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ABSTRACT 26 

Regenerative rehabilitation for knee osteoarthritis (KOA) has emerged as a promising field 27 

aimed at harnessing the regenerative potential of stem cell therapeutics to maximize functional 28 

recovery. Here, we outline recent advancements in the field of regenerative rehabilitation in 29 

the treatment of KOA and we highlight sex-specific considerations that we contend will be 30 

important for translation to the clinic. According to a systematic review, the currently available 31 

evidence suggests that sexual dimorphism in the efficacy of regenerative rehabilitation 32 

approaches for the treatment of KOA may be attributed, at least in part, to the functional decline 33 

of female mesenchymal stem cells (MSCs) over the lifespan, particularly after menopause. 34 

These declines are likely to be accompanied by poor clinical outcomes. While evidence is far 35 

from adequate, physical therapeutics have emerged as a means to promote estrogen signaling 36 

in MSCs, potentially reversing menopause-related MSC dysfunction. This study calls for 37 

actions to dissect the effects of menopause, together with physical therapeutics, on stem cell 38 

therapeutics towards the development of effective regenerative rehabilitation approaches. 39 

 40 

KEYWORDS 41 

Regenerative rehabilitation, knee osteoarthritis, mesenchymal stem cell, sexual dimorphism 42 

 43 

 44 

Graphical summary of main concepts. 45 

Regenerative rehabilitation for knee osteoarthritis considering sexual dimorphism. 46 

While females experience a higher severity of knee osteoarthritis, cell therapy has been shown 47 

to elicit greater therapeutic effects in males. This difference might be linked to the reduced 48 

estrogen levels in post-menopausal females. Such a decrease in estrogen could lead to 49 

weakened signaling through the estrogen receptor alpha within mesenchymal stem cells and 50 

chondrocytes. We propose that regenerative rehabilitation is a promising strategy to address 51 

this disparity. Such an approach leverages the advantages of mechanical stimuli, potentially 52 

together with estrogen supplementation, to promote estrogen receptor alpha-mediated signaling. 53 

This figure was created using BioRender.com.54 
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MAIN TEXT 55 

1. INTRODUCTION 56 

Regenerative rehabilitation refers to an integrated approach that combines regenerative 57 

medicine techniques with rehabilitation strategies to improve the function and quality of life 58 

for individuals with various pathological conditions, including knee osteoarthritis (KOA)(1, 2). 59 

KOA is a degenerative joint disease characterized by the breakdown of cartilage in the joints, 60 

leading to pain, stiffness, and decreased mobility(3). The intersection of regenerative 61 

rehabilitation and KOA lies in the potential of regenerative medicine techniques, including 62 

mesenchymal stem cell (MSC) therapeutics, to promote tissue regeneration in osteoarthritic 63 

joints. For example, physical stimulation promotes secretome release from MSC(4), which 64 

underscores the pivotal role of rehabilitation on the regenerative capacity of stem cell-based 65 

therapeutics to maximize patient functional recovery. 66 

Studies to date have recognized the significance of accounting for sexual dimorphism in 67 

the studies of KOA. As an example, post-menopausal women exhibit both a higher incidence 68 

and more severe disease presentation of KOA(5). Moreover, hormonal differences, 69 

biomechanical factors, and inflammatory responses unique to females significantly impact 70 

disease onset, severity, and treatment outcomes(6). Building upon these premises, a few studies 71 

have begun to address the sexual dimorphism by analyzing the effects of regenerative 72 

therapeutics according to sex(7, 8). The findings indicate that both the stem cells themselves 73 

and the surrounding host tissue microenvironment contribute to the sexual dimorphism in the 74 

treatment of KOA. 75 

In this perspective, we outline recent advancements in regenerative rehabilitation identified 76 

through systematic review and the need to consider sexually-dimorphic responses across the 77 

translational spectrum. We first summarize the existing knowledge regarding pre-clinical and 78 

clinical regenerative rehabilitation trials designed that employed stem cell-based regenerative 79 

therapeutics. We then summarize current evidence regarding sex-dependent behavior of donor 80 

stem cells in the knee joint. The overview provided in this study brings us one step closer 81 

towards establishing effective and personalized regenerative rehabilitation for individuals with 82 

KOA. 83 

 84 

2. MAIN TEXT OF REVIEW 85 

2.1 Why regenerative rehabilitation for the treatment of KOA? 86 

KOA represents a major public health burden, affecting more than 30 million older 87 

individuals in the United States alone. The number of years lived with KOA-induced disability 88 

has increased by 34% from 1990 to 2020(9), suggesting that the impact of KOA on society is 89 

rapidly expanding. Despite its profound impact on elderly populations, progress in developing 90 

effective interventions for KOA has been slow, with current therapeutic strategies primarily 91 

focusing on symptom management and compensatory approaches to improve physical function. 92 

