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Editorial

Frontiers in Age-Related Diseases and Nutritional Interventions

Caiziyu Yu 1, Lili Qiu 1 and Xiaoyu Wang 1,2,*

1 College of Food Science & Nutritional Engineering, China Agricultural University, Beijing 100083, China;
yuczy@cau.edu.cn (C.Y.); qiulily980829@126.com (L.Q.)

2 Key Laboratory of Precision Nutrition and Food Quality, Department of Nutrition and Health, China
Agricultural University, Beijing 100193, China

* Correspondence: xy.wang@cau.edu.cn

1. Introduction

The aging population presents one of the greatest challenges to sustainable develop-
ment, progressing at an unprecedented rate in recent years. Aging involves an irreversible,
progressive decline in physiological functions, ultimately leading to a range of age-related
diseases, including neurodegenerative, cardiovascular, gastrointestinal, and immune sys-
tem diseases. Over the years, extensive efforts have been devoted to investigating the
biology of aging and the mechanisms underlying age-associated degenerative diseases,
with the goal of developing strategies to alleviate age-related health issues. A growing
body of research has highlighted the significant role of diet in regulating aging and the
development of age-associated diseases. This Special Issue of Nutrients, titled “Dietary
Strategies for Prevention of Geriatric Diseases and Exploring the Mechanism of Aging”,
aims to present dietary and nutritional strategies for alleviating aging and age-related
degenerative diseases in the elderly population, while also advancing our knowledge of the
underlying mechanisms of and age-related pathology. The studies featured in this Special
Issue can be categorized into the following two main areas: (i) Aging and Age-related
Diseases, and (ii) Nutritional Interventions for the Elderly. Together, these two themes offer
new insights and practical approaches to understanding and managing age-related health
issues, paving the way for more effective strategies to improve the quality of life among
the elderly and promote healthy aging.

2. Aging and Age-Related Diseases

One article explored the factors influencing the cellular and molecular hallmarks of
aging. Reduced telomere length and various epigenetic alterations (DNA methylation,
histone modifications, and chromatin remodeling) are among the key cellular and molecular
markers of aging. Additionally, S. Liu et al. investigated the causal relationship between the
intake of different types of meat and biological aging [1]. Their findings revealed a positive
causal relationship between the intake of meat and accelerated DNA methylation PhenoAge.
Moreover, processed meat consumption was negatively associated with telomere length,
suggesting that increased meat intake may accelerate the biological aging process.

In addition, several studies in this Special Issue focused on age-related degenerative
diseases. Although each study addressed a different topic, their findings collectively pro-
vide further insight into the mechanisms and contributing factors of such diseases. C.
Chang et al. identified a significant association between nutritional risk and dynapenia,
specifically in elderly people aged 75 years and above, suggesting that age may moderate
the relationship between nutritional status and dynapenia in older populations [2]. A
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comprehensive review authored by W. Yu et al. summarized the alterations in the immune
system associated with aging and elucidated the mechanisms of immunosenescence [3].
Aging impairs both innate and adaptive immunity; this decline in immunity not only
exacerbates the aging process but also accelerates the onset of infectious diseases, autoim-
mune disorders, and cancer. The study by L. Gaussens et al. examined the associations
between vitality components (appetite loss and weight loss) and other domains of Intrinsic
Capacity (IC) in the elderly, such as cognition, vision, hearing, psychology and locomo-
tion [4]. Appetite and weight loss, both common among the elderly, were found to be
associated with other potential IC impairments, i.e., psychological and locomotor functions.
In another study, X. Sang et al. explored the changes in physicochemical properties of the
colonic mucus layer with increasing age and the underlying mechanisms [5]. In aging
mice, changes in the content and structure of mucin were found to be linked to impaired
mucus barrier function. Additionally, decreased expression of the genes that typically
regulate goblet cell formation resulted in a reduction in the proportion of goblet cells and
mucin content, while the low expression of mucin glycosylase led to shorter O-glycan
chains, affecting mucus microstructure and thus reducing mucus barrier function with
aging. Together, these studies provide valuable insights into the mechanisms related to
aging by exploring the diverse physiological changes in the body during the aging process
and the various factors that trigger age-related diseases.

3. Nutritional Interventions for the Elderly

Dietary interventions have been proven to be among the most powerful and consistent
approaches to mitigating age-related diseases and dysfunction. The prevention and treat-
ment of aging-induced diseases can be achieved through proper dietary habits, nutritional
supplements, and adequate nutrient intake.

Two papers in this Issue provide significant insights into dietary intervention strategies.
Through latent class trajectory analysis, C. Zhang et al. discovered that Chinese older adults
with a dietary variety score (DVS) change trajectory characterized as “Moderate–Slow
decline–Slow growth” were at an increased risk of frailty [6]. Their findings suggest that
maintaining a high dietary diversity trajectory could reduce the risk of frailty in older
Chinese adults, while the optimal time for intervention is in the early stages of aging. In
addition, H. -Y. Lee et al. presented a review on the interplay between dietary restriction-
related molecular signaling proteins, signaling pathways, lipid metabolism, and aging.
The review examined diet-induced modifications in cell membrane lipids and commensal
bacteria-driven shifts in lipid metabolism, ultimately highlighting the pivotal role of lipid
metabolism in the aging process [7].

Among the articles related to specific nutrient-based intervention strategies for aging,
Q. Chen et al. conducted the first comprehensive assessment of the relationship between
the intake of methyl donor nutrients (MDNs) and cognitive function in the elderly. They
found that MDNs may have the potential to enhance cognitive function by regulating
microbial homeostasis [8]. In addition, C. Cochet et al. conducted a systematic review of
the existing evidence on the efficacy of nutritional supplementation in supporting muscle
and mitochondrial health in elderly individuals with sarcopenia or malnutrition [9]. The
review concluded that branched-chain amino acids, in association with vitamin D, may help
in treating sarcopenia and enhancing mitochondrial bioenergetics and redox activity. Based
on these findings, the authors proposed dietary recommendations for treating sarcopenia in
older people. In a related study, O. Ezaki summarized three potential extracellular signals
that could improve muscle mass and function through the supplementation of medium-
chain triglycerides (MCT; C8:0 and C10:0) during meals in frail older adults. They provide
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guidance for future clinical trials evaluating the use of MCT in treating primary (age-related)
sarcopenia [10]. S. Wang et al. evaluated the efficacy and safety of exogenous nucleotides
as aging supplements for the elderly [11], finding that nucleotide intervention may be a
promising strategy due to its anti-aging effects and ability to enhance the quality of life in
older adults. In another review, W. Yu et al. emphasized the importance of counteracting
immunosenescence through the use of specific nutrients, such as macronutrients including
proteins, fatty acids (e.g., short-chain fatty acids), and micronutrients including vitamins (A,
D, E), minerals (e.g., zinc), as well as probiotics and prebiotics [3]. A review by N.A. Rivero-
Segura et al. explored the potential of nutraceuticals—such as vitamins, polyphenols,
flavonoids, saponins, fatty acids, probiotics, and plant extracts—in preventing age-related
diseases by targeting biological markers of aging (such as telomere shortening, epigenetic
changes, mitochondrial dysfunction, etc.) and emphasized their role as natural anti-aging
agents [12]. Overall, these articles present viable strategies for alleviating aging and age-
associated diseases through specific supplements and nutrients.

4. Conclusions

This Special Issue of Nutrients sheds light on the underlying mechanisms related to
aging and age-associated pathology, while also exploring optimal nutritional strategies
for the prevention and mitigation of geriatric diseases. The aging process and associated
decline in physiological functions pose substantial challenges to the health and quality of
life of the elderly. Several studies included here emphasize the potential of dietary and
nutritional interventions to counteract these age-related alterations. Collectively, the papers
published in this Special Issue underscore the significant role of dietary and nutritional
interventions in addressing the multifaceted challenges of aging and age-related diseases.
In summary, this Special Issue serves as a platform to enhance our understanding of the
biological factors and pathogenic mechanisms involved in aging and age-related diseases,
offering meaningful insights into dietary approaches for the prevention and management
of geriatric diseases.
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Article

Age Difference in the Association Between Nutritional Status
and Dynapenia in Older Adults

Chih-Ching Chang 1, Ting-Fu Lai 2,3, Jiaren Chen 2, Yung Liao 2, Jong-Hwan Park 3,4,5,* and Yen-Jung Chang 1,*

1 Department of Health Promotion and Health Education, College of Education, National Taiwan Normal
University, Taipei 106308, Taiwan; 81305010e@ntnu.edu.tw

2 Graduate Institute of Sport, Leisure and Hospitality Management, National Taiwan Normal University,
Taipei 106308, Taiwan; 80905010e@ntnu.edu.tw (T.-F.L.); 80931005a@ntnu.edu.tw (J.C.);
liaoyung@ntnu.edu.tw (Y.L.)

3 Department of Convergence Medicine, Pusan National University School of Medicine,
Yangsan 50612, Republic of Korea

4 Department of Clinical Bio-Convergence, Graduate School of Convergence in Biomedical Science, Pusan
National University School of Medicine, Yangsan 50612, Republic of Korea

5 Convergence Medical Institute of Technology, Pusan National University Hospital,
Busan 49241, Republic of Korea

* Correspondence: parkj@pusan.ac.kr (J.-H.P.); yjchang@ntnu.edu.tw (Y.-J.C.)

Abstract: Background: Although nutritional status plays a critical role in maintaining
muscle strength, limited evidence exists regarding its association with dynapenia. Ob-
jectives: We aimed to investigate the association between different nutritional statuses
and dynapenia among Taiwanese older adults, and assessed whether age modifies this
relationship. Methods: In this study, we enrolled individuals aged 65 years and older
living in community settings through convenience sampling from 2020 to 2021, following
a cross-sectional design. The Mini-Nutritional Assessment Short Form (MNA-SF) was
used to assess whether the participants were at nutritional risk. Standardized assessments
measured muscle strength (handgrip measurement), physical performance (6 m walking
test), and muscle mass (bioelectrical impedance analysis) to confirm dynapenia classi-
fications. The interaction terms were tested using likelihood ratio tests to examine for
dynapenia between nutritional status and age. For overall sample and subgroup anal-
yses, binary logistic regression was employed. Results: Among 211 participants (mean
age: 80.7 ± 7.1 years), after adjusting for potential confounders, those at nutritional risk
(OR: 3.11; 95% CI: 1.31–7.36) were positively associated with dynapenia, whereas higher
MNA-SF scores (OR: 0.73; 95% CI: 0.57–0.93) were negatively associated. Interactions
regarding dynapenia were observed between nutritional status and age group (p = 0.014),
with nutritional risk significantly associated with dynapenia only in the old–old group
(≥75 years) (OR = 4.11, 95% CI: 1.39–12.15). Conclusions: Age is a potential moderator of
nutritional status and dynapenia among older populations. Nutritional status appeared to
be more profound in the old–old group in terms of the risk of dynapenia. These findings
offer insights for monitoring nutritional status and implementing targeted interventions to
prevent dynapenia in those aged over 75 years. Future studies using prospective designs
should explore the underlying mechanisms linking nutritional status to dynapenia and
assess the effectiveness of nutritional interventions in preventing muscle strength decline.

Keywords: malnutrition; undernutrition; handgrip strength; physical function; sarcopenia;
aging

Nutrients 2025, 17, 734 https://doi.org/10.3390/nu17040734
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1. Introduction

The rapidly growing aging population is contributing to an increased occurrence of
age-related health outcomes [1], leading to the global burden of disability and morbidity
among older populations [2]. Research indicates that disability and mortality in older adults
shows a stronger association with reduced muscle strength than with muscle mass [3–5].
Declining muscle strength not only elevates the likelihood of frailty, but also increases the
risk of cardiovascular disease and all-cause mortality [6–8], underscoring its critical role in
maintaining physical abilities in older adults. Dynapenia is characterized by age-associated
reductions in muscle strength [9,10] and could be a preliminary indicator for screening
sarcopenia [11]. Furthermore, dynapenia has a stronger association with physical ability
limitations than that of sarcopenia [12] and correlates with a higher risk of mortality [3,13].
The prevalence of dynapenia varies worldwide, ranging from 10% to 84.6% [14–17]. In
Taiwan, it is approximately 28.6% to 31.3% [18,19], and a previous 6-year follow-up study
reported that nearly 18.5% of community-dwelling older adults transitioned from a healthy
state to dynapenia, suggesting that deterioration in muscle function could be more com-
mon [20]. Given these findings, a better comprehension of the modifiable factors associated
with dynapenia is crucial, not only to facilitate early identification, but also to reduce its
impact on physical ability outcomes among older adults.

Nutritional status, a modifiable lifestyle factor, and particularly adequate protein and
essential nutrient intake is critical for promoting muscle protein synthesis among older
populations [10,21,22]. However, malnutrition is prevalent in this population, largely be-
cause of several age-related changes that elevate the risk of nutritional deficits [23,24]. Such
nutritional deficits can contribute to decreased physical functionality, poor quality of life,
and increased mortality [25–27]. Although previous research has established nutritional
status as a key factor influencing muscle strength [28,29] and physical performance [23,30],
current evidence on the correlation between nutritional status and dynapenia remains lim-
ited and is primarily focused on specific populations, such as individuals with Parkinson’s
disease [31], post-COVID-19 [32], and postmenopausal women [33]. This focus on specific
populations highlights a research gap in understanding this relationship in the community-
dwelling older population, a broader at-risk population. Moreover, prior research [20] has
indicated that dynapenia has gradually become a health concern in the aging population of
Taiwan. Despite this concerning trend, a deficiency of localized research exists exploring
the relationship between nutritional status and dynapenia among Taiwanese older adults
in community settings. Addressing this gap is essential for developing targeted nutritional
interventions aimed at mitigating the impact of dynapenia.

Furthermore, prior research has identified age as a crucial factor of malnutrition
among older populations, with the prevalence rates increasing as the age advances due
to physiological changes, decreased appetite, and reduced nutrient absorption [34–36].
Additionally, muscle strength declines progressively with aging [37], and this decline
accelerates beyond the age of 60 at a rate of approximately 3% per year [38]. These
age-related physiological changes may further contribute to muscle loss and exacerbate
the negative impact of malnutrition on muscle function. Given this age-related risk, we
hypothesized that the association between nutritional status and dynapenia differs between
the young–old group (comprising older adults aged 65–74 years) and the old–old group
(comprising those aged ≥ 75 years) [39,40]. Therefore, the purpose of this study was
to explore the relationship between different nutritional statuses (normal/at risk) and
dynapenia among Taiwanese older adults living in community settings, as well as to assess
whether age serves as a moderator of this relationship.

6
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2. Materials and Methods

2.1. Research Design and Study Samples

In this study, we employed a cross-sectional design and recruited participants aged
over 65 years living in community settings using convenience sampling from the De-
partment of Geriatrics and Gerontology at National Taiwan University Hospital (NTNU).
From September 2020 to December 2021, participants were recruited through two methods.
One method involved the preliminary screening of potentially eligible individuals who had
completed periodic physical examinations, whereas the other method identified eligible
individuals attending the outpatient clinic through referrals from outpatient physicians.

The participants first completed a series of questionnaires through in-person inter-
views to report their sociodemographic information, health behaviors, and health status,
with the Mini-Nutritional Assessment Short Form (MNA-SF) utilized to assess whether
they were at nutritional risk. Next, standardized procedures were employed to measure
handgrip strength, gait speed, and muscle mass to assess whether the participants met
the dynapenia criteria outlined by the 2019 Asian Working Group for Sarcopenia (AWGS)
guidelines. Finally, to objectively record moderate-to-vigorous physical activity (MVPA),
participants were instructed to wear a triaxial accelerometer for at least 10 h/day over
7 consecutive days.

The minimum sample size for a binary logistic regression analysis was estimated
to be 131, with an alpha level (α) of 0.05 and a statistical power of 0.8, calculated using
G*Power version 3.1.9.7 [41]. Given the possibility of missing data, we initially recruited
299 participants; however, eight individuals declined to participate, resulting in 291 par-
ticipants being enrolled. Subsequently, the participants were screened according to the
following exclusion criteria: (1) inability to complete the questionnaires, failure to follow
the standard measurement procedures for dynapenia, or noncompliance with wearing the
triaxial accelerometer (n = 40); (2) incomplete or missing data from the questionnaires or
MVPA records (n = 33); and (3) being classified as potentially having sarcopenia (n = 7). In
the final analysis, 211 participants were included (Figure 1).

The rights of all participants were safeguarded through the acquisition of signed
informed consent forms before the study’s initiation. At the completion of the study, each
participant was given a US$7 convenience store gift voucher in appreciation. The approval
for the study protocol was granted by the Research Ethics Committee of National Taiwan
University Hospital (REC number: 202008046RINC).

2.2. Measurements
2.2.1. Nutritional Status

This study applied the MNA-SF, a tool developed for older adults aged over 65 years,
to evaluate the participants’ nutritional status [42–44]. The MNA-SF assesses an individ-
ual’s changes over the past three months in degrees of weight loss, food intake, physical
activity level, body mass index (BMI), and presence of psychiatric problems or psychologi-
cal stress [43]. The total MNA-SF score ranges from 0 to 14, where higher scores indicate
a lower nutritional risk. The MNA-SF defines scores of >11 as normal and ≤11 as at
nutritional risk [43].

2.2.2. Dynapenia

The definition of dynapenia was low muscle function, indicated by reduced muscle
strength and/or poor physical performance, while maintaining normal muscle mass [45].
Muscle strength was assessed by handgrip measurements, physical performance by a 6 m
walking test, and appendicular skeletal muscle mass (ASM) by bioelectrical impedance
analysis (BIA). The cutoffs for these measurements were based on the 2019 updated AWGS
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guidelines [11]. Therefore, the participants were classified as having dynapenia if they
exhibited reduced handgrip strength (<28.0 kg for men; <18.0 kg for women) or a gait
speed of <1.0 m/s (for both sexes), while maintaining normal ASM (≥7.0 kg/m2 for men;
≥5.7 kg/m2 for women). The participants with normal ASM and muscle function were
classified as not having dynapenia. Additionally, to allow a clear comparison between the
participants with dynapenia and without (healthy individuals), those with decreased ASM
(<7.0 kg/m2 for men; <5.7 kg/m2 for women), who may be classified as potentially having
sarcopenia [11], were excluded.

Figure 1. Study process flowchart.

2.2.3. Muscle Strength

To evaluate muscle strength, a hydraulic handheld dynamometer (Jamar Plus+ Digital
Hand Dynamometer; Lafayette Instrument Company, Lafayette, IN, USA) was utilized for
the handgrip measurements. The participants were asked to perform at maximum strength
to grip the device with their dominant hand, and the highest handgrip strength recorded
from the two trials was used for the analysis.

2.2.4. Physical Performance

Physical performance was measured as the walking speed of the participants using a
6 m walking test. Each participant completed the walk twice under safe conditions, and
the shorter of the two was recorded for the analysis.

2.2.5. Muscle Mass

A bioelectrical impedance analyzer (DC-430MA; TANITA, Tokyo, Japan) was utilized
to measure ASM. We instructed the participants to stand barefoot on the analyzer and
maintain a firm grip on the device handles throughout the measurement process to ensure
accurate results.

8



Nutrients 2025, 17, 734

2.2.6. Covariates

We collected sociodemographic data including age (categorized as 65 to 74 years or
75 years and above), sex (men or women), educational level (less than university level
or university-educated and above), and living status (living alone or with others). The
assessment of health behaviors focused on documenting the participants’ smoking and
alcohol consumption habits over the past year, with the responses categorized as either
“yes” or “no”. The health status parameters, including BMI, were calculated as weight
(in kilograms) divided by height (in meters) squared (kg/m2). MVPA was objectively
measured using a triaxial accelerometer (GT3X+ ActiGraph; Pensacola, FL, USA) worn
over 7 consecutive days to accurately assess the average weekly minutes of MVPA [46].
The threshold for MVPA was set based on the World Health Organization (WHO) recom-
mendations, advising that older populations should achieve a minimum of 150 min weekly
of MVPA [47].

2.3. Statistical Analysis

The basic characteristics of the participants were presented using descriptive statistics.
We conducted chi-square tests and t-tests to assess dynapenia in relation to categorical and
continuous variables, respectively, and the significant covariates were adjusted in the logis-
tic regression analyses. Binary logistic regression analyses, including both unadjusted and
adjusted models, were performed to examine the relationship between different nutritional
statuses and dynapenia in the overall sample. Likelihood ratio tests were performed to
determine whether interaction terms existed for dynapenia between the nutritional status
and the characteristic variables, particularly the age groups. Upon confirming a significant
interaction, the sample was stratified into two age groups: old–old (75+ years) and young–
old (65–74 years) [39,40]. Finally, binary logistic regression analyses were performed for
the two age groups as subgroup analyses to examine the relationship between different
nutritional statuses and dynapenia. The results were presented as odds ratios (ORs) along
with 95% confidence intervals (CIs). IBM SPSS (version 23.0, Chicago, IL, USA) was applied,
and the statistical significance level was established at p < 0.05.

3. Results

3.1. Sample Characteristics

Table 1 summarizes an overview of the participants’ sociodemographic, health be-
havior, and health status variables. Among the 211 participants, the mean age was
80.7 ± 7.1 years; 46.0% were men, 51.2% had an education level below university, and
90.5% lived with others. Regarding health behaviors, most participants did not use tobacco
(91.9%) or alcohol (89.6%). Of the participants, 31.3% engaged in a minimum of 150 min
of MVPA weekly. In terms of health status, the mean BMI was 24.4 ± 3.7 kg/m2 for all
participants. The mean MNA-SF scores were 12.6 ± 1.7, and 43 (20.4%) participants were at
nutritional risk. There were 123 (58.3%) participants who were classified as having dynape-
nia. The results of the chi-square and t-tests showed that nutritional status, educational
level, BMI, smoking, and MVPA were significantly associated with dynapenia. Moreover,
a greater proportion of the participants at nutritional risk were distributed within the
dynapenia group (Figure 2).
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Table 1. Descriptive statistics of categorical and continuous variables for all participants.

Variables Total (n = 211) Non-Dynapenia (n = 88) Dynapenia (n = 123) p-Value

Categorical Variables a N (%) N (%) N (%)

Age group (years)
65–74 53 (25.1) 22 (25.0) 31 (25.2) 0.973
75+ 158 (74.9) 66 (75.0) 92 (74.8)

Sex
Men 97 (46.0) 44 (50.0) 53 (43.1) 0.321
Women 114 (54.0) 44 (50.0) 70 (56.9)

Educational level
Lower than university 108 (51.2) 31 (35.2) 77 (62.6) <0.001 *
University and over 103 (48.8) 57 (64.8) 46 (37.4)

Living status
Alone 20 (9.5) 8 (9.1) 12 (9.8) 0.871
With others 191 (90.5) 80 (90.9) 111 (90.2)

Smoking
No 194 (91.9) 85 (96.6) 109 (88.6) 0.036 *
Yes 17 (8.1) 3 (3.4) 14 (11.4)

Alcohol drinking
No 189 (89.6) 83 (94.3) 106 (86.2) 0.056
Yes 22 (10.4) 5 (5.7) 17 (13.8)

MVPA (mins/per week)
<150 145 (68.7) 50 (56.8) 95 (77.2) 0.002 *
≥150 66 (31.3) 38 (43.2) 28 (22.8)

Nutritional status
Normal 168 (79.6) 77 (87.5) 91 (74.0) 0.016 *
At risk 43 (20.4) 11 (12.5) 32 (26.0)

Continuous variables b Mean (SD) Mean (SD) Mean (SD) p-value
Age (years) 80.69 (7.06) 80.25 (7.16) 81.00 (7.00) 0.448
BMI (kg/m2) 24.39 (3.67) 23.64 (3.15) 24.93 (3.92) 0.009 *
MNA-SF (scores) 12.62 (1.68) 12.90 (1.43) 12.42 (1.81) 0.035 *
MVPA (mins/per week) 104.17 (167.85) 173.27 (219.32) 54.74 (91.04) <0.001 *

a Chi-square test for associations with dynapenia; * p < 0.05, significant. b T-test for associations with dynapenia;
p < 0.05, significant. Abbreviations: SD, standard deviation; BMI, body mass index; MNA-SF, Mini-Nutritional
Assessment Short Form; MVPA, moderate-to-vigorous physical activity.

3.2. Associations Between MNA-SF, Nutritional Status, and Dynapenia Among All Participants

Table 2 shows the associations between nutritional status (normal or at risk), MNA-SF
scores, and dynapenia across the two logistic regression models for the entire sample.
Model 1 represented a crude model. Model 2 accounted for adjustments related to age,
sex, educational level, BMI, smoking status, and MVPA. Both the nutritional status at
risk (model 1: OR: 2.46; 95% CI: 1.16–5.21; p = 0.018, model 2: OR: 3.11; 95% CI: 1.31–7.36;
p = 0.009) and the MNA-SF scores (model 1: OR: 0.83; 95% CI: 0.70–1.00; p = 0.045, model 2:
OR: 0.73; 95% CI: 0.57–0.93; p = 0.011) demonstrated a significant association with dynape-
nia in the unadjusted and adjusted models. Figure 3 illustrates the results from model
2, showing the OR and 95% CI for the associations between the nutritional status at risk,
MNA-SF scores, and dynapenia.
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Figure 2. Distribution of nutritional status among total participant, non-dynapenia, and dynape-
nia groups.

Table 2. A binary logistic regression analysis of the relationship between MNA-SF, nutritional status,
and dynapenia in the total sample (n = 211).

Variables
Model 1 Model 2

OR (95%CI) p-Value OR (95%CI) p-Value

Nutritional status at risk
(Ref. Normal) 2.46 (1.16, 5.21) 0.018 * 3.11 (1.31, 7.36) 0.009 **

MNA-SF (scores) 0.83 (0.70, 1.00) 0.045 * 0.73 (0.57, 0.93) 0.011 *
Model 1: unadjusted; model 2: adjusted for age, sex, educational level, BMI, smoking status, and MVPA.
Abbreviations: Ref., reference; OR, odds ratio; CI, confidence interval. * p < 0.05. ** p < 0.01.

 

Figure 3. Adjusted odds ratios for association between nutritional status, MNA-SF scores, and dynapenia.

3.3. Interactions Regarding Dynapenia Between Nutritional Status and Sociodemographic Variants

Table 3 shows the significant interactions regarding dynapenia between nutritional
status and age (p = 0.014).
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Table 3. Significance of interactions between nutritional status and characteristic variables by binary
logistic regression model.

Variables
p-Value for Interaction Termwith Nutritional Status

Dynapenia (p-Value)

Age 0.014 *
Sex 0.125
Educational level 0.863
Living status 0.675
Smoking 0.999
Alcohol drinking 0.999

* p < 0.05.

3.4. Associations Between Nutritional Status and Dynapenia in Different Age Groups

Table 4 shows the associations between the nutritional status at risk and dynapenia
in different age groups. Model 1 represented a crude model, whereas Model 2 was an
adjusted model (adjusted for sex, educational level, BMI, smoking status, and MVPA).
In the aged 65–74 group (n = 53), nutritional status was not significantly associated with
dynapenia in both models, whereas in the aged 75+ group (n = 158), the nutritional status
at risk was significantly associated with dynapenia, with an OR of 3.15 (95% CI: 1.27–7.80;
p = 0.013) in model 1 and 4.11 (95% CI: 1.39–12.15; p = 0.010) in model 2. Figure 4 illustrates
the results from model 2, presenting the OR and 95% CI for the association between the
nutritional status at risk and dynapenia, stratified by age groups.

Table 4. Age-stratified binary logistic regression models of nutritional status and dynapenia.

Variables
Model 1 Model 2

OR (95%CI) p-Value OR (95%CI) p-Value

Aged 65–74 (n = 53)
Nutritional status at risk (Ref. Normal) 1.31 (0.33, 5.18) 0.698 1.81 (0.35, 9.40) 0.480

Aged 75+ (n = 158)
Nutritional status at risk (Ref. Normal) 3.15 (1.27, 7.80) 0.013 * 4.11 (1.39, 12.15) 0.010 *

Model 1: unadjusted; model 2: adjusted for sex, educational level, BMI, smoking status, and MVPA. Abbreviations:
Ref., reference; OR, odds ratio; CI, confidence interval. * p < 0.05.

Figure 4. Adjusted odds ratios for association between nutritional status at risk and dynapenia across
age groups.
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4. Discussion

The present study is the first to explore the relationship between different nutritional
statuses and dynapenia, based on the 2019 AWGS criteria, among older adults from commu-
nity settings in Taiwan and to assess whether age is a potential modifier of this relationship.
The primary findings indicate that, in the overall sample, being at nutritional risk is corre-
lated with a higher risk of dynapenia. Furthermore, the study provides evidence of age as
a potential moderator of these associations, showing a significant correlation in the old–old
group, but not in the young–old group. Regarding the goal of dynapenia prevention, our
results indicate that public health and nutrition practitioners should develop an age-specific
intervention strategy to enhance nutritional status, especially in the old–old population.

Consistent with previous research [31–33], our findings reveal an association be-
tween nutritional risk and dynapenia. Several studies from different regions of the world
have also explored this relationship in distinct populations. While our study examines
community-dwelling older adults, a Brazilian study indicated that in patients with Parkin-
son’s disease, dynapenia is associated with a reduced calf circumference and an increased
body fat percentage [31]. In line with this, an Italian study highlighted a high prevalence of
malnutrition and dynapenia in post-COVID-19 patients [32]. Moreover, a Canadian study
emphasized the nutritional aspect, particularly protein intake, as a key modifiable factor
influencing dynapenia among postmenopausal women [33]. Our findings align with these
international studies; however, more importantly, we emphasize a community-dwelling
population, which contrasts with the studies focusing on individuals with specific dis-
eases. This distinction underscores the broader impact of nutritional status on dynapenia,
potentially independent of underlying medical conditions. Several possible explanations
exist for these findings. First, malnutrition in older adults can result from inadequate
dietary protein intake [28,36] due to age-associated alterations in sensory function and
metabolism [28,48], which influence muscle protein synthesis pathways and impair muscle
growth and repair [49], ultimately declining muscle strength and functional capacity in
aging populations [22,50,51]. Second, older adults at malnutrition risk may be more likely
to experience vitamin D deficiency [49,52], which plays a critical role in muscle function
by promoting calcium absorption and facilitating protein synthesis [53]. Vitamin D de-
ficiency often presents with marked proximal muscle weakness [54], and some studies
have accordingly established an association between this deficiency and reduced muscle
strength [55,56]. Third, the risk of malnutrition could exacerbate chronic inflammation
in older adults [25,36], with elevated inflammatory markers potentially promoting mus-
cle breakdown, inhibiting muscle synthesis, and further decreasing muscle strength in
older adults [57–59]. Given that poor nutritional status may elevate the risk of dynapenia
through age-related physiological factors, future research is suggested to understand these
mechanisms and develop targeted interventions to prevent and manage dynapenia in
aging populations.

Age moderates the relationship between nutritional status and dynapenia, with a
significant association observed in the old–old (≥75 years), but not in the young–old
(65–74 years) population. These findings are similar to previous studies [39,60–62]. A
study conducted in Korea found that old–old individuals exhibited poorer gait function
compared to young–old individuals [39]. Similarly, a study from Japan demonstrated
that declines in handgrip strength and walking speed became more pronounced after the
age of 70 [62]. Additionally, a cross-sectional study on hospitalized older adults revealed
that individuals aged 75 and older had significantly poorer nutritional status than those
younger than 75 [61]. Furthermore, a study from New Zealand reported that the odds
of nutritional risk increased with each additional year of age and identified a significant
association between lower nutritional risk and better physical performance [60]. These
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findings indicate that old–old individuals are disproportionately affected by the combined
effects of malnutrition and muscle function decline compared to young–old individuals.
Considering that aging is a complex process that affects physical, mental, and social health
dimensions [28,63], there are likely underlying reasons for this relationship. First, from a
physiological perspective, aging accelerates muscle fiber atrophy and loss, significantly
reducing muscle mass and strength [37] with decreases in muscle strength often preceding
losses in muscle mass [20,64]. As the age advances, reduced gastrointestinal function and
diminished appetite often occur due to sensory changes, potentially leading to inadequate
nutrient intake and a heightened risk of malnutrition [23,25]. In addition, aging correlates
with an elevated risk of chronic diseases and persistent low-grade inflammation, both of
which pose challenges to nutrient absorption [36] and heighten the risk of dynapenia [10].
From a psychosocial perspective, aging presents emotional and social challenges, includ-
ing increased risks of depression, anxiety [24,65], and reduced social participation [66].
These factors collectively contribute to a decline in appetite [28,67] as well as in physical
activity levels [68,69]. Therefore, early identification and intervention for malnutrition risk,
especially in those aged over 75, may help prevent dynapenia.

This study applied the latest 2019 updated AWGS criteria to classify dynapenia,
specifically tailored to older Asian populations. This approach enhanced the study’s
validity by ensuring that the classification standards aligned with region-specific health
characteristics, thereby improving the applicability of the findings. Additionally, the use of
these criteria provides a foundation for international comparisons, enabling future research
to examine dynapenia prevalence and characteristics across different Asian countries.
Certain limitations were present in this study. First, the recruitment of participants was
conducted in a highly urbanized region in Taiwan, limiting the generalizability of our
findings to the entire Taiwanese population. Second, the cross-sectional methodology
restricted the ability to infer causal relationships. Third, the MNA-SF depends primarily
on self-reported data and lacks objective measurements of food intake, which may affect
the accuracy of the results.

5. Conclusions

Age is a potential moderator of the relationship between nutritional status and dy-
napenia in Taiwanese older adults living in community settings. Old–old individuals (over
75 years) who were at nutritional risk had about four times the likelihood of being at risk
of dynapenia, whereas this relationship was not observed in young–old individuals (65 to
74 years). Given that the aging population is expanding globally, addressing the intersec-
tion of nutritional status and dynapenia has become a pressing public health priority. Our
findings offer insights for monitoring nutritional status and implementing targeted inter-
ventions to prevent dynapenia in older adults, particularly those over 75 years old. Future
studies should explore the underlying physiological mechanisms linking malnutrition to
muscle strength decline and evaluate the effectiveness of targeted nutritional strategies.
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Abstract: Existing research indicates that different types of meat have varying effects on health
and aging, but the specific causal relationships remain unclear. This study aimed to explore the
causal relationship between different types of meat intake and aging-related phenotypes. This study
employed Mendelian randomization (MR) to select genetic variants associated with meat intake from
large genomic databases, ensuring the independence and pleiotropy-free nature of these instrumental
variables (IVs), and calculated the F-statistic to evaluate the strength of the IVs. The validity of causal
estimates was assessed through sensitivity analyses and various MR methods (MR-Egger, weighted
median, inverse-variance weighted (IVW), simple mode, and weighted mode), with the MR-Egger
regression intercept used to test for pleiotropy bias and Cochran’s Q test employed to evaluate
the heterogeneity of the results. The findings reveal a positive causal relationship between meat
consumers and DNA methylation PhenoAge acceleration, suggesting that increased meat intake may
accelerate the biological aging process. Specifically, lamb intake is found to have a positive causal
effect on mitochondrial DNA copy number, while processed meat consumption shows a negative
causal effect on telomere length. No significant causal relationships were observed for other types of
meat intake. This study highlights the significant impact that processing and cooking methods have
on meat’s role in health and aging, enhancing our understanding of how specific types of meat and
their preparation affect the aging process, providing a theoretical basis for dietary strategies aimed at
delaying aging and enhancing quality of life.

Keywords: causal relationship; meat consumption; biological aging; Mendelian randomization; red
meat; white meat; processed meat

1. Introduction

Changes and trends in global meat consumption have had profound impacts on public
health and the ecological environment [1]. In recent years, especially in rapidly developing
economies, meat consumption levels have significantly increased [2,3]. This trend has
sparked widespread attention and research from health scholars regarding its potential
health effects [4,5]. Studies indicate that high meat consumption, particularly of red and
processed meats, is closely associated with the occurrence of various chronic diseases,
including cardiovascular diseases [6–8], cancer [9–12], and metabolic syndrome [13–15].
For example, several studies indicated that higher intake of red and processed meats
was linked to increased mortality from cardiovascular diseases and cancer [12,16,17]. In
contrast, the intake of white meat (such as poultry and fish) is generally associated with
lower health risks [18–20]. These findings underscore the importance of distinguishing
between red and white meat in dietary intake concerning health risks, providing a scientific
basis for public health policy formulation.

Aging is a complex biological process involving a series of physiological and func-
tional changes [21,22]. Studying biomarkers of aging-related phenotypes is crucial for
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understanding the mechanisms of aging and promoting healthy aging [23,24]. Commonly
used aging biomarkers include telomere length [25,26], mitochondrial DNA copy num-
ber [27–29], and DNA methylation levels [30–32]. Telomere length is an important marker
of cellular aging, shortening with cell division, and is thus used as an indicator of an
individual’s biological age [33–35]. Changes in mitochondrial DNA copy number are also
closely related to the aging process [36,37]. In previous analyses, we identified a negative
causal relationship between telomere length shortening and mitochondrial DNA copy
number, indicating that as telomeres shorten, aging accelerates, and mitochondrial DNA
copy number significantly decreases [38]. Similar results have been reported in other stud-
ies [39–42]. In recent years, with advancements in molecular biology techniques, assessing
and predicting biological age through detecting DNA methylation levels at specific sites
has become a hotspot in aging research, using methods such as the Horvath clock [43–48].
In daily life, aging is often manifested as declines in cognitive function and physical fitness,
which significantly affect an individual’s quality of life and independence. The role of
diet structure in the aging process has also gradually become a research focus [49–52].
Meat intake, as a primary source of animal protein in daily life, plays an important role
in ensuring healthy life activities, yet its potential health risks still need to be thoroughly
explored. Currently, there is no definitive conclusion on whether meat intake causes or
accelerates aging-related phenotypes.

The Mendelian randomization (MR) method uses genetic variations as instrumen-
tal variables to study the causal relationship between exposure factors (such as meat
consumers) and outcomes (such as aging-related phenotypes) [53,54]. The significant
advantage of the MR method is its ability to reduce the impact of confounding biases
and reverse causation common in observational studies, thereby providing more reliable
causal inferences [55]. Genetic variations are randomly assigned during fertilization, a
natural randomization process akin to the random grouping in randomized controlled
trials, giving the MR method a unique advantage in causal inference [56,57]. This study
used the MR method, selecting genetic variants associated with meat intake as instrumen-
tal variables (IVs) to analyze their association with aging-related phenotypes. Through
large-sample data analysis, we aimed to clarify the mechanisms by which meat consump-
tion affects the aging process and verify the causal relationship between different types
of meat intake and aging-related phenotypes. Specifically, this study aimed to identify
genetic variants associated with meat consumers and use them as IVs; analyze the causal
relationship between these genetic variants and various aging-related phenotypes (such
as telomere length, mitochondrial DNA copy number, DNA methylation levels related
to human age); infer the causal relationship between meat consumers and aging-related
phenotypes through the MR method; and explore the different impacts of red, white, and
processed meat intakes on the aging process. Through these research steps, we aimed to
reveal the causal relationship of meat intake on the aging process, provide the public with
more scientific dietary recommendations, and promote healthy aging.

2. Material and Methods

2.1. Study Design and Data Source

This study followed the STROBE-MR guidelines (Strengthening the Reporting of Ob-
servational Studies in Epidemiology Using Mendelian Randomization) [58] and employed
a two-sample MR approach. Eleven GWAS datasets related to meat intake were retrieved
and downloaded from the openGWAS database (https://gwas.mrcieu.ac.uk/, accessed on
10 June 2024). These datasets include one for overall meat consumers [59], three for red meat
(including pork, lamb, and beef) intake, three for white meat (including poultry, oily fish,
and non-oily fish) intake [60], and four for processed meat (including overall processed
meat consumption, ham, bacon, and sausage) intake. Additionally, four aging-related
phenotype datasets were selected as outcome variables, including telomere length [61],
mitochondrial DNA copy number [62], PhenoAge (a DNA methylation predictor trained
on 42 clinical markers and age), and Hannum age (intrinsic epigenetic age acceleration) [46].
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Detailed information on these datasets is provided in Supplementary Table S1. Based on
these data, a comprehensive MR analysis framework (Figure 1) was constructed to explore
the potential causal relationships between meat intake and aging-related phenotypes.

 

Figure 1. Flow chart showing the design of the study and the steps involved in the data analysis.
E represents exposure variable, and the text above it represents the identification of genome-wide
association study (GWAS) datasets; O represents outcome variable, and the text above it represents
the identification of genome-wide association study (GWAS) datasets; MR, Mendelian randomization;
IVW, inverse-variance weighted.

To ensure the robustness of the MR analysis, three key assumptions regarding IVs
were established [63,64]: (1) IVs must be significantly associated with the exposure; (2) IVs
must not be related to any confounders that might simultaneously affect the exposure and
the outcome; (3) IVs must influence the outcome solely through the exposure and not via
any other pathways. Since all data used in this study were obtained from publicly available
databases, no additional ethical approval or informed consent was required. Figure 1
provides a detailed description of the dataset selection, IV screening, and main steps of the
MR analysis.

2.2. IVs Selection and Data Cleaning

According to Figure 1, the “TwoSampleMR” R package was utilized to obtain IVs
related to meat consumers and meat intake [65], ensuring sufficient sample sizes and
appropriate effect allele frequencies (EAFs). Missing EAFs were supplemented using data
from the 1000 Genomes Project (https://www.internationalgenome.org/home, accessed
on 10 June 2024) [66]. Only single nucleotide polymorphisms (SNPs) with an F-statistic
(F = β2/se2) greater than 10 were included in the analysis [67,68]. Data cleaning involved
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removing potential confounding IVs identified through the “LDtrait” database [69]. Addi-
tionally, IVs with p-values less than 0.05 were considered outliers and excluded using the
“RadialMR” R package (https://github.com/WSpiller/RadialMR/, accessed on 10 June
2024) [70], with further assessment of IV pleiotropy conducted via Global t-tests [71,72].

2.3. MR Analysis

Five MR analysis methods (MR-Egger [73], weighted median [74], inverse-variance
weighted (IVW) [75], simple mode [76], and weighted mode [77]) were employed to
comprehensively assess the impact of meat consumers and different types of meat in-
take on aging-related phenotypes [75,78,79]. Causality was judged based on two criteria:
(1) consistent direction of causal effect estimates (β values or B values) across various
methods; (2) statistical significance primarily reliant on a Pivw value of less than 0.05. Each
direction of analysis was conducted independently, and no multiple comparison corrections
were applied, with significance determined using the original p-values.

2.4. Sensitivity Analysis

Sensitivity analyses included heterogeneity analysis and pleiotropy testing, performed
using Cochran’s Q test and the MR-Egger method [80,81]. The MR-Egger intercept test
was used to evaluate horizontal pleiotropy [82], with a significance level set at p < 0.05.
For IVW analysis, a fixed-effect model was used in the absence of heterogeneity, whereas
a random-effect model was applied when heterogeneity was present (PQ test < 0.05) [83].
Additionally, to clarify the independent causal effects of each IV on the outcome variable
in various analytical directions, we assessed the causal effect of individual SNP. We also
conducted a leave-one-out analysis to observe the causal effect on the outcome variable
after sequentially removing each SNP. Both sets of results are presented using forest plots.
Funnel plots and scatter plots were utilized for visual assessments of heterogeneity and
pleiotropy in the MR analyses.

3. Results

3.1. Causal Relationship between Meat Consumers and Aging-Related Phenotypes

According to MR guidelines, 27 SNPs significantly associated with meat consumers
(ukb-b-12276) were identified, with an average F-statistic of 24.64 (Table S2). The MR analy-
sis results (Table 1) revealed a significant positive causal effect between meat consumers
and DNA methylation PhenoAge acceleration (all five MR methods yielded positive B val-
ues, and PIVW = 0.02). However, no significant causal effects were observed between meat
consumers and telomere length, mitochondrial DNA copy number, or DNA methylation
Hannum age acceleration (PIVW > 0.05). These results suggest that meat consumers may
have a more direct impact on certain specific aging biomarkers, such as DNA methylation
PhenoAge acceleration, while its effects on other biomarkers might be limited. Despite
the lack of significant associations with telomere length and mitochondrial DNA copy
number, the potential complex and indirect impacts of meat consumers on these indicators
cannot be ruled out. These findings highlight the differential effects of meat consumers on
various aging phenotypes, suggesting that dietary guidelines should carefully consider the
health effects related to total meat intake to delay biological aging and reduce the risk of
age-related diseases.
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Table 1. The results of Mendelian randomization (MR) analysis between meat consumers and
aging-related phenotypes.

Directions and Methods Nsnp B SE p-Value

Meat consumers to telomere length
MR-Egger 22 0.08 0.07 0.28
Weighted median 22 −0.02 0.05 0.67
Inverse-variance weighted 22 −0.03 0.04 0.36
Simple mode 22 −0.02 0.11 0.85
Weighted mode 22 −0.03 0.10 0.79

Meat consumers to mitochondrial DNA copy number
MR-Egger 22 0.03 0.07 0.66
Weighted median 22 0.02 0.05 0.63
Inverse-variance weighted 22 −0.02 0.04 0.63
Simple mode 22 0.05 0.10 0.63
Weighted mode 22 0.05 0.10 0.61

Meat consumers to DNA methylation Hannum age acceleration
MR-Egger 23 −0.33 1.33 0.81
Weighted median 23 0.24 0.82 0.77
Inverse-variance weighted 23 0.23 0.58 0.69
Simple mode 23 0.41 1.67 0.81
Weighted mode 23 0.41 1.62 0.80

Meat consumers to DNA methylation PhenoAge acceleration
MR-Egger 23 1.10 1.79 0.55
Weighted median 23 2.20 1.07 0.04
Inverse-variance weighted 23 1.73 0.77 0.02 *
Simple mode 23 2.12 2.12 0.33
Weighted mode 23 2.25 1.93 0.26

* statistical significance; Nsnp, number of single nucleotide polymorphisms (SNPs) in the MR analysis; B, the
causal effects estimated by different MR methods; SE, standard error.

3.2. Sensitivity Analysis

To ensure the reliability and robustness of the causal relationship between meat con-
sumers and aging-related phenotypes, sensitivity analyses were conducted. The results of
pleiotropy and heterogeneity analyses (Table 2) indicated no significant heterogeneity or
pleiotropy in the MR analyses of meat consumers and the four aging-related phenotypes
(p > 0.05). Evaluating the causal relationships from the perspective of individual SNPs
showed diverse causal effects on different aging-related phenotypes (Figure S1). This
diversity further supports the complex role of meat consumers in biological aging. The
leave-one-out analysis confirmed that, excluding any single SNP, the remaining SNPs main-
tained consistent causal effects on the outcome variables in the analyses of meat consumers
with telomere length (Figure 2A), mitochondrial DNA copy number (Figure 2B), and DNA
methylation PhenoAge acceleration (Figure 2C). However, in the analysis of meat con-
sumers and DNA methylation Hannum age acceleration (Figure 2D), excluding rs11690184
reversed the causal effect of the remaining SNPs, suggesting potential heterogeneity in
this direction. Combining individual SNP effect estimates and leave-one-out analysis
results confirmed that some SNPs exhibited broad and differential effects on certain aging
biomarkers, but the overall causal effect remained consistent.
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Table 2. The results of pleiotropy and heterogeneity test in the Mendelian randomization (MR)
analysis between meat consumers (exposure) and different aging-related phenotypes (outcomes).

Outcomes
Pleiotropy Heterogeneity

Intercept * SE p-Value Q Test Q_df p-Value

Telomere length −0.003 0.001 0.083 22.953 21 0.347
mtDNA copy number −0.001 0.001 0.431 14.716 21 0.837
DNAm Hannum age acceleration 0.011 0.022 0.644 17.088 22 0.759
DNAm PhenoAge acceleration 0.012 0.030 0.701 17.166 22 0.754

* egger_intercept, mtDNA, mitochondrial DNA, DNAm, DNA methylation.

Figure 2. Leave-one-out plots of the causal association between meat consumers and aging-related
phenotypes ((A) telomere length; (B) mitochondrial DNA copy number; (C) DNA methylation Phe-
noAge acceleration; (D) DNA methylation Hannum age acceleration). In the plot, each black point
represents the recalculated pooled effect size when the corresponding single nucleotide polymor-
phism is excluded from the analysis. The blue horizontal line represents the maximum (right end)
and minimum (left end) estimated values of causal effects. Red points represent cumulative estimates
of causal effects, while red horizontal lines represent maximum (right end) and minimum (left end)
levels of causal effects.
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Scatter plots depicted the potential associations between the causal effects of the
instrumental variables on the exposure and the outcome. The results (Figure 3) showed no
significant slope changes in the relationships between meat consumers and telomere length
(Figure 3A) or mitochondrial DNA copy number (Figure 3B), confirming the absence of
significant causal relationships. For aging-related phenotypes, the SNP effect estimates
showed no significant slope changes in the relationship between meat consumers and
DNA methylation Hannum age acceleration (Figure 3C), confirming no significant causal
relationship, whereas a significant causal relationship was observed with DNA methylation
PhenoAge acceleration (Figure 3D). Funnel plots for each analysis direction (Figure S2) did
not show obvious abnormal distributions of SNPs. In conclusion, the sensitivity analysis
results confirmed that the causal relationships observed in the MR analysis remained
consistent across different analytical methods, providing robust support for our conclusion
that meat consumption influences the aging process, with multifactorial impacts and
significant individual-level differences.

Figure 3. Scatter plots of SNP effects on the meat consumers and the various aging-related pheno-
types ((A) telomere length; (B) mitochondrial DNA copy number; (C) DNA methylation PhenoAge
acceleration; (D) DNA methylation Hannum age acceleration). The X-axis represents the causal effect
of single nucleotide polymorphisms (SNPs) on exposure; the Y-axis represents the causal effect of
SNPs on outcome; the dots represent SNP for causal estimation in the analysis direction; the different
colored lines represent different MR analysis methods as shown in the legend.
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3.3. Causal Relationship between Red Meat Intake and Aging-Related Phenotypes

Following MR guidelines, SNPs closely associated with red meat intake were identi-
fied, with 168 SNPs for pork intake (average F-statistic = 22.82), 209 SNPs for beef intake
(average F-statistic = 23.04), and 281 SNPs for lamb intake (average F-statistic = 23.66)
(Table S3). The results (Figure 4) of MR analysis demonstrated a significant positive causal
relationship between lamb intake and mitochondrial DNA copy number (PIVW = 0.02).
However, no significant results were observed in other analysis directions. Detailed MR
analysis results for each direction are provided in Table S4. This finding highlights a poten-
tial important link between lamb intake and mitochondrial function, suggesting dietary
habits’ potential impact on mitochondrial health.

Figure 4. Forest plot shows the result of Mendelian randomization (MR) analysis between red meat
(pork, beef, and lamb) intake and four types of aging-related phenotypes. The X-axis represents the
direction of causal effect. The vertical line at the 0 scale represents an invalid line. The yellow point in
each yellow line represents the causal effect value obtained by the inverse-variance weighted (IVW)
method in the current analysis direction, and the yellow horizontal line represents the maximum
(right endpoint) and minimum (left endpoint) causal effects estimated by the IVW method in the
current analysis direction. If the maximum and minimum values are within the range marked on the
X-axis, the end is represented by a small vertical line. When the maximum or minimum value exceeds
the range marked on the X-axis, the end is indicated by an arrow. The red section emphasizes that
the analysis direction is statistically significant. Nsnp, number of single nucleotide polymorphisms
(SNPs) in the analysis direction.

3.4. Causal Relationship between White Meat Intake and Aging-Related Phenotypes

SNPs closely associated with white meat intake were identified, with 145 SNPs
for poultry intake (average F-statistic = 22.26), 268 SNPs for oily fish intake (average
F-statistic = 27.42), and 124 SNPs for non-oily fish intake (average F-statistic = 23.89) (Table
S5). The results (Figure 5) showed no significant causal effects between poultry, oily fish,
and non-oily fish intake and the four different aging phenotypes (PIVW > 0.05). Detailed
MR analysis results for each direction are provided in Table S4. This finding suggests that
although these foods are considered potentially beneficial for health, their impact on the
aging process may not be as significant as expected, prompting further investigation into
the specific effects and biological mechanisms of different food categories on aging.
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Figure 5. Forest plot shows the result of Mendelian randomization (MR) analysis between white meat
(poultry, oily fish, and non-oily fish) intake and four types of aging-related phenotypes. The X-axis
represents the direction of causal effect. The vertical line at the 0 scale represents an invalid line. The
yellow point in each yellow line represents the causal effect value obtained by the inverse-variance
weighted (IVW) method in the current analysis direction, and the yellow horizontal line represents
the maximum (right endpoint) and minimum (left endpoint) causal effects estimated by the IVW
method in the current analysis direction. If the maximum and minimum values are within the
range marked on the X-axis, the end is represented by a small vertical line. When the maximum or
minimum value exceeds the range marked on the X-axis, the end is indicated by an arrow. Nsnp,
number of single nucleotide polymorphisms (SNPs) in the analysis direction.

3.5. Causal Relationship between Processed Meat Intake and Aging-Related Phenotypes

SNPs closely associated with processed meat consumption were identified, with
85 SNPs for overall processed meat intake (average F-statistic = 23.10), 45 SNPs for ham
intake (average F-statistic = 20.02), 44 SNPs for bacon intake (average F-statistic = 20.89),
and 49 SNPs for sausage intake (average F-statistic = 20.19) (Table S6). The MR analysis
results (Table 3) confirmed a significant inverse causal relationship between processed meat
intake and telomere length (Table 3, PIVW < 0.05), but no significant causal effects were
observed for the other three aging-related phenotypes (Table 3, PIVW > 0.05). In subgroup
analyses of processed meats (ham, bacon, sausage intake), no significant causal effects on
the four aging-related phenotypes were observed (Figure 6). Detailed MR analysis results
for each direction are provided in Table S4. This evidence indicates that while single types
of processed meat may not significantly impact the aging process, the cumulative effect of
overall processed meat consumption should not be ignored. These findings emphasize the
importance of controlling total processed meat intake and suggest dietary adjustments to
reduce processed meat consumption, advocating for a more balanced and healthy diet to
prevent health risks associated with processed meat intake.
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Table 3. The results of Mendelian randomization (MR) analysis between processed meat consumers
and aging-related phenotypes.

Directions and Methods Nsnp B SE p-Value

Processed meat consumers to telomere length
MR-Egger 71 −0.33 0.37 0.37
Weighted median 71 −0.19 0.12 0.12
Inverse-variance weighted 71 −0.19 0.09 0.03 *
Simple mode 71 −0.35 0.33 0.30
Weighted mode 71 −0.33 0.31 0.28

Processed meat consumers to mitochondrial DNA copy number
MR-Egger 76 −0.11 0.40 0.78
Weighted median 76 −0.15 0.13 0.26
Inverse-variance weighted 76 0.01 0.09 0.89
Simple mode 76 −0.20 0.35 0.56
Weighted mode 76 −0.21 0.34 0.54

Processed meat consumers to DNA methylation Hannum age acceleration
MR-Egger 67 −0.63 7.63 0.94
Weighted median 67 1.44 1.88 0.44
Inverse-variance weighted 67 1.41 1.38 0.31
Simple mode 67 −4.23 4.79 0.38
Weighted mode 67 −3.91 4.48 0.39

Processed meat consumers to DNA methylation PhenoAge acceleration
MR-Egger 64 1.25 9.43 0.89
Weighted median 64 2.32 2.46 0.35
Inverse-variance weighted 64 0.97 1.83 0.59
Simple mode 64 4.78 5.99 0.43
Weighted mode 64 5.75 6.05 0.35

* statistical significance; Nsnp, Number of Single nucleotide polymorphisms (SNPs) in the MR analysis; B, the
causal effects estimated by different MR methods; SE, standard error.

Figure 6. Forest plot shows the result of Mendelian randomization (MR) analysis between processed
meat (ham, bacon, and sausage) intake and four types of aging-related phenotypes. The X-axis
represents the direction of causal effect. The vertical line at the 0 scale represents an invalid line. The
yellow point in each yellow line represents the causal effect value obtained by the inverse-variance
weighted (IVW) method in the current analysis direction, and the yellow horizontal line represents
the maximum (right endpoint) and minimum (left endpoint) causal effects estimated by the IVW
method in the current analysis direction. If the maximum and minimum values are within the
range marked on the X-axis, the end is represented by a small vertical line. When the maximum or
minimum value exceeds the range marked on the X-axis, the end is indicated by an arrow. Nsnp,
number of single nucleotide polymorphisms (SNPs) in the analysis direction.
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3.6. Heterogeneity and Pleiotropy in Subgroup Analyses

In the sensitivity analyses of subgroups, no significant pleiotropy (Table S7, p > 0.05) or
heterogeneity (Table S7, p > 0.05) was observed between different types of meat intake and
the four aging-related phenotypes. This stage focused on the distribution of instrumental
variables that showed significance in the MR analysis to ensure the reliability and validity
of the MR results. In the MR analysis of lamb intake and mitochondrial DNA copy number,
although individual SNPs showed differential causal effects on mitochondrial DNA copy
number (Figure S3), the remaining SNPs continued to show significant causal effects after
excluding any single SNP, consistently positioned to the right of the null line (Figure S4).
Furthermore, the scatter plot indicated a significant positive trend in the causal relationship
between exposure-related SNPs and the outcome variable (IVW method fitting curve
showing a distinct positive slope, Figure 7A), with no significant abnormal SNP distribution
observed in the funnel plot (Figure 7B). Similarly, in the MR analysis of overall processed
meat intake and telomere length, individual SNPs displayed differential causal effects
on telomere length (Figure S5), but the remaining SNPs maintained an overall consistent
causal effect after excluding any single SNP, positioned to the left of the null line (Figure S6).
The scatter plot showed a significant negative trend in the causal relationship between
exposure-related SNPs and the outcome variable (IVW method fitting curve showing a
distinct negative slope, Figure 7C), with no significant abnormal SNP distribution observed
in the funnel plot (Figure 7D). These results not only confirm the reliability and robustness
of the MR analysis but also enhance the credibility of these findings, further supporting
their value in guiding dietary recommendations.

Figure 7. The scatter plots and funnel plots for the Mendelian randomization (MR) analysis between
lamb intake and mitochondrial DNA copy number (A,B), between processed meat consumption
and telomere length (C,D). For scatter plots (A,C), the X-axis represents the causal effect of single
nucleotide polymorphisms (SNPs) on exposure; the Y-axis represents the causal effect of SNPs on
outcome; the dots represent SNP for causal estimation in the analysis direction; the different colored
lines represent different MR analysis methods as shown in the legend. For funnel plots (B,D), the
X-axis represents the causal effect of single nucleotide polymorphisms (SNPs) on exposure; the Y-axis
represents the ratio of 1/standard error (SE) of SNPs from the exposure variable; the dots represent
SNP for causal estimation in the analysis direction; the different colored lines represent different MR
analysis methods as shown in the legend.
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4. Discussion

This study delves into the causal relationship between different types of meat intake
and aging phenotypes (such as telomere length, mitochondrial DNA copy number, and
DNA methylation levels related to human age). The results first revealed a positive causal
relationship between meat consumption and accelerated DNA methylation aging in meat
consumers, suggesting that increased meat intake may accelerate the biological aging
process. This finding sets the premise for our subsequent analyses. To further evaluate the
causal effects of different types of meat consumption on aging phenotypes, we conducted
subgroup analyses based on three categories: red meat, white meat, and processed meat.
For red meat, we selected the most commonly consumed types in daily life, namely beef,
lamb, and pork. Mendelian randomization (MR) analysis confirmed a positive causal
effect of lamb intake on mitochondrial DNA copy number. However, no significant effects
were observed for beef and pork on the four aging-related phenotypes. For white meat,
we chose the most common types of meat in daily diets: chicken and fish. MR analysis
showed no significant association between the types of white meat included in the study
(chicken, oily fish, and non-oily fish) and the four aging phenotypes. Processed meat,
which includes commonly consumed types such as ham, sausage, and bacon, was also
analyzed. MR analysis indicated a negative causal relationship between overall processed
meat consumption and telomere length, suggesting that higher intake of processed meat
may shorten telomere length. However, no significant associations were found between
processed meat consumption and the other three aging phenotypes (mitochondrial DNA
copy number and DNA methylation levels related to human age). Subgroup analyses
for processed meat also did not reveal any significant causal links between consumption
levels and the four aging-related phenotypes. These findings emphasize that the total
consumption of processed meat may impact the aging process mediated by telomere
length, while the cumulative effect of meat consumption in general may be more significant
than the impact of individual types of meat. Therefore, although specific types of meat
consumption have varying effects on aging markers, the overall quantity and frequency
of meat intake may be more crucial in influencing biological aging. In summary, this
study provides new insights into the relationship between different types of meat intake
and aging phenotypes, offering scientific evidence for public health recommendations. It
emphasizes the importance of choosing healthy meat products and highlights that the
potential harm associated with meat consumption is closely linked to cooking methods
and the degree of processing. We advise the public to pay closer attention to meat selection
and consumption methods to promote healthy aging. This distinction is crucial in guiding
more nuanced and effective public health strategies.

