum
aspartate aminotransferase, serum alanine aminotransferase, and
albumin, because of the low organ specificity, ALP elevation may
also occur in bone diseases (13), placental diseases and intestinal
diseases (14), it was not included in the evaluation of liver biological
age. The biomarkers for BaK included serum creatinine and serum
uric acid. The biological age of different organs was calculated using
the biological age algorithm KDM (15, 16). The ratio of biological
age to chronological age (BA ratio) was used as an indicator for
evaluating biological aging. Additionally, the difference between
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biological age and chronological age (BA acceleration) was used as
a measure of aging acceleration.

2.3 Lutein and zeaxanthin intake

Lutein and zeaxanthin (LZ), as carotenoids in the diet, play an
important role in maintaining human health. Based on the variables
collected in the NHANES database, we included both dietary and
supplement sources of LZ and calculated the total intake of LZ from
both sources. The intake of LZ from both sources was measured
over 2 days, and the average intake of the 2 days was used as the
final LZ intake value.

2.4 Smoking exposure

The following variables were collected: SMQ020, SMQ040,
SMQO050Q, SMQO050U. Smoking status was classified into three
categories based on the information from these variables: Current
smoker, Former smoker, and Never smoker. Individuals who had
smoked fewer than 100 cigarettes in their lifetime were considered
as “Never smokers,” while those who had stopped smoking for more
than 1 month were classified as “Former smokers.”

2.5 Body mass index (BMI)

BMI was categorized into the following groups based on
BMI values: “Underweight (<18.5),” “Normal (18.5 to <25),
“Overweight (25 to <30),” “Obese (30 or greater).”

2.6 Total calorie intake

Total calorie intake was obtained from the variables collected
in the NHANES database, including intake data from both the first
and second days. If data from the second day were available, the
average intake from both days was used; otherwise, only the intake
from the first day was considered.

2.7 Alcohol consumption history

The following variables were collected: “ALQI11,” “ALQ10,
“ALQI120Q,” “ALQ120U.” The alcohol consumption was classified
into four categories: “Non-drinker;” “<1 drink/month,” “1-10
drinks/month,” and “10+4 drinks/month.” Participants who had
consumed fewer than 12 alcoholic drinks in their lifetime were
categorized as “Non-drinker.”

2.8 Other covariates

We included additional covariates based on previous studies.
Participants’ demographic information, including gender, age, race
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—
FIGURE 1
Flow chart of study population.

(Mexican American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, and Other races), education level (less than 9th
grade, 9-11th grade, high school graduate, some college/AA degree,
and college graduate), and household income, were collected via
questionnaires. These factors may have potential associations with
biological aging or dietary carotenoid intake.

2.9 Survival data

Survival data were linked to the National Death Index (NDI),
and mortality follow-up data for NHANES participants from 2007
to 2015 were incorporated to construct Cox proportional hazards
models to evaluate the effect of lutein intake on all-cause mortality.

2.10 PSM adjustment

The processed data were further adjusted using Propensity
Score Matching (PSM) to account for potential confounders,
including age, gender, race, education level, and income.

2.11 Data acquisition

Data mining and analysis were performed using R version
4.4.0. Microarray datasets from Gene Expression Omnibus (GEO,
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https://www.ncbinlm.nih.gov/geo/) were retrieved using the R
package “GEOquery” (17). Specifically, we used the dataset
GSE151683 (18), which includes transcriptomic data related
to high lutein and high lycopene intake. In this study, we
focused on the high lutein intake group and the low lutein
control group, and differential gene expression was analyzed
using the “limma” package (19) to identify fold changes between
groups. The differentially expressed genes were then subjected to
subsequent analysis.

2.12 Enrichment analysis

Biological process enrichment analysis was performed using
the Gene Prioritization by Evidence Counting (GPEC) algorithm
from Metascape (http://metascape.org/), with the inclusion criteria
of P value <0.01, a minimum count of 3, and an enrichment
factor >1.5. Clustering of the entry nodes was conducted based
on the similarity of the members. Gene set enrichment analysis
(GSEA) was conducted using the R package “clusterProfiler”
(20) to assess changes in biological functions following sustained
high lutein intake. The background gene sets (C2: curated gene
sets, C5: ontology gene sets) were provided by the Molecular
Signatures Database (MSIGDB) (https://www.gsea-msigdb.org/
gsea/index.jsp). Metabolic pathway enrichment was performed
using the R package “IOBR” (21), integrating three algorithms
(ssGSEA, PCA, and z-score) to quantify the metabolic enrichment
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level of each sample. Differential scoring analysis was then
performed using “limma” based on t-values to evaluate metabolic
differences between groups.

