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Editorial

From Lifespan to Healthspan: Integrating Nutrition and Physical
Activity in Healthy Ageing

Bartłomiej K. Sołtysik

Department of Geriatrics and Internal Medicine, Healthy Ageing Research Centre (HARC), Medical University of
Lodz, Pomorska Street 251, 92-213 Lodz, Poland; bartlomiej.soltysik@umed.lodz.pl

Population ageing is no longer a future scenario but a present reality, reshaping not
only the epidemiology of chronic disease but also the fundamental goals of medicine
and public health [1]. As life expectancy continues to increase, the central challenge is
no longer how to live longer, but how to live longer while preserving physical function,
independence, and quality of life [2]. In this context, lifestyle-related factors, particularly
diet and physical activity, stand out as among the most accessible and most powerful
determinants [3]. Yet, despite decades of accumulating evidence, the burden attributable to
modifiable lifestyle risks remains strikingly high, with dietary factors still ranking among
the leading contributors to global morbidity and mortality [1].

Importantly, the biological and behavioural processes that shape ageing trajectories
begin long before old age itself. Patterns of physical inactivity, suboptimal diet quality,
and psychosocial stress tend to cluster early in adult life and may silently shape long-term
metabolic, cardiovascular, and functional risk. Recent large-scale observational data in
young adults compellingly illustrate how these lifestyles components coexist and reinforce
one another, while also revealing that the majority of individuals are aware of the need for
change but struggle to translate this awareness into sustained behavioural improvement
(contribution 1). This life-course perspective provides a natural conceptual frame for the
present Special Issue, which brings together contributions spanning molecular mechanisms,
clinical studies, and population-level observations.

A recurring theme emerging from this Special Issue is that the relationship between
nutrition, physical activity, and ageing is not merely additive, but fundamentally syn-
ergistic. Diet shapes metabolic and inflammatory tone, while movement modifies body
composition, mitochondrial function, insulin sensitivity, and resilience to physiological
stress [4]. Collectively, these processes determine vulnerability to frailty, sarcopenia, disabil-
ity, and cardiometabolic disease [5]. Several contributions highlight, from different angles,
that muscle health in ageing is not simply a matter of preserving mass, but of maintaining
metabolic quality and functional efficiency. Interventions such as medium-chain triglyc-
eride supplementation appear capable of shifting skeletal muscle substrate utilization and
improving muscle quality without necessarily increasing muscle size, thereby offering a
plausible mechanistic explanation for previously observed benefits in gait stability and
balance in older adults (contribution 2). Simultaneously, observational data in older popula-
tions reinforce the central role of adequate protein intake in maintaining muscle mass, while
also suggesting that the nutritional determinants of muscle health may be more complex
and more strongly modulated by lifestyle factors in women than in men (contribution 3).
Complementing this perspective, evidence synthesized on nitrate-rich beetroot supple-
mentation suggests that nutritional modulation of vascular and muscular energetics can
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translate into meaningful improvements in physical performance, particularly in non-elite
or ageing populations, even if cognitive benefits remain less consistent (contribution 4).

Beyond the musculoskeletal system, the contributions in this Issue also converge on
the importance of low-grade inflammation, oxidative stress, and metabolic resilience as core
features of biological ageing. Even in apparently healthy older adults, inflammatory and
vascular risk markers are frequently elevated, reflecting the well-described phenomenon
of “inflammaging” [6]. Notably, targeted, polyphenol-rich nutritional interventions ap-
pear capable of attenuating this low-grade inflammatory burden and improving vascular
parameters over relatively short timeframes, supporting the concept that diet can mod-
ulate ageing-related pathophysiology even before disease becomes clinically apparent
(contribution 5). At the other end of the age spectrum, data in physically active adolescents
show that antioxidant status and redox balance are influenced more by habitual dietary
patterns and nutrient timing than by single bouts of exercise. This illustrates the complexity
and context-dependence of redox regulation and cautions against overly simplistic inter-
pretations of antioxidant supplementation or acute exercise effects (contribution 6). By
acting together, these findings reinforce the view that nutrition acts not merely as fuel, but
as a regulator of inflammatory tone and stress adaptation capacity.

Several contributions also extend the discussion from functional outcomes to more
fundamental mechanisms of ageing. Experimental evidence from animal models indicates
that dietary interventions can influence genomic stability, DNA repair capacity, and mito-
chondrial function processes that occupy a central position in contemporary theories of
ageing biology [7]. While caloric- and dietary restriction remain the most robust experimen-
tal strategies in this field, a broader spectrum of nutritional and metabolic interventions is
now being explored, converging on the idea that metabolic–genomic crosstalk represents
a critical interface between lifestyle and the biology of ageing (contribution 7) [8]. At the
same time, the translational dimension of these insights should not be underestimated.
The example of the Mediterranean diet in chronic inflammatory diseases shows that even
the most biologically plausible and evidence-supported dietary patterns require careful
adaptation to clinical context, patient preferences, and long-term feasibility in order to
achieve durable benefits in real-world settings (contribution 8).

As a whole, the contributions assembled in this Special Issue offer a coherent and
nuanced picture of how diet and physical activity shape ageing trajectories from early
adulthood to old age and from molecular mechanisms to functional outcomes. A consistent
message is that healthy longevity is not the product of any single intervention, nutrient,
or training modality, but rather is the result of sustained, integrated lifestyle strategies
that act on interconnected metabolic, inflammatory, vascular, and musculoskeletal path-
ways. Perhaps most importantly, these studies collectively remind us that the prevention
of frailty, disability, and loss of independence cannot be postponed until old age itself,
but must begin much earlier, through long-term investment in dietary quality and ha-
bitual physical activity [9]. Future research should therefore focus not only on refining
mechanistic understanding, but also on developing scalable, pragmatic, and behaviourally
informed approaches capable of delivering meaningful and lasting gains in healthspan at
the population level.
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Salivary Total Antioxidant Capacity of Sportive
Adolescents—The Effect of Antioxidant Vitamin Intake with
Usual Diet and Physical Exercises

Anna Gawron-Skarbek 1,*, Adam Marek Wróblewski 2,*, Jacek Chrzczanowicz 3, Dariusz Nowak 4

and Tomasz Kostka 1
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Abstract: Background: The body requires effective antioxidant defense mechanisms to
counter the effect of oxidative stress. The aim of the study was to evaluate the postprandial
effect of antioxidative vitamin (C, E and β-carotene) consumption during breakfast and of
aerobic exercise on salivary total antioxidant capacity (TAC). Methods: Fifty-one healthy
male adolescents were examined (13–18 years; 15.4 ± 1.6). Dietary interviews including
vitamin C, E, and β-carotene intake were performed twice, once on the examination day and
again the day before. Salivary TAC was assessed using the DPPH method (2.2-diphenyl-1-
picryl-hydrazyl) and expressed as % of free radical reduction. Saliva samples were assayed
at three subsequent time-points: fasting (DPPH 1), after a meal—breakfast—(DPPH 2),
and after aerobic exercise training (DPPH 3). Results: DPPH 2 was higher than DPPH 1
(16.8 ± 7.5 vs. 14.9 ± 7.2% of reduction; p = 0.03), and no differences were noted between
DPPH 2 and DPPH 3 (16.8 ± 7.5 vs. 16.3 ± 6.5%; p > 0.05), nor between DPPH 1 and
DPPH 3. Subjects with higher BMI demonstrated higher values of DPPH at all time-points
of the study (p < 0.05). In turn, neither the DPPH values nor the changes in DPPH were
related to weekly exercise-related energy expenditure (p > 0.05). No singular DPPH index
was associated with the level of vitamin E or β-carotene intake with meals on the day before
the study; however, DPPH 1 (rho = −0.38; p < 0.01) and DPPH 2 (rho = −0.45; p < 0.001)
negatively correlated with vitamin C intake on the day before examination. Conclusions:

In physically active adolescents, daily vitamin C consumption decreased salivary TAC, and
the consumption of antioxidant nutrients/vitamins as part of a regular breakfast directly
enhanced the antioxidant capacity of saliva; nevertheless, subsequent physical exercise had
no detectable impact.

Keywords: total antioxidant capacity; saliva; DPPH; exercise; vitamin C; vitamin E;
beta-carotene; young athletes

1. Introduction

Homeostasis between pro- and antioxidant compounds is maintained by the continual
activity of a range of processes. The human body has a complex antioxidative defense
system comprising three main lines of defense: free radical scavengers, antioxidant enzymes
(e.g., glutathione peroxidase, superoxide dismutase and catalase), and the Fenton reaction
system, which enables chelation of free metal ions. Free radical scavengers neutralize free

Nutrients 2025, 17, 3610 https://doi.org/10.3390/nu17223610
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radicals to become more stable radicals themselves. Moreover, vitamin C can regenerate
oxidized antioxidant molecules [1].

The antioxidant defense system is affected by a number of factors, including physical
effort [2], diet [3,4], smoking [5,6], health status/diseases [7,8], and applied pharmacother-
apy. However, there is little concrete data regarding the influence of physical exercise on
the antioxidant barrier and, as such, no formula aimed at improving antioxidant capacity
currently exists [9–12]. Therefore, it is unclear whether enhancing antioxidant status would
be more desirable for the body than maintaining the balance between oxidative stress and
antioxidant potential.

Antioxidant capacity can be assessed by different methods, which achieve different
results. Such methods include measuring the concentration or activity of singular an-
tioxidants in body fluids (blood plasma/serum, saliva, urine, tears) or in cells/tissues,
or by assessing Total Antioxidant Capacity/Status (TAC/TAS) [13–15]. Although TAC
evaluation methods have certain limitations, e.g., sensitivity to only a defined group of
antioxidants [16,17], this approach is widely used in experimental and clinical studies [15].
Recently, a promising new method for assessing TAC has been developed that could
be useful in clinical studies. This method measures the total activity of circulating low-
molecular-weight nonenzymatic antioxidants based on the ability of deproteinized body
fluids (e.g., plasma, serum, and saliva) to decompose a 2.2-diphenyl-1-picryl-hydrazyl
(DPPH) radical.

Human saliva is a mixture of gingival crevicular fluid (GCF), with a similar compo-
sition to plasma/serum, and it is the first line of defense against oxidative stress [14,18].
It includes a large number of organic and inorganic compounds which can be used as
indicators of health status. As such, and due to its availability and noninvasive mode of
collection, saliva could be used in diagnoses of pathological conditions/diseases in the oral
cavity, as well as some systemic disorders [19]. For instance, salivary TAC is also known to
be influenced by oral health status [20,21].

In the available literature there are no studies assessing simultaneously the impact
of dietary antioxidants and exercise on salivary TAC in adolescents. Filling this gap of
knowledge would enable better insight into planning these two basic non-pharmacologic
behaviors in young people. Therefore, the aim of the study was to (1) evaluate the post-
prandial effect of consuming antioxidative vitamins (C, E, and β-carotene) as part of the
typical breakfast, (2) measure the effect of aerobic exercise on salivary TAC, and (3) assess
the relationship between the regular daily intake of antioxidative vitamins and the TAC of
saliva in a group of healthy, young, physically active boys.

2. Materials and Methods

2.1. Subjects

The study included 83 healthy, physically active students in the Kazimierz Górski
memorial sports school in Lodz (Poland). All were residents of the school dormitory, and
were receiving their meals in the school canteen. The age range was 13–18 years, and
the participants’ training experience ≥1 year; Physical Activity Level = 2.2 ÷ 2.4 [22]. Of
these, 27 students were excluded from the study due to the following various reasons:
absence from school, physical injury, lack of time in the second and/or in the third stage
of the study, mild infection, or laboratory difficulties with saliva testing (i.e., presence of
precipitates in the sample). Complete data was therefore collected from 56 adolescents. As
only five female participants with complete data were enrolled, they were excluded from
the study. Finally, 51 male students were included in the analysis (15.4 ± 1.6 years).

The whole study group was free from inflammation, chronic diseases (any medica-
ments were applied), and physical injury. The subjects were not overweight, obese (accord-
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ing to the BMI percentile chart for boys at age of 5 to 19 years), nor had an addiction history
(tobacco, alcohol, and drugs). All students were provided with meals on a daily basis in
the school canteen (institutional food). None used any special diet. The study protocol was
approved by the local ethics committee (RNN/15/15/KE/L) and informed consent was
obtained from parents or legal guardians.

2.2. Protocol and Measures

The examinations took place in the school. The laboratory measurements were per-
formed in the Department of Clinical Physiology, Medical University of Lodz, and the
dietary intake was analyzed in the Department of Hygiene and Health Promotion, Medical
University of Lodz. The students were asked to report to the school hall, after overnight
fasting, between 7:00 and 7:45 a.m. They were also asked not to brush their teeth before
sample collection, just to slightly gargle the oral cavity with water (time window between
tooth cleaning and saliva collection was ±10 h).

An unstimulated saliva sample was given by each student and reading pH 1 was
assayed immediately. Following this, the subjects were interviewed for demographic and
behavioral features related to dietary habits, physical activity, oral hygiene, smoking, and
drug use; the data was collected using a questionnaire designed for the study based on
WHO CINDI recommendations [23]. Anthropometric and blood pressure measurements
were performed, and a 24 h dietary recall from the day before an examination was obtained
from each individual.

Next, the subjects consumed their breakfast at the school canteen. A second saliva
sample was then collected within an hour, before their usual exercise training, and reading
pH 2 was tested. Then the dietary intake from breakfast was recorded and the students
went to their training. Each of the respondents, both the day before and on the day of
the study, could eat what the kitchen offered in any amount according to their usual
preferences.

After aerobic exercise (physical activity intervention) the third saliva sample was
collected and pH 3 was recorded. A single training unit lasted 1.5 h and consisted of
three parts: a warm-up (±20 min, including jogging, jumping, stretching, and activities
reflecting the type of movements/actions during the sport events), a main training session
with discipline-specific exercises (±60 min), and a cool down (±15 min, including stretching
of muscle groups loaded during a training session). Exercise training was the same for all
the participants.

2.2.1. Anthropometric and Blood Pressure Data

Height and weight were measured and Body Mass Index (BMI; kg·m−2) was
calculated [24]. Waist and hip circumference measurements were taken, and Waist-to-
Hip Ratio (WHR) was computed as an index of visceral obesity. An electronic manometer
with oscillometric technique (UA-767PC) was used to measure systolic (SBP) and diastolic
blood pressure (DBP), and heart rate (HR) at rest [25].

2.2.2. Energy Expenditure

The exercise-related energy expenditure (kcal·week−1) was calculated based on the
time (hours and minutes) scheduled for recreational/sports physical activities. The calcula-
tion was performed according to Fox et al. [26].

2.2.3. Nutritional Assessment

Dietary recall was supported using an album of photographs of food products and
dishes from the National Food and Nutrition Institute (NFNI) in Warsaw [27]. The Diet
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5.0 software (license No: 52/PD/2013), also designed by the NFNI, was used to assess
nutrient, vitamin, mineral, and energy intake in the daily food rations (DFR) [22,28].

2.2.4. Salivary TAC and pH

Before the unstimulated saliva samples (±5 mL) were secured [29], pH assays were
performed with test paper (Whatman, Maidstone, UK). In the laboratory, the samples were
centrifuged to separate all debris (10,000 rpm, 10 min, 4 ◦C). The supernatant was stored at
−80 ◦C until the experiment, but not longer than 30 days.

Salivary TAC was assessed using the spectrophotometric (Ultrospec III with Spectro-
Kinetics software—LKB Biochrom Pharmacia, Cambridge, UK) DPPH test, as described
previously [15,30,31]. The analysis comprised samples of saliva collected at three sub-
sequent time-points: fasting (DPPH 1), after a meal—usually breakfast—(DPPH 2), and
after aerobic exercise intervention (DPPH 3). For singular DPPH determination, 25 μL of
deproteinized saliva was added to 975 μL of DPPH reagent mixture. To enhance the data
reliability, all individual results were calculated as a mean, from three separate experiments
(expressed as % of DPPH reduction). The measurement procedures were performed by a
qualified laboratory technician who was blinded to the participant qualification criteria
and the time-point of the analyzed samples.

2.3. Statistical Analysis

Data were verified for the normality of distribution using the Shapiro–Wilk test, and
homogeneity of variance using Levene’s test. Variables that did not meet the assumption
of normality were analyzed with non-parametric statistical tests. DPPH and pH values
between the three time-points were compared using the T-test for dependent samples and
the Wilcoxon matched-pairs test. The results for continuous variables were presented as
mean ± SD and median (Q1–Q3). The Spearman rank correlation with 95% confidence
intervals (CI) was used to determine the relationships between the selected numerical
variables. Effect sizes based on Cohen’s d were calculated. An effect size of 0.2 to <0.5 and
≥0.5 to <0.8 has been suggested to represent a small and medium effect, respectively, while
an effect size ≥ 0.8 represents a large effect. The level of statistical significance was set at
p < 0.05. Statistica version 13 was used (StatSoft Polska Sp. z o. o., Kraków, Poland).

3. Results

3.1. General Characteristics

Detailed demographic, anthropometric resting blood pressure and energy expenditure
data are presented in Table 1. The entire study group was within the normal BMI range
and did not have high blood pressure.

Table 1. Baseline characteristics of the study group.

Parameter
Mean ± SD

Median (Q1–Q3)

Age [years] 15.4 ± 1.6
16.0 (14.0–17.0)

Height [m] 1.76 ± 0.1
1.76 (1.69–1.82)

Body Mass [kg] 66.8 ± 12.4
68.0 (60.0–76.0)

Body Mass Index [kg·m−2]
21.4 ± 2.2

21.9 (20.2–22.9)

Waist Circumference [cm] 72.2 ± 5.6
72.0 (70.0–75.0)
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Table 1. Cont.

Parameter
Mean ± SD

Median (Q1–Q3)

Hip Circumference [cm] 89.5 ± 8.2
90.0 (82.0–95.0)

Waist-to-Hip Ratio 0.81 ± 0.05
0.81 (0.78–0.83)

Systolic Blood Pressure [mmHg] 124.6 ± 12.8
124.0 (116.0–131.0)

Diastolic Blood Pressure [mmHg] 68.6 ± 9.8
68.0 (62.0–75.0)

Heart Rate [beats per minute] 68.6 ± 9.8
68.0 (62.0–75.0)

Exercise-related Energy Expenditure [kcal·week−1]
7000 ± 1804

6300 (6000–8400)

3.2. Nutrient Intake

Table 2 presents data regarding energy and the consumption of various DFR nutrients
with meals on the day before the study and with the breakfast on the day of the study;
Table 3 presents the intake of the antioxidant vitamins C, E, and β-carotene.

Table 2. Dietary characteristics of the study group based on a 24 h dietary recall and from the
breakfast on a study day.

Parameter
24 h

Mean ± SD
Median (Q1–Q3)

Breakfast
Mean ± SD

Median (Q1–Q3)

Total energy [kcal·d−1]
3008 ± 880

3106 (2317–3434)
756 ± 588

610 (554–720)

Proteins [g] 104.4 ± 32.0
103.5 (86.1–124.6)

22.1 ± 9.8
20.6 (16.4–25.6)

Animal proteins [g] 61.4 ± 25.4
60.6 (44.4–78.1)

11.2 ± 7.8
10.6 (6.2–13.6)

Plant proteins [g] 42.6 ± 11.1
42.5 (35.8–48.4)

11.0 ± 3.7
10.2 (9.7–12.4)

Carbohydrates [g] 453.9 ± 136.0
456.5 (380.7–522.2)

92.2 ± 31.9
78.8 (74.4–114.6)

Absorbable carbohydrates [g] 429.6 ± 131.9
437.8 (360.6–495.0)

88.6 ± 31.1
73.4 (71.1–110.3)

Sucrose [g] 111.3 ± 62.9
105.8 (79.8–132.9)

11.0 ± 7.9
7.9 (6.4–13.5)

Fiber [g] 24.4 ± 7.9
23.5 (18.4–29.5)

3.7 ± 2.2
2.7 (2.2–4.3)

Fats [g] 95.0 ± 39.9
96.1 (67.3–115.8)

34.8 ± 62.4
22.3 (18.2–27.6)

Saturated fatty acids [g] 40.7 ± 17.4
40.6 (27.8–50.7)

19.4 ± 39.4
12.3 (8.9–16.4)

Monounsaturated fatty acids [g] 36.6 ± 17.9
34.0 (24.1–45.2)

10.7 ± 17.8
7.5 (5.3–8.4)

Polyunsaturated fatty acids [g] 11.1 ± 4.9
10.8 (7.2–12.8)

2.6 ± 3.7
1.8 (1.6–2.2)

Cholesterol [mg] 322.8 ± 137.7
298.1 (241.3–362.3)

102.9 ± 185.2
68.6 (44.2–88.8)

8



Nutrients 2025, 17, 3610

Table 3. Vitamin C, vitamin E, and β-carotene intake with daily food rations on the day before
the study, based on a 24 h dietary recall, and with breakfast on the day of the study, in a group
of adolescents.

Parameter
24 h

Mean ± SD
Median (Q1–Q3)

Breakfast
Mean ± SD

Median (Q1–Q3)

Vitamin C [mg] 100.5 ± 99.2
69.0 (39.8–113.4)

6.3 ± 7.6
2.5 (0.0–10.2)

Vitamin E [mg] 8.8 ± 4.2
8.0 (6.2–10.3)

2.1 ± 3.7
1.3 (1.1–1.7)

β-carotene [μg] 4757 ± 5968
3355 (1283–5658)

192 ± 298
111 (76–192)

3.3. Analyses of DPPH Changes and Selected Correlates

A significant difference was observed between DPPH 1 and DPPH 2, i.e., the DPPH
values increased after eating a meal (potential antioxidant effect of vitamin C, E, and β-
carotene intake): 14.9 ± 7.2%; 95% CI = 12.8–16.9% vs. 16.8 ± 7.5%; 95% CI = 14.7–18.9%;
p = 0.03. However, the level of DPPH was not affected by exercise (DPPH 1 vs. DPPH 3:
14.9 ± 7.2%; 95% CI = 12.8–16.9% vs. 16.3 ± 6.5%; 95% CI = 14.4–18.1; p > 0.05) (Figure 1).

 

Figure 1. Salivary DPPH values: fasting (DPPH 1), after dietary intake (DPPH 2), and after aerobic
exercise intervention (DPPH 3) in group of male adolescents. *—p < 0.05.

Higher DPPH 1 (rho = 0.31; 95% CI = 0.03–0.54; p = 0.03), DPPH 2 (rho = 0.36;
95% CI = 0.09–0.59; p = 0.01), and DPPH 3 (rho = 0.31; 95% CI = 0.03–0.55; p = 0.03) were
noted in subjects with higher BMI values (Figure 2a,b; small effect size). In turn, neither the
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DPPH values nor the changes in DPPH (neither ΔDPPH 3–DPPH 1, nor ΔDPPH 3–DPPH 2)
were associated with exercise-related energy expenditure (p > 0.05).

Figure 2. Correlations between DPPH and BMI (a,b), and between DPPH and vitamin C intake on
day before the examination (c,d).

No singular DPPH index was associated with the level of vitamin E or β-carotene
intake with meals on the day before the study; however, DPPH 1 (rho = −0.38;
95% CI = −0.60–−0.11; p < 0.01) and DPPH 2 (rho = −0.45; 95% CI = −0.65–−0.19;
p < 0.001) negatively correlated with vitamin C intake (Figure 2c,d; small effect size). Indi-
viduals with higher vitamin C intake demonstrated lower fasting and postprandial salivary
TAC. Vitamin C consumed with meals the day prior to the study had no effect on DPPH 3.

Meanwhile, the level of vitamins C, E, and β-carotene consumed with breakfast on
the day of the examination was not related to either DPPH 2 or DPPH 3, nor to a change in
DPPH (ΔDPPH 2–DPPH 1).

4. Discussion

Few reports have examined the antioxidant capacity of saliva in adolescents, especially
interventional studies [32]. As such, the present study is one of the few to use saliva to
determine the effect of physical activity and the amount of antioxidant vitamins consumed
with a meal (not as supplements) on TAC (DPPH) levels. It was observed that salivary
TAC of the studied active male adolescents significantly increased after breakfast, which
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could be related to the consumption of antioxidant vitamins contained in a meal. We
may suppose that the observed postprandial increase in TAC could be related also to
non-vitamin components of meals—to the polyphenols contained, for example, in tea, fruit,
and vegetables—or perhaps also to the sources of fructose (fruit), or purine rings (meat), as
substrates for future uric acid synthesis. In contrast, the aerobic exercise intervention had
no influence on salivary TAC, as indicated by DPPH testing, in a relatively short period
after the intervention.

These results are partially consistent with those of a previous study in a group of
older adults, which showed that, unlike supplementation, higher habitual dietary intake of
vitamin C corresponds to lower salivary TAC when measured via FRAS (Ferric Reducing
Ability of Saliva), but neither vitamin C, E, nor β-carotene affected salivary TAC when
assessed via DPPH [33]. A recent systematic review suggested that increased dietary antiox-
idant intake is more closely linked to enhanced salivary TAC in different age groups [34,35].
Kamodyová et al. report that a high single intake of a 250 mg dose of vitamin C augmented
salivary TAC and ferric reducing antioxidant power (FRAP) in healthy subjects (n = 19) [36].
Although the intake of vitamins C, E, and β-carotene with meals was not as high in the
current study, the effect on salivary TAC was still present.

The studied adolescents did not consume a vitamin-rich diet, but it seems that this
was enough to improve the antioxidant capacity of saliva. It should be noticed that
some data variability, as the intake of vitamin C, vitamin E, and β-carotene had a high
variability among participants, could be related to the differentiated dietary preferences
of youth—some of them did not like vegetables or fruits, and others quite the opposite.
Interestingly, our findings indicate negative correlations between the level of vitamin C
intake from a 24 h interview and either DPPH 1 or DPPH 2 in the study group. Adolescents
whose daily vitamin C intake was higher the day before the study showed lower fasting
and postprandial antioxidant capacity of saliva on the next day. However, this relationship
was no longer identified after exercise. This could mean that although the postprandial
antioxidant effect in saliva occurs, it may be short-lived, and that after a longer break
from the meal, the antioxidant effect in saliva is counterbalanced by habitual vitamin C
intake. It may be the case that this is intended to increase the level of antioxidant defense
in the oral cavity in saliva. Several existing studies indicate pro-oxidative properties of
vitamin C at low concentrations (“second face” of vitamin C), especially in the presence
of interlocutory metal ions (Fe and Cu), which may putatively attenuate the antioxidant
defense system [37–40]. Interestingly, the bioavailability of vitamin C/ascorbic acid is dose-
dependent, i.e., higher absorption is observed at lower doses, and it is actively transported
through cell membranes.

The amount of serum vitamin C can be modified in relation to dietary supply by
active vitamin C transporters (SVCT1 and SVCT2) [41]. Hence, the vitamin C level in saliva
could be influenced by its absorption with previous meals, thus determining the level of
salivary TAC.

It seems that salivary TAC may be vulnerable to antioxidant intake in a time-dependent
and antioxidant-specific manner. Recent (breakfast) intake may increase TAC while more
remote (the day before) intake may be related to lower TAC, but only in relation to vitamin
C intake and not to vitamin E or β-carotene intake. However, considering the contradictory
results of previous research, which suggests an indirect relationship between antioxidant
vitamin intake and TAC, and the possible contribution of other factors, further analyses are
required to better understand the nature of the free radical scavenging mechanisms used in
the body.

On the other hand, the meta-analysis of 22 studies indicated an increase in salivary
TAC despite the oxidative stress linked to dental caries, implying the existence of a com-
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pensatory mechanism activated when necessary [20]. Another meta-analysis showed
attenuated TAC in plasma, serum, and GCF in periodontitis; however, salivary TAC was
unchanged [21]. Thus, further research should focus on a comprehensive assessment of
the body’s oxidative status (e.g., plasma, GCF, and cellular oxidative status of adjacent
tissues) to identify the potential antioxidative reservoir utilized to counterbalance salivary
oxidative stress on demand.

The following certain factors may have a significant influence on the effect of physical
exercise on saliva TAC level: the time of sample measurement (in our case, immediately
after the end of training), the type of exercises (aerobic or anaerobic), and its duration and
intensity. In the present study, no significant increase in salivary TAC was observed after
aerobic exercise, which may indicate that the physically active adolescent boys have more
advanced adaptive capacities for physical effort than typical adolescents, at least in saliva.
This higher level of exercise tolerance may have resulted from their everyday sporting
school activities; however, exercise-related energy expenditure was not found to influence
TAC/DPPH index in saliva.

Grzesiak-Gasek et al. report an increase in salivary TAC in thirty young (13–16 years)
swimmers after swimming training, which they attribute to an adaptive mechanism or a
defensive reaction to increased oxidative stress induced by physical exercise. After resting,
salivary TAC level decreased but remained higher than at rest [42]. Also, González et al. [2]
indicate increased TAC in healthy subjects immediately after aerobic exercise (after 10,000 m
race) and a decrease in the salivary marker of oxidative stress (lipid hydroperoxide).

In contrast to our present research, Mahdivand et al. report a decrease in TAC (as-
sessed by FRAP) both immediately after and 24 h after a single session of combined
strength and endurance training in a group of 20 male athletes [43]. In turn, Deminice
et al. [44] note that salivary uric acid, a main endogenous antioxidant, increased post-acute
resistance training and that salivary uric acid correlated with blood serum acid. Further
studies are needed to assess TAC simultaneously in saliva and other fluids, such as blood
plasma, to confirm the presence of systemic antioxidative mechanism homeostasis among
well-trained adolescents.

However, due to the small number of similar studies, it is difficult to relate our present
results to the wider literature. Nevertheless, Pani et al. [45] reported a significantly lower
reduction in salivary TAC in dental students engaging in high levels of exercise compared
to their counterparts from a low-exercise group, during examination week. This supports
the theory that more physically active people have better adaptation mechanisms. They
conclude that regular exercises may protect against the oxidative stress associated with
academic stress. Additionally, Munther et al. also confirm that total salivary antioxidant
activity was higher in men who exercised compared to those who did not, regardless of
smoking [46].

In contrast, taekwondo athletes were found to have a markedly suppressed salivary
antioxidant capacity immediately after a training session, though it quickly returned to
pre-exercise values [10], regardless of whether green tea or water was consumed by subjects.
Similarly, exhaustive aerobic exercise was found to induce oxidative stress in the saliva of
young girls, which affected TAC levels (DPPH) [47]. Furthermore, Babaei et al. observed
that acute physical exercise contributed to a decrease in salivary vitamin C concentration
in sedentary men, which may have impacted antioxidant capacity [48]. These examples
illustrate the complex relationship between physical exercise and salivary TAC according
to type of physical activity (aerobic/anaerobic), its intensity, or one’s level of proficiency
in sport. A systematic review, by Alves et al., of the effects of physical exercise and its
accompanying changes in salivary oxidative stress/antioxidant capacities also concluded
that the wide heterogeneity of study methodology leads to divergent data [49].
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An interesting additional observation was the identification of positive correlations
between DPPH 1, DPPH 2, and DPPH 3, and BMI. At each salivary TAC measurement
time-point, a higher antioxidant capacity of saliva indicated a better, but not impaired,
nutritional status, as assessed by BMI. Unfortunately, few papers describe the relationship
between salivary TAC and nutritional status in young subjects with normal weight (no
overweight/obesity); however, a study of salivary TAC in a group of thirty-year-old
participants by Safabakhsh et al. did not identify significant differences between the obese
and normal-weighted individuals [50]. On the other hand, Gunjalli et al. reported higher
salivary TAC in overweight and obese 6- to 12-year-old children in India compared to their
slim counterparts. The authors note that these children belong to a high socioeconomic
class and attribute the outcome to a diet rich in phytonutrients and antioxidants [51]. Also,
Zalewska et al. report that overweight and obese adolescents (aged 11–18) demonstrate
stronger antioxidant barrier in saliva (higher TAC) and higher concentrations of individual
antioxidants, such as uric acid or enzymes, superoxide dismutase, catalase, and peroxidase,
compared to controls [52]. Based on these findings and our present results, it can be
assumed that a poorer nutritional status, but not being underweight, may translate into
the weaker antioxidant capabilities of saliva; however, this hypothesis requires additional
research, ideally in groups without any accompanying health problems.

The study does have some limitations. For example, it would have benefited from a
larger sample size. In addition, regarding recruitment, the subjects were included based
on the typical time period that boys enter puberty in Poland; this is currently believed to
be around 13–14 years of age. However, no assessment of the stage of the development
of each participant was made, which could influence the level of the antioxidant adaptive
mechanisms of saliva. The puberty period may affect the antioxidative activity of saliva [8]
but, for example, in the study by Esenlik et al. [53], on patients with fixed orthodontic
appliances, no difference was found regarding the antioxidant status of saliva between
the pubertal and postpubertal groups. Future studies should assess the potential impact
of the stage of puberty on salivary antioxidant status. Due to the small number of girls
who agreed to participate in the project (i.e., five participants), the study included only
male individuals, which weakens the possibility of extrapolating the results to the entire
population. Further research should be aimed at female athletes and adolescents in other
sports disciplines to permit further generalization. Furthermore, the DPPH method itself is
limited in that it omits protein antioxidants (enzymes, albumins, and glutathione) which
might also affect the final results; in addition, it cannot be excluded that the DPPH effect
was local rather than systemic, and greater changes in saliva could occur later in the oral
cavity rather than in the circulation (in blood plasma).

Nevertheless, the study also has a number of strengths. The subject selection allowed
the formation of a homogeneous group consisting of healthy, sportive young male adoles-
cents with similar anthropometric and dietary characteristics: all subjects were engaged in
a similar lifestyle and ate meals served by the same canteen. In addition, the group was not
subject to possible confounding factors, i.e., no participants smoked, or were overweight or
obese. Our results also provide an opportunity to identify some nutritional shortcomings in
the diet of young athletes fed by the mass catering system. Still, further studies are needed
to confirm these findings and to shed more light on the habitual antioxidant vitamin intake-
and physical exercise-related modulation of salivary TAC.

5. Conclusions

In conclusion, in physically active adolescents, daily vitamin C consumption decreased
salivary TAC, and the consumption of antioxidant nutrients/vitamins as part of a regular
breakfast directly enhanced the antioxidant capacity of saliva. In addition, subsequent
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physical exercise had no detectable impact; however, the potential systemic impact of
physical training cannot be excluded. Despite limited evidence, salivary TAC seems to
be a promising index for assessing biochemical changes in the body caused by behavior-
dependent factors.

Author Contributions: Conceptualization, A.G.-S., J.C. and T.K.; methodology, A.G.-S., J.C. and
D.N.; software, A.G.-S., J.C., A.M.W. and D.N.; validation, A.G.-S., J.C. and A.M.W.; formal analysis,
A.G.-S., A.M.W. and J.C.; investigation, A.G.-S. and A.M.W.; resources, A.G.-S., J.C. and D.N.; data
curation, A.G.-S., J.C. and A.M.W.; writing—original draft preparation, A.G.-S.; writing—review and
editing, A.G.-S., J.C., A.M.W. and T.K.; visualization, A.G.-S., J.C., A.M.W. and T.K.; supervision, T.K.;
project administration, A.G.-S. and J.C.; funding acquisition, A.G.-S., D.N. and T.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Medical University of Lodz, grant number 502-03/6-024-
01/502-64-072. The APC was funded by grants no. 503/6-077-01/503-61-001, 564/9-905-01/564-01,
and 503/6-086-01/503-61-001 from the Medical University of Lodz.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of the Medical University of Lodz
(RNN/15/15/KE/L, 17 March 2015).

Informed Consent Statement: Informed consent was obtained from all parents or legal guardians of
minor study participants involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data are not publicly available to preserve privacy of minor participants.

Acknowledgments: Authors would like to thank Andrzej Olczyk from the Department of Hygiene
and Health Promotion, Medical University of Lodz (MUL), students of the Faculty of Dietetics of
MUL, Paulina Janiak and Przemysław Tomaszewski for their assistance in data collection, Piotr
Grzelak from the Higher School of Sport in Lodz for technical assistance, Elżbieta Trafalska and
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Abstract: Introduction: Sarcopenia and loss of skeletal muscle mass represent major
public health concerns in aging populations. Although both diet and physical activity
(PA) are recognized as modifiable determinants of muscle mass, their effects may differ
by sex. This study aimed to examine dietary and behavioral correlates of muscle mass
amongst community-dwelling adults aged 60–65 in Central Poland. Methods: The study
included 134 women and 138 men. Body composition was assessed using bioelectrical
impedance (Maltron Bioscan 920, Essex, UK). Dietary intake was evaluated using a 24 h
recall analyzed with Dieta 5.0 software. PA was measured using the Seven-Day Physical
Activity Recall Questionnaire and the Stanford Physical Activity Indices. Statistical analysis
included bivariate correlations and general linear modeling performed separately for
women and men. Results: In women, skeletal muscle mass (as a percent of body mass)
showed significant positive associations with protein intake per kilogram of body weight,
magnesium, phosphorus, and moderate health-related PA. Concomitantly, there was a
negative correlation with lipids such as long-chain polyunsaturated fatty acids (PUFA).
In multivariate models, protein intake remained the only predictor. In men, only protein
intake per kilogram of body weight demonstrated a significant association with muscle
mass; no other dietary or PA factors were retained in the model. Conclusions: The findings
indicate that dietary and behavioral factors influencing muscle mass vary by sex. While
muscle mass in women is linked to multiple nutritional and lifestyle factors, men appear
primarily responsive to total protein intake. These sex-specific differences may underscore
the importance of tailored strategies in sarcopenia prevention.

Keywords: muscle mass; nutrition; protein intake; physical activity; seniors

1. Introduction

The demographic shift towards an aging population imposes significant challenges
on healthcare systems and demands refined strategies aimed at preserving health and
functional independence amongst older adults. A critical component of healthy aging is
the maintenance of adequate skeletal muscle mass, which serves as a key determinant of
physical performance, functional capacity, and ultimately, survival. Amongst individuals
transitioning into older age, particularly those in their sixth and seventh decades of life,
skeletal muscle mass emerges as a vital marker of physiological reserve.

Sex-related differences in body composition—specifically in terms of lean body and
muscle mass—become especially pronounced in early older age. This period is often
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marked by the onset of sarcopenia, a progressive and generalized loss of muscle mass
and strength. Evidence suggests that a healthy dietary pattern may exert a protective role
against sarcopenia in women, a finding not consistently observed in men [1]. Similarly,
physical activity (PA) appears to mitigate muscle loss [2], although sex-specific differences
in response remain inadequately understood.

Both nutritional intake [3–5] and PA [6–8] are established as key modifiable deter-
minants of muscle mass. A high-protein diet, traditionally emphasizing animal-derived
proteins, is associated with enhanced anabolic responses [9–11]. Nonetheless, recent stud-
ies indicate that plant-based proteins, when appropriately supplemented—particularly
with leucine—may offer comparable anabolic potential [9]. Interestingly, some evidence
suggests that plant-based dietary patterns may confer broader functional benefits, such as
improved independence [12].

Beyond protein, other dietary components play a crucial role in muscle health. Lipid
intake, specifically mono- and polyunsaturated fatty acids [13], as well as dietary fiber [14],
has been implicated in modulating sarcopenia risk. However, dietary regimens that exclude
high-quality protein sources—such as strict vegan diets—may lack sufficient anabolic
properties to support muscle maintenance in older adults [15]. Longitudinal data indicate
that a diet rich in vegetables, whole grains, and animal protein is positively associated with
muscle mass over time, although such findings are derived from male-only cohorts [16].

