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Abstract

“Inflammaging” is the presence of continuous systemic low-level chronic inflammation with
increasing age, and impairs bone healing. C-C motif chemokine ligand 2 (CCL2) promotes
the migration of macrophages during acute inflammation, and subsequent macrophage–
mesenchymal stromal cell (MSC) crosstalk. We hypothesized that CCL2 would enhance
bone regeneration in both young and aged primary murine cells and investigated the effects
of CCL2 on osteogenesis and osteoclastogenesis. In the following experiments, 10–12-week-
old and 15–17-month-old female mice were used. For the osteogenic differentiation, MSCs
and naïve uncommitted macrophages (M0) were isolated and co-cultured to investigate
the effect of CCL2 on the cell–cell interaction, alkaline phosphatase (ALP), and Alizarin-
Red staining. For the osteoclastogenic differentiation, primary bone marrow cells were
isolated and cultured, then TRAP and Cathepsin K staining and quantitative real-time
RT-PCR were performed. In the CCL2-treated group, cells were cultured with recombinant
CCL2 for an initial 24 h. MSCs from young mice showed greater osteogenic ability than
aged mice. The CCL2-treated group showed a greater Alizarin-Red-positive area both
in young and aged cells. In the osteoclastogenic differentiation assays, the number of
tartrate-resistant acid phosphatase (TRAP)-positive cells and the expression level of C-fos
and Dc-stamp were increased in the CCL2-treated group both in young and aged cells.
These findings indicate that CCL2 promotes osteogenesis, particularly mineralization, and
enhances selected osteoclastogenic features in both young and aged primary murine cells.
These effects suggest that CCL2 may have a potential role in bone remodeling, including in
the context of aging.

Keywords: inflammaging; aging; inflammation; CCL2; MCP1; MSC; macrophage; osteoge-
nesis; osteoclastogenesis; cell–cell crosstalk

1. Introduction
With aging, an imbalance between the removal of old bone and the formation of new

bone occurs, resulting in osteoporosis. The aging of the global population has increased
the incidence of osteoporosis and related fragility fractures, affecting both quality of life
and health-care costs [1]. Bone regeneration is essential for the healing of conditions
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such as acute fractures, bone defects associated with fusion failure, infections, tumors,
and osteoporosis.

Aging is associated with “inflammaging”. This is ongoing, systemic, low-level chronic
inflammation with no obvious infectious or other specific cause. The acute-inflammatory
response is essential for initiating the bone-repair process, but prolonged inflammation
impairs bone regeneration in the elderly and increases the risk of age-related skeletal
disease and functional decline [2,3]. Thus, proper regulation of the acute-inflammatory
response is a potential therapeutic target for improving bone regeneration in the elderly [4].

C-C motif chemokine ligand 2 (CCL2) is an inflammatory chemokine associated with
macrophage and mesenchymal stromal cell (MSC) migration during inflammation. MSCs
have immunomodulatory properties that may benefit bone regeneration in inflamma-
tion. MSCs also help direct macrophage replenishment via crosstalk between MSCs and
macrophages [5].

Inflammation impairs the ability of stem cells to support bone regeneration and may
contribute to age-related loss of bone mass and strength. Thus, modulating inflammation is
a promising approach to improving bone health in the elderly. We hypothesize that CCL2
may promote subsequent bone regeneration in young as well as aging cells. In this study,
we investigated the effects of CCL2 on bone formation and osteoclastogenesis using young
and aged female primary mouse bone-marrow-derived MSCs and macrophages.

2. Materials and Methods
2.1. Mice and Cells

In the following experiments, 10–12 week-old and 15–17 month-old BALB/c female
mice (Jackson Laboratory, Bar Harbor, ME, USA) were used. The animal experimentation
protocol was approved by the Stanford University Laboratory Animal Care and Control
Committee. Institutional guidelines for the care and use of laboratory animals were
followed. All studies were conducted following ARRIVE guidelines. All mice were housed
in a specific pathogen-free facility with a 12-h light period, and 12-h dark period cycle and
had free access to food and water. Bone-marrow-derived MSCs and bone-marrow-derived
macrophages were isolated from mice as previously described [6–10]. Each biological
replicate represented cells independently isolated from an individual mouse. Briefly, mouse
bone marrow was obtained from the femur and tibia, suspended, filtered, centrifuged,
and resuspended in an α-minimal essential medium (α-MEM, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% certified fetal-bovine serum (FBS, Thermo
Fisher Scientific) and 1% antibiotic and antimycotic solution (A/A, Thermo Fisher Scientific).
MSCs were identified by flow cytometry (Sca1+/CD105+/CD44+/CD45-/CD34-/CD11b-)
at passage 4. MSCs from passages 4–8 were used in the following experiments. To isolate
macrophages, bone marrow was also collected and resuspended in RPMI 1640 medium
(Thermo Fisher Scientific) supplemented with 10% FBS and 1% A/A. After centrifugation,
cells were resuspended in 1 mL of RBC lysis buffer (MilliporeSigma, Burlington, MA,
USA), centrifuged, and resuspended in bulking basic macrophage medium; RPMI 1640,
30% L929 leukocyte acclimation medium, 10% FBS, 1% A/A, and 10 ng/mL macrophage
colony-stimulating factor (M-CSF, R&D Systems, Minneapolis, MN, USA) for 5 days to
obtain naive macrophages (M0).

