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Abstract
Macrophages are an important component of the inflamma-
tory cascade by initiating and modulating the processes
leading to tissue regeneration and bone healing.
Depending on the local environment, macrophages can be
polarized into M1 (pro-inflammatory) or M2 (anti-
inflammatory) phenotypes. In order to assess the effects
of aging on macrophage function, bone marrow macro-
phage polarization using primary bone marrow macro-
phages (BMMs) from young (8 weeks old) and aged
(72 weeks old) wild-type male C57BL/6J mice was ana-
lyzed. Fluorescence-activated cell sorting (FACS) analysis
(CD11b, iNOS, CD206), qRT-PCR (iNOS, TNF-α, CD206,
Arginase 1), and ELISA (TNF-α, IL-1ra) were performed

to compare the M1 and M2 phenotypic markers in young
and aged mouse macrophages. Once M1 and M2 macro-
phage phenotypes were confirmed, the results showed that
TNF-α mRNA was significantly upregulated in aged M1s
after interferon gamma (INF-γ) exposure. Arginase 1 and
CD206 mRNA expression were still upregulated with IL4
stimulation in aged macrophages, but to a lesser extend
than those from younger animals. TNF-α secretion was
also significantly increased in aged M1s compared to
young M1s, following lipopolysaccharide (LPS) exposure.
However, the IL-1ra secretion did not increase accordingly
in aged mice. The results demonstrate that, compared to
younger animals, aging of bone marrow derived macro-
phages increases the resting levels of oxidative stress, and
the ratios of pro- to anti-inflammatory markers. These age-
related changes in macrophage polarization may explain in
part the attenuated response to adverse stimuli and delay in
processes such as fracture healing seen in the elderly.

Lay Summary
Bone healing is a complex process that involves both biolog-
ical and mechanical factors. Macrophages are key cells that
regulate the events involved in bone healing, especially the
initial inflammatory phase. In this biological cascade of
events, macrophages present as different functional pheno-
types including uncommitted (M0), pro-inflammatory (M1),
and anti-inflammatory (M2), a process called macrophage po-
larization. A clear understanding of the effects of aging on
macrophage polarization is critical to modulating adverse
events such as fractures, atraumatic bone loss, and tissue re-
generation in an aging population.

Keywords Aging .Bonemarrowmacrophage .Polarization .

Bone healing

E Gibon and F Loi contributed equally.

* Stuart B Goodman
emmanuel.gibon@gmail.com

1 Department of Orthopaedic Surgery, Stanford University, R116, 300
Pasteur Drive, Stanford, CA 94305, USA

2 Laboratoire de Biomécanique et Biomatériaux Ostéo-Articulaires -
UMR CNRS 7052, Faculté de Médecine - Université Paris7, 10
avenue de Verdun, 75010 Paris, France

3 Department of Orthopaedic Surgery, Hopital Cochin, APHP,
Université Paris5, 27 rue du Faubourg Saint-Jacques,
75014 Paris, France

4 Department of Oral and Maxillofacial Surgery, University of
Chile-Conicyt, Santiago, Chile

5 Department of Bioengineering, Stanford University, Stanford, CA,
USA

6 Department of Orthopaedic Surgery and (by courtesy)
Bioengineering, Stanford University Medical Center Outpatient
Center, 450 Broadway St., M/C 6342, Redwood City, CA 94063,
USA

Regen. Eng. Transl. Med. (2016) 2:98–104
DOI 10.1007/s40883-016-0016-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s40883-016-0016-5&domain=pdf


Introduction

The American population is aging rapidly and people over
65 years of age already represent 13 % of the population [1].
This number is expected to increase as the BBaby Boomer^
generation continues to age beyond 65 [2]. The most recent
projections have shown that this segment of the population will
increase to 25.8 % by 2060 [3]. Complications related to healing
of fractures and other inflammatory conditions involving bone
represent a large burden for orthopedic surgeons and society.
Macrophages have been shown to be key cells in the inflamma-
tory cascade, and are a major component in the events involved
in tissue healing and regeneration in diverse tissues and organ
systems including bone. Macrophages (MΦ) initiate the acute
inflammatory response which leads to the secretion of pro-
inflammatory factors such as tumor necrosis factor alpha
(TNF-α) and interleukin-1 (IL-1), IL-6, IL-11, and IL-18 [4].
This acute inflammatory response is of paramount importance
for bone healing; indeed, the use of nonsteroid anti-inflammatory
drugs (NSAIDs) has been associated with an increased incidence
of nonunion [5]. Moreover, MΦ also secrete a myriad of factors
(e.g., fibroblast growth factor (FGF) and platelet-derived growth
factor (PDGF)) which are involved in the chemotaxis of mesen-
chymal stem cells (MSCs) [6]. Inflammation plays a vital role in
early fracture healing as shown byGlass et al. [7], who noted that
addition of TNF-α at the fracture site accelerated bone healing.
Moreover, Gerstenfeld et al. [8] have shown that bone healing
was delayed in TNF-α-deficient mice (p55−/−/p75−/−). Monocyte
chemotactic protein-1 (MCP-1) and monocyte inflammatory
protein-1 alpha (MIP-1α) are two other essential chemokines
secreted by MΦ that lead to MSC homing and migration to the
injury site [9]. MΦ are also key cells in other inflammatory
orthopedic conditions, for example, particle-induced
periprosthetic osteolysis [10].

