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Abstract Aging is driven by fundamental mecha-
nisms like oxidative stress, telomere shortening and
changes in DNA methylation, which together pre-
pare the ground for age-related diseases. Botanical
extracts, rich in bioactive phytoconstituents, represent
a promising resource for developing therapies that
target these mechanisms to promote healthy aging.
This study explores the geroprotective potential of
Monarda didyma L. extract. In vitro analyses revealed
the extract’s strong antioxidant activity, ability to
reduce telomere shortening, and capacity to protect
against DNA damage, thereby decreasing cellular
senescence and improving endothelial function. The
randomized, double-blind clinical trial demonstrated
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that daily oral supplementation with the extract sig-
nificantly improved leukocyte telomere length (LTL)
and stabilized DNA methylation age (DNAmAge)
in the intervention group, while the placebo group
experienced accelerated epigenetic aging and hyper-
methylation of critical age-related genes (ELOVL2
and FHL2). The intervention group also reported
enhanced quality of life, particularly in the physical
domain, along with improved movement and quality
sleep indices detected by questionnaire and wearable
sensors. These compelling findings position Monarda
didyma L. extract as a powerful candidate for future
geroprotective therapies, with the potential to signifi-
cantly impact healthy aging.
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Introduction

The inexorable progression of population aging poses
a significant global challenge, exacerbating social and
healthcare burdens worldwide. As the leading risk
factor for chronic diseases, aging contributes heavily
to global morbidity, mortality, and healthcare costs
[1, 2]. The incidence of major chronic diseases—such
as ischemic heart disease, stroke, diabetes, liver and
kidney diseases, neurodegenerative disorders, and
various cancers (including lung and colorectal)—
increases with age [3], though the onset and severity
of these age-related conditions vary greatly among
individuals [4]. Although aging is inevitable, it does
not affect everyone in the same way. The aging pro-
cess, shaped by a unique combination of genetics
and environmental factors, can be delayed and com-
pressed through informed lifestyle choices, allowing
individuals to live longer at their fullest potential [5,
6]. Elevated oxidative stress and dysregulated inflam-
mation accelerate biological aging, emphasizing
the urgent need for safe and effective geroprotective
interventions [7, 8].

Recent advancements in aging research have
shifted the focus from merely extending lifespan to
enhancing healthspan—the period of life spent in
good health [9]. Addressing aging as a comprehen-
sive condition, rather than targeting individual age-
related diseases, may offer a more impactful approach
to mitigating age-related disorders and improving the
quality of life for older adults [10, 11]. Central to this
strategy is the understanding that age-related cellular
damage, such as telomere shortening [12] and aber-
rant gene methylation, plays a pivotal role in organ-
ismal aging [13]. Proteomic age clocks offer innova-
tive diagnostic tools by predicting aging mechanisms
through protein analysis [14]. Complementing this,
our focus on epigenetics and telomere length provides
a dynamic framework for therapeutic interventions, as
these mechanisms may be more reversible and action-
able for healthspan improvement. DNA methylation
and telomere length offer promising and adaptable
targets for interventions aimed at slowing or even
reversing the aging process. Emerging evidence sug-
gests that interventions aimed at selectively increas-
ing telomere length [15] and modulating gene meth-
ylation patterns [16] may not only extend lifespan,
but also improve healthspan in aged organisms. Our
previous studies demonstrate that intensive relaxation
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training over 60 days can reverse biological aging
markers, improve clinical blood parameters, and
enhance endothelial function in both post-myocar-
dial infarction patients and healthy individuals [17].
Additionally, visual art-mediated cognitive activation
therapy has been shown to mitigate cellular aging and
improve cognitive function in patients with neurocog-
nitive disorders [18].

Botanical extracts have a rich history in tradi-
tional, folk, and indigenous medicine for the treating
of age-related ailments [19] (https://www.who.int/
news-room/feature-stories/detail/traditional-medic
ine-has-a-long-history-of-contributing-to-convention
al-medicine-and-continues-to-hold-promise). Among
these, flavonoids—a diverse group of naturally occur-
ring phenolic compounds found in fruits, vegetables,
tea, wine, and traditional Chinese medicine [20]—are
renowned for their wide-ranging biological activi-
ties. These activities include anti-inflammatory [21],
vasodilatory [22], anticoagulant [23], cardioprotec-
tive [21], anti-diabetic [24, 25], chemoprotective,
neuroprotective, anti-obesity [26], and geroprotective
effects, coupled with potent antioxidant properties
[27].

Didymin (DID), a natural flavonoid glycoside
abundant in citrus fruits and in the scarlet beebalm
(Monarda didyma L.), a mint family herb (Lami-
aceae), has garnered significant attention for its mul-
tifaceted health benefits [28]. The anti-inflammatory
and antioxidant properties of DID [28] make it an
ideal candidate for exploring geroprotective effects,
particularly those related to early molecular mark-
ers of aging such as telomere attrition (indicative
of mitotic aging) and alterations in DNA methyla-
tion (reflective of non-mitotic aging) [2]. Addition-
ally, DID has shown promise in preventing cellular
apoptosis [29] and protecting against mitochondrial
dysfunction [30, 31]. Recent studies demonstrated
the efficacy of DID in mitigating cadmium-induced
renal injury by regulating the Nrf-2/Keap-1 pathway,
apoptosis, oxidative stress, and inflammation [32],
reducing levels of pro-inflammatory cytokines such
as interleukin-1p (IL-1p), IL-18, and tumor necrosis
factor a (TNF-ar), [33]. These findings further support
its potential role in modulating telomere length and
DNA methylation dynamics.

In this study, we investigate the geroprotective
potential of a standardized extract of Monarda didyma
L. through both in vitro studies and a clinical trial.
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Our in vitro results indicate that Monarda didyma L.
extract enhances markers of cellular aging, includ-
ing reduced senescence, slower telomere shortening,
decreased DNA damage, protein oxidation, improved
endothelial function, and reduced vascular perme-
ability. The clinical trial in an aging population was
designed to evaluate the effect of oral supplementa-
tion with Monarda didyma L. extract on DNA meth-
ylation age (DNAmAge) and leukocyte telomere
length (LTL) while exploring impacts on quality of
life and physical parameters, including activity and
sleep. Our findings revealed that daily supplementa-
tion with Monarda didyma L. extract led to improve-
ments in early markers of aging, with an increase
in LTL and a maintenance of DNAmAge, and an
improvement in perceived quality of life, particularly
in the physical domain. Participants in the interven-
tion group also showed improvements in renal func-
tion, maintenance of a better hematological condi-
tion, and a reduction in inflammation. Building on the
established antioxidant and anti-inflammatory proper-
ties of DID, this study suggests a new natural, safe,
effective, and sustainable candidate to focus on for
future therapeutic development aimed at extending
healthspan and slowing biological aging. Our study
is strengthened by previous research on Monarda
didyma L., which demonstrated that its essential oil
and main component thymol improve learning and
memory impairments in aging models by modulat-
ing oxidative stress markers and activating Nrf2 and
MAPK pathways [34].

Methods
Monarda didyma L. extract preparation

An amount of 8-kg dried leaves of Monarda didyma
L. (Valplantes, Switzerland) was used to prepare an
extract powder, using 160-kg de-ionized water as
extraction solvent. Extraction was performed for 3 h
at 85 °C using a DIG-MAZ extractor (Samtec, Aus-
tria). After cool-down to 25 °C, the liquid extract was
filtrated using a 4-pm depth filter sheet (BEKO K1,
Eaton Industries II GmbH, Switzerland). Analysis by
ultra-performance liquid chromatography (UPLC)
confirmed that DID is the most abundant flavonoid
in the extract, with concentrations approximately
80 to 20 times higher than isosakuranetin, the only

other flavonoid detected, which was present in trace
amounts (0.05-0.2%). No other flavonoids were
identified.

To enhance the bioavailability of DID, the extract
was formulated with 50% dextrins (Glucidex19,
Roquette, France) as a carrier, employing a vacuum
evaporation process. This approach, consistent with
previous research [35], demonstrated that the bio-
availability of DID is nearly threefold higher when
formulated with dextrins compared to its free form.

The extract of Monarda didyma L. was provided
by Mibelle Group Biochemistry (Buchs, Switzer-
land), according to the ISO 22000:2018 quality
standards.

In vitro studies on Monarda didyma L. extract
Analysis of protein oxidation

Primary human dermal fibroblasts, isolated from
adult donor skin obtained from abdominoplasty sur-
gery according to the previous protocol [36], were
grown in 96-well plates in DMEM supplemented with
10% fetal bovine serum (FBS), without antibiotics.
The cells were incubated with and without (control)
0.25 mg/mL of Monarda didyma L. solution and the
reference compound (0.4 mg/mL N-acetylcysteine—
NAC) for 24 h, at 37 °C and 5% CO,. Subsequently,
cells were stressed by the addition of 100 pM H,0,
for 30 min and then were fixed to the plate wells
using an ethanol/acetic acid solution. Protein carbon-
ylation was analyzed by a fluorescent method using
multi-well microplate reader (Varioskan, Thermofis-
cher, USA). Experiments were performed in n=6
replicates per condition.

Analysis of telomere length (TL)

Primary human dermal fibroblasts (obtained from
adult donor skin, dermal layer, from abdomino-
plasty surgery) were cultured at 37 °C and 5% CO,
in fibroblast medium (HEPES and bicarbonate based,
pH 7.4) supplemented with 2% FBS, 1% Fibroblast
Growth Supplement and 1% penicillin/streptom-
cycin solution (Innoprot, Spain) for 72 h. Fibro-
blasts were then seeded at 5x 10° cells/cm? prior to
experimental start. Cells were treated with a solu-
tion of Monarda didyma L. extract (0.043 mg/mL),
and untreated (control) for a total of 6 weeks, in the
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above-described culture media. The media and treat-
ment were renewed every 2—3 days and cells passaged
at sub-confluence (70-80%) every 7 days. At each
passage, cell growth was monitored by counting the
cell numbers in an automated Countess™ cell coun-
ter (Invitrogen). Experiments were performed in n=3
replicates per condition.

TL analysis (TAT®) was performed with high-
throughput (HT) quantitative fluorescence in situ
hybridization (Q-FISH) method with a fluorescent
(Alexa-488) peptide nucleic acid (PNA) probe (Pana-
gene, South Korea) that recognizes three telomere
repeats. In brief, the cells of the respective passages
were seeded to clear bottom black-walled 384-well
plates at a density of 15X 10? cells per well, with n=8
replicates per control sample and n=5 replicates per
treatment sample. Two identical independent plates
were prepared for each sample set. After fixation with
methanol/acetic acid (3/1, vol/vol), the cells were
treated with pepsin and nuclei processed for in situ
hybridization with the PNA probe. After washing and
DAPI incubation, the images of the nuclei and telom-
eres were captured by a high-content screen system
(High Content Screening Opera Phenix System, Per-
kin Elmer) and the intensity of the fluorescent signal,
detected from the probes at the 488 nm wavelength,
was translated to TL using the Life Length’s proprie-
tary program. For the microscopy analysis, 15 images
were captured per well.

Analysis of DNA damage-induced aging

Primary human epidermal keratinocytes, isolated
from adult donor skin of abdominoplasty surgery
according to the previous protocol [37], were cultured
at 37 °C and 5% CO, in DermaCult™ Keratinocyte
Expansion Medium (STEMCELL Technologies,
Switzerland) supplemented with 1% Pen/Strep (100
units/mL penicillin, 100 pg streptomycin). Prior to
the experiments, the cells were seeded in 24-well
plates (10° cells/cm?) directly and on glass coverslips,
incubated for 24 h and then pretreated with 1 mg/mL
of Monarda didyma L. extract solution for another
24 h and untreated as control. The cells were sub-
jected to genotoxic stress induced with 5-bromodeox-
yuridine (BrdU) 100 pM and then further incubated.
After 48 h, DNA damage response (DDR) markers,
such as YH2A.X and H3K9 methylation, were deter-
mined by immunofluorescence analysis performed
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with Phospho-Histone H2A.X (Ser139, Cell Signal-
ing Technology, USA) antibody or Histone H3K9me3
antibody (Active motif, USA). Cell nuclei were coun-
terstained with the nuclear dye DAPI. Each condition
was performed in n=3, with n=12 images taken per
well (total 36 images) for analysis. Quantitative eval-
uation was performed on the images followed by an
unbiased threshold-based analysis.

Analyses of cell senescence and epigenetic age

A stock solution of Monarda didyma L. extract
(100 mg/mL) was prepared by dissolving the test
compound in double-distilled water (ddH,0O) and sub-
sequent sterile filtration.

Primary human dermal fibroblasts, isolated from
neonatal foreskin following circumcision surgery
according to the previous protocol [38], were cultured
at 37 °C and 5% CO, in culture medium (DMEM
with 10% FBS). Young fibroblasts (early passage, P7)
were seeded (10* cells/cm?) and grown for 24 h. The
medium was then replaced with a culture medium,
both with and without (control) the Monarda didyma
L. extract solution (0.03 mg/mL) derived from the
stock solution. The cells were incubated for 6 days,
with the treatment renewed every 72 h. This pro-
cess was repeated multiple times over several weeks
in order to obtain different passages of aged fibro-
blasts, up to P17. At the start of the experiment (P7),
at an intermediate timepoint (P13) and at the end
(P17), 50x 10* cells, treated or not with the solution
of Monarda didyma L., were frozen and stored for
genomic DNA extraction and methylation analysis,
and 20x 10* cells for analysis of SA-B-galactosidase
activity. After thawing, young (P7) and aged (P17)
fibroblasts were reseeded into 96-well plates (2% 10*
cells/well) and cultured for 24 h in culture medium
(negative control) and with Monarda didyma L. solu-
tion, and then, the cells were incubated for 72 h. Cells
were then labeled with the SA-f-galactosidase probe
and Hoechst solution 33258 (bis-benzimide, Sigma-
Aldrich, USA) for cell nuclei. SA-B-galactosidase
activity was assessed using the CellEvent™ Senes-
cence Green Detection kit (Invitrogen, USA) accord-
ing to the manufacturer’s instructions, and images
of cells were obtained using a fluorescence micro-
scope (INCell Analyzer™, GE Healthcare, USA).
The fluorescent signal intensity was quantified using
integration of numerical data with the Developer
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Toolbox 1.5 software (GE Healthcare) and normal-
ized to the total number of cells. Methylation analy-
ses were performed using Illumina EPIC methylation
arrays (Illumina, USA) on DNA extracted from cells
using the NucleoSpin® Tissue kit (Macherey—Nagel)
according to the manufacturer’s instructions at P7,
P13, and P17. DNAmAge was computed using the
Horvath “Skin and Blood Clock” based on the analy-
sis of methylation levels at specific sets of CpG sites
[39]. Experiments were performed in n=3 replicates
per condition and timepoint. Microscopy analysis was
performed on 5 images per well (n=15 images for
each condition and timepoint).

Analysis of endothelial function

Primary human umbilical vein endothelial cells
(HUVEC, Promocell, Germany) were cultured in
endothelial cell growth media (C-22010, Promocell),
and confluent cells were treated with Monarda
didyma L. extract solution at different concentra-
tions (0.02, 0.2, and 2 mg/mL) and without (con-
trol) and with the positive [i.e., quercetin 0.015 mg/
mL (antioxidant) and dexamethasone 0.02 mg/mL
(anti-inflammatory)] and the negative [i.e., bacterial
lipopolysaccharides (LPS) 0.025 mg/mL (pro-inflam-
matory)] reference compounds for either 4 h or 24 h.
Levels of monocyte chemoattractant protein-1 (MCP-
1) and vascular cell adhesion molecule (VCAM) were
also measured by means of ELISA (R&D Systems,
USA) in cell culture after 24 h.

After 24 h, cells were loaded with 0.002 mg/mL
dichlorodihydrofluorescein (DCFH) and oxidative
stress was induced by repeated addition of 0.085 mg/
mL H,O, to the culture medium, at initial time point
and after 15 min. The intracellular antioxidant stress
was analyzed after 30 min by measuring the intracel-
lular ROS using DCFH that is converted to a fluores-
cent dye while reacting with ROS. Experiments were
performed in n=3-4 replicates per condition.

Analysis of vascular permeability

Primary human dermal microvascular endothelial
cells (HDMEC, Promocell, Germany) were seeded
(10* cells/cm?) and grown to a confluent monolayer in
0.4 pm pore size Transwell inserts, coated with gela-
tin on polyester (PET) membranes, in endothelial cell
growth media supplemented with growth medium kit

(C-22010, Promocell) for 48 h at 37 °C and 5% CO,.
After, the monolayers were incubated with Monarda
didyma L. extract solution (0.3 mg/mL) and without
(control), and with the reference compound APC366
(0.25 mg/mL, Bio-Techne, USA) as positive control
diluted in culture medium for 1 h, followed by the
addition of human recombinant p-tryptase (10 pmol/
mL, Promega, USA) for 18 h to induce vascular
permeability. After the treatment, Transwell inserts
were transferred into wells containing fresh culture
medium. FITC-dextran solution (Merck Millipore,
USA) was added to the upper chamber and plates
were incubated for 20 min. Afterwards, 100 pL
medium of the lower well was collected and trans-
ferred to opaque black 96 well plates in triplicates.
Fluorescence intensity was measured using a plate
reader with OD at 475 nm. Vascular permeability was
determined as fluorescence intensity (relative fluores-
cent units -RFU) correlated to the amount of FITC-
dextran that passed through the cell layer on the Tran-
swell insert. Experiments were performed in n=6
replicates per condition.