2.2. Cell Culture

MSCs were seeded and cultured with or without recombinant murine CCL2
(10 ng/mL, recCCL2, R&D systems, Minneapolis, MN, USA). Cells in the CCL2-treated
groups were exposed to recCCL2 for the initial 24 h. After 24 h, the CCL2-containing
medium was replaced with fresh medium without CCL2. Thereafter, the medium was
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changed every 48 h without further CCL2 supplementation. To investigate the effect of
CCL2 on the cell–cell interaction between MSCs and macrophages, direct co-culture of
MSCs with age-matched naïve macrophages (M0) was also performed at a 1:1 cell ratio
using a 1:1 mixture of the MSC and macrophage basal media described above under the
same CCL2 treatment protocol.

2.3. Cell Viability Assay

Cell viability was evaluated using alamarBlue Cell Viability Reagent (Thermo Fisher
Scientific) as previously described [11,12]. Briefly, cells were seeded in the 96-well plate,
then 10 µL of alamarBlue reagent was added to each well at the designed time point and
incubated for 1 h at 37 ◦C. Subsequently, the absorbance was measured using SpectraMax
iD3 (Molecular Devices, San Jose, CA, USA) according to the manufacturer’s protocol. Each
condition was assessed using at least three technical replicate wells. Different wells on
separate plates were used for each time point.

2.4. Osteogenic Differentiation Assay

Cells were seeded in the 24-well plate and cultured with the osteogenic medium with
or without recCCL2 for the initial 24 h. The osteogenic medium consisted of α-MEM
(Sigma-Aldrich) supplemented with 10% FBS, 1% A/A, 10 mM β-glycerol phosphate
(Sigma-Aldrich, St. Louis, MO, USA), 50 µM ascorbic acid (Sigma-Aldrich), and 100 nM
dexamethasone. Alkaline phosphatase (ALP) staining was performed on day 7 using 1-
StepTM NBT/BCIP substrate solution (Thermo Fisher Scientific) and Alizarin-Red staining
(pH 4.1, Sigma Aldrich) of calcified bone matrix was performed on day 21. Well images
were acquired using BZ-X810 (KEYENCE) and ALP and Alizarin-Red-positive areas were
measured using QuPath v0.3.2 [13]. Each condition was assessed using three technical-
replicate wells per mouse for each assay.

2.5. Immunofluorescence for Macrophage Phenotype

After the osteogenic differentiation assay, attached cells were fixed with 4% paraformal-
dehyde, and immunofluorescent staining for macrophage phenotype was performed [14,15].
Macrophages were identified by anti-CD11b antibody (1:500, Abcam, Cambridge, MA,
USA), pro-inflammatory macrophages (M1) by anti-inducible nitric oxide synthase (iNOS)
(1:500, Abcam), and anti-inflammatory macrophages (M2) by anti-liver Arginase (Arg1)
antibody (1:500, Abcam). The iNOS/CD11b and the Arg1/CD11b double-positive cells
were calculated as the M1 and M2 macrophages respectively using QuPath [13].