MΦ can be broadly described, as pro-inflammatory M1, and
anti-inflammatoryM2 populations [11]. The local microenviron-
ment drives uncommitted macrophages to either M1 or M2 phe-
notypes.M1 polarization, also known as classicalMΦ activation,
is induced by such environmental signals as interferon gamma
(IFN-γ), toll-like receptor (TLR) signaling [12], and biomaterial
wear debris [13]. Essential transcription factors associated with
M1 polarization include STAT1 and NF-κB [14]. M2 polariza-
tion, also known as alternative MΦ activation, is induced by IL-
4, with STAT6 being the key transcription factor [15]. M1s are
characterized by a cytokine release profile of TNF-α, IL-6, IL-1,
IL-12, IL-23, oncostatin M (OSM), and type 1 interferon, with
increased expression of iNOS, CCR7, and HLA-DR [16, 17]. It
is important to note that iNOS is only expressed in murine M1
macrophages, and similarly Arg1, Fizz1, and Ym1 are murine
M2 markers (not human). The M2 cytokine release profile in-
cludes IL-4, IL-10, IL-13, and IL-1ra and increased expression of
CD206, Ym1, CD163, CCL1, CCL18, FIZZ1, arginase 1
(Arg1), and chitotriosidase [18, 19]. In addition to physiological

transition from inflammation to tissue regeneration, this concept
of MΦ polarization has been shown to be relevant to processes
involved in particle-induced periprosthetic osteolysis [20].
Furthermore, uncommitted M0s assume an M2 phenotype more
efficiently if first passed through the M1 phenotype [20]. The
concept of macrophage polarization is also relevant to fracture
healing which includes an initial stage of inflammation prior to
later stage of bone formation [4].

MΦ function and polarization may be impaired with aging.
Mahbub et al. [21] polarized splenocytes from young and aged
female BABL/c mice. They found decreased IL-1β and TNF-α
protein levels in aged M1s, compared to young M1s. Barrett et
al. [22] showed an increased response to inflammatory stimuli in
aged compared to younger rat M1s, with significantly higher
levels of TNF-α RNA. However, no M2 polarization was per-
formed in this study. Thus, the effects of aging on bone marrow
MΦ polarization have been insufficiently investigated and are
still controversial. A clear understanding of the effects of aging
on MΦ polarization is not only relevant to bone healing; these
processes are important to the many different diseases and bio-
logical conditions including cancer, atherosclerosis and cardiac
disease, neurodegenerative diseases, obesity and insulin resis-
tance, periodontal disease, and others [23]. In the present study,
the effects of aging on MΦ polarization and subsequent gene
expression and protein activity, using primary bone marrow-
derived MΦ from young and aged male mice were examined.

Material and Methods

Mouse Bone Marrow Macrophage (mBMM) Isolation

Ten C57BL/6J male mice (Jackson Laboratory, Sacramento,
CA) were divided into two groups. The experiment was ap-
proved by the institution’s Administrative Panel for
Laboratory Animal Care (APLAC number 9964). All applica-
ble international, national, and/or institutional guidelines for the
care and use of animals were followed. Group 1 animals were
young mice (8 weeks old, n = 5). Group 2 animals were aged
mice (72 weeks old, n = 5). Mice were euthanized with carbon
dioxide gas followed by cervical dislocation. After the mice
were sterilized in 70 % ethanol, both of their femora and tibiae
were surgically removed. Five milliliters of basal medium
(RPMI 1640 medium, 10 % heat-inactivated FBS and 1 %
antibiotic/antimycotic (all from Life Technologies, Carlsbad,
CA)) was used to flush out the bone marrow with a 25-gauge
needle and syringe. The bone marrow was then filtered through
a 70-μm strainer, centrifuged (400g, 10 min), resuspended in
ice-cold red blood cell lysis buffer (Sigma-Aldrich, St. Louis,
MO), centrifuged again (400g, 10 min) after addition of basal
medium, resuspended in complete MΦ media (basal medium
with 30 % L929 cell-conditioned medium (LCM) and 10 ng/
mL macrophage colony-stimulating factor (MCSF; R&D
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Systems,Minneapolis, MN)), and plated in T-175 culture flasks
(BD, Franklin Lakes, NJ) at a concentration of 5 × 107 cells/
flask. Cells were cultured for 7 days, with a medium change
every 2–3 days to obtain unpolarized MΦ (referred to hereafter
as BM0s^).

