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Abstract: The finding of molecules associated with aging is important for the prevention of chronic
degenerative diseases and for longevity strategies. MicroRNAs (miRNAs) are post-transcriptional
regulators involved in many biological processes and miR-146b-5p has been shown to be involved
in different degenerative diseases. However, miR-146b-5p modulation has not been evaluated in
mesenchymal stem cells (MSCs) commitment or during aging. Therefore, the modulation of miR-
146b-5p in the commitment and differentiation of mesenchymal cells as well as during maturation
and aging in zebrafish model were analyzed. In addition, circulating miR-146b-5p was evaluated
in human subjects at different age ranges. Thus, the role of physical activity in the modulation of
miR-146b-5p was also investigated. To achieve these aims, RT (real-time)-PCR, Western blot, cell
transfections, and three-dimensional (3D) culture techniques were applied. Our findings show that
miR-146b-5p expression drives MSCs to adipogenic differentiation and increases during zebrafish
maturation and aging. In addition, miR-146b-5p expression is higher in females compared to males
and it is associated with the aging in humans. Interestingly, we also observed that the physical
activity of walking downregulates circulating miR-146b-5p levels in human females and increases
the number of chondroprogenitors. In conclusion, miR-146b-5p can be considered an age-related
marker and can represent a useful marker for identifying strategies, such as physical activity, aimed
at counteracting the degenerative processes of aging.

Keywords: miR-146b-5p; differentiation; circulating microRNAs; aging

1. Introduction

The study of the molecular regulation involved in aging may allow the identification
of strategies for the “healthy aging” [1–3]. Cellular senescence plays an important role
in inducing alterations involving the skeleton with repercussions on the quality of life.
MicroRNAs (miRNAs) are post-transcriptional regulators involved in many biological
processes, including cell growth, death, development, and differentiation.

Among miRNAs associated with degenerative diseases, miR-146b-5p is involved in
the progression of colorectal cancer [4], in the aggressiveness and progression of thy-
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roid cancer [5,6], and in acute ischemic stroke [7]. It has also been demonstrated that
miR-146b regulates the adipogenic proliferation and differentiation in human visceral
preadipocytes [8] and participates in the inflammatory process [9]. In addition, it has been
reported that miR-146b-5p has a sex-specific involvement in renal and cardiac pathology [10].
Although miR-146b has been explored in many physio-pathological conditions, its expres-
sion has not been investigated in detail during aging.

Recently, the Danio rerio (zebrafish) was proposed as a model for the study of ver-
tebrate aging. In fact, the zebrafish can live on average for about 3 years (but also over
5 years in a controlled environment) and shows gradual aging that reflects what has
been observed in humans [11]. The elderly zebrafish are characterized by a typical spinal
curvature in addition to the reduction of regenerative capacity and degenerative pro-
cesses [12]. The zebrafish is mainly used as an experimental model to understand the
molecular mechanisms related to stem cells differentiation, their application in regenerative
medicine, and as a model for drug discovery [13]. Therefore, it is relevant to investigate
the modulation of miRNAs in developmental biology as well during the aging of this
vertebrate model.

Based on our previous studies, in which we have demonstrated the presence of miR-
146b-5p in caudal fins of zebrafish that contain mesenchymal cells [14,15], we hypothesize
that miR-146b-5p may have a role in osteochondrogenic lineage. Thus, with the aim of
exploring the modulation of miR-146b-5p during development and aging, we used the
zebrafish model in the larval as well as in the adult stages, including the aging stage, using
the caudal fins.

Additionally, in order to identify an aging marker in humans, we also explored the
modulation of circulating miR-146b-5p in human subjects.

Importantly, sedentary lifestyle in modern society produces various alterations at
the basis of chronic degenerative diseases and physical activity represents a useful tool
for human resilience, counteracting the risk of chronic diseases. Therefore, we evaluated
the effects of a walking program in circulating miR-146b-5p levels as well its effects on
osteogenic or chondrogenic differentiation.

2. Results
2.1. MiR-146b Modulation during Differentiation of MSCs

To investigate the role of miR-146b during differentiation, we analyzed its expression
during the commitment and the differentiation of MSCs. As shown in Figure 1A, miR-146b
is upregulated in MSCs committed to adipogenic lineage, whereas its expression is lower
during osteogenic or chondrogenic commitment.

MiR-146b continues to be expressed at similar levels during adipogenic differentiation
(Figure 1B). In contrast, the expression miR-146b was reduced or increased during chon-
drogenic or osteogenic differentiation, respectively (Figure 1C,D). Forced expression of
miR-146b obtained by transfecting MSCs with miR-146b mimic induced the upregulation
of the adipogenic transcription factor PPARG2, while the expression of the chondrogenic
transcription factor SOX9 was reduced compared to controls (Figure 1E).
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Figure 1. MiR-146b expression during differentiation. MiR-146b expression is higher in MSCs 
committed to adipogenic lineage compared to chondrogenic or osteogenic lineage (miR-146b 
expression in chondrogenic or osteogenic groups compared to adipogenic group) (A). MiR-146b 
expression is poorly modulated during adipogenesis (miR-146b expression at 7 or 14 days of 
differentiation compared to 3 days of differentiation) (B) and highly modulated during 
chondrogenic (C) or osteogenic (D) differentiation. Forced expression of miR-146b induced the 
upregulation of PPARG2 and the downregulation of SOX9 (E). Data are shown as mean  ±  standard 
deviation (SD); * p < 0.05; ** p < 0.01; *** p < 0.005. For each experiment, six independent analyses 
were performed. In figure (B–D), miR-146b expression at 7 or 14 days of differentiation is compared 
to that at 3 days of differentiation. 