2.13 Immune scoring

Immune scores for different samples were calculated using
the immune algorithms (xCell, MCPcounter) from the R package
“IOBR” to quantify differences in the abundance of various immune
cell types in peripheral blood after sustained high lutein intake
between different groups. MCP-counter and xCell algorithms
quantified the abundance of immune cells between clusters based
on marker gene expression. Only immune cell types showing
statistically significant differences (P < 0.05) between groups
were reported.

2.14 Statistical analysis

All analyses were performed using R software version 4.4.0.
Non-linear relationships between lutein intake and biological
age acceleration across different patterns were tested using
restricted cubic splines (RCS) implemented in the “rms” R
package. Continuous variables were expressed as interquartile
ranges (IQR), and categorical variables were expressed as counts
(n) and percentages (%). Multivariate logistic regression models
and multivariate Cox regression models were used to analyze the
relationship between lutein intake and biological age acceleration
across different patterns, as well as the association with all-cause
mortality. Lutein intake levels were categorized into quartiles (Q1,
Q2, Q3, and Q4) with QI as the reference group, and the odds
ratios (ORs) and 95% confidence intervals (95% ClIs) were used
to describe the relationship between lutein intake and biological
aging. Further non-linear relationship tests between lutein intake
and biological age acceleration were conducted using RCS with the
“rms” R package. Demographic differences in carotenoid intake
levels, including age, gender, race, education, smoking, alcohol
intake, ratio of family income to poverty (PIR), BMI, waist
circumference, total calorie intake, and different sources of LZ
intake, were compared using the Kruskal-Wallis test. Interaction
analysis was performed using the likelihood ratio test. Paired
differences between groups were compared using two-tailed paired
Student’s t-test. A P value of < 0.05 was considered statistically
significant for all analyses.

3 Results

3.1 Baseline characteristics

In this study, after applying the inclusion and exclusion
criteria, we initially included 9,705 participants (Figure 1). We
divided the participants into four groups (Ql-Q4) based on
their total LZ intake, ranging from low to high. The Q1 group
[0.32 (0.21, 0.41)] had the lowest LZ intake level, while the Q4
group [3.04 (2.19, 5.10)] had the highest. Baseline characteristics
showed significant differences in the distribution of most covariates
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across the four groups (Supplementary Table S1). To reduce the
confounding effect of covariates on the epidemiological outcome
variables, we performed PSM to adjust for data distribution. After
PSM adjustment, 7,554 participants were included in the final
analysis (Table 1).

Adjusted baseline data indicated significant differences in both
dietary and supplement sources of LZ intake across the four
groups (P < 0.001). There were also significant differences in the
distribution of gender (P = 0.002), age (P = 0.004), education level
(P < 0.001), income (P < 0.001), total calorie intake (P < 0.001),
and waist circumference (P = 0.048) across the different lutein
intake groups (Table 1). In terms of education level, the highest
intake group (Q4) had a larger proportion of participants with
higher education (P < 0.001). Among the Q4 group, 35% had a
college degree or higher, while only 3.3% had less than a 9th-grade
education. The Q4 group also had the highest income level [3.30
(1.64, 5.00)]. Additionally, the total calorie intake in Q3 [2,127
(1,647, 2,749)] and Q4 [2,010 (1,588, 2,641)] was relatively higher.

3.2 Association between carotenoid intake
and biological aging progression

To evaluate whether LZ intake influences the progression of
biological aging, we calculated the biological age at various levels
(cardiovascular, kidney, liver, and overall) for participants and
assessed the aging trend using biological age ratios.