Macrophage Polarization

MΦ were cultured to 80 % confluency, split, and cultured in
24-well plates at a density of 7.5 × 104 cells per well.MΦwere
polarized to M0, M1, and M2 phenotypes by exposure to
polarization medium for 24 h. M0 polarization medium
consisted of complete MΦmedium without MCSF. To induce
M1 and M2 polarization, additional 100 ng/mL lipopolysac-
charide (LPS) (Sigma-Aldrich) or 20 ng/mL IFN-γ (M1) and
20 ng/mL IL-4 (M2) (all from R&D Systems) was added to
the cultures, respectively. Supernatants were collected after
24 h and adherent cells were lysed for RNA isolation. The
supernatants and cell lysates were stored in −80 °C until use.

Characterization of Macrophages

M0, M1, and M2 MΦ (7.5 × 104/well) were cultured in 24-
well plates inMΦmedium (RPMI 1640 with 10% FBS, 30%
LCM, 1 % antibiotic/antimycotic) for 24 h after polarization
for real-time quantitative reverse polymerase chain reaction
(qRT-PCR) and enzyme-linked immunosorbent assay
(ELISA). Cultures in 175-cm2 flasks were used for
fluorescence-activated cell sorting (FACS). M1 and M2
markers were analyzed with FACS, qRT-PCR, and ELISA.

FACS

Cells were labeled using the anti-mouse antibodies: CD11b-
PE (concentration 1:400), iNOS-Alexa Fluor 488 (concentra-
tion 1:100), and CD206-APC (concentration 1:100)
(Biolegend). We collected 10,000 cell events per sample,
and we performed unstained control as well as isotype con-
trols. Labeled cells were examined on the LSR II Analyzer
(BD) in the Stanford Shared FACS Facility, and data was
analyzed with FlowJo software (Tree Star, Ashland, OR).
Dead cells were excluded by ethidium monoazide (EMA)
staining, and appropriate isotype controls were used.
Quadrants were drawn using the M0 isotope control.

RNA Isolation and qRT-PCR

Total RNA was extracted using Qiagen’s RNeasy Mini Kit
(Valencia, CA). The amount of the total RNA was measured
with a NanoDrop 1000 spectrophotometer (Thermo Scientific).
Total RNA (100 ng/sample) was reverse-transcribed using the
High-Capacity cDNA Reverse Transcription Kit from Applied
Biosystems (Foster City, CA). qRT-PCR was performed using

TaqMan Gene Expression Master Mix and primer probes for
18s, iNOS, TNF-α, CD206, Arg1, and ABI 7900HT
Sequencing Detection System (all from Applied Biosystems).
Housekeeping gene 18s was used as the internal control.
Relative gene expression level to gene 18s was quantified with
the comparative Ct method.

ELISAs

Supernatants from M0, M1, and M2 cultures were analyzed
using commercially available ELISA kits for TNF-α and IL-
1ra (all from R&D Systems).

Statistical Analysis

Statistical analyses were performed with GraphPad Prism ver-
sion 6.04 for Windows (GraphPad Software, San Diego, CA).
Group analyses were conducted with two-way ANOVA con-
sidering two variables (age and polarization stimuli). p < 0.05
was considered statistically significant.

Results

AgedM0sOverexpress BothM1 andM2SurfaceMarkers

As seen in Fig. 1, quantification of MΦ phenotype by FACS
showed that aged untreated MΦ (M0s) are iNOShigh/
CD206high compared with young untreated MΦ (M0s), which
are iNOSlow/CD206low (68/46.30 vs. 27.63/19.43 %).
Moreover, after polarization, aged M1s had a higher expres-
sion of CD206 both after LPS (35.24 vs. 20.22 %) and IFN-γ
(37.17 vs. 14.73 %) polarization compared to young M1s,
whereas iNOS expression was similar between the young
and aged cells. There was no difference between young and
aged M2 polarized cells.