2.2. MiR-146b Is Associated with SESTRIN Expression 
Since cell differentiation, particularly adipogenic differentiation, is associated with 

physiological levels of stress [16,17], we wanted to investigate a possible relationship 
between miR-146b and SESTRIN (SESN), a marker of stress response. As shown in Figure 
2A, forced expression of miR-146b in MSCs induced the increase in gene expression of 
SESN1 in MSCs.  

Therefore, we evaluated the expression of SENS1 during the commitment to 
adipogenic, chondrogenic, and osteogenic lineage. As shown in Figure 2B, commitment 
to adipogenesis induced the upregulation of SESN1 while this gene was underexpressed 
in MSCs committed to chondrogenic or osteogenic lineage. However, the SESN1 was 
downregulated during adipogenesis (Figure 2C). In contrast, SESN1 expression was 
upregulated during chondrogenesis and osteogenesis (Figure 2D,E). 

Figure 1. MiR-146b expression during differentiation. MiR-146b expression is higher in MSCs com-
mitted to adipogenic lineage compared to chondrogenic or osteogenic lineage (miR-146b expression
in chondrogenic or osteogenic groups compared to adipogenic group) (A). MiR-146b expression
is poorly modulated during adipogenesis (miR-146b expression at 7 or 14 days of differentiation
compared to 3 days of differentiation) (B) and highly modulated during chondrogenic (C) or os-
teogenic (D) differentiation. Forced expression of miR-146b induced the upregulation of PPARG2
and the downregulation of SOX9 (E). Data are shown as mean ± standard deviation (SD); * p < 0.05;
** p < 0.01; *** p < 0.005. For each experiment, six independent analyses were performed. In
figure (B–D), miR-146b expression at 7 or 14 days of differentiation is compared to that at 3 days
of differentiation.

2.2. MiR-146b Is Associated with SESTRIN Expression

Since cell differentiation, particularly adipogenic differentiation, is associated with
physiological levels of stress [16,17], we wanted to investigate a possible relationship be-
tween miR-146b and SESTRIN (SESN), a marker of stress response. As shown in Figure 2A,
forced expression of miR-146b in MSCs induced the increase in gene expression of SESN1
in MSCs.

Therefore, we evaluated the expression of SENS1 during the commitment to adi-
pogenic, chondrogenic, and osteogenic lineage. As shown in Figure 2B, commitment to
adipogenesis induced the upregulation of SESN1 while this gene was underexpressed in
MSCs committed to chondrogenic or osteogenic lineage. However, the SESN1 was down-
regulated during adipogenesis (Figure 2C). In contrast, SESN1 expression was upregulated
during chondrogenesis and osteogenesis (Figure 2D,E).
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Figure 2. MiR-146b and SESTRIN. Forced expression of miR-146b increased SESN1 gene expression 
in MSCs (A). SESN1 is upregulated in adipogenic committed MSCs (B). SESN1 expression was 
downregulated during adipogenesis (C) and upregulated during chondrogenesis and osteogenesis 
(D,E). Data are shown as mean ± standard deviation (SD); * p < 0.05; ** p < 0.01; *** p < 0.005. For each 
experiment, six independent analyses were performed. 

2.3. MiR-146b Increases during Zebrafish Maturation and Aging  
To evaluate the expression of miR-146b in zebrafish, an animal model suitable for 

development and aging studies, we first analyzed the expression levels in larvae of 
zebrafish at 3, 7, and 14 days post fecundation (dpf). As shown in Figure 3A, the levels of 
expression increased during the maturation.  

Figure 2. MiR-146b and SESTRIN. Forced expression of miR-146b increased SESN1 gene expres-
sion in MSCs (A). SESN1 is upregulated in adipogenic committed MSCs (B). SESN1 expression
was downregulated during adipogenesis (C) and upregulated during chondrogenesis and osteo-
genesis (D,E). Data are shown as mean ± standard deviation (SD); * p < 0.05; ** p < 0.01; *** p < 0.005.
For each experiment, six independent analyses were performed.

2.3. MiR-146b Increases during Zebrafish Maturation and Aging

To evaluate the expression of miR-146b in zebrafish, an animal model suitable for
development and aging studies, we first analyzed the expression levels in larvae of zebrafish
at 3, 7, and 14 days post fecundation (dpf). As shown in Figure 3A, the levels of expression
increased during the maturation.

In the younger adult phase, miR-146b continued to increase and we observed that the
expression of miR-146b was more than 3-fold higher in 6-month-old zebrafish compared
to the 2-month-old (Figure 3B). Then, we evaluated morphological changes of zebrafish
skeleton occurring in the aging. In particular, we analyzed the spine modifications in young
and 3-year-old zebrafish. As shown in Figure 3C, we observed an increase in curvature
in middle-aged and this feature was more pronounced in old zebrafish. Therefore, we
analyzed the RNA expression. The expression of miR-146b increased significantly in
middle-aged and older specimens (Figure 3C),

To evaluate a relationship between miR-146b and differentiation markers in osteo-
chondrogenic progenitors, we analyzed osteogenic and chondrogenic gene expression
in larvae or caudal fin zebrafish. In the larvae of zebrafish at 3, 7, and 14 days dpf, the
increased expression of genes involved in osteogenic differentiation (runxa, runxb, sp7) and
chondrogenic differentiation (sox9) or bone remodeling (receptor for RANK-Ligand, rank)
mirror the miR-146b expression modulation, being higher at 14 days (Figure 3D).
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Figure 3. MiR-146b expression during zebrafish maturation. RT (real-time)-PCR analyses. MiR-146b 
expression after 3 (3d; sample n = 30), 7 (7d; sample n = 30), and 14 (14d; sample n = 30) days post 
fecundation (A). Expression levels of miR-146b at 2 (sample n = 30) and 6 months (sample n = 30) 
(B) and in young (sample n = 30), middle-aged (sample n = 30), and old zebrafish (sample n = 30) 
(C). Osteogenic (runxa, runxb, sp7), chondrogenic (sox9), and the receptor for RANK-Ligand gene 
expression increased during the maturation of larvae (D). Runx2a and sox9 gene expression was 
downregulated in 6 months compared to 2 months old zebrafish (E). Osteogenic or chondrogenic 
differentiation associated genes lowered in caudal fin during the aging (E). Rank gene expression, 
involved in osteoclast activation, was higher in the caudal fin of middle-aged and old zebrafish (F). 
Data are shown as mean ± standard deviation (SD); * p < 0.05; ** p < 0.01; *** p < 0.005. (A): Calcein 
staining of zebrafish at 14 days post fertilization. (B): Alizarin staining of zebrafish at 6 months of 

