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            Abstract
An imbalance in bone formation relative to bone resorption results in the net bone loss that occurs in osteoporosis and inflammatory bone diseases. Although it is well known how bone resorption is stimulated, the molecular mechanisms that mediate impaired bone formation are poorly understood. Here we show that the time- and stage-specific inhibition of endogenous inhibitor of κB kinase (IKK)–nuclear factor-κB (NF-κB) in differentiated osteoblasts substantially increases trabecular bone mass and bone mineral density without affecting osteoclast activities in young mice. Moreover, inhibition of IKK–NF-κB in differentiated osteoblasts maintains bone formation, thereby preventing osteoporotic bone loss induced by ovariectomy in adult mice. Inhibition of IKK–NF-κB enhances the expression of Fos-related antigen-1 (Fra-1), an essential transcription factor involved in bone matrix formation in vitro and in vivo. Taken together, our results suggest that targeting IKK–NF-κB may help to promote bone formation in the treatment of osteoporosis and other bone diseases.
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                    Figure 1: Generation of transgenic mice specifically expressing IKK-DN in differentiated osteoblasts.[image: ]


Figure 2: Inhibition of NF-κB by IKK-DN in mature osteoblasts enhances bone formation in young mice.[image: ]


Figure 3: Inhibition of NF-κB in mature osteoblasts enhances bone formation in a cell-autonomous fashion.[image: ]


Figure 4: Inhibition of NF-κB in mature osteoblasts prevents trabecular bone loss induced by ovariectomy in adult mice.[image: ]


Figure 5: Inhibition of NF-κB in mature osteoblasts prevents bone loss by maintaining osteoblast functions in adult mice.[image: ]


Figure 6: Inhibition of NF-κB promotes osteoblast activities by inducing Fra-1 expression.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The emerging role of IMD 0354 on bone homeostasis by suppressing osteoclastogenesis and bone resorption, but without affecting bone formation
                                        
                                    

                                    
                                        Article
                                         Open access
                                         10 September 2019
                                    

                                

                                Wenxiang Chen, Ziang Xie, … Shunwu Fan

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Inhibition of Cdk5 increases osteoblast differentiation and bone mass and improves fracture healing
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 April 2022
                                    

                                

                                Mubashir Ahmad, Benjamin Thilo Krüger, … Jan Tuckermann

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Trim21 depletion alleviates bone loss in osteoporosis via activation of YAP1/β-catenin signaling
                                        
                                    

                                    
                                        Article
                                         Open access
                                         26 October 2023
                                    

                                

                                Ri-Xu Liu, Rong-He Gu, … Huan-Tian Zhang

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Wagner, E.F. & Karsenty, G. Genetic control of skeletal development. Curr. Opin. Genet. Dev. 11, 527–532 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Khosla, S., Westendorf, J.J. & Oursler, M.J. Building bone to reverse osteoporosis and repair fractures. J. Clin. Invest. 118, 421–428 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Zaidi, M. Skeletal remodeling in health and disease. Nat. Med. 13, 791–801 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Clowes, J.A., Riggs, B.L. & Khosla, S. The role of the immune system in the pathophysiology of osteoporosis. Immunol. Rev. 208, 207–227 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Raisz, L.G. Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J. Clin. Invest. 115, 3318–3325 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Weitzmann, M.N. & Pacifici, R. Estrogen deficiency and bone loss: an inflammatory tale. J. Clin. Invest. 116, 1186–1194 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Teitelbaum, S.L. & Ross, F.P. Genetic regulation of osteoclast development and function. Nat. Rev. Genet. 4, 638–649 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Khosla, S. & Riggs, B.L. Pathophysiology of age-related bone loss and osteoporosis. Endocrinol. Metab. Clin. North Am. 34, 1015–1030 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Ghosh, S. & Karin, M. Missing pieces in the NF-κB puzzle. Cell 109, S81–S96 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Chen, Z.J. Suppression of tumor necrosis factor–mediated apoptosis by nuclear factor κB-independent bone morphogenetic protein/Smad signaling. Nat. Cell Biol. 7, 758–765 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Huang, T.T. et al. Sequential modification of NEMO/IKKγ by SUMO-1 and ubiquitin mediates NF-κB activation by genotoxic stress. Cell 115, 565–576 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Li, Q. & Verma, I.M. NF-κB regulation in the immune system. Nat. Rev. Immunol. 2, 725–734 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Silverman, N. & Maniatis, T. NF-κB signaling pathways in mammalian and insect innate immunity. Genes Dev. 15, 2321–2342 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Guttridge, D.C. et al. NF-κB activation induces the loss of MyoD mRNA: implications for cytokine-induced skeletal muscle dysfunction and cachexia. Science 289, 2363–2366 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Jimi, E. et al. Selective inhibition of NF-κB blocks osteoclastogenesis and prevents inflammatory bone destruction in vivo. Nat. Med. 10, 617–624 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Ruocco, M.G. et al. IκB kinase (IKK)β, but not IKKα, is a critical mediator of osteoclast survival and is required for inflammation-induced bone loss. J. Exp. Med. 201, 1677–1687 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Tang, E.D. et al. A role for NF-(B essential modifier/I(B kinase-((NEMO/IKK() ubiquitination in the activation of the I(B kinase complex by tumor necrosis factor-α. J. Biol. Chem. 278, 37297–37305 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Yang, F. et al. The zinc finger mutation C417R of I-κ B kinase γ impairs lipopolysaccharide- and TNF-mediated NF-κ B activation through inhibiting phosphorylation of the I-κ B kinase β activation loop. J. Immunol. 172, 2446–2452 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Wang, C.-Y. et al. TNF- and cancer therapy–induced apoptosis: potentiation by inhibition of NF-κB. Science 274, 784–787 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Park, B.K. et al. NF-κB in breast cancer cells promotes osteolytic bone metastasis by inducing osteoclastogenesis via GM-CSF. Nat. Med. 13, 62–69 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Wang, C.-Y. et al. Control of inducible chemoresistance: enhanced anti-tumor therapy via increased apoptosis through inhibition of NF-κB. Nat. Med. 5, 412–417 (1999).
Article 
    
