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Background: When considering the “joint as an organ”, the tissues in a joint act as complementary 

components of an organ, and the “set point” is the cellular activity for homeostasis of the joint 

tissues. Even in the absence of injury, joint tissues have adaptive responses to processes, like 

aging and menopause, which result in changes to the set point.

Purpose: The purpose of this study in a preclinical model was to investigate age-related and 

menopause-related changes in knee-joint tissues with the hypothesis that tissues will change in 

unique ways that reflect their differing contributions to maintaining joint function (as measured 

by joint laxity) and the differing processes of aging and menopause.

Methods: Rabbit knee-joint tissues from three groups were evaluated: young adult (gene 

expression, n=8; joint laxity, n=7; water content, n=8), aging adult (gene expression, n=6; joint 

laxity, n=7; water content, n=5), and menopausal adult (gene expression, n=8; joint laxity, n=7; 

water content, n=8). Surgical menopause was induced with ovariohysterectomy surgery and gene 

expression was assessed using reverse-transcription quantitative polymerase chain reaction.

Results: Aging resulted in changes to 37 of the 150 gene–tissue combinations evaluated, and 

menopause resulted in changes to 39 of the 150. Despite the similar number of changes, only 

eleven changes were the same in both aging and menopause. No differences in joint laxity 

were detected comparing young adult rabbits with aging adult rabbits or with menopausal 

adult rabbits.

Conclusion: Aging and menopause affected the gene-expression patterns of the tissues of the 

knee joint differently, suggesting unique changes to the set point of the knee. Interestingly, aging 

and menopause did not affect knee-joint laxity, suggesting that joint function was maintained, 

despite changes in gene expression. Taken together, these findings support the theory of the 

joint as an organ where the tissues of the joint adapt to maintain joint function.

Keywords: knee, aging, surgical menopause, joint as an organ

Introduction
In the early 2000s, the idea to consider the “joint as an organ” was formalized, with 

Lo et al1 using the concept to describe the function and homeostasis of diarthrodial 

joints and Frank et al2 further developing the concept to explain how joints adapt to 

influences, including injury, aging, and hormones, and then how treatments could 

target the changing “set points”. Tissues in a joint act as complementary components 

of an organ, and the interactive set point is the cellular activity for homeostasis of the 

joint tissues under the current loading environment of the joint.2

The prevalence of knee-joint pain increases with aging and with menopause.3 The 

model of a physiologic organ to conceptualize the knee allows the consideration of each 
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component of the joint as an important contributor to overall 

joint function. Furthermore, it is useful for contemplation of 

all components together as a single time snapshot of joint 

function; in other words, an equilibrium set point.2 Even in the 

absence of injury, the properties of joint tissues undergo adap-

tive changes secondary to age, genetics, sex (hormones), and 

environment (biological, mechanical).2 Investigation of how 

the set point changes under different conditions, eg, aging and 

menopause, is important to provide a comparative baseline for 

injury and degenerative profiles. While there are substantial 

biomechanical and molecular data on the knee, the majority 

of studies have focused on degenerative and injury states, 

such as osteoarthritis (OA) or following anterior cruciate liga-

ment (ACL) injury. It is important to remember that neither 

aging nor menopause are synonymous with degeneration, and 

studies that investigate degenerative states must compare to 

an appropriate baseline. Careful consideration of aging and 

menopause is critical as our population ages, with women 

older than men, eg, 2016 estimates indicate that the median 

age in Japan is 48.3 years for females and 45.6 years for 

males, in Canada it is 43.3 years for females and 40.6 years 

for males, and in the US it is 39.3 years for females and 

36.6 years for males.4 The current study uses a preclinical 

model to investigate how the set point changes with aging 

and with menopause by examining the resulting molecular 

changes to the knee-joint tissues that are the complementary 

components of the joint as an organ.

