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Abstract: Osteoclasts are the principal mediators of bone resorption. They form through the fusion
of mononuclear precursor cells under the principal influence of the cytokines macrophage colony
stimulating factor (M-CSF, aka CSF-1) and receptor activator of NF-«B ligand (RANKL, aka TNFSF11).
Sexual dimorphism in the development of the skeleton and in the incidence of skeletal diseases is well
described. In general, females, at any given age, have a lower bone mass than males. The reasons
for the differences in the bone mass of the skeleton between women and men at various ages,
and the incidence of certain metabolic bone diseases, are multitude, and include the actions of sex
steroids, genetics, age, environment and behavior. All of these influence the rate that osteoclasts form,
resorb and die, and frequently produce different effects in females and males. Hence, a variety of
factors are responsible for the sexual dimorphism of the skeleton and the activity of osteoclasts in
bone. This review will provide an overview of what is currently known about these factors and their
effects on osteoclasts.

Keywords: osteoclasts; sexual dimorphism; sex steroids; genetics; inflammation

1. Introduction

Osteoclasts are the principal mediators of bone resorption (the process by which bone is
removed) [1]. They form predominately under the influence of two cytokines, macrophage colony
stimulating factor (M-CSF, aka CSF-1) and receptor activator of NF-«kB ligand (RANKL, aka TNFSF11) [2].
Osteoclasts are multinucleated giant cells, which derive from a hematopoietic myeloid-lineage precursor
cell that can also differentiate into macrophages and dendritic cells [3]. As a result of their heritage,
osteoclasts share a number of characteristics with other innate immune cells. These include the
ability to present antigens to T-lymphocytes, the expression of pattern recognition receptors (PRR),
like the toll-like receptors (TLR) and the production of proinflammatory cytokines [4]. As the principal
mediator of bone resorption, osteoclasts are involved in the development of a number of metabolic
bone diseases including osteoporosis and Paget’s disease of bone [5].

Sexual dimorphism in the development of the skeleton and in the incidence of skeletal diseases
is well described [5]. In general, females, at any given age, have a lower bone mass than males [5].
In addition, women predominate in the incidence of osteoporosis while men more frequently develop
Paget’s disease of bone. The organization of bone into a functional skeleton, which provides organisms
with structural integrity, is the net result of the activity of osteoclasts, which resorb bone, osteoblasts,
which form bone and osteocytes, which coordinate the activities of the other two cell types [6].
The reasons for the differences between women and men in the bone mass of the skeleton at various
ages and the incidence of certain metabolic bone diseases are multiple and include the actions of sex
steroids (estrogens and androgens), genetics and inflammation (Figure 1) [7]. All of these influence
the rate that osteoclasts form, resorb and die, and frequently produce different effects in females and
males. Hence, a variety of factors are responsible for the sexual dimorphism of the skeleton and the
activity of osteoclasts in bone. This review will provide an overview of what is currently known about
these factors and their effects on osteoclasts.
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Figure 1. The reasons for the differences between women and men in the bone mass of the skeleton at
various ages.

2. Sexual Dimorphism in the Innate Immune System

Any discussion of the differences between female and male osteoclasts needs to begin with a
general overview of the sexual dimorphism of innate immune cells, which share a common origin
with osteoclast [7]. Toll-like receptor 7 (TLR7) is encoded on the X chromosome and may escape
X-inactivation in certain cell types. For this reason, its levels can be higher in female cells relative to
male cells [8]. In contrast, TLR9 responses do not seem to vary between the sexes [9]. TLR signaling
pathways in response to stimuli also often demonstrate sexual dimorphism, including higher levels
in females of myeloid primary response gene 88 (MYDS88), retinoic acid-inducible gene-I (RIGI),
interferon beta (INFB), Janus kinase 2 (JAK2), signal transducer and activator of transcription 3
(STAT3), NF-kB, interferon gamma (INFG) and tumor necrosis factor alpha (TNF) [10]. Peritoneal
macrophages from males express higher levels of TLR4, which is a receptor for some bacterial cell wall
lipopolysaccharides (LPS), and generate higher amounts of CXCX10 with LPS stimulation compared
to female cells [11]. Female macrophages also have enhanced phagocytosis and antigen presentation
capacity to T-lymphocytes for the initiation of the adaptive immune response [11]. These observed
in vitro responses have led to the conclusion that female innate immune cells have an enhanced
immune response to common stimuli, compared to male cells.