                    Google Scholar 
                

	Ducy, P. et al. A Cbfa1-dependent genetic pathway controls bone formation beyond embryonic development. Genes Dev. 13, 1025–1036 (1999).
Article 
    CAS 
    
                    Google Scholar 
                

	Frendo, J.L. et al. Functional hierarchy between two OSE2 elements in the control of osteocalcin gene expression in vivo. J. Biol. Chem. 273, 30509–30516 (1998).
Article 
    CAS 
    
                    Google Scholar 
                

	Bilic-Curcic, I. et al. Visualizing levels of osteoblasts differentiation by two-color promoter-GFP strategy:tType I collagen-GFPcyan and osteocalcin-GFPtpz. Genesis 43, 87–98 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Ge, C. et al. Critical role of the extracellular signal–regulated kinase–MAPK pathway in osteoblast differentiation and skeletal development. J. Cell Biol. 176, 709–718 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Li, Y.P. & Stashenko, P. Characterization of a tumor necrosis factor–responsive element which down-regulates the human osteocalcin gene. Mol. Cell. Biol. 13, 3714–3721 (1993).
Article 
    CAS 
    
                    Google Scholar 
                

	De Smaele, E. et al. Induction of gadd45β by NF-κB downregulates pro-apoptotic JNK signaling. Nature 414, 308–313 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Tang, G. et al. Inhibition of JNK activation through NF-κB target genes. Nature 414, 313–317 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Reuther-Madrid, J.Y. et al. The p65/RelA subunit of NF-κB suppresses the sustained, antiapoptotic activity of Jun kinase induced by tumor necrosis factor. Mol. Cell. Biol. 22, 8175–8183 (2002).
Article 
    CAS 
    
                    Google Scholar 
                

	Yamashita, M. et al. Ubiquitin ligase smurf1 controls osteoblast activity and bone homeostasis by targeting MEKK2 for degradation. Cell 121, 101–113 (2005).
Article 
    CAS 
    
                    Google Scholar 
                

	Jochum, W. et al. Increased bone formation and osteosclerosis in mice overexpressing the transcription factor Fra-1. Nat. Med. 6, 980–984 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Sabatakos, G. et al. Overexpression of ΔFosB transcription factor(s) increases bone formation and inhibits adipogenesis. Nat. Med. 6, 985–990 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Eferl, R. et al. The Fos-related antigen Fra-1 is an activator of bone matrix formation. EMBO J. 23, 2789–2799 (2004).
Article 
    CAS 
    
                    Google Scholar 
                

	Harnish, D.C. Estrogen receptor ligands in the control of pathogenic inflammation. Cur. Opin. Investig. Drugs 7, 997–1001 (2006).
CAS 
    
                    Google Scholar 
                

	Pearse, R.N. Wnt antagonism in multiple myeloma: a potential cause of uncoupled bone remodeling. Clin. Cancer Res. 12, 6274s–6278s (2006).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank J. Adams for valuable advice and G. Karsenty (Columbia University) for Col1a1 promoter and T. Gilmore (Boston University) for c-Rel vector. This work was supported by US National Institute of Dental and Craniofacial Research grants (DE17684, DE019412, DE1016513, DE13848 and DE018890) and US National Institute of Diabetes and Kidney Disease grants (DK053904).


