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ABSTRACT
Background: There is a compelling need to emphasize the importance of deepening the rationale behind functional foods
research in molecular biology. Indeed, establishing stringent criteria to evaluate functional food interventions in disease

prevention and as adjunctive therapeutic strategies offers significant opportunities for health promotion.

Objective: This study investigated the effects of fermented papaya preparation (FPP®) and vitamin E on gene expression

in middle-aged/elderly individuals, leveraging FPP’s established antioxidant and immune-regulatory benefits.

Methods: Graded Exercise Walking Test was administered twice weekly for 6 months. Total Antioxidant capacity (TAC)

and gene expression (Nrf2, NQO1, HO-1) in PBMC were measured monthly.

Results: Throughout the 6-month study, routine biochemistry and BMI remained stable. Both treatments significantly
improved Total Antioxidant Capacity (TAC), Vitamin E exhibiting earlier effects (3 months). Notably, FPP® supplementation
led to sustained over-expression of nuclear Nrf2 in all subjects, surpassing Vitamin E’s effects. NQO1 gene expression

was rapidly and consistently upregulated in the FPP group, exceeding baseline and Vitamin E levels throughout the study.

HO-1 gene expression was upregulated by FPP at 1 month in younger age quartiles (Q1-2) and at 3 and 6 months in all
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expression.

subjects, regardless of age and gender. In contrast Vitamin E did not significantly impact Nrf2, NQO1, or HO-1 gene

Conclusion: These findings demonstrate that FPP, unlike Vitamin E, potentiates Nrf2 signaling, triggering a downstream
epigenetic cascade. Notably, our clinical data reveal that physical exercise combined with functional food

supplementation partially restores impaired Nrf2 signaling in elderly individuals.

Fermented Papaya Preparation vs Vitamin E in Nrf2-ARE Signalling in middle-age/elderly

License (http://creativecommons.org/licenses/by/4.0)
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INTRODUCTION

Disrupted redox homeostasis conceptually links several
aging hypotheses, such as oxidative stress and the
impaired molecular signaling response theory [1-3],
although some controversies exist regarding the best
monitoring tool [4]. Our body is equipped with a system
aimed to stimulate antioxidant gene expression, as
shown by in vitro and in vivo Keapl- Nuclear factor
erythroid2-related factor2 (Nrf2) testing [5-7].

This ubiquitously present factor holds a key position
in cellular protection against the aforementioned
deleterious phenomena by upregulating redox
epigenetics and scavenging carriers. This action is also
associated with cytoprotection, phase Il detoxifying
enzymatic arrays, and chaperone proteins [8-11].

Recent studies in Nrf2 knock-out mice suggest this
factor may exert a potential antiatherogenic and

cardioprotective effect [12-14]. Redox abnormalities

following Nrf2 system failure have been implicated
in neurodegenerative diseases [15-18]. However,
functional food interventions using phytohormones
have been limited only to in vitro or in vivo
experiments [19-21], and complex longevity inferences
at the cellular level [22]. Conversely, a dysfunctional
Nrf2 system and its blunted antioxidant response are
linked to the aging process [23], as oxidative stress-
related aging phenomena have been reported in
clinical studies, sparking extensive research into
functional foods [24-27]. Notably, promising clinical data
have been published [28-30].

Despite this, the fundamental goals of
functional health foods remain a cornerstone [31-32]
and may help to unveil the unsuspected effects of
natural extracts [33]. Functional genomic studies
have deepened our understanding of personalized
approaches to health. Recent investigations have
shown that Nrf2/ARE system activity varies

depending on single nucleotide
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polymorphisms in the promoter site [34]. These findings
are relevant when considering the interrelationships
between the Nrf2-ARE system and SARS-CoV-2 outcome
[35] and environmental pesticide mutagenicity [36-37].
The importance of proper functional food analysis and its
integration into evidence-based medicine has recently
been emphasized [38-40]. This is crucial for developing

synergistic health benefit strategies [38-46].

