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Abstract: The positive effect of AM3, spermidine, and hesperidin, which have antioxidant and
anti-inflammatory properties, on immunity is known, but their effect on the rate of aging, known
as biological age (BA), is unclear. This work aims to test if the intake of a blend of AM3 (150 mg),
spermidine (0.6 mg), and hesperidin (50 mg) for 2 months could decrease BA and improve immunity,
redox, and inflammatory states. For this, 41 participants (30-63 years) were randomly divided
into placebo and supplement groups. The supplement group took two capsules daily with AM3,
spermidine, and hesperidin for two months, while the placebo group took capsules containing
only calcium phosphate and talcum powder. Before and after the treatment, peripheral blood was
collected. Immune function was assessed in leukocytes, redox state in whole-blood cells, erythrocytes,
and plasma, and cytokine concentration in both mononuclear cell cultures and plasma. Finally, the
Immunity Clock model was applied to determine BA. The results show that the intake of this blend
improves the immune functions that constitute the Immunity Clock, decreasing BA by 11 years and
reducing the oxidative—inflammatory state of the participants. Therefore, this supplement can be
proposed as a strategy to rejuvenate BA and achieve healthy aging.

Keywords: AM3; spermidine; hesperidin; immunity; biological age; redox state; inflammatory state

1. Introduction

Throughout the aging process, which begins in the twenties in humans, there is a
progressive and generalized deterioration of the functions of an organism, especially in the
homeostatic systems (nervous, endocrine, and immune), which leads to a loss of health
and an increase in morbidity and mortality. This process is heterogeneous, so individuals
of the same chronological age may have a different rate of aging or biological age, which is
why the latter is a better marker of how aging is taking place and life expectancy [1].

Based on this, it has been considered that, of the homeostatic systems, the immune sys-
tem is the most involved in the aging process, since it could participate in the establishment
of the chronic oxidative and inflammatory stress that underly this process due to its ability
to produce pro-oxidant and pro-inflammatory compounds [1,2]. Therefore, the immune
system, which has been proposed as a good marker of health, has also been considered a
marker of the rate of aging and a predictor of longevity [1-3]. This led to the development
of a mathematical model for the determination of biological age, the Immunity Clock,
based on different immune functions that are altered throughout the aging process, such

Antioxidants 2024, 13, 1391. https:/ /doi.org/10.3390/antiox13111391

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox13111391
https://doi.org/10.3390/antiox13111391
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0003-3319-7623
https://orcid.org/0000-0002-5523-8409
https://orcid.org/0009-0001-4837-4330
https://doi.org/10.3390/antiox13111391
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox13111391?type=check_update&version=2

Antioxidants 2024, 13, 1391

2of 16

as chemotactic and phagocytic capacity, natural killer activity, or the lymphoproliferative
response to mitogens [4].

Given the frequent possibility that a person is aging faster than his or her chronological
age and the risk of morbidity that this accelerated aging implies, ongoing research is
looking for lifestyle strategies to slow down the rate of aging, and nutritional interventions
are the most studied ones. Indeed, the intake of compounds with antioxidant and anti-
inflammatory activities has been shown to be able to improve immune function [5,6], and
decrease biological age [4].

In this context, AM3, the active principle of Immunoferon®, has been shown to have
significant effects as a modulator of the immune response, with a clear regulatory role in
inflammation [7-22]. However, its possible role in immunosenescence and oxidative stress
has scarcely been studied [23,24], and, consequently, its possible usefulness in rejuvenating
biological age is unknown.

In addition, polyamines, such as spermidine, are involved in a series of biological pro-
cesses, mainly related to cell viability, proliferation, and differentiation. In fact, polyamine
concentrations are decreased in many pathological states and aging, and their administra-
tion has been proposed to reduce disease risk. This is because they show antioxidant and
anti-inflammatory properties, managing the redox state and inflammation of cells. Thus, it
has become evident that they are relevant for maintaining health and achieving healthy
aging as well as longevity [25-41].

Finally, flavonoids such as hesperidin are bioactive substances found mainly in fruits
and vegetables [42]. Previous studies have shown that hesperidin has several pharma-
cological activities, suggesting that they are of great utility in the treatment of differ-
ent diseases [43-50]. These effects may be due to its antioxidant and anti-inflammatory
properties [51,52], as it inhibits the secretion of pro-inflammatory cytokines [53-56] and
modulates leukocyte gene expression by enhancing its antioxidant and inflammatory
profiles [57,58].