2.6. Osteoclastogenic Differentiation Assay

Primary bone-marrow cells were isolated, seeded in the 24-well plate, and cultured
in α-MEM supplemented with 10% FBS, 1% A/A, and 10 ng/mL macrophage colony-
stimulating factor (M-CSF, R&D Systems, Minneapolis, MN, USA) for 3 days [6,7]. Subse-
quently, cells were cultured and differentiated with the osteoclastogenic medium containing
α-MEM supplemented with 10% FBS, 1% A/A, 10 ng/mL M-CSF, and 50 ng/mL RANKL
(R&D Systems) with or without recCCL2 for the initial 24 h. To examine osteoclast dif-
ferentiation potential, TRAP staining, Cathepsin K assays (MAGIC RED CATHEPSIN
Assays, Immunochemistry Technologies, Bloomington, MN, USA), and quantitative real-
time RT-PCR were performed on day 7 after differentiation initiation. TRAP-positive (n = 4
independent mice per group) and Cathepsin K-positive (n = 3 independent mice per group)
cells were assessed using three replicate wells per mouse. Cells in three randomly selected
areas (1 mm2) per well were counted and averaged using BZ-X810 (KEYENCE Corporation,
Osaka, Japan).
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2.7. Quantitative Real-Time RT-PCR

On day 7 of the osteoclastogenic differentiation assay, total RNA was extracted using
the TRIzol reagent (Thermo Fisher Scientific) and reverse-transcripted to cDNA using the
iScriptTM Reverse Transcription Supermix (BIO-RAD, Hercules, CA, USA). Quantitative
real-time RT-PCR was carried out using QuantStudio 6 Pro (Thermo Fisher Scientific)
and PowerTrack SYBR Green Master mix (Thermo Fisher Scientific). Quantitative real-
time RT-PCR was performed in triplicate for each cDNA sample. We examined C-fos (S;
AAACCGCATGGAGTGTGTTGTTCC, AS; TCAGACCACCTCGACAATGCATGA), Dc-
stamp (S; GACCTTGGGCACCAGTATTT, AS; CAAAGCAACAGACTCCCAAA), Nfatc1
(S; CCGTTGCTTCCAGAAAATAACA, AS; TGTGGGATGTGAACTCGGAA), and Actin
(S; CGGTTCCGATGCCCTGAGGCTCTT, AS; CGTCACACTTCATGATGGAATTGA) as
a housekeeping gene. The gene expression level of each gene was standardized by Actin
(n = 3 independent mice per group).

2.8. Statistical Analysis

The Kruskal–Wallis test with Dunn’s multiple comparisons was conducted to compare
the data among the three or more groups. The primary statistical comparisons were pre-
specified to evaluate the effect of CCL2 within each age group; the study was not powered
to test an age × CCL2 interaction. Data were expressed as median with interquartile range.
All analyses were performed using Prism 9 (GraphPad Software, San Diego, CA, USA).
p values less than 0.05 were considered significant.

3. Results
3.1. The Cell Viability Was Not Affected by CCL2 Stimulation

We performed the cell-viability assay using young and aged MSCs to examine whether
CCL2 had any adverse effects. During the osteogenic (Figure 1A) and osteoclastogenic
(Figure 1B) differentiation assays, there were no significant differences between CCL2-
treated MSCs and untreated MSCs regarding cell viability.

Figure 1. Cell-viability assay. Cell viabilities were assessed during the osteogenic (A) and osteoclasto-
genic (B) differentiation assays using the alamarBlue Cell-Viability Reagent. Both young and aged
cells were cultured with or without recombinant murine CCL2 (10 ng/mL). Absorbance at 570 nm
was measured. N = 4 independent mice per group, with one independent cell isolation per mouse.
Cells from each mouse were divided into CCL2-treated and untreated groups. Each condition was
assessed using three technical replicate wells. Different wells on separate plates were used for each
time point. ns, not statistically significant.
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3.2. CCL2 Enhanced Mineralization in MSCs–Macrophages Co-Culture in Both Young and
Aged Cells

In the mono-cultures of MSCs, young murine cells showed a greater ALP-positive area
than aged cells (p < 0.01). There was no significant difference between the recCCL2-treated
group and the non-treated group (Figure 2a). These trends were similar for Alizarin-Red
staining (Figure 2b). CCL2 did not exhibit a direct effect on osteogenesis in the mono-
culture of MSCs. In the co-cultures of MSCs with macrophages, MSCs from young mice
showed higher osteogenic ability than aged mice (p < 0.01). The group treated with recCCL2
showed a greater Alizarin-Red-positive area than the non-treated group both in young
(p < 0.05) and aged (p < 0.05) cells, but there were no significant differences found in ALP
staining (Figure 2c,d).

Figure 2. Osteogenic differentiation assay. Quantitative analysis of (a) ALP and (b) Alizarin-Red-
positive area proportion (%/well) and representative whole-well images of each group in MSCs mono-
culture. Quantitative analysis of (c) ALP and (d) Alizarin-Red-positive area proportion (%/well) and
representative whole-well images of each group in MSCs and macrophage co-culture. Purple staining
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colors indicates ALP-positive areas, while red staining indicates Alizarin Red-positive areas. N = 4
independent mice per group, with one independent cell isolation per mouse. Each condition was
assessed using three technical replicate wells per mouse for each assay. * = p < 0.05, ** = p < 0.01,
*** = p < 0.001.

