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Abstract

Purpose—Meniscus tears are a common knee injury and are associated with the development of 

post-traumatic osteoarthritis (OA). The purpose of this study was to evaluate potential OA 

mediators in the synovial fluid and serum of meniscus tear subjects compared to those in the 

synovial fluid of radiographic non-OA control knees.

Materials and Methods—Sixteen subjects with an isolated unilateral meniscus injury and six 

subjects who served as reference controls (knee Kellgren-Lawrence grade 0–1) were recruited. 

Twenty-one biomarkers were measured in serum from meniscus tear subjects and in synovial fluid 

from both groups. Meniscus tear subjects were further stratified by tear type to assess differences 

in biomarker levels.

Results—Synovial fluid total matrix metalloproteinase (MMP) activity and prostaglandin E2 

(PGE2) were increased 25-fold and 290-fold, respectively, in meniscus tear subjects as compared 

to reference controls (p<0.05). Synovial fluid MMP activity and PGE2 concentrations were 

positively correlated in meniscus tear subjects (R=0.83, p<0.0001). In meniscus tear subjects, 

synovial fluid levels of MMP activity, MMP-2, MMP-3, sGAG, COMP, IL-6, and PGE2 were 
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higher than serum levels (p<0.05). Subjects with complex meniscus tears had higher synovial fluid 

MMP-10 (p<0.05) and reduced serum TNFα and IL-8 (p<0.05) compared to other tear types.

Conclusions—Given the degradative and pro-inflammatory roles of MMP activity and PGE2, 

these molecules may alter the biochemical environment of the joint. Our findings suggest that 

modulation of PGE2 signaling, MMP activity, or both following a meniscus injury may be targets 

to promote meniscus repair and prevent OA development.
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Introduction

Meniscus tears are among the most common knee conditions, with roughly 850,000 

meniscus surgical procedures performed annually in the United States and nearly twice as 

many worldwide (1, 2). Meniscus tears, which can affect all age groups (1), disrupt the 

ability of the meniscus to perform its primary functions of distributing loads (3–5) and 

stabilizing the joint during loading (6, 7). These alterations in joint function can lead to 

degenerative changes in the knee and the development of post-traumatic osteoarthritis 

(PTOA) (3, 8, 9). In order to prevent PTOA, current clinical treatments seek to preserve the 

meniscus tissue. While tissue preservation and repair are recommended for horizontal and 

longitudinal tears in the vascularized outer zone of the meniscus (10–12), tears that are 

complex or in the avascular inner zone frequently require partial or total meniscectomy. 

Meniscectomy is strongly associated with articular cartilage degradation (3, 13, 14), such 

that as many as two-thirds of partial or total meniscectomy patients develop PTOA within 5–

15 years of injury (15).

Meniscus damage and loss results in both local biological and mechanical responses in the 

meniscus and joint tissues (16–19), which may also be reflected systemically. These 

biological changes can be quantified by measuring biomarkers that reflect the processes of 

extracellular matrix (ECM) synthesis and degradation and inflammation, presumably 

reflecting joint remodeling and disease progression (16, 20). Therefore, a further 

understanding of biomarker profiles and their relationship to joint injury may identify 

patients at risk for meniscus injury and PTOA following meniscus injury. In order to identify 

candidate biomarkers relevant to joint injury and potentially OA progression, synovial fluid, 

serum, and urine samples from healthy individuals and OA patients have been evaluated for 

biomarkers of both joint tissue metabolism and inflammation (21–28). While many of these 

biomarkers have been researched in subjects with anterior cruciate ligament (ACL) tears and 

intra-articular fractures (28–35), limited biomarker data are available on meniscus tear 

subjects (16, 18, 21).

Therefore, the goal of this study was to measure synovial fluid and serum for a panel of joint 

tissue metabolic and inflammatory biomarkers in subjects with a meniscus tear compared to 

synovial fluid of radiographic non-OA control knees and to determine the relationship 

between serum and synovial fluid biomarker levels in the meniscus tear subjects. We 
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hypothesized that inflammatory and joint tissue metabolic biomarkers would be upregulated 

in the synovial fluid of subjects with a meniscus tear.