Micronutrients also contribute to muscle integrity. According to existing reviews,
selenium, calcium, magnesium, and phosphorus are inversely associated with sarcope-
nia prevalence [17]. Some studies amongst community-dwelling older adults reinforce
these associations [18]. While magnesium supplementation shows limited impact on mus-
cle strength in the general population, subgroup analyses indicate potential benefits in
magnesium-deficient individuals, particularly seniors [19]. Emerging evidence further
supports magnesium’s role in attenuating age-related muscle loss, especially amongst
women [20]. Another study indicated a potential effect of magnesium in the preservation
of age-related muscle mass loss in a group of women [21]. The notable differences between
women and men identified in this study reflect a pattern observed across multiple studies.
In one research study conducted in a group of older women, low protein intake had an
impact on lower muscle mass but also a higher occurrence of physical limitations [22]. A
large Korean cohort study demonstrated an inverse association between healthy diet and
low muscle mass in older adults; notably, this relationship was evident only in women,
with no significant association observed in men [23].

PA remains the cornerstone of sarcopenia prevention and treatment. Resistance train-
ing is particularly effective in mitigating muscle atrophy associated with aging [2,7,24].
In addition, regular engagement in moderate-to-vigorous leisure-time PA appears to con-
fer protective effects [25]. Hormonal changes, especially the decline in estrogen during
menopause, significantly contribute to muscle mass loss in women [26], yet similar pro-
cesses are observed in aging men [27]. Overall, PA is consistently recognized as the most
robust non-pharmacological intervention to counteract sarcopenia [8].

Despite growing research in this domain, important gaps remain in understanding
the interaction between dietary components, PA patterns, and sex-specific influences on
muscle mass dynamics in aging populations.

To our knowledge, this study represents the first attempt to identify factors associated
with skeletal muscle mass in a cohort of community-dwelling older adults residing in
Central Poland. This area is characterized by particularly unfavorable aging-related health
indicators, the highest advancement of the aging process and the highest values of negative
health measures in the whole country [28]. Given the escalating public health implications
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of sarcopenia, especially in regions with limited access to preventive care, continued
research in this field is of paramount importance.

2. Materials and Methods

The study reports findings from the project titled “The Occurrence of Oxidative Stress
and Selected Cardiovascular Risk Factors in Relation to the Functional Status of Older
Adults in the Context of Workload” (conducted by the Central Institute for Labor Protection–
National Research Institute, Warsaw, Poland). The research involved community dwellers
(150 men and 150 women), all age-matched during recruitment, which was conducted
via local community centers and senior organizations. A total of 16 women and 12 men
were not qualified for further examination because of contraindications to performing
bioimpedance analysis (like implantation of a pacemaker or metal prostheses). Participants
were independent, community-dwelling volunteers who met the inclusion criteria of being
between 60 and 65 years old and providing informed written consent. The study received
approval from the Committee on the Ethics of Research in Human Experimentation at
the Medical University of Lodz (RNN/648/14/KB, dated 23 September 2014) and was
conducted in accordance with the ethical principles outlined in the Helsinki Declaration.

2.1. Diet

After analyzing the participants’ diets, the daily intake of individual nutrients was
estimated based on a detailed analysis of their menus. Food and beverage consumption
on the most representative day was assessed by a qualified dietitian using a 24 h dietary
recall questionnaire, supported by a portion size folder containing graphical illustrations of
typical portion sizes (e.g., several differently sized servings of the same dish). To minimize
reporting errors, participants were asked in advance to prepare a list of all food products,
snacks, and beverages consumed during the days of assessment. Dietary intake data
were collected over three consecutive days, and the day deemed most representative of
the participant’s typical diet was selected for analysis. Importantly, interviewers were
instructed not to influence or assess the diet themselves. The reported dietary data were
analyzed using Dieta 5.0 software (National Food and Nutrition Institute, Warsaw, Poland),
which was used to calculate energy and nutrient intake. This method has also been applied
in previous studies [29].

2.2. Body Composition

Muscle mass, presented as a percentage of total body mass, was determined using
electrical bioimpedance. (Maltron Bioscan 920, Maltron International Ltd., Rayleigh, Essex,
UK). Two injector electrodes were positioned on the dorsal side of the foot and wrist, while
two detector electrodes were placed between the styloid processes of the radius and ulna,
as well as between the medial and lateral malleolus. Throughout the measurement, each
participant lay in a supine position with their feet separated and hands resting at their
sides [30]. The Maltron BioScan 920-II has demonstrated high reliability in clinical studies,
particularly for assessing body composition in older adults [31,32], and in our study, the
device was calibrated prior to testing the subjects to ensure measurement accuracy.

2.3. PA

The Seven-Day Physical Activity Recall Questionnaire measures weekly sleep hours
and categorizes activities into light, moderate, hard, and very hard based on energy
expenditure. Energy expenditure was estimated based on activity intensity, assigning
specific calorie burn rates per kilogram of body mass per hour for sleep and varying
physical activity levels. Each activity category was assigned a specific energy cost expressed
in kilocalories (kcal) burned per kilogram of body mass per hour: 1 kcal/kg/hour for sleep,
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1.5 kcal/kg/hour for low-intensity activity, 4 kcal/kg/hour for moderate-intensity activity,
6 kcal/kg/hour for vigorous-intensity activity, and 10 kcal/kg/hour for very vigorous-
intensity activity. Total weekly energy expenditure was then calculated by multiplying
the hours spent in each activity category by its corresponding rate and summing the
results [33].

The Stanford Moderate Index assesses health-related PA behaviors through daily
habits like taking stairs, walking instead of driving, or parking farther. The Stanford Hard
Index evaluates vigorous activities performed regularly for at least three months, such as
jogging, cycling, or swimming. These indices, scored from 0 to 6 (moderate) and 0 to 5
(hard), are summarized as PA-health-related behaviors I (PA-HRB I) and II (PA-HRB II),
respectively. Standardized protocols are detailed in a previous publication [34].

2.4. Statistical Analysis

The statistical analysis of the variables was conducted using both parametric and non-
parametric tests. The Shapiro–Wilk test was employed to evaluate the empirical distribution
of the variables, while the Levene test was used to assess variance homogeneity. Measures
of central tendency, including the arithmetic mean (m) and median (Me), were calculated,
along with measures of dispersion such as standard deviation (SD) and the lower and upper
quartiles. For quantitative variables, the non-parametric Mann–Whitney U test was used.
Additionally, Spearman’s rank correlation test (rho coefficient) was utilized to determine
relationships between two quantitative variables. To compare qualitative variables, the chi-
square test was used. For variables that showed statistical significance in bidirectional tests,
general linear models were built, and non-significant variables were subsequently removed
through stepwise elimination. Due to known sex-based differences in body composition
and nutritional profiles, separate general linear models were developed for women and
men to ensure appropriate interpretation of predictors. All analyses were conducted using
Statistica software, version 13.3 (Statsoft, Kraków, Poland). To ensure adequate statistical
power for detecting a meaningful association, a priori power analysis was conducted for
the correlation test. Assuming a two-tailed significance level of α = 0.05, a desired power
of 0.80 (1 − β), and an expected small-to-moderate correlation effect size of r = 0.20, the
estimated required sample size was calculated. The analysis indicated that a minimum
of 198 participants would be necessary to reliably detect a correlation of this magnitude.
The final sample size of 272 participants exceeded this requirement, ensuring sufficient
statistical power for the analyses conducted.

3. Results

Table 1 presents basic nutritional data and PA parameters stratified by sex, including
statistically significant differences between groups. However, the comparison between
sexes was not accounted for in the subsequent analysis due to the inherently distinct
dietary profiles of women and men, as well as sex-specific patterns of PA influenced by
anthropometric differences. All calculated data used for the initial assessment are presented
in Supplementary Materials Tables S1 and S2.

Given the number of parameters included in the table, variables that were not utilized
in further analyses—due to lack of correlation or absence of effect in the multivariate
model—were excluded (presented in Tables S1 and S2). The omitted variables include:
animal protein [g], isoleucine [mg], leucine [mg], lysine [mg], methionine [mg], pheny-
lalanine [mg], cystine [mg], tyrosine [mg], threonine [mg], tryptophan [mg], valine [mg],
arginine [mg], alanine [mg], aspartic acid [mg], glutamic acid [mg], glycine [mg], proline
[mg], serine [mg], histidine [mg], myristoleic acid [c14:1. g], pentadecanoic acid [c15:1. g],
palmitoleic acid [c16:1. g], heptadecenoic acid [c17:1. g], oleic acid [c18:1. g], eicosenoic
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acid [c20:1. g], linoleic acid [c18:2. g], alpha-linolenic acid (ala) [c18:3. g], arachidonic acid
(aa) [c20:4. g], eicosatrienoic acid [c20:3. g], butyric acid [c4:0. g], caproic acid [c6:0. g],
caprylic acid [c8:0. g], capric acid [c10:0. g], lauric acid [c12:0. g], myristic acid [c14:0. g],
pentadecanoic acid [c15:0. g], palmitic acid [c16:0. g], heptadecanoic acid [c17:0. g], stearic
acid [c18:0. g], arachidic acid [c20:0. g], sodium [mg], potassium [mg], calcium [mg], iodine
[mg], iron [mg], vitamin A [μg], retinol [μg], beta-carotene [μg], vitamin E [mg], riboflavin
[mg], niacin [mg], vitamin B6 [mg], vitamin C [mg], vitamin B12 [μg], folate [μg], sucrose
[g], lactose [g], cholesterol [mg], energy [kcal], water [g], ash [g] and starch [g].

Table 1. Comparison between women and men in terms of anthropometry, diet, muscle mass and
physical activity.

Variable

Women N = 134 Men N = 138

p
Mean ± SD

Median (Lower-Upper
Quartile)

Mean ± SD
Median (Lower-Upper

Quartile)

Age [years] 62.39 ± 1.58 62 (61–64) 62.92 ± 1.71 63 (61–64) 0.008

BMI [kg/m2] 28.00 ± 4.58 27.51 (24.79–30.79) 28.14 ± 4.47 27.71 (25.08–30.53) 0.81

Muscle mass [% of body mass] 26.51 ± 2.50 26.48 (24.81–28.37) 36.11 ± 2.49 35.88 (34.79–37.85) <0.001

Total protein [g] 66.65 ± 24.83 65.88 (49.30–81.36) 83.53 ± 32.12 78.73 (61.23–97.62) <0.001

Protein per 1 kg of body weight [g/kg] 0.96 ± 0.40 0.91 (0.67–1.22) 1.01 ± 0.46 0.93 (0.73–1.21) 0.9

Plant protein [g] 22.39 ± 8.49 21.45 (15.92–27.60) 28.18 ± 12.70 25.60 (20.09–33.36) <0.001

Total carbohydrates [g] 213.83 ± 83.44 198.71 (151.31–268.65) 275.43 ± 110.34 253.28 (196.00–328.58) <0.001

Dietary fiber [g] 19.71 ± 7.91 17.98 (14.54–24.65) 22.00 ± 10.05 19.20 (15.04–27.27) 0.25

Long-chain polyunsaturated fatty acids [g] 0.26 ± 0.78 0.03(0.01–0.11) 0.33 ± 0.92 0.04 (0.0–0.11) 0.49

Digestible carbohydrates [g] 194.18 ± 79.57 179.23(135.09–243.36) 253.51 ± 103.70 230.45 (177.15–306.56) <0.001

Phosphorus [mg] 1122.80 ± 403.70 1113.69
(864.77–1382.86) 1341.27 ± 501.92 1247.15

(976.12–1635.72) 0.001

Magnesium [mg] 294.23 ± 106.12 268.42 (223.32–352.62) 335.79 ± 129.60 311.02 (240.09–383.03) 0.007

Zinc [mg] 9.11 ± 3.25 8.67 (6.96–10.83) 11.42 ± 4.55 10.44 (8.71–13.63) <0.001

Copper [mg] 1.17 ± 0.44 1.10 (0.83–1.45) 1.29 ± 0.57 1.12 (0.90–1.54) 0.21

Manganese [mg] 5.07 ± 2.08 4.83(3.59–6.19) 5.66 ± 2.78 5.01 (3.74–7.18) 0.26

Thiamine [mg] 1.11 ± 0.54 0.98 (0.72–1.36) 1.45 ± 0.66 1.30 (0.96–1.84) <0.001

Vitamin D [μg] 2.84 ± 5.08 1.70 (0.85–2.52) 3.52 ± 3.98 2.23 (1.24–3.66) 0.001

Vitamin B12 μg] 4.65 ± 10.80 2.53 (1.62–3.56) 5.41 ± 14.84 2.89 (1.73–4.01) 0.11

Erucic acid [C22:1. g] 0.20 ± 0.47 0.03 (0.00–0.17) 0.21 ± 0.42 0.04 (0.00–0.23) 0.86

Total monounsaturated fatty acids [g] 20.69 ± 14.87 18.24 (12.03–25.31) 29.32 ± 16.04 26.70 (17.07–37.97) <0.001

Stearidonic acid [C18:4. g] 0.02 ± 0.06 0 (0–0) 0.02 ± 0.08 0 (0–0) 0.96

Eicosapentaenoic acid (EPA) [C20:5. g] 0.08 ± 0.24 0 (0–0.02) 0.10 ± 0.30 0 (0–0.02) 0.52

Docosapentaenoic acid (DPA) [C22:5. g] 0.03 ± 0.09 0 (0–0.01) 0.03 ± 0.07 0 (0–0.02) 0.28

Docosahexaenoic acid [DHA. C22:6. g] 0.15 ± 0.47 0.02 (0.01–0.08) 0.20 ± 0.56 0.03 (0.00–0.09) 0.56

Total polyunsaturated fatty acids [g] 8.93 ± 7.03 7.55 (4.90–10.74) 11.50 ± 8.29 9.80 (5.83–14.12) 0.001

Saturated fatty acids: total [SFA. g] 21.70 ± 17.71 19.86 (12.77–27.02) 31.59 ± 20.88 26.49 (19.02–39.90) <0.001

Physical activity–health related behaviors
moderate (PA-HRBI) 2.86 ± 1.63 3 (2–4) 2.71 ± 1.69 3 (1–4) 0.41

Physical activity–health related behaviors
hard (PA-HRBII) 0.26 ± 0.71 0 (0–0) 0.25 ± 0.69 0 (0–0) 0.98

Physical activity–energy expenditure
(PA-EE) [kcal/kg/day] 45.74 ± 7.09 44.55 (39.92–50.50) 44.51 ± 8.09 42.04 (37.71–50.25) 0.07

Table 2 presents the population characteristics based on occupation, residence, and
marital status. Women were more frequently divorced, widowed, or single compared
to men. Regarding medical history, men more often reported hypertension and myocar-

21



Nutrients 2025, 17, 1930

dial infarction, while women more frequently experienced osteoporosis, gastrointestinal
disorders, and depression.

Table 2. Comparison between women and men in terms of marital status, occupation, chronic
diseases and medications.

Variable Women N = 134 Men N = 138 p

Marital status

Married 71 (52.9%) 113 (81.8%)

0.001
Divorced 25 (18.6%) 17 (12.32%)

Widowed 28 (20.9%) 4 (2.9%)

Single 10 (7.5%) 4 (2.9%)

Place of residence
Urban 126 (94.0) 126 (91.3%)

0.38
Rural 8 (5.9%) 12 (8.7%)

Occupation

White collar 45 (33.6%) 45 (32.6%)

0.82Physical 41(30.6%) 47 (34.0%)

Unemployed 48 (35.8%) 36 (33.4%)

Diseases

Arterial hypertension 61 (45.5%) 82 (59.4%) 0.02

Hypercholesterolemia 95 (70.9%) 87 (63.0%) 0.16

Diabetes mellitus 15 (11.1%) 18 (13.0%) 0.64

Coronary artery disease 13 (9.7%) 21 (15.22%) 0.16

Myocardial infarction 2 (1.5%) 11 (7.9%) 0.01

Heart failure 20 14.9%) 13 (9.42%) 0.16

Stroke 6 (4.48%) 5 (3.62%) 0.71

Chronic lung disease 22 (16.4%) 14 (10.1%) 0.12

Osteoarthritis 68 (51.1%) 61 (44.2%) 0.25

Osteoporosis 24 (17.9%) 3 (2.2%) <0.001

Gastrointestinal disorders 54 (40.3%) 39 (28.3%) 0.03

Depression 30 (22.4%) 12 (8.7%) 0.01

Urinary incontinence 31 (23.1%) 23 (16.7%) 0.18

Medications

Anticoagulants 24 (17.9%) 20 (14.5%) 0.74

Beta-adrenolitics 39 (29.1%) 37 (26.8%) 0.67

Calcium channel blockers 10 (7.5%) 20 (14.5%) 0.06

Angiotensin-converting enzyme inhibitors 30 (22.4%) 35 (25.4%) 0.56

Angiotensin II receptors blockers 16 (11.9%) 7 (5.0%) 0.04

Diuretics 27 (20.1%) 24 (17.4%) 0.56

Statins 24 (17.9% 37 (26.85) 0.07

Women were also more likely to use angiotensin II receptor blockers. Among women
with hypertension or diabetes mellitus, significantly lower muscle mass was observed
(z = −5.05, p = 0.001; z = −3.56, p = 0.001, respectively). Additionally, women taking
anticoagulants, beta-blockers, calcium channel blockers, or angiotensin-converting enzyme
(ACE) inhibitors also had significantly lower muscle mass (z = −3.17, p = 0.001; z = −3.01,
p = 0.002; z = −2.75, p = 0.005; z = −3.73, p = 0.001, respectively).

However, none of these variables remained significant in the general linear model.
Table 3 presents the key correlation matrices between skeletal muscle mass (expressed

as a percentage of total body mass) and dietary components, as well as PA variables. In
women, skeletal muscle mass was positively correlated with several nutritional and behav-
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ioral factors, including protein intake per kilogram of body weight, plant-derived protein,
total carbohydrate intake, dietary fiber and digestible carbohydrates. Positive associations
were also observed for selected micronutrients such as phosphorus, magnesium, zinc,
copper, manganese, as well as for thiamine. Additionally, higher levels of moderate and
hard health-related PA were associated with greater muscle mass. Conversely, negative
correlations were identified between muscle mass and intake of vitamin D, erucic acid,
stearidonic acid, eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), docosahex-
aenoic acid (DHA), and long-chain PUFA. In men, skeletal muscle mass showed a positive
correlation with protein intake per kilogram of body weight and engagement in hard
health-related PA.

Table 3. Correlation between muscle mass expressed as a percentage of body mass with diet
components and physical activity.

Variable
Women N = 134 Men N = 138

Muscle Mass [%] p Muscle Mass [%] p

Total protein [g] 0.08 ns 0.04 ns

Protein per 1 kg of body weight [g/kg] 0.41 <0.001 0.35 <0.001

Plant protein [g] 0.25 <0.01 0.08 ns

Total carbohydrates [g] 0.26 <0.01 0.10 ns

Dietary fiber [g] 0.18 <0.05 0.00 ns

Long-chain polyunsaturated fatty acids [g] −0.24 <0.01 0.00 ns

Digestible carbohydrates [g] 0.25 <0.01 0.10 ns

Phosphorus [mg] 0.21 <0.01 0.01 ns

Magnesium [mg] 0.30 <0.001 0.00 ns

Zinc [mg] 0.22 <0.01 0.02 ns

Copper [mg] 0.20 <0.01 0.01 ns

Manganese [mg] 0.20 <0.05 0.08 ns

Thiamine [mg] 0.17 <0.05 0.02 ns

Vitamin D [μg] −0.24 <0.01 −0.09 ns

Erucic acid [C22:1. g] −0.20 <0.05 −0.07 ns

Total monounsaturated fatty acids [MUFA. g] −0.01 ns 0.04 ns

Stearidonic acid [C18:4. g] −0.23 <0.01 −0.07 ns

Eicosapentaenoic acid (EPA) [C20:5. g] −0.21 <0.05 −0.05 ns

Docosapentaenoic acid (DPA) [C22:5. g] −0.22 <0.05 −0.01 ns

Docosahexaenoic acid [DHA. C22:6. g] −0.24 <0.05 −0.04 ns

Total polyunsaturated fatty acids [PUFA. g] −0.03 ns −0.05 ns

Saturated fatty acids: total [SFA. g] −0.02 ns 0.07 ns

Physical activity–health related behaviors moderate (PA-HRBI) 0.23 0.01 0.14 ns

Physical activity–health related behaviors hard (PA-HRBII) 0.19 <0.05 0.20 <0.05

Physical activity–energy expenditure (PA-EE) [kcal/kg/day] −0.01 ns 0.07 ns

ns—not significant.

In the next step, the variables significant in bivariate analyses were employed in the
general linear models (calculated separately for women and men). Although numerous
variables correlated with muscle mass, in the general linear model for women, the muscle
mass was associated only with intake of protein per 1 kg of body mass [Equation (1)].
For men, the model indicates an association with protein intake per 1 kg of body mass

23



Nutrients 2025, 17, 1930

[Equation (2)]. All variables significant in univariate analysis were initially included in the
multivariate model, followed by stepwise removal of non-significant ones. Protein intake
remained the only consistent dietary predictor, as other nutrients lost significance after
adjustment, likely due to collinearity between dietary components.

Equation (1) for muscle mass in women:

Females muscle mass [% of body mass] = 24.11 + 2.49 × Protein per 1 kg of body weight [g/kg], (1)

for protein per 1 kg of body weight [g/kg] p < 0.000001; F = 26.048,
for whole model p < 0.000001; F = 2240.04,
R2 = 0.16.

Equation (2) for muscle mass in men:

Males muscle mass [% of body mass] = 34.19 + 1.90 × Protein per 1 kg of body weight [g/kg], (2)

for protein per 1 kg of body weight [g/kg] p = 0.000023; F = 19.276,
for whole model p < 0.000001; F = 5049.60,
R2 = 0.12.

4. Discussion

To our knowledge, this is the first attempt to assess the percentage of muscle mass in a
population of young older adults residing in Central Poland, with particular emphasis on
the role of diet and PA patterns as contributing factors. The collected data reveal a substan-
tial disparity between sexes, with notable differences observed in both dietary composition
and PA, each of which may independently or synergistically influence muscle mass.

In women, muscle mass demonstrated significant associations with multiple dietary
and lifestyle variables. According to the general linear model, muscle mass correlated
positively with protein intake standardized per kilogram of body weight. However, in
correlations, muscle mass was associated with numerous dietary components, such as
intake of PUFAs, phosphorus, and magnesium. Additionally, moderate engagement in
health-related physical activity appeared to play a contributory role.

When considering dietary components, the female participants who exhibited lower
muscle mass tended to consume diets rich in shellfish, nuts and seeds, meat (e.g., liver),
legumes, and dairy products. Amongst these, protein intake emerges as the most con-
sistently validated dietary determinant of muscle mass, as confirmed by numerous stud-
ies [3,5]. However, ongoing research continues to explore the optimal type, amount, and
timing of protein ingestion, particularly with an emphasis on early-day consumption,
such as during breakfast, which may enhance anabolic response [35]. Despite this, some
meta-analyses suggest no significant differences in outcomes when comparing plant-based
versus animal-based protein sources in relation to lean mass or muscle strength [36]. In
therapeutic contexts, especially concerning sarcopenia, a daily intake of 1.4 g of protein
per kilogram of body weight has been linked to muscle mass preservation [37,38]. This
threshold may reflect age-related declines in anabolic sensitivity and the uneven amino
acid profiles found in various protein-containing foods, which complicate efficient muscle
protein synthesis [39,40]. In our research, there was no differentiation for the source of
protein in relation to muscle mass.

PUFAs have also been proposed as protective agents against muscle mass decline.
Several studies indicate that PUFA consumption may decrease the risk of low muscle mass
in the general population [41] and interventions with PUFA intake seem to improve the
gait speed [42,43] or slow down the muscle loss [44]. The properties of fatty acids seem to
exhibit anti-inflammatory effects, increase activation of the mTORC1 (mechanistic target of
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rapamycin complex 1) signaling pathway, and reduce intracellular protein degradation.
Additionally, the substances promote mitochondrial formation and function, enhance
amino acid transport and uptake, and modulate activity at the neuromuscular junction [45].
A meta-analysis on omega-3 supplementation in older adults supports these findings,
showing improved muscle strength and functional performance [43]. Our data, however,
in bidirectional analyses, indicate a negative association between some polyunsaturated
fatty acids and muscle mass in the group of women. This unexpected finding may reflect
reverse causality—where women with lower muscle mass might increase PUFA intake
in response to health concerns—or population-specific dietary patterns. The age- and
disease-related muscle loss prevention caused by PUFA has been proven [46]. A minimum
intake of 2 g/day of omega-3 fatty acid is linked with muscle gain and walking speed
improvement [43]. Similarly to PUFA, our study has found a negative correlation between
vitamin D3 and muscle mass in women. Again, previously conducted observations indicate
a positive association between vitamin D3 and muscle tissue [47] and its deficiency is one of
the risk factors for developing sarcopenia [48,49]. In our research, both described relations
are presented in women. There are several reasons why the results of this study might differ
from the previous research. One possibility is that the people in our study are different
from those in the earlier studies—for example, the earlier studies may have looked at
individuals who were already at high risk for health problems, while our study involved
generally healthy people who may respond differently. Another explanation could be
reverse causality—people with lower muscle mass might start taking supplements in an
effort to improve their health, which could make it seem like supplement use is linked to
lower muscle mass, even though it is actually the result, not the cause. Nonetheless, this
result demands further investigation.

In the current study, phosphorus intake was independently associated with muscle
mass percentage in women. While phosphorus is primarily recognized for its role in bone
health, especially in concert with calcium in the pathophysiology of osteoporosis [50], its
high intake has also been linked to adverse renal outcomes [51]. Importantly, phosphorus-
rich diets often overlap with high-protein dietary patterns due to their shared sources:
animal and plant proteins, fish, seafood, dairy and legumes. Bidirectional analysis showed a
strong positive correlation between phosphorus and muscle mass. However, in multivariate
models, this relationship is not statistically significant. This may be attributed to collinearity
with protein intake, which could mask or confound the independent effect of phosphorus.
Alternatively, adjusted models may reflect the role of phosphorus, as some studies have
found lower phosphorus concentrations amongst individuals with sarcopenia [17] or
sarcopenic obesity [52]. Some hypotheses of a phosphorus- and protein-rich acidic diet
contributing to bone resorption, muscle loss, and elevated risks of chronic kidney or liver
disease also demand consideration [53]. Further investigation is required to elucidate
these associations.

In the presented research, magnesium intake was positively associated with muscle
mass, though this relationship was exclusive to the female cohort. According to a systematic
review, magnesium correlates with muscle mass, strength, and physical performance and
may be inversely associated with the prevalence of sarcopenia [54]. While some meta-
analyses have failed to demonstrate a benefit of magnesium in the general population, its
role appears more significant in older adults and high-risk subgroups [19]. In hypertensive
individuals, dietary—but not supplemental—magnesium was linked to increased muscle
mass [55]. Consistent results have been reported in studies from the United Kingdom,
where magnesium intake was positively associated with skeletal muscle indices in middle-
aged and older populations [56]. The absence of this association in the tested male subgroup
remains unexplained and needs further investigation.

25



Nutrients 2025, 17, 1930

PA, particularly resistance training, is one of the most robust modifiers of muscle mass
across all ages [2,24]. Through activation of anabolic signaling pathways and mitochondrial
biogenesis, physical exercise facilitates skeletal muscle hypertrophy [57]. Nevertheless,
aging is accompanied by progressive desensitization to anabolic stimuli—both nutritional
and mechanical—which contributes to proteolysis and muscle fiber atrophy [58]. In the
current study, a nuanced differentiation in the impact of PA was observed. Leisure-time
moderate PA, categorized under health-related behaviors, had a significant association
with muscle mass in women; in men, leisure-time hard PA was linked with muscle mass.
In contrast, energy-expenditure-related PA, encompassing domestic and occupational
activities, showed no such relationship. This relation has been previously established
in studies involving middle-aged and older adults [59], and again, in our research, the
relationship with PA differs by sex.

Amongst male participants, both bivariate and multivariate analyses yielded more
modest associations. Only protein intake per kilogram of body mass remained significant in
the general linear model. No other dietary or PA variables showed a significant relationship
with muscle mass. This suggests that in males, variability in muscle mass is primarily
influenced by total protein intake, with other dietary components playing a subordinate
role. Furthermore, existing literature indicates that the source of amino acids may be less
relevant in predicting muscle mass outcomes amongst men [4,60].

Beyond biological sex differences in muscle composition, sociocultural influences also
shape PA patterns and body image expectations, contributing to distinct lifestyle choices
between men and women [61,62]. The findings of the present study imply that amongst
60–65-year-old seniors, diet and PA exert differential effects on muscle mass depending on
sex, underscoring the need for sex-specific interventions and recommendations.

Limitations of the Study

This study has several limitations that should be noted. First, its cross-sectional
design does not allow for conclusions about cause and effect. The sample is limited to
60–65-year-old adults from central Poland, which may affect the application of the results
to other populations. Two measures of PA were based on questionnaires, which can lead to
errors in reporting. However, both tools used—Stanford and Seven-Day Physical Activity
Recall—are well-known and have been validated. The assessment of diet may also be
biased by incorrect reporting of food amounts or portion sizes. An additional limitation is
the absence of biochemical markers of protein metabolism and flexibility testing, which
could have provided deeper insights into physiological and functional aspects of muscle
health. Lastly, the study group was relatively small, which may reduce the strength of the
findings, and even though protein intake was a statistically significant predictor of muscle
mass, the explained variance was modest, indicating that other unmeasured factors likely
contribute to muscle mass variation.

5. Conclusions

This study highlights clear differences between women and men in factors related to
muscle mass amongst 60–65-year-old adults in Central Poland. In women, muscle mass
was associated with protein intake per kilogram of body weight, as well as with selected
nutrients such as polyunsaturated fatty acids, phosphorus, and magnesium. Moderate PA,
defined as health-related behavior, also showed a significant link in this group. In men,
only protein intake showed a consistent association, with no other dietary factors reaching
significance. In terms of activity-related aspects, intensive leisure time PA seems to be
connotative. These findings suggest a stronger and more complex role of diet and lifestyle in
women, while in men, muscle mass appears to depend more on total protein consumption
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alone. The collinearity between nutrients, particularly protein and micronutrients, may
affect the direction and strength of observed relationships. The sex-based differences likely
reflect both biological and behavioral mechanisms. Further research is needed to clarify
these patterns and guide effective nutritional and activity-based interventions.
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Abstract: Background/Objectives: Dietary supplementation with medium-chain triglyc-
erides (MCTs) improves walking balance and cognitive function in healthy older adults.
This study aimed to determine the biological effects of MCTs on gait-related skeletal mus-
cles in healthy older adults by analyzing muscle density and glucose metabolism. Methods:
18F-FDG-PET/CT imaging data from 63 participants (18 g/day of MCTs and matching
placebo in the form of a jelly stick [6 g each, ingested 3 times/day]) in a randomized clinical
trial were analyzed. The three-dimensional regions of interest were set as muscles associ-
ated with walking balance (bilateral triceps, psoas, and vastus medialis). Each muscle’s
mean standardized uptake value (SUVmean) and Hounsfield units (HU) were calculated for
relative quantitative measurements. Results: MCT supplementation for 3 months decreased
the SUVmean (p < 0.001) and increased the HU of the psoas (r = −0.61) and vastus medialis
muscles (r = −0.59) (p < 0.001); no changes were apparent in participants supplemented
with long-chain triglycerides. The changes in the SUVmean for each muscle were correlated
negatively with those of plasma β-hydroxybutyrate in MCT-supplemented participants
(r = −0.57 [psoas] and −0.59 [vastus medialis]; p < 0.001). Conclusion: A 3-month MCT
supplementation suppressed glucose metabolism and increased the muscle density in
gait-related skeletal muscles, consistent with previous findings that MCT supplementation
stabilizes balance functions during walking in healthy older adults.

Keywords: glucose metabolism; gait; ketone; medium-chain triglyceride; elderly

1. Introduction

Establishing a good health status is an important global issue for an aging popula-
tion [1]. Among healthy older adults, age-related cognitive and muscle function decline is
considered frailty and is a serious societal burden [2,3]. Sarcopenia and dementia are major
disorders that shorten life expectancies and increase proportionally with aging [4]. There-
fore, preventing these physiological or pathological events before the onset of age-related
frailty is especially important.

Ketone bodies are an alternative energy substrate for organs requiring glucose, espe-
cially in the older brain, where glucose utilization deteriorates [5]. Medium-chain triglyc-
eride (MCT) oil comprises mixed fatty acids (predominantly the ketogenic compounds
caprylic [C8] and capric acids [C10]) extracted from natural products, including milk fat,
palm kernel, and coconut oils. In rodents, MCT is an immediate energy source facilitating
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exercise performance through activating mitochondrial biogenesis and metabolism [6].
MCT supplementation (12-18 g/day) demonstrated positive effects on cognition, both at
rest and following exercise in healthy adults [7]. Combining MCTs with aerobic exercise
extends its efficacy in improving muscle function and subjective physical and mental
health in middle-aged and older adults with poor exercise habits or low body mass index
(<24.0 kg/m2) at high risk for frailty [8,9]. A recent double-blind, randomized clinical trial
(RCT) showed that a 3-month supplementation of MCT oil (18 g/day; 3 meals/day) in
healthy older adults improves gait, balance, and executive functions compared with a
placebo control comprising long-chain triglyceride (LCT) oil without MCTs [10].

Physiologically, MCTs provide an energy supply to the brain via both direct and
indirect (ketone bodies synthesized via β-oxidation in the liver and acylated ghrelin in the
stomach) pathways of digested medium-chain fatty acids (MCFAs) [11,12]. Furthermore,
MCFAs circulating in the peripheral blood can also act on skeletal muscle to enhance mito-
chondrial biosynthesis and mitochondrial metabolic activity [11]. However, the biological
mechanisms of the MCTs’ essential modulating of the muscle metabolism and function in
older adults have not been elucidated.

Skeletal muscle is a primary contributor to energy expenditure because of the sub-
stantial amount of energy used to maintain gait and posture to mediate locomotion [13].
18F-2-fluoro-2-deoxy-D-glucose (FDG) positron emission tomography (PET) can quantify
the metabolic activity of skeletal muscle, as well as other body organs such as the brain and
liver. The PET-derived standardized uptake value (SUV) is proportional to the metabolic
activity of the skeletal muscle [14], and thus the mean values (SUVmean) in each region of
interest (ROI) analyzed by computed tomography (CT) scan enables assessment of energy
expenditure of the specific muscle area. In addition, muscle quality assessment using CT
scans involves analyzing the density of skeletal muscle, measured in Hounsfield Units
(HU), within specific ROIs [15]. This CT-derived skeletal muscle density provides insights
into muscle health, with higher HU values indicating denser and healthier muscle tissue,
and lower values suggesting infiltration of fat or other non-muscle tissues [16].

We hypothesized that dietary supplementation of MCTs would promote nutritional
support of the physical elements of the elderly that regulate balance during walking. Thus,
the goal of this study was to investigate the effects of MCTs on the metabolism and quality
of gait-related skeletal muscles in healthy older adults.

2. Materials and Methods

2.1. Study Design and Ethics Approval

This was a randomized, double-blind, placebo-controlled, parallel-group, two-arm
(1:1 ratio) trial conducted between October 2018 and December 2019, registered as the MCT
SMILE (SuppleMentary for Life in the Elderly) project study (UMIN000033447). The study
procedures were performed in accordance with the tenets of the Declaration of Helsinki.
The study protocol was approved by the Clinical Research Ethics Committee of the Tohoku
University Graduate School of Medicine (2018-2-67, date on 23 July 2018). Written informed
consent was obtained from each participant.

2.2. Participants

Details of the original MCT SMILE study have been described previously [10]. Briefly,
the inclusion criteria were an age of 65–80 years, right-handed, without dementia or mild
cognitive impairment, and with full autonomy in activities of daily living. Participants
taking nutritional supplements affecting energy metabolism or body composition were
excluded from the study. Eligible participants were assigned randomly to the MCT group
or a placebo control group who took a matching formula made with canola oil (LCT)
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as a caloric equivalent to the MCT-based vegetable oil (Figure 1). Each participant was
scheduled for imaging studies, neurocognitive and physical function tests, and blood
examinations before and after the 3-month intervention. A yogurt-flavored jelly stick
was used (total weight, 15 g) containing 6 g of MCTs (75% C8:0 and 25% C10:0 from
total fatty acids) or 6 g of LCT (64% C18:1, 19% C18:2, and 9% C18:3 from total fatty
acids) [12]. In this study, participants and researchers could not distinguish between the
two supplements from the appearance (created using an unlabeled silver stick), flavor, or
texture. Participants were instructed to consume 3 sticks per day, one just prior to every
meal, for a total of 3 consecutive months. Lifestyle, eating habits, and medications were
not changed throughout the study period. Each participant maintained a daily logbook to
ensure their compliance.

 

Figure 1. CONSORT diagram describing recruitment and random allocation of the participants.

2.3. Image Acquisition

Whole-body FDG PET/CT images were acquired on a GE Discovery PET/CT scanner
(GE Healthcare, Milwaukee, WI, USA). Low-dose CT was performed at 140 kVp, 25 mAs,
and a layer thickness of 2 mm. Brain PET images were acquired for 3 min in three-
dimensional (3D) mode using a single bed position. The patients were required to
fast for a minimum of 12 h before starting the PET scan to ensure the plasma glucose
level was ≤6.0 mM. Image acquisition started approximately 60 min after injection of
3.7 MBq/mL/kg 18F-FDG. PET images incorporating all image corrections were recon-
structed using the manufacturer’s software and recommended parameters (β = 200; field of
view, 300 mm; matrix size, 128 × 128; layer thickness, 3.26 mm) to obtain maximum inten-
sity projection and fused images. Imaging data were then imported into LIFEx open-source
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software (v7.8.0; http://www.lifexsoft.org: accessed on 17 May 2025) in the Digital Imaging
and Communications in Medicine (DICOM) format to analyze the PET metabolic and CT
density parameters. The SUVmean of each ROI for both sides was calculated using LIFEx
software. The mean SUVmean for patient-based assessments was calculated by averaging
the values obtained for each unilateral region.

A 3D ROI of 5.1 cm3 was manually placed at the widest and thickest part of each
relevant muscle belly identified by the PET/CT fusion image (Figure 2a,b). This study
focused on the relationship between muscle density and metabolism of the major large
muscles associated with walking balance (bilateral triceps, psoas, and vastus medialis)
(Figure 2c–e) rather than changes in muscle quantity (mass) because we aimed to clarify
the primary biological effects of MCT on skeletal muscles without muscle atrophy. As a
reference and for assessing hepatic FDG phosphorylation, an ROI (3 cm in diameter) was
placed in the upper right lobe of the liver (Figure 2f) [17].

 

Figure 2. Representative whole-body FDG PET/CT images of ROI placement on the psoas (a) and
vastus medialis (b). Three-dimensional ROIs (5.1 cm3) are placed at the widest and thickest part of
each muscle belly by confirming the coronal, sagittal, and cross-sectional images. ROI placement
on the skeletal muscles and liver: The major gait-related muscles ((c), triceps; (d), psoas; (e), vastus
medialis) are identified bilaterally on PET/CT fusion images. The liver ROI is used as the standard
reference for glucose uptake (f). The upper and lower rows represent coronal and cross-sectional
images, respectively. ROI: region of interest.
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2.4. Measurements

The PET/CT-derived SUVmean and HU values were measured before and 3 months
after starting the intervention. Blood samples were analyzed for metabolic byproducts,
including ketone bodies (β-hydroxybutyrate and acetoacetate) and glucose derived from
the blood plasma samples, by a commercial clinical laboratory (SRL Inc., Tokyo, Japan)
before and 3 months after intervention. The venous blood samples were taken after a 12-h
overnight fast through an intravenous catheter secured for the PET study, as described [10].

