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ARTICLE INFO ABSTRACT
Keywords: Objective: It has recently been highlighted how a short healthy life-style program (LSP) can
Aging improve the functional outcomes of older people admitted to a Long-Term Care (LTC) facility.
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Although it is known that life-style medicine-based interventions can exert anti-aging effects
through the modulation of oxidative stress and mitochondrial function, the mechanisms under-
lying the aforementioned effects have not been clarified, yet. For this reason, in this study, the
outcomes were focused on the investigation of the possible mechanisms underlying the benefits of
a short LSP in older people. This was achieved by examining circulating markers of oxidative
stress and immunosenescence, such as Tymosin § (Tp4), before and after LSP and the effects of
plasma of older people undergone or not LSP on endothelial cells.

Methods: Fifty-four older people were divided into two groups (n = 27 each): subjects undergoing
LSP and subjects not undergoing LSP (control). The LSP consisted of a combination of caloric
restriction, physical activity, and psychological intervention and lasted 3 months. Plasma samples
were taken before (T0) and after LSP (T1) and were used to measure thiobarbituric acid reactive
substances (TBARS), 8-hydroxy-2-deoxyguanosine (80HdG), 8-Isoprostanes (IsoP), glutathione
(GSH), superoxide dismutase (SOD) activity and T4. In addition, plasma was used to stimulate
human vascular endothelial cells (HUVEC), which were examined for cell viability, mitochondrial
membrane potential, reactive oxygen species (ROS) and mitochondrial ROS (MitoROS) release.

Results: At T1, in LSP group we did not detect the increase of plasma TBARS and IsoP, which was
observed in control. Also, plasma levels of 8OHdG were lower in LSP group vs control. In addi-
tion, LSP group only showed an increase of plasma GSH and SOD activity. Moreover, plasma
levels of Tp4 were more preserved in LSP group. Finally, at T1, in HUVEC treated with plasma
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from LSP group only we found an increase of the mitochondrial membrane potential and a
reduction of ROS and MitoROS release in comparison with TO.

Conclusions: The results of this study showed that a short LSP in older persons exerts antiaging
effects by modulating oxidative stress also at cellular levels. Implications of those findings could
be related to both prognostic and therapeutic strategies, which could be pursued as antiaging
methods.

1. Introduction

Aging arises from the oxidative damage to cells and tissues and presents significant increased risks of various aging-related
pathological conditions, like neurodegenerative, cardiovascular, metabolic, skeletal muscle and immune system diseases. Many fac-
tors are involved in the onset and regulation of aging: genomic instability, epigenetic alterations, loss of proteostasis, altered auto-
phagy, mitochondrial dysfunction, cellular senescence, etc [1].

Most of the above drivers have been associated with chronic oxidative stress caused by elevated levels of reactive oxygen species
(ROS) and other oxidants release not balanced by antioxidants. It is to note that the resulting altered redox state is associated with
aging and the progressive increase in the chance of morbidity and mortality, as well [2-5]. Among various markers of oxidative stress,
the most extensively quantified in aging studies, as being associated to the acceleration of aging process, are thiobarbituric acid
reactive substances (TBARS), 8-hydroxy-2-deoxyguanosine (80HdG) and 8-Isoprostanes (IsoP). Instead, the most common evaluated
antioxidants are glutathione (GSH) and superoxide dismutase (SOD) activity [6-10].

Considering the demographic shift, the identification of interventions aimed at promoting health and longevity, is mandatory in
order to decrease the incidence and development of aging and aging-related diseases and, in turn, promote healthy aging and longevity
[11-21]. In older people, several studies showed how personal lifestyle, including adequate physical activity, mental wellbeing, caloric
restriction and nutritional intervention, could significantly increase longevity and mitigate the negative outcomes of chronic condi-
tions [22,23]. About this issue, many proteomic analyzes and quantifications of oxidant and antioxidant markers have been conducted
in elderly subjects [23], undergone or not undergone life-style interventions [6,24-26]. However, the available evidence is focused on
community-dwelling older people [27], while it has been suggested that older subject living in long-term care (LTC) might present
higher oxidative stress levels, with a lower antioxidant status, than general older population [28].

In our recent study, we have shown that in a population of older people admitted to a LTC facility, a relatively short period of
healthy life-style program (LSP) obtained through combining moderate to high physical exercise, a low caloric diet and psychological
wellbeing, was effective in terms of improvement of functional scores related to walk, balance, and disability [29].

As regarding the possible protective mechanisms, all the above interventions and in particular LSP, could modulate oxidative
stress/redox state and inflammation and keep mitochondria function [30-35]. In particular, both caloric restriction and physical
activity are reliable means of increasing lifespan, decreasing inflammation and ROS levels [26] and stimulating hormesis, which is a
biological phenomenon where exposure to low doses of a stressor can induce adaptive responses resulting in improved health and
longevity through increased production of the antioxidants and of the DNA repairing enzymes [36,37].

About mitochondria, it is well known that their dysfunction could be intimately linked to a wide range of processes associated with
aging including senescence, inflammation, as well as, to the more generalized age-dependent decline in tissue and organ function
[38-42]. For these reasons, the maintenance of an adequate mitochondrial function could play a pivotal role as an anti-aging tool. At
this regard, it is to note that in a previous paper performed by using plasma of older people, we showed that changes of mitochondrial
membrane potential of human vascular endothelial cells (HUVEC) were correlated with the patients’ outcomes [43]. Those findings
highlighted the existence of unknown circulating factors, which were able to mediate the damage to the endothelium and the crucial
role played by endothelial cells in aging, as also suggested by others [44,45]. By this way, it could be hypothesized that the
improvement of mitochondrial function in endothelial cells could be an additional mechanism involved in the beneficial effects we
found in the subjects undergone the LSP.