The primary advantage of the MR method is its ability to overcome confounding
factors and reverse causation issues common in traditional observational studies [84]. Se-
lecting appropriate IVs is crucial for ensuring the validity and reliability of MR analysis [85].
In this study, genetic variants strongly associated with meat intake were selected from
large genomic databases, ensuring their independence and pleiotropy-free nature. The
F-statistic was calculated to evaluate the strength of the IVs, ensuring sufficient statistical
power for reliable causal inference. Sensitivity analyses were conducted to validate the
robustness of the MR analysis, using various MR methods to assess the validity of causal
estimates [81]. Pleiotropy bias was evaluated using the MR-Egger regression intercept
test [86], and heterogeneity was assessed using Cochran’s Q test to ensure consistency
among the IVs [87]. Sensitivity analysis results showed no significant issues, confirming
the robustness of the main analysis results and the reliability of the study conclusions.
Overall, this study adheres to MR analysis standards, employing rigorous IV screening,
quality control, and sensitivity analyses to investigate the impact of meat intake on aging
phenotypes. These findings enhance our understanding of the causal relationship between
meat intake and aging, providing a theoretical basis for strategies to delay aging.

Despite establishing causal relationships between certain meat intakes and the aging
process through MR analysis, the specific biological mechanisms involved require fur-
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ther investigation. Recent studies suggest that meat consumption significantly impacts
human metabolic processes, which may play a crucial role in aging. For instance, red
and processed meats contain saturated fatty acids and cholesterol, which are linked to
various metabolic diseases [88–90]. Meat consumption influences aging through two pri-
mary pathways: first, diets with high meat content affect gut microbiota composition and
function, indirectly impacting metabolic status and aging [91–94]. Reduced gut microbiota
diversity and increased pathogenic bacteria can induce low-grade chronic inflammation,
accelerating aging through various mechanisms [95–99]. Short-chain fatty acids (SCFAs)
produced by gut microbiota are vital for metabolic health, and high-meat diets significantly
reduce SCFA production, affecting energy metabolism and immune function [100–102].
Second, the different nutritional contents of meats can influence aging-related phenotypes
by regulating key metabolic pathways. Red meat intake increases N-nitroso compounds,
associated with cancer and other age-related diseases [103,104]. Additionally, red meat’s
L-carnitine and its metabolite trimethylamine-N-oxide (TMAO) are linked to increased
cardiovascular disease and mortality [105–107]. These metabolites impact cardiovascular
health and may accelerate aging through oxidative stress and inflammation pathways [108].
Further research indicates that meat intake affects insulin signaling pathways, altering
glucose and lipid metabolism, thus impacting the aging process [109,110]. High-meat
diets are associated with insulin resistance and a higher incidence of type 2 diabetes,
which are considered significant drivers of aging [111–117]. This study found a significant
inverse causal relationship between overall processed meat consumption and telomere
length, possibly due to high levels of additives and preservatives in processed meats that
increase oxidative stress and cellular DNA damage, leading to accelerated telomere short-
ening [118–124]. High saturated fat and salt content in processed meats may also induce
chronic inflammation [125–127], a critical factor in telomere shortening [21,128–130]. These
findings highlight the potential negative health impacts of processed meat consumption,
emphasizing the importance of reducing processed meat intake and increasing antioxidant
and anti-inflammatory foods to delay aging.

In our analysis, a causal relationship was found between overall meat intake and health
risks, but subgroup analyses did not show that specific types of meat significantly increased
health risks, except for lamb intake, which increased mitochondrial DNA copy number.
Mitochondrial DNA copy number is essential for maintaining mitochondrial function and
is closely linked to mitochondrial energy production [131]. This result underscores lamb
intake’s potential positive impact on mitochondrial health. Several factors may explain
this causal relationship: lamb is a rich source of various nutrients [132–135], including
iron, protein, B vitamins (especially B12 and riboflavin), and minerals like selenium, which
are vital for normal cell metabolism and biosynthesis. Iron is a necessary cofactor in the
mitochondrial electron transport chain, while vitamin B12 is involved in mitochondrial
DNA synthesis and maintenance [136]. Specific fatty acids and proteins in lamb might
stimulate mitochondrial biogenesis, enhancing energy metabolism efficiency [137–139].
Additionally, the antioxidant components in lamb (e.g., selenium) may reduce oxidative
stress on mitochondria, protecting mitochondrial DNA and increasing its stability and
copy number. The anti-inflammatory properties of certain compounds in lamb might also
reduce chronic inflammation, protecting mitochondria and maintaining higher DNA copy
numbers [140]. Overall, dietary factors’ regulatory relationships with health are complex,
but our evidence supports lamb’s potential benefits in maintaining mitochondrial function
and metabolic health. In conclusion, meat intake has multiple effects on metabolism and
aging. Future research should focus on uncovering the underlying mechanisms to provide
scientific evidence for dietary guidelines and aging intervention strategies.

This study’s findings, derived from MR analysis, reveal causal relationships between
increased meat intake and individual aging risks, offering significant guidance for public
health policy and clinical practice. First, the results emphasize the importance of dietary
structure in healthy aging, suggesting that public health policies encourage reducing
red and processed meat intake while increasing alternatives like fish and poultry. These

31



Nutrients 2024, 16, 2433

alternatives are not only nutritious but also lower in saturated fat and cholesterol, helping to
reduce the risk of chronic diseases associated with aging. Second, the findings indicate that
clinicians should consider potential health impacts from the increase in meat intake when
devising personalized dietary plans. For elderly and chronic disease patients, reducing red
and processed meat intake and increasing dietary fiber and antioxidant intake can help
slow the aging process and improve overall health. This dietary adjustment can improve
metabolic status and reduce inflammation, aiding in delaying aging. Third, lamb’s potential
in increasing mitochondrial DNA copy number suggests it could be a valuable part of
healthy dietary plans, particularly due to its unique nutritional components like conjugated
linoleic acid (CLA) and omega-3 fatty acids, which enhance mitochondrial function and
replication efficiency. Therefore, dietary recommendations for specific populations might
include lamb to optimize energy production and cellular function.

In summary, this study offers a comprehensive perspective on the nutritional value
and health impacts of different types of meat, supporting the formulation of more targeted
and effective dietary recommendations. These findings can help optimize individual
health and provide scientific evidence for public health policies, promoting healthy aging
across society. However, there are limitations to this study. First, MR analysis relies on the
reasonableness and independence of genetic variants; some variants may influence multiple
phenotypes, causing bias. In addition, there may also be differences in the results produced
by both MR analysis methods and statistical methods, such as whether or not to utilize
p-value corrections. Therefore, the findings of this study still require further validation
with real-world data. Second, the study samples mainly come from Western populations,
which may limit the applicability of the results to other ethnic groups and regions. Future
research should include more diverse samples. Third, due to the complexity of dietary
habits and lifestyles, it is challenging to completely exclude confounding factors. Fourth,
this study primarily focuses on the impact of different types of meat intake on aging-related
phenotypes and does not encompass the diversity of other dietary habits, which may
limit our understanding of the overall effects of diet. Future research should combine
long-term longitudinal data and various statistical models to further verify the robustness
of the causal relationships. Fifth, this study categorizes both fish and poultry under the
same classification of “white meat”. This approach does not account for the distinct lipid
profiles associated with fish consumption, which differ significantly from those of poultry.
Fish is rich in omega-3 fatty acids, which have different health implications compared
to the predominantly protein-based profile of poultry. This distinction could affect the
associations with aging phenotypes observed in our study. Hence, subsequent studies
need to focus on multidisciplinary approaches, utilizing modern biotechnological methods
to explore the complex relationship between meat consumption and aging, especially
the specific impacts of different types of meat. This will provide theoretical support and
practical strategies for achieving healthy aging.

5. Conclusions

MR analysis has demonstrated a positive causal effect between meat consumers and
accelerated DNA methylation PhenoAge, suggesting that increased meat intake may expe-
dite the biological aging process. Additionally, lamb intake appears to positively influence
mtDNA copy number, potentially supporting mitochondrial health and energy metabolism,
while processed meats negatively affect telomere length, underscoring the risks associated
with their consumption. These variations highlight the significant impact that processing
and cooking methods have on meat’s role in health and aging. Consequently, we recom-
mend reducing the intake of processed meats and, where possible, opting for minimally
processed alternatives that are cooked in a manner preserving nutritional integrity and
reducing harmful effects. This study enhances our understanding of how specific types of
meat and their preparation affect the aging process, providing a theoretical basis for dietary
strategies aimed at delaying aging and enhancing quality of life.
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Abstract: Globally, cognitive impairment (CI) is the leading cause of disability and dependency
among the elderly, presenting a significant public health concern. However, there is currently a
deficiency in pharmacological interventions that can effectively cure or significantly reverse the
progression of cognitive impairment. Methyl donor nutrients (MDNs), including folic acid, choline,
and vitamin B12, have been identified as potential enhancers of cognitive function. Nevertheless,
there remains a dearth of comprehensive research investigating the connection between the dietary
intake of MDNs and CI. In our study, we comprehensively assessed the relationship between MDNs’
dietary intake and CI in older adults, utilizing 16S rRNA gene sequencing to investigate the potential
underlying mechanisms. The results showed an obvious difference in the methyl-donor nutritional
quality index (MNQI) between the dementia (D) group and the dementia-free (DF) group. Specifically,
there was a lower MNQI in the D group than that in the DF group. For the gut microbiome, the
beta diversity of gut flora exhibited higher levels in the high methyl-donor nutritional quality (HQ)
group as opposed to the low methyl-donor nutritional quality (LQ) group, and lower levels in the D
group in comparison to the DF group. Subsequently, we performed a correlation analysis to examine
the relationship between the relative abundance of microbiota, the intake of MDNs, and Montreal
Cognitive Assessment (MoCA) scores, ultimately identifying ten genera with potential regulatory
functions. Additionally, KEGG pathway analyses suggested that the one-carbon metabolism, chronic
inflammation, and DNA synthesis potentially serve as pathways through which MDNs may be
promising for influencing cognitive function. These results implied that MDNs might have the
potential to enhance cognitive function through the regulation of microbiota homeostasis. This study
offers dietary recommendations for the prevention and management of CI in the elderly.

Keywords: cognitive impairment; gut microbiome; one-carbon metabolism; nutrition; aging

1. Introduction

It is expected that dementia prevalence will rise as the global population ages, with
projections indicating a tripling in the number of individuals living with this condition
by the year 2050 from the estimated 47 million in 2015 [1]. Cognitive impairment (CI)
includes both mild cognitive impairment (MCI) and dementia, the latter characterized by a
more pronounced deterioration in cognitive abilities that hinders daily functioning and
social engagement [2]. Long-term caring for individuals with CI is a significant burden on
patients, their families, and society. The estimated global cost of dementia in 2015 was USD
818 billion, a figure that is expected to rise as the prevalence of dementia increases [3]. This
underscores the growing urgency of dementia as a significant global public health concern.
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Historically, dementia has been regarded as an incurable disease. However, emerging
evidence suggests that a significant proportion of dementia cases may be preventable [4].
MCI represents a transitional stage between normal cognitive function and dementia,
often serving as an early indicator of the latter [5]. Consequently, early intervention has
emerged as a promising approach for the prevention and management of dementia. Several
studies have provided evidence suggesting that dietary patterns may confer protective
benefits against cognitive decline, particularly in individuals with MCI who undergo
intervention [6]. Furthermore, lower serum folate levels [7,8] and higher homocysteine
levels [9,10] have been linked to an increased risk of conversion from any type of MCI to
all-cause dementia, a relationship that is associated with one-carbon metabolism.

One-carbon metabolism (OCM) has been identified as playing a significant role in
the initiation and progression of CI [11,12]. OCM is a complex system of biochemical reac-
tions that supply methyl donors with diverse biosynthetic pathways, supporting various
physiological functions in the brain such as DNA synthesis, neurotransmitter synthesis,
epigenetic regulation, and antioxidant defense mechanisms. Additionally, OCM serves
as a pivotal point connecting multiple pathways [13]. The consumption of methyl donor
nutrients (MDNs) such as protein, folate, choline, betaine, vitamin B2 (VB2), VB6, VB12, and
zinc plays a crucial role in OCM [14,15]. Inadequacies in any of these nutrients can interfere
with the intricate regulatory system responsible for maintaining the OCM, resulting in
impairments in brain function [16]. Recent studies have consistently reported the potential
therapeutic effects of MDNs in CI. B vitamins, particularly folate, VB6, and VB12, play a
role in homocysteine metabolism and can decrease the risk of CI [17,18]. Additionally,
choline supplementation has been shown to elevate brain acetylcholine levels and suppress
neuroinflammation, leading to enhancements in learning and memory [19]. Betaine has
been found to inhibit the overactivation of hippocampal microglia and decrease oxidative
stress, thereby serving as a preventive measure against CI [20]. A deep understanding of
the correlation between MDNs and CI may provide valuable insights into effective dietary
strategies for preventing and managing dementia. Nevertheless, there is a lack of research
that has thoroughly investigated the relationship between MDNs and CI.

The gut microbiota, a crucial element of the gut–brain axis, play a significant role in
modulating cognitive functions through various mechanisms such as modulating neuro-
transmitter synthesis and metabolism, as well as regulating inflammatory and immune
responses [21]. Recent research has increasingly demonstrated a correlation between gut
microbial imbalance and the onset of CI [22]. While a definitive standard for gut mi-
crobiota homeostasis remains elusive, individuals with chronic illnesses often exhibit an
elevated presence of pro-inflammatory bacteria and a diminished presence of beneficial
bacteria. Patients with Alzheimer’s disease (AD), for example, commonly display dysbiosis
in their gut microbiota, characterized by the reduced abundance and diversity of flora,
heightened levels of pro-inflammatory bacteria, and an elevated Firmicutes/Bacteroidetes
ratio [21,23,24]. Prior research has indicated that diets deficient in folate and VB12 may lead
to a reduction in B vitamin-producing bacteria and an increase in inflammation-associated
bacteria [25]. Thus, we posited that integrated MDNs may exert an influence on the gut
microbiota, thereby potentially impacting CI.

To illustrate the relationship between dietary MDNs and CI in the elderly, and if
dietary MDNs may affect CI, we systematically assessed the association between the
dietary intake of MDNs and CI in the elderly, and explored the potential mechanisms based
on the intestinal microbiota. This study has the potential to propose intervention strategies
aimed at preventing CI in the elderly through a nutritional lens, as well as offering novel
insights for the targeted manipulation of the intestinal microbiota.

2. Methods

2.1. Study Population

A cohort of 301 older adults aged 60–70 years was enrolled in the TALENTs trial
(Targeting Aging and Longevity with Exogenous Nucleotides), a pragmatic four-month
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prospective single-center randomized controlled trial. Research protocols have been re-
ported [26]. Participants in the study were administered the Montreal Cognitive Assess-
ment (MoCA) to assess cognitive health, with a MoCA score of 18 or lower indicating
membership in the dementia (D) group, while those scoring above 18 were categorized as
belonging to the dementia-free (DF) group [27]. Demographic characteristics and medi-
cal history pertaining to chronic diseases were obtained through the administration of a
questionnaire. Subsequently, fecal samples from all participants were collected, processed,
and preserved at a temperature of −80 ◦C for future analysis. A total of 290 valid fecal
samples were acquired, corresponding to the inclusion of 290 individuals in the ultimate
analysis. All participants provided written consent by signing an informed consent form.
The TALENTs trial has been approved by Peking University’s Biomedical Ethics Committee
(IRB00001052-21114) and registered by Clincal Trials.gov (NCT05243018).

2.2. Assessment of Methyl Donor Nutrients Dietary Intake

The Photo-Assisted Dietary Intake Assessment (PAD) method was utilized to gather
dietary intake data for MDNs. Previous research has demonstrated the accuracy and
feasibility of the PAD method, particularly in its application to elderly populations [28].
Participants underwent standardized training and received real-time professional guidance.
Subsequently, photographs of participants’ meals were taken before and after consumption
over a period of three consecutive days to assess intake of both regular and additional
foods. Subsequently, we determined the mean daily consumption levels of protein, folate,
choline, riboflavin, VB6, VB12, betaine, and zinc. Subsequently, we calculated the methyl-
donor nutritional quality index (MNQI) by considering the intake of these eight MDNs
in accordance with the Chinese Dietary Reference Intakes (version 2023), in order to
comprehensively evaluate the dietary intake of MDNs [29]. The methodology utilized in
this study was derived from a prior research investigation that demonstrated a notable
association between the MNQI and OCM, thus validating the MNQI as a reliable instrument
for assessing the nutritional quality of dietary MDNs sources in a comprehensive manner.
As per the findings of the study, an MNQI score equal to or exceeding 6 is classified as high
methyl-donor nutritional quality (HQ), while a score below 6 indicates low methyl-donor
nutritional quality (LQ) [29].

2.3. Analysis of Intestinal Flora Test
2.3.1. 16S rRNA Gene Sequencing Analysis

We extracted fecal microbial DNA using the MGIEasy fecal genomic DNA (meta) ex-
traction kit (BGI, Shenzhen, China). Subsequently, we used the primers PF5′-ACTCCTACG
GGGAGGCAGCAG-3′ and PR5′-GGACTACNNGGGGTATCTAAT-3′ on the polymerase
chain reaction (PCR) amplification of the bacterial V3–V4 highly variable region of the
16SrRNA gene. The PCR amplification products were purified and dissolved in Elution
Buffer using Agencourt AMPure XP magnetic beads (Beckman Coulter, UK) and labeled to
complete the library construction. The fragment range and concentration of the libraries
were detected using an Agilent 2100 Bioanalyzer (Agilent, CA, USA). The qualified libraries
were sequenced on the MGISEQ-2000 platform (BGI, Shenzhen, China) according to the size
of the inserted fragments and the paired ends were sequenced. The raw data underwent
filtering and splicing through the utilization of FLASH (Fast Length Adjustment of Short
reads, v1.2.11), which facilitated the assembly of paired reads derived from double-end
sequencing into a unified sequence based on overlap relationships to acquire Tags within
the high-variance region. Subsequently, USEARCH (v7.0.1090) was employed to amalga-
mate the spliced Tags, which were then clustered at a 97% sequence similarity threshold to
produce Operational Taxonomic Units (OTUs), with chimeric sequences being eliminated
through the application of UCHIME (v4.2.40). After obtaining the OTU representative
sequences, the OTU representative sequences were compared with the Ribosomal Database
Project (RDP, http://rdp.cme.msu.edu/, accessed on 20 April 2024) for species annotation
by RDP classifier (v2.2) software, with the confidence threshold set to 0.6.
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2.3.2. Bioinformatics Analysis

In order to study species diversity within one sample, Alpha Diversity analysis was
performed, and The Alpha Diversity Index at the OTU level was calculated using mothur
software (v1.31.2), including the Chao1 index, ACE index, and Shannon index. An analysis
of the beta diversity was performed to compare the diversity of species between the
samples, and the 16S rRNA gene beta diversity was analyzed using QIIME (v1.80) software.
A predictive functional analysis of microbiota was performed using PICRUSt2 (v2.3.0-b)
software to relate species to their functions.

Intergroup Venn diagrams were plotted to illustrate the overlap of OTUs between
groups using the VennDiagram package in R (v3.4.1). The beta diversity was expressed as
unweighted and weighted UniFrac distances and tested for intergroup differences using
ANOSIM with the QIIME (v1.80) software. In addition, Partial Least Squares Discriminant
Analysis (PLSDA) was performed using the mixOmics package to assess differences in
the beta diversity. The pheatmap package facilitated the correlation of heatmap clusters
while the Wilcoxon rank sum test was also utilized to determine differences in microbial
abundance among taxa. Differences in microbial abundance were used to identify important
species or functions.

2.3.3. Statistical Analysis

The values of the numerical variables are given as the mean + standard deviation, and
categorical variables are given as percentages. Nonparametric tests (including Wilcoxon
rank-sum tests and Mann–Whitney U tests), independent sample t-tests, and Pearson’s
chi-square tests were conducted to assess the differences between groups. Correlations
between the numerical variables were analyzed using Spearman’s correlation analysis. We
performed all statistical analyses using R (v3.4.1). Statistical significance was defined as
p less than 0.05.

3. Results

3.1. Demographic Data for D Group and DF Group

The distribution of the general demographic characteristics for the D and DF groups
was examined and no significant differences were found in terms of gender, age, education
level, living alone or not, or body mass index (BMI), and the history of chronic diseases
between the two groups is shown in Table 1.

Table 1. Demographic characteristics between dementia (D) and dementia-free (DF) groups.

Characteristics D (n = 45) DF (n = 245) p-Value

Gender, male (%) 13 (28.9) 74 (30.2) 0.860
Age (years) x ± s 65.44 ± 2.72 65.67 ± 2.66 0.604

Highest educational level (n) %
Primary school or below 4 (8.9) 18 (7.3) 0.958

Junior high or above 41 (91.1) 227 (92.7)

Living alone or not (n) %
Yes 6 (13.3) 19 (7.8) 0.245
No 39 (86.7) 226 (92.2)

BMI (n) %
Normal 16 (35.6) 119 (48.6) 0.108

Overweight or obese 29 (64.4) 126 (51.4)

Chronic diseases history (n)%
Detected 9 (20) 68 (27.8) 0.279

Not detected 36 (80) 177 (72.2)
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The differences in gender, highest educational level, living alone or not, BMI, and
chronic disease history between groups were analyzed by Pearson’s chi-square test. The
differences in age were examined by an independent samples t-test.

3.2. Correlation between Dietary Intake of MDNs and Cognitive Function

The distribution of the MNQI was examined in both the D and DF groups. Table 2
illustrated the disparities in the median dietary intake of MNQI between the D and DF
groups. Compared to the DF group, the D group scored significantly lower on the MNQI
(p < 0.05), with notable differences observed in the protein, choline, riboflavin, and zinc
intake compared to the DF group (p < 0.05). Furthermore, there was a noticeable decrease
in the intake of folate, VB6, VB12, and betaine among participants in the D group. This
suggests a potential correlation between the intake of methyl-donor nutrients (MDNs) and
cognitive function, with a higher MDN intake potentially benefitting cognitive function.

Table 2. Differences in MDNs intake between dementia (D) and dementia-free (DF) groups.

D (n = 45) DF (n = 245) p-Value

MNQI 5.84 ± 3.13 6.86 ± 3.21 0.030 *
Protein 59.38 ± 25.40 71.64 ± 36.97 0.033 *
Folate 319.53 ± 194.05 375.93 ± 246.79 0.093

Choline 287.36 ± 123.06 327.51 ± 141.19 0.016 *
Riboflavin 0.88 ± 0.47 1.01 ± 0.52 0.017 *

VB6 2.02 ± 0.86 2.17 ± 1.08 0.342
VB12 1.80 ± 1.21 2.05 ± 2.28 0.595

Betaine 73.86 ± 63.31 75.44 ± 68.96 0.922
Zinc 7.31 ± 3.99 8.71 ± 4.94 0.028 *

* p < 0.05, according to the Mann–Whitney U test.

3.3. Potential Role of Intestinal Flora in the Association between MDNs and Cognitive Function
3.3.1. Differences in Intestinal Flora between Groups D and DF

To determine whether dietary MDNs affect cognitive function by the intestinal flora,
a comparison of the microbial composition of groups D and DF was conducted. The
findings revealed a total of 1652 operational taxonomic units (OTUs) in the D group and
1968 OTUs in the DF group, with 1596 OTUs shared between both groups (Figure 1A).
For the phylum level, the composition of the intestinal flora in both groups included
28 phyla, with Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria,
and Verrucomicrobia being the dominant phyla. However, there were variations in the
distribution of these phyla between the two groups. In comparison with the DF group, the
D group showed a higher ratio of Firmicutes to Bacteroidetes (Figure 1B).

Furthermore, an evaluation was conducted to compare the gut flora diversity between
the two groups. The alpha diversity of the flora was assessed utilizing Chao1, ACE, and
Shannon indices. D and DF groups showed no statistically significant variances in alpha
diversity (p > 0.05, Figure 2A–C). The beta diversity index was utilized to assess the vari-
ation in species abundance distribution between the groups. The findings indicated a
notable divergence in the composition of intestinal flora between the D and DF groups
(Figure 2E,F), with the D group exhibiting lower beta diversity compared to the DF group
(p < 0.05, Figure 2D,E). Therefore, there is a notable discrepancy in the abundance distribu-
tion of intestinal flora between the two groups. Specifically, patients with dementia exhibit
decreased diversity in their intestinal flora, meaning specific alterations in the distribution
of abundance of certain flora.
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Figure 1. Distribution of identified intestinal flora in dementia (D) and dementia-free (DF) groups.
(A) Venn diagram showing the distribution of OTUs between D and DF group. (B) Intestinal flora
composition of the two groups at the phylum level.

Figure 2. Comparisons of intestinal flora diversity between dementia (D) and dementia−free (DF)
groups. (A) Chao1 index, (B) ACE index, and (C) Shannon index for assessing alpha diversity.
p−value indicated differential clustering assessed by Wilcoxon rank−sum test. The beta diversity
based on (D) unweighted and (E) weighted UniFrac distances analysis between the two groups.
(F) PLS−DA analysis of intestinal flora between the two groups. p-value indicated differential
clustering assessed by ADONIS test. * p < 0.05, ** p < 0.001.
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3.3.2. Relationship between MDNs’ Intake and Intestinal Flora

In this study, we employed beta diversity indices to assess the impact of dietary MDNs
on the intestinal flora composition. The results demonstrated a significant difference in the
distribution of intestinal flora abundance between the LQ and HQ groups, with the LQ
group exhibiting lower beta diversity compared to the HQ group (p < 0.001, Figure 3A).
Furthermore, the findings indicate that altering the abundance distribution of gut flora may
have a close relationship to cognitive function, particularly given the lower beta diversity
observed in the D group.

Figure 3. Comparisons of intestinal flora diversity between the LQ and HQ groups. The beta diversity
based on (A) unweighted and (B) weighted UniFrac distances analysis between HQ and LQ group.
(C) PLS−DA analysis of intestinal flora between HQ and LQ group. ** p < 0.001.

Subsequently, in order to investigate the relationship between the specific gut mi-
crobiota and MDNs, the relative abundance of gut microbiota was analyzed at the genus
level. We then conducted a preliminary screening to identify gut microbiota influenced by
micronutrient-dense nutrients, based on the presence of statistically significant differences
in the correlation between the genera and MNQI or MDNs’ intake. Given the necessity
of incorporating a greater number of potential flora in the screening phase to facilitate a
broader selection for subsequent comprehensive investigations, it was determined that a
statistical divergence in flora screening occurred at a significance level of p < 0.1. Figure 4
illustrates the initial screening of 115 candidate genera, which were subsequently catego-
rized into two clusters based on their correlation with MDNs’ intake. Specifically, 85 genera
exhibited a positive correlation with MDNs’ intake, while 30 genera showed a negative
correlation. Among these genera, Gp16, Sphingomonas, Gp6, and Allobaculum exhibited
significant positive correlations with the intake of MDNs, particularly demonstrating strong
associations with the MNQI and folate intake. Conversely, genera such as Clostridium_XI
and Maribacter displayed notable negative correlations with the MNQI. Furthermore, a
consistent trend was observed where the MNQI and MDNs’ intake influenced the relative
abundance of these genera, either up-regulating or down-regulating their presence.

3.3.3. Screening for Specific Genera That May Mediate the Association of MDNs with
Cognitive Function

In order to investigate potential genera that may play a role in the relationship between
MDNs and dementia, we conducted an analysis of the correlation between MoCA scores
and the relative abundance of the 115 genera initially identified. It was determined that a
statistical divergence at a significance level of p less than 0.1 would determine statistical
differences during the screening phase for the aforementioned reasons. Table 3 displayed
the screening results of 10 potential genera, of which 7 were identified as having cognitive
benefits. These genera, including Victivallis, Turicibacter, Phascolarctobacterium, Snod-
grassella, Terrimonas, Planomicrobium, and Centipeda, exhibited a positive correlation in
relative abundance with both MoCA scores and the intake of MDNs. Additionally, MoCA
scores and the intake of MDNs were negatively correlated with the relative abundance
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of three cognitively harmful genera (Porphyromonas, Peptoniphilus, and Howardella).
These findings imply that MDNs may have a significant impact on cognition through these
genera. Thus, the study implied that dietary MDNs may improve cognitive function to
some extent.

Figure 4. Heatmap clustering plot of correlations between the relative abundance of the initially
screened genera and MDNs’ intake. Red: correlation is positive, blue: correlation is negative.

Table 3. Correlations between the relative abundance of screened genera and MoCA, MNQI, and
MDNs’ intake.

CLR-Transformed Abundance
vs. Quality Score or Nutrient Intake

MoCA MNQI Protein Folate Choline Riboflavin VB6 VB12 Betaine Zinc

Victivallis r 0.127 0.048 0.060 0.074 0.116 −0.023 0.070 −0.047 0.130 0.018
p value 0.030 * 0.410 0.312 0.208 0.048 * 0.696 0.236 0.422 0.028 * 0.766

Turicibacter r 0.100 0.086 0.084 0.132 0.068 0.019 0.049 −0.047 0.237 −0.001
p value 0.088 * 0.144 0.152 0.024 * 0.248 0.744 0.404 0.420 <0.001 * 0.982

Porphyromonas r −0.172 −0.092 −0.061 0.025 −0.019 −0.123 −0.079 −0.114 0.011 −0.071
p value 0.004 * 0.118 0.304 0.668 0.744 0.036 * 0.182 0.052 * 0.848 0.228

Peptoniphilus r −0.103 −0.094 −0.122 −0.066 −0.116 −0.110 −0.074 −0.173 −0.073 −0.060
p value 0.082 * 0.108 0.038 * 0.266 0.048 * 0.060 * 0.212 0.004 * 0.214 0.308

Howardella r −0.103 −0.094 −0.017 −0.025 −0.085 −0.043 −0.101 −0.108 −0.066 −0.027
p value 0.080 * 0.110 0.778 0.666 0.150 0.464 0.086 * 0.068 * 0.264 0.646

Phascolarctobacterium r 0.102 0.075 0.060 0.060 0.019 0.037 −0.015 0.038 0.097 0.013
p value 0.082 * 0.200 0.306 0.308 0.744 0.526 0.794 0.524 0.098 * 0.820

Snodgrassella r 0.135 0.076 0.120 0.055 0.077 0.106 0.031 0.049 0.075 0.058
p value 0.022 * 0.200 0.040 * 0.348 0.190 0.072 * 0.596 0.404 0.204 0.324

Terrimonas r 0.126 −0.001 0.094 0.106 −0.035 −0.003 0.031 −0.102 0.036 0.046
p value 0.032 * 0.986 0.110 0.070 * 0.550 0.954 0.600 0.084 * 0.544 0.432

Planomicrobium r 0.109 0.014 0.105 −0.019 0.104 −0.003 0.051 0.039 0.080 0.091
p value 0.064 * 0.810 0.076 * 0.746 0.078 * 0.960 0.390 0.512 0.174 0.122
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Table 3. Cont.

CLR-Transformed Abundance
vs. Quality Score or Nutrient Intake

MoCA MNQI Protein Folate Choline Riboflavin VB6 VB12 Betaine Zinc

Centipeda r 0.098 0.035 0.124 0.039 0.070 0.088 0.090 −0.024 0.082 0.097
p value 0.098 * 0.548 0.034 * 0.512 0.234 0.132 0.126 0.680 0.166 0.100 *

* p < 0.1, according to the Spearman rank correlation analysis test.

3.3.4. Predicting Possible Mechanisms by which the Screened Genera Play a Role in
Mediating the Association of MDNs with Cognitive Function

Finally, we performed PICRUSt functional prediction analysis on the obtained 16S
rRNA sequences to determine the enrichment of functional genes in the KEGG pathway, in
order to speculate the possible mechanisms by which the screened intestinal flora play a
role in mediating the effects of MDNs on dementia. Due to the limited sample size, p < 0.1
was considered statistically different. The findings indicated a significantly higher relative
abundance of genes associated with 17 pathways, such as Sulfur metabolism, Phenylalanine
metabolism, Biotin metabolism, beta-Alanine metabolism, Glyoxylate and dicarboxylate
metabolism, and Glutathione metabolism, in the D group compared to the DF group.
The pathways that were predominantly enriched among the up-regulated genes included
Biotin metabolism, Folate biosynthesis, Selenocompound metabolism, Lipopolysaccharide
biosynthesis, and Sulfur metabolism. In comparison to the DF group, the D group exhib-
ited a significantly lower relative abundance of genes involved in 21 pathways, such as
Peptidoglycan biosynthesis, RNA polymerase, Lysine biosynthesis, Ribosome, Aminoacyl-
tRNA biosynthesis, D-Glutamine and D-glutamate metabolism, Fatty acid biosynthesis,
and Nucleotide excision repair. Among the down-regulated pathways, Valine, leucine
and isoleucine biosynthesis, D-Glutamine and D-glutamate metabolism, Peptidoglycan
biosynthesis, Mismatch repair, and Lysine biosynthesis were mainly enriched (Figure 5).

Figure 5. Significant differences between the D and DF groups at the third level of the KEGG pathway,
p < 0.1. Compared with the DF group, the relative abundance of (A) up−regulated pathways and
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(B) down−regulated pathways of the KEGG pathway’s functional genes in D group. (C) Differences
in the enrichment level of the KEGG pathway’s functional genes. Up−regulated functional genes in
the D group compared to the DF group are labeled by red and down−regulated by blue.

4. Discussion

OCM plays a crucial role in preserving brain health. The inadequate consumption
of dietary folate and VB12 has been linked to disturbances in OCM, leading to the dys-
regulation of the methylation pathway, increased oxidative stress, and enhanced protein
deposition, ultimately hastening the development and advancement of CI [11]. Through
interactions within the OCM pathway, methyl donors regulate metabolism, immune re-
sponses, and epigenetic events in animals [30]. Consequently, it is imperative to thoroughly
investigate the association between the overall intake of MDNs and health outcomes. This
study represents the first comprehensive assessment of the relationship between the MDNs’
intake and cognitive function. The findings revealed a significant correlation between
cognitive function and dietary MDNs in older adults, suggesting that the intake of these
nutrients may have a positive impact on the cognitive health status.

There is growing evidence linking imbalances in gut microbiota to the onset of neu-
rodegenerative diseases [22], including AD [31], Parkinson’s disease [32], and multiple
sclerosis [33]. Individuals with dementia have been observed to display dysbiosis in their
gut microbiota, characterized by diminished abundance and diversity of flora [34]. Com-
pared with those without dementia, individuals with dementia had significantly less gut
flora beta diversity, with distinct differences in the flora composition and abundance be-
tween the two groups, consistent with previous research [35]. Additionally, dietary factors
can influence the composition and function of gut microbiota, impacting the metabolic,
immune, and neurological functions of the host through metabolically active substances
that may contribute to the etiology and pathogenesis of CI [36–38]. Moreover, it suggested
that diets enriched with MDNs may alter the intestinal environment and change the com-
position and distribution of the intestinal flora. Our research revealed a notable disparity
in the beta diversity of intestinal flora between individuals with a low versus high MDN
intake. Consequently, our findings propose that individuals with CI may exhibit distinct
changes in their gut microbiota, and that dietary MDNs may influence cognitive function
through the modulation of host gut–brain axis signaling [39].

Subsequently, utilizing correlation analysis, we identified particular genera that ex-
hibited a significant association with both the intake of MDNs and the MoCA scores. Our
findings suggest that heightened levels of Victivallis, Turicibacter, Phascolarctobacterium,
Snodgrassella, Terrimonas, Planomicrobium, and Centipeda may potentially enhance
cognitive function, and that the consumption of substantial quantities of MDNs could
potentially elevate their prevalence. On the other hand, the elevated presence of Porphy-
romonas, Peptoniphilus, and Howardella has been linked to impaired cognitive function,
whereas the consumption of substantial quantities of MDNs may reduce their prevalence,
consequently enhancing cognitive well-being. Research on the impact of microbes on host
health is providing insight into the roles of specific bacterial genera. For instance, a study
examining Victivallis, a bacterium believed to have cognitive benefits, discovered that
older adults with preclinical AD had lower levels of Victivallis in their gut microbiota
compared to those without the disease, particularly in individuals testing positive for
amyloid-β (Aβ), a pathological marker of AD [40]. A subsequent cross-sectional study
involving individuals aged 70 and older revealed a decrease in Victivallis relative abun-
dance among those with MCI [41]. The findings of this study align with previous research
indicating a potential association between Turicibacter, known for its role in heightened
bile acid production, and the disruption of bile acid homeostasis in the pathogenesis of
AD, suggesting a possible neuroprotective effect of Turicibacter [42,43]. Studies have in-
dicated that the screen-detected pathogenic bacterium Porphyromonas has the ability to
colonize the brain and induce neuroinflammation, resulting in elevated levels of Aβ1-42,
a protein associated with dementia, particularly in cases of chronic periodontitis [44,45].
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Furthermore, Peptoniphilus, an opportunistic pathogen, is frequently identified as the
principal causative agent of inflammation resulting from diverse infections, notably chronic
wounds like diabetic foot ulcers and chronic compression [46]. This pathogen is also
linked to the energy metabolism, leading to the production of the short-chain fatty acid
butyrate [47,48]. Also, colonic microbes have the capability to synthesize B vitamins, sup-
ply nutrients to both the host and microbiota, and influence immune cell activity, as well
as impact the nervous system through the production of neurotransmitters [16]. Thus,
based on the flora screened, MDNs may affect cognitive function through a variety of
pathways such as the modulation of neuroinflammation and immunity, the maintenance
of bile acid homeostasis, the provision of OCM nutrients, energy metabolism, and other
effects through the gut microbiota. The full extent of the functions of these flora remains
unknown, given the evolving understanding of the gut microbiome in medical contexts.
Consequently, the intricate pathways through which gut flora influence brain health have
yet to be fully elucidated, necessitating the further exploration of the specific regulatory
mechanisms involved.

Hence, in order to seek the potential pathways through which dietary MDNs may
impact cognitive function via the gut microbiota, we utilized gut microbiomics for gene
function annotation. In our study, it was observed that metabolic pathways associated
with OCM, including Folate biosynthesis, Sulfur metabolism, Taurine and hypotaurine
metabolism, and Glutathione metabolism, among others, were found to be significantly
enriched in the D group. Conversely, the Cysteine and methionine metabolism pathway
exhibited significantly lower enrichment in this group. Interestingly, these findings indicate
that a deficiency in MDNs may lead to inadequate substrates for crucial reactions in the
OCM pathway, subsequently increasing the body’s requirement for MDNs and prompting
compensatory alterations in OCM-related pathways [49]. Additionally, the heightened
oxidative stress and buildup of harmful substances associated with neurodegenerative
conditions could amplify the body’s response to stress [50,51]. These indicate that the
disruption of the complex regulatory network responsible for maintaining the OCM due to
a deficiency in any individual MDN contributes to the accelerated progression of CI [16,52].

Additionally, some studies have shown that there are interactions between MDNs
(folate and VB12) and the gut microbiota. Specific flora within the gut have been found
to contribute significantly to the daily intake of folic acid, as well as various B vitamins
including biotin, cobalamin, niacin, pantothenate, pyridoxine, riboflavin, and thiamine [53].
Conversely, diets lacking in folate and VB12 over an extended period can result in the
reduced production of B vitamins by gut bacteria [25]. Based on the previous finds [25,53],
the research indicates that a deficiency in MDNs may lead to a reduction in B vitamin-
producing bacteria, which might impaire OCM in brain tissue and subsequent impacts on
the nervous system. Notably, the significantly higher gene enrichment of the Lipopolysac-
charide biosynthesis pathway was observed in the D group compared to the DF group.
Porphyromonas was more abundant in HQ individuals compared to LQ individuals. It
has been reported that folic acid supplementation reduces gut inflammation and mitigates
oxidative stress and neurotoxicity, ultimately protecting neurons from damage [54]. Thus,
it is suggested that high intake levels of MDNs may potentially help to slow down the
progression of CI through reducing inflammatory flora, thereby attenuating chronic neu-
roinflammation, which was accordant with the previous report [54]. Furthermore, our study
revealed a decrease in the gene enrichment of six pathways associated with DNA synthesis
and repair, specifically Mismatch repair, Homologous recombination, DNA replication,
Pyrimidine metabolism, Base excision repair, and Nucleotide excision repair, in the D group
as compared to the DF group. Additionally, it is important to note that DNA synthesis
and repair processes are intricately linked to OCM [55]. In a state of folate deficiency, the
aberrant activation of serine hydroxymethyltransferase 1 (SHMT1) disrupts thymidylate
biosynthesis, potentially resulting in cognitive dysfunction [56]. Taken together, the study
may provide some clue that the modulation of intestinal flora homeostasis, the mainte-
nance of OCM, the reduction in inflammation and oxidative stress, and the regulation
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of DNA synthesis and repair by MDNs may have a positive effect on cognitive function
(see Figure 6 for illustration). Nonetheless, the intricate interplay among these pathways
remains incompletely understood, necessitating additional mechanistic investigations.

Figure 6. The potential mechanisms of dietary MDNs for cognitive function improvement through
gut microbiota.

Furthermore, in order to illustrate the significance of early intervention, an analysis
was conducted on the distribution of the MNQI among D, MCI, and normal cognition (NC)
populations. The results from the Supplementary Material revealed that over half of the
individuals assessed were at risk of developing MCI, indicating a substantial portion of
the population at heightened risk for dementia [57]. Moreover, there was no statistically
significant difference between the MCI and NC groups in the MNQI, which was reflected
as a mildly lower MNQI in the MCI group than the NC group. In contrast, the MNQI of the
D group was significantly lower than both the MCI and NC groups. This, in conjunction
with the reversible nature of MCI, underscores the significance of early intervention with
MDNs during the MCI stage to mitigate the risk of progression to dementia [2]. In addition,
our study revealed that the consumption of MDNs among the elderly fell significantly
below the recommended levels (see Supplementary Tables S2 and S3). This deficiency
of MDNs may be particularly pronounced in the neurological system as digestive and
absorptive capabilities weaken with age. Consequently, it is advised that elderly individuals
consider taking appropriate preventive measures, such as supplementation with MDNs, to
potentially mitigate the decline in cognitive function.

We applied the MNQI for the first time to assess the relationship between the MDNs’
intake and cognitive function in older adults and explored the potential mechanisms
of the gut microbiome, and screened for specific genera of bacteria, which has rarely
been reported in prior studies. The present study initiatively utilized the MNQI for the
assessment of the association between the intake of MDNs and cognitive function in
elderly individuals. Additionally, the investigation delved into the potential mechanisms
involving the gut microbiome and conducted a screening for specific bacterial genera,
a topic that has received limited attention in prior research. Nevertheless, this study
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is constrained by certain limitations. Specifically, the sample size and study design are
inadequate, leading to limited statistical validity, particularly in the realms of bacterial
screening and functional prediction. Moreover, for community-based studies, this study
is unable to obtain conclusive causation and segmented clinical diagnoses or treatment
recommendations, as in clinical trial studies. Consequently, the present findings primarily
serve as a foundation for future research. To more precisely elucidate the dynamic interplay
between the nutrient intake, gut microbiota, and cognitive function, it is advisable to
conduct future longitudinal studies with larger sample sizes. Furthermore, the inability
to obtain the serum exposure levels of MDNs in the current study due to methodological
constraints necessitates careful consideration in future research endeavors. Additionally, it
is recommended that upcoming studies integrate multi-omics data to elucidate the effect of
the gut microbiota on cognitive function, including its role in processes such as one-carbon
metabolism, nutrient metabolism, immune modulation, and DNA synthesis. Ultimately,
the gut flora identified through the screening conducted in this study offers preliminary
insights for directing gut flora interventions aimed at enhancing cognitive function. It is
advisable that future research endeavors encompass gut flora-focused animal or population
intervention trials to substantiate their efficacy.

5. Conclusions

In conclusion, our research offers initial findings on the possible relationship between
MDNs’ consumption and CI in the elderly, highlighting the significant influence of the
gut microbiota composition and diversity in this correlation. The study underscores
the importance of the early adoption of MDNs to preserve cognitive function in older
individuals, and identifies specific gut flora strains that may provide positive help to the
cognitive performance. These findings will help us obtain a deep understanding of the
intricate relationship between the gut microbiota balance and neurological well-being in
the aging population.
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Abstract: Background: High dietary diversity has been found to be associated with frailty. However,
the trajectory of dietary diversity intake in relation to frailty is unclear. Methods: Using the latent
class trajectory modeling approach, we identified distinctive dietary variety trajectory groups among
2017 participants based on the Chinese Longitudinal Healthy Longevity Survey acquired at four
time points within a 10-year period. Frailty status was assessed using a frailty index comprising
37 health deficits. Dietary diversity was quantified using the dietary variety score (DVS), based on
food category consumption frequency. Logistic regression analyses were employed to explore the
association between DVS change trajectories and frailty. Results: This study identified two distinct
DVS trajectories: “Moderate-Slow decline-Slow growth”, encompassing 810 (40.16%) individuals, and
“Moderate-Slow growth-Accelerated decline”, including 1207 (59.84%) individuals. After adjusting
for covariates, the odds ratio for DVS in the “Moderate-Slow decline-Slow growth” group was
1.326 (95% confidence interval: 1.075–1.636) compared to the “Moderate-Slow growth-Accelerated
decline” group. The “Moderate-Slow decline-Slow growth” trajectory continued to decrease and was
maintained at a low level in the early stages of aging. Conclusion: Sustaining a high dietary diversity
trajectory over time, particularly in the early stages of aging, could potentially decrease the risk of
frailty among older Chinese adults.

Keywords: Chinese older adults; frailty; dietary variety score; latent class trajectory modeling

1. Introduction

Frailty is a condition characterized by a decline in the functioning of multiple body
systems, rendering the body more susceptible to the negative effects of stressors [1]. The
prevalence of frailty varies with age. Globally, among individuals aged 60 to 69, the
prevalence is 23%. In the 70 to 79 age group, it is 25%, while among those aged 80 to 89, it
reaches 32%. For individuals aged 90 and above, the prevalence of frailty is notably higher,
at 61% [2]. Meanwhile, frailty is strongly linked to unfavorable health outcomes and a
notable rise in healthcare expenditures [3,4]. The population with frailty has been associated
with increased risks of aging-related diseases, such as sarcopenia [5], polypharmacy [6],
and ischemic heart disease [7], which seriously affect the health of older people. The
global impact of frailty is expected to increase due to an increasingly aging population.
Consequently, the identification of risk factors and the proactive addressing of frailty
represent pressing public health imperatives [8].

Unlike the natural aging process, frailty is a condition that can be mitigated or even
reversed through suitable interventions and preventive measures. In addition to the
demographic characteristics that are associated with frailty, addressing poor lifestyle
choices and mitigating the effects of childhood adversity may help reduce the risk of
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frailty [9–11]. In recent years, many researchers have focused on the effects of dietary
diversity on frailty. Previous studies have indicated that dietary diversity has the potential
to improve the frailty status of older people. Three cross-sectional studies suggest that
low dietary variety is associated with frailty in older people and contributes to a higher
prevalence of frailty [12–14]. Particularly among older persons who live alone, there is
a notable trend toward higher frailty scores and lower dietary diversity [15]. Findings
from two cohort studies indicate a heightened need for dietary support to reduce the
onset of frailty in older adults, with a particular emphasis on older women [16,17]. At the
same time, studies focusing on older adults in China suggest that a high food variety in
one’s diet may contribute to a lower incidence of frailty [18,19]. Since dietary diversity is a
dynamic and heterogeneous process, it may be better captured by repeatedly measuring the
intake frequency of multiple foods over time. However, most studies have only collected
information on dietary diversity at a single time, and few studies have examined the
longitudinal pattern of dietary diversity as well as its associations with frailty. Latent class
trajectory modeling (LCTM) offers a valuable approach to categorizing heterogeneous
groups into more homogeneous ones while still allowing for discerning the distinctions
between individuals and groups [20]. This modeling technique is commonly used to depict
the trajectory of a quantitative variable over time [21]. Remarkably, there is limited research
exploring the association between dietary diversity trajectories and frailty in older Chinese
adults.

To enhance the quality of life during later years, older individuals should prioritize
reducing the risk of frailty. This study conducted latent class trajectory analyses using
longitudinal data from the Chinese Longitudinal Healthy Longevity Survey (CLHLS).
The objective was to investigate the relationship between long-term dietary diversity
development trajectories and frailty to identify potential optimal times for intervention
and strategies for mitigating frailty in older adults.

2. Methods

2.1. Study Design and Participants

A prospective cohort study was utilized to construct a trajectory of dietary diversity
and explore its association with frailty using data from CLHLS. The CLHLS is a comprehen-
sive nationwide study conducted with randomly selected samples from half of the counties
and cities distributed across 22 out of the 31 provinces in China. This extensive survey
encompassed approximately 85% of the entire Chinese population. The questionnaires
employed in this study were categorized into two distinct types: one designed for surviving
respondents and the other for the families of deceased elderly individuals. The data quality
of the CLHLS has been systematically evaluated [22]. Prior to their participation in the
study, all subjects provided informed consent for inclusion. Additionally, the study received
approval from the Biomedical Ethics Committee of Peking University (IRB00001052-13074).

In this study, individuals who were followed in all four survey waves (2008, 2011,
2014, and 2018) within the CLHLS were included in the cohort. After exclusion, a total of
2017 subjects were ultimately enrolled in this study (Figure 1).

2.2. Frailty Index

The frailty index (FI) was constructed following established protocols [23]. Inclusion
of deficits associated with health status was contingent upon meeting specific criteria,
which included the following: the deficit affecting multiple body systems and spanning
various physiological areas; a tendency for the deficit’s prevalence to rise with age; and the
deficit not being nearly universal in middle-aged individuals.

The FI was defined as an unweighted count, representing the number of deficits
divided by the total possible deficits for an individual. After reviewing self-reported or
measured data, a total of 37 indicators encompassing various aspects of self-reported health
status, cognitive function, depression, and various chronic diseases were identified in the
2008 and 2018 CLHLSs (Table S1). The components of FI closely resembled those employed
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in previous research [4,24–26]. Each individual item was dichotomized, with a code of
one indicating the presence of a deficit. Furthermore, in line with prior studies [27], a
score of two was assigned if the respondent had a serious illness that led to hospitalization
or confinement to bed on two or more occasions. The FI was subsequently computed
by summing all deficits and dividing the sum by the total number of possible deficits,
resulting in a range of scores from zero to one. Then, participant classification into non-frail
(FI ≤ 0.25) and frail (FI > 0.25) categories was determined based on previously established
cutoff points [28].

Figure 1. Flow chart for inclusion and exclusion of research subjects.

2.3. Dietary Variety Assessment

This study applied the dietary variety score (DVS) to evaluate the initial dietary
diversity in the 2008, 2011, 2014, and 2018 CLHLS surveys [18,29]. The intake frequency
was used to indicate the intake status of food groups, including fresh fruit, vegetables, meat,
fish, eggs, bean products, salted vegetables, sugar, garlic, milk products, nut products,
mushrooms or algae, and tea. The DVS was calculated according to the intake frequency of
13 food groups. The specific intake frequency and scoring criteria are shown in Table S2.
The total DVS was the sum of the scores of the 13 food groups, with the lowest score being
zero and the highest score being 13. The higher the score, the better the dietary diversity.

2.4. Covariates

Data for sociodemographic characteristics (e.g., age, sex, ethnicity, illiteracy, economic
status, marital status, and co-residence), childhood life status (e.g., place of birth, only
child, and hungry in childhood), and lifestyle factors (e.g., smoking, drinking, and physical
activity) were collected by trained staff using a questionnaire. More detailed information
on the data and measurements collected is available in previous research. The covariates
were obtained from the baseline questionnaire [22,30].
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2.5. Missing Data

To address partial missing data in frailty, diet, and covariates, a multiple imputation
approach utilizing chained equations was employed. This approach resulted in the genera-
tion of five imputed datasets. The model coefficients were independently estimated within
each of these imputed datasets. Subsequently, these estimated coefficients were combined
across the imputed datasets using Rubin’s rules [31].

2.6. Statistical Analysis

The examination of DVS was conducted at four distinct time points (2008, 2011, 2014,
and 2018) using LCTM. The objective was to identify distinct subgroups of individuals
whose DVS measurements exhibited similar patterns of change over time. Briefly, this
method was designed to identify clusters of individuals following a similar developmental
trajectory based on a semiparametric group-based approach. In this study, age, ranging
from over 65 to 115, was employed as the timescale for the trajectories. Models based on
two to five trajectories were examined, and the optimal model was determined using the
Bayesian Information Criterion (BIC). A good model was defined as one with an average
posterior probability (APP) exceeding 70% and with at least 5% of individuals belonging
to each trajectory group. Three logistic regression models were used to investigate the
association between the trajectory group and frailty, and the odds ratio (OR) and 95%
confidence interval (CI) were computed. Model 1 was adjusted for sociodemographic
characteristics including age, sex, ethnicity, illiteracy, economic status, marital status, and
co-residence. Model 2 was additionally adjusted for lifestyle factors, including smoking,
drinking, and physical activity. Model 3 was additionally adjusted for childhood life status,
including place of birth, only child, and hungry in childhood.

The logistic regression models mentioned above were conducted within various strata
defined by age groups (under 75 or 75 years and older), gender, ethnicity, literacy status,
economic status, marital status, co-residence, smoking habits, alcohol consumption, exercise
habits, place of birth, only-child status, and experiences of childhood hunger. Secondly,
likelihood ratio tests were performed to investigate potential statistical interactions between
DVS trajectories and place of birth, DVS trajectories and experiences of childhood hunger,
as well as DVS trajectories and only-child status. Lastly, for the sensitivity analysis, after
eliminating the DVS of zero and one in the baseline survey, latent class trajectory analyses
and a logistic regression analysis were performed. Then, people over 100 years old in
the 2018 survey were excluded. Moreover, the E-value was estimated to examine the
magnitude of an unmeasured confounding factor that could affect the association between
dietary diversity development trajectories and frailty by random chance [32].

The LCTM was constructed using the “lcmm” package in the R (version 4.1.0) software.
Statistical analyses were performed using SAS (version 9.4), and all tests were two-sided
with p < 0.05 indicating statistical significance.

3. Result

3.1. Estimated DVS Trajectory Modeling

Four distinct types of DVS trajectories were explored using LCTM to account for
the heterogeneity in participants’ DVS, as detailed in Table S3. The LCTM model with
the lowest BIC value was observed to have two trajectories (BIC = 37,725.6), which was
considered the most optimal choice. Figure 2 visually depicts these trajectories, illustrating
two distinct DVS classes: Class 1 was labeled “Moderate-Slow decline-Slow growth”,
comprising 810 (40.16%) individuals; Class 2 was identified as “Moderate-Slow growth-
Accelerated decline”, including 1207 (59.84%) individuals.

3.2. Baseline Characteristics of Trajectory Subpopulation

The baseline characteristics of participants according to DVS trajectories are shown
in Table 1. Notably, individuals belonging to the “Moderate-Slow decline-Slow growth”
trajectory group exhibited a higher likelihood of being female, born in rural areas, ex-
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periencing childhood hunger, not possessing literacy skills, having a lower economic
status, being widowed and never married, residing alone, and not engaging in smok-
ing, alcohol consumption, or regular exercise, compared to those in the “Moderate-Slow
growth-Accelerated decline” trajectory group.

Figure 2. Trajectories of DVS.

Table 1. Baseline characteristics of participants based on the trajectories of DVS.

Variables Overall n = 2017
Moderate-Slow

Decline-Slow Growth
n = 810

Moderate-Slow
Growth-Accelerated

Decline n = 1207
p-Value a

Age, M (P25, P75) 74 (69, 80) 75 (70, 80) 73 (69, 80) <0.001
Sex, n (%)

Male 969 (48.04) 317 (39.14) 652 (54.02) <0.001
Female 1048 (51.96) 493 (60.86) 555 (45.98)

Ethnicity, n (%)
Han 1894 (93.9) 740 (91.36) 1154 (95.61) <0.001
Hui 5 (0.25) 1 (0.12) 4 (0.33)
Zhuang 74 (3.67) 47 (5.8) 27 (2.24)
Yao 11 (0.55) 5 (0.62) 6 (0.5)
Man 6 (0.3) 2 (0.25) 4 (0.33)
Others 27 (1.34) 15 (1.85) 12 (0.99)

Place of birth, n (%)
Urban 155 (7.68) 42 (5.19) 113 (9.36) <0.001
Rural 1860 (92.22) 767 (94.69) 1093 (90.56)
Missing 2 (0.1) 1 (0.12) 1 (0.08)

Only child, n (%)
Yes 150 (7.44) 61 (7.53) 89 (7.37) 0.895
No 1867 (92.56) 749 (92.47) 1118 (92.63)

Hungry in Childhood, n (%)
Yes 1454 (72.09) 614 (75.8) 840 (69.59) <0.001
No 515 (25.53) 171 (21.11) 344 (28.5)
Missing 48 (2.38) 25 (3.09) 23 (1.91)

Illiteracy, n (%)
Yes 991 (49.13) 478 (59.01) 513 (42.5) <0.001
No 1026 (50.87) 332 (40.99) 694 (57.5)
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Table 1. Cont.

Variables Overall n = 2017
Moderate-Slow

Decline-Slow Growth
n = 810

Moderate-Slow
Growth-Accelerated

Decline n = 1207
p-Value a

Economic status, n (%)
Very rich 22 (1.09) 5 (0.62) 17 (1.41) <0.001
Rich 217 (10.76) 54 (6.67) 163 (13.5)
Moderate 1469 (72.83) 581 (71.73) 888 (73.57)
Poor 270 (13.39) 142 (17.53) 128 (10.6)
Very poor 37 (1.83) 27 (3.33) 10 (0.83)
Missing 2 (0.1) 1 (0.12) 1 (0.08)

Current marital status, n (%)
Married and living with spouse 1172 (58.11) 411 (50.74) 761 (63.05) <0.001
Separated 61 (3.02) 26 (3.21) 35 (2.9)
Divorced 5 (0.25) 2 (0.25) 3 (0.25)
Widowed 758 (37.58) 361 (44.57) 397 (32.89)
Never married 21 (1.04) 10 (1.23) 11 (0.91)

Co-residence, n (%)
With household member 1673 (82.94) 638 (78.77) 1035 (85.75) <0.001
Alone 330 (16.36) 169 (20.86) 161 (13.34)
In an institution 14 (0.69) 3 (0.37) 11 (0.91)

Smoke at present, n (%)
Yes 470 (23.3) 174 (21.48) 296 (24.52) 0.113
No 1547 (76.7) 636 (78.52) 911 (75.48)

Smoke in the past, n (%)
Yes 699 (34.66) 227 (28.02) 472 (39.11) <0.001
No 1314 (65.15) 581 (71.73) 733 (60.73)
Missing 4 (0.2) 2 (0.25) 2 (0.17)

Drink at present, n (%)
Yes 455 (22.56) 155 (19.14) 300 (24.86) 0.003
No 1562 (77.44) 655 (80.86) 907 (75.14)

Drink in the past, n (%)
Yes 621 (30.79) 203 (25.06) 418 (34.63) <0.001
No 1392 (69.01) 605 (74.69) 787 (65.2)
Missing 4 (0.2) 2 (0.25) 2 (0.17)

Exercise at present, n (%)
Yes 732 (36.29) 237 (29.26) 495 (41.01) <0.001
No 1285 (63.71) 573 (70.74) 712 (58.99)

Exercise in the past, n (%)
Yes 556 (27.57) 183 (22.59) 373 (30.9) <0.001
No 1455 (72.14) 624 (77.04) 831 (68.85)
Missing 6 (0.3) 3 (0.37) 3 (0.25)

a Based on a Wilcoxon signed-rank test or Chi-square statistics as appropriate.

