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Sexual dimorphism in knee osteoarthritis: Biomechanical variances and 
biological influences 
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A B S T R A C T   

Objective: Osteoarthritis (OA) is a degenerative joint disease that is more prevalent in women than men, espe
cially later in life. This suggests that sexual dimorphism may be present in the pathogenesis of the disease. The 
purpose of this review is to discuss evidence of sexual dimorphism in knee OA development and presentation as it 
is framed by two contrasting paradigms: biomechanics and biology. 
Methods: A comprehensive search of databases was conducted including, but not limited to, MEDLINE via Ovid, 
PubMed, and Google Scholar. Keywords including osteoarthritis, sex differences, and/or sexual dimorphism were 
searched in combination with knee biomechanics, ACL, joint malalignment, estrogen, chondrocyte signal(l)ing, 
growth factor and integrin(s). 
Results: The biomechanical approach has identified sex differences in joint malalignment, bone shape, gait, and 
lower limb muscle strength leading to altered load transmission, as well as increased knee laxity in women 
predisposing them to joint injury. The biological approach has largely focused on the influence of estrogen re
ceptor signaling on the maintenance of joint tissues. Preliminary work identifying sexual dimorphism in chon
drocyte signaling pathways involving growth factors and collagen receptors has been reported in addition to 
more systemic levels of inflammatory cytokines and metabolites. 
Conclusion: Understanding the true etiology of OA is crucial for developing effective, individualized treatment in 
the age of personalised medicine. A shift from a ‘one size fits all’ mentality towards an individualized approach 
for therapeutic treatment must begin with the acknowledgment of sex differences in the biomechanical and 
biological factors underlying the onset and development of OA.   

1. Introduction 

Osteoarthritis (OA) is a degenerative disease characterized by pro
gressive deterioration of joint cartilage, narrowing of the joint space, 
thickening of the subchondral bone, formation of osteophytes, and sy
novitis.1 OA is the most common form of arthritis and a leading cause of 
disability in North America.1 Typically, OA develops gradually over 
time, though it can also develop post-traumatically following joint 
injury such as an anterior cruciate ligament (ACL) tear.2 Currently, there 
is no cure for OA and thus treatment is aimed at addressing the symp
toms of the disease rather than slowing or stopping the disease itself.1 

Therefore, in order to develop an effective treatment that targets the 
root of the problem, the true etiology of OA must be better understood. 

The development of OA is influenced by numerous factors including 

age, obesity and sex.1 For the purpose of this review, we will focus solely 
on the influence of sex on OA development. While the prevalence of OA 
is similar between males and females until around the age of 50, females 
are twice as likely to develop OA later in life.3 Sex affects other condi
tions including autoimmune diseases and several types of cancer and has 
been identified as a major factor influencing pain and drug metabo
lism.4–6 Indeed, women are at a higher risk of having adverse reactions 
to drugs compared to males6 and eight out of ten prescription drugs are 
withdrawn from the US market due to women’s health concerns.7 

Despite this evidence, the majority of treatment options for these dis
eases follow a ‘one size fits all’ approach and the supporting research is 
conducted in an overwhelmingly male testing population.6,7 

Specifically, in terms of knee OA, the majority of research consid
ering sexual dimorphism has been framed by two contrasting paradigms: 
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biomechanics and biology. The biomechanical approach has identified 
sex differences in joint malalignment, bone shape, gait, and lower limb 
muscle strength leading to altered load transmission across the joint, as 
well as increased knee laxity in women predisposing them to joint 
injury.8,9 The biological approach has documented disparity in sex 
hormones and the influence of estrogen receptor signaling on the 
maintenance of joint tissues.10 Furthermore, sexual dimorphism has 
been identified in systemic levels of inflammatory cytokines and me
tabolites, in addition to chondrocyte signaling pathways involving 
growth factor and collagen receptors.11–14 While the biomechanical 
paradigm for sexual dimorphism in OA has been extensively reported, 
differences in the underlying biological mechanisms within the cartilage 
are not well understood. In this review, sexual dimorphism in the 
development of knee OA will be discussed in terms biomechanical var
iances as well as differences in cell signaling mechanisms responsible for 
the maintenance of cartilage homeostasis. 