Figure 3. MiR-146b expression during zebrafish maturation. RT (real-time)-PCR analyses. MiR-146b
expression after 3 (3d; sample n = 30), 7 (7d; sample n = 30), and 14 (14d; sample n = 30) days post
fecundation (A). Expression levels of miR-146b at 2 (sample n = 30) and 6 months (sample n = 30) (B)
and in young (sample n = 30), middle-aged (sample n = 30), and old zebrafish (sample n = 30) (C). Os-
teogenic (runxa, runxb, sp7), chondrogenic (sox9), and the receptor for RANK-Ligand gene expression
increased during the maturation of larvae (D). Runx2a and sox9 gene expression was downregulated
in 6 months compared to 2 months old zebrafish (E). Osteogenic or chondrogenic differentiation
associated genes lowered in caudal fin during the aging (E). Rank gene expression, involved in
osteoclast activation, was higher in the caudal fin of middle-aged and old zebrafish (F). Data are
shown as mean ± standard deviation (SD); * p < 0.05; ** p < 0.01; *** p < 0.005. (A): Calcein staining
of zebrafish at 14 days post fertilization. (B): Alizarin staining of zebrafish at 6 months of age. In
particular, at 14dpf the miR-146b increased more than 8-fold compared to 3 dpf (A). Therefore, we
evaluated the miR-146b expression in adult caudal fin of zebrafish, a model system for the evaluation
of molecular mechanisms involved in regeneration [18]. In particular, miR-146b expression was
evaluated in young (n = 30; 10–12 months), middle-aged (n = 30; 20–24 months), and old (n = 30;
30–36 months) zebrafish samples.
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In contrast, we observed in 6-month-old zebrafish the downregulation of runx2a and
sox 9 gene expression and a negative trend of expression in the other investigated genes
(sp7 and rank), whereas runx2b increased even if in a manner not statistically significant
(Figure 3E). In addition, the expression of genes associated with osteogenic or chondrogenic
differentiation, runx2a, runx2b, sp7, and sox9 lowered in fin during aging (Figure 3F).
However, the expression of rank, involved in osteoclast activation, increased during aging
(Figure 3F).

2.4. MiR-146b Expression Is Higher in Female and Increases during the Aging

To investigate the modulation of miR-146b expression in human subjects, we first
evaluated any differences in the expression of this miR due to gender. Our results
showed that circulating miR-146b expression was higher in female than in male human
subjects (Figure 4A).
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Figure 4. Circulating miR-146b expression in healthy human subjects. RT (real-time)-PCR in circu-
lating miRNAs isolated from female (sample n = 12) and male (sample n = 17) (A) or in female (B) 
or in male (C) of different ages. Sestrin 1 and Sestrin 2 protein levels in MSCs cultured in presence 
of sera collected in women of different ages (D). (Median age: women 41.4 ± 7.2 ((group a (n = 4) 
27.8 ± 1.9; group b (n = 4) 41.2 ± 1.9; group c (n = 4) 52.8 ± 0.8)); men 41.7 ± 9.7 ((group a (n = 5) 28.4 ± 
1.1; group b (n = 6) 42.5 ± 0.8; group c (n = 6) 52.8 ± 0.63)). The original blots are presented in Supple-
mentary S1. * p < 0.05; ** p < 0.01; *** p < 0.005. 

Therefore, we evaluated the modulation of miR-146b during aging. Thus, we selected 
female subjects within the age range of 27 to 53 years (group a: 27.8 ± 1.9; group b: 41.2 ± 
1.9; group c: 52.8 ± 0.8). Additionally, male participants within the similar age range were 
also included (group a: 28.4 ± 1.1; group b: 42.5 ± 0.8; group c: 52.8 ± 0.63). The findings 
revealed that among these individuals, circulating levels of miR-146b exhibited a noticea-
ble rise with advancing age in females (Figure 4B), whereas in males, this increase became 
evident around the age of 42 and subsequently remained relatively constant (C). However, 
when we evaluated Sestrin levels in cultured mesenchymal cells in the presence of serum 
obtained from women of different ages, we observed reduced levels of Sestrin 1 and 
Sestrin 2 in serum-stimulated cells from older subjects (Figure 4C and Supplementary S1).  

2.5. Walking Program Effects on Circulating miR-146b and on Differentiation and Aging of 
MSCs 

To evaluate the impact of physical activity in miR-146b modulation, we collected sera 
from female participants of a walking program (Figure 5A). In particular, the exercise pro-
gram consisted of 3 walking sessions per week for a total of 4 weeks and sera were col-
lected before (Pre) and after (Post) the 4-week session. As shown in Figure 5A, we ob-
served that the walking program reduced the expression of circulating miR-146b. In ad-
dition, we observed reduced levels of both Sestrin 1 and Sestrin 2 in MSCs cultured in 
presence of sera collected after the exercise program (Figure 5B). 