Anyway, in spite of existing information regarding the role of life-style medicine-based programs on aging, data on the effect of a
short period of LSP on oxidative stress and endothelial function are rather scarce, especially from the long-term care setting [27]. An
interesting aspect could be also the one to verify whether LSP can exert anti-aging effects through the modulation of those unknown
circulating factors, we previously found to be able to cause damages to endothelial cells. The results obtained could have interesting
repercussions not only for the implementation of knowledge about the pathophysiology of aging and the protective role exerted by
LSP, but also for diagnostic/prognostic purposes related to the evaluation of subjects’ response to LSP and its maintenance over time. In
addition, the in-depth study of the aforementioned aspects could lead to identification of mechanisms able to modulate the endothelial
senescence and dysfunction, which could represent a promising therapeutic opportunity for the prevention of aging [44].

For this reason, in this study we aimed to evaluate plasma markers of redox state in older people living in a LTC facility, before (T0)
and after a three-months-period of LSP (T1), which included physical exercise, diet and psychological wellbeing. In addition, we
evaluated the effects of plasma of the subjects on HUVEC, in terms of cell viability, oxidants release and mitochondrial function.
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2. Materials and methods
2.1. Participants selection

This study is a part of a large experimental study, which was performed according to the CONSORT Statement [28] and was
approved on September 30th, 2020 by the Ethical Committee of the “Azienda Ospedaliera Maggiore della Carita” University Hospital
in Novara (registration number: CE 232/20).

Eligible participants have been living in the “Belletti Bona” nursing home, which is a 144-beds LTC facility located in Biella
(Piedmont, Italy; facility managed by the not-for-profit private company Anteo Impresa Sociale), for one or more years and requiring
moderate or high nursing care [29]. We included in the study only subjects who were able to express their signed informed consent,
according to The Code of Ethics of the World Medical Association (Declaration of Helsinki). To keep the anonymity of sample data
collection and analysis, an alphanumeric code was randomly assigned to each participant [29]. Before the intervention, baseline data
was collected through clinical record screening. This included: demographic information, comorbidities, current therapy, use of to-
bacco, restraint use, performance in activities of daily living (adopting the Barthel Index (BI) [46] and the Katz ADL scales [47], and
risk of falls (using the Tinetti scale [48]). The collection of such information is a routine activity of LTC facilities.

Sample size was estimated considering an improvement in functionality after the LSP, specifically an increase in the BI. The larger
experimental study, of which this study is a part [29], was conducted using a pragmatic randomized controlled trial design. Pragmatic
studies aim to assess the effectiveness of interventions in real-world settings; thus, we used the BI, a tool routinely employed in LTC
facilities worldwide to assess patients’ functionality. Considering a baseline BI score of 25 and aiming to detect a 15 % improvement
(one-sided, 5 % significance level, 80 % power), we calculated a sample of 27 subjects per group, given an anticipated dropout rate of
10 % [49,50].

As described in our previous paper, the participants were randomly allocated to the intervention group (LSP), or control group. In
the intervention group, subjects underwent a three-month multicomponent program. The LSP combined three components (namely
physical exercise, healthy diet, and psychological wellbeing) to obtain a synergistic beneficial effect on the patients’ functionality [29,
51] and to decrease risk of falls [52]. While it has been suggested that physical exercise and a balanced nutrition might support healthy
aging and reduce oxidative stress [53], the psychological wellbeing can increase adherence, motivation and self-confidence of patients
toward the intervention, ultimately supporting the overall effectiveness [54]. Detailed description of each component is available in
the supplementary materials of the primary study [29].

The physical exercise was organized into 45-min sessions, twice a week, requiring moderate to high effort to subjects and was
managed by physiotherapists. The diet offered four different meals and was organized by nutritionists to provide fruits and vegetables
and at least 30 g of proteins [55]. In order to reduce the risk of falls and hip fractures [56], daily calcium and vitamin D intake were
managed to reach the minimum quantity suggested by the recommended daily intake levels [57,58]. Finally, the psychological
wellbeing was delivered in weekly group sessions by experienced psychologists [29,43].

In contrast, patients in the control group received usual care. Specifically, their physical activity included physiotherapist-assisted
walks lasting 5-10 min, five times per week. Additionally, residents typically participated in a weekly, low-intensity, 1-h group
physical exercise session. Their diet consisted of normocaloric, normoproteic meals in accordance with local health authority regu-
lations. Psychological support was provided through bi-weekly monitoring by a psychologist, with targeted interventions offered as
needed.

Information regarding physical exercise and psychological wellbeing components (e.g., attendance rate) was collected from pa-
tients’ clinical records, while food intake was monitored by health assistants during each meal. To ensure a controlled food intake, both
participants and their families were asked to avoid any food supplementation. In addition, as a routine procedure of the facility,
relatives are asked to report healthcare workers any additional food brought from outside, and the workers must report such events in
the individual patient report. Moreover, participants were instructed to avoid additional and uncontrolled food intake. In all partic-
ipants, blood samples were taken before (baseline, TO) and after the intervention, or after three months from TO (T1).

2.2. Collection of blood samples

Blood samples were taken from participants, in the morning in fasting conditions by using BD Vacutainer tubes (sodium heparin as
anticoagulant) on January 15th, 20th, and 24th, 2020 (baseline, T0) and on April 15th, 20th and 24th (T1). Each sample was
immediately centrifuged by a refrigerated centrifuge (Eppendorf, mod. 5702 with rotor A-4-38) for 10 min, at 3100 rpm at 4 °C. The
plasma obtained was divided into five tubes, which were kept at —80 °C at the Physiology Laboratory of the Universita del Piemonte
Orientale and further processed for the quantification of markers of redox state, as specified below, and for executing the in vitro
experiments on HUVEC.

2.3. Plasma markers of redox state evaluation

2.3.1. Thiobarbituric acid reactive substances (TBARS) quantification

The evaluation of plasma TBARS was performed on each plasma sample by using the TBARS assay Kit (Cayman Chemical, Ann
Arbor, MI, USA), which evaluates the malonyldialdeide (MDA) release [35-37] To do this, 100 pL of each plasma sample was added to
sodium dodecyl sulphate solution (100 pL) and Color Reagent (2 mL). Each sample was boiled for 1 h and then shifted on ice for 10 min
to stop the reaction. Thereafter, each sample was subjected to centrifugation (10 min at 1600xg, 4 °C); after that, 150 pL was
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transferred to 96-well plates for MDA detection through a spectrophotometer (VICTOR™ X Multilabel Plate Reader, PerkinElmer;
Waltham, MA, USA) at excitation/emission wavelengths of 530-540 nm. In order to quantify the correct value of TBARS in each
sample (expressed as MDA in pM), a reference standard curve with the TBARS Standard was prepared. Each measurement was per-
formed in triplicate. Detection Range: 0.625-50 pM.

