Q12: Does aging alter communication between joint tissues (e.g., cartilage and subchondral bone, fat
and cartilage, fat and bone, synovium and cartilage)? Are there interactions that need to be
standardized?
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RESPONSE/RECOMMENDATION:

YES. Aging plays a significant role in altering communication between joint tissues, contributing to osteoarthritis
(OA) progression'. Cellular senescence, chronic inflammation (“‘inflammaging”), and reduced regenerative
capacity associated with aging disrupt homeostatic interactions among joint components like cartilage, bone,
adipose tissue, meniscus, and synovium. These changes create a catabolic, inflammatory environment that
accelerates tissue degeneration. Aging also alters cellular responses (e.g., autophagy and repair) and tissue
composition (e.g., cartilage stiffening, fibrosis), impacting mechanobiology and tissue communication. While
animal models are crucial for probing mechanisms in a dynamic system, they have translational limitations. In
vitro systems, such as tissue-on-a-chip models, offer controlled environments to study interorgan crosstalk but
may oversimplify complex processes. Collaborative, interdisciplinary, and multi-modal approaches are essential
for addressing these challenges and advancing targeted therapies for OA in aging populations.

LEVEL OF EVIDENCE: Strong. A Pubmed search was completed for “interorgan crosstalk,” “joint tissues,”
“osteoarthritis,” and “aging” was performed and the findings are summarized below.

Cartilage and Subchondral Bone: Aging profoundly affects the crosstalk between cartilage and subchondral
bone, which is critical for maintaining joint integrity? 3. Aging alters bone remodeling in the subchondral region,
leading to sclerosis, microstructural changes, and impaired mechanical support for overlying cartilage.
Concurrently, aged cartilage exhibits reduced anabolic signaling, heightened catabolic activity (via matrix
metalloproteinases and aggrecanases), and increased susceptibility to mechanical stress. The altered
biomechanical and biochemical signaling between these tissues exacerbates cartilage degeneration and
contributes to OA progression.

Fat and Cartilage: Intra-articular and periarticular fat depots house resident immune cells and play a crucial role
in maintaining joint homeostasis by producing adipokines, which regulate cartilage metabolism*'°. Aging disrupts
this balance, for example, with senescent adipocytes secreting increased levels of pro-inflammatory adipokines
(e.g., leptin® 112 resistin® %), reduced levels of protective factors such as adiponectin' '°, and increased
fibrosis'™® 7. In addition to adipokines, lipid profiles in synovial fluid are associated with OA severity and
synovitis’®2" in both animal models and humans. These changes and resulting secreted pro-inflammatory
mediators from the fat pad can promote cartilage catabolism and synovial inflammation, further driving OA
progression - but the mechanisms remain unclear.

Fat and Bone: The interaction between fat and bone is also altered with aging, particularly in the context of bone
marrow adiposity. Aging increases bone marrow fat accumulation, which negatively affects osteoblast
differentiation and bone formation. Simultaneously, adipocyte-derived inflammatory mediators exacerbate
subchondral bone sclerosis and impair the bone-cartilage interface, likely contributing to OA progression, through
mechanisms that remain to be defined. It is understood that adipose-secreted factors play a critical role in bone
homeostasis and sclerosis, but the order in which these changes occur, and what is protective vs pathological,
remains unclear.

Synovium and Cartilage: The synovium, which regulates joint lubrication and nutrient supply to cartilage, adopts
a pro-inflammatory and pro-fibrotic phenotype with aging. Synovial fibroblasts exhibit disease-associated
diversification in aging and during OA progression?* 23, and the expansion of a senescent synovial fibroblast
phenotype is associated with aging®* 25, characterized by the secretion of inflammatory cytokines (e.g., IL-6, IL-
1B), pro-fibrotic factors (e.g. TGF-[3), neutrotrophic factors (e.g. NGF), and matrix-degrading enzymes (e.g. MMP-