Figure 4. Circulating miR-146b expression in healthy human subjects. RT (real-time)-PCR in circu-
lating miRNAs isolated from female (sample n = 12) and male (sample n = 17) (A) or in female (B)
or in male (C) of different ages. Sestrin 1 and Sestrin 2 protein levels in MSCs cultured in presence
of sera collected in women of different ages (D). (Median age: women 41.4 ± 7.2 ((group a (n = 4)
27.8 ± 1.9; group b (n = 4) 41.2 ± 1.9; group c (n = 4) 52.8 ± 0.8)); men 41.7 ± 9.7 ((group a (n = 5)
28.4 ± 1.1; group b (n = 6) 42.5 ± 0.8; group c (n = 6) 52.8 ± 0.63)). The original blots are presented in
Supplementary S1. * p < 0.05; ** p < 0.01; *** p < 0.005.

Therefore, we evaluated the modulation of miR-146b during aging. Thus, we selected
female subjects within the age range of 27 to 53 years (group a: 27.8 ± 1.9; group b:
41.2 ± 1.9; group c: 52.8 ± 0.8). Additionally, male participants within the similar age range
were also included (group a: 28.4 ± 1.1; group b: 42.5 ± 0.8; group c: 52.8 ± 0.63). The
findings revealed that among these individuals, circulating levels of miR-146b exhibited a
noticeable rise with advancing age in females (Figure 4B), whereas in males, this increase
became evident around the age of 42 and subsequently remained relatively constant (C).
However, when we evaluated Sestrin levels in cultured mesenchymal cells in the presence of
serum obtained from women of different ages, we observed reduced levels of Sestrin 1 and
Sestrin 2 in serum-stimulated cells from older subjects (Figure 4C and Supplementary S1).
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2.5. Walking Program Effects on Circulating miR-146b and on Differentiation and Aging of MSCs

To evaluate the impact of physical activity in miR-146b modulation, we collected
sera from female participants of a walking program (Figure 5A). In particular, the exercise
program consisted of 3 walking sessions per week for a total of 4 weeks and sera were
collected before (Pre) and after (Post) the 4-week session. As shown in Figure 5A, we
observed that the walking program reduced the expression of circulating miR-146b. In
addition, we observed reduced levels of both Sestrin 1 and Sestrin 2 in MSCs cultured in
presence of sera collected after the exercise program (Figure 5B).
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Thus, we cultured MSCs in adipogenic medium and in the presence of sera collected 
before and after the exercise program. Oil Red O (ORO) staining was performed in order 
to evaluate the number of oil droplet positive cells. As shown in Figure 6A, an increased 
ORO area was observed in cells under serum collected after the exercise program stimu-
lation. 

Figure 5. Walking program performed by female participants and miR-146b modulation. RT (real-
time)-PCR in circulating miRNAs (Pre) and after (Post) the exercise program (A). Sestrin 1 and
Sestrin 2 protein levels in MSCs cultured in presence of sera collected before (Pre) and after (Post)
the exercise program (B). The original blots are presented in Supplementary S1. Data are shown as
mean ± standard deviation (SD); * p < 0.05.

Thus, we cultured MSCs in adipogenic medium and in the presence of sera collected
before and after the exercise program. Oil Red O (ORO) staining was performed in order to
evaluate the number of oil droplet positive cells. As shown in Figure 6A, an increased ORO
area was observed in cells under serum collected after the exercise program stimulation.

We also cultured osteogenic and chondrogenic cells in a 3D model in the presence
of sera collected before and after the exercise program. An increase in the number of
progenitor cells, especially in the chondrogenic lineage, has been observed in the presence
of serum collected after the exercise program (Figure 6B).

Since the p53/p21 axis has been associated with aging [19], we also evaluated the
expression of p21and p53 in osteogenic or chondroblastic progenitors in presence of sera
collected before and after the activity. The levels of MMP13, a metalloproteinase involved
in cartilage degradation and associated with osteoarthritis [20], were evaluated as well in
chondroblastic progenitors in the presence of sera collected before and after the activity.
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presence of Pre and Post sera stimulation (B). The increased chondroblast intensity observed in the 
post-treatment phase may potentially be attributed to cell overlap. Data are shown as mean  ±  stand-
ard deviation (SD); * p < 0.05; ** p < 0.01;. Magnification 10× (A) and 20× (B). 

We also cultured osteogenic and chondrogenic cells in a 3D model in the presence of 
sera collected before and after the exercise program. An increase in the number of progen-
itor cells, especially in the chondrogenic lineage, has been observed in the presence of 
serum collected after the exercise program (Figure 6B).  

Since the p53/p21 axis has been associated with aging [19], we also evaluated the ex-
pression of p21and p53 in osteogenic or chondroblastic progenitors in presence of sera 
collected before and after the activity. The levels of MMP13, a metalloproteinase involved 
in cartilage degradation and associated with osteoarthritis [20], were evaluated as well in 
chondroblastic progenitors in the presence of sera collected before and after the activity. 

As shown in Figure 7A, no differences of p53 and p21 levels were observed in osteo-
genic cells cultured with Pre or Post sera. In contrast, a decrease of the p53/p21 pathway 
(Figure 7B) and a reduction of MMP13 levels (Figure 7C) was observed in chondroblastic 
progenitors cultured with serum post exercise program. 

Figure 6. Effects of sera in differentiating cells. MSCs cultured during adipogenesis in presence of sera
collected before (Pre) or after (Post) the exercise program. ORO-stained area in cells in presence of Pre
and Post sera stimulation (A); 3D cultures of chondroblasts (green) and osteoblasts (red) in presence of
Pre and Post sera stimulation (B). The increased chondroblast intensity observed in the post-treatment
phase may potentially be attributed to cell overlap. Data are shown as mean ± standard deviation
(SD); * p < 0.05; ** p < 0.01;. Magnification 10× (A) and 20× (B).