Articular cartilage health is largely dependent on the activity of chondrocytes, the major 93 

cell type in cartilage. Chondrocytes play an essential role in maintaining cartilage integrity and 94 

homeostasis through nutrient exchange, extracellular matrix synthesis, and response to 95 

mechanical loading(10). Owing to their low cell density (~2% of the total volume of cartilage), 96 

chondrocytes minimally rely on cell-to-cell contact as a means of directing signal transduction 97 

and cellular phenotype(11). Instead, chondrocyte phenotype and behavior largely depend on 98 

input signals from the surrounding microenvironment(12). Consequently, the disrupted 99 

interaction between chondrocytes and their microenvironment is a leading cause of KOA(12, 100 
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13). As such, opportunities for disease-modifying therapeutics for treating KOA involve 101 

strategies to manipulate chondrocyte microenvironment, including mechanical and thermal 102 

microenvironment that has been shown to influence articular chondrocyte extracellular matrix 103 

synthesis and cartilage integrity(14-17). Based on this premise, we have been investigating the 104 

disease-modifying effects of varying doses exercise in the setting of KOA. Studies have 105 

revealed that, while intense level exercise accelerated development of KOA, physiological 106 

moderate level exercise restored cartilage integrity(18-21). However, the chondroprotective 107 

effect of moderate exercise is still far from adequate, with articular cartilage exhibiting a 108 

degenerative histological profile not comparable to young, healthy controls. This underscores 109 

the need to develop therapeutic strategies to manipulate chondrocyte unfavorable 110 

microenvironment in the setting of KOA in order to promote the chondroprotective effects of 111 

moderate exercise. 112 

One potent strategy to manipulate unfavorable cellular microenvironment is to leverage the 113 

advantages of stem cell-based therapeutics in combination with rehabilitation programs. 114 

Among the stem cell therapeutics, MSCs have emerged as a cell type with great potential for 115 

cell-based articular cartilage repair in individuals with KOA(23). These therapeutic effects are 116 

attributed, at least in part, to MSC engraftment and/or trophic factors secreted from MSC(24). 117 

MSCs have the capacity to synthesize and secrete a variety of bioactive molecules, including 118 

growth factors, cytokines, and extracellular vesicles, which can influence their 119 

microenvironment and interact with neighboring host cells(25). Notably, researchers have 120 

recently begun to recognize the effects of rehabilitation programs, including physical stimuli, 121 

as a means to promote the regenerative potential of stem cell therapeutics. For instance, 122 

application of mechanical loading promote chondrogenic potential and secretome release of 123 

MSC(4). 124 

Regenerative Rehabilitation is the integration of principles and approaches from 125 

rehabilitation and regenerative medicine with the ultimate goal of developing innovative and 126 

effective methods that promote the restoration of function through tissue regeneration and 127 

repair(1, 2). The most significant feature of regenerative rehabilitation is not merely optimizing 128 

rehabilitation protocols after cell therapy, but synergistically enhancing outcomes by 129 

combining cell therapy with rehabilitation treatments. Essentially, this growing field seeks to 130 

ensure that transplanted cells behave appropriately within the human body, using the body as 131 

a natural bioreactor. Regenerative rehabilitation also encompasses stimulating the tissue-132 

resident somatic stem cells to enhance tissue regeneration and repair, even without concurrent 133 

cell transplantation therapies. 134 

 135 

2.2 Clinical and pre-clinical evidence of regenerative rehabilitation designed to treat 136 

KOA 137 

Towards establishment of regenerative rehabilitation designed for individuals with KOA, 138 

we recently undertook a series of studies to understand the rigor with which the efficacy of 139 

cellular therapies are being tested in individuals with KOA(26). Meta-analysis of 35 studies 140 

published by 2017 investigating the transplantation of MSCs revealed not only that MSC 141 

implantation decreases pain levels, but that those studies that included a rehabilitation 142 

component were associated with improved self-reported physical functioning(26). Importantly, 143 

we found that none of the studies stratified patients according to the presence of a rehabilitation 144 

program. A major conclusion of this work is that future studies to evaluate the potential synergy 145 

of physical therapeutics and MSC transplantation in the treatment of individuals with KOA are 146 

much needed. The lack of studies designed to assess patient outcomes according to the presence 147 

of a rehabilitation program has yet to be addressed even in recently published clinical trials(27-148 

29). 149 
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While clinical trials as summarized by meta-analysis have provided preliminary evidence 150 

in support of a regenerative rehabilitation paradigm to enhance patient outcomes(26), the 151 

limited success in cartilage regeneration efforts highlights the importance of understanding the 152 

mechanisms to enhance the regenerative potential of MSC-based therapeutics. With this in 153 

mind, we next summarized currently available evidence from pre-clinical studies that used 154 

combinative approach of rehabilitative exercise together with stem cell-based therapeutics. We 155 

found only three studies that assessed the effects of regenerative rehabilitation approaches 156 

combined with exogenous stem cell-therapeutics for treating cartilage diseases using pre-157 

clinical models(30-32) (Table 1). These studies used osteochondral defect model, and no study 158 

implemented pre-clinical model of KOA. As a rehabilitative approach, these studies 159 

implemented gentle treadmill exercise, low-intensity pulsed ultrasound, or temporal joint 160 

distraction. All three studies demonstrated that the rehabilitative approaches promoted 161 

therapeutic effects of bone marrow-derived MSC on osteochondral repair compared to no 162 

rehabilitation group. The large methodological heterogenicity and lack of strong evidence for 163 

regenerative rehabilitation in vivo, particularly those designed for the treatment of KOA, 164 

represents a critical knowledge gap and area for future investigations. 165 

 166 

2.3 Intersection of Regenerative Rehabilitation and sex: why sex matters? 167 

Currently, several factors have been shown to influence therapeutic potential of stem cells 168 

therapeutics and/or rehabilitation programs, including donor age, source of stem cell isolation, 169 

and lower limb physical function (33, 34). However, one factor that is all-too-often overlooked 170 

in regenerative rehabilitation studies is sex. It is well established that females display more 171 

severe KOA compared to male counterparts, and this disparity only increases after 172 

menopause(5). Despite this, our systematic review revealed that most clinical trials of MSC 173 

therapeutics for treating KOA do not consider sex as a biological variable(26). A few studies 174 

pointed out the sex-dependent cartilage adaptation to stem cell therapeutics. For instance, 175 

females displayed lower improvement following stem cell transplantation compared to male 176 

counterparts, as determined by cartilage integrity and self-reported physical function (8, 35, 177 