3. Osteoclast Sexual Dimorphism

My laboratory has found that female-derived murine bone marrow osteoclast precursor cell
cultures, treated with M-CSF and RANKL, formed significantly more osteoclasts and demonstrated
enhanced resorptive activity relative to males [12]. Our original studies used cultures of bone
marrow macrophage (BMM), which are a mixed culture [12]. We have seen similar differences
between female and male osteoclastogenesis in cultures of murine bone marrow cells that were
directly isolated by fluorescent-activated cell sorting (FACS) as CD11b'9¢8, CD3"°8, CD45R"®8, CD115
(CSF-1Receptor)P°® [13] and then immediately cultured with M-CSF and RANKL for 6 days [14].
The latter assay did not pretreat cells with M-CSF or M-CSF + RANKL to enhance commitment to
the macrophage/osteoclast lineage, as is done by some investigators. However, our results are not
universal, as some publications found that male cells were more osteoclastogenic, while others found
no differences between male and female cells. Valerio et al. [15] examined FACS purified osteoclast
precursor cells (OCP) defined as murine bone marrow CD1 1b'° cells that were first primed with M-CSF
and RANKL for 48 h and then stimulated with LPS. They found that in this inflammation assay



Cells 2020, 9, 2086 30f7

male cells formed more osteoclasts compared to female cells. In contrast, Zarei A, et al. [16] found
no differences in osteoclastogenesis between female and male murine BMM cultures that were first
pretreated with M-CSEF. These discrepancies probably reflect significant differences in the culture assays
that were employed or the origins of the cells. Significantly, our results correlate with measurements of
the number of osteoclasts in the bones of mice [14]. However, more work is clearly needed to better
understand the reasons for the discrepancies between female and male cultures in the various assays.

4. Effects of Sex Steroids on Osteoclasts

Estrogens

Osteoclasts express estrogen receptor alpha (Ero) [17] and its targeted deletion in myeloid cells in
mice, which include the osteoclast precursor, results in a phenotype of increased osteoclast number and
decreased trabecular bone mass [18]. The deletion of Erx in myeloid cells produced a bone phenotype
that mimicked that of ovariectomized mice. Furthermore, ovariectomizing these mice did not further
decrease their trabecular bone mass or increase their trabecular osteoclast number, as it did in wild type
mice. These results indicate that the loss of trabecular bone mass in mice is mediated by expression of
Ero in myeloid cells, including osteoclasts. Unexpectedly, these authors also found that mice with
deletion of Era in myeloid cells lost cortical bone mass with ovariectomy [18]. Hence, it appears
that loss of cortical bone mass in mice is not mediated by expression of Era in osteoclasts. Using a
series of genetic substitutions and specific ligands for nuclear Erc, the authors also demonstrated
that non-nuclear Era binding in myeloid cells was critical for the protective effects of estrogen on
trabecular bone.

Estrogens promote apoptosis and inhibit resorption [19] in osteoclasts through mechanisms
that depend on Fas ligand (FasL), Fas receptor [20-22] and TGFf [23,24]. The deletion of ER«x in
mature osteoclasts caused an increase in FasL expression in mice that had been estrogen withdrawn
by ovariectomy [20]. In contrast, the deletion of ERc in all myeloid cells, rather than specifically in
osteoclasts, did not induce an increase in FasL with estrogen withdrawal [18]. The reasons for this
discrepancy are unknown. The effects of estrogen on mitochondrial oxidative phosphorylation in
osteoclasts have also been described [25]. It was demonstrated that osteoclasts with deleted ERa
in females, but not males, exhibited trabecular bone loss, which was similar to the osteoporotic
bone phenotype of postmenopausal women [18,20]. Further, it was shown that estrogen induced
apoptosis and upregulated FasL expression in osteoclasts of the trabecular bones of WT, but not ERx
deleted mice [20]. FasL production by osteoblasts in response to estrogen has also been shown to
regulate osteoclast apoptosis by a paracrine mechanism [21]. Significantly, the latter authors failed
to demonstrate upregulation of FasL in osteoclasts with estrogen withdrawal. Hence, this point
remains controversial.

It was also found that antibody inhibition of TGF( blocked the ability of ovariectomy and its
consequent estrogen withdrawal, to prolong the life span of osteoclasts [23]. These effects appear to
require interaction of Erx with the adapter protein, breast cancer anti-estrogen resistance protein 1
(BCAR1) [26] and expression of the tyrosine kinase Lyn in osteoclasts [27]. ERf is also expressed in
osteoblasts, osteocytes and osteoclasts [28]. However, its function in these cells is less well understood.
There are also effects of estrogen on osteoclastic bone resorption and trabecular, but not cortical bone
mass, which are mediated by changes in the permeability of the gut wall to bacterial products and,
in turn, alterations of Th17 cell number in Peyer’s patches and T cell TNF production [29].