2.3.2. 8-Hydroxy-2-deoxyguanosine (80OHdAG), 8-Isoprostanes (IsoP) and Thymosin beta (T4) quantification

Plasma 80HAG, IsoP and Tp4 measurements were performed by using specific ELISA assays (8-hydroxy-2-deoxyguanosine ELISA
Kit; Prodotti Gianni srl, Milan, Italy; 8-Isoprostanes ELISA Kit; Labospace Milan, Italy; Human TMSp4 ELISA Kit; Wuhan Fine Biotech
Co.; Wuhan, China) [4]. In order to evaluate 8OHdG, 50 pl of each plasma sample, the standard solution and 50 pl of 8-hydroxy-2--
deoxyguanosine Antibody Preparation were added to each well and then the plate was incubated at room temperature (RT) for 1 h.
After 1 h, each well was washed 4 times with 300 pl of 1X Wash Buffer and then, 100 pl of Substrate Solution (tetramethyl-benzidine)
was added to each well and incubated for 30 min at RT in the dark. The enzyme reaction was stopped by adding 100 pl of Stop Solution
(1 M phosphoric acid) into each well and the plate was read immediately. Assay Detection Range: 1.563-100 ng/mL. Sensitivity <0.94
ng/mL. Inter-assay and intra-assay <5.

As regarding IsoP measurement, 1 ml of plasma (adjusted with 12 pl acetic acid to pH 4) and 1 ml of ethyl acetate were combined
and centrifuged at 2000 rpm for 10 min at RT. By this way three phases were formed: the upper organic phase (ethyl acetate phase
containing lipoproteins), the interphase (containing proteins) and a lower phase (aqueous phase). The organic phase was collected and
transferred in a new tube. The interphase was discarded, and the lower phase was transferred in a new tube and used for repeating the
acetate extraction for three times. Subsequently, the organic phase was evaporated in a Speedvac. The dried residues were dissolved in
2 ml of 20 % KOH solution and incubated for 1 h, at 50 °C. The 2 ml of the aqueous solution was diluted with 3 ml of H20 and pH was
adjusted using 20 % formic acid. Two ml of ethyl acetate were added and centrifuged at 2000 rpm for 10 min at RT. The procedure was
repeated for three times. The ethyl acetate in the upper phase was dried in a Speedvac. For the ELISA assay, the dried sample-residue
was dissolved in 20 pl ethanol and 130 pl of 1X Sample Dilution Buffer. For the competitive 8-Isoprostanes ELISA assay, 150 pl of
sample was further diluted 1:16 with a final pH 7,4. At the end of samples preparation, 200 pl of 1X Sample Dilution Buffer was added
into the blank wells, while 100 pl of 1X Sample Dilution Buffer was added into maximum binding control wells. One hundred pl of each
sample and Standard were added into appropriate wells. Furthermore, 100 pl of the 1X-Horseradish Peroxidase (HRP) conjugate was
added in each well, except in the blank control wells. The plate was incubated at RT for 2 h. After this time, the plate was washed 3
times with 400 pl of 1X Wash Buffer and then, 200 pl of tetramethyl-benzidine was added to all of the wells and incubated for 30 min at
RT. The enzyme reaction was stopped by adding 50 pl of Stop Solution (2 N sulfuric acid) and plate was read immediately. Assay
Detection Range: 15.625-1000 pg/ml. Sensitivity: 9.375 pg/ml. Intra-Assay: CV < 8. Inter-Assay: CV < 10.

For Tp4 measurement, the samples were diluted accordingly with the provided sample diluent and plate was washed 5 times. For
the experiments, 50 pl of the standard, blank or sample were added to appropriate wells. The blank was added with 50 pl sample/
dilution buffer. Then, 50 pl of Biotion-labeled Antibody Working solution was added to each well and incubated for 45 min at 37 °C.
Then, the plate was washed 3 times with washing buffer. 100 pl of HRP-Streptavidin Conjugate was added to each well and incubated
for 30 min at 37 °C. Again, washing of plate was carried out for 5 times with washing buffer. We added 90 pl of Tetramethylbenzidine
Substrate to each well and incubation was performed for 10-20 min in dark at 37 °C. Thereafter, 50 pl of stop solution was added to
each well. Assay Detection Range: 31.25-2000 pg/ml. Sensitivity: 18.75 pg/ml. Intra-assay: CV < 6. Inter-assay: CV < 5.

The 80HAG, IsoP and Tp4 were detected following the manufacturer’s instructions through a spectrophotometer (VICTOR™ X
Multilabel Plate Reader), using a wavelength of 450 nm. The value of each sample was quantified in respect to 80HdG and IsoP
standard curves. 8S0OHdG and T(4 were expressed as ng/ml, whereas IsoP was expressed as pg/ml. Each measurement was performed in
triplicate.

2.3.3. Glutathione (GSH) quantification

GSH measurement was performed in plasma through the Glutathione Assay Kit (Cayman Chemical) [43,59] [43,59-61]. Briefly,
each plasma sample was deproteinated by adding meta-phosphoric acid solution in an equal volume. After centrifugation at 2000g for
2 min, the supernatant of each sample was collected and 50 uL/mL of TEAM reagent was added to increase the pH. A total of 50 pL
sample was moved to 96-well plates where the measurement of GSH was executed through a spectrophotometer (VICTOR™ X Mul-
tilabel Plate Reader) by using excitation/emission wavelengths of 405-414 nm. To perform an accurate GSH quantification (as pM), a
reference curve was prepared by using the GSH Standard. Each measurement was performed in triplicate. Assay Detection Range:
0.5-16 pM.