2.5. Statistical Analysis

A minimum sample size of 28 was established from a previous study [18] on the
cognitive effects of MCT supplementation in elderly patients, which was calculated to
detect a clinically relevant effect with a 2-sided α of 0.05 and 90% power. Allowing for a 10%
dropout during the intervention, the total required sample size for the present study was
estimated as 31 per group. Continuous data are presented as the mean ± standard deviation.
Repeated-measures two-way analysis of variance was used to determine differences within
each variable. Two time points were included: the within-participant factor (effect per unit
of time), and the between-participant factor (the differences between the MCT and control
groups). When the group × time interaction was significant, tests of simple effects were
performed to determine whether the groups differed significantly during the intervention
period, using post hoc analyses adjusted for the Bonferroni correction (α level 0.025),
where appropriate. Pearson’s correlation coefficients were calculated to investigate the
relationship between ketone body synthesis (β-hydroxybutyrate) and skeletal muscle
glucose metabolism (SUVmean) before and after intervention. Linear regression analyses
were performed to evaluate the SUVmean and muscle density (HU) association within the
same ROI for each muscle. Statistical significance was set at p < 0.05. All analyses were
performed using SPSS version 28 (IBM; Armonk, NY, USA), Bell Curve for Excel (SSRI,
Tokyo, Japan), and Prism 9 (GraphPad Software; La Jolla, CA, USA).

3. Results

3.1. Characteristics of Participants

Among 68 participants, 63 (females/males: 22/10 in the MCT group and 21/10 in
the placebo group) completed the study (Figure 1). The baseline demographic data of the
63 participants were not significantly different between the groups (see the demographic
data of the participants for the original MCT SMILE study [10]).

3.2. Effects of MCT on Blood Ketone Bodies and Glucose Metabolism

MCT supplementation had an effect on maintaining ketone bodies after a 3-month
intervention; they decreased in the placebo control group (Table 1). In the MCT group,
several weak but significant correlations were found between plasma β-hydroxybutyrate
and the SUVmean of gait-related skeletal muscles, represented by the iliopsoas and vastus
medialis; no relationships were apparent in the placebo control (Table 2).

For the MCT-treated participants, simple linear regression analysis of the longitudinal
data measured before and after the intervention suggests that β-hydroxybutyrate was
associated negatively with glucose metabolism in these two muscles, which are responsible
for balance and posture during walking (Figure 3).
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Table 1. Changes in plasma ketone bodies before (Pre) and after (Post) intervention.

Placebo Medium-Chain Triglycerides Intergroup
p ValuePre Post p Pre Post p

Total ketone bodies
(μmol/L)

155 ± 96 112 ± 78 0.01 110 ± 87 90 ± 62 0.17 0.09

β-hydroxybutyrate
(μmol/L)

105 ± 65 74 ± 53 0.03 74 ± 61 58 ± 46 0.46 0.05

Acetoacetate (μmol/L) 50 ± 33 38 ± 26 0.006 36 ± 28 32 ± 17 0.10 0.08
Glucose (mmol/L) 5.3 ± 0.3 5.3 ± 0.3 0.57 5.4 ± 0.5 5.5 ± 0.4 0.06 0.06

Data are expressed as the mean ± standard deviation. Statistically significant results with p < 0.05 are shown in
bold.

Table 2. Pearson correlation coefficient between plasma β-hydroxybutyrate and gait-related skeletal
muscle SUVmean before and after intervention.

Placebo Medium-Chain Triglycerides

r 95%CI p r 95%CI p

Triceps −0.102 −0.446
0.268 0.59 −0.341 −0.617

0.008 0.056

Psoas −0.029 −0.385
0.335 0.88 −0.571 −0.767

−0.278 0.0006

Vastus medialis 0.026 −0.337
0.383 0.89 −0.593 −0.780

−0.307 0.0004

Statistically significant results with p < 0.05 are shown in bold. CI: confidence interval.

 

Figure 3. Scatter plots of the changes in plasma β-hydroxybutyrate and mean standardized uptake
value (SUVmean) of the psoas (a) or vastus medialis (b) muscles with regression lines in participants
after 3-month MCT oil supplementation. βHB: plasma β-hydroxybutyrate.

3.3. Effects of MCT on Glucose Metabolism and Muscle Density

For post-intervention glucose metabolism, MCT decreased the SUV mean in the lower
skeletal muscles (psoas and vastus medialis), with a slight elevation in the liver (Table 3), but
no significant changes in blood glucose levels (Table 1). In addition, MCT increased the post-
intervention HU of these two muscles, and a significant difference was detected in the psoas
muscle compared to the placebo control. For the relationship between glucose metabolism
and skeletal muscle density in participants supplemented with MCT, the SUVmean was
negatively associated with HU values (r = −0.613 [95%CI: −0.793~−0.337], p = 0.0002
[Psoas]; r = −0.587 [95%CI: −0.777~−0.299, p = 0.0004 [Vastus medialis]) (Figure 4). No
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apparent changes in the metabolic or muscle parameters were detected in the placebo
group.

Table 3. PET metabolic and CT density parameters before (Pre) and after (Post) intervention.

Mean Standardized Uptake Value
Intergroup

p Value
Hounsfield Units

Intergroup
p Value

Pre Post p Pre Post p

Triceps
Placebo 0.64 ± 0.11 0.62 ± 0.08 0.07

0.98
60.5 ± 7.3 59.6 ± 7.9 0.36

0.06MCT 0.63 ± 0.10 0.63 ± 0.09 0.80 63.4 ± 6.4 63.1 ± 7.8 0.73
Psoas

Placebo 0.60 ± 0.12 0.59 ± 0.10 0.51
0.43

54.2 ± 4.1 53.1 ± 2.9 0.30
<0.001MCT 0.63 ± 0.08 0.59 ± 0.10 0.002 49.8 ± 3.8 53.0 ± 3.9 0.002

Vastus medialis
Placebo 0.60 ± 0.10 0.61 ± 0.10 0.67

0.69
46.5 ± 6.0 44.3 ± 5.1 0.15

0.11MCT 0.63 ± 0.09 0.60 ± 0.08 0.03 42.4 ± 6.5 45.4 ± 4.8 0.04
Liver

Placebo 2.28 ± 0.31 2.29 ± 0.37 0.64
0.97

62.6 ± 6.4 64.3 ± 6.8 0.05
0.95MCT 2.23 ± 0.39 2.35 ± 0.34 0.003 63.3 ± 5.9 63.4 ± 7.0 0.89

Data are expressed as the mean ± standard deviation. Statistically significant results with p < 0.05 are shown in
bold. PET: positron emission tomography, CT: computed tomography, MCT: medium-chain triglycerides.

 

Figure 4. Scatter plots of the changes in CT mean standardized uptake value (SUVmean) of the psoas
(a) or vastus medialis (b) muscles with regression lines in participants after a 3-month MCT oil
supplementation. βHB: plasma β-hydroxybutyrate.

4. Discussion

4.1. Mechanism by Which MCTs Modulate Energy Metabolism

Increased levels of ketone bodies attenuate glucose utilization in peripheral tissues,
have anti-lipolytic effects in adipose tissue, and potentially attenuate proteolysis in skeletal
muscles [19]. It is unclear why chronic MCT supplementation did not elevate but rather
declined plasma ketone bodies in our participants. However, the sustained circulating
β-hydroxybutyrate, the most abundant ketone body [20], observed only in the MCT sup-
plemented participants may reflect certain beneficial metabolic changes due to MCTs. In
fact, MCTs are rapidly absorbed and metabolized, converting into ketones with varied
estimated plasma half-lives depending on the type (0.8 to 3.1 h for β-hydroxybutyrate and
8 to 14 h for acetoacetate) [21]. Therefore, ketone bodies sampled at least 12 h after the last
MCT ingestion could have been reduced compared to their peak plasma levels.
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PET image analysis showed glucose hypometabolism in the psoas and vastus medialis
after a 3-month MCT intervention, indicating altered energy metabolism and glucose
utilization. High-fat ketogenic diets achieved by MCTs have been shown to induce a
“metabolic switch” from glycolysis to ketone body utilization in the mitochondrial citric acid
cycle, preferentially in the heart, skeletal muscle, and brain tissues in healthy adults [22,23].
These observations can be explained by the inverse relationship between ketolysis and
glycolysis in the lower-body skeletal muscles [19] and regional brain areas (e.g., the primary
sensorimotor cortex) related to gait balance control through increased cerebellar neural
connectivity [10].

4.2. Effects of MCTs on Skeletal Muscle Mass and Density

This study acquired whole-body CT fusion images simultaneously with PET scans
to evaluate muscle quantity (mass) determined by the skeletal muscle area [24]. However,
for healthy older adults without anatomical changes in muscle mass, the quality of the
muscle seems more important than the quantity given the relatively short study period
(3 months). Normal reference data regarding CT-derived muscle parameters have been
reported recently, including skeletal muscle density (HU) [24,25]. As a measure of muscle
quality, myosteatosis can be indirectly assessed by muscle radiodensity attenuation in the
skeletal muscles of the lower extremities [26]. Notably, MCTs caused slight but significant
time-course enhancement of CT densities in the psoas and vastus medialis muscles within
the normal range (+30 to +150 HU) [24] and above lower thresholds (psoas, 46.1) [24].
The psoas muscle is important in dynamic function and postural support; the vastus
medialis and the quadriceps provide stability during the stance phase in the gait cycle and
support normal posture. Therefore, increased HU may affect muscle quality, improving
gait function following MCT supplementation.

Unfortunately, segmenting multiple skeletal muscle regions in abdominal or ab-
dominopelvic CT images is difficult for several reasons, including muscle morphology,
signal intensity, and image artifacts [27]. Due to this, further image analyses incorporating
magnetic resonance imaging data are expected to clarify the MCT-induced differences in
regional energy metabolism, especially the reliance on oxidative phosphorylation between
slow-twitch (type I) and fast-twitch (type II) fibers and their subtypes, which contribute to
long-term endurance and powerful bursts of gait movement, respectively [19].

4.3. Practical Application of MCTs

Frailty and sarcopenia are major health issues among elderly people [28]. The po-
tential of MCTs to address these age-related physical conditions is just beginning to be
studied since the 2000s. We have recently reported the effect of MCTs on increasing muscle
functionality without altering muscle mass in healthy older adults. Supplementation of
MCTs with or without aerobic exercise improved muscle functions (e.g., knee extension
strength and balance ability during walking) without changing the skeletal muscle mass
compared with the placebo control using LCTs [8]. These findings have been confirmed
in vivo by detecting altered glucose metabolism both in the brain (e.g., right primary sen-
sorimotor cortex) and in some skeletal muscles responsible for gait motor functions, and
increased neural connectivity between brain areas related to balance and memory functions
(e.g., contralateral cerebellum to the bilateral amygdala and anterior hippocampus), using
FDG-PET/CT and functional magnetic resonance imaging studies [10]. The beneficial
aspects of MCTs are not limited to healthy subjects and could also be applicable to frail
older adults. It is interesting to note that MCT supplementation at smaller doses (6 g/day
for 3 month) has been shown to increase both muscle mass and function and to decrease fat
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mass with maintained or increased body weight [12], suggesting some positive “add-on”
effects of MCTs on anatomical changes associated with frailty/sarcopenia.

4.4. Limitations

There are several limitations in our study. First, this study may have been underpow-
ered for detecting the desired group differences because of a small sample size; however,
its risk for bias was minimized compared to other RCTs [29]. Second, we could not target
ketone body metabolism in skeletal muscles because of limited PET tracer, including 11C-β-
hydroxybutyrate [30]. Indeed, it is hard to determine the ketogenic shift of each muscle
using only the circulating ketone bodies with shorter half-lives. Nevertheless, significant
negative relationships between plasma β-hydroxybutyrate levels and imaging outcomes
may, at least, support a favorable biological effect of MCTs on selected skeletal muscles
responsible for walking in healthy older adults.

5. Conclusions

A 3-month MCT supplementation suppressed glucose metabolism in gait-related
skeletal muscles and increased their muscle density, consistent with previous findings
that it stabilizes balance functions during walking in healthy older adults [10]. Present
functional/morphological imaging results extend our knowledge of MCTs’ biological effect
against senescent change.
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Abbreviations

The following abbreviations are used in this manuscript:

CT Computed Tomography
FDG 18F-2-fluoro-2-deoxy-D-glucose
HU Hounsfield units
LCT Long-chain triglyceride
MCT Medium-chain triglyceride
PET Positron emission tomography
RCT Randomized clinical trial
ROI Region of interest
SUV Standardized uptake value
3D Three-dimensional.
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Abstract: Background: Chronic inflammation increases morbidity in older adults and
significantly impacts healthy ageing. Pomegranate extract (PE), rich in polyphenols, has
been suggested to reduce inflammation and could prevent cardiovascular disease. However,
there is limited research examining the potential of PE in disease prevention in ageing.
Methods: A two-arm double-blind parallel trial was conducted, in which participants
received either placebo capsules (maltodextrin) or pomegranate extract (740 mg) daily for
12 weeks. At baseline, week 6, and week 12, anthropometric measurements, blood pressure,
and blood samples were collected. Serum inflammatory markers (IL-6, IL-1-α, IL1-β,
IL-2, TNF-α, CRP and PAI-1), fasting blood glucose, and lipid levels were also measured.
Results: A total of 86 participants met the eligibility criteria, with 76 completing the trial.
A significant interaction between treatment and time was observed for the IL-6 (p = 0.02)
and IL1-β (p = 0.05) levels, with both parameters significantly decreasing in the PE group.
CRP and TNF-α showed a downward trend in the PE group, but it was not statistically
significant (p > 0.05). Systolic blood pressure significantly decreased in the PE group (by
5.22 ± 1.26 mmHg (SE), p = 0.04), indicating potential clinical relevance, with diastolic
blood pressure showing a similar downward trend (2.94 ± 1.08 mmHg (SE), p = 0.3).
Despite being apparently healthy with no diagnosed diseases, a substantial number of
participants exhibited elevated levels of inflammatory markers and systolic blood pressure.
Conclusions: PE can lower inflammatory markers and blood pressure, which can be high
in both normal-weight and overweight older adults, making it a cost-effective measure to
promote healthy ageing. Further long-term studies are needed to address the limitations of
this 3-month study, including the overrepresentation of normal-weight participants, and to
gain a better understanding of the impact of weight on the above-mentioned outcomes.

Keywords: pomegranate extract; inflammation; ageing; inflammageing; blood pressure;
overweight

1. Introduction

Ageing has been associated with increased inflammation, often referred to as “inflam-
mageing”, a chronic low-grade inflammatory state characterised by increased levels of
pro-inflammatory markers such as interleukin-6 (IL-6), interleukin-1 (IL-1), C-reactive pro-
tein (CRP), and tumour necrosis factor-alpha (TNF-α) [1,2]. Inflammageing is believed to
play a role in the development of various co-morbidities including cardiovascular disease,
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diabetes, and neurodegenerative disorders [1,3]. With the global number of individuals
aged over 60 years projected to reach 2.1 billion by 2050 [4], improving the health of older
adults is more critical than ever. Older individuals, usually defined as those >55 years of
age [5] are generally considered to be at an increased risk for cardiovascular disease [6].
Therefore, targeting this age group, rather than solely focusing on those aged 60 years
and above, is crucial for preventive interventions aimed at reducing inflammation and
cardiovascular risk factors and, subsequently, reducing the risk of disease in older adults.

Inflammageing is suggested to be a result of the remodelling of the immune system,
leading to the production of pro-inflammatory cytokines [3]. Overweight and obesity are
rising in prevalence in older adults, similarly to the rest of the population, and they can
further exacerbate inflammageing and increase the risk of comorbidities [7,8]. In a previous
study, overweight and obese individuals showed a decreased expression of interleukin 2
(IL-2), which was inversely correlated with CRP [9]. Therefore, this overweight population
presents additional risks that warrant careful consideration.

Polyphenols have regained significant popularity in recent years, and their role in
ageing has attracted attention from the scientific community, prompting efforts to find
alternative and cost-effective ways to improve health. Pomegranate (Punica granatum
L.), a fruit representing a rich source of antioxidants, such as ellagitannins (particularly
punicalagin, which is unique to pomegranate), has been shown to exhibit one of the
highest levels of antioxidant activity among multiple polyphenol-rich foods (e.g., green tea,
wine) [10]. Pomegranate has been previously considered an exotic fruit in several Western
countries [11], but its regular consumption has significantly increased over the past few
years. Pomegranate is presented as a sustainable fruit as it can adapt to climate change,
is drought tolerant, can be grown in a wide range of soils, and has low water and carbon
footprints, resulting in low environmental impacts when adequate agricultural practices
are used [12–15].

The benefits of pomegranate on inflammatory markers and cardiovascular disease
risk factors have been well documented. We previously reported its benefits on blood
pressure and cardiovascular risk factors in the general population [16–18]. In addition,
a meta-analysis of 16 randomised clinical trials reported the effect of pomegranate in
reducing inflammatory markers [19]. However, findings are limited by the short duration
of several studies (<12 weeks), the heterogeneous population characteristics, and the lack
of focus on prevention in older adults. Notably, with this meta-analysis indicating that
the beneficial effects of pomegranate were more pronounced in overweight and obese
individuals because of their elevated risk, a further exploration of this association is needed
to inform future recommendations. This trial aimed to assess the effects of pomegranate
extract on inflammatory markers and cardiometabolic risk factors in normal-weight and
overweight adults aged 55–70 years.

2. Materials and Methods

This trial was registered with clincialtrials.gov (NCT05588479) and granted ethical
approval by the Manchester Metropolitan University Faculty of Health and Education
(reference number: 47627). Participants provided written informed consent prior to partici-
pation. Recruitment took place between December 2022 and June 2024.

2.1. Participants

Volunteers were identified through physical posters in GP practices, community cen-
tres, community events, gyms, university premises, and social media. Interested volunteers
were then screened for eligibility, either online or in person depending on preference, and
were scheduled for their first appointment at the Physiology Lab at Manchester Metropoli-
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tan University. Participants were required to be fasted for at least 8 h before each of
their appointments.

The inclusion criteria included English-speaking adults of all races and socio-economic
backgrounds, aged 55–70 years with the capacity to consent, and with a normal weight
(BMI 18.5–24.9 kg/m2) or overweight (BMI 25–29.9 kg/m2) status. Obese individuals
were excluded to maintain the trial focus on prevention. All genders were included. The
exclusion criteria involved individuals who have been on a weight loss regimen in the
past two months, those with diagnosed chronic diseases such as diabetes, hypertension,
cardiovascular disease, or renal disease, and anyone taking medications that could modu-
late blood pressure and/or lipid levels and inflammation. Participants who were already
taking antioxidant supplements were advised to discontinue use for at least 3 weeks prior
to the start of the study.

2.2. Trial Design and Intervention

The trial design was described in a previous study [20]. It was a two-arm, double-blind,
parallel trial in which participants were randomly assigned to receive either placebo cap-
sules (maltodextrin) or pomegranate extract (PE) capsules (two 370 mg capsules of PE each)
daily for 12 weeks. Each PE capsule contained punicalagins (36%) and ellagic acid (1.3%).
The PE was microbiologically tested to ensure that it was free from pesticide residues,
heavy metals, aflatoxins, and microbiological contamination, with no traces detected. PE
capsules were provided by Euromed S.A, Barcelona, Spain. Random assignment was
computer-generated, and groups were matched for gender and BMI. This was conducted
by recruitment staff who were blinded to the intervention groups. This procedure ensured
that staff were unaware of group assignments until after the baseline assessments were
complete thus minimising selection bias. The pomegranate and placebo capsules looked
identical and were provided to participants in two batches at baseline and week 6.

Participants attended the Physiology Lab at baseline, week 6, and week 12. During
each visit, anthropometric measurements were taken; this included weight (using a digital
scale: Marsden: DP2400, London, UK), height (using Seca® 711 stadiometer, Seca GmbH &
Co. KG., Hamburg, Germany), waist and hip circumferences (using an elastic measuring
tape), and body composition (using air displacement plethysmography (BodPod® GS-X:
Cosmed, Rome, Italy). Blood pressure was measured three times following a 10 min
rest, according to the WHO protocol [21], using a digital sphygmomanometer (Nissei®

DS-1873, Tokyo, Japan). A 20 mL fasted venous blood sample was also collected. The blood
samples were then processed and stored at −80 ◦C until analysis. Participants additionally
answered a socio-demographic paper-based questionnaire before or during the first visit,
which included information about their age, gender, occupation, ethnicity, and lifestyle
habits (e.g., smoking, alcohol consumption, and physical activity habits). They were asked
to note any side effects from consuming the capsules at weeks 6 and 12.

2.3. Outcome Measures and Laboratory Analysis

The primary outcome of this trial was serum IL-6 levels, while the secondary outcomes
included serum CRP, TNF-α, IL-1α (Interleukin-1 alpha), IL1-β (Interleukin-1 beta), IL-2,
Plasminogen Activator Inhibitor-1 (PAI-1), systolic blood pressure (SBP), diastolic blood
pressure (DBP), fasting blood glucose (FBG) and lipid levels (TC (total cholesterol), HDL
(high-density lipoprotein), LDL (low-density lipoprotein), and TG (triglycerides)).

The cytokines IL-6, IL-1α, IL1-β, IL-2, and TNF-α were simultaneously quantified
using the Human XL Cytokine Luminex® Performance Assay Kit (Bio-tecne®, Minneapolis,
MN, USA, protocol FCSTM18B-05). CRP and PAI-1 were analysed together using the Hu-
man Obesity Luminex® Performance Assay Kit (Bio-tecne®, protocol FCSTM08-2). In brief,
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after the serum samples were defrosted, centrifuged, and diluted according to protocol,
50 μL of the standard, control, or sample was added to each well of the 96-well plate,
followed by 50 μL of a resuspended microparticle cocktail. The plate was then sealed and
incubated for 2 h at room temperature on a shaker set at 800 rpm. After washing the wells
3 times with wash buffer using a magnetic device, 50 μL of a diluted biotin–antibody cock-
tail was added, followed by another incubation and wash. Subsequently, 50 μL of diluted
streptavidin–PE was added; after another wash, the microparticles were resuspended in
100 μL of wash buffer. The final step involved reading the plate using a Luminex® analyser.

Serum FBG and lipid levels were analysed using the Cobas® 8000 c702 module
(Roche Diagnostics, Basel, Switzerland) at the Manchester University NHS Foundation
Trust Laboratories.

2.4. Compliance

Participants were given a paper-based diary to record the dates of capsule intake and
to validate each entry with a checkmark. They were also asked during each appointment
whether they had been consistent in taking the capsules daily, and notes were recorded. To
monitor any changes in dietary intake during this period, participants were instructed to
complete a 3-day diet diary (2 weekdays and 1 weekend) 3 times throughout the interven-
tion (baseline, week 6, and week 12). Physical activity levels were additionally monitored
throughout the intervention and translated into metabolic equivalent of task (MET) values,
representing the energy expenditure of each activity relative to resting. These values were
estimated using widely available guidelines for different activities [22].

2.5. Power Calculation and Statistical Analysis

A sample size of 76 participants was determined based on its ability to detect a sig-
nificant difference of 12% in the IL-6 levels between the groups, achieving 90% power at
α = 0.05 (two-tailed) and allowing for stratification by weight status. Data were derived
from the trial by Boldaji et al. (2009) [23]. We then aimed to recruit 38 overweight individu-
als and 38 controls, allowing us to reject the null hypothesis that the population means of
the overweight and control groups were equal. Assuming a 10% attrition rate, a total of
84 participants were planned to be recruited.

Data were analysed using SPSS version 29 (IBM, Chicago, IL, USA) and presented as
mean ± SD, unless otherwise noted as standard error (SE). Normality was assessed using
the Kolmogorov–Smirnov test. For non-parametric data, variables were logarithmically
transformed prior to analysis. Baseline characteristics were analysed using descriptive
statistics and frequencies. The independent t-test or Mann–Whitney test was used to assess
the differences in baseline characteristics between the 2 groups. For categorical variables,
baseline differences were assessed using the Chi-squared exact test. The interaction between
treatment (PE vs. PL) and time (baseline, week 6, and week 12) was assessed using linear
mixed-effects models. For significant differences, pairwise comparisons were explored
using the Bonferroni test. The impact of variables (e.g., weight status, blood pressure status)
on the outcomes was assessed using a linear mixed-effects model, incorporating these
variables as covariates. The correlation between outcome parameters was assessed using
Pearson’s or Spearman’s correlation coefficient. Statistical significance was set at p ≤ 0.05.

3. Results

A total of 355 participants responded to the advertisement, of which 38 did not reply
to further communication and 60 volunteers decided not to proceed for multiple reasons
(e.g., inability to commit to the dietary intervention, scheduling conflicts, and distance
to the research location). Of the 257 volunteers screened, 86 were eligible for partici-
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pation. Excluded participants reported taking anti-hypertensive, anti-lipemic, and/or
anti-inflammatory medications (n = 128), having diabetes and/or cardiovascular disease
(n = 13), taking HRT (n = 29), and having HIV (n = 1). A consort flow diagram is presented
elsewhere [20] and in Figure 1.

 

Figure 1. Consort flow diagram. Abbreviations: PE: pomegranate extract; PL: placebo; HRT: Hormone
replacement therapy.

Among the 86 participants, 43 were allocated to the PE group and 43 to the PL group.
Eight participants withdrew after their first appointment either due to disclosing HRT
intake (n = 2), developing an illness (n = 3), having a scheduled surgery (n = 1), or noting
side effects, e.g., digestive issues (n = 1). One participant did not provide a reason for
withdrawal (n = 1). Two participants dropped out after completing 2 appointments for
personal reasons but were still included in the analysis; 76 participants completed the full
intervention. The attrition rate was estimated to be 11.63%.

Participants were predominantly females (64%) and White British (62.6%). The popula-
tion had a mean BMI of 24 ± 3.21 kg/m2, with 38.37% belonging to the overweight category.
The mean SBP fell within the elevated range (128.02 ± 13.48 mmHg), despite participants
being recruited with no history of hypertension or use of blood pressure medications.
Characteristics of the intention-to-treat population are presented in Table 1.

An independent t-test showed no significant differences in age between the PE and
PL group (p = 0.46), as well as the baseline levels of SBP (p = 0.34), DBP (p = 0.66), BMI
(p = 0.78), waist circumference (p= 0.39), waist-to-hip ratio (p = 0.89), body fat percentage
(p = 0.88), FBG (p = 0.92), total cholesterol (p = 0.1), HDL (p= 0.64), Triglycerides (p= 0.7),
and LDL (p= 0.89) levels. No significant between-group differences in gender (p= 0.5) and
ethnicity (p = 0.16) were noted.
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Table 1. Baseline characteristics of the intention-to-treat population by intervention group.

Characteristics All Participants
PE Group

(n = 43)
PL Group

(n = 43)

Age at baseline, y 61.26 ± 4.38 60.91 ± 4.09 61.60 ± 4.69

Sex (n)

Female 55 27 28
Male 31 16 15

Occupation category (n)

Professional Occupations 36 15 21
Managers, Directors, and Senior Officials 10 4 6

Health-related Professions 6 4 2
Associate Professional and Technical Occupations 5 2 3

Administrative and Secretarial Occupations 4 4 0
Unemployed 2 2 0

Sales and Customer Service Occupations 2 2 0
Skilled Trade Occupations 1 1 0

Caring, Leisure, and Other Service Occupations 1 1 0
Other 19 8 11

Ethnicity (n)

White British 72 38 34
White Irish 3 1 2

Indian 2 0 2
Other white 2 0 2
Mixed race 2 2 3

Black 1 0 1
Other 3 2 1

Smoking status (n)

Smoker 3 1 2
Non-smoker 83 42 41

Physical activity (MET-minutes/week) 749 (133) 746 (149) 751 (159)

BMI (kg/m2) 24 ± 3.21 23.90 ± 3.14 24.10 ± 3.32

Waist circumference (cm) 84.59 ± 10.26 83.62 ± 9.77 85.55 ± 10.75

Waist-to-hip ratio 0.84 ± 0.69 0.83 ± 0.07 0.85 ± 0.07

Body fat percentage (%) 22.66 ± 10.02 22.75 ± 9.52 22.58 ± 10.61

SBP (mmHg) 128.02 ± 13.48 129.42 ± 14.27 126.63 ± 12.66

DBP (mmHg) 80.55 ± 8.72 80.96 ± 9.25 80.13 ± 8.24

Fasting blood glucose (mmol/L) 5.34 ± 4.66 5.35 ± 0.36 5.34 ± 0.56

Fasting lipid levels (mmol/L)

Triglycerides 1.07 ± 0.46 1.05 ± 0.42 1.09 ± 0.50
Total cholesterol 5.79 ± 0.98 5.79 ± 1.20 5.79 ± 0.68

HDL 1.76 ± 0.43 1.79 ± 0.50 1.74 ± 0.34
LDL 3.55 ± 0.69 3.54 ± 0.72 3.56 ± 0.67

Values are reported as mean ± SD. Baseline differences between groups were analysed by independent t-test for
numerical variables and Chi-squared exact test for nominal variables. No significant difference between groups
was noted (p > 0.05). Abbreviations: PE: Pomegranate extract; PL: Placebo; SBP: Systolic blood pressure; DBP:
Diastolic blood pressure; HDL: High-density lipoproteins; LDL: Low-density lipoproteins.

3.1. Effects of PE on Inflammatory Markers

No significant between-group differences in the baseline levels of IL-6 (p = 0.49), CRP
(p = 0.76), TNF-α (p = 0.17), IL1-β (p = 0.07), IL1-α (p = 0.65), and IL-2 (p = 0.16) were noted.
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Linear mixed model analysis revealed a significant effect of treatment and time on
IL-6 levels F (1,2) = 3.97, p = 0.02). The PE resulted in a significant decrease in IL-6 levels
compared to the placebo (by 5.47 ± 1.34 pg/mL (SE), p < 0.001). IL1-β levels were also
shown to be significantly decreased in the PE group compared to the placebo group
(F (1,2) = 2.98, p = 0.05). Although the CRP and TNF-α levels showed a downward trend
in the PE group, this did not reach statistical significance ((F (1,2) = 0.97, p = 0.38) and
(F (1,2) = 1.49, p = 0.23), respectively). No significant effects were detected for the IL1-α
(F (1,2) = 1.34, p = 0.26), IL-2 (F (1,2) = 2.48, p = 0.09), and PAI-1 (F (1,2) = 0.2.19, p = 0.12)
levels (Table 2).

Notably, there was considerable variability in the baseline IL-6 levels among the partic-
ipants, ranging from 0.76 pg/mL to 34.34 pg/mL. This variability was also noted for TNF-α
(0.38 to 38.86 pg/mL), IL-1α (4.56 to 34.84 pg/mL), and PAI-1 (0.1 to 19.1 pg/mL). Although
clinical guidelines for normal levels of IL-6 and TNF-α have not been established, healthy
levels are generally considered to be 17.4 pg/mL and 8.1 pg/mL, respectively [24,25].
Based on these thresholds, 65.5% of participants exhibited elevated IL-6 levels, and 45.5%
exhibited high TNF- α levels; 96.1% of participants fell within the normal range of CRP,
defined as below 1mg/dL [26].

Table 2. Effect of pomegranate extract on inflammatory markers compared to control.

Baseline Week 6 Week 12

Mean ± SD N Mean ± SD N Mean ± SD N

IL-6 (pg/mL) PL 21.27 ± 5.97 37 23.43 ± 12.16 37 23.69 ± 10.01 36
PE 20.17 ± 7.69 40 17.42 ± 10.12 40 14.32 ± 9.78 * 39

CRP (mg/dL) PL 0.21 ± 0.21 37 0.23 ± 0.24 37 0.22 ± 0.11 36
PE 0.26 ± 0.41 40 0.20 ± 0.49 40 0.13 ± 0.1 39

TNF-α (pg/mL) 1 PL 8.44 ± 9.77 36 10.5 ± 12.61 37 10.9 ± 7.86 36
PE 10.87 ± 8.29 40 10.78 ± 8.01 40 8.93 ± 4.55 39

IL1-α (pg/mL) 1 PL 10.88 ± 5.48 36 10.72 ± 4.54 37 13.55 ± 8.66 36
PE 12.78 ± 6.88 40 12.02 ± 4.76 40 12.23 ± 5.41 39

IL1-β (pg/mL) PL 5.67 ± 2.01 36 4.82 ± 1.51 37 5.58 ± 1.82 36
PE 6.59 ± 2.35 40 5.99 ± 1.97 40 5.38 ± 1.82 * 38

IL-2 (pg/mL) 1 PL 5.07 ± 1.22 36 5.12 ± 1.36 37 4.75 ± 1.58 36
PE 4.84 ± 1.19 40 5.39 ± 1.61 40 5.66 ± 2.36 39

PAI-1 (ng/mL) 1 PL 4.96 ± 4.42 36 4.88 ± 3.83 37 6.01 ± 9.26 36
PE 5.3 ± 4.26 40 4.42 ± 4.54 39 5.17 ± 6.91 39

Data were analysed using linear mixed-effects model. 1 Data were analysed via linear mixed-effects model after
logarithmic transformation of data (non-parametric data). Mean ± SD is added to facilitate comparison with other
studies. * p < 0.05. Significant decrease from baseline. Abbreviations: IL-6: Interleukin 6; CRP: C-Reactive Protein;
TNF-α: Tumour Necrosis Factor-alpha; IL1-α: Interleukin 1 alpha; IL1-β: Interleukin 1 beta; IL-2: Interleukin 2;
PAI-1: Plasminogen Activator Inhibitor-1.

3.2. Effects of PE on Blood Pressure

The analysis showed a significant interaction between treatment and time and SBP
(F (1,2) = 3.35, p = 0.04). SBP significantly decreased by 5.22 ± 1.26 (SE) mmHg at week
12 compared to baseline, while no significant differences were noted in the PL group.
As for DBP, the results showed a trend towards a decrease in DBP in the PE group by
2.94 ± 1.08 (SE) mmHg, yet it did not reach statistical significance (F (1,2) = 1.2, p = 0.3)
(Figure 2).

The assessment of blood pressure status in this population revealed that 79.5% of the
population had elevated blood pressure (SBP between 120 and 129 mmHg). Stratifying the
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population based on blood pressure status showed that the significant decrease in SBP was
only significant in those with elevated SBP (p = 0.03).

 

Figure 2. Effects of pomegranate extract on systolic and diastolic blood pressure compared to placebo.
* Significant difference from baseline (p < 0.05). Values are expressed as mean ± SE. Results were
analysed using linear mixed-effects model. The PE group exhibited a significant decrease in systolic
blood pressure from baseline (p < 0.05), while it showed a trend toward a decrease in diastolic
blood pressure (p = 0.3). Abbreviations: SBP: systolic blood Pressure; DBP: diastolic blood Pressure;
PE: pomegranate extract; PL: placebo.

3.3. Effect of the Intervention on Anthropometric Measurements and Other Metabolic
Health Outcomes

Analysis via the linear mixed-effects models showed no significant interactions be-
tween treatment and time and the anthropometric measurements, fasting blood glucose,
and lipid levels (p > 0.05) (Table 3). Based on the clinical guidelines [27], 89.3% of par-
ticipants had high TC levels (above 5 mmol/L) and 80.26% had high LDL levels (above
3 mmol/L). Additionally, 10.7% had elevated TG levels (above 1.7 mmol/L). However, the
majority of participants had normal HDL levels, with only 4% of participants falling below
the threshold of 1 mmol/L for men and 1.2 mmol/L for women; FBG levels were above the
5.4 mmol/L threshold [28] in 47.4% of participants.

Table 3. Effect of pomegranate extract on multiple outcome parameters.

Baseline Week 6 Week 12

Mean ± SD N Mean ± SD N Mean ± SD N

BMI (Kg/m2)
PL 24.13 ± 3.28 37.00 24.15 ± 3.23 37.00 23.69 ± 3.70 36.00
PE 23.88 ± 3.22 41.00 23.75 ± 3.09 41.00 23.73 ± 3.13 40.00

WC (cm) PL 86.02 ± 10.43 37.00 85.88 ± 10.43 37.00 86.12 ± 10.46 36.00
PE 83.86 ± 9.94 41.00 83.79 ± 9.95 41.00 84.18 ± 10.10 40.00

WHR
PL 0.85 ± 0.06 37.00 0.85 ± 0.06 37.00 0.86 ± 0.06 36.00
PE 0.84 ± 0.07 41.00 0.84 ± 0.07 41.00 2.01 ± 7.38 40.00

BF%
PL 22.14 ± 10.99 37.00 22.02 ± 10.31 37.00 24.35 ± 17.02 36.00
PE 22.49 ± 9.49 41.00 22.66 ± 9.66 40.00 22.98 ± 8.15 38.00
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Table 3. Cont.

Baseline Week 6 Week 12

Mean ± SD N Mean ± SD N Mean ± SD N

FBG (mmol/L) PL 5.34 ± 0.58 37.00 5.48 ± 0.51 35.00 5.49 ± 0.38 36.00
PE 5.35 ± 0.37 40.00 5.37 ± 0.47 36.00 5.35 ± 0.39 36.00

HDL (mmol/L) PL 1.75 ± 0.36 37.00 1.78 ± 0.43 35.00 1.72 ± 0.39 35.00
PE 1.77 ± 0.51 39.00 1.71 ± 0.58 37.00 1.68 ± 0.45 36.00

LDL (mmol/L) PL 3.54 ± 0.65 37.00 3.43 ± 0.72 35.00 3.29 ± 0.65 35.00
PE 3.57 ± 0.72 39.00 3.39 ± 0.66 36.00 3.55 ± 0.67 36.00

TC (mmol/L) PL 5.81 ± 0.65 36.00 5.72 ± 0.76 35.00 5.55 ± 0.83 36.00
PE 5.80 ± 1.22 40.00 5.38 ± 1.43 37.00 5.76 ± 0.99 36.00

TG (mmol/L) PL 1.11 ± 0.51 37.00 1.07 ± 0.45 35.00 1.12 ± 0.61 34.00
PE 1.07 ± 0.42 40.00 1.25 ± 0.73 37.00 1.25 ± 0.46 36.00

Data were analysed using linear mixed-effects model. None of the parameters reported a significant difference
(p > 0.05). Abbreviations: PE: pomegranate extract; PL: placebo; WC: waist circumference; WHR: waist-to-hip
ratio; BF%: body fat percentage; FBG: fasting blood glucose; HDL: high-density lipoprotein; LDL: low-density
lipoprotein; TC: total cholesterol; TG: triglycerides.

3.4. Impact of Weight Status on the Outcomes
3.4.1. Inflammatory Markers

The results showed no significant correlation between BMI and the different inflam-
matory markers (p > 0.05), showing that the high levels of certain markers did not increase
positively with increased body weight.

The linear mixed-effects model analysis using BMI as a covariate showed that it did
not have an impact on the outcomes for IL-6 (F(1,2) = 0.63, p = 0.53), TNF-α ((F(1,2) = 0.7,
p = 0.5), CRP (F(1,2) = 0.25, p = 0.09), IL-α (F (1,2) = 1.46, p = 0.23), IL-2 (F(1,2) = 0.006,
p = 0.99), PAI (F(1,2) = 2.57, p = 0.08), and IL1-β (F(1,2) = 1.35, p = 0.09); the decrease in IL-6
and IL1-β levels were therefore irrespective of weight status.

3.4.2. Blood Pressure, Fasting Lipid and Glucose Levels

Pearson’s correlation analysis showed no significant correlation between BMI and SBP
(p = 0.56) or DBP (p = 0.24). Additionally, weight status did not seem to affect the outcomes
of PE on both SBP (F (1,2), 0.4, p = 0.67) and DBP (F (1,2) = 0.84, p = 0.43). Similar results
were noted for FBG and the fasting lipid levels (TC, TG, HDL, and LDL).

3.5. Compliance

The participants demonstrated a high level of compliance, estimated at approximately
87%. Only two individuals, both from the PL group, experienced an upset stomach during
the intervention. A random review of the diet diaries from 30 participants indicated no
significant variations in energy intake over the course of the intervention (p = 0.31 for the
PL group and p = 0.24 for the PE group). Furthermore, there were no notable differences in
macronutrient consumption, including protein, fat, and carbohydrates (p > 0.05). Similarly,
physical activity levels remained stable throughout the intervention (p = 0.67 for the PL
group and p = 0.28 for the PE group).