5. Androgens

Loss of androgens in males leads to a decrease in bone mass and an increase in osteoclasts mediated
bone resorption [5]. A direct role of androgens on osteoclasts is controversial. Two manuscript found
that androgens directly blocked osteoclastogenesis in cultured bone marrow macrophages (BMMs) or
RAW264.7 monocyte-macrophage cells [30,31]. This effect was independent of any action of androgens
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on stromal or osteoblast-lineage cells. Another study using human CD14* peripheral blood monocytes
also found direct and dose dependent effects of androgens on in vitro osteoclast formation [32]. A more
recent study found that deletion of the androgen receptor (AR), specifically in osteoclasts, had no effect
on in vivo osteoclast surface or bone mass [33]. These investigators also found very low expression of
the AR in osteoclasts. A second group conditionally deleted the AR either in mesenchymal or myeloid
cells in mice, and found that a high turnover, osteopenic trabecular bone phenotype only occurred in
mice when AR was deleted in mesenchymal cells [34]. Mice with deletion of the AR in mesenchymal
cells were also resistant to trabecular bone loss after orchiectomy. Curiously, these investigators also
found that there was no cortical bone phenotype in either of these models (mesenchymal or myeloid
AR deletion), and both models lost equivalent amounts of cortical bone with orchiectomy [34]. Hence,
the regulation of cortical bone loss with loss of androgens appears independent of AR expression in
mesenchymal or myeloid cells.

6. Inflammation

Enhanced osteolysis that is driven by inflammation is characteristic of periodontal disease
and inflammatory arthritis [35]. As with overall immune responses [10], the osteolytic response to
inflammation has been demonstrated to be sexually dimorphic [35]. In models of periodontal disease
using A. actinomycetemcomitans-derived LPS to enhance RANKL-induced osteoclastogenesis, it was
found that the rate of male osteoclastogenesis was greater than that of females [15]. The genes Nfatc1
and Tm7sf4 (encoding dendritic cell-specific transmembrane protein or DCSTAMP) were also more
highly expressed in male osteoclasts in this model. Likewise, it was found that in a mouse model
of pathologic endodontic bone loss, mice with deletion of mitogen-activated protein kinase (MAPK)
phosphatase-1 (MKP-1), had greater bone loss in males than in wild type. However, no differences
were seen in the bone phenotype between female MKP-1 deficient and wild type mice. MKP-1 is an
important negative regulator of the MAPK pathways of the innate immune system [36]. In contrast to
these models of inflammatory osteolysis, we found that in mice in homeostasis bone marrow-derived
osteoclastogenesis was greater in cells from female than from males [14]. Hence, the model in which
osteoclast sexual dimorphism is examined seems to influence what outcome is observed. It is now clear
that there are significant differences between the osteoclasts that derive during homeostasis, and those
that develop during inflammation [37,38]. These differences in osteoclast origin may, in turn, affect the
conflicting results that has been observed in studies of osteoclast sexual dimorphism in murine models.