3.3. Association of DVS Trajectories with Frailty

In this study, the overall prevalence of frailty was 36% (Table S4). Table 2 presents
the OR for DVS in the “Moderate-Slow decline-Slow growth” group compared to the
“Moderate-Slow growth-Accelerated decline” group. After adjusting for sociodemographic
characteristics (Model 1), the OR for DVS in the “Moderate-Slow decline-Slow growth”
group was 1.296 (95% CI: 1.054–1.594). Upon further adjustment for lifestyle factors (Model
2), the association between DVS and frailty remained statistically significant; the OR for
DVS in the “Moderate-Slow decline-Slow growth” group was 1.323 (95% CI: 1.073–1.632).
Furthermore, even after additional adjustment for childhood life status (Model 3), DVS
continued to exhibit a significant association with frailty; the OR for DVS in the “Moderate-
Slow decline-Slow growth” group was 1.326 (95% CI: 1.075–1.636). Additionally, in the
“Moderate-Slow decline-Slow growth” group, it was worth noting that the trajectory of
DVS continued to decrease from the early stages of aging, and at 85 to 95 years, it was
maintained at a low level.
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Table 2. Logistic regression models for frailty and DVS trajectories.

Moderate-Slow Decline-Slow Growth Moderate-Slow Growth-Accelerated Decline

Subjects, n 810 1207
Frailty cases, n 334 393
OR (95% CI)

Model 1 1.296 (1.054–1.594) Reference
Model 2 1.323 (1.073–1.632) Reference
Model 3 1.326 (1.075–1.636) Reference

Model 1 was adjusted for age, sex, ethnicity, illiteracy, economic status, marital status, and co-residence; Model 2
was adjusted for Model 1 + smoking, drinking, and physical activity; Model 3 was adjusted for Model 2 + place of
birth, only child, and hungry in childhood; OR, odds ratio; CI, confidence interval.

3.4. Subgroup Analysis

Figure 3 displays the outcomes of subgroup analyses. These findings indicated a
statistically significant relationship between the “Moderate-Slow decline-Slow growth”
trajectories and frailty among specific subgroups including individuals who were male, of
Han ethnicity, born in rural areas, experienced childhood hunger, possessed literacy skills,
had a moderate economic status, lived with others, currently smoked, had a history of
smoking, did not currently consume alcohol, had a history of not drinking alcohol, and
did not engage in exercise in the past. Furthermore, this relationship remained unchanged
regardless of whether one was an only child or their current marital status.

Figure 3. Subgroup analysis. Arrows indicate that the upper or lower limit of the 95% CI of the OR
exceeds the horizontal boundary.

3.5. Interaction Analysis

Moreover, interaction analysis indicated that there was no interaction between the DVS tra-
jectory and any of the three childhood life status variables (place of birth: P-interaction = 0.389,
only child: P-interaction = 0.338, hungry in childhood: P-interaction = 0.650).

3.6. Sensitivity Analysis

After eliminating the DVS of zero and one in the baseline survey and excluding
persons older than 100 years in the 2018 survey, the change trend of the two groups of
trajectories (Figures S1 and S2) and the correlation analysis results (Tables S5 and S6) were
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still consistent with the original analysis results. The E-values of Model 1, Model 2, and
Model 3 were 1.54 (confidence interval, 1.19), 1.57 (confidence interval, 1.23), and 1.57
(confidence interval, 1.23), respectively.

4. Discussion

In this study, data from the CLHLS cohort spanning from 2008 to 2018 were utilized
to evaluate the influence of long-term dietary diversity trajectories on frailty among older
Chinese adults. The analysis identified two distinct trajectories of dietary diversity, and a
heightened risk of frailty was observed within the group labeled “Moderate-Slow decline-
Slow growth” compared to the group labeled “Moderate-Slow growth-Accelerated decline”.
Furthermore, to prevent frailty in older adults, it is advisable to implement interventions
before 65 years old, with a focus on increasing dietary diversity. These new findings
hold significant clinical and public health implications for the prevention and intervention
of frailty.

In this study, results showed that the prevalence of frailty was as high as 36%. The
prevalence of frailty among Chinese older community dwellers was 10.1% in a previous
study [33]. Even after standardizing the two datasets for age and sex, the prevalence of
frailty in the study (age: 28.87%, sex: 36.62%) remained higher than what has been reported
in previous studies (age: 9.12%, sex: 9.98%). The notable difference was attributed to
two primary factors. Firstly, the utilization of the FI encompassed an extensive list of
clinical conditions and diseases rather than relying on a few specific signs or symptoms. It
drew from a wealth of information, potentially rendering it more sensitive and effective in
identifying frailty [34]. Previous studies had suggested that frailty prevalence, as assessed
using the FI, tended to be higher than when using the frailty phenotype [2]. Secondly,
this study encompassed a larger proportion of older individuals from rural areas. In
China, research in underdeveloped or rural regions is relatively limited. Given that frailty
tended to be more prevalent in these less developed areas, it was possible that the overall
frailty prevalence in China was underestimated in previous studies [33]. Hence, this study
provided a more comprehensive representation of frailty prevalence among older people
in China. Additionally, the findings of this study indicated that frailty was indeed a more
severe and prevalent concern among older individuals in China. This underscored the
importance of addressing and managing frailty as a significant public health issue in China.

Indeed, previous studies have investigated the relationship between dietary diversity
and frailty. A study of Chinese older adults, also based on CLHLS, found that a more
diverse diet was associated with a lower risk of frailty [19], which was consistent with
the findings of the present study. However, it measured diet at a single time, ignoring
the long-term effects of dietary diversity patterns. This oversight may result in biased
estimates when assessing exposure–outcome relationships. For example, based on the
identification of two dietary diversity trajectories in this study, the dynamic change trends
were different before and after the intersection point. Better than measuring dietary profiles
at a single time point, establishing dietary diversity trajectories based on dietary profiles
measured over a longer time period may capture the process of dietary dynamics and
heterogeneity and, expectedly, identify precisely different populations with varying risks
of frailty. Compared to previous studies, the current study demonstrated the feasibility of
estimating trends in dietary diversity over a long period of time in the Chinese population.
Moreover, the timing of early intervention can be more accurately pinpointed. In the
“Moderate-Slow decline-Slow growth” group, although people’s DVS was moderate at age
over 65, it has already entered a phase of decline, and the resulting risk of frailty began to
increase. Although DVS began to rise after age 85, people were already in the later stages
of aging, and the benefits of rising DVS were very limited. Therefore, it was suggested that
promoting increased dietary diversity intake in the population in the early stages of aging
may be a more effective strategy for preventing the onset of frailty [35].

Since diet represents a long-term cumulative process, it was essential to explore the
impact of sustained long-term dietary changes or habits on frailty. The findings suggested
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that maintaining a high level of dietary diversity was advantageous for preventing frailty,
especially in the older population. It may have the following explanations: Firstly, a wider
variety of food consumption was associated with increased diversity in the gut microbiota
among older individuals [36]. Gut dysbiosis, or an imbalance in the gut microbiota, can
trigger an innate immune response and persistent low-grade inflammation [37]. This
inflammation was linked to a range of age-related degenerative diseases, including frailty.
Secondly, a diverse diet provided a broader spectrum of essential nutrients, ensuring more
comprehensive nutritional intake for the body [38]. This enhanced nutritional adequacy
was beneficial for preventing frailty in the elderly. Additionally, many nutrients in the
body function in coordination with others [39]. The presence and balance of various
nutrients influenced the roles of other nutrients. Only when dietary diversity is rich,
can multiple nutrients achieve a balanced state, allowing for more effective interactions
between nutrients. For instance, the intake of vitamin D, vitamin C, and vitamin K2 can
enhance the body’s absorption of calcium, contributing to the prevention of frailty [40–42].

In this study, a series of analyses were conducted to assess the reliability of the
findings thoroughly. Firstly, consistent conclusions with the main analysis were observed
when examining subgroups based on multiple characteristics. Secondly, previous research
had consistently demonstrated that variables related to one’s childhood were significantly
associated with both phenotypic and functional aging [43]. However, in a previous study, no
interaction was found between childhood status and DVS trajectory. The potential impact
of extreme values of DVS in the baseline survey and people of older age on the results was
also taken into account. Lastly, an innovative sensitivity analysis was introduced using
the E-value [32]. When the association between confounders and exposure and outcome
reached 1.57 (confidence interval, 1.23), the association between DVS trajectory and frailty
in this study appeared to be invalid. Given that 1.57 represents a relatively high association
strength, the results can be considered robust.

This study had several potential limitations. First, dietary information was self-
reported, which may lead to recall bias. Second, CLHLS did not directly measure dietary
intake, and dietary frequency was not exactly equal to dietary intake. Measurement errors
in dietary intake assessments were a challenge in epidemiological research, despite ongoing
efforts to improve methods. These errors were unlikely to be entirely eliminated due to
factors like day-to-day variation and self-reporting limitations [44,45]. In addition, although
the E-value was used to assess the effect of unknown confounding factors on the results,
the possibility of residual confounding cannot be excluded due to the observational nature
of the studies. Finally, this study focused on the effect of dietary diversity on frailty without
considering people’s different dietary preferences, even though their DVS may be the same.
In the upcoming research, the inclusion of dietary intake is planned to provide a more
comprehensive exploration of the relationship between dietary factors and frailty.

5. Conclusions

In conclusion, the latent class trajectory analysis revealed that in Chinese older adults,
individuals with a DVS change trajectory characterized by “Moderate-Slow decline-Slow
growth” were at an increased risk of frailty. The optimal time for intervention is in the early
stages of aging. These novel findings had significant clinical and public health implications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nu16101445/s1, Table S1: List of items included in the frailty index;
Table S2: Food intake frequency and scoring criteria; Table S3: Fitting statistics for DVS trajectories;
Table S4: The prevalence of frailty; Figure S1: Trajectories of DVS after eliminating the lowest 2%
DVS in the baseline survey; Table S5: Logistic regression models for frailty and DVS trajectories after
eliminating the lowest 2% DVS in the baseline survey; Figure S2: Trajectories of DVS after excluding
persons older than 100 years in the 2018 survey; Table S6: Logistic regression models for frailty and
DVS trajectories after excluding persons older than 100 years in the 2018 survey.
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Abstract: Nucleotides (NTs), important biomolecules involved in numerous cellular processes, have
been proposed as potential candidates for anti-aging interventions. However, whether nucleotides
can act as an anti-aging supplement in older adults remains unclear. TALENTs is a randomized,
double-blinded, placebo-controlled trial that evaluates the efficacy and safety of NTs as an anti-aging
supplement in older adults by exploring the effects of NTs on multiple dimensions of aging in a
rigorous scientific setting. Eligible community-dwelling adults aged 60–70 years were randomly
assigned equally to two groups: nucleotides intervention group and placebo control group. Com-
prehensive geriatric health assessments were performed at baseline, 2-months, and 4-months of
the intervention. Biological specimens were collected and stored for age-related biomarker testing
and multi-omics sequencing. The primary outcome was the change from baseline to 4 months on
leukocyte telomere length and DNA methylation age. The secondary aims were the changes in
possible mechanisms underlying aging processes (immunity, inflammatory profile, oxidative stress,
gene stability, endocrine, metabolism, and cardiovascular function). Other outcomes were changes
in physical function, body composition and geriatric health assessment (including sleep quality,
cognitive function, fatigue, frailty, and psychology). In the RCT, 301 participants were assessed for
eligibility and 122 were enrolled. Participants averaged 65.65 years of age, and were predominately
female (67.21%). All baseline characteristics were well-balanced between groups, as expected due to
randomization. The majority of participants were pre-frailty and had at least one chronic condition.
The mean scores for physical activity, psychological, fatigue and quality of life were within the normal
range. However, nearly half of the participants still had room for improvement in cognitive level
and sleep quality. This TALENTs trial will represent one of the most comprehensive experimental
clinical trials in which supplements are administered to elderly participants. The findings of this
study will contribute to our understanding of the anti-aging effects of NTs and provide insights into
their potential applications in geriatric healthcare.

Keywords: healthy aging; nucleotides; randomized trial; aging biomarkers; older adults

1. Introduction

The World Demography Report shows that the world is experiencing an unprece-
dented rapid aging process, and all countries will face the economic, social, and political
challenges, as well as other issues brought about by population aging. Aging in humans
physically refers to a multidimensional process, in that all the changes are accumulated in a
person over time [1,2]. These aging changes are responsible for the progressive increases in
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the chance of disease and death associated with them. The central hallmarks of age-related
changes include genomic instability, telomere depletion, epigenetic changes, loss of protein
homeostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, and altered intercellular communication [3]. The reported anti-aging
star compounds/drugs that have been subject to preclinical and clinical trials targeting the
above aging characteristics, achieving certain results [4–8], include rapamycin, anti-aging
drugs (senolytics), metformin, acarbose, spermidine, NAD+ supplements, and lithium.
However, the function of these compounds needs to be further confirmed, and there are
still many adverse reactions reported. The intervention of food-derived nutritional active
ingredients has the advantages of safety, multi-effect, economy and preventive long-term
interventions, which is an important way to explore the intervention methods of aging.

Nucleotides (NTs), the building blocks of DNA and RNA, are the material basis
of heredity, energy metabolism, and signal transduction, and play an important role in
the growth and development of organisms, metabolism, reproduction, heredity, and ag-
ing [9,10]. In the field of food nutrition, nucleotides (NTs) are the main forms of nucleoside
composition detection and functional ingredient application measurement, and nucleotides
have important nutritional value for body health. As a food raw material approved by
the State Food and Drug Administration, nucleotides have been widely used in infant
formula milk powder/food, and health food/special medical use formula food [11–14].
Additionally, their safety was fully verified by a lifetime feeding experiment and four
generation breeding experiment with high safety [15–17]. What is more, NTs have been
found to have many biological functions, such as anti-aging [18], telomere length regu-
lation [19,20], tumor inhibition [21], immune regulation [22–24], anti-inflammatory and
antioxidant properties [25,26], learning and memory improvement [27,28], anti-fatigue [29],
liver protection [30,31], intestinal protection [32–34], flora regulation [35,36], growth promo-
tion [37,38], neuroprotective effect [39], and participation in one carbon unit metabolism.

The food sources of NTs are animal viscera (liver, kidney, brain, etc.) and seafood,
lean meat, broth, fish, goose meat, yeast are also rich in NTs. Nucleic acids in food are
mostly in the form of nuclear proteins. Nucleoproteins are broken down into nucleic acids
and proteins by the action of gastric acid in the stomach. The nucleic acid is gradually
hydrolyzed in the small intestine by various hydrolases in the pancreatic and intestinal
fluids, and finally produce the bases and pentose [10]. Evidence suggests that NTs in the
diet may be regarded as conditionally essential nutrients. Under normal circumstances,
the body can synthesize nucleotides de novo and remediate them to maintain nucleotide
levels in the tissue. However, when the body is in a special state (immunosuppression,
recovery from injury, infection, specific disease states, and insufficient nutrient intake) or a
special life stage (rapid growth and functional decline), the ability of NTs to synthesize from
scratch is greatly reduced and the remedial capacity of nucleotide synthesis is insufficient
or limited [22]. Therefore, obtaining NTs externally is a better mode of supplementation
when the organism is under special circumstances, which plays an important role in saving
energy consumption of de novo or remediation synthesis in the body, maintaining tissue
nucleotide pool homeostasis, and improving and optimizing tissue function.

In the process of aging, the ability of NTs to synthesize from scratch is greatly reduced
and the remedial capacity of nucleotide synthesis is insufficient or limited. Moreover,
due to the increase of DNA repair and mitochondrial DNA synthesis and the depletion
of metabolic enzymes, the content of deoxynucleotide triphosphates (dNTPs) decreases,
leading to cell cycle arrest during aging. dNTPs supplementation can promote sustained
cell proliferation [40]. NTs as synthetic raw material of dNTPs with potential anti-aging
effects may have positive significance for delaying senescence. However, the comprehen-
sive evaluation of exogenous nucleotides on the improvement of nutrition in the elderly
population is still lacking. To address this knowledge gap, this randomized controlled trial
aims to explore whether NTs have anti-aging effects and explore the possible pathways of
the anti-aging effects of NTs. This manuscript describes the study protocol and baseline
results for the TALENTs trial.
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2. Methods

2.1. Trial Design

This was an exploratory study of participants from the TALENTs trial (Targeting
Aging and Longevity with Exogenous Nucleotides), which was a pragmatic 4-month
prospective single-center randomized control trial (Figure 1). Briefly, the TALENTs trial
enrolled community-living people aged 60–70 years, to evaluate the efficacy and safety
of nucleotides as an anti-aging supplement. Major exclusion criteria included those hav-
ing terminal or serious illness, inability to communicate adequately with the researcher,
and having already taken nucleotide supplements, etc. Following the provision of writ-
ten informed consent, baseline assessments were conducted. The demographic factors,
lifestyle, general clinical data, current medication or supplementation use, and diet of the
subjects were registerd. Additionally, the subjects underwent comprehensive health as-
sessments, including clinical health physical examination, questionnaire surveys, physical
function assessment, and anthropometrics as part of the screening process. Eligible partic-
ipants were randomly assigned by a 1:1 ratio to receive supplementation of nucleotides
(1.2 g/day) or placebo daily for 4 months. Assessments and biological sample collection
at baseline, 2 months, and 4 months post-intervention were executed by well-trained and
skilled researchers.

 

Figure 1. Overview of the TALENTs trial.

2.2. Ethic Committee Review and Approval

The study design and procedures have been conducted under the guidance of the Dec-
laration of Helsinki and later amendments. Study approval has obtained from the Biomedi-
cal Ethics Committee of Peking University (ethics review approval number: IRB00001052-
21114, date of approval: 17 November 2021). The TALENTs trial has been registered
prospectively at Clinical Trials.gov (NCT05243018). The purpose, nature, and potential
risks of participation in the trial were fully explained to the participants, and all participants
provided written informed consent before participating in the trial.

2.3. Sample Size Calculation

A power analysis was not conducted due to the exploratory and preliminary nature of
this study. Therefore, the sample size was based on the requirements of the human health
food test, with 50 people in each group and an estimated loss of follow-up rate of 20%, so
60 people were required in each group; a 1:1 control group and intervention group totalled
of 120 people.

2.4. Recruitment and Eligibility Criteria

In this study, subjects were recruited by the project leader and researchers through the
method of publishing recruitment inspiration and posters on the Internet. As the trial site
was set in Chengdu, potential participants were required to be local community residents
and non-hospital patients. Research staff were to fully explain the purpose, nature, and po-
tential risks of participation in this trial for prospective participants before trial participation
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(consent shown in Supplementary S1). Then, participants who provided written informed
consent were assessed for their eligibility by comprehensive geriatric health assessments.
Clinical physical examinations were conducted at Aikang Guobin Medical Examination
Hospital (Chengdu, China) by clinical doctors with medical qualifications. Researchers
evaluated participants’ final eligibility based on the trial’s inclusion and exclusion criteria.

Inclusion criteria: (1) age between 60 and 70 (2) no serious physical or mental illness;
(3) never take nucleotide-related supplements/health food (4)Be able to follow the test
protocol and sign the informed consent.

Exclusion criteria: (1) patients with related confirmed diseases, such as autoimmune
system diseases, serious cardiovascular and cerebrovascular diseases, major organ compli-
cations such as in the liver and kidney, or complicated with other serious diseases such as
malignant tumors, pancreatic diseases and mental diseases; (2) having abnormal screening
laboratory test values or other lab test results that would preclude study participation in
the judgment of the investigator; (3) severe visual or hearing loss affecting communication;
(4) being participants in other clinical trials within the last 6 months; (5) having used food
or medicine that is relevant to the function being tested.

2.5. Interventions

The intervention group was to receive the capsules of exogenous NTs, which were
extracted from cane sugar by enzymatic hydrolysis, provided by Zhen-Ao Biotechnology
Co., Ltd., (Dalian, China). The placebo capsules in the control group looked and tasted
as similar as possible to those in the intervention group, making the participants indistin-
guishable. Both groups needed to take four capsules daily. Among them, each capsule
in the nucleotides group contained 0.1 g starch excipients + 0.3 g nucleotides, and each
capsule in the control group contained 0.4 g starch excipients. The specific nucleotide
composition in this trial was 5′-AMP:5′-CMP:5′-GMPNa2:5′-UMPNa2, prepared according
to the ratio of 16:41:19:24, which is consistent with the ratio in breast milk and meets the
requirements of national infant formula addition and special medical food formula. The
dose of 1.2 g/day used is currently approved as the ingredient dose of nucleotides in
conventional commercially available health food products. The experimental intervention
continued for 4 months without interruption.

2.6. Randomization and Blinding

In this trial, participants were to be centrally randomized at a 1:1 allocation ratio
into intervention and control groups using computer-generated random numbers. After
grouping, the main factors that may affect the results and outcome indicators, such as
gender and age, were tested for balance to ensure the comparability between groups.
The random scheme was generated and known only by the experiment designer. Study
participants and data collection staff including investigators, clinicians and follow-up
staff were blinded. Pharmacists from Zhen-Ao Biotechnology Co., Ltd., (Dalian, China)
manufactured and packed each subject’s capsule into an opaque medicine bottle and
numbered it on the outside. In the end, only the participant’s name was marked on the
bottle, and the bottle packaging and the capsules contained were identical in appearance.
Blinding was fully explained when subjects sign the informed consent. If subjects did
not accept the blinding method, they were not included in this study. The effectiveness
of the study blinding was assessed with a short questionnaire completed by the study
subjects when the trial was finished. The randomization code would not be broken without
consent from the experiment designer under unusual circumstances, such as in the event
of numerous serious adverse events before the end of the study. Neither the trial designer
nor the pharmacist participated in the trial.

2.7. Follow-Up

After entering the follow-up period of intervention, trained follow-up staff were
responsible for follow-ups and regular home visits to distribute capsules to reduce the

71



Nutrients 2024, 16, 1343

burden on participants. In addition to handing out intervention capsules during each home
visit to the subjects, the follow-up staff also presented practical daily activities to keep the
participants upbeat. A total of 120 subjects were randomly divided into 12 follow-up groups
with 10 people in each group and followed up by 12 trained follow-up staff respectively.
Participants were required to report the time taken, and dosage of intervention capsules
daily in WeChat groups and report special circumstances or adverse reactions. Researchers
provided participants with an interventional follow-up manual, which explains the content
and time points they needed to cooperate with during the study, as well as what they
should do and who to contact if any new symptoms or side effects occurred. This study
specifically hired a clinical doctor to provide relevant clinical consultation for participants
to understand their participation and participate in clinical management when necessary.

2.8. Outcomes

The primary outcomes assessed changes in molecular biomarkers associated with
aging, encompassing telomere length and DNA-methylation clock compared with baseline.
Secondary outcomes included alterations in mechanisms underlying aging processes such
as immune function, inflammatory cytokine levels, oxidative stress levels, DNA stability,
endocrine, metabolic, and cardiovascular functions. Other outcomes comprised physical
function, body composition and the Geriatric Assessment Questionnaire (including sleep
quality, cognitive function, fatigue, frailty, and psychology). Figure 2 lists the outcome
measures. Data were obtained at baseline, 2 months, and 4 months by teams of fieldworkers,
who were trained in standard measurement and protocols of questionnaire administration.

2.8.1. Primary Outcomes

(1) Leukocyte telomere length: telomeres are repetitive nucleotide elements at the end of
chromosomes that protect chromosomes from degradation and genetic information
loss. In this study, leukocyte telomere length was measured using quantitative poly-
merase chain reaction assay and reported as T/S ratios (the relative ratio of telomere
repeat copy number to single-copy gene) [41].

(2) DNAm clocks: the DNAm clock, an algorithm that combines DNAm measurement
information in the genome to quantify biological age changes, is considered a highly
accurate molecular correlation of the true age of humans and can detect DNA methy-
lation age reversal up to three months ahead of the respective individual clocks, so
it has the potential to quantify biological aging and test life expectancy or assess
intervention effectiveness [42–44].

2.8.2. Secondary Outcomes

(1) Immune function: general parameters of immune health that are known to change
with age were assessed as described, including IgA, IgG, IgM, IgE, and PBMCs
(peripheral blood mononuclear cells) analyzed by FACS to assess the proportion and
number of T lymphocyte subtypes (CD3+, CD3+CD4+, CD3+CD8+, CD4+CD25+);

(2) Serum cytokine levels: SASP is a consequence of cell senescence and may occur in
cells that, though undergoing cell cycle arrest, are still metabolically active and secrete
proteins [45,46]. Luminex-based assays were be used, as these allow simultaneous
measurement of different cytokines (TNF-α, IL-1β, IL-6, IL-18, TNF RI, TNF RII,
ICAM-1, etc.);

(3) Oxidative stress: enzyme-linked immunosorbent assay (ELISA) kits were used to
detect the level of serum oxidative (MDA, NOX, SOD, GSH-Px, etc.);

(4) Gene stability: γ-H2A.X phosphorylation is an initial and essential component of DNA
damage foci and therefore a reliable marker of the extent of DNA damage [47,48];

(5) Glycolipid metabolic profile: glucose, insulin, total cholesterol, HDL-C, LDL-C, triglyc-
erides, etc.;
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(6) Endocrine and cardiovascular function: adiponectin, leptin, NT-proBNP, IGF-1,
NO, carotid thickness of intima-media, spontaneous fluorescence of subcutaneous
AGEs. etc.

2.8.3. Other Outcomes
Geriatric Assessment Questionnaire (CGAQ)

A self-designed questionnaire was used to evaluate the health status of all subjects
before and after intervention (Full Questionnaire shown in Supplementary S2). The specific
contents of the questionnaire are as follows:

(1) General information survey: demographic characteristics, including date of birth,
occupation, education level, economic status, family status, etc.; lifestyle and living
habits (smoking, drinking, tea, sports, etc.); the number of available teeth (including
dentures) and the loss of teeth in the past one year; medical history (hypertension,
coronary heart disease, obesity and other diseases); health food consumption, drug
application history; expenditure on health, including physical examination, medicine,
hospital expenses, etc.;

(2) Quality of life: assessment of physical and mental functioning (SF-12) [49];
(3) Frailty questionnaire: 28-item frailty index [50];
(4) Cognitive status: Montreal Cognitive Assessment Scale (MoCA) [51];
(5) Physical activity: Physical Activity Scale for the Elderly (PASE) [52];
(6) Sleep quality: Pittsburgh Sleep Index [53];
(7) Psychological function: Kessler Psychological Distress (K10) Scale [54] and Fatigue

Scale-14 (FS-14) [55];
(8) Dietary survey: dietary data were collected at baseline and after intervention using a

3 day, 24 h photo-assisted dietary intake assessment method to assess dietary stability
during the trial [56]. The Food Frequency Questionnaire (FFQ) was used to measure
the intake of foods rich in nucleotides, including seasonings high in nucleotides, to
assess daily dietary nucleotide intake.

Anthropometry and Physical Function

Waist circumference, hip circumference, calf circumference, mid-arm circumference
and neck circumference were measured with a tape measure to the nearest 0.1 cm. We
used bioelectrical impedance analysis (BIA) to measure the proportion of whole-body lean
and fat mass, body fat, trunk fat, body muscle, trunk muscle, and other components in the
human body.

The level of physical functioning was assessed with the short physical performance
battery (SPPB), which consisted of standing balance tasks (side-by-side, semi-, and full-
tandem stands for 10 s each), a 4 m walk to assess usual gait speed, and time to complete
five repeated chair stands. Handgrip strength and a 30 s sarm curl test were to measure
upper muscle strength. The Tinetti clinical scale including balance assessment items and
gait assessment items, was used to evaluate fall risk.

Clinical Health Physical Examination and Safety

All blood measurements were performed in the morning after an overnight fast. Blood,
urine, stool routine examination, and liver and kidney function were examined, and other
safety indicators included chest X-ray, lung function, and electrocardiogram, etc.

The number and types of adverse events including changes in laboratory param-
eters (blood chemistry, lipid profile), monitored and documented. All adverse events,
including falls, fractures, hospitalizations, and deaths were recorded in an “adverse events
diary” during follow-up visits by the trained follow-up staff, and by self-report during the
study period.
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Multi-Omics Sequencing

The biospecimens of the TALENTs trial (shown in Supplementary S3) were transferred
to the laboratory on dry ice within 24 h of collection and then stored at −80 ◦C. Blood
samples were collected in three different types of collection tubes containing distinct
stabilizers or coagulants, including ethylenediaminetetraacetic acid (EDTA) tubes, serum
separation tubes (SST), and RNA preservation tubes. Whole blood, blood clots, and serum
were taken for whole genome methylation, metabolomic and transcriptomic sequencing.
Stool samples were taken for metagenomic sequencing.

 
Figure 2. Assessment outcomes of the TALENTs trial.

2.9. Statistical Analysis

The data in this study were analyzed by intention-to-treat (ITT), and no interpolation
was performed for data missing from general data. The Shapiro-Wilk test was used for data
normality and the Levene test for variance homogeneity. If the data conformed to normal
distribution, the measurement data are expressed as mean ± SD, and the measurement
data of non-normal distribution are expressed as median (P25, P75).

In the inter-group comparison, the changes between the outcomes after intervention
and the baseline data were used as the outcome variable, and independent sample T test
was used for the normal distribution data. Non-parametric Mann-Whitney U test was
used to compare the non-normal distribution measurement data groups. Generalized
estimating equations (Generalized Estimating Equation, GEE) were used to assess the effect
of nucleotide intervention of outcome indicators. GEE can tolerate the presence of missing
values in longitudinal data, and can perform unbiased estimation of research information,
and GEE is relatively stable in various job-related matrices, so it is widely recommended in
intervention studies. There are two levels of longitudinal data in this study; the assessment
at each time point is level 1, nested in the study object (i.e., level 2). Continuous outcome
indicators at each time point were used as dependent variables to evaluate the group main
effect, the time main effect and the interaction effect of the time group. In addition, GEE
model was used to adjust covariates including age, gender, BMI, and the baseline of the
variables corresponding to the results. Cohens D was calculated using the mean difference
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between the two groups, with d = 0.2 as a small effect size, d = 0.5 as a medium effect size,
and d = 0.8 as a large effect size. Analyses were performed using the SPSS 26.0 software
and overseen by an experienced biostatistician; p < 0.05 indicates a statistically significant
difference.

2.10. Procedures

Figure 3 shows the timeline for scheduled assessments of the TALENTs trial.

(1) Recruitment and screening period: physical examination in the partner hospital
(blood and stool samples retained at the same time), questionnaire survey, and other
items were completed. Questionnaires were completed by trained investigators and
participants face-to-face. At the same time, participants were required to carry their
past medical records and current medication and health supplements for on-site
registration. According to the physical examination results, the subjects unfit to be
enrolled were excluded;

(2) Initiation and follow-up period: during the intervention period, follow-up staffs are
responsible for dispensing, reviewing, and documenting medications. Intervention
capsules were distributed biweekly by follow-up staff during home visits. Old packag-
ing products were collected for verification purposes and compliance is documented.
Participants’ physical activity levels, dietary patterns, changes in medication, and any
adverse events experienced within the past two weeks were assessed and recorded
by follow-up staff. At 2 and 4 months after the start of the intervention, physical
examinations, questionnaires, and biological samples were obtained following the
same procedures as at baseline.

(3) Final period: 4 months after the intervention, the project ended. Participants who
successfully complete the project will receive compensation. At the end of the trial,
we unblinded.

 

Figure 3. Timeline for scheduled assessments of the TALENTs trial.

2.11. Quality Control

(1) Research design stage: review the relevant literature, understand the general situa-
tion of relevant research, and design the scheme according to the research purpose;
simplify the study design process to minimize unnecessary inquiries and checks;
For subjective data collection, standardized scales with high reliability, validity and
responsiveness should were used as far as possible. The self-designed questionnaire
and the medical records of the subjects were conducted in a small-scale pre-survey
among the population before the formal experiment, and then discussed and evalu-
ated with relevant experts and investigators. The final draft was revised several times
according to the feedback;
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(2) Investigator training: the sample collection and data measurement of the subjects
was carried out by professional medical workers or trained qualified investigators
in the physical examination hospital, and the measurements of each indicator were
completed by the same personnel. The investigators were trained and passed the ex-
amination;

(3) Intervention follow-up stage: during the intervention period, we always communi-
cated with the subjects, and subjects’ medication and lifestyle remained unchanged,
we strengthened education to improve the correct understanding and complianceof
subjects to the research protocol; simplified study procedures and reduced the number
of questions and tests to improve patient patience. Daily supervision was strength-
ened during the follow-up period, and the compliance of subjects was improved
through the daily punch card exchange reward mechanism. We provided a high
quality and free medical question answering service for the subjects;

(4) Data collection stage: we standardized the basic operation and process of imple-
mentation and organized the research subjects to carry out physical examination
and questionnaire surveys on time. We strengthened the communication between
investigators and research subjects, eliminated the concerns of survey subjects about
this study, unified the measurement standards of indicators, reduced information
bias, maintained a neutral investigation attitude, and improved the compliance of
research subjects.

(5) Result analysis stage: Epidata and excel built databases were used to ensure parallel
double entry and verification of data. We selected correct statistical analysis methods,
and used blind methods for technical personnel, including subject sample processing
and statistical analysis, to reduce measurement bias.

(6) Data management: according to the original observation records of the subjects, the
researcher loaded the data into the physical examination data sheet and various ques-
tionnaires in a timely, complete, correct and clear manner. The survey form, which has
been reviewed and signed by the Ombudsman, was sent to the research data manager
in a timely manner. The corresponding database system was used for two-person and
two-machine input, and then the database was compared twice. After all the phys-
ical examination data sheets and various questionnaires were entered and verified
correctly, the data manager wrote the database inspection report, which included the
study completion status (including the list of dropped subjects), inclusion/exclusion
criteria, integrity checks, logical consistency checks, outlier data checks, time win-
dow checks, drug combination checks, and adverse event checks. After data entry
and verification were completed as required, the physical examination data sheets
and various questionnaires were filed and stored in numbered order and filled with
search directories for reference. Electronic data files, including databases, inspection
programs, analysis programs, analysis results, coding and explanatory files, should
be classified and stored in different disks or recording media with multiple back-
ups, properly stored to prevent damage. All original files were kept for the period
specified accordingly.

3. Results

Between 23 August 2022 and 15 October 2022, we recruited 349 elderly people in the
Chengdu community who were willing to participate and signed informed consent. Among
them, 301 subjects underwent complete geriatric health assessments, including clinical
health physical examination, questionnaire surveys, physical function assessment, and
anthropometrics as part of the screening process. Blood and stool samples were collected
for age-related biomarkers and omics monitoring. Based on inclusion and exclusion
criteria, 123 were eligible to participate. The most common reasons for exclusion were
not meeting inclusion criteria (n = 175) such as having abnormal screening laboratory test
values or having cancer or other serious diseases. Of the eligible subjects, 123 subjects
were randomized and 61were placed in the nucleotide intervention group and 62 in the
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placebo control group. However, after randomization, one participant in the nucleotide
intervention group decided to withdraw from the trial before starting the intervention,
so 122 participants were officially enrolled in the intervention. Figure 4 shows the flow
chart of the study samples, including the number of participants who were screened and
underwent randomization.

 

Figure 4. Participant flow of the TALENTs trial. The * represents a change after randomization.

Baseline data on sociodemographic characteristics, co-morbid conditions and health
status of the enrolled participants appear in Table 1. All demographic characteristics were
well-balanced between groups as expected due to randomization. The mean age was
65.65 ([SD] 2.59) years, 82 (67.21%) were women, and 121 (99.18%) were of Han nationality.
Most participants were married (84.43%) and lived with others (91.80%). In terms of
education level and monthly disposable income levels, a majority of the subjects received
good education and were in good economic conditions. Only 4.10% of them received
primary education or below, and only 14.75% had monthly disposable income level less
than 2000 yuan. Analysis of smoking and drinking habits showed that only 6.56% and
13.93% of the subjects currently smoke or drink, respectively. The other subjects do not
smoke or drink, or had quit smoking and drinking, suggesting that most of them have
good living habits.

Table 1. Sociodemographic characteristics and health status of TALENTs participants.

Overall
(n = 122)

Intervention Group
(n = 60)

Control
Group
(n = 62)

p for Diff

Age, years; mean ± SD 65.65 ± 2.59 65.55 ± 2.63 65.74 ± 2.58 0.685
Female, n (%) 82(67.21) 41(68.33) 41(66.13) 0.950

Nationality, n (%)
Han nationality 121(99.18) 59(98.33) 62(100) 0.492

Marital status, n (%)
single 2(1.64) 2(1.64) 0(0)

0.347married 103(84.43) 50(83.33) 53(85.48)
divorced/widowed 17(13.93) 8(13.33) 9(6.45)
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Table 1. Cont.

Overall
(n = 122)

Intervention Group
(n = 60)

Control
Group
(n = 62)

p for Diff

Education level, n (%)
primary school and below 5(4.10) 3(5.00) 2(3.23)

0.116
Junior high school 45(36.89) 25(41.67) 20(32.26)

High school/technical secondary school 42(34.43) 23(38.33) 19(30.65)
University/college or above 30(24.59) 9(15.00) 21(33.87)

Living condition, n (%)
Live alone 10(8.20) 5(8.33) 5(8.06)

0.957Non-solitary 112(91.80) 55(91.67) 57(91.94)
Monthly disposable income, n (%)

<2000 18(14.75) 9(15.00) 9(14.52)

0.851
2000–3500 47(38.52) 25(41.67) 22(35.48)
3501–5000 28(22.95) 14(23.33) 14(22.58)
5001–6500 20(16.39) 9(15.00) 11(17.74)

>6500 9(7.38) 3(5.00) 6(9.68)
Smoking status, n (%)

Never smoked 107(87.70) 49(81.67) 58(93.55)
0.135Have quit smoking 7(5.74) 5(8.33) 2(3.23)

smoking 8(6.56) 6(10.00) 2(3.23)
Alcohol consumption, n (%)

Never drank alcohol 99(81.15) 48(80.00) 51(82.26)
0.676Have stopped drinking 6(4.92) 4(6.67) 2(3.23)

drinking 17(13.93) 8(13.33) 9(14.52)
Comorbidities, n (%)

Hypertension 36(29.51) 20(33.33) 16(25.81) 0.362
Dyslipidemia 10(8.20) 2(3.33) 8(12.90) 0.095

Diabetes 17(13.93) 9(15.00) 8(12.90) 0.738
Cardiovascular disease 66(54.10) 37(61.67) 29(46.77) 0.099

Chronic respiratory diseases 40(32.79) 22(36.67) 18(29.03) 0.369
Fatty liver 45(36.89) 22(36.67) 23(37.10) 0.961

Renal disease 49(40.16) 20(33.33) 29(46.77) 0.130
Frailty index, mean ± SD 0.11 ± 0.06 0.11 ± 0.06 0.10 ± 0.06 0.528

Frailty statust, n (%)
Robust 60(49.18) 27(45.00) 33(53.23)

0.547Prefrail 57(46.72) 31(51.67) 26(41.94)
Frail 5(4.10) 2(3.33) 3(4.84)

PASE, mean ± SD 169.26 ± 51.93 161.98 ± 51.47 176.3 ± 51.82 0.128
SF-12, mean ± SD 108.00 ± 7.53 107.56 ± 7.26 108.42 ± 7.83 0.532

Physical health 52.26 ± 4.38 51.92 ± 3.94 52.58 ± 4.78 0.407
Mental health 55.75 ± 6.3 55.65 ± 6.00 55.84 ± 6.62 0.864

MoCA, mean ± SD 21.92 ± 3.86 21.5 ± 3.87 22.32 ± 3.84 0.241
PSQI, mean ± SD 4.89 ± 3.59 4.57 ± 3.3 5.21 ± 3.85 0.324

Kessler 10 scale, mean ± SD 11.61 ± 2.79 11.37 ± 2.03 11.84 ± 3.37 0.353
FS-14, mean ± SD 4.65 ± 3.46 5.1 ± 3.64 4.21 ± 3.24 0.156
Physical Fatigue 2.46 ± 2.29 2.75 ± 2.42 2.18 ± 2.14 0.168
Mental fatigue 2.19 ± 1.61 2.35 ± 1.69 2.03 ± 1.53 0.277

The baseline results indicate that both the NTs and control groups had similar levels
of frail status, physical activity, cognitive function, sleep quality, depression, fatigue, and
comorbidities at the start of the trial. Overall, the most common co-morbid conditions
were cardiovascular disease (54.10%), renal disease (40.16%), fatty liver (36.89%), chronic
respiratory disease (32.79%), hypertension (29.51%), diabetes (13.93%), and dyslipidemia
(8.20%). The mean (SD) score of the PASE physical activity scale score was 169.26 (51.93),
indicating that most participants were able to engage in moderate physical activity. The
SF-12 Physical and Mental Functioning Assessment Scale showed that participants were
in good physical and mental health, with a mean (SD) score of 108.00 (7.53). The MoCA
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Montreal Cognitive Rating Scale score showed an average (SD) score of 21.92 (3.86) out
of 30 and only 19.67% of participants had MoCA score ≥ 26, suggesting mild cognitive
impairment (MCI) in participants accounting for 65.57%. The PSQI Pittsburgh Sleep Quality
Index average (SD) score was 4.89 (3.59) with 40.98% of participants ≥ 5, indicating that
nearly half of the participants had clinically significant sleep disturbances. The Kessler
Anxiety and Depression Scale average (SD) score was 108.00 (7.53), indicating mild levels
of anxiety and depression. The FS-14 Fatigue Scale had an average (SD) score of 4.65
(3.46), with most participants reporting low levels of fatigue. The frailty scale indicated
that nearly half of the subjects were in the healthy stage (49.18%) or the pre-frailty stage
(46.72%), except for a small number of participants (4.10%) who were in the frailty stage.
In conclusion, the Comprehensive Geriatrics Health Assessment Questionnaire indicated
that the health of the participants was relatively good overall, with good quality of life and
good mental health, but the cognitive and sleep quality remained to be improved.

4. Discussions

Quantitative biomarkers of aging are valuable tools for measuring physiological age,
assessing the degree of “healthy aging”, and potentially predicting an individual’s health
span and lifespan. Given the complexity of the aging process, biomarkers of aging are
multilayered and multifaceted. However, most studies so far concentrate on a single
measure of biological aging or a single type of measure. Our study comprehensively
evaluate the phenotype and molecular biomarkers of aging, placing particular emphasis on
evaluating outcomes for markers of aging and possible mechanisms, and comprehensively
evaluated the overall health status of older adults.

In our study, the primary outcome measures obtained information from single and
multiple systems. For example, telomere length and epigenetic clock methods are cell-level
measurements implemented only in a single-tissue blood, while age-related homeostasis,
and aging rate measurements take information from multiple systems throughout the body.
In addition, we use multi-faceted biomarkers of aging and multi-omics joint analysis to
explore the specific mechanisms of targeting the aging process. What is more, the geriatric
assessment questionnaire designed for evaluating aging phenotypes, as well as the items
included in body composition and physical function measurements in this trial, are reliable
and highly efficient. They can systematically, comprehensively, and holistically evaluate
the anti-aging effect of nucleotides and their potential to prevent age-related diseases and
extend healthy lifespan from a macroscopic.

The TALENTs trial successfully enrolled 122 older adults and completed the baseline
assessments. What is more, the intervention and control groups were similar at the be-
ginning of the trial, indicating that the randomization worked well. The results provide
valuable information on the demographic and clinical characteristics of the study popula-
tion and will serve as a reference point for evaluating the effects of NT supplementation on
aging outcomes.

Clinical trials tailored to questions of importance to healthy older adults are urgently
needed due to increasing numbers of people living into their 80s, 90s, and even 100s.
In addition, relatively healthy elderly people have lower risks and higher benefits than
those with more diseases, so the general research on anti-aging drugs or food active
ingredients would first select relatively healthy elderly people for trial and exploration.
Our baseline results of this trial suggest that the study population is a relatively healthy
community of elderly aged 60–70 years, with good physical, mental and physical exercise
abilities. However, the Montreal Scale indicated that this group of elderly people had mild
cognitive impairment (mean 21.92) overall, thus were at increased risk of cognitive decline,
which is consistent with the Montreal scores in those aged ≥60 years from a Chinese sub-
sample drawn from a population-based study (mean 21.2) [57]. The overall disturbed sleep
prevalence of household residents aged 60 and over recruited from a population-based
random sample was 33.7%, which was basically similar to the rate of 40.98% in our study
population [58]. Together, these data suggest that the baseline status in the current study
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are fairly representative and comparable to those reported in similar populations. Our
intervention still had room for improvement in cognitive level and sleep quality.

This TALENTs trial also has many practical advantages during the implementation
process. Firstly, all assessments and the data collection process are entirely in person rather
than remote assessment. Secondly, the data collected in the survey are based on previous
medical examination reports and available drug packaging, instead of being self- or proxy-
reported, and participants were asked to look back in the past within the shortest feasible
time to minimize the possibility of recall bias as much as possible. In addition, daily online
WeChat online reminders for participants to take the capsules and biweekly home visits
greatly reduced dropout rates, and information on daily physical activity, dietary patterns,
and medication changes collected during follow-up provided a method for controlling
confounding factors.

However, this trial still has certain limitations, such as having a small sample size
and a short intervention period as an exploratory trial. Long-term follow-up in future
studies will be necessary to assess the lasting effects of nucleotides on aging and longevity
outcomes. Additionally, recruitment was performed through online channels, making it
difficult for rural populations to participate. People who pay more attention to their health
are more likely to learn about this project and participate, resulting in a certain degree
of volunteer bias. Despite the limitations of this trial, the results are still of great clinical
significance. Our study will reveal the complexity and multi-layered nature of the aging
process, providing new directions and perspectives for future anti-aging research. Finally,
our trial design and implementation methods also provide references for similar studies.

5. Conclusions

In conclusion, this RCT successfully recruited eligible participants and collected base-
line data on their sociodemographic characteristics and health status. These data will serve
as a reference for evaluating the efficacy and safety of nucleotides as an anti-aging supple-
ment in older adults. The TALENTs trial combines the rigor of traditional double-blind
randomized controlled trials with centralized and comprehensive systematic outcome
determination, and will provide valuable insights into the anti-aging effects of NTs and
contribute to our understanding of their underlying mechanisms. If proven effective, NT
intervention may represent a promising strategy for counteracting aging-related decline
and improving the quality of life for elderly individuals.
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Abstract: During aging, the protective function of mucus barrier is significantly reduced among
which changes in colonic mucus barrier function received the most attention. Additionally, the
incidence of colon-related diseases increases significantly in adulthood, posing a threat to the health
of the elderly. However, the specific changes in colonic mucus barrier with aging and the underlying
mechanisms have not been fully elucidated. To understand the effects of aging on the colonic mucus
barrier, changes in the colonic mucus layer were evaluated in mice aged 2, 12, 18, and 24 months.
Microbial invasion, thickness, and structure of colonic mucus in mice at different months of age were
analyzed by in situ hybridization fluorescence staining, AB/PAS staining, and cryo-scanning electron
microscopy. Results showed that the aged colon exhibited intestinal mucus barrier dys-function and
altered mucus properties. During aging, microorganisms invaded the mucus layer to reach epithelial
cells. Compared with young mice, the thickness of mucus layer in aged mice in-creased by 11.66 μm.
And the contents of the main components and glycosylation structure of colon changed. Among
them, the proportion of goblet cells decreased significantly in older mice, and the expression of spdef
genes that regulate goblet cell differentiation decreased. Further, the expression of key enzymes
involved in mucin core structure formation and glycan modification also changed with aging. The
expression of core 1 β1,3-galactosyltransferase (C1GalT1) which is the key enzyme forming the main
core structure increased by one time, while core 2 β1,6 N-acetylglucosaminyltransferase (C2GnT)
and core 3 β1,3 N-acetylglucosaminyltransferase (C3GnT) decreased 2 to 6- and 2-fold, respectively.
Also, the expression of sialyltransferase, one of the mucin-glycan modifying enzymes, was decreased
by 1-fold. Overall, our results indicate that the goblet cells/glycosyltransferase/O-glycan axis plays
an important role in maintaining the physicochemical properties of colonic mucus and the stability of
intestinal environment.

Keywords: aging; mucus; microbiota; glycosyltransferase; goblet cells

1. Introduction

In recent years, the average human life expectancy has increased significantly. The
2019 revision of the United Nations’ World Population Prospects predicts that the pro-
portion of people aged 65 years and older will increase by almost 16% by 2050 [1]. As
the population ages, the incidence of aging-related chronic diseases has increased year by
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year, among which the incidence of gastrointestinal chronic diseases has increased signifi-
cantly [2]. Age-related changes in intestinal physiological function could lead to various
gastrointestinal diseases including, polyps, inflammatory bowel dis-ease, and so on [3].
Recently, the incidence of inflammatory bowel disease has significantly increased with age,
but the exact pathogenesis remains unclear. Ulcerative colitis is a common inflammatory
bowel disease that is mainly caused by deterioration of colonic mucus layer [4]. It has been
reported that mucus layer becomes thinner and the inner mucus layer becomes penetrable
during the development of colitis [5]. Overall, it could be concluded that intestinal dy-
namic homeostasis depends on the protective function of intestinal mucus barrier, and its
disruption is one of the main causes of inflammation [6].

The mucosal barriers that maintain a normal dynamic balance of intestinal environ-
ment mainly include mucus barrier, intestinal epithelial barrier and immune barrier [7].
Mucus barrier is the main defensive layer that separates microbiota from epithelial cells. It
consists of mucus secreted by goblet cells and overlies intestinal epithelial cells [8,9]. The
small intestine has only one mucus layer, whereas the colon has two mucus layers [10], an
outer layer that allows bacterial colonization and an inner layer that does not allow luminal
bacteria to penetrate [11]. Thus, mucus layer is not only a protector of intestinal epithelial
cells but also a key mediator of host-bacterial interactions [12]. And the colonic mucus
barrier is a major defender of intestinal pathogens [13]. The physiological importance of
mucus layer has been demonstrated over the years by studying patients with ulcerative
colitis. These studies reported several defects in mucus layer function, including a decrease
in mucus layer thickness and mucus chemical composition, and an increase in bacterial
penetration of the mucus barrier [12]. Similar results were obtained in the literature related
to changes in the mucus layer during aging in mice. It was speculated that such changes
were related to alterations in mucus composition, but the mechanism of interaction between
mucus composition and mucus functional defects has not been elucidated yet [14].

Muc2 mucin is a major component of the mucus layer [15]. The colonic mucus layer
formed by Muc2 mucin builds a functional barrier between the host and bacterial mi-
crobiota [16]. Studies have shown that Muc2-deficient mice spontaneously developed
inflammation and were more susceptible to infection by pathogens [17]. Furthermore,
Muc2 is a high molecular weight glycoprotein formed by glycosyltransferases. Mucin
glycosylation is mainly responsible for the formation of four key O-glycan core struc-
tures [18]. The major polysaccharides in colonic mucus layer are mucin O-glycans derived
from core 1 and core 3 [19]. The key enzymes involved in the formation of core 1 and
core 3 O-glycan chains are core 1 β1,3-galactosyltransferase (C1GalT1) and core 3 β1,3
N-acetylglucosaminyltransferase (C3GnT), respectively [20–22]. Core 1 O-glycans form
core 2 O-glycan with the participation of core 2 β1,6 N-acetylglucosaminyltransferases
(C2GnT) [18]. C2GnT1 and C2GnT3 are normally expressed in intestinal epithelial cells,
and C2GnT2 is also known as mucus-type C2GnT2 because it is highly restricted to mucus-
producing tissues which highly ex-presses in stomach and colon. Studies using a C2GnT2-
deficient mouse model found that C2GnT2 deficiency impaired the mucosal barrier and
increased mucosal barrier permeability and susceptibility to colitis. Previous studies us-
ing C1galt1 and C3GnT deficient mouse models (IEC C1galt1-/-, C3GnT-/- mice) have
demonstrated that mucin-type O-glycans are key factors in protecting the intestinal mucus
barrier from damage [20,22]. It has also been shown that defect in O-glycan chains lead to
alterations in the composition of intestinal flora, resulting in bacteria-dependent intestinal
inflammation [23]. Besides, recent studies have reported distal colonic O-glycosylation im-
paired during aging, and protein expression of the rate-limiting enzyme in O-glycosylation,
T-synthetase, decreased with age [1]. However, mechanisms under-lying the interaction
between mucin content, mucin glycosylation structure and mucus layer function during
aging need to be further investigated.

Here, naturally aged mice were used to investigate how the physiological, physical and
chemical properties of mucus altered during aging. This study focused on compositional
and structural changes in mucus during aging and the underlying mechanisms.
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2. Materials and Methods

2.1. Animals

Male C57BL/6J mice used in the experiment were purchased from the Laboratory
Animal Center of Weitong Lihua Laboratory Animal Technology Company (Beijing, China).
Mice of the same age (months) were purchased in chronological order of 2, 12, 18, and
24 months of age. Mice of each month of age (n = 12) were placed in individually ventilated
cages with ad libitum access to mouse growth and reproduction diet (12.95% fat) (Beijing
Keao Xieli Feed Co., Ltd., Beijing, China) and autoclave-sterilized water. All mice were
sacrificed using appropriate anesthesia and/or cervical dislocation before sample collec-
tion. The experiments and protocols were approved by the Ethics Committee of China
Agricultural University (AW50102202-5).

2.2. Mucus and Tissue Collection

Colon tissue was incised longitudinally and the mucus was gently scraped with a
smooth slide after careful removal of the fecal contents, and the mucus samples were frozen
rapidly in liquid nitrogen. In addition, colon tissues were immediately frozen in liquid
nitrogen and then stored at −80 ◦C for subsequent RNA and protein assays.

2.3. pH Measurements

The colon was cut longitudinally, and mucus was gently scraped from the entire colon
with a slide after the feces were gently removed. About 100 to 120 μL of colonic mucus was
scraped from each mouse, and pH was measured using a portable pen acidity meter (Yanlin
Laboratories (Shenzhen) Co., Shenzhen, China). The samples were immediately frozen in
liquid nitrogen after the measurements and stored at −80 ◦C for further experiments [24].

2.4. Water Content and Mucus Weight Determination

This method is modified based on methods from the literature. Briefly, the collected
mucus samples were quickly placed into a freeze-dryer at a cold trap temperature of
−50 ◦C for 48 h [24]. At the end of freeze-drying, the samples were placed in a desiccator
for 30 min and weighed. The weight per unit length of mucus was calculated by the weight
of collected mucus divided by the length of collected colonic tissue [24].

2.5. In Situ Hybridization Fluorescent Staining

The methods refer to the literature and are briefly described as follows [1,19,25]. Colon
sections were stained with universal bacterial probe EUB338 (50-GCTGCCTCCCGTAGGAGT-
30; bp 337–354 in bacteria EU622773) at 50 ◦C overnight. A nonspecific probe (NON338
50-ACTCCTACGGGAGGCAGC-30) was used as negative control. For Muc2-Fish double la-
beling experiments, Muc2 immunofluorescence staining was performed on sample sections
before Fish labeling. Sample sections were incubated with anti-Muc2 (Service bio, GB11344,
Wuhan Sevier Biotechnology Co., Ltd., Wuhan, China, incubated at 4 ◦C for 12 h) and goat
anti-mouse IgG (H + L) cross-adsorbed secondary antibody, Alexa fluor™ 488 (Invitrogen,
A-11001, Thermo Fisher Scientific, Beijing, China, incubated at room temperature for 1 h).

2.6. Cryo-Scanning Electron Microscopy and Image Analysis

The preparation of samples, Cryo-SEM, and image analysis were taken from the
literature and modified [26]. In brief, samples were thawed at room temperature, and a
single drop of each sample was cast onto a metal holder and then frozen in liquid nitrogen.
Frozen samples were transferred into the sample preparation bin for freeze-fracture and
sublimated under vacuum for 15 min at −80 ◦C. The Cryo-SEM images were counted for
hole size and shape using ImageJ software, with at least 100 holes involved in each field of
view. The minimum diameter of the FERET, which refers to the shortest distance between
any two parallel tangents of the hole, was used to describe the size of the hole. The Aspect
Ratio (AR) was used to describe the pore shape, which was described as the ratio of the
largest ferret diameter to the smallest ferret diameter.

86



Nutrients 2023, 15, 1830

2.7. Immunostaining

Colon tissue was collected and the mesentery was gently removed with forceps.
Then, the tissue was ligated at both ends with surgical thread and fixed in Carnoy’s
fixative solution for no more than 12 h. After fixation, the tissues were dehydrated and
embedded in paraffin. Mucus thickness staining was performed using the AB-PAS Stain
Kit (Solarbio, G1285, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China)
following manufacturer instructions [27]. PS software (Adobe Photoshop 2021 22.0.0,
Adobe Systems Incorporated, San Jose, CA, USA) was used to measure the thickness of the
mucus layer [19,28].

For IHC, the sections were subjected to antigen retrieval in 0.01 M sodium citrate
for 20 min. The nonspecific antibody binding was blocked by goat serum working solu-
tion (Zhongshan Jinqiao, SP-9002, Beijing ZhongShan JinQiao Biotechnology Co., Beijing,
China) for 1 h. Following blocking, rabbit anti-Muc2 (Service bio, GB11344, Wuhan Sevier
Biotechnology Co., Ltd., Wuhan, China) antibody was used to incubate the sections at 4 ◦C
overnight. After 30 min, sections were stained with the corresponding immune secondary
antibody for 30 min. Finally, the slices were stained with DAB chromogenic kit (ZSGB-BIO,
ZLI-9019, Beijing ZhongShan JinQiao Biotechnology Co., Beijing, China), counterstained
stained with hematoxylin, dehydrated, and sealed.

For immunofluorescence [29], colon tissue sections (4 μm) were dehydrated, antigen-
repaired, and blocked for 1 h in blocking reagent at room temperature. Staining was
performed with rabbit anti-Muc2 (Service bio, GB11344, Wuhan Sevier Biotechnology Co.,
Ltd., Wuhan, China) antibody and placed at 4 ◦C overnight. Primary antibody identification
was performed with a fluorescent secondary antibody and incubated at room temperature
for 1 h. Finally, the nuclei were stained with DAPI (Beyotime Biotechnology, A-11008,
Shanghai Biyuntian Biotechnology Co., Shanghai, China) for 10 min.

2.8. Real-Time PCR

To determine the effect of age on gene expression, total RNA was extracted from colon
tissues using a specialized kit (Qiagen, Germantown, MD, USA) [3]. The RNA was then
reverse transcribed into cDNA using a reverse transcription kit (abm, G592, Zhenjiang
Ebimont Biotechnology Co., Jiangsu, China). The mRNA expression of O-glycosylase
(C1galt1, C2gnt, C3gnt, and St6galnac-I) and goblet cell precursor markers (spdef, klf4,
Beijing Liuhe Huada Gene Technology Co., Beijing, China, and muc2) was quantified on a
real-time PCR system using the primers shown in Table 1.

Table 1. Primer sequences of qRT-PCR.