2.3.4. Superoxide dismutase (SOD) activity quantification

The SOD activity was determined in plasma by using the Superoxide Dismutase Activity Assay Kit (Prodotti Gianni srl) [7]. For the
experiments, 20 pl of each plasma sample (diluted 1:5) or standard were added in each well, together with 200 pl of WST working
Solution and 20 pl of Enzyme Working Solution. In the blank 1 well, 10 pl of double-distilled water (ddH20), 200 pl of WST working
Solution and 20 pl of Enzyme Working Solution were added. In the blank 2 well, 20 pl of each plasma sample (diluted 1:5) or standard
were added in each well, together with 200 pl of WST working Solution and 20 pl of Dilution Buffer. Finally, in the blank 3, 20 pl of
ddH20, 200 pl of WST working Solution and 20 pl of Dilution Buffer, were added. The plate was left on a shaker for 5 min and then, 20
ul Stop solution was added in each well. After incubation at 37 °C for 20 min, the fluorescence was read by using a spectrophotometer
(VICTOR™ X Multilabel Plate Reader), with a wavelength of 450 nm. In order to quantify SOD activity (%), a reference standard value
prepared by using xanthine oxidase was used. Each measurement was performed in triplicate. The assay measures SOD activity down
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to 0.005 U/ml.
2.4. Invitro experiments

2.4.1. Culture of HUVEC

HUVEC were purchased from ATCC (catalog. no. CRL-1730TM) and were maintained in Kaighn’s Modification of Ham’s F-12
Medium (F-12K Medium; ATCC; catalog.no. 30-2004TM), containing 2 mM t-glutamine (Euroclone S.p.A.; Pero, Milan, Italy), 1500
mg/L sodium bicarbonate (Euroclone), and supplemented with 0.1 mg/ml heparin (Merck Life Science srl, Milan Italy), 100 pg/ml
endothelial cell growth supplement (ECGS; Merck Life Science), 1 % penicillin and streptomycin and 10 % foetal bovine serum (FBS;
Euroclone).

To evaluate the effects of plasma samples taken from the subjects on cell viability (MTT Assay), mitochondrial membrane potential
(JC-1 Assay), mitochondrial reactive oxygen species (ROS) (MitoROS assay) and ROS (DCFDA-Cellular ROS Detection Assay kit)
release on HUVEC, co-culture experiments were performed, by using specific Transwell inserts, as previously performed (Fig. 1; [43,
61]). Experiments were conducted in triplicate and repeated at least three times.

For the experiments, plasma samples were plated in the apical compartment of the insert and left to act for 3 h, while, HUVEC were
plated in the basal compartment. Experiments were performed with 10 % plasma calculated in relation with total volume of each insert
as previously performed [43,61]. Some cell samples were not treated with plasma and were used as control. After 3 h stimulation with
plasma, the inserts were removed and various assays were performed in triplicate and analyzed by using a spectrophotometer.

2.4.2. Cell viability

Cell viability was examined in HUVEC by using the 1 % 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Life
Technologies Italia, Monza, Italy) dye. For the experiments, 50000 HUVEC cells/well were plated in 24-Transwells plates in complete
medium [35,38-40]. HUVEC were treated with 10 % plasma for 3 h. After each treatment, the medium was removed, and fresh culture
medium without red phenol and FBS and with 0.5 mg/ml MTT dye was added to the 96-well plates containing the cells and incubated
for 2 h at 37 °C in an incubator. Thereafter, the medium was removed, and a MTT solubilization solution (dimethyl sulfoxide; DMSO;
Merck Life Science) was added and mixed in a gyratory shaker until the complete dissolution of formazan crystals. Cell viability was
determined by measuring the absorbance through a spectrometer (VICTOR™ X Multilabel Plate Reader) with a wavelength of 570 nm
and cell viability was calculated by setting control cells (non-treated cells), as 100 %.

2.4.3. Mitochondrial membrane potential measurement

Mitochondrial membrane potential was measured in HUVEC with JC-1 assay. For the experiments, 50000 HUVEC cells/well were
plated in 24-Transwells plates in complete medium and were treated as described for cell viability. After stimulations, the medium of
cells plated in starvation medium was removed and cells were incubated with 5,51,6,61-tetrachloro-1,11,3,31 tetraethylbenzimida-
zolyl carbocyanine iodide (JC-1) 1X diluted in Assay Buffer 1X for 15 min at 37 °C in an incubator, following the manufacturer’s
instruction (Cayman Chemical; [61-64]. After incubation with plasma as above described, the cells were washed twice with Assay
Buffer 1X and then the mitochondrial membrane potential was determined by measuring the red (excitation 550 nm/emission 600 nm)
and green (excitation 485 nm/emission 535 nm) fluorescence through a spectrometer (VICTOR™ X Multilabel Plate Reader). The data
were normalized versus control cells (non-treated cells).

2.4.4. ROS release quantification
The oxidation of 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) into 2,7-dichlorodihydrofluorescein (DCF) was used to

assess ROS generation, following the manufacturer’s instructions (Cayman Chemical; 38, 40). For the experiments, 50000 HUVEC
cells/insert were plated in 24-Transwells plates in complete medium, following the same experimental protocol followed for MTT and
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Fig. 1. Transwell inserts.
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JC-1. Briefly, after treatments, the reactions were stopped by removing the medium and washing with phosphate buffer saline (PBS)
followed by staining with 10 pM H2DCFDA for 20 min at 37 °C. The fluorescence intensity of DCF was measured at an excitation and
emission wavelength of 485 nm and 530 nm, respectively, by using a spectrophotometer (VICTOR™ X Multilabel Plate Reader).
Results were expressed as DCF fluorescence intensity, which was proportional to the amount of intracellular ROS. The data were
normalized versus control cells (non-treated cells).