36). These studies underscore the need to consider regenerative rehabilitation strategy 178 

according to sex. 179 

While the underlying mechanisms are still unclear, accumulating evidence indicates that 180 

the sex-dependent cartilage adaptation may be attributed, at least partly, to sex hormone 181 

receptor-mediated signaling(37, 38). Estrogen serves protective effects of osteoarthritic 182 

cartilage through binding to estrogen receptor in a ligand-receptor manner(39). In addition, 183 

accumulating evidence has demonstrated that MSC express estrogen receptors, and estrogen 184 

promotes proliferation and differentiation capacity of musculoskeletal stem cells(40). 185 

Intriguingly, recent studies have highlighted the novel role of estrogen receptor alpha 186 

(ERα) as a mechano-receptor mediating the chondrocyte mechano-responses(37, 38). ERα is 187 

expressed in articular cartilage in both sexes across different animal species(41, 42). However, 188 

ERα levels in MSC and cartilage decrease with aging and with the onset of menopause. These 189 

declines may be further accelerated in the setting of KOA(37, 41, 43). ERα as a mechano-190 

receptor is particularly of interest in the development of regenerative rehabilitation strategies 191 

given the mechano-sensitive nature of chondrocytes. While physiological levels of mechanical 192 

loading significantly enhance expression of ERα, excessive mechanical loading inhibits 193 

expression of ERα in osteoblasts(44, 45). Other physical therapeutics, such as whole body 194 

vibration, are also capable of enhancing ERα level and its downstream signal in osteoblasts or 195 

MSCs(46, 47). These findings suggest that estrogen receptor-mediated signaling may be a 196 

convergence point of stem cell therapeutics and physical therapeutics, particularly in the 197 

treatment of KOA in post-menopausal females. 198 
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 199 

2.4 Sex-dependent characteristics of stem cells 200 

There is growing interest of sex-dependent differences of donor MSC. By understanding 201 

how MSCs from males and females differ in their regenerative potential, rehabilitation 202 

protocols can be optimized to harness the strengths of MSC characteristics in a sex-specific 203 

manner. This could lead to improved outcomes in terms of tissue healing, functional recovery, 204 

and overall rehabilitation success. As such, the following paragraphs focus on sex-dependent 205 

stem cell characteristics summarized through systematic review. The current review focuses 206 

human samples, since, unlike humans, rodents do not present with a menopausal phenotype(48). 207 

Therefore, the translatability of findings from non-menopausal female murine models to 208 

menopausal female in humans is unclear(49). 209 

In the case of bone marrow-derived MSC therapy, the sex of the donor influences the 210 

quantity and types of growth factors and cytokines secreted(50-53). Nevertheless, existing 211 

clinical and pre-clinical trials for stem cell therapeutics have lacked consideration for sex as a 212 

biological variable. As a first step to address this knowledge gap, we performed a systematic 213 

review with the inclusion criteria of characterizing sex-related differences in adult stem cell 214 

population. Exclusion criteria included publication in non-peer review journal, non-original 215 

article, language other than English, and cells other than adult stem cells. PubMed and Gender 216 

Medicine Database (Gender Med DB) were used for electronic database search of relevant 217 

studies published by November 2023. Google Scholar was also used as a complementary 218 

search engine. Electronic searches used combined key terms, including “Sex Characteristics,” 219 

“Sex Factors,” “Chondrogenesis,” and “Mesenchymal Stem Cells” using Medical Subject 220 

Headings terms. The electronic database and google scholar searches yielded 70 studies. After 221 

title, abstract, full-text, and citation screening, 11 studies were eligible for the systematic 222 

review. The most common reason for exclusion was studies using rodents (mice or rats). We 223 

summarized the results of the included studies narratively to provide a clear critical appraisal 224 

of the evidence, as recommended by the guidelines on the conduct of narrative synthesis in 225 

systematic reviews(54). 226 

Most studies used MSCs isolated from bone marrow, adipose, or skeletal muscle (Table 227 

2). There is a large inter-trial variability in study outcomes, including colony formation 228 

capacity, growth kinetics (i.e., population doubling time), cell surface markers, transcriptomic 229 

profile via microarray, gene expression of cell lineage, chondrogenesis, and secretome profile 230 

(Table 2). The narrative synthesis revealed that, while sex-dependent differences in colony 231 

formation capacity was discordant across two studied investigated(55, 56), female stem cells 232 

display higher proliferations compared to male counterparts, as documented by shorted 233 

population doubling time(55, 57). In addition, two studies assessed stem cell surface markers 234 

of infrapatellar fat pad-derived MSC and the synovial vascular fraction, which consistently 235 

revealed that female cells displayed increased Cd73, a MSC surface marker (58), compared to 236 

male counterparts(57, 59). The sex-dependent stem cell characteristics were also supported by 237 

one study demonstrating that female bone marrow cells displayed higher levels of Rankl and 238 