Based on all of the above, there is still a lack of knowledge on whether the ingestion of
a blend containing these three compounds (AM3, spermidine, and hesperidin) can have
a positive effect on immunity, oxidative and inflammatory state, and the biological age
of men and women throughout their aging processes. Therefore, the aim of the present
study was to test if daily supplementation for two months with AM3, spermidine, and
hesperidin allows the biological age of healthy individuals to be decreased by improving
their immunity and oxidative-inflammatory state.

2. Materials and Methods
2.1. Participants, Study Design, and Extraction of Blood Samples

This prospective, randomized, and double-blind trial was conducted at Universidad
Complutense de Madrid (Madrid, Spain). All participants provided written informed
consent, and the study was approved by the Ethical Committee of the Hospital Clinico San
Carlos of Madrid (Madrid, Spain) (I.C. 22/065-EC_X). Clinical trial registry: NCT06249620
(https:/ /clinicaltrials.gov accessed on 2 August 2024)

The participants in this study were 41 participants aged between 30 and 60 years. The
participants were randomly divided into 2 experimental groups: the placebo group (N = 18;
7 men and 11 women) and the supplement group (N = 23; 11 men and 12 women). However,
6 participants were excluded from the study because they did not follow the treatment,
which left the following groups: placebo (N = 15; 7 men and 8 women), supplement (N = 20;
10 men and 10 women). The sample size was calculated based on the number of groups in
the study, the maximum number of groups in simultaneous comparison, and by assuming a
significance level of the bilateral tests to be performed equal to 0.05, a required power of the
test equal to 0.8, and assuming a standard deviation of 1, to obtain a minimum difference
to be detected equal to 1.5.

The study population comprised healthy individuals, defined as those free from
any clinically significant illnesses or abnormalities in routine laboratory evaluations. The


https://clinicaltrials.gov

Antioxidants 2024, 13, 1391

30f16

exclusion criteria encompassed individuals with significant health conditions, including
autoimmune disorders, cancer, anemia, severe allergies, dementia or cognitive impairments,
chronic respiratory illnesses, hypertension, and diabetes. Additional exclusions were ap-
plied to individuals with a history of alcohol or drug use, those undergoing hormone
replacement therapy, and those taking vitamins, antioxidants, or any medications with po-
tential immunomodulatory effects. Participants with poor compliance with study protocols
were also excluded. Informed consent was obtained from all participants, allowing for the
use of their blood samples in research.

Before starting the treatment, quality of life was assessed with a survey that included
the Perceived Stress Scale (PSS), the Hamilton Anxiety Rating Scale (HAM-A), and the
14-Item Resilience Scale (RS-14). It also included yes/no questions about whether they were
smokers, if they usually felt tired, if they followed a balanced diet, if they were physically
active, or if they slept well.

The study was randomized, placebo-controlled, and double-blind. A laboratory mem-
ber not directly involved in the present study conducted and completed the randomization
of the participants and blinding of the study. First, treatments were coded as a placebo or
supplement by flipping a coin. Then, placebo and supplement compounds were portioned
in capsules with a similar appearance and consecutively numbered for each participant
according to randomization. Each participant was assigned an order number and received
the corresponding capsules. Both the participants and the investigators were blinded to
the treatment order. Participants of the supplement group took two capsules daily for
two months composed, for each capsule, of AM3-P (20%) (150 mg), spermidine (0.6 mg),
hesperidin (50 mg), 2-hydrate calcium phosphate (299.07 mg), ZN sulfate (8.33 mg), and
talcum powder (25 mg). In parallel, participants in the placebo group took two capsules,
each composed of 2-hydrate calcium phosphate (500 mg) and talcum powder (25 mg), daily
for two months.

Blood samples were obtained before the initiation of supplementation and after two
months of treatment following the principles outlined in the Declaration of Helsinki.
Specifically, 12 mL of peripheral blood was collected through venipuncture between 9:00
and 10:00 AM, using citrate-containing tubes (BD Vacutainer Systems), to control for
circadian variations in immune parameters. All participants adhered to this schedule.

2.2. Analysis of Immune Function Parameters
2.2.1. Isolation of Neutrophils and Lymphocytes

To assess neutrophil and lymphocyte chemotactic ability, neutrophil phagocytic activ-
ity, natural killer (NK) cell antitumoral function, and lymphoproliferative responses under
both basal and stimulated conditions, neutrophils and lymphocytes were isolated from
blood samples by following a previously established protocol [3]. Neutrophils and lym-
phocytes were isolated through density gradient centrifugation, utilizing Ficoll solutions
with densities of 1.119 g/mL and 1.077 g/mL, respectively (Hystopaque, Sigma-Aldrich,
St. Louis, MO, USA). The collected cells, exhibiting a viability of 95% as assessed by try-
pan blue exclusion, were subsequently adjusted to a concentration of 10° neutrophils or
lymphocytes per mL in an RPMI 1640 medium (Sigma-Aldrich).