Aged M1s Upregulate TNF-α; Aged M2s Downregulate
Arg1 and CD206

After polarization with IFN-γ, agedM1s responded by upreg-
ulating TNF-α mRNA expression compared to young M1s.
Polarization with LPS also increased TNF-α mRNA expres-
sion in aged M1s, but this did not reach statistical significance
when compared with young M1s. iNOS mRNA expression
was also upregulated with IFN stimulus in aged M1s, but
interestingly, this value was lower than in young M1s (Fig.
2). There was no significant difference for iNOS and TNF-α
mRNA expression after polarization with LPS between young
and aged M1s.

After polarization with IL-4, young M2s significantly in-
creased Arg1 or CD206 mRNA expression compared to aged
M2s (Fig. 2).
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Fig. 1 Characterization of mouse bone marrow-derived macrophages (a
young; b aged) after polarization. Most of the aged M0s are both iNOS+
and CD206+ where as most of the young M0s are iNOS− and CD206−.

There was no difference between young and aged M2 polarized cells and
no difference between LPS and IFN-γ induced M1 polarization

Fig. 2 qRT-PCR for iNOS, TNF-
α, and arginase 1, and CD206
after polarization. Aged M1s
significantly overreacted to
polarization stimuli with IFN-γ
with increased TNF-α mRNA
expression underlying a higher
sensitivity to the microenviron-
ment. CD206 and arginase 1
mRNA are downregulated in
aged M2s after IL-4 polarization
compared to young M2s. Data
reported as mean ± standard error
of the mean. Fold refers to change
over M0
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Aged M1s Increase Secretion of TNF- α Protein
with no Negative Feedback

As seen in Fig. 3, secreted TNF-α protein was significantly
increased in aged M1s compared to young M1s phenotypes
after polarization with LPS but not with IFN-γ. IL-1ra was
significantly lower in agedM1s polarized with LPS compared
to young M1s polarized with LPS indicating an inability to
induce negative feedback (Fig. 3). There was a significant
difference between young and aged M2s regarding IL-1ra
secretion (245.60 ± 12.07 vs. 199.50 ± 5.39 pg/ml respective-
ly, p < 0.05).

Discussion

The aim of the current study was to determine whether aging
impairs polarization of bone marrow-derived macrophages,
cells important to inflammation, tissue regeneration, and bone
healing. Fractures are among the most common orthopedic
problems that require medical intervention, particularly in
the elderly. Inflammation is the first stage in the healing of
fractures and bone injuries. However, most studies regarding
the biology of fracture healing have been performed using
young mice (8–10 weeks old). This applies to studies investi-
gating other inflammatory conditions, such as infection,
osteonecrosis, periprosthetic osteolysis, and others.
Therefore, to better understand the bone biology in the elderly,
in vivo models with aged animals would be more appropriate.
Consistent with this idea, the decision was made to compare
young male C57BL/6J (8–10 weeks old) mice to aged male
C57BL/6J mice (70–72 weeks old). In addition to age, gender
is an important variable [24] and needs to be further studied.

In this study, aged MΦ responded somewhat differently to
polarizing stimuli compared to young cells. The change in
responsiveness to inflammatory stimuli in aged MΦ is often
referred to as Binflamm-aging^ [25]. Previous studies found
elevated pro-inflammatory factor levels with age [26]. High
levels of TNF-α, iNOS, IL-1β, and IFN-γ have been ob-
served when aged MΦ were challenged with IFN-γ or LPS
[22, 27, 28]. These findings suggest that aged MΦ remain in a
preactivated resting state that enhances their responsiveness to