2.4.5. MitoROS release quantification

The mitoROS production was determined through the Mitochondrial ROS Detection Assay Kit (Cayman Chemical; [43,61,63,65].
Briefly, 50000 HUVEC cells/insert were plated in 24-Transwells plates in complete medium, and then the same experimental protocol
followed for MTT, JC-1 and ROS assays was used. After the treatment, the reactions were stopped by removing the culture media and
addition of 120 pl of Cell Based Assay Buffer. After that, the Buffer was aspirated and 100 pl of Mitochondrial ROS Detection Reagent
Staining Solution, was added in each well and incubated at 37 °C, protected from light for 20 min. After the stimulation, the Staining
Solution was removed and each well was washed with 120 pl of PBS for three times. The mitoROS production was measured with an
excitation and emission wavelength of 480 nm and 560 nm, respectively, by using a spectrophotometer (VICTOR™ X Multilabel Plate
Reader; PerkinElmer). The data were normalized versus control cells.

2.5. Statistical analysis

The normality of distribution of continuous variables was tested by Shapiro-Wilk test. The results obtained as concerning plasma
oxidants/antioxidants and the in vitro experiments were expressed as median + range and were examined through the Mann-Whitney
T test, while Fisher’s exact test was used for categorical variables. The statistical analysis was executed with GraphPad Prism (version
9.0; GraphPad Software; San Diego, CA, USA). A value of p < 0.05 was considered as statistically significant.

3. Results

Baseline characteristics of participants are shown in Table 1 (adapted from: Conti et al., 2024 [29]).

At TO, LSP group and control group did not differ in terms of age, gender, BMI, comorbidities, use of medications, care intensity
level and psychophysical function scores. Moreover, the two groups were not significantly different in terms of performance in ac-
tivities of daily living and risk of falls. Also, LSP and control groups had similar calcium intake and the vitamin D plasma levels did not
differ at TO or T1 (Table 2). Physical exercise was attended by all the subjects of the LSP group, with an average participation of 9 out of
the 13 total sessions. The LSP group showed a lower energy intake than the control group. As regarding plasma oxidants/antioxidants
measurements, the subjects of LSP and control group did not differ at TO, as reported in Table 2. Instead, it is to note that at T1 we
observed statistically significant differences between LSP group and control group (Figs. 2 and 3; Table 2).

Hence, we found an increase of some markers of oxidation, like TBARS and IsoP at T1 in control group, only (p < 0.05; Fig. 2 A, B, C,
D; Table 2. Instead, the levels of 80HdAG were reduced both in LSP group and control group, at T1, although at a lesser extent in control
group (—20 % in control group: from 46 ng/ml of TO to 36 ng/ml of T1;-62 % in LSP group: from 49 ng/ml of TO to 18 ng/ml of T1; p <

Table 1
Baseline characteristics of participants allocated to LSP group vs control group.
Control group (n = 27) LSP group (n = 27) Test p-value

Demographic
Age at enrollment (years, mean, SD) 83.26 (9.10) 84.85 (7.87) MwWU 0.78
Gender (female, n, %) 17 (62.96) 22 (81.48) F 0.22
Weight (kg, SD) 59.68 (16.17) 63.36 (13.26) MWU 0.26
Body mass index (kg/mz, SD) 22.27 (4.83) 23.98 (5.01) MWU 0.24
Tobacco use
Never (n, %) 19 (70.4) 16 (59.3) MWU 0.18
Ex-smoker (n, %) 4 (14.8) 2(7.49
Current smoker (n, %) 4 (14.8) 3(11.1)
Unknown (n, %) 0 (0) 6 (22.2)
Health
Comorbidities (n, SD) 5.85 (2.68) 7.11 (3.27) MWU 0.16
Number of drugs (n, SD) 7.48 (2.85) 8.30 (3.27) MWU 0.45
Use of restraints (daily use, n, %) 12 (44.44) 10 (37.03) F 0.78
Care Intensity Level (SD) 8.30 (2.03) 7.85 (2.16) MWU 0.39
Scales
Barthel index (SD) 30.85 (28.44) 36.89 (27.73) MWU 0.25
Tinetti Score - walk (SD) 4.93 (4.39) 7.04 (3.63) MWU 0.09
Tinetti score - balance (SD) 4.96 (4.78) 7.44 (4.23) MWU 0.06
Tinetti score (SD) 9.89 (9.02) 14.48 (7.67) MWU 0.08
Katz ADL (SD) 1.93 (2.20) 2.67 (2.35) MwWU 0.20
Energy intake (Kcal, SD) 1615 (152) 1486 (217) MWU 0.51
Calcium intake (mg, SD) 828 (211) 707 (282) MWU 0.10

MWU: Mann-Whitney-U test; F: Fisher’s exact test. Adapted from: Conti et al., [29].
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Table 2
Plasma levels of oxidants/antioxidants and vitamin D in LSP group and control group.
LSP group TO Control group TO LSP group T1 Control group T1 p- value
TBARS (pM) 17 (10-32) 17 (8-33) 18 (8-30) 30 (13-48)* <0.05
*T1 No LSP vs T1 LSP
IsoP (pg/ml) 534 (376-626) 523 (315-580) 565 (410-603) 670 (505-734)* <0.05
*T1 No LSP vs T1 LSP
80HAG (ng/ml) 49 (35-57) 46 (34-51) 18 (8-35) 36 (17-40)* <0.05
*T1 No LSP vs T1 LSP
GSH (pM) 2.6 (1.4-3.6) 2.7 (2-3) 6.3 (4.5-6.8) 3(2-3.1)* <0.05
*T1 No LSP vs T1 LSP
SOD activity (%) 50 (38-59) 49 (37-62) 59 (50-65) 32 (19-45)* <0.05
*T1 No LSP vs T1 LSP
Tymosin p (ng/ml) 1277 (950-1512) 1257 (832-1556) 770 (519-797) 480 (400-577)* <0.05
*T1 No LSP vs T1 LSP
250HD (ng/ml) 30.14 (28-32.25) 30.21 (27.76-32.66) 41.53 (41.31-41.75) 40.68 (40.34-41.01)* <0.05

*T1 No LSP vs T1 LSP

TBARS = thiobarbituric acid reactive substances; IsoP = 8-Isoprostanes; 80HdG = 8-hydroxy-2-deoxyguanosine; GSH = glutathione; SOD = su-
peroxide dismutase; 250HD: Vitamin D. LSP = older people subjected to LSP; Control = older people not subjected to LSP. LSP = healthy life-style
program. The results are expressed as median and range of three different measurements.