4. Discussion

This trial aimed to assess the effects of daily PE supplementation (740 mg) on inflam-
matory markers and cardiometabolic risk factors in adults aged 55–70 years, as well as its
potential in preventing age-related diseases. We reported significant lowering effects of
the extract on IL-6, IL1-β, and SBP, with a trend towards a decrease in CRP, TNF-α, and
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DBP levels. While the trial population consisted of apparently healthy older adults with no
diagnosed diseases, they exhibited higher levels of inflammatory markers compared to the
estimated normal values; this is consistent with studies reporting increased levels of IL-6
and TNF-α in healthy older individuals without acute infection [29,30]. This, together with
the elevated SBP reported in most participants, make our findings particularly relevant for
supporting healthier ageing, irrespective of weight status.

The results of this trial align with a body of evidence that supports the beneficial effects
of PE on inflammatory markers. A meta-analysis of 16 randomised clinical trials including
572 individuals reported a significant decrease in IL-6 levels [19], yet it was limited by the
different dosages and formulations (use of either juice or extract), as well as trial design and
the population’s health state. Although we identified trends in the decrease in TNF-α and
CRP that did not reach statistical significance, and several inflammatory factors showed
no reduction, these effects may be typical of plant-based interventions, which generally
lead to smaller and more gradual benefits than pharmacological agents. While the effects
are moderate, they provide promising results for including PE in a broader health strategy
focused on preventing age-related inflammation.

The blood pressure-lowering effects of pomegranate have been widely documented.
In our previous short-term studies, we observed significant reductions in blood pressure
among healthy individuals [15–18]. Additionally, a recent meta-analysis of 22 randomised
controlled trials found that pomegranate was associated with significant reductions in
both SBP and DBP, with greater reduction in those who have higher SBP at baseline [31],
an outcome that is consistent with our findings. The significant decrease in SBP after
12 weeks of PE supplementation (by 5.22 ± 1.26 (SE) mmHg) may have important clinical
relevance as it has been reported that a 5 mmHg reduction in SBP can reduce the risk of
major cardiovascular events by 10% [32]. This finding may have significant implications
for clinical practice as it may help to support hypertension prevention in older adults.
This highlights the need for replicated studies to establish these results, together with
exploring underlying mechanisms. Improved endothelial function and increasing nitric
oxide availability have been suggested as potential pathways. Notably, ellagitannins in
PE have been reported to enhance endothelial function by reducing oxidative stress and
promoting endothelial nitric oxide synthase (eNOS) activity, leading to better vasodilation
and lower blood pressure [33,34].

Our results add to the substantial evidence indicating no significant effects of PE
on lipid levels or fasting blood glucose [35,36], despite a considerable number of our
participants showing elevated levels of these parameters. This supports the notion that PE
may not directly benefit fasting blood glucose and lipid levels. While PE has demonstrated
anti-inflammatory and blood pressure-lowering effects, its impact on lipid and glucose
metabolism appears limited. Understanding the mechanisms of action of the bioactive
components involved may help enhance the potential of PE in future interventions.

We reported that both normal weight and overweight individuals exhibited elevated
inflammatory markers typically associated with ageing. The lack of correlation between
body weight and inflammatory markers suggests that other factors, such as lifestyle factors,
may influence this association [37]. However, the lower representation of overweight
participants compared to normal-weight individuals, as well as the small sample size in
the stratified analysis, could partly explain this observation. Additionally, as we excluded
individuals with obesity due to the focus on prevention, this may have influenced our
findings, as elevated inflammatory markers may be more commonly associated with obesity
than with being overweight. Future studies can explore this association.

This trial has several strengths. This is the first trial to investigate the preventive
effects of PE on age-related diseases in the specific age group of 55–70 years. It has a
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robust sample size and involves a comprehensive analysis of inflammatory markers and
several cardiometabolic risk factors. However, we note several limitations including the
overrepresentation of females and normal-weight participants, which reflects the profile of
individuals typically interested in participating in such research. This may have restricted
the ability to evaluate the influence of gender and BMI on the outcomes. Additionally,
the reliance on self-reported data regarding diet and physical activity presents another
potential limitation. The large variability in parameter levels between the participants may
have affected the outcomes. Lastly, while the trial was 3 months long, it still does not reflect
the long-term effects of PE on inflammatory markers and cardiometabolic risk factors.

5. Conclusions

This trial demonstrates that PE may be beneficial in reducing inflammatory markers
and blood pressure among older adults, where these factors are often elevated. The
consumption of pomegranate extract may offer a valuable, non-pharmacological strategy
to promote healthy ageing. However, confirmation in larger, long-term trials with more
diverse populations is needed. Future research should additionally investigate its practical
application in clinical settings while assessing its long-term benefits.
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Abstract: Background/Objectives: Lifestyle (in particular, nutrition and exercise) determines present
and future youths’ health. The goal of the present study was to identify specific student groups
who deserve precise lifestyle improvement interventions, tailored to their characteristics. Methods:
An anonymous web-based questionnaire to assess lifestyle was posted on the websites of two
main Italian Academic Institutions, and 9423 students voluntarily participated. A personalised
immediate report was provided to improve compliance/motivation. We assessed age, sex, affiliation,
anthropometrics, lifestyle components (nutrition, exercise, sedentariness, stress perception, smoking,
alcohol, sleep), and the desire to be helped with lifestyle improvement. Cluster analysis was performed
to identify healthy lifestyle groups among the students. Results: In total, 6976 subjects [age: 21 (20,
23) yrs; 3665 female, 3300 male] completed the questionnaire and were included. Of these students,
73.9% expressed the need for lifestyle improvement help, particularly for becoming physically active
(66.7%), managing stress (58.7%), and improving nutrition (52.7%). We unveil three clusters of subjects,
each corresponding to a distinct lifestyle pattern. The clusters are differentiated by exercise level and
perceptions of stress/fatigue/somatic symptoms (cluster 1: 74.8% meet international exercise guidelines
(IEGs), 67.4% have high stress perception, 49.1% drink 1–3 glasses of wine/beer per week, and 63.3%
drink 0–1 glass of spirits per week; cluster 2: 75.6% meet IEGs, 75.7% have low/medium levels of stress
perception, and 65.8% have low alcohol consumption; cluster 3: 72.5% do not meet IEGs, 77.6% have
high stress perception, and 67.5% have low alcohol consumption). More active students present lower
stress/somatic symptoms perception. Interestingly, the AHA diet score (nutrition quality) was not
in the ideal range in any cluster (nevertheless, obesity was not of concern), being worst in cluster 3,
characterized by higher stress perception (59.7% had poor nutrition quality). Those who were physically
active but showed a high stress/fatigue perception were used to drinking alcohol. Conclusions: Students
desire help to improve their lifestyle, and this approach might help identify specific student groups to
whom LIs in Academic Institutions can be tailored to foster well-being and promote health.

Keywords: well-being; physical activity; tailored intervention; stress management; public health;
lifestyle assessment; physical activity; nutrition quality
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1. Introduction

Undergraduate students (approximately 18–26 years) are typically in the phase of
young adulthood, a pivotal time of life. They are different from older adults and adoles-
cents in ways that affect their decision-making, behaviour, and health choices [1]. During
these years, they complete their education and pursue endeavours which will shape their
adult personal and working life. They also shape their attitude towards behaviours which
may dramatically impact their well-being and health in the present and future, and the
scientific literature [2] depicts this age as one of the best periods in the lifespan for health
promotion and the primary prevention of chronic non-communicable diseases. Neverthe-
less, motivating young people to adopt a healthy lifestyle (defined as individual behaviours
having a significant impact on health and well-being, such as nutrition, physical activity,
stress management, sleep hygiene, and consuming risky substances, for example smoke
and alcohol) is demanding since they frequently exhibit health behaviours below public
health recommendations [3,4]. A recent study on a large Spanish student population [5]
conducted during the COVID-19 pandemic revealed that a lack of time and laziness were
indicated as the main reasons for giving up or not taking up physical activity. Other recent
studies addressing nutrition in students have shown that a “healthy diet” pattern is present
only in subjects who exercise on a regular basis [6], that there is evidence of a correlation
between poor diet quality in students with elevated BMI and smoking, stress level, alcohol
consumption, and poorer sleep quality [7], and that there is an association between healthy
diet and physical activity [8].

Generally, young people consider themselves healthy individuals and are more prone
to focusing “on the present” instead of “on the future”, at least regarding health issues. To
promote healthy behaviours among young populations, it might be particularly interesting
to draw their attention to the “immediate” benefits of a healthy lifestyle; among these
benefits, the perception of well-being and improved quality of life may play a pivotal role [9].
It might be particularly appropriate to change young adults’ “point of view” [10–12] via
preventive strategies, focusing more on well-being and the promotion of healthy behaviours
(in particular, a physically active life, healthy nutrition, non-smoking, stress management,
and sleep hygiene) than solely on reducing traditional cardio-metabolic risk factors (such as
high cholesterol level, high blood pressure, overweight/obesity, etc), which often are within
the normal range. Recently, we have shown [9] that young employees present a worse
lifestyle than older ones, even without alterations in anthropometric, metabolic, lipid, and
haemodynamic parameters. Unveiling unhealthy behaviours (for instance, poor quality of
nutrition, smoking, or sedentariness) before the appearance of abnormal clinical parameters
(such as those related to metabolic syndrome and low-grade chronic inflammation, such as
hyperglycaemia, obesity, and high cholesterol level) may help young people to reconsider
their habits and modify them as soon as possible.

It is important to underline that the worsening of psychological well-being linked
to anxiety and stress is particularly interesting in youth. Stress and depression represent
an emerging health issue [13,14], especially in young populations. They live in a rapidly
changing and demanding world, where individual and global sources of stress contribute
to the feeling that continually increasing performance is a necessity, which may not be
counterbalanced by enough individual and community coping resources. The link between
stress and lifestyle is complex, and many pieces of evidence suggest that stress may
worsen lifestyle [11,14,15], with those affected favouring poor nutrition, sedentariness,
smoking, alcohol, drug abuse, etc., as coping strategies, with a negative consequence
on cardiometabolic–oncological health. On the other hand, lifestyle improvement has
been shown to be a pivotal strategy to prevent chronic diseases, improve well-being, and
manage stress [11,14–17]. Becoming/remaining physically active plays a central role in this
context [11,16]. Many Academic Institutions [18,19] offer their students services to promote
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and improve well-being, including psychological support and lifestyle improvements,
and some scientific papers have been devoted to the study of students’ lifestyles. For
instance, one study [20] showed, in a large cohort of Brazilian students, that the odds of
depression and anxiety symptoms were higher in students characterized by sedentary
behaviour; another study [21] revealed in German students that lower sedentary time and
higher physical activity were associated with reduced levels of perceived stress. Another
one [22], using cluster analysis, showed that students that smoked were more likely to
report higher stress.

Considering the great importance of fostering health and well-being in young peo-
ple, our hypothesis was that tailored approaches would be more effective in improving
lifestyles than “generic” intervention. The present study aimed to define groups of students
characterized by specific lifestyles to better tailor preventive strategies and educational pro-
cedures to favour well-being and health during academic years. To this end, we used data
collected by means of a web-based anonymous questionnaire [11,23,24], filled in by a large
cohort of undergraduate students from the two largest universities in the northern area of
Italy (Lombardy), to investigate lifestyle components, with particular regard to nutrition
habits, physical activity, perception of stress, fatigue, somatic-stress-related symptoms, the
consumption of alcoholic beverages, smoking habits, and sleep.

2. Materials and Methods

2.1. Participants

This study is part of a project of the University of Milano and the Polytechnic of Milano;
the goal is to put in place some best practices to improve quality of life, well-being, and
sustainable lifestyle in the city area where the two big Academic Institutions are located. The
promotion of healthy lifestyle behaviours has a role of paramount importance and may be
considered a real sustainable tool. To take action today (to improve individual behaviour) is
to preserve a great good (health) that, otherwise, might disappear [25,26]. This specific topic
was ideated through a multidisciplinary collaboration between the Head and members
of the residency program of Sports Medicine and Physical Exercise, several professors
and experts in various areas of personal health and well-being from the University of
Milan, and the Governance and University Administration. A web-based questionnaire,
completely anonymous, was posted on the website of the two Academic Institutions in 2019.
All the students of the Polytechnic, students of select courses at the University of Milan
(Medicine and Surgery, Medical Biotechnologies, Medical Biotechnology and Molecular
Medicine, Nursing, Audiometric Techniques, Viticulture and Enology, Foodservice Science
and Technology, Exercise Sport and Health Sciences, Philosophy, Philosophic Sciences,
International Studies and European Institutions, and Political Sciences), and all students
enrolled in their first year of any course were invited to fill it out. An email explaining the
purposes and goals of the questionnaire and the possibility of disseminating the results
derived from the anonymous analysis was sent to the students. A personalized immediate
report was provided to improve compliance/motivation. We have already described [23]
the methodology employed to create the questionnaire. During the pandemic period, we
offered students online healthy lifestyle promotion programs [26].

2.2. Instruments and Procedure

We collected anthropometric data (weight, height, waist circumference), age, sex, and
university affiliation.

Lifestyle Assessment:
Physical activity (total activity volume) was assessed by a modified version of

the commonly employed short version of the International Physical Activity Question-
naire (IPAQ) [27], which focuses on the intensity (nominally estimated in Metabolic
Equivalents—METs—according to the type of activity) and duration (in minutes) of physi-
cal activity. We considered the following levels: activities of moderate intensity
(≈4.0 METs/minute) and activities of vigorous intensity (≈8.0 METs/minute). These
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levels were used to calculate the weekly exercise volume of structured exercise (METsMV;
MV—moderate and vigorous) using the following equations:

METsMV = 4 × M × dM + 8 × V × dV, (1)

where METsMV stands for weekly moderate and vigorous physical activity volume ex-
pressed in METs minutes/week; M is the number of minutes/day of moderate-intensity
activity; dM is the number of days/week of moderate-intensity activity; V is the number
of minutes/day of vigorous-intensity activity; and dV is the number of days/week of
vigorous-intensity activities. The quantity in (1) may then be considered the total weekly
volume of structured exercise.

We also assessed the frequency of regular strength and flexibility exercises, considering
the following scale: never; sometimes; 1 session/week; 2–3 sessions/week; more than
3 sessions/week.

Sedentary behaviour was assessed by asking the number of hours spent in sedentary
behaviour (for instance, studying, sitting, driving, TV viewing, computer or smart device
usage) during weekly working days and weekend days.

Nutrition was assessed using the American Heart Association (AHA) Diet Score [28],
taking into consideration fruit/vegetable, fish, sweetened beverage, whole grain, and
sodium consumption (the assessment of the latter was adapted to Italian eating habits and
considered as a score of “nutrition quality”) [23].

Perceptions of stress, fatigue, and subjective somatic-stress-related symptoms (short
4SQ) were assessed using a self-administered questionnaire [23] with nominal self-rated
Likert scales from 0 (“no perception”) to 10 (“highest perception”) for each measure. We
considered a short version of the 4SQ, taking into account 3 somatic symptoms (perception
of heart beating, perception of muscle tension, perception of knot in stomach); thus, the
total score ranged from 0 to 30.

Smoking behaviour: We considered all subjects who reported to have never smoked
or to have stopped smoking for more than one year as non-smokers.

We enquired about the usage of alcohol, considering Italian habits, asking the number
of glasses of wine or beer consumed per week and the number of glasses of spirits consumed
per week.

Perceptions of quality of sleep, quality of health, and quality of life were assessed with
nominal self-rated Likert scales from 0 (“bad”) to 10 (“very good”) for each measure.

Desire to be helped with lifestyle change was inquired considering two options: yes
or no.

2.3. Data Analysis

A quality check of the collected data was performed to remove non-realistic answers
from the dataset and to identify conditions with a high percentage of non-response. All
participants voluntarily provided anonymous data. The study protocol was approved by
the Institutional Ethics Committee of the University of Milan (Allegato 4 Comitato Etico
25.05.18; Repertorio pareri Comitato Etico: parere numero 21/18) and by the Institutional
Ethics Committee of the Polytechnic of Milan (Parere 11/2018 dated 26 July 2018).

Statistics: The data consisted of records of 9423 students who filled out the question-
naire; 2447 students who had more than five missing values were excluded. Categorical
variables were summarized by counts and percentages, and numerical variables were
summarized using the median and the first and third quartiles due to the asymmetry
of the distributions. Comparisons between genders were carried out using quantile re-
gression methods for numerical variables and logistic regression for categorical variables
with binary or multiple response options. p-values were corrected for the multiplicity of
comparisons using the Bonferroni rule. The primary aim was to identify healthy lifestyle
groups among the students; to this aim, cluster analysis was performed. The following
variables were used: waist circumference, AHA diet score, METs for moderate and vigor-
ous activities, BMI, sedentary time during week days, sedentary time during weekends,
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hours of sleep, smoking habits, perceptions of stress, fatigue, and subjective somatic-stress-
related symptoms (s4SQ), consumption of wine and beer, and consumption of spirits. All
the numerical variables for the above were converted into categorical variables using the
following classifications for the cluster analysis:

1. Waist circumference (WC) was coded as green (<80 cm and <94 cm, respectively, for
female and male students), yellow (80–87.9 cm and 94–100.9 cm for female and male
students, respectively), or red (>87.9 cm and >101.9 cm, respectively) [29]. Students
who declared WC < 60 cm or >130 (female) and WC < 70.5 cm or >130 (male) were
excluded from the analysis.

2. BMI (body mass index) was coded as underweight/normal weight (<25 Kg/m2),
overweight (25–29.9 Kg/m2), or obese (30 Kg/m2) [28].

3. METs for moderate and vigorous activity were codified as “insufficient levels of
exercise” if <600 (MET·min/week), or otherwise as “adequate” [27].

4. Weekly hours spent in sedentary activity (during working days and weekends) were
coded as “active habits” (<9 h/week) or “sedentary habits” (otherwise) [30].

5. Hours of sleep were considered “adequate” if ≥7 per day or “insufficient” other-
wise [31].

6. Consumption of wine and beer was coded as 0 glasses/week, 0.1–1 glasses/week,
1.1–2.9 glasses/week, or >2.9 glasses/week.

7. Consumption of spirits: 0 glasses/week, 0.1–1 glasses/week, or >1 glasses/week.
8. Perception of subjective stress-related somatic symptoms (s4SQ) was coded into five

classes in the following quintiles: 0–3, 4–6, 7–10, 11–15, and 16–30.
9. Perceptions of stress and fatigue were coded, separately, into the following five classes:

0–2, 3–4, 5–6, 7–8, and 9–10.
10. Smoking habits were coded as “smoker, ex-smoker, electronic cigarettes, or non-smoker”.

Eleven subjects who declared “other gender” were excluded due to the impossibility
of obtaining the classes for waist circumference, which considered only values for male and
female categories. Cluster analysis was performed on 5861 subjects with complete records
of the variables above. In a preliminary step, the association among the variables above was
evaluated by multiple correspondence analysis [32]. The clustering algorithm used was K-
modes [33] because it is suited for categorical variables. In addition, it is optimal for survey
research applications because it can handle large datasets with a high number of categories
of variables. The algorithm was run many times (6000 runs for k = 3 to 10 clusters), and the
optimal number of clusters was chosen according to the maximum of the average silhouette
width index [34]. Clusters were described using graphical representation (heatmap) and
textual description. To investigate the degree of separateness of the clusters, we applied
Principal Coordinates Analysis (PCoA) methods, as described by Bakker [35]. The analysis
was performed using R software version 4.0.4 [36] with the packages FactoMineR [37],
KlaR [38], and vegan [39] added.

3. Results

The questionnaire was filled out by 9423 subjects. Of these, 7036 were Polytechnic stu-
dents (74.6%), 2205 were students of the University of Milan (23.4%), and 182 (2.0%) did not
specify affiliation. Based on the pre-defined criteria (see statistical analysis), 6976 (74.03%)
subjects were included in the analysis. The features of these students are summarized in
Table 1.

Table 1 shows that the majority of students are normoweight, though the percentages
of male students in the overweight and obesity classes are slightly greater than those of
female students. Male students are slightly more active than female students who, instead,
present a higher perception of stress, fatigue, and somatic symptoms. The majority of
students are non-smokers and are occasional alcohol consumers, with the percentage of
subjects who do not drink any alcohol being slightly greater in female students.
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Table 1. Anthropometric and lifestyle data collected from all subjects (total) and divided by gender.

Total
(n = 6976)

Female
(n = 3665)

Male
(n = 3300)

p-Value

Affiliation:
University of Milan 1782 (25.5%) 1221 (33.3%) 556 (16.8%)
Polytechnic of Milan 5128 (73.5%) 2396 (65.4%) 2727 (82.5%)
Other (not specified) 66 (0.9%) 48 (1.3%) 17 (0.5%)

Age [y] 21 (20, 23) 21 (20, 23) 21 (20, 23) ns

Weight [Kg] 63 (55, 72) 57 (52, 62) 71 (65, 78) p < 0.0001

Height [cm] 172 (165, 179) 166 (161, 170) 179 (174, 183) p < 0.0001

BMI [Kg/m2] 21.3 (19.6, 23.2) 20.5 (19.1, 22.3) 22.2 (20.6, 24.1)

p < 0.0001
Underweight/normal weight

(<25 Kg/m2) 6125 (87.8%) 3353 (91.5%) 2762 (83.7%)

Overweight (25–29.9 Kg/m2) 713 (10.2%) 258 (7.0%) 454 (13.8%)
Obese (≥30 Kg/m2) 138 (2.0%) 54 (1.5%) 84 (2.5%)

Waist circumference [cm] * 79 (70, 87) 71 (66, 80) 84 (80, 93)

p < 0.0001Green 4342 (74.1%) 2378 (72.6%) 1964 (75.8%)
Yellow 856 (14.6%) 467 (14.3%) 389 (15.0%)

Red 664 (11.3%) 427 (13.1%) 237 (9.2%)

METsMV [MET·min/week] 800 (200, 1800) 640 (120, 1440) 1200 (320, 2200)
p < 0.0001Insufficient (<600 METs) 2845 (40.8%) 1736 (47.4%) 1104 (33.5%)

Adequate (≥600 METs) 4131 (59.2%) 1929 (52.6%) 2196 (66.5%)

Frequency of strength exercise:

p < 0.0001

Never 3719 (53.3%) 2137 (58.3%) 1577 (47.8%)
Sometimes 889 (12.7%) 454 (12.4%) 434 (13.2%)

1 session/week 580 (8.3%) 328 (8.9%) 249 (7.5%)
2–3 sessions/week 1346 (19.3%) 619 (16.9%) 725 (22.0%)

More than 3 sessions/week 442 (6.3%) 127 (3.5%) 315 (9.5%)

Frequency of flexibility exercise:

p < 0.0001

Never 3271 (46.9%) 1574 (42.9%) 1695 (51.4%)
Sometimes 1546 (22.2%) 900 (24.6%) 643 (19.5%)

1 session/week 806 (11.6%) 495 (13.5%) 309 (9.4%)
2–3 sessions/week 1003 (14.4%) 527 (14.4%) 474 (14.4%)

More than 3 sessions/week 350 (5.0%) 169 (4.6%) 179 (5.4%)

Sedentary Behaviour: ns
p < 0.0001Week days [hours/week] 45 (35, 55) 45 (35, 55) 45 (35, 55)

Weekend days [hours/week] 12 (10, 18) 12 (10, 16) 14 (10, 18)

AHA Diet Score [a.u.] 2 (1, 3) 2 (1, 3) 2 (1, 2) ns

Smoking habits:

ns
Non-smoker 5268 (75.5%) 2737 (74.7%) 2525 (76.5%)
Ex-smoker 421 (6.0%) 227 (6.2%) 193 (5.8%)

Electronic cigarette smoker 43 (0.6%) 21 (0.6%) 22 (0.7%)
Smoker 1244 (17.8%) 680 (18.6%) 560 (17.0%)

Coffee [cups/day]:

ns0 2181 (31.3%) 1093 (29.8%) 1084 (32.8%)
1–2 3495 (50.1%) 1881 (51.3%) 1611 (48.8%)
3+ 1300 (18.6%) 691 (18.8%) 605 (18.3%)

Wine and beer [glass/week]:

p < 0.0001
0 2027 (29.1%) 1253 (34.2%) 772 (23.4%)

>0–3 3675 (52.7%) 1943 (53%) 1727 (52.3%)
4- 845 (12.1%) 336 (9.2%) 508 (15.4%)
7+ 428 (6.1%) 132 (3.6%) 293 (8.9%)
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Table 1. Cont.

Total
(n = 6976)

Female
(n = 3665)

Male
(n = 3300)

p-Value

Spirits [glass/week]:

p < 0.0001
0 3842 (55.1%) 2133 (58.2%) 1704 (51.6%)

>0–3 2992 (42.9%) 1489 (40.6%) 1500 (45.5%)
4–6 115 (1.6%) 32 (0.9%) 82 (2.5%)
7+ 27 (0.4%) 11 (0.3%) 14 (0.4%)

Short 4SQ score [au] 8 (3, 13) 9 (5, 15) 6 (2, 11) p < 0.0001

Stress perception [au] 6 (3, 8) 7 (4, 9) 5 (3, 8) p < 0.0001

Fatigue perception [au] 7 (4, 9) 8 (5, 9) 6 (4, 8) p < 0.0001

Sleep [hours/night] 7 (6, 8) 7 (6, 8) 7 (7, 8) ns

Perception of sleep quality [au] 7 (6, 8) 7 (6, 8) 7 (6, 8) ns

Perception of health quality [au] 7 (6, 8) 7 (5, 8) 7 (6, 8) ns

Perception of quality of life [au] 7 (5, 8) 7 (5, 8) 7 (6, 8) ns

Presence of chronic disease 630 (9.0%) 387 (10.6%) 241 (7.3%) p < 0.0001

Desire to be helped with
lifestyle change

5155 (73.9%) 2861 (78.1%) 2288 (69.3%) p < 0.0001

Desire to improve nutrition 3677 (52.7%) 1864 (50.9%) 1807 (54.8%) p = 0.0297

Desire to improve exercise 4652 (66.7%) 2617 (71.4%) 2030 (61.5%) p < 0.0001

Desire to improve stress
management

4098 (58.7%) 2380 (64.9%) 1715 (52.0%) p < 0.0001

Data are presented as counts and proportions for categorical variables and medians and quartiles (Q1, Q3) for
continuous ones. Eleven subjects declared to belong to the “other” gender; thus, they were accounted for only
in the total group (column 2). * For waist circumference, results were calculated from data of 5862 students
(3272 female, 2590 male) whose responses were considered reliable (see methods). Abbreviations: BMI = body
mass index; AHA = American Heart Association; MET = Metabolic Equivalent; 4SQ = subjective somatic-stress-
related symptoms questionnaire; au = arbitrary units; ns = not significant.

Notably, the majority of students were characterized by a normal BMI and normal
waist circumference classes (“green”). Nevertheless, the median of the AHA diet score cor-
responded to “intermediate health” [28], suggesting a quality of nutrition deemed in need
of improvement. Moreover, while most students reported meeting international physical
activity guidelines [40] regarding endurance exercise, only a tiny percentage (more evident
in male subjects) performed strength/flexibility exercises regularly (2/3 sessions/week), as
per the guidelines. Notably, 78.1% of female and 69.3% of male students desired help with
making a lifestyle change, particularly for improving exercise (66.7%), managing stress
(58.7%), and improving nutrition (52.7%).

Investigation of Lifestyle Patterns

The association between the 13 variables used for assessing students’ lifestyles (see
Methods section for their definition) was evaluated via MCA (Figure S1). The first di-
mension (Dim. 1) and the second dimension (Dim. 2) together explained 78.3% of the
variance. Dim.1 (X-axis) explained 61.4% of the total variability, and three variables showed
high coordinates in this dimension (s4SQ, fatigue, and stress level), suggesting that these
three variables are associated. Dim. 2 (Y-axis) explained 16.9%. Wine and beer, spir-
its, and (to a lesser extent) smoking showed a high coordinate on this axis, suggesting
another association.

More details about the associations can be derived from Figure 1 (MCA map). There
is an association between low fatigue scores, low stress scores, and low perceptions of
somatic symptoms (s4SQ score), all represented on the right side of the plot. In contrast,
higher levels of the same variables are all represented on the left side, indicating that they
are associated with each other. Dim.1 (X-axis) separated subjects with a low perception of
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stress, fatigue, and somatic symptoms from subjects with a high level of these perceptions.
At the same time, Dim.2 (Y-axis) separated subjects with a high consumption of wine/beer
and spirits (and smokers) (observed in the top part) from subjects with low levels of the
same variables (observed in the bottom part), suggesting that the consumption of alcohol
and smoke are slightly associated with one another.

Figure 1. Multiple Correspondence Analysis map. The plot shows the modalities of the investigated
variables (see the legend below) in the space spanned by the axes determined by MCA. The grey
segments connect the modalities of the variables related to stress perception, namely s4SQ, stress,
and fatigue. WC = waist circumference; AHA_Score = AHA nutrition score.; BMI = body mass index;
METsMV = moderate and vigorous physical activity volume (adequate if ≥600 MET·min/week, oth-
erwise insufficient); _WD = sedentary behaviour during working days (active if <9 h/week, otherwise
sedentary); _WE = sedentary behaviour during weekends (active if <9 h/week, otherwise seden-
tary); sleep_hours = hours of sleep (adequate if ≥7 h/day, insufficient otherwise); stress: LL (low:
0–2), L (moderate/low: 3–4 points), M (moderate: 5–6 points), H (moderate/high = 7–8 points),
HH (high: 9–10 points); fatigue: LL (low: 0–2), L (moderate/low: 3–4 points), M (moderate:
5–6 points), H (moderate/high = 7–8 points), HH (high: 9–10 points); s4SQ = short question-
naire on subjective somatic-stress-related symptoms: LL (low: 0–3 points), L (moderate/low:
4–6 points), M (moderate: 7–10 points), H (moderate/high: 11–15 points), HH (high: 16–30 points);
smoke = smoking habits: SM (smoker), FSM (former smoker), EC (electronic cigarettes), and NS
(non-smoker); Wine_beer = wine and beer consumption: none (0 glass/week), low, medium, high
(0, 0.1–1, 1.1–2.9, and >2.9 glasses/week); spirits = spirit consumption: none (0 glasses/week), low
(0.1–1 glasses/week), high (>1 glasses/week). The modalities of the variables of interest (e.g., smoker,
non-smoker) are represented by points, and the presence of points close to one another reveals that
the corresponding modalities are tendentially observed together. On the right side of the plot (X-axis),
the following variables are found: fatigue = LL (very low), L (moderate/low), and M (moderate);
stress = LL (very low), L (moderate/low), and M (moderate); and s4SQ = LL (very low) and L
(moderate/low). Higher levels of the same variables are observed in the left part. Note that the
different classes for perceptions of stress, fatigue, and somatic symptoms are in progressive order,
as evidenced, respectively, by the lines. In the top part of the figure (Y-axis) and near each other,
the following variables are found: smokers (also smokers of electronic cigarettes, represented by
the label EC), former smokers, and the highest levels of wine and beer (represented by the label
Wine_Beer-High) and spirit (Spirits-High) consumption. The lowest levels of the same variables are
observed in the bottom part.
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Subsequently, cluster analysis was performed. According to the average silhouette
width, 5861 students were grouped into three clusters (Figure S2). Each cluster corresponds
to a distinct lifestyle pattern. Figure 2 shows the characterization of clusters in terms of
student’s features, and the corresponding textual description is reported in Figure 3. It
may be seen that the major degree of association among the variables of interest (which
emerged from the MCA) is reflected in the clusters’ composition. Subjects in clusters 1
and 3 present high stress and fatigue perception, along with medium–high perceptions of
somatic stress-related symptoms; subjects in cluster 2 report low perceptions of somatic-
stress-related symptoms and low perceptions of stress. Similarly, wine/beer and spirit
consumption are connected in each of the three clusters. In the clusters, we do not find an
association between smoking habits and alcohol consumption; however, this is likely due
to the low degree of association.

Figure 2. Heatmap showing distributions of the student’s features for each cluster. The X-axis
represents the three clusters. The Y-axis represents all the possible modalities of the 13 variables
used for cluster analysis. The numbers in the cells express the percentages of students, showing the
modalities of the variables for each cluster. See the legend of Figure 1 for abbreviations.

From Figure 2, it may be seen that all the variables contribute to defining distinct
lifestyle patterns, except five variables, which are smoking habit (in fact, in all three clusters,
the highest frequency is “non-smoker”), waist circumference (“green” category common to
all the clusters), body mass index (<25 Kg/m2 common to all the clusters), hours of sleep
(“adequate” category common to all clusters), and sedentariness during weekends.

Figure 3 shows the three unveiled clusters of students. Students in cluster 1 are
physically active, present a high perception of stress, and drink alcohol; 67.9 of them are
characterized by an AHA diet score of 2–3, corresponding to “intermediate health” [28].
Cluster 2 is composed of students characterized by the best lifestyle pattern: being physi-
cally active, presenting a low stress perception, and not drinking alcohol. Nevertheless,
68.5% of them are characterized by an AHA diet score of 2–3, corresponding to “inter-
mediate health” [28], suggesting a quality of nutrition deemed in need of improvement.
Students in cluster 3 are sedentary, exercise less than recommended by international guide-
lines [40], and present a high perception of stress. Notably, 59.7% of them are characterized
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by an AHA diet score of 0–1, corresponding to “poor health” [28], suggesting a quality of
nutrition deemed in need of great improvement.

 

Figure 3. Characterization of students’ lifestyles according to the three clusters. AHA = American
Heart Association.

Remarkably, more active students present lower stress perception; moreover, students
in cluster 1, who are physically active but show a high perception of stress/fatigue, are
used to drinking alcohol.

PCoA was performed to investigate the degree of separateness of the three clusters.
Figure 4 depicts that the clusters show some degree of separateness, even though some
overlapping occurs in the central part of the figure.

Figure 4. PCoA plot. The figure shows students represented in two-dimensional spaces that preserve
the highest possible number of differences (goodness—of—fit index equal to 18.8%). Distinct labels
represent students belonging to distinct clusters: empty squares for cluster 1, grey crosses for cluster
2, and black triangles for cluster 3.
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Concerning the relationships between lifestyle and “external” features, we note the
following: In cluster 1, 56% (C.I. 53–58%) are female and 44% are male. In cluster 2, 47%
are female and 53% (C.I. 51–56%) are male. In cluster 3, 65% are female and 35% are
male. Moreover, the median of the judgement on quality of health is higher in cluster 2
(eight points) as compared to clusters 1 and 3 (seven points for each one), but the difference
among the three groups was not statistically significant (Wald test: p = 0.38)

4. Discussion

We hypothesized that the possibility of defining specific student groups, characterized
by different lifestyle patterns, might help to better outline tailored intervention programs
to be offered to the undergraduate students of two main Academic Institutions in northern
Italy. Therefore, cluster analysis was employed to identify groups of students with similar
lifestyles to better plan interventions aimed at lifestyle change.

In this paper, by employing an anonymous web-based questionnaire and a large cohort
of undergraduate students, we unveil three major clusters of subjects, each corresponding
to a distinct lifestyle pattern. Clusters are differentiated particularly in relation to exercise
behaviour and perceptions of stress, fatigue and somatic-stress-related symptoms; more
active students present lower perceptions of stress and somatic symptoms. Interestingly,
we observed that the AHA diet score (considered a marker of nutrition quality) was not
in the ideal range in any cluster (nevertheless, obesity was not of concern in this sample),
being worst in the cluster characterized by higher perceptions of stress; students in cluster 1,
who were physically active but showed a high perception of stress and fatigue, were more
used to drinking alcohol. Notably, a great percentage of students desired to be helped with
lifestyle improvement, particularly in terms of becoming more physically active, managing
stress, and improving nutrition.

Lifestyle represents an important tool to promote health, prevent/manage chronic
non-communicable diseases [12,28,40,41], and improve prognosis even in communicable
diseases such as COVID-19 [42]. In addition, it is of paramount importance to foster
well-being and manage stress [43,44]. Thus, improving lifestyle choices is valuable and
essential for everyone, but particularly young people. Unfortunately, young people are
often characterized by poor lifestyles, reduced well-being, and increased stress percep-
tion [13,14,44]—conditions which drive them to ask for help. In this paper, we observed that
at least 60% of the students who filled in the lifestyle questionnaire desired to be helped in
managing stress, and at least three-quarters of them in improving their lifestyle, particularly
in terms of becoming physically active and having healthier nutrition. This observation
suggests that institutions, particularly academic ones, should have a critical role in this
regard. Many of them guarantee their students services to foster well-being [18,45–47]
and promote healthy lifestyles. The possibility to tailor interventions to specific groups
may represent a critical approach toward an efficacious result. Simple generic counselling
may not always drive a real behavioural change [48]; on the contrary, tailored, specifically
designed interventions considering group or individual characteristics and needs may
be beneficial [49]. In this study, we unveiled specific student clusters characterized by
specific lifestyles, considering lifestyle data collected by means of a simple web-based
questionnaire. Notably, students with high stress perceptions are the least active and have
the worst nutrition quality (cluster 3), while students who present similarly high stress
perceptions but are physically active (cluster 1) drink more alcohol. On the other hand,
students of cluster 2, who have a healthier lifestyle, may deserve attention in improving
the quality of their nutrition, which, while being better than in cluster 3, was not ideal (as
recommended by guidelines) [28] (poor = score 0–1; intermediate = score 2–3; ideal = score
4–5). The observation that the quality of nutrition may be suboptimal in normal-weight
subjects may merit a specific note, in light of the importance of addressing this specific
issue in preventive campaigns or in well-being-promoting campaigns; as such, placing
attention only on overweight and obesity could be misleading.
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It may be particularly useful for young subjects to design stress management and/or
stress prevention campaigns that also include interventions based on lifestyle improvement;
in this context, exercise may play a pivotal role [50]. On the other hand, it is important
to educate students about the different benefits/risks of exercise and sport. For instance,
excessively encouraging the pursuit of only high-level sports performance might lead to
abandoning sports (if reached performances are not considered of note), increased risk of
injuries, and promoting risky behaviours such as alcohol use, especially in subjects who
present high stress perception. Vice versa, fighting sedentariness might be important to
prevent the adoption of this unhealthy behaviour, which is frequently associated with
stress and might accompany the student for life. Also, campaigns aimed at promoting
healthy nutrition may have a significant role in stress management interventions. The link
between stress and overweight and obesity is well known; interestingly, in this paper, we
observed that poor nutrition quality, stress perception, insufficient exercise, and seden-
tariness clustered together (cluster 3), even though obesity was not of concern in these
subjects. Educating young people before the appearance of clear signs of disease, such as
elevated body weight, could represent a meaningful intervention, particularly in students
characterized by elevated stress perception, a condition which might favour malnutrition.

The possibility of unveiling different student clusters identified by diverse lifestyle
characteristics might be useful to tailor interventions and avoid general campaigns that
might be suboptimal in fostering lifestyle changes.

Assessing lifestyle in undergraduate students represents an important research topic
due to the possible translational implications for intervention designs in the academic setting.
Several researchers have addressed this topic in different countries [5–8,20,21,51–54], using
many different approaches. These studies consider that students’ lifestyles are shaped by
various factors, including financial opportunities [22], access to health resources, and social
norms that influence their approach to health, physical activity, nutrition, stimulants, and
mental health. To the best of our knowledge, most of these studies were descriptive surveys,
showing the following: most of the students analysed were characterized by normal weight
(with male students being slightly overweight [51–53]); male students are slightly more
physically active [4] than female students; stress is of concern, particularly for female
students [9,55,56]; and the majority of students are non-smokers and are occasional alcohol
consumers [4,51–53]. Of particular interest is that, a more sophisticated approach, utilized
in some of these papers, permitted the unveiling of important practical aspects, such as the
relationship between depression and anxiety symptoms and sedentary behaviour [20]; the
relationship between smoking habits and reported stress [22]; and the relationship between
a healthy diet and regular exercise [6].