First, we evaluated the distribution of biological age ratios for
different levels of dietary LZ intake (Supplementary Table 52). As
LZ intake increased, the biological age ratios for different organ
systems (cardiovascular, kidney, liver, and overall) significantly
decreased (pre-PSM adjustment: P < 0.05). After adjusting for
covariates using PSM, although the median values for all four
biological age ratios decreased, only the overall biological age
ratio showed a significant difference (P = 0.025), with the ratios
for Q1 and Q4 being 0.99 (0.84, 1.16) and 0.95 (0.82, 1.13),
respectively. Next, we evaluated the distribution of biological
age ratios at different total LZ intake levels. As total LZ intake
increased (Table 2), the biological age ratios for cardiovascular,
kidney, liver, and overall aging significantly decreased (before PSM
adjustment: P < 0.001 or P = 0.001). After PSM adjustment,
significant differences were still observed in three biological
age ratios (kidney, liver, and overall), with median values for
organ and overall biological age ratios in the high LZ intake
groups (Q3 and Q4) remaining below I, indicating that LZ
intake from multiple sources collectively influences the biological
aging process.

To further assess the impact of LZ intake on the acceleration
of biological aging in different organ systems, we calculated
the biological age acceleration for four types (cardiovascular,
kidney, liver, and overall) and constructed three models adjusted
for different covariates (Figure 2). The results showed that total
LZ intake significantly reduced the biological age acceleration
in various organs (cardiovascular, kidney). Cardiovascular aging
acceleration decreased by 0.89 (95% CI: 0.83-0.95), 0.90 (95% CI:
0.85-0.96), and 0.92 (95% CI: 0.87-0.99) in the three models,
respectively. Kidney aging acceleration decreased by 0.91 (95%
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TABLE 1 Baseline characteristics of participants under different L/Z total intake levels.

Characteristic

10.3389/fnut.2025.1618158

Q1 Q2 Q3 Q4
N=1,897 (25%)! N =1,897 (25%)! N =1,896 (25%)! N = 1,896 (25%)!

Age.group 0.11
20-39 years 711 (37%) 606 (32%) 616 (32%) 625 (33%)

40-59 years 707 (37%) 717 (38%) 743 (39%) 752 (40%)

>60 years 479 (25%) 574 (30%) 537 (28%) 519 (27%)

Sex 0.002
Female 967 (51%) 989 (52%) 895 (47%) 1,071 (56%)

Male 930 (49%) 908 (48%) 1,001 (53%) 825 (44%)

Race 0.1
Non-Hispanic White 1,319 (70%) 1,363 (72%) 1,313 (69%) 1,369 (72%)

Non-Hispanic Black 207 (11%) 158 (8.3%) 181 (9.5%) 198 (10%)

Mexican American 154 (8.1%) 148 (7.8%) 174 (9.2%) 116 (6.1%)

Other Hispanic 99 (5.2%) 101 (5.3%) 101 (5.3%) 95 (5.0%)

Other/multiracial 118 (6.2%) 128 (6.8%) 127 (6.7%) 117 (6.2%)
Education.attainment <0.001
Less than 9th Grade 113 (5.9%) 68 (3.6%) 104 (5.5%) 63 (3.3%)

9-11th Grade 213 (11%) 190 (10%) 229 (12%) 154 (8.1%)

High School Grad/GED 444 (23%) 389 (21%) 497 (26%) 372 (20%)

Some college or AA degree 656 (35%) 639 (34%) 647 (34%) 636 (34%)

College graduate or above 470 (25%) 610 (32%) 419 (22%) 671 (35%)

BMI.group 0.3
Underweight (<18.5) 32 (1.7%) 25 (1.3%) 30 (1.6%) 27 (1.4%)

Normal (18.5 to <25) 512 (27%) 484 (26%) 519 (27%) 602 (32%)

Overweight (25 to <30) 646 (34%) 626 (33%) 635 (33%) 605 (32%)

Obese (30 or greater) 707 (37%) 762 (40%) 712 (38%) 662 (35%)

Alg.group 0.6
Non-drinker 430 (23%) 411 (22%) 430 (23%) 430 (23%)

<1 drinks/month 408 (22%) 387 (20%) 453 (24%) 373 (20%)

1-10 drinks/month 746 (39%) 757 (40%) 698 (37%) 762 (40%)

>10 drinks/month 313 (17%) 343 (18%) 314 (17%) 330 (17%)