Gene Name Forward 5′-3′ Reverse 5′-3′

Muc2 GGGAATGTTGCAAGAAGTGC TTTTGTGAATCTCCCCAGGC

Spdef ACGTTGGATGAGCACTCG CCATAAAAGCCACTTCTGCAC

Klf4 CGAACTCACACAGGCGAGAA GAGCGGGCGAATTTCCA

C1galt1 TGGAATTACAACTATTATCCTCCCATA CAACATAGTGAAAAGAAACTGCGATA

C1galt2 TGGAGCCGTTCTAGATGCGGAAAA GGGGCTTGCAGATGGTGATGCT

C2gnt GCAGCCAAGAAGGTACCAAA ACAGGCGAGGACCATCAA

C2gnt1 GCTTGATAGGAACTTGGCAGCAC CACCTTCTGGATTTCTTCTGGGTC

C2gnt2 ACCTTCACTCCACATCACTCACGG TTATTCAGCAGAGCCTGGGTCACC

C2gnt3 GCCGCTGTTCTTGCTGTTTTG AGTCACTTGTCATCGCCACGA

C3gnt GGCCAGATTCTCCTCTCTCAAACG AGTGCTCCGCTGTCCAGTCCA

St6galnac-I TGTTAGGGACCAGCCATCCA ATGAACTGGCACCTGGAATC

St6galnac-II CGGATGTTGTTGCTCGTTGC AGTCGGCTCTTTCTGTTTTCC

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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2.9. Statistical Analysis

Data were expressed as mean ± SD. GraphPad Prism 8.0.2, (GraphPad Software, Inc. San
Diego, CA, USA) was used for all statistical analyses. All samples had biological replicates.
Data were statistically analyzed using one-way ANOVA with Tukey’s post hoc test [30].

3. Results

3.1. Mucus Barrier Function

The mucus layer is the first protective layer of mucosa overlying the intestinal ep-
ithelial cells, and its integrity is essential for the maintenance of health [31]. As shown in
Figure 1A, colonic mucus layers at 2, 12, and 18 months of age were intact and not invaded
by microorganisms. In contrast, the mucus layer of 24-month-old mice was more loosely
structured and colonized by a certain number of microorganisms. To investigate the effect
of age on mucus thickness, AB-PAS staining on colonic tissue samples was performed.
Surprisingly, results showed a continuous increase in mucus layer thickness in aged mice
(Figure 1B,C). The thickness of the mucus layer in mice aged 12 to 24 months was signifi-
cantly higher than that in mice aged 2 months. These results indicate that the function and
thickness of the mucus layer are affected during aging, and the mucus barrier deteriorates
with aging.

Figure 1. Aged colon showed impaired mucus barrier integrity and increased mucus thickness in
mice. (A) FISH staining of distal colon sections using EUB338 probes and Muc2 antibodies showed
bacterial penetration of the inner mucus layer. The magnified images showed the boxed region. White
arrows indicated the apical surface of the epithelial cells. Scale bars: 20 μm. (B) AB/PAS staining
images of the distal colons of mice aged 2, 12, 18, and 24 months. Scale bars: 100 μm. (C) Mucus
thickness was measured in three colon tissues of mice aged 2, 12, 18, and 24 months (9 measurements
per section, 3 sections per mouse). Data were presented as mean ± SD. Data were statistically
analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisk indicates significant difference,
*** p < 0.001, **** p < 0.0001, n = 3 per group.

3.2. Microscopic Characterization

The disulfide bonds between non-glycosylated region and multiple non-covalent
bonds form a highly entangled mucus gel network. These networks are important structural
components in the mucus layer that can interact with microbes and protect intestinal
epithelial cells. The Cryo-SEM results of different ages were displayed in Figure 2A–C.
Results showed that there were extended gel networks in the colonic mucus samples of all
mice, and the size of the pores of these gel networks was statistically different in different
age groups (Figure 2A,B). However, the shape of the pores did not change significantly
(Figure 2C). Cryo-SEM images of the mucus at 2 months of age showed relatively large
pores, while the colonic mucus network at 12, 18, and 24 months of age contained smaller
pores. Compared with 2-month-old mice, the mini-mum diameter of the colonic mucus
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network was significantly reduced in 12-month-old, 18-month-old, and 24-month-old mice,
especially at 12 months old. This suggests that the pore size of the mucus microscopic
network changes during aging, but the network shape does not.

Figure 2. Microstructural characteristics of colonic mucus in mice. (A) Representative cryo-scanning
electron micrographs of colon mucus at different ages (scale bars: 5 μm). (B,C) showed the Feret’s
minimum diameter and aspect ratio distribution of mucus pores, respectively. At least 100 pores
per micrograph were identified and used in the analysis. Data were presented as mean ± SD. Data
were statistically analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisk indicates
significant difference, **** p < 0.0001, n = 3 per group.

3.3. Physiological Properties

pH is one of the influencing factors in the formation and release of mucus [32,33].
The changes in mucus pH with increasing age were shown in Figure 3A. Compared with
2 months of age, pH did not change significantly at 12 months of age while decreased
significantly at 18 and 24 months of age. Changes in mucus pH indicate that mucus
secretion and stratification may also be altered.

Figure 3. Physiological characteristics of colonic mucus in aging mice. The pH (A), mucus weight per
unit length (B), water content (C), and dry matter content (D) of colonic mucus in aging mice were
determined. Data were presented as mean ± SD. Data were statistically analyzed using one-way
ANOVA with Tukey’s post hoc test. Asterisk indicates significant difference, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, n = 3 per group.

The results of mucus weight and water content are shown in Figure 3B,C. The mu-
cus weight per unit length of mice at 12, 18, and 24 months was significantly increased
compared with that of mice at 2 months. The average water content of colonic mucus in
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2-month-old mice was 79.12%. Compared with 2 months of age, there was a significant
decrease at 12, 18, and 24 months of age. In contrast, the trend of mucus dry matter content
was opposite to that of water content, with a significant increase at 24 months of age
compared with 2 months of age (Figure 3D). These results indicate that the mucus layer
becomes more viscous due to decreased water content and increased dry matter content
during aging.

3.4. Muc2 Mucin

The gel-forming mucin Muc2 is a major structural and functional component of the
mucus barrier [34]. Immunofluorescence staining of colon sections at different months of
age was performed, and Muc2 gene expression in the colon was quantified. Compared
with mice at 2 months of age, Muc2 protein content in the colon decreased significantly in
mice at 24 months of age (Figure 4A,B). Interestingly, this decrease occurred mainly in the
crypt base, which may have an impact on the activity of stem cells. Similarly, the Muc2
mRNA level reduced in 24-month-old mice compared with 2-month-old mice (Figure 4C).

Figure 4. Muc2 mucin content of the mucus layer of colon in aging mice. (A) Immunofluorescence
staining of 2-, 12-, 18- and 24-month-old mouse colon sections with anti-Muc2 (in green; cell nuclei
in blue). Scale bars: 100 μm. Immunofluorescence results of Muc2 mucin (B) and relative mRNA
expression (C) of Muc2 in the mouse colon. Data were presented as mean ± SD. Data were statistically
analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisk indicates significant difference,
* p < 0.05, *** p < 0.001, **** p < 0.0001, n = 3 per group.

3.5. Goblet Cells and Genes Regulating Goblet Cell Formation

Goblet cells are a cell type specializing in secreting mucus [35]. The number and
proportion of goblet cells are shown in Figure 5A–C. The average number of goblet cells in
the colon tissue of mice aged 2, 12, 18, and 24 months was 12, 14, 14, and 12, respectively
(Figure 5B). Results showed that the number of goblet cells in aging mice did not change
significantly compared with young mice, but the proportion of goblet cells decreased
significantly at 24 months of age (29%) (Figure 5C), suggesting that the ability of goblet
cells secreting mucus was inhibited with age.

Spdef is a goblet cell marker gene, which regulates the differentiation of intestinal goblet
cells. Klf4 is also involved in the terminal differentiation of goblet cells. Compared with
2-month-old mice, the mRNA level of spdef was significantly reduced in 12-month-old,
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18-month-old, and 24-month-old mice (Figure 5D). In contrast, the expression of klf4 was
significantly higher in 12-, 18-, and 24-month-old mice than in 2-month-old mice (Figure 5E).

Figure 5. The number and proportion of goblet cells and the expression of genes regulating goblet
cell formation changed in aging mice. Immunohistochemical staining of 2-, 12-, 18- and 24-month-
old mouse colon sections with anti-Muc2 (in brown; cell nuclei in blue) (A), Scale bars: 100 μm.
Number (B) and proportion (C) of goblet cells were measured. Relative mRNA expression of spdef
(D) and klf4 (E) in the colon of mice. Data were presented as mean ± SD. Data were statistically
analyzed using one-way ANOVA with Tukey’s post hoc test. Asterisk indicates significant difference,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 3 per group.

3.6. Mucin Glycosylation

Core enzymes are known to be directly involved in mucin glycosylation, forming impor-
tant core structures. C1GalT1 and C1GalT2 are key enzymes in core 1 O-glycan biosynthesis
and are widely expressed in epithelial cells. Compared with 2-month-old mice, the expression
of C1galt1 in the colon of 12-, 18- and 24-month-old mice significantly increased, but there was
no significant change in the expression of C1galt1 in the colon of 18- and 24-month-old mice
(Figure 6A). The expression of C1galt2 was shown in Figure 6B. Compared with 2-month-old
mice, the expression of C1galt2 was significantly increased in the colon of 12-month-old mice,
while no significant changes were observed in the colon of 18-month-old and 24-month-old
mice. The core 2 O-glycan is an important component of Muc2 O-glycans which is regulated
by the core 2 transferase family (C2gnts). Compared with 2-month-old mice, C2gnt1 expres-
sion was significantly increased in the colon of 12- and 18-month-old mice and decreased
in the colon of 24-month-old mice (Figure 6C). Meanwhile, the expression of both C2gnt2
and C2gnt3 decreased significantly with age compared with 2 months old mice (Figure 6D,E).
C3gnt is the only enzyme catalyzing the biosynthesis of core 3-derived O-glycan chains [22].
Results showed that the expression of C3gnt in mice at 12 and 24 months was significantly
reduced compared with that of mice at 2 months, and the expression of mice at 24 months
was about half that of mice at 2 months (Figure 6F).

ST6GALNAC1 is a major sialyltransferase that specifically expresses in goblet cells
and is sialylated at the ends of glycans on intestinal mucus [36]. Compared with younger
mice, the expression of St6galnac-I in colon tissues of mice aged 12, 18, and 24 months
was significantly decreased, and the expression level of St6galnac-I in mice aged 18 and
24 months was about 50% of that of mice aged 2 months (Figure 6G). Compared with
2-month-old mice, the expression of St6galnac-II was significantly increased in 18-month-
old mice, and decreased in 12-month-old and 24-month-old mice (Figure 6H).
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Figure 6. Altered mRNA expression of glycosylated transferase during aging. mRNA level of key
enzymes in core 1 (A,B), core 2 (C–E), and core3 (F) formation in colon. Gene expression of the
mucin-type O-glycan modifying enzymes (G,H) in colon tissue were measured. Data were presented
as mean ± SD. Data were statistically analyzed using one-way ANOVA with Tukey’s post hoc test.
Asterisk indicates significant difference, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 3
per group.

4. Discussion

Gut is one of the organs that undergoes significant changes during the aging process
and the incidence of gut-related diseases in the elderly is quite high [37]. Mucus layer
is one of the intestinal barriers, which prevents microorganisms from directly contacting
intestinal epithelial cells to maintain host health [29]. The protective function of mucus
barrier mainly depends on the mutual relationship between commensal microorganisms
and mucus layer [38]. Our study showed that the mucus layer of 2-month-old mice was
intact and free of microorganisms, whereas 24-month-old mice were invaded by bacteria.
This observation is consistent with a previous study in which the aged (24 months) colonic
mucus layer allowed bacterial penetration, but the inner mucus layer was intact in 2-month-
old and 16-month-old mice [1]. This implies that with aging the protective function of
mucus barrier is compromised and cannot prevent harmful microorganisms from reaching
intestinal epithelial cells. Interestingly, the thickness of mucus layer increased during
aging, which is different from previous studies [28]. In the present study, we found that
the thickness of the colonic mucus layer increased at 12 and 24 months of age, whereas at
18 months of age, it increased compared with 2 months of age but significantly decreased
compared with 12 and 24 months of age. A decreasing trend of mucus thickness was
observed at 18 months compared with 12 months, which may be due to the beginning of
aging in mice starting from 18 months of age. Gut may respond to changes in the body
with a transient decrease in the thickness of the mucus layer. The thickness of mucus at
24 months of age was significantly higher than that at 18 months of age, which may be due
to the slow peristalsis of the intestine in old mice and the slow mucus elimination. However,
mucus thickness was not necessarily a useful indicator of mucus barrier function. Previous
studies have shown that all mouse models of colitis had bacteria in contact with epithelial
cells, but IL-10−/− mice showed a thicker mucus layer than wild-type mice [39]. Based
on the results of microbial invasion into the colonic mucus layer and the increased mucus
thickness, we hypothesized that this might be due to the changes in mucus composition
and mucin structure during aging. Although thickness of the mucus layer increases during
aging, it is also possible that changes in mucus composition make the mucus layer easier

92



Nutrients 2023, 15, 1830

for microbial attachment, and that changes in mucin structure make the mucus layer loose
and easier for microbial invasion.

As mentioned earlier, the major component of intestinal mucus layer is gel-forming
mucin, which acts together with other components to protect and lubricate GI tract [40]. The
species of mucins varied in different GI segments. Muc2 is essential for colon protection,
and Muc2-deficient mice spontaneously develop colitis [17]. It has been reported that aged
mice (19 months) exhibited impaired mucus barrier without colitis. However, Muc2−/−
mice lacking the secretory mucus layer developed spontaneous colitis around 6 weeks
of age. This further suggests that muc2 plays an important role in the colonic mucus
layer [28]. The importance of muc2 in the mucus of aged mice was also demonstrated by
experiments in a metformin-treated model which found that metformin reduced intestinal
leakage by increasing Muc2 expression in the colon of aged mice. In our study, it was
also found that Muc2 protein content decreased at 24 months of age. However, Muc2
gene expression increased at 12 months of age but did not differ significantly at 2, 18, and
24 months of age. The reason for this inconsistent may be that Muc2 gene is subject to
many different regulations during transcription and translation, and these transcriptional,
post-transcriptional, and translational regulations all play roles in protein expression. Since
goblet cells are major sources of Muc2, the changes in goblet cell number and proportion
with age were further examined. There was no change in the number of colonic goblet
cells but a reduction in proportion. This result is consistent with a previous study showing
that mucin expression decreased in aged mice (24 months) but the number of goblet cells
in colon did not change [1]. These results indicate that the ability of goblet cells secreting
mucin decreases during aging. Studies using Muc2 deficient mouse models have re-ported
that goblet cells appear to be absent in the entire colon of muc2−/− mice and have smaller
goblet cell morphology compared to muc2+/+ mice [17]. This further suggests that goblet
cells play a crucial role in mucus secretion. To explore the mechanism by which goblet
cells are affected during aging, the expression of genes regulating goblet cell formation was
determined. It was found that the expression of gene spdef was significantly decreased
with aging which is consistent with previous studies [3]. These results indicate that the
expression of regulatory factors controlling goblet cell formation is inhibited during aging,
which prevents the formation of goblet cells, thereby reducing mucin secretion and leading
to weakened mucus barrier function.

In addition to changes in the content of the main components of mucus, changes in
the microstructure of mucus are also associated with mucus barrier dysfunction. Mucins
are divided into two major subfamilies, including transmembrane mucins and gel-forming
mucins [41]. The monomer structure of gel-forming mucin Muc2 has been extensively stud-
ied, and the monomer creates a highly entwined gel network through disulfide bonds [42].
Network structures were observed in all cryo-electron microscopy images of colonic mucus
in this study. Results showed that the pore size of the network structure decreased with
aging, and the pore shape was round or nearly round in all ages of mice. The same shape
of colonic mucus was also reported in another study in which mucus microstructure was
examined in different segments of porcine GI tract. At the same time, it is also speculated
that the size of the network structure may be related to bacteria, and small pores can hinder
the diffusion of bacteria without impeding the diffusion of other substances [26]. The
results of bacterial invasion during aging could also be explained by the hypothesis that
mucus blocks bacterial invasion by changing the size of the network during aging. In
this study, we also found that the minimum pore size of the colonic mucus network was
significantly reduced at 12 months of age compared with 18 and 24 months of age. The
microstructure of the colonic mucus network has been reported to be dependent on factors
other than mucus type. It has been established that mucus networks are formed by the
supramolecular assemblies and that mucin gel assemblies is governed by the collective
action of non-mucins, disulfide bridges, Ca2+-mediated links and hydrogen bonds, so that
disruption of any single element results in alterations of the network [42].
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Based on the results of mucus microstructure changes, the underlying mechanism
was further investigated. It was found that the change in the microstructure of mucus may
be related to the glycosylation of mucin-type O-glycan. Several studies in mouse models
lacking core 1 or core 3-derived O-glycans have found disruption of mucus layer and have
shown that O-polysaccharides stabilize the structure of mucus layer [20]. The biosynthesis
of core structure O-glycan is regulated by different transferases including core enzymes
and modifying enzymes [43]. Our study found an increase in core-1 glycosyltransferase
expression and a decrease in core-2 and core-3 transferase expression during aging. A
previous study in which immature rats fed polyamines found that polyamines were in-
volved in the regulation of mucin glycosylation during postnatal intestinal development
by promoting the synthesis of glycoprotein galactosyltransferase [44]. This may explain
the increased expression of galactosyltransferase during aging. We hypothesized that
intestinal microbiota-derived polyamines increased during aging, thus leading to increased
mucin galactosylation. Integrity of the core structure plays an important role in mucin
molecules. Previous studies using mouse models of intestinal core 1- and core 3-derived
O-glycans deficiency revealed that Muc2 mucin required both O-glycans to protect it from
degradation by microbial-derived proteolytic enzymes [45]. Reduced expression of core 2
and core 3 transferases during aging makes it difficult to form core 2 and core 3 structures,
thus truncating the O-glycan chains. Low expression of St6I and St6II transferase results in
reduced mucin glycan modification. Short and less modified O-glycan chains may expose
the protein core to proteases that degrade mucins. Overall, these results suggest that de-
creased expression of mucin glycosylases during aging leads to truncation of O-glycans and
degradation of protein core, which disrupts mucin microstructure and leads to decreased
mucus barrier function.

5. Conclusions

In conclusion, this study explored the changes in the physical and chemical prop-erties
of mucus layer with increasing age and the underlying mechanisms. We demon-strated that
mucin content and structural changes in aging mice lead to impaired mucus barrier function.
Furthermore, we found that low expression of genes regulating goblet cell formation
reduced the percentage of goblet cells and mucin content, and low expression of mucin
glycosylase resulted in shorter O-glycan chains, thereby affecting mucus microstructure
with aging. Taken together, this study is important for better understanding the role of
the intestinal mucus layer in the aging process and may provide potential targets for the
treatment of intestinal diseases in the elderly.
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Abstract: Dietary restriction (DR) has been reported to be a significant intervention that influences
lipid metabolism and potentially modulates the aging process in a wide range of organisms. Lipid
metabolism plays a pivotal role in the regulation of aging and longevity. In this review, we summarize
studies on the significant role of lipid metabolism in aging in relation to DR. As a potent intervention to
slow down aging, DR has demonstrated promising effects on lipid metabolism, influencing the aging
processes across various species. The current review focuses on the relationships among DR-related
molecular signaling proteins such as the sirtuins, signaling pathways such as the target of rapamycin
and the insulin/insulin-like growth factor (IGF)-1, lipid metabolism, and aging. Furthermore, the
review presents research results on diet-associated changes in cell membrane lipids and alterations in
lipid metabolism caused by commensal bacteria, highlighting the importance of lipid metabolism in
aging. Overall, the review explores the interplay between diet, lipid metabolism, and aging, while
presenting untapped areas for further understanding of the aging process.

Keywords: dietary restriction; lipid profile; healthspan; sirtuin; target of rapamycin; Ins/IGF-1; cell
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1. Introduction

Dietary restriction (DR), a dietary regimen characterized by reduced calorie intake
without causing malnutrition, has emerged as a significant intervention that influences
lipid metabolism and potentially modulates the aging process in a wide range of organ-
isms including yeast, nematodes, fruit flies, rodents, and primates [1]. Many studies have
demonstrated that DR delays aging via the sirtuin (SIRT), target of rapamycin (TOR), and
insulin/insulin-like growth factor-1 (ins/IGF-1) signaling pathways [2,3]. These pathways
are well known to be involved in lipid metabolism, thereby suggesting the role of lipid
metabolism in aging [4,5]. Evidence corroborating this notion is discernible when examin-
ing aging-related research on compounds identified as potential calorie restriction mimetics,
such as resveratrol, rapamycin, and metformin, which reveal an association between energy
metabolism and the aging process [4–6]. Resveratrol, a typical DR mimetic, is known to not
only regulate the biosynthesis of the adipocyte life cycle and fat [7] but also to enhance fat
degradation in adipocytes cultured in vitro [8]. In addition, studies on mistletoe, which
has been reported to increase the lifespan in yeast, nematodes, fruit flies, and silkworms,
have shown that mistletoe increased sensitivity to starvation in fruit flies [9], reduced body
weight in the silkworm moth [10], and inhibited fatty acids biosynthesis [11]. This suggests
that the lifespan-extending mechanism of DR mimetics is correlated with energy storage.

It is currently suggested that the human lifespan is about 120 years [12]. Jeanne
Calment (1875–1997), officially the world’s longest-living person, was recorded as living for
122 years and 164 days (The Guinness Book of World Records 1999). The World Population
Ageing 2009 report by the United Nations Department of Economic and Social Affairs (UN
DESA) used the term ‘Homo hundreds’ to indicate that Homo sapiens (humans) can live
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for over 100 years. In addition, improvements in medicine, economics, and technology
have improved the quality of life of human beings, and accordingly, ’food intake’ has been
associated with improved life quality in people today. Predominantly carbohydrate-based
diets have now been replaced by high-fat-based diets in recent times. Also, the excessive
intake of proteins and carbohydrates leads to excess energy, which is ultimately converted
to the lipid form and stored in the body. This excessive intake of energy, including fat,
has been reported to increase the incidence of metabolic diseases such as obesity, diabetes,
cardiovascular disease, and cancer [13–16]. Thus, diet-based lipid metabolism in the
body is closely related to the aging of organisms. This report reviews perspectives on the
relationship between DR, lipid metabolism, and aging.

2. Molecular Mechanisms of Dietary Restriction Regulating Lipid Metabolism

DR is a proven intervention that extends the lifespan and enhances metabolic health
across species, from yeast to mammals [3]. The interest in DR research is its influence
on conserved cellular pathways such as the sirtuin, TOR, and insulin/IGF-1 signaling
pathways, which regulate metabolism, energy homeostasis, stress responses, and longevity
(Figure 1). Under DR conditions, elevated nicotinamide adenine dinucleotide (NAD+)
levels enhance sirtuin activity, particularly SIRT1. NAD+-dependent deacetylation is a pro-
cess crucial for sensing the energy status of the cell. NAD+ levels are indicative of cellular
energy balance, and the consumption of NAD+ influences directly the cellular survival.
This activation promotes metabolic adaptation through the deacetylation of key proteins,
including AMP-activated protein kinase (AMPK), leading to increased energy efficiency
and lipid oxidation. Sirtuins also modulate the activity of transcription factors such as Fork-
head box-O and p53, enhancing stress resistance, DNA repair, and apoptosis regulation.
TOR pathway, a critical nutrient-sensing mechanism that regulates growth, metabolism,
and lifespan, is inhibited under the conditions of DR. Reduced nutrient availability leads
to decreased activation of Akt, which in turn diminishes mammalian TOR complex 1
(mTORC1) activity. mTORC1, which includes TOR and raptor, is negatively regulated by
the TSC1/TSC2 complex. Since TORC1 activation phosphorylates downstream effectors
such as S6 kinase (S6K) and 4E-binding protein (4E-BP), lowered TORC1 activity downreg-
ulates S6K activation and upregulates 4E-BP, resulting in reduced protein synthesis and
enhanced cellular stress resistance. These changes contribute to an increase in autophagy
and a shift from anabolic processes to catabolic pathways, ultimately supporting cellular
maintenance and promoting lifespan extension. The insulin/IGF-1 pathway is reduced
under DR, leading to decreased signaling through phosphoinositide 3-kinase (PI3K) and
phosphoinositide-dependent kinase (PDK). This cascade results in lower activation of Akt,
which in turn prevents the phosphorylation and inactivation of FOXO transcription factors.
Activated FOXO trans-localization to the nucleus, where it stimulates the expression of
genes involved in stress resistance, lipid catabolism, and metabolic adaptation. These path-
ways play crucial roles in lipid metabolism, promoting fat oxidation, reducing fat storage,
and modulating lipid synthesis. DR reduces the accumulation of fat in the liver, particularly
under high-fat diet conditions, and improves mitochondrial efficiency in lipid metabolism.
This suggests a protective role of DR in managing lipid disorders like non-alcoholic fatty
liver disease [17]. In long-term DR diets during a 2-year period in Biosphere 2—a closed
ecological system designed to study interactions between humans, agriculture, and the
environment—significant reductions in total plasma cholesterol and triglyceride levels
have been observed, demonstrating that DR prevents hyperlipidemia and improve lipid
profiles, which are key factors in preventing cardiovascular diseases [18]. Interestingly,
restricting specific dietary components, even without limiting overall diet, can also impact
lipid profile. For instance, carbohydrate restriction can improve lipid metabolism by reduc-
ing triglycerides, low-density lipoprotein, and total cholesterol levels. It promotes lipid
oxidation, improves insulin sensitivity, and reduces fat storage, contributing to improved
cardiovascular health [19]. Also, restriction of dietary methionine increases fat oxidation
and reduces liver lipid accumulation without affecting body weight, indicating a potential
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therapeutic role in lipid disorders independent of caloric intake [20]. In summary, DR
beneficially impacts lipid profiles, reduces fat accumulation, enhances insulin sensitivity,
and promotes fat oxidation, supporting its potential as a strategy to prevent and manage
lipid disorders and metabolic diseases. However, long-term studies and further research
are needed to fully understand its sustained impacts on lipid metabolism.

Figure 1. Molecular mechanisms linking dietary restriction to lipid metabolism and health benefits.
The figure illustrates the molecular pathways influenced by dietary restriction (DR) and their effects
on lipid metabolism and overall health. Key pathways include NAD+-dependent sirtuin signaling, the
TOR pathway, AMPK activation, and insulin/IGF-1 signaling, which collectively regulate metabolic
processes. By reducing energy intake, DR enhances mitochondrial β-oxidation, promoting the
breakdown of fatty acids to generate energy, while increasing NAD+ levels to activate SIRT1, further
driving lipid catabolism. DR also suppresses insulin/IGF-1 signaling by activating the TSC1/2
complex to inhibit mTORC1, shifting the cellular focus from anabolic processes to lipid utilization
and autophagy. Additionally, FOXO transcription factors, activated by DR, upregulate genes involved
in lipid breakdown and metabolic adaptation, supporting efficient fat utilization and stress resistance.
In the liver, DR enhances cholesterol metabolism by activating CYP7A1, facilitating the conversion of
cholesterol into bile acids to maintain lipid homeostasis. Furthermore, DR reduces circulating levels
of cholesterol, adipokines, glucose, and insulin, promoting lipid catabolism, metabolic adaptation,
stress resistance, and longevity. These coordinated changes highlight DR’s critical role in optimizing
energy balance, lowering the risk of metabolic diseases, and extending the healthspan.
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2.1. Sirtuins and Lipid Profile

Silent information regulator 2 (Sir2) proteins, or sirtuins, are highly conserved NAD+-
dependent protein deacetylases present in a diverse range of organisms from yeasts to
humans. Sir2 was first found to regulate replication-associated aging in the budding yeast,
Saccharomyces cerevisiae [21]. In response to cellular energy states, it plays a role in activating
the metabolism via metabolic enzymes, as well as histones and transcription factors [22].
Activation of sirtuins reduces blood cholesterol, adipokines, glucose, and insulin [23], and
prolongs lifespan by managing energy homeostasis and stress [24,25]. The sirtuin-activating
mechanism is involved in the lifespan-increasing effect of DR. In addition, sirtuin directly
or indirectly affects lipid metabolism in white and brown adipose tissue (WAT and BAT),
the liver, and skeletal muscle by modulating key metabolic pathways. The sirtuin family
in mammals, encompassing Sirtuin 1 to Sirtuin 7, plays pivotal roles in numerous cellular
functions, including cell survival, aging, genomic integrity, and metabolic regulation [26].
Each sirtuin is activated in distinct locations and performs unique functions, with vary-
ing responses to CR. For example, CR or fasting upregulates Sirtuin 1 [27], Sirtuin 2 [28],
Sirtuin 3 [29], and Sirtuin 6 [30] while downregulating Sirtuin 4 [31] in adipose tissue,
with no significant effect on Sirtuin 7 [32] expression. The sirtuin family not only acts as
crucial sensors of cellular energy status but also confers protection against metabolic chal-
lenges. Sirtuin 1 (SIRT1) reduces adipocyte production in white adipocytes by inhibiting
the transcriptional activity of nuclear receptor peroxisome proliferator-activated receptor
γ (PPARγ), a major ligand-active transcription factor that regulates adipocyte differentia-
tion [33]. Interestingly, SIRT1 causes the promoters of the PPARγ target gene to aggregate
in starvation conditions [34] and regulates adipocyte production and function in response
to starvation or DR [35]. In addition, PPARγ, PPARγ coactivator 1α (PGC-1α), and the liver
X receptor (LXR) in the liver, which is the main organ responsible for fatty acid, cholesterol,
and bile acid synthesis and lipoprotein absorption, synthesis, and secretion, increase the
targeting of LXR and β-oxidation [36–38]. The skeletal muscle also promotes β-oxidation
through the deacetylation of PGC-1α [39,40]. The promotion of the β-oxidation of free fatty
acids plays an important role in producing adenosine triphosphate (ATP) and providing
it to the brain under starvation conditions. ATP consumption increases the intracellular
adenosine monophosphate (AMP)/ATP ratio and activates AMP-activated protein kinase
(AMPK), which stimulates fatty acid oxidation, triglyceride accumulation, and mitochon-
drial biosynthesis [41]. SRIT1 also stimulates the activity of AMPK by deacetylating liver
kinase B1 (LKB1), which is an activation factor of AMPK. In this way, SIRT1 and AMPK
regulate the mitochondrial oxidation of fatty acids in a nutrient-limited manner. This effect
is observed both in vitro and in vivo: for example, α-lipoic acid enhances SIRT1-mediated
fat oxidation and reduces fat storage in cells and diabetic mice [42]. Sirtuin 2 (SIRT2) indi-
rectly affects white adipose tissue by the deacetylation of the transcription factor Forkhead
box O1 (FoxO1) protein. Even though the process of SIRT2 differs from that of SIRT1, it
results in reducing the production of adipocytes in white adipose tissue and promoting
lipolysis. Unlike SIRT2, sirtuin 3 (SIRT3) is involved in brown adipose tissue. The expres-
sion of SIRT3 in brown adipocytes not only increases the expression of PGC-1α, the main
regulator of mitochondrial biosynthesis gene expression, but also increases the respiration
rate through the activation of uncoupling protein 1 (UCP1) present in the mitochondrial
inner membrane [29]. Also, SIRT3 enhances mitochondrial fatty acid oxidation, particularly
in response to high fatty acid conditions, by regulating enzymes involved in the break-
down of fatty acids. This reduces lipid accumulation in liver cells and improves energy
homeostasis [43]. Enhanced mitochondrial function by SIRT3, activated through DR, plays
a crucial role in promoting fatty acid oxidation, thereby regulating brain lipid metabolism
and supporting overall mitochondrial health [44]. Some studies predict that the stimulation
of brown fat thermogenesis by the pharmacological activation of sirtuins could be used as
a new strategy for the treatment of obesity and related diseases [45,46]. Sirtuin 4 (SIRT4)
regulates lipid homeostasis and metabolism by controlling insulin secretion [23]. Insulin
is generally known only as a hormone that synthesizes glucose into glycogen. However,
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research on the relationship between insulin and aging is actively underway, as it became
known that FOXO is regulated by insulin and insulin-like growth hormones. SIRT4 is
expressed in the islets of Langerhans that inhibit glutamate dehydrogenase (GDH) through
NAD+ dependent ADP-ribosylation [31]. GDH is a mitochondrial enzyme that promotes
ATP production by inducing amino acids into the citric acid cycle by converting glutamate
to α-ketoglutarate [31]. Islets of Langerhans isolated from SIRT4-deficient mice showed
increased GDH activity and insulin secretion regardless of the glucose and amino acid
levels [31]. The over-expression of SIRT4 in insulinoma cells has been shown to inhibit
insulin secretion [47]. In addition, SIRT4 inhibits fatty acid oxidation by repressing malonyl
CoA decarboxylase (MCD). This action increases malonyl CoA levels, which both promotes
lipid synthesis and inhibits fat oxidation. Mice lacking SIRT4 showed elevated fat oxidation,
highlighting its regulatory role in lipid balance [48]. Therefore, the modulation of SIRT4
activity can potentially provide a new therapeutic approach for the treatment of metabolic
diseases. Sirtuin 5 (SIRT5), a mitochondria-localized sirtuin, plays a crucial role in reg-
ulating lipid metabolism and promoting fatty acid oxidation [49]. Studies using bovine
preadipocytes and obese mice have shown that SIRT5 activates the AMPK pathway while
repressing the MAPK pathway during adipocyte differentiation [50]. In Sirt5-knockout
brown adipose tissue (BAT), reduced function of UCP1 and associated proteins leads to
impaired mitochondrial respiration, defective mitophagy, and metabolic inflexibility [51].
Therefore, Sirt5 plays a critical role in maintaining energy homeostasis by regulating UCP1,
a key thermogenic protein in BAT. Sirtuin 6 (SIRT6), in cooperation with SIRT5, reduces
lipid deposition in bovine preadipocytes. It inhibits preadipocyte differentiation and lipid
accumulation by activating the AMPKα pathway and suppresses adipose tissue differ-
entiation and lipid synthesis in obese mice in vivo [52]. Fat-specific Sirt6-knockout mice
are more susceptible to high-fat-diet-induced obesity and exhibit increased inflammation
in adipose tissue. This effect is linked to the suppression of adipose triglyceride lipase
(ATGL), a key lipolytic enzyme, caused by increased phosphorylation and acetylation of
FoxO1, which impairs its transcriptional activation of ATGL. Similarly, in obese patients,
reduced SIRT6 expression is associated with decreased ATGL expression [53]. A study
investigating the role of SIRT6 in adipocytes found that fat-specific Sirt6-knockout mice
showed impaired responses to intermittent fasting (IF), including glucose and insulin
intolerance, reduced energy expenditure, impaired adipose tissue browning, and increased
WAT inflammation. These effects were linked to reduced UCP1 expression and down-
regulation of p38 MAPK/ATF2 signaling. Interestingly, SIRT6 deficiency in hepatocytes
or in myeloid cells did not impair adaptation to IF. The findings highlight that SIRT6 in
adipocytes is essential for the metabolic benefits of IF [54]. Additionally, sirtuin 7 (SIRT7)
regulates lipid metabolism by influencing the degradation of key proteins involved in lipid
storage. Sirt7-knockout mice showed resistance to fatty liver and obesity induced by a
high-fat diet, suggesting that SIRT7 promotes lipid accumulation through regulation of
fatty acid uptake and triglyceride synthesis [55]. Interestingly, Sirt7- knockout mice exhibit
a significant reduction in white WAT due to elevated SIRT1 activity, and inhibition of SIRT1
restored WAT levels in these mice [56]. In summary, notably, SIRT1, SIRT3, and SIRT6 are
central regulators of adipogenesis, lipid mobilization, and anti-inflammatory responses and
play prominent roles in adipose tissue browning and thermogenesis by repressing PPARγ
and PGC-1α and promoting AMPK activation. SIRT2 and SIRT5 modulate adipocyte
function through pathways involving FOXO1, PGC-1α, and lipolysis regulation. SIRT4
increases adipocyte differentiation by repressing fatty acid oxidation. SIRT7 promotes
adipogenesis by suppressing SIRT1 activity while lacking significant involvement in lipid
mobilization, inflammation, fibrosis, or browning. The sirtuin family is intricately involved
in the coordination of autophagic processes. The role of autophagy in lipid metabolism
represents a novel and promising field of study, potentially offering new perspectives
on the metabolic regulation of lipids [57,58]. Various natural compounds with a sirtuin
modulation function, such as curcumin, resveratrol, and berberine, have been identified
as influencing metabolism targeting sirtuins to regulate autophagy [26,59,60]. Overall,
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there is still a need to elucidate the diverse mechanisms by which sirtuins regulate aging
through lipid metabolism. Particularly considering recent research trends, studies related
to autophagy are anticipated to be vigorously pursued in the future. Thus, a study on
the role of sirtuins in lipid metabolism can offer promising targets for treating metabolic
diseases and extending the lifespan.

2.2. Target of Rapamycin Pathway and Lipid Profile

Target of rapamycin (TOR) is a major nutrient-sensing mechanism that regulates
metabolism and is well conserved from yeasts to humans [61]. Mammalian TOR (mTOR)
may be described as a serine/threonine kinase that forms two complexes, mTORC1 and
complex 2 (mTORC2), which regulate growth, survival, autophagy, and metabolism [62].
Importantly, mTORC1 activity is subject to intricate feedback regulation to maintain cellular
homeostasis. For example, the activation of mTORC1 inhibits insulin receptor substrate
(IRS) signaling via the S6K1-mediated phosphorylation of IRS proteins, which creates a
negative feedback loop that inhibits PI3K-Akt signaling [63]. Similarly, mTORC1 activation
can suppress autophagy by phosphorylating Unc-51-like autophagy activating kinase 1
(ULK1), yet prolonged nutrient deprivation leads to upstream AMPK activation, which
inhibits mTORC1 and reactivates autophagy to restore energy balance [64]. These feedback
mechanisms highlight the dynamic and tightly regulated nature of the TOR pathway in
cellular metabolism. When there is an anabolic stimulus, mTORC1 and mTORC2 are
instrumental in increasing triglyceride accumulation through the enhancement of the
adipogenic and lipogenic pathways [62]. Activation of mTORC1 promotes de novo lipo-
genesis by upregulating key enzymes like sterol regulatory element-binding protein 1c
(SREBP1c) and fatty acid synthase (FAS). Moreover, TOR activation inhibits the expression
of ATGL and hormone-sensitive lipase (HSL), thus reducing fat breakdown. This leads to
the accumulation of triglycerides and fat storage in tissues like the liver and adipose tis-
sue [65,66]. Concurrently, these complexes orchestrate the efficient sequestration of energy
by attenuating catabolic pathways, notably lipolysis and β-oxidation, thereby ensuring
the conservation of energy reserves within the organism. For instance, the inhibition of
mTORC1 by rapamycin, an inhibitor of TORC1, increases β-oxidation and the expression of
enzymes involved in fatty acid oxidation, such as acyl-CoA dehydrogenase, very long chain
(ACADVL) and carnitine-palmitoyltransferase-1 [67,68]. Rapamycin reduces the expression
of lipogenic genes like glucokinase and FAS in rainbow trout, resulting in decreased lipid ac-
cumulation [69]. In yeast, rapamycin treatment leads to the replenishment of lipid droplets,
highlighting its role in lipid homeostasis [70]. Moreover, mTORC1 can control ketogenesis
in mice in response to fasting [71]. Sengupta et al. demonstrated that the liver-specific
loss of tuberous sclerosis complex 1 (TSC1), a known inhibitory regulator of mTORC1,
markedly impairs the capacity of liver cells to initiate β-oxidation in response to fasting
conditions and suggested a role for mTORC1 activity in promoting the aging of the liver by
regulating the PPARα function and hepatic ketogenesis. Specifically, it is well-known that
the functions of mTORC1 respond to various environmental inputs, like growth factors,
amino acids, and stress, to regulate cell growth and proliferation [50]. In an experiment
examining the relationship between a high-fat diet and TOR, the inhibition of the TOR
signaling pathway prevented an increase in triglycerides and reduced insulin signaling
in fruit flies fed on a high-fat diet [72]. In addition, the TOR signal mediates pancreatic
β-cell growth and functional nutrient responses (such as insulin and glucose) [73–75]. The
elimination of the TOR effector, S6 kinase 1 (S6K1), can prevent the accumulation of fat
after consuming high-fat diets [76,77]. Although the inhibition of mTORC1 via rapamycin
treatment can affect lipolysis [65], there is no evidence of an indirect effect by mTORC2
regulation. The mTORC1 function could also be inhibited by rapamycin in rats and some
cell types [78,79]. However, most of the studies investigating the effect of rapamycin have
focused only on the mTORC1 function, but not on the role of mTORC2 [65,80–83]. Despite
considerable progress in unraveling the mechanisms linking the mTOR complexes to lipid
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metabolism, further research is essential to comprehensively understand the specific actions
and contributions of each mTOR complex in the regulation of lipid metabolic processes.

2.3. Insulin/Insulin-like Growth Factor 1 and Lipid Profile

The insulin/insulin-like growth factor 1 (IGF-1) signaling pathway, which is evolu-
tionarily conserved across various species ranging from yeast to humans, plays a pivotal
role in a host of interconnected functions essential for metabolism, growth, and reproduc-
tion [84]. The insulin/IGF-1 signaling (IIS) pathway plays a pivotal role in the regulation
of longevity and is represented as a pathway downregulated by DR [3]. Insulin transports
blood glucose into the cells, regulates cellular growth, and controls metabolism-related
gene transcription. Insulin signaling is closely related to carbohydrate metabolism but
is also known to play an important role in lipid metabolism, affecting various aspects
such as lipid synthesis, storage, and breakdown [85–87]. For instance, insulin activates
lipogenic pathways, particularly in the liver and adipose tissue. It enhances the expression
and activity of key enzymes involved in lipid synthesis, such as acetyl-CoA carboxylase
(ACC) and FAS, which leads to increased fat production and storage [88]. Simultaneously,
insulin suppresses the breakdown of stored triglycerides in adipocytes by inhibiting the
action of hormone-sensitive lipase and adipose triglyceride lipase [89,90]. This prevents the
release of free fatty acids (FFAs) into the bloodstream, promoting fat retention in adipose
tissue. Elevated FFAs can impair insulin signaling, leading to metabolic insulin resistance
by inhibiting insulin-stimulated glucose uptake and suppressing nitric oxide production,
which can affect vascular function [91,92]. This process is crucial for converting excess
glucose into stored energy, reducing fatty acid levels in the blood, and improving energy
utilization efficiency. Furthermore, insulin plays a pivotal role in energy production by
regulating the oxidation of fatty acids in muscles and other tissues, ensuring a balanced
interplay between energy expenditure and storage. Also, a high proportion of fatty acids
such as linoleic acid in the diet is associated with impaired insulin sensitivity independent
of obesity [93]. In insulin-resistant conditions (e.g., type 2 diabetes), patients have altered
fatty acid composition, indicating that the insulin pattern can alter the lipid composition
in the body [93], and insulin fails to suppress hepatic glucose production but continues
to promote lipogenesis, leading to excessive fat accumulation in the liver, a phenomenon
known as selective insulin resistance [94]. Furthermore, skeletal muscle is a critical fac-
tor in determining insulin sensitivity. Research has consistently linked insulin resistance
with higher saturation levels of phospholipids in the skeletal muscle cell membrane [95].
Additionally, insulin signaling regulates the expression of acyl Co-A synthetases (ACS),
which are responsible for activating triglyceride catabolism in mammalian cells [96]. In
Drosophila, increased ACS expression, transcriptionally regulated by FOXO activation,
causes a decrease in triglyceride levels, indicating that ACS expression levels are important
for lipid homeostasis [96]. Xu et al. also showed that insulin inhibits fatty acid oxidation by
downregulating the activity of enzymes like carnitine palmitoyltransferase 1, reducing the
transport of fatty acids into mitochondria for β-oxidation [96]. This process promotes lipid
storage over lipid breakdown. Studies using long-lived mutant nematodes (Caenorhabditis
elegans) have also demonstrated the relationship between lifespan and lipid metabolism.
Long-lived mutant genes age-1 and daf-2 in these nematodes are closely related to the
insulin signaling pathway and have been useful in aging studies [97,98]. Since insulin acts
as a major anabolic agent that promotes the synthesis and storage of glucose, proteins, and
lipids, it is imperative to research the interplay between DR, lipid metabolism, and the
aging process with the regulation of insulin signaling.

2.4. Cell Membrane Lipid and Health

Lipid metabolism is very important in that it not only functions as a mechanism of
metabolic energy storage but also has a close impact on cell membrane function. Lipid
metabolism primarily involves the formation of membranes from non-lipid sources. More-
over, it was observed that a restricted diet increased the fluidity of erythrocyte membranes
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and had a protective effect on cell membranes in rats [99,100]. Considering the obvious
evidence that aged individuals have reduced cell membrane fluidity [101], these results
indicate that DR has beneficial effects on cell membranes. Also, the maximum lifespan of
the mammals and the membrane lipid peroxidation index were inversely correlated [102].
Lipid peroxidation increases oxidative stress in cell membranes, causes cell damage, and
can finally lead to cell death. At the organism level, the accumulation of oxidative stress
promotes aging by inducing diseases such as cancer and cardiovascular disease and the
production of mitochondrial reactive oxygen species (ROS). Hulbert used the phrase “mem-
brane pacemaker theory” to emphasize that lipid peroxidation and its reactants determine
the lifespan of organisms [103]. Hulbert showed this correlation not only in mammals
having shortened lifespans due to feeding on toxic substances but also in mammals having
an extended lifespan through DR. A study that identified genetic targets in long-lived
mammals using a phylogenetic approach found that mammals with genes that bind to
lipids selectively live longer [104]. Studies in birds have shown that parrots that live long
produce more monounsaturated fatty acid (MUFA), less polyunsaturated fatty acid (PUFA),
and lower cardiac phospholipid peroxidation index compared to short-lived birds [105].
Additionally, studies in birds and mice with the same body size and mass have shown that
birds with larger, slower-beating hearts and membrane compositions are less susceptible
to damage due to lipid peroxidation and live longer [106]. In the case of nematodes, it
has been shown that the fatty acid composition in lipids is an important determinant of
longevity in nematodes rather than the total lipid contents [107]. Knocking down the fat-4
gene (encoding the Δ5 desaturase enzyme that enables the conversion of 20:3n-6 → 20:4n-6
and 20:4n-3 → 20:5n-3) resulted not only in remarkable resistance to hydrogen peroxide
exposure but also in significant lifespan extension, confirming that fat composition is in-
volved in extending the lifespan [108]. A recent study using C. elegans fed Escherichia coli
(E. coli) mutants depleted of intracellular glucose proved that glucose restriction increases
the lifespan of worms by promoting membrane fluidity in the peripheral tissues [109].
Taken together, lipid metabolism plays an important role in both energy storage and cell
membrane function, suggesting that DR may inhibit aging by regulating lipid metabolism
and preventing cell damage in a variety of organisms.

2.5. Commensal Bacteria and Lipid Profile

Recent studies have shown evidence that interactions between host and gut bacteria
affect the aging of the host [110–113]. Most commensal bacteria live in the intestines of the
host, and the commensal gut microbiome changes dynamically depending on the host’s
diet type [114]. DR was found to have a beneficial effect on the host not only through
changes in the individual’s molecular mechanisms as mentioned above, but also through
changes in the intestinal microbial flora [115–117]. For instance, in a study on obese and
overweight adult subjects, DR, especially intermittent calorie restrictions, maintained sta-
ble gut microbiota involving Akkermansiaceae, Christensenellaceae, and Tanerellaceae and
improved subjects’ health status by inducing weight loss [116]. A study conducted among
overweight and obese Chinese women demonstrated that both low-carbohydrate (LC)
and CR diets effectively reduced weight and fat mass. However, only the LC diet sig-
nificantly improved dyslipidemia. These improvements were associated with changes
in gut microbiota, as the two diets altered microbial structure and co-abundance gene
clusters to varying degrees. Notably, the Bacteroidetes/Firmicutes ratio, a marker of gut
microbial health, increased significantly in the LC diet group but not in the CR group,
highlighting the distinct impact of dietary composition on gut microbiota. These micro-
biota changes contributed to the improved lipid profiles observed in the participants [118].
Furthermore, the gut microbiota is different between mice fed diets that are high or low in
fat [119–121]. Just as the host’s diet affects the gut microbiota, many studies have shown
that the commensal microbiota affects the lipid metabolism of the host by transforming,
synthesizing, and breaking down the lipids. In mice, the levels of cholesterol, fatty acids,
triglycerides, and phosphatidylcholine in the serum were reduced in a conventionally
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raised condition (with microbiota) compared to a germ-free condition (without microbiota),
and these levels were affected by the presence of commensal bacteria [122]. Notably, the
commensal bacterial flora plays pivotal roles in the regulation of host cholesterol and
sphingolipid homeostasis [123]. Also, metabolites produced by commensal bacteria such
as short-chain fatty acids (SCFA), secondary bile acids, and lipopolysaccharides affect host
lipid metabolism [124]. Dietary methionine restriction, a form of dietary restriction, has
been shown to extend lifespan, improve lipid metabolism, suppress inflammation, change
the gut microbiota, and enhance gut immunity in a variety of animals [125–127]. A recent
study revealed the interconnected role of dietary methionine restriction in regulating lipid
metabolism, inflammatory responses, and gut microbiota, demonstrating that it reduces fat
accumulation and systemic inflammation through gut microbial alterations in middle-aged
mice fed high-fat diets [128]. Dysbiosis of commensal microbiota can induce disturbed
homeostasis of the lipid metabolism, which leads to an increase in the risk of gut inflam-
mation, which is a critical factor in the development of various age-related conditions and
diseases [129]. Moreover, the modulation of gut microbiota by probiotics treatment resulted
in lipid profile changes and enhanced insulin sensitivity in mice with Alzheimer’s disease
(AD), a representative age-related neurodegenerative disease. This result indicates that the
symbiosis induced by probiotics positively changed the lipid composition in mice with
AD [130]. Disruption of cerebral cholesterol metabolism is a hallmark of both aging and
AD, with lipid-lowering agents being associated with a reduced risk of neurodegenera-
tive disorders. Recent studies have shown that oral supplementation with multi-strain
probiotics reduced amyloid beta aggregation and brain damage in AD transgenic mouse
models, leading to improved cognitive function [131]. Recently, there has been active
research on the host aging-commensal bacteria interaction. Despite the growing evidence
linking gut microbiota, lipid metabolism, and aging, several knowledge gaps remain. Great
progress is expected in the future on the elucidation of the relationship between host aging,
commensal bacteria, and lipid metabolism. Future research should focus on elucidating the
specific roles of individual microbial species and their metabolites in lipid regulation and
age-related metabolic diseases. Long-term clinical studies are needed to understand the
sustained effects of dietary modulation and probiotic interventions on gut microbiota and
lipid homeostasis. Furthermore, exploring the interactions between diet, gut microbiota,
and systemic inflammation may offer novel strategies for managing metabolic diseases
such as obesity, diabetes, and cardiovascular disease.

2.6. Intermittent Fasting and Lipid Profile

Building on the insights from DR, intermittent fasting (IF) similarly exerts beneficial
effects on lipid metabolism by modulating key pathways. IF is a dietary manipulation that
involves cycling between periods of feeding and fasting [132]. There are different approaches
to IF, such as alternate-day fasting (fasting every other day or 5 days of feeding followed
by 2 days fasting) and time-restricted eating (16 h of fasting followed by 8 h feeding win-
dow). IF is distinct in that it focuses on the timing of food intake rather than the number of
calories consumed. Both DR and IF alter the activities of common key metabolic pathways,
such as sirtuins, TOR, and IIS pathways [133,134]. As discussed in the section on sirtuins,
DR-induced SIRT1 activation plays a critical role in promoting β-oxidation and enhancing
fat utilization. Similarly, IF has been shown to elevate Sirt1 mRNA expression and activity
in mouse liver and neuronal retina progenitor cells [135], driving lipid catabolism during
fasting periods. Additionally, IF mirrors DR by inhibiting mTORC1, facilitating a shift from
anabolic to catabolic processes and inducing autophagy. For instance, in a study using rats
with experimentally induced NAFLD, IF significantly reduced liver injury markers, including
serum triglycerides (TG), alanine transaminase (ALT), and aspartate transaminase (AST),
compared to control groups [136]. Ma et al. demonstrated that IF could mitigate cardiomy-
opathy by normalizing desmin localization through autophagy-dependent mechanisms via
reduced mTOR activation. Nevertheless, the inhibitory effects of IF on mTOR signaling
in WAT have been little explored [137,138]. In the IIS pathway, IF promotes triacylglycerol
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deposition in white adipose tissue by regulating insulin and lipid-associated gene expression,
such as Fsp27/Cidec [139]. Additionally, IF improves glycemia, lipid metabolism, and insulin
resistance in mice subjected to dietary overload with high-fat or high-fructose diets [140].
Conversely, IF demonstrates dual effects by reducing fat mass while impairing hepatic insulin
signaling and lipid metabolism in young rats fed high-protein and high-fat diets [141]. These
findings underscore the complexity of IF’s impact on IIS and lipid homeostasis. These shared
molecular pathways highlight the convergence of DR and IF in their metabolic benefits, un-
derscoring their potential to improve lipid metabolism and extend the healthspan. IF leads
metabolic switching, stress resistance, and improved glucose metabolism and achieves many
benefits of DR without sustained calorie reduction. Therefore, lipid changes are observed even
through IF without calorie changes. IF promotes lipid oxidation, particularly during fasting
periods, as it enhances the breakdown of fat stores, contributing to fat loss and reducing
visceral fat accumulation [142]. IF may preferentially reduce ectopic fat, such as fat stored in
the liver, which is beneficial for preventing conditions like fatty liver disease and improving
overall metabolic health [143]. Also, IF reduce levels of total cholesterol, low-density lipopro-
tein, and triglycerides while increasing high-density lipoprotein levels. This improvement is
observed in both healthy individuals, obesity, and dyslipidemia patients [144–146]. A recent
study explored how IF affects lipid metabolism in obese mice. Mice on an alternate day fasting
regimen showed weight loss, lower serum lipid levels, and reduced liver fat accumulation
compared to those with continuous feeding. IF also decreased metabolic endotoxemia and
altered gut microbiota, increasing diversity and shifting the balance toward beneficial bacteria
(e.g., reduced the Firmicutes/Bacteroidetes ratio and increased the relative abundance of Allobac-
ulum in the intestinal flora). Also, CR or IF reduces neuroinflammation in the hypothalamus
and hippocampus of rodents exposed to bacterial lipopolysaccharide [147,148]. Overall, IF
improved lipid metabolism, reduced fat storage, and supported healthier gut flora [149]. The
clinical study involving 470 NAFLD patients with IF showed reductions in body weight,
fat mass, and liver fat (hepatic steatosis) and alanine aminotransferase levels, all markers
of liver damage. However, fat-free mass and HDL cholesterol levels showed no significant
changes [150]. These findings suggest that the metabolic benefits of IF closely mirror those of
DR, reinforcing the importance of shared molecular pathways in extending the healthspan.
Given that the molecular mechanisms of IF closely resemble those of DR, it is hypothesized
that the effects of IF on lipid profiles will be largely similar to those observed in DR. However,
research specifically addressing the long-term effects of IF remains limited. Future studies
should actively explore the molecular-level impacts of IF on lipid profiles, with an emphasis
on elucidating its long-term outcomes.

3. Conclusions

In conclusion, the studies explored in this review describe the intricate and significant
role of lipid metabolism in DR in relation to aging (Figure 2). DR, as a potent intervention
for slowing aging, has shown promising effects in modulating lipid metabolism, thereby
influencing aging across various species. Our review highlights that, despite significant
progress in understanding the interplay between DR and lipid metabolism, several critical
knowledge gaps persist, underscoring the need for further research. In conclusion, sirtuins
play a pivotal role in lipid metabolism by promoting lipid oxidation, reducing fat storage, and
enhancing energy homeostasis across various tissues through NAD+-dependent deacetylation.
Their activation, along with the regulation of autophagic pathways, positions sirtuins as
promising therapeutic targets for metabolic diseases such as obesity and NAFLD. While the
sirtuin family is central to lipid homeostasis, their precise roles, particularly in connection
to autophagy, remain incompletely understood. Expanding autophagy-related studies is
expected to provide valuable insights into how cellular degradation processes intersect with
lipid regulation and aging. Additionally, the mTOR and insulin signaling pathways, which
promote lipogenesis under anabolic conditions, can be modulated through IF or DR to
shift metabolism toward fat utilization. Given the distinct contributions of mTORC2 to
cellular signaling and metabolic processes, future research should aim to differentiate and
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define the specific actions of mTORC1 and mTORC2 in lipid regulation, providing a more
comprehensive understanding of these pathways. The role of insulin signaling, a key anabolic
regulator, also demands further exploration in the context of DR, lipid metabolism, and
aging. Understanding how DR influences insulin-mediated lipid synthesis and storage
processes, as well as its broader impact on aging, will be crucial for developing targeted
interventions. IF, in particular, mirrors the benefits of DR by improving lipid profiles and
reducing visceral fat without sustained calorie reduction. However, while IF has shown
promise in modulating lipid profiles and improving metabolic health, studies addressing its
long-term effects remain limited. Future research should focus on elucidating the molecular
mechanisms underlying IF’s benefits and assessing its sustained impact on lipid metabolism
and aging-related processes. Moreover, the interaction between gut microbiota and host
lipid metabolism further highlights the potential for future research into diet-microbiota
modulation to improve metabolic health and combat age-related diseases. However, there are
significant gaps in understanding the specific roles of microbial species and their metabolites
in lipid regulation. Long-term clinical studies investigating the sustained effects of dietary
modulation and probiotic interventions on gut microbiota and lipid homeostasis are needed.
The gut–brain axis has emerged as a promising area of research with potential applications
for treating neurological diseases. These findings suggest that modulating the gut microbiota
through DR could positively influence lipid metabolism, thereby enhancing brain health.
However, the specific role of lipid metabolism in the gut–brain axis under DR remains
unexplored, highlighting the need for further studies to bridge this knowledge gap. By
addressing these gaps, future studies can provide a more holistic understanding of how DR
and related interventions influence lipid metabolism and aging. This will not only advance
fundamental scientific knowledge but also pave the way for novel therapeutic strategies
targeting age-related metabolic diseases. Overall, the interplay between diet, lipid metabolism,
and aging represents a frontier with untapped potential, with the possibility of promising
advances in understanding and managing the aging process.

Figure 2. Effects of dietary restriction on lipid profile changes and healthspan. This figure summarizes
the molecular mechanisms by which DR improves lipid profile and enhances the healthspan. DR
impacts multiple pathways, including sirtuins, mTORC1, and the insulin/IGF-1 signaling pathway,
which regulate lipid metabolism in the liver, adipose tissue, and skeletal muscle. DR also promotes a
healthy gut barrier and modulates commensal microbiota, enhancing short-chain fatty acid (SCFA)
production and immune homeostasis. Through increased β-oxidation, reduced lipogenesis, and
enhanced oxidative stress resistance, DR maintains lipid homeostasis, reduces oxidative damage,
and improves membrane fluidity. These coordinated effects result in balanced lipid metabolism,
improved health outcomes, and anti-aging benefits.
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Abstract: Aging is the result of a complex interplay of physical, environmental, and social factors,
leading to an increased prevalence of chronic age-related diseases that burden health and social care
systems. As the global population ages, it is crucial to understand the aged immune system, which
undergoes declines in both innate and adaptive immunity. This immune decline exacerbates the
aging process, creating a feedback loop that accelerates the onset of diseases, including infectious
diseases, autoimmune disorders, and cancer. Intervention strategies, including dietary adjustments,
pharmacological treatments, and immunomodulatory therapies, represent promising approaches
to counteract immunosenescence. These interventions aim to enhance immune function by improv-
ing the activity and interactions of aging-affected immune cells, or by modulating inflammatory
responses through the suppression of excessive cytokine secretion and inflammatory pathway acti-
vation. Such strategies have the potential to restore immune homeostasis and mitigate age-related
inflammation, thus reducing the risk of chronic diseases linked to aging. In summary, this review
provides insights into the effects and underlying mechanisms of immunosenescence, as well as its
potential interventions, with particular emphasis on the relationship between aging, immunity, and
nutritional factors.