Statistical analysis

Statistical comparisons were performed using Graph-
Pad Prism 8 software (GraphPad, USA) and all data
are expressed as mean+SEM. Comparisons among
different groups were made using One-way ANOVA,
when comparing more than 2 variables, with Holm-
Sidak post hoc test, or Student’s 7-test when compar-
ing two groups for TL analysis; p-values <0.05 were
considered significant.

Clinical trial
Study population

Study population comprised a total of 81 participants,
aged 45-65 years. All participants were employed by
the University of Padua and included in the research
during their routine health assessments conducted at
the Occupational Medicine Unit—Azienda Ospedale
Universita di Padova (AOUP). Inclusion criteria were
being between 45 and 65 years of age and being able
and willing to follow the procedures of the study
protocol. The exclusion criteria were as follows: (a)
presence of any medical disorder potentially inter-
fering with the study [heavy depression, diabetes,
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active cancer, severe liver disease, heavy cardiovas-
cular disease (e.g., stroke, heart attack), and gastro-
intestinal diseases/conditions (e.g., ulcerative colitis,
Crohn’s disease, peptic ulcer disease, celiac disease)];
(b) chronic intake of medication/dietary supple-
ments with impact on stress levels (psychologically
and physiological); (c) consumption of any dietary/
nutritional supplements or functional foods; (d) being
smokers; (e) drug-, alcohol-, and medication abuses;
(f) known HIV-infection and acute or chronic hepa-
titis B and C infection; (g) known allergies against
the mint family (Lamiaceae), especially lemon balm
(cedronella, melissa, citronella); (h) being pregnant,
breast feeding or intention to become pregnant during
the study; (i) participation in another clinical study
within the last 4 weeks and concurrent participation
in another clinical study; (1) blood donation within
4 weeks prior to study start (screening) or during
study; (m) anticipating any planned changes in life-
style for the duration of the study. Prior to enrollment,
all participants were thoroughly informed of the pur-
pose of the study and of the protocol to be followed
during recruitment at the Occupational Medicine
Unit—AOUP. At the enrollment (TO) all participants
signed the informed consent form (ICF) and the per-
sonal data processing form, both written in accord-
ance with established criteria of the Institutional
Review Board (IRB) and the appropriate federal
regulations to describe the study plan, procedures,
and risks. The CONSORT Flow Diagram in Supple-
mentary Materials provides a detailed summary of
the enrollment, allocation, follow-up, and analysis of
participants in the clinical trial.

Study design

This study was a randomized, placebo-controlled,
double-blind, parallel design, monocentric clinical
trial. The study design and protocol conformed to
the tenets of the Declaration of Helsinki and were
approved by the local Ethics Committee—University
of Padova (5518/A0/22; Study Code: EMODISU)
and registered in the database for Protocol Regis-
tration and Results System ClinicalTrials.gov PRS
(NCT05399966, registration date: May 17, 2022. ID:
BIOAGELAB202201).

All eligible subjects for study participation were
enrolled during their routine health assessments con-
ducted at the Occupational Medicine Unit—AOUP
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from February 28, 2023, to March 16, 2023. They
were randomly assigned in two different groups: the
intervention group with nutritional supplementation
of Monarda didyma L. extract (G1) and placebo con-
trol group with placebo supplementation (G2). The
coordinating center and the steering committee gen-
erated the two comparison groups using simple ran-
domization with an equal allocation ratio. Subjects in
the two groups were matched for age, sex, and edu-
cation, to avoid possible confounding variables. More
details on randomization were reported in Supple-
mentary note 1.

Participants underwent clinical examination to
collect anthropometric measurements (e.g., height,
weight, waist circumference, blood pressure), an
interview with structured questionnaires adminis-
tered by trained interviewers, and collection of fasting
blood [for laboratory tests including biological age
analyses (primary outcomes), basic biochemistry and
inflammation markers (secondary outcomes)], and
salivary sample for cortisol analysis. Clinical exami-
nation and sample collection, to assess all primary
and secondary outcomes, were performed at enroll-
ment (TO) and at the follow-up (T1), which occurred
from May 22, 2023, to June 7, 2023, after 12 weeks
(84 days) of treatment with dietary supplementation
(Monarda didyma L. extract or placebo capsules).
Each participant was assigned a MiBand 7 (Xiaomi)
wearable device to monitor physical parameters (e.g.,
heart rate (HR), sleep, steps) during the study period
(from baseline (TO) to follow-up (T1)). Participants
also completed a diary throughout the study to assess
compliance and to further monitor their well-being,
health status, stress levels and treatment effects.

A comprehensive adverse event (AE) monitor-
ing protocol was in place, which included partici-
pant reports, research team observations, laboratory
assessments, registration on VigiErbe (http://www.
vigierbe.it)—the platform for notifying the Istituto
Superiore di Sanitd (Ministry of Health, Italy)—
and direct notification to Mibelle AG Biochemistry
(Buchs, Switzerland), the producer of the Monarda
didyma L. extract and placebo capsules.

Primary outcomes include DNAmAge and LTL.
Secondary outcomes include blood pressure; sali-
vary cortisol; blood count; inflammatory mark-
ers [C-reactive protein (CRP); interleukin-6 (IL6)];
questionnaires on quality of life, stress level, anxi-
ety, sleep patterns, general well-being; monitoring
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of physical parameters using the MiBand 7 watch
(HR, sleep, steps); total cholesterol; low-density
lipoprotein (LDL); high-density lipoprotein (HDL);
triglycerides; glycemia; insulin; homeostasis model
assessment (HOMA) Index; aspartate transaminase
(AST); alanine transaminase (ALT); gamma glutamyl
transferase (GGT); creatinine; waist circumference;
weight; total cholesterol/HDL; LDL/HDL; estimated
glomerular filtration rate (eGFR).

Supplementation protocol

The supplementation protocol, started on the day of
enrollment, required participants in the intervention
group (G1) to take one capsule of Monarda didyma
L. extract (100 mg/day) daily, preferably at lunchtime
with plenty of water. While the placebo control group
(G2) was required to take one capsule of Maltodex-
trin (100 mg/day) daily, preferably at lunch and with
plenty of water.

According to the protocol, the supplementation
was continued for a period of 12 weeks (84 days).

The Monarda didyma L. extract and placebo were
provided in capsules (hydroxypropyl methylcellulose)
with the same shape and appearance to allow double-
blind performance. The capsules were provided in
plastic flasks (pill boxes) with 50 capsules per flask.
Each bottle was numbered consecutively for each par-
ticipant according to the randomization schedule, and
each participant received the capsules in the appropri-
ate flask.

It is noteworthy that the Monarda didyma L.
extract is recognized as safe for human consumption
under European regulations and is included in the
Italian regulatory framework for botanicals in food
supplements [40], underscoring its suitability for
long-term dietary interventions.

Questionnaires

Each participant was characterized by a data col-
lection form structured to collect information on
demographic variables, lifestyle and lifetime smok-
ing history, dietary habits, marital status, years of
education, institutionalization, occupations, environ-
mental and occupational exposure to genotoxic fac-
tors, body mass index (BMI), and factors associated
with biomarkers of aging. In addition, quality of life
was assessed using the standardized World Health

Organization’s Quality of Life Assessment, BREF
version (WHOQOL-BREF) questionnaire [41]; sleep
quality and efficiency were measured using the self-
reported and standardized Pittsburgh Sleep Quality
Index (PSQI) questionnaire [42]; and work ability
was assessed using the standardized Work Ability
Index (WAI) questionnaire [43, 44]. All question-
naires and the data collection form were administered
to each participant at recruitment (TO) and follow-up
(T1). A global assessment test was also administered
at the follow-up questionnaire to collect satisfaction
and evaluations of the whole study.

Sample collection

At enrollment (TO) and at the follow-up (T1), whole
blood samples were collected from the antecubital
vein of each study participant. Blood samples col-
lected at TO, as part of routine worker surveillance at
the Unit of Occupational Medicine Unit-AOUP, were
sent to the Laboratory Medicine Unit-AOUP for rou-
tine analysis of blood parameters, plus an additional
aliquot of blood for non-routine analyses of CRP,
IL-6, AST, ALT and insulin, and morning saliva sam-
ples collected in a Salivette device (SARSTEDT AG
& Co, Niimbrecht, Germany) for salivary cortisol lev-
els. Additional tubes (i.e., 1 K2EDTA and 1 Blood
RNA PaxGene) were used by the Laboratory of Envi-
ronmental Mutagenesis (Department of Cardiac, Tho-
racic, Vascular and Public Health Sciences—DCTYV,
University of Padua) to analyze the indicators of
biological aging. Blood and morning saliva samples
were also taken at the follow-up (T1) in the same way
as the non-routine analyses.

Monitoring through the wearable device MiBand 7
watch

HR monitoring, sleep tracking, daily step count, and
energy expenditure data during the study period were
recorded using MiBand 7 wearable devices (Xiaomi)
provided on loan by DCTV—University of Padova.
Participants were asked not to remove the device dur-
ing the study unless absolutely necessary and only
for short periods. The devices provided continuous
monitoring of heart rate, energy expenditure, and
sleep profile throughout the study period to assess
metabolic demands and exercise patterns. Calibration
was performed by comparing the data obtained with
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laboratory tests and with questionnaires administered,
including data on lifestyle, physical activity, life, and
sleep quality.

Basic biochemistry, inflammatory markers,
and salivary cortisol

Basic biochemistry markers [blood count, total cho-
lesterol (mg/dL), LDL (mg/dL), HDL (mg/dL), tri-
glycerides (mg/dL), glycemia (mg/dL), insulin (mcU/
mL), HOMA index, total cholesterol/HDL, LDL/
HDL], inflammatory markers [CRP (mg/L) and IL-6
(ng/L)], indicators of liver [AST (IU/L), ALT (IU/L),
GGT (U/L)], and kidney function [eGFR (mL/
min/1.73 m?), creatinine (mg/dL)], and salivary corti-
sol were analyzed according to Laboratory Medicine
Unit instructions (AOUP).

DNA extraction

DNA was extracted from whole blood using the
QIAmpDNAmini Kit (QIAGEN, Milan, Italy) on the
QIAcube System (QIAGEN, Milan, Italy) for auto-
mated DNA purification as previously described [45].
DNA samples were quantified and checked for qual-
ity using the QIAexpert Quantification System (QIA-
GEN, Milan, Italy).

DNAmAge

DNAmAge was measured by analyzing the meth-
ylation levels of five specific markers (ELOVL2,
Clorf122, KLF14, TRIMS59, and FHL2) in genomic
DNA using bisulfite conversion and Pyrosequenc-
ing® methodology on the PyroMark Q48 Autoprep
(QIAGEN, Milan, Italy) as previously described
[46, 47]. The resulting Pyrograms® generated by
the instrument were automatically analyzed using
the Pyromark Q48 Autoprep software (QIAGEN,
Milan, Italy). The methylation levels of the methyl-
ated cytosines at the 5 CpG sites were expressed as
percentage and then used to estimate biological aging
(years) as previously reported [46, 47].

LTL
LTL was determined by quantitative real-time PCR

as previously described [48-50]. Relative LTL is
measured in the genomic DNA of the experimental
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samples by determining the ratio of telomeric repeat
copy number (T) and single copy gene (S) to the T/S
ratio of a reference sample pool.

Hematological age: a new outcome

Hematological age was measured using Klemera
and Dubal’s method [51] within the R language and
environment for statistical computing and graph-
ics v. 4.3.1 (https://www.r-project.org/) using basic
biochemistry parameters, such as hemoglobin (g/L),
mean corpuscular volume—MCYV (fL), mean corpus-
cular hemoglobin concentration—MCHC (g/L), red
blood cell distribution width—RDW (%), neutrophils
(%), basophils (%), eGFR (mL/min/1.73m?), AST
(U/L), ALT (U/L), total cholesterol (mg/dL), LDL
(mg/dL), LDL/HDL, triglycerides (mg/dL), as well
as BMI, systolic blood pressure (mmHg), diastolic
blood pressure (mmHg) as clinical parameters, meas-
ured at baseline (T0), and follow-up (T1). Klemera
and Doubal’s method first fits individual simple least-
squares lines to each reference parameter as a func-
tion of chronological age. Hematological age is then
estimated by minimizing the distance between these
individual regression lines and the observed data
points of the reference parameters within the space of
all biochemistry and clinical parameters.

Sample size

The sample size per group was calculated for a two-
time longitudinal study based on data obtained from
our previous study [17] by using the StatsDirect soft-
ware and R version 4.3.1. In particular, as telomere
analysis represents the limiting analysis, considering a
difference in LTL of —0.20 (SD 0.29), 22 subjects are
required to achieve 80% power to detect the associa-
tion with an alpha error <5%. Therefore, although the
number would be 22, we included 40 subjects for both
the intervention and control groups to account for any
discontinuation of participation in the study (dropout).

Statistical analysis

The study data were analyzed exploratively. All data
collected, obtained and documented in this study
were listed and summarized using descriptive statis-
tics or frequency tables, as appropriate. Data were
expressed as mean =+ SD or number and percentage.
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All statistical tests were performed two-sided
using StatsDirect software and R 4.3.1. Efficacy
endpoints were tested using an analysis of variance
(ANOVA) and pairwise Student’s t-test for each
group, and Pearson chi-square test and Mann—Whit-
ney U test between the intervention group and the
placebo control group, considering the variable of
interest (i.e., all primary and secondary outcomes).
The effect size=mean difference divided by the pop-
ulation standard deviation, i.e., the normalized mean
difference, was also calculated. Simple linear regres-
sion was evaluated in order to provide a measure of
the strength of dependence between two variables.
Furthermore, the Bland—Altman method [52] was
used to determine the agreement between the MiBand
7 wearable device and PSQI questionnaire for sleep
parameters. Each comparison was treated as an inde-
pendent research question, with p <0.05 considered
statistically significant.

Movement and sleep indexes (MI and SI)

MI was calculated using the R v 4.3.1 environment,
considering the physical activity variables steps (n),
distance (m), and run distance (m) recorded by the
MiBand 7 wearable devices during the study period
(from TO to T1). All three variables were first nor-
malized to the interval [0,1] using ranks. The MI is
the weighted average of these normalized values with
weights 0.4 (steps), 0.35 (distance), and 0.25 (run
distance).

SI was calculated using the R v. 4.3.1 environment
considering the data on total sleep time (min) and
rapid eye movement (REM) time (min) recorded by
MiBand 7 wearable devices during the study period
(from TO to T1). Both variables were first normalized
to the interval [0,1] using ranks. The SI is the simple
average of these two normalized values with weights
0.5 (total sleep time) and 0.5 (REM time).

Results

In vitro studies on Monarda didyma L. extract

This section presents findings from targeted in vitro
studies investigating the cellular and molecular effects

of Monarda didyma L. extract, chosen for its poten-
tial to modulate key hallmarks of aging. The analyses

encompass protein oxidation, telomere length dynam-
ics, DNA damage-induced aging, cellular senescence,
epigenetic age, endothelial function, and vascular per-
meability. These assays were chosen for their biologi-
cal plausibility and relevance to age-related processes
and pathologies. The extract’s potent antioxidant
properties, along with its capacity to support cellu-
lar repair mechanisms, preserve endothelial integrity,
and mitigate vascular dysfunction, form a compelling
basis for its potential geroprotective effects.

Analysis of protein oxidation

As shown in Fig. 1A, cells exposed to H,0, exhib-
ited a significant increase in carbonylated (oxidized)
proteins compared to untreated cells (p<0.0001).
However, treatment with Monarda didyma L. extract
or NAC, a potent antioxidant used as a positive con-
trol, significantly reduced protein carbonylation lev-
els in H,O,-stressed cells (p <0.0001). The extent of
this reduction was comparable between the two treat-
ments (p=0.9563).

TL

As shown in Fig. 1B, cells treated with Monarda
didyma L. extract for 6 weeks showed a significant
reduction in the rate of telomere shortening compared
to untreated control cells (p=0.0091).

DNA damage-induced aging

Figure 2 A and C illustrate a marked increase of
YH2A.X levels in cells genotoxically stressed with
BrdU (p <0.0001), both in the presence and absence
of Monarda didyma L. extract, compared to untreated
control cells. However, cells treated with Monarda
didyma L. extract showed significantly reduced
YH2A.X signal compared to stressed control cells
(»p=0.0048). Similarly, Fig. 2B and D depict a sub-
stantial increase of H3K9me3 levels in cells geno-
toxically stressed with BrdU (both treated with the
Monarda didyma L. extract (p=0.0026) and with-
out (»p<0.0001)) when compared to untreated con-
trol cells. Nonetheless, cells treated with Monarda
didyma L. extract presented significantly lower

@ Springer



GeroScience

(A)

g
o
]

Fkkk

Fkkk Kkkk

-
(3}
1

o
3]
]

Levels of protein carbonylation
(fluorescence intensity - RFU)
= 5 &

(B)
150

**

100

[$)]
o
1

Telomere shortening rate (bp)

o

Untreated control cells
H,0,-stressed cells untreated
H,0,-stressed cells treated
with NAC 0.4 mg/mL

mm H,0,-stressed cells treated
with M.didyma 0.25 mg/mL

NN

3 Untreated control cells

B Cells treated with M.didyma
0.043 mg/mL

Fig. 1 In vitro studies on Monarda didyma L. extract: pro-
tein oxidation and telomere shortening rate (A, B). A, effect
of Monarda didyma L. extract solution and NAC, which is
used as a positive control, on protein carbonylation levels in
fibroblasts. The quantification of protein carbonylation levels
is reported as relative fluorescence unit (RFU) normalized to
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cells unstressed. B, effect of Monarda didyma L. extract solu-
tion on telomere length in fibroblasts measured as telomere
shortening rate (base pairs, bp). One-way ANOVA was used
for statistical analysis of protein carbonylation levels, while
Student’s 7-test was used for statistical analysis of telomere
shortening rate; **, p <0.01; **** p <0.0001
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H3K9me3 levels compared to stressed control cells
(p<0.0001).