7. Genetics

It has been demonstrated for over 30 years that female mice have more trabecular osteoclasts and a
lower bone mass that male mice [39]. There are a variety of reasons for this difference, including sexual
dimorphic effects of genes that are expressed in osteoclasts. Treatment of human female and male
peripheral blood monocytes with either estrogen or androgen during their in vitro differentiation
into osteoclasts identified a number of sexually dimorphic gene expression patterns [40]. A variety
of gene deleted mice have also been shown to have sexually dimorphic bone mass or osteoclast
phenotypes. Mice with deletion of lysyl oxidases, which is an enzyme that cross-links collagen,
demonstrated enhanced osteoclastogenesis and bone loss in females compared to males [41]. Male mice
with deletion of transient receptor potential vanilloid 4 (TRPV4) have decreased osteoclasts in their
bones and in bone marrow cell cultures relative to females [42]. Caveolae are a specialized type
of lipid rafts and expression of caveolin-1 is upregulated by RANKL in developing osteoclasts [43].
Deletion of caveolin-1 in mice resulted in higher bone volume in females, but not males relative
to wild type mice [43]. CD59a regulates the membrane attack complex in mice. Its deletion only
in male mice produced a bone phenotype of increased cortical bone volume and reduced bone
mineral density. In vitro, bone marrow cells from male CD59a-deleted mice demonstrated increased
osteoclastogenesis relative to cells from female mice [44]. Disruption of the alternative NF-«B pathway
in mice either by global deletion of NF-kB-inducing kinase (NIK) or the NF-«B subunit RelB produced a
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phenotype of increased bone mass in females only [16]. This was associated with a more sever defect of
osteoclastogenesis in female bone marrow cell cultures. Krox20/EGR2 is a zinc finger transcription factor,
involved in hindbrain development. Targeted deletion of Krox20 in osteoclast progenitors produced a
phenotype of low bone mass and increased resorption only in females [45]. Racl-specific guanosine
triphosphatase (GTPase)-activating protein Slit-Robo GAP2 (Srgap2) is upregulated by RANKL during
osteoclastogenesis. Targeted deletion of Srgap?2 in osteoclast precursors produced a female-specific
high bone mass phenotype [46]. Protein kinase C delta (PKC-6) deletion in osteoclasts resulted in
a high bone mass phenotype only in male mice and an associated decrease in osteoclastogenesis in
cultures of male bone marrow cells [47].

8. Summary

Clearly, we have much to learn about the mechanisms that regulate the sexual dimorphic responses
of osteoclasts. Studies of this phenomenon are important, because they can provide insight into
the pathophysiology of metabolic bone diseases like osteoporosis or the response of individuals to
therapeutic intervention. Elucidating these mechanisms may identify gene targets that lead to more
effective therapies for metabolic diseases of the skeleton.
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References

1. Lorenzo, J.; Horowitz, M.; Choi, Y. Osteoimmunology: Interactions of the Bone and Immune System.
Endocr. Rev. 2008, 29, 403—440. [CrossRef]

2. Teitelbaum, S.L. Bone resorption by osteoclasts. Scierice 2000, 289, 1504-1508. [CrossRef]

3. Jacome-Galarza, C.E; Lee, S.K.; Lorenzo, J.A.; Aguila, H.L. Identification, characterization, and isolation
of a common progenitor for osteoclasts, macrophages, and dendritic cells from murine bone marrow and
periphery. J. Bone Min. Res. 2013, 28, 1203-1213. [CrossRef]

4. Madel, M.B,; Ibanez, L.; Wakkach, A.; de Vries, T].; Teti, A.; Apparailly, F.; Blin-Wakkach, C. Inmune Function
and Diversity of Osteoclasts in Normal and Pathological Conditions. Front. Immunol. 2019, 10, 1408. [CrossRef]

5. Lorenzo, J.A.; Canalis, E.; Raisz, L.G. Metabolic Bone Disease. In Williams Text Book of Endocrinology;
Kronenberg, H., Melmed, S., Polonsky, K.S., Larsen, P.R., Eds.; Saunders-Elsevier: Philadelphia, PA, USA,
2008; Volume 11, pp. 1269-1310.

6. Yan, Y,; Wang, L.; Ge, L.; Pathak, J.L. Osteocyte-Mediated Translation of Mechanical Stimuli to Cellular
Signaling and Its Role in Bone and Non-bone-Related Clinical Complications. Curr. Osteoporos. Rep. 2020, 18,
67-80. [CrossRef]

7. Pietschmann, P.; Rauner, M.; Sipos, W.; Kerschan-Schindl, K. Osteoporosis: An age-related and gender-specific
disease—a mini-review. Gerontology 2009, 55, 3-12. [CrossRef] [PubMed]

8.  Pisitkun, P; Deane, J.A,; Difilippantonio, M.].; Tarasenko, T.; Satterthwaite, A.B.; Bolland, S. Autoreactive
B cell responses to RNA-related antigens due to TLR7 gene duplication. Science 2006, 312, 1669-1672.
[CrossRef] [PubMed]

9. Berghofer, B.; Frommer, T.; Haley, G.; Fink, L.; Bein, G.; Hackstein, H. TLR7 ligands induce higher IFN-alpha
production in females. J. Immunol. 2006, 177, 2088-2096. [CrossRef]

10. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Reviews. Immunol. 2016, 16, 626—638.
[CrossRef] [PubMed]

11. Marriott, I; Bost, K.L.; Huet-Hudson, Y.M. Sexual dimorphism in expression of receptors for bacterial
lipopolysaccharides in murine macrophages: A possible mechanism for gender-based differences in endotoxic
shock susceptibility. J. Reprod. Immunol. 2006, 71, 12-27. [CrossRef]