Keywords: aging; immune system; immunosenescence; immunotherapy; diet intervention

1. Introduction

The global trend of population aging has heightened the focus on age-related dis-
eases [1], spurring investigations into delaying or reversing the detrimental effects of aging.
Aging is a ubiquitous and complex physiological process driven by the progression of
time and environmental interactions, resulting in structural and functional alterations
at the molecular, cellular, and systemic levels throughout all biological systems [2]. The
immune system, as a critical defense barrier, identifies antigens and mounts responses
crucial for maintaining health. The intricate impact of aging on the immune system im-
pairs physiological function and disrupts homeostatic equilibrium, markedly elevating
the risk of degenerative diseases and mortality [3]. Immune cells are generally considered
to act as monitors in the aging process and are primarily responsible for the removal of
harmful senescent cells. The progressive decline in various immune functions during
aging is termed “immunosenescence” [4]. This age-related deterioration of the immune
system heightens vulnerability to diseases as a consequence of immunosenescence. The
aging immune system can be targeted through various interventions, including lifestyle
interventions, pharmacological interventions, and immunotherapies [5]. Among these,
nutritional intervention stands out as the safe and promising approach for personalized
treatment. In short, a thorough understanding of the interactions between aging and im-
mune function is essential for developing targeted interventions. This review encapsulates
the age-associated immune function changes, their health implications, the underlying
biological mechanisms, and the potential strategies for intervention.
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2. Immunological Changes During Aging

The replenishment of mature immune cells throughout an organism’s life involves
processes centered in the bone marrow and thymus, which are crucial for sustaining
immune cell development and function. However, the functionality of these organs declines
with age, which subsequently reduces their capacity to renew the pool of immune cells.
The concept of ‘immunosenescence’ was introduced for the first time, and research into
immunosenescence has since been initiated [6].

2.1. The Composition of the Immune System

The immune system is divided into the innate and adaptive components. Innate cells
include phagocytes and natural killer (NK) cells, while adaptive cells consist of T and B
cells, all originating from hematopoietic stem cells. Upon pathogen entry into the blood-
stream, the complement system activates, tagging invaders for destruction. Phagocytes use
pattern recognition receptors (PRRs) to detect and engulf pathogens. If innate defenses fail,
adaptive immunity activates. Antigen-presenting cells (APCs) migrate to lymph nodes,
presenting antigens to T cells, which recognize them through T cell receptors (TCRs). This
triggers helper and cytotoxic T cells, as well as B cells that produce neutralizing antibodies.
Memory T and B cells ensure a faster and stronger response upon re-exposure to the same
antigens [7].

2.2. Impact of Aging on Innate Immune System
2.2.1. Neutrophils

Neutrophils are crucial immune cells that combat infections through phagocytosis,
secretion of antimicrobials, and neutrophil extracellular traps (NETs) [8,9]. Some studies
indicate that while neutrophil development and proliferation remain stable with age [10],
their functional efficiency declines, as evidenced by reduced phagocytic capability, chemo-
taxis, cytokine production, and oxidative burst [11]. This reduction extends to decreased
phagocytic and bactericidal activities, as observed in various aging models [12,13]. More-
over, a recent multi-omics analysis revealed significant transcriptomic and epigenomic
alterations in neutrophils due to aging, implicating the aged bone marrow microenviron-
ment in the dysregulation of these cells [14]. In vivo studies in mice have also established
a direct correlation between neutrophil senescence and increased pro-inflammatory ac-
tivity [15]. Such alterations in neutrophils heighten the susceptibility to infections and
inflammatory diseases in the elderly [16,17]. Moreover, some research has demonstrated
that aging interferes with transepithelial migration of neutrophils in injured tissues via a
process regulated by CXC-chemokine ligand 1 (CXCL1), leading to improper neutrophil
trafficking and consequent remote organ damage [18].

2.2.2. Macrophages

Macrophages, which are key phagocytic cells, rapidly migrate to infection or injury
sites, where they recognize, engulf, and digest pathogens and cellular debris. They elimi-
nate these pathogens through phagocytosis and the release of antimicrobial substances [19].
Aging mice showed increased CD38 in liver and adipose tissue, which was mainly derived
from pro-inflammatory M1 macrophages, indicating that the differentiation balance of
macrophages was destroyed [20]. Aging-related changes in tissue integrity, such as in-
creased extracellular matrix stiffness [21] and structural loss [22], may alter macrophage
niches and their effector signals. In aging mice, diminished DNA repair and increased
senescence in macrophages promote inflammation and in turn accelerate aging [23]. Caloric
restriction reverses the pro-inflammatory polarization of aged M1 macrophages, enhances
anti-inflammatory phenotypes, and modifies macrophage–stromal interactions [24]. Fur-
thermore, by restarting glucose metabolism in macrophages, inflammation can be reduced,
immune function can be restored, and aging can be reversed. As a result, the cognitive
performance in older individuals can be improved [25].
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2.2.3. Dendritic Cells (DCs)

Dendritic cells (DCs) are key antigen-presenting cells that initiate and regulate immune
responses. With high migratory capacity, immature DCs rapidly move to infection or injury
sites, where they capture pathogens and present them to T cells, activating adaptive
immunity [26]. Research indicates that aging differentially impacts dendritic cell subtypes
in mice; conventional type 1 DCs diminish in the spleen with age, while type 2 DCs
do not [27]. Aging impairs DCs’ phagocytic functions, notably reducing their ability to
perform efferocytosis of apoptotic cells [28]. Additionally, aging impairs DCs’ migration
and cytokine production (IL-1β and CCR7). The decline in the number, along with the
deterioration of their phagocytic and migratory functions, leads to a reduced capacity
for activating downstream immune cells, thereby impairing their antigen presentation
capability. In response, a vaccine adjuvant, DC hyper-activators, was developed to restore
DCs’ migration, enhance anti-tumor CD4+ T cell responses, and bolster tumor immunity in
aged mice [29].

2.2.4. Natural Killer (NK) Cells

Natural killer (NK) cells are large granular lymphocytes that are distinct from T and B
cells and possess both cytotoxic and immunomodulatory functions. They play a crucial role
in controlling malignant tumors and infections. While aging typically reduces the number
of lymphocytes, NK cells are an exception, showing an increase in number but a decline
in function. An analysis of age-related immune cell data revealed a significant decrease
in total lymphocyte count after the age of 60, whereas the NK and NKT cell numbers
increased significantly [30]. This may be due to the fact that chemokines, such as CCL2 and
CCL4, which rise during aging, can recruit macrophages and NK cells [31]. Despite this
numerical increase, aging diminishes NK cell cytotoxicity and cytokine production [32].
There is a shift in NK cell subpopulations, with a decrease in the proportion of CD56bright

cells and an increase in CD56dim cells. The increased CD56dim NK cells exhibit reduced
proliferative capacity and impaired pathogen clearance, leading to diminished immu-
nity [33]. Additionally, aged NK cells inadequately remove senescent fibroblasts, which
release pro-inflammatory factors known as the senescence-associated secretory phenotype
(SASP). These factors contribute to tissue degradation and propagate senescence, thereby
accelerating skin aging [34].

2.3. Impact of Aging on Adaptive Immune System
2.3.1. T Cells

T cells, produced in the thymus, include helper (CD4+) and cytotoxic (CD8+) subtypes.
CD4+ T cells regulate immune responses by secreting cytokines, while CD8+ T cells directly
eliminate infected or cancerous cells. Aging is associated with a reduction in naive CD8+

T cells, an expansion in memory subsets, and an increase in clonal expansions, reducing
available TCR diversity [35,36]. As with CD8+ T cells, the proportions of naive CD4+ T
cells decline, and the memory population expands with age in mice and humans [37,38].
This switch to a memory phenotype seems to be attributable to diminished thymic output
and the cumulative effects of lifelong antigen exposure [35]. An increase in regulatory T
cells (Tregs) in aging spleens and lymph nodes has also been observed [39,40]. A predictive
model of immune aging in a Chinese cohort showed decreases in naive T cells, increases in
central and effector T cells, and stability in programmed death protein (PD)-1-associated
subpopulations [41]. In addition, it has been reported that CD4+ T cells can stop the
increase in senescent cells once a person is aging. The higher the number of CD4+ T cells
in a tissue sample, the lower the number of aging cells in aging skin [42]. Aging also
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leads to increased membrane rigidity, weakening the formation of the immune synapse
and disrupting the signaling pathways essential for T cell activation, such as TCR and
CD28. Additionally, aging causes the loss or reduced expression of CD28, altering T cell
fate, reducing IL-2 production, and impairing the immunometabolic shift from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis. These metabolic changes, driven by
altered mTOR signaling, result in insufficient energy production [43]. Overall, aging
is associated with a decline in naive T cells and profound differentiation into memory
phenotypes as co-stimulatory molecules (such as CD28 and CD27) are lost, leading to T
cell senescence or exhaustion and impaired cytokine secretion. Aging T cells also exhibit
characteristics such as mitochondrial dysfunction and epigenetic changes [44]. Additionally,
CD57 and CD95 have been employed to identify senescent human T cells [45], and CD153
is commonly used to identify a minor population of senescent T cells in mice [46].

2.3.2. B Cells

B cells play crucial roles in synthesizing antibodies, presenting antigens, and secreting
cytokines, all of which are essential for immune defense. Their development and function
are critical to the body’s capacity to respond to pathogens. However, aging significantly
diminishes B cell production and functionality, contributing to decreased immunity in the
elderly. Adaptive immune remodeling with age includes changes in B cell composition and
functionality. Specifically, a unique subset termed ‘age-associated B cells’ (ABC) expands
in the spleen and bone marrow of aged mice [47,48]. These cells, which are distinct from
traditional naive and memory B cells, were identified as CD43− CD21/CD35− CD23−
B cells by Hao et al. [47] and as CD11b+CD11c+ B cells by Rubtsov et al. [48]. Notably,
they express Tbx21, linking them to autoimmunity in a similar manner to that observed
in lupus-like autoimmunity in mice [49,50]. Aging is associated with a more mature B
cell state and a reduction in naive B cells, indicating a compromised cellular immune
response to new antigens [51]. Furthermore, aging disrupts DNA interactions within the
topologically associating domain (TAD) of the immunoglobulin heavy chain locus (IgH
locus), reducing the diversity of the primary BCR repertoire. These alterations impair B cell
development and function, contributing significantly to immune senescence [52,53].

2.4. Senescence-Associated Secretory Phenotype (SASP)

Cells may enter a senescent state as a consequence of various stressors, which further
drives organismal aging. Cell cycle arrest is a typical feature of cellular aging; it leads
to a stable, terminal proliferative halt and the development of a SASP [54]. The SASP
defines the secretion of various cytokines, chemokines, growth factors, proteases, and
lipids by senescent cells. This concept was first introduced by Krtolica et al. in 2001 [55];
they proposed that senescent cells secrete factors into their microenvironment, thereby
potentially modulating biological activities both locally and systemically. In 2008, the SASP,
also known as the senescence-messaging secretome, was independently characterized by
various laboratories as primarily consisting of pro-inflammatory and growth-stimulating
proteins [56,57]. This secretion leads to chronic inflammation and tissue damage in organ-
isms. The composition of the secretome varies depending on the trigger of senescence,
and the proportion of senescent cells in very old primates is estimated to range from 5 to
20% [58], contributing to age-related diseases. The SASP can also interact with immune
cells, creating feedback loops that exacerbate tissue damage [44].

In summary, there are fewer immune cells, weaker immune responses, less antibody
production, and an increase in the immune aging marker in various immune cells with
aging [59] (Figure 1).
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Figure 1. The effects of aging on different immune cells in the intrinsic and adaptive immune systems.
Changes in the immune system involve the decline of both innate and adaptive immunity, along
with the development of the senescence-associated secretory phenotype (SASP). Aging leads to
alterations in the number and function of immune cells, with the adaptive immune system being
more significantly affected. For innate immunity, the percentages of pro-inflammatory macrophages
(M1) and type 1 DCs increase during aging; the phagocytosis and cytokine secretion decrease in
both DCs and neutrophils; the cytotoxicity of NKs also decline in old individuals. For adaptive
immunity, both T cell and B cell populations decline in the elderly, with a concomitant reduction in
TCR diversity and impaired antibody production. The red upward arrow indicates an increase, the
green downward arrow indicates a decrease, and “—” represents no change.
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3. Mechanism of Aging Affecting Immunity

3.1. Mechanism at the Molecular Level
3.1.1. Thymic Involution

One of the most well-documented changes in the aging immune system is the invo-
lution of the thymus, which is crucial for developing a diverse and selectively refined T
cell repertoire [60,61]. This process results in a reduced generation of naive T cells reaching
the periphery, a compensatory expansion of memory T cells, and decreased diversity in
the peripheral T cell repertoire, impairing pathogen detection. This aligns with observed
trends in T cell aging. In murine thymic tissues, numerous nucleic acid-binding proteins
(NABPs), which play key roles in immune regulation, immune cell activity maintenance,
and cancer control, exhibit dynamic changes with age [62]. However, in murine spleen
tissues, the binding activities of NABPs related to immune and defense functions remain
relatively stable, possibly due to the spleen’s inherent regenerative capacity and consistent
phenotypic maintenance. Reversal of thymic atrophy has been demonstrated using intra-
thymic injections of thymic epithelial cells (TECs), a technique that enhances autoreactive
thymocytes, reducing inflammation and T cell aging [63].

3.1.2. Inflammaging and Oxidative Stress

Originally perceived as a biomarker for aging, inflammaging is now recognized for
its association with increased risks of age-related multimorbidity and mortality [64,65].
This condition results from a combination of age-related deficits, including enhanced gut
permeability, chronic infections, and an accumulation of senescent cells, which collectively
drive the overproduction of the pro-inflammatory cytokines characteristic of the SASP [66].
Elevated reactive oxygen species (ROS) levels induce HIF1-α expression, leading to en-
hanced glycolysis and TNF-α secretion [67]. For a rather small cohort of people, an increase
in mitochondrial ROS production by CD8+ T lymphocytes has been observed [68]. Ad-
ditionally, in vitro studies have demonstrated that telomere shortening within this CD8+
subset can be mitigated by treatment with a ROS scavenger, underscoring a potential causal
relationship between ROS accumulation and T cell aging [68]. In murine models, peritoneal
leukocytes, particularly macrophages, exhibit an age-dependent increase in ROS levels,
further implicating oxidative stress in the aging process [69].

3.1.3. DNA Damage

During aging, nuclear DNA in humans and model organisms accumulates somatic
mutations, gene copy number variations, and chromosomal aneuploidies. These changes
can affect functionally essential genes, leading to altered cells, tissue abnormalities, and
organismal deficiencies, which contribute to aging and age-related pathologies [70,71]. In
hematopoietic cells, this accumulation results in spontaneous DNA damage in immune
cells and an increased expression of senescence and SASP markers in various cell types,
including B cells, NK cells, CD4+ and CD8+ T cells, and monocytes/macrophages. This
pattern resembles that observed in 2-year-old naturally aged mice [72,73]. These findings
suggest that DNA damage may lead to increased cellular senescence in immune cells with
age, potentially triggering secondary senescence through SASP factor secretion. Although
all species have evolved complex DNA repair mechanisms to mitigate unavoidable genetic
damage and maintain cellular homeostasis, these mechanisms become less effective with
age. Consequently, the persistent accumulation of genomic damage increases suscepti-
bility to cancer and other age-related diseases [74,75]. Moreover, deficiencies in DNA
repair mechanisms have been implicated in aging and cancer. Disruptions in DNA repair
processes can accelerate aging in experimental models [76].

3.1.4. Telomere Shortening

Telomere shortening prevents replicative DNA polymerase from fully replicating
telomeric regions. Without intervention, successive cell divisions exacerbate telomere
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erosion, leading to genomic instability and ultimately resulting in permanent cell cycle
arrest (senescence) or cell death [77].

3.1.5. Mitochondrial Function Changes

Mitochondria are crucial for bioenergetics, cellular metabolism (including NAD/NADH
ratio maintenance), and various other functions. They act as signaling hubs, producing and
responding to ROS and calcium spikes [78,79]. These signaling pathways become dysregu-
lated in aged T cells [80]. As cells age, mitochondrial homeostasis is disrupted, leading to
the release of mitochondrial DNA (mtDNA) into the cytoplasm. Age-related mutations
in mtDNA impair mitochondrial oxidative phosphorylation (OXPHOS) functions [81]. In
murine models, doxycycline-induced mutations result in decreased mtDNA levels, altered
mitochondrial gene expression, and destabilization of OXPHOS complexes, contributing
to skin aging and hair loss [82]. Studies on mice lacking DNA polymerase γ reveal that
mtDNA mutations directly contribute to aging and related pathologies. These mice show
accelerated aging and reduced lifespan, largely due to mtDNA deletions [83].

3.2. The Role of Molecular Signaling Pathway

Aging profoundly affects the immune system, increasing vulnerability to infections
and chronic diseases. Key pathways, including mTOR, cGAS-STING, NF-κB, and JAK-
STAT, regulate functions like cell growth, inflammation, and immune responses. Dys-
regulation of these pathways with age drives immune decline, emphasizing their role
in immunosenescence.

3.2.1. mTOR Signaling

The mammalian target of rapamycin (mTOR), a member of the PI3K-related kinase
(PIKK) family, regulates cellular growth and metabolism in response to nutrients and
hormones. It is a highly conserved pathway influencing aging across species [84]. Dysreg-
ulation of mTOR signaling, often due to nutrient insufficiency, is closely associated with
human aging and related diseases [85]. Impaired mTOR signaling affects T cell activation,
differentiation, and immune response, underscoring its central role in aging [86]. In addi-
tion, mTOR is a key regulator of aging in organisms ranging from yeast to mammals. The
extension of lifespan through the pharmacological inhibition of mTORC1 with rapamycin
or genetic modification in S6K1 mutant mice highlights its significance [87]. Recent human
studies have further demonstrated that mTOR inhibition with RAD001 enhances antibody
titers to influenza vaccination and reduces PD-1 expression on CD4+ and CD8+ T cells [88].

3.2.2. cGAS-STING Signaling

Mitochondrial imbalances are significant in aging and neurodegenerative disorders,
with mtDNA playing a central role in the activation of the cGAS-STING pathway. This
pathway’s activation during aging is a critical driver of inflammation, aging, and func-
tional decline. Elevated phosphorylation levels of STING, TBK1, and IRF3 in Alzheimer’s
disease patients and aged mouse brains suggest the cGAS-STING pathway activation [89].
Administering H-151, a small molecule inhibitor of STING, to aging mice decreases the
expression of age-associated immune genes (B2m, Il1b, Il6, Tnf and Ccl5) and inflammatory
cell accumulation, enhancing muscle strength and cognitive functions. Moreover, similar
results were obtained when the pathway was inhibited or the gene encoding the STING
protein was knocked out [90].

3.2.3. NF-κB Signaling

The NF-κB pathway, a fundamental regulator of innate immunity found across various
species from insects to vertebrates, plays a crucial role in inflammaging. This signaling
pathway orchestrates the intracellular responses to age-related DNA and cellular stress,
implicating it in aging and associated diseases [91]. NF-κB, along with C/EBP and p53,
governs the SASP, influencing a range of biological processes, such as immune responses,
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inflammation, stress reactions, B cell development, and lymphoid organogenesis [58].
Additionally, in the adaptive immune system, similar regulatory axes involving Sirt1-HIF-
1α and Sirt1-NF-κB modulate metabolism and inflammation in aging T cells [92,93].

3.2.4. JAK-STAT

The JAK-STAT pathway is crucial for the differentiation and development of immune
cells and is modulated by a variety of cytokines. It plays a key role in T cell differentiation;
IFN and IL-12 promote Th1 cell differentiation through STAT1 and STAT4, while IL-4
activates Th2 cells via STAT3 upregulation of GATA6. Similarly, IL-6 and TGF-β trigger
Th17 cell differentiation through STAT17-mediated activation of RORt, and both IL-6 and
IL-12 influence T follicular helper cell differentiation via STAT3-driven Bcl-6 expression.
IL-2 supports Treg cell differentiation by coordinating STAT5A/B with Foxp3 [94]. The JAK-
STAT signaling pathway also mediates IL-6 to activate the MAPK enzyme and transcription
factor NF-κB and to regulate inflammation and immune function [95]. In addition, the JAK
inhibitor ruxolitinib has been shown to decrease the size of the secretome from senescent
cells, underscoring the pathway’s relevance to aging [96] (Figure 2).

 
Figure 2. Multiple factors contribute to the aging of the immune system. These include thymic invo-
lution, inflammatory damage, DNA damage, telomere shortening, and mitochondrial dysfunction.
The overall oxidation level increases with the higher level of inflammatory cytokines, activating path-
ways like NF-κB. The release of mtDNA from dysregulated mitochondria triggers the cGAS-STING
pathway. The interaction of multiple pathways aggravates SASP. The red upward arrow indicates an
increase, the green downward arrow indicates a decrease.

4. Aging Immune System and Aging-Related Diseases

Age-related changes in immune system function can have profound effects on the
physiology of elderly organisms, contributing to the onset of infections, autoimmune
diseases, and cancer. The decline in immune function weakens the body’s defense against
tumor cells and pathogens, while the chronic inflammatory state increases the risk of
autoimmune diseases (Figure 3).

121



Nutrients 2024, 16, 3830

Figure 3. Aging affects the immune system and leads to age-related diseases. During aging, the
likelihood of infection increases due to the deterioration of the immune system. This process is char-
acterized by an enhanced inflammatory response, reduced T cell diversity, and diminished antibody
production, which collectively increase vulnerability to bacterial and viral infections. Additionally, as
aging progresses, the immune system’s tolerance to self-antigens decreases, and immune cell infiltra-
tion occurs, contributing to the development of autoimmune diseases. Furthermore, compromised
immune functions during aging provide a conducive environment for cancer development. The red
upward arrow indicates an increase, the green downward arrow indicates a decrease.

4.1. Increased Susceptibility to Infections
4.1.1. Bacterial Infections

In addition to the previously noted decline in immune competence among older adults,
the complement system, which is essential for rapid response to bacterial infections, is also
compromised. Dysregulation of this system is frequently associated with and exacerbates
age-related disease episodes [97]. Immune senescence increases the susceptibility of older
adults to acute viral and bacterial infections, with mortality rates from these infections being
threefold higher among elderly patients compared to younger adults [98]. During typical
influenza seasons, approximately 90% of excess mortality occurs in individuals over the age
of 65, with poor immune responses significantly reducing the efficacy of vaccines [99,100].
Throughout an individual’s lifespan, continuous division, differentiation, and exposure
to foreign infectious agents may diminish the diversity of T cells, thereby reducing their
effectiveness. In the aging population, transformations in regulatory T cells occur; naive-
like regulatory T cells decrease, whereas memory-like regulatory T cells increase with age.
These changes in regulatory T cells, which help control the T cell compartment, promote
anti-inflammation [101].
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4.1.2. Viral Infections

Immunosenescence refers to the age-related alterations in both innate and adaptive
immune systems, leading to diminished capacity to combat novel infections and fostering
chronic inflammation [102]. This phenomenon also reactivates latent viruses such as the
varicella-zoster virus, culminating in conditions like shingles and chronic neuralgia [103].
Infection with latent viruses such as cytomegalovirus (CMV) has also been shown to poten-
tially play a role in immunosenescence by amplification of inflammation, and both CMV
seropositivity and elevated CMV IgG antibodies are linked to phenotypic and functional
changes in adaptive immunity, as well as an elevated risk of all-cause mortality [104].
These immunosenescent changes render older adults especially susceptible to SARS-CoV-2
and severe COVID-19 outcomes [105]. In the older individual cases of SARS-CoV, non-
survivors exhibited heightened innate immune activation—specifically IFN-α and IFN-γ,
CXCL10, CCL2, and downstream IFN-stimulated genes—yet showed deficient antibody
production [105]. Early activation of the adaptive immune response by SARS-CoV-2 may
disrupt the timely innate immune response necessary for rapid viral elimination, poten-
tially leading to a detrimental cytokine storm [106]. In the immune defense against viruses,
CD4 Th1 cells are crucial. During SARS-CoV-2 infections, the adaptive immune response is
critical due to the virus’s ability to evade innate immunity [107]; however, CD4 cell counts
are typically reduced in aged individuals. In addition, the Angiotensin Converting Enzyme
2 (ACE2) [108] and the adipokine enzyme DPP4 [109] enzymes are more abundant in older
people than in younger people, and after viruses enter the cells by binding to them, aging
in turn induces further upregulation of the receptors in the context of a reduced immune
response, resulting in older people being more susceptible to viral attack.

4.2. Autoimmunity Disorders and Inflammatory Disorders

Aging is strongly associated with the development of autoimmune diseases. Im-
munosenescence diminishes the immune system’s pathogen defense while compromising
self-tolerance, thereby increasing susceptibility to autoimmune reactions. Elderly indi-
viduals frequently exhibit chronic low-grade inflammation, or “inflammaging”, which
accelerates the progression of age-related conditions, such as rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE) [110]. Altered immune cell functions, particularly in T
and B lymphocytes, further heighten the risk of autoimmunity. Impaired self-/non-self-
recognition and immune tolerance loss contribute to the increased incidence of autoimmune
disorders in aging populations.

4.2.1. Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a chronic, autoimmune inflammatory condition that can
lead to disability and premature mortality. The age-specific prevalence of RA was highest
among individuals aged 75–79, with 828.2 cases per 100,000 population in 2020 [111]. In
RA patients, the levels of complement components C4d and C3bBbP were found to be
2–34 times higher than in the controls, aligning with data showing a correlation between
complement C3 and C4 levels and age [112,113]. Longevity is negatively correlated with
C3/C4 levels, suggesting that high C3 levels are detrimental to longevity. Furthermore, T
cells in RA patients exhibit premature aging features, such as accumulation of CD28, telom-
ere fragility, diminished DNA repair capacity, and excessive cytokine production [114].
These maladaptive T cells entering cellular senescence remain hyperactive and continu-
ously secrete pro-inflammatory cytokines like TNF-α and IFN-γ, thereby perpetuating
inflammation and accelerating aging due to deviation from homeostatic mechanisms.
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4.2.2. Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus (SLE) is a complex systemic autoimmune disease char-
acterized by high heterogeneity and intricate pathogenesis. Dysfunction in both innate and
adaptive immune responses is evident in SLE patients and involves activation of inflam-
matory pathways by dendritic cell type I IFN secretion to drive disease progression [115],
neutrophilic leukocyte iron death [116], disruption of the balance of macrophage differenti-
ation subtypes [117], and aberrant T and B cell proliferation and differentiation [118,119].
It was found that older age significantly increases the risk of neuropsychiatric events in
systemic lupus erythematosus, demonstrating the complex interplay between aging and
SLE progression [120]. Additionally, aging disrupts the expression of complement system
proteins and impairs the clearance of apoptotic material due to deficiencies in C1q, C4,
and C2, further increasing the SLE risk [121]. The increase in brain age is associated with
neuronal damage and cognitive impairment in SLE patients [122]. Recent research suggests
that T cells infiltrating the choroid plexus could drive neuropsychiatric symptoms in lupus,
which could link these immune cells to the age-related cognitive decline observed in SLE
patients [123].

4.3. Cancer

Cancer prevalence increases with age, which is attributed to heightened cancer risk
factors and the expansion of the aging population [124]. Li et al. report that 60% of all
cancer diagnoses and 70% of cancer-related deaths occur in individuals aged 65 and older,
with projections suggesting that by 2030, this age group will account for 70% of all cancer
diagnoses [125]. Older adults diagnosed with cancer (>65 years) are more likely to exhibit
comorbidities and age-related conditions compared to those without cancer [126]. Recip-
rocally, the onset of malignancy can exacerbate the decline in general health due to the
systemic effects of cancer on distant organs, including the intestinal microbiota [127,128].
Moreover, cancer treatments, whether localized (surgery or radiotherapy) or systemic
(chemotherapy, immunotherapy, etc.), induce organismal stress and inflammatory re-
sponses, accelerating the aging process [129,130]. Therefore, the interaction between aging
and cancer is bidirectional. Specifically, research indicates that several aging characteristics,
such as genomic instability, epigenetic alterations, chronic inflammation, and dysbiosis,
are intimately associated with cancer determinants. However, other aspects of aging, like
telomerase attrition and stem cell exhaustion, exhibit tumor-suppressing properties [131].
Additionally, aging and cancer share similar metabolic characteristics. In short, these
positively or negatively regulated factors work together and may explain the peculiar
association between cancer and aging with an increment of malignancies.

5. Interventions and Strategies to Improve Immune Function in Aging

Immune aging contributes to a vicious cycle that exacerbates the aging process itself,
thereby increasing susceptibility to a broad spectrum of age-related diseases. Developing
interventions that target the mechanisms of immune aging may offer new strategies for
preventing these conditions. By understanding the pathways and factors contributing to
immune deterioration, targeted therapies can potentially disrupt this cycle and enhance
overall health in the elderly population.

5.1. Lifestyle Interventions
5.1.1. Diet

With the advancement of research in the intersection of metabolism and immunology,
there is increasing recognition of the critical role that nutrients play in modulating immune
function. Dietary factors influence immune system functionality, thereby affecting the
aging process and the onset and progression of diseases (Figure 4).
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Figure 4. Dietary interventions, including proteins, carbohydrates, fats, vitamins, minerals, probi-
otics, and prebiotics, have significant effects on immune system function. Proteins enhance immunity
by influencing T cell survival and differentiation, as well as by promoting B cell antibody production.
Carbohydrates can strengthen innate immune responses and reduce cell apoptosis. The immunomod-
ulatory effects of fats are primarily mediated by fatty acids, which enhance T cell antigen presentation,
B cell proliferation, antibody production, and the antimicrobial activity of immune proteins. Vitamins
regulate thymic and bone marrow homeostasis, enhancing the function of macrophages, dendritic
cells, and T cells. Minerals play an essential role in modulating the production of immune regulators
and antibodies. Probiotics and prebiotics modulate gut immunity by influencing the gut microbiota,
reducing inflammation, and enhancing the function of various immune cells. The red upward arrow
indicates an increase, the green downward arrow indicates a decrease.

Macronutrients

Macronutrients, including proteins, carbohydrates, and fats, support metabolic activi-
ties and energy balance through distinct pathways.

Proteins and amino acids are fundamental to the immune system, playing significant
roles in the development and function of immune tissues and organs. They are essential for
the production of various immune cells and the synthesis of antibodies. Amino acids are
transported into the cytoplasm via solute carrier (SLC) transporters, where they activate
sensor proteins, such as mTOR, GCN2, and Sestrin. These pathways can directly activate
the TCR-CD3 complex or undergo further metabolism to influence T cell development and
survival. For instance, an increase in arginine can restrict T cell differentiation, helping
maintain T cells in a memory state under homeostatic conditions. Moreover, supplementa-
tion with L-arginine has been shown to significantly enhance the survival of activated CD4+

and CD8+ T cells in vitro and in mice, thereby improving antitumor activity [132]. During
the late differentiation phase of T cell activation, asparagine (Asn) restriction enhances the
proliferative and effector capacities of CD8+ T cells by promoting metabolic fitness and
antitumoral functionality through an NRF2-dependent stress response [133]. For B cells,
threonine (Thr) further influences the differentiation and function of monocytes, while
leucine (Leu) is transported into B cells via SLC7A5, targeting mTORC1 to promote B cell
differentiation and support the production of IgG and cytokines. The inhibition of the
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glutamine transporter SLC1A5 or key enzymes in glutamine (Gln) metabolism results in
reduced IgM production in B cells [134].

Research indicates that a high-carbohydrate diet can induce significant alterations in
the transcriptional program of γδ T cells within just five days, leading to remodeling of the
intestinal epithelium in mice [135]. While αβ T cells comprise over 95% of the T cell popu-
lation, γδ T cells, though less abundant, are capable of rapidly initiating innate immune
responses. Additionally, increased dietary carbohydrate intake elevates the proportion of
B cells in the spleen, mesenteric lymph nodes, and Peyer’s patches and enhances the pro-
duction of antigen-specific IgG post-immunization. Compared to fructose, glucose serves
as a superior substrate for B cell development by reducing apoptosis through the mTOR
signaling pathway. Consequently, in autoimmune diseases such as rheumatoid arthritis,
reducing carbohydrate intake may help mitigate excessive immune responses [136].

Research on the impact of dietary fats on immune system function has predomi-
nantly focused on specific types of fatty acids (FAs), which play crucial roles in the body
as energy sources, components of biological membranes, and energy storage. As key
metabolic products, FAs are integral to immune activation. Among known fatty acid
transport proteins, CD36 is one of the most extensively studied. In mice, CD36 accounts
for approximately 50% of fatty acid uptake in adipose and muscle tissues. Compared
to wild-type mice, CD36-deficient mice exhibit reduced levels of specific IgM and IgG.
He [137] et al. demonstrated that CD36-deficient B cells have significantly reduced plasma
cell formation, proliferation, mitochondrial mobilization, and oxidative phosphorylation,
resulting in weakened germinal center responses, impaired class switching, and decreased
antibody production. In activated B cells of mice, the de novo fatty acid synthesis pathway
is significantly upregulated, with marked increases in the expression of key genes involved
in fatty acid biosynthesis [138]. Additionally, studies have shown that short-chain fatty
acids (SCFAs) derived from the gut microbiota can modulate B cell class switching and
autoantibody production, thereby ameliorating disease activity and extending survival in
lupus mice [139]. Butyrate, a specific type of SCFA, has been shown by Hao et al. to be
converted into butyryl-CoA (BCoA), which enhances the activity of CPT1A by antagonizing
the binding of the metabolic intermediate malonyl-CoA (MCoA), thereby promoting fatty
acid oxidation (FAO) and the differentiation of inducible regulatory T cells (iTregs) [140].
Long-chain fatty acids (LCFAs) require activation by acyl-CoA synthetase long-chain family
members (ACSLs) for further metabolism and physiological function. ACSL5 enhances
CD8+ T cell-mediated cytotoxicity by modulating major histocompatibility complex class
I (MHC-I) molecule-mediated antigen presentation in tumor cells [141]. Linoleic acid, a
long-chain fatty acid, enhances the antitumor effects of T cells by promoting their differen-
tiation into memory T cells rather than activating CD8+ T cells through typical markers,
such as GZMβ, IFN-γ, TNF-α, IL-2, and perforin [142]. Myristic acid, a long-chain sat-
urated fatty acid, is significantly downregulated during viral infections and specifically
inhibits STING-mediated type I interferon production while enhancing STING-dependent
autophagy [143]. Intriguingly, intracellular lipid droplets, essentially reservoirs of ‘oil’,
possess a variety of functions. As a major nutrient source, they not only support mito-
chondrial β-oxidation, providing energy for the body, but also recruit a range of innate
immune proteins, contributing to antibacterial defense [144]. In summary, altering dietary
fat content and the ratio of saturated to unsaturated fatty acids can significantly impact
the lipid composition of lymphocyte membranes, thereby affecting lymphocyte function.
The levels and proportions of polyunsaturated fatty acids, particularly essential fatty acids,
play a crucial role in modulating both cellular and humoral immune responses [145].

Micronutrients

Vitamins, as essential dietary nutrients, also function as key modulators of immune
responses. Vitamin deficiencies can lead to elevated inflammation and weakened immunity,
while appropriate supplementation may reduce the impact of pathogenic infections. Vita-
min A not only possesses anti-inflammatory properties but also regulates thymus and bone
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marrow homeostasis, thereby enhancing immune function and fortifying the body’s de-
fense against infections [146]. The relationship between Vitamin C and immunity has been
a significant area of study. As a potent antioxidant, Vitamin C promotes the proliferation of
T cells and NK cells, thereby influencing their immune functions. It has been proposed as a
nutritional supplement for various diseases, including cancer [147]. Vitamin D not only
promotes the differentiation of monocytes into macrophages but also enhances macrophage
chemotaxis and phagocytic function [148], which helps counteract the immune decline
associated with aging. In addition to regulating innate immunity, vitamin D modulates
adaptive immunity by influencing cytokine and inflammatory factor release from DCs
and T cells. Studies have shown a significant inverse relationship between baseline serum
vitamin D levels and the development of RA, with early-stage RA patients exhibiting a
higher prevalence of severe vitamin D deficiency compared to healthy individuals [149].
Vitamin E, a widely used fat-soluble antioxidant, enhances DC activation and function,
promoting the infiltration and activation of tumor antigen-specific T cells. This suggests
that vitamin E augments antitumor immune responses by enhancing DC activity [150].

Mineral deficiencies can lead to various diseases, affecting appetite and subsequently
digestion, absorption, metabolism, and growth, which indirectly impacts the immune
system [151]. For example, calcium deficiency leads to reduced immune cell activity and
antibody secretion, making children more susceptible to recurrent infections and the elderly
more prone to illness due to weakened immunity. Zinc is crucial for maintaining skin
health, controlling the secretion and production of immune regulatory factors, influencing
lymphoid organ development, and synthesizing antibodies. Additionally, zinc is involved
in nucleic acid and protein metabolism, indirectly affecting immune function [152].

Probiotics and Prebiotics

The gut microbiota continuously transforms dietary components into numerous bioac-
tive metabolites, thereby mediating the regulatory effects of diet on host health. Through
complex interactions with immune cells in the small intestine and colon, the gut microbiota
modulates T and B cells, influencing immune responses in both the peripheral and central
nervous systems. For example, the gut microbiota can induce the transcription factor
HNF4γ in small intestinal intraepithelial lymphocytes (IELs) of mice via linoleic acid (LA),
regulating IL-18 signaling within cells and promoting the development of CD4+CD8αα+

IELs, thus impacting mucosal immunity in the mouse gut [153]. Probiotics and prebiotics
are strategies targeting the microbiota to improve host health. In recent years, a variety
of therapeutic approaches have emerged in which probiotics also play a large role in
anti-inflammatory regulation and immune cell modulation.

Fecal microbiota transplantation from 8-week-old mice into naturally aging mice over
24 months old has been shown to rejuvenate the gut microbiota and significantly alleviate
age-related physiological changes [154]. Additionally, supplementation with Akkerman-
sia, Bifidobacterium, Lactobacillus, or acetate can beneficially modulate the gut microbiota,
extending the lifespan of Caenorhabditis elegans or mice and improving age-associated
diseases [155]. Various bacterial strains, including specific Lactobacillus and Bifidobacterium
bifidum, have been demonstrated to influence the intestinal mucosal barrier, luminal envi-
ronment, and mucosal immune system. These probiotics can modulate diverse cells within
both the innate and acquired immune systems, such as monocytes, macrophages, dendritic
cells, NK cells, and lymphocytes [7]. The anti-inflammatory cytokines they release in the
gastrointestinal tract play a crucial role in this immune modulation. Among immuno-
logical agents, T regulatory cells (Tregs) are pivotal in maintaining immune regulation
and tolerance. Strains like L. reuteri and L. casei enhance anti-inflammatory responses by
elevating IL-10 levels and activating Tregs [156]. Furthermore, innovative probiotics, such
as L. rhamnosus GG and L. reuteri DSM 17938, have been shown to inhibit the activation
of T cells and NK cells, as well as the release of IFNγ in cultures of PBMCs exposed to
Staphylococcus aureus. This indicates that specific probiotic strains can either suppress or
stimulate NK cell activity, underscoring their potential in targeted immune therapies [157].
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Therefore, various probiotics and prebiotics can improve immune processes by modulating
the gut microbiota, thereby reducing the likelihood and severity of age-related diseases.

Caloric Restriction

Caloric restriction has been identified as a pivotal intervention for ameliorating age-
related inflammatory changes. Detailed single-cell transcriptomic analyses from studies on
aging rats have shown that reducing caloric intake can diminish age-associated inflamma-
tion. This reduction in calories notably reverses the pro-inflammatory polarization of M1-
type macrophages, increases the proportion of anti-inflammatory macrophages with high
phagocytic capabilities, and modifies ligand-receptor interactions between macrophages
and stromal cells [59]. In a significant population-based trial in the United States, adults
maintaining a 25% calorie-restricted diet over two years experienced a 2% to 3% reduction
in biological aging markers, which translates into a 10% to 15% lower mortality risk [158].
Despite challenges in maintaining high levels of calorie restriction due to increased cortisol
production and perceived stress, subsequent studies have demonstrated that a 14% calorie
reduction does not compromise immune function but rather enhances the immune profile
by slowing immune aging and promoting the production of thymic T cells, and PLA2G7
has been identified as a potential anti-aging target [159].

5.1.2. Exercise

The acceleration of aging due to sedentary lifestyles can be significantly countered
by replacing inactive periods with 30 min of daily low- or moderate-intensity exercise.
This practice is particularly beneficial for individuals over 60, where changes in physical
activity levels have a pronounced effect on phenotypic aging [160]. Research indicates
that physical activity mitigates senescence and inflammatory markers in both murine
models and humans, underscoring exercise’s role in countering the adverse effects of poor
dietary habits and sedentary behaviors [161–163]. Additionally, these data suggest that
exercise can offset the deleterious aspects of senescence brought about by poor diet and
sedentary lifestyles.

5.1.3. Sleep

Aging is often accompanied by a decline in sleep quality, which is especially noticeable
in middle-aged and older adults. However, the causal relationship between sleep and
accelerated aging remains controversial. Elucidating the causal relationship between aging
and sleep is greatly limited by the lack of precise measurements of aging. Studies suggest
that poor sleep quality may accelerate biological aging, while improved sleep can miti-
gate the aging acceleration, particularly those accelerations exacerbated by environmental
factors like air pollution [164]. Additionally, maintaining a regular sleep routine of approx-
imately 7 h per night can significantly promote both physical and mental health in the
aging population [165]. Furthermore, research in older mice highlights the phenomenon of
sleep fragmentation, characterized by frequent sleep–wake transitions. Specifically, this
condition is linked to a reduction in Hcrt neurons and an increase in their compensatory
discharge frequencies, which enhance arousal. In Alzheimer’s disease patients, the loss of
Hcrt neurons is more pronounced, leading to increased neuronal excitability during disease
progression, compromising sleep quality and possibly contributing to the accumulation of
β-amyloid, thus exacerbating the aging process [166].

5.2. Pharmacological Interventions

In addition to changing lifestyle, medications are a more precise and expedient ap-
proach to addressing the effects of aging.

Anti-inflammatory treatments, targeting molecules like IL-1β, TNF-α, IFNAR1, caspase-
1, and NLRP3, have demonstrated effectiveness in reducing both normal and accelerated
aging in murine models [167–170]. Research indicates that the aging immune system is not
inherently weaker; rather, it is restrained by a specific subset of follicular helper T cells (Tfh)
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that produce interleukin 10 (IL-10). Blockading IL-10 at the time of vaccination in older mice
has been shown to restore their antibody responses almost to the levels observed in their
younger counterparts [171]. At the cellular level, high-throughput compound screening
has identified a TERT activator compound (TAC). This molecule, by activating telomerase
reverse transcriptase, promotes TERT transcription in adult somatic cells of humans and
mice. It restores youthful expression levels, supports telomere synthesis, and reduces
DNA damage signaling at telomeres, effectively reversing signs of cellular aging [172].
Additionally, TPCA-1, a dual inhibitor of NF-κB and Jak-Stat pathways, significantly en-
hances the expression of the transcription factor Bcl11b, which diminishes from young to
early aging stages. This restoration confers youthful characteristics to mammary cells and
substantially lowers the incidence of breast cancer, which typically increases with age [173].
Additionally, based on certain clinical outcomes, rapamycin and metformin appear to hold
the most promise for practical application. Rapamycin and mTOR inhibitors can regulate
cell growth and various cellular processes by reducing the activity of mechanistic target of
rapamycin complex 1 (mTORC1). Metformin, an antidiabetic drug, interacts with several
known longevity pathways, with effects similar to those of caloric restriction, including
enhanced insulin sensitivity [174]. It has also been shown to induce autophagy in CD4+ T
cells, shifting them from an inflammatory to a non-inflammatory state, and inhibiting Th17
cell differentiation, thus presenting an approach to the mitigation of aging effects [175].
Currently, however, the clinical application of these drugs is often limited by their toxic side
effects, especially in elderly patients with comorbidities, as they may increase the risk of
hyperglycemia, hyperlipidemia, nephrotoxicity, impaired wound healing, thrombocytope-
nia, and immunosuppression. Additionally, these small molecule drugs pose a metabolic
burden and challenge to liver function in the elderly [174].

5.3. Immunomodulatory Therapies

Healthy lifestyles, such as regular exercise and calorie-restricted diets, have been
shown to effectively combat aging and age-related diseases. In recent years, both small
molecule pharmacologic interventions and genetic approaches have emerged as promising
strategies for age protection. However, these interventions all have limitations. Small
molecules often lack specificity, potentially affecting non-target cells and tissues, and may
inadvertently inhibit anti-apoptotic pathways, risking off-target effects on healthy tissues.
Genetic interventions, while potentially effective, carry the risk of long-term adverse
effects, such as tumorigenesis. Immunotherapeutic strategies for cell delivery systems
are currently of great interest in the treatment of malignant tumors [176], e.g., the precise
delivery of mRNA can target cancer [177]. Thus, there is an urgent need to develop accurate
immunotherapy interventions for aging.

Precision immunotherapy presents a promising approach to combating aging and
related diseases. Maintaining the number and activity of immune cells is crucial for anti-
aging. For example, transferring splenocytes from young mice to ERCC1 knockout mice,
which have impaired DNA repair, has been shown to slow aging in the latter. This indicates
that senescent immune cells may promote systemic aging, while young immune cell
transplantation can decelerate it [178]. Vaccination targeting specific antigens represents a
promising strategy to combat aging and age-related diseases by inducing tailored immune
responses. For instance, Alzheimer’s vaccines reduce Aβ and tau proteins in the brain via
antibody production. Targeting molecules like DPP4, IL1-β, and ApoB can slow age-related
vascular changes. A CD153 vaccine targets T cells, selectively eliminating pathogenic,
highly active, or senescent ones. This targeted clearance of senescent cells may yield more
effective outcomes than addressing systemic dysfunction [179]. Immunotherapies for T cell
senescence, like CAR-T therapy, which was originally developed for cancer, are gaining
traction. CAR-T cells can be engineered to specifically target and eliminate senescent cells,
potentially reducing “inflammaging” and enhancing tissue function. Examples include
uPAR-targeted CAR-T, which selectively removes senescent cells, rejuvenating aged mice
and slowing aging in younger mice [180], and NKG2D-CAR-T, which is capable of targeting
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NKG2DL-expressing senescent cells in both humans and mice [181]. Due to T cell memory,
a single CAR-T administration could provide long-term treatment and preventive benefits;
further research is needed to verify its effectiveness in the elderly. Additionally, mTOR
inhibitors targeting downstream pathways of the rapamycin complex show potential for
the delaying of age-related diseases by modulating T cell function. They enhance immune
responses and reduce infection rates in the elderly by decreasing PD1+ T cell exhaustion and
boosting IFN-stimulated gene expression. These inhibitors are generally well tolerated [87].
With the increase in age, the hematopoietic system as the initial source of immune cells will
also be affected by aging, which will accelerate the aging of the body [182]. To counteract
age-related diseases, manipulating hematopoietic stem cells (HSCs) has been proposed as
a potential strategy [183]. One promising approach involves reprogramming HSCs into
induced pluripotent stem cells and then re-differentiating them into youthful HSCs [184].

Aging is a modifiable process, potentially influenced by nutritional and pharmacologi-
cal interventions, and immune aging shares this plasticity. As a major contributor to the
onset of chronic diseases, interventions targeting either age-related diseases or the aging
process itself hold significant promise for promoting healthy aging (Figure 5). Among
these strategies, lifestyle changes, particularly dietary adjustments, are the safest and most
controllable and are suitable for the everyday modulation of immune function. Phar-
macological and immunomodulatory strategies, while more precise and effective, might
carry risks of unknown side effects. Therefore, they are generally considered for urgent
situations, such as in the management of age-related diseases, where targeted interventions
can address specific dysfunctions.

Figure 5. Various potential interventions and strategies that can improve aging immune functions.
(1) Lifestyle interventions include adjustments in diet, exercise, and sleep patterns. (2) Pharma-
cological interventions encompass anti-inflammatory drugs, activators of specific molecules, and
inhibitors of certain pro-aging signaling pathways. (3) Immunotherapeutic approaches involve the
transplantation of immune cells, CAR-T technologies, and hematopoietic stem cell transplants. The
red upward arrow indicates an increase, the green downward arrow indicates a decrease.
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6. Discussion and Perspectives

The immune system is influenced by both intrinsic and extrinsic factors and undergoes
significant alterations throughout the aging process, leading to immunosenescence. This
term refers to the pathological mechanisms underlying various diseases, including infec-
tions, autoimmune disorders, and cancers. Immunosenescence is affected by factors such as
thymic involution, inflammation, and DNA damage, which activate inflammation-related
signaling pathways, ultimately contributing to disease onset and further influencing indi-
vidual aging. Notably, the aging of the immune system is plastic [185]; both non-genetic
environmental factors and pharmacological interventions can modify or accelerate its pro-
gression. Exploring these dimensions enhances our understanding of immunosenescence
and establishes a foundation for the application of aging intervention strategies.

Although we have discussed the mutual influence between physiological aging and
immunosenescence, their relationship remains elusive. From an immunological perspective,
a higher physiological age does not necessarily equate to more severe immunosenescence.
The degree of immune aging is more directly linked to the incidence and progression of
diseases. Elderly individuals with longevity possess powerful immune systems that can
rapidly respond to infections and tumors, thus better defending against infections and
slowing the aging process [186]. Therefore, it is indispensable to distinguish between phys-
iological aging and immunosenescence. However, due to the immune system’s complexity,
with hundreds of cell types and thousands of epigenetic markers, establishing biomarkers
that accurately reflect a patient’s immune status is still an unresolved task [187]. Future
research should not only provide a multidimensional assessment of immune capacity, in-
corporating factors such as cell types, numbers, and functions in both innate and adaptive
immunity to inform population immune age, but also conduct longitudinal studies to track
changes in immune status over time and validate immune age assessment. The applica-
tion of multi-omics technologies, which integrate data from genomics, transcriptomics,
proteomics, metabolomics, and epigenomics, offers a comprehensive approach to under-
standing aging at multiple biological levels. These techniques help identify key biomarkers
and pathways associated with the aging process, as well as age-related diseases [3,188]. By
combining these insights, researchers can uncover how various factors interact to drive
aging, enabling more precise interventions, such as personalized medicine, dietary changes,
or pharmaceutical treatments, aimed at predicting disease and mortality risk, mitigating
the effects of aging, and promoting healthy longevity.

Despite some advances in medical treatment, one major challenge is the considerable
differences in immune responses among species. Many current mouse models are adopted
in immunological research, but it remains uncertain whether the interventions that are
effective in these models can be applied to humans, as findings from mice do not always
predict human outcomes. Many important discoveries have yet to be translated to humans;
this is likely due to significant biological differences between species. Moreover, due to
unknown factors within the body, even the interventions deemed effective still require
long-term studies for validation. Considering the risks and effects of interventions, aside
from some safe food-derived substances, other intervention strategies require more funda-
mental and in-depth clinical research. Additionally, individual variability—such as race,
genetic background, and life-style—cannot be underestimated, as it complicates the precise
personalization of interventions to slow aging. In summary, the conducting of population
studies faces challenges such as ethical concerns, safety issues, and questions of efficacy, all
of which require urgent resolution.

Furthermore, current pharmacological strategies, including small molecule treatments
and broader immunotherapies, lack precision in targeting the mechanisms of aging. These
approaches generally produce broad effects rather than addressing specific cellular or
molecular targets. A major challenge in this field is achieving selective modulation—either
activation or inhibition—of particular proteins or cellular pathways without unavoidably
disrupting other physiological processes, such as oncogenic pathways. Therefore, develop-
ing targeted therapies that may intervene in the aging process without triggering adverse
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effects remains a complex and critical area of research, while using food-derived substances
for precise nutritional interventions is safe, efficient, and highly acceptable.

Ethical considerations surrounding immune cell transplantation or gene interventions
in elderly populations must balance the potential benefits and risks. The benefits may
include enhanced immune function and the prevention of age-related diseases. However,
concerns arise regarding patient consent, autonomy, safety, and long-term effects, especially
considering the potential for unforeseen immune responses or complications in the elderly.
Additionally, access to these treatments could exacerbate health disparities. A balanced
perspective should emphasize both medical advancements and the necessity for rigorous
ethical oversight, patient welfare, and equitable access to these interventions.

In summary, this review delves into the multifaceted transformations within the im-
mune system as it ages and examines the quantitative and qualitative shifts in both innate
and adaptive immune cells. It highlights how these changes during aging contribute to
an increased vulnerability to infections and other health complications. Lastly, it outlines
various potential interventions, primarily focusing on nutritional strategies, to mitigate
immunosenescence. This review not only enhances our understanding of aging-related im-
mune alterations but also provides perspectives for targeted strategies to enhance immune
resilience in the elderly.

Author Contributions: Conceptualization, J.C.; validation, Y.Y. and S.S.; supervision, C.L. and J.Z.,
visualization, Y.L., F.B. and R.W.; writing—original draft preparation, W.Y.; writing—review and
editing, J.C. All authors have read and agreed to the published version of the manuscript.

Funding: This review was supported by the National Key Research and Development Program of
China 2023YFF1103503.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186,
243–278. [CrossRef] [PubMed]

2. Dodig, S.; Cepelak, I.; Pavic, I. Hallmarks of senescence and aging. Biochem. Med. 2019, 29, 030501. [CrossRef] [PubMed]
3. Shen, X.; Wang, C.; Zhou, X.; Zhou, W.; Hornburg, D.; Wu, S.; Snyder, M.P. Nonlinear dynamics of multi-omics profiles during

human aging. Nat. Aging 2024. [CrossRef] [PubMed]
4. Liu, Z.; Liang, Q.; Ren, Y.; Guo, C.; Ge, X.; Wang, L.; Cheng, Q.; Luo, P.; Zhang, Y.; Han, X. Immunosenescence: Molecular

mechanisms and diseases. Signal Transduct. Target. Ther. 2023, 8, 200. [CrossRef]
5. Bieri, G.; Schroer, A.B.; Villeda, S.A. Blood-to-brain communication in aging and rejuvenation. Nat. Neurosci. 2023, 26, 379–393.

[CrossRef]
6. Li, X.; Li, C.; Zhang, W.; Wang, Y.; Qian, P.; Huang, H. Inflammation and aging: Signaling pathways and intervention therapies.

Signal Transduct. Target. Ther. 2023, 8, 239. [CrossRef]
7. Mazziotta, C.; Tognon, M.; Martini, F.; Torreggiani, E.; Rotondo, J.C. Probiotics Mechanism of Action on Immune Cells and

Beneficial Effects on Human Health. Cells 2023, 12, 184. [CrossRef]
8. Branzk, N.; Lubojemska, A.; Hardison, S.E.; Wang, Q.; Gutierrez, M.G.; Brown, G.D.; Papayannopoulos, V. Neutrophils sense

microbe size and selectively release neutrophil extracellular traps in response to large pathogens. Nat. Immunol. 2014, 15,
1017–1025. [CrossRef]

9. Yang, F.; Feng, C.; Zhang, X.; Lu, J.; Zhao, Y. The Diverse Biological Functions of Neutrophils, Beyond the Defense Against
Infections. Inflammation 2017, 40, 311–323. [CrossRef]

10. Nikolich-Zugich, J.; Davies, J.S. Homeostatic migration and distribution of innate immune cells in primary and secondary
lymphoid organs with ageing. Clin. Exp. Immunol. 2017, 187, 337–344. [CrossRef]

11. Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. Immunol. 2013, 13,
159–175. [CrossRef] [PubMed]

12. Simell, B.; Vuorela, A.; Ekstrom, N.; Palmu, A.; Reunanen, A.; Meri, S.; Kayhty, H.; Vakevainen, M. Aging reduces the functionality
of anti-pneumococcal antibodies and the killing of Streptococcus pneumoniae by neutrophil phagocytosis. Vaccine 2011, 29,
1929–1934. [CrossRef] [PubMed]

13. Tseng, C.W.; Kyme, P.A.; Arruda, A.; Ramanujan, V.K.; Tawackoli, W.; Liu, G.Y. Innate immune dysfunctions in aged mice
facilitate the systemic dissemination of methicillin-resistant S. aureus. PLoS ONE 2012, 7, e41454. [CrossRef] [PubMed]

132



Nutrients 2024, 16, 3830

14. Lu, R.J.; Taylor, S.; Contrepois, K.; Kim, M.; Bravo, J.I.; Ellenberger, M.; Sampathkumar, N.K.; Benayoun, B.A. Multi-omic profiling
of primary mouse neutrophils predicts a pattern of sex and age-related functional regulation. Nat. Aging 2021, 1, 715–733.
[CrossRef] [PubMed]

15. Zhang, D.; Chen, G.; Manwani, D.; Mortha, A.; Xu, C.; Faith, J.J.; Burk, R.D.; Kunisaki, Y.; Jang, J.E.; Scheiermann, C.; et al.
Neutrophil ageing is regulated by the microbiome. Nature 2015, 525, 528–532. [CrossRef]

16. Finger, C.E.; Moreno-Gonzalez, I.; Gutierrez, A.; Moruno-Manchon, J.F.; McCullough, L.D. Age-related immune alterations and
cerebrovascular inflammation. Mol. Psychiatry 2022, 27, 803–818. [CrossRef]

17. Simmons, S.R.; Bhalla, M.; Herring, S.E.; Tchalla, E.Y.I.; Bou Ghanem, E.N. Older but Not Wiser: The Age-Driven Changes in
Neutrophil Responses during Pulmonary Infections. Infect. Immun. 2021, 89, e00653-20. [CrossRef]

18. Barkaway, A.; Rolas, L.; Joulia, R.; Bodkin, J.; Lenn, T.; Owen-Woods, C.; Reglero-Real, N.; Stein, M.; Vazquez-Martinez, L.; Girbl,
T.; et al. Age-related changes in the local milieu of inflamed tissues cause aberrant neutrophil trafficking and subsequent remote
organ damage. Immunity 2021, 54, 1494–1510.e7. [CrossRef]

19. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445–455.
[CrossRef]

20. Wu, S.; Zhang, R. CD38-expressing macrophages drive age-related NAD(+) decline. Nat. Metab. 2020, 2, 1186–1187. [CrossRef]
21. Selman, M.; Pardo, A. Fibroageing: An ageing pathological feature driven by dysregulated extracellular matrix-cell mechanobiol-

ogy. Ageing Res. Rev. 2021, 70, 101393. [CrossRef] [PubMed]
22. Birjandi, S.Z.; Ippolito, J.A.; Ramadorai, A.K.; Witte, P.L. Alterations in marginal zone macrophages and marginal zone B cells in

old mice. J. Immunol. 2011, 186, 3441–3451. [CrossRef] [PubMed]
23. Zhou, Z.; Yao, J.; Wu, D.; Huang, X.; Wang, Y.; Li, X.; Lu, Q.; Qiu, Y. Type 2 cytokine signaling in macrophages protects from

cellular senescence and organismal aging. Immunity 2024, 57, 513–527.e6. [CrossRef] [PubMed]
24. Ma, S.; Sun, S.; Geng, L.; Song, M.; Wang, W.; Ye, Y.; Ji, Q.; Zou, Z.; Wang, S.; He, X.; et al. Caloric Restriction Reprograms the

Single-Cell Transcriptional Landscape of Rattus Norvegicus Aging. Cell 2020, 180, 984–1001.e22. [CrossRef] [PubMed]
25. Minhas, P.S.; Latif-Hernandez, A.; McReynolds, M.R.; Durairaj, A.S.; Wang, Q.; Rubin, A.; Joshi, A.U.; He, J.Q.; Gauba, E.; Liu, L.;

et al. Restoring metabolism of myeloid cells reverses cognitive decline in ageing. Nature 2021, 590, 122–128. [CrossRef]
26. Shakhar, G.; Lindquist, R.L.; Skokos, D.; Dudziak, D.; Huang, J.H.; Nussenzweig, M.C.; Dustin, M.L. Stable T cell-dendritic cell

interactions precede the development of both tolerance and immunity in vivo. Nat. Immunol. 2005, 6, 707–714. [CrossRef]
27. Mogilenko, D.A.; Shpynov, O.; Andhey, P.S.; Arthur, L.; Swain, A.; Esaulova, E.; Brioschi, S.; Shchukina, I.; Kerndl, M.;

Bambouskova, M.; et al. Comprehensive Profiling of an Aging Immune System Reveals Clonal GZMK(+) CD8(+) T Cells as
Conserved Hallmark of Inflammaging. Immunity 2021, 54, 99–115.e12. [CrossRef]

28. Chougnet, C.A.; Thacker, R.I.; Shehata, H.M.; Hennies, C.M.; Lehn, M.A.; Lages, C.S.; Janssen, E.M. Loss of Phagocytic and
Antigen Cross-Presenting Capacity in Aging Dendritic Cells Is Associated with Mitochondrial Dysfunction. J. Immunol. 2015, 195,
2624–2632. [CrossRef]

29. Zhivaki, D.; Kennedy, S.N.; Park, J.; Boriello, F.; Devant, P.; Cao, A.; Bahleda, K.M.; Murphy, S.; McCabe, C.; Evavold, C.L.; et al.
Correction of age-associated defects in dendritic cells enables CD4(+) T cells to eradicate tumors. Cell 2024, 187, 3888–3903.e18.
[CrossRef]

30. Qin, L.; Jing, X.; Qiu, Z.; Cao, W.; Jiao, Y.; Routy, J.P.; Li, T. Aging of immune system: Immune signature from peripheral blood
lymphocyte subsets in 1068 healthy adults. Aging 2016, 8, 848–859. [CrossRef]

31. Borzi, R.M.; Mazzetti, I.; Cattini, L.; Uguccioni, M.; Baggiolini, M.; Facchini, A. Human chondrocytes express functional chemokine
receptors and release matrix-degrading enzymes in response to C-X-C and C-C chemokines. Arthritis Rheum. 2000, 43, 1734–1741.
[CrossRef] [PubMed]

32. Shaw, A.C.; Goldstein, D.R.; Montgomery, R.R. Age-dependent dysregulation of innate immunity. Nat. Rev. Immunol. 2013, 13,
875–887. [CrossRef] [PubMed]

33. Gounder, S.S.; Abdullah, B.J.J.; Radzuanb, N.; Zain, F.; Sait, N.B.M.; Chua, C.; Subramani, B. Effect of Aging on NK Cell Population
and Their Proliferation at Ex Vivo Culture Condition. Anal. Cell. Pathol. 2018, 2018, 7871814. [CrossRef] [PubMed]

34. Wlaschek, M.; Maity, P.; Makrantonaki, E.; Scharffetter-Kochanek, K. Connective Tissue and Fibroblast Senescence in Skin Aging.
J. Investig. Dermatol. 2021, 141, 985–992. [CrossRef] [PubMed]

35. Mittelbrunn, M.; Kroemer, G. Hallmarks of T cell aging. Nat. Immunol. 2021, 22, 687–698. [CrossRef]
36. Lerner, A.; Yamada, T.; Miller, R.A. Pgp-1hi T lymphocytes accumulate with age in mice and respond poorly to concanavalin A.