Cell senescence and epigenetic age

Figure 3 A and B demonstrate a significant reduc-
tion in SA-fP-galactosidase activity in aged cells
treated with Monarda didyma L. extract com-
pared to untreated aged control cells (p=0.0214).
The graph also confirms the expected increase in
SA-B-galactosidase activity in aged control cells
compared to younger ones (p=0.0071), validating
our analysis. Supplementary Fig. 1 further shows
a reduction in the epigenetic age of aged cells
treated with Monarda didyma L. extract, showing
an approximate decrease of 12 years compared to
untreated aged controls, although this difference
was not statistically significant (p=0.227). The
graph also shows a progressive increase in biologi-
cal age with successive cell passages, from young
cells (P7) to middle-aged cells (P13, p=0.0177)
and finally to aged untreated control cells (P17,
p=0.0769).

Endothelial function

Figure 3 C shows that cells stimulated with bacterial
LPS exhibited a significant increase in the release
of VCAM levels compared to untreated control
cells (p=0.0087). LPS-stimulated cells treated with
Monarda didyma L. showed a significant reduction in
VCAM release after 24 h compared to LPS-stimulated
untreated cells (p=0.0289). This effect was similar
to that observed in LPS-stimulated cells treated with
dexamethasone, a positive anti-inflammatory con-
trol (p=0.0259). Supplementary Fig. 2 indicates an
increase in MCP-1 release in LPS-stimulated cells
compared to untreated control cells (p<0.0001).
However, LPS-stimulated cells treated with Monarda
didyma L. extract or dexamethasone did not show a
significant reduction in MCP-1 levels after 24 h com-
pared to LPS-stimulated cells untreated (p>0.05).
Finally, Fig. 3D illustrates that H,O,-stimulated
cells treated with Monarda didyma L. extract solu-
tion exhibited a significant decrease in intracellular
ROS levels after 24 h compared to H,O,-stimulated
untreated cells (p =0.0079), a reduction comparable to

that of H,O,-stimulated cells treated with quercetin as
a positive control (p =0.0103).

Vascular permeability

Microvascular endothelial cells treated with
p-tryptase showed a significant increase in perme-
ability, as indicated by a strong fluorescence signal
compared to untreated control cells (p <0.0001,
Fig. 3E). However, treatment with Monarda didyma
L. extract resulted in a markedly lower fluores-
cence signal, indicating reduced permeability, when
compared to cells treated with f-tryptase alone
(p<0.0001). Similarly, treatment with the posi-
tive control, the tryptase inhibitor APC366, also
showed reduced permeability (p < 0.0001), although
their fluorescence signal was still higher than that
observed in cells treated with both B-tryptase and
Monarda didyma L. extract (p =0.0059).

Clinical trial

This section bridges preclinical findings with clini-
cal application, evaluating the effects of Monarda
didyma L. extract on key markers of biological
aging, including LTL and DNAmAge, as well as
quality of life, physical activity, and biochemical
parameters. These outcomes were selected for their
relevance to aging processes and their ability to pro-
vide a multidimensional assessment of the extract’s
geroprotective potential. By building on the mecha-
nistic insights from in vitro studies, the clinical trial
offers a holistic perspective on the extract’s efficacy
in modulating age-related biomarkers and improv-
ing overall health.

Study population

The study population consists of N=81 participants
randomly assigned to intervention group (G1, N=40)
and control group (G2, N=41). Table 1 summarizes
the characteristics of study participants at recruit-
ment (TO) for group Gl and group G2, including
demographic variables, marital status, educational
level, employment history, lifestyle, and informa-
tion on SARS-CoV-2 infection prior to the clinical
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«Fig. 2 In vitro studies on Monarda didyma L. extract: DNA
damage-induced aging (A, B, C, D). A, C, effect of Monarda
didyma L. extract solution on YH2A.X levels in human epi-
dermal keratinocytes. The quantification of YH2A.X levels is
reported as fluorescence (AU) area per cell fold change (A)
and as Alexa 488 mean fluorescence intensity (green) (C). Cell
nuclei are stained with DAPI (blue) and the images present a
scale bar of 50 pm, indicated by the white bar. B, D, effect of
Monarda didyma L. extract solution on H3K9 levels in human
epidermal keratinocytes. The quantification of H3K9 levels is
reported as fluorescence (AU) area per cell fold change (B)
and as Alexa 488 mean fluorescence intensity (green) (D). Cell
nuclei are stained with DAPI (blue) and the images present a
scale bar of 50 pm, indicated by the white bar. Data presented
in A, B, C, and D are reported as mean+SEM. One-way
ANOVA was used for statistical analysis. **, p<0.01; **%*,
p<0.0001

trial. The same characteristics are summarized for
all participants (N=81) in Supplementary Table 1.
No significant adverse effects were reported by study
participants.

Basic biochemistry parameters before and after
treatment

Table 2 shows comparisons of the basic hemato-
chemical parameters, biomarkers of liver and kidney
function and inflammation examined in the study
population before (TO) and after (T1) treatment in G1
(N=40) and G2 (N=41) participant’s groups. Vari-
ations were detected between TO and T1 or between
the two groups (G1 and G2). In particular, G2 group
showed an increase in neutrophils (p=0.0237),
monocytes (p=0.0571) and RDW (p=0.0161),
and a decrease in hematocrit (p=0.0125) and MCV
(»=0.0008) after treatment. Furthermore, a decrease
in creatinine (p=0.0188) and an increase in eGFR
(»=0.0405) among the renal function parameters
and in IL-6 levels (p=0.0063) among inflamma-
tion parameters were also observed in the G2 group.
Decreased levels of hemoglobin (G1, p=0.0225;
G2, p=0.0416), glycemia (G1, p=0.0004; G2,
p=0.0051) and salivary cortisol (G1, p=0.0147; G2,
p=0.0078) after treatment were detected in both G1
and G2 groups. In addition, the G2 group showed
elevated levels of HDL (p=0.042), and lower levels
of total cholesterol/HDL (p=0.0169) and LDL/HDL
cholesterol ratio (p=0.0282) after treatment com-
pared to the G1 group.

Biological age markers — LTL and DNAmAge —
before and after treatment

The marker of mitotic cellular aging, LTL, depicted
in Fig. 4A, exhibited an increase after treatment in the
G1 group (p=0.0537), whereas it showed a more sig-
nificant decrease in the G2 group (p =0.0006). When
comparing post-treatment LTL values between the
groups, it was found that the LTL in G1 was signifi-
cantly longer than the LTL in G2 (p=0.0041), while
no difference was observed at baseline (p =0.0578).

DNAmAge, representing non-mitotic cellu-
lar aging shown in Fig. 4B, remained stable after
treatment in the Gl group (p=0.4522), whereas
it exhibited a significant increase in the G2 group
(»<0.0001). When comparing post-treatment
DNAmAge values between the G1 and G2 groups,
it was evident that the DNAmAge of G2 was signifi-
cantly higher than that of Gl (p=0.0162), whereas
no difference was observed at baseline (p=0.2787).

The DNA methylation status at the CpG sites of
each of the five genes analyzed for DNAmAge deter-
mination (ELOVL2, Clorf132, KLF14, TRIMS59
and FHL2) before and after treatment of the G1 and
G2 groups is shown in Fig. 5 and in Supplementary
Table 2. Both G1 (»p=0.0001) and G2 (p=0.0104)
groups showed a significant decrease in the methyla-
tion pattern of Clorf132 after treatment. However,
the placebo-treated G2 group showed an increase in
the methylation of ELOVL2 (p <0.0001) which was
not observed in the G1 group. Furthermore, as illus-
trated in Fig. 5, when comparing the post-treatment
methylation pattern of these five markers between the
GI1 and G2 groups, hypermethylation of ELOVL2
and FHL2 was observed in G2 compared to Gl
(p=0.0452).

Hematological age before and after treatment in G1
and G2

Hematological age, a newly developed marker of
aging reported in Supplementary Table 3, displayed
no significant changes in either the G1 (p=0.4965)
or G2 groups (p=0.5464), nor between the G1 and
G2 groups before (p=0.8454) or after treatment
(p=0.3677).
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«Fig. 3 In vitro studies on Monarda didyma L. extract: cell
senescence, endothelial function, and vascular permeability.
A, B, effect of Monarda didyma L. extract solution on SA-f-
galactosidase activity in aged fibroblasts. The quantification
of SA-f-galactosidase activity is reported as relative fluo-
rescence unit (RFU) (A) and as Alexa Fluor 488/FITC mean
fluorescence intensity (green) (B). The images present a scale
bar of 50 pm, indicated by white bar. Cell nuclei are stained
with Hoechst (blue). C, effect of Monarda didyma L. extract
solution and dexamethasone, used as a positive control, on
VCAM levels in primary human umbilical vein endothe-
lial cells (HUVEC). The quantification of VCAM levels is
reported compared to control LPS in percentage (%). D, effect
of Monarda didyma L. extract solution and Quercetin, used as
a positive control, on intracellular ROS levels in HUVEC cells.
The quantification of intracellular ROS levels is reported
compared to control in percentage (%). E, effect of Monarda
didyma L. extract solution and APC366, used as a positive
control, on vascular permeability in human dermal microvas-
cular endothelial cells. The quantification of vascular perme-
ability is reported as relative fluorescence unit (RFU). Data
presented in A, B, C, D, and E are reported as mean +SEM.
One-way ANOVA was used for statistical analyses. *, p <0.05;
*#* p<0.01; ¥+ p<0.0001

Data from questionnaires and MiBand 7 watch

The G1 group showed an increase in the quality of life
score (WHOQOL-BREF) after supplementation with
Monarda didyma L. extract (Fig. 6A, p=0.0085), par-
ticularly in the physical domain (Fig. 6B, p=0.0348).
On the other hand, no significant changes were found
in the scores of the other questionnaires on work abil-
ity (WAI), sleep quality and global assessment, nei-
ther between TO and T1 nor between the G1 and G2
groups (Supplementary Table 4, p>0.05). Similarly,
there were no significant differences between G1 and
G2 groups in physical parameters (steps, distance,
running distance, calories) and sleep parameters (total
sleep time, deep sleep time, light sleep time, REM
time) measured by MiBand 7 throughout the study
(Supplementary Table 5, p>0.05).

Furthermore, there was variability in the total
minutes of sleep per night between data collected
by the MiBand 7 wearable device and self-reported
responses to the PSQI questionnaire, with partici-
pants reporting less sleep (mean 47.44 min) than the
device data indicates (Supplementary Fig. 3).

Effect size of biological aging parameters and quality

of life

As shown in Table 3, the effect size trends were con-
sistently positive for the intervention group (G1) and
predominantly negative for the placebo group (G2),
except for DNAmAge which showed a positive trend
also for the G2 group. A binomial test yielded a sta-
tistically significant result (p<0.004), confirming
that the systematic trend favoring G1 was not due to
chance.

Movement and Sleep Indexes (MI and SI) derived
by MiBand 7 data

The G1 group had a significantly higher number of
subjects with increased MI and SI than the G2 group
(Table 4, MI p=0.0475 and SI p=0.0557). On the
other hand, the number of subjects with stable and
decreased MI and SI during the trial did not differ
significantly between the two groups (Gl and G2)
(Table 4, p>0.05).

Correlation between Movement or Sleep Indexes
and the difference in biological aging indicators

Simple linear regression analyses (Supplemen-
tary Fig. 4 A-F) revealed that there is no signifi-
cant correlation between the MI and the differences
in biological aging indicators between T1 and TO
(i.e., DNAmAge T1-TO, LTL T1-TO, hematological
ageT1-TO) in both groups G1 (Supplementary Fig. 4
A-C, p>0.05) and G2 (Supplementary Fig. 4 D-F,
p>0.05).

However, a significantly positive correlation
was observed between the SI and the difference in
DNAmAge at T1 and TO (DNAmAge T1-TO) in the
G1 group (Fig. 6C, p=0.0084), but not in the G2
group (Fig. 6D, p>0.05). Additionally, there were no
significant correlations between the SI and all other
differences in biological aging indicators (i.e., LTL
T1-TO and hematological ageT1-T0) in both groups,
G1 (Supplementary Fig. 5 A-B, p>0.05), and G2
group (Supplementary Fig. 5 C-D, p>0.05).

@ Springer



GeroScience

Table 1 Study population characteristics of G1 group (N=40) and G2 group (N=41) at enrollment visit (TO)

Variable G1 (N=40) G2 (N=41)
Mean+SD N subjects % Mean +SD N subjects %
Age (years) 55.23+4.15 56.34+5.01
Gender:
M 20 50.00 20 48.78
F 20 50.00 21 51.22
Marital status:
Not married 8 20.00 3 7.32
Married 21 52.50 29 70.73
Cohabiting 6 15.00 7 17.07
Divorced 4 10.00 2 4.88
Widower 1 2.50 0 0.00
Years of education (years): 18.60+4.25 18.39+4.15
Lower (high school diploma) 12.0+£1.93 8 20.00 12.58+1.0 12 29.27
Medium (bachelor’s degree, master’s 17.46+1.27 13 32.50 17.67+0.82 6 14.64
degree)
High (postgraduation degree, PhD) 22.16+1.71 19 47.50 21.61+1.12 23 56.10
Weight (kg) 73.23+12.56 69.55+13.29
Height (m) 1.71+0.07 1.69+0.08
Abdominal circumference (cm) 90.51 £12.05 87.28+11.51
BMI (kg/m?): 24.88+2.95 24.12+3.38
Underweight (< 18.5) 1 2.50 1 2.44
Normal range (> 18.5;<25.0) 20 50.00 24 58.54
Overweight (> 25.0; <30.0) 17 42.50 15 36.59
Obese (>30.0) 2 5.00 1 2.44
Systolic blood pressure (mmHg) 126.05+16.87 121.29+15.14
Diastolic blood pressure (mmHg) 82.58+9.94 79.59 +8.60
Employment anamnesis

Professional position:

Professor/researcher/doctor 17 42.50 16 39.02
Laboratory or informatic technician 10 25.00 12 29.27
Administrative technician or 13 32.50 13 31.71
librarian
Years of work in the current job 17.00+9.58 17.98+10.42
(years)
Performance of night shifts 1 2.50 1 2.44
Work risks:
None 2 5.00 2 4.88
Chemical 20 50.00 14 34.15
Biological 17 42.50 14 34.15
VDT 15 37.50 19 46.34
Other 1 2.50 2 4.88
Lifestyle
Tobacco habit:
Ex-smoker 10 25.00 11 26.83
Non-smoker 30 75.00 30 73.17
Exposure to second-hand smoke 2 5.00 3 7.32
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Table 1 (continued)

Variable G1 (N=40) G2 (N=41)
Mean+SD N subjects % Mean+SD N subjects %
Pack/years [(cigarettes/20) per 4.26+4.68 6.82+6.11

years of ex smoking]
Alcohol consumption:

Daily (05 or 1 UA) 16 40.00 18 43.90
Occasionally 12 30.00 16 39.02
Non-consumer 12 30.00 7 17.07
Physical activity 32 80.00 32 78.05

Type of physical activity:
None 8 20.00 9 21.95
Walking 9 22.50 12 29.27
Running 6 15.00 6 14.63
Cycling 7 17.50 4 9.76
Gym/yoga 16 40.00 11 26.83
Other sports (paddel, swimming, 5 12.50 8 19.51
rowing, tennis, dancing, football,
etc..)

