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Abstract

Introduction Osteoarthritis and osteoporosis are age-related musculoskeletal disorders characterized by increased oxidative
stress and cellular senescence, which contribute to altered metabolism and disease progression. Although research in this
field is constantly evolving, the discovery of new molecular targets and drug combinations to counteract musculoskeletal
disorders remains a goal of great interest. This study aimed to evaluate the efficacy of a cocktail of trolox, recombinant irisin
(r-irisin) and resveratrol in modulation of osteoblastic metabolism by investigating the expression of NADPH oxidase 4
(NOX4), sirtuin 1 (SIRT1) and pentraxin 3 (PTX3).

Materials and methods 20 male patients undergoing hip arthroplasty were enrolled, including ten patients with coxarthrosis
and ten patients with osteoporosis. Femoral head biopsies were taken from each patient to isolate primary osteoblast cultures,
which were treated with the cocktail for 6 days.

Results The cocktail of trolox, r-irisin and resveratrol increased cell viability, and reduced ROS and senescence
[-galactosidase activity (SA-p-Gal) levels. In addition, western blotting analysis showed reduced expression of NOX4 and
increased expression of SIRT1 and PTX3 in both experimental groups, although with more pronounced effects in osteoar-
thritic patients, highlighting lower treatment efficacy in the presence of osteoporosis.

Conclusions The improvement in cell viability and reduction in oxidative stress and cellular senescence observed through
treatment-induced modulation of the NOX4—SIRT1 axis and PTX3 suggests a protective role for these biomarkers in bone
metabolism. These findings could offer new perspectives in counteracting the effects of aging on the skeletal system by
improving bone health and mitigating metabolic alterations.
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increased inflammation, affecting almost all organs and sys-
tems, promoting the development of chronic and/or degen-
erative diseases [1, 2]. In the musculoskeletal system, these
changes can compromise the structure and metabolism of
bone tissue, contributing to the onset of disorders, such as
osteoarthritis and osteoporosis. These conditions increase
the risk of functional limitations and sedentary lifestyle,
leading to increased disability and mortality [3]. Although
the pathological mechanisms underlying these diseases
have been partly elucidated, factors such as oxidative stress
and inflammation play a crucial role in their progression
[4]. Particularly, impairment of the microarchitecture of
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subchondral bone is a common feature of both osteoporosis
and the early stages of osteoarthritis, suggesting the pos-
sibility of developing integrated therapeutic strategies to
counteract these age-related musculoskeletal disorders [5].

Several evidences have suggested that irisin, a hormone
released by skeletal muscle in response to exercise, may be
a promising strategy for the prevention of osteoarthritis and
osteoporosis, due to its ability to stimulate bone formation
and inhibit tissue resorption [6, 7]. In this context, Ostojic
et al. reported that irisin can inhibit the nuclear factor kappa-
light-chain enhancer of activated B cells (NF-kB) pathway
in osteoarthritis, modulating the inflammatory response
and reducing cartilage and bone tissue erosion through
inhibition of osteoclastic differentiation [8]. Noteworthy, a
potential therapeutic role of irisin has also been suggested
in osteoporosis, as demonstrated by its ability to promote
osteoblast differentiation, stimulate bone formation through
regulation of the Wnt/p-catenin pathway, and promote min-
eralization through the expression of pentraxin 3 (PTX3),
a novel biomarker of bone mineralization [9-11]. In this
regard, human osteoblasts are known to express PTX3, the
levels of which significantly affect bone deposition, with a
reduction observed in disorders characterized by excessive
bone resorption [12, 13].

Important benefits have also been observed following
treatment of osteoblasts with trolox, a potent antioxidant
analog of vitamin E [14]. Specifically, Morabito and col-
leagues demonstrated its efficacy in counteracting cell death
in osteoblasts exposed to simulated microgravity, suggesting
its potential use in the treatment of bone conditions charac-
terized by no loading [15]. In addition, Lee et al. reported
that trolox significantly inhibits osteoclast formation through
inhibition of receptor activator of NF-xB ligand (RANKL)-
mediated signaling, highlighting the ability of this antioxi-
dant to counteract bone resorption [16].

Notably, the development of antioxidant-based strate-
gies is a key element in therapies aimed at countering cel-
lular aging [17, 18]. Indeed, reactive oxygen species (ROS)
produced by NADPH oxidase 4 (NOX4) appear to play a
crucial role in osteoblast metabolism. However, although
NOX4 has been proposed as a promising therapeutic target
for osteoarthritis and osteoporosis, its involvement in their
pathogenesis needs further investigation [19-21].

A major role in bone homeostasis has also been attributed
to sirtuin 1 (SIRT1), an NAD*-dependent deacetylase that
is critical in the regulation of cellular metabolism and the
balance between bone formation and resorption [22]. SIRT1
is known to enhance the viability of mesenchymal stem cells
and osteoblasts, counteracting their senescence and promot-
ing osteogenesis [23]. Not surprisingly, down-regulation of
SIRT1 has been associated with decreased bone mineral
density (BMD) and increased fragility, suggesting both
its potential role as a biomarker of bone metabolism and a
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promising therapeutic target to counteract diseases charac-
terized by excessive bone resorption [24].