12. Paglia, D.N.; Yang, X.; Kalinowski, J.; Jastrzebski, S.; Drissi, H.; Lorenzo, J. Runx1 Regulates Myeloid
Precursor Differentiation Into Osteoclasts Without Affecting Differentiation Into Antigen Presenting or
Phagocytic Cells in Both Males and Females. Endocrinology 2016, 157, 3058-3069. [CrossRef] [PubMed]


http://dx.doi.org/10.1210/er.2007-0038
http://dx.doi.org/10.1126/science.289.5484.1504
http://dx.doi.org/10.1002/jbmr.1822
http://dx.doi.org/10.3389/fimmu.2019.01408
http://dx.doi.org/10.1007/s11914-020-00564-9
http://dx.doi.org/10.1159/000166209
http://www.ncbi.nlm.nih.gov/pubmed/18948685
http://dx.doi.org/10.1126/science.1124978
http://www.ncbi.nlm.nih.gov/pubmed/16709748
http://dx.doi.org/10.4049/jimmunol.177.4.2088
http://dx.doi.org/10.1038/nri.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27546235
http://dx.doi.org/10.1016/j.jri.2006.01.004
http://dx.doi.org/10.1210/en.2015-2037
http://www.ncbi.nlm.nih.gov/pubmed/27267711

Cells 2020, 9, 2086 60f7

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Jacquin, C.; Gran, D.E.; Lee, SK.; Lorenzo, J.A.; Aguila, H.L. Identification of multiple osteoclast precursor
populations in murine bone marrow. J. Bone Miner. Res. 2006, 21, 67-77. [CrossRef] [PubMed]

Mun, S.; Jastrzebski, S.; Kalinowski, J.; Zeng, S.; Bae, S.; Giannoppulou, E.; Kahn, N.M.; Drissi, H.; Shin, B.;
Lee, SK,; et al. Sexual dimorphism in early osteoclasts demonstrates enhanced inflammatory pathway
activation in female cells. Abstract: Annual Meeting of the American Society for Bone and Mineral Research,
2020. Available online: https://www.asbmr.org/ItineraryBuilder/PresentationDetail.aspx?pid=17c07bb3-47ef-
4d3e-8486-585d7b00216e&ptag=AuthorDetail&aid =00000000-0000-0000-0000-000000000000 (accessed on 12
September 2020).

Valerio, M.S.; Basilakos, D.S.; Kirkpatrick, J.E.; Chavez, M.; Hathaway-Schrader, J.; Herbert, B.A,;
Kirkwood, K.L. Sex-based differential regulation of bacterial-induced bone resorption. J. Periodontal Res. 2017,
52,377-387. [CrossRef] [PubMed]

Zarei, A.; Yang, C.; Gibbs, J.; Davis, J.L.; Ballard, A.; Zeng, R.; Cox, L.; Veis, D.J. Manipulation of the
Alternative NF-«B Pathway in Mice Has Sexually Dimorphic Effects on Bone. JBMR Plus 2019, 3, 14-22.
[CrossRef] [PubMed]

Oursler, M.].; Osdoby, P.; Pyfferoen, J.; Riggs, B.L.; Spelsberg, T.C. Avian osteoclasts as estrogen target cells.
Proc. Natl. Acad. Sci. USA 1991, 88, 6613-6617. [CrossRef]

Martin-Millan, M.; Almeida, M.; Ambrogini, E.; Han, L.; Zhao, H.; Weinstein, R.S.; Jilka, R.L.; O'Brien, C.A;
Manolagas, S.C. The Estrogen Receptor-{alpha} in Osteoclasts Mediates the Protective Effects of Estrogens on
Cancellous But Not Cortical Bone. Mol. Endocrinol. 2010, 6, 6.