3.3. CCL2 Increased M1 and Decreased M2 Proportion on Day 7 During the Osteogenic
Differentiation Assay

We performed the immunofluorescent staining to investigate the effect of CCL2 on
macrophage phenotype during the osteogenic differentiation on day 7 (Figure 3). In the
CCL2 non-treated group, aged cells showed a higher proportion of M1 (p < 0.001) and a
lower proportion of M2 (p < 0.01) than young cells. These trends were the same in the
CCL2-treated group (M1; p < 0.01, M2; p < 0.05). CCL2 increased the M1/M0 ratio (young;
p < 0.001, aged; p < 0.01) and decreased the M2/M0 ratio (young; p < 0.01, aged; p < 0.05)
both in young and aged cells.

Figure 3. Immunofluorescence for macrophage phenotype on day 7 during the co-culture osteogenic
differentiation assay. Representative images of immunofluorescence for macrophages are shown
(scale bar = 100 µm). Quantitative assessments of the M1 positive (iNOS/CD11b double-positive)
cells and the M2 positive (Arg1/CD11b double-positive) cells were performed. Blue indicates DAPI-
stained nuclei, magenta indicates iNOS/CD11b staining, and green indivates Arg1/CD11b staining.
N = 3 independent mice per group, with one independent cell isolation per mouse. Each condition
was assessed using three technical replicate wells per mouse for this assay. * = p < 0.05, ** = p < 0.01,
*** = p < 0.001.

3.4. CCL2 Increased the TRAP-Positive Cells and the Expression Level of C-fos and Dc-Stamp Both
in Young and Aged Cells

In the osteoclastogenic differentiation assay, the number of TRAP-positive cells was
increased in the group treated with recCCL2 both in young (p < 0.05) and aged (p < 0.01)
cells (Figure 4a). There was no significant difference in the number of Cathepsin K-positive
cells (Figure 4b). To explore the mechanisms of CCL2 and osteoclastogenesis, we conducted
RT-PCR using cells collected during the osteoclastogenic differentiation assay. We checked
osteoclastogenesis-related gene expression of C-fos, Dc-stamp, and Nfatc1 (Figure 5). CCL2
treatment increased the expression levels of C-fos and Dc-stamp both in young (p < 0.001,
p < 0.01) and aged (p < 0.01, p < 0.05) cells. Young cells showed a higher expression level
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of Dc-stamp than aged cells both under CCL2 non-treated (p < 0.05) and treated (p < 0.01)
conditions.

Figure 4. Osteoclastogenic differentiation assay. Quantitative analysis of (a) TRAP-positive cells
(/1 mm2) (N = 4 independent mice per group) and (b) Cathepsin K-positive cells (/area) (N = 3
independent mice per group) and representative images of each group are shown (scale bar = 200 µm).
In (a), red arrows indicate TRAP-positive multinucleated cells. In (b), red staining indicates Cathepsin
K-positive cells. One independent cell isolation was performed per mouse. Each condition was
assessed using three technical replicate wells per mouse. Three randomly selected microscopic fields
were evaluated per well. * = p < 0.05, ** = p < 0.01.

Figure 5. Gene expressions on day 7 during the osteoclastogenic differentiation assay. The results of
RT-PCR on day 7 during the osteoclastogenic differentiation assay are shown. Values are shown as
relative gene expression levels to the control group (untreated young mice group). N = 3 independent
mice per group, with one independent cell isolation per mouse. Each sample was analyzed using
three technical replicate RT-PCR reactions. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. ns, not
statistically significant.