Years of physical activity: 17.77+13.59 14.54 +13.65

0-3 years 6 15.00 7 17.07

3-10 years 9 22.50 12 29.27

> 10 years 17 42.50 13 31.71

Frequency of vegetable meals (n/ 10.13+3.45 10.32+2.64
week)

Frequency of fruit meals (n/week) 8.40+3.76 9.12+4.43

Indoor pollution—heating:
Wood stove 2 5.00 4 9.76
Pellet stove 0 0.00 3 7.32
Alcohol/bioethanol stove 1 2.50 1 2.44
Gas 39 97.50 40 97.56
Photovoltaic panels 1 2.50 3 7.32
Fireplace in the house (wood and 5 12.50 6 14.63
pellet)

Living area:
Non-urban/rural area 8 20.00 8 19.51
Urban/peripheral area 32 80.00 33 80.49
House close to industrial settle- 6 15.00 6 14.63
ments

Traffic in the living area:
Continuous intense for a good part 11 27.50 13 31.71
of the day
Intermittent intense 16 40.00 16 39.02
Scarce or absent 13 32.50 12 29.27

Means of transport usually used:
On foot 15 37.50 14 34.35
Bike 24 60.00 15 36.59
Car and motorbike 24 60.00 25 60.98
Bus/tram/train 6 15.00 5 12.20
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Table 1 (continued)

Variable G1 (N=40) G2 (N=41)
Mean+SD N subjects % Mean+SD N subjects %
Total travel time:
Up to 30 min 6 15.00 9 21.95
30-60 min 14 35.00 20 48.78
> 60 min 20 50.00 12 29.27
COVID-19 infection before the clinical
trial:
None 10 25.00 16 39.02
Once 27 67.50 20 48.78
Reinfection 3 7.50 5 12.20
Vaccine doses:
0 0 0.00 1 2.44
1 2.50 0 0.00
2 2 5.00 3 7.32
3 24 60.00 22 53.66
4 13 32.50 15 36.59
Biological age markers Mean +SD G1 (N=40) Mean + SD G2 (N=41)
DNAmAge 46.23+4.92 47.85+5.36
LTL 1.49+0.35 1.47+0.37
Hematological age 55.83+8.55 55.61+8.92

Discussion

The growing aging population in developed coun-
tries has led to increased societal and economic
burdens [53] (https://www.who.int/news-room/fact-
sheets/detail/ageing-and-health), highlighting the
urgent need for therapies that support healthy aging.
One promising research area focuses on botanical
extracts which are rich in phytoconstituents and
have the potential to be developed into agents that
enhance healthspan. Compounds derived from natu-
ral sources that target key aspects of cellular aging
have been shown to improve both healthspan and
lifespan in various models, including cell cultures
[54], invertebrates, rodents, and humans [27]. These
phytochemicals act as geroprotective agents by
reducing oxidative stress, promoting cellular repair,
and eliminating senescent cells in tissues, improv-
ing age-related physiological phenotypes, and act-
ing as “senomorphics” to inhibit inflammation and
immune senescence [27]. Consequently, botanical
extracts are a valuable area of study for develop-
ing treatments that can help mitigate the societal
and economic impacts of an aging population [54].

@ Springer

Reducing oxidative stress—a central factor in cel-
lular aging and degenerative diseases—preventing
telomere damage and modulating DNA methylation
have been demonstrated to create a healthier tissue
environment [55-57]. This, in turn, decreases low-
grade inflammation, which drives age-related dis-
eases [58]. The observed geroprotective effects of
Monarda didyma L. extract in both in vitro studies
and the clinical trial, particularly its role in miti-
gating oxidative stress and inflammation—Ilikely
mediated by its principal flavonoid DID [28, 32, 33,
59]—highlight its potential as an anti-aging dietary
supplement to promote health in aging populations.
The prominent presence of DID establishes it as
the primary candidate responsible for the extract’s
observed geroprotective effects.

In vitro studies on Monarda didyma L. extract

In the present study, we describe a natural extract
that displays in vitro antioxidant properties, slows
the rate of telomere shortening, and protects against
DNA damage with reduction of cellular senescence


https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

GeroScience

1€€S°0

SesTo

6860

LOYE0

6L95°0

ST0L°0

89090

eeL’o

1LS0°0

€19L°0

LETO'0

010

ST10°0

91¥0°0

8€ELT'0

6260°0

88t [

88y C

e I

88t [

0zl S

9L'6 14

91'0F2S0

PS0FLYT

LUTFIVE

8TYSFILET

€0°0FEY0

ELOTFLTYI

8€0F89Y

SSTIF86'S

'

9L°6

e

9L’6

S6'1T

9L’6

I €I0F6v0

€ SYOF68T

¥ 860FIIE

T 0SSSFTH¥T

¥ €O0FHY0

I vITIFLYPI

6 TrOFELY

¥ ITIF69°S

LLTL'O

89190

69°0

6260°0

6L80°0

ST20°0

£€991°0

L8Y8°0

00

ST

S'L

194

€1'0F 670

€S0F66'T

88°0F9I'¢

€ETSF 68T

€0'0FEY0

6STIFIPYI

9 0F 08

I TF18°¢C

o1

S'L

CIroF6v0

87'0F20C

€80FIIE

$6'0S F1°09C

€0'0F 70

68 CIFEovl urqor

LSOF¥8Y

LOTFT8'S

(96'0-0T°0
:a3uer)
T/:0D

“SIJAIOUOIN

O8+01'1
:o3uer)
501

SoIA50UdWAT

(08'L-08°1
:a3uer)
70D

S[donmN

(0st—0ST1
:o3uer)

[0
JUnos PRI
0S0-1+'0
wW
SP'0-9¢€°0
o :oSuer)
D
JIISOTEWSH

(SLI-0¥1
W
‘e61-€Tl
A :oSuer)
WSH
06'S—0S+
W
0rs-iey
 oSuer)
T0T)
SOTAOIIAT]

00 11-0t'Y
:o3uer)

[erZuy)
SeTkSOYT]

1521

N uym
—UUD
(L)

o s

18911
parreq

a3uer jo
N0 $309[ N0 s309[
-qns % -qns N
1L IL

J3uer jo

S FuedN
1L

a3uer Jo
no s309f
-qns 9
oL

a3uex

Jo o

sy00[
-qns N s Fues]Al
0L 0L

1891
1 porreq

oSue1 jo
o s309f
-qns %
IL

a3uer Jo
o s309f
-qns N
1L

s F uedA
1L

a3uer jo
N0 $309f
-qns %
0oL

o3uerx
JoIno
s100[
-qns N
0L

ds F uedN

oL s1oyowered

[49)

Anstuaydorq
1R orseq

(I#=N) 7O PUe (0p=A) 1D UI JUSWIEDI) Jo}je PUE 9I0J9q paInseau s1owrered ANSIuUaYoolq olseqg g Qe

pringer

N's



GeroScience

7¥89°0

¥8€T0

L9YE0

6L6°0

8EYL0

1€86°0

CIIro

8S18°0

£€eL’0

1500°0

1910°0

6v1€°0

9860°0

8000°0

6666'0<

0T1L0

0Tl

SI've

e

00

88y

€9yl

00

14!

L8OFOTS

Ir0F T8

09°0F167CI

89'8F6'¢EE

99'TFTS0¢

SYFOI6

200F 100

80°0F91°0

0cel

SI've

00

¥

€91

00

00

14!

LOFLI'S

6V 0F+0°S

8S0FTLTI

YLLFITEE

09'T+99°0¢

SvYF61C6

1000F¥0°0

60°0F91°0

<LOY'0

+000°0

95500

0981°0

1v00°0

9191°0

S61¥°0

w80

¢l

0°¢

194

!

ST

0°¢

00

LT

€8°0FLTS

6S0F8LY

IT1F26C1

I8TIFIeEE

YTTFBI0¢

85 CF 1S 06

20'0F50°0

80°0F91°0

Sl

0l

SI

61'9<UStH
61'9-81'C
Jurepiog
(81°6>21qe
-1159p)
(T7rotrTTy
TOTISIOY)
(9¢-L¢€
:o3uer)
[@7jguiny)
BTUIOAT
(XS AN
:o3uer)
%) Aad
—pIA
“uonmaqrn
SI'TFT8TI ST ST d
(09€-0t€
:o3uer)
SFTIFLYee T8I DOHOW
(0€€-09¢
:a3uer)
BdHOW
(096-0°08
:a3uer)
I ADIN
==3Wm[OA
TernosndIos
LY'SF18°06 TTeSN
(0T°0-00°0
:o3uer)

S80FSES

€5°0F60°S

YTTFY0E

200F 00 s[qdoseq

(0$°0-000
:a3uer)

60°0FSI°0

1591

1 Caupmypm
—uuppy
(L)

o s

15911
paireq

a3uer jo
o $309[
-qns %
IL

a3uer jo
no s300f
-qns N
1L

s Fuedy
IL

a3uer jo
Mo s309[
-qns %
0L

J3uer
Jo o
300
-qns N
0L

s Fues|y
0L

189
1 poireq

a3uer jo
no s300f
-qns %
IL

a3uer jo
no s309f
-qns N
1L

ds FuesNy
IL

a3uer jo
o 309l
-qns %
0oL

oSuex
Jono
300
-qns N
oL

ds Fuesy
oL s1ojowered

149}

Anstuayooiq
o diseq

(panunuod) g dqel,

pringer

A's



(gz>91qe
-I1S9p)
6,60 Y6reE0 €L ILOF9Y'1 wL € IITFI9T LLLOO SLT L STTFS9T X3pul' VINOH
€91
00 e I o1 14 uey) JoySIy
(43
9L'6 9L'6 4 01 ¥ Uey) MO
(€91-T¢
:a3uer)
[grouy
6L6L°0 I1T19°0 9L'6 90°€FTL9 0Tl S 9EYFSOL 1020 0c 8 98YF09L UL
(€>91qe
-IIS9p)
OIS0y
7800°0 81260 €9v1 ¥6'0FL0T LO'LT L 060FIIT 9L66°0 ST 0T 060FTH'T TaH/1a’T
(¢>91qe
-I1S3p)
"TAH/10%3)
6910°0 75080 wL 90 1 F€TE L € L6OFYTE 9€09°0 0z 8 0TIFSLE S ~SI[0Yd TeI0;
€91 9L'6 4 STl S Iy <USH
TIryvee
LT6T 659¢€ Sl Y4 (1)1 duleplog
o)
TaT—Suey
~oxdodTy
8€0€°0 L0880 18°0FST¢ 08'0F+T¢ S9¥E0 8 0F0r'E AISUSP-R0 ]
(¥0'1 <3Iqe
-I1Sap)
[@rigutn)
"TdH
B el
~oxdodI
0Zr0°0 YL8E0 wL 6V 0FEL'T ocer S 8YOFOLI 9861°0 (94 S &OFTSI JISUSP-YSTH
(69'1 >31qe
-1159p)
o
°9€T0 £8€€°0 00 6C°0F98°0 v I T€0F060 §9€9°0 S1 9 S60FITI SOPTISSATSTIT,
J3uer
a3uer jo a3uer jo Jono o3uerjo  a3uer jo
B 00 309 N0 $309f syoof 100 $309[ N0 8309
N Lunm 18911 -qns 9 s F ueay -qns % -qns N ds Fueoly 159) -qns 9 -qns N s Fuesy
THUPA - parred 1L oL oL 0L  /pamed 1L IL IL siopwered
(1) Anstwayoorq
o san [£3] orseg

GeroScience

(panunuod) g dqel,

pringer

N's



GeroScience

L6LLO

1L96°0

8006°0

896¢€°0

9STL0

8810°0

S0+0°0

9¢IS0

1501°0

0590

9L'6

06'cy

e

00

¥ 9SYIFO0IvL

81

I

€

0

ITCIF8L68

¥8'61F9L°0C

EL8FLOIT

€6V FTEET

¥$'8¢

00

00

0 €CEIF8LIL

¥ 0T01FTTLY

T $091F88°61

0

0

¥9'8F9LTT

TEYFS0¢ET

0€T0

6TrE0

6v¥1°0

CIro

68SL°0

00

Sty

ST

0¢

194

0 6I'0IFCTI'YL

L1

TE6FSE06

T LLSTFTO0C

C

IL6F¥0C

8SF6'TT

ST I

0s 0T LT'TIFS0'68

4 I

0¢ [

00 0

96'CI FTS'SL

PO'LTFSL8T

8LLFTOIT

OLYFL9TC

(r01-65
W ‘8-St
o :93uer)
/oty
“ouTunesT)
(06 <219®
-a1sap) (;u
€L /umu
/) A0
—ojer
uonen[y
Je[nIowo[3
parewnsy

uoy

-ounf Koupryy
(59-¢
N ‘Sv—¢€
+ oSuer)
T IDD
—35e1]
=SUeI [Ate]
—N[3 ewwen

(0s-01

N “SE-L

o oSuer)

IV

—sen)

“SUBTJOUTIE
ouTueTy

(Sy—01

W *S€-01

o :oSuer)

—oSeIs)

—SuenouTTe

Srenedsy

uoy

-ounf aaary

1591

N Sounym
—uuppy
(1)
(2009 £9)

15911
paireq

a3uer jo
o $309[
-qns %
IL

a3uer jo
no s300f
-qns N
1L

s Fuedy
IL

a3uer jo
Mo s309[
-qns %
0L

J3uer
Jo o
300
-qns N
0L

s Fues|y
0L

1591
1 paired

a3uer jo
no s300f
-qns %
IL

a3uer jo
no s309f
-qns N
1L

ds FuesNy
IL

oSuex

a3uer jo Jono
Mo s309[ 300
-qns % -qns N
0oL oL

ds Fuesy
oL s1ojowered

Anstuayooiq

149}

o diseq

(panunuod) g dqel,

pringer

A's



GeroScience

SO[qeLIeA

snonunuod parredun 1oy pawriojrad ST 159 /) ASUIIYA-UURBTA ‘S9[qeLIBA Snonunuod paired 10j pourtojrad St 189)-7 ¢(S0"0>d) sonyea juedyruSis 10 Ajuo pakerdsip st 10joereyo pjog

(44380

888C°0

LLESO

8L00°0

£€900°0

0150

00

00

00

0

0

SRIFG8¢ 00

90 1+8T'1 00

8LOFLOT wL

0

€

wWTF8YY

S90FILO

8TEF8I'T

LY10°0

7€98°0

LST6°0

00

00

00

CETFEYY

LOTF0ST

78 0F0I'T

00

0¢

4

0

4

I

I1ec-o¢

:o3uer)

Cy7oumy

“TosnIod

9TYFI16'S TeAT]

(0'L-0°¢

:a3uer)

(T30 9T

oy
“TS[ruL

(00°$-00°0

:a3uer)

00€F8S'T

LEOFITT 9ATISBII-)

uoyvuuvlfuy

1591

1 Caupmypm
—uuppy
(L)

o s

18911
paired

a3uer jo
o $309[
-qns %
IL

a3uer jo
no s300f
-qns N
1L

a3uer jo

Mo s309[

s Fuesy -qns 9
IL 0L

J3uer
Jo o
300
-qns N
0L

s Fues|y
0L

189
1 poireq

a3uer jo
no s300f
-qns %
IL

a3uer jo
no s309f
-qns N
1L

ds FuesNy
IL

a3uer jo
o 309l
-qns %
0oL

oSuex
Jono
300
-qns N
oL

S Fues|y
oL s1ojowered

149}

Anstuayooiq
o diseq

(panunuod) g dqel,

pringer

N's



GeroScience

(A) X | *%x
3.5+
3.0 *kk
—
@ 3
= :
3 2.0 e
= o
-
—_—t
1.5+ R
L :’o
1.0- e
0.5 T T T T
TO T TO T1
G1 (N=40) G2 (N=41)
(B) =
65— Sede ek
60 y .ee
? . LN ] ...
© 55_
2
;’ 50
? 45
5
=2 40
[an]
35— : - . .
30 : 1 1 1
TO T1 TO T
G1 (N=40) G2 (N=41)

Fig. 4 Clinical trial on Monarda didyma L. extract: LTL
and DNAmAge in G1 (intervention group, N=40) and G2
(placebo group, N=41) before and after treatment (A, B).
A, LTL in G1 and G2 groups before and after treatment with
Monarda didyma L. or placebo, respectively. LTL is reported
as T/S before (TO) and after (T1) treatment in the G1 group
(green) and in the G2 group (blue). B, DNAmAge in G1 and
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G2 groups before and after treatment with Monarda didyma
L. or placebo, respectively. DNAmAge is reported in years
before (TO) and after (T1) treatment in the G1 group (green)
and in the G2 group (blue). Data in A and B are reported as
mean+SD. Student’s 7-test and Mann—Whitney U test were
used for statistical analyses; *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001
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Fig. 5 Clinical trial on
Monarda didyma L. extract:
DNA methylation status at
the CpG sites of five genes
analyzed. DNA methyla- 100

tion status at the CpG sites |
of each of the five genes 80 =
(ELOVL2, Clorf132,
KLF14, TRIMS9, and
FHL2) analyzed for
DNAmAge determination,
reported as methylation %,
before (TO) and after (T1)
treatment of the G1 (inter-
vention group, N=40) and
G2 (placebo group, N=41).
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as mean + SD. Student’s
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U test were used for statisti-
cal analyses; *, p <0.05
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and improvement of endothelial function and vascular
permeability.

Antioxidant properties The Monarda didyma L.
extract’s strong antioxidant properties were evident,
as demonstrated by its capacity to reduce protein car-
bonylation levels. This antioxidant activity is essential
in combating oxidative stress, a major contributor to
cellular aging and various degenerative diseases [7].
The ability to reduce oxidative damage further sup-
ports the extract’s role in promoting cellular health
and longevity.