3, -9), which amplify cartilage degradation. The crosstalk between synovium and cartilage represents a self-
accelerating cascade in which synovitis-mediated cartilage breakdown accelerates synovitis via overactivation
of innate inflammation; this inflammation further drives the secretion of catabolic enzymes and cytokines that
orchestrate cartilage degradation. Aging-related synovial inflammation involves chronic recruitment of
systemically derived immune cells that secrete cytokines and proteases® and is linked to the heightened
systemic inflammation characteristic of aging and osteoarthritis?”. As a reservoir of immune cells during disease,
the synovium is further influenced by immunosenescence, which impairs immune cell function, leading to
defective inflammatory resolution and dysregulated tissue catabolism?8, further shaping synovial crosstalk with
cartilage and the surrounding joint tissues (fat, bone, meniscus, nervous system). The combined impaired
immune cell functionality and capacity of resident synovial cells to clear infiltrating cells further promotes the
chronic inflammatory phenotype of aged and osteoarthritic joints?* 2°. The age-related shift in synovial signaling
not only drives OA pathology but also alters the normal reparative responses of cartilage.

Fat and Synovium: Intra-articular fat depots and synovial tissue are key sources of inflammatory mediators that
drive OA progression. Aging exacerbates adipocyte dysfunction and synovial inflammation, contributing to a pro-
catabolic joint environment3. How aging-related changes in adipose tissue secretions (e.g., increased pro-
inflammatory adipokines) influence synovial fibroblast activation and cytokine production remains unknown.
Tools like proteomics and spatial transcriptomics to identify key signaling pathways as targeting these individual
tissues is difficult given the presently available tools. Whether anti-inflammatory agents targeting adipokine
signaling (e.g., leptin inhibitors) can reduce synovial inflammation and improve cartilage health is implicated
across studies, but remains unknown.

Synovium and Bone: The synovium regulates nutrient and oxygen supply to joint tissues, including subchondral
bone, and these tissues may be the first to demonstrate pathological signs of OA in spontaneous joint
degradation®. Both are highly innervated and vascularized. Since aging leads to a pro-inflammatory synovial
phenotype, which disrupts normal bone remodeling and contributes to OA-associated subchondral bone
changes, it remains unclear how these changes can affect each other to drive OA. For example, considering
the efficacy of anti-inflammatory or pro-angiogenic therapies in reducing synovial inflammation and restoring
healthy bone remodeling in aged joints.

Meniscus and Cartilage: Aging impacts both cartilage and meniscus tissue integrity, leading to altered
biomechanical properties, increased susceptibility to injury, and impaired repair mechanisms®'-32. The meniscus
undergoes degenerative changes, including reduced collagen content, matrix remodeling, and cellular
senescence, which disrupts its ability to support cartilage homeostasis. Similarly, cartilage degeneration
exacerbates meniscal dysfunction, creating a feedback loop of tissue damage. Understanding the biochemical
and biomechanical crosstalk between these tissues is essential for identifying therapeutic targets.

The nervous system and the joint: An overall decrease in sensory innervation of the knee joint has been observed
with age, which precedes the development of age-associated cartilage damage in mice® **. Aging also is
associated with the development of mechanical allodynia and hyperalgesia, indicative of sensitization of the
nervous system®®37. By 2 years of age, signs of age-associated structural damage develop, and at this time point
nerve sprouting has been observed in the subchondral bone and in the synovium, similar to findings in young
post-traumatic OA mouse models® and in human TKA samples®. Finally, the cell bodies of the sensory nerves
innervating the knee joint are housed in the dorsal root ganglia (DRG). Studies analyzing the DRG have shown
increased numbers of macrophages and expression of chemokines and inflammatory mediators in aged vs
young DRG?® again similar to other work performed in young post-traumatic OA mouse models'" 4042,

Conclusion: Aging disrupts communication between joint tissues, contributing to OA progression through
cellular senescence, inflammation, and reduced tissue repair. Standardizing research methods—such as
biomarker profiling, animal models, imaging techniques, and co-culture systems—is crucial to ensure
consistency, comparability, and the development of targeted interventions for OA in aging populations.



REFERENCES:

1. Loeser RF, Collins JA, Diekman BO. Ageing and the pathogenesis of osteoarthritis. Nat Rev
Rheumatol. 2016;12(7):412-20. Epub 20160519. doi: 10.1038/nrrheum.2016.65. PubMed PMID:
27192932; PMCID: PMC4938009.

2. Atasoy-Zeybek A, Showel KK, Nagelli CV, Westendorf JJ, Evans CH. The intersection of aging
and estrogen in osteoarthritis. NPJ Womens Health. 2025;3(1):15. Epub 20250225. doi: 10.1038/s44294-
025-00063-1. PubMed PMID: 40017990; PMCID: PMC11860234.