4. Discussion
To maintain bone homeostasis, bone resorption and the breakdown of bone tissue

must be balanced with bone formation, which would result in the development of new
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bone tissue [16]. With aging, the balance between removing old bone and forming new
bone is interrupted, resulting in osteoporosis. Bone regeneration in aging is a complex
process affected by lots of factors, including systemic and local cell signaling, osteogenic
and osteoclastogenic cells, immune cells, and blood microenvironment [17]. Factors such as
hormonal changes, oxidative-stress-induced DNA damage, and poor diet also lead to tissue
abnormality and an imbalance in senescent bone homeostasis [18]. For example, the loss of
estrogen after menopause causes bone loss mainly in women, which is further aggravated
with aging [19,20]. Cells grown in high oxygen concentrations were induced a greater
senescence, which means oxidative stress is an inducer of senescence [21]. At the cellular
level, aging is related to an associated reduction in bone formation and an increase in
marrow adipogenesis. Age-related functional decline in osteoblasts is a result of increased
apoptosis [22], decreased proliferation, impaired osteoblast differentiation [23], increased
osteoblast senescence [24], and dysfunctional osteoprogenitors [25]. Osteoprotegerin (OPG)
is secreted by a variety of cells including osteoblasts, and OPG reduces bone loss by
blocking the interaction between RANKL and RANK [26]. The secretion level of OPG
is reduced due to the aging-related decrease of osteoblasts, thereby activating osteoclast
resorption and promoting osteoporosis [18]. Therefore, with aging, bone mass significantly
declines, and the components of bone become more fragile.

Chronic, low-grade inflammation occurs during the aging process, also referred to
as “inflammaging”, and has been more widely implicated in the development of chronic
diseases and aging [2]. Aging is associated with the accumulation of senescent cells in tis-
sues and subsequent secretion of pro-inflammatory mediators via a senescence-associated
secretory phenotype (SASP). C-C motif chemokine ligand 2 (CCL2), a member of the
C-C chemokine superfamily, is a commonly secreted pro-inflammatory mediator in senes-
cent cells, and CCL2 is highly involved in SASP [27]. CCL2 is one of the inflammatory
chemokines, which crucially regulate leukocyte recruitment during inflammatory responses.
CCL2 binds to the C-C motif chemokine receptor 2 (CCR2) to induce chemotactic activity
and increase calcium influx [28–30]. Monocytes recruited by CCL2/CCR2 in a mouse
osteoarthritis model led to increased inflammation and cartilage damage, relative to wild-
type mice [31]. A community study of the relating serum CCL2 and knee radiographic
osteoarthritis reported that higher CCL2 levels were associated with increased presence
and progression of radiographic knee osteoarthritis [32]. In a rat model, increased serum
levels of CCL2 were associated with lower bone-mineral density, and then validated using
clinical patient samples, suggesting that CCL2 has therapeutic potential for predicting
osteoporosis risk [33]. The association between CCL2/CCR2 and aging has been reported
in a range of human disease fields. Aged vascular smooth-muscle cells showed increased
production of CCL2 without any external stimulation [34]. Overexpression of CCL2 in mice
led to accelerated aging compared to wild-type mice, dysfunction of metabolic pathways,
and premature death [35]. The relationship between CCL2 and osteogenesis in terms of
inflammation has been also reported. CCL2 expression in osteoblasts and mononuclear
cells might be induced by lipopolysaccharide (LPS) under inflammatory conditions [36].
The expression of CCL2 in osteoblasts appears to mediate the paracrine recruitment of
monocytes during bone remodeling, and CCL2 expression by osteoblasts is upregulated in
response to inflammatory stimuli [37,38]. Based on this evidence, we hypothesized that
CCL2 could influence bone remodeling-related cellular processes not only in young cells
but also in aged cells.

Accumulating evidence has indicated that CCL2 is also an important regulator of osteo-
clastogenesis. Osteoclasts play principal roles in the absorption of old impaired bone tissues
for subsequent osteogenesis, contributing to the initiation of bone regeneration [39,40].
CCL2 regulates the migration of osteoclast precursor cells and osteoclast formation and
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activity [41]. At the cellular level, CCL2 plays a pivotal role in the activation of bone resorp-
tion and the promotion of human osteoclast fusion [42,43]. CCL2 knockout led to reduced
quantity and activity of osteoclasts, as well as reduced expression of Colony-stimulating
factor-1 receptor (C-fms) and receptor activator of NFκB (RANKL) receptor. This was
accompanied by the reduced expression of osteoclast-specific genes but no changes in bone
formation genes, leading to increased bone mass [44,45]. On the other hand, in a hyper-
occlusion model with CCL2−/− and CCR2−/− mice, enhanced osteoclastogenesis was
observed, which indicated that CCL3 (MIP1-α) expression might compensate for deficient
CCL2/CCR2 signaling during occlusal traumatism [46]. In the bone microenvironment,
CCL2 expression is regulated by a variety of factors, such as RANKL [43], parathyroid
hormone (PTH)/parathyroid hormone-related peptide (PTHrP) [47]. RANKL was shown
to induce the expression of CCL2, leading to the stimulation of osteoclastogenesis [43].
PTH-induced osteoblastic expression of CCL2 mediated the recruitment of monocyte os-
teoclast precursors and NFκB ligand-stimulated osteoclastogenesis, leading to subsequent
bone remodeling [48]. In CCL2 knockout mice, PTH was unable to increase trabecular
bone mineral density and bone volume with a lack of increase in macrophage numbers,
osteoclast surface, and osteoclast number compared with wild-type mice [49]. CCL2 alone
cannot differentiate murine bone marrow macrophages into mature osteoclasts. Rather,
CCL2 accompanied with RANKL/PTH highly increased the effect of RANKL/PTH on
osteoclastogenesis [48].