Kameda, T.; Mano, H.; Yuasa, T.; Mori, Y.; Miyazawa, K.; Shiokawa, M.; Nakamaru, Y.; Hiroi, E.; Hiura, K,;
Kameda, A ; et al. Estrogen inhibits bone resorption by directly inducing apoptosis of the bone-resorbing
osteoclasts. |. Exp. Med. 1997, 186, 489-495. [CrossRef]

Nakamura, T.; Imai, Y.; Matsumoto, T.; Sato, S.; Takeuchi, K.; Igarashi, K.; Harada, Y.; Azuma, Y.; Krust, A,;
Yamamoto, Y.; et al. Estrogen Prevents Bone Loss via Estrogen Receptor alpha and Induction of Fas Ligand
in Osteoclasts. Cell 2007, 130, 811-823. [CrossRef]

Krum, S.A.; Miranda-Carboni, G.A.; Hauschka, P.V.; Carroll, J.S.; Lane, T.E,; Freedman, L.P.; Brown, M.
Estrogen protects bone by inducing Fas ligand in osteoblasts to regulate osteoclast survival. EMBO ]. 2008,
27,535-545. [CrossRef]

Kovacic, N.; Greevic, D.; Katavic, V.; Lukic, LK.; Grubisic, V.; Mihovilovic, K.; Cvija, H.; Croucher, P1.; Marusic, A.
Fas receptor is required for estrogen deficiency-induced bone loss in mice. Lab. Investig. 2010, 18, 18. [CrossRef]
Hughes, D.E.; Dai, A.; Tiffee, ].C.; Li, HH.; Mundy, G.R.; Boyce, B.F. Estrogen promotes apoptosis of murine
osteoclasts mediated by TGF-beta. Nat. Med. 1996, 2, 1132-1136. [CrossRef] [PubMed]

Robinson, J.A.; Riggs, B.L.; Spelsberg, T.C.; Oursler, M.J. Osteoclasts and transforming growth factor-beta:
Estrogen-mediated isoform-specific regulation of production. Endocrinology 1996, 137, 615-621. [CrossRef]
[PubMed]

Kim, H.N.; Ponte, F; Nookaew, I.; Ucer Ozgurel, S.; Marques-Carvalho, A.; Iyer, S.; Warren, A;
Aykin-Burns, N.; Krager, K.; Sardao, V.A; et al. Estrogens decrease osteoclast number by attenuating
mitochondria oxidative phosphorylation and ATP production in early osteoclast precursors. Sci. Rep. 2020,
10, 11933. [CrossRef] [PubMed]

Robinson, L.J.; Yaroslavskiy, B.B.; Griswold, R.D.; Zadorozny, E.V.; Guo, L.; Tourkova, L.L.; Blair, H.C.
Estrogen inhibits RANKL-stimulated osteoclastic differentiation of human monocytes through estrogen
and RANKL-regulated interaction of estrogen receptor-a with BCAR1 and Traf6. Exp. Cell Res. 2009, 315,
1287-1301. [CrossRef]

Gavali, S.; Gupta, M.K,; Daswani, B.; Wani, M.R.; Sirdeshmukh, R.; Khatkhatay, M.I. LYN, a key mediator in
estrogen-dependent suppression of osteoclast differentiation, survival, and function. Biochim Biophys Acta
Mol. Basis Dis. 2019, 1865, 547-557. [CrossRef]

Crusodé de Souza, M.; Sasso-Cerri, E.; Cerri, P.S. Inmunohistochemical detection of estrogen receptor beta
in alveolar bone cells of estradiol-treated female rats: Possible direct action of estrogen on osteoclast life
span. J. Anat. 2009, 215, 673—-681. [CrossRef]

Li, J.Y,; Chassaing, B.; Tyagi, A.M.; Vaccaro, C.; Luo, T.; Adams, J.; Darby, TM.; Weitzmann, M.N.; Mulle, ].G.;
Gewirtz, A.T.; et al. Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by
probiotics. . Clin. Investig. 2016, 126, 2049-2063. [CrossRef]


http://dx.doi.org/10.1359/JBMR.051007
http://www.ncbi.nlm.nih.gov/pubmed/16355275
https://www.asbmr.org/ItineraryBuilder/PresentationDetail.aspx?pid=17c07bb3-47ef-4d3e-8486-585d7b00216e&ptag=AuthorDetail&aid=00000000-0000-0000-0000-000000000000
https://www.asbmr.org/ItineraryBuilder/PresentationDetail.aspx?pid=17c07bb3-47ef-4d3e-8486-585d7b00216e&ptag=AuthorDetail&aid=00000000-0000-0000-0000-000000000000
http://dx.doi.org/10.1111/jre.12401
http://www.ncbi.nlm.nih.gov/pubmed/27509894
http://dx.doi.org/10.1002/jbm4.10066
http://www.ncbi.nlm.nih.gov/pubmed/30680359
http://dx.doi.org/10.1073/pnas.88.15.6613
http://dx.doi.org/10.1084/jem.186.4.489
http://dx.doi.org/10.1016/j.cell.2007.07.025
http://dx.doi.org/10.1038/sj.emboj.7601984
http://dx.doi.org/10.1038/labinvest.2009.144
http://dx.doi.org/10.1038/nm1096-1132
http://www.ncbi.nlm.nih.gov/pubmed/8837613
http://dx.doi.org/10.1210/endo.137.2.8593810
http://www.ncbi.nlm.nih.gov/pubmed/8593810
http://dx.doi.org/10.1038/s41598-020-68890-7
http://www.ncbi.nlm.nih.gov/pubmed/32686739
http://dx.doi.org/10.1016/j.yexcr.2009.01.014
http://dx.doi.org/10.1016/j.bbadis.2018.12.016
http://dx.doi.org/10.1111/j.1469-7580.2009.01158.x
http://dx.doi.org/10.1172/JCI86062