2. Biomechanical variances 

It is well established that women and men differ in terms of frontal 
plane knee malalignment, also referred to as varus/valgus alignment.15 

Varus and valgus alignment are associated with an increased risk of 
medial or lateral knee OA respectively, and women are more likely than 
men to have valgus alignment.16 Additionally, bone shape has been 
shown to affect load distribution across the knee, leading to gait asym
metry and increasing risk of OA development over time.17 STR/Ort mice 
develop spontaneous knee OA around 18 weeks of age, with males 
progressing faster and more severely than females.18 Analyses of the 
tibiae and fibulae of these mice indicate decreased bone retention, less 
favourable bone shape for load distribution and greater gait asymmetry 
in males compared to females.17 

In addition to joint malalignment and bone shape, sex differences in 
gait biomechanics and lower limb muscle strength have been investi
gated. Kinematic data shows that female recreational runners have 
significantly increased knee extension moment, peak knee adduction 
moment, patellofemoral loads, and contact pressures compared to 
males.9 Furthermore, when OA patients are compared, women have 
greater knee flexion and extension moments during level walking and 
stair descent compared to men.19 Women walk with a smaller knee 
internal/external rotation moment compared to men, and only women 
alter their lower limb biomechanics in association with OA.20 Finally, 
women have weaker quadriceps muscles compared to men at various 
stages of OA progression.21 Thus, sexual dimorphism is apparent in gait 
biomechanics and lower limb muscle strength across the spectrum of 
healthy and OA patients. 

In addition to joint malalignment and gait biomechanics, sexual 
dimorphism has been documented in ligament laxity and injury, and 
thus the associated risk of post-traumatic OA. Females have more 
compliant ligaments and are more than twice as likely to suffer an ACL 
injury compared to males.22,23 Serum hormone concentrations and knee 
laxity vary widely throughout the menstrual cycle and between sub
jects.8,24 Some have reported knee laxity mirroring estrogen levels,8 

while others link knee laxity to fluctuations in testosterone and pro
gesterone, in addition to estrogen.24 Most recently, changes to both hip 
and knee mechanics during the menstrual cycle have been shown to 
increase risk for ACL injury in women. In this regard, knee valgus 
moment and anterior laxity increase with estradiol and progesterone at 
ovulation, and peak vertical ground reaction forces increase during 
menses.25 An alternate approach to investigating the influence of sex 
hormones on ligament laxity has been to study hormone supplementa
tion and ligament properties. Using this approach, no association was 
found between patellar tendon properties and hormone levels during the 
menstrual cycle in athletes using, or abstaining from, oral contracep
tives.26 In contrast, fluctuations in ACL elasticity and serum estradiol 
concentrations throughout the menstrual cycle were reduced in oral 
contraceptive users compared to non-users.27 Taken together these 

studies show sexual dimorphism in ligament laxity, contributing to an 
increased risk of injury and post-traumatic OA development in females. 
The exact relationship between systemic estrogen levels and variance in 
ligament laxity, however, requires further clarification. 

In summary, joint malalignment, bone shape, gait and ligament 
laxity have been identified as biomechanical variances between men 
and women that contribute to altered load distribution across the knee 
and increased risk of OA development, especially in women. In contrast, 
differences in the underlying biological mechanisms within cartilage 
that may contribute to sexual dimorphism in OA are not well under
stood. Sex differences in systemic levels of inflammatory cytokines and 
hormones as well as the influence of estrogen receptor signaling on the 
maintenance of joint tissues have been investigated. These will now be 
discussed in addition to sexual dimorphism in chondrocyte signaling 
pathways involving growth factor and collagen receptors. 

3. Biological influences 

Chondrocytes govern a complex network of signaling cascades 
responsible for cartilage homeostasis. When these mechanisms are dis
rupted, degenerative conditions like OA can develop.1 As OA is a 
multifactorial condition, it is reasonable to think that there are 
numerous biological events taking place in the body that would affect 
joint health in a sex-specific manner. These might include specific 
chondrocyte signaling pathways associated with systemic hormone, 
cytokine and/or metabolite activity. 