Slowing telomere shortening rate Cells treated
with the Monarda didyma L. extract for 6 weeks
showed a significant reduction in the rate of telomere
shortening compared to untreated control cells. It
can be hypothesized that the molecules found in
Monarda didyma L. extract play a significant role
in safeguarding DNA from damage. Certain poly-
phenols are renowned for their ability to stabilize
and protect the DNA structure, including telomeres.
By shielding DNA from harm, these molecules may
help mitigate the wear and breakage of telomeres
during cellular replication [60]. Moreover, Monarda
didyma L. extracts exhibit potent antioxidant proper-
ties, capable of reducing oxidative stress within cells

[54]. Oxidative stress is a major contributor to tel-
omere shortening, as free radicals can inflict damage
on DNA, telomeres included [61]. Furthermore, the
activation of telomerase by Monarda didyma L. as a
possible mechanism remains unverified at this time.
The biological significance of the finding that
Monarda didyma L. extract can slow telomere short-
ening is important for understanding aging and cel-
lular health. Telomeres are protective caps at the ends
of chromosomes that shorten with each cell division,
leading to cellular aging and senescence when they
become too short [45]. By slowing telomere short-
ening, Monarda didyma L. extract may extend the
lifespan of cells, helping to maintain tissue function
and delay age-related decline. This has several key
implications including extending cellular lifespan as
cells can divide more times before reaching senes-
cence, thus maintaining tissue health longer; delaying
age-related diseases as slower telomere shortening
can delay the onset of diseases linked to aging, such
as cardiovascular diseases, neurodegenerative disor-
ders, and certain cancers [12]. Improving regenera-
tive capacity as tissues that regenerate frequently, like
skin and blood, can benefit from enhanced repair and
regeneration. Monarda didyma L. extract shows sig-
nificant promise as a gerotherapeutic agent by slow-
ing telomere shortening and targeting cellular aging

@ Springer
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Fig. 6 Clinical trial on Monarda didyma L. extract: data
from questionnaires and Sleep Index derived by MiBand 7
data. A, B, WHOQOL-BREF questionnaire on quality of life
and details of the different domains making up the question-
naire—physical, psychological, social relationships and envi-
ronment—administered to the G1 (intervention group, N=40)
before and after treatment with Monarda didyma L. In A, the
mean score of the WHOQOL-BREF questionnaire is com-
pared before (TO) and after (T1) treatment in the G1 group.
In B, the mean score of each domain of the questionnaire is
compared, again analyzed in the G1 group before (TO) and
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after (T1) treatment. Data are presented as mean=+SD. Stu-
dent’s T-test was used for statistical analysis; *, p<0.05; **,
p<0.01. C, D, Correlation curves between the Sleep Index
and the difference in DNAmAge from follow up to baseline in
G1 (C; intervention group, N=40) and G2 (D; placebo group,
N=41). Simple linear regression plots show the correlation in
Gl and G2 groups between the Sleep Index and DNAmAge
T1-TO in G1 (C, r=-0.438806 and p=0.0084) and G2 (D,
r=—0.124919 and p=0.4549) groups. Mean, standard error
(SE), and 95% coefficient intervals (CI) are represented as
green, pink, and black lines, respectively
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Table 3 Effect size of

! : . Endpoints Effect size (G1) Effect size (G2)
biological aging parameters
and quality of life LTL (T/S) 0.3155 —0.5858
DNAmAge (years) 0.1201 0.7630
Biological Age (K-D method) 0.1085 —0.0950
WHOQOL-BREEF: physical domain 0.3458 —0.1276
WHOQOL-BREF: overall mean 0.4382 —0.1605

Table 4 Movement and Sleep Indexes derived by MiB and 7 data from n="73 study participants

Gl G2 Mann—Whitney
Mean+SD N subject (%) Mean+ SD N subject (%) [[;/ test Chi-square
p

Movement Index (0-1) 0.50+0.15 35(100%) 0.50+0.14 38 (100%) 0.9694 0.6195
Increased 0.47+0.18 16 (45.7%) 0.46+0.15 9 (23.7%) 0.9779 0.0475
Stable 0.55+0.13 14 (40.0%) 0.52+0.14 20 (52.6%) 0.7692 0.2798
Decreased 0.45+0.10 5(14.3%) 0.49+0.10 9 (23.7%) 0.5185 0.3082
Sleep Index (0-1) 0.41+0.06 35(100%) 0.40+0.07 38 (100%) 0.4976 0.2994
Increased 0.44 +0.05 7 (20.0%) 0.39+0.10 2 (5.26%) 0.6667 0.0557
Stable 0.38+0.06 10 (28.6%) 0.40+0.05 18 (47.4%) 0.8600 0.0989
Decreased 0.42+0.05 18 (51.4%) 0.40+0.08 18 (47.4%) 0.8147 0.7289

Bold character is displayed only for significant values (p<0.05); Mann-Whitney U test is performed for unpaired continuous vari-

ables; Chi-square test is performed for categorical variables

processes. Developing it into a therapy could promote
longevity and enhance quality of life, highlighting its
broad implications for health and well-being.

Protection against DNA damage The Monarda
didyma L. extract induces a reduction in YH2A.X
and H3K9me3 levels in genotoxically stressed cells.
YH2A.X is a marker of DNA double-strand breaks
[62], while H3K9me3 is associated with chromatin
changes following DNA damage [63]. Lower levels
of these markers indicate reduced DNA damage and
improved DNA repair mechanisms [63, 64].

By protecting DNA from damage, the extract
plays a crucial role in maintaining genomic stability.
Genomic instability is an early hallmark of cellular
aging [2]. It can lead to mutations, loss of genetic
information, and chromosomal abnormalities, all of
which are linked to cancer and other diseases. DNA
damage also contributes to cellular senescence and
aging [12]. Therefore, by reducing DNA damage, the
extract may help prevent premature aging, promoting
healthier cell function and longevity.

This protective effect underscores the extract’s
potential as a valuable agent in safeguarding genomic
integrity. The significant reduction in DNA damage
markers highlights the extract’s role in maintaining
genomic stability and mitigating the adverse effects
of cellular aging.

Reduction in cellular senescence The extract sig-
nificantly reduced cellular senescence, as indicated
by decreased SA-f-galactosidase activity in aged
cells. SA-PB-galactosidase (senescence-associated
p-galactosidase) activity is a widely used biomarker
to identify senescent cells [65]. High levels of SA-pB-
galactosidase activity are typically present in aged
or senescent cells [66]. Therefore, a decrease in
SA-f-galactosidase activity suggests a reduction in
the number of senescent cells. By reducing cellu-
lar senescence, the Monarda didyma L. extract may
help maintain tissue function and delay the onset of
age-related dysfunctions. This could lead to improve-
ments in healthspan and potentially lifespan, as well
as provide therapeutic benefits for diseases where
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senescence plays a critical role. This reduction sug-
gests a geroprotective effect at the cellular level,
potentially reversing age-related cellular markers.

Improved endothelial function and reduced vas-
cular permeability Additionally, Monarda didyma
L. extract improved endothelial function and reduced
vascular permeability, indicating potential cardio-
vascular benefits. The reduction in pro-inflammatory
markers, such as VCAM and intracellular ROS levels,
highlights the extract’s anti-inflammatory and antioxi-
dant effects, which are critical for maintaining vas-
cular health and preventing cardiovascular diseases
[67].

While additional studies are needed to ensure this
treatment does not impact other mechanisms linked
to extending healthspan, the findings show a notable
reduction in cellular senescence, preservation of tel-
omere length, decreased DNA damage, and strength-
ened antioxidant defenses. Together, these effects
position the extract as a promising candidate for gero-
protective therapies and as a promising dietary sup-
plement for aging populations.

Clinical trial

One of the key strengths of our study is the focus on
the effects of Monarda didyma L. extract in human
treatment. Our clinical trial offers compelling evi-
dence of the extract’s geroprotective potential. The
study’s randomized, double-blind design, coupled
with age and sex matching between the intervention
group (G1) and the control group (G2), strengthens
the reliability of our findings by minimizing bias.

Biological aging

Another strength of our study is the use of multiple
methods to assess biological aging. We evaluated
both mitotic and non-mitotic pathways using LTL,
DNAmAge, and the hematological age according to
the method of Klemera and Doubal [51]. This com-
prehensive approach provides a thorough and accu-
rate assessment of the aging process, further enhanc-
ing the validity of our findings.

The study revealed notable differences in biologi-
cal age markers between the intervention group (G1)
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and the control group (G2). The LTL, a key marker of
cellular aging, showed an increase in the G1 group,
indicating a potential protective effect of Monarda
didyma L. extract on telomere integrity. Conversely,
the G2 group experienced a significant decrease in
LTL, suggesting a lack of protective effect and pos-
sibly an acceleration of cellular aging processes in the
absence of the extract intake. Furthermore, the LTL
post-treatment was significantly longer in G1 com-
pared to G2, underscoring the extract’s potential role
in maintaining telomere length and promoting cellu-
lar longevity.

LTL results observed in both in vitro and in clini-
cal settings, also suggest a potential role of Monarda
didyma L. extract in delaying endothelial cell senes-
cence and maintaining vascular integrity, as telomere
shortening is associated with vascular dysfunction,
atherosclerosis, and increased cardiovascular risk
[68]. These implications for cardiovascular health
were further supported by the effects that the extract
exerts in vitro on endothelial function through a dual
mechanism involving the reduction of ROS and sup-
pression of VCAM expression, which in turn reduces
vascular inflammation and its key role in the patho-
genesis of atherosclerosis and other cardiovascular
diseases [69]. These mechanisms, together with its
anti-inflammatory and antioxidant properties, posi-
tion Monarda didyma L. extract as a promising can-
didate for geroprotective therapies and dietary inter-
ventions aimed at promoting cardiovascular health in
aging populations.

While our findings on telomere length are signifi-
cant, we acknowledge that these changes might be
transient and potentially reflect immune activation.
This is supported by studies showing increased tel-
omere length in younger T cells during inflamma-
tory responses [70, 71]. However, unlike our previous
research, where increased telomere length in smokers
was attributed to the recruitment of younger inflam-
matory cells triggered by smoke-induced inflamma-
tory signals [48], this study excluded smokers as part
of the eligibility criteria. Additionally, in G1 group,
no changes in inflammation biomarkers or leukocyte
populations were observed at the end of the supple-
mentation period compared to G2 group. This further
reduces the likelihood that the observed telomere
length changes were driven by immune activation,
providing a stronger basis for attributing these effects
to the supplementation itself.
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In addition to LTL, epigenetic aging, assessed
through DNAmAge, displayed divergent trends
between the groups. DNAmAge remained stable
in the G1 group, indicating a mitigation of epige-
netic aging. However, the G2 group exhibited a sig-
nificant increase in DNAmAge, pointing to a greater
rate of epigenetic aging in the absence of Monarda
didyma L. extract. This divergence suggests that
the extract may have a stabilizing effect on the epi-
genetic clock, potentially slowing the biological
aging process. Indeed, the stabilization observed in
G1 may reflect the geroprotective properties of the
supplement, consistent with a previous study dem-
onstrating its impact on molecular pathways associ-
ated with aging [34]. These findings align with the
hypothesized mechanism of action. Furthermore, to
ensure that the observed differences between G1 and
G2 are not attributable to random variability, we ana-
lyzed variability within and between groups, provid-
ing confidence intervals to support the robustness of
our findings. In addition, we have rigorously detailed
our randomization, blinding, and compliance moni-
toring processes and confirmed the consistency of
sample handling and analysis protocols to avoid the
influence of factors such as baseline characteristics,
compliance, or measurement biases on the observed
divergences. Although the randomized, double-blind,
age- and sex-matched design reduces the impact of
random variation, inherent biological variability—
especially in smaller cohorts—cannot be entirely
excluded. Larger, more diverse studies will help con-
firm these findings and ensure robustness. Potential
confounders such as lifestyle or dietary differences
could influence outcomes. However, the randomized
design minimizes these risks. Future studies should
incorporate stricter controls to further enhance repro-
ducibility and reliability.

These observations on biological aging markers
in humans are consistent with our in vitro findings,
where Monarda didyma L. has been shown to impact
telomere length positively without altering epige-
netic age. This alignment between human and in vitro
results underscores the potential of extract as a thera-
peutic natural agent for preserving telomere length
and reducing the pace of epigenetic aging.

In our study on the effects of Monarda didyma
L. extract, we did not observe significant changes in
hematological age between groups post-treatment.
Hematological age was calculated using the Klemera

and Doubal [51], chosen for its standardization and
widespread acceptance in the calculation of biologi-
cal age, based on the data from our study. However,
we acknowledge that its use presents certain limita-
tions and interpretative challenges due to its explora-
tory nature. The lack of observed variation may be
attributed to the specific parameters included in the
calculation, which might not capture the hemato-
logical markers affected by our intervention. This
underscores the need for further refinement and
validation of this tool to enhance its applicability
and reliability in aging research. Furthermore, while
Monarda didyma L. extract demonstrated beneficial
effects on biological aging markers such as LTL and
DNAmAge, these markers were not included in the
hematological age calculation. This highlights the
necessity of developing more advanced algorithms
that integrate a broader spectrum of biological and
clinical markers to better capture the full impact of
geroprotective treatments.

Biological significance of DNA methylation
changes Significant changes in DNA methylation
patterns were observed, with the control group (G2)
showing hypermethylation at specific sites such as
ELOVL2 and FHL2 compared to the intervention
group (Gl). ELOVL2 (Elongation of Very Long
Chain Fatty Acids Protein 2) is a well-established
biomarker for aging [72]. Hypermethylation at this
site is commonly associated with increased biological
age and occurs in several tissues [73, 74]. The hyper-
methylation observed in the control group suggests an
accelerated aging process compared to the interven-
tion group. FHL2 (Four and a Half LIM Domains 2)
functions as an interaction platform, regulating pro-
tein signalling pathways through various protein—pro-
tein interactions [75-77]. While FHL?2 is well-studied
in oncology, cardiovascular diseases, inflammation,
and cell differentiation, its role in metabolism has
only recently gained attention [78]. Interesting hyper-
methylation of FHL2 correlates with islet expression
of multiple genes, including FHL2. Silencing these
genes in fP-cells alter insulin secretion and associ-
ate with insulin secretion in vivo and T2D [78]. The
hypermethylation of FHL2 in the placebo group sug-
gests potential disruptions in these critical cellular
functions. These findings imply that Monarda didyma
L. extract may influence methylation processes,
thereby contributing to the modulation of aging at the
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epigenetic level. This further implies that the extract
may help maintain normal cellular function by pre-
venting adverse epigenetic modifications.

The active compounds in Monarda didyma L.
extract likely exhibit effects similar to well-studied
dietary molecules such as epigallocatechin gallate,
quercetin, sulforaphane, curcumin, genistein, res-
veratrol, apigenin, and gallic acid, which are known
to inhibit DNA methyltransferases (DNMTs) [79].
These compounds selectively reduce DNA methyla-
tion in critical regions, reactivating genes involved
in cellular repair and longevity. The potential role
of DID, a key component of Monarda didyma L., in
DNMT inhibition merits further exploration, particu-
larly given the synergistic effects observed among
polyphenols in enhancing epigenetic modulation.

Comprehensive evaluation of lifestyle parameters
and quality of life

A key strength of our study is the thorough evalua-
tion of essential lifestyle factors, such as sleep and
physical activity, which are closely linked to healthy
aging. We assessed these factors using both subjec-
tive questionnaires and objective measurements from
the MiBand 7 wearable device. This dual approach
provided a more comprehensive and accurate
understanding of the improvements resulting from
Monarda didyma L. extract treatment.

The intervention group (G1) reported significant
improvements in questionnaire data on quality of
life, especially in the physical domain, compared to
the control group (G2). The significant improvement
in the physical domain of quality of life among Gl
participants suggests that Monarda didyma L. extract
may support better physical function. This finding
aligns with the observed increase in the computed
MI, indicating more frequent or vigorous physi-
cal activity, during the study, which is essential for
healthy aging and the prevention of chronic diseases.
Improvements in overall well-being suggest that the
extract positively impacts both mental and physical
health. The subjective feelings of enhanced well-
being could be linked to reduced stress, better sleep
quality, and improved physical health, all contribut-
ing to a higher quality of life [80—82]. The biologi-
cal plausibility of these findings is supported by sev-
eral mechanisms through which Monarda didyma L.
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extract may exert its beneficial effects. In addition
to the well-known antioxidant effects of DID [28],
which reduce oxidative stress and protect cells from
damage, its anti-inflammatory properties lead to
improved physical function and reduced pain, thereby
enhancing the receipted quality of life. Research
has shown that DID, a leading constituent of Clino-
podium mexicanum and widely present in Monarda
fistulosa L. other than in Monarda didyma L. two of
the most popular species of the plant-, possesses sig-
nificant anxiolytic-like and antinociceptive properties
[83]. These effects are mediated through the GABAe-
rgic system, which is crucial for regulating mood,
anxiety, and pain perception [84]. By reducing anxi-
ety and alleviating pain, the anxiolytic-like effects of
DID can contribute to increase physical activity and
improve sleep quality, mental health, and the overall
quality of life.

Movement and sleep indices improvements

Our research observed a greater number of subjects
with an increase in both MI and SI during the study in
the G1 group than in the G2 group, providing further
evidence of improvement in the physical domain and
sleep quality. Our results suggest that interventions
initially aimed at improving molecular targets, such
as LTL and DNAmAge, also had positive phenotypic
effects, including increased physical activity and bet-
ter sleep quality, thereby enhancing overall health and
well-being in accordance with the observed improve-
ments in quality of life (WHOQOL-BREF). These
findings align with current evidence [17, 18, 85-88]
highlighting the role of non-pharmacological inter-
ventions in promoting longevity by targeting oxida-
tive stress and chronic inflammation, key drivers of
cellular aging.

Furthermore, the increase in physical activity, as
measured by the MI, is known to improve cardiovas-
cular health, regulate metabolism, and strengthen the
musculoskeletal system [89]. Similarly, the improve-
ment in sleep quality, indicated by the increase in the
SI, supports important cognitive functions such as
memory and problem-solving [90], strengthens the
immune system [91], regulates hormones [92], and
facilitates cellular repair [93] and detoxification pro-
cesses [94]. These processes are essential for main-
taining neuronal health and preventing neurodegen-
erative diseases.
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Furthermore, the study highlights the importance
of using both subjective and objective measures to
assess the effects of interventions on sleep. This com-
prehensive approach is essential to gain a full under-
standing of the extract’s impact on sleep and overall
health.