0.05; Fig. 2 E, F; Table 2).

As far as plasma antioxidants are concerned, only in LSP group we showed an increase in GSH levels at T1 (Fig. 3. B; Table 2).
Instead, it should be emphasized that the plasma SOD activity increased at T1 only in LSP group, while in control group it decreased
compared to what was observed at TO (Fig. 3 C, D; Table 2). It is also to note that we observed a smaller reduction of the plasma levels
of T4 in LSP group at T1 vs TO, in comparison with control group (—62 % in control group: from 1257 ng/ml of TO to 480 ng/ml of T1
-37 % in LSP: from 1277 ng/ml of TO to 770 ng/ml of T1; p < 0.05; Fig. 3 E, F; Table 2).

It can also be observed that at T1, the percentage changes in plasma values of markers of oxidation, such as TBARS, IsoP and 8OHdG
compared to TO, were significantly greater in control group versus LSP group (Fig. 4 A-C). Instead, the percentage changes of plasma
GSH levels, SOD activity and plasma Tymosin f} levels were significantly lower in the control group vs LSP group, at T1 vs TO (Fig. 4 D-
F).

The best redox balance shown in the plasma of the intervention group participants was confirmed by in vitro experiments carried
out by stimulating the HUVEC with plasma.

As observed for the redox state parameters, also as regarding cell viability, mitochondrial membrane potential, mitoROS and ROS
release, no significant differences were observed in baseline values of HUVEC, which were, thereafter, stimulated with plasma of LSP
group and control group at TO (Table 3).

Instead, the mitochondrial membrane potential of plasma-treated HUVEC of the LSP group at T1 was increased in comparison with
what was observed at TO. On the other hand, it was reduced in the plasma-treated HUVEC of the control group (Fig. 5; Table 3).

That the mitochondrial function was improved in HUVEC treated with plasma of the LSP group was confirmed by the analysis of
ROS and mitoROS release, as well. Hence, both ROS and mitoROS release were reduced at T1 vs TO, in the LSP group only. Instead, an
increase of mitoROS release was found at T1 in the control group (Fig. 6.; Table 3).

Finally, we observed that the treatment of HUVEC with plasma of the two groups had different effects on the viability of HUVEC.
Hence, in HUVEC treated with plasma of the control group cell viability was reduced at T1 vs TO, whereas it was increased in HUVEC
treated with plasma of the LSP group (Fig. 7; Table 3).

As shown in Fig. 8A and B, the percentage changes of cell viability and mitochondrial membrane potential of HUVEC treated with
plasma of control group were lower at T1 vs TO than those found in LSP group. Instead, the percentage changes of MitoROS and ROS
release were significantly higher in HUVEC treated with plasma of control group vs LSP group (Fig. 8 C, D).

4. Discussion

The results of this study performed in a group of older people undergoing a multicomponent program, which combined physical
exercise, healthy diet, and psychological wellbeing showed an improvement in plasma parameters of oxidative stress, with particular
reference to the antioxidants. Also, maintenance of mitochondrial function, which was accompanied by a reduction of the oxidants
release, was observed in HUVEC treated with plasma of LSP subjects.

Our findings could be of particular interest considering that aging is a relatively new problem worldwide and that the identification
of strategies to maintain well-being in older age is crucial [22].

It is well known that environment and life-style, including factors like diet and physical activity, play a key role in healthy aging.
Although issues should be addressed at this regard, both physical exercise and nutritional interventions could exert their beneficial
effects by counteracting negative effects and toxicity of oxidative stress on health and improving antioxidant defenses [66].

Also, physical activity and caloric restriction have been considered as “hormetic” stressors and studied for their “hermetic” effects
in aging [36]. By this way, those factors could activate cellular mechanisms that enhance resilience and resistance to more severe
stressors, through multiple mechanisms, including improving mitochondrial function [67].
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Fig. 2. Plasma levels of thiobarbituric acid reactive substances (TBARS; A, B), 8-Isoprostanes (IsoP, C, D), and 8-hydroxy-2-deoxyguanosine
(80OHJG; E, F) in older people subjected to LSP (B, D, F) versus older people not subjected to LSP (A, C, E). The results are expressed as median
and range of three different measurements. Square brackets indicate significance between groups. TO = before LSP. T1 = after LSP or after 3 months
from TO. A value of p < 0.05 is considered as statistically significant.
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Fig. 3. Plasma levels of glutathione (GSH) (TBARS; A, B), superoxide dismutase activity (SOD; C, D), and Thymosin beta (E, F) in older people
subjected to LSP (B, D, F) versus older people not subjected to LSP (A, C, E). Square brackets indicate significance between groups. TO = before LSP.
T1 = after LSP or after 3 months from TO. A value of p < 0.05 is considered as statistically significant.
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Fig. 4. Percentage changes of plasma TBARS (A), IsoP (B), 8OHdG (C), GSH (D), SOD activity (E) and Tymosin p (F), between T1 and TO, in older
people subjected to LSP (LSP) versus older people not subjected to LSP (No LSP). The results are expressed as median and range of three different
measurements. Square brackets indicate significance between groups. TO = before LSP. T1 = after LSP or after 3 months from TO. A value of p <
9.05 is considered as statistically significant.

Table 3
Baseline (T0) and T1 values of cell viability, mitochondrial membrane potential, MitoROS and ROS release of HUVEC treated with plasma of LSP
group and control group.

LSP TO No LSP TO LSP T1 No LSP T1 p-value

Cell viability % change vs C 39 (21-50) 40 (26-50) 41 (26-53) 29 (20-43)* <0.05

*T1 No LSP vs T1 LSP
Mitochondrial membrane potential % change vs C 69 (50-87) 71 (48-86) 76 (60-93) 66 (42-87)* <0.05

*T1 No LSP vs T1 LSP
MitoROS % change vs C 110 (100-120) 109 (102-121) 93 (78-103) 3 (2-3.1)* <0.05

*T1 No LSP vs T1 LSP
ROS % change vs C 166 (140-198) 160 (131-214) 125 (107-150) 154 (118-220)* <0.05

*T1 No LSP vs T1 LSP

MitoROS = mitochondrial ROS; ROS = reactive oxygen species; No LSP = older people not subjected to LSP. LSP = healthy life-style program. C =
untreated cells. The results are expressed as median and range of experiments performed in triplicate and repeated at least three times.