exposure of pro-inflammatory stimuli [29]. Loi et al. [30] have
shown that modulation of macrophage phenotype fromM1 to
M2 enhances osteogenic ability of MC3T3 cells in an in vitro
coculture model. The present study showed that the majority
of the agedM0s are both iNOS+ and CD206+. Not only is the
expression of both iNOS and CD206 increased in aged M0s
compared to youngM0s, but most notably, the number ofM0s
that are doubly positive for both iNOS and CD206 is in-
creased in aged M0s. This result underscores a heightened
preactivated resting state in aged compared to younger resting
MΦ. DuringM1 polarization (both LPS and IFN-γ) treatment,
an increase in the overall amount of cells expressing iNOS
was observed. Interestingly this LPS or IFN-γ induced in-
crease in iNOS expression was mainly due to an increase in
the number of single iNOS-positive cells, while the percent-
age of cells double positive for iNOS and CD206 remained
almost unchanged. This phenomenon was observed both in
young and aged macrophages and suggests that LPS or IFN-γ
treatment does not lead to upregulation of CD206. Indeed
corresponding results were observed in the qRT-PCR where
neither LPS nor IFN-γ upregulated CD206 expression. In
contrast, M2 polarization with IL-4 treatment led to strong
upregulation of CD206 as expected but surprisingly, also
iNOS expression was upregulated and most of these cells
were also iNOS positive. It is unclear why IL-4 treatment also
increases iNOS expression but this seems to be supported also
by the qRT-PCR data. Furthermore, the present study showed
that M1 polarization is impaired with aging; despite the fact
that aged MΦ expressed the iNOS surface marker similar to
young M1s, aged M1s also expressed CD206high. Moreover,
IFN and LPS stimulation of M0s did not lead to identical
macrophage phenotypic M1 profiles: aged M1s stimulated
with LPS produced significantly more TNF-α than aged
M1s stimulated with IFN-γ.

The present results showed that when aged MΦ were chal-
lenged with IFN-γ, aged M1s had significantly higher levels
of TNF-αmRNA expression compared to young MΦ. This is
consistent with the hypothesis that aged MΦ remain in a
preactivated Bresting^ state. However, the TNF-α secretion
was greatly increased after LPS stimulation in aged MΦ, sug-
gesting that a strong polarization stimulus mimicking infec-
tion enhances the responsiveness of aged MΦ. For M2s, the

Fig. 3 TNF-α secretion is
significantly increased in aged
M1s polarized with LPS whereas
the IL-1ra increase was signifi-
cantly lower in aged M1s polar-
ized with LPS. Aged M1s have a
dysregulated negative feedback
control over inflammation. Data
reported as mean ± standard error
of the mean
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results show that Arg1 mRNA regulation is greatly impacted
by macrophage aging, while CD206 mRNA is impacted less.
This may be due to signaling pathway abnormalities in IL-4
receptor binding, whereby Arg1 production is blocked in aged
MΦ while the pathway leading to CD206 production is still
functional. This failure to secrete Arg1 in aged MΦ is prob-
lematic as Salimudin at al. showed that Arg1 functions to
downregulate endotoxin-induced nitric oxide production, thus
allowing the healing process to commence [31]. Moreover,
the ability of aged MΦ to subsequently secrete inflammatory
proteins was increased. Although TNF-α secretion was sig-
nificantly increased in agedM1s after LPS stimulation, the IL-
1ra secretion was not significantly increased accordingly in
these cells, suggesting a dysregulation in aged M1s with an
inability to modulate increased TNF-α release following LPS
exposure. These results were unexpected as IL-1ra is an anti-
inflammatory cytokine and is usually higher in M2s [32, 33].
This decreased negative feedback control over inflammation
in aged M1s may explain the high inflammatory state com-
monly found in the elderly [34–36].

This study has some limitations. First, the analysis exam-
ined a limited number of M1 and M2 phenotypic markers at
one time point; considering the complexity of macrophage
biology, one should consider this study preliminary. Second,
this study involved the use of murine cells to simulate biolog-
ical processes occurring in humans. Furthermore, only mac-
rophages were examined. These cells interact with other cells
lineages in vivo, such as mesenchymal stem cells (MSCs),
lymphocytes, fibroblasts, and many other cell types. In con-
sideration of this fact, further studies are necessary to investi-
gate the effect of aging on cocultured aged and youngMΦ and
cells such as MSCs, to further understand the effects of in-
flammatory cells on bone formation. Limited studies have
been reported on this subject [37–40]. Third, although this
study was very labor intensive, the experiment was performed
only twice and the cells were pooled together. Gender effects
may play an important role as well and need to be further
studied.

Conclusion

This study demonstrates that bone marrow-derived macro-
phage polarization in mice is altered with aging. A large num-
ber of double iNOS/CD206 positivity was found in aged M0s
and a lack of Arg1/CD206 mRNA expression in aged M2s.
Aged M1s significantly increased TNF-α mRNA expression
and protein secretion following IFN-γ and LPS exposure,
respectively. The usual negative feedback system appears to
be dysregulated with aging as agedM1s could not increase the
IL-1ra secretion after LPS exposure. These differences could
become more pronounced with advances age. MΦ, key cells
in both bone healing and inflammatory processes demonstrate

impaired polarization and cytokine secretion with aging. This
fact presents an opportunity for modulation of the biological
microenvironment to optimize bone healing and repair in the
elderly.
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