Eur. J. Immunol. 1989, 19, 977–982. [CrossRef]
37. Linton, P.J.; Haynes, L.; Klinman, N.R.; Swain, S.L. Antigen-independent changes in naive CD4 T cells with aging. J. Exp. Med.

1996, 184, 1891–1900. [CrossRef]
38. Ernst, D.N.; Hobbs, M.V.; Torbett, B.E.; Glasebrook, A.L.; Rehse, M.A.; Bottomly, K.; Hayakawa, K.; Hardy, R.R.; Weigle, W.O.

Differences in the expression profiles of CD45RB, Pgp-1, and 3G11 membrane antigens and in the patterns of lymphokine
secretion by splenic CD4+ T cells from young and aged mice. J. Immunol. 1990, 145, 1295–1302. [CrossRef]

39. Han, G.M.; Zhao, B.; Jeyaseelan, S.; Feng, J.M. Age-associated parallel increase of Foxp3(+)CD4(+) regulatory and CD44(+)CD4(+)
memory T cells in SJL/J mice. Cell Immunol. 2009, 258, 188–196. [CrossRef]

40. Lages, C.S.; Suffia, I.; Velilla, P.A.; Huang, B.; Warshaw, G.; Hildeman, D.A.; Belkaid, Y.; Chougnet, C. Functional regulatory T
cells accumulate in aged hosts and promote chronic infectious disease reactivation. J. Immunol. 2008, 181, 1835–1848. [CrossRef]

133



Nutrients 2024, 16, 3830

41. Jia, Z.; Ren, Z.; Ye, D.; Li, J.; Xu, Y.; Liu, H.; Meng, Z.; Yang, C.; Chen, X.; Mao, X.; et al. Immune-Ageing Evaluation of Peripheral
T and NK Lymphocyte Subsets in Chinese Healthy Adults. Phenomics 2023, 3, 360–374. [CrossRef] [PubMed]

42. Moiseeva, V.; Cisneros, A.; Sica, V.; Deryagin, O.; Lai, Y.; Jung, S.; Andres, E.; An, J.; Segales, J.; Ortet, L.; et al. Senescence atlas
reveals an aged-like inflamed niche that blunts muscle regeneration. Nature 2023, 613, 169–178. [CrossRef] [PubMed]

43. Fulop, T.; Larbi, A.; Pawelec, G.; Khalil, A.; Cohen, A.A.; Hirokawa, K.; Witkowski, J.M.; Franceschi, C. Immunology of Aging:
The Birth of Inflammaging. Clin. Rev. Allergy Immunol. 2023, 64, 109–122. [CrossRef] [PubMed]

44. Carrasco, E.; Gomez de Las Heras, M.M.; Gabande-Rodriguez, E.; Desdin-Mico, G.; Aranda, J.F.; Mittelbrunn, M. The role of T
cells in age-related diseases. Nat. Rev. Immunol. 2022, 22, 97–111. [CrossRef] [PubMed]

45. Rodriguez, I.J.; Lalinde Ruiz, N.; Llano Leon, M.; Martinez Enriquez, L.; Montilla Velasquez, M.D.P.; Ortiz Aguirre, J.P.; Rodriguez
Bohorquez, O.M.; Velandia Vargas, E.A.; Hernandez, E.D.; Parra Lopez, C.A. Immunosenescence Study of T Cells: A Systematic
Review. Front. Immunol. 2020, 11, 604591. [CrossRef]

46. Yoshida, S.; Nakagami, H.; Hayashi, H.; Ikeda, Y.; Sun, J.; Tenma, A.; Tomioka, H.; Kawano, T.; Shimamura, M.; Morishita, R.;
et al. The CD153 vaccine is a senotherapeutic option for preventing the accumulation of senescent T cells in mice. Nat. Commun.
2020, 11, 2482. [CrossRef]

47. Hao, Y.; O’Neill, P.; Naradikian, M.S.; Scholz, J.L.; Cancro, M.P. A B-cell subset uniquely responsive to innate stimuli accumulates
in aged mice. Blood 2011, 118, 1294–1304. [CrossRef]

48. Rubtsov, A.V.; Rubtsova, K.; Fischer, A.; Meehan, R.T.; Gillis, J.Z.; Kappler, J.W.; Marrack, P. Toll-like receptor 7 (TLR7)-driven
accumulation of a novel CD11c(+) B-cell population is important for the development of autoimmunity. Blood 2011, 118, 1305–1315.
[CrossRef]

49. Rubtsova, K.; Rubtsov, A.V.; Thurman, J.M.; Mennona, J.M.; Kappler, J.W.; Marrack, P. B cells expressing the transcription factor
T-bet drive lupus-like autoimmunity. J. Clin. Investig. 2017, 127, 1392–1404. [CrossRef]

50. Dai, D.; Gu, S.; Han, X.; Ding, H.; Jiang, Y.; Zhang, X.; Yao, C.; Hong, S.; Zhang, J.; Shen, Y.; et al. The transcription factor ZEB2
drives the formation of age-associated B cells. Science 2024, 383, 413–421. [CrossRef]

51. Lv, J.; Zhang, C.; Liu, X.; Gu, C.; Liu, Y.; Gao, Y.; Huang, Z.; Jiang, Q.; Chen, B.; He, D.; et al. An aging-related immune landscape
in the hematopoietic immune system. Immun. Ageing 2024, 21, 3. [CrossRef] [PubMed]

52. Ma, F.; Cao, Y.; Du, H.; Braikia, F.Z.; Zong, L.; Ollikainen, N.; Bayer, M.; Qiu, X.; Park, B.; Roy, R.; et al. Three-dimensional
chromatin reorganization regulates B cell development during ageing. Nat. Cell. Biol. 2024, 26, 991–1002. [CrossRef] [PubMed]

53. Yu, Y.; Lu, C.; Yu, W.; Lei, Y.; Sun, S.; Liu, P.; Bai, F.; Chen, Y.; Chen, J. B Cells Dynamic in Aging and the Implications of Nutritional
Regulation. Nutrients 2024, 16, 487. [CrossRef] [PubMed]

54. Borodkina, A.V.; Deryabin, P.I.; Giukova, A.A.; Nikolsky, N.N. “Social Life” of Senescent Cells: What Is SASP and Why Study It?
Acta Naturae 2018, 10, 4–14. [CrossRef] [PubMed]

55. Krtolica, A.; Parrinello, S.; Lockett, S.; Desprez, P.Y.; Campisi, J. Senescent fibroblasts promote epithelial cell growth and
tumorigenesis: A link between cancer and aging. Proc. Natl. Acad. Sci. USA 2001, 98, 12072–12077. [CrossRef]

56. Coppe, J.P.; Patil, C.K.; Rodier, F.; Sun, Y.; Munoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.Y.; Campisi, J. Senescence-associated
secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 2008, 6,
2853–2868. [CrossRef]

57. Kuilman, T.; Peeper, D.S. Senescence-messaging secretome: SMS-ing cellular stress. Nat. Rev. Cancer 2009, 9, 81–94. [CrossRef]
58. Lopes-Paciencia, S.; Saint-Germain, E.; Rowell, M.C.; Ruiz, A.F.; Kalegari, P.; Ferbeyre, G. The senescence-associated secretory

phenotype and its regulation. Cytokine 2019, 117, 15–22. [CrossRef]
59. Mogilenko, D.A.; Shchukina, I.; Artyomov, M.N. Immune ageing at single-cell resolution. Nat. Rev. Immunol. 2022, 22, 484–498.

[CrossRef]
60. Miller, J. The function of the thymus and its impact on modern medicine. Science 2020, 369, eaba2429. [CrossRef]
61. Elyahu, Y.; Monsonego, A. Thymus involution sets the clock of the aging T-cell landscape: Implications for declined immunity

and tissue repair. Ageing Res. Rev. 2021, 65, 101231. [CrossRef] [PubMed]
62. Wang, H.; Zhang, Y.; Wang, Z.; Zhang, L.; Guo, M.; Cao, C.; Xiao, H. Deciphering Nucleic Acid Binding Proteome of Mouse

Immune Organs Reveals Hub Proteins for Aging. Mol. Cell. Proteom. 2023, 22, 100611. [CrossRef] [PubMed]
63. Oh, J.; Wang, W.; Thomas, R.; Su, D.M. Thymic rejuvenation via FOXN1-reprogrammed embryonic fibroblasts (FREFs) to

counteract age-related inflammation. JCI Insight 2020, 5, e140313. [CrossRef] [PubMed]
64. Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol.

2018, 15, 505–522. [CrossRef] [PubMed]
65. Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A.; Miller, G.W.;

et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822–1832. [CrossRef]
66. Chambers, E.S.; Akbar, A.N. Can blocking inflammation enhance immunity during aging? J. Allergy Clin. Immunol. 2020, 145,

1323–1331. [CrossRef]
67. Wang, D.; Malo, D.; Hekimi, S. Elevated mitochondrial reactive oxygen species generation affects the immune response via

hypoxia-inducible factor-1alpha in long-lived Mclk1+/− mouse mutants. J. Immunol. 2010, 184, 582–590. [CrossRef]
68. Sanderson, S.L.; Simon, A.K. In aged primary T cells, mitochondrial stress contributes to telomere attrition measured by a novel

imaging flow cytometry assay. Aging Cell 2017, 16, 1234–1243. [CrossRef]

134



Nutrients 2024, 16, 3830

69. Vida, C.; de Toda, I.M.; Cruces, J.; Garrido, A.; Gonzalez-Sanchez, M.; De la Fuente, M. Role of macrophages in age-related
oxidative stress and lipofuscin accumulation in mice. Redox Biol. 2017, 12, 423–437. [CrossRef]

70. Niedernhofer, L.J.; Gurkar, A.U.; Wang, Y.; Vijg, J.; Hoeijmakers, J.H.J.; Robbins, P.D. Nuclear Genomic Instability and Aging.
Annu. Rev. Biochem. 2018, 87, 295–322. [CrossRef]

71. Huang, Z.; Sun, S.; Lee, M.; Maslov, A.Y.; Shi, M.; Waldman, S.; Marsh, A.; Siddiqui, T.; Dong, X.; Peter, Y.; et al. Single-cell
analysis of somatic mutations in human bronchial epithelial cells in relation to aging and smoking. Nat. Genet. 2022, 54, 492–498.
[CrossRef] [PubMed]

72. Lee, K.A.; Flores, R.R.; Jang, I.H.; Saathoff, A.; Robbins, P.D. Immune Senescence, Immunosenescence and Aging. Front. Aging
2022, 3, 900028. [CrossRef] [PubMed]

73. Yousefzadeh, M.J.; Zhao, J.; Bukata, C.; Wade, E.A.; McGowan, S.J.; Angelini, L.A.; Bank, M.P.; Gurkar, A.U.; McGuckian, C.A.;
Calubag, M.F.; et al. Tissue specificity of senescent cell accumulation during physiologic and accelerated aging of mice. Aging Cell
2020, 19, e13094. [CrossRef] [PubMed]

74. Stead, E.R.; Bjedov, I. Balancing DNA repair to prevent ageing and cancer. Exp. Cell Res. 2021, 405, 112679. [CrossRef] [PubMed]
75. Miller, K.N.; Victorelli, S.G.; Salmonowicz, H.; Dasgupta, N.; Liu, T.; Passos, J.F.; Adams, P.D. Cytoplasmic DNA: Sources, sensing,

and role in aging and disease. Cell 2021, 184, 5506–5526. [CrossRef]
76. Hennekam, R.C.M. Pathophysiology of premature aging characteristics in Mendelian progeroid disorders. Eur. J. Med. Genet.

2020, 63, 104028. [CrossRef]
77. Blackburn, E.H.; Epel, E.S.; Lin, J. Human telomere biology: A contributory and interactive factor in aging, disease risks, and

protection. Science 2015, 350, 1193–1198. [CrossRef]
78. Desdin-Mico, G.; Soto-Heredero, G.; Mittelbrunn, M. Mitochondrial activity in T cells. Mitochondrion 2018, 41, 51–57. [CrossRef]
79. Sena, L.A.; Li, S.; Jairaman, A.; Prakriya, M.; Ezponda, T.; Hildeman, D.A.; Wang, C.R.; Schumacker, P.T.; Licht, J.D.; Perlman, H.;

et al. Mitochondria are required for antigen-specific T cell activation through reactive oxygen species signaling. Immunity 2013,
38, 225–236. [CrossRef]

80. Quinn, K.M.; Palchaudhuri, R.; Palmer, C.S.; La Gruta, N.L. The clock is ticking: The impact of ageing on T cell metabolism. Clin.
Transl. Immunol. 2019, 8, e01091. [CrossRef]

81. Smith, A.L.; Whitehall, J.C.; Bradshaw, C.; Gay, D.; Robertson, F.; Blain, A.P.; Hudson, G.; Pyle, A.; Houghton, D.; Hunt, M.;
et al. Age-associated mitochondrial DNA mutations cause metabolic remodelling that contributes to accelerated intestinal
tumorigenesis. Nat. Cancer 2020, 1, 976–989. [CrossRef] [PubMed]

82. Singh, B.; Schoeb, T.R.; Bajpai, P.; Slominski, A.; Singh, K.K. Reversing wrinkled skin and hair loss in mice by restoring
mitochondrial function. Cell Death Dis. 2018, 9, 735. [CrossRef] [PubMed]

83. Lujan, S.A.; Longley, M.J.; Humble, M.H.; Lavender, C.A.; Burkholder, A.; Blakely, E.L.; Alston, C.L.; Gorman, G.S.; Turnbull,
D.M.; McFarland, R.; et al. Ultrasensitive deletion detection links mitochondrial DNA replication, disease, and aging. Genome
Biol. 2020, 21, 248. [CrossRef] [PubMed]

84. Henson, S.M. CD8+ T-cell senescence: No role for mTOR. Biochem. Soc. Trans. 2015, 43, 734–739. [CrossRef] [PubMed]
85. Fernandes, S.A.; Demetriades, C. The Multifaceted Role of Nutrient Sensing and mTORC1 Signaling in Physiology and Aging.

Front. Aging 2021, 2, 707372. [CrossRef]
86. Papadopoli, D.; Boulay, K.; Kazak, L.; Pollak, M.; Mallette, F.A.; Topisirovic, I.; Hulea, L. mTOR as a central regulator of lifespan

and aging. F1000Research 2019, 8, 1–21. [CrossRef]
87. Mannick, J.B.; Lamming, D.W. Targeting the biology of aging with mTOR inhibitors. Nat. Aging 2023, 3, 642–660. [CrossRef]
88. Mannick, J.B.; Del Giudice, G.; Lattanzi, M.; Valiante, N.M.; Praestgaard, J.; Huang, B.; Lonetto, M.A.; Maecker, H.T.; Kovarik, J.;

Carson, S.; et al. mTOR inhibition improves immune function in the elderly. Sci. Transl. Med. 2014, 6, 268ra179. [CrossRef]
89. Xie, X.; Ma, G.; Li, X.; Zhao, J.; Zhao, Z.; Zeng, J. Activation of innate immune cGAS-STING pathway contributes to Alzheimer’s

pathogenesis in 5xFAD mice. Nat. Aging 2023, 3, 202–212. [CrossRef]
90. Gulen, M.F.; Samson, N.; Keller, A.; Schwabenland, M.; Liu, C.; Gluck, S.; Thacker, V.V.; Favre, L.; Mangeat, B.; Kroese, L.J.; et al.

cGAS-STING drives ageing-related inflammation and neurodegeneration. Nature 2023, 620, 374–380. [CrossRef]
91. Salminen, A.; Huuskonen, J.; Ojala, J.; Kauppinen, A.; Kaarniranta, K.; Suuronen, T. Activation of innate immunity system during

aging: NF-kB signaling is the molecular culprit of inflamm-aging. Ageing Res. Rev. 2008, 7, 83–105. [CrossRef] [PubMed]
92. Kauppinen, A.; Suuronen, T.; Ojala, J.; Kaarniranta, K.; Salminen, A. Antagonistic crosstalk between NF-kappaB and SIRT1 in the

regulation of inflammation and metabolic disorders. Cell Signal. 2013, 25, 1939–1948. [CrossRef] [PubMed]
93. Wang, Y.; Bi, Y.; Chen, X.; Li, C.; Li, Y.; Zhang, Z.; Wang, J.; Lu, Y.; Yu, Q.; Su, H.; et al. Histone Deacetylase SIRT1 Negatively

Regulates the Differentiation of Interleukin-9-Producing CD4(+) T Cells. Immunity 2016, 44, 1337–1349. [CrossRef] [PubMed]
94. Xue, C.; Yao, Q.; Gu, X.; Shi, Q.; Yuan, X.; Chu, Q.; Bao, Z.; Lu, J.; Li, L. Evolving cognition of the JAK-STAT signaling pathway:

Autoimmune disorders and cancer. Signal Transduct. Target. Ther. 2023, 8, 204. [CrossRef] [PubMed]
95. Wang, B.; Han, J.; Elisseeff, J.H.; Demaria, M. The senescence-associated secretory phenotype and its physiological and pathologi-

cal implications. Nat. Rev. Mol. Cell Biol. 2024. [CrossRef]
96. Xu, M.; Tchkonia, T.; Ding, H.; Ogrodnik, M.; Lubbers, E.R.; Pirtskhalava, T.; White, T.A.; Johnson, K.O.; Stout, M.B.; Mezera, V.;

et al. JAK inhibition alleviates the cellular senescence-associated secretory phenotype and frailty in old age. Proc. Natl. Acad. Sci.
USA 2015, 112, E6301–E6310. [CrossRef]

135



Nutrients 2024, 16, 3830

97. Zheng, R.; Zhang, Y.; Zhang, K.; Yuan, Y.; Jia, S.; Liu, J. The Complement System, Aging, and Aging-Related Diseases. Int. J. Mol.
Sci. 2022, 23, 8689. [CrossRef]

98. Yoshikawa, T.T. Epidemiology and unique aspects of aging and infectious diseases. Clin. Infect. Dis. 2000, 30, 931–933. [CrossRef]
99. Jiang, N.; He, J.; Weinstein, J.A.; Penland, L.; Sasaki, S.; He, X.S.; Dekker, C.L.; Zheng, N.Y.; Huang, M.; Sullivan, M.; et al. Lineage

structure of the human antibody repertoire in response to influenza vaccination. Sci. Transl. Med. 2013, 5, 171ra119. [CrossRef]
100. Treanor, J.J.; Talbot, H.K.; Ohmit, S.E.; Coleman, L.A.; Thompson, M.G.; Cheng, P.Y.; Petrie, J.G.; Lofthus, G.; Meece, J.K.; Williams,

J.V.; et al. Effectiveness of seasonal influenza vaccines in the United States during a season with circulation of all three vaccine
strains. Clin. Infect. Dis. 2012, 55, 951–959. [CrossRef]

101. Valmori, D.; Merlo, A.; Souleimanian, N.E.; Hesdorffer, C.S.; Ayyoub, M. A peripheral circulating compartment of natural naive
CD4 Tregs. J. Clin. Investig. 2005, 115, 1953–1962. [CrossRef] [PubMed]

102. Stahl, E.C.; Brown, B.N. Cell Therapy Strategies to Combat Immunosenescence. Organogenesis 2015, 11, 159–172. [CrossRef]
[PubMed]

103. Simon, A.K.; Hollander, G.A.; McMichael, A. Evolution of the immune system in humans from infancy to old age. Proc. Biol. Sci.
2015, 282, 20143085. [CrossRef]

104. Solana, R.; Tarazona, R.; Aiello, A.E.; Akbar, A.N.; Appay, V.; Beswick, M.; Bosch, J.A.; Campos, C.; Cantisan, S.; Cicin-Sain, L.;
et al. CMV and Immunosenescence: From basics to clinics. Immun. Ageing 2012, 9, 23. [CrossRef] [PubMed]

105. Nikolich-Zugich, J.; Knox, K.S.; Rios, C.T.; Natt, B.; Bhattacharya, D.; Fain, M.J. SARS-CoV-2 and COVID-19 in older adults: What
we may expect regarding pathogenesis, immune responses, and outcomes. Geroscience 2020, 42, 505–514. [CrossRef] [PubMed]

106. Du, S.Q.; Yuan, W. Mathematical modeling of interaction between innate and adaptive immune responses in COVID-19 and
implications for viral pathogenesis. J. Med. Virol. 2020, 92, 1615–1628. [CrossRef]

107. De Wilde, A.H.; Snijder, E.J.; Kikkert, M.; van Hemert, M.J. Host Factors in Coronavirus Replication. Curr. Top. Microbiol. Immunol.
2018, 419, 1–42. [CrossRef]

108. Wang, S.; Yao, X.; Ma, S.; Ping, Y.; Fan, Y.; Sun, S.; He, Z.; Shi, Y.; Sun, L.; Xiao, S.; et al. A single-cell transcriptomic landscape of
the lungs of patients with COVID-19. Nat. Cell. Biol. 2021, 23, 1314–1328. [CrossRef]

109. Bassendine, M.F.; Bridge, S.H.; McCaughan, G.W.; Gorrell, M.D. COVID-19 and comorbidities: A role for dipeptidyl peptidase 4
(DPP4) in disease severity? J. Diabetes 2020, 12, 649–658. [CrossRef]

110. Goronzy, J.J.; Weyand, C.M. Aging, autoimmunity and arthritis: T-cell senescence and contraction of T-cell repertoire diversity -
catalysts of autoimmunity and chronic inflammation. Arthritis Res. Ther. 2003, 5, 225–234. [CrossRef]

111. Collaborators, G.B.D.R.A. Global, regional, and national burden of rheumatoid arthritis, 1990-2020, and projections to 2050: A
systematic analysis of the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023, 5, e594–e610. [CrossRef]

112. Struglics, A.; Okroj, M.; Sward, P.; Frobell, R.; Saxne, T.; Lohmander, L.S.; Blom, A.M. The complement system is activated in
synovial fluid from subjects with knee injury and from patients with osteoarthritis. Arthritis Res. Ther. 2016, 18, 223. [CrossRef]
[PubMed]

113. Cao, W.; Zheng, D.; Wang, G.; Zhang, J.; Ge, S.; Singh, M.; Wang, H.; Song, M.; Li, D.; Wang, W.; et al. Modelling biological age
based on plasma peptides in Han Chinese adults. Aging 2020, 12, 10676–10686. [CrossRef] [PubMed]

114. Scarpaci, S.; Frasca, D.; Barattini, P.; Guidi, L.; Doria, G. DNA damage recognition and repair capacities in human naive and
memory T cells from peripheral blood of young and elderly subjects. Mech. Ageing Dev. 2003, 124, 517–524. [CrossRef] [PubMed]

115. Minaga, K.; Watanabe, T.; Hara, A.; Yoshikawa, T.; Kamata, K.; Kudo, M. Plasmacytoid Dendritic Cells as a New Therapeutic
Target for Autoimmune Pancreatitis and IgG4-Related Disease. Front. Immunol. 2021, 12, 713779. [CrossRef] [PubMed]

116. Li, P.; Jiang, M.; Li, K.; Li, H.; Zhou, Y.; Xiao, X.; Xu, Y.; Krishfield, S.; Lipsky, P.E.; Tsokos, G.C.; et al. Glutathione peroxidase
4-regulated neutrophil ferroptosis induces systemic autoimmunity. Nat. Immunol. 2021, 22, 1107–1117. [CrossRef]

117. Kishimoto, D.; Kirino, Y.; Tamura, M.; Takeno, M.; Kunishita, Y.; Takase-Minegishi, K.; Nakano, H.; Kato, I.; Nagahama, K.;
Yoshimi, R.; et al. Dysregulated heme oxygenase-1(low) M2-like macrophages augment lupus nephritis via Bach1 induced by
type I interferons. Arthritis Res. Ther. 2018, 20, 64. [CrossRef]

118. Bolouri, N.; Akhtari, M.; Farhadi, E.; Mansouri, R.; Faezi, S.T.; Jamshidi, A.; Mahmoudi, M. Role of the innate and adaptive
immune responses in the pathogenesis of systemic lupus erythematosus. Inflamm. Res. 2022, 71, 537–554. [CrossRef]

119. Chen, X.; Sun, X.; Yang, W.; Yang, B.; Zhao, X.; Chen, S.; He, L.; Chen, H.; Yang, C.; Xiao, L.; et al. An autoimmune disease variant
of IgG1 modulates B cell activation and differentiation. Science 2018, 362, 700–705. [CrossRef]

120. Crow, M.K. Pathogenesis of systemic lupus erythematosus: Risks, mechanisms and therapeutic targets. Ann. Rheum. Dis. 2023,
82, 999–1014. [CrossRef]

121. Sullivan, K.E. Complement deficiency and autoimmunity. Curr. Opin. Pediatr. 1998, 10, 600–606. [CrossRef] [PubMed]
122. Kuchcinski, G.; Rumetshofer, T.; Zervides, K.A.; Lopes, R.; Gautherot, M.; Pruvo, J.P.; Bengtsson, A.A.; Hansson, O.; Jonsen, A.;

Sundgren, P.C.M. MRI BrainAGE demonstrates increased brain aging in systemic lupus erythematosus patients. Front. Aging
Neurosci. 2023, 15, 1274061. [CrossRef] [PubMed]

123. Gueye, M.; Preziosa, P.; Ramirez, G.A.; Bozzolo, E.P.; Canti, V.; Margoni, M.; Meani, A.; Moiola, L.; Rovere-Querini, P.; Manfredi,
A.A.; et al. Choroid plexus and perivascular space enlargement in neuropsychiatric systemic lupus erythematosus. Mol. Psychiatry
2024, 29, 359–368. [CrossRef] [PubMed]

124. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65,
87–108. [CrossRef] [PubMed]

136



Nutrients 2024, 16, 3830

125. Li, D.; de Glas, N.A.; Hurria, A. Cancer and Aging: General Principles, Biology, and Geriatric Assessment. Clin. Geriatr. Med.
2016, 32, 1–15. [CrossRef]

126. Kadambi, S.; Loh, K.P.; Dunne, R.; Magnuson, A.; Maggiore, R.; Zittel, J.; Flannery, M.; Inglis, J.; Gilmore, N.; Mohamed, M.; et al.
Older adults with cancer and their caregivers - current landscape and future directions for clinical care. Nat. Rev. Clin. Oncol.
2020, 17, 742–755. [CrossRef]

127. Lopez-Otin, C.; Kroemer, G. Hallmarks of Health. Cell 2021, 184, 33–63. [CrossRef]
128. Yonekura, S.; Terrisse, S.; Alves Costa Silva, C.; Lafarge, A.; Iebba, V.; Ferrere, G.; Goubet, A.G.; Fahrner, J.E.; Lahmar, I.; Ueda, K.;

et al. Cancer Induces a Stress Ileopathy Depending on beta-Adrenergic Receptors and Promoting Dysbiosis that Contributes to
Carcinogenesis. Cancer Discov. 2022, 12, 1128–1151. [CrossRef]

129. Ness, K.K.; Kirkland, J.L.; Gramatges, M.M.; Wang, Z.; Kundu, M.; McCastlain, K.; Li-Harms, X.; Zhang, J.; Tchkonia, T.; Pluijm,
S.M.F.; et al. Premature Physiologic Aging as a Paradigm for Understanding Increased Risk of Adverse Health Across the
Lifespan of Survivors of Childhood Cancer. J. Clin. Oncol. 2018, 36, 2206–2215. [CrossRef]

130. Carroll, J.E.; Bower, J.E.; Ganz, P.A. Cancer-related accelerated ageing and biobehavioural modifiers: A framework for research
and clinical care. Nat. Rev. Clin. Oncol. 2022, 19, 173–187. [CrossRef]

131. Lopez-Otin, C.; Pietrocola, F.; Roiz-Valle, D.; Galluzzi, L.; Kroemer, G. Meta-hallmarks of aging and cancer. Cell Metab. 2023, 35,
12–35. [CrossRef] [PubMed]

132. Geiger, R.; Rieckmann, J.C.; Wolf, T.; Basso, C.; Feng, Y.; Fuhrer, T.; Kogadeeva, M.; Picotti, P.; Meissner, F.; Mann, M.; et al.
L-Arginine Modulates T Cell Metabolism and Enhances Survival and Anti-tumor Activity. Cell 2016, 167, 829–842.e13. [CrossRef]
[PubMed]

133. Gnanaprakasam, J.N.R.; Kushwaha, B.; Liu, L.; Chen, X.; Kang, S.; Wang, T.; Cassel, T.A.; Adams, C.M.; Higashi, R.M.; Scott, D.A.;
et al. Asparagine restriction enhances CD8(+) T cell metabolic fitness and antitumoral functionality through an NRF2-dependent
stress response. Nat. Metab. 2023, 5, 1423–1439. [CrossRef] [PubMed]

134. Yang, L.; Chu, Z.; Liu, M.; Zou, Q.; Li, J.; Liu, Q.; Wang, Y.; Wang, T.; Xiang, J.; Wang, B. Amino acid metabolism in immune cells:
Essential regulators of the effector functions, and promising opportunities to enhance cancer immunotherapy. J. Hematol. Oncol.
2023, 16, 59. [CrossRef] [PubMed]

135. Sullivan, Z.A.; Khoury-Hanold, W.; Lim, J.; Smillie, C.; Biton, M.; Reis, B.S.; Zwick, R.K.; Pope, S.D.; Israni-Winger, K.; Parsa, R.;
et al. γδ T cells regulate the intestinal response to nutrient sensing. Science 2021, 371, eaba8310. [CrossRef]

136. Tan, J.; Ni, D.; Wali, J.A.; Cox, D.A.; Pinget, G.V.; Taitz, J.; Daïen, C.I.; Senior, A.; Read, M.N.; Simpson, S.J.; et al. Dietary
carbohydrate, particularly glucose, drives B cell lymphopoiesis and function. Iscience 2021, 24, 102835. [CrossRef]

137. He, C.; Wang, S.; Zhou, C.; He, M.; Wang, J.; Ladds, M.; Lianoudaki, D.; Sedimbi, S.K.; Lane, D.P.; Westerberg, L.S.; et al. CD36
and LC3B initiated autophagy in B cells regulates the humoral immune response. Autophagy 2021, 17, 3577–3591. [CrossRef]

138. Zhou, X.; Zhu, X.; Li, C.; Li, Y.; Ye, Z.; Shapiro, V.S.; Copland, J.A., 3rd; Hitosugi, T.; Bernlohr, D.A.; Sun, J.; et al. Stearoyl-
CoA Desaturase-Mediated Monounsaturated Fatty Acid Availability Supports Humoral Immunity. Cell Rep. 2021, 34, 108601.
[CrossRef]

139. Sanchez, H.N.; Moroney, J.B.; Gan, H.; Shen, T.; Im, J.L.; Li, T.; Taylor, J.R.; Zan, H.; Casali, P. B cell-intrinsic epigenetic modulation
of antibody responses by dietary fiber-derived short-chain fatty acids. Nat. Commun. 2020, 11, 60. [CrossRef]

140. Hao, F.; Tian, M.; Zhang, X.; Jin, X.; Jiang, Y.; Sun, X.; Wang, Y.; Peng, P.; Liu, J.; Xia, C.; et al. Butyrate enhances CPT1A activity to
promote fatty acid oxidation and iTreg differentiation. Proc. Natl. Acad. Sci. USA 2021, 118, e2014681118. [CrossRef]

141. Lai, Y.; Gao, Y.; Lin, J.; Liu, F.; Yang, L.; Zhou, J.; Xue, Y.; Li, Y.; Chang, Z.; Li, J.; et al. Dietary elaidic acid boosts tumoral antigen
presentation and cancer immunity via ACSL5. Cell Metab. 2024, 36, 822–838.e8. [CrossRef] [PubMed]

142. Nava Lauson, C.B.; Tiberti, S.; Corsetto, P.A.; Conte, F.; Tyagi, P.; Machwirth, M.; Ebert, S.; Loffreda, A.; Scheller, L.; Sheta, D.; et al.
Linoleic acid potentiates CD8(+) T cell metabolic fitness and antitumor immunity. Cell Metab. 2023, 35, 633–650.e9. [CrossRef]
[PubMed]

143. Jia, M.; Wang, Y.; Wang, J.; Qin, D.; Wang, M.; Chai, L.; Fu, Y.; Zhao, C.; Gao, C.; Jia, J.; et al. Myristic acid as a checkpoint to
regulate STING-dependent autophagy and interferon responses by promoting N-myristoylation. Nat. Commun. 2023, 14, 660.
[CrossRef] [PubMed]

144. Bosch, M.; Sanchez-Alvarez, M.; Fajardo, A.; Kapetanovic, R.; Steiner, B.; Dutra, F.; Moreira, L.; Lopez, J.A.; Campo, R.; Mari,
M.; et al. Mammalian lipid droplets are innate immune hubs integrating cell metabolism and host defense. Science 2020, 370,
eaay8085. [CrossRef] [PubMed]

145. Schulze, M.B.; Minihane, A.M.; Saleh, R.N.M.; Riserus, U. Intake and metabolism of omega-3 and omega-6 polyunsaturated fatty
acids: Nutritional implications for cardiometabolic diseases. Lancet Diabetes Endocrinol. 2020, 8, 915–930. [CrossRef]

146. Huang, Z.; Liu, Y.; Qi, G.; Brand, D.; Zheng, S.G. Role of Vitamin A in the Immune System. J. Clin. Med. 2018, 7, 258. [CrossRef]
147. Van Gorkom, G.N.Y.; Klein Wolterink, R.G.J.; Van Elssen, C.; Wieten, L.; Germeraad, W.T.V.; Bos, G.M.J. Influence of Vitamin C on

Lymphocytes: An Overview. Antioxidants 2018, 7, 41. [CrossRef]
148. Autier, P.; Boniol, M.; Pizot, C.; Mullie, P. Vitamin D status and ill health: A systematic review. Lancet Diabetes Endocrinol. 2014, 2,

76–89. [CrossRef]
149. Jeffery, L.E.; Raza, K.; Hewison, M. Vitamin D in rheumatoid arthritis-towards clinical application. Nat. Rev. Rheumatol. 2016, 12,

201–210. [CrossRef]

137



Nutrients 2024, 16, 3830

150. Yuan, X.; Duan, Y.; Xiao, Y.; Sun, K.; Qi, Y.; Zhang, Y.; Ahmed, Z.; Moiani, D.; Yao, J.; Li, H.; et al. Vitamin E Enhances Cancer
Immunotherapy by Reinvigorating Dendritic Cells via Targeting Checkpoint SHP1. Cancer Discov. 2022, 12, 1742–1759. [CrossRef]

151. Gombart, A.F.; Pierre, A.; Maggini, S. A Review of Micronutrients and the Immune System-Working in Harmony to Reduce the
Risk of Infection. Nutrients 2020, 12, 236. [CrossRef] [PubMed]

152. Wintergerst, E.S.; Maggini, S.; Hornig, D.H. Immune-enhancing role of vitamin C and zinc and effect on clinical conditions. Ann.
Nutr. Metab. 2006, 50, 85–94. [CrossRef] [PubMed]

153. Song, X.; Zhang, H.; Zhang, Y.; Goh, B.; Bao, B.; Mello, S.S.; Sun, X.; Zheng, W.; Gazzaniga, F.S.; Wu, M.; et al. Gut microbial fatty
acid isomerization modulates intraepithelial T cells. Nature 2023, 619, 837–843. [CrossRef] [PubMed]

154. Ma, J.; Liu, Z.; Gao, X.; Bao, Y.; Hong, Y.; He, X.; Zhu, W.; Li, Y.; Huang, W.; Zheng, N.; et al. Gut microbiota remodeling improves
natural aging-related disorders through Akkermansia muciniphila and its derived acetic acid. Pharmacol. Res. 2023, 189, 106687.
[CrossRef]

155. Xiao, Y.; Feng, Y.; Zhao, J.; Chen, W.; Lu, W. Achieving healthy aging through gut microbiota-directed dietary intervention:
Focusing on microbial biomarkers and host mechanisms. J. Adv. Res. 2024, 24, 00092-4. [CrossRef]

156. Cristofori, F.; Dargenio, V.N.; Dargenio, C.; Miniello, V.L.; Barone, M.; Francavilla, R. Anti-Inflammatory and Immunomodulatory
Effects of Probiotics in Gut Inflammation: A Door to the Body. Front. Immunol. 2021, 12, 578386. [CrossRef]

157. Johansson, M.A.; Bjorkander, S.; Mata Forsberg, M.; Qazi, K.R.; Salvany Celades, M.; Bittmann, J.; Eberl, M.; Sverremark-Ekstrom,
E. Probiotic Lactobacilli Modulate Staphylococcus aureus-Induced Activation of Conventional and Unconventional T cells and
NK Cells. Front. Immunol. 2016, 7, 273. [CrossRef]

158. Waziry, R.; Ryan, C.P.; Corcoran, D.L.; Huffman, K.M.; Kobor, M.S.; Kothari, M.; Graf, G.H.; Kraus, V.B.; Kraus, W.E.; Lin, D.T.S.;
et al. Effect of long-term caloric restriction on DNA methylation measures of biological aging in healthy adults from the CALERIE
trial. Nat. Aging 2023, 3, 248–257. [CrossRef]

159. Spadaro, O.; Youm, Y.; Shchukina, I.; Ryu, S.; Sidorov, S.; Ravussin, A.; Nguyen, K.; Aladyeva, E.; Predeus, A.N.; Smith, S.R.; et al.
Caloric restriction in humans reveals immunometabolic regulators of health span. Science 2022, 375, 671–677. [CrossRef]

160. You, Y.; Chen, Y.; Wang, X.; Wei, M.; Zhang, Q.; Cao, Q. Accelerometer-measured physical activity patterns are associated with
phenotypic age: Isotemporal substitution effects. Heliyon 2023, 9, e19158. [CrossRef]

161. Nilsson, M.I.; Bourgeois, J.M.; Nederveen, J.P.; Leite, M.R.; Hettinga, B.P.; Bujak, A.L.; May, L.; Lin, E.; Crozier, M.; Rusiecki, D.R.;
et al. Lifelong aerobic exercise protects against inflammaging and cancer. PLoS ONE 2019, 14, e0210863. [CrossRef] [PubMed]

162. Rossman, M.J.; Kaplon, R.E.; Hill, S.D.; McNamara, M.N.; Santos-Parker, J.R.; Pierce, G.L.; Seals, D.R.; Donato, A.J. Endothelial
cell senescence with aging in healthy humans: Prevention by habitual exercise and relation to vascular endothelial function. Am.
J. Physiol. Heart Circ. Physiol. 2017, 313, H890–H895. [CrossRef] [PubMed]

163. Werner, C.; Furster, T.; Widmann, T.; Poss, J.; Roggia, C.; Hanhoun, M.; Scharhag, J.; Buchner, N.; Meyer, T.; Kindermann, W.; et al.
Physical exercise prevents cellular senescence in circulating leukocytes and in the vessel wall. Circulation 2009, 120, 2438–2447.
[CrossRef] [PubMed]

164. Gao, X.; Huang, N.; Guo, X.; Huang, T. Role of sleep quality in the acceleration of biological aging and its potential for preventive
interaction on air pollution insults: Findings from the UK Biobank cohort. Aging Cell 2022, 21, e13610. [CrossRef] [PubMed]

165. Li, Y.; Sahakian, B.J.; Kang, J.; Langley, C.; Zhang, W.; Xie, C.; Xiang, S.; Yu, J.; Cheng, W.; Feng, J. The brain structure and genetic
mechanisms underlying the nonlinear association between sleep duration, cognition and mental health. Nat. Aging 2022, 2,
425–437. [CrossRef]

166. Li, S.B.; Damonte, V.M.; Chen, C.; Wang, G.X.; Kebschull, J.M.; Yamaguchi, H.; Bian, W.J.; Purmann, C.; Pattni, R.; Urban, A.E.;
et al. Hyperexcitable arousal circuits drive sleep instability during aging. Science 2022, 375, eabh3021. [CrossRef]

167. Sciorati, C.; Gamberale, R.; Monno, A.; Citterio, L.; Lanzani, C.; De Lorenzo, R.; Ramirez, G.A.; Esposito, A.; Manunta, P.;
Manfredi, A.A.; et al. Pharmacological blockade of TNFalpha prevents sarcopenia and prolongs survival in aging mice. Aging
2020, 12, 23497–23508. [CrossRef]

168. Gocmez, S.S.; Yazir, Y.; Gacar, G.; Demirtas Sahin, T.; Arkan, S.; Karson, A.; Utkan, T. Etanercept improves aging-induced
cognitive deficits by reducing inflammation and vascular dysfunction in rats. Physiol. Behav. 2020, 224, 113019. [CrossRef]

169. D’Souza, S.S.; Zhang, Y.; Bailey, J.T.; Fung, I.T.H.; Kuentzel, M.L.; Chittur, S.V.; Yang, Q. Type I Interferon signaling controls the
accumulation and transcriptomes of monocytes in the aged lung. Aging Cell 2021, 20, e13470. [CrossRef]

170. Marin-Aguilar, F.; Lechuga-Vieco, A.V.; Alcocer-Gomez, E.; Castejon-Vega, B.; Lucas, J.; Garrido, C.; Peralta-Garcia, A.; Perez-
Pulido, A.J.; Varela-Lopez, A.; Quiles, J.L.; et al. NLRP3 inflammasome suppression improves longevity and prevents cardiac
aging in male mice. Aging Cell 2020, 19, e13050. [CrossRef]

171. Almanan, M.; Raynor, J.; Ogunsulire, I.; Malyshkina, A.; Mukherjee, S.; Hummel, S.A.; Ingram, J.T.; Saini, A.; Xie, M.M.; Alenghat,
T.; et al. IL-10-producing Tfh cells accumulate with age and link inflammation with age-related immune suppression. Sci. Adv.
2020, 6, eabb0806. [CrossRef] [PubMed]

172. Shim, H.S.; Iaconelli, J.; Shang, X.; Li, J.; Lan, Z.D.; Jiang, S.; Nutsch, K.; Beyer, B.A.; Lairson, L.L.; Boutin, A.T.; et al. TERT
activation targets DNA methylation and multiple aging hallmarks. Cell 2024, 187, 4030–4042.e13. [CrossRef] [PubMed]

173. Bai, H.; Liu, X.; Lin, M.; Meng, Y.; Tang, R.; Guo, Y.; Li, N.; Clarke, M.F.; Cai, S. Progressive senescence programs induce intrinsic
vulnerability to aging-related female breast cancer. Nat. Commun. 2024, 15, 5154. [CrossRef] [PubMed]

174. Partridge, L.; Fuentealba, M.; Kennedy, B.K. The quest to slow ageing through drug discovery. Nat. Rev. Drug Discov. 2020, 19,
513–532. [CrossRef] [PubMed]

138



Nutrients 2024, 16, 3830

175. Bharath, L.P.; Agrawal, M.; McCambridge, G.; Nicholas, D.A.; Hasturk, H.; Liu, J.; Jiang, K.; Liu, R.; Guo, Z.; Deeney, J.; et al.
Metformin Enhances Autophagy and Normalizes Mitochondrial Function to Alleviate Aging-Associated Inflammation. Cell
Metab. 2020, 32, 44–55.e6. [CrossRef]

176. Ding, Y.; Wang, Y.; Hu, Q. Recent advances in overcoming barriers to cell-based delivery systems for cancer immunotherapy.
Exploration 2022, 2, 20210106. [CrossRef]

177. Zhou, F.; Huang, L.; Li, S.; Yang, W.; Chen, F.; Cai, Z.; Liu, X.; Xu, W.; Lehto, V.P.; Lachelt, U.; et al. From structural design to
delivery: mRNA therapeutics for cancer immunotherapy. Exploration 2024, 4, 20210146. [CrossRef]

178. Yousefzadeh, M.J.; Flores, R.R.; Zhu, Y.; Schmiechen, Z.C.; Brooks, R.W.; Trussoni, C.E.; Cui, Y.; Angelini, L.; Lee, K.A.; McGowan,
S.J.; et al. An aged immune system drives senescence and ageing of solid organs. Nature 2021, 594, 100–105. [CrossRef]

179. Wu, R.; Sun, F.; Zhang, W.; Ren, J.; Liu, G.H. Targeting aging and age-related diseases with vaccines. Nat. Aging 2024, 4, 464–482.
[CrossRef]

180. Amor, C.; Fernandez-Maestre, I.; Chowdhury, S.; Ho, Y.J.; Nadella, S.; Graham, C.; Carrasco, S.E.; Nnuji-John, E.; Feucht, J.;
Hinterleitner, C.; et al. Prophylactic and long-lasting efficacy of senolytic CAR T cells against age-related metabolic dysfunction.
Nat. Aging 2024, 4, 336–349. [CrossRef]

181. Yang, D.; Sun, B.; Li, S.; Wei, W.; Liu, X.; Cui, X.; Zhang, X.; Liu, N.; Yan, L.; Deng, Y.; et al. NKG2D-CAR T cells eliminate
senescent cells in aged mice and nonhuman primates. Sci. Transl. Med. 2023, 15, eadd1951. [CrossRef] [PubMed]

182. Kovtonyuk, L.V.; Fritsch, K.; Feng, X.; Manz, M.G.; Takizawa, H. Inflamm-Aging of Hematopoiesis, Hematopoietic Stem Cells,
and the Bone Marrow Microenvironment. Front. Immunol. 2016, 7, 502. [CrossRef] [PubMed]

183. Sun, S.; Han, Y.; Lei, Y.; Yu, Y.; Dong, Y.; Chen, J. Hematopoietic Stem Cell: Regulation and Nutritional Intervention. Nutrients
2023, 15, 2605. [CrossRef] [PubMed]

184. Wahlestedt, M.; Norddahl, G.L.; Sten, G.; Ugale, A.; Frisk, M.A.; Mattsson, R.; Deierborg, T.; Sigvardsson, M.; Bryder, D. An
epigenetic component of hematopoietic stem cell aging amenable to reprogramming into a young state. Blood 2013, 121, 4257–4264.
[CrossRef] [PubMed]

185. Nikolich-Zugich, J. Author Correction: The twilight of immunity: Emerging concepts in aging of the immune system. Nat.
Immunol. 2018, 19, 1146. [CrossRef]

186. Karagiannis, T.T.; Dowrey, T.W.; Villacorta-Martin, C.; Montano, M.; Reed, E.; Belkina, A.C.; Andersen, S.L.; Perls, T.T.; Monti,
S.; Murphy, G.J.; et al. Multi-modal profiling of peripheral blood cells across the human lifespan reveals distinct immune cell
signatures of aging and longevity. EBioMedicine 2023, 90, 104514. [CrossRef]

187. Alpert, A.; Pickman, Y.; Leipold, M.; Rosenberg-Hasson, Y.; Ji, X.; Gaujoux, R.; Rabani, H.; Starosvetsky, E.; Kveler, K.; Schaffert,
S.; et al. A clinically meaningful metric of immune age derived from high-dimensional longitudinal monitoring. Nat. Med. 2019,
25, 487–495. [CrossRef]

188. Chu, L.X.; Wang, W.J.; Gu, X.P.; Wu, P.; Gao, C.; Zhang, Q.; Wu, J.; Jiang, D.W.; Huang, J.Q.; Ying, X.W.; et al. Spatiotemporal
multi-omics: Exploring molecular landscapes in aging and regenerative medicine. Mil. Med. Res. 2024, 11, 31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

139



nutrients

Review

Exploring the Geroprotective Potential of Nutraceuticals

Nadia Alejandra Rivero-Segura 1,†, Emmanuel Alejandro Zepeda-Arzate 1,†,

Selma Karime Castillo-Vazquez 1,2, Patrick Fleischmann-delaParra 1, Jessica Hernández-Pineda 3,

Edgar Flores-Soto 4, Paola García-delaTorre 5, Edgar Antonio Estrella-Parra 6 and Juan Carlos Gomez-Verjan 1,*

1 Dirección de Investigación, Instituto Nacional de Geriatría (INGER), Mexico City 10200, Mexico;
nrivero@inger.gob.mx (N.A.R.-S.); bm.ezepeda@gmail.com (E.A.Z.-A.); selmakarime@gmail.com (S.K.C.-V.);
patrickfp15@gmail.com (P.F.-d.)

2 Posgrado en Ciencias Biológicas, Universidad Nacional Autónoma de México, Mexico City 04510, Mexico
3 Departamento de Infectología e Inmunología, Instituto Nacional de Perinatología, SSA,

Mexico City 11000, Mexico; jesspinq@yahoo.com.mx
4 Departamento de Farmacología, Facultad de Medicina, Universidad Nacional Autónoma de México, Avenida

Universidad No. 3000, Alcaldía de Coyoacán, Mexico City 04510, Mexico; edgarfloressoto@yahoo.com.mx
5 Unidad de Investigación Epidemiológica y en Servicios de Salud, Área Envejecimiento, Centro Médico

Nacional Siglo XXI, Instituto Mexicano del Seguro Social, Mexico City 06720, Mexico; pgarciatorre@gmail.com
6 Laboratorio de Fitoquímica, UBIPRO, FES-Iztacala, Universidad Nacional Autónoma de México,

Tlalnepantla de Baz 54090, Mexico; estreparr@iztacala.unam.mx
* Correspondence: jverjan@inger.gob.mx; Tel.:+52-(55)-73809087
† These authors contributed equally to this work.

Abstract: Aging is the result of the accumulation of a wide variety of molecular and cellular damages
over time, meaning that “the more damage we accumulate, the higher the possibility to develop
age-related diseases”. Therefore, to reduce the incidence of such diseases and improve human health,
it becomes important to find ways to combat such damage. In this sense, geroprotectors have been
suggested as molecules that could slow down or prevent age-related diseases. On the other hand,
nutraceuticals are another set of compounds that align with the need to prevent diseases and promote
health since they are biologically active molecules (occurring naturally in food) that, apart from
having a nutritional role, have preventive properties, such as antioxidant, anti-inflammatory and
antitumoral, just to mention a few. Therefore, in the present review using the specialized databases
Scopus and PubMed we collected information from articles published from 2010 to 2023 in order
to describe the role of nutraceuticals during the aging process and, given their role in targeting the
hallmarks of aging, we suggest that they are potential geroprotectors that could be consumed as part
of our regular diet or administered additionally as nutritional supplements.

Keywords: nutraceuticals; geroprotectors; aging; hallmarks of aging; bioactive compounds

1. Introduction

Food is the source of energy required for all physiological functions and biological
activities, as well as the main source of all essential compounds that cannot be naturally
synthesized by our organism [1]. Moreover, the effect of food on our health depends on the
balance of our diet and on how efficiently and effectively our organism utilizes nutrients
(carbohydrates, lipids, proteins, vitamins and minerals) [2]. Interestingly, a healthy life
and, consequently, a long lifespan requires balanced nutrition. In this sense, the availability,
amount and quality of food varies depending on factors such as origins, composition and
manufacturing process, among others.

Nutrients are traditionally classified according to the function they play in our organ-
ism. Therefore, nutrients that contribute energy, such as lipids, proteins and carbohydrates,
are known as macronutrients. While trace amounts of vitamins, minerals and other or-
ganic compounds, which do not directly contribute to energy metabolism, are known
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as micronutrients or bioactive compounds [3]. In the past decades, micronutrients have
been linked to overall well-being and to health benefits associated with disease prevention
and treatment. These compounds were termed “nutraceuticals” by Stephen DeFelice in
1995 by joining the concept of pharmaceutical bioactivity with that of nutrients found
in our foods [4]. Interestingly, such a term, consequently, has been cited indifferently in
the literature, leading to a varied number of definitions that oftentimes are contradictory.
Additionally, nutraceuticals’ definition tends to be confused with the term “functional
foods”, which describes specific types of food that are characterized by a high content of
bioactive compounds with relevant effects on well-being and health or in reducing the
risk of diseases [5]. Interestingly, to date, there is no consensus nor a unique definition
for “nutraceuticals” and/or “functional foods”. For the current article, we use the term
nutraceutical as biologically active molecules naturally occurring in food that, apart from
having a nutritional role, provide health-promoting, disease-curing or prevention proper-
ties [6]. A nutraceutical must be understood as a single substance that may be isolated for
clinical purposes or consumed as part of a specific food [7].

On the other hand, aging as a process affects different levels of the biological hierarchy
and significantly affects molecular pathways that, once altered, are associated with several
types of diseases, such as cardiovascular, neurodegenerative, cancer, metabolic disorders
and many other syndromes [8]. In this context, current aging research focuses on develop-
ing strategies to slow down the detrimental effects of aging. In this sense, over the past
years the term “geroprotector” has become significant as potential molecules that target the
so-called Hallmarks of Aging [9], delaying the onset of age-related diseases and boosting
resilience in older adults [10]. The so-called “geroprotectors” stand out, named as such
by Illya Mechnikov, one of the fathers of gerontology, who defined them as an agent that
allows protection against the effects of aging, thus increasing life expectancy and healthy
life span [11].

Interestingly, some of the current geroprotector molecules have been discovered by
repurposing previously approved drugs or already tested compounds (most of which
are derived from natural sources consumed in the diet). Recently, the development of
different-omics tools has allowed redefining the term by a unifying concept in a more
formal way as that intervention that delays, reduces and/or prevents diseases associated
with aging and that is characterized by having a simultaneous target of one or several of
the pillars of aging [12]. Therefore, in the present review, we summarize the activities of
nutraceuticals that target the molecular hallmarks of aging that could be consumed as part
of our regular diet or administered additionally as nutritional supplements, suggesting the
design of a potential “geroprotective diet” that could be defined as a diet that could reduce
or prevent adverse outcomes of aging and that may contain a bioactive compound that
targets one or several of the hallmarks of aging.

For the selection of the studies summarized in this review, we performed research by
using the boolean operators AND/OR, NOT and Medical Subject Headings (MeSH) words,
such as “nutraceutics”, “nutraceuticals”, “functional food”, “aging”, “geroprotectors” and
each of the hallmarks of aging (“telomere attrition”, “epigenetics”, “loss of proteostasis”,
“disabled macroautophagy”, “deregulated nutrient sensing”, “mitochondrial dysfunc-
tion”, “cellular senescence”, “stem cell exhaustion”, “altered intercellular communication”,
“chronic inflammation”, “dysbiosis” and “genomic instability”). We only consider original
articles published from 2010 to 2023 in Scopus and Pubmed databases and exclude papers
that were in other languages different from English or without data published. A total of 69
articles were included to perform the following review, and the nutraceutical classification
was performed according to [13].

2. Nutraceuticals

In essence, from a chemical perspective, classic nutraceutical compounds are consid-
ered small chemical structures naturally synthesized in the secondary metabolism of plants.
This classification includes characteristic chemical structures, such as anthraquinones, alka-
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loids, saponins, tannins, essential oils, carotenoids, flavonoids and bitters [6]. However, in
recent years, carbohydrates, protein and lipids have also been introduced as nutraceuticals
together with other essential micronutrients. Lastly, probiotics, prebiotics and fungal ex-
tracts have also been partially considered nutraceuticals due not only to their direct effect
as such, but mainly because of their ability to metabolize compounds into more bioactive
molecules [14]. For instance, as depicted in Figure 1 most of the common nutraceuticals are
found in daily foods.

Figure 1. Examples of the enriched sources of the most common nutraceuticals. This figure depicted
the most common nutraceuticals found in vegetables, roots, fruits, nuts and seafood. For instance,
green bell peppers, lettuce, celery and epazote are enriched in curcumin and chlorogenic acid.
However, red bell, peach, soybean, grapes, strawberries and other berries are enriched sources of
naringenin, ellagic acid, pelargonidin-3-glucoside and cy-3-gal. Seafood, nuts and vegetable oils are
sources enriched in fatty acids, such as DHA, EPA and ALA.

The field of nutraceuticals is still too young compared to those of pharmaceuticals,
and there is still a lack of rigorous large-scale clinical trials. Nevertheless, over the last
10 years, there has been significant growth in scientific evidence that suggests that they
could be helpful for the treatment of cardiovascular and metabolic diseases, cognitive
function, skin physiology, immune function and digestive health [15]. In this sense, the
nutraceuticals market is experiencing significant growth due to the increased focus on
preventative healthcare, awareness about the benefits of dietary supplements and the
growing geriatric population accompanied with rising age-related disease prevalence. It
is estimated that the global nutraceutical market (functional food, dietary supplements
and functional beverages) is about 554.7 billion USD and will grow to 905.8 billion USD by
2030 [16]. Accordingly, Table 1 provides a summary of selected studies on foods, bioactive
compounds or nutraceuticals and their main targets and functions investigated in models
of aging or aging-related diseases.
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Table 1. General overview of experimental evidence on selected nutraceuticals with potential use in
aging or age-related diseases.

Nutraceutical Source
Bioactive Compounds
or Organisms

Nutraceutical
Classification

Age-Related Target
(Pharmacological or
Biological Activities)

Refs.