Drak1, two markers of osteoclast differentiation, than male counterparts(60). Further, another 239 

study characterized the transcriptomic profile of MSCs across the sexes and revealed that 240 

female MSC display alterations in several bioactivity including cell-matrix adhesion and 241 

mitochondrial function(61), both of which are well known aging hallmarks and associated with 242 

the pathophysiology of KOA(13, 62). When we consider the sex-dependent trajectory of MSC 243 

characteristics over time, one large cohort study demonstrated that age-related decline in MSC 244 

proliferation and differentiation capacity was predominantly confirmed in females(63). The 245 

functional decline of post-menopause MSCs underscores the need to consider both age and sex 246 

as biological variables in designing regenerative rehabilitation studies. 247 
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Studies have shown that the therapeutic effects of injected and/or transplanted MSC are 248 

attributed to MSC engraftment or trophic factors secreted from MSC(24). As such, we finally 249 

sought to determine sex-related differences in chondrogenic differentiation and secretome of 250 

MSC. Interestingly, our narrative synthesis revealed no sex-dependent chondrogenic capacity 251 

of MSC, as documented by three studies demonstrated that female and male bone marrow-252 

derived MSC displayed a similar chondrogenesis capacity(51, 55, 64). In contrast, one study 253 

revealed lower chondrogenic capacity of female MSCs(65). On the other hand, another two 254 

studies demonstrated that female MSC displayed higher immune suppressive effects than male 255 

counterparts(7, 55), suggesting that injected and/or transplanted female MSC displays greater 256 

anti-inflammatory effects. 257 

 258 

 259 

3. CONCLUSION 260 

Regenerative rehabilitation holds promise for improving the treatment of KOA. The 261 

currently available evidence suggests that sexual dimorphism in the efficacy of regenerative 262 

rehabilitation approaches for the treatment of KOA may be attributed, at least in part, to the 263 

functional decline of post-menopause MSCs. These declines are likely to be accompanied by 264 

poor clinical outcomes. Overall, recognizing and utilizing sex-dependent differences in stem 265 

cell behavior post-therapy are pivotal in devising personalized regenerative rehabilitation 266 

strategies for KOA. Addressing these distinctions may hold the key to maximizing treatment 267 

effectiveness and improving outcomes for individuals with KOA. 268 

 269 

Abbreviations 270 

ERα, estrogen receptor alpha; KOA, knee osteoarthritis; MSC, mesenchymal stem cell. 271 

 272 

Acknowledgments 273 

Not applicable. 274 

 275 

Formatting of funding sources 276 

This study was supported in part by (1) a JSPS KAKENHI (Grant Number: 23H03308) from 277 

the Japan Society for the Promotion of Science for HI, (2) a JSPS KAKENHI (Grant Number: 278 

21H03302) from the Japan Society for the Promotion of Science for AI, (3) Tokai Pathways to 279 

Global Excellence Project (T-GEx) for HI. The funders had no role in study design, data 280 

collection and analysis, decision to publish, or preparation of the manuscript. 281 

 282 

References 283 

1. Ambrosio F, Wolf SL, Delitto A et al. The emerging relationship between regenerative 284 

medicine and physical therapeutics. Phys Ther. 2010;90(12):1807-14. 285 

2. Rando TA, Ambrosio F. Regenerative Rehabilitation: Applied Biophysics Meets Stem Cell 286 

Therapeutics. Cell Stem Cell. 2018;22(4):608. 287 

3. Guccione AA, Felson DT, Anderson JJ et al. The effects of specific medical conditions on the 288 

functional limitations of elders in the Framingham Study. Am J Public Health. 1994;84(3):351-289 

8. 290 

4. Fahy N, Alini M, Stoddart MJ. Mechanical stimulation of mesenchymal stem cells: 291 

Implications for cartilage tissue engineering. J Orthop Res. 2018;36(1):52-63. 292 

5. Srikanth VK, Fryer JL, Zhai G, Winzenberg TM, Hosmer D, Jones G. A meta-analysis of sex 293 



8 

differences prevalence, incidence and severity of osteoarthritis. Osteoarthritis Cartilage. 294 

2005;13(9):769-81. 295 

6. Hame SL, Alexander RA. Knee osteoarthritis in women. Curr Rev Musculoskelet Med. 296 

2013;6(2):182-7. 297 

7. McKinnirey F, Herbert B, Vesey G, McCracken S. Immune modulation via adipose derived 298 

Mesenchymal Stem cells is driven by donor sex in vitro. Sci Rep. 2021;11(1):12454. 299 

8. Nejadnik H, Hui JH, Feng Choong EP, Tai BC, Lee EH. Autologous bone marrow-derived 300 

mesenchymal stem cells versus autologous chondrocyte implantation: an observational cohort 301 

study. Am J Sports Med. 2010;38(6):1110-6. 302 

9. Global, regional, and national burden of osteoarthritis, 1990-2020 and projections to 2050: a 303 

systematic analysis for the Global Burden of Disease Study 2021. Lancet Rheumatol. 304 

2023;5(9):e508-e22. 305 

10. Akkiraju H, Nohe A. Role of Chondrocytes in Cartilage Formation, Progression of 306 

Osteoarthritis and Cartilage Regeneration. J Dev Biol. 2015;3(4):177-92. 307 

11. Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular cartilage: structure, 308 

composition, and function. Sports Health. 2009;1(6):461-8. 309 

12. Iijima H, Gilmer G, Wang K et al. Age-related matrix stiffening epigenetically regulates α-310 

Klotho expression and compromises chondrocyte integrity. Nat Commun. 2023;14(1):18. 311 