2.2.2. Chemotaxis

The chemotactic capacity of neutrophils and lymphocytes was evaluated by using
a modified Boyden chamber technique, as previously described [3]. This approach as-
sesses the ability of immune cells to migrate toward chemoattractants that mimic an
infection site. Cell suspensions were introduced into the upper chamber, while f-met-leu-
phe (Sigma-Aldrich) was placed in the lower chamber as the chemoattractant. Follow-
ing a 3 h incubation period, filters were fixed and stained with Giemsa solution (Sigma-
Aldrich). The chemotaxis index (C.I.) was calculated by counting the number of neutrophils
or lymphocytes on one-third of the filter’s lower surface under optical microscopy at
100x magnification.
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LySiS % =

Problem lysis — Effector cells spontaneous lysis — Tumor cells spontaneous lysis

2.2.3. Phagocytosis

For this analysis, a modified version of the technique originally described by De la
Fuente was employed [3]. Neutrophil suspensions (200 puL) were incubated for 30 min in
migration inhibition factor (MIF) plates, which promote cell adhesion, allowing neutrophils
to form a monolayer at the well base. The adherent cells were washed with Hank’s solution
at 37 °C, after which 20 pL of latex beads (1.09 pm, 1% suspension in PBS, Sigma-Aldrich)
was added. Following a 30 min incubation, the samples were fixed in 50% methanol
and stained with Giemsa solution (Sigma-Aldrich). Phagocytic activity was quantified by
determining the phagocytic index, the number of particles ingested per 100 neutrophils,
the phagocytic efficiency, and the percentage of neutrophils that had ingested at least one
particle, using optical microscopy at 100 x magnification.

2.2.4. Natural Killer Antitumoral Activity

Natural killer (NK) cell activity was assessed by using an enzymatic colorimetric assay
kit (Cytotox 96™; Promega, Madison, WI, USA) that quantifies lactate dehydrogenase
(LDH) release, indicative of target cell cytolysis through the reduction of tetrazolium salts.
A 100 uL aliquot of the NK cell suspension was combined with human K-562 lymphoma
target cells in 96-well U-bottom plates at an effector-to-target cell ratio of 10:1. Following a
4 h incubation, LDH release was measured by adding the substrate for the enzyme reaction,
and absorbance was recorded at 490 nm. NK cell antitumoral function was then calculated
by using the following formula:

x 100

Tumor cells total lysis — Tumor cells spontaneous lysis

As previously established, the results were quantified as the percentage of lysed tumor
cells (% lysis) [3].

2.2.5. Lymphoproliferation

Lymphocyte suspensions, adjusted to a concentration of 10° cells/mL in complete
RPMI medium (supplemented with 1 mg/mL gentamicin and 10% heat-inactivated fetal
bovine serum (Gibco, Waltham, MA, USA), incubated at 56 °C for 30 min), were dispensed
in 200 pL aliquots per well in 96-well culture plates. For basal conditions, 20 uL of RPMI
medium was added to each well, while 20 uL of either phytohemagglutinin (PHA) or
lipopolysaccharide (LPS) (1 ug/mL) was added to stimulate mitogenic responses. After
48 h of incubation, 100 pL from each well was collected for cytokine analysis. The removed
volume was replenished with fresh medium, and tritiated thymidine (0.5 uCi/well) was
added, followed by an additional 24 h incubation. The cells were then fixed onto filters by
using an automated system, and the incorporation of tritiated thymidine was measured via
a beta counter. Results were reported as counts per minute (c.p.m.) for basal and stimulated
conditions [3].

2.3. Evaluation of Redox Parameters

To assess redox parameters, including glutathione reductase and peroxidase activities,
concentrations of oxidized and reduced glutathione, thiobarbituric acid-reactive substances,
whole-blood cells (comprising erythrocytes and leukocytes), plasma, and erythrocytes were
used. Erythrocytes were isolated through Ficoll gradient centrifugation, initially performed
to separate lymphocytes and neutrophils. Whole-blood cells and plasma were obtained
by centrifuging blood samples at 1300x g for 20 min, after which the plasma and cellular
fractions were carefully separated. The resulting cell pellets were re-suspended in RPMI+
medium. All samples were stored at —80 °C until further analysis.