Importantly, resveratrol, a polyphenol found in red grapes
and berries, has been proposed to modulate SIRT1 activity
by promoting its activation [25]. Specifically, resveratrol
treatment dose-dependently increases SIRT1 expression in
osteoblasts and significantly improves BMD in animal mod-
els of osteoporosis [26]. In agreement, Wong and colleagues
conducted a randomized controlled trial on the effects of
resveratrol supplementation on the bone health of postmen-
opausal women, observing improved BMD in the lumbar
spine and femoral neck [27].

Although the effects of trolox, r-irisin and resveratrol
on osteoblasts have been documented individually, there
is no evidence regarding the consequences of combined
treatment on these cells. A cocktail of these factors could,
through simultaneous activation of different signaling path-
ways, enhance the mineralization capacity of osteoblasts by
promoting PTX3 expression, reduce NOX4-mediated ROS
production, and improve cellular metabolism through up-
regulation of SIRT1. Therefore, this study aimed to evalu-
ate the effects of a combined treatment with trolox, r-irisin
and resveratrol on the metabolism of primary osteoblasts
isolated from patients with osteoarthritis or osteoporosis,
analyzing the cellular response in each pathological group.
Particular attention was paid to the modulation of NOX4,
SIRT1 and PTX3, to explore the regulatory mechanisms
involved in bone physiology in two distinct clinical contexts
characterized by alterations in bone metabolism.

Materials and methods
Participants

A total of 20 male patients admitted to the Department of
Orthopedics and Traumatology at the “Policlinico Tor Ver-
gata” Foundation were enrolled in this study and divided
into two experimental groups: ten patients undergoing hip
arthroplasty for osteoarthritis (OA) and ten patients undergo-
ing hip arthroplasty for fragility fracture (OP).

Exclusion criteria included subjects with endocrine dis-
orders of mineral and bone metabolism, chronic viral infec-
tions, myopathies or other neuromuscular diseases, diabetes,
neoplasms, chronic corticosteroid administration for auto-
immune diseases (more than 1 month), alcohol abuse, or
previous orthopedic surgical implants.

Clinical evaluation
Classification into OA and OP patients was conducted based

on dual-energy X-ray absorptiometry (DXA), T-score and
radiographic evaluation. Specifically, a Lunar DXA device
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(GE Healthcare, Madison, WI, USA) was used to measure
BMD by DXA in each patient. In accordance with the manu-
facturer’s instructions, BMD was measured in grams per
square centimeter with a coefficient of variation of 0.7%
by scans of the lumbar spine (L1-L4) and femur (neck
and total). Measurements were taken on the non-dominant
side for OA patients, supine on an examination table with
the limbs slightly abducted, while BMD was measured on
the non-injured limb for OP patients. DXA assessment
was performed 1 day before surgery for OA patients and
1 month after surgery for OP patients, expressing all results
as T-scores.

In addition, radiographs of the hip were taken to investi-
gate hip osteoarthritis. The evaluation was conducted by two
orthopedists independently and at different times, using the
Kellgren and Lawrence radiographic atlas (K-L) according
to which all patients with a K-L grade >?2 were considered
osteoarthritic [28].

Specimen collection

Biopsies of the femoral head from each patient were taken
during hip arthroplasty surgery and used for subsequent
qualitative and quantitative analyses. Each experimental
procedure was performed according to the World Medical
Association’s Code of Ethics (Declaration of Helsinki) and
was conducted with the approval of the Lazio Area 2 Ter-
ritorial Ethics Committee (CET) (approval reference number
#25/23). Written informed consent was obtained from each
patient before the surgical procedure.

Isolation and culture of primary human osteoblastic
cells

Primary osteoblast cultures were set up using trabecular
bone fragments taken during hip arthroplasty surgery from
each patient. As previously mentioned [11], the fragments
were first washed in phosphate-buffered saline (PBS) and
then incubated at 37 °C with 1 mg/mL porcine pancreatic
trypsin > 60 U/mg (SERVA Electrophoresis GmbH Hei-
delberg, DE) diluted in PBS. Then, the bone fragments
were subjected to repeated digestions with 2.5 mg/mL
collagenase NB 4G Proved grade >0.18 U/mg (SERVA
Electrophoresis GmbH, Heidelberg, DE) diluted in PBS
with calcium and magnesium. At the end of digestion, the
supernatant was collected and centrifuged at 340 RCF for
10 min. Cells were seeded in a 24-well plate at a density
of 2 x 10* cells/well and maintained in DMEM-F12 (Bio-
west SAS, Nuaillé, France) supplemented with 10% fetal
bovine serum (FBS) (Biowest SAS, Nuaillé, France), 100
units/mL penicillin and 100 pg/mL streptomycin (Sigma-
Aldrich, St. Louis, MO, USA) and 2 mmol/L stable

glutamine (Biowest SAS, Nuaillé, France) in a 37 °C, 5%
CO, incubator until confluence was reached. The culture
medium was changed every 2—3 days.