Materials and Methods

Sample Collection and Subject Demographics

Sixteen subjects with an isolated unilateral meniscus injury were recruited and provided 

informed consent for this study with approval by the Duke University Medical Center 

Institutional Review Board (IRB). Eleven subjects had a complex tear of the medial 

meniscus, while the remaining five subjects had other types of tears including horizontal, 

complex lateral, and bucket handle tears. Thirteen subjects could recall when the time of 

injury occurred, while 3 subjects could not. For these 13 subjects, the time between injury 

and surgery ranged from 4 to 34 weeks with a median of 7 weeks and an average of 10.8 

weeks. As part of the IRB approved protocol, serum and synovial fluid were collected by 

small volume lavage at the time of meniscal surgery. Serum and synovial fluid samples were 

centrifuged for 15 minutes at 3500 rpm and 4°C. Aliquots of the samples were prepared and 

stored at −80°C until biomarker analyses were performed.

Synovial fluid was also analyzed from six subjects who participated in the Strategies to 

Predict OA Progression (POP) study (36). Synovial fluid from radiographic non-OA knees 

with Kellgren Lawrence (KL) grades of 0–1 (37) served as reference controls for biomarker 

analyses.

Biomarker Analyses

Matrix metalloproteinase (MMP) activity, MMP-1, MMP-2, MMP-3, MMP-9, MMP-10, 

MMP-13, sulfated glycosaminoglycan (sGAG), cartilage oligomeric matrix protein 

(COMP), type II collagen cleavage (C2C) neoepitopes, interleukin (IL)-1β, IL-2, IL-4, IL-6, 

IL-8, IL-10, IL-12p70, IL-13, tumor necrosis factor α (TNFα), prostaglandin E2 (PGE2), 

and interferon-gamma (IFN-γ) were measured in the serum of meniscus tear subjects and 

the synovial fluid of both meniscus tear and reference control subjects. Details about the 

analytes and the assays can be found in Table 1.

MMP activity was measured, as previously published, using the quenched fluorogenic 

substrate Dab-Gly-Pro-Leu-Gly-Met-Arg-Gly-Lys-Flu (Sigma-Aldrich; St. Louis, MO) (38, 

39). In order to activate proMMPs, 10mM p-aminophenylmercuric acetate (APMA, Sigma-

Aldrich) in 0.1M NaOH was diluted 1:4 in assay buffer (40), containing 200 mM NaCl, 50 

mM Tris, 5 mM CaCl2, 10 μM ZnSO4, 0.01% Brij 35 and the pH was adjusted to 7.5. In 

duplicate, the lavaged synovial fluid and 1:2 diluted serum samples (45μl) were incubated 

with 5μl of 2.5mM APMA at 37°C for 5 hours. These samples (total MMP activity) and 

samples without prior APMA activation (active MMP activity) were then diluted two-fold in 

assay buffer containing 20 μM of the quenched fluorogenic substrate and 100 ng/mL of the 

broad spectrum MMP inhibitor GM6001 (EMD Biosciences Inc, San Diego, CA) or 100 

ng/mL GM6001 negative control (EMD Biosciences). The fluorogenic substrate sequence is 

most specific for MMP-13 cleavage, but can also be cleaved by MMP-1, MMP-2, MMP-3, 

and MMP-9 (40). Samples were incubated for 2 hours in the dark at 37°C and then 
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fluorescence was measured at 485 nm excitation and 535 nm emission. Total MMP activity 

was calculated for each sample by subtracting the fluorescence in the samples incubated 

with GM6001 from the fluorescence in the samples incubated with the GM6001 negative 

control. All values were corrected for dilution. For meniscus tear subjects, active MMP 

activity (without APMA activation) at the time of surgery was undetectable in most samples 

(Table 1). Due to volume constraints, active MMP activity was not measured in control 

subjects.

All other assays were performed according to the manufacturers’ instructions. MMP-1, 

MMP-3, and MMP-9 levels were measured using the MMP 3-plex assay (MSD, Rockville, 

MD). MMP-2 and MMP-10 levels were measured using the MMP 2-plex assay (MSD). Due 

to limited sample volume, only 5 of the 6 control synovial fluid samples were tested for the 

MMP multiplex assays. The MSD kits used for MMP profiling can detect both latent and 

active enzymes.