Thus, the present study aimed to test the Nrf2 gene
expression and related functional genomics cascade in
middle-aged/elderly individuals treated with vitamin E or
a patented fermented papaya preparation (FPP°, Osato
Research Institute, Gifu, Japan, Patent Number:
6401792), which has a consistent scientific literature
supporting its benefits. Specifically FPP  has

demonstrated significant redox and immune system

nutrigenomic benefits through key molecular signaling

Table 1. Pre-screening inclusion and exclusion criteria
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pathways [47-48]. Our study population consisted of
healthy middle-aged and elderly individuals (43-75 years
old) with no or minor diseases, focusing on Nrf2 gene
expression for NADPH dehydrogenase-quinone-1 (NQO1)

and Heme-oxygenase 1 (HO-1).

MATERIALS AND METHODS
The study design adhered to the Declaration of Helsinki
and its subsequent amendments and was approved by
the ReGenera Research Association committee on
October 12, 2023. This prospective, randomized clinical
trial compared a commercial antioxidant in a double-
blind manner.

Potential participants who agreed via email or
phone to participate and met the pre-screening inclusion

and exclusion criteria (Table 1), were invited for a visit.

Inclusion/accepted criteria
Participants were required to be
untrained individuals with an active
lifestyle, either working or retired, and
have a positive socializing attitude.
Additional, criteria included normal blood
pressure, being a non-smoker or having
quit smoking at least six months prior,
maintaining a stable diet and sleep
pattern, and not taking food supplements
or having stopped supplementation at
least three months before entering the
study. Furthermore, eligible participants
had to be free form musculoskeletal
problems and be teetotalers or
infrequent light drinkers, with no

consumption of spirits.

All subjects provided written informed consent

and underwent a  comprehensive

including medical history, physical

laboratory tests, and heart rate variability (HRV)
analysis. Anthropometric measurements and resting

blood pressure were assessed concurrently with

evaluation,

Exclusion criteria

Participants were excluded from the study if they had a history of or were
currently experiencing any of the following conditions: cancer, stroke,
myocardial infarction, diabetes, thromboembolism, hypertension, obesity,
or gastrointestinal diseases such as ulcers, ulcerative colitis, or Crohn's
disease. Additional exclusion criteria included malabsorption syndromes,
hematological or endocrinological diseases, chronic fatigue syndrome,
post-COVID-19 complications, suspected post-COVID-19 vaccination side
effects, fibromyalgia, rheumatological or autoimmune diseases, or
depression and other major mental health disorders. Furthermore,
individuals who had undergone surgery within the past six months
(excluding minor skin procedures), used food supplements within the past
three months, smoked or quit smoking less than six months prior, engaged
in weekly intensive physical exercise, consumed heavy amounts of alcohol,
used illicit drugs, had unstable dietary habits, experienced sleep
disturbances, or regularly consumed high-caffeine beverages were also
excluded.

resting EKG. All participants were within 20% of their

ideal body weight.

examination,

Body mass index (BMI) was calculated: Heart Rate
Variability (HRV) was assessed using the Body Health

Analyzer Pro (Binacor, Poulsbo, Washington, USA) system,
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a Bluetooth-equipped finger device connected to
specialized software. This software analyzes heart rhythm
variation and characteristics to infer various related
sympathetic and parasympathetic variables. Before each
test, participants rested for 10 minutes in a quiet room.
Raw data were visually analyzed to detect potential
movement artifacts, ectopic beats, or abnormal
breathing patterns.

The International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human
Use (ICH) Good Clinical Practice guidelines conducted the
trial. A dietary analysis confirmed that the average
nutrient intake aligned with the Mediterranean diet
requirements (15% protein, 40-45% carbohydrates, and
35-38% fat, comprising 22-24% monounsaturated fatty
acids (MUFA), 8-12% extra-virgin olive oil, 8-10%
saturated fatty acids (SFA), and 4% polyunsaturated fatty
acids (PUFA)). Participants meeting all inclusion criteria
were randomized in a 1:1 ratio using a random number
generator to receive either a 3g sachet of FPP® plus a
filmed white tablet of cellulose twice daily or a 3g sachet
of sugar plus a filmed white tablet of Vitamin E (400 IU)

twice daily.