Primary cultures of human osteoblasts conditioned
with trolox, r-irisin and resveratrol cocktail

Primary osteoblast cultures were treated with a cocktail of
trolox, r-irisin and resveratrol to investigate their efficacy
in preventing and/or counteracting cellular aging. Spe-
cifically, cells were seeded in a 24-well plate at a density
of 2 x 10* cells/well and were incubated with 1 x 10~ M
trolox (S-238815, Sigma Aldrich, St. Louis, MO, USA),
10 ng/mL r-irisin (AG-20B-0153, AdipoGen® Life Sci-
ences, Liestal, Switzerland) and 2.5 X 107 M resveratrol
(554,325, Sigma Aldrich, St. Louis, MO, USA) for 6 days.
Subsequently, treated cell samples were subjected to the
same experimental procedures as untreated cells. Impor-
tantly, the individual effects of each substance were evalu-
ated in the preliminary stages of our research by treating
primary osteoblast cultures with 1 x 10 M trolox, 10 ng/
mL r-irisin, or 2.5 X 10~ M resveratrol for 6 days and are
shown in Figure S1.

Immunocytochemistry

An immunocytochemistry analysis was performed inves-
tigating both alkaline phosphatase (ALP) expression to
characterize primary osteoblast cultures and PTX3 expres-
sion to study the mineralization process. After fixation in
4% paraformaldehyde for 15 min, the cell samples were
pre-treated with EDTA citrate (pH 7.8) for 30 min at 95 °C
and then incubated for 1 h with rabbit polyclonal anti-
ALP antibody (ab224335, AbCam, Cambridge, United
Kingdom) or rat monoclonal anti-PTX3 antibody (clone
MNBI1, AbCam, Cambridge, United Kingdom). Washings
were performed with PBS/Tween20 (pH 7.6) (UCS Diag-
nostic, Rome, Italy). The immunocytochemical reaction
was detected using the horseradish peroxidase (HRP)-
3,3'-diaminobenzidine (DAB) detection kit (UCS Diag-
nostic, Rome, Italy). Specifically, 50 pL. of DAB/450 pL of
substrate were incubated for 3 min. The immunostaining
background was evaluated with negative controls for each
reaction by incubating the sections with secondary anti-
bodies (HRP) alone or with the detection system (DAB)
alone (Figure S2).

PTX3 immunopositive cells were detected with NIS-
Elements software (5.30.01; Laboratory Imaging, Prague,
Czech Republic) and expressed as a percentage of the total
analyzed for PTX3. For each condition, the experiment was
conducted in triplicate (n=12 from N=4 experiments).
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Cell viability assessment

CellTiter 96 AQueous One (Promega, Madison, WI, USA),
a colorimetric method incorporates a tetrazolium compound
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium-MTS) and an electron-
coupling reagent (phenazinamethosulfate—PMS), was used
to identify viable cells. As described above [29], 20 uL of
MTS/PMS solution was added to 100 uL. of Hank’s balanced
salt solution (HBSS) in each well and incubated for at least
2 h at 37 °C. The final concentrations of MTS and PMS
were 333 pg/mL and 25 pM, respectively. The conversion of
MTS to soluble formazan in the culture medium generates
a dye whose absorbance at 490 nm was measured directly
in the 96-well assay plates with a microplate reader (Spark
Multimode Microplate Reader-Tecan, Austria).

The absorbance represents a measure of cell viability and
was used to investigate the possible toxicity point of the
administered substances. For each condition, the experi-
ment was conducted in quintuplicate (n =25 from N=35
experiments).

Measurement of intracellular ROS level

Intracellular ROS levels were measured using the fluo-
rescent probe 2°,7°-dichlorodihydrofluorescein di-acetate
(H,DCFDA) (D399, Invitrogen™, ThermoFisher Scien-
tific, USA). As described previously [30], cell samples were
washed with PBS and incubated with 10 pM of H,DCFDA
for 40 min at 37 °C in the dark. A microplate reader (Spark
Multimode Microplate Reader-Tecan, Austria) was used to
measure the average fluorescence intensity. For each condi-
tion, the experiment was conducted in quintuplicate (n =25
from N=35 experiments).

Senescence -galactosidase activity (SA-B-gal) assay

SA-p-gal quantification in primary osteoblast cultures was
performed using the specific SA-B-gal assay kit (23,833,
Cell Signaling Technology, Inc., Danvers, MA, United
States), according to the experimental procedure [31]. Pro-
tein extraction was conducted using 1X senescent cell lysis
buffer enriched with 1.0 mM phenylmethanesulfonylfluoride
(PMSF) and a cocktail of protease and phosphatase inhibi-
tors. After removal of the culture medium, cells were washed
with 1X PBS, lysed with 100 pL of cold 1X lysis buffer,
incubated on ice for 5 min and harvested by scraping. The
lysate was homogenized and centrifuged at 20,817 RCF for
5 min at4 °C.

In parallel, 2X assay buffer was prepared and combined
with 50 pL of cell lysate in a 96-well plate, incubated at
37 °C, in the dark, for 1-3 h. Fluorescence intensity was
measured at 360 nm excitation and 465 nm emission using
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a microplate reader (Spark Multimode Microplate Reader—
Tecan, Austria). For each condition, the experiment was con-
ducted in triplicate (n=15 from N=15 experiments).