In the present study, we demonstrated that CCL2 facilitated osteogenesis, particularly
mineralization, in direct co-culture of MSCs with macrophages using young and aged
female murine cells; CCL2 did not have this effect in the MSC mono-culture. This trend is
compatible with previous studies using murine and rabbit male cells [50,51]. The strength
of this study is that it used both young and aged murine cells and investigated the aging
effect. The research about aging has been highly demanded, and its importance has been
emphasized [52,53]. When performing the animal experiments, not only young but also
aged subjects or aged models should be included. To reveal the aging difference would lead
to solving the unmet problem of age-related human diseases. In this study, CCL2 increased
the M1 and decreased M2 macrophage ratio in young and aged cells, which also enhances
osteogenesis, particularly mineralization, in MSC–macrophage co-culture. Previous studies
have shown that CCL2 regulates macrophage polarization through multiple signaling
pathways. In particular, CCL2 has been reported to promote M1 macrophage polarization
through the p38 MAPK and NF-κB signaling pathways [54,55]. These mechanisms may
partly explain the CCL2-induced changes in macrophage phenotype observed in the present
study. CCL2 also enhanced selected osteoclastogenic features in young and aged female
cells. Osteoclasts play predominant roles in the resorption of old bone prior to subsequent
osteogenesis, contributing to the initiation of bone regeneration [39]. CCL2 treatment
increased the expression level of C-fos and Dc-stamp both in young and aged cells. Previous
studies have shown that CCL2 promotes recruitment and fusion of osteoclast precursors
and cooperates with RANKL-dependent osteoclast differentiation [41,43,56]. One possible
explanation is that CCL2 may enhance recruitment and activation of monocyte-lineage
osteoclast precursors and promote cell–cell fusion, consistent with the observed increases
in C-fos, Dc-stamp, and TRAP-positive cells. The absence of significant increases in Nfatc1
expression and Cathepsin K-positive cells suggests that this effect may be more prominent
during precursor activation and fusion than during terminal osteoclast maturation and
functional activation. Furthermore, we found age-dependent differences in the expression
of Dc-stamp, the master regulator of cell–cell fusion and osteoclastogenesis; young cells
showed a higher expression level of Dc-stamp than aged cells regardless of CCL2 treatment.
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These results indicate that Dc-stamp may be a potential target for further investigation of
age-related changes in bone regeneration.

The current study has limitations. First, this study describes only in vitro experiments;
further, in vivo studies are desirable to translate the possibility of CCL2 into the clinical
situation. Second, the causal relationship between CCL2-induced changes in macrophage
phenotype and enhanced osteogenesis and the involvement of CCL2/CCR2 signaling were
not directly examined. We did not perform experiments involving CCR2 inhibition or
neutralization, or macrophage manipulation. Therefore, the investigation of the functional
mechanisms of CCL2 in bone homeostasis was insufficient to reveal specific potential targets
for bone regeneration. Further studies using macrophage manipulation and inhibition of
CCL2/CCR2 signaling will be necessary to clarify the underlying mechanisms. Third, only
age-matched MSC–macrophage co-culture were used, and cross-age co-cultures were not
performed. We used only three representative genes for real-time RT-PCR experiments
and did not evaluate the expression of osteogenic markers, such as RUNX2, SP7/Osterix,
ALPL, COL1A1, and BGLAP/osteocalcin. In addition, functional bone resorption was
not evaluated using assays such as the resorption-pit assay. Future studies using RNA
sequencing and other novel methods will also clarify the functional signaling pathway and
specific target genes related to CCL2 on bone regeneration in the context of aging.

5. Conclusions
In conclusion, we elucidated that CCL2 promotes osteogenesis, particularly miner-

alization, and enhances selected osteoclastogenic features in both young and aged cells.
These findings suggest that CCL2 may have a potential role in bone remodeling in the
context of aging.
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