Graded Exercise Walking Test (GEWT): The Graded
Exercise Walking Test (GEWT) was designed to be subject-
friendly, focusing on exercise stress rather than
performance enhancement [49]. This approach mimics
real-life situations, incorporating aerobic and anaerobic
components. The GEWT protocol, applied on the 1st and
3rd day of each week, involved a 6min of warm-up (from
4.5k/h to 6.5km/h), 7-12min of intensive aerobic test
(from 7k/h to 8k/h) and 12-22min of anaerobic phase
(from 8k/h to exhaustion or 11km/h). Blood tests were
conducted the day before GEWT protocol initiation,
within 2 hours after GEWT completion, and the following
morning. This schedule was repeated weekly for 6 weeks.

Blood samples (10 mL) were collected by
venipuncture at baseline, 1-month, 3-month, and 6-

month visits, using anticoagulant EDTA tubes. After
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dispersion and centrifugation (2500 rpm, 15 minutes, 25
°C), plasma aliquots were transferred and stored at -80 °C
until laboratory analysis. Routine biochemistry was
performed using an automatic biochemistry analyzer
(Beckman Coulter). Antioxidant intake from individual
diets was estimated by linking NHANES 24-hour dietary
recall data to an antioxidant and Total Antioxidant

Capacity (TAC) database for commonly consumed foods.

TAC Assessment: Plasma samples were analyzed for lipid-
soluble antioxidant capacity using the following protocol.
A 200 pL plasma sample was mixed with 400 pL ethanol.
Then, 800 pL hexane was added, and the mixture was
briefly shaken and centrifuged at 1000x g for 5 minutes.
The lipidic phase (200 pL) was collected, dried under
nitrogen flow, and stored at -80 °C until further analysis.
For analysis, the dried extract was dissolved in 200 pL
methanol and centrifuged at 5000x g for 1 minute. The
resulting supernatant (120 plL) underwent Photochem
analysis, utilizing Trolox-assisted calibration and a
photosensitizer. This sample was then used for the final

TAC calculation as follows:

TAC = [Quantity (nmol) x Dilution x Trolox Molarity

(ng/nmol)]/pipetted volume (uL)

Nrf2 Genotype Study: DNA was isolated from whole-
blood samples using a modified phenol-chloroform
extraction method. The -653A/G, -651G/A, and -617C/A
genotypes were determined by direct sequencing of the
-738 to -461 region within the NFE2L2 promoter. This
approach identified  three  single  nucleotide
polymorphisms (SNPs) in the encoding gene, specifically -
653A/G, -651G/A, and -617C/A. The polymerase chain
reaction (PCR) conditions were as follows: initial
denaturation at 95°C for 4 minutes, followed by 35 cycles
of denaturation at 95°C for 1 minute, annealing at 56°C
for 1 minute, and extension at 72°C for 1 minute, with a
final extension at 72°C for 8 minutes. The sequencing
reactions were analyzed on a Perkin Elmer ABI 3100 DNA

Sequencer (Applied Biosystems, California, USA).
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PBMNCc gene studies: Whole blood was collected and
diluted 1:1 with phosphate-buffered saline (PBS). The
diluted blood was then layered onto a Ficoll-Histopaque
gradient (Sigma-Aldrich) and centrifuged at 800xg for 25
minutes at 20°C. Following centrifugation, the
lymphocyte-rich layer was retrieved and washed twice
with phosphatase inhibitor-supplemented PBS
(ThermoFisher, Waltham, USA) at 400xg for 10 minutes at
4°C. The supernatant was discarded, and the cell pellet
was washed with a buffer solution. Cell counting was
performed using an automated system (BioRad CD375,
Hercules, USA). Subsequently, 2x10"6 PBMC cells were
lysed and suspended in 100 pL of RNA lysis buffer
(Ambion Biotech, Austin, USA), and stored at -80°C until
further analysis. Additionally, aliquots of 1x1076 and
3x1076 cells/mL were fractionated for whole cell and
nuclear fractions, respectively, for western blot assay.