Smoke.group 0.14
Current smoker 582 (31%) 514 (27%) 568 (30%) 484 (26%)

Former smoker 287 (15%) 338 (18%) 324 (17%) 331 (17%)

Never smoker 1,028 (54%) 1,046 (55%) 1,004 (53%) 1,081 (57%)

Age 46 (32, 60) 49 (36, 62) 49 (35, 62) 49 (34, 60) 0.004
PIR 2.88(1.29, 4.64) 3.13 (1.61, 5.00) 2.73 (1.44, 4.76) 3.30 (1.64, 5.00) <0.001
BMI 28 (24, 33) 28 (25, 33) 28 (24, 32) 27 (24, 32) 0.066
Waist 99 (88, 111) 100 (89, 110) 98 (88, 110) 97 (86, 108) 0.048
Total calories 1,754 (1,348, 2,276) 1,983 (1,550, 2,462) 2,127 (1,647, 2,749) 2,010 (1,588, 2,641) <0.001
Dietary.LZ 0.32(0.20, 0.41) 0.67 (0.56, 0.77) 1.15 (0.98, 1.36) 2.83 (2.06, 4.56) <0.001
Supplement.LZ 0.25 (0.25, 0.25) 0.25 (0.25, 0.25) 0.25 (0.25, 0.30) 0.30 (0.25, 1.34) <0.001
Total.LZ 0.32(0.21, 0.41) 0.69 (0.60, 0.78) 1.20 (1.02, 1.39) 3.04 (2.19, 5.10) <0.001

11 (%); Median (Q1, Q3).

2Pearson’s X2: Rao & Scott adjustment; Design-based KruskalWallis test.
P < 0.05 is marked with bold values.

Frontiersin Nutrition 06 frontiersin.org


https://doi.org/10.3389/fnut.2025.1618158
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Tao et al.

10.3389/fnut.2025.1618158

TABLE 2 Characteristics of biological age acceleration under different L/Z total intake before and after the treatment of properness score matching.

Total L/Z Intake Q1! Q2! Q3! Q4! P value?
Before propensity score matching

TotalLZ 0.30 (0.19, 0.39) 0.67 (0.57, 0.78) 1.23 (1.04, 1.46) 3.27 (2.33, 5.68) <0.001
Dietary.LZ 0.30 (0.18, 0.38) 0.65 (0.55, 0.76) 1.18 (0.99, 1.42) 2.95 (2.14, 4.89) <0.001
Supplement.LZ 0.25 (0.25, 0.25) 0.25 (0.25, 0.25) 0.25 (0.25, 0.30) 0.30 (0.25, 2.00) <0.001
BA_ratio.Cardio 0.99 (0.83, 1.21) 0.99 (0.81, 1.20) 0.96 (0.79, 1.17) 0.95 (0.79, 1.12) <0.001
BA_ratio.Kidney 1.00 (0.88, 1.17) 1.00 (0.88, 1.14) 0.98 (0.87, 1.11) 0.98 (0.86, 1.11) 0.001
BA_ratio.Liver 0.89 (0.55, 1.22) 0.85 (0.55, 1.18) 0.85 (0.59, 1.15) 0.79 (0.54, 1.08) <0.001
BA_ratio.Total 1.00 (0.84, 1.17) 0.98 (0.84, 1.15) 0.96 (0.82, 1.13) 0.94 (0.81, 1.11) <0.001
After propensity score matching

TotalLZ 0.32 (0.21, 0.41) 0.69 (0.60, 0.78) 1.20 (1.02, 1.39) 3.04 (2.19, 5.10) <0.001
Dietary.LZ 0.32(0.20, 0.41) 0.67 (0.56, 0.77) 1.15 (0.98, 1.36) 2.83 (2.06, 4.56) <0.001
Supplement.LZ 0.25 (0.25, 0.25) 0.25 (0.25, 0.25) 0.25 (0.25, 0.30) 0.30 (0.25, 1.34) <0.001
BA_ratio.Cardio 0.98 (0.83, 1.20) 0.99 (0.82, 1.19) 0.98 (0.80, 1.19) 0.96 (0.80, 1.14) 0.058
BA_ratio.Kidney 1.00 (0.89, 1.16) 1.00 (0.88, 1.13) 0.98 (0.88, 1.12) 0.98 (0.86, 1.13) 0.029
BA_ratio.Liver 0.88 (0.56, 1.19) 0.84 (0.55, 1.14) 0.86 (0.59, 1.18) 0.81 (0.54, 1.12) 0.044
BA_ratio.Total 0.99 (0.84, 1.16) 0.98 (0.84, 1.14) 0.98 (0.82, 1.14) 0.94 (0.81, 1.12) 0.007

Median (Q1, Q3).
2Design-based KruskalWallis test.
P < 0.05 is marked with bold values.