As shown in Figure 7A, no differences of p53 and p21 levels were observed in os-
teogenic cells cultured with Pre or Post sera. In contrast, a decrease of the p53/p21 pathway
(Figure 7B) and a reduction of MMP13 levels (Figure 7C) was observed in chondroblastic
progenitors cultured with serum post exercise program.
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(A) or decreased in chondrogenic cells (B) cultured Post sera. MMP13 levels (C) were reduced in 
chondroblastic progenitors stimulated with Post sera. The original blots are presented in Supple-
mentary S1. Data are shown as mean ± standard deviation (SD); ** p < 0.01; *** p < 0.005. 
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studies have underscored the pivotal role of Sestrin induction in both cellular survival and 
the orchestration of anti-inflammatory reactions [27]. To evaluate the modulation of miR-
146b during aging, another process associated with stress mechanisms, we used the 
zebrafish model. In recent years, the zebrafish model has become a valuable vertebrate 
model for the study of physiological and pathological mechanisms [28] in developmental 
biology and aging. An age-related decline in performance has been demonstrated using 
this in vivo model, with young (8–12 months), middle-aged (15–20 months), and old (25–
30 months) zebrafish. Zebrafish is particularly useful in skeletal disease research due to 
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Figure 7. Effects of walking on p53/p21 axis. P53 and p21 levels were not affected in osteogenic
cells (A) or decreased in chondrogenic cells (B) cultured Post sera. MMP13 levels (C) were re-
duced in chondroblastic progenitors stimulated with Post sera. The original blots are presented in
Supplementary S1. Data are shown as mean ± standard deviation (SD); ** p < 0.01; *** p < 0.005.



Int. J. Mol. Sci. 2023, 24, 13163 9 of 18

3. Discussion

To assess the role of miR-146b in human progenitor cells, we analyzed its expression
during commitment and differentiation of hMSCs. Our data showed that miR-146b is
upregulated during adipogenic commitment compared to osteogenic or chondrogenic
commitment. In addition, miR-146b is modulated during mesenchymal stem cells dif-
ferentiation indicating that the modulation of miR-146b reflects processes related to dif-
ferentiation. Interestingly, cell differentiation and aging have been associated with stress
mechanisms [21–25]. In our study, we observed that forced expression of miR-146b in-
creased Sestrin expression in MSCs, suggesting a potential link between miR-146b and
stress conditions. A limitation of our study is the absence of experiments involving the
inhibition of miR-146 to assess the modulation of Sestrin. Nevertheless, in the context
of human THP-1 monocytic cells, research has indicated that suppressing miR-146b-5p
interferes with the anti-inflammatory mechanisms facilitated by globular adiponectin [26].
Furthermore, studies have underscored the pivotal role of Sestrin induction in both cel-
lular survival and the orchestration of anti-inflammatory reactions [27]. To evaluate the
modulation of miR-146b during aging, another process associated with stress mechanisms,
we used the zebrafish model. In recent years, the zebrafish model has become a valuable
vertebrate model for the study of physiological and pathological mechanisms [28] in devel-
opmental biology and aging. An age-related decline in performance has been demonstrated
using this in vivo model, with young (8–12 months), middle-aged (15–20 months), and old
(25–30 months) zebrafish. Zebrafish is particularly useful in skeletal disease research due
to its ease of gene manipulation, rapid development, low breeding cost, and its similarity
in genetic and molecular mechanisms to humans [14,29–31]. Studies on fin development
and regeneration in Danio rerio (zebrafish) have shown similarities to bone and cartilage
differentiation observed in humans [32]. While mice and rats are commonly used experi-
mental models to study bone alterations or repair, zebrafish has also emerged as a valuable
model for studying skeletal alterations and pathophysiology [29,33–37].

Moreover, from an evolutionary point of view, miRNAs are highly conserved in verte-
brate organisms, and using model organisms such as zebrafish provides insights into their
role in various pathophysiological processes that can be translated into humans [38–40].

MicroRNAs have been demonstrated to induce post-transcriptional regulation of gene
expression in bone development, regeneration, or alteration [41–43], including studies
specifically focused on the role of microRNAs in zebrafish skeletal tissue [4,44–47]. The
role of miR-146b has been investigated in several physio-pathological contexts, such as
in angiogenesis, cancer, inflammation processes, and obesity disorders [48–54]. Recently,
we reported that antioxidant treatment with methylsulfonylmethane reduces miR-146b
expression in the caudal fin [14]. However, the miR-146b role during aging has not been
extensively analyzed.

In this study, using the zebrafish model, we observed an increase in miR-146b ex-
pression during larval maturation. To evaluate miR-146b expression during aging in
osteochondrogenic forming cells, we analyzed its expression in caudal fins of zebrafish,
which consist of endochondral bony elements [55,56]. We observed a reduction in the
expression of osteogenic and chondrogenic genes in the caudal fin, along with an increased
expression of miR-146b in aged zebrafish, particularly associated with age-related pheno-
types such as spine curvature. Furthermore, the increased expression of miR-146b was
accompanied by increased expression of rank, a gene involved in osteoclast activation and
bone resorption, in aged zebrafish. These results suggest that the modulation of miR-146b
may reflect maturation and aging processes rather than differentiation itself.