Perhaps the most investigated mechanism thought to contribute to 
sex differences in OA are sex hormones. Incidence rates of OA in men 
and women diverge around the age of 50, corresponding to the onset of 
menopause and the associated decline in systemic estrogen levels in 
women.28 A review of in vitro and in vivo animal as well as human studies 
describes the influence of estrogen on joint tissues involving various 
molecular pathways and cellular levels.10 Though studies report varying 
effectiveness and some conflicting evidence, there are potential pro
tective effects of estrogen on joint tissues which may explain why its 
decrease at menopause correlates with a greater propensity for OA in 
women.10 Studies assessing chronic changes in sex hormones report that 
oral contraceptive use, high number of pregnancies or postmenopausal 
hormone replacement therapy all independently increase the risk of 
knee OA for women.29 In contrast, acute fluctuations in systemic es
trogen levels throughout the menstrual cycle have been shown to in
crease muscle metabolism and reduce collagen degradation protecting 
joint tissues. While to the contrary, estrogen fluctuations can also lead to 
more compliant ligaments and joint injury as discussed earlier.30,31 A 
review of studies investigating the effects of estrogen treatment and/or 
the modulation of estrogen receptor activity on OA-like cartilage 
changes reveals conflicting reports.32 About half the studies document a 
beneficial effect of estrogen on joint cartilage, while the other half report 
increased degeneration, cell death and worsening cartilage damage with 
estrogen treatment, especially at higher doses.32 With both 
chondro-protective and -detrimental effects of estrogen reported, 
further work is required to elucidate the mechanism(s) through which 
estrogen acts on joint tissues. 

Physiologically, the primary active form of estrogen in the body, 
estradiol, elicits its effects through estrogen receptors (ERs).33 The two 
isoforms, ERα and ERβ, have been identified in the articular cartilage of 
humans and other mammals.34,35 Interestingly, some studies have 
shown increased protein expression of ERs in females compared to 
males,36 while others report the opposite.37 Furthermore, a study 
investigating ER deficient mice saw that female mice carrying a deletion 
for either ERα or ERβ showed only mild cartilage changes, but when 
both receptors were simultaneously deleted, there was significantly 
increased osteophyte formation as well as thinning of the subchondral 
plate.38 These studies highlight the connection between ER signaling in 
cartilage and OA development, however there is conflicting evidence of 
disparate expression patterns in male versus female tissues. 

A.L. Black and A.L. Clark                                                                                                                                                                                                                    



Journal of Orthopaedics 32 (2022) 104–108

106

While sex hormones have been extensively studied, there is growing 
evidence of a role for the extracellular matrix receptor integrin α1β1 and 
epidermal growth factor receptor (EGFR) within this biological para
digm. Integrin α1β1 is expressed by chondrocytes and is upregulated in 
both subclinical and end stage OA.39,40 Importantly, studies utilising 
itga1-null mice have demonstrated that integrin α1β1 plays a protective 
role against both spontaneous and post-traumatic OA development, with 
the latter being more robust in females compared to males.12,40 Though 
not well understood, the molecular mechanisms underlying this chon
droprotective effect may involve the interplay of integrin α1β1 and 
growth factor receptor signaling pathways, including EGFR. EGFR 
signaling in articular chondrocytes results in the production of reactive 
oxygen species and catabolic proteinases.11 Integrin α1β1 down
regulates the activity of EGFR through T-cell protein tyrosine phos
phatase and thus EGFR activity is upregulated in itga1-null mice, 
possibly contributing to the earlier onset of OA.41 Interestingly, research 
investigating EGFR signaling in cartilage has revealed further disparity 
between the sexes. In a model of post-traumatic OA, treatment with the 
EGFR antagonist erlotinib protected female mice against boney signs of 
OA but had either no effect or was detrimental to males.12 Other studies 
investigating sexual dimorphism in EGFR signaling using a variety of 
EGFR inhibitors and animal models have shown conflicting re
sults.11,42,43 Therefore, integrin α1β1 and EGFR signaling appear to be 
regulated differently in males and females however the mechanism for 
this is unknown. Interestingly, emerging evidence supports crosstalk 
between EGFR and ER, suggesting that ER could be involved in the 
integrin-EGFR-mediated sex differences in chondrocyte signaling.10 

Growth factor receptors such as EGFR can activate ER in the absence of 
ER ligands, and this crosstalk can occur in the cytoplasm and/or nucleus 
of cells.17 Therefore, it is possible that changes in EGFR activity, medi
ated by integrin α1β1, could influence ER expression and thus contribute 
to the sexual dimorphism of knee OA. 