Notably, two major aspects were assessed in the literature: the association between
physical activity and stress and the association between nutrition/diet patterns and physical
activity. This issue assumes particular importance considering the strong roles of stress and
unhealthy nutrition in worsening health/well-being and in many chronic diseases. On the
other hand, regular aerobic exercise represents a pillar of the strategies to improve health
and treat/prevent chronic disease, but also to help manage stress and nutrition patterns.

In the present study, we confirm some of the observations of other studies and add
a new interesting aspect: the differences in lifestyle patterns among different clusters
of students, corroborating the importance of tailoring interventions based on specific
characteristics. We applied a multidimensional approach to the lifestyle assessment and
cluster analysis, which allowed us to unveil that the main factors capable of distinguishing
the different clusters of students were exercise, stress perception, nutrition quality, and
alcohol. This approach allowed us to identify groups of students with distinct healthy
behaviours and characterize them in terms of exercise, stress perception, nutrition quality,
and alcohol consumption.

The numerosity of the study sample may also be of note. The majority of previ-
ous studies considered small student cohorts, except for few of them [8,20], while our
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study analysed data from thousands of subjects, and this numerosity allowed us to obtain
reliable results.

Academic health promotion and health management may grant benefits which result
in improvements in undergraduate students’ lifestyles; in fact, education efforts to promote
healthy lifestyles may be disseminated to academic employees and the general popula-
tion. Moreover, undergraduate students may serve as models in their present and future
lives [57], when (presumably) they will fill an important professional role. Lastly, specific
training on lifestyle approaches for students of courses directly involved in the manage-
ment of diseases and health promotion (such as medical students, nurses, physiotherapists,
exercise physiologists, etc.) could become mandatory [58].

The employed questionnaire had already been used in other campaigns outside
academia [11,23,24] to define the lifestyles of employees [11,23] or patients. It has been
found to be capable of revealing an association between active habits and low stress percep-
tion both in healthy subjects [23] and breast cancer survivors; of revealing the betterment of
different lifestyle components after a period of physical training in metabolic syndrome pa-
tients [25] and in stress management interventions [59]; of showing that young employees
are characterized by poor lifestyle compared to older employees [9]; and of demonstrating
an association between stress perception and markers of sympathetic overactivity [25,59].
The possibility to easily quantify stress perception using just three questions inquiring
about stress from both a cognitive (directly asking about stress perception: “Do you feel
stressed?”) and somatic (asking questions regarding perceptions of fatigue and other so-
matic symptoms, such as palpitations or muscular tension) point of view may offer a simple
metric for assessing and monitoring interventions [25,59].

Limitations: This study presents some limitations. In general, the data obtained
through self-reported questionnaires might be of suboptimal quality. On the other hand,
the high number of respondents and the quality of data analysis may help control this
aspect [23]. Moreover, the questionnaire was completely anonymous, and we provided
participants with a personalized, immediate report based on the filled information, hence
increasing their likelihood of compliance [23] to insert trustful data on their present con-
dition. The questionnaire was filled out voluntarily, although a sampling selection bias is
expected, meaning that caution should be taken when extending the results to the overall
student population of the two universities. Nevertheless, the number of respondents was
relatively high for such an investigation, and we observed an extensive range of scores
for all questions. Another limitation of our study should be acknowledged: we focus
our attention only on the possibility of unveiling specific student clusters (using cluster
analysis), possibly losing the opportunity to report on other results relevant to the com-
munity that would require different statistical approaches. Our large dataset could have
permitted in-depth analysis. Nevertheless, we decided to focus our attention only on a
specific goal: to define groups of students characterized by specific lifestyles to better tailor
interventions aimed at improving health and well-being, answering a precise question of
our Academic Institutions. Future lines of data analysis will definitely consider different
statistical approaches, such as other types of parametric tests, the use of inferential statistics,
etc., granting results that will be more generalizable to other contexts.

5. Conclusions

In conclusion, we report that students of the two main public universities in North Italy
desire help with lifestyle improvement, mainly to be more physically active, to be capable
of managing stress, and to have better nutrition. By using an ad hoc web-based lifestyle
questionnaire, we revealed the presence of three main clusters of subjects characterised
by different lifestyle patterns. Students who reported high perceptions of stress, fatigue,
and somatic-stress-related symptoms were also less physically active and had the worst
nutrition quality (cluster 3). Moreover, students with higher perceptions of stress but that
were physically active (cluster 1) were those who consumed alcohol. However, students
who were physically active and reported low perceptions of stress, fatigue, and somatic-
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stress-related symptoms (cluster 2) showed a need to improve nutrition quality. This
approach might help identify specific student groups to tailor interventions fostering
well-being and promoting health in academic settings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16244339/s1, Figure S1: Association between the variables used to
perform clustering according to MCA; Figure S2: average silhouette width to choose the number of
clusters for the Kmodes algorithm.
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Abstract

Background/Objectives: Metabolism is fundamental to all living organisms. It comprises a
highly complex network of fine-tuned chemical reactions that sustain life but also generate
by-products that damage cellular biomolecules, including DNA, thereby contributing to
aging and disease. As metabolism can be largely modified by dietary alterations, it has the
potential to positively or negatively affect health and disease. Interestingly, many aging-
associated illnesses known to be influenced by diet also show a causal relation with DNA
damage. As DNA keeps all instructions for life, and DNA lesions, if unrepaired, interfere
with vital processes such as DNA replication and transcription, DNA damage may be an
important mediator of the impact of nutrition on health and aging. Methods: Here, we dis-
cuss the genome-protective effects of various oral interventions in mice, aiming to elucidate
which nutritional alterations lower DNA damage and promote overall health. Results: Our
analysis covers a wide range of interventions with reported positive impacts on genomic
stability, including modified diets (e.g., dietary restriction, probiotics, micronutrients, fatty
acids, and hormones), NAD+ precursors (e.g., nicotinamide riboside), plant derivatives,
and synthetic drugs. Among these, caloric and dietary restriction emerge as the most
potent, generic modulators of DNA damage and repair processes, enhancing aspects of
repair efficiency through metabolic recalibration and improved cellular resilience. Other in-
terventions, like NAD+ precursors, activate partly similar pathways without necessitating
reduced food intake. Conclusions: While many interventions show promise, their effects
are often less pronounced or are process-specific compared to caloric or dietary restriction.
Additionally, many substances lack comprehensive exploration of their genome-protective
effects in mice, with often only a small number of studies examining their impact on
genome stability. Moreover, the heterogeneity between studies limits direct comparison.
However, the observed overlap in mechanistic effects between treatments lends credibility
to their potential efficacy. Ultimately, a deeper understanding of these mechanisms could
pave the way for translating these findings into, e.g., combination treatments to promote
healthy aging in humans.

Keywords: dietary interventions; DNA damage and repair; aging
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1. Introduction

Metabolism consists of an intricate network of chemical reactions that sustain life
and serve as the foundation of biological functionality across all living organisms [1]. The
fundamental role of metabolism extends beyond mere survival, growth, and development,
as it also influences health status and disease trajectories by modulating the body’s in-
ternal environment and maintaining homeostasis in the face of exogenous stressors [2].
Dietary patterns significantly affect metabolic pathways, thereby impacting energy balance,
metabolic fitness, the amount and type of reactive by-products of metabolism, and overall
health [3–5]. Furthermore, these metabolic processes are both consequences and drivers of
the aging process, and may elicit anti-aging effects, implicating both longevity and quality
of life [6,7].

Many age-related chronic diseases, such as cardiovascular disorders, neurodegenera-
tion, and cancer, share a causal process; DNA damage (DD) [8–10]. DD generally occurs in
a stochastic manner and is highly heterogeneous, ranging from small oxidation products
(e.g., 8-oxo-dG) and abasic sites (induced by spontaneous hydrolysis, occurring ~104 times
per cell per day), to helix-distorting bulky adducts, intrastrand and interstrand crosslinks,
and protein–DNA crosslinks, and various forms of single- and double-strand breaks [11].
Each of these types of lesions is counteracted by one or more specialized DNA repair
mechanisms [11]. Base excision repair (BER) corrects small, non-helix-distorting base
lesions, while nucleotide excision repair (NER) and transcription-coupled repair (TCR)
remove bulky adducts that distort the DNA helix and/or physically impede elongating
RNA polymerases, resp. More disruptive lesions, like double-strand breaks, are repaired
either by homologous recombination (HR), when the (proliferating) cell is in S-phase or G2,
which restores the original sequence using the replicated intact copy as a template, or by
non-homologous end joining (NHEJ), which directly ligates the broken DNA ends but is
less error-free.

Not all DD is repaired perfectly, and the accumulation of DD over time, caused by both
endogenous (e.g., reactive metabolic by-products) and exogenous factors, is now recognized
as a major hallmark of aging (Table 1). This accumulation influences both the genetic
and epigenetic landscape, disrupting cellular homeostasis and driving processes such as
senescence and apoptosis, ultimately manifesting as age-related physiological decline [12,
13]. Notably, progeroid DNA repair-deficient mouse models such as Xpg−/− and Ercc1Δ/−

mice, in which DD persists, resulting in an accelerated and shortened lifespan, exhibit
epigenetic alterations, transcriptional changes, systemic biomarker shifts, and multi-organ
functional decline that closely mirror those observed during natural aging, supporting their
use as mechanistic models of physiological aging [12,13]. However, accurately measuring
physiological (i.e., low) levels of DD and reliably assessing DNA repair activity remains
technically challenging (Table 1). Methods such as the comet assay require delicate handling,
and many genome maintenance interventions lack robust evidence due to methodological
limitations. Additionally, antibody-based γH2AX detection is widely used to quantify DNA
double-strand breaks; however, these lesions are rare, and γH2AX can also mark dying
cells, complicating data interpretation. Still, growing evidence suggests that environmental
and lifestyle factors, particularly diet, influence the accumulation of DD.

https://doi.org/10.3390/nu18020246
73



Nutrients 2026, 18, 246

Table 1. Major types of DNA damage and their predominant characteristics [12–25].

Base Modifications SSBs DSBs Helix-Distorting Lesions Interstrand Crosslinks

Causes
Deamination, ROS,
alkylation, and UV

radiation

ROS, ionizing radiation,
and topoisomerase I

inhibitors

Ionizing radiation,
replication fork collapse,

and topoisomerase II
inhibitors

UV radiation, polycyclic
aromatic hydrocarbons,

ROS, and
chemotherapeutics

Endogenous aldehydes
and chemotherapy

Consequences
Mutations and altered
epigenetic regulation Replication-induced DSBs

Chromosomal
aberrations, cell cycle
arrest, apoptosis, and

senescence

Transcription and
replication stalling,

mutagenesis, and cell death

Transcription and
replication stalling, cell

cycle arrest, cell death, and
senescence

Repair
Mechanisms

BER and direct reversal SSBR (specialized BER) NHEJ, HR, alt-EJ, and
single-strand annealing NER and TCR FA pathway, NER, and HR

Biomarker
Examples $

8-OHdG,
N7-methylguanine

(alkylation), and abasic
(AP) sites

XRCC1 foci and
PAR-polymers $

γH2AX foci $, 53BP1 foci
$, RAD51 foci $, and

ATM/ATR activation $

CPDs, (6-4) photoproducts,
R-loops $, and GLTD $

FANCD2 foci and DNA
interstrand crosslinks

Detection
Methods 1–3

ELISA 2, mass
spectrometry 1, IF 2, IHC 2,

and comet assay (FpG,
Endo III) 3

IF 2, alkaline comet
assay 3, and FADU assay 3

IF 2, IHC 2, Western
blot 2/3, neutral comet

assay 3, pulsed-field gel
electrophoresis 2, and

FADU assay 3

IF 2, IHC 2, sequencing 1,
UDS assay 1, Recovery
RNA/DNA synthesis 1,

and GLTD 1/2

IF 2 and crosslinking comet
assay 3

Effect on
Aging *

+ ++ +++ +++ ++

SSBs = single-strand breaks, DSBs = double-strand breaks, ROS = reactive oxygen species,
8-OHdG = 8-hydroxyguanosine, ELISA = enzyme-linked immunosorbent assay, FpG = formamidopy-
rimidine DNA glycosylase, IHC = immunohistochemistry, IF = immunofluorescence, FADU = fluorometric
analysis of DNA unwinding, Endo = endonuclease, BER = base excision repair, SSBR = SSB repair (specialized
BER), NHEJ = non-homologous end joining, HR = homologous recombination, alt-EJ = alternative end joining,
NER = nucleotide excision repair, TCR = transcription-coupled repair, FA = Fanconi anemia, CPDs = cyclobutane
pyrimidine dimers, GLTD = gene length-dependent transcriptional decline, UDS = unscheduled DNA synthesis.
$ DNA damage biomarkers that have broad specificity or can be secondary to other lesions. 1–3 degree of
accuracy/reliability of the detection method (1 high; 2 intermediate or depending on antibody specificity;
3 lower/variable). * pluses indicate an estimated relative contribution of each lesion type to aging (weak (+),
moderate (++), and strong (+++) effects), inferred from available experimental and clinical evidence.

Depending on diet, health and lifespan can be positively or negatively influenced [26].
Notably, altering metabolism through dietary interventions offers a promising approach to
enhancing genomic stability. Nutritional components can either provoke or protect against
DD through multiple, partially overlapping mechanisms such as (i) direct effects on DD
formation or repair capacity, (ii) changes in metabolic rate and energy flux that alter the
production of endogenous genotoxic stress, and (iii) enhanced cellular and organismal
resilience, which could indicate, for example, improved tolerance to damage without
necessarily reducing lesion burden or enhanced DD response signaling. For instance,
certain nutrients act as cofactors in enzymatic reactions that repair DNA, while others may
modulate gene expression and mitigate cellular stress [27]. Conversely, dietary excesses
of protein, simple carbohydrates, and fat can induce metabolic stress and inflammation,
thereby facilitating genomic instability [28–30].

The interplay between diet, metabolism, and DD is particularly critical as it represents
a modifiable factor in the aging process. With the global population aging at an unprece-
dented rate [31], there is a pressing need to understand and harness these relationships
to devise dietary strategies capable of decelerating the aging process and prolonging a
healthy lifespan [32,33].

2. Materials and Methods

This review focuses on various nutritional interventions aimed at reducing DD induc-
tion and/or improving repair mechanisms in the contexts of health and longevity in mice.
Relevant literature published on PubMed was collected using two automated search queries
using a semi-systematic approach without formal quality assessment. The first search con-
sisted of all applicable PubMed papers (excluding pre-prints) up to 1 March 2023, which
was supplemented with a second search for all papers published between 1 March 2023
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and 1 November 2025 (see Supplementary Files S1–S3 for the search queries and results).
Search queries included at least one primary keyword related to DNA damage and repair,
one secondary keyword related to aging and health, and one tertiary keyword specific for
the type of nutritional intervention, all restricted to Mus musculus (Supplementary File S1).
Entries were examined in a semi-systematic review format and supplemented with articles,
e.g., based on references not identified by the original search parameters. Articles were
screened for relevance by assessing their inclusion of data related to DD or DD repair, and
studies lacking well-defined oral treatments or involving non-edible interventions were
excluded. This approach was chosen to maximize the global overview and identification of
potentially relevant literature, as many studies likely contain or assessed only one type of
nutritional intervention or DNA damage detection method, or looked at specific mouse
models or tissue types. Although no formal quality assessment was performed, yielding
a potential bias, all included studies were peer-reviewed, and articles for which authors
declared a potential conflict of interest are highlighted with ‡. Ambiguities regarding
these selection criteria were resolved through evaluation by a second assessor. The final
dataset comprises 69 studies on dietary interventions including restrictive diets, 111 on
supplements, 14 on oral medications, and 17 on other miscellaneous interventions, all with
a focus on beneficial effects related to DD and its repair (Figure 1). Ultimately, this review
aims to identify consumable interventions that improve genomic stability in mice and may
reduce chronic diseases in humans.

Figure 1. Schematic representation of the reference selection used in this review. PubMed references
obtained from the query-based search were filtered based on relevance to genome-protective consum-
able interventions, with unsuitable and duplicate entries removed. Relevant articles identified after
our primary search were subsequently added. The total number of references is highlighted per sub-
ject, while allowing for potential overlap. * excluding references exclusively used in Sections 1 and 4.

3. Results

3.1. Caloric and Dietary Restriction

The oldest known and most extensively studied nutritional intervention is dietary
restriction (DR), where total food intake is typically reduced by 10–40% without causing
malnutrition [34–36]. Caloric restriction (CR) is often used synonymously, but technically
refers to a reduction in caloric intake without altering total micronutrient intake, like
vitamins and minerals, which is in contrast to DR, where both macro- and micronutrient
composition may vary [37]. Here, we will use the term “dietary restriction” to refer to
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studies where total food consumption was reduced, and “caloric restriction” when this was
compensated with additional micronutrients.

Both CR and DR trigger reduced energy expenditure by, e.g., lowering growth hor-
mone, insulin-like growth factor (IGF1), thyroid hormone (receptor), mTOR, glucose, in-
sulin levels, and body temperature [38,39]. The resulting recalibration of energy metabolism
under a negative energy balance is associated with reversed age-related decline in mito-
chondrial activity by restoring oxidative capacity, leading to improved efficiency and
redox homeostasis without increasing mitochondrial mass [38]. Consequently, oxidative
damage, as measured by FpG- and Endo III-sensitive breaks in a comet assay [40], and
8-oxo-2′-deoxyguanosine (8-OHdG) oxidative biomarker levels, is lowered in various tis-
sues, including muscle, brain, kidney, and liver [38,41]; however, in hippocampal subfields
of aged wild-type C57BL/6J mice, 8-OHdG levels have been reported to increase [42].
This amelioration appeared more pronounced in post-mitotic tissues and after extended
duration of the dietary intervention. Interestingly, 10 months of CR, the only period tested,
demonstrated protective effects against clofibrate, an indirect liver carcinogen and oxida-
tive stress-inducing agent specific for rodents [43], likely due to improved stress resilience
and/or enhanced DNA repair.

By affecting cellular processes, 30% DR and CR are able to extend median and maxi-
mum lifespan by approximately 15–30% in wild-type mice, although considerable variation
has been noted between different laboratory mouse strains [34,44]. Interestingly, these
lifespan-extending effects are even more pronounced in prematurely aging DNA repair
mutants [45]. In Ercc1Δ/− and Xpg−/− mice, which carry deficiencies in multiple DNA
repair pathways, including nucleotide excision and transcription-coupled repair, and
mimic features of human progeroid syndromes, DR increases median remaining lifespan
by ~200% and ~80%, respectively. These increases are associated with improved tissue
function and histological parameters in various organs, including muscle, liver, kidney,
bone, vasculature, and most prominently, the nervous system [45–50]. As these mutant
mice are genetically defective in their DNA repair capacity, their heightened response to the
protective effects of DR is most logically explained by a reduced DD load. One strong piece
of evidence for this comes from studies showing that DR leads to lower genome-wide DD,
as reflected by reduced γH2AX foci and diminished gene length-dependent transcription
stress [14,45]. Since these genetic mutants are, in part, functionally defective in DNA repair
pathways and no significant back-up repair systems are known, this reduction in DD is
unlikely to result from enhanced repair activity. Instead, it is more plausibly attributed
to a decreased metabolic production of DD or an improved ability of cells to tolerate and
manage cellular stress [46].

In addition to limiting the production of endogenous DNA-damaging agents, DR
has been reported to alter DNA repair activity and the expression of related proteins.
Specifically, short-term intervention (4 weeks) in 3–5-month-old wild-type C57BL/6J mice
increased DNA-PK and SIRT6 levels and the efficiency of NHEJ in skin, lung, kidney, and
brain [51]. Similarly, DR protected against chemical mutagenesis and improved base exci-
sion repair (BER) in the brain, liver, kidney, spleen, and testes, possibly by preventing the
age-related decline in the levels and activity of key proteins, such as the BER rate-limiting
enzyme DNA polymerase beta [52,53]. Conversely, BER activity in the mitochondria of kid-
ney and brain was significantly downregulated, suggesting organelle-specific changes [53].
DR reduced the level of Igf1, which was inversely correlated with Dclre1a [54], a gene
whose protein product plays an important role in degrading chemically modified DNA
during ICL and DSB repair [55]. DR has also been reported to downregulate the expression
of various genes related to DNA repair in skeletal muscle, including, Ddb2, Rad50, and
Polb [39]. In contrast, DR upregulated several DNA repair pathways and related proteins
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in heart, liver, and brain tissue [56–58], suggesting tissue-specific expression differences.
Furthermore, DR does not seem to influence the quantity of single-strand breaks in the
brain, kidney, and liver of old wild-type animals, as measured by fluorometric analysis of
DNA unwinding [59]. Together, these findings highlight the diverse effects of DR and CR
on genomic stability and repair, several of which demonstrate their potential to optimize
repair processes and mitigate damage in a tissue-specific manner.

The idea of improved genomic stability by DR is further supported by old preliminary
studies using unscheduled DNA synthesis (UDS), which reflects a cell’s ability to perform
global genome nucleotide excision repair (GG-NER) [60]. For example, UVC irradiation of
freshly isolated skin cells from mice on 40% DR increased UDS by 48–65% compared to
AL controls [61]. Similarly, while UVC generates transcription-blocking bulky lesions, DR
reduced the age-associated decline in enzyme activity and fidelity of DNA polymerase α

and β in hepatocytes [62,63]. Additionally, in wild-type C57BL/6J mice, 30% DR reduced
UVB-induced skin damage, histological changes, and inflammatory responses, but refeed-
ing 24 h after irradiation partially reversed these benefits [64]. However, it also delayed
γH2AX repair, suggesting that while DR limits initial damage, it also partially appears to
slow recovery, possibly by reducing proliferation and the activity of replication-dependent
DNA repair mechanisms like HR and XLR [64,65]. How DR affects transcription-associated
DNA repair mechanisms is yet unknown. However, we have previously reported that age-
related, DD-induced, gene length-dependent transcriptional decline (GLTD) was alleviated
in DNA repair-deficient mutant animals when on DR, compared to ad libitum animals.
This indicates that DR reduced transcription-blocking lesions genome-wide, consistent
with the idea that DR lowers the overall DD load as at least one way by which it delays
systemic aging [45,49,66].

Besides UV protection, DR confers protection against multiple types of genomic
insults. In wild-type C57BL/6J mice, 30% DR reduced tumor incidence at necropsy [67],
likely because DR reduces genomic mutation rates [68,69]. Additionally, 30% DR has
been shown to protect against toxicity induced by fine ambient particulate matter, as
evidenced by reduced DD, oxidative stress markers, inflammation, and improved lung
tissue morphology [70].

Concurrent with the attenuation of genomic damage and the enhancement of DNA
repair pathways, DR reduces natural age-related apoptotic markers and damage-inducible
transcripts in the heart, such as Bax, Bad, Casp9, Casp11, and Gadd45a [57]. Furthermore,
long-term DR reduces senescence, inflammation, and γH2AX foci in multiple tissues
and cell types, including brain, adipose, corneal epithelium, and hematopoietic stem
cells (HSCs) [71–75], although these effects are less pronounced in short-term DR [75].
Interestingly, many of these markers remain lowered for at least three months following
a return to AL feeding after nine months of 40% DR in wild-type C57BL/6J mice [76],
suggesting a prolonged protective effect.

In conclusion, CR and DR exhibit a profound and multifaceted impact on genomic
stability by mitigating age-related DD and enhancing the efficiency of repair pathways,
thereby contributing to improved tissue function and an extended lifespan (Figure 2). The
tissue- and stressor-specific protective effects further underscore the potential of these
interventions as powerful modulators of aging and genomic integrity.
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Figure 2. Dietary interventions influence genome integrity and aging-associated processes. Schematic
overview of how dietary interventions modulate cellular metabolism and genomic maintenance.
As caloric/dietary restriction yields the most robust effects, other diets are depicted in lighter
tones. Interventions reduce proliferation and metabolic activity, lowering reactive oxygen species
while improving replication-independent DNA repair, which together limit genomic instability.
Enhanced DNA repair and reduced oxidative stress reduces apoptosis, senescence, and inflammation,
contributing to improved tissue homeostasis and lifespan extension. Green arrows indicate promoting
effects; red blunt lines indicate inhibition. Green and red outlines indicate positive and negative
processes, respectively.

3.2. Additional Dietary Interventions

Other dietary modifications that affect genome stability in mice have been identified,
though the evidence remains limited. Both short-term fasting and fasting-mimicking
diets reduce caloric intake and are suggested to trigger protective mechanisms similar
to those found in DR. Both diet types have been associated with a range of beneficial
health outcomes, including enhanced stem cell regeneration and reduced inflammation
across various organisms [77–80]. Likewise, alternate-day fasting reduced spindle structure
abnormalities and chromosome segregation errors while restoring antioxidant defense
capacity and eliminating excess reactive oxygen species (ROSs) [81]. Furthermore, fasting
for a single day has been observed to improve survival rates, accompanied by increased
expression of various DNA repair genes and a reduction in γH2AX foci in small intestinal
epithelial stem cells, following a dose of the DNA-damaging chemotherapeutic etoposide
that is lethal to fed littermates [82,83]. Together, these findings suggest that fasting, like
CR/DR, may have genome-protective effects, consistent with previous reports regarding
improved health in mice and other organisms [84].

Similarly, low glycemic index (GI) diets, which prioritizes the consumption of foods
that induce a slower and more gradual release of glucose into the bloodstream, have been
associated with improved health, likely by improving lipid metabolism and lowering
postprandial hyperglycemia-associated ROS [85–87]. For instance, a study with wild-type
Balb/c mice demonstrated that implementing a low GI diet late in life (20 months of
age) still extended median lifespan by 12% while reducing plasma glucose levels, abasic
site frequency, and levels of the DD proxy 8-OHdG [88]. Importantly, the average food
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intake remained constant while digestible energy was only 3.5% lower in the GI diets, thus
minimizing confounding effects due to CR/DR-like effects.

Macronutrients (carbohydrates, proteins, and fats) play an important role in shap-
ing the dietary impact on health and disease. While high-fat diets (without ketone in-
duction) are often utilized to investigate the harmful effects of obesity, modifications
in dietary protein, such as the restriction of specific amino acids, enhanced both health
and lifespan in wild-type mice [89–91]. For instance, methionine restriction in progeroid
Hutchinson–Gilford progeria syndrome (HGPS) mutant mice extended median and max-
imal lifespan, and reversed transcriptomic alterations linked to inflammation and DNA
repair pathways [92]. These beneficial effects are likely mediated by metabolic changes, as
several associated pathways, including fatty acid metabolism, were also normalized [92].
This is further supported by studies in Ercc1Δ/− mutant and wild-type mice indicating
that adjusting macronutrient ratios, particularly the balance between carbohydrates and
proteins, can enhance metabolic health and aging outcomes [30,93,94].

Curiously, despite the beneficial effects associated with protein restriction, an increase
in protein intake through twice-daily supplementation of whey peptides (200–400 mg/kg)
in wild-type mice also yielded positive outcomes. This supplementation protected against
UVB irradiation-induced photoaging, as indicated by reduced cutaneous thickening, wrin-
kle formation, and melanin granules, while also preserving cutaneous elasticity, likely by
reducing levels of collagen-degrading metalloproteinase-2 [95]. Furthermore, whey peptide
supplementation significantly decreased the presence of Ki-67 and 8-OHdG-positive cells
in the stratum basale of these chronically UVB-irradiated mice, indicating a potential role
in mitigating cellular proliferation and oxidative DD, potentially mediated by VEGF [95].
While protein intake is generally associated with reduced food intake [96], the study above
did not report on food intake or whey peptide-induced skin changes without chronic UVB
irradiation, warranting caution and further investigation into the effects of whey peptides
on genomic stability.

Integrating findings from the broader literature, we propose a (simplified) scenario
for the effects of various forms of dietary interventions, particularly CR/DR, on lifes-
pan and health, at least in part by influencing DD and DNA repair mechanisms, as pre-
sented in Figure 2, while recognizing interactive mechanisms, such as hormesis-induced
resilience, likely modulate these processes both directly and indirectly. Several of the
above-indicated diets overall reduce the proliferation rate of healthy body cells, which
distinctively affects replication-dependent DNA repair processes like HR and XLR, as well
as replication-independent DNA repair processes such as TCR and NHEJ. Combined with
the suppression of metabolic activity and ROS levels, this results in a global reduction in
genomic instability, lowering the incidence of cells undergoing apoptosis or entering a
state of cellular senescence, preventing systemic inflammaging and functional decline in
tissues [25–27,35,41,45,46,49,51,52,56,61,64,69,71–76] (Figure 2). Furthermore, factors like
sex, genotype, and the specific type of dietary intervention likely influence efficacy as
well, with variations in duration, meal timing, and intensity further modulating these
outcomes [44,48,97,98]. Future research should examine the influence of these factors and
move beyond mere correlation by directly assessing DD markers under diverse conditions
to determine the causal role of these interventions on genomic stability and longevity.

3.3. Prebiotics and Probiotics

The impact of diet on the microbiota is well-documented, with numerous studies
highlighting how dietary choices shape microbial communities [99–101]. Notably, aging-
associated physiological changes (e.g., immune system decline and intestinal permeability)
can shift the microbiota towards a less diverse and more pro-inflammatory composi-
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tion, which has been associated with both inflammaging and frailty, further accelerating
this shift [102,103]. Furthermore, this shift causally contributes to increased levels of
γH2AX in the liver and heart through inhibition of DD repair and decreased antioxidant
capacity [104,105], suggesting that reversal of microbiota composition through probiotic
interventions might improve genomic stability.

Recent work supports this notion, where supplementation with the prebiotic neoa-
garotetraose in aged mice extended lifespan, reduced neuronal DD, and shifted the gut
microbiota toward a more youthful, health-associated composition, resulting in increased
short-chain fatty acid production and reduced neuroinflammation [106]. Similarly, specific
probiotic strains such as Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI
were found to reduce the number of γH2AX positive neurons in the hippocampus of aged
wild-type mice [107] ‡. In another study, supplementation with Lactobacillus casei strain
Shirota (LcS) ameliorated sarcopenia in SAMP8 mutant mice, a senescence-accelerated
model with increased DD, by reconfiguring the microbiome and upregulating the produc-
tion of short-chain fatty acids, resulting in decreased expression of apoptotic, p53 signaling,
NHEJ, and inflammatory pathways in muscle tissue [108].

Additionally, early-life colonization of wild-type mice with Lactobacillus rhamnosus
GG was associated with activation of the protective Sirt1/Ampk/Ppargc1a pathway, which
coincided with enhanced antioxidant defenses (Sod1 and Sod2 upregulation) and reduced
markers of DD (γH2AX) and inflammation (Il1a, Il6, Tnf ) in the colon [109]. Furthermore, in
DNA repair-deficient Ercc1Δ/− mutant mice, supplementation with Akkermansia muciniphila
mitigated age-related thinning of the colonic mucus layer and decreased the expression
of pro-inflammatory genes in the colon [110]. While these findings suggest a potential
mechanistic link, the precise causal contributions of microbiota-derived factors, such as
short-chain fatty acids, remain to be fully elucidated [109].

Collectively, these findings suggest several potential mechanisms by which the micro-
biota may influence host genomic stability. Beyond the observed modulation of inflamma-
tory responses and enhancement of antioxidant defenses, other mechanisms may include
the microbiota’s influence on host metabolism and nutrient absorption, affecting the avail-
ability of essential cofactors for DNA repair enzymes [111,112]. While further research is
needed to fully elucidate these mechanisms and exclude artificial explanations, such as
multiple-testing artifacts, the emerging evidence suggests that targeted modulation of the
gut microbiota through probiotic interventions or dietary changes could be a promising
strategy to promote genomic stability.

3.4. Micronutrients

Maintaining essential micronutrients within specific physiological ranges is crucial for
optimal cellular function and the prevention of adverse health outcomes, while deviations
from these ranges can lead be permanent detrimental outcomes [113–115]. Despite exten-
sive research documenting the impact of micronutrient deficiencies on health [116–118],
the precise extent of these optimal dose ranges and their impact on genomic stability in
mice remain poorly characterized.

Most research investigating the role of micronutrients in genomic stability in mice
primarily focuses on their antioxidant potential. For instance, vitamin C supplementation
has been shown to exert varying effects on DNA integrity depending on environmental
and genetic context, with benefits observed in Werner syndrome progeroid mutant mice
(WrnΔhel/Δhel) and wild-type C57BL/6J mice, while vitamin C supplementation had no ef-
fect on wild-type mice under cold stress conditions [119–121]. Similarly, studies on vitamin
E supplementation have yielded mixed results. In DNA repair-deficient progeroid Xpg−/−

mutant mice, vitamin E has been associated with a reduction in the number of TRP53-
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positive cells and an extension of neurological healthspan [122] ‡. However, other studies
have reported no significant effect of vitamin E on oxidative DD in wild-type mice [123,124],
although vitamin E was observed to increase both median and maximum lifespan, likely
through enhanced resilience mechanisms [124]. Adding to the growing evidence that
micronutrients may affect the genome, recent data show that folic acid, a vitamin B9 pre-
cursor, can mitigate radiation-induced lung injury by suppressing senescence-associated
signaling [125].

Multi-micronutrient supplementation has shown promise in enhancing genomic sta-
bility and mitigating DD. Studies have reported increased long-term survival following
radiation or genotoxic exposure [126,127], reduced apoptosis in Apoe−/− mutant mice on
a high-fat diet [128], and lower levels of malondialdehyde and 8-OHdG oxidative stress
markers in prematurely aging mutant mice [129].

Based on the studies reviewed, the potential benefits of optimizing micronutrient
dosages beyond adequate levels remain unclear. When present at adequate levels, micronu-
trients appear to delay age-associated metabolic changes and reduce genomic instability.
However, to what extent are these effects attributable to antioxidant activity or metabolic
regulation, rather than alternative mechanisms, is currently largely unknown [130]. Beyond
direct redox actions, micronutrients may indirectly influence genome integrity by modulat-
ing cellular stress responses, metabolic homeostasis, or damage tolerance pathways in a
compound-specific manner. Such effects could alter either the burden of DNA damage or
its downstream consequences, highlighting the need for further research in this area.

3.5. Fatty Acids

Recent work highlights the role of fatty acids, specifically omega-3 polyunsaturated
fatty acids (n-3 PUFAs), in the context of DD and repair. Docosahexaenoic acid (DHA)
is a major n-3 PUFA found in fish oil, which plays a pivotal role in reducing oxidative
stress and enhancing genomic stability. This effect is mediated through the upregulation of
antioxidant enzymes SOD1, SOD2, and catalase in the liver and heart, thereby reducing
oxidative stress markers and, e.g., protecting against telomere shortening [131]. DHA also
alleviates cellular senescence and ameliorates inflammation and γH2AX accumulation
through improved mitochondrial homeostasis and recruitment of PARP1, a key component
in the DD response, in telomerase-deficient mutant mice [132].

Additionally, maternal diets rich in n-3 PUFAs have been proposed to enhance homeo-
static control, leading to the suppression of aberrant cell proliferation in the F1 offspring
of breast cancer-prone mutant mice. This improved homeostatic regulation is associated
with upregulation of pathways related to p53 signaling, DNA repair, and inflammatory
responses [133]. Notably, while n-3 PUFAs appear beneficial in wild-type mice, a study with
Ercc1−/− mutant mice demonstrated that a diet high in safflower oil, consisting of ~90%
n-6 and n-9 PUFAs [134], actually shortened lifespan and increased γH2AX in vitro [135],
suggesting a potential hormetic or PUFA-specific effect on DD.

Extra virgin olive oil (EVOO), a rich source of monounsaturated fatty acids, has been
associated with enhanced genome stability by counteracting hypomethylation induced by
environmental carcinogens such as dimethylbenz[a]anthracene and trifluoroacetic acid.
This protection may help suppress hypomethylation-driven LINE-1 retrotransposon activ-
ity, a class of mutagenic non-coding DNA [136,137]. The current number of mechanistic
studies is, however, limited, and further research is needed to characterize the involved
molecular compounds and validate these effects more broadly.

In conclusion, fatty acids, particularly n-3 PUFAs and monounsaturated fatty acids,
exhibit potential in promoting genomic stability and reducing DD, in contrast to n-6 and
n-9 PUFAs, which might be able to increase DD. These effects are likely achieved through
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oxidative stress reduction, telomere preservation, and cellular senescence alleviation. How-
ever, the varied impact of different PUFAs on DD pathways highlights the complexity and
potential specificity of these interactions, necessitating further research to fully understand
these mechanisms in relation to genome stability.

3.6. Hormones

Diet influences many somatic processes, including hormone levels. The importance of
hormones in somatic functions has long been recognized, and there is growing evidence
that hormone regulation through supplementation can play a role in maintaining genomic
stability and mitigating age-related decline. For example, supplementation with dehy-
droepiandrosterone (DHEA), a steroid hormone precursor and ligand of PPARα, PXR,
and CAR [138], delays the age-associated decline in oocyte cohesin levels and reduces the
level of γH2AX foci in aged wild-type C57BL/6J mice [139]. This improved chromosomal
stability correlates with decreased oocyte apoptosis and amelioration of follicle count,
ovarian aging, and fertility decline [139].

Melatonin, a sleep–wake cycle synchronizing hormone and potent antioxidant whose
production diminishes with aging, shows promising effects on DNA repair mechanisms in
a supplementation time-dependent manner. In aged wild-type Swiss albino mice, eighteen
months of melatonin supplementation starting at three months of age increased lifespan,
reduced DD markers, and increased the levels of APE1 and OGG1 repair enzymes, indicat-
ing an enhanced DNA repair capacity [140]. This effect may be attributed to melatonin’s
ability to modulate circadian rhythms and sleep patterns, which also influence cellular
repair processes [141,142]. However, it is unknown how well this treatment would translate
to other mouse models, as Swiss mice exhibit a 94% reduction in pineal gland melatonin
levels, but only a 25% reduction in plasma when compared to wild-type C3H/HENHSD
mice [143], complicating the interpretation of these findings.

3.7. Nicotinamide Adenine Dinucleotide Precursors

One process closely regulated by the circadian rhythm is the synthesis of nicotinamide
adenine dinucleotide (NAD+), a vital coenzyme that plays a critical role in numerous
cellular processes, including energy metabolism, DNA repair, and epigenetic regulation.
However, with aging, NAD+ levels decline due to several factors, including senescence-
associated CD38 activation, increased consumption by poly(ADP-ribose) polymerases
(PARPs) in response to DD, and declining biosynthesis efficiency [144–146]. To counteract
this age-related decline, supplementation with precursors such as nicotinamide (NA),
nicotinamide mononucleotide (NMN), and nicotinamide riboside (NR) has been proposed.
These precursors boost NAD+ availability and could thus enhance cellular repair and
overall cellular health. Importantly, reported health benefits of NAD+ precursors can
reflect both NAD+-dependent DD signaling and/or repair and indirect effects via improved
mitochondrial function, redox homeostasis, and inflammatory signaling that may reduce
the upstream burden of DD.