Wheatgrass (Triticum
aestivum)

Chlorophyll
Flavonoids
Vitamin C
Vitamin E

Phytochemicals
Antioxidants
Vitamins

Decreases triglycerides in blood.
Inhibits growth of leukemia cells.
Benefits immunological activity.
Decreases oxidative stress.

[17–19]

Aloe vera extract

Quercetin
Myricetin
Aloin
Vanillic acid
Palmitic acid
Vitamin E
Polysaccharides
Phenolic compounds

Phytochemicals
Antioxidants

Aloe is useful for photoaging since
it stimulates fibroblast, which
produces collagen and elastin
fibers, making the skin more
elastic and less wrinkled.
Additionally, it inhibits the
cyclooxygenase pathway and
reduces prostaglandin E2
production from arachidonic acid.
Quercetin, which exists in the
outer layers of aloe leaf, has a
cytoprotective effect on
mitochondrial pathways by
inhibiting oxidative stress.

[20–22]

Ginseng extract
Panax ginseng

Ginsenoside C-K
Oleanolic acid
Ginsenoside Rg1-Rb1, Rd
Oleanane
Polysaccharides
Peptides
Phenolic compounds

Phytochemicals

Ginseng exhibited a remarkable
antioxidant effect through the
enhancement of the cell stress
response, mainly by up-regulating
heme oxygenase-1. In a rat model
of high-fructose diet-induced
metabolic disorder, fermented red
ginseng reduced hyperlipidemia
and hypertension. An aqueous
extract of Korean red ginseng
rapidly up-regulated endothelial
NO synthase (eNOS) via the
phosphoinositide 3-kinase
(PI3K)/Akt-pathway in human
umbilical vein endothelial cells
(HUVEC).

[23–25]

Seaweed species
Hypnea musiformis,
Ochtodes secundiramea,
Padina gymnospora,
Codium tomentosum, and
Pterocladiella capillacea

Fucoidan
Fucoxanthin
Phycoerythin
Alginic acid
Polysaccharides
Carotenoids
Taurine

Phytochemicals
Amino acid

Seaweed is reported to ameliorate
or prevent Aβ25–35 aggregation
and inhibit AChE and BuChE
levels in vitro. MeOH extracts of
seaweed S. muticum and S.
polyschides exhibited the highest
neuroprotective effects against
dopamine-induced neurotoxicity
in SH-SY5Y cells.

[26,27]
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Nutraceutical Source
Bioactive Compounds
or Organisms

Nutraceutical
Classification

Age-Related Target
(Pharmacological or
Biological Activities)

Refs.

Echinacea purpurea
extracts

Caffeic acid
β-sitosterol
Phenolic compounds

Phytochemicals

After 8 weeks of Echinacea
consumption, a significant increase
in NK cell cytotoxic activity was
observed. Serum cytokine levels of
IL-2, IFN-γ, and TNF-α also
significantly increased. In vitro
gastrointestinal digestion on the
phenolic composition of Echinacea
extracts showed significant
reductions in IL-6, IL-8, and PGE2
levels in vitro.

[28,29]

Goji berry (Lycium
barbarum) extract

L. barbarum
polysaccharides (LBPs)
Pectic polysaccharides
Lycopene
Beta-carotene
Lutein
Zeaxanthin
Phenolic compounds Rutin

Phytochemicals
Antioxidants

Improve mitochondrial function
and decrease oxidative stress via
Nrf2-Maf and NOS signaling
pathways.
Improve cognitive performance in
aged rats by decreased
astrogliosis.

[30]

Chiang-Da (Gymnema
inodorum) leaf extracts

(3β, 16β)-16,28-
dihydroxyolean-12-en-3-
yl-O-β-D-glucopyranosyl-
β-D-glucopyranosiduronic
acid (GIA1)

Phytochemicals

Induces anti-hyperglycemic
mechanisms by reducing
α-glucosidase activity and glucose
transport of SGLT.

[31]

Strawberry (Fragaria x
ananassa cv. Romina)
extracts

Ellagic acid
Pelargonidin-3-glucoside
(Phenolic compounds)
K+, Mg+, P+ and Ca2+

(Minerals)

Phytochemicals
Essential trace elements

Induces DAF-16/FOXO and
SKN-1/NRF2 pathways.
Delay β-amyloid induced
paralysis Reduced β-amyloid
aggregation
Prevents oxidative stress in C.
elegans.

[32]

Fish hydrolysate

Eicosapentaenoic acid
(EPA)
Docosahexaenoic acid
(DHA)

Fatty acids

Improved memory performance in
aged mice.
Regulates gut microbiota.
Regulates corticosterone levels.
Increased the expression of the
mitochondrial respiratory chain
(ND1, ND2, ND5, and ND6).
Improving total skeletal muscle
mass, muscle strength and
physical performance in older
adults.

[33,34]

Blueberry (Vaccinium
uliginosum L.) extracts

Polyphenolic compounds
Cyaniding-3-O-galactoside
(Antocyanin)
Pyruvic acid
Chlorogenic acid

Phytochemicals

Promotes recovery from cell injury
and improves survival of
hippocampal pyramidal neurons.
Increases antioxidant defenses via
ERK signaling pathway in the
hippocampus of a
senescence-accelerated
mouse model.

[35,36]
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Nutraceutical
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Age-Related Target
(Pharmacological or
Biological Activities)
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Tempeh (soybean
fermentation)

Daidzein
Genistein
Polyphenols
Low-molecular-weight
soluble dietary fiber
Tempeh isoflavone
Peptides: Ala-Val, Gly-Leu,
Gly-Phe, Pro-Leu, Ala-Phe,
Asp-Met, Asp-Tyr,
Pro-Ala-Pro, Ile-Ala-Lys,
Arg-Ile-Tyr and
Val-Ile-Lys-Pro.

Phytochemicals
Dietary fiber
Antioxidants
Proteins and amino
acids

Induces Anti-inflammatory and
immunomodulatory components.
Improve antioxidative activity and
increase both SOD and CAT
gene expression.
Induces anti-hypertensive activity
via ACE inhibitor peptide
Induces neuroprotection and
GABA synthesis in six-month-old
senescence-accelerated mice.

[37–40]

Curcumin C3 complex

Polyphenolic
orange-yellow pigments:
curcumin,
demethoxycurcuminbis-
demethoxycurcumin

Phytochemicals

Decreased IL-6 concentration and
gene expression.
Prevents senescent cell
accumulation.
Improve antioxidant capacity.
Upregulate TERT gene expression
Increased telomere length in
aged rats.
Upregulate TERT gene expression
Increased telomere length in aged
rats (17 months old).

[41]Blueberry (Vaccinium
uliginosum L.) extract

Flavonoids
(anthocyanidins)
Polyphenols (procyanidin)
Phenolic acid
Pyruvic acid
Chlorogenic acid

Astragalus
membranaceus

Astragaloside IV
Kaempferol
Quercetin Isorhamnetin
Triterpene saponins

Amelanchier ovalis
berries ethanolic extract

Gallic acid
p-hydroxybenzoic acid
Protocatechinic acid

Phytochemicals

Promotes proliferation, lifespan
and survival rate of Saccharomyces
cerevisiae Y-564 exposed to
oxidative stress.

[42]

Krill oil

Astaxanthin
Choline
Omega-3
DHA
EPA

Phytochemicals
Vitamin precursors
Fatty acids

mTOR-p70s6k/Muscular strength
and cognitive function
The administration of krill oil to a
mixed-sex aged C57BL/6 mouse
model increased force production
(increased grip strength, increased
contraction and tetanic strength in
the extensor digitorum longus
muscle) without altering Ca2+

homeostasis in the
excitation-contraction coupling
mechanism or mitochondrial Ca2+

uptake processes.

[43]
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Lycium ruthenicum Murr
ethanolic extract

Anthocyanins
Lycibarbar spermidine B
N1-Dihydrocaffeoyl N10-
trans-caffeoyl-spermidine)

Phytochemicals

Prevents oxidative damage by
increasing SOD and glutathione
peroxidase concentration in a
murine model of accelerated aging
induced by D-galactose.

[44]

Fermented Black
Soybean and Adlay
(FBA)

Nattokinase
Polyglutamic acid
Isoflavones

Proteins and
amino acids
Phytochemicals

Improves body composition in
aged mice (increased
gastrocnemius muscle and
decreased fat accumulation).
Interestingly, it reduced the
expression of GLB1 and p16INK4A

genes involved in senescence.
Counteracts oxidative stress.
Decrease inflammation markers
MCP-1, IL-6 and IL-10 in aged
mice. Improves aging-related gut
microbial dysbiosis promoting the
growth of beneficial microbes
(Alistipes, Anaeroplasma,
Coriobacteriaceae UCG002,
and Parvibacter).

[45]

Soybean

Daidzein
Genistein
Glycitein
Acetyldaidzin
Acetylgenistin
Acetylglycitin

Phytochemicals Induces anti-photoaging in murine
models exposed to UVB radiation. [46]

Fermented milk Lactobacillus paracasei
Lactobacillus plantarum Prebiotics or Probiotics

Improve symptoms associated
with allergic rhinitis.
Reduces airway
hyperresponsiveness, asthma and
systemic proinflammatory factors
(IL-4, IL-5, and IL-3).

[47,48]

3. Nutraceuticals as Geroprotectors

According to Illya Mechnikov, geroprotectors are agents that protect against the ad-
verse effects of aging, thus increasing life expectancy and healthy lifespan [11]. Moreover,
the current advances in gerosciences help us to understand biological mechanisms that
are closely associated with aging, also known as the Hallmarks of Aging (genomic insta-
bility, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion and altered
intercellular communication, disabled macroautophagy, chronic inflammation and dysbio-
sis) [9]. Each hallmark contributes to the aging process and together determines the aging
phenotype while meeting a number of criteria: (i) it should manifest during normal aging;
(ii) its experimental aggravation should accelerate aging; and (iii) its experimental amelio-
ration should retard the normal aging process and, hence, increase healthy lifespan [49].
Altogether, with this information, we can redefine geroprotector in a more formal way as
an intervention targeting simultaneously one or more of the hallmarks of aging delaying,
reducing and/or preventing age-related diseases [12]. Hence, in the following section, we
aim to suggest the potential properties of nutraceuticals as geroprotectors by summarizing
the most outstanding studies where nutraceuticals target the hallmarks of aging.
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3.1. Telomere Attrition

Telomeres are the caps at the ends of chromosomes that protect them from fraying and
fusing with other chromosomes or becoming damaged by an external agent. In this sense,
telomere attrition is an interesting hallmark of aging since telomeres become shorter in each
cell division till it is so short that it generates a DNA damage signaling response. In this
context, telomerase (a reverse transcriptase enzyme) adds bases to the ends of telomeres
and is responsible for telomere length. In most adult cells, telomerase activity is low,
leading to progressive telomere shortening with each division till telomeres grow shorter
and DNA becomes damaged, conditioning the fate of cells to senescence or death [50].
Several studies show a correlation between shorter telomere length and increased risk
of age-related diseases. Hence, it has been proposed that certain compounds, including
polyphenols, triterpenes, sesquiterpenes, xanthones and alkaloids derived from natural
products have the potential to modulate telomerase activity, suggesting their possible use
as anti-aging agents [51].

It has been reported that a three-month administration of vitamin C, zinc and vitamin
D3 results in a reduction in the rate of telomere shortening and an increase in telomere
length, suggesting that these vitamins may promote telomerase activity [52]. It is note-
worthy that the acid form at a low concentration of vitamin A (retinoic acid) reduces
p16INK4A expression and induces telomerase activity, increasing the lifespan of human oral
keratinocytes [53]. Moreover, both in vitro and in vivo studies, as well as epidemiological
studies, demonstrate that the use of vitamin C, vitamin D and vitamin E are associated
with individuals with longer telomere lengths than their counterparts [54].

Interestingly, a one-year randomized, double-blind, placebo-controlled study per-
formed in older adults infected with cytomegalovirus and administered with TA-65 (a
compound derived from the herb Astragalus membranaceus [55]) demonstrated a significant
increase in telomere length [56]. Other studies demonstrated that polyphenols, such as
curcumin and resveratrol, obtained from grapes, cherries and blueberries, among others,
are being studied for their potential anti-aging effects [51]. For instance, the administra-
tion of resveratrol to aged C57Bl/6 mice over a one-year period resulted in a decrease
in telomere attrition. Notably, this treatment has been observed to have a differential
effect according to sex, restoring the length of telomeres significantly in brain cells of aged
female mice but not in males [57]. Omega-3 fatty acids (EPA, DHA and polyunsaturated
fatty acids (PUFAs)) have been demonstrated to possess anti-inflammatory properties,
which are associated with the maintenance of telomere length [55]. A randomized pilot
study of older adults with mild cognitive impairment who received supplementation with
linolenic acid (LA), EPA or DHA for six months demonstrated that telomere shortening
was attenuated. Furthermore, elevated levels of DHA in erythrocytes were associated with
decreased telomere shortening [58].

Although telomerase is a promising therapeutic target, overexpression of the enzyme
occurs in approximately 90% of cancers, which makes telomerase-related anti-aging thera-
pies somewhat controversial due to potential adverse effects [59]. Therefore, the results
of compounds interacting with telomerase should be taken with caution, and research
overcoming such limitations are currently needed.

3.2. Epigenetics

Epigenetic changes influence the aging process in a number of ways, including re-
duced levels of core histone marks, changes in the patterns of histone post-translational
modifications, DNA methylation and altered expression of non-coding RNAs (ncRNAs).
These changes can trigger aberrant gene expression and genomic instability [60]. Nev-
ertheless, epigenetic changes can also act transgenerationally, influencing the lifespan of
the offspring, as demonstrated in studies performed in C. elegans, where deficiencies of
any of the chromatin modifier components result in lifespan extension for up to three
generations [61].
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Given that epigenetic modifications are reversible, the use of nutraceuticals represents
an attractive strategy for regulating epigenetically active enzymes or the epigenome it-
self [62]. Indeed, it has been demonstrated that polyphenols, flavonoids and organosulfur
compounds in foods (vitamin A, vitamin C, vitamin E, curcumin and resveratrol) exert
epi-nutraceutical effects, modifying DNA methylation patterns, histone modifications
and regulating miRNA expression [63]. Although the exact effect mechanisms by which
vitamins interact with the DNA methylation process is yet to be investigated, there are
some experiments that suggest that vitamin A administered in vitro to human embry-
onic stem cells (hESCs), induced hypermethylation of most genes and a decrease in the
H3K27me3 repressive mark [64]. Additionally, it has been reported that vitamin E enhances
the expression of DNMT1 and LINE-1. On the other hand, vitamin C seems to activate
TET hydroxylase enzymes. Similarly, curcumin has been shown to inhibit DNMT1 and
DNMT3B, as well as to inhibit HATs, HDAC2 and HDAC8 [65]. Moreover, curcumin
upregulates the expression of miR-15, -16, -9 and -181 and downregulates expression of
miR-125b-5p, -19a, -19b, -27a and -130a [66]. Finally, resveratrol was also shown in vitro on
HCC1806 breast cancer cells to inhibit DNMT enzymatic activity and to modulate HDAC
activity in different models both in vivo and in vitro [67].

Retinoic acid is a micronutrient that modifies one-carbon metabolism; consequently,
deficiencies in such micronutrients result in decreased DNA methylation due to the avail-
ability of methyl groups [68]. A study involving older adults reported that multivitamin
supplementation with vitamins B3, C and D, omega-3 fish oils (EPA and DHA), resveratrol,
olive phenols and astaxanthin for 12 weeks demonstrates that older adults with an initial
epigenetic age acceleration of ≥2 years at baseline showed a significant reduction in both
epigenetic age and its acceleration after the supplementation [69]. In addition, curcumin
and resveratrol, along with other polyphenols, have been reported to activate sirtuin 1
(SIRT1), which deacetylates histones, leading to the regulation of various biological func-
tions, including metabolism, cellular senescence, inflammatory processes and stress, as it
deacetylates p53, forkhead transcription factor, NF-κB and the LX receptors [70,71].

3.3. Loss of Proteostasis

The coordinated action of proteostasis networks, including chaperones, the ubiquitin-
proteasome system (UPS) and the lysosome-autophagy system, enables proteostasis by
affecting the key processes of protein synthesis, translation regulation, protein folding and
protein clearance [72,73]. These networks detect and rectify alterations in the proteome;
with aging, the maintenance of proteostasis is compromised in cells and organs under
resting and stress conditions [72].

Chaperone proteins, such as heat shock proteins (Hsp), can be modulated by certain
nutraceuticals, including curcumin and proanthocyanidins present in cranberry extract [74].
An in vitro model of rat glioma C6 cells treated with curcumin (3–10 μM) and exposed
to arsenite, cadmium chloride or heat (42 ◦C for 30 min) showed the synthesis of Hsp27
and Hsp70 proteins [75]. Interestingly, Hsp27 is responsible for protein degradation and
controls apoptosis by regulating Akt activation, while Hsp70 has functions in protein
folding and unfolding [76,77]. This mechanism of action of Hsp has been studied for
the removal of peptide plaques associated with neurodegenerative diseases that occur
in the aging population, such as Alzheimer’s disease (AD) [76]. It is noteworthy that
the proanthocyanidins present in cranberry extract promote proteostasis, in addition to
improving the lifespan of C. elegans in an AD model. In this model, an IIS-dependent
increase in HSF-1 activity has been observed, resulting in the reduction in β-amyloid (Aβ)
peptide species and increased protein solubility in old worms [78].

The UPS can be activated through nutraceuticals, such as linolenic acid present in
dairy products, and olein, which can be consumed through palm oil; these compounds
can exert conformational changes that favor the entry of substrates through the proteolytic
chamber [74,79]. Oleuropein, a compound derived from olives and olive oil, has been
observed to stimulate proteasome activity in vitro on human embryonic fibroblasts; as a
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result, the lifespan of these cells was extended by the 20S proteasome alpha channels [80].
Similarly, resveratrol has been examined in AD transgenic mice (3xTg-AD) supplemented
from two to ten months old with resveratrol, resulting in an increase in neprilysin, an
enzyme responsible for amyloid degradation. Additionally, there was an increase in
the levels of the central subunits of the 20S proteasome, as well as an increase in the
concentration of Hsp70 and ubiquitinated proteins (improving proteostasis activity) [81].
The study of nutraceuticals that maintain or promote proteostasis is not only beneficial
for the study of aging but also for the prevention and treatment of diseases related to
age-related protein aggregation [74].

3.4. Disabled Macroautophagy

A key protective mechanism of aging is the cellular recycling process called autophagy.
During autophagy, damaged cellular components are delivered to acidic vesicles called
lysosomes, which secure the degradation and recycling of the components [82]. As we age,
autophagy becomes less efficient and contributes to the aging process and the concomitant
development of age-related diseases. Particularly, macroautophagy is induced in response
to different stressors, such as nutrient or growth factor deprivation, hypoxia, damaged
proteins and organelles and genotoxic stress, among others. This response is tightly
regulated by a variety of signaling pathways, including mTOR and AMPK, to secure
appropriate fine-tuning [83]. While research on manipulating autophagy for longevity
benefits in humans is still ongoing, the potential of autophagy-based interventions for
promoting healthy aging and preventing diseases is a very promising area of research.

In this sense, the use of quercetin and curcumin induces autophagy via downregulated
mTOR, P53 and P21 protein expression and decreased the phosphorylation of AKT, mTOR
and P70S6K, respectively, on a model of atherosclerosis and melanoma [84,85]. Studies
showed that puerarin contained in Pueraria lobata (Kudzu) restored autophagy through
activation of AMPK and significantly restored LC3B-II and decreased p62 protein con-
tent [86]. Moreover, berberine (located on red berries) increased cell viability and autophagy
via up-regulation phosphorylation of the insulin receptor and its downstream signaling
molecules AMPK, Akt and eNOS in a diabetes rat model [87]. On the other hand, curcumin
exerts neuroprotective effects by attenuating autophagic activities through mediating the
PI3K/Akt/mTOR pathway, while also suppressing an inflammatory reaction by regulating
the TLR4/p38/MAPK pathway on Sprague Dawley male rats [88].

Additionally, retinoic acid has been shown to protect the liver from injury by promot-
ing autophagy, which is dependent on Foxo3/p-Akt/Foxo1 signaling [89]. In this sense,
FOXO1 and FOXO3 increase autophagic flux through core ATG gene expression [83]. The
relationship between autophagy and apoptosis is represented by the interaction between
the anti-apoptotic protein Bcl-2 and the autophagy protein Beclin 1. Interestingly, the use
of nutraceutics, such as xanthohumol, baicalin, apigenin, tetrahydropalmatine and emodin,
can regulate this complex Bcl-2/Beclin 1 in age-related diseases [90–95].

3.5. Deregulated Nutrient Sensing

The ability to sense and respond to fluctuations in environmental nutrient levels is
fundamental for life. Different pathways that detect intracellular and extracellular levels of
sugars, amino acids, lipids and surrogate metabolites are integrated and coordinated at the
organismal level through hormonal signals [96]. Nutrient-sensing pathways are commonly
deregulated in age-related pathologies, such as stroke, Alzheimer’s disease, breast cancer
and liver cancer. According to several authors, the major nutrient-sensing pathways are
insulin and insulin/insulin-like growth factor-1 (IGF-1) signaling IIS, mechanistic target of
rapamycin (mTOr), AMP-activated protein kinase (AMPK) and sirtuins (SIRTs).

It is noteworthy that in a C. elegans model treated with various concentrations of
myoinositol (vitamin B8 found in legumes, beans, nuts and other seeds), lifespan increased
with attenuation of the IIS pathway in an AKT- and DAF-16-dependent manner. The
same study tested the effect of myoinositol on Hs68 cells, resulting in the inhibition of
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phosphoinositide 3-kinase (PI3K), down-regulation of PI3K expression and inhibition of
AKT phosphorylation, which promoted DAF-16 activation; such a mechanism is associated
with longevity [97].

In humans, it has been demonstrated that centenarians exhibit specific energetic and
metabolic characteristics that contribute to their longevity. For instance, centenarians main-
tain normal glucose levels and insulin sensitivity [98]. This observation has been associated
with a higher plasma proportion of IGF-I/IGFBP-3, indicating greater bioavailability of
IGF-1, which means a more effective insulin action response in centenarians [99,100].

Another interesting target is mTOR, an evolutionarily conserved nutrient-sensing
protein kinase that regulates growth and metabolism in all eukaryotic cells. In AD, the use
of a selenium derivative, quercetin and curcumin downregulates Akt/mTOR signaling,
induces autophagy and inhibits Aβ generation, respectively [101–103].

On the other side, AMPK has been identified as a longevity kinase, which can be
activated by nutraceuticals, such as resveratrol, genistein, gallic acid and betaine [104].
Genistein (principally found in soybean products) has been tested with vascular smooth
muscle cells, where an increase in the phosphorylation of LKB1 and AMPK induces au-
tophagy through the negative regulation of mTOR. Furthermore, genistein exhibits a
multimodal mechanism of action, exerting antioxidant, anti-inflammatory, autophagy
and senescence-promoting effects; these properties render it a promising nutraceutical
candidate in the field of geroscience [105].

The activation of SIRTs appears to be a key factor in increasing life expectancy. It
has been demonstrated that certain compounds derived from foods, including resveratrol,
fisetin and quercetin, can activate SIRT1 [106]. Indeed, in a murine model in which
resveratrol was administered, it was observed that SIRT1 activation was associated with
AMPK activation and increased levels of NAD(+) in skeletal muscle [107]. AMPK, in turn,
contributes to the prolongation of longevity of IIS signaling, thus indicating that these
pathways interact in an intricate manner during the process of aging [108].

3.6. Mitochondrial Dysfunction

Mitochondrial dysfunction during aging is characterized by a loss of efficiency in the
electron transport chain and reductions in the synthesis of high-energy molecules, such
as ATP [109]. Mitochondrial dysfunction leads to an increased release of reactive oxygen
species (ROS) produced during oxidative phosphorylation, causing oxidative damage [110].
In this sense, several efforts to counteract oxidative stress using nutraceuticals have been
performed. For instance, isoquercetin and emodin reduce ROS and MDA production while
increasing SOD and CAT activity [111,112], while apigenin increased SOD and GSH-Px
activities and decreased ROS and MDA levels in a macular degeneration model [113].

Moreover, in a recent systematic review, sodium nitrite, PUFA, nicotinamide ribo-
side, urolithin A and whey protein powder improve mitochondrial function in terms of
oxidative capacity, antioxidant capacity, mitochondrial volume, bioenergetic capacity and
mitochondrial activity, including biogenesis and function [114]. Moreover, another inter-
esting bioactive compound is the α-lipoic acid found in red meat, carrots, beets, spinach,
broccoli and potatoes; it is a highly effective antioxidant that inhibits ROS production and
improves mitochondrial ATP production [115]. Similarly, it has been reported in 20-month-
old male Wistar rats that pea protein combined with inulin (a type of dietary fiber found
in various plants) improves mitochondrial activity and biogenesis [116]. Another well-
studied polyphenol found in wine is resveratrol, which improves mitochondrial energy
metabolism via PGC1α and SIRT1 activation [117]. As well, quercetin, a flavonoid found in
fruits and vegetables, has been reported to reduce the prevalence of age-related macular
degeneration [118]. This effect could be associated with preventing oxidative stress by ROS
scavenging and ameliorates mitochondrial dysfunction via the AMPK/SIRT1 signaling
pathways, as has been shown with quercetin [118,119].
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3.7. Cellular Senescence

Cellular senescence (CS) is an antagonist hallmark of aging defined as a state of
irreversible growth arrest and exit from the cell cycle in response to different types of
damage (DNA damage, mutations, telomere attrition, ROS and epigenetic disturbances,
among others). Senescent cells can secrete a pathogenic senescence-associated secretory
phenotype (SASP) that disrupts tissue homeostasis, resulting in loss of tissue repair and
the induction of a characteristic inflammatory phenotype associated with aging called
inflammaging; additionally, under normal conditions and development, SASP could lead to
the regeneration signals of tissue [120].

Senescent cells accumulated during aging have been associated with different age-
related diseases [121]. CS can be induced by several factors, such as multiple tissue
dysfunction, cancer and other pathological conditions related to inflammation. The use
of nutraceutics belonging to the flavonoid family (quercetin, fisetin and procyanidin C1)
and to the sesquiterpene family (Cis-Nerolidol) have been shown to reduce the expression
of genes associated with SASP factors and CCND1, CCNE1, CDK1 and CDK2, respec-
tively [122–125]. It has been proven that the use of nutraceutical products, such as fisetin
and procyanidin C1, have the ability to reduce SASP markers in multiple tissues [123,124].
In recent years, there has been an enormous interest in the development of the so-called
senolytics (which is a class of molecules that selectively induce the death of senescent
cells) [126]. Interestingly, among the most studied senolytic drugs are dasatinib, quercetin,
fisetin and navitoclax. In particular, quercetin and fisetin have been isolated from onions,
apples, grapes, berries, broccoli, citrus fruits, cherries, green tea, coffee, red wine, capers,
strawberries, apples, grapes and cucumbers. Even so, recently, luteolin contained in pep-
pers, parsley, celery and broccoli was implicated in the suppression of the SASP factor [127].
Moreover, the combination of dasatinib and quercetin has been shown to act as a potent
senolytic that ameliorates numerous age-related disorders related to intestinal senescence
and inflammation through SASP markers reduction [125].

3.8. Stem Cell Exhaustion

Stem cells have the potential to give rise to all tissue types, serving as a source of cells
for repairing tissues in the organisms; however, as we become older, tissues experience a
progressive decline in homeostatic and regenerative capacities that have been associated
with degenerative deleterious alterations in systemic cues and niches that are involved
in both the stem cell activity and quantity [128]. In this context, stem cells have a unique
metabolism and nutrient needs as compared with other differentiated cell types.

Interestingly, it has been reported that both stem cell quantity and quality are influ-
enced by diets and dietary patterns [129]. For instance, the intestinal stem cells (Lgr5+ and
4+) are stimulated by ketogenic diets leading to the generation of ketones in mitochondria
by the 3-hydroxy-3-methylglutaryl-CoA synthase 2. However, the inhibition of this impairs
stemness in Lgr5+ stem cells [130]. Interestingly, it has been reported that an oral nutritional
supplement containing resveratrol, vitamin D3 and inositol hexaphosphate (Longevinex®,
Las Vegas, NV, USA) maintains stem cell survival of retinal pigment epithelium in older
adults. Additionally, authors report beneficial effects on structure and visual function in
living human eyes [131].

3.9. Altered Intercellular Communication

Aging has been associated with progressive alterations in cellular communication
that comprise cellular signaling, leading to cellular pathological states. There are several
examples of such in different diseases, for instance, carcinogenesis, neurodegeneration and
cardiovascular hypertrophy. In this regard, baicalin has a significant neuroprotective effect
in stroke by increasing GABA(A)R α1, GABA(A)R γ2 and KCC2 mRNA and protein levels,
facilitating neurological function and suppressing ischemia-induced neuronal damage [132].
On the other hand, vitamin D has shown to be an interesting immunomodulatory molecule
that could interact with immune cells [133]. Another interesting compound is epicatechin
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present in cocoa powder, which induces SOD activity, IGF-1 pathways and mitochondrial
biogenesis [133,134]. Additionally, curcumin and ginsenosides induce neuroprotective
effects by increasing the expression of both Creb and Bdnf genes and concomitantly leading
to reduced apoptosis [135–137].

3.10. Chronic Inflammation (Inflammaging)

Most older individuals develop “inflammaging”, a condition characterized by elevated
levels of blood inflammatory markers that carries high susceptibility to chronic morbidity,
disability, frailty and premature death [138]. In recent years, increasing evidence suggests
that nutrient interventions (natural or synthetic) have an influence in delaying and prevent-
ing inflammaging. For instance, resveratrol present in several nutraceutics, grapes or fruits,
has been shown to inhibit NF-κB-regulated cytokines; data suggest that resveratrol pos-
sesses a significant effect against inflammation through the SIRT1 pathway [139]. Quercetin
is a pentahydroxyflavone found on several fruits and vegetables, including onions, capers,
apples, berries, tea, tomatoes, grapes, brassica vegetables and shallots. It is also found in
various nuts, seeds, barks, flowers and leaves [140,141]. Quercetin has been shown to be an
inhibitory compound of cyclooxygenase and lipoxygenase enzymes, both quite crucial in
the mediation of prostaglandins and leukotrienes in inflammation [141–144]. Additionally,
it was reported that quercetin could reduce the secretion of anti-inflammatory cytokines,
such as IL-10, and pro-inflammatory cytokines, such as TNF-α, IL-1B and IL-6 [145]. Fur-
thermore, we recently found that quercetin blocks airway smooth muscle contraction by
inhibiting L-VDCC and SOCC [146]. Another interesting compound is epigallocatechin-
3-gallate, which is present in several nutritional supplements and is the main component
of green tea; such compounds have shown to exert anti-inflammatory effects since it can
inhibit (PI3K)/Akt/mTOR pathway quite related to aging [147].

Other nutraceuticals from the families of bioactive compounds, such as flavonoids
(baicalin and carthamin yellow), flavonols (icariin), flavones (apigenin and scutellarin),
alkaloids (berberine), stilbenoids (resveratrol) and adenosine analogs (cordycepin), have
been associated with a reduction in blood inflammatory markers (TNF-α, IL-1β, IL-6,
IL-18, TGF-β1 and TGF-β2) in in vivo and in vitro models [148–154]. Moreover, the use
of γ-tocotrienol repressed inflammasome activation, caspase-1 cleavage and interleukin
(IL) 1β secretion in murine macrophages, implicating NLRP3 inflammasome inhibition,
thereby delaying the progression of type 2 diabetes [155].

3.11. Dysbiosis

In recent years, many of the modern multifactorial diseases, such as neurodegenerative
and metabolic disorders, have shown increasing evidence of an abnormal microbiome
structure (dysbiosis), which affects the taxonomic composition, as well as the metagenomic
function of the microbial community [156]. Moreover, studies on centenarians showed a
youth-associated gut microbiome characterized by an over-representation of a Bacteroides-
dominated enterotype [157] and a quite diverse gut virome, including a virus associated
with Clostridia [158]. The gut microbiota can metabolize compounds from nutraceuticals
to produce new absorbable small molecules, which have active effects. Also, nutraceuticals
can regulate the composition of gut microbiota and its secretions, and such secretions
may play a therapeutic role [159]. For instance, several flavonoids, polysaccharides and
saponins can promote the growth of beneficial gut microbiota; a good example of such
is the metabolism of ginsenosides, which are susceptible to Lactobacillus, Bacteroides,
Bifidobacterium and their metabolic enzymes, which give rise to secondary ginsenosides
with different pharmacological properties (antiangiogenic and anticancer) and are more
easily absorbable in the circulation [159].

Another interesting result is the use of a mixture of quercetin (highly present in
nutraceuticals and known to have senolytic potential) with dasatinib, which was shown to
induce changes in the intestinal microbiota, specifically in the ileum of treated mice versus
controls. These changes are associated with (1) a slightly lower Firmicutes-Bacteroidetes
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ratio, which correlated negatively with inflammatory and senescence markers in all the
intestinal sections and (2) increased Akkermansia abundance, which has been linked with
reduced intestinal permeability and gut-to-blood leakage of endotoxins, thereby alleviating
diet-induced obesity and insulin resistance [125].

3.12. Genomic Instability

Genomic instability is a strong contender as a major cause of aging. The accumulation
of DNA damage and mutations within a cell’s genome over time causes a remarkable
instability in the DNA sequence, leading to indels, chromosomal abnormalities, substi-
tutions, breaks, gaps and aberrant 3-D structures, among others. Interestingly, genomic
instability is associated with all the hallmarks of aging, since in the end all lead to DNA
damage, such as ROS or RNS. On the other side, genomic instability has been associated
with the development of several age-related diseases, such as cancer or neurodegeneration,
as well as with mortality [160]; therefore, such a process is quite important in geropro-
tectors development. In this context, it has been suggested that exogenous antioxidants
derived from food, such as fruits, vegetables, cereals, mushrooms, nuts and spices, aid in
ameliorating the DNA damage caused by oxidative stress triggered by aging per se or by
the exposure to xenobiotics, such as of cigarette smoking, alcohol, radiation or environ-
mental toxins [161]. For instance, anthocyanins from grape juice decrease the oxidative
damage in cells [162]. Also, polyphenols and melanoidins obtained from coffee brews
(caffeoylquinic acids, feruloylquinic acids, dicaffeoylquinic acids and p-coumaroylquinic
acids) augmented active oxygen-scavenging activity [163]. Moreover, flavonoids are a
set of compounds contained in several fruits with quite powerful antioxidant properties
useful against ROS. On the other hand, resveratrol isolated from Polygonum cuspidatum
but also contained in several nutraceuticals stimulates SIRT2 activity, increasing DNA
stability in yeast of S. cerevisiae [164]. Another interesting set of compounds contained in
nutraceuticals are curcumins derived from Curcuma longa. They decrease lipid peroxidation
and β-carotene inducing quenching activities associated with protecting biological systems
from ROS-mediated damage [165].

4. State of the Art on Nutraceuticals Research

As we describe in Table 2, it has been reported that nutraceuticals target at least one of
the twelve hallmarks of aging. In many cases, such analyses were performed experimen-
tally; however, this represents high costs, and depending on the experimental model, the
results are quite heterogeneous, representing a limitation for translational medicine. In
this sense, computational techniques (chemoinformatics), such as network pharmacology,
molecular modeling, quantitative or qualitative “structure-activity” relationships at dif-
ferent quantic levels (QSAR 2-D, 3-D, 4-D) and artificial intelligence methods, have been
widely used in the discovery of potential nutraceuticals that may be applied as geroprotec-
tors [166]. Such approaches lead to overpassing the limitations of experimental strategies
and concomitantly accelerating and optimizing drug discovery. Moreover, in recent years
the field of Artificial Intelligence technologies, including machine-learning methods, such
as deep-learning, SVM and cognitive computing, have stimulated the process of chemical
data processing obtained from omics data and clinical trials, leading to obtaining novel so-
lutions to achieve healthy aging or to repurpose compounds to be used against age-related
diseases. Although such a topic is out of the scope of the present review, we encourage our
readers to refer to [167,168].
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5. Concluding Remarks State of the Art on Nutraceuticals Research

The concept of food as medicine has been around for centuries, with Hippocrates
famously stating, “Let food be thy medicine and medicine be thy food”. As we age, our bodies
become more susceptible to disease and decline in function. This has led to increased
interest in strategies like consuming nutraceuticals to promote healthy aging. This review
explores the potential of nutraceuticals as geroprotectors, substances that may delay or
prevent age-related diseases. We highlight that not all nutraceuticals qualify as geroprotec-
tors. Only those that target multiple hallmarks of aging, as defined by criteria established
by researchers like Moskalev et al., have this potential. Vitamin D, curcumin, resveratrol,
quercetin, genistein, gallic acid, baicalin, lipoic acid and epicatechin are already reported
as geroprotectors at the geroproctector.org [200]. In this context, several nutraceuticals,
including vitamins A, C and E, EPA, DHA, daidzein and aloin, among others, may be
considered promising geroprotectors that require further research, including clinical trials
and studies investigating the molecular mechanisms of these nutraceuticals. Moreover,
understanding their optimal dosage and long-term safety in humans is also crucial. Future
studies should also explore the potential benefits of combining different nutraceuticals and
how they interact with lifestyle factors like exercise. By continuing research in this field,
we may develop strategies to improve health span and promote longevity.
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Abstract: In frail older adults (mean age 85 years old), a 3-month supplementation with a low dose
(6 g/day) of medium-chain triglycerides (MCTs; C8:0 and C10:0) given at a meal increased muscle
mass and function, relative to supplementation with long-chain triglycerides (LCTs), but it decreased
fat mass. The reduction in fat mass was partly due to increased postprandial energy expenditure by
stimulation of the sympathetic nervous system (SNS). However, the extracellular signals to ameliorate
sarcopenia are unclear. The following three potential extracellular signals to increase muscle mass
and function after MCT supplementation are discussed: (1) Activating SNS—the hypothesis for this
is based on evidence that a beta2-adrenergic receptor agonist acutely (1–24 h) markedly upregulates
isoforms of peroxisomal proliferator-activated receptor gamma coactivator-1alpha (PGC-1alpha)
mRNAs, promotes mitochondrial biogenesis, and chronically (~1 month) induces muscle hypertrophy.
(2) An increased concentration of plasma acyl-ghrelin stimulates growth hormone secretion. (3) A
nitrogen-sparing effect of ketone bodies, which fuel skeletal muscle, may promote muscle protein
synthesis and prevent muscle protein breakdown. This review will help guide clinical trials of using
MCTs to treat primary (age-related) sarcopenia.

Keywords: acyl-ghrelin; beta2-adrenergic receptor; PGC-1alpha isoform; sympathetic nervous sys-
tem; sarcopenia; muscle mass; medium chain fatty acid; medium chain triglyceride; ketone body;
protein-sparing effect

1. Introduction

Medium-chain triglycerides (MCTs; C8:0 and C10:0) are promising nutrients for the
treatment of sarcopenia [1]. Recently, a combined data analysis of two clinical trials with
frail older adults (mean age 85 years old) showed that relative to supplementation with 6 g
long-chain triglycerides (LCTs)/day, supplementation with 6 g MCTs/day for 3 months
statistically significantly increased body weight, body mass index (BMI), muscle mass
(right arm muscle area, left calf circumference), and strength/function (right-hand grip
strength, right and left knee extension times, walking speed, and number of iterations
in leg open and close test) and decreased fat mass (right triceps skinfold thickness) [2].
These increases in favored measures of muscle mass and function were observed with
and without supplementation with L-leucine (1.2 g/day) and vitamin D-enriched essential
amino acids [2]. The significant increase in body weight in the MCTs-supplemented group
is somewhat surprising because dietary MCTs have been considered to reduce fat mass and
body weight (while not affecting muscle mass) relative to dietary LCTs [3–7]. The reduction
in fat mass was partly due to increased postprandial energy expenditure by stimulation of
the sympathetic nervous system (SNS) (Section 4.1). However, the mechanisms of increased
muscle mass and function after MCT supplementation in frail older adults are unclear.

The increases in muscle mass and function after MCT supplementation might be due
to the following characteristics of participants and protocols in the clinical trials with frail
older adults [1,2,8] when compared with other MCT trials with healthy young adults [3–7]:
(1) Participants in a nursing home were very old adults (mean age was 85 years old). The
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response to MCTs may differ in young and older muscle cells. (2) The chronic effects
of MCT supplementation for 3 months with a meal based on dietary reference intake in
Japan were examined and, therefore, they were unlikely to suffer from severe malnutrition.
(3) An MCT dose of 6 g/day is much less than that which aims to increase ketone bodies
in the blood (usually 20~40 g/day of MCTs) [9]. A 6 g/day intake of MCTs (75% C8:0
and 25% C10:0) corresponds to about 4% of habitual energy intake (overall mean habitual
energy intake was 1430 kcal/day), 15% of habitual fat intake (overall mean fat intake
was 39 g/day), and 0.14 g/kg body weight (overall mean body weight was 42.6 kg) in
this population.

Marked progress has been made in understanding the etiology of sarcopenia in the
past two decades, which may lead to new treatments for this condition. Peroxisomal
proliferator-activated receptor gamma coactivator-1alpha (PGC-1alpha) is an inducible
transcriptional coactivator of mitochondrial biogenesis and cellular energy metabolism in
skeletal muscle that may ameliorate muscle atrophy [10]. A reduction in both RNA and
protein expression of PGC-1alpha and downstream signaling targets in slow- and fast-
twitch muscle fibers (i.e., multinuclear muscle cells containing fibers of actin and myosin)
have been considered major causes of mitochondrial dysfunction during aging [11]. This
mitochondrial dysfunction leads to the depletion of adenosine triphosphate (ATP) in muscle
fibers, which may result in muscle atrophy [11,12].

The expression of the PGC-1alpha gene is regulated by two different promoters—proximal
(canonical) and alternative [13–15]. A beta2-adrenergic receptor (AR) agonist activates the
alternative promoter, not the proximal promoter [13]. Via a beta2-AR/cAMP/PKA/cAMP-
response element-binding protein (CREB) signaling cascade [16] (Figure 1), an activation of
beta2-AR led to increases in the isoforms of PGC-1alpha mRNAs (named PGC-1alpha-b and
PGC-1alpha-c) in mouse [17] and human [18] skeletal muscles and PGC-1alpha protein in
mouse skeletal muscle [15], and to an increase in mitochondrial function in C2C12 cells [19].
Chronically, beta2-AR agonist (formoterol) administration for 4 weeks in old rats attenuated
age-related muscle wasting and weakness [20]. Therefore, MCT supplementation may
ameliorate muscle atrophy by way of SNS activation.

Figure 1. Three possible signaling pathways causing increased muscle mass and function in response
to supplementation with medium-chain triglycerides (C8:0 and C10:0) in frail older adults. They are,
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from left to right: (1) SNS activation, (2) acyl-ghrelin, and (3) a nitrogen-sparing effect of ketone bodies.
Note that each of their main signaling pathways is shown here. See the text for detail. The lines with
arrows indicate activation, whereas lines with flat ends indicate inhibition between two molecules.
The upward line after the word represents the activated state and the downward line indicates the
inhibited state after MCT supplementation relative to controls. AMP, adenosine monophosphate;
AMPK, AMP-activated protein kinase; AR, adrenergic receptor; CREB, cAMP-response element-
binding protein; FOXO, forkhead box protein O; GH, growth hormone; IGF, insulin-like growth factor;
MCT, medium-chain triglyceride; mTORC, mechanistic (mammalian) target of rapamycin complex;
PKA, protein kinase A; PGC, peroxisomal proliferator-activated receptor gamma coactivator; SNS,
sympathetic nervous system.

This review outlines dietary MCTs’ fate (Section 2) and summarizes previous re-
ports describing the mechanisms of MCTs’ effects on the amelioration of muscle atrophy
(Section 3). Then, taking the characteristics of the clinical trials’ participants and protocols
into consideration, the following three possible extracellular signals causing ameliorat-
ing effects of MCTs on primary sarcopenia are discussed: (1) SNS activation (Section 4),
(2) acyl-ghrelin (Section 5), and (3) the nitrogen-sparing effect of ketone bodies (Section 6).

2. Outline of Metabolisms in Dietary MCTs

Dietary MCTs can hydrolyze to medium-chain fatty acids (MCFAs) by lingual lipase
in the oral cavity and stomach [21]. MCFAs in the stomach are used to form acyl-ghrelin,
which can bind and activate the growth hormone secretagogues receptor (GHSR) [22].
Discovered in the stomach in 1999, ghrelin requires C8:0 to bind and activate GHSR [23].
Ghrelin O-acyltransferase (GOAT) acylates proghrelin with C8:0 to produce acyl-proghrelin,
which is converted to acyl-ghrelin by the prohormone convertase [22,24]. Other MCFAs
(C6:0 or C10:0) may substitute for C8:0 [25]. MCFAs in the intestinal lumen reduce the
concentration of plasma gastric inhibitory peptide (GIP), which leads to decreased fat
mass [26,27]. Note that increased concentrations of GIP promote obesity [28]. MCFAs
absorbed in the intestine are transferred to the liver via the portal vein and metabolized
to acetyl-CoA in the mitochondria [29]. Surplus production of acetyl-CoA that neither
enters the TCA cycle nor participates in fatty acid synthesis leads to the formation of ketone
bodies (beta-hydroxybutyrate [BHB] and acetoacetate). MCFAs are metabolized more
rapidly and completely than LCFAs [30]. This rapid oxidation leads to greater ketone body
formation. MCFAs that escape metabolism in the liver and ketone bodies produced by the
liver (ketone bodies are not metabolized in the liver) are distributed in the blood via the
circulatory system [31]. Peripheral tissues such as the brain, skeletal muscle, and heart
can use both MCFAs [32,33] and ketone bodies [34,35] as energy sources and signaling
molecules.

3. Previous Studies Elucidated Cellular Mechanisms for Amelioration of Muscle
Atrophy in Response to MCT Supplementation

The mechanisms of MCTs’ ameliorating effects on muscle atrophy have been elucidated
using animal models of energy restriction [36], immobilization [37], and cachexia [38,39] with
their appropriate controls.

Three-week-old male Wistar rats were malnourished under a 40% energy-restricted
diet containing either MCTs (65% C8:0 and 19% C10:0; MCTs corresponding to 16% of total
energy intake and 86% of total fat intake) or LCTs for 15 days and were then sacrificed [36].
The total skeletal muscle weight of the right leg tended to be 15% higher in the MCT-fed
group than in the LCT-fed group (p = 0.10) [36]. Plasma albumin and insulin concentrations
were higher in the MCT-fed mice than in the LCT-fed mice. A two-fold increase in plasma
insulin concentration in the MCT-fed group may have contributed to increased protein
synthesis in the liver and muscles.

Nine-week-old male Wistar rats fed a diet containing either MCTs (60% C8:0 and 22%
C10:0; MCTs corresponding to 14% of total energy intake and 86% of total fat intake) or
LCTs for 3 days underwent unilateral hindlimb immobilization [37]. Rats were sacrificed
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after immobilization for 3, 7, and 14 days. The immobilized soleus muscle mass in the
LCT-fed rats decreased markedly compared to that in the contralateral muscle; however,
these losses were partially suppressed in the MCT-fed mice with an inhibition of increased
muscle ring-finger protein (MuRF-1) content in immobilized muscle. These data suggest
that dietary MCT partially alleviated immobilization-induced muscle atrophy by inhibiting
the ubiquitin-proteasome pathway.

Seven-week-old male ICR mice were fed a regular chow diet containing either MCT
oil (MCFAs not specified) or LCT oil for 1 week [38]. Then, lipopolysaccharide (LPS) was
injected into the mice, and 24 h later, they were killed and plasma and tissues were obtained.
MCT supplementation suppressed the LPS-induced decrease in plasma ketone bodies and
citrate synthase activity (a marker of mitochondrial enzyme activity) in tibialis anterior
muscles but did not affect the LPS-induced reduction in PGC-1alpha protein in tibialis
anterior muscles relative to LCTs. The authors suggested that the amount of PGC-1alpha
protein might not change for 1 week of supplementation.

Six-week-old male Sprague–Dawley rats received a gastric tube, and 48 h later, LPS
was injected [39]. Then, rats received enteral nutrition (EN, 100 kcal/kg body weight)
containing different doses of C8:0 (0, 0.25, 0.5, and 1 g/kg body weight, respectively) via
the gastric tube for 3 days. After subcutaneous injection of L-13C-valine to measure the
fractional synthetic rate of muscle proteins, rats were sacrificed. LPS led to decreased body
weight and insulin resistance and increased serum inflammatory cytokines, inhibited AKT,
inhibited mechanistic target of rapamycin complex (mTORC)1, inhibited forkhead box
protein O (FOXO)-1 phosphorylation in muscle (extensor digitorum longus), increased the
expression of atrogin-1 and muscle ring-finger protein (MuRF)-1 in muscle, and decreased
the fractional synthetic rate of muscle proteins. C8:0-rich EN and simple EN (a dose of 0
g/kg body weight of C8:0) significantly ameliorated these LPS-induced cachexia pheno-
types. Importantly, C8:0-rich EN showed a pronounced ameliorating effect compared with
simple EN and also increased acyl-ghrelin in circulation, both in a dose-dependent manner.

In a cell experiment in C2C12 myotubes, MCFA (C10:0 or C12:0)-treated cells displayed
decreased lipid accumulation, increased mitochondrial oxidative capacity, and increased
amounts of PGC-1alpha protein compared with LCFA (C16:0, C18:1, or C18:2)-treated
cells [40].

These results indicated that MCT supplementation under several pathophysiological
conditions could increase muscle mass and function relative to appropriate controls, with
promoted mitochondrial biogenesis, increased protein synthesis, and inhibition of protein
degradation. However, aged model mice and their upstream signals (extracellular signals)
have yet to be examined.

4. Sympathetic Nervous System Activation

Acute SNS activation promotes mitochondrial biogenesis via increased SNS-sensitive
PGC-1alpha isoform [13,41]. Note that muscle mass did not increase in transgenic mice
with skeletal muscle-specific overexpression of either PGC-1alpha-a (canonical form),
PGC-1alpha-b (isoform), or PGC-1alpha-c (isoform), although they showed mitochondrial
biogenesis [41]. Instead, 25-week-old PGC-1alpha overexpressing transgenic mice showed
muscle atrophy with depletion of ATP by way of the uncoupling of oxidative phosphoryla-
tion [42]. Promoting mitochondrial biogenesis may prevent or treat muscle atrophy but
does not increase muscle mass under normal conditions.

4.1. MCT Supplementation Increases Energy Expenditure during the Postprandial Period by
Activating the SNS

In healthy mostly overweight adults, MCTs combined with energy-restricted diets
resulted in greater fat mass loss and body weight loss than did LCTs combined with energy-
restricted diets, and their mechanisms have been elucidated [43–47]. However, the energy
restriction per se markedly alters the metabolism in the whole body (e.g., decreased plasma
insulin and glucose concentrations, increased plasma ketone bodies and free fatty acids
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concentrations, and others), which may affect the impact of MCTs on energy metabolism [7].
Therefore, clinical trials to examine the effect of MCT supplementation with a regular diet
(but not with an energy-restricted diet) on energy expenditure were informative. Repeating
a single meal (1000 kcal) containing MCTs (60% C8:0 and 30% C10:0, 400 kcal in each meal)
on a regular diet for 5 days showed a two-fold postprandial energy expenditure than that
containing LCTs, suggesting that under conditions favorable for fat synthesis (i.e., higher
insulin concentrations), MCTs have a greater thermic effect of food than LCTs [48]. In
addition, a greater thermic effect of food following a single meal (400–900 kcal) containing
MCTs was also observed compared with a meal containing LCTs [49,50]. Interestingly, a
respiratory chamber study showed that the intake of MCTs (15–30 g per day) as part of
a habitual diet enhanced daily energy expenditure by about 500 KJ/day, increasing 24-h
levels of urinary noradrenaline but not adrenaline and dopamine [51].

In the animal studies that examined the effects of C8:0 and C10:0, an increase in
norepinephrine concentration was observed in mice fed an MCFA-enriched diet (MCFAs
corresponding to 4% of total energy intake and 10% of total fat intake, a dose similar to that
of clinical trials with frail older adults) compared with mice fed an LCFA-enriched diet,
which leads to increased lipolysis in white and brown adipose tissues and thermogenesis
in brown adipose tissue with reductions in body weight and fat mass [52,53].

These results strongly suggest that, compared to LCT supplementation, MCT supple-
mentation taken with a meal increases energy expenditure during the postprandial period
by activating the SNS.

4.2. Activation of SNS May Ameliorate Muscle Atrophy in Primary Sarcopenia

Increasing the PGC-1alpha protein in skeletal muscle is one promising strategy for
ameliorating primary sarcopenia. Although exercise is recommended for this purpose, it is
challenging for frail older adults. However, SNS activation can increase the PGC-1alpha
protein without exercise [15].

As described in Section 1, a beta2-AR activation markedly increases the expression of
isoforms of PGC-1 alpha mRNA in skeletal muscle via the alternative promoter [13,17,54].
SNS-induced isoforms of PGC-1alpha (i.e., PGC-1alpha-b and PGC-1alpha-c) mRNA are
expressed in skeletal muscles, and they are functional [41,55,56]. Of 795 amino acids in
the total canonical PGC-1alpha protein, only the N-terminal 16 amino acids differed from
those in PGC-1alpha-b or PGC-1alpha-c [13]. Recently, to examine the effects of the PGC-
1alpha derived from the alternative promotor on whole-body metabolism, mice disrupting
the alternative exon 1 were produced [57]. As expected, these mice failed to upregulate
muscle PGC-1alpha mRNAs in response to exercise and cold exposure, and eventually
developed obesity and hyperinsulinemia. These data suggest that the PGC-1alpha-b and
PGC-1alpha-c isoforms respond to external stimuli and are crucial for energy metabolism
in the whole body.

In animal and human studies, chronic administrations of beta2-AR agonists, which
are prescribed as bronchodilators for asthmatic patients, increased skeletal muscle mass
and decreased fat mass [16,58]. Their mechanisms were elucidated as follows: activating
the AKT/mTORC1 signaling pathway [59,60], attenuating the myostatin signaling path-
way [61], and reducing calpain activity [60]. The muscle hypertrophy requires a stimulatory
G-protein subunit [62] and beta-arrestin 1 [63]. However, in some studies, chronic treatment
of a beta2-adrenergic receptor agonist (clenbuterol) resulted in decreases in mitochondrial
contents and fatty acid oxidation [64,65], which were associated with a reduction of PGC-
1alpha mRNA and protein [64]. Therefore, it is conceivable that beta2-AR agonists could
increase muscle mass independent of the PGC-1alpha protein [16]. The acute effects of
beta2-agonists may fundamentally differ from their chronic effects. The mechanisms by
which the acute effects of a beta2-AR agonist are transient are unclear but may be partly
due to a reduction in beta2-AR concentration in skeletal muscle by a long-time beta2-AR
agonist administration (so-called “desensitization of beta2-AR signaling”) [66].
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4.3. Conclusions

MCT supplementation activates the SNS, which may prevent the decreased muscle
mass and function observed in primary sarcopenia. A signal transduction pathway of beta2-
AR to increase transcription of the PGC-1alpha isoform is shown in Figure 1. Note that the
subcutaneous injection of clenbuterol in rats phosphorylates and activates AKT in skeletal
muscles, by which muscle protein synthesis is promoted via PKA-independent signaling
pathways [59]. Charlot et al. reported that, under normal conditions, 12-week-old male
C57BL/6J mice fed a C8:0-rich diet (C8:0 corresponding to 18% of total energy intake and
80% of total fat intake) for 6 weeks presented higher spontaneous activity and endurance
capacities, along with promoted mitochondrial biogenesis in skeletal muscle with increased
PGC-1alpha mRNA and protein levels, relative to mice fed a chow (LCFAs-rich) diet [67].
However, SNS activity and body composition in each group of mice were not measured.

To prove the contributions of the SNS to the effect of MCTs on the prevention of
sarcopenia, as well as animal studies examining the mechanisms using beta2-AR knockout
mice, several clinical studies of MCT supplements targeted at older adults are needed to ex-
amine the chronic effects of MCTs on the association between postprandial SNS activity and
muscle mass. If the results were positive, the tissues or soluble factors responsible for SNS
activation might be sought. As suggested by cell culture experiments [40], MCFA might
directly activate muscle fibers via beta2-adrenergic receptors. Recently, it was reported
that the activation of the neurons in the ventromedial hypothalamic nucleus expressing
steroidogenic factor-1 increases the sympathoadrenal activity and isoforms of PGC-1alpha
in skeletal muscles via multiple downstream nodes in mice [68]. Therefore, MCT supple-
mentation may activate the central nervous system to activate the SNS, increasing muscle
mass and function. In addition, clinical trials to determine a suitable cessation interval
for MCT supplementations might be necessary to avoid the possible desensitization of
beta2-AR signaling due to the continuous activation of the SNS.

5. Acyl-Ghrelin

Although many fatty acids exist in nature, MCFAs (C6:0, C8:0, and C10:0) are specific;
they are part of acyl-ghrelin (active ghrelin or simply ghrelin), an orexigenic hormone
produced by the stomach [23]. Without MCFAs, no acyl-ghrelin is produced. Acyl-ghrelin
stimulates GH release, and GH increases muscle mass (the MCTs/Ghrelin/GH hypothesis).

5.1. Clinical Trials to Estimate Muscle Mass in Response to MCTs, Acyl-Ghrelin,
and GHSR Agonists

In clinical trials examining the effects of MCTs, acyl-ghrelin, and GHSR agonists on
muscle mass, GHSR agonists consistently showed increased muscle mass [69–71]. However,
clinical trials of MCTs were insufficient as the intervention periods were very short, and no
negative control (i.e., LCTs) was provided.

Acyl-ghrelin (mostly C8:0-ghrelin) produced in the stomach enters the blood cir-
culation or activates the gastric afferent vagal nerve and stimulates GH release in the
pituitary [72]. GH can transmit its anabolic signal directly through its receptor or indirectly
through insulin-like growth factor 1 (IGF-1) stimulation. Primary GH and IGF-1 receptor
downstream signaling, which increases muscle mass, occurs via AKT [73] (Figure 1). To
investigate this hypothesis, blood acyl-ghrelin concentrations after MCT supplementation
were measured, and all studies showed increases in acyl-ghrelin concentration from its
baseline value [74–77]. In one of these studies, body weight was significantly increased for
a 2-week treatment: a single oral ingestion of 3 g of MCT (100% C8:0) with an EN formula
(400 kcal in 400 mL) after breakfast in cachectic patients increased plasma acyl-ghrelin,
and the 2-week administration of MCTs with the formula increased appetite score, body
weight, and serum albumin and IGF-1 concentrations [74]. However, these increases after
MCT supplementation were relative to their baseline values but not those in the LCTs-
supplemented formula group. The increased body weight may be due to increased energy
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intake from the EN formula. The other three studies also did not make comparisons with
an LCT group (isocaloric negative control) [75–77].

It is well known that acute acyl-ghrelin injection increases GH concentration, appetite,
and food intake and that chronic acyl-ghrelin injection increases body weight [72]. However,
few studies have shown increases in muscle mass, possibly due to the shorter intervention
periods. Chronic effects of acyl-ghrelin over years are mimicked by GHSR agonists, which
have been reported in three clinical trials [69–71], all of which showed increases in body
weight and fat-free mass with no change in fat mass. Note that GH has a strong lipolytic
effect on adipose tissues [78]; therefore, the GHSR agonist should have decreased fat mass.
The reason for this discrepancy is unclear at present.

5.2. Animal Study to Support the MCTs/Ghrelin/GH Hypothesis

In an additional experiment by Zhang et al., to further examine the effects of acyl-
ghrelin on LPS-induced cachexia (see Section 3), a specific inhibitor of GOAT (Go-CoA-Tat)
was added to C8:0-rich EN [39]. The protective effects of C8:0-rich EN against cachexia were
abolished mostly by the administration of Go-CoA-Tat, along with a decrease in serum
acyl-ghrelin concentration. These results suggested that increased serum acyl-ghrelin
causes the protective effects of dietary C8:0 against cachexia.