Sulfated GAG content was measured using an alcian blue assay (Kamiya Biomedical 

Company, Seattle, WA). Enzyme-linked immunosorbent assays (ELISAs) were used to 

measure the following biomarker levels in serum and synovial fluid: MMP-13 (Abcam, 

Cambridge, MA), cartilage oligomeric matrix protein (COMP, Biovendor, Czech Republic), 

C-terminal ¾ fragment of type II collagen (C2C, Ibex, Montreal Canada), and prostaglandin 

E2 (PGE2, R&D Systems, Minneapolis, MN). MMP-13 was undetectable in most samples, 

as shown in Table 1.

The pro-inflammatory panel 1 (MSD) was used to determine the levels of the following 

cytokines: IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-α, and IFN-γ. IL-1β, 

IL-2, IL-4, IL-10, IL-12p70, IL-13, and IFN-γ were undetectable in some samples, as 

indicated in Table 1. If an analyte was undetectable in at least 50% of samples, then the 

analyte was excluded from further analyses. In cases where less than 50% of samples were 

undetectable, the values were input as half the lower limit of detection (Table 1).

The final biomarker concentrations in the lavaged synovial fluid were corrected for dilution 

based on urea concentrations (41). Urea nitrogen reagents (Pointe Scientific, Canton, MI) 

and urea standards (CMA Microdialysis, North Chelmsford, MA) were used to measure urea 

in the matched serum and synovial fluid samples in order to determine the dilution factor 

(DF) for the lavaged synovial fluid based on the following calculation: DF = (Serum Urea 

+ 0.897)/Synovial Fluid Urea.

Statistical Analyses

Descriptive statistics in the form of means and standard errors (SE) and medians and 

interquartile range (IQR) were calculated for each biomarker across each group. Mann-

Whitney U tests were performed to detect differences between demographic data for the 

control and meniscus tear groups, between biomarker concentrations of meniscus tear and 

control subjects, and between meniscus tear types. Serum and synovial fluid concentrations 

were compared using Wilcoxon Matched-Pairs. In addition, Spearman correlations were 

performed to determine if there were correlations between serum and synovial fluid 

concentrations. Spearman correlations were also performed to determine the relationship 
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between time since injury and serum and synovial fluid concentrations and to determine 

correlations between the synovial fluid biomarkers in meniscus tear subjects. Differences 

were considered statistically significant where p < 0.05.

Results

Subject Demographics

The meniscus tear group consisted of 13 males and 3 females with ages ranging from 33 to 

62 years and an average age of 48 years (Table 2). Their body mass indices (BMI) ranged 

from 21 to 33 kg/m2 with an average BMI of 27 kg/m2.

The reference control group, which included subjects who had at least one KL 0–1 knee, 

consisted of 4 males and 2 females with an age range of 42–81 years and average age of 62 

years (Table 2). These subjects had BMI ranging from 25 to 33 kg/m2 with an average BMI 

of 30 kg/m2. No statistically significant differences were detected between the subjects in 

the reference control group (KL 0–1) and meniscus tear groups with regard to age (p=0.06), 

sex (p=0.64), or BMI (p=0.07). Additionally, after separating the meniscus tear group into 

subsets based on tear type, consisting of complex or other (horizontal, complex lateral, or 

bucket handle) tear types, there were no significant differences by age (p=0.09), sex 

(p=1.00), or BMI (p=0.91).

Synovial Fluid Biomarkers Are Altered in Meniscus Tear Subjects

In order to identify biomarkers that are altered in subjects with a meniscus injury, levels of 

synovial fluid biomarkers were compared between meniscus tear knees and reference 

control radiographic non-OA knees. Average and median joint tissue metabolic and 

inflammatory biomarkers concentrations for the reference control group (synovial fluid) and 

meniscus tear group (synovial fluid and serum) are reported in Table 3.

Total MMP activity was elevated nearly 25-fold in the synovial fluid of meniscus tear knees 

compared to control knees (p<0.001, Figure 1a). In contrast, the meniscus tear group had 

significantly lower synovial fluid concentrations of MMP-10 (p<0.01, Figure 1b) and sGAG 

(p<0.05, Figure 1c) than the control knees. Among the inflammatory markers, synovial fluid 

PGE2 concentrations were elevated over 290-fold in meniscus tear knees compared to the 

control knees (p<0.0001, Figure 1d). No significant differences were detected between 

groups for any of the other synovial fluid markers (Table 3).