As age and female sex are risk factors for OA,5–7 it is not 

surprising that the joint-as-an-organ model has more recently 

been utilized by Loeser et al8 to synthesize the pathological 

changes in knee-joint tissues in the setting of OA. The use of 

this model allowed consideration of the individual markers 

and tissues, as well as the entire joint, indicating that changes 

in cartilage, ligaments, menisci, and synovium are important 

in the clinical syndrome of OA. Clinical evidence of the 

changed set point due to aging is supported by the observation 

that OA changes appear sooner in older patients with knee 

injury than in younger patients with the same knee injury.9

Estrogen receptors have been identified in human articular 

cartilage,10 and estrogen and progesterone receptors have been 

identified in human synovium11,12 and human ligament,13,14 

making these tissues susceptible to hormonal changes, includ-

ing those in menopause. The knee-joint tissues of interest in 

this study were articular cartilage (AC; femoral condyle [FC 

AC] and tibial plateau [TP AC]), menisci (medial [MM] and 

lateral [LM]), synovium (Syn), intra-articular ligaments (ACL 

and posterior cruciate ligament [PCL]), extra-articular liga-

ments (medial collateral ligament [MCL] and lateral collateral 

ligament [LCL]), and the patellar tendon (PT). The molecular 

markers with aging and menopause that we investigated 

included collagens (collagen I, collagen III, and collagen V), 

proteoglycans (biglycan, decorin, and lubricin), hyaluronan 

synthase 2 (HAS2), matrix metalloproteinases (MMP1, MMP3, 

MMP13), tissue inhibitors of metalloproteinases (TIMP1, 

TIMP2, TIMP3), and the hormone receptors – estrogen recep-

tor (ER) and progesterone receptor (PR). The purpose of this 

study was to investigate age-related and menopause-related 

changes in knee-joint tissues with the hypothesis that tissues 

will change in unique ways that reflect their differing contribu-

tions to maintaining joint function (as measured by joint laxity) 

and the differing processes of aging and menopause.

Methods
In this study, approved by the University of Calgary Animal 

Care Committee, knee-joint tissues underwent molecular 

assessment from young adult (1 year old, n=8), aging adult 

(3 years old, n=6), and menopausal adult (1 year old, 14 weeks 

postovariohysterectomy, n=8) female New Zealand White 

rabbits, and all experiments were performed following Uni-

versity of Calgary Animal Care Committee and Canadian 

Council on Animal Care guidelines. Although our previous 

studies investigated the MCL only,15,16 in the current study 

various knee-joint tissues were investigated: AC (FC AC and 

TP AC), menisci (MM and LM), Syn, intra-articular liga-

ments (ACL and PCL), extra-articular ligaments (MCL and 

LCL), and PT. Surgical menopause was induced with ovari-

ohysterectomy surgery removing the ovaries and uterus.16 

Reverse-transcription quantitative polymerase chain reaction 

(RT-qPCR) was used to evaluate mRNA levels for collagens 

(collagen I, III, and V), proteoglycans (biglycan, decorin, and 

lubricin), HAS2, matrix metalloproteinases (MMP1, -3, 

and -13), tissue inhibitors of metalloproteinases (TIMP1, -2, 

and -3), hormone receptors (ER, PR), and the housekeeping 

gene 18S (Table 1). Briefly, after tissues had been processed, 

total RNA was isolated and then quantified on a Turner 450 

fluorescence spectrofluorometer (Barnstead Thermolyne, 

Dubuque, IA, USA) with a standard of calf liver ribosomal 

RNA.15,16 Total RNA (1 µg) was reverse-transcribed using an 

Omniscript RT kit (Qiagen Inc., Germantown, MD, USA), 

and then aliquots were used in real-time RT-qPCR using 

primers for the target genes (Table 1). Using an iQ SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA), RT-qPCR 

was carried out in an iCycler (Bio-Rad). Values for the target 

genes were normalized to corresponding 18S values.

In addition, intact knee joints from young adult (n=7), 

aging adult (n=7), and menopausal adult (n=7) rabbits 

underwent mechanical assessment in an MTS system (MTS 

Systems Corporation, Minneapolis, MN, USA) where the 
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knee joint was mounted at 70° of flexion and underwent two 

compression–tension cycles from -5 N to 2 N at 1 mm/min. 