5.3. Conclusions

Applying the results from LPS-injected animals [39], “increased acyl-ghrelin con-
centration” appeared to be a cause of MCTs’ effects in ameliorating primary sarcopenia.
However, the effects of MCTs in animal models of primary sarcopenia, using inhibitors
of GOAT or mice with knockout of GOAT, GHSR, or ghrelin are needed. Postprandial
plasma acyl-ghrelin concentrations after MCT supplementation should be measured in
frail older adults, who eventually develop increased muscle mass and function in 3-month
intervention periods.

6. Nitrogen-Sparing Effect of Ketone Bodies

In a clinical trial of frail older adults (mean age 86.6 years) in a nursing home,
LCT (6 g/day) supplementation with L-leucine (1.2 g/day), L-isoleucine (0.3 g/day),
L-valine (0.3 g/day), and other essential amino acids and vitamins including a vitamin
D (20 μg/day)-enriched supplement combined with a regular diet for 3 months did not
significantly increase muscle mass and function relative to no supplementation [8]. The
branched-chain amino acids (leucine, isoleucine, and valine) in circulation were preferen-
tially used by muscle for energy production [79]. Leucine has been well known to play
a pivotal role in the protein-sparing effects of amino acids [80]. Also, leucine located in
the cytosol in muscle fiber indirectly activates the mTORC1, which is a protein kinase that
phosphorylates substrates to potentiate anabolic processes and inhibits catabolic ones [81].

This result suggested that the participants in this nursing home might not be severely
malnourished. Larger amounts of leucine and other essential amino acids or longer feeding
periods (more than 3 months) may be required to obtain significant increases in muscle
mass and function. In other words, even under this condition (i.e., non-significant effects
of 1.2 g/day of leucine supplementation), 6 g MCTs/day of supplementation with a meal
can effectively increase muscle mass and function. Because MCTs induce ketogenesis
(Section 2), ketone bodies might be the molecules responsible for increases in muscle mass
and function.

6.1. Clinical Trials Supporting the Nitrogen-Sparing Effect of MCT Relative to
LCT Supplementation

Krotkiewski reported that in obese women (n = 22 in each group, overall mean
age 43 years) receiving a very low-calorie diet (579 kcal/day), the MCT group (9.9 g
MCTs/day) increased the rate of decline of body fat (MCT −5.8 kg vs. LCT −4.9 kg
after 4 weeks, p < 0.05) but decreased the rate of decline of fat-free mass (MCT −2.7 kg
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vs. LCT −3.2 kg after 4 weeks, p < 0.05) relative to the LCT groups [43]. The author
suggested that the increased plasma ketone body concentrations caused by dietary MCTs
may provide additional energy to muscles and prevent the breakdown of muscle tissues
caused by malnutrition (nitrogen-sparing effects of ketone bodies) [43]. In another study of
clinically ill patients with sepsis and trauma receiving total parenteral nutrition (TPN), an
improving effect of a structured MCT-containing emulsion (n = 9, mean age 52 years, 1.5 g
MCTs/kg body weight/day) on the nitrogen balance was observed for at least 3 days of
administration compared to an LCT emulsion (n = 11, mean age 59 years, 1.5 g LCTs/kg
body weight/day). Thus, it appears that the nitrogen-sparing effect of ketone bodies was
observed with long-term low-calorie diets or protein-energy malnutrition. The frail older
adults who increased muscle mass and function after MCT supplementation might be
experiencing some malnutrition; therefore, the nitrogen-sparing effect of ketone bodies
might be in operation.

6.2. Can Increased Ketone Bodies after MCT Supplementation Promote Muscle Protein Synthesis?

Postprandial plasma ketone body concentrations after MCT supplementation with
a meal have not been measured in clinical trials in frail older adults [1,8] but have been
estimated by similar studies. For example, in healthy young volunteers, after oral intake
of 10 g MCT (60% C8:0 and 40% C10:0) in a complete liquid diet mimicking a standard
meal, high plasma levels of ketone bodies were produced over 2 h with a maximum plasma
total ketone bodies concentration of 409 μM (150 μM at baseline) [82]. In another study, a
supplementation with 10 g MCTs (60% C8:0 and 40% C10:0)/day at breakfast increased
blood ketone body concentrations from 49–97 μM (baseline) to 455 μM (maximum) 30 min
after MCT supplementation, followed by a return to baseline levels after 3 h [9]. Therefore,
we estimated that 6 g MCT supplementation with a meal might result in mild ketosis
(~0.5 mM) during a 3-h postprandial period.

The nitrogen-sparing effect of ketone bodies in skeletal muscle may depend on the
acute (with or without a meal) and chronic (lean or obese) energy status in the whole
body. Several clinical studies examined the acute effect of exogenous ketone bodies on
muscle protein synthesis under different feeding conditions. Without a meal, which
favors ketogenesis, more than 1 mM concentrations of ketone bodies seemed necessary
to observe a meaningful nitrogen-sparing effect [83,84]. A 3-h infusion of BHB revealed
nitrogen conservation in the whole body without a meal when total blood ketone body
concentrations were 1.1–1.2 mM [83]. In another study, after an overnight fast, an 8-h
infusion of BHB without a meal increased the incorporation of a tracer C13 leucine into
skeletal muscles (protein synthesis) by 5–17% and decreased the appearance of the C13

in the expired CO2 (leucine oxidation) by 18–41% compared to that during normal saline
infusion, during which plasma BHB concentrations were 1–2.5 mM [84].

Very recently, the effects of acute ingestion of exogenous ketone monoester with and
without dietary protein (10 g whey protein) co-ingestion on postprandial myofibrillar pro-
tein synthesis rates have been examined in healthy young males [85]. In a 1-h postprandial
period, blood BHB concentrations reached 3.2–3.4 mM in the ketone-only and the ketone
plus protein groups, whereas the concentration in the protein-only group was 0.6 mM. In
all three groups, the postprandial rate of muscle protein synthesis was higher than that in
basal conditions, with no difference between the groups. This result indicated that a large
amount of plasma ketone bodies did not promote an increase in the rate of muscle protein
synthesis either in the absence or presence of a protein-rich meal.

Taken together, 6 g MCTs/day supplementation with a regular meal, which might
induce mild ketosis (~0.5 mM), may not exhibit the nitrogen-sparing effect of ketone bodies.
However, the chronic effects of ketone bodies have yet to be examined. Repeated small
increases in ketone bodies at each meal may contribute to the chronic increase in muscle
mass in frail older adults.

174



Nutrients 2024, 16, 2606

6.3. Possible Molecular Mechanisms of the Protein-Sparing Effects of Ketone Bodies

The molecular mechanisms are speculated as follows. Under malnutrition, due to
a shortage of ATP and increased adenosine monophosphate (AMP) in skeletal muscle,
AMP-activated protein kinase (AMPK), the sensor of intracellular energy levels and glucose
availability, is activated [86]. Then, AMPK reduces mTORC1 activity and inhibits protein
synthesis [87]. Increases in ketone bodies could reverse these steps by providing ATP to
skeletal muscles (Figure 1). However, it is worth noting that if a large amount of ketone
bodies and fatty acids were given, AMPK in skeletal muscle may be activated due to a
shortage of glucose.

Sirtuin 1 (SIRT1), an enzyme of class III deacetylase, may relate to ketone bodies’
protein-sparing effects. In cells, it is well known that SIRT1 is activated by an increased
nicotinamide adenine dinucleotide (NAD)+/NADH ratio, which plays an important role
in cell survival and longevity under caloric restriction [88]. That may also apply to humans.
When blood glucose declines due to a low-carbohydrate diet, the inhibited glycolysis
increases the amount of NAD+ and then activates SIRT1. In skeletal muscle, to utilize
fatty acids instead of glucose as a fuel, SIRT1 deacetylates and activates the PGC-1alpha
protein and promotes mitochondrial biogenesis [89]. SIRT1 also increases mitochondrial
biogenesis by increasing the expression of mitochondrial transcription factor A (TFAM) in
a PGC-1alpha-independent manner [90]. In addition, SIRT1 deacetylates and inactivates
FOXO and inhibits muscle atrophy [91]. Therefore, SIRT1 activation might increase muscle
mass and function [92].

Ketone bodies may activate SIRT1 in some tissues. The use of 31P phosphorus magnetic
resonance spectroscopy (MRS) in humans showed that a 10 g MCT (60% C8:0 and 40%
C10:0) supplementation increased the amount of NAD+ in the brain concomitant with an
increase in plasma BHB concentration [82]. Increased NAD+ may activate SIRT1. Cockayne
syndrome is a progressive neurodegenerative disorder with mitochondrial dysfunction
caused by mutations in genes encoding DNA repair proteins. In a mouse model of this
condition, a high-fat diet increased blood and brain BHB concentrations, activated brain
SIRT1, and rescued their phenotypes, including hearing loss but not muscle function [93].
In addition, in this cell model, BHB treatment activated SIRT1 and rescued its associated
phenotypes [93]. Therefore, BHB can activate SIRT1 in the brain and change the phenotypes.
However, whether BHB activates SIRT1 in skeletal muscle and whether it increases muscle
mass and function are still being determined.

6.4. Conclusions

To prove the nitrogen-sparing effect of ketone bodies in frail older adults, the chronic
effects of supplementation with a low dose of ketone monoester on muscle protein synthesis
rate and muscle mass should be investigated in this population. Positive results indicate the
need to clarify the molecular mechanisms of the nitrogen-sparing effects of ketone bodies.

7. Limitation

The mechanisms of MCTs’ ameliorating effects on primary sarcopenia described here
were mostly based on experiments using young animals and tissues. It is conceivable that
young cells and older cells respond to MCTs differently. Therefore, comparative studies of
MCTs targeted at young and older cells, tissues, animals, and humans are recommended.

8. Conclusions

Based on recent progress in understanding the etiology of primary sarcopenia and
the discovery of SNS-sensitive isoforms of PGC-1alpha, three possible extracellular sig-
nals causing increases in muscle mass and function after MCT supplementation in frail
older adults were discussed, as follows: (1) activation of the SNS, (2) an increased plasma
acyl-ghrelin concentration, and (3) a nitrogen-sparing effect of ketone bodies. Each hy-
pothesis is possible but will require further research that includes clinical trials. Studies
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using appropriate knockout mice and specific inhibitors will also be necessary to clarify
the causality.
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Abstract: Sarcopenia is an age-related disease characterized by loss of muscle strength, mass and
performance. Malnutrition contributes to sarcopenia pathogenesis. The aim of this systematic
review is to analyze existing evidence on the efficacy of nutritional supplementation on muscle and
mitochondrial health among sarcopenic or malnourished older adults. We included randomized
controlled trials (RCTs) assessing the effect of branched-chain amino acid (BCAA), vitamin D and/or
omega-3 polyunsaturated fatty acid (PUFA) on muscle mass, strength and performance and/or
on mitochondrial activity and redox state in older sarcopenic and/or malnourished adults. The
literature search was on MEDLINE, Embase and Cochrane Central, restricted to articles published in
the last 10 years (2012–2022). Twelve RCTs with a total of 1337 subjects were included. BCAA with
vitamin D significantly ameliorates appendicular muscle mass (4 RCTs), hand grip strength (4 RCTs),
gait speed (3 RCTs), short physical performance battery (3 RCTs) or chair stand test (3 RCTs) among
six out of nine RCTs. BCAA alone (2 RCTs) or PUFA (1 RCT) were not effective in improving muscle
health. Mitochondrial function was significantly improved by the administration of BCAA alone
(1 RCT) or in association with vitamin D (1 RCT). In conclusion, BCAA in association with vitamin D
may be useful in the treatment of sarcopenia and boost mitochondrial bioenergetic and redox activity.
PROSPERO CRD42022332288.

Keywords: sarcopenia; malnutrition; mitochondrial bioenergetic; redox activity; older adults; BCAA;
vitamin D; omega-3 PUFA; geriatrics

1. Introduction

Sarcopenia is a condition characterized by loss of muscle strength, mass and perfor-
mance. Sarcopenia reduces independency, increases risk of falls and hospital admissions,
reduces mobility and increases mortality. This disease is frequently associated with ag-
ing and plays a major role in the development of frailty syndrome [1]. The worldwide
prevalence of sarcopenia in people older than 60 years is estimated between 10% and 27%,
the use of different diagnostic criteria [2] contributes to the under-diagnosis and under
treatment of this disease. The ancient criteria essentially considered muscle mass reduction,
whereas the more recent criteria take into account mainly the reduction of muscle strength
and performance; different diagnostic criteria are summarized in Table 1.
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Table 1. Different criteria for the diagnosis of sarcopenia.

Criteria Muscle Mass Muscle Strength Muscle Performance Summary Definition

European Working Group on
Sarcopenia in Older People
(EWGSOP1, 2010) [3]

2 SD < mean reference value Grip Strength: <30 kg Gait Speed < 0.8 m/s.

Sarcopenia: Low muscle
mass + low muscle
strength OR low
performance. Severe
sarcopenia: All 3 criteria.

European Working Group on
Sarcopenia in Older People
(EWGSOP2, 2019) [4]

ASM
M < 20 kg; F < 15 kg
ASM/height2

M < 7.0 kg/m2; F < 5.5 kg/m2

Grip Strength:
M < 27 kg, F < 16 kg
Chair stand: >15 s for
five rises

Gait Speed < 0.8 m/s
SPPB < 8
TUG < 20 s
400 m walk test > 6 min
or non-completion

Assess sarcopenia with
low muscle strength
confirmed sarcopenia with
low muscle mass.
Class Sarcopenia’s severity
with performance. Severe
sarcopenia: All 3 criteria.

Foundation for the National
Institutes of Health
(FNIH, 2014) [5]

ALM/BMI
M < 0.789; F < 0.512

Grip Strength:
M < 26 kg; F < 16 kg Gait speed < 0.8 ms

Sarcopenia: Low muscle
mass and low muscle
strength.
Class Sarcopenia’s severity
with performance severe
sarcopenia: All 3 criteria.

International Working
Group (2011) [6]

ALM//height2

M < 7.23 kg/m2

F < 5.67 kg/m2
NA Gait Speed < 1.0 m/s

Sarcopenia: Low muscle
mass and low muscle
performance.

Asian Working Group for
Sarcopenia (ASIA, 2019) [7]

ASM//height2

DXA: M < 7.0 kg/m2;
F < 5.4 kg/m2

or BIA: M < 7.0 kg/m;
F < 5.7 kg/m2

Grip Strength:
M < 28 kg; F < 18 kg

Gait Speed < 1 m/s.
6-metre walk < 1.0 m/s
5-time CST ≥ 12 s
SPPB ≤ 9

Sarcopenia: Low muscle
mass + low muscle
strength OR Low
physical performance.
Severe sarcopenia: All
3 criteria.

ASM: Appendicular Skeletal Muscle Mass; ALM: Appendicular Lean Mass; BIA: Bioelectrical impedance analysis;
CST: chair stand test; F: female; M: male; SD: Standard Deviation; SMM: Skeletal Muscle Mass; SPPB: short
physical performance battery; TUG: Timed up and go.

The aging of the population will lead to a significant increase in the prevalence of
sarcopenia, increasing the associated socio-economic burden [4]. Therefore, an early diag-
nosis, an adapted and individualized treatment are essential to counteract the spreading of
the disease.

The physiopathology of sarcopenia is complex; several lifestyle factors contribute to
its development, including malnutrition and physical inactivity [8–10] that are frequent
amongst older persons [2]. The muscle being a high-energy-demanding tissue, mito-
chondrial dysfunction [11,12] associated with aging [13], malnutrition [14] and physical
inactivity [14] has been proposed as an important contributor to the pathogenesis of the
disease [15]. Aging is associated with a decrease in mitochondrial biogenesis and perfor-
mance; the impairment of mitochondrial function has been proposed as one of the causes
of unhealthy aging [13].

Even though healthy mitochondria reduce oxidative stress levels, their respiratory
chain generates reactive oxygen species (ROS) within the organelle; the consequent increase
in oxidative stress is counteracted by antioxidant enzymes. Although the production of ROS
is physiological at a cellular level, if the balance between ROS and the antioxidant system
exceeds a certain threshold, oxidative stress increases and mitochondrial DNA is damaged;
this damage induces a mitochondrial protein degradation and impairs mitochondrial
function [13].

The impairment of mitochondrial function contributes to the increase in oxidative
stress and to the development of immune senescence and immune system dysfunction [16].
The immune system dysfunction associated with unhealthy aging causes an increase
in chronic, sterile inflammation, named “inflammaging”. This pro-inflammatory status
favors muscle catabolism [17,18] and, hence, sarcopenia. The increase in inflammation
and the decrease in mitochondrial function at cellular and molecular levels are associated
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with unhealthy aging at a clinical level and play a paramount role in the development of
sarcopenia [15].

Amongst clinical factors associated with sarcopenia, malnutrition plays an important
role. Malnutrition is a complex syndrome with multifactorial causes due to both a quan-
titative and qualitative reduction of dietary intake and an impairment of gut absorption,
and it is frequent amongst older adults. This condition has been defined as an involuntary
weight loss of 5% in less than 6 months or 10% in more than 6 months, or a BMI of less than
22, in patients over 70 years old, associated with reduced energy intake or acute injury or
chronic-related disease [19]. Several screening tools for the diagnosis of malnutrition have
been proposed; in older persons, the more frequently used screening tools are the Mini
Nutritional Assessment (MNA) or its short form (MNA-SF) [20,21] and the Nutritional
Risk Screening Score (NRS) [22,23]. These tools are user-friendly questionnaires. The three
questionnaires focus on BMI, reduced food intake, weight loss and the presence of acute
and severe illness. Within the MNA and MNA-SF, the presence of cognitive impairment or
depression is considered as well as the patient’s mobility. The full form of the MNA also
takes into account dietary habits, self-perceived health, medication, living environment,
skin wounds, and calf and arm circumference. The decreased intake/absorption of nutri-
ents essential for muscle health, such as protein, amino acids, vitamins and minerals in
malnourished subjects contributes to the development of sarcopenia [15,24].

The negative impact of reduced dietary intake of essential amino acid on muscle
synthesis [25] in older age is enhanced by the reduced muscular protein synthesis during
aging [14,26], this phenomenon has been named “anabolic resistance” of aging. The im-
pairment in mRNA translation and in the activation of the mammalian target of rapamycin
(mTOR) pathway, are amongst the underlying causes of this anabolic resistance. Higher
protein intake can counteract the anabolic resistance [27]. Indeed, branched-chain amino
acids (BCAAs), particularly leucine, isoleucine and valine, have the capacity to activate the
mTOR pathway [28], promoting mitochondrial biogenesis, and boosting the PGC 1 alpha
pathway which increases oxidative resistance [14,15,29]. Omega-3 PUFA also contributes to
the activation of the mTOR pathway, leading to increased protein mitochondrial synthesis
in muscle cells [30]. Furthermore, omega-3 PUFA have an anti-inflammatory effect [31] and
can decrease oxidative stress [32] thus counteracting the catabolic effect of inflammaging.

Vitamin D plays a role in maintaining muscle health and, in particular, it influences
muscle cells differentiation, maturation and growth [33]. Aging is associated with reduced
expression of muscle vitamin D receptor and lower vitamin D level, and these factors
contribute to the reduction of muscle mass [34]. Furthermore, at the cellular level, some
evidence shows that the active form of vitamin D, 1–25 dihydroxyvitamin D3 or calcitriol,
increases mitochondrial biogenesis and function [35], and regulates the expression of genes
involved in this process in muscles [36].

Given the role of malnutrition in the pathogenesis of sarcopenia, nutritional inter-
ventions targeting mitochondrial health and oxidative stress imbalance are emerging as
possible strategies to treat this disease.

The aim of this systematic review is to analyze existing evidence on the efficacy
of nutritional supplementation on muscle and mitochondrial health among sarcopenic
and/or malnourished older adults. This review is divided into two parts: a clinical
section focused on the role of nutritional supplementation on muscle strength, mass and
performance and a biological section focused on the role of nutritional supplementation on
mitochondrial health.

2. Methods

2.1. Study Design

We conducted a systematic review according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement [37], and Testing Method-
ological Guidance on the Conduct of Narrative Synthesis in Systematic Reviews [38], as
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well as Synthesis without meta-analysis reporting guidelines [39]. The review protocol is
published on the PROSPERO database (registration number CRD42022332288).

2.2. Inclusion and Exclusion Criteria

We included randomized controlled trials (RCTs) and meta-analyses which assessed
the effect of nutritional supplementation the clinical parameters for the diagnosis of sarcope-
nia or the mitochondrial activity in older adults (65 years and older) affected by sarcopenia
and/or malnutrition. The nutritional supplements analyzed were BCAA and/or vitamin
D and/or omega-3 PUFA.

The research question was formulated by the following PICOS (participants, interven-
tion, comparison, outcomes, study) strategy.

• Participants: Adults aged 65 years and older affected by sarcopenia and/or malnutri-
tion clinically diagnosed. Sarcopenia was defined using recognized diagnostic criteria,
such as the European Working Group on Sarcopenia in Older People (EWGSOP-1 [3]
and EWGSOP-2 [4]), FNIH [5], International Working Group [6] or Asian working
group on sarcopenia (ASIA) [7,40]. The diagnosis of malnutrition or the presence of a
malnutrition risk was defined according to a validated tool such as MNA, MNA-SF or
NRS score [23].

• Intervention: BCAA and/or omega-3 PUFA and/or vitamin D supplementation,
associated or not to physical exercise.

• Comparison: Standard clinical treatment, placebo, or physical exercise without nutri-
tional supplementation.

• Outcomes: Measurement of the parameters of muscle mass and/or muscle strength
and/or muscle performance or the mitochondrial activity and/or the oxidative stress.

• Studies: RCT and meta-analysis.

We excluded trials whose participants were affected by sarcopenia due to the following
diseases: kidney or hepatic failure, cancer, neuromuscular disease, AIDS, COVID-19, recent
surgery or transplants, or severe neurological disorders. We also excluded clinical trials
assessing the effect of any kind of protein, (soy, casein, whey proteins or unknown) alone
without BCAA, vitamin D or omega-3 PUFA.

2.3. Search Strategy

MEDLINE, Embase, Cochrane Central Register of Controlled Trials (CENTRAL) were
used for the literature search; the final search was run on 30 July 2022. A re-run was
carried out on 9 August 2023 and retrieved two additional papers, that are discussed
in the discussion section. The search was restricted to the last ten years of publications
(2012–2022), to studies performed in humans and written in English.

The search string for the clinical part was as follows: (((“Sarcopenia”[MeSH Terms]
OR “Malnutrition”[MeSH Terms]) AND “amino acids, branched chain”[MeSH Terms]) OR
“fatty acids, omega 3”[MeSH Terms] OR “Vitamin D”[MeSH Terms]) AND ((y_10[Filter])
AND (meta-analysis[Filter] OR randomizedcontrolledtrial[Filter]) AND (humans[Filter])
AND (english[Filter]) AND (aged[Filter] OR 80 andover[Filter])). The search strategy is
publicly available at: ((((“Sarcopenia”[Mesh]) OR “Malnutrition”[Mesh]) AND “Amino Acids,
Branched-Chain”[Mesh]) OR “Fatty Acids, Omega-3”[Mesh]) OR “Vitamin D”[Mesh]—Search
Results—PubMed (nih.gov), and https://www.cochranelibrary.com/advanced-search/se
arch-manager?search=6982594 (accessed on 9 August 2023).

The search string for the biological part was as follows: (((“amino acids, branched
chain”[MeSH Terms] OR “fatty acids, omega 3”[MeSH Terms] OR “Vitamin D”[MeSH
Terms]) AND “Mitochondria”[MeSH Terms]) OR “Oxidative Stress”[MeSH Terms]) AND
((y_10[Filter]) AND (meta-analysis[Filter] OR randomizedcontrolledtrial[Filter]) AND (hu-
mans[Filter]) AND (english[Filter]) AND (80 andover[Filter] OR aged[Filter])). The search
strategy is publicly available at: ((((“Amino Acids, Branched-Chain”[Mesh]) OR “Fatty
Acids, Omega-3”[Mesh]) OR “Vitamin D”[Mesh]) AND “Mitochondria”[Mesh]) OR “Ox-
idative Stress”[Mesh]—Search Results—PubMed (nih.gov) and https://www.cochranelibr
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ary.com/web/cochrane/advanced-search/search-manager?search=6982595 (accessed on
9 August 2023).

A second, less restrictive, search strategy for the biological part was as follows: ((‘mi-
tochondria/exp OR ‘mitochondrion’ OR ‘oxidative stress’/exp OR ‘oxidative stress’) AND
(‘vitamin d’/exp OR ‘vitamin d’) OR ‘omega 3 fatty acid’/exp OR ‘omega 3 fatty acid’
OR ‘branched chain amino acid’/exp OR ‘branched chain amino acid’) AND [randomized
controlled trial]/lim AND([aged]/lim OR [very elderly]/lim) AND [humans]/lim AND
[2012–2022]/py. The search strategy is publicly available at: https://pubmed.ncbi.nlm.nih.go
v/?term=%28%28%28%28%22Amino+Acids%2C+Branched-Chain%22%5BMesh%5D%29+O
R+%22Fatty+Acids%2C+Omega-3%22%5BMesh%5D%29+OR+%22Vitamin+D%22%5BMes
h%5D%29+AND+%22Mitochondria%22%5BMesh%5D%29+OR+%22Oxidative+Stress%22%
5BMesh%5D&filter=pubt.clinicaltrial&filter=pubt.randomizedcontrolledtrial&filter=datesea
rch.y_10&filter=hum_ani.humans&filter=lang.english&filter=age.aged&filter=age.80andove
r&show_snippets=off&sort=date (accessed on 9 August 2023).

2.4. Study Selection

Two teams of reviewers worked, according to their expertise, on the clinical part
(CC and GB) or on the biological part (FC and IB). The reviewers of each team worked
independently on the studies retrieved by the search to evaluate the inclusion of each study;
discrepancies between the two reviewers were solved through discussion and if necessary,
by the third reviewer (PDA for both parts of the review). The Rayyan® tool was used to
detect duplicates and abstracts published before 2012 having escaped our filter, and to a
systemized article selection process between the authors (available at Rayyan—Intelligent
Systematic Review—Rayyan). The bibliography of included articles was screened to detect
other eligible RCTs and subjected to the same process as the RCT detected by the search-
string strategy.

2.5. Data Extraction

From each study, we extracted the following data: authors, year of publication, loca-
tion, number and characteristic of participants (mean age and gender), diagnosis at baseline
(sarcopenia vs. malnutrition), type and duration of intervention, type of control group used,
type of physical exercise, inclusion and exclusion criteria, and sample size and measured
outcomes. If applicable, information on falls, length of hospital stay and mortality was
also recorded.

2.6. Quality Assessment

The risk of bias was assessed by the RoB 2 tool according to Cochrane (https://me
thods.cochrane.org/risk-bias-2 (accessed on 14 July 2022)). As for the study selection,
two reviewers independently evaluated the bias of each study; discrepancies between the
reviewers were solved by discussion and consensus or by the third reviewer (PDA, for both
parts of the review).

2.7. Data Synthesis and Analysis

The aim of our work was to write a systematic narrative review, without meta-analysis.
To compare the different studies, we grouped them according to the type of intervention.
Therefore, three subgroups were identified: 1. Vitamin D + BCAA or Whey protein;
2. BCAA alone; 3. Omega-3 PUFA.

3. Results

3.1. Study Selection

For the clinical part, we retrieved 4348 abstracts after searching the following databases:
Medline (n = 1761), Cochrane Central (n = 1744) and Embase (n = 843). We removed
1585 duplicates and 382 papers were marked as ineligible by the Rayyan tool (abstracts
dating before 2012). We identified 17 supplementary records through the bibliographies of
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the included articles [41–57]. Hence, forty-six full-text articles were reviewed as previously
described. After reading the full text article, we excluded twenty-two articles for violation
of inclusion criteria. Twelve articles were excluded due to the following reasons: wrong
study design (n = 3), wrong outcome (n = 4), wrong study population (n = 1), wrong
intervention (n = 2), full paper not-available (n = 2). Twelve articles were included in the
clinical part of the review [45,47,50,57–65].

For the biological part, with the first search strip, we retrieved 1542 abstracts, after
searching the following databases: Medline (n = 776), Cochrane Central (n = 193) and
Embase (n = 573). We removed 196 duplicates. A less restrictive search strategy was re-run
and retrieved 652 more abstracts. We excluded 16 articles for violation of inclusion criteria
and four articles were excluded due to unavailability of the full paper. Hence, two full-text
articles were reviewed as previously described. Two articles were included in the biological
part of this review and were also eligible for the clinical part [49,57,58,65]. All the included
articles were RCTs; no meta-analyses were included.

Figure 1 shows the study’s flowcharts for both the clinical and biological part.

  

before 
screening

Figure 1. Study’s flow charts. Panel (A) shows the flow chart of the clinical part and panel (B) shows
the flow chart of the biological part.

3.2. Study Characteristics

Amongst the 12 studies included in the clinical part of the review, seven evaluated nutri-
tional supplementations with BCAA mixture in association with vitamin D [45,50,57,60–62,64],
one BCAA mixture alone [65], one leucine alone [58], two evaluated whey protein or proteins
in association with vitamin D [59,63] and one omega-3 PUFA [47]. All the characteris-
tics of nutritional supplementation are specified in Table 1. Nine studies had a similar
timing of intervention between 8 and 12 weeks; one was run for 30 days [64] and two
considered a longer intervention period: six months [59] and one year [58]. Amongst
the included studies, four included a physical training program; in two [60,61], physical
exercise intervention including resistance training with gait and balance training was
proposed both in the intervention and the control group. Two studies [45,63] were a four-
arm trials comparing nutrition alone, exercise alone, nutrition plus exercise, versus no
intervention [63] or health education [45]; exercise consists in resistance training [63] or
in resistance and aerobic training [45]. All characteristics of the studies are summarized
in Table 2.
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iń

sk
a-

Si
em

as
zk

o
20

15
[4

7]
Po

la
nd

27
75

.8
59

sa
rc

op
en

ia
(E

W
G

SO
P1

)
12

w
ee

ks
O

nc
e

da
ily

n-
3

PU
FA

1.
3

g
w

it
h

vi
ta

m
in

e
E

O
nc

e
da

ily
vi

ta
m

in
E

11
m

g
N

o

M
M

:A
pp

en
di

cu
la

r
m

us
cl

e
m

as
s

in
de

x;
M

S:
H

an
d

gr
ip

;M
P:

G
ai

t
sp

ee
d,

TU
G

E
ss

en
ti

al
am

in
o

ac
id

(E
A

A
):

hi
st

id
in

e,
is

ol
eu

ci
ne

,l
eu

ci
ne

,l
ys

in
e,

m
et

hi
on

in
e,

p
he

ny
la

la
ni

ne
,t

hr
eo

ni
ne

,t
ry

p
to

p
ha

ne
,a

nd
va

lin
e.

N
on

-e
ss

en
ti

al
am

in
o

ac
id

(N
E

A
A

):
al

an
in

e,
ar

gi
ni

ne
,a

sp
ar

ag
in

e,
as

pa
rt

ic
ac

id
,c

ys
te

in
e,

gl
ut

am
ic

ac
id

,g
lu

ta
m

in
e,

gl
yc

in
e,

pr
ol

in
e,

se
ri

ne
,a

nd
ty

ro
si

ne
.M

M
:m

us
cl

e
m

as
s;

M
S:

m
us

cl
e

st
re

ng
th

;M
P:

m
us

cl
e

pe
rf

or
m

an
ce

.R
es

is
ta

nc
e

tr
ai

ni
ng

(R
T)

,a
er

ob
ic

tr
ai

ni
ng

(A
T)

,s
ho

rt
ph

ys
ic

al
pe

rf
or

m
an

ce
ba

tt
er

y
(S

PP
B)

w
hi

ch
co

ns
is

ts
of

(1
)a

4-
m

us
ua

l
ga

it
sp

ee
d

w
al

ki
ng

te
st

,(
2)

a
re

pe
at

ed
ch

ai
r

ri
se

te
st

an
d

(3
)a

ba
la

nc
e

te
st

.T
U

G
:t

im
ed

up
an

d
go

te
st

.C
O

X
-1

an
d

C
O

X
-4

:C
yt

oc
hr

om
e

C
ox

id
as

e-
1

an
d

4;
TF

A
M

:
M

it
oc

ho
nd

ri
al

Tr
an

sc
ri

pt
io

n
Fa

ct
or

A
;M

FN
-:

M
it

of
us

in
-1

;M
FN

-2
:M

it
of

us
in

-2
;T

B
A

R
s:

T
hi

ob
ar

bi
tu

ri
c

A
ci

d
-R

ea
ct

iv
e

Su
bs

ta
nc

es
.M

N
A

-s
f:

M
in

iN
ut

ri
ti

on
al

A
ss

es
sm

en
tS

ca
le

Sh
or

tF
or

m
;N

R
S:

nu
tr

iti
on

al
ri

sk
sc

or
e;

C
aH

M
B:

C
al

ci
um

β
-H

yd
ro

xy
-β

-M
et

hy
lb

ut
yr

at
e;

EW
G

SO
P-

1:
Eu

ro
pe

an
W

or
ki

ng
G

ro
up

on
Sa

rc
op

en
ia

in
O

ld
er

Pe
op

le
;A

SI
A

:A
si

an
W

or
ki

ng
G

ro
up

fo
r

Sa
rc

op
en

ia
.

188



Nutrients 2023, 15, 3703

3.3. Quality Assessment

Amongst the included studies, 16.6% raised some concerns or were evaluated at
high risk of biases in the randomization process, 8.3% were at high risk from intended
interventions, 16.6% were at high risk for missing outcome data, and 25% raised some
concerns or were at high risk for reported result. Overall, 25% of the studies have high risk
of bias and 8.3% raised some concerns (Figure 2).

Figure 2. Details of the evaluation of bias risk for each study [45,47,50,57–65].

3.4. Outcomes of the Included RCT

Five clinical studies out of nine testing vitamin D and whey protein or BCAA supple-
mentation [59–62,64] found a significant improvement of muscle mass and/or on muscle
strength in supplemented patients. Moreover, three studies [57,61,62] out of seven showed
a significant effect of this intervention in the amelioration of physical performance; the
studies that did not reach statistical significance showed a positive trend in the interven-
tion group. Studies focusing on nutritional supplementation with vitamin D with whey
proteins or BCAA administered with physical exercise [45,63] demonstrated a significant
effect of the combined intervention on muscle mass, strength or performance. Regarding
the biological findings, one study [65] assessing nutritional supplementation with a BCAA
mixture showed a significant improvement of mitochondrial bioenergetics and redox activ-
ity. The second study showed a positive trend on mitochondrial activity with nutritional
supplementation including a vitamin D, whey protein and BCAA mixture. Detailed results
of intervention’s studies are summarized in Table 3 for the clinical outcomes and Table 4
for the biological outcomes.
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4. Discussion

Sarcopenia is a frequent condition amongst older adults and malnutrition plays a
causal role on its pathogenesis as well as mitochondrial dysfunction. The use of nutritional
supplementation can be effective in improving mitochondrial function and in improv-
ing muscle health, thus treating sarcopenia; however, there is no clear recommendation
on the type of nutritional supplements useful for treating this disease and ameliorating
mitochondrial function.

Here, we suggest that nutritional supplementation with vitamin D combined with
whey proteins or BCAA mixture can be effective in increasing muscle mass, muscle strength
or performance, whereas supplementation with BCAA or omega-3 PUFA alone is not. All
the studies on vitamin D used cholecalciferol in doses ranging between 100 and 1000 IU
per day. Four out of nine studies on this combination demonstrated a significant gain in
muscle mass [59–62] compared to placebo; however, no gain in muscle mass was observed
if the control groups received nutritional counseling or a standard nutritional intervention.
This result suggests that standard clinical treatment is sufficient to induce an improvement
in muscle mass.

Nutritional supplementation with vitamin D combined with whey protein or BCAA
may be effective in improving muscle strength [59–61,64], regardless of the addition of
physical exercise. These findings are particularly relevant in geriatrics as, frequently, older
patients are not willing to or are unable to follow an adequate physical activity program [66];
thus, we suggest to treat these patients with the combination of vitamin D and whey protein
or BCAA, even without adding physical activity.

Three out of seven studies [57,61,62] showed a significant improvement of the muscu-
lar performance thanks to the nutritional intervention with vitamin D and whey protein or
BCAA. The four studies that did not reach statistically significant results showed a trend
towards improvement of muscle performance [45,50,59,63]. The included studies differed
in the quantity of BCAA and whey proteins administered; the studies showing a significant
improvement in muscle performance evaluated doses of total leucine higher than 3 g/day
combined with 20 to 40 g of whey proteins/day, administered during the two main meals.
Although there is no unique recommendation for the amount of BCAA required to trigger
muscular protein synthesis in older patients [67], the literature suggests a dose-dependent
correlation between BCAA supplements and muscular protein synthesis induction [68]. It
is noteworthy that the only study that did not find significant effects of BCAA on muscle
mass, strength or performance [58] administrates leucin without other EAA or protein
supplementation, suggesting that, although leucin is necessary to boost muscle health, it is
not sufficient and must be administered with other EAA or with whey proteins in order to
achieve a clinical benefit. According to Wolfe [69] and Wilkison [70], leucine alone might
contribute to an enhanced anabolic response and therefore increase muscle mass, However,
all the EAA are needed to induce muscular proteins synthesis [71]. Hence, if only leucine is
supplemented, the other needed EAA will be obtained from muscle protein breakdown,
blunting the efficacy of leucine.

Although nutritional supplementation can boost muscular health even without physi-
cal exercise, adding aerobic or resistance training will significantly improve muscle mass,
strength and performance [45,63]. Physical inactivity increases anabolic resistance [14] and
hence contributes to muscle waste and sarcopenia; moreover, physical exercise enhances the
effect of BCAA and protein supplementation as muscle protein breakdown during exercise
releases EAA that boost protein synthesis [69]. A meta-analysis [72] published after the
end of our research, including three RCTs, also included in our review [60–62], concludes
that supplementation with whey protein, leucine and vitamin D, without physical exercise,
increases muscle mass in sarcopenic patients; if nutritional supplementation is combined
with physical activity, it also increases muscle strength and performances. Differently from
Chang and Choo [72], we included in our systematic review not only supplementation
with protein, leucine, and vitamin D in sarcopenic patients but also BCAA and omega-3
PUFA and widen the target population by also including malnourished patients. Despite
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these differences, our work supports their findings and contributes to generalization to a
wider population.

Thus, we suggest adding appropriate and adapted training to nutritional supplemen-
tation whenever possible.

Only two studies evaluated the effect of nutritional supplements on mitochondrial
activity: one study focused on BCAA alone [65], the other studied the effect of BCAA
plus vitamin D [57]. BCAA were proven to be effective in ameliorating mitochondrial
bioenergetics and function even without the addition of vitamin D by Buondonno et al. [65].
These authors showed an increase in the ability of mitochondria to produce ATP and an
increased ability to reduce oxidative stress over two months. The authors also evaluated
clinical outcomes on muscle mass, strength and performance, showing a positive trend on
muscle performance; thus, they hypothesize that the improvement of mitochondrial activity
via the mTOR signaling pathway and reduction of ROS may explain the improvement of
muscle performance.

Grootswagers et al. [57] evaluated the effect of nutritional supplementation with
BCAA and vitamin D on mitochondrial activity showing that this treatment is effective in
improving mitochondrial bioenergetics and function, and that this improvement might
explain the amelioration of muscular performance; the authors demonstrated that patients
with improved mitochondrial biogenesis had a significant improvement in the gait speed,
whereas the others did not.

The results from these two studies suggest that nutritional supplementation may
play a role in improving age-associated mitochondrial dysfunction, paving the way for
further studies on other conditions associated with unhealthy aging, such as cognitive
impairment. In this regard, Buondonno et al. [65] showed an improvement not only in
muscular, but also in cognitive performance in old malnourished patients treated with
BCAA, this improvement correlated with the increase in ATP production by mitochondria.

Even if some papers suggest that omega-3 PUFA may be beneficial in sarcopenic
patients [30], we cannot draw any conclusions on their efficacy as only one study was
eligible for our review [47]. For instance, the results of this study were not significant; these
authors tested omega-3 PUFA in addition to vitamin E that was also administered to the
control group. After the conclusion of our search, an RCT tested the impact of supplemen-
tation with omega-3 PUFA (500 mg), leucine (2.5 g) and Lactobacillus paracasei PS23 in a
population of sarcopenic patients [73]. This study demonstrated a significant improvement
in muscle mass, strength and performance in patients supplemented, compared to the
placebo group. Although this study shows positive results, the researchers used a mixture
of supplements; thus, it is not possible to conclude in favor of the supplementation with
the sole omega-3 PUFA.

A major limitation for this review is the small sample size of the studies included
and the presence of several biases in the study designs that are often not double blind and
placebo controlled. Moreover, in this review, we could not evaluate the effect of vitamin D
alone. Even though several authors showed that active vitamin D supplementation (cal-
citriol) significantly improves mitochondrial function, biogenesis and decreases oxidative
stress [35,36,74], and, clinically, hypovitaminosis D induces muscle atrophy, clinical trials
on vitamin D supplementation were not effective in proving its effectiveness on muscle
mass, strength and function [75].

One of the strengths of our review is to focus on BCAA rather than on whey proteins;
indeed, even if whey proteins contain BCAA (approximately 11%) [14], their quality,
quantity and bioavailability might not be sufficient in order to activate muscle anabolism.

Another significant strength of our review is to include only studies on patients suffer-
ing from sarcopenia or malnutrition. This restriction allows us to reduce the heterogeneity
between the studies as concerns the targeted population.

To the best of our knowledge, this review is the first to evaluate the impact of targeted
nutritional supplementation on both biological and clinical outcomes and to shed light on
their relationship.
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5. Conclusions

Although there is still room for well-designed studies on the optimal treatment strategy
for older malnourished patients, the results of this systematic review suggest that the
treatment for these patients is vitamin D supplementation associated with either BCAA or
whey proteins together with appropriate aerobic or anaerobic training.

All the studies included in this review used cholecalciferol in doses ranging between
100 and 1000 IU per day, and even at the lower doses [60], the supplementation of vitamin
D coupled with BCAA and whey proteins is effective in ameliorating muscle health; hence,
we recommend to give cholecalciferol 1000 IU daily in patients at increased risk of vitamin
D deficiency according to the recent guidelines from the Society of Clinical and Economical
Aspects of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO) working
group [76].

As regards the BCAA to be used, a mixture of amino acids including leucin, valine and
isoleucine with a 2:1:1 ratio [65,77] or 4:1:1 ratio [45,60] works better than the sole leucine
that might be used at doses equal to or higher than 3 g/day [69]. If whey proteins are used,
the intake needed to overcome anabolic resistance in older sarcopenic patients is at least
1.2 g/kg/day [78]. These doses are above the internationally recommended dietary al-
lowance of 0.8 g/kg/day [14,15,78] and can cause gastrointestinal problems or be con-
traindicated in case of kidney failure. These limitations in the use of whey proteins must be
considered in the clinical prescription of nutritional supplementation in older patients.

Regarding the timing of protein intake, we suggest distributing proteins and or BCAA
supplements over the three main meals to boost protein synthesis after each meal [14].

We also suggest using BCAA with or without vitamin D to boost mitochondrial activity
and potentially ameliorate other chronic conditions associated with aging, such as cognitive
impairment.

As concerns omega-3 PUFA, we cannot, based on the results of this review, recommend
their use in sarcopenic older adults.
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Abstract: Background: The vitality domain of intrinsic capacity (IC) represents the synthesis of bio-
logical interactions and metabolism. As part of the Integrated Care for Older People (ICOPE) program
developed by the World Health Organization (WHO), vitality focuses on the nutritional status of older
adults. The objective of this work was to describe the vitality domain of IC in community-dwelling
older people and to examine the associations of the vitality components (appetite loss and weight
loss) with the other IC domains assessed within the framework of ICOPE. Methods: Cross-sectional
data were obtained between January 2020 and February 2022 through the INSPIRE-ICOPE-Care
program, a real-life ICOPE implementation initiative developed in the Occitania region of France.
Participants were men and women aged 60 and older, looking for primary care services within the
French healthcare system. Results: Appetite loss was reported by 14.0% (2013) of the participants, and
weight loss by 12.4% (1788). A total of 863 participants (6.01%) declaring weight loss also suffered
from appetite loss. In total, 2910 participants (20.27%) screened positive for the domain of vitality.
Appetite loss was significantly associated with positive screenings for the domains of cognition
(OR = 2.14 [1.84;2.48]), vision (OR = 1.51 [1.28;1.79]), hearing (OR = 1.18 [1.01;1.37]), psychology
(OR = 3.95 [3.46;4.52]), and locomotion ‘OR = 2.19 [1.91;2.51]). We found significant associations
of weight loss with the IC domains of cognition (OR = 1.65 [1.42;1.93]), psychology (OR = 1.80
[1.56;2.07]), locomotion (OR = 1.64 [1.41;1.91]), vision (OR = 1.24 [1.04;1.47]), and hearing (OR = 1.32
[1.12;1.55]). People reporting simultaneous appetite and weight loss showed higher odds of screening
positive for psychological (OR = 5.33 [4.53;6.27]) and locomotion impairments (OR = 3.38 [2.88;3.98]).
Conclusions: Appetite and weight loss are common among older people and are related to other
potential IC impairments, especially psychological and locomotion. Further studies are needed to
explore the longitudinal associations of vitality with the incidence of clinically meaningful declines
in the other IC domains.

Keywords: ICOPE; vitality; appetite; weight loss; prevention; intrinsic capacity; older people

1. Background

The World Health Organization (WHO) has launched the Integrated Care for Older
People (ICOPE) program to prevent disability in older adults [1]. ICOPE uses intrinsic
capacity (IC)—i.e., the aggregate of all mental and physical capacities that people draw
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upon as they age—to monitor early functional decline [2–6]. IC’s domains are vitality,
cognition, locomotion, sensory (vision and hearing), and psychology.

“Vitality” has been recently defined as a physiological state (due to normal or acceler-
ated biological aging processes) resulting from the interaction between multiple physiolog-
ical systems, reflected in (the level of) energy and metabolism, neuromuscular function,
and immune and stress response functions of the body [7].

However, there is no consensus on how to operationalize vitality in clinical set-
tings [7–10]. The WHO, in its description of the ICOPE program [11], suggests vitality
be screened through appetite and weight loss, which are malnutrition hallmarks. Mal-
nutrition is a major determinant of frailty and adverse health events [1,2,6,7,12–15], yet
its link with the other IC domains in a real-life population of users of the healthcare
system is unclear. Although several studies investigating the associations of weight
loss and cognition [16,17], mobility [13,18], and mood [19,20] have already been shown
previously, the associations between appetite loss in older people and those functions
are not well-known. Furthermore, such associations have never been investigated in a
real-life population of users of the healthcare system using the ICOPE screening tool,
which is a more practical instrument (few items, feasible to use in clinical practice, high
specificity) than full-length scales [21,22]. Moreover, studies examining the associations
of appetite and weight loss with the sensory domain in older adults are scarce.

The objective of this study was to describe the vitality domain of IC in a real-life
population of older adult users of primary care services and to examine the associations
of the vitality screening components of appetite loss and weight loss with the other IC
domains assessed within the framework of ICOPE.

2. Materials and Methods

2.1. INSPIRE ICOPE-CARE Cohort

This study uses the ICOPE MONITOR database containing the data of the INSPIRE
ICOPE-CARE cohort (implementation of ICOPE in a real-life population of users of primary
care services in the Occitania region, Southwest, France) [23]. Data have been collected
between 1 January 2020 and 18 November 2021. The first step (Step 1) of the ICOPE
program is to screen for potential impairments in IC using the ICOPE screening tool. If an
older person screens positive for an IC impairment, the system will send an alert to the
surveillance team of nurses for further follow-up [24].

The French Ethical Committee residing in Rennes (CPP Ouest V) validated the study
protocol in October 2019. The protocol is registered on the site http://clinicaltrials.gov
(accessed on 26 February 2023) (ID NCT04224038). All data are stored in the Geron-
topole ICOPE MONITOR database and received the authorization of the French “National
Commission for Data Protection” on 13 April 2017 (Ref. Nb. MMS/OSS/NDT171027, au-
thorization request Nb. 19141154). All patients gave either their oral consent or consented
via the ICOPE MONITOR app.

2.2. Participants

Participants are community-dwelling men and women aged 60 and over who sought
care within the French healthcare system. Health professionals (mainly community nurses,
but also primary care physicians, pharmacists, and physical therapists) assessed IC using
the ICOPE MONITOR mobile app. In this cross-sectional study, we are using the first Step
1 screening for each participant.

Exclusion criteria were: people younger than 60 years old; institutionalized subjects.

2.3. Vitality

Vitality was screened using two self-reported questions related to appetite and weight
loss: “Have you experienced appetite loss?”; “Have you unintentionally lost more than
3 kg over the last three months?”. Responding “Yes” to any of these questions determined
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a positive screening for vitality [11]. We further classified participants into four mutually
exclusive groups: only appetite loss, only weight loss, both, and none.

2.4. Other IC Domains

A positive screening in the other IC domains was defined according to the ICOPE Step
1 as follows:

Cognition: failure to recall three words or an error in the current date (year, month,
date of the month, and day of the week) or report memory or orientation problems (such
as not knowing where one is or what day it is).

Locomotion: inability to complete five chair rises without using arms in less than 14 s.
Vision: self-reported difficulty in seeing far, reading, eye diseases, or currently under

medical treatment (e.g., diabetes, high blood pressure).
Hearing: failing the whisper test (when assessed by a health professional) or self-

reported hearing loss in the past four months.
Psychology: answering yes to “feeling down, depressed or hopeless?” or “little interest

or pleasure in doing things?”.

2.5. Covariates

Age was estimated from the date of birth and was used as a categorical variable (per
decade). Sex and weight were self-reported.

2.6. Statistical Analysis

Means, standard deviations, and percentages were used to describe the study popu-
lation. We used logistic regression models to estimate the cross-sectional associations of
vitality (and its screening components appetite and weight loss, alone or combined) with
positive screening in other IC domains. The models were adjusted for age, sex, and weight.
A p-value of ≤0.05 defined statistical significance. All analyses were carried out using
Stata 16.

3. Results

Table 1 displays the characteristics of the 14,572 participants. Their mean age was 76.7
(SD = 8.8), 62% were female, and the mean weight was 70 kg (SD = 15.5).

Table 1. Description of the population aged 60 and over with professional assessment. (n, % unless
otherwise noted).

Demographics

Age (total, mean, SD) 14,572 76.7 8.8
Weight (total, mean, SD) 14,027 70.0 15.5
Female (total, number, percentage) 14,572 9039 62.0

Self-reported appetite and weight loss total n %

Appetite loss 14,406 2013 14.0
Weight loss 14,403 1788 12.4
Only appetite loss 14,358 1132 7.9
Only weight loss 14,358 915 6.4
Both 14,358 863 6.0
None 14,358 11,448 79.7

Domain alerts from ICOPE Care

Cognition 14,338 8708 60.7
Nutrition 14,386 2938 20.4
Vision 13,316 9981 75.0
Hearing 12,209 7721 63.2
Psychological 14,516 5750 39.6
Locomotion 13,967 5169 37.0
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Appetite loss was reported by 14.0% (2013) of the participants, and weight loss by
12.4% (1788). A total of 863 participants (6.01%) declaring weight loss also suffered from
appetite loss. In total, 2910 participants (20.27%) screened positive for vitality impairment.

The results of the associations of vitality and its components with the other IC domains
are presented in Table 2. Both appetite and weight loss were significantly associated with
positive screenings of the other five IC domains (i.e., cognition, psychology, locomotion,
vision, and hearing) when adjusting for covariates. When examining the associations of
appetite loss without weight loss, appetite was associated with all IC domains. Weight
loss without appetite loss was associated with all IC domains. The strongest association
of a positive screening for vitality impairment was found for a positive screening in the
locomotion (OR 3.38, 95%CI 2.88; 3.98) and psychological domains (OR 5.33, 95%CI 4.53;
6.27) among participants who reported simultaneous appetite and weight loss.

Table 2. Odds ratio for the association between appetite loss and weight loss with positive screening
for IC impairments.

n aOR * 95%CI p

Appetite Loss

Cognition 13,822 2.16 1.92 2.42 <0.001
Vision 12,796 1.39 1.23 1.58 <0.001
Hearing 11,859 1.22 1.09 1.38 0.001
Psychological 13,852 4.24 3.81 4.72 <0.001
Locomotion 13,356 2.52 2.27 2.81 <0.001

Weight Loss

Cognition 13,818 1.83 1.63 2.06 <0.001
Vision 12,785 1.23 1.08 1.39 0.002
Hearing 11,848 1.31 1.16 1.49 <0.001
Psychological 13,847 2.54 2.29 2.83 <0.001
Locomotion 13,347 2.15 1.92 2.41 <0.001

Mutually Exclusive Groups

Cognition 13,782
Only appetite loss 2.14 1.84 2.48 <0.001

Only weight loss 1.65 1.42 1.93 <0.001
Both 2.36 1.98 2.81 <0.001

Vision 12,762
Only appetite loss 1.51 1.28 1.79 <0.001

Only weight loss 1.24 1.04 1.47 0.014
Both 1.31 1.09 1.58 0.004

Hearing 11,831
Only appetite loss 1.18 1.01 1.37 0.035

Only weight loss 1.32 1.12 1.55 0.001
Both 1.35 1.13 1.61 0.001

Psychological 13,812

Only appetite loss 3.95 3.46 4.52 <0.001

Only weight loss 1.80 1.56 2.07 <0.001

Both 5.33 4.53 6.27 <0.001

Locomotion 13,321

Only appetite loss 2.19 1.91 2.51 <0.001

Only weight loss 1.64 1.41 1.91 <0.001

Both 3.38 2.88 3.98 <0.001
* Adjusted for age (per decade), sex, and weight.
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4. Discussion

One-fifth of the INSPIRE ICOPE-CARE cohort screened positive for vitality impair-
ment (20.4%). Almost one person in seven declared appetite loss (14.0%) and almost one
in eight reported weight loss (12.4%). Both appetite and weight loss were associated with
an increased likelihood of having positive screenings in all the other IC domains (i.e.,
cognition, psychology, locomotion, vision, and hearing). People with both appetite and
weight loss have a higher risk of screening positive with the locomotion and psychology
domains than people with only one of the two vitality items.

The prevalence of vitality impairment in our study is quite similar to the prevalence
found in other cross-sectional studies among Mexicans (12,459 community-dwelling older
people, mean age of 71.2 years, prevalence of vitality impairment of 27.5%) [6] or Chinese
(304 participants living in their own homes, mean age of 78 years, prevalence of vitality
impairment of 18.1%) [21]. The higher vitality alert in the Mexican study could be explained
by their broader definition (using a two-year recall instead of three months for appetite
and weight loss), whereas the Chinese study used the same items for vitality as our study.

In a meta-analysis [25], the prevalence of weight loss among older people ranged
between 3.1% (in community-dwelling) to 29.4% (in rehabilitation/sub-acute care). The
prevalence of weight loss in studies of community-dwelling older people is critically
dependent on age, autonomy, or definition of weight loss [26–30]. The prevalence of weight
loss in our study may be higher than in other studies because our detection threshold is
lower than in most studies (a weight loss of 3 kg represents approximately 4% of an average
weight of 70 kg whereas many studies have a threshold of 5% weight loss). However, any
comparison with other studies should take into account that our population is more prone
to having some health issues than the average community-dwelling people because our
participants are already seeking care.

Our results on the prevalence of appetite loss are consistent with some studies [31,32].
Our low value compared to other studies could be explained by our population which was
slightly younger, for example, the average age of Landi et al.’s study population [33] was
80.4 years for more than 25% appetite loss. Our definition of appetite loss could also explain
some differences; for example, Vázquez–Valdez’s study (with a prevalence of appetite loss
of 30.1%) included any appetite loss in the last 12 months [34].

Although appetite loss is a major cause of weight loss [35], only one in two people
suffer from both appetite and weight loss, as has already been suggested in previous
studies [14,28,33,36].

Weight loss was associated with positive screenings in all the other IC domains. Weight
loss is known to impact locomotor function through sarcopenia [37–39]. Appetite loss could
also influence locomotor function, independently of weight loss, through changes in diet.
Indeed, older people with appetite loss tend to reduce their protein and micronutrient
intake, with a potential increase in carbohydrate intake, which can lead to impaired muscle
function without weight loss [40–42].

We found a strong cross-sectional association between having a positive screening for
the vitality and the psychological domain. It is important to highlight that loss of weight or
appetite make part of the diagnostic criteria for depression according to the Diagnostic and
Statistical Manual of Mental Disorders (5th ed.; DSM–5) [43]. Mood disorders are one of the
main causes of nutritional disorders [44,45] and treatments for depression can also affect
both weight and appetite [46,47]. There is also evidence suggesting nutritional deficiencies
may promote mood disorders [20,48,49]. Some proinflammatory cytokines and hormones
(such as ghrelin, leptin, orexin, or insulin), involved in appetite and weight regulation, are
cited among the neurobiological substrates of depression [50–52]. Vitality seems to be an
interesting domain to better understand causes and consequences of mood disorders.

Malnutrition is a critical factor in the complications of cognitive disorders [17,53,54]
and appetite loss can be an early sign of neurodegenerative pathologies [55]. However,
some studies suggest energy metabolism and micronutrient deficiencies could be precursors
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in the genesis of cognitive disorders [17,41,55,56]. Further investigations are needed to
understand the influence of vitality on the development and aging of neurological tissues.

Weight could be a specific factor in hearing loss. Indeed, an increase in hearing
loss has been observed in the Korean population in cases of underweight and severe
obesity [57]. Certain micronutrient deficiencies (such as vitamins A, B, C, D, and E or
iron and magnesium) and a poor-quality diet (low protein intake or high cholesterol
intake) could affect hearing function [58]. Micronutrients are already known to be an
important factor in vision [41] but there may be more complex molecular interactions
between energetic metabolism and the retina [59]. Nutritionally dependent biological
processes may affect the sensory domain and require further investigation.

Our results showed five-fold higher odds of psychological and three-fold higher odds
of locomotion-positive screening among participants with both weight and appetite loss
simultaneously, strongly suggesting that the overlapping of these conditions should be
identified as a “red flag” to identify older adults with critical low IC levels.

The biological processes regulating appetite might influence other age-related mecha-
nisms as seen in the GDF-15 studies [60]. It is not yet known to what extent appetite loss is
a cause or a consequence of other medical conditions, but it could represent a target for
early treatment.

Our study has strengths, for example, our data were collected in a large real-life
population seeking care, and our study is among the first to provide an in-depth approach
to the screening for vitality impairment and its relationship with other intrinsic capacity
domains among the ICOPE CARE cohort. On the other hand, there are limitations, for
example, we could not estimate a causal effect of vitality over the other IC domains given
that the IC domain impairment was not confirmed (not all positive screenings imply a true
impairment). Furthermore, given that objectively measured body composition was not
available in the database, we used self-reported weight. We could not use Body Mass Index
(BMI) without a measure of height. Yet, studies have found that self-reported weight in
older adults is quite close to the actual weight (to within 2 kg), although overestimation of
weight increases with age, cognitive impairments, poor health, and underweight [61,62].

Further studies with verified IC domain impairments and preferably longitudinal
follow-up are needed to better understand the specific biological processes linking the
domains. Population monitoring and further assessment of impairment through the
INSPIRE ICOPE-CARE program will provide more data.

5. Conclusions

Appetite and weight loss are common among older people and are related to other
potential IC impairments, especially psychological and locomotion. Further studies are
needed to explore the longitudinal associations of vitality with the incidence of clinically
meaningful declines in the other IC domains.
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