2.3.1. Glutathione Reductase Activity

The samples were re-suspended in an oxygen-free phosphate buffer (pH 7.4, 50 mM,
with 6.3 nM EDTA), and then subjected to sonication followed by centrifugation. As
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outlined in prior protocols, the supernatants were used in the reaction, along with 80 mM
GSSG as the substrate [59]. The oxidation of NADPH was monitored at 340 nm over
4 min. Results were reported as milliunits (mU) of glutathione reductase (GR) activity per
milligram of protein.

2.3.2. Glutathione Peroxidase Activity

The samples were re-suspended in an oxygen-free phosphate buffer (pH 7.4, 50 mM),
followed by sonication and subsequent centrifugation. As previously detailed, the su-
pernatants were collected and used in the enzymatic assay, with cumene hydroperoxide
serving as the substrate [59]. NADPH oxidation was monitored at 340 nm over 5 min. The
results were quantified as milliunits (mU) of glutathione peroxidase (GPx) activity per
milligram of protein.

2.3.3. Concentrations of Oxidized Glutathione (GSSG) and Reduced Glutathione (GSH)

The samples were re-suspended in phosphate buffer (pH 8, 50 mM; EDTA, 0.1 M) and
then subjected to sonication and centrifugation. The supernatants were used to quantify
both oxidized (GSSG) and reduced (GSH) glutathione based on their reactivity with o-
phthalaldehyde at pH 12 and pH 8, respectively, which results in the formation of a
fluorescent compound measurable at 420 nm, as described previously [59]. The results
were expressed as nmol of GSSG and GSH per milligram of protein. Additionally, the
GSSG/GSH ratio was calculated.

2.3.4. Concentration of Thiobarbituric Acid-Reactive Substances (TBARSs)

TBARSs (thiobarbituric acid-reactive substances) were quantified by using a commercial
Lipid Peroxidation Assay Kit (Biovision, San Francisco, CA, USA). The samples were re-
suspended in a lysis buffer containing 0.1 mM butylated hydroxytoluene (BHT), sonicated,
and centrifuged. The resulting supernatants were combined with thiobarbituric acid (TBA)
and incubated in a water bath at 95 °C for 60 min. Following incubation, the samples were
centrifuged, and the supernatants were collected. Absorbance was measured at 532 nm.
The results were expressed as nanomoles of TBARs per milligram of protein.

2.3.5. Protein Quantification

Protein concentration was determined in the same supernatants used for the analysis of
various redox parameters. Protein quantification was performed by using the bicinchoninic
acid (BCA) method, using a BCA kit. This method is based on the reduction of Cu?* to Cu*
ions, which subsequently bind to BCA, forming a colored complex that absorbs light at
562 nm. The results were expressed as milligrams of protein per milliliter.

2.4. Biological Age Determination

The Immunity Clock model [4] was used to determine the biological age of each
participant. The calculation for ImmunolAge is expressed by the following formula:
ImmunolAge = 93.943 — 0.230 x natural killer activity — 0.001 x lymphoproliferative re-
sponse to PHA — 0.022 x neutrophil chemotaxis — 0.020 x phagocytic index — 0.019 x
lymphocyte chemotaxis.

2.5. Cytokine Measurement

Cytokine levels were measured in plasma and lymphocyte culture samples under basal
conditions. The concentrations of TNF-«, IL-1§3, IL-6, IL-10, and IL-2 were simultaneously
quantified by using multiplex luminometry, employing a Milliplex® MAP Human High
Sensitivity T Cell Magnetic Bead Panel (HSTCMAG-285K, Millipore, Burlington, MA, USA).
The results were reported as picograms per milliliter (pg/mL).
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2.6. Statistical Analysis

Statistical analyses were conducted by using GraphPad Prism 10.1.1 software. The
normality of the data distributions was assessed by using the Kolmogorov-Smirnov test,
while the homogeneity of variances was evaluated through Levene’s test. We compared
demographics, health measures, perceived stress, anxiety, or resilience at the baseline
by using the chi-squared test for categorical data and t-tests for continuous measures.
Comparisons between initial and post-treatment conditions were conducted by using the
dependent-samples t-test based on the normality of the data distribution. A p-value of less
than 0.05 was considered statistically significant.

3. Results

We assessed 60 individuals for eligibility. Of these, 19 were excluded. We thus random-
ized 41 individuals in the placebo (N = 18) and supplement (N = 23) groups. Recruitment
commenced in February 2022, and the final follow-up assessment was conducted in July
2022. At the time of completion of the study, six participants were excluded due to low
adherence to the treatment. Therefore, there were 15 participants in the placebo group
and 20 participants in the supplement group. All were included in each analysis. Figure 1
presents a CONSORT flow diagram.