Circulating levels of miRNAs may mirror tissue molecules [57–61]. Therefore, in the
current study, we examined the expression of miR-146b in human subjects. We observed
reduced levels in males compared to females and higher circulating miR-146b levels in
aged female. In males, however, this elevation became noticeable around the age of 42 and
subsequently exhibited a relatively constant trend. This suggests that aging and gender
may influence the presence of miR-146b into the bloodstream, possibly originating from
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different tissues. The modulation of miR-146b during aging has also been evaluated in
cellular models such as macrophages or fibroblasts, yielding contrasting findings [62,63].
Specifically, it has been observed that the level of miR-146b decreases during aging in
mouse macrophages, and this reduction contributes to inflammation. On the other hand,
an increase in miR-146a/b has been reported in senescent fibroblasts that secrete elevated
levels of inflammatory cytokines. In our cellular models, we observed increased levels of
miR-146b during differentiation or with advancing age. Taken together, these data sup-
port that miR-146b levels reflect an inflammatory state associated with paraphysiological
conditions occurring during the aging. Interestingly, when we evaluated Sestrin levels
in MSCs stimulated with sera from female subjects, we observed reduced Sestrin levels
in the presence of sera from elderly subjects. Accordingly, Zeng et al. found that Sestrin
levels are downregulated with aging [64]. Thus, our findings suggest that the increased
miR-146b expression observed in older subjects is an attempt by the cells to increase Sestrin
levels. However, this upregulation of miR-146b does not induce an increase in Sestrins in
older subjects.

Previous research has indicated that miR-146b plays a role in promoting osteoarthritis,
a condition associated with aging, by inhibiting the alpha-2-macroglobulin expression [65].
Specifically, it has been observed that miR-146b reduces the expression of collagen II
and aggrecan while increasing the expression of matrix metalloproteinase 3 (MMP-3)
and MMP-13 enzymes in cartilage by targeting the chondroprotective molecule alpha-2-
macroglobulin [65,66]. Additionally, studies have reported the downregulation of miR-146b
during differentiation into chondrogenic lineage of skeletal stem cells while its levels are
upregulated in osteoarthritis [67]. Interestingly, circulating miR-146a has been identified as
potential biomarker of sarcopenia in older adults [68].

Furthermore, we demonstrated that a 4-week walking exercise program effectively
modulates miR-146b levels as well as osteogenic and chondrogenic differentiation. Interest-
ingly, these effects were observed even with low-intensity exercise such as walking. We
observed a decrease in circulating miR-146b expression following the low-intensity exercise
program. We also observed reduced Sestrin levels in MSCs in the presence of sera collected
after the walking program. These data suggest that the walking program is not an activity
that stimulates stressful conditions and therefore the demand for proteins associated with
oxidative stress or inflammation, such as Sestrins, is reduced.

Population-based studies have reported that walking could be a protective factor
against osteoarthritis in older [64] and middle-aged women [65]. It is widely acknowledged
in literature that physical activity has a positive impact on reducing the progression of os-
teoarthritis [66] and preventing arthritis [67]. MMP-13 is considered the pivotal proteinase
that marks osteoarthritis development and progression of osteoarthritis [69]. Cartilage
damage is associated with degradation of the extracellular matrix due to altered levels of
metalloproteinases, including MMP-13 [70]. Our study showed that a walking program in
healthy women led to a reduction of MMP-13 expression in progenitors cells cultured with
post-physical activity sera.

Walking has several positive effects on functional parameters in patients with os-
teoarthritis and should be considered as a treatment for arthrosis [71].

Even low-intensity exercise has the potential to counteract aging, as we demon-
strated modulation of a p53/p21 pathway in chondroblastic progenitors treated with
post-exercise sera. These results can be explained by the immunomodulant and anti-aging
effects of physical activity [72], which can directly influence signaling pathways associated
with osteoarthritis [73].

Finally, it is widely recognized that women are more susceptible to osteoarthritis than
men [74]. Therefore, future studies should focus on the investigating the role of miR-146b
modulation and its differences between sexes to fill this gap in biomedical research [75].
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4. Materials and Methods
4.1. Cells

Human mesenchymal stem cells (hMSCs, PromoCell, Heidelberg, Germany), plated
at a density of 5 × 104 cells and cultured in the presence of mesenchymal stem cell growth
medium (PromoCell, Heidelberg, Germany) or osteogenic or chondrogenic or adipogenic
differentiation medium (PromoCell, Heidelberg, Germany), were incubated at 37 ◦C in
a humidified atmosphere with 5% CO2 as previously reported [14,76]. Briefly, at 70%
confluence, the specific culture medium was employed, namely Adipocyte StemPro® Basal
Medium (Cat. Number A10410-01, ThermoFisher Scientific—New York 14072, NY, USA),
Osteocyte/Chondrocyte StemPro® Basal Medium (Cat. Number A10069-01, ThermoFisher
Scientific—New York, NY, USA), or MesenPro® Basal Medium (Cat.Number 12747-010,
ThermoFisher—New York, NY, USA), depending on the type of differentiation. During adi-
pogenic differentiation, the culture medium was enriched with an adipogenesis supplement
(Cat. Number A10065-01, ThermoFisher Scientific—New York, NY, USA) and antibiotics
(1% penicillin/streptomycin/Amphotericin B, Cat. Number 17-745E Lonza—Walkersville,
MD, USA). In the case of osteogenic differentiation, the culture medium contained an
osteogenesis supplement (Cat. Number A10066-01, ThermoFisher Scientific—New York,
NY, USA), and antibiotics (1% penicillin/streptomycin/Amphotericin B, Cat. Number
17-745E Lonza—Walkersville, MD, USA). For chondrogenic differentiation, the culture
medium included a chondrogenesis supplement (Cat-Number A10064-01, ThermoFisher
Scientific—New York, NY, USA), and antibiotics (1% penicillin/streptomycin/Amphotericin
B, Cat. Number 17-745E Lonza—Walkersville, MD, USA). Furthermore, for undiffer-
entiated MSCs, MesenPro® Basal Medium was utilized, supplemented with MesenPro
supplement (Cat. Number 12748-018, ThermoFisher Scientific—New York, NY, USA),
1% L-Glutamine (Cat. Number G7513, Merck—Darmstadt, Germany), and antibiotics
(1% penicillin/streptomycin/Amphotericin B, Cat. Number 17-745E, Lonza, Walkersville,
MD, USA).