One of the key consumers of NAD+ is sirtuins, a class of NAD+-dependent
deacetylases important for various processes, including metabolism, inflammation, and
apoptosis [147–150]. Supplementation with NAD+ precursors have, likely due to its central
role across various cellular pathways, shown promise in various disease models. In a mouse
model of alcohol-associated liver disease, NA lowered the expression of DD marker genes
(e.g., Rec8 and E2f1) while upregulating Sirt1 [151]. Likewise, in a D-galactose-induced
aging model, NMN improved locomotor activity and spatial memory, attenuated oxidative
stress, neuroinflammation, and apoptosis, and preserved intestinal barrier integrity. No-
tably, these benefits were abolished by pharmacological SIRT1 inhibition, underscoring the
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importance of SIRT1 [152]. In Alzheimer’s disease models, NR supplementation has been
reported to effectively decrease microglia and astrocyte activation and reduce neuroinflam-
mation, senescence markers, and apoptosis in hippocampal neurons, while also promoting
mitophagy, synaptic function, and cognition [153–155]. Complementing these findings, NR
modulates brain region-specific redox and metabolic networks, enhancing mitochondrial
pathways in the cerebral cortex and neurotransmitter regulation in the hippocampus [156].
In the cardiovascular system of Snhg12−/− mutant mice, a model of atherosclerotic lesion
formation characterized by DD and senescence, NR significantly abrogated γH2AX foci
formation and related senescence markers, an effect that may reflect reduced damage accu-
mulation and/or altered damage signaling [157]. Some of these beneficial effects extend to
DNA-repair-deficient models of accelerated aging like Csb−/− and Ercc1Δ/− mutant mice,
where NR supplementation sustains SIRT1 activity, maintains mitochondrial function, and
partially ameliorates their progeroid phenotypes [158,159], despite their inherently lowered
DNA repair capacity, suggesting that these health benefits likely arise from mechanisms
distinct from direct enhancement of repair.

NR has also demonstrated potential in improving genomic stability in Tert−/− mutant
models by preserving telomere length and attenuating 53BP1-associated DD signaling. This
leads to enhanced mitochondrial function and reduced systemic inflammation, ultimately
mitigating hematopoietic myeloid skewing [160] ‡. Another NAD+ supplement, NMN,
has also shown beneficial effects in Tert−/− mice, as it reduced liver fibrosis, an effect that
appears to be partially dependent on SIRT1 activation [161] ‡. Additionally, NMN can
rejuvenate mitochondrial function in aged oocytes of healthy wild-type mice, resulting in
improved redox homeostasis, reduced endogenous γH2AX foci, and normalized spindle
and chromosome structure [162,163].

These studies, along with others that supplement NAD+ precursors through injec-
tion [164–169], collectively highlight the broad-ranging benefits of NAD+ precursors in
counteracting age-related cellular decline. While direct stimulation of NAD+-dependent
DNA repair pathways may contribute, reductions in DD markers are likely mediated
indirectly through improved mitochondrial function and the consequent reduction in
endogenous damage burden. Distinguishing direct repair enhancement from secondary
protective effects in vivo remains an important objective for future research. Overall, by
supporting metabolic health and enhancing cellular resilience against DD, NAD+ precur-
sors show promise as therapeutic agents for promoting longevity and mitigating the effects
of aging and diseases associated with genomic instability.

3.8. Plant Derivatives

A substantial number of plant-derived compounds have been reported to enhance
genomic stability. However, many of these compounds have not been comprehensively
studied in relation to DD in mice. Nonetheless, a large proportion is reported to exhibit
common biological effects like enhanced mitochondrial function, reduced inflammation, or
the induction of cellular stress responses, thereby promoting genomic stability, immune
function, and fertility [170–189] ‡.

Additionally, some plant derivatives have demonstrated protective effects against
exogenous sources of DD. For example, theaflavins [190], carotenoids [191], and several
plant extracts and compound derivates [192–198] ‡ have been shown to possess radiopro-
tective properties, mitigating DD and related effects induced by UVB and gamma radiation.
Furthermore, theaflavins [199] and Shoutai pills [200] have also been reported to confer
protection against DD induced by chemotherapy, as evidenced by reduced γH2AX levels
in wild-type mice. Some plant-derived substances have also shown efficacy in mitigating
genomic insults induced by injury [201,202], exposure to genotoxic chemicals [203,204],
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or iron-induced oxidative stress [205]. Other compounds have exhibited anticarcinogenic
properties in cancer-prone contexts [206,207] ‡ or in carcinogen-related causes of can-
cer [208,209], highlighting the potential of plant derivatives not only to prevent DD but
also to mitigate its long-term consequences across various contexts of genomic stress.

While many studies are fragmentary and the efficacy and precise mechanisms of
many of these plant-derived substances in DD and repair are incompletely understood, the
consistency in their downstream effects, e.g., enhanced cellular resilience and improved
DNA repair, lends credibility to their potential therapeutic value. Further investigation into
these shared mechanisms could reveal broader applications for DNA repair and cellular
health, potentially leading to the development of novel therapeutic strategies based on
these natural compounds.

3.9. Synthetic Drugs

Natural compounds have frequently inspired the development of synthetic drugs,
which, in some cases, also exhibit potential in enhancing genomic stability and modulating
the effects of natural aging. These synthetic compounds exert their influence through mech-
anisms similar to their natural counterparts, including the regulation of energy metabolism,
resilience, and inflammation.

For instance, the oral administration of the antioxidant butylated hydroxyanisole, as
well as the antioxidant inducer oltipraz, have been demonstrated to reduce endogenous
single-strand DD in the liver during aging of wild-type Swiss-Webster mice, likely through
the preservation of glutathione levels [210]. Similarly, metformin, a widely used antidiabetic
drug, has been found to decrease ROS production, upregulate antioxidant enzymes, and
inhibit γH2AX and cellular senescence in various disease models [211–214].

Beyond general antioxidant and metabolic effects, several synthetic compounds have
demonstrated specific interactions with distinct cellular processes that contribute to ge-
nomic stability and the modulation of aging [215–218] ‡. For instance, the small-molecule
DDO1002, an NRF2–KEAP1 PPI inhibitor, lowered intracellular ROS and reduced the
DD marker γH2AX, delayed cellular senescence, and improved regenerative capacity in
wild-type C57BL/6J aged or irradiated hematopoietic stem cells [218]. Another example is
aspirin and its nitric oxide-donating derivative, which mitigate microsatellite instability in
a Lynch syndrome mouse model deficient in mismatch repair (MMR), leading to increased
lifespan through the modulation of stress-related signaling pathways [219]. Low-dose
aspirin likewise showed a tendency toward extended lifespan in DNA repair-deficient
Xpg−/− mutant mice (p = 0.056) [159]. Exogenous protection has also been reported. The
fatty acid oxidation inhibitor meldonium reduces mitochondrial DD and improves cogni-
tive function in aged wild-type mice subjected to LPS-induced inflammation [220]. The
senolytic compound ABT-263, a Bcl-2/Bcl-xL inhibitor, selectively eliminated doxorubicin-
induced senescent retinal pigment epithelial cells and alleviated retinal degeneration in
wild-type mice, while reducing CDKN1A (p21) and CDKN2A (p16) protein levels, suggest-
ing mitigation of DD-associated senescence [221].

In mutant models with deficient DNA repair accelerated aging, synthetic compounds
have also demonstrated significant benefits. In Ercc1Δ/− mice, treatment with the HSP90
inhibitor and senolytic agent 17-DMAG reduced Cdkn2a expression and cellular senes-
cence [222] ‡. Additionally, the compound UCM-13207 has been found to extend lifespan
and improve healthspan in HGPS models by reducing nuclear levels of progerin, thereby
decreasing senescence and the γH2AX DD markers associated with it [223]. Interestingly,
since progerin levels also gradually increase during natural aging, it may be worthwhile to
validate this treatment in wild-type models.
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While these findings are promising, most of these substances have primarily been
studied in specific contexts characterized by heightened DD or impaired repair capacity.
Further research is needed to fully elucidate the potential of these compounds in mitigating
genome instability-driven aging across broader contexts and conditions.

3.10. Miscellaneous Compounds and Interventions

A variety of substances, not classified under the earlier categories used in this study,
along with combinations of previously discussed interventions [224,225], have shown po-
tential in enhancing genomic stability. Many of these compounds, like hydrolyzed chicken
extract ‡ and royal jelly, modulate ROS homeostasis similarly to other treatments previ-
ously examined [226,227]. This modulation can result in a decrease in DD markers, like
γH2AX and 8-OHdG, following genomic insults [227–230], while some of these interven-
tions also prolong the lifespan of wild-type and Atm-deficient mutant mice [226,231,232].
However, the relationship between these substances and genome stability in mice has
often been explored in only a single study, limiting the generalizability of these findings
beyond their specific experimental conditions. For example, spermidine has recently been
recognized as a pro-longevity drug that protects wild-type C57BL/6J mice against the
genotoxic and mutagenic compound 4-nitroquinoline 1-oxide, resulting in a slowdown of
oral carcinoma development and a reduction in DD, as measured by γH2AX and comet
assay tail moment [233].

Another compound, taurine, a semi-essential amino sulfonic acid, has recently been
identified to influence aging. Circulating taurine levels decline with age in mice, monkeys,
and humans, and supplementation was shown to reduce DD, cellular senescence, and
mitochondrial dysfunction while extending lifespan in various organisms, including wild-
type mice [234].

Another relatively well-documented substance is pyrroloquinoline quinone (PQQ),
a vitamin-like biofactor that has shown to exert genome-protective effects in various sit-
uations of increased genomic instability [235]. Bmi−/− mutant mice exhibit increased
oxidative damage, reduced cell proliferation, increased cell senescence, and compromised
collagen synthesis due to enhanced matrix metalloproteinase activity. PQQ supplemen-
tation alleviated these pathological changes and reduced oxidative damage and DD, as
indicated by decreased γH2AX markers [236,237]. In osteoporosis-prone orchiectomy
mice, PQQ lowered the DD-related markers γH2AX, TRP53, CHK2, and NFκB p65 [238].
Similarly, in natural aging-related osteoporosis in wild-type mice, PQQ supplementation
reduced oxidative stress, osteocyte senescence, and DD (8-OHdG immunostaining) while
preventing bone loss. This involved stabilization of MCM3 and activation of the Keap1-Nrf2
axis, which strengthened antioxidant defenses and reduced DD in osteoblasts [239]. In a
model of osteoarthritis induced by anterior cruciate ligament transection, PQQ treatment re-
duced DD, inflammation, and senescence in articular cartilage compared to sham-operated
controls [240], suggesting a potential role in genomic stability and longevity.

In conclusion, various compounds, such as royal jelly and PQQ, show promise in
enhancing genomic stability and reducing DD markers. While these interventions have
demonstrated benefits under specific experimental conditions, the limited number of
studies in relation to natural aging calls for further research to validate their broader
applicability. Expanding research in this area could pave the way for novel therapeutic
strategies aimed at preserving genome integrity and promoting healthy aging.

4. Discussion

Aging is affected by various factors. One of these is dietary consumption, which
influences homeostasis by modulating energy balance, metabolic fitness, and overall health.
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Alterations to these processes, e.g., by excessive food intake [26], are closely linked to
aging and age-related diseases, with DD being a significant mediator, as shown by DNA
repair-deficient syndromes and progeroid mouse models. In this review, we highlighted
and assessed the evidence of known nutritional interventions that improve genomic sta-
bility and healthy aging in mice. Many interventions discussed here, particularly CR/DR
and their mimetics, act on more than one mechanistic layer (e.g., different DNA repair
processes, metabolism, and/or antioxidant systems; see also Figure 2), complicating causal
interpretation when relying solely on DD markers or lifespan readouts. Moreover, while
some dietary interventions have been studied for decades, others are supported by only a
limited number of small studies, and relatively few directly assess DD or DNA repair. In
Figure 3, we outline the relationship between DNA damage, response signaling, and repair,
and their effects on resilience; summarize the relative fidelity and specificity of common
biomarkers; and provide a qualitative contextual overview of the discussed literature.
Interventions were positioned based on the amount and consistency of available data,
and on how the reported outcomes relate to genomic stability (DD markers and/or repair
readouts). As such, Figure 3 should be viewed as a guide to where evidence is stronger
and where important gaps remain.

Figure 3. Schematic representation of consumable interventions and their impact on DNA damage
and repair. (A) Simplified schematic depicting the relationships between DNA damage burden,
DNA repair, DNA damage response signaling, and cellular health, which all could be affected
by dietary interventions. Note that by altering metabolism, diet could influence DNA damage
bidirectionally. (B) Relative technique-dependent detection fidelity (blue) and biomarker specificity
(green) of commonly used DNA damage markers. Bar ranges reflect variability among measurement
techniques and biomarker specificity (also see details on biomarker specificity and accuracy/reliability
of the detection method in Table 1). (C) Interventions are categorized into three groups: those that
increase DNA repair (top), those that reduce DNA damage (bottom), and those that have dual effects
(middle). The horizontal positioning of interventions reflects the strength of evidence supporting
their effects, with those on the right, such as CR/DR, being more strongly supported by evidence
than those on the left, which in contrast mostly consisted of interventions based on a few studies,
sometimes using only a single marker.
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Limitations of this study include the lack of a formal quality assessment, as usually
indicated in systematic reviews. Instead, our semi-systematic search resulted in a broad
overview of the literature, for which we acknowledge a potential bias due to high hetero-
geneity between studies (i.e., due to varying mouse strains, tissues, intervention lengths,
and markers) and/or a small number of studies per compound, making reproducibility
unclear. Such compounds/interventions with limited studies are therefore also more de-
picted on the left side of Figure 3. Concomitantly, tissue-specific effects, strain variability, or
sex differences are not discussed or only marginally indicated, due to the limited number
of studies identified for several dietary interventions, particularly plant derivatives and
synthetic drugs, which often assessed only a single or less specific biomarker, limiting
generalizability. However, we do refer to such reviews with a focus on the most robust
health- and lifespan-extending intervention: calorie restriction [34,44,48]. Moreover, this
review was intended to reveal interventions that could enhance genomic stability and to
serve as guide for future longevity research. As such, we revealed many connections of
nutrition-based interventions affecting genome integrity for further exploration.

The restriction of diet (CR/DR), which is known to robustly delay aging in a wide
range of organisms separated by large evolutionary distances, from mice to non-human pri-
mates, indicating that its underlying molecular mechanism is strongly conserved, is emerg-
ing as a genuine, potent modulator of DD, repair, and response processes in various organ-
isms [14,45,51,241]. Besides extending lifespan and improving genomic stability through
the above-indicated mechanisms, CR (mimetics) influence multiple age-related nodes,
including epigenetic integrity, autophagy, and activation of cellular stress responses [242–
245]. Thus, genome maintenance appears to be part of a coordinated resilience program
aiming to promote cellular and organismal survival at the expense of growth.

Beyond model systems, CR and related strategies such as intermittent fasting are
being explored in oncology and neurodegeneration, with early trials indicating feasibility
and acceptable safety. However, efficacy in humans remains inconclusive, potentially
reflecting adherence challenges, mismatches with standard-of-care regimens, or biological
differences [245–249]. Species-specific physiological features, such as higher mass-specific
metabolic rates, shorter lifespans, and accelerated molecular turnover in mice, are likely to
shape both damage accumulation and responsiveness to intervention. These differences
suggest that dietary interventions that robustly extend lifespan or reduce DD in mice may
require careful adjustment in timing, duration, or intensity to achieve benefits in humans.

Interestingly, many of the interventions discussed here act on a subset of mechanisms
employed by CR/DR, hence operating as partial mimetics without necessitating reduced
food intake [250]. NAD+ precursors such as NMN and NR, for example, activate sirtuins
and improve mitochondrial function, recapitulating some CR/DR-associated benefits; how-
ever, current evidence suggests that their effects on genomic stability are largely indirect,
arising from improved metabolic homeostasis, reduced inflammation, and enhanced cellu-
lar stress resilience rather than from direct stimulation of DNA repair [251,252]. Another
emerging class of metabolic modulators includes GLP-1R and GIPR agonists, such as
semaglutide and tirzepatide, which reduce appetite, lower body weight, and counteract
metabolic diseases like diabetes. While their primary mechanisms involve metabolic regu-
lation, their potential effects on genomic stability and aging remain underexplored. Given
their strong influence on energy balance and cellular stress pathways, future studies should
assess whether these compounds also contribute to DD mitigation or repair processes,
potentially offering novel avenues for aging interventions.

However, while some interventions demonstrate promising results, their effects are
often less pronounced or process-specific. To remedy this, future research should focus on
exploring combinations of dissimilar interventions to identify optimal strategies for miti-
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gating DD and promoting longevity [253,254]. Another aspect that should be considered is
that basal genotoxic exposure, energy expenditure, and cell division rates vary between
tissues, leading to non-uniform aging that might influence the organ-specific efficacy of
these interventions.

Currently, much of the research in this field is rather fragmented or inconsistent, with
highly variable techniques like the comet assay and frequent reliance on RNA expression
data without confirming protein levels or functional impact on DNA repair. Establishing
rigorous markers for assessing DD and genome instability, such as γH2AX foci, 53BP1, or
RAD51 foci, and novel nanopore-based structural analysis for DNA damage [255], along
with standardized protocols, would greatly enhance study reproducibility and compara-
bility. Without such consistency, drawing reliable conclusions about the effectiveness of
nutritional interventions remains challenging.

Beyond methodological inconsistencies, another challenge lies in testing these findings
in a real-world setting. Laboratory experiments often focus on endogenous or supraphysio-
logical levels of exogenous DD, while real-world conditions present additional challenges
from environmental stressors. Future studies should incorporate realistic environmental
insults to genome stability to better assess the efficacy of interventions. Moreover, the issue
of survival bias in publishing needs consideration, as positive results are much more likely
to be published, skewing the perceived efficacy of interventions. Potential translation to
humans is additionally complicated because some interventions are mentally exhaustive
(CR/DR), expensive (synthetic diet to limit specific amino acids), or prone to interfere with
social aspects of life (fasting). In contrast, other interventions like NAD+ precursors or oral
medication are quite feasible and are being actively trialed in humans [256–258].

One key area of debate in this context is the role of oxidative stress and antioxidants in
genomic stability. While many studies focus on the antioxidative properties of a substance,
evidence that ROS at physiological levels causes genomic damage [259–261], or that an-
tioxidants are beneficial protectors of the genome [262–264], is heavily debated. Moreover,
studies in humans have often yielded negative results, with various meta-analyses even
suggesting a likely increase in disease incidence [265,266]. While the exact reasons for this
are unknown, dosage and context might be an important factor, highlighting the limited
ability of in vitro antioxidant assays to predict in vivo efficacy [267]. For example, while
physiological levels of vitamin C behave largely as an antioxidant in vivo, pharmacological
dosing can shift toward prooxidant activity via Fenton chemistry. Moreover, although the
increase in oxidative DD and engagement of DNA repair pathways can be beneficial in some
situations (e.g., cancer treatment), it does show the importance of situational awareness and
balanced application of these and similar types of compounds [268,269]. Additionally, the
genome-protective effects of many so-called “antioxidative” compounds extend beyond
simple ROS scavenging, as they often also modulate stress resilience pathways and energy
metabolism to improve cellular function, longevity, and genomic maintenance [270–272].

Alternatively, compounds that boost endogenous antioxidant systems (e.g., as asso-
ciated with fasting and DR) might result in a stronger and more adjusted response than
the artificial administration of exogenous antioxidants. The optimal timing and duration
of interventions targeting ROS and genomic stability also warrant consideration. While
some approaches may require lifelong implementation (e.g., ROS scavengers), there is a
growing interest in compounds that potentiate long-term effects to improve efficacy and
reduce costs. Elucidating these aspects will therefore be crucial for developing targeted
therapeutic applications.
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5. Conclusions

In conclusion, the modulation of genomic instability by consumable interventions
holds considerable promise, but future research should broaden their focus beyond an-
tioxidant mechanisms and extend the scope of investigation to include the effects of these
interventions on the natural aging process. Moreover, combinatory approaches may yield
synergistic benefits, leading to a deeper understanding of the underlying mechanisms and
the development of more comprehensive strategies for promoting genomic stability and
healthy aging.
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Abbreviations

The following abbreviations are used in this manuscript:

DD DNA damage
BER Base excision repair
NER Nucleotide excision repair
TCR Transcription-coupled repair
HR Homologous recombination
NHEJ Non-homologous end joining
DR Dietary restriction
CR Caloric restriction
IGF1 Insulin-like growth factor
ICL Interstrand crosslink
DSB Double-strand break
8-OHdG 8-Hydroxyguanosine
UDS Unscheduled DNA synthesis
GG-NER Global genome nucleotide excision repair
XLR Crosslink repair
GLTD Gene length-dependent transcriptional decline
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HSCs Hematopoietic stem cells
ROS Reactive oxygen species
GI Glycemic index
HGPS Hutchinson–Gilford progeria syndrome
PUFAs Polyunsaturated fatty acids
DHA Docosahexaenoic acid
EVOO Extra virgin olive oil
DHEA Dehydroepiandrosterone
NAD Nicotinamide adenine dinucleotide
PARP Poly ADP-ribose polymerase
NA Nicotinamide
NMN Nicotinamide mononucleotide
NR Nicotinamide riboside
MMR Mismatch repair
PQQ Pyrroloquinoline quinone
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Abstract: Emerging evidence underscores the pivotal role of diet in preventing and man-
aging inflammatory bowel disease (IBD). As our comprehension of the microbiome’s role
in IBD expands, dietary modifications are increasingly recognized as potential adjuncts or
primary therapeutic strategies. Key components of the Mediterranean diet (MD)—including
microbiota-accessible carbohydrates, omega-3 fatty acids, polyphenols, and antioxidants—
have demonstrated promise in enhancing gut microbiota diversity and reducing intestinal
inflammation, making it a practical approach for managing IBD. Moreover, the MD offers
additional benefits considering the rising prevalence of comorbid chronic inflammatory condi-
tions such as diabetes, cardiovascular disease, and obesity in IBD patients. The purpose of this
narrative review was to provide an overview of the feasibility and clinical outcomes of the MD
and offer evidence-based guidance for researchers and practitioners on how to adapt the MD
to patients with IBD. According to several cross-sectional and interventional studies, the MD
is feasible for patients with IBD and confers several benefits, such as reduced inflammation,
improved disease activity, and enhanced quality of life, with a strong adherence rate and
minimal adverse effects. To facilitate knowledge translation, we provide a practical framework
for integrating the MD as a nutritional therapy for IBD, including specific recommendations
and messaging that researchers, practitioners, and patients can use. By synthesizing current
evidence and offering actionable insights, the aim is to facilitate the integration of the MD into
IBD management, with the potential to improve patient outcomes.

Keywords: Mediterranean diet; ulcerative colitis; Crohn’s disease; nutrition therapy

1. Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative
colitis (UC), is a chronic, debilitating inflammatory condition affecting the gastrointestinal tract.

Nutrients 2025, 17, 470 https://doi.org/10.3390/nu17030470
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Its relapsing and remitting pattern, characterized by symptoms such as diarrhea, abdominal
pain, rectal bleeding, and weight loss, negatively impacts patients’ morbidity and quality
of life [1]. While advancements in treatments have provided relief for some, a “therapeutic
ceiling” has been reached, as 30–40% of patients do not respond or lose response to biological
therapies [2,3]. This challenge has ignited growing interest among patients and clinicians in
non-pharmacological strategies, particularly dietary interventions, which promise to reshape
the gut microbiota, restore microbial balance, and reduce intestinal inflammation.

The increasing global prevalence of IBD, particularly in newly industrialized regions
such as South America, Eastern Europe, South Asia, and Africa, as well as among immi-
grants transitioning from developing to developed countries, highlights the critical role
of environmental factors in the pathophysiology of the disease [4]. The increase in IBD
cases among ethnic groups and nationalities, where it was previously uncommon, is closely
linked to the adoption of the Western lifestyle [5]. This results in alterations in environ-
mental factors, including better hygiene standards, lifestyle shifts, changes in nutritional
patterns, and modifications in food products, including increased quantities of xenobiotics
in food [6]. The Western diet of today is characterized by a high consumption of refined
sugars, refined carbohydrates, sodium, animal proteins, and ultra-processed foods, which
contrasts sharply with the traditional diets of previous generations [7]. Growing evidence
highlights the detrimental impact of this modern dietary pattern on the gut microbiome [8].
Alterations in the microbiota compromise intestinal barrier integrity, allowing antigenic
microbial and diet-derived components to translocate into the underlying mucosa [7]. This
triggers an abnormal immune response and perpetuates a cycle of inflammation, further
linking dietary factors to the onset and worsening of chronic conditions such as IBD [8].

The Mediterranean diet (MD) is a whole-food, plant-based dietary approach recom-
mended for patients with IBD [9]. Its core elements include high consumption of olive oil and
plant-based foods such as vegetables, fruits, whole grains, legumes, nuts, and seeds, moderate
intake of fish, seafood, and dairy, low-to-moderate alcohol consumption (primarily red wine),
and limited intake of red meat and processed foods [10]. The MD emphasizes unprocessed,
anti-inflammatory foods, promoting a diet rich in microbiota-accessible carbohydrates, lean
protein, and omega-3 fatty acids [10]. Due to its established benefits in enhancing gut micro-
biota diversity, composition, and function, as well as its anti-inflammatory properties—both
in healthy individuals and emerging studies in IBD [11–14]—the best practice guidelines
recommend that all patients with IBD should be encouraged to adopt the MD for its potential
to improve gut health and manage inflammation [9].

Several studies support the importance of diet in the management of IBD, with a growing
number of solid food diets for patients with IBD [15,16]. A comprehensive comparison of
these approaches is beyond the scope of this review; however, exclusive enteral nutrition,
the Crohn’s disease exclusion diet (CDED), the specific carbohydrate diet (SCD), and the low
fermentable oligosaccharides, disaccharides, monosaccharides, and polyol (FODMAP) diet
show promise for improving the management of IBD [17]. Exclusion diets have been the
primary focus for managing IBD, with few studies exploring the benefits of inclusion diets,
such as the MD [15,18,19]. This shift in perspective emphasizes incorporating nutrient-rich,
health-promoting foods rather than focusing on elimination. This narrative review critically
examines the unique attributes and potential benefits of the MD in IBD management. By
synthesizing the existing literature, this review aims to highlight the MD’s effects on IBD
outcomes and offer practical guidance for integrating this dietary approach in to clinical
practice.
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2. Methods

To enhance the rigor of this narrative review, a literature search was conducted in
PubMed from inception until 4 June 2024 to identify English-language articles involving
human participants. To identify relevant articles, we combined IBD-related terms ((In-
flammatory Bowel Diseases[mh] OR “inflammatory bowel disease*” [Title/Abstract] OR
IBD[Title/Abstract] OR Crohn*[Title/Abstract] OR “ulcerative colitis” [Title/Abstract]))
with MD-related terms (“Mediterranean diet” [Title/Abstract] OR Mediterranean diet
[mh]). The reference lists of articles identified on PubMed were also reviewed to identify
other potentially relevant articles. Both observational and interventional studies were in-
cluded.

3. The Mechanisms for Diet in Inflammatory Bowel Disease

The bacteriome in IBD is altered and is characterized by the loss of beneficial microbes,
expansion of pathobionts, and reduced microbial diversity [20]. It is well established that
patients with IBD have reduced levels of beneficial anaerobic microbes, including Faecalibac-
terium prausnitzii, Roseburia, Bacteroides, Suterella, Bifidobacterium, and Lachnospiraceae [20].
These microbes play a critical role in breaking down microbiota-accessible carbohydrates
(MACs) to produce short-chain fatty acids (SCFAs) like butyrate, acetate, and propionate.
SCFAs are highly relevant in IBD due to their ability to modulate immune responses
and maintain intestinal homeostasis [21]. They reprogram the metabolism of innate im-
mune cells like macrophages, monocytes, and neutrophils, promoting anti-inflammatory
phenotypes and reducing pro-inflammatory cytokine production. SCFAs inhibit histone
deacetylases (HDACs), leading to epigenetic suppression of pro-inflammatory genes, and
they downregulate nuclear factor-kappa B (NF-κB) signaling, a central driver of inflam-
mation in IBD [21,22]. Additionally, SCFAs strengthen the intestinal barrier by enhancing
epithelial cell function, mucin production, and tight junction integrity, preventing microbial
translocation and excessive immune activation [21]. The alterations in SCFAs in IBD, often
linked to microbial dysbiosis and low MAC intake, contribute to disease pathogenesis,
highlighting their therapeutic potential [23,24].

In contrast, patients with IBD have an overgrowth of bacteria such as Escherichia,
Clostridioides difficile, Salmonella, Enterobacteriaceae, and Proteobacteria [20]. These mi-
crobes can disrupt gut homeostasis by producing pro-inflammatory metabolites, such as
lipopolysaccharides (LPS), that stimulate the innate immune system via toll-like receptors
(TLRs) [22]. This microbial dysbiosis, marked by an imbalance of protective and harmful
microbes, compromises the intestinal barrier. Increased permeability allows the translo-
cation of bacteria and dietary antigens into the underlying mucosa, triggering abnormal
immune activation and perpetuating chronic inflammation [23]. For instance, emulsifiers
and other components of processed foods common in the Western diet can exacerbate this
process by destabilizing the mucus layer and promoting immune activation [24].

The Western dietary pattern’s role in the development of chronic diseases, such as IBD,
is well established [25]. Several reviews and large cohort studies have consistently shown
that the Western dietary pattern plays a significant role in the etiology of IBD [26–30]. These
studies consistently highlight an increased risk of developing IBD among individuals with a
high consumption of animal fats (omega-6 fatty acids), red and processed meat, sugar, refined
grains, and ultra-processed foods [26,30]. In contrast, high fiber and fruit intakes are inversely
associated with IBD risk [29]. The positive link between fat consumption, particularly trans
fatty acids and omega-6 fatty acids, is most predominant in UC [31], while fish consumption is
associated with a reduced risk of CD [32]. Western dietary patterns show an overall decrease
in abundance in Bifidobacterium, Lactobacillus, and Eubacterium, while increasing the abundance
of pathobionts such as Clostridium bolteae, Ruminoccocus obeum, Ruminococcus gnavus, and
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Blautia hydrogenotrophica [25]. The mucolytic nature of microbes combined with low fiber
intake results in these bacteria using the mucus layer as their primary food source, leading to
erosion of the epithelial barrier, gut permeability, and intestinal inflammation [33].

Adopting dietary patterns, such as the MD, has been shown to foster a health-
associated microbiome and mitigate intestinal inflammation in patients with IBD [12,34].
The MD, rich in fiber, antioxidants, omega-3 fatty acids, polyphenols, and plant-based
proteins, provides substrates for beneficial microbes, enhancing SCFA production and
promoting a balanced gut microbiota and balancing inflammation [34]. Polyphenols, for
example, exert prebiotic-like effects by selectively enriching commensal bacteria, while
omega-3 fatty acids modulate inflammatory pathways by altering the composition of gut
microbiota and reducing pro-inflammatory cytokines through the production of specialized
pro-resolving mediators (SPMs) [35,36].

While preclinical evidence provides mechanistic insights on how the components
of the MD influence intestinal epithelial barrier function and can alter immune function,
clinical studies show moderate improvements in clinical markers, inflammation, and
quality of life in IBD patients adhering to this diet [34]. These findings highlight the
potential of the MD as a therapeutic dietary strategy. Additionally, dietary interventions
can induce microbiota shifts, potentially resulting in significant and stable changes that
contribute to improved disease outcomes [37]. However, substantial variation between
studies underscores the need for further research into diet-microbiota interactions. Robust
and consistent methodologies are essential to better understand these mechanisms, refine
dietary strategies, and develop personalized treatment approaches for IBD patients.

4. The Mediterranean Diet in IBD: Transforming Clinical Biomarkers and
Patient Outcomes

In the past five years, several studies have investigated the impact of dietary interventions,
particularly the MD, in adults with IBD (Table 1). Chicco et al. (2020) conducted a six-month
single-arm prospective MD intervention involving patients with UC (n = 84) or CD (n = 58) [38].
The study demonstrated significant improvements in obesity-related parameters, including
body mass index (BMI) and waist circumference, and a reduction in liver steatosis assessed
using abdominal ultrasound. Additionally, the intervention normalized C-reactive protein
(CRP) and fecal calprotectin (FCP) levels, which are key biomarkers of inflammation and
suggest reduced inflammatory burden, thereby improving disease control. Lewis et al. (2021)
conducted a randomized control trial comparing the MD to the specific carbohydrate diet
in patients with CD [13]. The study found no significant differences in remission rates or
biomarker responses between the two diet interventions. The comparable symptomatic
outcomes observed between the treatment groups may be attributed to similarities in the
study diets, specifically that both were prepared using fresh ingredients. The study suggested
that the MD may be preferable due to its greater ease of adherence and its broader health
benefits, which extend beyond IBD management [13]. Haskey et al. (2023) examined MD
versus a Canadian Habitual Diet in UC patients, with 40% of the MD group reporting
improvement in the Simple Clinical Colitis Activity Index, maintenance or improvement
of FCP, and alterations in microbiome composition [12]. These findings further emphasize
the role of the MD in stabilizing inflammatory biomarkers and enhancing gut health, which
are critical for maintaining disease remission and improving long-term outcomes. Dogan
et al. (2024) investigated the MD, the MD with resveratrol supplementation, or the MD with
curcumin supplementation in UC patients [39]. Improvements in waist/hip circumference,
CRP, erythrocyte sedimentation rate, bowel movement frequency, MD adherence, and quality
of life scores improved across all groups. However, supplementation with resveratrol or
curcumin did not appear to amplify the effects of the MD. Although most studies have shown
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favorable results, Strauss et al. [40] and Zhang et al. [41] reported no significant changes in
FCP and short-chain fatty acids in participants following an MD intervention.
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Collectively, these studies highlight the potential of the MD to improve clinical out-
comes and enhance quality of life in patients with IBD, with minimal reported adverse
effects. The normalization of CRP and FCP levels across several trials underscores the diet’s
ability to reduce systemic and intestinal inflammation, a critical goal in IBD management.
These findings suggest that incorporating the MD as part of an integrated treatment ap-
proach could enhance disease control, improve patient outcomes, and potentially reduce
the burden of pharmacologic therapies. However, the absence of control groups in some
studies and the variability in study designs limit the ability to attribute these benefits
solely to the MD. Rigorous, large-scale, randomized controlled trials with well-defined
control diets are essential to validate these promising outcomes and to elucidate the precise
mechanisms by which the MD exerts its therapeutic effects in IBD. Such research will
further solidify the MD’s role as a cornerstone of holistic IBD management.

5. Mediterranean Diet Adherence: A Path to Better Health in IBD

The health benefits of the Mediterranean diet (MD) are well established. However,
there are concerns regarding the successful adoption of its principles in regions outside of the
Mediterranean. While potential barriers to the practical implementation of the MD in IBD are
acknowledged, to our knowledge, no published reports specifically address these challenges.
Despite these gaps, valuable insights can be gained by translating knowledge from other
chronic conditions where similar barriers have been successfully addressed [42,43]. For
example, limited understanding of the MD’s precise composition is common among patients
and practitioners, highlighting the need for patient education on its specific components
and associated health benefits. To improve acceptability, offering tasting sessions, food
demonstrations, alternative meal ideas, and easy-to-prepare recipes could help.

Cultural identity plays a significant role in shaping food choices, often leading to
resistance to adopting dietary patterns that diverge from cultural norms [44]. This presents
important considerations for how the MD should be presented to non-Mediterranean
populations. To facilitate its adoption, advice should be tailored to align with diverse
cultural eating habits and traditional food views. Additionally, there is a perception that
the MD is expensive. Providing budgeting tips and low-cost recipe ideas could help address
financial concerns [43]. Furthermore, the availability of MD components in colder climates
is often questioned, as the diet is traditionally associated with salads and fresh fruits. To
address this, offering practical information on which foods are in season to purchase and
providing alternative sources of fruits and vegetables (e.g., frozen or canned) will make
the diet more feasible for individuals living in colder regions [42]. Concerns about weight
gain from consuming olive oil and nuts are common, but research has shown that these
components do not promote adiposity [45,46]. Education on the health benefits of replacing
saturated fats with monounsaturated and polyunsaturated fats could help address these
misconceptions.

While these factors—such as cultural identity, perceived costs, and ingredient
availability—pose challenges to adopting the MD in IBD, recent studies demonstrate
that high adherence to the MD is achievable within the IBD population (Table 2).

Papada et al. (2019) reported that higher adherence to the MD in patients with CD
was associated with reduced disease activity (p < 0.001) and inflammation (p = 0.027) [47].
Similarly, Godny et al. (2020) observed that UC patients post-pouch surgery with higher
MD adherence (p < 0.05) had lower FCP levels (p < 0.05) during an eight-year follow-
up and lower rates of pouchitis [48]. Naqvi et al. (2021) reported a positive association
between leafy green vegetables and a reduced FCP and an omega-6:omega-3 ratio of
8:1 was associated with normalized CRP. However, no specific relationships with MD
adherence were observed [49]. Fiorindi et al. (2021) and Celik et al. (2023) found that
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higher MD adherence was associated with lower disease activity scores and improved
mental health outcomes in both CD and UC [50,51]. A randomized trial by Haskey et al.
(2022) demonstrated that a structured MD intervention in patients with UC improved
diet quality (p = 0.007), and patients could successfully adhere to the MD [52]. Despite
these promising findings, several limitations should be acknowledged. Studies have
utilized varying symptom scoring systems, biomarkers, and MD adherence tools, which
complicate direct comparisons, and the duration of dietary assessments varies widely.
Additionally, the reliance on self-reported dietary data introduces potential inaccuracies,
such as misreporting and bias, underscoring the need for future research in this area.

Table 2. Summary of research studies evaluating adherence to the Mediterranean diet and its impact
on inflammatory bowel disease clinical aspects.

Author, Year Population Primary Objective Diet Assessment Methods
MED Diet

Assessment/Adherence
Results

Papada et al.,
2019 [47]

Outpatient adults
with

endoscopically
proven CD

(n = 86)

Characterize the effects
of MD adherence on

quality of life, disease
activity, and

inflammatory markers

Assignment of MedDiet
scores based on 24 h recall

MedDiet score evaluated
by an experienced

dietitian

↑ MedDiet scores in patients
with inactive CD versus patients

with active CD (p = 0.005)
MedDiet score was negatively

correlated with
Harvey–Bradshaw Index

(p < 0.001) and CRP (p = 0.027)

Godny et al.,
2020 [48]

UC patients who
underwent

pouch surgery
(n = 153)

Assess changes in
inflammation markers,

and reduced risk of
pouchitis development

in patients with UC after
pouch surgery

Assessment of MD adherence
during a 6-month interval

between 2015 and 2018 based
on a food frequency

questionnaire

MED score
Adherence defined as

MED score ≥ 5

↔ MED scores between patients
with active and inactive disease

(p = 0.10)
Patients with <200 mcg/g fecal
calprotectin had ↑ MED score
versus patients with elevated

fecal calprotectin (p < 0.05)
↔ pouchitis development rates
in patients with high MED diet
adherence versus patients with

low adherence (p = 0.17)

Naqvi et al.,
2021 [49]

Adults (n = 66)
with CD and

clinical remission
(steroid-free,

clinical remission
with Harvey–

Bradshaw
Index < 5 for >

3 months)

Assess the relationship
between diet and

markers of inflammation

A 3-day weighted food/drink
intake, reviewed by a

dietitian

pMDS score modified to
exclude red wine

consumption

Increasing daily servings of
leafy green vegetables were
associated with FCP ≤ 100

μg/mg (p < 0.05)
omega-6:omega-3

polyunsaturated fatty acid ratio
of 8:1 was associated with CRP

≤ 5 mg/L

Fiorindi et al.,
2021 [50]

Adults with IBD
(n = 62 CD, n = 18

UC)

Assess level of MD
adherence in IBD

patients with
MEDI-LITE

questionnaire

MEDI-LITE questionnaire
conducted via face-to-face

interview

MEDI-LITE
questionnaire scores > 11

deemed adherent

↔ between CD and UC patients
in the MEDI-LITE scores

(p = 0.543)
↑ MEDI-LITE score in remission

CD patients than active CD
patients (p < 0.001)

No significant differences in
MEDI-LITE scores were found
in remission UC patients and

active UC patients with
pouchitis (p = 0.218)

Haskey et al.,
2022 [52]

Randomized
controlled trial
Adults (n = 28)

with
mild-moderate
UC in remission

(partial Mayo
score 0–2)

Examining the
proportion of

participants achieving
high adherence to the
MD measured by the

MDSSs
Changes in diet quality,

quality of life, nutritional
diet adequacy were also
measured as secondary

analysis

Two intervention diets were
used, the CHD (Canadian
Habitual Diet) and the MD

The MD group received
sessions from dietitians to

help adapt to the MD (based
on the MD pyramid) with

MD specific recipes, 4-week
meal plan, food lists

The CHD group followed
their habitual diet

MDSSs (> 16 points) as
measured after 12 weeks

deemed adherent

After 12 weeks, there was a
significantly higher MDSS in the

MD intervention group
compared to the CHD group
(p = 0.010) and improved diet

quality (p = 0.007) as measured
by the Healthy Eating Index.
No significance in changes in

quality-of-life scores in both the
groups

110



Nutrients 2025, 17, 470

Table 2. Cont.