13. Loeser RF, Collins JA, Diekman BO. Ageing and the pathogenesis of osteoarthritis. Nat Rev 312 

Rheumatol. 2016;12(7):412-20. 313 

14. Zhao Z, Ito A, Nakahata A et al. One session of 20 N cyclic compression induces chronic knee 314 

osteoarthritis in rats: A long-term study. Osteoarthr Cartil Open. 2022;4(4):100325. 315 

15. Zhao Z, Ito A, Kuroki H, Aoyama T. Analysis of Molecular Changes and Features in Rat Knee 316 

Osteoarthritis Cartilage: Progress From Cellular Changes to Structural Damage. Cartilage. 317 

2023:19476035231213174. 318 

16. Ito A, Aoyama T, Iijima H et al. Culture temperature affects redifferentiation and cartilaginous 319 

extracellular matrix formation in dedifferentiated human chondrocytes. J Orthop Res. 320 

2015;33(5):633-9. 321 

17. Guo Y, Stampoultzis T, Nasrollahzadeh N et al. Unraveling Cartilage Degeneration through 322 

Synergistic Effects of Hydrostatic Pressure and Biomimetic Temperature Increase. iScience. 323 

2023. 324 

18. Iijima H, Ito A, Nagai M et al. Physiological exercise loading suppresses post-traumatic 325 

osteoarthritis progression via an increase in bone morphogenetic proteins expression in an 326 

experimental rat knee model. Osteoarthritis Cartilage. 2017;25(6):964-75. 327 

19. Iijima H, Aoyama T, Ito A et al. Exercise intervention increases expression of bone 328 

morphogenetic proteins and prevents the progression of cartilage-subchondral bone lesions in 329 

a post-traumatic rat knee model. Osteoarthritis Cartilage. 2016;24(6):1092-102. 330 

20. Yamaguchi S, Aoyama T, Ito A et al. Effects of exercise level on biomarkers in a rat knee 331 

model of osteoarthritis. J Orthop Res. 2013;31(7):1026-31. 332 

21. Iijima H, Aoyama T, Ito A et al. Effects of short-term gentle treadmill walking on subchondral 333 

bone in a rat model of instability-induced osteoarthritis. Osteoarthritis Cartilage. 334 

2015;23(9):1563-74. 335 

22. Bricca A, Juhl CB, Grodzinsky AJ, Roos EM. Impact of a daily exercise dose on knee joint 336 

cartilage - a systematic review and meta-analysis of randomized controlled trials in healthy 337 

animals. Osteoarthritis Cartilage. 2017;25(8):1223-37. 338 

23. Mamidi MK, Das AK, Zakaria Z, Bhonde R. Mesenchymal stromal cells for cartilage repair in 339 

osteoarthritis. Osteoarthritis Cartilage. 2016;24(8):1307-16. 340 



9 

24. Ankrum J, Karp JM. Mesenchymal stem cell therapy: Two steps forward, one step back. Trends 341 

Mol Med. 2010;16(5):203-9. 342 

25. Han Y, Yang J, Fang J et al. The secretion profile of mesenchymal stem cells and potential 343 

applications in treating human diseases. Signal Transduct Target Ther. 2022;7(1):92. 344 

26. Iijima H, Isho T, Kuroki H, Takahashi M, Aoyama T. Effectiveness of mesenchymal stem cells 345 

for treating patients with knee osteoarthritis: a meta-analysis toward the establishment of 346 

effective regenerative rehabilitation. NPJ Regen Med. 2018;3:15. 347 

27. Kim JH, Kim KI, Yoon WK, Song SJ, Jin W. Intra-articular Injection of Mesenchymal Stem 348 

Cells After High Tibial Osteotomy in Osteoarthritic Knee: Two-Year Follow-up of 349 

Randomized Control Trial. Stem Cells Transl Med. 2022;11(6):572-85. 350 

28. Ho KK, Lee WY, Griffith JF, Ong MT, Li G. Randomized control trial of mesenchymal stem 351 

cells versus hyaluronic acid in patients with knee osteoarthritis - A Hong Kong pilot study. J 352 

Orthop Translat. 2022;37:69-77. 353 

29. Kim KI, Lee MC, Lee JH et al. Clinical Efficacy and Safety of the Intra-articular Injection of 354 

Autologous Adipose-Derived Mesenchymal Stem Cells for Knee Osteoarthritis: A Phase III, 355 

Randomized, Double-Blind, Placebo-Controlled Trial. Am J Sports Med. 2023;51(9):2243-53. 356 

30. Yamaguchi S, Aoyama T, Ito A et al. Effect of Low-Intensity Pulsed Ultrasound after 357 

Mesenchymal Stromal Cell Injection to Treat Osteochondral Defects: An In Vivo Study. 358 

Ultrasound Med Biol. 2016;42(12):2903-13. 359 

31. Yamaguchi S, Aoyama T, Ito A et al. The Effect of Exercise on the Early Stages of 360 

Mesenchymal Stromal Cell-Induced Cartilage Repair in a Rat Osteochondral Defect Model. 361 

PLoS One. 2016;11(3):e0151580. 362 

32. Harada Y, Nakasa T, Mahmoud EE et al. Combination therapy with intra-articular injection of 363 

mesenchymal stem cells and articulated joint distraction for repair of a chronic osteochondral 364 

defect in the rabbit. J Orthop Res. 2015;33(10):1466-73. 365 

33. Siddappa R, Licht R, van Blitterswijk C, de Boer J. Donor variation and loss of multipotency 366 

during in vitro expansion of human mesenchymal stem cells for bone tissue engineering. J 367 