CIL: 0.86-0.96), 0.90 (95% CI: 0.85-0.96), and 0.92 (95% CI: 0.88—
0.97), respectively. Total LZ intake also reduced the overall aging
acceleration in all three models by 0.90 (95% CI: 0.84-0.95), 0.91
(95% CI: 0.85-0.96), and 0.93 (95% CI: 0.88-0.93), respectively.
After adjusting for covariates, the effect of total LZ intake on liver
biological age acceleration was attenuated.

We further evaluated the differential effects of LZ intake on
biological aging acceleration at different intake levels (Figure 3).
In three models measuring overall biological age acceleration,
compared to the Q1 group, the biological age acceleration in the
Q4 group was reduced by 0.21 (95% CI: 0.03-0.26), 0.29 (95%
CIL: 0.10-0.84), and 0.32 (95% CI: 0.12-0.84), with significant
trend tests in all three models (P for trend: 0.006; 0.021; 0.029).
Additionally, we assessed the differential effects of LZ intake on
the biological aging acceleration of other organs at different intake
levels (Supplementary Table S3). For kidney and liver biological
aging acceleration, high LZ intake (Q4) showed more significant
differences in the effect on aging acceleration compared to low LZ
intake (Q1) (all P < 0.05). For kidney and liver biological aging
acceleration, the trend tests for the different LZ intake levels were
also more significant (all P < 0.05).

To further assess the linear relationship between total LZ intake
and biological age acceleration, we constructed three models of
Restricted Cubic Splines (RCS) for the evaluation of biological
aging acceleration across different patterns. For overall biological
aging acceleration (Figure 4), in Model 1 (P overall < 0.0001),
Model 2 (P overall = 0.0001), and Model 3 (P overall =
0.0005), the correlation between the biological aging acceleration
beta values and the transformed total LZ intake was significant,
with no significant non-linear relationship observed. Additionally,
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in the evaluation of biological aging acceleration in different
organs (Supplementary Figure S1), after multiple adjustments in
the models, significant correlations were still evident (Model
3_Cardio, P = 0.0241; Model 3_Kidney, P = 0.0162; Model 3_Liver,
P = 0.0021). Although none of the models for biological aging
acceleration in the three organs exhibited significant non-linear
trends, in the liver biological aging acceleration assessment, we
observed that continuous increases in LZ intake did not lead to a
substantial reduction in the model beta values. This suggests that
total LZ intake can significantly reduce the risk of biological aging
acceleration within a certain range, while excessive intake may not
effectively further delay biological aging acceleration.

Next, we constructed multivariate Cox regression models to
assess the relationship between different levels of total LZ intake
and all-cause mortality (Figure 5). The results of all three models
indicated a significant trend effect for total LZ intake on all-cause
mortality (P < 0.001). Compared to the Q1 group, the risk of all-
cause mortality in the Q4 group was reduced by 0.55 (0.42, 0.72)
times, 0.60 (0.45, 0.80) times, and 0.60 (0.45, 0.80) times in the
three models, respectively. These results suggest that the level of LZ
intake has a significant impact on all-cause mortality risk.