3. Collins KH, Haugen IK, Neogi T, Guilak F. Osteoarthritis as a systemic disease. Nat Rev
Rheumatol. 2026;22(2):105-17. Epub 20251203. doi: 10.1038/s41584-025-01332-8. PubMed PMID:
41339496.

4. Collins KH, Lenz KL, Welhaven HD, Ely E, Springer LE, Paradi S, Tang R, Braxton L, Akk A, Yan
H, Zhang B, Wu X, Atkinson JP, Oestreich AK, June RK, Pham CTN, Guilak F. Adipose-derived leptin
and complement factor D mediate osteoarthritis severity and pain. Sci Adv. 2025;11(17):eadt5915. Epub
20250425. doi: 10.1126/sciadv.adt5915. PubMed PMID: 40279436; PMCID: PMC12024688.

5. Ait Eldjoudi D, Cordero Barreal A, Gonzalez-Rodriguez M, Ruiz-Fernandez C, Farrag Y, Farrag
M, Lago F, Capuozzo M, Gonzalez-Gay MA, Mera Varela A, Pino J, Gualillo O. Leptin in Osteoarthritis
and Rheumatoid Arthritis: Player or Bystander? Int J Mol Sci. 2022;23(5). Epub 20220305. doi:
10.3390/ijms23052859. PubMed PMID: 35270000; PMCID: PMC8911522.

6. Gao YH, Zhao CW, Liu B, Dong N, Ding L, Li YR, Liu JG, Feng W, Qi X, Jin XH. An update on
the association between metabolic syndrome and osteoarthritis and on the potential role of leptin in
osteoarthritis. Cytokine. 2020;129:155043. Epub 2020/02/23. doi: 10.1016/j.cyt0.2020.155043. PubMed
PMID: 32078923.

7. Xie C, Chen Q. Adipokines: New Therapeutic Target for Osteoarthritis? Curr Rheumatol Rep.
2019;21(12):71. Epub 2019/12/10. doi: 10.1007/s11926-019-0868-z. PubMed PMID: 31813080; PMCID:
PMC7291783.

8. Wu CL, Jain D, McNeill JN, Little D, Anderson JA, Huebner JL, Kraus VB, Rodriguiz RM, Wetsel
WC, Guilak F. Dietary fatty acid content regulates wound repair and the pathogenesis of osteoarthritis
following joint injury. Ann Rheum Dis. 2015;74(11):2076-83. Epub 2014/07/13. doi:
10.1136/annrheumdis-2014-205601. PubMed PMID: 25015373; PMCID: PMC4363043.

9. Griffin TM, Fermor B, Huebner JL, Kraus VB, Rodriguiz RM, Wetsel WC, Cao L, Setton LA, Guilak
F. Diet-induced obesity differentially regulates behavioral, biomechanical, and molecular risk factors for
osteoarthritis in mice. Arthritis Res Ther. 2010;12(4):R130. Epub 2010/07/08. doi: 10.1186/ar3068.
PubMed PMID: 20604941; PMCID: PMC2945020.

10. Fu Y, Batushansky A, Kinter M, Huebner JL, Kraus VB, Griffin TM. Effects of Leptin and Body
Weight on Inflammation and Knee Osteoarthritis Phenotypes in Female Rats. JBMR Plus.
2023;7(7):e10754. Epub 20230505. doi: 10.1002/jbm4.10754. PubMed PMID: 37457883; PMCID:
PMC10339097.

11. Collins KH, Lenz KL, Welhaven HD, Ely E, Springer LE, Paradi S, Tang R, Braxton L, Akk A, Yan
H, Zhang B, Wu X, Atkinson JP, Oestreich AK, June RK, Pham CTN, Guilak F. Adipose-derived Leptin
and Complement Factor D mediate osteoarthritis severity and pain. Sci Adv. 2025;11(17). Epub April 25,
2025.

12. Primrose JG, Jain L, Bolam SM, Monk AP, Munro JT, Dalbeth N, Poulsen RC. Concentration-
dependent effects of leptin on osteoarthritis-associated changes in phenotype of human chondrocytes.
Connect Tissue Res. 2023;64(5):457—68. Epub 20230517. doi: 10.1080/03008207.2023.2214249.
PubMed PMID: 37171229.