Author, Year Population Primary Objective Diet Assessment Methods
MED Diet

Assessment/Adherence
Results

Celik et al.,
2023 [51]

Adults diagnosed
with IBD

(n = 83; n = 38 UC
patients; n = 45

CD patients)

Assess the effect of MD
adherence on disease

activity (Crohn’s disease
activity index; Mayo

Score for UC) and
quality of life (Short

Form-36) in IBD patients

Face-to-face interviews with a
dietitian to provide MEDAS

scores

MEDAS scores of ≤ 6,
7–9 and ≥ 9 categorized
as low, acceptable and

high adherence,
respectively

Low MD adherence had higher Mayo
Clinic scores (p = 0.018)

No significant differences in Crohn’s
disease activity index scores and BMI

with MD adherence (p > 0.05)
In UC patients, high MD adherence
was associated with better scores in

emotional problems (p = 0.03), mental
health (p = 0.03), and overall health

perception (p < 0.01)
UC patients categorized as ’low

adherence’ had higher UC Mayo Clinic
scores (p = 0.018).

In CD patients, MD adherence was not
correlated with any sub-dimensions of
quality of life measured by the Short

Form-36 (p > 0.05).

↔: no difference; ↑: higher; CD: Crohn’s disease; IBD: Inflammatory bowel disease; MD: Mediterranean diet; UC:
Ulcerative colitis; CD: Crohn’s disease; BMI: body mass index; MDSS: Mediterranean diet serving score; MEDAS:
Mediterranean diet adherence score; pMDS: partial Mediterranean diet score.

6. Current Gaps in Research

Future studies should address existing limitations by standardizing tools for assessing
dietary adherence and symptom scoring, enabling consistent comparisons across studies.
The use of digital tools, such as mobile apps for real-time tracking of adherence and
symptoms, could refine dietary strategies and improve patient outcomes. These tools can
offer patients personalized guidance, track dietary intake, and provide real-time feedback,
ultimately enhancing adherence to the MD and improving overall patient engagement.
Incorporating control groups and conducting long-term, multicenter trials with larger
sample sizes would provide valuable insights into the sustained benefits of MD adherence
over time, helping to establish the MD as an effective long-term nutritional therapy for IBD
management.

Consideration of cultural preferences, ingredient accessibility, and socioeconomic
factors are necessary to develop tailored interventions that improve adherence to the MD.
Structured dietary education programs, along with guidance on ingredient substitutions,
could help overcome barriers to adoption. An examination of the impact of the MD on
quality of life and mental health outcomes, particularly across subgroups with differing
disease activity levels, is warranted.

Finally, advanced biomarker analysis and exploration of the mechanistic pathways
underlying the MD’s anti-inflammatory effects would provide deeper insights into its
therapeutic potential. It is equally important to focus on the variability of individual
responses to the MD and the impact of confounding variables, as this will be key to
advancing the field and optimizing personalized treatment strategies.

7. From Research to Practice: Bridging the Mediterranean Diet and IBD Care

The literature highlights the effectiveness of a dietary intervention rooted in the core
principles of the MD, as represented by the IBD Food Pyramid (Table 3) [53]. Research
indicates that the MD is generally well tolerated among patients with IBD [52,54]. However,
tolerance to specific foods can vary and may need to be adjusted based on the individual’s
disease phenotype (Table 4 and Figure 1) [55].
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Table 3. Key features of the inflammatory bowel disease food pyramid.

Guiding Principles

� Main meals consumed daily should include three components: vegetables, fruits and whole-grains. In addition, legumes,
fermented dairy should be consumed, though not necessarily in every meal.

� Stock kitchens with minimally processed foods.
� Eating 3–5 x/day, smaller meals may be better tolerated when gastrointestinal symptoms are present. In some patients,

structured fasting can help.
� Frequencies and serving sizes should be aligned with the individual’s energy requirements.
� Mindful eating, thorough chewing, and pausing for meals are essential for individuals with IBD. Since digestion begins in the

mouth, paying extra attention to these habits becomes even more crucial when the gut is inflamed to optimize digestive and
absorptive functions.

� Slowly adapt your diet to make it more MD-like, pick one change every week and incorporate it gradually.

Every Meal

Frequency Serving Size Included Foods *

Extra Virgin Olive Oil 1 serving/main meal 1 tablespoon
High quality oil

(see commentary about choosing
quality)

Fruit 1–2 servings/main meal
½ cup

or
1 medium sized piece

A variety of colors in both vegetables
and fruits is strongly recommended

to ensure
intake of a broad range of

micronutrients and phytochemicalsVegetables

2 servings/day
plus

1–2 servings/day of
leafy greens

½ cup or 1 medium sized piece
plus

1 cup raw

Cereals 1–2 servings/main meal
1 cup cooked

or
1 slice of bread

Includes bread, pasta, rice, oats
Preferably whole grains as tolerated

Daily

Starchy Foods
(Resistant Starch) 1–2 servings/day 1 cup per day

Includes cooked, cooled reheated rice,
pasta, potatoes, winter squash, yams,

cassava, and taro

Dairy 2 servings/day

¾ cup yogurt
or

1.5 ounces of hard cheese (cheddar)
or

1 cup of milk

Yogurt (Greek yogurt, low sugar),
kefir or hard cheese may be better

tolerated due to lower lactose content

Nuts/Seeds 1–2 servings/day 1 ounce
or 1/4 of a cup

Without sugar, fat or salt, nut/seed
butters may be better tolerated

Weekly

Legumes 3 servings/week ¾ cup (150 g) cooked Includes beans, peas, lentils,
edamame, and soy

Fatty Fish and Seafood 2 servings/week 6 ounces twice per week Includes salmon, mackerel, tuna,
trout, herring, and sardines

Eggs 1 egg/daily 1 large egg (with yolk and white) Whole eggs, including those used for
cooking and baking

White Meat 2 servings/week 4 ounces
Includes skinless chicken and turkey

Choose lean poultry (e.g., breast,
wing, or back portions)

Red Meat 1 serving/week < 8 ounces per week Includes pork, beef, and lamb
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Table 3. Cont.

Limit

Sweets < 2 servings per week

Includes sugar, candies, pastries,
sweetened fruit juice, and soft drinks

Fruit should be eaten in place of
sweets

Processed Meat < 1 ounce (30 g) per week Includes deli meats, ham, sausages,
bacon, jerky, and hot dogs

Ultra-Processed Foods Avoid as much as possible

Includes ice cream, chips/crisps,
mass-produced bread and bread

products, crackers, biscuits, cookies,
instant soups

Additives Limit

Includes maltodextrin, carrageenan,
carboxymethylcellulose,

polysorbate-80, titanium dioxide and
sulfites, xanthan gum, aspartame,

sucralose, saccharin

Alcohol (includes
spirits, beer and wine) Limit Replace with water or herbal

infusions

* Does not apply to patients with strictures, texture modification is needed.

Table 4. Modifications of fruit and vegetables based on the stage of disease.

Active Strictures/Ileostomy # Remission

Fruit

Remove skin/peel
Blend into smoothies
Apples, bananas and

canned/pureed fruit packed in
water or juice

Pureed fruit (e.g., applesauce,
fruit coulis)

Cooked/stewed fruit
* Limit: dried fruit, coconut,

pineapple, prunes

Follow active disease
recommendations

Smoothies are a great option

No restrictions, based on
individual tolerance

Vegetables

Cook vegetables until fork tender
and remove peels

Blend greens into smoothies
Consider blended soups

* Limit: brussels sprouts, cabbage,
cauliflower, kale, asparagus, peas,

corn, artichoke

Follow active disease
recommendations plus:

Avoid skins, tough stalks and
seeds as well as raw salads

No restrictions, based on
individual tolerance

Whole Grains and Starchy Foods
(Resistant Starch)

Focus on including soluble fiber:
barley, oats, psyllium

Green bananas
Cook, cool, reheat pasta, rice,
sweet potato, and potatoes

Limit whole wheat flour, wheat
bran

Avoid insoluble fiber, corn hulls,
popcorn, wild rice

Cook, cool, reheat pasta, rice, and
potatoes

Replace refined grains with whole
grains, including both insoluble

and soluble fiber
Cook, cool, reheat pasta, rice, and

potatoes
No restrictions, based on

individual tolerance

Nuts and Seeds Nut and seed butters without
added sugar, salt, or fat

Ground nut and seed butters
without added sugar, salt, or fat

No restrictions, based on
individual tolerance

Legumes Lentils, split pea, tempeh or tofu Mashed or pureed beans (e.g.,
hummus) or tofu

No restrictions, based on
individual tolerance

Dairy Products
Lower lactose, lactose-free or

fermented options may be better
tolerated

No restrictions, based on
individual tolerance

No restrictions, based on
individual tolerance

Fatty Fish, Eggs, White Meat, and
Red Meat

Focus on fish, skinless poultry
and eggs while limiting red meat

Stewed, fork tender meat
Avoid tougher cuts of meat,

unless slow-cooking or stewing
(e.g., chuck, brisket, or round,

chicken wings), sausages
with casing.

No restrictions, based on
individual tolerance

# Strictures are narrowing in the intestine. * Based on individual tolerance as tolerance may vary.
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Figure 1. Visual comparison of dietary choices during remission versus active disease. This com-
parison highlights the practical implications tailored to different phases of IBD. During remission,
patients can focus on nutrient-dense, whole foods such as nuts, legumes, fruits, and vegetables,
consumed as tolerated. These choices support gut health, reduce inflammation, and promote overall
well-being. During active disease, to ease digestion and minimize discomfort, the texture of foods
can be modified—such as opting for cooked, peeled, or blended versions of fruits and vegetables
and avoiding high-fiber, hard-to-digest items like nuts or raw legumes (Visual created by Leah D.
D’Aloisio).

Comorbid conditions, such as cardiovascular disease, colon cancer, diabetes, and
living with overweightare rising in IBD and may require special consideration in treatment
planning [56]. The presence of comorbidities often requires a more holistic approach to
patient care, with physicians needing to balance the management of multiple health issues
simultaneously. A multidisciplinary approach involving specialists from different fields
is essential for optimizing patient outcomes. Managing IBD in the context of comorbidi-
ties highlights the increased complexity of treatment and the need for personalized care
strategies to ensure both diseases are addressed effectively. Collaboration with a regis-
tered dietitian specializing in IBD can help patients tailor the MD to their needs, ensuring
nutritional recommendations are appropriately implemented and nutrient deficiencies
are avoided.

To address implementation challenges, we present key recommendations and strate-
gies for counseling patients with IBD on adopting the MD more effectively. Affordability,
availability, and personal dietary preferences should be considered, as these factors can
significantly impact adherence in diverse patient populations. We acknowledge that these
recommendations are primarily based on the expert opinion of our multidisciplinary team,
which includes gastroenterologists, dietitians, and scientists specializing in gastrointestinal
nutrition. To the best of our knowledge, no published manuscripts have comprehensively
addressed these practical recommendations for patients.
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(a) Choose Extra Virgin Olive Oil (EVOO)
Messaging: “Choose good fat, not low fat”
High-quality EVOO is the primary source of dietary fat in the MD, recognized as a

functional food due to its nutritional value and health benefits [57]. The health benefits are
largely attributed to its high oleic acid content (65–83% monounsaturated fatty acids) and
bioactive compounds like tocopherols, polyphenols, and flavonoids [58]. EVOO is distinct
from other common vegetable oils (e.g., sunflower, corn, or soybeanoils), which are rich
in omega-6 fatty acids and have been associated with inflammation [59,60]. Additionally,
the ratio of fatty acids in EVOO confers stability against oxidative thermal degradation,
particularly by reducing the formation of volatile aldehydes compared to peanut and canola
oils [61]. EVOO can be heated to as high as 400 ◦F (deep frying occurs at 350–375 ◦F). For
those dishes that require prolonged heat (e.g., stir-frying), avocado oil is a better option.
Patient recommendations:

Using a high-quality EVOO is important, as lower-quality olive oils lose nearly all
their beneficial properties. Look for a seal of approval from the International Olive Council
or North America Olive Oil Association which certifies standards for olive oil’s purity and
quality. High quality EVOO is typically packaged in dark bottles (amber, black, or green
glass) to prevent oxidation caused by light and heat. To preserve quality, store the oil in
a cool, dark place. For optimal flavor and nutritional benefits, consume the oil as soon
as possible after the harvest date (generally within 18 months if unopened) and within
3 months once opened [62].

a. Use EVOO liberally in cooking (stable to 420 ◦F) in place of omega-6-rich vegetable
oils (e.g., sunflower, corn, soybean, palm, or canola oils).

b. Drizzle EVOO on salads, vegetables, grilled fish, chicken, and pasta.
c. Use EVOO as a base for salad dressings instead of commercially prepared salad

dressings.
d. Dip crusty bread in EVOO in place of butter or margarine.
e. Add citrus-infused EVOO (e.g., lemon, orange) to breakfast smoothies, oatmeal, and

yogurt.
f. Add herb-infused EVOO (e.g., garlic, basil, rosemary) to salads, marinades and eggs.

(b) Fruit and Vegetables
Messaging: “The more colors the better, with fruit and vegetables being center stage”.
Fruit and vegetable consumption is a cornerstone of the MD, offering health benefits

due to its rich fiber content, polyphenols, antioxidants, and micronutrients. Flavonoids are
a type of polyphenol found in common fruits, vegetables, nuts, cocoa, tea, grains, and herbs.
They are biologically active compounds responsible for the vibrant colors in fruits and
vegetables [63]. Besides flavonoids, fruits and vegetables are key sources of fiber, potassium,
folate, and antioxidants such as vitamin C, α-carotene, β-carotene, β-cryptoxanthin, and
lycopene. Polyphenols are also crucial as immunonutrients due to their antioxidant and
anti-inflammatory properties [64]. Research suggests that polyphenols commonly found in
fruit and vegetables exert their effects primarily by remodeling the gut microbiota, acting
as potential prebiotics that help shape a healthier microbial composition, strengthening
barrier integrity, and modulating balanced immune responses [64].
Patient recommendations:

Fruits and vegetables are the foundation of meals. Varying the types of fruit and veg-
etables consumed throughout the day ensures a diverse intake of nutrients and compounds,
each offering unique health benefits.

a. Dark leafy greens can be used as salads, added to frittatas, eggs, smoothies, and
soups.
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b. Add grated vegetables, such as carrots, zucchini, spinach, and kale to pasta sauces
and soups.

c. Canned tomato products are rich in lycopene (an antioxidant). A few tomato-centric
recipes include shakshuka, stuffed vegetables, stews, curries, baked fish with toma-
toes, and marinara sauce.

d. Load up sandwiches with vegetables.
e. Increase the nutritional value of smoothies by mixing in fruit and leafy greens.
f. Top salads with fruit.
g. Add fruit to yogurt or cereal.
h. Try baked fruit topped with oatmeal, cinnamon, and maple syrup for dessert.
i. Roast vegetables to increase flavor, drizzle with olive oil.
j. To save preparation time, consider packaged ready-to-eat fresh fruit and vegetables.

Frozen and canned fruit and vegetables are budget-friendly options.
k. Choose canned vegetables packed in water and look for “no salt added” or “low

sodium” options with no added sugar, preservatives. or artificial additives. Even
when purchasing “no salt added” options, it is good practice to rinse them under
water to remove any additives or preservatives.

l. Choose canned fruits packed in water to reduce the sugar content. Whole fruits
(e.g., peaches, pears, etc.,) have generally fewer additives than “cocktails”. Check
for extra additives, as some products labeled “no sugar” may still contain artificial
sweeteners. It is good practice to rinse them under water to remove extra sugar and
preservatives.

(c) Whole Grains and Starchy Foods
Messaging: “Feed your microbes fiber, or they will feed on you”.
Whole grains are essential to the MD as they are rich in vitamins, minerals, lignans,

phytochemicals (phenolic acids, polyphenols, and phytosterol compounds), and fiber [65,66].
Common examples of grains include whole wheat, brown rice, oats, millets, barley, and rye.
Another form of fiber is resistant starch. Resistant starch is a broad category of structurally
complex starches resistant to digestive enzymes in the gastrointestinal tract, commonly
found in green bananas, unprocessed whole grains, legumes, and cooked then cooled
rice, pasta, or potatoes [67]. Many patients believe that they should avoid dietary fiber.
Still, strong evidence suggests that dietary fiber can positively impact the gut microbiome,
improve IBD symptoms, balance inflammation, and improve health-related quality of
life [68]. Currently, there are no specific guidelines on the relative proportions of different
dietary types of fiber to include in the diet. For patients who experience difficulty tolerating
fiber or they have CD with strictures (intestinal narrowing), fiber intake can be adjusted by
modifying the food textures, such as blending, mashing, or pureeing to enhance digestibility.
Patient recommendations:

a. Breakfast is one of the easiest ways to increase fiber by consuming whole-grain toast
or oatmeal.

b. Swap refined grains like white bread, white rice, and pasta for whole grains like
brown rice, quinoa, bulgur, barley, and farro.

c. Add barley to soups to boost soluble fiber.
d. Psyllium can be sprinkled on food.
e. Cook, cool, reheat pasta, rice, and potatoes to increase resistant starch.
f. Use whole grain flours in baking (e.g., oat flour).

(d) Nuts and Seeds
Messaging: “Embrace nut and seed butters”.
The MD recommends consuming nuts and seeds daily due to their high nutrient

density, including unsaturated fats, protein, fiber, and polyphenols. Nut consumption
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is also associated with several other health benefits. For example, a recent systematic
review indicates that consuming 28 g of nuts daily is associated with a reduced risk of
cardiovascular disease, cancer, and overall mortality [69]. Given that patients with IBD
are at risk for comorbid conditions (e.g., cardiovascular disease, colon cancer, diabetes,
living withoverweights), it is imperative for people with IBD to adhere to healthy eat-
ing guidelines to prevent further deterioration in health. Additionally, the enrichment
of butyrate-producing gut bacteria from nut consumption supports the hypothesis that
nuts have a prebiotic effect [70]. In patients with Crohn’s disease and ulcerative colitis,
dietary patterns before the onset of the disease often show a decreased intake of nuts and
seeds, highlighting the potential importance of emphasizing the consumption of foods for
supporting gut health [71].

Whole nuts and seeds can be problematic in certain situations for individuals with
IBD and may need to be consumed in a smooth nut or seed butter form. During active
flare-ups, nuts and seeds may worsen intestinal symptoms such as pain, bloating, and stool
frequency. In cases of stricturing disease, consuming nuts and seeds in their whole form
can increase the risk of blockages. Therefore, in these patients and those who have had a
recent IBD-related luminal surgery, it is recommended to enjoy these foods in their smooth
butter form to prevent worsened symptoms or disease complications.
Patient recommendations:

a. Choose nuts higher in monounsaturated fats such as almonds, cashews, macadamia,
hazelnuts, pistachios, pecans, and walnuts.

b. Nuts and seeds can be consumed as nut butter for easier digestion and improved
tolerance. This should be favored in those with active disease, recent luminal surgery,
and those with known intestinal strictures.

c. Opt for raw, unsalted nuts or nut butters without added sugars, salt, or fats.
d. A handful of raw nuts makes a healthy, nutrient-rich alternative to processed snacks.
e. Tahini (ground sesame seeds) is versatile and can be used in sauces, dressings, or

drizzled over roasted vegetables or grain bowls to enhance flavor.
f. Add nuts and seeds to enhance dishes like yogurt, smoothies, oatmeal, or fruit.
g. Chia seeds expand when moistened, making them ideal for creating jams and puddings.
h. Soaking most nuts can improve their digestibility, reduce phytic acid, and enhance

nutrient absorption. Soak most nuts for 4 to 12 h, or overnight, to improve their
digestibility. Softer nuts, such as cashews, require a shorter soaking time, while harder
nuts, like almonds, may benefit from a longer soaking period for optimal results.

(e) Legumes
Messaging: “Add legumes gradually”.
Legumes are valuable protein and soluble fiber sources and contain bioactive com-

pounds, including phytochemicals with known antitumor properties [72]. Systematic
reviews and meta-analyses of prospective cohort studies have shown moderate-quality
evidence that consuming legumes at a frequency of at least four 100 g servings per week
can aid in preventing cardiometabolic risk factors and colorectal cancer [73]. Additionally,
individuals with IBD often have an inadequate intake of legumes [74].
Patient recommendations:

a. To cook dried beans, use a 1:4 ratio of beans to water. Soak beans overnight to reduce
lectins, which can interfere with nutrient absorption and cause discomfort. Discard
the soaking water, rinse the beans, and cook in fresh water. Boil for 10–30 min at high
heat to deactivate most lectins. Avoid slow cooking or eating raw beans, as they may
not reduce lectins effectively.
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b. Look for canned beans labeled low-sodium or with no salt. Rinse before serving or
cooking to remove sodium that is added during processing. Rinsing canned beans
can help make them more digestible.

c. Lentils may be easier to digest than other starchier legumes like black beans or
chickpeas, so start with lentils if other legumes cause too much digestive distress,

d. Add legumes to the diet gradually—start with 2 to 4 tablespoons of beans or lentils
at a time, then increase intake as the body adjusts.

e. Legumes lend themselves to soups, tacos, burritos, and chili, though you can also eat
them independently.

f. Toss them on top of salads, purée them into a bean dip, or use them as a meat
substitute in burgers, stews, and soups.

g. Beans can be roasted and used as snacks and salad toppers.

(f) Dairy Products
Messaging: “Rethinking dairy on the MD”,
Dairy consumption in IBD has been controversial, with ongoing debate about whether

patients with IBD should avoid milk and dairy products. Cross-sectional studies have
demonstrated that the rate of intolerance to dairy among IBD patients is similar to the
general population [75,76]. Moreover, a growing body of evidence indicates that dairy
food consumption does not increase inflammatory biomarkers, with multiple studies
documenting significant anti-inflammatory effects [75]. Dairy products are important
nutritional sources that provide more calcium, protein, magnesium, potassium, zinc, and
phosphorus per calorie than any other typical food in the adult diet.
Patient recommendations:

a. Replace heavy cream and processed cheese, instead, choose fermented cheeses like
feta, Brie, cotija, Swiss, halloumi, ricotta, Manchego, and Parmesan.

b. Include fermented dairy (e.g., plain Greek yogurt, kefir) and limit flavored yogurts
that tend to be higher in sugar, add flavorings (lemon, maple syrup, berry purees) to
sweeten if needed.

c. Yogurt, kefir, and aged hard cheeses are lower-lactose options.
d. Trial lactose-free options, smaller portions spread throughout the day, if tolerance is

an issue.

(g) Fatty Fish, Eggs, White Meat, and Red Meat
Messaging: “Rethink our perspective on protein”.
In contrast to the Western diet, which is high in red and processed meats and linked to

an increased risk of developing IBD [77], the MD emphasizes fish and shellfish as primary
protein sources [40]. Although studies on the association between fish consumption and
IBD risk show inconsistent results, an inverse relationship has been observed between
fish intake and the risk of CD [32]. Additionally, a negative association has been noted
between the consumption of omega-3 fatty acids and the incidence of UC [32]. Although
the role of omega-3 fatty acids in IBD remains debated, consuming fatty fish such as
salmon, mackerel, sardines, tuna, and herring—rich in omega-3 fatty acids—may provide
a protective benefit against IBD [78]. Fish is also considered highly nutritious, offering
antioxidant, anti-inflammatory, wound-healing, neuroprotective, cardioprotective, and
hepatoprotective properties [79]. To date, there is no evidence linking egg consumption
with IBD.
Patient recommendations:

a. Choose white meats (poultry without skin) instead of red meats, pork, or processed
meats, sausages, cold meat, or paté.

b. Enjoy omega-3-rich fish such as tuna, sardines, and salmon, either fresh or canned.
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c. Consume red meats (lamb, mutton, beef, pork, veal, goat, horse) less frequently. Opt
for lean cuts and prepare in stews, stir-fries, or soups.

d. Limit intake of smoked, salted, and processed meats.
e. Eggs can be enjoyed daily and are often a well tolerated protein source.
f. Aim for moderate portions of 4 ounces per meal.

(h) Ultra-processed Foods, Sweets, and Alcohol
Messaging: “Choose minimally processed foods for better health”.
Ultra-processed foods and sweets are not regularly consumed as part of the MD. Ultra-

processed foods such as soft drinks, packaged snacks (sweet and savory), reconstituted
meat products, and pre-prepared frozen meals primarily contain food additives, leaving
little of the natural food [80]. These products are often high in saturated and trans fats,
salt, high-fructose corn syrup, emulsifiers, artificial colors, and added sugars while low in
phytochemicals, protein, micronutrients, and fiber [80]. Increased consumption of ultra-
processed foods is associated with higher risk of IBD, with a dose–response relationship
indicating a greater risk of disease flares in CD [81]. Alcohol intake has not been identified
as a risk factor in IBD; however, some patients report a subjective worsening of symptoms,
and some studies reporting worsening of disease activity with greater alcohol intake [82].
Patient recommendations:

a. Reduce the consumption of packaged, processed foods, and commercial sauces con-
taining maltodextrin, carrageenan, carboxymethylcellulose, polysorbate-80, titanium
dioxide, sulfites, and xanthan gum.

b. Limit sugary beverages and artificial sweeteners (e.g., aspartame, sucralose, saccha-
rin). Replace soda and juices with water.

c. Coffee, tea, and herbal infusions (rich in flavonoids) are allowed, but they should be
consumed preferably without any sweetener.

d. Avoid high-fat and sugar pastries, industrial bakery products (e.g., cakes, donuts, or
cookies), and industrial desserts (e.g., puddings, custard). Save cakes and sweets for
special occasions

e. Use herbs, spices, garlic, and onions to increase food palatability and reduce the use
of salt in cooking.

f. Limit to low-risk alcohol consumption. Patients with IBD often report worse gastroin-
testinal symptoms following alcohol consumption. In the available literature, alcohol
use in patients with IBD trends toward harmful effects; however, more research is
needed [83].

(i) Modifying the Mediterranean diet according to the stage of the disease.
Messaging: “Tailor the Mediterranean diet to your disease stage for maximum benefit—

nourish your body with the right foods at the right time!”
Certain dietary components may be challenging for some individuals to tolerate, but

this varies from person to person and does not apply to everyone. All patients should
be encouraged to personalize their diet to their disease stage (Table 4). For patients with
strictures, limiting fibrous foods and insoluble fiber may be beneficial in reducing the risk
of blockage [55,84].

8. Conclusions

In conclusion, the MD holds promise as an adjunctive approach to managing IBD.
Mounting evidence supports its positive impact on clinical biomarkers and patient out-
comes. Its practical nature, especially in terms of its feasibility for integration into clinical
settings, makes it an attractive option for patients and healthcare providers. As a flexible,
inclusive, nutrient-rich diet, the MD promotes the consumption of health-promoting foods
like fruits, vegetables, whole grains, and healthy fats. This enhances patient adherence,
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especially compared to other more restrictive dietary approaches, such as low FODMAP or
exclusive enteral nutrition, thus enhancing its effectiveness in everyday clinical practice.

Multidisciplinary teams, particularly dietitians, play a pivotal role in optimizing
dietary interventions for patients with IBD. Registered dietitians (RDs) are essential for
guiding patients in adopting the MD, ensuring cultural consideration and nutritional
adequacy. Through proper education and support, dietitians can help manage potential
challenges related to the diet’s integration into treatment plans, monitor progress, and
adjust strategies as necessary.

Further research is needed to deepen our understanding of the underlying mechanisms
of the MD and to optimize its application in personalized nutrition treatment strategies.
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Abstract: Background: Findings show that beetroot-derived nitrates can improve en-
durance, oxygen efficiency, muscular power, recovery and cardiovascular function, par-
ticularly in recreationally active or moderately trained individuals. However, results are
mixed in elite athletes, likely due to their already optimized nitric oxide utilization. Cog-
nitive function is a crucial aspect of athletic performance enabling athletes to adapt to
dynamic environments and execute skills effectively, but evidence for cognitive benefits
of nitrate-rich beetroot supplementation is limited and inconsistent. The combination of
improved physical activity and cognitive functions contribute to overall healthy aging and
extending life expectancy. This highlights the synergistic role of nutrition, exercise and
mental agility in promoting long-term well-being. Methods: The literature review was
conducted to summarize and systematize existing evidence on beetroot juice supplemen-
tation on physical performance and cognitive function in both, healthy adult population
and athletes. Results: Overall, beetroot supplementation demonstrates strong potential
as a natural ergogenic aid for enhancing physical performance, but current evidence on
cognitive improvement remains inconclusive. Conclusions: Further research, particularly
involving female or elite athletes, is needed to establish clear recommendations of beetroot
juice supplementation as a supportive element of exercise capacity and cognitive abilities
contributing to maintaining health and thus healthy aging.

Keywords: dietary nitrates; ergogenic nutrition; endurance capacity; aging physiology;
cognitive outcomes

1. Introduction

Nitrogen is a vital element for all living organisms. It’s main form, dinitrogen gas (N2),
cannot be utilized by plants or animals. In order to be used by humans, it has to go through
numerous processes in “the nitrogen cycle” [1,2]. The oral microbiome converts nitrates
into nitrites. After ingestion, nitrate-rich saliva undergoes nonenzymatic metabolism in
the stomach, producing nitric oxide (NO), which triggers various biological effects, e.g.,
neurotransmission, vasodilation or immunomodulation [3]. Nitrate (NO3

−), along with
nitrite (NO2

−) were viewed as cancerogenic and adverse to the human diet [4,5]. Both
NO3

− and NO2
− have been one of the ingredients added during the process of curing

certain meat products to act as a preservative against microorganisms responsible for food
poisoning [6]. With today’s knowledge we can say that nitrates have a wide range of

Nutrients 2025, 17, 3954 https://doi.org/10.3390/nu17243954
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positive effects on the human body, such as: lowering blood pressure, increasing flow-
mediated dilation, reducing platelet–monocyte aggregates and improvement in vascular
function [7].

Nitrate, nitrite and N-nitroso-compounds can be synthesized endogenously. In healthy
individuals, approximately 1 mmol (62 mg) of nitrate is produced per day. This endogenous
production becomes particularly significant when dietary nitrate intake is low or during
gastrointestinal infections that affect the stomach pH [8]. Following a comprehensive re-
evaluation of their safety, the European Food Safety Authority (EFSA) has concluded that
the established safe levels for nitrites and nitrates intentionally added to meat and other
food products provide adequate protection for consumers. Nitrite and nitrate salts (such as
sodium and potassium salts; labelled on food products as: nitrites E 249–250 and nitrates
E 251–252) are approved food additives in the EU. They are used for various reasons, for
example to protect products such as: meat, fish, and cheese, from microbial growth or to
preserve color and flavor. The current acceptable daily intake (ADI) is 3.7 mg/kg body
mass/day for nitrates and 0.07 mg/kg body mass/day for nitrites [9,10]. For humans, the
lethal oral dose for nitrate can range from 67 to 833 mg/kg body mass. When it comes to
nitrite the lethal dose, it ranges from 33 up to 250 mg/kg body mass [8].

Vegetables are the primary source of nitrate, contributing to about 80–85% of the
daily nitrate intake and up to 43% of nitrite intake [6,11]. Nitrates can be found in a
variety of vegetables and their nitrate concentration can differ due to factors such as:
weather conditions, soil quality and its pH or the plant species [12]. Greatestnitrate levels
(>2500 mg/kg), according to their nitrate content, are vegetables and leafy greens like
spinach, lettuce and beetroot, which is both a root and a leaf crop. Beetroot is grown for its
edible storage roots and leaves (mainly young) [13]. Due to its great nitrates levels, it has
gained popularity among athletes and is the most commonly used form of supplementing
dietary nitrate. It can enhance exercise performance through multiple pathways, including
vasodilation, improving blood circulation, improving muscle and cerebral blood flow,
lowering oxygen demand in skeletal muscles or decreasing the buildup of anaerobic
respiration byproducts which helps to not only boost power output and muscle force but
also delay fatigue (Figure 1) [7].

The concentrations of nitrate (NO3
−) and nitrite (NO2

−) in beetroot supplements can
vary widely due to differences in beetroot sourcing, processing methods, storage conditions
and addition of other compounds. Since these compounds are sensitive to factors like
heat, light, and time, their levels can degrade or fluctuate during production and shelf
life. Unfortunately, not all manufacturers standardize their products for nitrate or nitrite
content, leading to significant disparities between brands or even batches of the same
product. As a result, the actual nitrate and nitrite content in beetroot supplements may
differ from what is expected or labelled [14,15].

Studies have shown that dose-dependent increase of plasma nitrate and nitrite and a
reduction in the oxygen cost of moderate-intensity cycling, were noted at the same supple-
mented dose being ~16.8 mmol. However, lower doses of nitrate supplements were the
ones to improve the time-to-task failure during severe-intensity exercise [16]. Additionally,
individuals with very great levels of aerobic conditioning, particularly elite endurance
athletes (with a VO2max above 65 mL·kg−1·min−1), generally do not experience signifi-
cant performance gains from nitrate supplementation [17,18]. Nowadays, the protocols of
nitrate supplementation in sports, recommend the dose of ~6-6 mmol (350–500 mg), taken
approximately around 2–3 h before planned exercise [19].
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Figure 1. The effects of nitrates on the human body.

Maintaining a nutritious diet and achieving optimal nutritional balance are key strate-
gies for supporting brain function and cognitive well-being [19]. Cognitive abilities refer
to several interconnected mental operations—such as our capacity to retain and recall
information (memory), the ability to concentrate and filter distractions (attention), greater
level planning and self-regulation (executive functions), problem-solving, and the speed
of mental processing [20]. Research suggests, that NO3

− supplementation may positively
impact these abilities. Benefits were seen in a few age-groups, including healthy young
individuals, both at rest and during exercise, particularly after 5–7 days of supplemen-
tation. During intense exercise—when brain oxygen drops—cognition may suffer, and
NO3

−’s benefits appear limited. Yet, higher doses (~13 mmol) over 7 days improved
decision-making during prolonged, high-intensity intermittent exercise [21].

Constantly growing evidence shows that supplements containing natural extracts,
pure extracts, or juices from plants can have a positive effect and stimulate cognitive
performance in humans. Peth-Nui et al. 2012, demonstrated that the use of Bacopa monnieri
improves concentration and memory processing, as well as contributing to increased
working memory, and even that the use of this plant extract may be useful in the treatment
of attention deficit disorder [22]. Similar observations were related to the extracts derived
from the Panax ginseng plant [23]. In addition, it was proved that ginseng’s supplementation
had a beneficial effect on cognitive impairment caused by Alzheimer’s disease [23]. Other
adaptogenic plant, Rhodiola rosea L., significantly improved reaction and choice times in
healthy men in the study by Stojcheva et al. 2022 [24]. What is more, taking Ashwagandha
extract resulted in improved memory and concentration, which classifies it as an effective
adaptogen, improving cognitive abilities, as shown in a study by Gopukumar et al. 2021 [25].
In a similar manner, beetroot juice also deserves recognition for its cognitive benefits.
Heiland E. et al. 2024, demonstrated that supplementing beetroot juice resulted in improved
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cognitive parameters, as study participants achieved significantly better results in serial
subtraction task than those receiving a placebo [26]. Gilchrist et al. 2014, observed that two
weeks of beetroot juice supplementation resulted in significant improvements in simple
reaction time in individuals with type 2 diabetes [27]. In a study by Vaccaro et al. 2024,
ingesting a beetroot-based supplement improved cognitive function, particularly memory
capacity and frontal nerve function [28].

An increasing number of studies shows that both physical performance and endurance
are strongly associated with cognitive functions. A recent umbrella review and meta-meta-
analysis of 133 included studies found that physical exercise significantly improves global
and executive functions. Importantly, the study highlighted that light- to moderate-intensity
activities and physically interactive games (exergames) may be especially effective in en-
hancing mental performance [29]. Shorter reaction times and executive functions can trans-
late into better athletic performance. Such observations were made by Trecroci et al. 2021,
who demonstrated that young female volleyball players whose basic cognitive functions
were better developed demonstrated better physical fitness in a given discipline than those
whose cognitive functions were at a lower level [30]. Dietary nitrate supplementation,
when combined with regular physical activity, can further enhance exercise efficiency by
improving muscle oxygenation and endurance. Together, these effects create a synergistic
benefit, promoting both cardiovascular health and extended lifespan (Figure 2). In the
context of healthy aging, evaluating physical activity and cognitive function in young to
middle-aged adults is crucial, as this stage represents the peak of physiological capacity
and cognitive performance. Maintaining regular physical activity during adulthood sup-
ports cardiovascular, metabolic, and musculoskeletal health—fundamental components in
the prevention of chronic disease and lowering mortality risk. Furthermore, improving
cognitive functions reduces the risk of neurodegenerative disorders later in life [31].

Figure 2. The correlation between dietary nitrates, physical activity and longevity.

This literature review was conducted to summarize and systematize existing evidence
on beetroot juice supplementation on both physical performance and cognitive functions
in healthy adult population as well as athletes. By identifying the significant variations in
dosing strategies, nitrate concentrations, supplementation durations, and practical applica-
tions used across studies, we highlight how these methodological differences influence the
outcomes relevant to functional capacity in older adults. This review points out the lack of
a standardized beetroot juice supplementation protocol and the integration of these two
areas of research. This issue currently limits the development of a clear, evidence-based
guidelines for its use as a healthy aging strategy and emphasizes the need for consensus in
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future research. We believe that properly used supplementation with beetroot juice at a
younger age, which supports exercise capacity and cognitive abilities, can contribute to
maintaining health and thus healthy aging. Therefore, this paper aims to bridge this gap
by examining the dual role of beetroot juice in supporting both cognitive functions and
physical performance and exploring its use as a strategy for healthy aging.

2. Materials and Methods

2.1. Search Strategy

This literature review was conducted to assess the effects of beetroot juice and nitrates
supplementation on cognitive function and physical performance in humans. The inclusion
criteria for the review contained (a) studies conducted on humans, (b) studies conducted
using beetroot and/or plants containing nitrates, (c) studies assessing cognitive functions
and/or physical activity.

A literature review covering the years 2020–2025 was conducted to assess the impact
of nitrate-rich beetroot supplementation on physical performance and cognitive function
in healthy individuals, including both the general population and athletes aged 18–59.
The search strategy was based on the use of combinations demonstrated in Table 1. The
analysis included both experimental studies and review articles, allowing for the collection
and critical analysis of available research findings. The aim of this study was not only
to summarize existing reports and to systematize them in a way that enabled a synthetic
presentation of the most current knowledge on the potential ergogenic and neurocognitive
effects of beetroot supplementation in the study group, but also to indicate insufficient data
for future research.

2.2. Exclusion Criteria

The first exclusion phase gathered publications on humans suffering from any chronic
diseases and symptoms such as hypertension, respiratory infections, diabetes, menopause
etc. Other excluded papers involved addiction and various substances use such as alcohol,
drugs, smoking and others. Second exclusion phase focused on publications duplicated in
both databases and, therefore, were rejected.

2.3. Search Results

This review followed the guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA). Figure 3 illustrates a PRISMA flow diagram of the
study selection process for all articles. The PRISMA checklist is listed as Table S1.