We evaluated the effect of gain-function of miR-146b on the commitment or differ-
entiation of MSCs by transfecting with a mirVana™ miR-146b mimic (Catalog num-
ber: 4464066 ID: MC25960, ThermoFisher Scientific—New York, NY, USA) or con-
trol/scramble. Transfection was carried at a cell confluency of 60–70% using Lipo-
fectamine 3000 Reagent (L3000-008, Invitrogen by Thermo Fisher Scientific Baltics UAB,
Vilnius, Lithuania). Then, 48 h post transfection, cells were collected and RNA was
extracted as we previously performed [30].

To evaluate the effects of the walking program in MSCs differentiation, cells were
cultured in presence of 5% serum collected from the walking program participants before
(Pre) and after (Post) the activity.

4.2. Danio Rerio (Zebrafish) Model

The in vivo experiments were performed at the CIRSAL (Interdepartmental Center
of Experimental Research Service—University of Verona, Verona, Italy). The procedures
were performed under ethical authorization n. 662/2019-PR of 16/09/2019. The embryos
were obtained from adults nacre zebrafish (ZFIN database ID: ZDB-ALT-990423-22) by
performing standard procedures as previously reported [77,78]. The embryos were grown
at 33 ◦C in water for 3 (30 embryos), 7 (30 embryos), and 14 (40 embryos) days post-
fertilization (dpf). Then, the embryos were euthanized and collected in order to perform
molecular analyses (30 embryos for each groups) or calcein staining (10 embryos at 14 dpf)
as previously reported [79]. In addition, 2 months (n = 30) and 6 months (n = 30) zebrafish
as well adult zebrafish ((young (10–12 months), middle-aged (20–24 months), and old
(30–36 months)) were grown in water and, after the euthanasia, were collected for the
molecular analyses (n = 30 for each group) and staining procedures (n = 10 each for young,
middle-aged, and old groups) as previously reported [80].
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4.3. RNA Extraction and Reverse Transcription

Pellets obtained from larvae or adults zebrafish were collected and stored at −80 ◦C
as previously reported [79]. MiRNAs and RNA were extracted by using the miRNeasy
Quiagen and RNAeasy Protect kits, respectively, as previously reported [30]. The RNA
samples were analyzed to evaluate the concentration and purity by a Nanodrop instrument
and reverse-transcribed into cDNA using Applied Biosystems Reverse Transcription kits
(4368814 and 4366596, Thermo Fisher Scientific, Baltics UAB, Vilnius, Lithuania). Random
hexamers (for RNA) or miRNA-specific primers (for miRNAs) were used according to the
manufacturer’s protocol.

4.4. Real-Time PCR

Gene expression modulation was performed by real-time PCR analyses as previously
reported [79]. The following primer sets were used: runx2a (fw GACGGTGGTGACG-
GTAATGG, rv TGCGGTGGGTTCGTGAATA, runx2b (fw CGGCTCCTACCAGTTCTCCA,
rv CCATCTCCCTCCACTCCTCC), rank (fw GCACGGTTATTGTTGTTA, rv TATTCAGAG-
GTGGTGTTAT) (Invitrogen, Carlsbad, CA, USA). Predesigned, gene-specific primers sox9
Dr03112282_m1; miR-146b-5p, 474220; RNU44, 001094; Runx2_m1 (Hs01047973, 20X, FAM);
Sox9-m1 (Hs00165814, 20X, FAM; sestrin1, hs00902782_m1; PPARG2, hs01115513_m1;
β-actin (4326315E 20X VIC)) (Thermo Fisher Corporation, Waltham, MA, USA) were also
used. Ct values for each reaction were determined using TaqMan SDS analysis software
7300 (Applied Biosystems; Foster City, CA, USA) as reported previously [14]. To calculate
relative gene expression levels between different samples, we performed the analyses by
using the 2−∆∆CT method as previously reported [14].

4.5. Western Blotting

The proteins were extracted by using Ripa buffer (Thermo Fisher Scientific, Waltham,
MA, USA) and concentrations were calculated with BCA assay (Thermo Scientific, Waltham,
MA, USA) as previously reported [76]. Protein samples were separated by sodium do-
decyl sulfate–polyacrylamide gel electrophoresis (SDS PAGE) and then transferred onto
polyvinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific, Waltham, MA,
USA). PVDF membranes were probed with the primary (β ACTIN (BA3R; Thermo Scien-
tific, Waltham, MA, USA); sirtuin (PA5-23,063; Invitrogen, Waltham, MA, USA); SESN1
(PA5-98,142; Invitrogen, Waltham, MA, USA); SESN2 (ab-178518; Abcam, Cambridge,
MA, USA); p53 (2524; Cell Signaling Technology, Danvers, MA, USA); p21 (M7202; Dako,
Denmark A/S, Glostrup, Denmark); and secondary antibodies Anti-mouse (7076; Cell
Signaling Technology) and Anti-rabbit (7074, Cell Signaling Technology). Signals were
detected using chemiluminescence reagent (ECL, Millipore, Burlington, MA, USA). The im-
ages were captured with a LAS4000 Digital Image Scanning System (GE Healthcare, Little
Chalfont, UK). Densitometric analyses were performed as we previously reported [76].

4.6. Zebrafish Staining

Calcein staining was performed at 14 days post fertilization as previously reported [79]
and a Leica M205FA fluorescence microscope (Leica Microsystems, Wetzlar, Germany)
camera was utilized to acquire and analyze the microscope images. Alizarin red to stain
adults zebrafish was performed as previously described [79]. Briefly, euthanized fish were
treated with fixative solution (5% formalin, 5% Triton X-100, 1% potassium hydroxide
(KOH) and rocked for 48 h at room temperature (RT). The specimens were immersed in
B-Staining medium (20% ethylene glycol and 1% KOH) and then in “B-Staining solution
(0.05% Alizarin Red S, 20% ethylene glycol, 1% KOH) overnight at 20 ◦C. The specimens
were then treated with clearing solution (20% Tween 20, 1% KOH) rocking for 12 h. The
stocking was performed in glycerol 100%.