Synovial Fluid and Serum Biomarkers in Meniscus Tear Subjects

In order to assess the predominant source of the joint tissue metabolic and inflammatory 

biomarkers, we compared the concentrations in matched synovial fluid and serum (Table 3). 

In meniscus tear subjects, total MMP activity (p<0.001), MMP-2 (p=0.002), MMP-3 

(p=0.002), sGAG (p<0.001), COMP (p=0.0004), IL-6 (p=0.0004), and PGE2 (p<0.0005) 

concentrations were all significantly higher in the synovial fluid compared to serum. In 

contrast, MMP-9 (p=0.0004), MMP-10 (p<0.001), C2C (p=0.001), TNFα (p=0.0004), and 

IL-8 (p<0.05) concentrations were all significantly lower in synovial fluid than serum. In the 
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meniscus tear subjects, no significant correlations were detected between the serum and 

synovial fluid for any individual biomarker (data not shown).

In addition, we assessed the effect of time from injury on the meniscus tear biomarkers. 

Serum concentrations of MMP-10 (R=−0.76, p=0.002) and IL-6 (R=−0.59, p<0.05) 

decreased significantly with time from injury (data not shown). There was no detectable 

relationship between time from injury and any of the other measured synovial fluid or serum 

biomarkers.

Synovial Fluid Biomarker Correlations

Synovial fluid biomarkers that were altered in the meniscus tear knees were further 

evaluated to assess relationships with other synovial fluid biomarkers (Table 4). Importantly, 

there was a strong correlation (R=0.83, p<0.0001) between total MMP activity and PGE2, 

the two biomarkers most elevated after meniscal tear. On the other hand, synovial fluid total 

MMP activity was negatively correlated with synovial fluid MMP-3 (R=−0.56, p<0.05), 

MMP-9 (R=−0.63, p<0.01), and MMP-10 (R=−0.75, p<0.001). Synovial fluid sGAG was 

positively correlated to multiple synovial fluid biomarkers including: MMP-1 (R=0.51, 

p<0.05), MMP-2 (R=0.70, p=0.003), MMP-3 (R=0.70, p<0.05), MMP-9 (R=0.59, p<0.05), 

COMP (R=0.78, p=0.0004), IL-6 (R=0.58, p<0.05), and IL-8 (R=0.58, p<0.05). PGE2 was 

also negatively correlated with MMP-1 (R=−0.64, p<0.05), MMP-3 (R=−0.74, p<0.001), 

and MMP-9 (R=−0.78, p=0.0003).

Biomarkers Are Altered by Meniscus Tear Type

Meniscus tear biomarkers were further examined to determine if there were significant 

differences between subjects with complex medial meniscus tears versus other tear types, 

including horizontal, complex lateral, and bucket handle tears. The complex tear subjects 

had significantly higher synovial fluid (p<0.05) but not serum (p=0.87) MMP-10 compared 

to the other tear group (Figure 2a). Complex tear subjects had significantly reduced serum 

IL-8 (p<0.05, Figure 2b) and TNFα (p<0.05, Figure 2c) compared to the subjects with other 

tear types. For all other biomarkers, no differences in synovial fluid concentrations between 

groups (p>0.25) were detected (data not shown).

Discussion

The present study evaluated synovial fluid and serum biomarkers in meniscus tear subjects 

and synovial fluid biomarkers in reference control knees, providing a snapshot into the joint 

tissue metabolic and inflammatory changes associated with meniscus injury. This study 

identified significant differences in both total MMP activity and PGE2 concentrations in the 

synovial fluid of subjects with meniscus tears relative to subjects with a radiographic non-

OA knee. The results suggest that these catabolic and pro-inflammatory mediators may be 

biomarkers of meniscus injury and may play a role in subsequent joint degeneration. We did 

not detect a correlation between synovial fluid and serum biomarker levels, highlighting the 

importance of collecting synovial fluid for surveillance of post-injury inflammation and joint 

tissue metabolism. This small sample also provided preliminary evidence that local and 
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systemic biological differences may exist between subjects with different types of meniscus 

tears.