Cells 2020, 9, 2086 70f7

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Huber, D.M.; Bendixen, A.C.; Pathrose, P; Srivastava, S.; Dienger, K.M.; Shevde, N.K; Pike, ].W. Androgens
suppress osteoclast formation induced by rankl and macrophage-colony stimulating factor. Endocrinology
2001, 142, 3800-3808. [CrossRef]

Steffens, J.P.; Coimbra, L.S.; Rossa, C., Jr.; Kantarci, A.; Van Dyke, T.E.; Spolidorio, L.C. Androgen receptors
and experimental bone loss—An in vivo and in vitro study. Bone 2015, 81, 683-690. [CrossRef]

Michael, H.; Harkonen, PL.; Vaananen, H.K.; Hentunen, T.A. Estrogen and testosterone use different cellular
pathways to inhibit osteoclastogenesis and bone resorption. J. Bone Miner. Res. 2005, 20, 2224-2232. [CrossRef]
Sinnesael, M.; Jardi, F.; Deboel, L.; Laurent, M.R.; Dubois, V.; Zajac, ].D.; Davey, R.A.; Carmeliet, G.;
Claessens, F.; Vanderschueren, D. The androgen receptor has no direct antiresorptive actions in mouse
osteoclasts. Mol. Cell Endocrinol. 2015, 411, 198-206. [CrossRef] [PubMed]

Ucer, S.; Iyer, S.; Bartell, S.M.; Martin-Millan, M.; Han, L.; Kim, H.N.; Weinstein, R.S; Jilka, R.L.; O'Brien, C.A;
Almeida, M.; et al. The Effects of Androgens on Murine Cortical Bone Do Not Require AR or ERalpha
Signaling in Osteoblasts and Osteoclasts. ]. Bone Min. Res. 2015, 30, 1138-1149. [CrossRef] [PubMed]
Valerio, M.S.; Kirkwood, K.L. Sexual Dimorphism in Immunity to Oral Bacterial Diseases: Intersection of
Neutrophil and Osteoclast Pathobiology. . Dent. Res. 2018, 97, 1416-1423. [CrossRef] [PubMed]

Kirk, S.G.; Samavati, L.; Liu, Y. MAP kinase phosphatase-1, a gatekeeper of the acute innate immune response.
Life Sci. 2020, 241, 117157. [CrossRef] [PubMed]

Novak, S.; Roeder, E.; Kalinowski, J.; Jastrzebski, S.; Aguila, H.L.; Lee, S.-K.; Kalajzic, I.; Lorenzo, J.A.
Osteoclasts Derive Predominantly from Bone Marrow-Resident CX(3)CR1(+) Precursor Cells in Homeostasis,
whereas Circulating CX(3)CR1(+) Cells Contribute to Osteoclast Development during Fracture Repair.
J. Immunol. 2020, 204, 868-878. [CrossRef]

Madel, M.B.; Ibaniez, L.; Ciucci, T.; Halper, J.; Rouleau, M.; Boutin, A.; Hue, C.; Duroux-Richard, I;
Apparailly, E; Garchon, H.J.; et al. Dissecting the phenotypic and functional heterogeneity of mouse
inflammatory osteoclasts by the expression of Cx3crl. Elife 2020, 9. [CrossRef]

Abe, K.; Aoki, Y. Sex differences in bone resorption in the mouse femur. A light- and scanning
electron-microscopic study. Cell Tissue Res. 1989, 255, 15-21. [CrossRef]

Wang, J.; Stern, PH. Sex-specific effects of estrogen and androgen on gene expression in human
monocyte-derived osteoclasts. J. Cell Biochem. 2011, 3, 23297. [CrossRef]