Orthop Res. 2007;25(8):1029-41. 368 

34. Yokoyama M, Iijima H, Kubota K, Kanemura N. Exploring the modification factors of exercise 369 

therapy on biomechanical load in patients with knee osteoarthritis: a systematic review and 370 

meta-analysis. Clin Rheumatol. 2023;42(7):1737-52. 371 

35. Gille J, Schuseil E, Wimmer J, Gellissen J, Schulz AP, Behrens P. Mid-term results of 372 

Autologous Matrix-Induced Chondrogenesis for treatment of focal cartilage defects in the knee. 373 

Knee Surg Sports Traumatol Arthrosc. 2010;18(11):1456-64. 374 

36. Teo AQA, Wong KL, Shen L et al. Equivalent 10-Year Outcomes After Implantation of 375 

Autologous Bone Marrow-Derived Mesenchymal Stem Cells Versus Autologous Chondrocyte 376 

Implantation for Chondral Defects of the Knee. Am J Sports Med. 2019;47(12):2881-7. 377 

37. Wang N, Zhang X, Rothrauff BB et al. Novel role of estrogen receptor-α on regulating 378 

chondrocyte phenotype and response to mechanical loading. Osteoarthritis Cartilage. 379 

2022;30(2):302-14. 380 

38. Wang N, Lu Y, Rothrauff BB et al. Mechanotransduction pathways in articular chondrocytes 381 

and the emerging role of estrogen receptor-α. Bone Res. 2023;11(1):13. 382 

39. Gilmer G, Bean AC, Iijima H, Jackson N, Thurston RC, Ambrosio F. Uncovering the "riddle 383 

of femininity" in osteoarthritis: a systematic review and meta-analysis of menopausal animal 384 

models and mathematical modeling of estrogen treatment. Osteoarthritis Cartilage. 385 

2023;31(4):447-57. 386 

40. Knewtson KE, Ohl NR, Robinson JL. Estrogen Signaling Dictates Musculoskeletal Stem Cell 387 



10 

Behavior: Sex Differences in Tissue Repair. Tissue Eng Part B Rev. 2022;28(4):789-812. 388 

41. Oshima Y, Matsuda K, Yoshida A, Watanabe N, Kawata M, Kubo T. Localization of estrogen 389 

receptors alpha and beta in the articular surface of the rat femur. Acta Histochem Cytochem. 390 

2007;40(1):27-34. 391 

42. Ushiyama T, Ueyama H, Inoue K, Ohkubo I, Hukuda S. Expression of genes for estrogen 392 

receptors alpha and beta in human articular chondrocytes. Osteoarthritis Cartilage. 393 

1999;7(6):560-6. 394 

43. Elliot SJ, Catanuto P, Pereira-Simon S et al. Catalase, a therapeutic target in the reversal of 395 

estrogen-mediated aging. Mol Ther. 2022;30(2):947-62. 396 

44. Swift SN, Swift JM, Bloomfield SA. Mechanical loading increases detection of estrogen 397 

receptor-alpha in osteocytes and osteoblasts despite chronic energy restriction. J Appl Physiol 398 

(1985). 2014;117(11):1349-55. 399 

45. Ehrlich PJ, Noble BS, Jessop HL, Stevens HY, Mosley JR, Lanyon LE. The effect of in vivo 400 

mechanical loading on estrogen receptor alpha expression in rat ulnar osteocytes. J Bone Miner 401 

Res. 2002;17(9):1646-55. 402 

46. Chow SK, Leung KS, Qin J et al. Mechanical stimulation enhanced estrogen receptor 403 

expression and callus formation in diaphyseal long bone fracture healing in ovariectomy-404 

induced osteoporotic rats. Osteoporos Int. 2016;27(10):2989-3000. 405 

47. Li H, Wu W, He X et al. Applying vibration in early postmenopausal osteoporosis promotes 406 

osteogenic differentiation of bone marrow-derived mesenchymal stem cells and suppresses 407 

postmenopausal osteoporosis progression. Biosci Rep. 2019;39(9). 408 

48. Diaz Brinton R. Minireview: translational animal models of human menopause: challenges and 409 

emerging opportunities. Endocrinology. 2012;153(8):3571-8. 410 

49. Gilmer G, Hettinger ZR, Tuakli-Wosornu Y et al. Female aging: when translational models 411 

don't translate. Nat Aging. 2023. 412 

50. Matsumoto T, Kubo S, Meszaros LB et al. The influence of sex on the chondrogenic potential 413 

of muscle-derived stem cells: implications for cartilage regeneration and repair. Arthritis 414 

Rheum. 2008;58(12):3809-19. 415 

51. Payne KA, Didiano DM, Chu CR. Donor sex and age influence the chondrogenic potential of 416 

human femoral bone marrow stem cells. Osteoarthritis Cartilage. 2010;18(5):705-13. 417 

52. Choudhery MS, Badowski M, Muise A, Pierce J, Harris DT. Donor age negatively impacts 418 

adipose tissue-derived mesenchymal stem cell expansion and differentiation. J Transl Med. 419 

2014;12:8. 420 

53. Chandran P, Le Y, Li Y et al. Mesenchymal stromal cells from patients with acute myeloid 421 

leukemia have altered capacity to expand differentiated hematopoietic progenitors. Leuk Res. 422 

2015;39(4):486-93. 423 

54. Popay J, Roberts H, Sowden A et al. Guidance on the conduct of narrative synthesis in 424 

systematic reviews. A product from the ESRC methods programme Version. 2006;1(1):b92. 425 