One of the primary findings of this study is that total MMP activity in the synovial fluid of 

meniscus tear subjects was significantly elevated, as compared to the reference control 

subjects. Given that we previously observed a significant positive correlation of total 

synovial fluid MMP activity with increased cartilage strain following meniscal injury (18), 

the elevated MMP activity detected in our current study likely reflects increased cartilage 

strain following meniscus injury in these subjects. The collagenases, MMP-1, MMP-8, 

MMP-13, and membrane type 1 MMP (MT1-MMP), are the only enzymes capable of 

degrading intact triple helical collagen (42). The MMP activity measured in this study may 

be attributable to a broad range of different MMPs. However, we observed that synovial 

fluid total MMP activity in meniscus tear subjects was negatively correlated with synovial 

fluid concentrations of MMP-3, MMP-9, and MMP-10, indicating that these enzymes are 

likely not contributing to the increased MMP activity. MMP-10 was also decreased in the 

synovial fluid of meniscus tear subjects as compared to the reference controls, further 

suggesting that MMP-10 is likely not mediating the enhanced synovial fluid total MMP 

activity in the meniscus tear subjects. Although MMP-2 was elevated in synovial fluid as 

compared to serum, it was not increased in meniscus tear knees compared to the reference 

controls and there was no correlation between MMP-2 and total MMP activity in the 

synovial fluid. While a study in a mouse model of medial meniscus destabilization showed 

that MMP-13 activity was elevated for at least eight weeks following surgery (43), in this 

study MMP-13 was undetectable in the majority of the synovial fluid samples. Our results 

suggest that other MMPs or a combination of MMPs are likely contributing to the elevated 

activity. Recently, MMP-12 gene expression and MMP activity were shown to be elevated in 

a mouse model of meniscus destabilization (44). In addition, gene expression of MMP-1, 

MMP-9, and MMP-13 is elevated in patients following a meniscus tear (45). In a rat medial 

meniscal tear model of joint injury, broad spectrum MMP inhibition protects against the 

development of PTOA (46). Our findings are also consistent with previous work showing 

that broad spectrum MMP inhibition, rather than individual MMP inhibitors, is necessary to 

promote integrative meniscal repair in the presence of IL-1 (38). These findings suggest that 

a combination of MMPs may be responsible for the increased total MMP activity in the 

synovial fluid of meniscus tear subjects.

The total MMP activity measured in this study is a combination of the activity attributable to 

both secreted pro-MMPs and active MMPs. Similarly, the individual MMP protein 

concentrations indicate the quantity of these proteins but do not indicate the percentage of 

latent or active enzymes. We were not able to detect active MMPs in the majority of the 

synovial fluid samples from the meniscus tear subjects; therefore, most of the MMPs are 

currently in the latent form. However, several different factors in the joint can activate the 

pro-MMPs, including MMP-3, MMP-10 (47), MT-MMPs, plasmin (48, 49), and activated 

protein C (50). Therefore, the total MMP activity provides a surrogate measure of the 

potential MMP activity in the joint that could contribute to the degradation of ECM 

components in joint tissues and ultimately lead to PTOA development.
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Synovial fluid total MMP activity and synovial fluid PGE2 concentrations in meniscus tear 

subjects were strongly correlated and higher than reference controls. Similar to our findings, 

a previous study in OA cartilage showed that PGE2 causes upregulation of MMP-13 

expression and activity, downregulation of MMP-1, and decreased sGAG synthesis (51). 

Previous studies have also shown that PGE2 is increased in OA synovial fluid (52) and is 

mechanically regulated in cartilage and meniscus (53–55). PGE2 is a lipid mediator involved 

in inflammation, apoptosis, and potentially structural changes characteristic of OA (56, 57). 

Additionally, prostaglandin E synthase, an enzyme that regulates PGE2 production, is 

upregulated by the pro-inflammatory cytokines IL-1 and TNFα, but not IL-4, IL-6, IL-8, 

IL-10, or IFN-γ (58) and is increased in a rat model following ACL transection and partial 

medial meniscectomy (59). Therefore, immediately after meniscus injury, increased levels of 

IL-1, TNFα, cartilage strain (18), or a combination of these factors may drive the profoundly 

elevated levels of synovial fluid PGE2 detected at the time of surgery.