Western blotting analysis

The expressions of NOX4, SIRT1, and PTX3 in primary
cultures of osteoblasts derived from OA and OP patients
were measured by western blotting analysis. Briefly, pro-
teins samples extracted using RIPA buffer were separated
by 8-16% precast SDS-PAGE (Bio-Rad, Hercules, CA,
United States) under reduced conditions. Protein concentra-
tion was determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific, Vilnius, Lithuania). Equal amounts of
protein (20 pg) were resolved on 8—16% precast SDS-PAGE
and transferred to PVDF membrane. Membranes were incu-
bated with rabbit polyclonal anti-NOX4 antibody (BS6796,
Bioworld Technology, Inc., United States), mouse monoclo-
nal anti-SIRT1 antibody (ab110304, AbCam, Cambridge,
United Kingdom), or rat monoclonal anti-PTX3 (clone
MNB1, AbCam) and successively with anti-rabbit IgG cou-
pled to HRP, anti-mouse IgG coupled to HRP, or anti-rat
IgG coupled to HRP, respectively. Moreover, normalization
was performed by incubating the same membranes with
mouse monoclonal anti-GAPDH (ab8245, AbCam, Cam-
bridge, United Kingdom). Immunoreactive electrophoretic
bands were detected by enhanced chemiluminescence (ECL
Advance, Amersham; GE Healthcare Life Sciences, Little
Chalfont, Buckinghamshire, United Kingdom) using a Ver-
saDoc 5000 Imager (Bio-Rad).

The expression levels of NOX4, SIRT1, and PTX3 under
the different experimental conditions were quantified by cal-
culating the densitometric values of the relevant bands and
normalizing the results against those of GAPDH, expressing
them as mean + standard error. The original western blotting
images are shown in Figure S3.

Immunofluorescence

An immunofluorescence analysis was conducted to explore
the potential co-expression of NOX4 and SIRT1 in primary
cultures of osteoblasts derived from OA and OP patients.
In detail, after fixation in 4% paraformaldehyde dissolved
in 0.9% saline solution for 30 min, cell cultures were pre-
treated with EDTA citrate, pH 7.8 for 20 min at 95 °C, and
incubated for 1 h with rabbit polyclonal anti-NOX4 anti-
body (NB110-58849, Novus Biologicals, Littleton, CO,
United States), or mouse monoclonal anti-SIRT1 antibody
(ab110304, AbCam, Cambridge, United Kingdom). Reac-
tion was revealed using secondary antibodies (A-11008,
A-11004, Alexa Fluor® 488, Thermo Fisher Scientific,
Waltham, MA USA). Washing was performed with PBS/
Tween20 pH 7.6 (UCS Diagnostic, Rome, Italy). Finally,
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samples were counteracted with 4',6-diamidino-2-phenylin-
dole (DAPI) counterstain (Kreatech Biotechnology B.V.,
Amsterdam, Netherlands).

A Nikon upright microscope ECLIPSE Ci-S (Nikon Cor-
poration, Tokyo, Japan) connected to a Nikon digital camera
was used to view the images, while the NIS-Elements soft-
ware (5.30.01; Laboratory Imaging, Prague, Czech Repub-
lic) was used to capture them at 40 X magnification. The co-
expression of NOX4 and SIRT1 in the different experimental
conditions was measured by calculating the number of cells
co-expressing NOX4 and SIRT1 relative to the total number
of cells and expressed as a percentage.

Alizarin red staining

Alizarin red staining was performed to detect the miner-
alization process. In accordance with previous studies [32],
the cell samples were fixed with 4% paraformaldehyde for
15 min at the end of the experimental procedures. After
washing with deionized H,O, the alizarin red solution
(40 mm, pH 4.1) was added to each well. The plates were
incubated at room temperature for 20 min with gentle agita-
tion. Subsequently, excess dye was removed and four washes
with abundant deionized H,O were performed. Images were
acquired at 20 X magnification using NIS-Elements software
(5.30.01; Laboratory Imaging, Prague, Czech Republic) and
a Nikon ECLIPSE Ci-S upright microscope (Nikon Corpo-
ration, Tokyo, Japan) connected to a Nikon digital camera.

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 8 software (GraphPad Prism 8.0.1, La Jolla, CA,
USA), expressing data as mean =+ standard error. All data
with a normal distribution were processed with Welch’s
parametric test and were considered significantly different
if p<0.05.

Results
Clinical evaluation of the study population

The study population included a total of 20 male partici-
pants, divided into two groups based on clinical and instru-
mental evaluation: ten patients undergoing hip arthroplasty
for osteoarthritis (OA) and ten patients undergoing hip
arthroplasty for fragility fracture (OP).

Table 1 summarizes the different parameters analyzed
for each patient, such as age (years), BMI (Kg/m?), T-score
(L1-L4), T-score (femoral neck), and T-score (total femur).
First, no discrepancies were found for age between OA
(74.2+1.2) and OP (76.1 + 1.4) patients (p =0.32), whereas

Table 1 Clinical characteristics of OA and OP patients

Parameters OA (n=10) OP (n=10) Significance
Age (years) 74.2+1.2 76.1+14 p=0.32
BMI (Kg/m?) 25.5+0.8 232405 p<0.05
T-score (L1-L4) —-0.1+£0.5 -1.8+03 p<0.01
T-score (femoral neck) - 1.0+04 —-25+02 p<0.01
T-score (total femur) -15+03 —-27+0.1 p<0.01

OA patients underwent hip arthroplasty for osteoarthritis, OP patients
underwent hip arthroplasty for fragility fracture, BMI body mass
index

a statistically significant difference was found for BMI val-
ues (OA: 25.5+0.8 vs OP: 23.2+0.5, p<0.05). Interest-
ingly, the assessment of BMD of the lumbar spine, femoral
neck and total femur, expressed as 7-score, showed statisti-
cally significant differences between the two experimental
groups (p <0.01). In fact, OA patients had T-score (L1-L4),
T-score (femoral neck) and T-score (total femur) values of
—0.1£0.5,—1.0£0.4 and — 1.5+0.3, respectively. In con-
trast, values of — 1.8 +0.3, —2.5+0.2 and — 2.7 +0.1 were
measured for T-score (L1-L4), T-score (femoral neck) and
T-score (total femur), respectively, in the OP group.