55. Siegel G, Kluba T, Hermanutz-Klein U, Bieback K, Northoff H, Schäfer R. Phenotype, donor 426 

age and gender affect function of human bone marrow-derived mesenchymal stromal cells. 427 

BMC Med. 2013;11:146. 428 

56. Beitzel K, McCarthy MB, Cote MP et al. Comparison of mesenchymal stem cells 429 

(osteoprogenitors) harvested from proximal humerus and distal femur during arthroscopic 430 

surgery. Arthroscopy. 2013;29(2):301-8. 431 

57. Fossett E, Khan WS, Longo UG, Smitham PJ. Effect of age and gender on cell proliferation 432 

and cell surface characterization of synovial fat pad derived mesenchymal stem cells. J Orthop 433 

Res. 2012;30(7):1013-8. 434 



11 

58. Dominici M, Le Blanc K, Mueller I et al. Minimal criteria for defining multipotent 435 

mesenchymal stromal cells. The International Society for Cellular Therapy position statement. 436 

Cytotherapy. 2006;8(4):315-7. 437 

59. Zenic L, Polancec D, Hudetz D et al. Polychromatic Flow Cytometric Analysis of Stromal 438 

Vascular Fraction from Lipoaspirate and Microfragmented Counterparts Reveals Sex-Related 439 

Immunophenotype Differences. Genes (Basel). 2021;12(12). 440 

60. Jiang Y, Mishima H, Sakai S, Liu YK, Ohyabu Y, Uemura T. Gene expression analysis of 441 

major lineage-defining factors in human bone marrow cells: effect of aging, gender, and age-442 

related disorders. J Orthop Res. 2008;26(7):910-7. 443 

61. Bianconi E, Casadei R, Frabetti F, Ventura C, Facchin F, Canaider S. Sex-Specific 444 

Transcriptome Differences in Human Adipose Mesenchymal Stem Cells. Genes (Basel). 445 

2020;11(8). 446 

62. Rahmati M, Nalesso G, Mobasheri A, Mozafari M. Aging and osteoarthritis: Central role of the 447 

extracellular matrix. Ageing Res Rev. 2017;40:20-30. 448 

63. Selle M, Koch JD, Ongsiek A et al. Influence of age on stem cells depends on the sex of the 449 

bone marrow donor. J Cell Mol Med. 2022;26(5):1594-605. 450 

64. Lee H, Min SK, Park JB. Effects of demographic factors on adipogenic and chondrogenic 451 

differentiation in bone marrow-derived stem cells. Exp Ther Med. 2019;17(5):3548-54. 452 

65. Scibetta AC, Morris ER, Liebowitz AB et al. Characterization of the chondrogenic and 453 

osteogenic potential of male and female human muscle-derived stem cells: Implication for stem 454 

cell therapy. J Orthop Res. 2019;37(6):1339-49. 455 

456 



12 

Selected publication 457 

*Iijima H, Gilmer G, Wang K, et al. Age-related matrix stiffening epigenetically regulates α-Klotho 458 
expression and compromises chondrocyte integrity. Nat Commun. Jan 10 2023;14(1):18. 459 
doi:10.1038/s41467-022-35359-2. 460 
This study revealed that increased matrix stiffness, a characteristic of aging cartilage, triggers Klotho 461 
promoter methylation, downregulates Klotho gene expression, and accelerates chondrocyte senescence. 462 
Conversely, exposing aged chondrocytes to a soft matrix restores a more youthful phenotype, 463 
suggesting that age-related alterations in extracellular matrix biophysical properties play a crucial role 464 
in compromising cellular health during cartilage aging. 465 

*Guo Y, Stampoultzis T, Nasrollahzadeh N, et al. Unraveling Cartilage Degeneration through 466 
Synergistic Effects of Hydrostatic Pressure and Biomimetic Temperature Increase. iScience. 2023. 467 
This study revealed that the combined impact of reduced hydrostatic pressure and transient thermal 468 
increase, simulated using a customized bioreactor, maximizes chondroprotection. These findings 469 
underscore the crucial role of these cues in preserving cartilage homeostasis and propose a refined 470 
model of the vicious cycle of cartilage degeneration. 471 

*Gilmer G, Bean AC, Iijima H, Jackson N, Thurston RC, Ambrosio F. Uncovering the "riddle of 472 
femininity" in osteoarthritis: a systematic review and meta-analysis of menopausal animal models and 473 
mathematical modeling of estrogen treatment. Osteoarthritis Cartilage. Apr 2023;31(4):447-457. 474 
doi:10.1016/j.joca.2022.12.009. 475 
This study revealed that post-menopausal animals exhibit worse cartilage outcomes compared to non-476 
menopausal counterparts in knee osteoarthritis models, emphasizing the disproportionate impact on 477 
post-menopausal women. Additionally, the research suggests that early initiation and higher doses of 478 
estrogen treatment may improve cartilage health, highlighting potential therapeutic considerations for 479 
knee osteoarthritis in post-menopausal individuals. 480 

**Wang N, Zhang X, Rothrauff BB, et al. Novel role of estrogen receptor-α on regulating chondrocyte 481 
phenotype and response to mechanical loading. Osteoarthritis Cartilage. Feb 2022;30(2):302-314. 482 
doi:10.1016/j.joca.2021.11.002. 483 
This study revealed that damaged cartilage in osteoarthritis exhibits significantly reduced levels of 484 
estrogen receptor α compared to preserved cartilage in both human and mice samples. The findings 485 
suggest an estrogen-independent role of estrogen receptor α in mediating chondrocyte phenotype and 486 
response to mechanical loading, proposing that enhancing ERα levels could represent a novel approach 487 
for treating osteoarthritis. 488 