Correlation between sleep index and epigenetic aging

Our study revealed a positive correlation between
improved sleep and reduced epigenetic aging in the
treatment group (G1). This indicates that DID may
directly influence DNA methylation patterns while
also reducing oxidative stress and chronic inflamma-
tion, leading to a younger epigenetic profile. Mela-
tonin, widely recognized as the master regulator of
circadian rhythm, also plays a role in genomic sta-
bility and epigenetic modifications, including DNA
methylation [95]. Its antioxidative properties help
reduce ROS and reactive nitrogen species (RNS),
activating antioxidant enzymes. Additionally, mela-
tonin has been shown to influence DNA methylation,
with variations observed in night shift workers and
during embryonic development [95]. These findings
emphasize the dual benefits of DID, enhancing both
molecular markers and physiological health, par-
ticularly sleep quality. This underscores the holistic
impact of DID, suggesting that it not only operates
through molecular mechanisms but also improves
vital physiological functions like sleep, promoting
overall health and longevity.

Basic biochemical parameters

Another strength of our study is evaluating how clas-
sical commonly used basic biochemical parameters
were affected by Monarda didyma L. extract.

Hematological and metabolic changes The pla-
cebo group (G2) showed unfavorable changes in hem-
atocrit, neutrophils, monocytes, MCV, RDW and IL-6
levels, potentially reflecting an inflammatory or stress
response. In contrast, the intervention group (G1)
did not show these alterations, suggesting a possible
protective or stabilizing effect of Monarda didyma
L. extract on these parameters. Stable creatinine and
eGFR levels in the Gl group suggest maintenance
of good renal function, while we observed a slight
decrease in creatinine levels and a slight increase

in eGFR levels, still within normal reference values
[96], in participants of the G2 group after treatment.
The calculation of eGFR is based on the concentra-
tion of creatinine in the blood [97]. Creatinine, pro-
duced by muscles and eliminated by the kidneys, is
reduced in the blood when kidney function is efficient
[96].

Lipid profile Additionally, the G2 group exhibited
elevated levels of HDL and reduced levels total cho-
lesterol/HDL and LDL/HDL cholesterol compared to
the G1 group. However, it should be noted that these
differences in lipid profile could be attributed to their
values at baseline, with the G2 group having higher
values at baseline, before treatment.

Blood glucose and cortisol levels Both groups
showed reductions in glycemia and salivary cortisol
post treatment, but these changes were more pro-
nounced in G1, indicating that the extract may help
regulate blood glucose and stress levels. These results
suggest a general improvement in stress and glucose
metabolism.

In summary, these biochemical results highlight
the potential beneficial effects of Monarda didyma
L. extract on various health markers. The lack of sig-
nificant adverse changes in the intervention group, in
contrast to several deteriorations in the control group,
suggests a protective role of the extract.

The primary biological mechanism by which
Monarda didyma L. extract exerts its effects appears
to be through its anti-inflammatory and antioxidant
properties, which in our powdered extract can be
attributed to the presence of DID [28]. These prop-
erties help mitigate oxidative stress and inflamma-
tion, which are key contributors to cellular damage,
kidney function deterioration, and metabolic imbal-
ances. By reducing oxidative stress and inflammation,
the extract helps maintain genomic stability, supports
renal function, and promotes healthier metabolic
profiles.

These biochemical results, consistent with our
in vitro results, highlight the potential beneficial
effects of Monarda didyma L. extract on various
health markers. Future studies should explore these
biochemical changes in more depth, considering
baseline differences and controlling for potential con-
founding variables to fully understand the extract’s
impact on metabolic and cardiovascular health.
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Limitations and strengths of the study

Limitations While our study provides important
insights into the potential geroprotective effects of
Monarda didyma L. extract, certain limitations must
be acknowledged. The relatively small sample size
and short study duration, although statistically justi-
fied, restrict the ability to draw conclusions about
long-term effects or broader population applicability.
However, participants’ affiliation with the University
of Padua provides an opportunity for follow-up stud-
ies to evaluate sustained outcomes. Baseline differ-
ences between participants, along with the subjective
nature of self-reported measures such as quality of
life and physical activity, introduce potential biases.
Although our randomized, double-blind, age-, and
sex-matched design minimizes these risks, future
studies could benefit from stricter controls on diet,
lifestyle, and environmental factors to further enhance
data reliability. Additionally, while the observed sta-
bilization of epigenetic age and telomere length sug-
gests geroprotective potential, these findings require
cautious interpretation. The effects, although prom-
ising, necessitate further exploration through mecha-
nistic studies and validation in larger, diverse cohorts
to confirm their broader applicability and long-term
benefits.

Strengths Despite these limitations, the study has
significant strengths. The in vitro component was
designed with meticulous attention to detail, includ-
ing preliminary dose-response experiments to deter-
mine effective concentrations of Monarda didyma L.
extract for specific cell types and experimental con-
ditions. This systematic approach ensures that the
findings are biologically meaningful and robust. The
selection of diverse cell lines, tailored to model spe-
cific aging-related processes such as oxidative stress
and cellular senescence, enhances the translational
relevance of the preclinical results. Furthermore, the
clinical trial’s randomized, double-blind design and
age- and sex-matched groups strengthen the valid-
ity of the findings and reduce the likelihood of con-
founding effects. The inclusion of calculated effect
sizes is a key strength, enhancing both the validity
and interpretability of the study’s findings. The con-
sistent positive trends in the intervention group (G1),
contrasted with the predominantly negative trends
in the placebo group (G2), and supported by robust
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statistical analysis (p <0.004), strongly highlight the
efficacy of Monarda didyma L. extract. However, it
would be valuable to further emphasize how these
preliminary observations provide a solid founda-
tion for future, larger-scale studies. Analyzing rates
of change and effect sizes in broader contexts could
confirm the observed benefits and provide a more
precise estimation of their clinical impact. Rigorous
statistical adjustments were implemented to minimize
the risk of type I errors; however, results near the sig-
nificance threshold should be interpreted with cau-
tion. Despite this, the consistent evidence from vari-
ous biomarkers and endpoints highlights the potential
geroprotective benefits of Monarda didyma L. extract.
The integration of biological markers, such as LTL
and DNAmAge, alongside assessments of quality of
life, physical activity, and biochemical parameters,
provides a comprehensive and multidimensional eval-
uation. This approach bridges preclinical and clinical
findings, establishing a robust foundation for future
research on the role of Monarda didyma L. extract in
promoting healthy aging.

Comparative potential of Monarda didyma L. in
oxidative stress, telomere preservation, and DNA
methylation

Our findings suggest that Monarda didyma L. extract
has notable potential in mitigating oxidative stress,
telomere shortening, and DNA methylation changes.
While direct comparisons with other botanicals or
therapies were not part of this study, existing evidence
suggests that Monarda didyma L. shows antioxidant
effects comparable to compounds like resveratrol in
preliminary models; unlike telomerase activators
(e.g., TA-65), Monarda didyma L. indirectly pre-
serves telomere length by reducing oxidative damage;
the extract may modulate methylation patterns simi-
larly to sulforaphane-rich broccoli sprout extracts.
Furthermore, previous research on Monarda
didyma L., particularly its essential oil, demonstrates
its capacity to improve learning and memory by
modulating Nrf2 and MAPK pathways, suggesting
potential neuroprotective benefits [34]. These results
are in line with existing evidence for neuroprotective
effects of other natural compounds and botanicals
via antioxidant and anti-inflammatory mechanisms,
such as Mucuna pruriens [98], ursolic acid [99], and
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Withania somnifera [100] for Parkinson’s disease,
and indole-derived compounds [101] and traditional
medicinal plants [102] for Alzheimer’s diseases,
emphasizing the potential of natural products to
reduce oxidative stress and promote neuronal health.

Conclusion

Monarda didyma L. extract demonstrates in vitro
geroprotective potential through various mecha-
nisms, including reducing cellular senescence,
protecting telomere length, mitigating DNA dam-
age, and enhancing antioxidant defenses. The clini-
cal trial findings support these benefits, showing
improvements in biological aging markers, qual-
ity of life and physical activity, and biochemical
parameters. These results suggest that Monarda
didyma L. extract may be a valuable component
in anti-aging therapies and dietary supplements
to promote health and longevity in aging popula-
tions. Notably, the inclusion of Monarda didyma
L. in Italy’s regulatory framework for botanicals
underscores its safety and suitability for human
consumption, supporting its potential use in per-
sonalized dietary interventions. However, further
research is needed to fully understand the effects of
this extract and to explore its potential applications
in clinical settings. This study underscores the
potential of safe, effective, and sustainable botani-
cal extracts in the development of therapies that
can mitigate the societal and economic impact of
an aging population.

Acknowledgements We sincerely thank the Occupational
Medicine Group of the University Hospital of Padua for their
invaluable contributions to the success of the clinical trial. In
particular, we are grateful to Prof. Paola Mason, Director of
Preventive Medicine for University Workers, for facilitating the
clinical study. We also acknowledge the dedication of residents
Alessia Broggio and Laura Fabbris, as well as nurses Maria
Beatrice Galvan, Michela Tognon, and Maria Teresa Vange-
lista, whose efforts were essential to the smooth execution of
the study. This work was supported by Mibelle AG Biochem-
istry (Buchs, Switzerland). We are deeply thankful to Mibelle
AG Biochemistry for producing and supplying the Monarda
didyma L. extract used in the in vitro experiments and the
dietary supplements (Monarda didyma L. extract capsules and
placebo) for the clinical trial. We are also grateful to Profes-
sor Manfredini of the University of Ferrara, one of the world’s
foremost experts in cronobiology, who helped us interpret the
results on sleep quality and different sleep phases. Finally, we

extend our gratitude to all the volunteers who participated in
the study, whose involvement made this research possible.

Author contribution S.P. playing a coordinating role; S.P.,
M.C., L.C. conceived and conceptualized the study. M.C. and
L.C. contributed equally. J.B. and T.G. performed in vitro
experiments. M.C., L.C., and S.P. analyzed and interpreted
the in vitro data. M.C., L.C., and S.P. designed and conducted
the clinical trial, wrote the protocol, and performed data man-
agement and monitoring. M.C. and L.C. performed molecular
analysis of the clinical trial. A.A., A.R.B., and O.P. performed
statistical analyses, computation of MI, SI, and hematological
age, and contributed to data interpretation. M.C., L.C., and S.P.
analyzed, discussed, and interpreted the data. M.C., L.C., and
S.P. wrote the manuscript with input from all the authors.

Funding Open access funding provided by Universita degli
Studi di Padova within the CRUI-CARE Agreement. This
study was supported by funding from Mibelle AG Biochem-
istry, Switzerland, and co-funded by Next Generation EU,
in the context of the National Recovery and Resilience Plan,
Investment PE8—Project Age-It: “Ageing Well in an Age-
ing Society” [DM 1557 11.10.2022]—Ministry of University
and Research. Additional funding was provided by the Ital-
ian Ministry of University and Research (MUR) under the
REACT-EU initiative (call REACT-EU—Bando PON 2021
Ricerca e Innovazione, DM 1061 del 10/08/2021, Azione
IV.5—Dottorati su tematiche Green) and by the University of
Padua’s BIRD223988 grant from the Department of Statistical
Sciences.

Data availability The datasets generated and analyzed dur-
ing the current study are available from the corresponding
author upon reasonable request.

Declarations The clinical trial was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of the University of Padova (Approval No. 5518/
AO/22; Study Code: EMODISU) on December 6, 2022. All
participants provided written informed consent prior to enroll-
ment.

Consent for publication Consent for publication was
obtained from each participant.

Competing interest J.B. and T.G. are Scientific Project Man-
ager and Head of Food & Health, respectively, of Mibelle Group
Biochemistry (Buchs, Switzerland), which formulated and man-
ufactured the Monarda didyma L. extract-based supplement.
The other authors report no conflicts of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included

@ Springer



GeroScience

in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Singh PP, Demmitt BA, Nath RD, Brunet A. The genetics
of aging: a vertebrate perspective. Cell. 2019;177:200—
20. https://doi.org/10.1016/j.cell.2019.02.038.

2. Loépez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G. Hallmarks of aging: an expanding universe.
Cell. 2023;186:243-78. https://doi.org/10.1016/j.cell.
2022.11.001.

3. Niccoli T, Partridge L. Ageing as a risk factor for dis-
ease. Curr Biol. 2012;22:R741-752. https://doi.org/10.
1016/j.cub.2012.07.024.

4. Partridge L, Deelen J, Slagboom PE. Facing up to the
global challenges of ageing. Nature. 2018;561:45-56.
https://doi.org/10.1038/541586-018-0457-8.

5. Shiels PG, Ritzau-Reid K. Biological ageing, inflamma-
tion and nutrition: how might they impact on systemic
sclerosis? Curr Aging Sci. 2015;8:123-30. https://doi.
org/10.2174/187460980801150727110353.

6. Campisi M, Cannella L, Pavanello S. Cosmic chronom-
eters: is spaceflight a catalyst for biological ageing? Age-
ing Res Rev. 2024;95:102227. https://doi.org/10.1016/].
arr.2024.102227.

7. Leyane TS, Jere SW, Houreld NN. Oxidative stress in
ageing and chronic degenerative pathologies: molecular
mechanisms involved in counteracting oxidative stress
and chronic inflammation. Int J Mol Sci. 2022;23:7273.
https://doi.org/10.3390/ijms23137273.

8. Guo J, Huang X, Dou L, Yan M, Shen T, Tang W, Li J.
Aging and aging-related diseases: from molecular mech-
anisms to interventions and treatments. Signal Trans-
duct Target Ther. 2022;7:391. https://doi.org/10.1038/
$41392-022-01251-0.

9. Bartke A. New directions in research on aging. Stem
Cell Rev Rep. 2022;18:1227-33. https://doi.org/10.1007/
$12015-021-10305-9.

10. Bar-Tur L. Fostering well-being in the elderly: translat-
ing theories on positive aging to practical approaches.
Front Med. 2021;8:517226. https://doi.org/10.3389/
fmed.2021.517226.

11. Rony MKK, Parvin MR, Wahiduzzaman Md, Akter K,
Ullah M. Challenges and Advancements in the health-
related quality of life of older people. Adv Public
Health. 2024;2024:8839631. https://doi.org/10.1155/
2024/8839631.

12. Schumacher B, Pothof J, Vijg J, Hoeijmakers JHJ. The
central role of DNA damage in the ageing process.
Nature. 2021;592:695-703. https://doi.org/10.1038/
s41586-021-03307-7.

@ Springer

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

Li Y, Tian X, Luo J, Bao T, Wang S, Wu X. Molecu-
lar mechanisms of aging and anti-aging strategies. Cell
Commun Signal. 2024;22:285. https://doi.org/10.1186/
$12964-024-01663-1.

Argentieri MA, Xiao S, Bennett D, Winchester L,
Nevado-Holgado AJ, Ghose U, Albukhari A, Yao P,
Mazidi M, Lv J, et al. Proteomic aging clock predicts
mortality and risk of common age-related diseases in
diverse populations. Nat Med. 2024;1-11. https://doi.
org/10.1038/541591-024-03164-7.

. Schellnegger M, Hofmann E, Carnieletto M, Kamolz

L-P. Unlocking longevity: the role of telomeres and its
targeting interventions. Front Aging. 2024;5:1339317.
https://doi.org/10.3389/fragi.2024.1339317.

Pereira B, Correia FP, Alves IA, Costa M, Gameiro M,
Martins AP, Saraiva JA. Epigenetic reprogramming as
a key to reverse ageing and increase longevity. Ageing
Res Rev. 2024;95:102204. https://doi.org/10.1016/j.arr.
2024.102204.

Pavanello S, Campisi M, Tona F, Lin CD, Iliceto S.
Exploring epigenetic age in response to intensive relax-
ing training: a pilot study to slow down biological age.
Int J Environ Res Public Health. 2019;16:3074. https://
doi.org/10.3390/ijerph16173074.

Campisi M, Cannella L, Celik D, Gabelli C, Gollin D,
Simoni M, Ruaro C, Fantinato E, Pavanello S. Mitigat-
ing cellular aging and enhancing cognitive functional-
ity: visual arts-mediated cognitive activation therapy
in neurocognitive disorders. Front Aging Neurosci.
2024;16:1354025. https://doi.org/10.3389/fnagi.2024.
1354025.

Bordoloi S, Pathak K, Devi M, Saikia R, Das J,
Kashyap VH, Das D, Ahmad MZ, Abdel-Wahab BA.
Some promising medicinal plants used in Alzheimer’s
disease: an ethnopharmacological perspective. Dis-
cov Appl Sci. 2024;6:215. https://doi.org/10.1007/
$42452-024-05811-7.

Khan H, Belwal T, Efferth T, Farooqi AA, Sanches-
Silva A, Vacca RA, Nabavi SF, Khan F, Prasad Devkota
H, Barreca D, et al. Targeting epigenetics in cancer:
therapeutic potential of flavonoids. Crit Rev Food Sci
Nutr. 2021;61:1616-39. https://doi.org/10.1080/10408
398.2020.1763910.

Adegbola P, Aderibigbe I, Hammed W, Omotayo T.
Antioxidant and anti-inflammatory medicinal plants
have potential role in the treatment of cardiovascular
disease: a review. Am J Cardiovasc Dis. 2017;7:19-32.
Tang F, Yan H-L, Wang L-X, Xu J-F, Peng C, Ao H,
Tan Y-Z. Review of natural resources with vasodila-
tion: traditional medicinal plants, natural products, and
their mechanism and clinical efficacy. Front Pharmacol.
2021;12:627458. https://doi.org/10.3389/fphar.2021.
627458.