In addition to systemic hormone activity and the associated effects 
on estrogen receptor signaling cascades, differences in cytokine and 
metabolite levels may also influence the biological milieu contributing 
to sex differences in OA. For example, in patients with knee OA, higher 

baseline interleukin-17A or interleukin-23 levels double the risk of 
increased bone marrow lesion scores in females, but this is not true of 
males.13 Additionally, though serum metabolite profiles were not asso
ciated with post-traumatic OA development in mice, the itga1-null ge
notype and erlotinib treatment, were.14 Erlotinib-treated mice revealed 
six metabolites unique to females and nine unique to males, the latter 
including a potential biomarker for resistance to EGFR tyrosine kinase 
inhibitors - glutamine.14 Together these results suggest that sexual 
dimorphism in serum metabolic profiles and/or cytokine expression, 
even subclinically, could be indicative of differences in OA pathogenesis 
between men and women, contributing to disparities in disease pre
sentation later in life. 

4. Conclusion 

In this review, the biomechanical and biological factors influencing 
the sexual dimorphism in OA development have been discussed (Fig. 1). 
Within the biomechanical paradigm, women and men differ in terms of 
frontal plane alignment, bone shape, lower limb kinematics and muscle 
strength.15,20 Together these factors alter the magnitude and distribu
tion of loads across joints, increasing wear on articular cartilage. Addi
tionally, fluctuations in ligament laxity driven by sex hormones in 
women increase the risk of ligamentous injuries, predisposing them to 
post-traumatic OA.22 In contrast, the biological paradigm is lacking 
clarity. Variation in sex hormones has been associated with joint health 
however the exact role of estrogen signaling and ER expression on OA 
progression remains elusive.10,29 Sex differences in chondrocyte 
integrin-EGFR-mediated signaling, possibly involving ERs, offer a 
signaling pathway that can disparately influence OA.12,42,43 Finally, 
evidence is emerging regarding sex differences in cytokine and metab
olomic profiles, potentially contributing to altered predisposition to 
cartilage damage.13,14 

It is clear that sexual dimorphism abounds in numerous parameters 
that can influence the onset and development of OA. Furthermore, in 
contrast to the biomechanical paradigm, evidence supporting the bio
logical paradigm is sparse and contradictory. This review highlights the 

Fig. 1. Summary of biomechanical and biological factors influencing sexual dimorphism in knee OA. While these factors are often investigated independently of one 
another, the reality of the synovial joint is that these paradigms coexist and are robustly interconnected. Biomechanical investigations are readily carried out in 
humans, however biological analyses often require animal models exacerbating the disconnect. 
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need for further research with particular focus on estrogen-independent 
biological factors influencing OA and underlines the importance of the 
inclusion of male and female subjects in basic and clinical research 
studies of OA. While for the purposes of this review we have separated 
the biomechanical and biological paradigms, the reality of the synovial 
joint is that these paradigms coexist and are robustly interconnected. To 
this end, future collaborative research bridging the biomechanical- 
biological divide is necessary for the development of effective, person
alised therapeutic strategies to treat this debilitating disease.28 

In this review we present evidence of sex differences in fundamental 
biomechanical and biological factors influencing the development of OA 
(Fig. 1). Moving forwards, it is critical that our testing populations in 
basic and clinical research more accurately reflect the general popula
tion, including both male and female subjects. Thus, it is imperative that 
researchers recognize sex as a biological variable in human clinical trials 
as well as basic, subclinical experiments conducted on cells and animals. 
As sexual dimorphism is wholeheartedly embraced in our investigations 
into the biomechanical/biological mechanisms underlying OA then our 
research dollars will be more effective in developing treatments for this 
debilatative disease. 

To conclude, understanding the true etiology of OA is crucial for 
developing effective, individualized treatment within the context of 
personalised medicine. This approach is expected to yield better health 
outcomes, increase the efficacy of treatments, and reduce adverse drug 
reactions. A shift from a ‘one size fits all’ mentality towards an indi
vidualized approach for therapeutic treatment must begin with the 
acknowledgment of sex differences in the biomechanical and biological 
factors underlying the onset and development of OA. 
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