All search strategies of the two databases yielded a total of 523 articles. Based on
the full-text analysis, 213 records were excluded. There were 206 articles repeated in
Embase and PubMed. Search terms in the electronic database Embase yielded a total of 298
matching results. A search of the electronic database PubMed yielded a total of 225 records.
After subsequent comparison with the Embase database, as many as 206 results that also
appeared in this database were excluded. Some articles were excluded after the screening
phase because the presentation of the data did not match the inclusion criteria. In total 104
studies were selected in the present review.
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Figure 3. PRISMA flow diagram of the study selection process.

3. Results

This review analyzed data on the effects of nitrates from various forms of beetroot
(juice, extracts in capsules, etc.) on physical activity and cognitive function. Tables 2–4
summarize the results based on experimental articles. Table 5 includes information from
review articles and meta-analyses.

Analysis of Nitrates on Physical Activity and Cognitive Functions (Original Articles)

Studies shown in Tables 2 and 3 reported ergogenic effects of dietary nitrate (primar-
ily sourced from beetroot) on exercise performance and cognitive functions. Endurance
outcomes have improved in several studies—for example, Huang et al. observed longer
time-to-exhaustion in cyclists [32], and Tirkey et al. found ~4–8% faster 10 km run times
after supplementation [33]. Improvements in power and muscle strength were also noted,
e.g., Rodríguez-Fernández et al. reported increased peak and mean power output during
resistance exercise [34], while Jurado-Castro et al. showed greater: jump height, lifting
velocity, and repetitions to failure after beetroot juice supplementation [35]. A few studies
indicated enhanced recovery manifested by quicker recovery of the muscle function with
less perceived soreness [36] as well as faster post-exercise cardiovascular recovery showed
by Benjamim et al. [37]. In contrast, other investigations found no significant changes after
nitrate supplementation (Table 4). For instance, in a study by Tan et al. no improvements in
sprint, strength, or aerobic measures among female team-sport athletes were spotted. Simi-
lar observations had Burke et al.—this study reported no effect on endurance performance
or exercise efficiency in elite race walkers [38]. López-Samanes et al. and Trexler et al.
observed no gains in power, speed, or overall exercise performance with nitrate supplemen-
tation [39,40]. Unfortunately, only one trial showed positive visible effect of supplementing
nitrates on cognitive functions. Improved cognitive performance on a Stroop-test after a
moderate (400 mg of NO3

−) nitrate dose was noted by Miraftabi et al. [41].
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The analyzed studies provide overall support for the beneficial effects of beetroot
supplementation on physical activity. However, inconsistencies might be due to differences
in, for example: test sensitivity, participants’ fitness levels or sample size.

Several trials reported improved endurance and oxygen efficiency. Beetroot supple-
mentation has shown consistent effects in improving cardiovascular health and reducing
exercise-related stress. Numerous studies reported reductions in heart rate and perceived
exertion by lowering heart rate and exertion during work intervals in women or decreasing
ratings of perceived exertion and muscle soreness after functional tests at altitude.

Beetroot-derived nitrates also appear to improve aerobic capacity and endurance in a
variety of training situations. A growing body of literature demonstrates improved VO2max
and ventilatory efficiency in women [42] and achieving similar gains in VO2max and
rowing performance [43]. Certain studies have observed enhanced 10-km running time trial
performance in both men and women, suggesting benefits across endurance modalities [33].
However, acute beetroot juice ingestion did not improve sprinting, strength, or aerobic
performance in female team-sports [44], nor did it enhance tennis-specific performance
in elite players [45]. Similarly, studies in trained and endurance athletes [46,47] reported
no improvements, despite elevated plasma nitrate/nitrite concentrations. These mixed
results may be explained by the fact that elite athletes are already very efficient at using
nitric oxide, leaving little room for further improvement. As highlighted by one of the
analyzed systematic reviews, the benefits of beetroot supplementation seem to be greater
in individuals who are less trained [48].

Several studies highlight beetroot’s potential in resistance exercise. Parameters such
as increased repetitions to failure, power, and velocity, as well as improved resistance out-
comes have been reported [35,49]. Higher doses of beetroot supplementation led to greater
improvements in muscle torque development, while supplementation also increased re-
sistance to fatigue during repeated knee extensions. Together, these results indicate that
beetroot supplementation can enhance both the efficiency of muscle contractions and
overall endurance during resistance exercise [50,51].

When considering studies used in this systematic review, most used nitrate doses
between 6 mmol and 13 mmol, usually delivered in a beetroot juice or a concentrate form,
consumed 2–3 h before exercise. Some of the trials tested lower doses (~4–6 mmol) and
still observed some improvements in heart rate, oxygen cost, or muscular endurance [52].
Worth mentioning is the fact that higher doses (>15 mmol) did not provide clear additional
benefits [50].
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m
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at
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d
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p
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ot

su
pp

le
m

en
ta

ti
on

si
gn

ifi
ca

nt
ly

im
pr

ov
ed

co
m

pl
et

io
n

ti
m

e,
av

er
ag

e
po

w
er

ou
tp

ut
,a

nd
ti

m
e

to
ex

ha
us

ti
on

in
cy

cl
e

er
go

m
et

er
ti

m
e

tr
ia

ls
co

m
pa

re
d

w
it

h
pl

ac
eb

o.
Th

es
e

fin
di

ng
s

su
gg

es
tb

en
efi

ts
fo

r
hi

gh
-i

nt
en

si
ty

en
du

ra
nc

e
ex

er
ci

se
,t

ho
ug

h
fu

rt
he

r
st

ud
ie

s
ar

e
ne

ed
ed

to
de

fin
e

op
ti

m
al

su
pp

le
m

en
ta

ti
on

st
ra

te
gi

es
.

161



Nutrients 2025, 17, 3954
T

a
b

le
5

.
C

on
t.

R
e

v
ie

w
A

rt
ic

le
s

S
tu

d
y

In
cl

u
d

e
d

A
rt

ic
le

s
C

o
n

cl
u

si
o

n
s

17
K

im
J.

et
al

.[
11

5]

•
Th

e
re

vi
ew

in
cl

ud
ed

st
ud

ie
s

th
at

ex
am

in
ed

th
e

ef
fe

ct
s

of
su

pp
le

m
en

ta
ti

on
w

it
h

ca
ff

ei
ne

,b
et

a-
al

an
in

e,
so

di
um

bi
ca

rb
on

at
e,
β

-h
yd

ro
xy

-β
-m

et
hy

lb
ut

yr
ic

ac
id

,a
nd

be
et

ro
ot

ju
ic

e.
Th

e
la

tt
er

in
cl

ud
ed

tw
o

st
ud

ie
s

in
w

hi
ch

w
el

l-
tr

ai
ne

d
ro

w
er

s
w

er
e

gi
ve

n
be

et
ro

ot
ju

ic
e

at
va

ry
in

g
do

se
s

an
d

w
it

h
di

ff
er

en
t

su
pp

le
m

en
ta

ti
on

sc
he

du
le

s.

R
ow

in
g

st
ud

ie
s

de
m

on
st

ra
te

d
im

pr
ov

ed
re

pe
ti

ti
on

s
an

d
20

00
-m

pe
rf

or
m

an
ce

,p
ar

ti
cu

la
rl

y
in

m
od

er
at

el
y

tr
ai

ne
d

at
hl

et
es

,a
lo

ng
si

de
ri

se
s

in
pl

as
m

a
ni

tr
it

e
le

ve
ls

.

18
La

go
-R

od
rí

gu
ez

Á
.e

ta
l.

[1
16

]

•
5

st
ud

ie
s—

al
li

nv
ol

vi
ng

60
pa

rt
ic

ip
an

ts
;

•
4

of
th

es
e

st
ud

ie
s

in
vo

lv
ed

he
al

th
y

in
di

vi
du

al
s

an
d

bo
th

se
xe

s
fr

om
di

ff
er

en
ta

ge
gr

ou
ps

;
•

Th
e

su
pp

le
m

en
ta

tio
n

m
od

el
di

ff
er

ed
in

th
e

ad
m

in
is

te
re

d
do

se
of

ni
tr

at
es

fr
om

be
et

ro
ot

ju
ic

e.

St
ud

ie
s

on
he

al
th

y
in

di
vi

du
al

s
fo

un
d

no
ef

fe
ct

on
is

ok
in

et
ic

to
rq

ue
bu

ts
ug

ge
st

ed
po

te
nt

ia
lb

en
efi

ts
in

le
ss

tr
ai

ne
d

or
sh

or
t-

te
rm

co
nt

ex
ts

.E
vi

de
nc

e
re

m
ai

ns
lim

it
ed

.

19
Ló

pe
z-

La
va

lI
.

et
al

.[
11

7]

•
19

st
ud

ie
s,

tw
o

of
w

hi
ch

co
nc

er
ne

d
be

et
ro

ot
su

pp
le

m
en

ta
tio

n
in

ge
lf

or
m

,a
nd

th
e

re
m

ai
ni

ng
st

ud
ie

s
co

nc
er

ne
d

ot
he

r
nu

tr
ie

nt
s.

Th
e

vo
lu

nt
ee

rs
st

ud
ie

d
va

ri
ed

in
th

ei
r

di
sc

ip
lin

e,
ag

e,
su

pp
le

m
en

ta
ti

on
re

gi
m

en
,a

nd
th

e
pa

ra
m

et
er

s
ex

am
in

ed

Su
pp

le
m

en
ta

ti
on

im
pr

ov
ed

m
us

cl
e

ox
yg

en
sa

tu
ra

ti
on

,
re

co
ve

ry
of

st
re

ng
th

,a
nd

re
du

ce
d

ex
er

ci
se

-i
nd

uc
ed

st
re

ng
th

lo
ss

,t
ho

ug
h

va
ri

ab
ili

ty
lim

it
s

fir
m

co
nc

lu
si

on
s.

20
Ló

pe
z-

To
rr

es
O

.
et

al
.[

11
8]

•
6

st
ud

ie
s

in
w

hi
ch

w
om

en
w

er
e

gi
ve

n
be

et
ro

ot
ju

ic
e

an
d

th
ei

r
at

hl
et

ic
pe

rf
or

m
an

ce
w

as
as

se
ss

ed
;

•
In

ot
he

r
5

st
ud

ie
s,

w
om

en
w

er
e

gi
ve

n
be

et
ro

ot
ju

ic
e;

va
ri

ou
s

sp
or

ts
an

d
di

ff
er

en
tfi

tn
es

s
le

ve
ls

;

R
es

ul
ts

w
er

e
m

ix
ed

in
w

om
en

an
d

el
it

e
at

hl
et

es
,w

it
h

no
be

ne
fit

s
re

po
rt

ed
in

so
m

e
gr

ou
ps

,w
hi

le
ka

ya
ke

rs
an

d
ru

nn
er

s
sh

ow
ed

si
gn

ifi
ca

nt
im

pr
ov

em
en

ts
.M

or
e

re
se

ar
ch

in
w

om
en

is
pa

rt
ic

ul
ar

ly
ne

ed
ed

.

21
M

oh
d

D
au

d
S.

M
.

et
al

.[
11

9]

•
26

st
ud

ie
s,

5
of

w
hi

ch
ad

m
in

is
te

re
d

be
et

ro
ot

ju
ic

e;
•

di
ff

er
en

ts
up

pl
em

en
ta

ti
on

pr
ot

oc
ol

s
an

d
ex

am
in

ed
pa

ra
m

et
er

s
be

tw
ee

n
th

e
st

ud
ie

s

Su
pp

le
m

en
ta

tio
n

im
pr

ov
ed

m
us

cl
e

re
co

ve
ry

in
vo

lu
nt

ee
rs

an
d

al
so

re
du

ce
s

po
st

-e
xe

rc
is

e
m

us
cl

e
pa

in
.F

ru
it

ju
ic

es
m

ay
be

th
e

be
st

na
tu

ra
l-

ba
se

d
di

et
ar

y
su

pp
le

m
en

ts
,r

ep
la

ci
ng

ot
he

r
su

pp
le

m
en

tp
ro

du
ct

s
in

su
pp

or
ti

ng
m

us
cl

e
re

co
ve

ry
an

d
im

pr
ov

in
g

at
hl

et
ic

pe
rf

or
m

an
ce

in
tr

ai
ne

d
at

hl
et

es
.F

ut
ur

e
re

se
ar

ch
,f

oc
us

in
g

on
op

ti
m

al
do

se
,t

im
in

g,
an

d
fr

eq
ue

nc
y

of
co

ns
um

pt
io

n,
is

ne
ed

ed
.

162



Nutrients 2025, 17, 3954
T

a
b

le
5

.
C

on
t.

R
e

v
ie

w
A

rt
ic

le
s

S
tu

d
y

In
cl

u
d

e
d

A
rt

ic
le

s
C

o
n

cl
u

si
o

n
s

22
O

’C
on

no
r

E.
et

al
.[

12
0]

•
5

st
ud

ie
s

th
at

as
se

ss
ed

th
e

ef
fe

ct
of

th
is

su
pp

le
m

en
ta

ti
on

on
po

st
-e

xe
rc

is
e

re
co

ve
ry

.
•

Th
e

at
hl

et
es

’d
is

ci
pl

in
es

,t
he

ir
tr

ai
ni

ng
le

ve
ls

,a
nd

th
e

pa
ra

m
et

er
s

st
ud

ie
d

an
d

su
pp

le
m

en
ta

ti
on

pa
ra

m
et

er
s

va
ri

ed
be

tw
ee

n
st

ud
ie

s.

Su
pp

le
m

en
ta

ti
on

re
du

ce
d

po
st

-e
xe

rc
is

e
m

us
cl

e
so

re
ne

ss
in

so
cc

er
pl

ay
er

s
an

d
sp

ri
nt

er
s,

bu
tn

ot
in

en
du

ra
nc

e
at

hl
et

es
.

Bl
oo

d
m

ar
ke

rs
of

da
m

ag
e,

ox
id

at
iv

e
st

re
ss

,a
nd

in
fla

m
m

at
io

n
w

er
e

un
af

fe
ct

ed
.

23
Po

ul
io

s
A

.e
ta

l.
[1

21
]

•
on

e
pa

pe
r

on
lo

ng
-t

er
m

su
pp

le
m

en
ta

ti
on

w
it

h
be

et
ro

ot
ju

ic
e

in
se

m
i-

pr
of

es
si

on
al

fo
ot

ba
ll

pl
ay

er
;

•
st

ud
y

ex
am

in
ed

ve
rt

ic
al

ju
m

p,
sp

ee
d

an
d

st
re

ng
th

,a
s

w
el

la
s

re
du

ct
io

n
of

po
st

-e
xe

rc
is

e
m

us
cl

e
pa

in

Su
pp

le
m

en
ta

ti
on

en
ha

nc
ed

ju
m

p
he

ig
ht

,s
tr

en
gt

h,
sp

ee
d,

an
d

re
du

ce
d

m
us

cl
e

so
re

ne
ss

,b
ut

di
d

no
ta

lt
er

bi
oc

he
m

ic
al

m
ar

ke
rs

of
m

us
cl

e
da

m
ag

e.

24
R

oj
an

o-
O

rt
eg

a
D

.
et

al
.[

12
2]

•
9

st
ud

ie
s;

•
Vo

lu
nt

ee
rs

:w
er

e
of

di
ff

er
en

ta
ge

gr
ou

ps
,p

ar
tic

ip
at

ed
in

a
bi

g
of

sp
or

ts
,a

nd
th

e
su

pp
le

m
en

ta
ti

on
re

gi
m

en
va

ri
ed

be
tw

ee
n

th
e

st
ud

ie
s;

•
Th

e
pr

ot
oc

ol
s

fo
r

th
e

pa
ra

m
et

er
s

st
ud

ie
d

w
er

e
al

so
un

if
or

m

Fo
ur

of
th

es
e

st
ud

ie
s

de
m

on
st

ra
te

d
im

pr
ov

em
en

ti
n

th
es

e
va

ri
ab

le
s,

fo
ur

st
ud

ie
s

al
so

de
m

on
st

ra
te

d
im

pr
ov

em
en

ti
n

m
us

cl
e

so
re

ne
ss

,a
nd

on
ly

on
e

st
ud

y
de

m
on

st
ra

te
d

a
si

gn
ifi

ca
nt

di
ff

er
en

ce
in

cr
ea

ti
ne

ki
na

se
le

ve
ls

af
te

r
be

et
ro

ot
su

pp
le

m
en

ta
ti

on
ve

rs
us

pl
ac

eb
o.

H
ow

ev
er

,n
o

ef
fe

ct
of

su
pp

le
m

en
ta

tio
n

on
in

fla
m

m
at

or
y

m
ar

ke
rs

w
as

de
m

on
st

ra
te

d.

25
Sa

n
Ju

an
A

.
et

al
.[

12
3]

•
4

st
ud

ie
s

in
vo

lv
in

g
49

m
en

ex
er

ci
si

ng
at

le
as

tt
w

ic
e

a
w

ee
k;

•
Th

e
st

ud
ie

s
di

ff
er

ed
in

:d
ur

at
io

n,
su

pp
le

m
en

ta
ti

on
m

et
ho

d,
an

d
th

e
ex

am
in

ed
pa

ra
m

et
er

s.
•

In
3

of
th

e
4

in
cl

ud
ed

st
ud

ie
s,

vo
lu

nt
ee

rs
w

er
e

gi
ve

n
ni

tr
og

en
co

m
in

g
fr

om
be

et
s.

A
ll

in
cl

ud
ed

st
ud

ie
s

sh
ow

ed
ga

in
s

in
re

si
st

an
ce

tr
ai

ni
ng

ou
tc

om
es

lik
e

re
pe

ti
ti

on
s,

be
nc

h
pr

es
s

po
w

er
,a

nd
V

O
2

re
du

ct
io

n.
Be

et
ro

ot
m

ay
be

ne
fit

bo
th

ra
cq

ue
ts

po
rt

s
an

d
w

ei
gh

tl
if

ti
ng

,t
ho

ug
h

m
ec

ha
ni

sm
s

re
m

ai
n

un
cl

ea
r.

26
Si

lv
a

K
.e

ta
l.

[1
24

]

•
N

on
-d

is
cl

os
ed

nu
m

be
r

of
st

ud
ie

s;
on

ly
in

fo
rm

at
io

n
ab

ou
tt

he
nu

m
be

r
of

pa
rt

ic
ip

an
ts

;
•

16
8

pa
rt

ic
ip

an
ts

,f
ro

m
in

cl
ud

ed
st

ud
ie

s,
re

ce
iv

ed
ni

tr
at

es
in

th
e

fo
rm

of
be

et
ro

ot
ju

ic
e

an
d

9
in

th
e

fo
rm

of
be

et
ro

ot
ge

l;

A
m

et
a-

an
al

ys
is

co
nc

lu
de

d
th

at
be

et
ro

ot
ju

ic
e

is
m

or
e

ef
fe

ct
iv

e
th

an
ot

he
r

ni
tr

at
e

so
ur

ce
s,

pa
rt

ic
ul

ar
ly

fo
r

ex
er

ci
se

la
st

in
g

2–
10

m
in

.

163



Nutrients 2025, 17, 3954
T

a
b

le
5

.
C

on
t.

R
e

v
ie

w
A

rt
ic

le
s

S
tu

d
y

In
cl

u
d

e
d

A
rt

ic
le

s
C

o
n

cl
u

si
o

n
s

27
Ta

n
R

.e
ta

l.
[1

25
]

•
6

st
ud

ie
s

on
cy

cl
is

ts
pe

rf
or

m
in

g
sp

ri
nt

s;
•

Ex
am

in
in

g:
av

er
ag

e
po

w
er

,p
ea

k
po

w
er

,t
im

e
to

pe
ak

po
w

er
an

d
m

in
im

um
po

w
er

du
ri

ng
30

-s
sp

ri
nt

s;

Su
pp

le
m

en
ta

ti
on

po
si

ti
ve

ly
in

flu
en

ce
d

ti
m

e
to

pe
ak

po
w

er
du

ri
ng

sh
or

ts
pr

in
ts

,b
ut

ha
d

no
ef

fe
ct

on
av

er
ag

e
or

pe
ak

po
w

er
.F

in
di

ng
s

ar
e

pr
om

is
in

g
bu

tl
im

it
ed

,r
eq

ui
ri

ng
fu

rt
he

r
re

se
ar

ch
.

28
Ta

n
R

.e
ta

l.
[1

26
]

•
6

st
ud

ie
s

ab
ou

tn
it

ra
te

-r
ic

h
be

et
ro

ot
ju

ic
e

su
pp

le
m

en
ta

ti
on

;
•

th
e

m
od

el
an

d
m

et
ho

ds
of

su
pp

le
m

en
ta

ti
on

in
th

es
e

st
ud

ie
s

w
er

e
di

ff
er

en
t,

as
w

er
e

th
e

m
et

ho
ds

of
te

st
in

g
pe

rf
or

m
an

ce
;

•
st

ud
ie

s
w

er
e

no
ts

ta
nd

ar
di

ze
d;

Su
pp

le
m

en
ta

ti
on

im
pr

ov
ed

re
pe

ti
ti

on
s

to
fa

ilu
re

,a
ve

ra
ge

po
w

er
,a

nd
ve

lo
ci

ty
in

re
si

st
an

ce
ex

er
ci

se
.H

ow
ev

er
,s

tu
dy

he
te

ro
ge

ne
it

y
lim

it
s

th
e

st
re

ng
th

of
co

nc
lu

si
on

s.

29
Ta

n
R

.e
ta

l.
[1

27
]

•
18

st
ud

ie
s—

in
17

of
th

em
,t

he
ch

os
en

fo
rm

of
su

pp
le

m
en

tw
as

be
et

ro
ot

ju
ic

e;
•

Tr
ai

ni
ng

le
ve

ls
,a

ge
,m

et
ho

ds
of

su
pp

le
m

en
ta

ti
on

,t
es

te
d

pa
ra

m
et

er
s

an
d

sp
or

ts
di

sc
ip

lin
es

,a
s

w
el

la
s

th
e

te
st

in
g

m
et

ho
ds

di
ff

er
ed

be
tw

ee
n

th
e

st
ud

ie
s;

Po
si

ti
ve

ef
fe

ct
s

w
er

e
ob

se
rv

ed
in

sq
ua

t,
kn

ee
st

re
ng

th
,a

nd
be

nc
h

pr
es

s
ve

lo
ci

ty
,b

ut
fu

rt
he

r
st

an
da

rd
iz

ed
st

ud
ie

s
ar

e
ne

ed
ed

to
co

nfi
rm

fin
di

ng
s.

30
Ta

na
be

Y.
et

al
.[

12
8]

•
8

st
ud

ie
s

on
be

et
ro

ot
ju

ic
e

su
pp

le
m

en
ta

ti
on

;
•

D
iff

er
en

tp
hy

si
ca

la
ct

iv
it

ie
s

ac
ro

ss
th

e
st

ud
ie

s
(i

nc
lu

di
ng

th
e

di
sc

ip
lin

es
an

d
le

ve
lo

fa
dv

an
ce

m
en

t)
•

Th
e

st
ud

y
an

d
su

pp
le

m
en

ta
ti

on
pr

ot
oc

ol
s

va
ri

ed
;

So
m

e
st

ud
ie

s
re

po
rt

ed
im

pr
ov

em
en

ts
in

cr
ea

ti
ne

ki
na

se
an

d
fa

st
er

re
co

ve
ry

in
st

re
ng

th
an

d
V

O
2,

bu
tn

o
re

du
ct

io
ns

in
bl

oo
d

m
ar

ke
rs

of
m

us
cl

e
da

m
ag

e.

31
V

ic
en

te
-S

al
ar

N
.

et
al

.[
12

9]

•
6

st
ud

ie
s

on
su

pp
le

m
en

tin
g

ni
tr

at
es

fr
om

be
et

ro
ot

in
th

e
fo

rm
of

ju
ic

e,
ex

tr
ac

t,
or

ge
l;

•
Th

e
vo

lu
nt

ee
rs

va
ri

ed
in

te
rm

s
of

th
ei

r
sp

or
t,

sk
ill

le
ve

l,
an

d
ag

e;
•

Th
e

su
pp

le
m

en
ta

ti
on

re
gi

m
en

an
d

th
e

pa
ra

m
et

er
s

ex
am

in
ed

w
er

e
al

so
no

ti
de

nt
ic

al
in

ea
ch

st
ud

y;

In
co

m
ba

ts
po

rt
s,

se
ve

ra
ls

tu
di

es
fo

un
d

im
pr

ov
ed

ph
ys

ic
al

pe
rf

or
m

an
ce

an
d

re
du

ce
d

so
re

ne
ss

,t
ho

ug
h

no
ef

fe
ct

s
w

er
e

se
en

on
in

fla
m

m
at

io
n

m
ar

ke
rs

(o
nl

y
on

e
st

ud
y

de
m

on
st

ra
te

d
a

si
gn

ifi
ca

nt
di

ff
er

en
ce

in
cr

ea
ti

ne
ki

na
se

le
ve

ls
).

A
su

pp
le

m
en

t
su

ch
as

be
et

ro
ot

ju
ic

e
ne

ed
s

fu
rt

he
r

re
se

ar
ch

to
st

re
ng

th
en

th
e

ev
id

en
ce

of
it

s
po

si
ti

ve
ef

fe
ct

in
im

pr
ov

in
g

pe
rf

or
m

an
ce

in
co

m
ba

ts
po

rt
s

an
d

ot
he

r
di

sc
ip

lin
es

.

32
V

ic
en

te
-S

al
ar

N
.

et
al

.[
13

0]

•
21

st
ud

ie
s;

on
ly

on
e

st
ud

y
in

vo
lv

ed
be

et
ro

ot
ju

ic
e

su
pp

le
m

en
ta

ti
on

.
In

el
it

e
te

nn
is

pl
ay

er
s,

su
pp

le
m

en
ta

ti
on

di
d

no
ti

m
pr

ov
e

ex
pl

os
iv

e
m

ov
em

en
ts

or
pe

rc
ep

tu
al

ef
fo

rt
.F

ur
th

er
re

se
ar

ch
is

ne
ed

ed
to

as
se

ss
st

re
ng

th
-r

el
at

ed
ou

tc
om

es
.

164



Nutrients 2025, 17, 3954
T

a
b

le
5

.
C

on
t.

R
e

v
ie

w
A

rt
ic

le
s

S
tu

d
y

In
cl

u
d

e
d

A
rt

ic
le

s
C

o
n

cl
u

si
o

n
s

33
W

on
g

T.
H

.e
ta

l.
[1

31
]

•
17

st
ud

ie
s

on
su

pp
le

m
en

ti
ng

ni
tr

at
es

in
th

e
fo

rm
of

be
et

ro
ot

;
•

ag
e,

tr
ai

ni
ng

le
ve

l,
m

et
ho

d
of

su
pp

le
m

en
ta

ti
on

an
d

te
st

ed
pa

ra
m

et
er

s
di

ff
er

ed
be

tw
ee

n
th

e
st

ud
ie

s;

Ev
id

en
ce

w
as

m
ix

ed
:s

om
e

st
ud

ie
s

sh
ow

ed
im

pr
ov

em
en

ts
in

po
w

er
an

d
pe

rf
or

m
an

ce
w

he
re

as
ot

he
rs

sh
ow

ed
no

ch
an

ge
or

de
cl

in
es

.S
up

pl
em

en
ta

tio
n

m
ay

he
lp

al
le

vi
at

e
m

us
cl

e
so

re
ne

ss
,

bu
tv

ar
ia

bi
lit

y
re

m
ai

ns
hi

gh
.

34
W

on
g

T.
H

.e
ta

l.
[1

32
]

•
24

st
ud

ie
s—

20
of

th
em

w
er

e
ab

ou
ts

up
pl

em
en

ti
ng

ni
tr

og
en

co
m

in
g

fr
om

be
et

s;
•

st
ud

ie
s

di
ff

er
ed

in
te

rm
s

of
pr

ot
oc

ol
an

d
m

et
ho

d
of

su
pp

le
m

en
ta

ti
on

,a
ge

an
d

tr
ai

ni
ng

le
ve

ls
of

pa
rt

ic
ip

an
ts

an
d

pr
ac

ti
ce

d
di

sc
ip

lin
es

.

Ti
m

e
tr

ia
lp

er
fo

rm
an

ce
im

pr
ov

ed
in

cy
cl

in
g

tr
ia

ls
(4

–5
km

),
w

it
h

sl
ig

ht
ly

fa
st

er
co

m
pl

et
io

n
af

te
r

be
et

ro
ot

ve
rs

us
pl

ac
eb

o.

35
Z

am
an

iH
.e

ta
l.

[1
33

]

•
Th

e
im

pa
ct

of
a

si
ng

le
do

se
an

d
th

e
le

ng
th

of
su

pp
le

m
en

ta
ti

on
w

as
as

se
ss

ed
fo

r
m

en
an

d
w

om
en

w
it

h
di

ff
er

en
tfi

tn
es

s
le

ve
ls

.
A

si
ng

le
do

se
im

pr
ov

ed
bl

oo
d

flo
w

,s
pr

in
ta

nd
in

te
rv

al
pe

rf
or

m
an

ce
,t

im
e

to
ex

ha
us

ti
on

,a
nd

po
st

-e
xe

rc
is

e
re

co
ve

ry
,

pa
rt

ic
ul

ar
ly

in
le

ss
tr

ai
ne

d
at

hl
et

es
.

36
Z

ou
gh

ai
b

W
.S

.
et

al
.[

13
4]

•
5

st
ud

ie
s

on
ni

tr
at

es
de

ri
ve

d
fr

om
sa

lt
or

be
et

ro
ot

ju
ic

e;
•

Th
e

st
ud

y
gr

ou
ps

w
er

e
of

di
ff

er
en

ta
ge

s
an

d
fit

ne
ss

le
ve

l;
•

4
of

th
e

in
cl

ud
ed

st
ud

ie
s

in
vo

lv
ed

he
al

th
y

in
di

vi
du

al
s;

Be
et

ro
ot

im
pr

ov
ed

di
st

an
ce

,p
ow

er
,a

nd
w

or
k

do
ne

,a
nd

m
ay

be
m

or
e

ef
fe

ct
iv

e
th

an
ni

tr
at

e
sa

lt
s,

th
ou

gh
st

ud
y

nu
m

be
rs

ar
e

sm
al

l.

165



Nutrients 2025, 17, 3954

4. Discussion

Beetroot (Beta vulgaris rubra) has been a part of the human diet for centuries, originally
valued for its pigments, fiber, vitamins, and minerals [135]. More recently, however,
attention has shifted toward its high dietary nitrate (NO3

−)content. Although the biological
effects of nitrates have been recognized since antiquity—early records describe the use of
potassium nitrate (KNO3) in ancient China to treat heart problems [136]—beetroot has only
begun to be systematically examined as a natural source of nitrate in the past two decades,
particularly after discoveries that dietary nitrate could lower blood pressure and improve
vascular function in humans. Modern research began around 2007, when controlled trials
showed that nitrate supplementation reduced the oxygen cost of submaximal exercise [137].
This has sparked widespread interest in beetroot as both a cardiovascular and performance-
enhancing nutritional aid.

This systematic review examined studies published between 2020 and 2025 on beetroot
supplementation and its effect on physical activity and cognitive functions.

In the late 1980s, researchers discovered that blood vessels release a substance called
endothelium-derived relaxing factor (EDRF), which turned out to be nitric oxide (NO).
They demonstrated that NO is made from an amino acid called L-arginine, and that drugs,
such as nitroglycerin, exert their effects by releasing this “newly” identified molecule. This
finding changed the view of nitrates and nitrites—from being seen only as chemicals or
pollutants to being seen as important natural molecules that help regulate blood flow and
vascular function [138].

For many years, dietary nitrate (NO3
−) and nitrite (NO2

−) were believed to play no
significant physiological role in the body and were mainly associated with potential toxicity.
It is now clear that both can act as alternative sources of nitric oxide (NO), especially when
oxygen levels are low [139]. The physiological effects ofnitrates begin with the so called
“enterosalivary mechanism”. Nitrates (NO3

−) consumed with food are absorbed in the
intestines and then secreted to saliva, where they are reduced to nitrite (NO2

−). The final
step is the conversion of nitrite to nitric oxide (NO), which occurs under conditions of
hypoxia and low pH found in working muscles. This phenomenon is often observed
during intense physical exercise [140,141].

The most important effect of nitric oxide, in terms of physical exercise, is the activation
of guanylate cyclase in vascular muscles, which leads to an increase in cGMP concentration
and, consequently, vasodilation. This increases the blood flow to the muscles, which allows
a more efficient delivery of oxygen and energy substrates, and faster removal of exercise-
related metabolites [142]. Another important mechanism involves the effects of NO and its
derivatives on mitochondrial function. Research shows that nitrates increase the efficiency
of oxidative phosphorylation and improve the ATP-to-oxygen ratio. This results in a lower
oxygen cost, observed as a decrease in oxygen consumption under the same mechanical
load [143].

Researchers have also shown that NO influences the muscle contractile apparatus. Its
effect on calcium channels and proteins regulating Ca2+ release in the sarcoplasmic reticu-
lum promotes more efficient energy utilization during contraction. Studies suggest that
this effect is most pronounced in fast-twitch muscles, documenting improved performance
during very high-intensity exercise with a predominance of anaerobic metabolism [144].

The effects of beetroot-derived nitrates on cognitive function remain unclear. Unlike
in physical performance, where moderate doses show consistent benefits, there is no con-
sensus regarding the nitrate dose or concentration most effective for improving executive
function, attention, or memory. Further research using standardized cognitive tests is
needed to determine whether moderate or prolonged supplementation can enhance brain
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function. Given the limited number of trials, systematic investigations are crucial to clarify
how nitrates from beetroot juice affect cognition and to establish effective dosing strategies.

In recent years, inorganic (dietary) nitrates have been increasingly recognized as po-
tential ergogenic agents due to their role in enhancing nitric oxide’s bioavailability. NO is a
signaling molecule that relaxes blood vessels, allowing better blood flow and oxygen deliv-
ery to working muscles and reduces pulmonary vascular resistance, improving ventilation,
perfusion and oxygen uptake. It also improves mitochondrial efficiency and reduces the
oxygen cost of exercise, supporting endurance and recovery [18,143]. The multidirectional
mechanisms of the physiological effects of nitrates on the human body discussed above
suggest that they may result in an increased physical performance. Such effects have been
observed in studies indicating a positive impact of beetroot supplementation on physical
performance (Tables 2 and 3).

Dietary nitrates in the most part (around 80% of dietary nitrate) come from vegeta-
bles. Vegetables with the greatest nitrate content (>1000 mg/kg) include are arugula,
spinach, beetroot, lettuce, and celery. Nitrate levels are typically greater in leaves than in
stems or roots. Vegetables with medium nitrate levels (100–1000 mg/kg) include cabbage,
turnip, and green beans, while those with low levels (<100 mg/kg) include onions and
tomatoes [137]. In the studies included in this paper, beetroot juice (BRJ) was the most
commonly used form of nitrate supplementation. This vegetable has more practical ad-
vantages over other mentioned leafy greens, such as: it is easier to consume in effective
amounts, is supported by a stronger research and provides other bioactive compounds
(e.g., betalains, polyphenols). This supplement contains high concentrations of inorganic
nitrates, and its liquid form facilitates precise dose determination and manipulation under
controlled conditions [14,21]. An additional advantage of using juice supplementation
is the possibility of concentrating it, which allows for the preparation of smaller, more
convenient portions. The combination of elements such as rapid absorption, predictable
pharmacokinetics, and extensive experimental control makes beetroot juice preferred in
studies over powders, gels, or capsules.

Despite the large number of studies on this topic, findings on beetroot supplementation
remain inconsistent. Several trials reported positive outcomes, such as improved muscular
power and endurance time, reduced fatigue, better recovery, and in some cases enhanced
VO2max or cardiovascular efficiency. The results of this re- view also show that there are
studies on the basis of which it cannot be stated that supplementation with beetroot juice
has a positive effect on the increasing body performance (Table 4). Ambiguous research
outcomes may result, for instance, from different supplementation durations or varying
experimental conditions. Mixed findings have also been reported for other nitrate-rich
foods that may influence physical performance. Vegetables such as spinach, arugula, swiss
chard and amaranth, have also been examined, though to a much smaller extent. Consistent
with the findings from this review, one systematic review reported that, in randomized
trials, red spinach extract improved several performance parameters, such as time, average
power, relative power and average speed [145]. One study also tried to assess the effect of
red spinach extract on cognitive functions, after a 7-day supplementation period. However,
compared to placebo, the results were similar to studies included in this review, meaning
red spinach extract supplementation had no significant effect on cognitive performance,
nor subjective feelings of focus, energy, and fatigue [146].

Researchers have not only been investigating vegetables (also mentioned in this
review), but also herbs have been given a closer look. One of the compounds with positive
effects on exercise performance is caffeine. This plant-derived alkaloid has been proven
to have positive ergogenic and cognitive effects. A study by Kovacs et al. showed that
enhancement of endurance and anaerobic performance, similar to beetroot, can be achieved
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with doses between 2–9 mg/kg ~1 h pre-exercise [147]. Alongside positively affecting
strength and endurance, based on reviewed articles, beetroot can lower blood pressure.
Lowering blood pressure is also one of the effects that a plant called Tribulus Terrestris has
on the human body [148]. However, this plant and beetroot share another similarity. Both
have mixed results when it comes to such as: maximal strength or muscular endurance in
resistance-trained men [149]. While nitrate appears to have ergogenic benefits, beetroot may
show additional effects due to containing compounds such as betalains and polyphenols.

The present review identified only one study that examined the effects of nitrates
on both physical performance and cognitive function [41]. As was previously revealed,
these two elements are not only interconnected but also highly interdependent. Previous
studies suggest that nitrates may affect both cognitive function and physical performance.
Therefore, further studies should be conducted to examine the effects of nitrates on both
parameters, so that clear conclusions can be drawn from a larger sample size and a variety
of supplementation regimens, allowing creating optimal supplementation protocols.

Another limitation in drawing concrete conclusions and presenting the most favorable
conditions for supplementation—its duration, administration schedule, and form—is the
significant heterogeneity of the studies included in the review, with these parameters differ-
ing significantly. The studies often included individuals of varying ages, with significantly
varying levels of training, and those practicing various sports. The studies lacked protocol
consistency [106,108,110]. This problem, however, turns out to be quite common, as similar
conclusions regarding the significant heterogeneity of studies documenting the effect of
supplementation on physical performance were observed [150,151].

The above conclusions suggest that such research is necessary, as identifying the
weaknesses of existing studies may support the development of more consistent future
investigations which may lead to the discovery of new, interesting evidence on the benefits
of supplementation to improve physical efficacy.

5. Summary and Conclusions

This literature review attempted to analyze existing evidence of the effects of nitrates,
mostly derived from beetroot, on physical activity and cognitive functions and their in-
fluence on healthy aging. Evaluating physical activity and cognitive function in young
to middle-aged adults is crucial, as this period represents the peak of physiological and
cognitive performance as well as reproductive health and productivity. Sustaining reg-
ular physical activity during adulthood supports cardiovascular and metabolic health
alongside musculoskeletal strength—key determinants of long-term health and disease
prevention. What is more, preserving cognitive function enhances decision-making, and
mental health, reducing the risk of neurodegenerative diseases later in life. Monitoring
these factors promotes healthy aging and contributes to extending life expectancy. Re-
search shows consistent improvements in cardiovascular health, endurance, and resistance
exercise, especially in less trained individuals, usually supplementing beetroot juice in
moderate doses of 6–12 mmol. However, findings in elite athletes remain inconsistent.
Overall, beetroot supplementation shows strong potential as a natural ergogenic aid for
physical performance. Evidence regarding cognitive improvement is still limited and in-
conclusive, proving the need for creating standardized protocols, larger trials, and detailed
dose–response investigations. This gap in knowledge creates an opportunity for future
researchers to examine the relationship between beetroot-derived nitrates and cognitive
functions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu17243954/s1, Table S1: PRISMA checklist.
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