Kubatka P, Mazurakova A, Koklesova L, Samec M,
Sokol J, Samuel SM, Kudela E, Biringer K, Bugos O,
Pec M, et al. Antithrombotic and antiplatelet effects of
plant-derived compounds: a great utility potential for pri-
mary, secondary, and tertiary care in the framework of
3P medicine. EPMA J. 2022;13:407-31. https://doi.org/
10.1007/s13167-022-00293-2.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cell.2019.02.038
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cub.2012.07.024
https://doi.org/10.1016/j.cub.2012.07.024
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.2174/187460980801150727110353
https://doi.org/10.2174/187460980801150727110353
https://doi.org/10.1016/j.arr.2024.102227
https://doi.org/10.1016/j.arr.2024.102227
https://doi.org/10.3390/ijms23137273
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1007/s12015-021-10305-9
https://doi.org/10.1007/s12015-021-10305-9
https://doi.org/10.3389/fmed.2021.517226
https://doi.org/10.3389/fmed.2021.517226
https://doi.org/10.1155/2024/8839631
https://doi.org/10.1155/2024/8839631
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1038/s41586-021-03307-7
https://doi.org/10.1186/s12964-024-01663-1
https://doi.org/10.1186/s12964-024-01663-1
https://doi.org/10.1038/s41591-024-03164-7
https://doi.org/10.1038/s41591-024-03164-7
https://doi.org/10.3389/fragi.2024.1339317
https://doi.org/10.1016/j.arr.2024.102204
https://doi.org/10.1016/j.arr.2024.102204
https://doi.org/10.3390/ijerph16173074
https://doi.org/10.3390/ijerph16173074
https://doi.org/10.3389/fnagi.2024.1354025
https://doi.org/10.3389/fnagi.2024.1354025
https://doi.org/10.1007/s42452-024-05811-7
https://doi.org/10.1007/s42452-024-05811-7
https://doi.org/10.1080/10408398.2020.1763910
https://doi.org/10.1080/10408398.2020.1763910
https://doi.org/10.3389/fphar.2021.627458
https://doi.org/10.3389/fphar.2021.627458
https://doi.org/10.1007/s13167-022-00293-2
https://doi.org/10.1007/s13167-022-00293-2

GeroScience

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Alam S, Sarker MMR, Sultana TN, Chowdhury MNR,
Rashid MA, Chaity NI, Zhao C, Xiao J, Hafez EE, Khan
SA, et al. Antidiabetic phytochemicals from medicinal
plants: prospective candidates for new drug discovery
and development. Front Endocrinol. 2022;13:8007143.
https://doi.org/10.3389/fend0.2022.800714.

Tran N, Pham B, Le L. Bioactive compounds in anti-dia-
betic plants: from herbal medicine to modern drug dis-
covery. Biology (Basel). 2020;9:252. https://doi.org/10.
3390/biology9090252.

Sekhon-Loodu S, Rupasinghe HPV. Evaluation of anti-
oxidant, antidiabetic and antiobesity potential of selected
traditional medicinal plants. Front Nutr. 2019;6:53.
https://doi.org/10.3389/fnut.2019.00053.

Fan X, Fan Z, Yang Z, Huang T, Tong Y, Yang D, Mao
X, Yang M. Flavonoids—natural gifts to promote health
and longevity. Int J Mol Sci. 2022;23:2176. https://doi.
org/10.3390/ijms23042176.

Yao Q, Lin M-T, Zhu Y-D, Xu H-L, Zhao Y-Z. Recent
trends in potential therapeutic applications of the dietary
flavonoid didymin. Molecules. 2018;23:2547. https://doi.
org/10.3390/molecules23102547.

Hung J-Y, Hsu Y-L, Ko Y-C, Tsai Y-M, Yang C-J, Huang
M-S, Kuo P-L. Didymin, a dietary flavonoid glycoside
from citrus fruits, induces fas-mediated apoptotic path-
way in human non-small-cell lung cancer cells in vitro
and in vivo. Lung Cancer. 2010;68:366—74. https://doi.
org/10.1016/j.lungcan.2009.08.013.

Yang J-W, Zou Y, Chen J, Cui C, Song J, Yang M-M,
Gao J, Hu H-Q, Xia L-Q, Wang L-M, et al. Didymin
alleviates  metabolic  dysfunction-associated  fatty
liver disease (MAFLD) via the stimulation of Sirtl-
mediated lipophagy and mitochondrial biogenesis.
J Transl Med. 2023;21:921. https://doi.org/10.1186/
$12967-023-04790-4.

Yang J, Zou Y, Lv X, Chen J, Cui C, Song J, Yang M,
Hu H, Gao J, Xia L, et al. Didymin protects pancre-
atic beta cells by enhancing mitochondrial function in
high-fat diet-induced impaired glucose tolerance. Dia-
betol Metab Syndr. 2024;16:7. https://doi.org/10.1186/
$13098-023-01244-1.

Hamza A, Zadi SSF, Salar MZ, [jaz MU, Al-Ghanim
KA, Ishtiaq A. Mitigative effects of didymin against cad-
mium-induced renal injury via regulating Nrf-2/Keap-
1, apoptosis, inflammation and oxidative stress. J Trace
Elem Med Biol. 2025;127597. https://doi.org/10.1016/j.
jtemb.2025.127597.

Zhang Y, RuXian G. Didymin, a Natural flavonoid,
relieves the progression of myocardial infarction via
inhibiting the NLR family pyrin domain containing 3
inflammasome. Pharm Biol. 2022;60:2319-27. https://
doi.org/10.1080/13880209.2022.2148170.

Guo Y, Qu Y, Li W, Shen H, Cui J, Liu J, Li J, Wu
D. Protective effect of Monarda didyma L. essential
oil and its main component thymol on learning and
memory impairment in aging mice. Front Pharmacol.
2022;13:992269. https://doi.org/10.3389/fphar.2022.
992269.

Yao Q, Lin M-T, Lan Q-H, Huang Z-W, Zheng Y-W,
Jiang X, Zhu Y-D, Kou L, Xu H-L, Zhao Y-Z. In vitro
and in vivo evaluation of didymin cyclodextrin inclusion

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

complexes: characterization and chemosensitization
activity. Drug Delivery. 2020;27:54-65. https://doi.org/
10.1080/10717544.2019.1704941.

Belviso I, Sacco AM, Romano V, Schonauer F, Nurzyn-
ska D, Montagnani S, Di Meglio F, Castaldo C. Isolation
of adult human dermal fibroblasts from abdominal skin
and generation of induced pluripotent stem cells using a
non-integrating method. J Vis Exp. 2020. https://doi.org/
10.3791/60629.

Rasmussen C, Thomas-Virnig C, Allen-Hoffmann BL.
Classical human epidermal keratinocyte cell culture.
Methods Mol Biol. 2013;945:161-75. https://doi.org/10.
1007/978-1-62703-125-7_11.

Jagadeeshaprasad MG, Govindappa PK, Nelson AM,
Elfar JC. Isolation, culture, and characterization of pri-
mary Schwann cells, keratinocytes, and fibroblasts from
human foreskin. Journal of Visualized Experiments
(JoVE). 2022;e63776. https://doi.org/10.3791/63776.
Horvath S, Oshima J, Martin GM, Lu AT, Quach A,
Cohen H, Felton S, Matsuyama M, Lowe D, Kabacik S,
et al. Epigenetic clock for skin and blood cells applied to
Hutchinson Gilford Progeria syndrome and ex vivo stud-
ies. Aging. 2018;10:1758-75. https://doi.org/10.18632/
aging.101508.

Ministero della Salute. Decreto 10 agosto 2018 - Disci-
plina dell’impiego negli integratori alimentari di sostanze
e preparati vegetali (18A06095). Gazzetta Ufficiale della
Repubblica Italiana, Serie Generale, n. 224, 26 Septem-
ber 2018. Available at: https://www.gazzettaufficiale.it/
eli/id/2018/09/26/18 A06095/sg

WHO WHOQOL-BREF: Introduction, administration,
scoring and generic version of the assessment: field trial
version, December 1996 Available online: https://www.
who.int/publications/i/item/WHOQOL-BREF. Accessed
on 7 Aug 24.

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kup-
fer DJ. The Pittsburgh Sleep Quality Index: a new instru-
ment for psychiatric practice and research. Psychiatry
Res. 1989;28:193-213. https://doi.org/10.1016/0165-
1781(89)90047-4.

Alavinia SM, de Boer AGEM, van Duivenbooden JC,
Frings-Dresen MHW, Burdorf A. Determinants of work
ability and its predictive value for disability. Occup Med
(Lond). 2009;59:32-7. https://doi.org/10.1093/occmed/
kqn148.

Pavanello S, Stendardo M, Mastrangelo G, Casillo V,
Nardini M, Mutti A, Campisi M, Andreoli R, Boschetto
P. Higher number of night shifts associates with good
perception of work capacity and optimal lung function
but correlates with increased oxidative damage and tel-
omere attrition. Biomed Res Int. 2019;2019:8327629.
https://doi.org/10.1155/2019/8327629.

Campisi M, Liviero F, Maestrelli P, Guarnieri G,
Pavanello S. DNA methylation-based age predic-
tion and telomere length reveal an accelerated aging in
induced sputum cells compared to blood leukocytes:
a pilot study in COPD patients. Front Med (Lausanne).
2021;8:690312. https://doi.org/10.3389/fmed.2021.
690312.

Pavanello S, Campisi M, Rigotti P, Bello MD, Nuzzolese
E, Neri F, Furian L. DNA methylation - and telomere

@ Springer


https://doi.org/10.3389/fendo.2022.800714
https://doi.org/10.3390/biology9090252
https://doi.org/10.3390/biology9090252
https://doi.org/10.3389/fnut.2019.00053
https://doi.org/10.3390/ijms23042176
https://doi.org/10.3390/ijms23042176
https://doi.org/10.3390/molecules23102547
https://doi.org/10.3390/molecules23102547
https://doi.org/10.1016/j.lungcan.2009.08.013
https://doi.org/10.1016/j.lungcan.2009.08.013
https://doi.org/10.1186/s12967-023-04790-4
https://doi.org/10.1186/s12967-023-04790-4
https://doi.org/10.1186/s13098-023-01244-1
https://doi.org/10.1186/s13098-023-01244-1
https://doi.org/10.1016/j.jtemb.2025.127597
https://doi.org/10.1016/j.jtemb.2025.127597
https://doi.org/10.1080/13880209.2022.2148170
https://doi.org/10.1080/13880209.2022.2148170
https://doi.org/10.3389/fphar.2022.992269
https://doi.org/10.3389/fphar.2022.992269
https://doi.org/10.1080/10717544.2019.1704941
https://doi.org/10.1080/10717544.2019.1704941
https://doi.org/10.3791/60629
https://doi.org/10.3791/60629
https://doi.org/10.1007/978-1-62703-125-7_11
https://doi.org/10.1007/978-1-62703-125-7_11
https://doi.org/10.3791/63776
https://doi.org/10.18632/aging.101508
https://doi.org/10.18632/aging.101508
https://www.gazzettaufficiale.it/eli/id/2018/09/26/18A06095/sg
https://www.gazzettaufficiale.it/eli/id/2018/09/26/18A06095/sg
https://www.who.int/publications/i/item/WHOQOL-BREF
https://www.who.int/publications/i/item/WHOQOL-BREF
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1093/occmed/kqn148
https://doi.org/10.1093/occmed/kqn148
https://doi.org/10.1155/2019/8327629
https://doi.org/10.3389/fmed.2021.690312
https://doi.org/10.3389/fmed.2021.690312

GeroScience

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

- based biological age estimation as markers of bio-
logical aging in donors kidneys. Front Med (Lausanne).
2022;9:832411. https://doi.org/10.3389/fmed.2022.
832411.

Campisi M, Mastrangelo G, MielZyr’lska—évach D,
Hoxha M, Bollati V, Baccarelli AA, Carta A, Porru S,
Pavanello S. The effect of high polycyclic aromatic
hydrocarbon exposure on biological aging indicators.
Environ Health. 2023;22:27. https://doi.org/10.1186/
$12940-023-00975-y.

Pavanello S, Campisi M, Mastrangelo G, Hoxha M, Bol-
lati V. The effects of everyday-life exposure to polycy-
clic aromatic hydrocarbons on biological age indicators.
Environ Health. 2020;19:128. https://doi.org/10.1186/
$12940-020-00669-9.

Pavanello S, Campisi M, Grassi A, Mastrangelo G,
Durante E, Veronesi A, Gallucci M. Longer leukocytes
telomere length predicts a significant survival advan-
tage in the elderly TRELONG Cohort, with short physi-
cal performance battery score and years of education as
main determinants for telomere elongation. J Clin Med.
2021;10:3700. https://doi.org/10.3390/jcm10163700.
Pavanello S, Campisi M, Fabozzo A, Cibin G, Tar-
zia V, Toscano G, Gerosa G. The biological age of
the heart is consistently younger than chronological
age. Sci Rep. 2020;10:10752. https://doi.org/10.1038/
$41598-020-67622-1.

Klemera P, Doubal S. A new approach to the concept
and computation of biological age. Mech Ageing Dev.
2006;127:240-8. https://doi.org/10.1016/j.mad.2005.10.
004.

Bland JM, Altman DG. Measuring agreement in method
comparison studies. Stat Methods Med Res. 1999;8:135—
60. https://doi.org/10.1177/096228029900800204.
Chang AY, Skirbekk VF, Tyrovolas S, Kassebaum NI,
Dieleman JL. Measuring population ageing: an analy-
sis of the Global Burden of Disease Study 2017. Lancet
Public Health. 2019;4:¢159-67. https://doi.org/10.1016/
$2468-2667(19)30019-2.

Smeriglio A, Ingegneri M, Germano MP, Miori L, Bat-
tistini G, Betuzzi F, Malaspina P, Trombetta D, Cornara
L. Pharmacognostic evaluation of Monarda Didyma L.
growing in Trentino (Northern Italy) for cosmeceutical
applications. Plants (Basel). 2023;13:112. https://doi.org/
10.3390/plants13010112.

Reddy VP. Oxidative stress in health and disease. Bio-
medicines. 2023;11:2925. https://doi.org/10.3390/biome
dicines11112925.

Rossiello F, Jurk D, Passos JF, d’adda di Fagagna F. Tel-
omere dysfunction in ageing and age-related diseases.
Nat Cell Biol. 2022;24:135-47. https://doi.org/10.1038/
$41556-022-00842-x.

Liu R, Zhao E, Yu H, Yuan C, Abbas MN, Cui H.
Methylation across the Central Dogma in Health and
Diseases: new therapeutic strategies. Signal Trans-
duct Target Ther. 2023;8:310. https://doi.org/10.1038/
$41392-023-01528-y.

Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro
A. Inflammaging: a new immune-metabolic viewpoint for
age-related diseases. Nat Rev Endocrinol. 2018;14:576—
90. https://doi.org/10.1038/s41574-018-0059-4.

@ Springer

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shukla K, Sonowal H, Saxena A, Ramana KV. Didymin
prevents hyperglycemia-induced human umbilical
endothelial cells dysfunction and death. Biochem Phar-
macol. 2018;152:1-10.  https://doi.org/10.1016/j.bcp.
2018.03.012.

D’Angelo S. Diet and aging: the role of polyphenol-rich
diets in slow down the shortening of telomeres: a review.
Antioxidants (Basel). 2023;12:2086. https://doi.org/10.
3390/antiox12122086.

Barnes RP, Fouquerel E, Opresko PL. The impact of oxi-
dative DNA damage and stress on telomere homeostasis.
Mech Ageing Dev. 2019;177:37-45. https://doi.org/10.
1016/j.mad.2018.03.013.

Valdiglesias V, Giunta S, Fenech M, Neri M, Bonassi S.
YH2AX as a marker of DNA double strand breaks and
genomic instability in human population studies. Mutat
Res. 2013;753:24-40. https://doi.org/10.1016/j.mrrev.
2013.02.001.

Ayrapetov MK, Gursoy-Yuzugullu O, Xu C, Xu Y,
Price BD. dna double-strand breaks promote methyla-
tion of histone H3 on lysine 9 and transient formation
of repressive chromatin. Proc Natl Acad Sci U S A.
2014;111:9169-74.  https://doi.org/10.1073/pnas.14035
65111.

Siddiqui MS, Francois M, Fenech MF, Leifert WR.
Persistent YH2AX: a promising molecular marker of
DNA damage and aging. Mutat Res Rev Mutat Res.
2015;766:1-19. https://doi.org/10.1016/j.mrrev.2015.07.
001.

Itahana K, Campisi J, Dimri GP. Methods to detect
biomarkers of cellular senescence: the senescence-
associated beta-galactosidase assay. Methods Mol
Biol. 2007;371:21-31. https://doi.org/10.1007/
978-1-59745-361-5_3.

Mohamad Kamal NS, Safuan S, Shamsuddin S,
Foroozandeh P. Aging of the cells: insight into cellu-
lar senescence and detection methods. Eur J Cell Biol.
2020;99:151108. https://doi.org/10.1016/j.ejcb.2020.
151108.