Effects of trolox, r-irisin and resveratrol cocktail
treatment on osteoblast metabolism

Primary cultures of osteoblasts derived from OA and OP
patients were treated with a cocktail of trolox, r-irisin and
resveratrol for 6 days, evaluating their effects on cell viabil-
ity, ROS levels and SA-f-gal activity.

First, an immunocytochemistry analysis was performed
to characterize the cell cultures, assessing the expression of
ALP, a specific marker associated with bone metabolism and
osteoblastic differentiation [33]. Light microscopic analysis
showed clear expression of ALP, confirming the osteoblastic
phenotype and functional capabilities of these cells in both
OA (Fig. 1a, b) and OP (Fig. Ic, d) patients.

Next, two dose—response curves were constructed to esti-
mate the doses of trolox and resveratrol for which non-toxic
effects are detected by treating cells with increasing concen-
trations of the two substances and then assessing cell viabil-
ity by MTS assay. Regarding to r-irisin, the dosage of 10 ng/
mL was used as recommended by the supplier and previ-
ously demonstrated [11, 30]. Figure 1e shows that treatment
with trolox did not significantly affect cell viability up to a
dosage of 2.5x 10~ M, whereas a progressive reduction was
measured at higher concentrations of the substance. As half
the inhibitory concentration (IC50) was obtained at a dosage
between 2x 107> M and 3 x 1073 M, the cell cultures were
treated with trolox at a concentration of 1x 10~ M. Relative
to resveratrol, cell viability was not significantly affected

@ Springer
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Fig. 1 Effects of treatment with a cocktail of trolox, recombinant iri-
sin (r-irisin), and resveratrol in osteoblasts from osteoarthritic (OA)
and osteoporotic (OP) patients on cell viability, oxidative stress, and
senescence-associated p-galactosidase (SA-p-gal) activity. a—d Immu-
nocytochemistry for alkaline phosphatase (ALP): a OA osteoblasts
incubated with anti-ALP antibody (arrows). b OA osteoblasts are
used as a negative control. ¢ OP osteoblasts incubated with anti-ALP
antibody (arrows). d OP osteoblasts are used as a negative control.
40 ximages, scale bar represents 100 pm. e, f Dose-response curves:
the half inhibitory concentration (IC50) was obtained at a dosage
between 2% 10~ M and 3x 1073 M for trolox and at a dosage about
of 2x 10™* M for resveratrol. g, j MTS assay: a significant increase
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in cell viability was detected in treated cells of OA (p<0.0001) and
OP (p<0.0001) patients compared with untreated cells (n=25 from
N=5 experiments). h, k Intracellular reactive oxygen species (ROS)
levels: a significant reduction in oxidative stress was detected in
treated cells of OA and OP patients with respect to untreated cells
(»<0.0001) (n=25 from N=5 experiments). i, I SA-p-gal assay: a
significant reduction in cell senescence was detected in treated cells
of OA and OP patients with respect to untreated cells (p <0.0001)
(n=15 from N=5 experiments). Absorbance (g, j) and fluorescence
(h, K, i, I) data were normalized relative to untreated cells, defined as
100%, for both OA and OP patients
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by treatment up to a dosage of 5x 107 M. In fact, Fig. 1f
shows a progressive reduction in cell viability at higher con-
centrations of the substance, with an IC50 measured at a
dose about of 2x 10~ M. Overlapping dose—response curves
were obtained for OA and OP patients, so Fig. le, f shows
the representative results obtained on primary osteoblast
cultures from the OA group. Based on these results, osteo-
blastic cells were treated with resveratrol at a concentration
of 2.5x 107 M.

Interestingly, treatment of cells with the trolox, r-irisin
and resveratrol cocktail promoted a significant increase in
cell viability in both experimental conditions, with a greater
increase in the OA group. In fact, the absorbance values
measured by MTS assay in OA patients were 100.0+ 0.8 in
untreated cells and 138.9 + 1.2 in treated cells (p <0.0001)
(Fig. 1g). Similarly, OP patients had absorbance values of
100.0£0.8 in the absence of treatment and 127.1 + 1.2 in the
presence of treatment (p <0.0001) (Fig. 1j).

In agreement, the measurement of intracellular ROS lev-
els showed a significant reduction in oxidative stress after
treatment with trolox, r-irisin and resveratrol cocktail com-
pared to untreated cells. Specifically, intracellular ROS lev-
els in the OA group were 100.0+ 1.1 in untreated cells and
73.8 +£ 1.7 in treated cells (p <0.0001) (Fig. 1h), whereas
intracellular ROS levels in the OP group were 100.0+1.3
in untreated cells and 82.8 + 1.5 in treated cells (p <0.0001)
(Fig. 1k).