13. Zhu J, Ruan G, Cen H, Meng T, Zheng S, Wang Y, Li B, Zhu Z, Han W, Winzenberg T, Wluka
AE, Cicuttini F, Wang B, Ding C. Association of serum levels of inflammatory markers and adipokines
with joint symptoms and structures in participants with knee osteoarthritis. Rheumatology (Oxford).
2022;61(3):1044-52. Epub 2021/06/12. doi: 10.1093/rheumatology/keab479. PubMed PMID: 34114615.



14. Chen WC, Lu YC, Kuo SJ, Lin CY, Tsai CH, Liu SC, Chen YL, Wang SW, Tang CH. Resistin
enhances IL-1beta and TNF-alpha expression in human osteoarthritis synovial fibroblasts by inhibiting
miR-149 expression via the MEK and ERK pathways. FASEB J. 2020;34(10):13671-84. Epub
2020/08/14. doi: 10.1096/fj.202001071R. PubMed PMID: 32790946.

15. Paré F, Tardif G, Fahmi H, OQuhaddi Y, Pelletier JP, Martel-Pelletier J. In vivo protective effect of
adipsin-deficiency on spontaneous knee osteoarthritis in aging mice. Aging (Albany NY).
2020;12(3):2880-96. doi: 10.18632/aging.102784. PubMed PMID: 32012117.

16. Barboza E, Hudson J, Chang WP, Kovats S, Towner RA, Silasi-Mansat R, Lupu F, Kent C, Griffin
TM. Pro-fibrotic infrapatellar fat pad remodeling without M1-macrophage polarization precedes knee
osteoarthritis in diet-induced obese mice. Arthritis Rheumatol. 2017;69(6):1221-32. doi:
10.1002/art.40056. PubMed PMID: 28141918; PMCID: 5449220.

17. Harasymowicz NS, Clement ND, Azfer A, Burnett R, Salter DM, Simpson A. Regional Differences
Between Perisynovial and Infrapatellar Adipose Tissue Depots and Their Response to Class Il and Class
[l Obesity in Patients With Osteoarthritis. Arthritis Rheumatol. 2017;69(7):1396—-406. Epub 2017/03/21.
doi: 10.1002/art.40102. PubMed PMID: 28320058.

18. Zhang WD, Sun G, Likhodii S, Aref-Eshghi E, Harper PE, Randell E, Green R, Martin G, Furey A,
Rahman P, Zhai GJ. Metabolomic analysis of human synovial fluid and plasma reveals that
phosphatidylcholine metabolism is associated with both osteoarthritis and diabetes mellitus.
Metabolomics. 2016;12(2). doi: ARTN 24

10.1007/s11306-015-0937-x. PubMed PMID: WOS:000369343900014.

19. Wu CL, Kimmerling KA, Little D, Guilak F. Serum and synovial fluid lipidomic profiles predict
obesity-associated osteoarthritis, synovitis, and wound repair. Sci Rep. 2017;7:44315. Epub 2017/03/21.
doi: 10.1038/srep44315. PubMed PMID: 28317846; PMCID: PMC5357837.

20. Carlson AK, Rawle RA, Wallace CW, Brooks EG, Adams E, Greenwood MC, Olmer M, Lotz MK,
Bothner B, June RK. Characterization of synovial fluid metabolomic phenotypes of cartilage
morphological changes associated with osteoarthritis. Osteoarthritis Cartilage. 2019;27(8):1174-84.
Epub 20190425. doi: 10.1016/j.joca.2019.04.007. PubMed PMID: 31028882; PMCID: PMC6646055.
21. Van de Vyver A, Clockaerts S, van de Lest CHA, Wei W, Verhaar J, Van Osch G, Bastiaansen-
Jenniskens YM. Synovial Fluid Fatty Acid Profiles Differ between Osteoarthritis and Healthy Patients.
Cartilage. 2020;11(4):473-8. Epub 20180911. doi: 10.1177/1947603518798891. PubMed PMID:
30203669; PMCID: PMC7488810.