% p<0.05vs C

C=non treated cells p<0.05
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Fig. 5. Effects of plasma of older people not subjected to LSP (A) and subjected to LSP (B) on mitochondrial membrane potential of HUVEC. Square
brackets indicate significance between groups. TO = before LSP. T1 = after LSP or after 3 months from T0. A value of p < 0.05 is considered as
statistically significant.

On the basis of the above considerations and on the ground of results of our previous study performed in older people who un-
dergone a short timeframe LSP, here, we aimed to examine plasma markers of oxidative stress in those subjects, before and after the 3-
months period LSP. As also above specified, we focused on oxidative stress, since it is well known to represent one of the pathogenic
mechanism of the aging process, cognitive decline and aging-related pathologies [68,69]. Also, ROS release not counterbalanced by
the antioxidants can induce cumulative damage to cellular components such as proteins, lipids, and DNA [70,71], which would,
finally, hesitate in the onset of impaired functional phenotype.

In addition, here we analyzed the effects of plasma on mitochondrial function of endothelial cells since its impairment can
contribute to the increase in oxidative stress and to the development of immune system dysfunction which is associated with unhealthy
aging, the onset of chronic diseases and a greater frailty and slower gait speeds amongst patients aged >60 years [23,72,73].

It should be noted that in this study the oxidant and antioxidant markers, which are widely considered as mostly related to aging
and aging-associated conditions, were examined [43,74].

The results we obtained showed that plasma lipid markers of peroxidation, which plays an important role in various diseases and
aging processes, were increased in the subjects who had not followed LSP, only. As regarding TBARS, their measurement has been
established as a global estimation of the sample lipid peroxidation level which is significantly increased in over-50-years old subjects
[75-77]. 1t is also to note that combined training program including exercise protocols lasting more than 4 weeks was reported to
dampen lipid peroxidation evaluated through TBARS as well, in elders, regardless of their intake of antioxidant supplementation [74].

11



E. Grossini et al. Heliyon 10 (2024) 35850

A + Pp<0.05vsC B

C=non treated cells

% p<0.05
2207 * 2207 I I
2007 ol® 2001 P
ole
180 1 o, 1804
~ 160 ~ 1601 *
o © o © ° °
= 2 1401 @ » 1401
2 e sz
° e 1201 < % 1207
: -
S = 1001 eeeee g_: 1004 [e-e-eee
<
o2 801 % o 807
60 60
40 40
201 20
0 T T T 0 T T T
c T1 TO c T1 TO
C D
p<0.05
160 A 1601 p<0.05
-
1401 140 [ I
* *
1201 1201 ®
—_~ *
w 2 100] 00000 2 2 1001 pesses
O o o
¢ oo ()
on
= 80 £ 5 807 *
b= - =
= < =
< 607 s
401 401
201 20
0 T T T 0 T T T
C T1 TO C T1 TO

Fig. 6. Effects of plasma of older people not subjected to LSP (A) and subjected to LSP (B) on reactive oxygen species (ROS; A, B) release and
mitochondrial ROS (mitoROS; C, D) release in HUVEC. Square brackets indicate significance between groups. TO = before LSP. T1 = after LSP or
after 3 months from TO. A value of p < 0.05 is considered as statistically significant.

As regarding IsoP. which belongs to a class of oxidation products arising from the peroxidation of polyunsaturated fatty acids, they
are considered as accurate markers to assess OS in vivo and can be correlated with numerous diseases [78-80], as well as, aging [78,
80].

Furthermore, although plasma levels of 80OHdG were reduced in both groups of subjects at T1 vs TO, this reduction was more
marked in LSP group. With increasing age, the risk of mitochondrial oxidative damage induced by exposure to radiation, drugs,
alcohol, increases, as shown by the augmentation of the levels of 8OHdG. For this reason, 8OHdG is considered as a marker of aging
and of chronic diseases [81,82]. The differences we obtained in the two groups of patients about 8OHdG could be related to the LSP,
and in particular to the lower caloric intake of LSP group. Hence, caloric restriction could act as a powerful mean of slowing aging and
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Fig. 7. Effects of plasma of older people not subjected to LSP (A) and subjected to LSP (B) on viability of HUVEC. Square brackets indicate sig-
nificance between groups. TO = before LSP. T1 = after LSP or after 3 months from TO. A value of p < 0.05 is considered as statistically significant.

increasing longevity through its antioxidants effects on damaged molecules including oxidized DNA [83].

As regarding the antioxidants, we found that in LSP group, plasma GSH was increased, whereas it did not change in the control
group. Instead, the SOD activity was increased in the latter and decreased in those who did not follow the LSP.

The observed differences in the plasma levels of antioxidants, with particular reference to the SOD activity, could, therefore,
explain the increase in oxidative stress markers found in subjects not undergone the LSP. Our data are in agreement with previous
observations showing that physically active older people had antioxidant systems and lipid peroxidation levels similar to young
sedentary subjects and emphasize the importance of regular physical activity to decelerate the ageing-associated impairment process
[84-89].

In our study, plasma Tp4 levels were reduced in both LSP and control groups at T1 compared to TO, which could be related to the
aging process. However, interestingly, the subjects who followed the LSP had more preserved plasma levels of T4 than those who did
not followed the LSP. It is to note that Tp4 is an immune-modulating protein released by thymus, which has drawn significant attention
in regenerative medicine due to its properties in the prevention of inflammation and fibrosis and for counteracting the so-called
immunesenescence [90]. Furthermore, T4 was found to be expressed in the developing heart and to promote cardiac cell migra-
tion and survival. In addition, the intravenous injections of Tp4 was able to induce cardiac changes, which resembled embryonic
characteristics. For those reasons, T4 was proposed as a good candidate molecule for reversing aging processes and accelerate organ
regeneration in the human body [91]. Therefore, the data we obtained would add information about the role of T4 as an antiaging
molecule and would strengthen the role of LSP, and in particular, of physical exercise, in the improvement of features of immune-
senescence [92].