Noteworthy, treatment with the trolox, r-irisin and resver-
atrol cocktail promoted a significant reduction in cell senes-
cence especially in OA patients, where SA-p-gal activity
levels were 100.0 2.4 in untreated cells and 47.3+ 1.0 in
treated cells (p <0.0001) (Fig. 1i). Similar results were also
obtained in OP patients (p <0.0001), as demonstrated by
the significant reduction in SA-f-gal activity in treated cells
(76.6 +0.6) compared to control cells (100.0 +£0.5) (Fig. 11).

Effects of trolox, r-irisin and resveratrol cocktail
treatment on NOX4 and SIRT1 expressions

Immunofluorescence and western blotting analyses were
conducted to investigate any changes in the expression pat-
terns of NOX4 and SIRT1 in primary cultures of osteoblasts
treated with the trolox, r-irisin and resveratrol cocktail.

Figure 2a—p highlights fluorescent signals for NOX4 and
SIRT1 under all experimental conditions, although with
marked differences between groups. Particularly, untreated
cells from OA patients showed the highest co-expression
of NOX4 and SIRT1 (Fig. 2m), with a percentage of cells
co-expressing NOX4 and SIRT1 relative to the total number
of cells of 87.6 +1.8. On the other hand, the percentage of
cells co-expressing NOX4 and SIRT1 was 30.5+2.9 in the
OA_Treated group, 9.2 + 1.6 in the OP_Untreated group,
and 12.2+2.3 in the OP_Treated group.

In agreement, western blotting analysis showed a positive
band at about 67 kDa, corresponding to the molecular weight
of NOX4, and a positive band at about 110 kDa, correspond-
ing to the molecular weight of SIRT1, in the protein extracts
of all cell samples, with higher amounts for cells derived
from OA patients (Fig. 2q). Overall, the highest expression
of NOX4 was measured in untreated cells from OA patients,
while SIRT1 was more highly expressed in treated cells from
the same group. In fact, the mean values of NOX4 expres-
sion obtained by densitometric analysis were 1.00+0.03 in
the OA_Untreated group and 0.35+0.02 in the OA_Treated
group (p <0.0001) (Fig. 2r). On the other hand, the mean
expression values of SIRT1 were 1.00+0.04 in the OA_
Untreated group and 1.20+0.03 in the OA_Treated group
(»<0.001) (Fig. 2s).

Interestingly, treatment with the cocktail of trolox, r-irisin
and resveratrol also affected the expression of NOX4 and
SIRT1 in OP patients. In detail, the mean NOX4 expres-
sion values were 1.00 +0.02 in the OP_Untreated group and
0.41 £0.02 in the OP_Treated group (p <0.0001) (Fig. 2t).
In contrast, a significant increase in SIRT1 was observed
after treatment, with mean expression values of 1.00+0.02
in the OP_Untreated group and 4.34 +0.21 in the OP_
Treated group (p <0.0001) (Fig. 2u).

Effects of trolox, r-irisin and resveratrol cocktail
on mineralization process and PTX3 expression

The effects of treatment with the cocktail of trolox, r-irisin
and resveratrol on the mineralization process were inves-
tigated by alizarin red staining. In addition, immunocyto-
chemistry and western blotting analyses were performed to
measure the expression of PTX3, a known regulator of bone
metabolism [13].

Interestingly, greater mineral deposition was observed in
the OA_Treated group, as evidenced by the more intense
staining in Fig. 3b with respect to the untreated cells
(Fig. 3a). The OP_Treated group also showed marked min-
eral deposition compared to untreated cells (Fig. 3c, d),
although with a less pronounced effect than OA patients.

In agreement, immunocytochemical analysis showed the
presence of PTX3 in all experimental conditions, reveal-
ing significant differences between groups. The results were
expressed as the percentage of cells positive for PTX3 com-
pared with the total analyzed. Notably, the highest levels
of PTX3 were found in treated cells of OA patients, as the
percentage of PTX3-positive cells was 66.3 +4.7 in the OA_
Untreated group and 84.9+2.9 in the OA_Treated group
(p<0.01) (Fig. 3e, f, 1). Furthermore, treatment with the
cocktail of trolox, r-irisin and resveratrol promoted a sig-
nificant increase in protein expression even in OP patients.
In fact, the percentage of PTX3-positive cells was 28.8 +2.5
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«Fig. 2 Analysis of NADPH Oxidase 4 (NOX4) and sirtuin 1 (SIRT1)
expressions in primary cultures of osteoblasts from osteoarthritic
(OA) and osteoporotic (OP) patients after treatment with a cocktail
of trolox, recombinant irisin (r-irisin), and resveratrol. a—p Immuno-
fluorescence: a-d nuclei are stained with DAPI (blue); e-h immu-
nostaining for NOX4 (green); i-1 immunostaining for SIRT1 (red);
m-p merge for DAPL, NOX4 and SIRT1 signals. 40 X images, scale
bar represents 100 pm. g—u Western blotting analysis: r, t highest
expression of NOX4 was measured in the untreated cells of OA and
OP patients with respect to treated cells (p <0.0001). s, u Treatment
with the cocktail of trolox, r-irisin and resveratrol promoted a sig-
nificant increase in SIRT1 expression in both OA (p <0.001) and OP
(p<0.0001) patients

in the OP_Untreated group and 45.3 + 3.8 in the OP_Treated
group (p <0.01) (Fig. 3g, h, j).