22. Knights AJ, Farrell EC, Ellis OM, Lammlin L, Junginger LM, Rzeczycki PM, Bergman RF, Pervez
R, Cruz M, Knight E, Farmer D, Samani AA, Wu CL, Hankenson KD, Maerz T. Synovial fibroblasts
assume distinct functional identities and secrete R-spondin 2 in osteoarthritis. Ann Rheum Dis.
2023;82(2):272—-82. Epub 20220929. doi: 10.1136/ard-2022-222773. PubMed PMID: 36175067; PMCID:
PMC9972892.

23. Philpott HT, Birmingham TB, Blackler G, Klapak JD, Knights AJ, Farrell EC, Fiset B, Walsh LA,
Giffin JR, Vasarhelyi EM, MacDonald SJ, Lanting BA, Maerz T, Appleton CT, Group WKS. Association
of Synovial Innate Immune Exhaustion With Worse Pain in Knee Osteoarthritis. Arthritis Rheumatol.
2025;77(6):664—76. Epub 20250126. doi: 10.1002/art.43089. PubMed PMID: 39690716; PMCID:
PMC12123257.

24. Chen X, Gong W, Shao X, Shi T, Zhang L, Dong J, Shi Y, Shen S, Qin J, Jiang Q, Guo B. METTL3-
mediated m(6)A modification of ATG7 regulates autophagy-GATA4 axis to promote cellular senescence
and osteoarthritis progression. Ann Rheum Dis. 2022;81(1):87-99. Epub 20211027. doi:
10.1136/annrheumdis-2021-221091. PubMed PMID: 34706873.

25. Faust HJ, Zhang H, Han J, Wolf MT, Jeon OH, Sadtler K, Pena AN, Chung L, Maestas DR, Jr.,
Tam AJ, Pardoll DM, Campisi J, Housseau F, Zhou D, Bingham CO, 3rd, Elisseeff JH. IL-17 and
immunologically induced senescence regulate response to injury in osteoarthritis. J Clin Invest.
2020;130(10):5493-507. doi: 10.1172/JCI1134091. PubMed PMID: 32955487; PMCID: PMC7524483.



26. Sanchez-Lopez E, Coras R, Torres A, Lane NE, Guma M. Synovial inflammation in osteoarthritis
progression. Nat Rev Rheumatol. 2022;18(5):258-75. Epub 20220214. doi: 10.1038/s41584-022-00749-
9. PubMed PMID: 35165404; PMCID: PMC9050956.

27. Spector TD, Hart DJ, Nandra D, Doyle DV, Mackillop N, Gallimore JR, Pepys MB. Low-level
increases in serum C-reactive protein are present in early osteoarthritis of the knee and predict
progressive disease. Arthritis Rheum. 1997;40(4):723—7. doi: 10.1002/art.1780400419. PubMed PMID:
9125256.

28. Goyani P, Christodoulou R, Vassiliou E. Imnmunosenescence: Aging and Immune System Decline.
Vaccines (Basel). 2024;12(12). Epub 20241123. doi: 10.3390/vaccines12121314. PubMed PMID:
39771976; PMCID: PMC11680340.

29. Del Sordo L, Blackler GB, Philpott HT, Riviere J, Gunaratnam L, Heit B, Appleton CT. Impaired
Efferocytosis by Synovial Macrophages in Patients With Knee Osteoarthritis. Arthritis Rheumatol.
2023;75(5):685-96. Epub 20230307. doi: 10.1002/art.42412. PubMed PMID: 36448607 .

30. Li J, Gui T, Yao L, Guo H, Lin YL, Lu J, Duffy M, Zgonis M, Mauck R, Dyment N, Zhang Y,
Scanzello C, Seale P, Qin L. Synovium and infrapatellar fat pad share common mesenchymal progenitors
and undergo coordinated changes in osteoarthritis. J Bone Miner Res. 2024;39(2):161-76. doi:
10.1093/jbmr/zjad009. PubMed PMID: 38477740; PMCID: PMC11323896.

31. Tsujii A, Nakamura N, Horibe S. Age-related changes in the knee meniscus. Knee.
2017;24(6):1262—70. Epub 20170930. doi: 10.1016/j.knee.2017.08.001. PubMed PMID: 28970119.
32. Englund M, Guermazi A, Lohmander LS. The meniscus in knee osteoarthritis. Rheum Dis Clin

North Am. 2009;35(3):579-90. doi: 10.1016/j.rdc.2009.08.004. PubMed PMID: 19931804.