A rapid, efficient, and practical method for
subcellular fractionation was employed [40]. Briefly, 3 x
1076 cells were Ilysed in a solution containing
phosphatase and protease inhibitors in 0.1% Triton PBS,
gently mixed, and microcentrifuged. The resulting
supernatant (cytosolic fraction) was separated and mixed
with 4x Laemmli sample buffer in a 3:1 ratio. The pellet
(nuclear fraction, approximately 20 pL) was resuspended
in 1000 uL of 0.1% Triton PBS solution, followed by a 10-
second centrifugation step. After discarding the
supernatant, the nuclear fraction was resuspended in
Laemmli buffer. For whole-cell lysates, 1 x 1076 cells were
transferred to microcentrifuge tubes and lysed using 0.1%
Triton PBS with protease-phosphatase inhibitor mixture,
then mixed with Laemmli buffer. Nuclear fractions and

DNA-rich whole-cell lysates were sonicated on ice at level

Table 2. Forward and reverse primers for RT — qPCR

Primers Forward 5’ to 3’

Nrf2 TCAA AT CCATGTCCTGCT
NQO1 GGATTGGACCGAGCTGGAA
HO-1 AAGAGGCCAAGACTGCGTTC

GAPDH GAAGGTGAAGGTCGGAGTC
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2 for 5 seconds, three times. All samples were heated at
100°C for 5 minutes and immediately stored at -80°C until

analysis.

Western Blot Analysis: Following SDS-PAGE-assisted
electrophoretic separation, samples were transferred to
nitrocellulose membranes. Nuclear fractions were
incubated with a rabbit polyclonal primary antibody
against Nrf2 (ThermoFisher, PA-kit). The samples were
then co-incubated with anti-mouse monoclonal and anti-
rabbit secondary antibodies. Band intensity was analyzed
using ImagelJ Version 1.56 (National Institutes of Health,
Bethesda, MD, USA) by comparing the optical density of
each band to baseline values using a digital image
analyzer. The results were expressed as a ratio in arbitrary
units.

Reverse transcriptase quantitative polymerase
chain reaction (RT-gPCR) was performed using the Qiagen
RNeasy Plus Mini Kit (Qiagen, Gaithersburg, USA) to
analyze RNA at baseline and after 2 and 6 months. RNA
quality and quantity were assessed using a Thermo
Nanodrop (ThermoFisher), and integrity was verified by
agarose gel electrophoresis. Next, samples were
denatured at 65°C for 5 minutes, followed by RNA-cDNA
conversion using reverse transcription reagents (BioRad,
Hercules, USA). A DNase step was included to remove
residual genomic DNA. For RT-gqPCR, primer pairs specific
to NQO1 and HO1 were used, with Glyceraldehyde 3-
Phosphate Dehydrogenase (GAPDH) as an internal
control gene. Reactions were triplicated on a CFX96-
Touch (Bio-Rad, Hercules, USA). mRNA levels were
normalized to the housekeeping gene GAPDH. The gene-

specific primer pairs are outlined in Table 2.

Reverse 5’ to 3’
ACTCTCGCCCAAGCGAGA
AATTGCAGTGAAGATGAAGGCAAC
GGTGTCATGGGTCAGCAGC
GAAGATGGTGATGGGATTTC
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Statistical analysis: The data are presented as
median/interquartile range (IQR). The Hardy-Weinberg
equilibrium, comparisons of allele frequencies between
different databases, and exclusion rates by sex and age
were analyzed using the x2 test. Comparisons of mean
values between different genotype groups were analyzed
using the Kruskal-Wallis test, followed by post hoc
analysis with the Holm method. Statistical significance
was defined as a p-value less than 0.05. All statistical

analyses were performed using R software, version 3.6.2.