These results were confirmed by western blotting analy-
sis, which detected a positive band at about 41 kDa, cor-
responding to the molecular weight of PTX3, in all protein
extracts analyzed. Again, the highest protein expression
was observed in OA osteoblasts treated with the cocktail of
trolox, r-irisin and resveratrol. In fact, densitometric analy-
sis showed mean PTX3 expression values of 1.00+0.03 in
untreated cells and 1.19+0.03 in treated cells (p <0.001)
(Fig. 3k, m). Similarly, a significant increase in PTX3 levels
was detected in OP patients after treatment, with mean pro-
tein expression values of 1.00 +0.04 in untreated cells and
1.71 £0.02 in treated cells (p <0.0001) (Fig. 31, m).

Discussion

Osteoarthritis and osteoporosis are age-related disease char-
acterized by metabolic changes, such as increased oxida-
tive stress and cellular senescence that affect the structure
and function of bone tissue [34]. The therapeutic strategies
available for the management of these disorders are mainly
based on pharmacological treatment, as well as surgery,
aimed at counteracting bone resorption, reducing musculo-
skeletal pain and improving mobility [35]. However, scien-
tific research in this field is constantly evolving, exploring
new molecular targets and drug combinations to counteract
the development and progression of age-related diseases
[36, 37]. In this context, some evidence has reported the
effectiveness of trolox, r-irisin and resveratrol in attenuat-
ing alterations in osteoblast metabolism, although the effect
of treatment with a cocktail of these substances has never
been verified. Therefore, the aim of this study was to inves-
tigate the effects of combined treatment with trolox, r-irisin
and resveratrol on the metabolism of osteoblasts isolated
from patients undergoing hip arthroplasty for coxarthrosis
or fragility fracture, assessing the potential modulation of
key regulators of oxidative stress and mineralization, such
as NOX4, SIRT1 and PTX3.

Quantitative investigations showed a significant increase
in the viability of treated osteoblasts in both experimental
groups, concomitant with a reduction in intracellular ROS
and SA-p-Gal levels. Although no direct statistical compari-
son was made between OA and OP patients, the measured
values indicate different responses. In fact, the increase in
cell viability was more evident in the OA group, while lower
baseline ROS levels were observed in the OP group in asso-
ciation with higher senescent activity. These data reflect the
different pathophysiological characteristics of the two dis-
eases, with osteoarthritis characterized by inflammatory pro-
cesses that affect the bone microenvironment, while osteopo-
rosis appears to present more advanced cellular senescence
and reduced regenerative potential [38, 39]. Furthermore,
western blotting analyses showed a down-regulation of
NOX4, responsible for ROS production, as well as an up-
regulation of SIRT1, a regulator of cell viability and senes-
cence, and PTX3, known to be involved in osteogenesis and
bone mineralization. However, although treatment with the
cocktail positively influenced osteoblast metabolism, differ-
ences were found between groups, with effects being more
pronounced in cells isolated from OA patients, suggesting a
lower efficacy of the cocktail in the context of osteoporosis.

Our results agree with the observations of Chen et al.,
who found increased expression of osteogenic markers and
improved differentiation in osteoblasts treated with r-irisin
and exposed to simulated microgravity [40]. Similarly, Qiao
and colleagues observed an up-regulation of runt-related
transcription factor 2 (RUNX2) and osteocalcin in r-irisin-
treated osteoblasts through activation of the P38/extracellu-
lar signal-regulated kinase (ERK) mitogen-activated protein
kinase (MAPK) signaling pathway, confirming the ability
of this molecule in promoting bone formation [41]. Note-
worthy, the benefits of r-irisin on osteoblast metabolism
could depend on an up-regulation of PTX3, as Cariati et al.
demonstrated that r-irisin treatment preserves the expression
of this marker in human osteoblasts exposed to simulated
microgravity. In addition, an increase in cell viability and
a reduction in oxidative stress were observed, suggesting a
role for irisin as both osteogenic and anti-apoptotic [11]. In
agreement, other authors have shown that increasing PTX3
expression in osteoblasts enhances hydroxyapatite crystal
formation and stimulates the activity of key osteogenic
markers, such as RUNX2 and ALP, confirming their involve-
ment in bone formation and mineralization [42, 43]. Overall,
r-irisin, through modulation of PTX3, could help improve
osteoblastic function and bone matrix quality by promoting
cell viability and reducing oxidative stress, suggesting its
potential therapeutic role for the treatment of degenerative
bone diseases.