This study was cross-sectional in nature; therefore, we are not able to determine if the 

elevated total MMP activity and PGE2 levels in the meniscus tear subjects may have been 

present prior to meniscal injury or were a consequence of injury. In a recent study, serum 

C1, 2C and C2C concentrations were found to be associated with subsequent ACL injury in 

patients (35), suggesting that these systemic concentrations of type I and II collagen 

neoepitopes may reflect biochemical, genetic, or biomechanical changes in subjects that are 

susceptible to joint injury (35). In this study, we found that C2C levels were significantly 

lower in synovial fluid than serum of meniscus tear subjects. However, it is not possible to 

conclude from this study if the serum C2C concentrations were elevated in meniscus tear 

subjects prior to injury or indicative of type II collagen cleavage following injury. Future 

studies will be needed to evaluate subjects prior to joint injury, as well as after injury, to 

determine if any of these biomarker changes are predictive of PTOA development.

Nearly all measurable biomarkers were significantly different between the serum and 

synovial fluid of meniscus tear subjects. These findings are consistent with previous work in 

patients with an acute ACL injury (29). These patients also had different concentrations of 

synovial fluid and serum biomarkers, including COMP and MMP-3, which were 

significantly higher in synovial fluid than serum (29). Higher concentrations of biomarkers 

in the synovial fluid likely reflect the local joint origin of the biomarkers, while serum 

concentrations reflect the systemic response due to injury and may be confounded by other 

tissue sources (29, 60). This suggests that synovial fluid and serum collection are important 

to understanding local and systemic biological changes associated with a meniscus tear. In 

addition, many of the biomarkers measured in this study are not specific to either the 

cartilage or the meniscus. Currently, there are no known meniscus-specific biomarkers. 

Therefore, future work to identify markers that are specific to meniscus tissue would 

represent a significant advance for monitoring meniscus turnover.

Upon stratification of the meniscus tear subjects by type of meniscus tear, we detected 

differences in both local synovial fluid and systemic biomarkers between the tear types. It is 

well known that meniscus tears in the outer zone tend to heal more readily than tears in the 

inner zone, which has largely been attributed to the vascular supply (61). As well, horizontal 

and longitudinal tears in the vascularized outer region are generally recommended for repair, 
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but repair of other types of tears is generally less favorable (61, 62). Still, there is a lack of 

data on the biologic changes at the joint level and systemically following different types of 

meniscus tears. Despite our small sample sizes and broad grouping of meniscus tears, our 

results suggest that the type of tear influences the biological changes associated with 

meniscus injury. Therefore, future work is needed to investigate biomarker profiles in 

different meniscus tear locations and types in order to determine the mechanistic biological 

changes that are occurring in these patients and their relationship to subsequent clinical 

outcomes.

In our study, we found that MMP-10 and sGAG levels were significantly lower in the 

meniscus tear group than the reference control knees. The reference control knees were 

classified radiographically as non-OA (KL grade 0–1), but the contralateral knee of each 

reference control subject was symptomatic and classified as KL grade 1–3. The reference 

control synovial fluid was taken from the radiographically non-OA knee but may have been 

confounded by OA biomarkers from the serum of these patients. On the other hand, the low 

sGAG in our meniscal tear subjects is consistent with a recent ACL injury study showing 

similar concentrations of synovial fluid sGAG at 9 weeks following injury (63). 

Furthermore, in the synovial fluid of meniscus tear subjects, the sGAG concentrations were 

positively correlated with the pro-inflammatory cytokines IL-6 and IL-8 and the degradative 

enzymes MMP-1, MMP-2, MMP-3, and MMP-9, which may be mediating the degradation 

and release of sGAG from the ECM of the cartilage and meniscus (64, 65).

Other studies investigating inflammatory biomarker levels in the synovial fluid of subjects 

with meniscus tears observed much higher levels of IL-6, IL-8, and TNFα (21, 66). 