RESULTS

Compliance with both treatments was highly satisfactory.
Isolated, minor protocol deviations were deemed to have
no significant impact on the study outcomes, and
therefore, no subjects were excluded. These deviations
included one subject in Group A and two subjects in
Group B; one subject in Group A who engaged in 3 hours
of intensive cycling during the week, but fully rested for
the subsequent three days; one subject in Group B who
took a non-steroidal anti-inflammatory drug (NSAID) for
two days to alleviate back pain after prolonged driving.
Notably, no subject reported any digestive or allergic

symptoms throughout the study.
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Heart Rate Variability (HRV) and Root Mean Square
of the Successive Differences (RMSSD) were evaluated.
No significant differences were observed between the
two treatment groups throughout the 6-month study
period. Notably, the oldest age quartile showed a non-
significant trend towards a higher stress index and
reduced vagal balance at baseline. However, unlike the
complete normalization observed at 3 and 6 months in
the FPP-treated group, this trend persisted in the vitamin
E-supplemented group, although the difference did not
reach statistical significance.

Routine biochemistry and body mass index (BMI)
remained unchanged from baseline to the end of the
study (data not shown). A non-significant trend of
decreased BMI and total cholesterol was observed in

both groups.

Total Antioxidant Capacity (TAC): Both treatments
resulted in a significant increase in TAC plasma levels.
Specifically, the vitamin E group showed increased TAC
levels starting from the 1st month of observation, while
the FPP-treated group demonstrated sustained increases
throughout the 6-month study, irrespective of gender

and age quartiles (Table 3).

Table 3. Effect of FPP® and Vitamin E on TAC plasma values along 6 months of treatment

TAC Baseline 1 month
(mmol/L)

FPP® 829.1+94.2 821.1+86.2
Vitamin E 837.6 +88.9 829.3+95.4

Time Course Modification of Total Antioxidant Capacity
(TAC) during Treatment with FPP® or Vitamin E: Both
treatments yielded a statistically significant improvement
in TAC levels. However, the Vitamin E effect was observed
earlier, after only 3 months of treatment. Baseline gene
analysis revealed that 38 subjects (55.8%) had the C/C
genotype, 28 (41.2%) had the C/A genotype, and 2 (2.9%)
had the A/A genotype.

Sequencing of the Nrf2 gene demonstrated that,

3 months 6 months p-value
842.7 £102.4 911.2+93.7 * <0.01
918.4+97.8 * 928.2+77.8* <0.01

compared to the Vitamin E-supplemented group, the
FPP-treated group exhibited overall significant
overexpression of nuclear Nrf2 in all subjects (p < 0.01 vs.
Vitamin E, Fig. 1). Furthermore, when analyzing the data
by age group, the oldest age quartile showed statistically
improved Nrf2 gene expression (p < 0.05 vs. baseline and
p <0.01 vs. Vitamin E). However, this age group displayed
significantly less pronounced FPP-induced Nrf2 gene

transcription than the first two quartiles (p < 0.05, Fig. 1).
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Figure 1. Effect of FPP and vitamin E on time-course variation of Nrf2 gene expression.

Gene expression responses are normalized to each
subject's baseline value, set at 1, to facilitate comparison
of differences in expression levels. The results are
presented as follows: red bars, FPP-treated group; yellow
bar, vitamin E-treated group. Statistical significance is
indicated as: *p < 0.01 vs. baseline and vitamin E group;
**p < 0.05 vs. the first two age quartiles; ns, not
significant. Notably, these data remained unchanged

when stratified by the two main Nrf2 genotypes.