To assess the stability of the results, we performed
stratified analyses by different covariates to examine the
impact of gender, age, and BMI on the effectiveness of the
models (Supplementary Figure 52). For overall biological aging
acceleration, gender did not significantly affect the relationship
between total LZ intake and biological aging acceleration across the
three models (all P for interaction > 0.05). However, gender had
a significant interaction effect with total LZ intake and all-cause
mortality only in Model 1 (P for interaction < 0.001). In contrast,
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FIGURE 2

Model Name OR (95% CI) Pvalue
Model 1
BA acceleration.Cardio - 0.89 (0.83,0.95) <0.001
BA acceleration.Kidney o 0.91 (0.86,0.96) 0.002
BA acceleration.Liver —_— 0.86 (0.73,1) 0.055
BA acceleration. Total - 0.9 (0.84,0.95) <0.001
Model 2
BA acceleration.Cardio == 0.9 (0.85,0.96) 0.002
BA acceleration.Kidney - - 0.9 (0.85,0.96) <0.001
BA acceleration.Liver —— 0.88 (0.74,1.04) 0.12
BA acceleration. Total =~ 0.91 (0.85,0.96) 0.002
Model 3
BA acceleration.Cardio 0 0.92 (0.87,0.99) 0.021
BA acceleration.Kidney o~ 0.92 (0.88,0.97) 0.004
BA acceleration.Liver —— 0.93 (0.79,1.1) 0.4
BA acceleration. Total S 4 0.93 (0.88,0.93) 0.016
0.5 0.75 1 1.25

Association between LZ total intake levels and different patterns of biological age acceleration. Model 1 adjusted for age; Model 2 adjusted for model
1, and gender, race, education level, income; Model 3 adjusted for model 2, and smoking, alcohol intake, BMI, total calories

FIGURE 3

Model Name OR (95% CI) Pvalue P for trend
Model 1 | 0.006
Q1 Reference —
Q2 —— 0.55(0.21,1.49) 0.2
Q3 —— 0.58 (0.19,1.76) 0.3
Q4 e 4 0.21 (0.03,0.26) 0.003
Model 2 0.021
Q1 Reference —
Q2 —— 0.76 (0.28,2.06) 0.6
Q3 —— 0.56 (0.19,1.61) 0.3
Q4 -— 0.29 (0.1,0.84) 0.023
Model 3 0.029
Q1 Reference —
Q2 —— 0.59 (0.23,1.49) 0.3
Q3 —— 0.57 (0.21,1.56) 0.3
Q4 —-— 0.32 (0.12,0.84) 0.021

0 05 1 15 2

2.5

Association between LZ total intake levels and total biological age acceleration. Model 1 adjusted for age; Model 2 adjusted for model 1, and gender,
race, education level, income; Model 3 adjusted for model 2, and smoking, alcohol intake, BM, total calories. Test for trend based on variable
containing median value for each quartile.

different age groups showed significant interaction effects across all
models assessing biological aging acceleration (P for interaction,
Model 1: 0.021; Model 2: 0.016; Model 3: 0.024). The results
showed that in the older age group (>60 years), LZ intake had a
more significant impact on biological aging acceleration (P, Model
1: 0.002; Model 2: 0.009; Model 3: 0.024), and similar results were
observed in the evaluation of the association between different
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levels of LZ intake and all-cause mortality risk (Age group >60
years: all P < 0.001). We also noted that in the younger age group
(Age group 20-39 years), the relationship between total LZ intake
and biological aging acceleration as well as all-cause mortality was
not significant. Furthermore, in the evaluation of interaction effects
by different BMI categories, no significant effects were found in
Model 3 for biological aging acceleration and all-cause mortality.
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FIGURE 4

Analysis of restricted cubic spline regression between total LZ intake levels and total biological age acceleration. Model 1 adjusted for age; Model 2

adjusted for model 1, and gender, race, education level, income; Model 3 adjusted for model 2, and smoking, alcohol intake, BMI, total calories

Model Name HR (95% CI) Pvalue P for trend
modell | <0.001
Q1 Reference —
Q2 —— 0.69 (0.55,0.87) 0.001
Q3 —— 0.69 (0.53,0.9) 0.007
Q4 —— 0.55 (0.42,0.72) <0.001
model2 <0.001
Q1 Reference —
Q2 —— 0.75 (0.59,0.95) 0.019
Q3 —— 0.71 (0.54,0.93) 0.013
Q4 —— 0.6 (0.45,0.8) <0.001
model3 <0.001
Q1 Reference —
Q2 — 0.76 (0.6,0.96) 0.021
Q3 —— 0.68 (0.53,0.88) 0.003
Q4 —— 0.6 (0.45,0.8) <0.001
0 025 05 075 1 125
FIGURE 5
Association between LZ intake levels and all-cause mortality. Model 1 adjusted for age; Model 2 adjusted for model 1, and gender, race, education
level, income; Model 3 adjusted for model 2, and smoking, alcohol intake, BMI, total calories. Test for trend based on variable containing median
value for each quartile.