Alsofi, L.; Daley, E.; Hornstra, I.; Morgan, E.F.; Mason, Z.D.; Acevedo, ].F.; Word, R.A.; Gerstenfeld, L.C.;
Trackman, P.C. Sex-Linked Skeletal Phenotype of Lysyl Oxidase Like-1 Mutant Mice. Calcif Tissue Int. 2016,
98, 172-185. [CrossRef]

van der Eerden, B.C.; Oei, L.; Roschger, P; Fratzl-Zelman, N.; Hoenderop, ]J.G.; van Schoor, N.M.;
Pettersson-Kymmer, U.; Schreuders-Koedam, M.; Uitterlinden, A.G.; Hofman, A.; et al. TRPV4 deficiency
causes sexual dimorphism in bone metabolism and osteoporotic fracture risk. Bone 2013, 57, 443-454.
[CrossRef]

Lee, Y.D.; Yoon, S.H.; Park, C.K;; Lee, J.; Lee, Z.H.; Kim, H.H. Caveolin-1 regulates osteoclastogenesis and
bone metabolism in a sex-dependent manner. J. Biol. Chem. 2015, 290, 6522—-6530. [CrossRef]

Bloom, A.C.; Collins, FL.; Van’t Hof, R.J.; Ryan, E.S.; Jones, E.; Hughes, T.R.; Morgan, B.P,; Erlandsson, M.;
Bokarewa, M.; Aeschlimann, D.; et al. Deletion of the membrane complement inhibitor CD59a drives age
and gender-dependent alterations to bone phenotype in mice. Bone 2016, 84, 253-261. [CrossRef]

Sabag, E.; Halperin, E.; Liron, T.; Hiram-Bab, S.; Frenkel, B.; Gabet, Y. Hormone-Independent Sexual
Dimorphism in the Regulation of Bone Resorption by Krox20. ]. Bone Min. Res. 2019, 34, 2277-2286.
[CrossRef] [PubMed]

Shin, B.; Kupferman, J.; Schmidt, E.; Polleux, F.; Delany, A.M.; Lee, S.K. Racl Inhibition Via Srgap2 Restrains
Inflammatory Osteoclastogenesis and Limits the Clastokine, SLIT3. ]. Bone Min. Res. 2020, 35, 789-800.
[CrossRef] [PubMed]

Li, S;; He, T.; Wu, D.; Zhang, L.; Chen, R; Liu, B.; Yuan, J.; Tickner, J.; Qin, A; Xu, J.; et al. Conditional
Knockout of PKC-% in Osteoclasts Favors Bone Mass Accrual in Males Due to Decreased Osteoclast Function.
Front. Cell Dev. Biol. 2020, 8, 450. [CrossRef] [PubMed]

@ © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1210/endo.142.9.8402
http://dx.doi.org/10.1016/j.bone.2015.10.001
http://dx.doi.org/10.1359/JBMR.050803
http://dx.doi.org/10.1016/j.mce.2015.04.030
http://www.ncbi.nlm.nih.gov/pubmed/25958043
http://dx.doi.org/10.1002/jbmr.2485
http://www.ncbi.nlm.nih.gov/pubmed/25704845
http://dx.doi.org/10.1177/0022034518798825
http://www.ncbi.nlm.nih.gov/pubmed/30205018
http://dx.doi.org/10.1016/j.lfs.2019.117157
http://www.ncbi.nlm.nih.gov/pubmed/31837332
http://dx.doi.org/10.4049/jimmunol.1900665
http://dx.doi.org/10.7554/eLife.54493
http://dx.doi.org/10.1007/BF00229061
http://dx.doi.org/10.1002/jcb.23297
http://dx.doi.org/10.1007/s00223-015-0076-4
http://dx.doi.org/10.1016/j.bone.2013.09.017
http://dx.doi.org/10.1074/jbc.M114.598581
http://dx.doi.org/10.1016/j.bone.2015.12.014
http://dx.doi.org/10.1002/jbmr.3847
http://www.ncbi.nlm.nih.gov/pubmed/31398266
http://dx.doi.org/10.1002/jbmr.3945
http://www.ncbi.nlm.nih.gov/pubmed/31880824
http://dx.doi.org/10.3389/fcell.2020.00450
http://www.ncbi.nlm.nih.gov/pubmed/32582715
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sexual Dimorphism in the Innate Immune System 
	Osteoclast Sexual Dimorphism 
	Effects of Sex Steroids on Osteoclasts 
	Androgens 
	Inflammation 
	Genetics 
	Summary 
	References