Joint laxity was defined as the displacement of the intact joint 

between -5 N and 2 N.17

Water content was assessed for the ACL, PCL, MCL, 

LCL, and PT from young adult (n=8), aging adult (n=5), 

and menopausal adult (n=8) rabbits. Tissue water content 

was expressed as a percentage: difference between the wet 

weight and the dry weight divided by the wet weight.15,16 

Data were analyzed using a Student’s t-test or a 

Mann–Whitney U test to compare tissues from young adult 

rabbits to aging adult rabbits and young adult rabbits to 

menopausal adult rabbits.

Results
Aging
In comparisons of aging adult to young adult rabbits, 

mRNA levels for collagen I were increased in FC AC, but 

collagen V was decreased in TP AC (P#0.032, Table 2, 

Figures S1 and S2). In the LM, mRNA levels for collagen I 

were increased with aging, and in the MM, mRNA levels 

for collagen III and collagen V were increased with aging 

Table 1 Primer sequences for reverse-transcription quantitative polymerase chain reaction

Gene Forward Reverse Size Source/GenBank accession number

Collagen I gatgcgttccagttcgagta ggtcttccggtggtcttgta 312 Email communication with WW Kao 
(University of Cincinnati, Cincinnati, OH, USA)

Collagen III ttataaaccaacctcttcct tattatagcaccattgagac 255 Email communication with E Vuorio 
(University of Turku, Turku, Finland)

Collagen V gaggagaaccaggaataacc gcacctttctctccgatgcc 215 Consensus sequences from GenBank
Biglycan gatggcctgaagctcaa ggttgttgaagaggctg 406 Consensus sequences from GenBank
Decorin tgtggacaatggttctctgg ccacattgcagttaggttcc 419 GenBank S76584
Lubricin gaacgtgctataggaccttc cagactttggataaggtctgcc 287 GenBank NM_001127709
HAS2 ggccggtcgtctcaaattca ccaccccatttttgcatgat 687 GenBank NM_005328
MMP1 gcagttgagaagctgaagca ccatcaatgtcatcctgagc 587 GenBank AH005676
MMP3 gccaagagatgctgttgatg aggtctgtgaaggcgttgta 363 GenBank M25664
MMP13 ttcggcttagaggtgacagg actcttgccggtgtaggtgt 527 GenBank AF059201
TIMP1 gcaactccgaccttgtcatc agcgtaggtcttggtgaagc 326 GenBank J074112
TIMP2 gtagtgatcagggccaaag ttctctgtgacccagtccat 416 Consensus sequences from GenBank
TIMP3 tctgcaactccgacatcgtg cggatgcaggcgtagtgtt 454 Consensus sequences from GenBank
ER gtgtctgtgatcttgtcc ctccatgatcaggtccac 341 Consensus sequences from GenBank
PR ccacagtacagcttcgagtc gaggacaccataatgacagc 84 GenBank NM_001082267
18S tggtcgctggctcctctcc cgcctgctgccttccttgg 360 GenBank NR_003286.2

Abbreviations: ER, estrogen receptor; HAS, hyaluronan synthase; MMP, matrix metalloproteinase; PR, progesterone receptor; TIMP, tissue inhibitor of metalloproteinase.

Table 2 Changes in mRNA levels with aging

Gene FC AC TP AC MM LM Syn ACL PCL MCL LCL PT

Collagen I ↑ ↑
Collagen III ↑
Collagen V ↓ ↑
Biglycan ↓ ↑ ↓
Decorin ↑
Lubricin ↑
HAS2 ↓ ↓ ↑
MMP1 ↑ ↑ ↓
MMP3 ↑ ↓
MMP13 ↑
TIMP1 ↑ ↑ ↑ ↑
TIMP2 ↑ ↓
TIMP3 ↑ ↑ ↑ ↑
ER ↑ ↓
PR ↑ ↑ ↑ ↑ ↑ ↑