Additionally, in the evaluation of the effects of different
aging
significant  interaction
total
and kidney biological

covariates on organ-specific biological acceleration
(Supplementary Figure 53), we found
the

cardiovascular

effects association between

Lz

of age group on

intake and

aging acceleration (P for interaction <0.001). Similarly,
in the older age group, total LZ intake had a more
significant effect on reducing biological aging acceleration.
This result suggests that the benefits of LZ intake are
more pronounced in older populations with faster
aging progression.

Frontiers in Nutrition

09

3.3 Molecular mechanisms underlying the
anti-aging effects of lutein

To further explore the intrinsic mechanisms by which lutein
as main carotenoid mediate the aging process, we collected
data from a microarray dataset of genes differentially expressed
after 8 weeks of high lutein intake. After performing biological
process (BP) enrichment clustering analysis (Figure 6), we
found that lutein mainly modulates pathways involved in

glycogen metabolic processes, cell division, chaperone-mediated
protein folding, regulation of DNA metabolic processes,
frontiersin.org
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Biological process enrichment analysis at transcriptome level before and after high lutein intake.

regulation of transferase activity, chromatin remodeling,
and vascular processes in the circulatory system. Further
examination of the clustering results (Supplementary Figure 54)
Cluster 5

process) was primarily associated with telomere regulation,

revealed that (regulation of DNA metabolic
suggesting that lutein may help combat aging acceleration
by maintaining telomerase activity. GSEA also indicated that
lutein intake could upregulate anti-aging related biological
processes  (Supplementary Figure S5).  Furthermore,  we
observed that aging
through certain  post-translational
(Supplementary Figure S4).

resistance may also be maintained

modification  processes
The acceleration of the aging process can lead to changes
in certain metabolism-related pathways. Therefore, we further
investigated the metabolic pathway changes following sustained
lutein intake. The results showed (Figure7) that certain anti-
aging metabolic processes were significantly upregulated, such as
Folate One Carbon Metabolism, Valine, Leucine, and Isoleucine
Degradation, Nicotinamide Adenine Dinucleotide Biosynthesis,
Sphingolipid Metabolism, and Primary Bile Acid Biosynthesis.
Moreover, the upregulation of fatty acid degradation-related
pathways further supports the lipid-lowering effect of lutein (18).
Studies
also accelerate the aging process. We continued to explore

have shown that immune dysregulation can

the impact of sustained lutein intake on immune cell
abundance. The results indicated (Supplementary Figure S6)
that after 8 weeks of continuous lutein intake, the overall
immune score increased compared to the control group.
of Thl cell

abundance, as Thl cells are primarily involved in the body’s

Notably, we observed a downregulation
inflammatory response. This suggests that lutein may, to
some extent, delay the aging process through inflammation
resistance. The downregulation of the interleukin-mediated
inflammatory response pathways further supports this finding

(Supplementary Figure S5).
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3.4 Lutein-mediated changes in
aging-related phenotypes

Related studies have shown that the aging process is often
accompanied by various changes in phenotypes, including SASP,
cell cycle, apoptosis resistance, alterations in cell surface marker
expression, and the involvement of certain non-coding RNAs. To
investigate this further, we collected various phenotypic markers
related to the aging process (22-26) (Supplementary Table 54).
The results indicated that after 8 weeks of continuous lutein
intake, the expression of most markers in different phenotypes was
downregulated (Supplementary Figure S7). The changes in various
aging-related phenotypes further confirm the anti-aging efficacy
of lutein.

4 Discussion

This study explored the relationship between LZ intake and
biological aging progression. Using data from the NHANES 2007~
2015 database, we quantified biological aging acceleration through
the KDM method and further analyzed the potential effects of
high lutein intake on aging phenotypes. Our results suggest
that lutein intake helps reduce biological aging rates to some
extent, with significant anti-aging effects observed in the biological
aging processes of the liver, kidney, and cardiovascular organs.
Additionally, we found that lutein’s role in slowing the biological
aging acceleration of organs is mediated through the regulation
of multiple molecular mechanisms, including telomere regulation,
metabolic pathways, and immune responses.