However, the limited data from the A/A genotype
precluded meaningful analysis. Additionally, gender did
not influence the results. NQO1 gene expression was
significantly upregulated in the FPP-treated group as
early as the 1st-month observation (p < 0.01 vs. baseline
and vitamin E intervention, Fig. 2). This increase persisted
throughout the 6-month study period (p < 0.01 vs.
baseline and vitamin E group, Fig. 2). Neither age nor

gender had a significant impact on these findings.
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Figure 2. Effect of FPP and vitamin E on time-course variation of NQO1 gene expression.

Data are normalized to each subject's baseline
value, set at 1, to facilitate comparison of possible
differences in absolute expression levels.
Similar patterns were observed for HO-1 gene expression.
Notably, at the 1st-month observation, the beneficial

effects of FPP® were limited to the first two younger age

quartiles (p < 0.05 vs. baseline and vitamin E, Fig.
3). However, by the 3rd and 6th months of
observation, all FPP-treated subjects, regardless of
age and gender, showed significant upregulation of
HO-1 gene expression (p < 0.05 vs. baseline and vitamin

E, Fig. 3).
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Figure 3. Effect of FPP and vitamin E on time-course variation of HO-1 GENE expression.

Data are adjusted to each subject's baseline value,
set at 1, to facilitate comparison of possible differences in
absolute expression levels. This normalized baseline
value serves as a reference point for evaluating changes
in expression levels. The results are presented as follows:
red bars, FPP-treated group; yellow bar, vitamin E-treated
group. Statistical significance is indicated as: *p < 0.01 vs.
baseline and vitamin E group; **p < 0.05 vs. the first two
age quartiles; ns, not significant. Notably, HO-1 mRNA

response was unaffected by gender or other factors.

Furthermore, analysis of heart rate variability

(HRV) revealed that the root mean square of

successive differences (RMSSD), a

measure of sympathetic/parasympathetic
balance, was significantly lower in the older age

quartiles (last two quartiles) compared to the
younger middle-aged groups (first two quartiles, p <
0.01, Table 4). Although not statistically significant, a
trend towards increased RMSSD was observed in

the FPP-treated group at 3 and 6 months.

Table 4. HRV variability assessment: time course and effect of supplementations

FPP° Baseline 1 month
First 2 age quartiles * 67 +8 62+5
Last 2 age quartiles 47 £4 48 + 6
VITAMIN E

First 2 age quartiles * 63+ 4 58+6
Last 2 age quartiles 45 + 39+

*p<0.05 vs second two age quartiles.

CONCLUSION

The present study demonstrated that vitamin E exhibited
a strong beneficial antioxidant capacity, as evidenced by
Total Antioxidant Capacity (TAC) assessment. Notably, this
effect appeared to occur earlier than the functional food

examined, FPP. However, our study has limitations. We

3 months 6 months
71+9 70+ 4
51+8 53+5
67 69 *
46+ 4 48+5

did not measure vitamin E status in our participants, and
our redox balance analysis was not comprehensive.
Therefore, we cannot rule out the possibility that our
findings, particularly in the elderly, may have been
influenced by vitamin E status [50-52]. Regarding vitamin

E's poor effectiveness on Nrf2 signaling, age-related
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gastritis, which may be asymptomatic in elderly subjects,
could potentially have a negative impact [53].
Nevertheless, subsequent studies suggest that gastric pH
does not significantly influence vitamin E metabolism
[54]. Only in cases of age-related atrophic gastritis
accompanied by significant pancreatic insufficiency could
malabsorption of fat-soluble vitamins occur [55].
However, our subjects' minimal alcohol consumption
made chronic pancreatitis unlikely.
Interestingly,  supplementation ~ with  RRR-alpha-
tocopherol failed to enhance physical activity-related ex-
vivo induction of nitric oxide and HO-1 gene expression
[56].