Notes: Increase (↑) and decrease (↓) comparing tissues from aging adult rabbits to young adult rabbits (P#0.059). Summarizes the data shown in Figures S1 and S2.
Abbreviations: ACL, anterior cruciate ligament; ER, estrogen receptor; FC AC, femoral condyle articular cartilage; HAS, hyaluronan synthase; LCL, lateral collateral 
ligament; LM, lateral meniscus; MMP, matrix metalloproteinase; MCL, medial collateral ligament; MM, medial meniscus; PCL, posterior cruciate ligament; PR, progesterone 
receptor; PT, patellar tendon; Syn, synovium; TP AC, tibial plateau articular cartilage; TIMP, tissue inhibitor of metalloproteinase.
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(P#0.008, Table 2). Biglycan mRNA levels were decreased 

in the TP AC and Syn and increased in the MM, along 

with decorin (P#0.03, Table 2). Lubricin mRNA levels 

were increased in the MCL with aging (P=0.028; Table 2). 

mRNA levels for HAS2 were decreased in TP AC and LM, 

but increased in LCL with aging (P#0.016). mRNA levels 

for MMP1 were increased in the AC (both FC AC and TP 

AC; P#0.022) but decreased in the MCL (P=0.059). mRNA 

levels for MMP13 were increased in TP AC, and for MMP3 

were increased in MM but decreased in the LCL (P#0.032). 

mRNA levels for TIMP1 were increased in FC AC, TP AC, 

ACL, and PCL and for TIMP3 increased in the FC AC, 

ACL, PCL, and MCL with aging (P#0.059). mRNA levels 

for TIMP2 were increased in MM but decreased in PT with 

aging (P#0.032). mRNA levels for ER were increased in FC 

AC but decreased in MCL with aging (P#0.022; Table 2). 

mRNA levels for PR were increased in the FC AC, MM, 

ACL, PCL, PT (P#0.028), and TP AC (P=0.055) with aging. 

Only the PCL demonstrated decreased water content with 

aging (P=0.019, Figure 1A). No differences in joint laxity 

were detected between intact knee joints from young adult 

rabbits and aging adult rabbits (Figure 2A).

Menopause
In comparisons of menopausal adult to young adult rabbits, 

mRNA levels for collagen V were decreased for TP AC 

(P=0.021, Table 3, Figures S3 and S4). mRNA levels for 

collagen I were increased in MM, Syn, PCL, MCL, and PT, 

for collagen III were increased in MM, LM, PCL, and PT, 

and for collagen V were increased in MM and PCL with 

menopause (P#0.046, Table 3). mRNA levels for decorin 

were increased in TP AC (P=0.056), and for biglycan were 

increased in PT, but decreased in Syn (P#0.015, Table 3). 

mRNA levels for lubricin were increased in FC AC, Syn, 

ACL, PCL, and MCL, and for HAS2 were decreased in TP 

AC and Syn (P#0.049, Table 3). mRNA levels for MMP1, 

MMP3, and MMP13 were increased in the PCL with meno-

pause (P#0.007). mRNA levels for MMP1 were increased 

in Syn and PT (P#0.059), but decreased in LCL with meno-

pause (P=0.047). mRNA levels for TIMP1 were increased in 

Syn and ACL (P#0.054), but decreased in LM (P=0.012). 

mRNA levels for TIMP2 were decreased in LM, Syn, and 

PT, and for TIMP3 were increased in PCL with menopause 

(P#0.048). mRNA levels for ER were decreased in LCL, but 

increased in PCL, and for PR were increased in PCL and ACL 

Figure 1 Water content: (A) with aging in the posterior cruciate ligament (PCL); (B) with menopause in the lateral collateral ligament (LCL).
Notes: *P#0.019. The diamond symbol on the box plot indicates an outlier.

Figure 2 Joint laxity: (A) with aging; (B) with menopause.
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(P#0.02, Table 3). Only the LCL demonstrated increased 

water content with surgical menopause (P=0.001, Figure 1B). 

No differences in joint laxity were detected between intact 

knee joints from young adult rabbits and menopausal adult 

rabbits (Figure 2B).

Discussion
Aging and menopause affected the gene-expression patterns 

of knee-joint tissues differently, suggesting unique changes 

to the set point, which is the cellular activity for homeostasis 

of the joint tissues to maintain joint function considering the 

joint as an organ. Interestingly, aging and menopause did 

not affect knee-joint laxity, suggesting that joint function 

was maintained, despite the multitude of changes in gene 

expression. Taken together, these findings support the theory 

of the joint as an organ, where the tissues of the joint adapt to 

maintain joint function. The young adult knee and the aging 

adult knee may be considered to have different set points, 

and an injury to the aging adult knee may have different 

consequences than the same injury to the young adult knee. 