**Wang N, Lu Y, Rothrauff BB, et al. Mechanotransduction pathways in articular chondrocytes and 489 
the emerging role of estrogen receptor-α. Bone Res. Mar 3 2023;11(1):13. doi:10.1038/s41413-023-490 
00248-x. 491 
This study revealed that estrogen receptor α (plays a crucial role in modulating chondrocyte response 492 
to mechanical loading through a ligand-independent mechanism, aligning with its known effects on 493 
mechanotransduction in various cell types. The review positions estrogen receptor α within 494 
mechanotransduction pathways, highlighting its significance in influencing chondrocyte behavior and 495 
proposing future research directions to enhance understanding under physiological and pathological 496 
conditions. 497 

*Gilmer G, Hettinger ZR, Tuakli-Wosornu Y, et al. Female aging: when translational models don't 498 
translate. Nat Aging. Dec 5 2023;doi:10.1038/s43587-023-00509-8. 499 
This study highlights a significant gap in preclinical models, with female patients in age-related studies 500 
lacking representation of key aspects such as menopausal phenotypes, pregnancy, and breastfeeding. 501 
Recommendations are provided to address this limitation, urging action from researchers, journals, 502 
funding agencies, and animal providers. 503 
 504 
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**Selle M, Koch JD, Ongsiek A, et al. Influence of age on stem cells depends on the sex of the bone 505 
marrow donor. J Cell Mol Med. Mar 2022;26(5):1594-1605. doi:10.1111/jcmm.17201. 506 
This study revealed that human bone marrow-derived mesenchymal stem cells from a large donor 507 
cohort exhibited reduced colony-forming capacity, proliferation rate, adipogenic differentiation 508 
potential, and altered surface antigen expression with increasing donor age, particularly in females. The 509 
findings highlight the importance of considering age and sex-related effects on bone marrow-derived 510 
mesenchymal stem cells, suggesting a functional loss and immunophenotypic change in aged women. 511 



14 

Table 1. Study characteristics assessing the effects of rehabilitative programs on regenerative potential 512 
of stem cell therapeutics in pre-clinical model of cartilage disease. 513 

Author Pre-clinical model Treatment Rehabilitation program Outcomes 

Harada Y 

(2015)(32) 

Osteochondral 

defects 
BM-MSC Temporal joint distraction 

Histological 

scoring 

Yamaguchi S 

(2016)(31) 

Osteochondral 

defects 
BM-MSC Treadmill exercise 

Histological 

scoring 

Yamaguchi S 

(2016)(30) 

Osteochondral 

defects 
BM-MSC Low-intensity pulsed ultrasound 

Histological 

scoring 

Abbreviation: BM-MSC, bone marrow-derived mesenchymal stem cell.514 
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Table 2. Studies comparing stem cell characteristics across male and female adults. 515 

Author Cell/Source 

Males  Females 

Characteristics of female cells N Age, years  N Age, years 

Beitzel K 

(2013)(56) 

BMC 52 51.4 (12.2) 
 

32 65.0 (8.3) Similar proliferation capacity 

Bianconi E 

(2020)*1(61) 

MSC 12 31–71 
 

33 18–69 Altered broad biological processes 

including cell-matrix adhesion and 

mitochondrial function 

Fossett E 

(2012)*2(57) 

IFP-MSC 8 67 (50–83) 
 

6 67 (50–83) Higher proliferation capacity and 

altered cell surface marker 

Jiang Y 

(2008)*1(60) 

BMC 27 48 (14–70) 
 

53 53 (15–79) Higher expression of specific cell 

lineage genes (Rankl and Drak1) 

Lee H 

(2019)(64) 

BM-MSC - - 
 

- - Similar chondrogenic 

differentiation capacity 

Mckinnirey F 

(2021)(7) 

BM-MSC 4 46.0 (9.8) 
 

4 45.3 (12.7) Release secretome with enhanced 

immunosuppressive capacity and 

elevated anti-inflammatory 

mediators 

Payne KA 

(2010)*3(51) 

BMC 21 39 (16–82) 
 

20 53 (20–77) Reduced GAG production to 

anabolic stimulation with TGF-

beta1 

Scibetta AC 

(2019)*3(65) 

M-MSC 4 49 (21–78) 
 

4 54 (12–92) Lower chondrogenic differentiation 

capacity 

Selle M 

(2021)*1(63) 

BM-MSC 95 18–93 
 

80 18–93 Reduced proliferation capacity and 

immunophenotypic change over 

time 

Siegel G 

(2013)*3(55) 

BM-MSC 20 54 (13–80) 
 

18 50 (13–80) Reduced proliferation capacity over 

time, release secretome with 

enhanced immunosppressive 

capacity 

Zenic L 

(2021)*4(59) 

SVF 8 33–66 
 

8 33–66 Altered cell surface marker 

Abbreviation: BMC, bone marrow cell; BM-MSC, bone marrow-derived mesenchymal stem cell; GAG, 516 
glycosaminoglycan; MSC, mesenchymal stem cell; IFP-MSC, infrapatellar fat pad-derived 517 
mesenchymal stem cell; M-MSC, muscle-derived mesenchymal stem cell; SVF, stromal vascular 518 
fraction. 519 
*1 Age is provided as a range. 520 
*2 Age represent averaged value of males and females. Age is provided as mean (range). 521 
*3 Age is provided as median (range). 522 
*4 Age is provided as range across males and females. 523 