Interestingly, an improvement in bone microarchitec-
ture in mouse models subjected to vibratory training has
recently been suggested in association with increased
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Fig.3 Alizarin red staining and analysis of pentraxin 3 (PTX3)
expression in primary cultures of osteoblasts from osteoarthritic
(OA) and osteoporotic (OP) patients after treatment with a cocktail
of trolox, recombinant irisin (r-irisin), and resveratrol. a—d Alizarin
red staining: the greatest mineral deposition was observed in the OA_

Treated group, although the OP_Treated group also showed marked
staining. 20 X images, scale bar represents 50 pm. e-h Immunocyto-
chemistry: e, f, i highest expression of PTX3 (arrows) was observed
in the OA-treated group compared with untreated cells (p <0.01). g,
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h, j Treatment with trolox, r-irisin and resveratrol cocktail also pro-
moted a significant increase in PTX3 expression (arrows) in the OP_
Treated group with respect to untreated cells (p <0.01) (n=12 from
N=4 experiments). 40X images, scale bar represents 100 pm. k-m
Western blotting analysis: k, m higher expression of PTX3 (top line)
was measured in treated cells of OA patients compared to untreated
cells (p<0.001). I, m Significant increase in PTX3 (top line) was
detected in treated cells of OP patients compared with untreated cells
(»<0.0001) (n=9 from N=3 experiments)
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expression of fibronectin type III domain-containing
protein 5 (FNDCS5), the precursor of the hormone irisin,
up-regulation of SIRT1 and down-regulation of NOX4,
confirming the role of these markers in bone metabolism
[44]. Indeed, SIRT1 is a key regulator of mitochondrial
biogenesis, and its cytoplasmic depletion has been asso-
ciated with the progression of osteoporosis and arthro-
sis in mouse models [45, 46]. On the other hand, NOX4
is known to promote osteoclastogenesis and bone loss,
although some evidence points to its role in bone for-
mation and osteoblastic differentiation, highlighting the
need for further studies to clarify the function of this
oxidase in bone pathophysiology [47, 48]. In fact, our
results showed a different expression of NOX4 between
the OA_Untreated and OP_Untreated groups, suggesting
its involvement in alterations in osteoblastic metabolism.
Although treatment reduced NOX4 expression in both
experimental groups, further investigation is needed to
assess the influence of the cocktail on protein synthe-
sis and degradation processes. Nevertheless, the devel-
opment of strategies with antioxidant action capable of
counteracting ROS over-production and promoting SIRT1
activation could attenuate the alterations in osteoblastic
metabolism that occur with aging. In this regard, the
potent antioxidant action of trolox, in association with
the presence of resveratrol, could lead to a modulation
of the NOX4-SIRT1 axis, with effects on cell viability,
oxidative stress and cellular senescence. Not surpris-
ingly, Mody et al. demonstrated that trolox effectively
counteracts H,0,-induced inhibition of osteogenic mark-
ers in osteoblastic MC3T3-E1 cells, suggesting a role
for antioxidants in enhancing bone cell differentiation
by reducing basal levels of ROS [49]. In addition, sev-
eral evidences support the effectiveness of resveratrol
in improving bone homeostasis as, due to its multiple
actions on both osteoblasts and osteoclasts, it is known
to improve trabecular microarchitecture and mitigate the
loss of bone mass associated with aging [50-52].

Overall, age-related musculoskeletal diseases, such
as osteoarthritis and osteoporosis, are characterized by
a complex pathophysiology and the involvement of dif-
ferent pathways and molecular targets that differentially
participate in alterations of osteoblastic metabolism. The
administration of a cocktail consisting of trolox, r-irisin
and resveratrol could represent an innovative strategy to
counteract these alterations, improving cell viability and
osteogenic potential and reducing the levels of intracel-
lular ROS and SA-B-Gal. However, further studies are
needed to investigate the efficacy of this cocktail, as well
as to evaluate the use of therapies based on the combina-
tion of several compounds capable of influencing osteo-
blast metabolism during aging.

Limits of study

This pilot study aimed to investigate the effects of a cocktail
with trolox, r-irisin and resveratrol on the metabolism of
osteoblasts isolated from patients with coxarthrosis or fragil-
ity fracture by assessing the modulation of NOX4, SIRT1
and PTX3. Although our results may represent a starting
point for the development of innovative therapies to coun-
teract the metabolic alterations underlying osteoarthritis and
osteoporosis, some limitations need to be discussed. First,
this study represents a preliminary evaluation based on the
enrolment of 20 patients divided into two groups. Despite
the interesting results on the effects of trolox, r-irisin and
resveratrol, our results will have to be confirmed by further
studies with larger patient cohorts to verify the involvement
of additional pathways and molecular targets potentially
modulated by the cocktail used. Furthermore, although pri-
mary cultures of osteoblasts were used to study treatment
responses, investigations in animal models will be necessary
to identify optimal dosages and verify the effect in vivo.

Conclusions

Osteoarthritis and osteoporosis are diseases characterized by
deep alterations in osteoblast metabolism, such as reduced
cell viability, as well as increased oxidative stress and cell
senescence. Importantly, NOX4, SIRT1 and PTX3 represent
important molecular players involved in these processes,
significantly affecting bone structural integrity and min-
eralization. Pharmacological modulation of these factors,
through the administration of a cocktail of trolox, r-irisin
and resveratrol, could lay the foundations for new forms
of management of bone diseases characterized by altered
osteoblast metabolism. Undoubtedly, the development of
pharmacological combinations capable of modulating the
expression of multiple molecular targets and influencing
different cellular processes represents an important frontier
in regenerative medicine and offers the opportunity to tai-
lor treatment, in terms of composition and dosage, to the
patient’s individual needs.
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