The set point to maintain joint function has shifted due to 

aging, which may help explain why the same injury to an 

older knee joint becomes osteoarthritic faster than the same 

injury to a younger knee joint, as observed clinically.9

In our preclinical model, the set point for the knee 

joint changed with aging, with alteration in 37 of the 150 

gene–tissue combinations evaluated (Table 2). The set 

point for the knee joint changed with surgical menopause, 

with alteration in 39 of the 150 gene–tissue combinations 

evaluated (Table 3). Despite the similar number of changes 

with aging (37 of 150) and menopause (39 of 150), only 

eleven changes were the same in both aging and menopause, 

which suggests unique overall changes to the set point, con-

firming that these physiologic processes must be considered 

independently in experimental models.

With aging, increases in MMP mRNA expression in FC 

AC, TP AC, and MM suggest the potential for extracellular 

matrix degradation that may not be balanced by concurrent 

increases in TIMPs in these same tissues, assuming the 

mRNA changes are ultimately reflected by changes in active 

enzymes. Increases in collagen expression in FC AC and 

collagen and proteoglycan expression in MM may attempt 

to counteract this degradation, but paradoxically in TP AC, 

collagen and proteoglycan expression decreased. The find-

ings in this preclinical model are consistent with findings 

from human tissues, where increases in MMP1, MMP3, and 

MMP13 proteins with aging were documented in human AC 

and human chondrocyte cultures.18,19 Pathologic changes 

with aging are similar in human cartilage and menisci.8 

With aging in human meniscus from knees without OA, the 

meniscal surface was intact, but the meniscal substance had 

abnormal matrix organization and cellularity.20 Although 

not evaluated in human meniscus with aging, nonhuman 

primate meniscus-explant cultures exhibited increased 

MMP1 and MMP3 in older degenerated versus younger 

healthy menisci.21 With menopause, FC AC, TP AC, and MM 

exhibited no changes in MMPs and TIMPs, but LM exhibited 

decreases in TIMPs. In AC, collagen was decreased (TP AC), 

Table 3 Changes in mRNA levels with menopause

Gene FC AC TP AC MM LM Syn ACL PCL MCL LCL PT

Collagen I ↑ ↑ ↑ ↑ ↑
Collagen III ↑ ↑ ↑ ↑
Collagen V ↓ ↑ ↑
Biglycan ↓ ↑
Decorin ↑
Lubricin ↑ ↑ ↑ ↑ ↑
HAS2 ↓ ↓
MMP1 ↑ ↑ ↓ ↑
MMP3 ↑
MMP13 ↑
TIMP1 ↓ ↑ ↑
TIMP2 ↓ ↓ ↓
TIMP3 ↑
ER ↑ ↓
PR ↑ ↑

Notes: Increase (↑) and decrease (↓) comparing tissues from menopausal adult rabbits to young adult rabbits (p#0.059). Summarizes the data shown in Figures S3 and S4.
Abbreviations: ACL, anterior cruciate ligament; ER, estrogen receptor; FC AC, femoral condyle articular cartilage; HAS, hyaluronan synthase; LCL, lateral collateral 
ligament; LM, lateral meniscus; MMP, matrix metalloproteinase; MCL, medial collateral ligament; MM, medial meniscus; PCL, posterior cruciate ligament; PR, progesterone 
receptor; PT, patellar tendon; Syn, synovium; TP AC, tibial plateau articular cartilage; TIMP, tissue inhibitor of metalloproteinase.
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but proteoglycans were increased (FC AC and TP AC). The 

MMP–TIMP imbalance in the LM may not be counteracted 

by the increase in collagen with menopause. While studies of 

molecular changes specifically attributable to menopause in 

human knee AC and meniscus are not available, Lou et al22 

found that healthy postmenopausal women had more severe 

cartilage degeneration at the knee joint when compared 

with premenopausal and perimenopausal women grouped 

together, and Davies-Tuck et al23 reported that asymptomatic 

postmenopausal women who had meniscal tears were older 

and had more lateral cartilage degeneration.