Int. J. Mol. Sci. 2023, 24, 13163 13 of 18

4.7. Human Subjects

Samples from 12 women and 17 men without chronic medical conditions (median
age: women 41.4 ± 7.2 (group a (n = 4) 27.8 ± 1.9; group b (n = 4) 41.2 ± 1.9; group c
(n = 4) 52.8 ± 0.8); men 41.7 ± 9.7 (group a (n = 5) 28.4 ± 1.1; group b (n = 6) 42.5 ± 0.8;
group c (n = 6) 52.8 ± 0.63) were analyzed to evaluate gender-dependent miR-146b-5p
expression. Moreover, a cohort comprising 12 women engaged in moderate but consistent
physical activity was meticulously chosen, and subsequent blood specimens were acquired.
Specifically, samples were collected from women (median age 53.2 ± 6.6) who participated
in a health-focused walking regimen supported by the Azienda Ospedaliera Universitaria
Integrata of Verona. The blood samples were obtained both prior to and upon completion
of the designated walking program. The subjects gave their written consent before the
collection of blood samples, obtained by venipuncture. The study was approved by
the local ethical committee of Azienda Ospedaliera Universitaria Integrata of Verona,
Italy (number 1538; 3 December 2012). The study design and methods comply with the
Declaration of Helsinki.

4.8. Walking Program and Physical Activity Assessment

The exercise program consisted of 3 walking sessions per week for a total of 4 weeks.
Each session was supervised by a physiotherapist and comprised 10 min of low-intensity
warm-up, 30 min of 6–8.5 km/h walking, and 5 min of cooling down.

4.9. Serum Collection

In order to evaluate the modulation of circulating miR-146b-5p, sera were collected
from 10 mL of fresh blood by centrifugation at 400× g as previously described [76]. Sera
were frozen in aliquots at −80 ◦C until use.

4.10. Circulating miRNAs

Circulating miRNAs were extracted from collected sera by using the miRNeasy
Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany) as previously reported [77].
miRNAs samples were quantified by using the “Qubit™ RNA HS assay kit” (Invitrogen,
Carlsbad, CA, USA). The extracted miRNAs were reverse transcribed using the TaqMan
microRNA Reverse Transcription kit (Thermofisher Corporation, Waltham, MA, USA) as
previously reported ([77]). The samples were stored at −80 ◦C until real-time PCR analyses
as described above.

4.11. Oil Red O Staining

Positive adipogenic cells were evaluated by using Oil Red O (ORO) staining according
to the manufacturer’s instructions. The total area of red pixels in cell was determined by
using the IMAGE J (Java2HTML Version 1.5) image analysis as previously reported [76]. In
particular, three different fields/slides at magnification of 40× for each condition were eval-
uated. The red pixel-stained area was calculated by the IMAGE J (Java2HTML Version 1.5)
analyses and it was expressed as percentage respect to total area.

4.12. Three-Dimensional (3D) Cultures

In addition, 3D cultures were performed by using scaffolds (VITVO®_Rigenerand)
to analyze the interaction between MSCs in osteogenic differentiation and MSCs in chon-
drogenic differentiation under blood serum stimulation. Before inserting the cells into
the VITVO®, MSCs were cultured in flasks with osteogenic or chondrogenic differentia-
tion medium for 3 days. On the fourth day, the cells were stained with vital fluorescent
dyes (Vybrant Cell Labeling Solution_Invitrogen): MSCs in osteogenic differentiation were
stained with DiI (emission 565 nm, red) whereas MSCs in chondrogenic differentiation were
stained with DiO (emission 501 nm, green). According to the manufacture’s indication,
the VITVO® were initially primed, filling them with basal culture medium, ensuring the
complete wetting of the 3D matrix. Proceeding with the VITVO® 3D Bioreactor protocol,
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an equivalent number of osteogenic and chondrogenic differentiated MSCs, was injected
in the VITVO®. The scaffold VITVO® was cultured in presence of 5% serum PRE or 5%
serum POST. The two bioreactors were incubated at 37 ◦C at 5% of CO2 for 48 h.

The scaffolds were observed through the EVOS Fluorescence Microscope (Life
Technologies, ThermoFisher Scientific—New York, NY, USA). A picture of the same area
was taken through GFP filter to see chondrogenic differentiated MSCs and through RFP
filter to see the osteogenic differentiated MSCs. Merged pictures, with the two filters both
activated, were taken.

The number of red (osteogenic) or green (chondrogenic) cells was evaluated in six
randomly selected squares of 1002 microns by using Image J (Java2HTML Version 1.5) analysis.

4.13. Statistical Analysis

Data were expressed reporting mean ± SD. Statistical analysis was performed by
using Student’s paired t-test comparing sample to the control. Differences were considered
statistically significant for values of p < 0.05. The analyses were carried out at least three
times. To analyze the data, SPSS for Windows, version 22.0 (SPSS Inc., Chicago, IL, USA)
was used.

5. Conclusions

In conclusion, our study highlights the potential of miR-146b-5p as an age-related
marker and its relevance in identifying strategies, such as physical activity, that can coun-
teract age-related degenerative processes. Further research is warranted to elucidate the
underlying mechanisms and explore the therapeutic potential of miR-146b-5p modulation
in the context of aging and degenerative diseases.
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Abbreviations

hMSC Human mesenchymal stem cells
dpf Days post-fertilization
SESN Sestrin
KOH Potassium hydroxide
ARS Alizarin red staining
ORO Oil Red O staining
GFP Green-excited fluorophores
RFP Red-excited fluorophores
Rank Receptor for RANK-Ligand
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