[ el ol ] Assessed for eligibility (n=60)

Excluded (n=19)
» « Not meeting inclusion criteria (n=2)
+ Declined to participate (n=17)

‘ Randomized (n=41) ‘

l

v L Allocation v
Allocated to placebo group (n=18) Allocated to supplement group (n=23)
+ Received allocated intervention (n=18) + Received allocated intervention (n=23)
«+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)

v Follow-Up !

J

2-Month follow-up: Completed the intervention (n=15) Lost to follow-up (give reasons) (n=20)
Discontinued intervention (n=3, low adherence to treatment) Discontinued intervention (n=3; low adherence to treatment)

Analysis
‘ L y: ) A

Analysed (n=15) Analysed (n=20)
+ Excluded from analysis (n=0) + Excluded from analysis (give reasons) (n=0)

Figure 1. CONSORT flow diagram. CONSORT: consolidated standards of reporting trials.

Baseline characteristics of enrolled participants who completed the study are displayed
in Table 1. The placebo and supplement groups did not differ in terms of demographic,
health measure, perceived stress, anxiety, or resilience data at the baseline (Table 1).

The results related to the effects of supplement intake on biological age are shown in
Figure 2. First, it is worth mentioning that, in their initial condition, the participants showed
amean biological age higher than the mean of their chronological ages (66 & 10 years versus
46 £ 8 years, respectively). This could be because most participants report at the baseline
a medium perceived stress level and moderate anxiety, which are factors that have been
associated with an accelerated rate of aging [4]. However, it can be observed that, after
the supplementation, the participants decreased their biological age (Figure 2, p < 0.01)
compared to the initial condition. In contrast, no effect was observed in the placebo group.
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However, despite this decrease in biological age, it was still higher than the average of their
chronological ages (57 &= 11 years versus 46 + 8 years, respectively).

Table 1. Baseline characteristics of individuals in the placebo (N = 15) and supplement (N = 20)
groups.

Placebo (N =15) Supplement (N = 20)

Demographic Variables
Gender N (% females) 8 (53.3%) 10 (50%)
Age M (SD) 46.4 (6.2) 47.1 (6.9)
Health Measures
Current smoker N (%) 0 (0%) 4 (20%)
Currently tired N (%) 4 (26.6%) 2 (10%)
Balanced diet N (%) 13 (86.6%) 17 (85%)
Physical activity N (%) 14 (93.3%) 17 (85%)
Sleep well N (%) 12 (80%) 15 (75%)
Perceived Stress
Low N (%) 2 (13.3%) 8 (40%)
Medium N (%) 13 (86.7%) 12 (60%)
Anxiety
Low N (%) 1 (6.6%) 1 (5%)
Moderate N (%) 14 (93.4%) 19 (95%)
Resilience
High N (%) 13 (86.7%) 20 (100%)
Moderate N (%) 2 (13.3%) 0 (0%)
Biological Age
100
804 b *%*
o 'o:::° 9 008 o
g 60 .o %gTO H®
<] ® (o) E
c °
=
E 40 °
(o]
20
0 T T T T
Initial Post-Treatment Initial Post-Treatment

Placebo Supplement

Figure 2. Biological age estimated through the Immunity Clock model in participants of the placebo
and supplement groups before and after the treatment. ** p < 0.01 compared to the initial condition.

The effects observed on immune function are illustrated in Figure 3 and Table 2. In gen-
eral, an improvement in immune function can be observed after supplementation. Thus, an
increase in neutrophil and lymphocyte chemotaxis (Figure 3A, p < 0.01; Figure 3C, p < 0.05,
respectively), an increase in the phagocytic index and efficacy (Figure 3B, p < 0.01; Table 2,
p < 0.01, respectively), and increased lymphoproliferation in response to phytohemagglu-
tinin (PHA) and lipopolysaccharide (Figure 3D, p < 0.05; Table 2, p < 0.05, respectively)
can be observed in the supplemented group compared to their initial conditions. There
was no effect in NK activity after supplementation (Table 2). No differences were observed
between the baseline and post-treatment conditions in the placebo group.
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Figure 3. Immune function in peripheral blood leukocytes of participants in the placebo and sup-

plement groups before and after the treatment. (A) Neutrophil chemotaxis (chemotaxis index).