In this study, we observed that as lutein intake increased,
participants’ overall biological age acceleration significantly
decreased. Specifically, the total intake of LZ was negatively
correlated with biological aging acceleration in various organs
(such as the cardiovascular system, liver, and kidneys) and overall
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aging, with this relationship remaining significant after adjusting
for multiple covariates. This finding is consistent with previous
research, which has shown that carotenoids, particularly lutein,
possess antioxidant properties that help delay aging (10, 27).
Furthermore, lutein improves endothelial function by lowering
blood pressure, thinning arterial walls, and inhibiting vascular
smooth muscle cell migration, thus significantly reducing pro-
inflammatory cytokine levels (28). We also found that within
a certain dose range, lutein intake significantly slows aging,
while excessive intake may not provide additional benefits.
This suggests the need for optimization in the dosage design of
carotenoid interventions.

Molecular mechanism analysis of lutein further elucidates its
anti-aging effects. Transcriptomic analysis revealed that sustained
lutein intake significantly upregulated biological processes related
to anti-aging, including telomere repair, immune regulation, and
metabolic homeostasis. For example, lutein intake may combat
aging by maintaining telomere stability (29). Additionally, we
found that lutein intake helps regulate immune cell abundance,
particularly reducing the number of pro-inflammatory Thl cells,
which may slow the aging process by suppressing inflammatory
responses. The downregulation of inflammatory factors observed
in the GSEA results further supports this finding. Moreover, SASP
(senescence-associated secretory phenotype) refers to a set of
cytokines and molecules secreted by aging cells, which is closely
linked to local and systemic inflammatory responses and the
31). Regulating
SASP formation and clearing senescent cells is a critical strategy to

development of several aging-related diseases (30,

delay aging and prevent age-related diseases. We were excited to
find that sustained lutein intake effectively reduced the expression
of aging phenotype-related molecules, which further explains the
anti-aging effects of lutein.

Despite providing preliminary evidence for the relationship
between lutein and biological aging, this study has some limitations.
Since it is a cross-sectional study, although we controlled for several
confounding factors using PSM and multivariate adjustments,
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causal relationships still require further validation in future studies.
Longitudinal studies will help confirm the causal link between
lutein intake and the aging process. Additionally, this cross-
sectional study focused only on lutein and zeaxanthin intake,
future studies could expand to include other carotenoids to
comprehensively assess differences and commonalities in their
anti-aging effects. Beyond investigating the anti-aging effects of
lutein in human cohort samples, previous studies have also
reported that lutein may provide a therapeutic basis for promoting
cartilage regeneration and alleviating osteoarthritis in mice.
Notably, lutein similarly demonstrates anti-aging properties in aged
mice, significantly relieving the aging level of liver, heart, kidney
and lung (32).

The inverse association between levels of lutein/zeaxanthin
intake and biological aging metrics suggests a protective role
of these carotenoids in human aging. It should be noted,
however, that translating such observational associations into
practical applications—particularly as a dietary supplement—
may face regulatory challenges, including demonstrating causal
efficacy through randomized controlled trials (RCTs), defining
measurable clinical endpoints, and establishing standardized,
> 34).
Despite these translational considerations, our study provides

safe long-term dosing regimens in target populations (33

critical ~ epidemiological ~evidence directly linking lutein
intake to attenuated biological aging in humans, thereby
establishing a rationale for future interventional studies and

mechanistic investigations.

5 Conclusion

In conclusion, our study provides novel evidence that
combined LZ intake is significantly associated with attenuated
multi-level biological aging (OR: 0.93, 95% CI: 0.88-0.98; P <
0.05) and reduced all-cause mortality risk (P for trend < 0.001). In
addition, it implicates that lutein as the primary mediator provide
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potential benefits in delaying aging through telomere maintenance
and inflammation suppression. These findings establish LZ,
particularly lutein, as a promising dietary strategy for aging health
management, providing reference value for further clinical trials for
public health translation.
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