Additionally, levels of IL-1β, IL-2, IL-4, IL-10, IL-12p70, IL-13, and IFN-γ were detected 

in their meniscus tear groups (21, 66), while we did not detect these synovial fluid cytokines 

in our meniscus tear subjects. These differences may be attributed to the varying 

methodological approaches. The present study evaluated subjects without clinical OA 

changes that were recommended for surgery after meniscus injury, while the previous 

studies investigated subjects that were recommended for non-operative management (21) or 

subjects that had concomitant OA (66). There were also varying analytical methods used 

between these studies. The present study corrected for synovial fluid dilution due to lavage, 

while a previous study also collected synovial fluid by lavage but did not correct for the 

inherent dilution (21), potentially explaining some differences in our findings. The time 

from injury (mean 10.8 weeks) to sample collection may have affected our ability to detect 

transient elevations of pro-inflammatory cytokines (65, 67), particularly for serum MMP-10 

and serum IL-6, which showed a negative correlation with time from injury in this study. 

Future studies would benefit from serial biospecimen collection starting at the time of 

meniscus injury and at multiple and standardized time points thereafter.

In conclusion, based on analyses of inflammatory and joint tissue metabolic biomarkers, we 

have shown that synovial fluid total MMP activity and synovial fluid PGE2 were both 

significantly elevated and correlated in knees with meniscus tears. Given the pro-

inflammatory and degradative roles of these molecules, our findings suggest that modulation 

of PGE2 signaling, total MMP activity, or both following a meniscus injury may alter the 

biochemical environment of the joint to promote meniscus repair and possibly prevent OA 
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development. Future studies are needed to investigate the relationship of these biomarkers 

with clinical outcomes following meniscus injury to identify patients that may be at risk of 

developing OA and to develop therapeutic treatments that may prevent OA development.
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Figure 1. 
Synovial fluid levels of (a) Total MMP Activity (b) MMP-10 (c) sGAG and (d) PGE2 in 

control and meniscus tear subjects. The line indicates the median of the data. * p<0.05.
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Figure 2. 
Serum and synovial fluid levels of (a) MMP-10, (b) IL-8, and (c) TNFα by meniscus tear 

type. The line indicates the median of the data. * p<0.05.
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Table 2

Subject Demographics

Subject Sex Age (years) BMI (kg/m2) Tear Type

Control - 1 Male 69 29 N/A

Control - 2 Male 69 31 N/A

Control - 3 Female 44 25 N/A

Control - 4 Female 42 33 N/A

Control - 5 Male 80 30 N/A

Control - 6 Male 69 29 N/A

Meniscus Tear - 1 Male 39 24 Other

Meniscus Tear - 2 Male 51 24 Complex

Meniscus Tear - 3 Male 41 27 Complex

Meniscus Tear - 4 Male 52 30 Other

Meniscus Tear - 5 Male 49 32 Other

Meniscus Tear - 6 Male 33 25 Other

Meniscus Tear - 7 Female 36 21 Other

Meniscus Tear - 8 Male 59 22 Complex

Meniscus Tear - 9 Male 62 28 Complex

Meniscus Tear - 10 Female 51 24 Complex

Meniscus Tear - 11 Female 53 29 Complex

Meniscus Tear - 12 Male 55 28 Complex

Meniscus Tear - 13 Male 35 25 Complex

Meniscus Tear - 14 Male 47 33 Complex

Meniscus Tear - 15 Male 58 31 Complex

Meniscus Tear - 16 Male 48 25 Complex

N/A: not applicable

Other: Horizontal, bucket handle, or complex lateral
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Table 4

Spearman Correlations of Synovial Fluid Biomarkers in Meniscus Tear Subjects

Synovial Fluid Correlations R p-value

MMP Activity

Synovial Fluid MMP-3 −0.56 <0.05

Synovial Fluid MMP-9 −0.63 <0.01

Synovial Fluid MMP-10 −0.75 <0.001

Synovial Fluid PGE2 0.83 <0.0001

MMP-10

Synovial Fluid MMP-9 0.61 <0.05

Synovial Fluid PGE2 −0.77 <0.001

sGAG

Synovial Fluid MMP-1 0.51 <0.05

Synovial Fluid MMP-2 0.70 0.003

Synovial Fluid MMP-3 0.59 <0.05

Synovial Fluid MMP-9 0.59 <0.05

Synovial Fluid COMP 0.78 0.0004

Synovial Fluid IL-6 0.58 <0.05

Synovial Fluid IL-8 0.58 <0.05

PGE2

Synovial Fluid MMP-1 −0.64 <0.05

Synovial Fluid MMP-3 −0.74 <0.001

Synovial Fluid MMP-9 −0.78 0.0003
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