(B) Phagocytic capacity of neutrophils (phagocytic index). (C) Lymphocyte chemotaxis (chemotaxis

index). (D) Lymphoproliferation in response to PHA (c.p.m). * p < 0.05, ** p < 0.01 compared to the

initial condition. PHA: phytohemagglutinin; c.p.m: counts per minute.

Table 2. Immune function parameters in peripheral blood leukocytes and inflammation parameters in

monocyte cultures at basal conditions and in the plasma of participants in the placebo and supplement

groups before and after the treatment.

Placebo Supplement
Initial Post-Treatment Initial Post-Treatment
Immune Function Parameters
Phagocytic efficacy 656 69+£7 62 + 10 75 £ 15 **
Natural Killer activity (% Lysis of tumoral cells) 51.8 £26.2 50.5 £ 221 58.8 £ 26 524 +£23.1
Proliferative response to LPS (c.p.m) 4637 £ 2651 4952 + 1783 4973 £ 2556 6594 £ 2199 *
Inflammation Parameters in Plasma
IL-6 concentration (pg/mL) 26+£22 37+£28 48 £38 10.4 £ 6.7 ***
IL-2 concentration (pg/mL) 24£2 19+14 23+£13 09 £0.6*
Inflammation Parameters in Monocyte Cultures
Basal proliferative response (c.p.m) 607 £ 243 577 £ 232 686 = 131 580 & 216 *
TNF«x concentration (pg/mL) 340 + 183 494 + 143 350 £ 177 386 + 132
IL-1f concentration (pg/mL) 759 + 571 994 + 180 749 + 593 573 £ 202 ***
IL-6 concentration (pg/mL) 1109 + 337 1283 + 266 930 + 418 1311 4 251 ***
TNFa/IL-10 ratio (pg/mL) 0.68 &+ 0.62 0.53 + 0.46 0.64 + 0.54 0.32 +0.26 **

Values are presented as the mean =+ standard deviation. * p < 0.05, ** p < 0.01, and *** p < 0.001, indicating statistical
significance compared to the initial condition. LPS: lipopolysaccharide.

The results of the effect of supplementation on the redox parameters are shown in
Figure 4. It can be observed that, after supplementation, the participants show an increase
in the antioxidant activities of glutathione reductase and peroxidase (Figure 4A, p < 0.001;
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Figure 4B, p < 0.01, respectively), an increase in the concentration of reduced glutathione
(GSH) ¢ (Figure 4C, p < 0.05), a decrease in the concentration of oxidized glutathione (GSSG)
(Figure 4D, p < 0.05), and a lower GSSG/GSH ratio (Figure 4E, p < 0.01), as well as a
decrease in oxidative lipid damage (TBARs) (Figure 4F, p < 0.001) in the whole-blood cell
sample with respect to the initial condition. There were no differences in the placebo group
after treatment. Similar results can be observed in plasma and erythrocyte samples, as
shown in Supplementary Table S1.

( ) Glutathione reductase activity ( ) Glutathione peroxidase activity
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g . Bt
o
£ 1.0 £
2 x
0o [y
= R O 0.5+
. o =]
€ 05 o - uny, € _
:o:o:o: - =
0.0 T T T T 0.0 T T T T
Initial Post-Treatment Initial Post-Treatment Initial Post-Treatment Initial Post-Treatment
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Figure 4. Redox parameters assessed in whole-blood cells of participants in the placebo and supple-
ment groups before and after the treatment. (A) Glutathione reductase activity (mU GR/mg protein).
(B) Glutathione peroxidase activity (mU GPx/mg protein). (C) Concentration of reduced glutathione
(nmol GSH/mg protein). (D) Concentration of oxidized glutathione (nmol GSSG/mg protein).
(E) GSSG/GSH ratio. (F) Thiobarbituric acid-reactive substance concentration (nmol TBARs/mg
protein). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the initial condition. GR: glutathione
reductase activity; GPx: glutathione peroxidase activity; GSSG: oxidized glutathione; GSH: reduced
glutathione; and TBARs: thiobarbituric acid-reactive substances.
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In addition, the effect of the supplement on the inflammatory state in the plasma
of the patients was evaluated. The results are presented in Figure 5 and Table 2. After
supplementation, participants had their IL-1f3 concentration (Figure 5A, p < 0.05), TNF-o
(Figure 5B, p < 0.05), and IL-2 (Table 2, p < 0.01) decrease in relation to the initial condition.
In addition, an increase in IL-10 (Figure 5C, p < 0.01) and IL-6 (Table 2, p < 0.001), along
with a lower TNF-o/IL-10 ratio (Figure 5D, p < 0.05), were observed after supplementation
with respect to the initial condition. No significant changes were observed in the placebo

group after treatment.
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Figure 5. Cytokine concentrations (pg/mL) in the plasma of participants in the placebo and sup-
plement groups before and after the treatment. (A) IL-1p concentration. (B) TNF-« concentration.
(C) IL-10 concentration. (D) TNF-«/IL-10 ratio. * p < 0.05, ** p < 0.01 compared to the initial condition.