Syn exhibited decreased biglycan mRNA levels with 

aging and menopause. With menopause, Syn exhibited 

decreased HAS2 and increased lubricin (proteoglycan 4, 

PRG4) expression. High-molecular-weight hyaluronan is 

synthesized by HAS2.24 Hyaluronan and lubricin act as 

joint lubricants in synovial joints. The relationship between 

HAS2 and lubricin (PRG4) was investigated in the temporo-

mandibular joint of PRG4-knockout mice, where Koyama 

et al25 detected increased HAS2 expression in chondrocytes, 

disc cells, and synoviocytes of PRG4-deficient mice. While 

decreased PRG4 was associated with increased HAS2 in 

synoviocytes of PRG4-knockout mice, we found decreased 

HAS2 was associated with increased PRG4 in rabbit Syn 

with menopause, suggesting some attempt for either HAS2 

or PRG4 to maintain some lubrication. Also, HAS2 was 

decreased in TP AC and LM with aging, but with no con-

current increase in lubricin. In human knee Syn, Yoshida 

et al24 reported decreased HAS2 expression in OA patients 

(aged 29–59 years) compared with healthy donors (aged 

45–83 years), and the authors commented that it was unclear 

whether the HAS difference was associated with age or 

arthritis pathology. Likewise, a portion of the OA patients 

and healthy donors were females, so the possible influence 

of menopause was also unclear.

With aging, the MCL and LCL exhibited decreased MMP 

expression, and the ACL, PCL, and MCL had increased 

TIMP expression. None of the ligaments exhibited changes 

in collagen expression with aging. Hasegawa et al26 found that 

human ACL had decreases in MMP1, MMP3, and MMP13 

proteins with aging (TIMPs were not evaluated), where ACL 

from adults .60 years of age were classified as either aging 

ACL or degenerated ACL with moderate to severe ACL and 

cartilage degeneration. Taking the clinical and preclinical 

data together, these findings suggest that the MMP–TIMP 

imbalance in ligaments with aging may be unique to aging 

ligaments that are not yet overtly degenerating. With meno-

pause, the LCL exhibited decreased MMP expression, and 

the ACL and PCL had increased TIMP expression. The PCL 

had changes in ten of 15 genes evaluated with menopause, 

including increases in the three MMPs and three collagens 

evaluated. With menopause, the ACL, PCL, and MCL had 

increased lubricin, which plays a role in the interfascicular 

lubrication of collagen in ligament.27 Increased lubricin may 

permit easier stretching of ligaments, which we confirmed 

in this same model of menopausal MCL and aging MCL 

with decreased modulus and increased failure strain.15,16 

With menopause, the ACL and PCL exhibited increased 

PR. Decreased PR has been implicated in increased ligament 

stretch of the uterosacral ligament in pelvic-organ prolapse28 

and the pubic symphysis ligament in pregnancy.29 Increases in 

ligament stretch have been associated with increased lubricin 

and decreased PR. With menopause, the ACL and PCL had 

both increased lubricin and increased PR, which may have a 

net-zero effect on ligament stretch, consistent with the lack 

of change in joint laxity.

Only the PT exhibited decreased TIMP expression with 

aging (TIMP2). With menopause, the PT exhibited decreased 

TIMP2 and increased MMP1, collagen, and proteoglycan 

expression. In human degenerated PT, Parkinson et al30 found 

an increase in TIMP1 and no change in TIMP2 or MMP1. 

Given the differences in MMPs between aging ACL and 

degenerated ACL,26 it is possible that aging PT and degener-

ated PT have differences in MMPs and TIMPs. Morton et 

al31 did not find a difference in patellar tendinopathy status 

of premenopausal women compared with perimenopausal 

and postmenopausal women. Perhaps the changes in meno-

pausal PT, like aging PT, may not be the same as changes 

in degenerated PT.