Author information
Authors and Affiliations
	Division of Oral Biology and Medicine, Laboratory of Molecular Signaling, School of Dentistry and Jonsson Comprehensive Cancer Center, University of California–Los Angeles, Los Angeles, California, USA
Jia Chang, Eric Tang, Zhipeng Fan & Cun-Yu Wang

	Department of Biologic and Materials Sciences, Ann Arbor, Michigan, USA
Zhuo Wang & Paul H Krebsbach

	Department of Periodontics and Oral Medicine, School of Dentistry, Ann Arbor, Michigan, USA
Laurie McCauley & Renny Franceschi

	Department of Pathology, School of Medicine, University of Michigan, Ann Arbor, Michigan, USA
Laurie McCauley

	Department of Pharmacology and Comprehensive Cancer Center, University of California–San Diego, San Diego, California, USA
Kunliang Guan


Authors	Jia ChangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zhuo WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Eric TangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zhipeng FanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Laurie McCauleyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Renny FranceschiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kunliang GuanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Paul H KrebsbachView author publications
You can also search for this author in
                        PubMed Google Scholar



	Cun-Yu WangView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
J.C. performed the majority of the experiments, analyzed data and prepared figures. Z.W. performed μCT and analyzed data. E.T. and Z.F. performed complementary DNA subcloning. L.M. helped with experiment designs and the preparation of manuscript. R.F. provided reagents and helped with the preparation of manuscript. K.G. provided reagents and helped with the preparation of manuscript. P.H.K. helped with μCT and the preparation of manuscript. C.-Y.W. designed experiments, analyzed data and wrote the manuscript.
Corresponding author
Correspondence to
                Cun-Yu Wang.


Supplementary information

Supplementary Text and Figures
Supplementary Figs. 1–7 and Supplementary Methods (PDF 1082 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Chang, J., Wang, Z., Tang, E. et al. Inhibition of osteoblastic bone formation by nuclear factor-κB.
                    Nat Med 15, 682–689 (2009). https://doi.org/10.1038/nm.1954
Download citation
	Received: 03 November 2008

	Accepted: 07 April 2009

	Published: 17 May 2009

	Issue Date: June 2009

	DOI: https://doi.org/10.1038/nm.1954


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Research Progress on the Mechanism of the SFRP-Mediated Wnt Signalling Pathway Involved in Bone Metabolism in Osteoporosis
                                    
                                

                            
                                
                                    	Fangyu An
	Jiayi Song
	Chunlu Yan


                                
                                Molecular Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Marantodes pumilum (Kacip Fatimah) Aqueous Extract Enhances Osteoblast and Suppresses Osteoclast Activities in Cancellous Bone of a Rat Model of Postmenopause
                                    
                                

                            
                                
                                    	Kamarulzaman Bin Karim
	Nelli Giribabu
	Naguib Bin Salleh


                                
                                Applied Biochemistry and Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Association between periodontitis and osteoporosis in United States adults from the National Health and Nutrition Examination Survey: a cross-sectional analysis
                                    
                                

                            
                                
                                    	Jing Peng
	Jianming Chen
	Bin Zhang


                                
                                BMC Oral Health (2023)

                            
	
                            
                                
                                    
                                        Modulation of bone remodeling by the gut microbiota: a new therapy for osteoporosis
                                    
                                

                            
                                
                                    	Zhengtian Lyu
	Yongfei Hu
	Dan Liu


                                
                                Bone Research (2023)

                            
	
                            
                                
                                    
                                        Mesenchymal Stem Cell-Derived Extracellular Vesicles: The Novel Therapeutic Option for Regenerative Dentistry
                                    
                                

                            
                                
                                    	Haiying Kong
	Peiqi Liu
	Jian Xu


                                
                                Stem Cell Reviews and Reports (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