El Assar M, Angulo J, Rodriguez-Mafias L. Oxidative
stress and vascular inflammation in aging. Free Radic
Biol Med. 2013;65:380—401. https://doi.org/10.1016/j.
freeradbiomed.2013.07.003.

Fragkiadaki P, Apetroaei M-M, Kouvidi E, Vakonaki
E, Renieri E, Fragkiadoulaki I, Spanakis M, Baliou S,
Alegakis A, Tsatsakis A. The association between short
telomere length and cardiovascular disease. Cytogenet
Genome Res. 2024. https://doi.org/10.1159/000542795.
Pickett JR, Wu Y, Zacchi LF, Ta HT. Targeting endothe-
lial vascular cell adhesion molecule-1 in atherosclerosis:
drug discovery and development of vascular cell adhe-
sion molecule-1-directed novel therapeutics. Cardiovasc
Res. 2023;119:2278-93.  https://doi.org/10.1093/cvr/
cvad130.

Park GY, Park JW, Jeong DH, Jeong SH. Prolonged air-
way and systemic inflammatory reactions after smoke
inhalation*. Chest. 2003;123:475-80. https://doi.org/10.
1378/chest.123.2.475.

Dioni L, Hoxha M, Nordio F, Bonzini M, Tarantini L,
Albetti B, Savarese A, Schwartz J, Bertazzi PA, Apos-
toli P, et al. Effects of short-term exposure to inhalable


https://doi.org/10.3389/fmed.2022.832411
https://doi.org/10.3389/fmed.2022.832411
https://doi.org/10.1186/s12940-023-00975-y
https://doi.org/10.1186/s12940-023-00975-y
https://doi.org/10.1186/s12940-020-00669-9
https://doi.org/10.1186/s12940-020-00669-9
https://doi.org/10.3390/jcm10163700
https://doi.org/10.1038/s41598-020-67622-1
https://doi.org/10.1038/s41598-020-67622-1
https://doi.org/10.1016/j.mad.2005.10.004
https://doi.org/10.1016/j.mad.2005.10.004
https://doi.org/10.1177/096228029900800204
https://doi.org/10.1016/S2468-2667(19)30019-2
https://doi.org/10.1016/S2468-2667(19)30019-2
https://doi.org/10.3390/plants13010112
https://doi.org/10.3390/plants13010112
https://doi.org/10.3390/biomedicines11112925
https://doi.org/10.3390/biomedicines11112925
https://doi.org/10.1038/s41556-022-00842-x
https://doi.org/10.1038/s41556-022-00842-x
https://doi.org/10.1038/s41392-023-01528-y
https://doi.org/10.1038/s41392-023-01528-y
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1016/j.bcp.2018.03.012
https://doi.org/10.1016/j.bcp.2018.03.012
https://doi.org/10.3390/antiox12122086
https://doi.org/10.3390/antiox12122086
https://doi.org/10.1016/j.mad.2018.03.013
https://doi.org/10.1016/j.mad.2018.03.013
https://doi.org/10.1016/j.mrrev.2013.02.001
https://doi.org/10.1016/j.mrrev.2013.02.001
https://doi.org/10.1073/pnas.1403565111
https://doi.org/10.1073/pnas.1403565111
https://doi.org/10.1016/j.mrrev.2015.07.001
https://doi.org/10.1016/j.mrrev.2015.07.001
https://doi.org/10.1007/978-1-59745-361-5_3
https://doi.org/10.1007/978-1-59745-361-5_3
https://doi.org/10.1016/j.ejcb.2020.151108
https://doi.org/10.1016/j.ejcb.2020.151108
https://doi.org/10.1016/j.freeradbiomed.2013.07.003
https://doi.org/10.1016/j.freeradbiomed.2013.07.003
https://doi.org/10.1159/000542795
https://doi.org/10.1093/cvr/cvad130
https://doi.org/10.1093/cvr/cvad130
https://doi.org/10.1378/chest.123.2.475
https://doi.org/10.1378/chest.123.2.475

GeroScience

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

particulate matter on telomere length, telomerase expres-
sion, and telomerase methylation in steel workers. Envi-
ron Health Perspect. 2011;119:622-7. https://doi.org/10.
1289/ehp.1002486.

Garagnani P, Bacalini MG, Pirazzini C, Gori D, Giuliani
C, Mari D, Di Blasio AM, Gentilini D, Vitale G, Collino
S, et al. Methylation of ELOVL2 gene as a new epige-
netic marker of age. Aging Cell. 2012;11:1132—4. https://
doi.org/10.1111/acel.12005.

Bacalini MG, Deelen J, Pirazzini C, De Cecco M,
Giuliani C, Lanzarini C, Ravaioli F, Marasco E, van
Heemst D, Suchiman HED, et al. Systemic age-associ-
ated DNA hypermethylation of ELOVL2 gene: in vivo
and in vitro evidences of a cell replication process. J Ger-
ontol A Biol Sci Med Sci. 2017;72:1015-23. https://doi.
org/10.1093/gerona/glw185.

Li X, Wang J, Wang L, Gao Y, Feng G, Li G, Zou J, Yu
M, Li YF, Liu C, et al. Lipid metabolism dysfunction
induced by age-dependent DNA methylation accelerates
aging. Signal Transduct Target Ther. 2022;7:162. https://
doi.org/10.1038/541392-022-00964-6.

Miiller JM, Isele U, Metzger E, Rempel A, Moser M,
Pscherer A, Breyer T, Holubarsch C, Buettner R, Schiile
R. FHL2, a novel tissue-specific coactivator of the andro-
gen receptor. EMBO J. 2000;19:359-69. https://doi.org/
10.1093/emboj/19.3.359.

Miiller JM, Metzger E, Greschik H, Bosserhoff A-K,
Mercep L, Buettner R, Schiile R. The transcriptional
coactivator FHL2 transmits Rho signals from the cell
membrane into the nucleus. EMBO J. 2002;21:736-48.
https://doi.org/10.1093/emboj/21.4.736.

Johannessen M, Mgller S, Hansen T, Moens U, Van Ghe-
lue M. The multifunctional roles of the four-and-a-half-
LIM only protein FHL2. Cell Mol Life Sci. 2006;63:268—
84. https://doi.org/10.1007/s00018-005-5438-z.

Habibe JJ, Clemente-Olivo MP, de Vries CJ. How (Epi)
genetic regulation of the LIM-domain protein FHL2
impacts multifactorial disease. Cells. 2021;10:2611.
https://doi.org/10.3390/cells10102611.

Huang D, Cui L, Ahmed S, Zainab F, Wu Q, Wang X, Yuan
Z. An overview of epigenetic agents and natural nutrition
products targeting DNA methyltransferase, histone deacety-
lases and microRNAs. Food Chem Toxicol. 2019;123:574—
94. https://doi.org/10.1016/j.fct.2018.10.052.

Wakeel F, Hannah J, Gorfinkel L. Stress, coping, and
quality of life in the United States during the COVID-19
Pandemic. PLoS ONE. 2023;18:¢0277741. https://doi.
org/10.1371/journal.pone.0277741.

Kudrnacova M, Kudrnid¢ A. Better sleep, better life?
Testing the role of sleep on quality of life. PLoS ONE.
2023;18:0282085. https://doi.org/10.1371/journal.pone.
0282085.

Marquez DX, Aguifiaga S, Vasquez PM, Conroy DE,
Erickson KI, Hillman C, Stillman CM, Ballard RM,
Sheppard BB, Petruzzello SJ, et al. A systematic review
of physical activity and quality of life and well-being.
Trans] Behav Med. 2020;10:1098-109. https://doi.org/
10.1093/tbm/ibz198.

Shanaida M, Hudz N, Jasicka-Misiak I, Wieczorek
PP. Polyphenols and pharmacological screening of a
Monarda fistulosa L. dry extract based on a hydrodistilled

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

residue by-product. Front Pharmacol. 2021;12:563436.
https://doi.org/10.3389/fphar.2021.563436.

Yang S, Zhang B, Wang D, Hu S, Wang W, Liu C,
Wu Z, Yang C. Role of GABAergic system in the
comorbidity of pain and depression. Brain Res Bull.
2023;200:110691. https://doi.org/10.1016/j.brainresbull.
2023.110691.

Chen Q. Neurobiological and anti-aging benefits of yoga:
a comprehensive review of recent advances in non-phar-
macological therapy. Exp Gerontol. 2024;196:112550.
https://doi.org/10.1016/j.exger.2024.112550.

Liu J-K. Antiaging agents: safe interventions to
slow aging and healthy life span extension. Nat Prod
Bioprospect. 2022;12:18. https://doi.org/10.1007/
$13659-022-00339-y.

Militello R, Luti S, Gamberi T, Pellegrino A, Modesti
A, Modesti PA. Physical activity and oxidative stress in
aging. Antioxidants. 2024;13:557. https://doi.org/10.
3390/antiox13050557.

Bacanoiu MV, Danoiu M, Rusu L, Marin MI. New direc-
tions to approach oxidative stress related to physical
activity and nutraceuticals in normal aging and neuro-
degenerative aging. Antioxidants. 2023;12:1008. https://
doi.org/10.3390/antiox12051008.

Chen H, Chen C, Spanos M, Li G, Lu R, Bei Y, Xiao J.
Exercise training maintains cardiovascular health: signal-
ing pathways involved and potential therapeutics. Signal
Transduct Target Ther. 2022;7:306. https://doi.org/10.
1038/s41392-022-01153-1.

Gilley RR. The role of sleep in cognitive function:
the value of a good night’s rest. Clin EEG Neurosci.
2023;54:12-20. https://doi.org/10.1177/1550059422
1090067.

Garbarino S, Lanteri P, Bragazzi NL, Magnavita N,
Scoditti E. Role of sleep deprivation in immune-related
disease risk and outcomes. Commun Biol. 2021;4:1304.
https://doi.org/10.1038/s42003-021-02825-4.

Kim TW, Jeong J-H, Hong S-C. The impact of sleep and
circadian disturbance on hormones and metabolism. Int J
Endocrinol. 2015;2015:591729. https://doi.org/10.1155/
2015/591729.

Williams JA, Naidoo N. Sleep and cellular stress. Curr
Opin Physiol. 2020;15:104—-10. https://doi.org/10.1016/j.
cophys.2019.12.011.

Inoué S, Honda K, Komoda Y. Sleep as neuronal detoxi-
fication and restitution. Behav Brain Res. 1995;69:91-6.
https://doi.org/10.1016/0166-4328(95)00014-k.
Linowiecka K, Slominski AT, Reiter RJ, B6hm M, Stein-
brink K, Paus R, Kleszczyriski K. Melatonin: a potential
regulator of DNA methylation. Antioxidants (Basel).
2023;12:1155. https://doi.org/10.3390/antiox12061155.
Gounden V, Bhatt H, Jialal I. Renal function tests. Treas-
ure Island (FL): In StatPearls; StatPearls Publishing;
2024.

Pottel H, Delanaye P, Cavalier E. Exploring renal func-
tion assessment: creatinine, cystatin C, and estimated
glomerular filtration rate focused on the European
Kidney Function Consortium Equation. Ann Lab Med.
2024;44:135-43. https://doi.org/10.3343/alm.2023.
0237.

@ Springer


https://doi.org/10.1289/ehp.1002486
https://doi.org/10.1289/ehp.1002486
https://doi.org/10.1111/acel.12005
https://doi.org/10.1111/acel.12005
https://doi.org/10.1093/gerona/glw185
https://doi.org/10.1093/gerona/glw185
https://doi.org/10.1038/s41392-022-00964-6
https://doi.org/10.1038/s41392-022-00964-6
https://doi.org/10.1093/emboj/19.3.359
https://doi.org/10.1093/emboj/19.3.359
https://doi.org/10.1093/emboj/21.4.736
https://doi.org/10.1007/s00018-005-5438-z
https://doi.org/10.3390/cells10102611
https://doi.org/10.1016/j.fct.2018.10.052
https://doi.org/10.1371/journal.pone.0277741
https://doi.org/10.1371/journal.pone.0277741
https://doi.org/10.1371/journal.pone.0282085
https://doi.org/10.1371/journal.pone.0282085
https://doi.org/10.1093/tbm/ibz198
https://doi.org/10.1093/tbm/ibz198
https://doi.org/10.3389/fphar.2021.563436
https://doi.org/10.1016/j.brainresbull.2023.110691
https://doi.org/10.1016/j.brainresbull.2023.110691
https://doi.org/10.1016/j.exger.2024.112550
https://doi.org/10.1007/s13659-022-00339-y
https://doi.org/10.1007/s13659-022-00339-y
https://doi.org/10.3390/antiox13050557
https://doi.org/10.3390/antiox13050557
https://doi.org/10.3390/antiox12051008
https://doi.org/10.3390/antiox12051008
https://doi.org/10.1038/s41392-022-01153-1
https://doi.org/10.1038/s41392-022-01153-1
https://doi.org/10.1177/15500594221090067
https://doi.org/10.1177/15500594221090067
https://doi.org/10.1038/s42003-021-02825-4
https://doi.org/10.1155/2015/591729
https://doi.org/10.1155/2015/591729
https://doi.org/10.1016/j.cophys.2019.12.011
https://doi.org/10.1016/j.cophys.2019.12.011
https://doi.org/10.1016/0166-4328(95)00014-k
https://doi.org/10.3390/antiox12061155
https://doi.org/10.3343/alm.2023.0237
https://doi.org/10.3343/alm.2023.0237

GeroScience

98.

99.

100.

101.

Yadav SK, Rai SN, Singh SP. Mucuna pruriens reduces
inducible nitric oxide synthase expression in Parkin-
sonian mice model. ] Chem Neuroanat. 2017;80:1-10.
https://doi.org/10.1016/j.jchemneu.2016.11.009.

Rai SN, Yadav SK, Singh D, Singh SP. Ursolic acid
attenuates oxidative stress in nigrostriatal tissue and
improves neurobehavioral activity in MPTP-induced Par-
kinsonian mouse model. J] Chem Neuroanat. 2016;71:41—
9. https://doi.org/10.1016/j.jchemneu.2015.12.002.
Prakash J, Chouhan S, Yadav SK, Westfall S, Rai SN,
Singh SP. Withania Somnifera alleviates Parkinsonian
phenotypes by inhibiting apoptotic pathways in dopa-
minergic neurons. Neurochem Res. 2014;39:2527-36.
https://doi.org/10.1007/s11064-014-1443-7.
Ramakrishna K, Karuturi P, Siakabinga Q, T A G,
Krishnamurthy S, Singh S, Kumari S, Kumar GS, Sob-
hia ME, Rai SN. Indole-3 carbinol and diindolylmethane

@ Springer

102.

mitigated P-amyloid-induced neurotoxicity and acetyl-
cholinesterase enzyme activity: in silico, in vitro, and
network pharmacology study. Diseases. 2024;12:184.
Tripathi PN, Lodhi A, Rai SN, Nandi NK, Dumoga S,
Yadav P, Tiwari AK, Singh SK, El-Shorbagi A-NA,
Chaudhary S. Review of pharmacotherapeutic targets
in Alzheimer’s disease and its management using tradi-
tional medicinal plants. Degener Neurol Neuromuscul
Dis. 2024;14:47-74. https://doi.org/10.2147/DNND.
$4520009.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.jchemneu.2016.11.009
https://doi.org/10.1016/j.jchemneu.2015.12.002
https://doi.org/10.1007/s11064-014-1443-7
https://doi.org/10.2147/DNND.S452009
https://doi.org/10.2147/DNND.S452009

	Unveiling the geroprotective potential of Monarda didyma L.: insights from in vitro studies and a randomized clinical trial on slowing biological aging and improving quality of life
	Abstract 
	Introduction
	Methods
	Monarda didyma L. extract preparation
	In vitro studies on Monarda didyma L. extract
	Analysis of protein oxidation
	Analysis of telomere length (TL)
	Analysis of DNA damage-induced aging
	Analyses of cell senescence and epigenetic age
	Analysis of endothelial function
	Analysis of vascular permeability
	Statistical analysis

	Clinical trial
	Study population
	Study design
	Supplementation protocol
	Questionnaires
	Sample collection
	Monitoring through the wearable device MiBand 7 watch
	Basic biochemistry, inflammatory markers, and salivary cortisol
	DNA extraction
	DNAmAge
	LTL
	Hematological age: a new outcome
	Sample size
	Statistical analysis
	Movement and sleep indexes (MI and SI)


	Results
	In vitro studies on Monarda didyma L. extract
	Analysis of protein oxidation
	TL
	DNA damage-induced aging
	Cell senescence and epigenetic age
	Endothelial function
	Vascular permeability

	Clinical trial
	Study population
	Basic biochemistry parameters before and after treatment
	Biological age markers ˗ LTL and DNAmAge ˗ before and after treatment
	Hematological age before and after treatment in G1 and G2
	Data from questionnaires and MiBand 7 watch
	Effect size of biological aging parameters and quality of life
	Movement and Sleep Indexes (MI and SI) derived by MiBand 7 data
	Correlation between Movement or Sleep Indexes and the difference in biological aging indicators


	Discussion
	In vitro studies on Monarda didyma L. extract
	Clinical trial
	Biological aging
	Comprehensive evaluation of lifestyle parameters and quality of life
	Movement and sleep indices improvements
	Correlation between sleep index and epigenetic aging
	Basic biochemical parameters

	Limitations and strengths of the study
	Comparative potential of Monarda didyma L. in oxidative stress, telomere preservation, and DNA methylation

	Conclusion
	Acknowledgements 
	References