Despite a multitude of molecular changes in a variety of 

tissues, there was no resulting change in joint laxity in this 

preclinical model. A possible explanation is that the measure-

ment of joint laxity used in this study may not have been suf-

ficiently sensitive or was performed too early in the process 

of aging or menopause to detect any mechanical changes 

that could result from these molecular changes. However, 

an alternative explanation is that the changes in the joint are 

coordinated and synergistic, and together help to maintain 

homeostasis in the laxity of the joint and correspondingly 

joint function. Our observation of minimal water-content 

changes and no gross knee damage/degeneration further 

support the view that joint laxity was a suitable measure of 

joint function. Limited information is available on changes 

in joint laxity with aging and menopause in healthy human 

knees. When Sharma et al32 pooled the data from their control 

groups (“young” [aged 20–40 years] and “older” [aged 54–85 

years]), they found that anterior–posterior laxity was not dif-

ferent, but varus–valgus laxity was greater for women than 
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men, and that anterior–posterior laxity was not correlated 

with age, but varus–valgus laxity was weakly correlated 

(r=0.29) with age. In a later study, Rudolph et al33 found no 

age-related change in varus–valgus laxity comparing data 

from two of their control groups (“middle-aged” [aged 40–57 

years] and “old” [aged 60–80 years]). For our purposes, it is 

unfortunate that they did not measure radiographic varus–

valgus laxity in their other control group (“young” [aged 

18–25 years]). Taken together, these data suggest that joint 

laxity may only be weakly (or not at all) associated with 

aging, which supports the theory that the knee joint acts as an 

organ system to maintain joint function, even with molecular 

changes. It is unclear how any possible sex-related difference 

in joint laxity could be interpreted regarding menopause-

related differences specifically.

Because our objective was to investigate changes in the 

set point, which is the cellular activity for homeostasis of the 

joint tissues to maintain joint function considering the joint as 

an organ, we evaluated changes in gene expression only, but 

future examination of proteins and active enzymes also would 

be instructive further to support the joint as an organ theory. 

As detailed herein, many of the individual gene-expression 

changes in this preclinical model were similar to gene and 

protein changes reported in the clinical literature, and while 

carefully comparing this preclinical model to humans, the 

advantage of the preclinical model is the opportunity to 

evaluate the collective pattern of gene-expression changes 

in joint tissues under different conditions within a single 

model. Previous studies used the rabbit preclinical model as 

an aging model, starting with 2.6-year-old rabbits considered 

aged.34,35 In the rabbit preclinical model, decreased serum-

estrogen levels were found 2–14 weeks following ovariec-

tomy surgery to induce surgical menopause.36–39 Although 

one explanation for our joint-laxity findings was that our 

measurement may not have been sufficiently sensitive, we 

have previously shown its sensitivity to joint instability, 

eg, PCL deficiency,17,40 which further supports the alternative 

explanation for our joint-laxity findings, ie, that changes in 

the joint tissues help to maintain homeostasis in joint laxity 

and correspondingly joint function.

The current study was successful in supporting the theory 

of the joint as an organ. Future studies could further support 

this theory by examining additional molecular markers and 

joint tissues, as well as investigating a larger-animal model 

and a temporal component. First, we investigated matrix 

molecules, proteinases and their inhibitors, and hormone 

receptors. Future work could include other molecular mark-

ers like inflammatory mediators that have been implicated in 

aging41 and menopause.42 Including these mediators ensures 

a comparative baseline for aging or menopause with degen-

erative states, including OA, which also has an important 

inflammatory component.41 Second, we investigated various 

joint tissues: AC, menisci, Syn, ligament and tendon. Future 

studies could examine bone and skeletal muscle because of 

the clinical conditions of osteoporosis and sarcopenia. Third, 

we used the rabbit model, and future studies might consider 

using a larger-animal model eg, the porcine model, which 

has been used to investigate aging43 and menopause.44,45 In 

fact, these studies in the porcine model investigated skeletal-

muscle changes with aging43 and bone and cartilage changes 

with menopause,44,45 where calcium and vitamin D were eval-

uated due to hormonal and dietary influences. Fortunately, 

we have previously established a joint-laxity measurement 

in the porcine model and understand the advantages and 

disadvantages of comparing this model to humans.46 Last, 

we examined one time point of aging and one time point of 

menopause, and future studies should include a temporal 

component. The changes to the set point in the current study 

did not manifest in changes to joint laxity, indicating that 

adaptation of joint tissues was sufficient to maintain joint 

function. It would be interesting to determine whether longer 

exposure to the process of aging or menopause would result 

in a situation where the set point has changed so much that 

the adaptation of joint tissues is not sufficient and joint func-

tion is affected detrimentally.