As regarding the possible mechanisms underlying the beneficial effects of LSP on the above markers, available information is scarce
and not conclusive. It could be hypothesized that the improvement in mitochondrial function could be at the basis of the improved
redox state. Also, the increased antioxidants and findings about Tp4 we observed in LSP group could be related to adaptative responses
and “hormetic” effects induced by transcription of different redox sensitive factors including NF-kB, MAPK, and PGC-1a [93].

It is also to note that the results obtained as regarding oxidants/antioxidants were not accompanied by differences in LSP group and
control group in relation to vitamin D levels. Also, the baseline values of those factors were similar in the two groups. These obser-
vations would corroborate the data we obtained regarding the beneficial effects of LSP, by eliminating potential biases related to
lifestyle, diet treatments etc.

Also, the data we have obtained at the cellular level showed better results when the HUVEC were treated with the plasma of the
subjects who had followed the LSP. Those findings could be related to the existence of unknown circulating factors, which could elicit
the beneficial effects on HUVEC. About this issue, possible candidates could be represented by extracellular vesicles and micro RNAs,
whose pattern has been reported to be affected by preventive life-style interventions [94,95].

In our study in LSP group, the mitochondrial membrane potential was increased. Instead, we found a decrease of this parameter in
HUVEC treated with plasma of control group. In addition, in the intervention group, the keeping mitochondrial function was
accompanied by greater effects on the oxidants release. In particular, only in HUVEC treated with plasma of LSP group both the ROS
and mitoROS release was reduced. Instead, in HUVEC treated with plasma of control group, at T1 the release of mitoROS was increased
and that of ROS was unchanged, compared to what observed at TO.

The results we obtained could represent the mechanism underlying the improvement observed in the subjects undergone LSP.
Indeed, the intervention group, who was engaged in more physical activity and received more psychological support than the ones of
control group, had better functional outcomes [29]. Furthermore, although both groups of subjects took less calories than proposed
diets, LSP group showed a lower energy and carbohydrates intake than the control group. Thus, it could be hypothesized that those
observations we found in the subjects of the intervention group could be related to the better redox balance, even at the cellular level,
which could be driven by the aforementioned unknown circulating factors [96].
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Fig. 8. Percentage changes of cell viability (A), mitochondrial membrane potential (B), mitochondrial ROS (MitoROS, C) release and ROS release
(D), between T1 and TO, in HUVEC treated with plasma of older people subjected to LSP (LSP) versus older people not subjected to LSP (No LSP).
The results are expressed as median and range of three different measurements. Square brackets indicate significance between groups. TO = before
LSP. T1 = after LSP or after 3 months from TO. A value of p < 0.05 is considered as statistically significant.

Also, the keeping mitochondrial function and the reduction of mitoROS release we observed in HUVEC treated with plasma of
subjects undergone LSP, could be related to the results obtained about the functional scores. Indeed, an improvement in endothelial
function and in particular of the mitochondria processes, could be accompanied by the maintenance of adequate tissue perfusion at the
skeletal muscle, heart and central nervous system, with beneficial effects in terms of outcome and on the evaluation scales of psy-
chophysical function.

It is to note that in this study, we focused in vitro on HUVEC, which are widely used vascular endothelial cells, since vascular aging,
that is major risk factor for cardiovascular disease, contributes to morbidity and mortality in the older people [97]. In addition,
emerging evidence shows that approaches that suppress or eliminate cellular senescence would aimed at preserving vascular function
[93,98]. About this issue, it is well known that, in particular, mitochondrial dysfunction can contribute to the development of vascular
aging and of all common age-related diseases [35,99]. For this reason, enhancing mitochondrial biogenesis, reducing oxidative stress
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and recovering dynamics have been suggested as effective interventions to delay vascular aging and age-related cardiovascular dis-
eases [97]. Among various possible effective antiaging strategies, the physical activity and the lowering of caloric restriction could
represent possible tools, since they have been shown to elicit healthy beneficial effects in the old people when many physiological
functions are in decline, through the increase of the antioxidant system, the keeping the mitochondrial function and the reduction of
ROS release [30,31,34,35,37,93,100,101]. By this way, physical exercise and caloric restriction would prevent endothelial cell
senescence, which can be observed with sedentary aging, and that is associated with impaired vascular endothelial function [100].
Data we obtained in HUVEC would confirm the above issues and would highlight the role of unknown circulating factors as possible
mediators of the protective effects elicited by LSP. In particular, LSP would modify the pattern of those unknown circulating markers
capable of inducing endothelial damage in aging, as it was already previously evidenced [43].

4.1. Study limitations

Although the data we obtained may represent innovative aspects, more information could be collected by increasing the sample
size and the duration of LSP. Also, a more detailed analysis of circulating markers and of their effects on cellular types other than the
endothelial ones could increase knowledge about the mechanisms at the basis of aging and of the protection exerted by healthy lifestyle
programs. In addition, the nature of the unknown circulating factors should be investigated and their role in the aging and in the
beneficial effects exerted by LSP better addressed.

5. Conclusion

To conclude, our study has provided new information about the pathogenic mechanisms underlying the antiaging effects of a short
LSP in a group of older people living in LTC facility. In particular, our data demonstrate that a short period of LSP can improve the
redox state through the increase of antioxidants, like GSH and SOD activity and the reduction of oxidants, like TBARS, 80HdG and
IsoP. At a cellular level, the LSP can improve the endothelial function though the modulation of mitochondrial efficiency. These
findings could represent the mechanism underlying the improvement in the observed functional outcome of the LSP group.

Moreover, our data open the way towards further research aimed at better characterizing the nature of the above reported
circulating markers. The associated implications of those findings could be related to both prognostic and therapeutic strategies, which
could be pursued as antiaging methods. Hence, new tools are needed to screen the older people, to reduce frailty and to slow the
progression of age-related pathophysiological changes, which lead to functional impairment.
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