Finally, inflammatory parameters were also evaluated in the supernatants of mononu-
clear cell cultures under basal conditions, as shown in Table 2. It can be observed that,
after supplementation, participants decreased their lymphoproliferation in basal condi-
tions (Table 2, p < 0.05), as well as the concentration of IL-1p (Table 2, p < 0.001) and the
TNF-«/IL-10 ratio (Table 2, p < 0.01) with respect to the initial condition. An increase in
IL-6 concentration (Table 2, p < 0.001) was also observed. No evidence of a placebo effect

was detected.

4. Discussion

This study is the first to demonstrate the effect that the daily consumption for two months
of a supplement with AM3, spermidine, and hesperidin can have on immunity, oxidative

Initial Post-Treatment Initial Post-Treatment

Placebo Supplement

state, inflammatory profile, and rate of aging.

The results of this study show that, after taking the supplement, certain immune func-
tions are improved. Specifically, it has been observed that, after this supplementation, there
is an improvement in the chemotaxis of neutrophils and lymphocytes, in the phagocytic
capacity of neutrophils, and in the lymphoproliferative response to mitogens. These results
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agree with those obtained in other studies, since there is evidence that oral supplementa-
tion with AM3 can restore immune impairment (or immunosenescence), enhancing the
functionality of NK cells and monocytes [23]. Moreover, hesperidin shows antioxidant
and anti-inflammatory properties, downregulating the production of pro-inflammatory
cytokines such as IL-8 and TNF-« [51], which would also explain the improvement of
these immune functions as oxidative and inflammatory stress are fundamental drivers of
immunosenescence [1]. Similarly, spermidine also has anti-inflammatory effects and in-
duces autophagy, thus improving immune functionality in old age [60]. However, although
supplementation would be expected to also potentiate NK activity, no differences in this
parameter were observed. This could be because spermidine shows an inhibitory effect
on NK activity by transforming into spermine, which is finally transformed into active
fractions that suppress NK activity [61,62].

Although the supplement does not affect NK activity, the overall enhancement of
immune function is also reflected in the rejuvenation of the biological age of the participants
since the functions of neutrophil and lymphocyte chemotaxis, neutrophil phagocytosis, and
proliferation in response to PHA are included in the Immunity Clock mathematical model,
which was used to calculate the biological age [4]. This is of great importance, since this
is the first study that shows that this supplement could help to reduce the biological age,
leading an individual to have a better aging process and achieve healthy longevity [1-4].
Moreover, this has certain clinical implications since chronological age does not always
coincide with biological age, which indicates how fast we are aging. In fact, people usually
show a higher biological age than their chronological age due to different situations in
their daily lives, especially those related to stress and anxiety [1-4]. Therefore, finding
supplements, such as the one evaluated in the present study, that allow for the control of the
rate of aging is of great interest in favor of the healthy aging of the population. Nevertheless,
this is not the only food supplement that can reduce biological age by improving immune
function and redox as well as inflammatory profiles. It has been observed that other
antioxidant supplements or different probiotic blends act similarly [4,63].

In this line, it has been suggested that chronic oxidative stress, coupled with inflam-
matory stress, constitutes the primary cause of aging, as these factors contribute to cellular
damage, particularly in homeostatic systems such as the nervous, endocrine, and im-
mune systems, which explains the increased risk of morbidity and mortality that occurs
with aging. Furthermore, the immune system is considered a crucial modulator of the
interplay between oxidation and inflammation, and, consequently, the rate at which ag-
ing occurs in individuals [1,2]. Thus, the functional state of immunity has an impact on
“oxi-inflammaging” and the achieved life span [1,2].

Among the parameters used to assess the redox state, those related to the glutathione
cycle have been identified as potential biomarkers for the rate of aging and longevity [64].
Specifically, enzymatic activities of glutathione reductase (GR) and peroxidase (GPx), along
with the concentrations of oxidized (GSSG) and reduced (GSH) glutathione in human
peripheral blood leukocytes, have been shown to correlate with biological age determined
by the Immunity Clock [59].