33. Obeidat AM, Miller RE, Miller RJ, Malfait AM. The nociceptive innervation of the normal and
osteoarthritic mouse knee. Osteoarthritis Cartilage. 2019;27(11):1669—-79. Epub 20190725. doi:
10.1016/j.joca.2019.07.012. PubMed PMID: 31351964; PMCID: PMC7020657.

34. Salo PT, Seeratten RA, Erwin WM, Bray RC. Evidence for a neuropathic contribution to the
development of spontaneous knee osteoarthrosis in a mouse model. Acta Orthop Scand. 2002;73(1):77—
84. doi: 10.1080/000164702317281459. PubMed PMID: 11928917.

35. Geraghty T, Obeidat AM, Ishihara S, Wood MJ, Li J, Lopes EBP, Scanzello CR, Griffin TM, Malfait
AM, Miller RE. Age-Associated Changes in Knee Osteoarthritis, Pain-Related Behaviors, and Dorsal
Root Ganglia Immunophenotyping of Male and Female Mice. Arthritis Rheumatol. 2023;75(10):1770-80.
Epub 20230714. doi: 10.1002/art.42530. PubMed PMID: 37096632; PMCID: PMC10543384.

36. Tran T, Mach J, Gemikonakli G, Wu H, Allore H, Howlett SE, Little CB, Hilmer SN. Male-Female
Differences in the Effects of Age on Performance Measures Recorded for 23 Hours in Mice. J Gerontol
A Biol Sci Med Sci. 2021;76(12):2141-6. doi: 10.1093/gerona/glab182. PubMed PMID: 34171083.

37. Shoji H, Takao K, Hattori S, Miyakawa T. Age-related changes in behavior in C57BL/6J mice from
young adulthood to middle age. Mol Brain. 2016;9:11. Epub 20160128. doi: 10.1186/s13041-016-0191-
9. PubMed PMID: 26822304; PMCID: PMC4730600.

38. Obeidat AM, Ishihara S, Li J, Adamczyk NS, Lammlin L, Junginger L, Maerz T, Miller RJ, Miller
RE, Malfait AM. Intra-articular sprouting of nociceptors accompanies progressive osteoarthritis:
comparative evidence in four murine models. Front Neuroanat. 2024;18:1429124. Epub 20240715. doi:
10.3389/fnana.2024.1429124. PubMed PMID: 39076825; PMCID: PMC11284167.

39. Aso K, Shahtaheri SM, Hill R, Wilson D, McWilliams DF, Nwosu LN, Chapman V, Walsh DA.
Contribution of nerves within osteochondral channels to osteoarthritis knee pain in humans and rats.
Osteoarthritis Cartilage. 2020;28(9):1245-54. Epub 20200526. doi: 10.1016/j.joca.2020.05.010. PubMed
PMID: 32470596.

40. Miller RE, Tran PB, Das R, Ghoreishi-Haack N, Ren D, Miller RJ, Malfait AM. CCR2 chemokine
receptor signaling mediates pain in experimental osteoarthritis. Proc Natl Acad Sci U S A.
2012;109(50):20602—7. Epub 20121126. doi: 10.1073/pnas.1209294110. PubMed PMID: 23185004;
PMCID: PMC3528555.

41. Raoof R, Martin Gil C, Lafeber F, de Visser H, Prado J, Versteeg S, Pascha MN, Heinemans ALP,
Adolfs Y, Pasterkamp J, Wood JN, Mastbergen SC, Eijkelkamp N. Dorsal Root Ganglia Macrophages



Maintain  Osteoarthritis  Pain. J Neurosci. 2021;41(39):8249-61. Epub 20210816. doi:
10.1523/JNEUROSCI.1787-20.2021. PubMed PMID: 34400519; PMCID: PMC8482866.

42. Tjandra P, Andoko BA, Kim JA, Gomez AG, Sar S, Aepala MR, Pham TTK, Dumlao DS,
Welhaven HD, Collins KH. Complement factor D (adipsin) mediates pressure-pain hypersensitivity post
destabilization of medial meniscus injury. Arthritis Research & Therapy. 2025;27(1):221. doi:
10.1186/s13075-025-03678-6; PMCID: PMC12659361.