Oxidative stress is known to alter the
cysteine structure of Keapl, thereby inhibiting Nrf2
degradation and facilitating the increase of nuclear
mRNA transcripts [57-61]. Consequently, attention has
focused on Nrf2-modifying interventions using
antioxidants, such as resveratrol and lipoic acid,
explored in experimental models of age-related
diseases [62-63]. Our study in relatively healthy
subjects demonstrated that a nutraceutical
intervention with FPP enhanced Nrf2 gene expression.
However, elderly subjects (defined as the last age
quartile, 67-75 years old) exhibited a less pronounced
response compared to middle-aged subjects (43-59
years old, p < 0.05). This finding aligns with evidence
suggesting that antioxidant responses decline with
advancing age [64-66]. Nonetheless, FPP induced
positive  Nrf2 upregulation, and combining it with
regular exercise may synergistically overcome defective
antioxidant responses [67-69]. Notably, our analysis
revealed that Nrf2 genotype did not influence
the response. The A/A genotype (Nrf2 rSNP-617),
associated with increased risk of clinical disease, such as
hypertension in never-smoking healthy subjects [70,
71], was rare in our population (2 subjects, 2.9%). In
contrast, FPP supplementation induced robust and
stable NQO1 mRNA upregulation at 3 and 6 months,
regardless of age. This finding is particularly
relevant given that Nrf2 and NQO1 expression

decline with aging [72], compromising the
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antioxidant defense system's efficiency [73-74].
Moreover, HO-1 and NQO1 dysfunction have been
implicated in the pathogenesis of central nervous
system diseases [75-76].

Consistent with the established knowledge of aging-
associated reductions in cardiac vagal modulation [77],
our study found that elderly subjects exhibited lower
heart rate variability (HRV). While prolonged and regular
physical exercise may potentially improve this parameter,
it was beyond the scope of our study. Interestingly, a
recent experimental study in diabetic rats demonstrated
that allopurinol, a synthetic antioxidant, enhanced Nrf2
and HO-1 gene expression, thereby significantly
improving diabetic cardiomyopathy-related autonomic
nervous system imbalance [78]. Given our present
findings on FPP-induced upregulation of the Nrf2-ARE
system, the potential benefits of nutraceutical
intervention on HRV in healthy elderly subjects’ merit
further investigation in more extensive studies. Notably,
Nrf2 deletion has been shown to markedly reduce the
ability to modify HRV responses to environmental
stressors [79]. Moreover, these parameters intersect with
the concept that psychobiological resilience is a
prominent factor in the epigenetics of aging [80]. Our
previous study found that this nutraceutical significantly
decreased oxidative stress and upregulated HO-1 in
otherwise healthy, stressed individuals [81].

Although specific in vitro confirmation is lacking,
these preliminary data suggest that FPP may potentially
act as an Nrf2-ARE activator. This activation would disrupt
basal ubiquitin-dependent degradation of Nrf2 by the
26S proteasome, thereby freeing nuclear Nrf2 to
accumulate and trigger gene induction involved in cell
cycle control, apoptosis, and antioxidant defense.
Furthermore, Nrf2 activation may enhance mitochondrial
function and adenosine triphosphate (ATP) production.
Our study focused on the synergistic effects of
moderately intensive walking exercise and a specific
functional food, demonstrating effective activation and

sustained engagement of the Nrf2-ARE system. Unlike
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high doses of vitamin E, this combination offers
significant health benefits by protecting a diverse range
of target proteins from proteasomal degradation.
Notably, this nutrigenomic effect partially restored
cellular redox homeostasis, even in older individuals, who
typically exhibit weakened responsiveness in the Keap1-
Nrf2 signaling system, albeit to a minor extent. These
findings align with previous research by Gounder et al.
[82] and Baar et al. [83]. A health-driven dietary approach
remains a cornerstone of health strategies, providing
direct benefits for healthy individuals and collateral
advantages for those with health complications [84].
Furthermore, rigorous studies on functional foods and
their novel mechanisms strategically advance our

understanding [85-90].
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