The findings from the current study indicate that after taking a nutritional supplement
rich in AM3, hesperidin, and spermidine daily for 2 months, there is a decrease in oxidative
stress since antioxidant defenses, such as GPx and GR activities, increase and oxidants
decrease, as seen in the concentration of GSSG, which implies a decrease in the GSSG/GSH
ratio, a reliable indicator of the oxidative state [65] and oxidative damage to lipids (TBARs).
This decrease in the oxidative stress of the participants after taking the supplement could
translate, as mentioned above, into an improvement of the homeostatic systems, reducing
the risk of morbidity and mortality that appears with aging [1,2]. These results seem to
be mainly mediated by spermidine and hesperidin, as the antioxidant capacity of these
compounds has been previously described [27-35,51,53-56,60]. In contrast, the antioxidant
properties of AM3 have been less studied.
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The general inflammatory state of the organism can be reflected in the pro-inflammatory
and anti-inflammatory cytokines circulating in the blood. These cytokines do not necessarily
originate from immune cells but also from multiple cells of different organs and systems.
In this study;, it has been found that ingestion of the supplement produces a decrease in
the plasma of typically pro-inflammatory cytokines, such as TNF-« and IL-1§3 [66], and
an increase in the anti-inflammatory IL-10, so that the TNF-«/IL-10 ratio, an excellent
indicator of the inflammatory state of an organism [67], decreases. The increase observed
in IL-6, considered pro-inflammatory [68], is a curious result. However, it should be
considered that it has been demonstrated that this cytokine, released by senescent cells,
may have an important role in cellular reprogramming, a fundamental factor in improving
cellular repair and aging [69]. Similarly, when the inflammatory state is analyzed in
mononuclear cell cultures in basal conditions, a decrease in basal lymphoproliferation is
observed, an indicator of the decrease in sterile inflammation generated by the immune
cells [67]. Thus, a decrease in IL-13 and the TNF-«/IL-10 ratio is observed, showing,
as in plasma, that this supplement has anti-inflammatory properties. An increase in IL-
6 is also observed here, which could be related to cell reprogramming processes [69].
These anti-inflammatory properties shown by the supplement are not surprising, as it
has previously been described that both AM3, spermidine, and hesperidin exhibit this
property [27-35,51,53-56,60]. However, this anti-inflammatory property of the supplement
is of great importance, as it allows for the control of the inflammatory stress that occurs
during the aging process, helping to slow it down [1,2].

Altogether, considering that the onset of oxidative and inflammatory stress, primarily
driven by the immune system, underlies the process of aging [1], the supplement’s effect on
enhancing immune function, modulating oxidative and inflammatory states, and slowing
the rate of aging could translate into an increase in the longevity of the individual [64].
Indeed, prior research has demonstrated that some of the components of this nutritional
supplement can affect longevity. Thus, hesperidin and spermidine have been observed to
increase life span, with the latter performing this via autophagy [60,70-72]. However, it
is not known whether this supplement, consisting of AM3, spermidine, and hesperidin,
could increase longevity.

Therefore, different limitations could be described in the present study. Firstly, the
small sample size of the study and the treatment time should be mentioned. In future
studies, it would be appropriate to work with a larger sample size, which would allow us to
obtain greater statistical power and study potential inter-individual differences in response
to the supplement. It would also be interesting to see if the effects are maintained in the long
term after supplementation and, if not, to study other concentrations or other intervention
times. In addition, in the present study, the participants were advised to continue with their
usual diet throughout the treatment, and the daily intake of antioxidants through the diet
was not taken into account, which would be something to consider in the future. Moreover,
it would be convenient to carry out studies in experimental animals to corroborate whether
the positive effects observed in the present study are produced and, if so, if the animals
supplemented achieve greater longevity. Moreover, given that experimental animals do
not show a placebo effect, carrying out this study in animals could corroborate that the
supplement does not have this effect, as observed in the present work.

5. Conclusions

From the results obtained, it can be concluded that volunteers who took two capsules
of a daily supplement of AM3 (150 mg), spermidine (0.6 mg), and hesperidin (50 mg) for
2 months decreased their biological age, with an average rejuvenation of 11 years. Moreover,
they stimulated relevant immune functions, such as chemotaxis, phagocytosis, and lympho-
proliferative responses to the mitogen PHA. Furthermore, they also improved their redox
state and positively modulated the general inflammatory state of organisms. Therefore, the
ingestion of this supplement could be proposed as a strategy to maintain better health and
slow down the rate of aging, which would allow them to achieve greater longevity.
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