Conclusion
Aging and menopause affected the gene-expression patterns 

of knee-joint tissues differently, suggesting unique changes to 

the set point of the knee. Interestingly, aging and menopause 

did not affect knee-joint laxity, suggesting that joint func-

tion was maintained, despite the changes in gene expression. 

Taken together, these findings support the theory of the joint 

as an organ where the tissues of the joint adapt to maintain 

joint function. The preclinical model had many findings that 

were similar to those published in the clinical literature, with 

the added benefit of direct comparison of joint tissues under 

different conditions within a single model. Future studies 

should further elucidate the normal processes of aging and 

menopause within the joint. It is important to remember that 

these processes are not synonymous, and must be considered 

when interpreting molecular data in pathologic knees.
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Figure S1 Fold change in mRNA levels with aging (aging adult/young adult) for cartilage, meniscus, and synovium: (A) collagens, proteoglycans, and HAS2; (B) MMPs, TIMPs, 
and hormone receptors
Notes: *P#0.059. The horizontal reference line represents a fold change of 1. The diamond symbol on the box plot indicates an outlier.
Abbreviations: ER, estrogen receptor; FC AC, femoral condyle articular cartilage; HAS, hyaluronan synthase; LM, lateral meniscus; MM, medial meniscus; MMP, matrix 
metalloproteinase; PR, progesterone receptor; Syn, synovium; TIMP, tissue inhibitor of metalloproteinase; TP AC, tibial plateau articular cartilage.

Figure S2 Fold change in mRNA levels with aging (aging adult/young adult) for ligament and tendon: (A) collagens, proteoglycans, and HAS2; (B) MMPs, TIMPs, and hormone 
receptors.
Notes: *P#0.059. The horizontal reference line represents a fold change of 1. The diamond symbol on the box plot indicates an outlier.
Abbreviations: ACL, anterior cruciate ligament; ER, estrogen receptor; HAS, hyaluronan synthase; LCL, lateral collateral ligament; MCL, medial collateral ligament; MMP, 
matrix metalloproteinase; PCL, posterior cruciate ligament; PR, progesterone receptor; PT, patellar tendon; TIMP, tissue inhibitor of metalloproteinase.

Figure S3 Fold change in mRNA levels with menopause (menopausal adult/young adult) for cartilage, meniscus, and synovium: (A) collagens, proteoglycans, and HAS2; (B) 
MMPs, TIMPs, and hormone receptors.
Notes: *P#0.059. The horizontal reference line represents a fold change of 1. The diamond symbol on the box plot indicates an outlier.
Abbreviations: ER, estrogen receptor; FC AC, femoral condyle articular cartilage; HAS, hyaluronan synthase; LM, lateral meniscus; MM, medial meniscus; MMP, matrix 
metalloproteinase; PR, progesterone receptor; Syn, synovium; TIMP, tissue inhibitor of metalloproteinase; TP AC, tibial plateau articular cartilage.
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Figure S4 Fold change in mRNA levels with menopause (menopausal adult/young adult) for ligament and tendon: (A) collagens, proteoglycans, and HAS2; (B) MMPs, TIMPs, 
and hormone receptors.
Notes: *P#0.059. The horizontal reference line represents a fold change of 1. The diamond symbol on the box plot indicates an outlier.
Abbreviations: ACL, anterior cruciate ligament; ER, estrogen receptor; HAS, hyaluronan synthase; LCL, lateral collateral ligament; MCL, medial collateral ligament; MMP, 
matrix metalloproteinase; PCL, posterior cruciate ligament; PR, progesterone receptor; PT, patellar tendon; TIMP, tissue inhibitor of metalloproteinase.
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