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Abstract

Severe knee trauma, such as an ACL disruption, produces aggrecan degradation as evidenced by 

elevated synovial fluid (SF) N-terminal (393) Alanine–Arginine–Glycine–Serine (ARGS) 

neoepitope (or ARGS-aggrecan) and is associated with inflammatory activity soon after injury. 

However, it is not known if this process persists for a substantial time interval following the initial 

trauma. The purpose of this study was to evaluate relationships between SF ARGS concentrations 

and an array of cytokines, matrix metalloproteases (MMPs), and tissue inhibitor of 

metalloproteases (TIMPs) during the initial 6 months following ACL rupture. SF samples from 67 

ACL-injured subjects (29 women) were analyzed within 6 months of injury (18–155 days), 

immediately prior to surgical ACL reconstruction. Relationships between ARGS and individual 

analyte concentrations, as well as MMP/TIMP ratios were evaluated. Statistically significant 

relationships were found between ARGS and basic fibroblast growth factor (FGF2) (p = 0.03) and 

TIMP-3 (p = 0.01). Our findings suggest that FGF2, considered to be primarily catabolic in 

articular cartilage, is not downregulated as ARGS concentration declines over time since injury. In 

addition, these results support the hypothesis that an upregulation of TIMP-3, the primary 

aggrecanase inhibitor, is elicited in response to increased aggrecan degradation, which may inhibit 

further cleavage.
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There is an increased risk of Post-Traumatic Osteoarthritis (PTOA) following significant 

knee trauma, such as rupture of the Anterior Cruciate Ligament (ACL), regardless of 

treatment.1–11 Mechanical stresses incurred at the time of the index injury may result in 

structural and biochemical changes within the tibiofemoral joint,1,4,12,13 causing an acute 

inflammatory response and altered cartilage biology.14,15 The resulting imbalance in 

articular cartilage homeostasis and physiologically driven chondrodestructive events may be 

associated with the onset of PTOA through numerous mechanisms.14–22 Unfortunately, by 

the time patients suffering from these injuries become symptomatic, irreversible damage to 

the articular cartilage and surrounding tissues has likely occurred. Consequently, much 

attention has been devoted to the characterization of the early localized physiological events 

that occur following joint trauma, in hopes of identifying promising prognostic markers of 

PTOA onset and early disease progression23–26 that may serve as therapeutic targets for 

early intervention to prevent future articular cartilage degradation.13,24–28

The onset of OA includes deleterious physiologic changes within the articular cartilage, and 

it is believed that one of the initial events involves degradation of matrix 

proteoglycans.26,29–34 One mechanism by which this may occur following knee trauma is 

through the enzymatic cleavage of aggrecan at the (392)Glu–(393)Ala bond in its interglobular 

domain, which results in the release of N-terminal (393)Alanine–Arginine–Glycine–Serine 

(ARGS) neoepitopes into the surrounding synovial fluid (SF).29,35,36

Recent investigations have provided evidence that a biochemical response occurs very soon 

after acute knee trauma, and aggrecan degradation (evidenced by elevated SF levels of 

ARGS) is associated with inflammatory activity during the initial few weeks following acute 

ACL rupture,15,19,36,37 as well as at long-term follow-up after menisectomy30,37 compared 

to healthy, matched controls. It is not known, however, if this process persists for a 

substantial time interval following acute trauma, or if it is exclusive to the initial acute 

inflammatory phase following injury. In addition, the association between SF ARGS 

concentrations and inflammatory and non-inflammatory cytokines, as well as relationships 

between ARGS concentrations and the levels of matrix metalloproteases (MMPs) or tissue 

inhibitors of metalloproteases (TIMPs) found in the synovial fluid following ACL 

disruption, have not been reported. Consequently, the purpose of this study was to evaluate 

relationships between SF ARGS levels and an array of cytokines, MMPs, and TIMPs within 

the 6 months following acute ACL rupture.

MATERIALS AND METHODS

Research Participants

This was a cross-sectional study of 67 subjects (29 women) with a mean age of 30 years 

(SD: 11.4) and a mean BMI of 25.6 (SD: 4.7). These subjects were enrolled in two different 

prospective cohort studies at the time of sample collection, and as such, a full description of 

specific inclusion/exclusion criteria has been previously reported. (Ref’s removed for 

blinding) Both studies were approved by our institutional review board prior to data accrual, 

and all study participants provided written informed consent prior to enrollment. Briefly, 

entry criteria for both studies were similar and included: Tegner activity score greater than or 

equal to 5, no history of substantial trauma to any joint defined as that requiring medical 
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evaluation and/or more than 3 days modified activity, no relevant knee pathologies other 

than those sustained during the index ACL injury event; no abnormal capsular laxity or 

appreciable injury to the collateral ligaments or posterior cruciate ligament; no radiographic 

evidence of fracture or pre-existing OA; no visual malalignment of the tibiofemoral joint as 

determined with the International Knee Documentation Committee (IKDC) Knee 

Examination Criteria; less than 1/3 meniscectomy performed at the time of surgical 

reconstruction (only one subject had just over 1/3 meniscectomy and was consequently 

graded “2/3 menisectomy” as a conservative measure per grading criteria guidelines); and 

articular cartilage lesions of grade 3A or less in the tibiofemoral and patellofemoral joints 

(based on International Cartilage Repair Society grading criteria38). At the time of surgical 

reconstruction, 42 subjects had intact menisci,39 including 26 knees with no meniscal 

pathology and 16 that received a meniscal repair or had a stable tear that was left in-situ. 

Twenty-five subjects were treated with a partial meniscectomy, which also included very 

minor debridement.

Synovial Fluid Collection

Synovial fluid samples were obtained from the injured knee of subjects via non-lavage 

arthrocentesis under sterile conditions immediately prior to surgical ACL-reconstruction. 

Following collection, samples were centrifuged (4,000g) at 4°C for 20 min, and supernatants 

were stored at −80°C until assay processing. All surgical reconstructions occurred within 6 

months of the index injury (mean = 67.0 days, SD = 28.7, range = 13–155 days). Samples 

were analyzed to evaluate concentrations of ARGS, 42 cytokines, 8 MMPs, and 4 TIMPs.

ARGS Evaluation

SF aggrecan ARGS neoepitope, from aggrecanase cleavage at TEGE392↓393ARGS, was 

quantified using electrochemiluminescence (ECLC) immunoassay as described 

previously.15,30 Briefly, SF was deglycosylated with chondroitinase ABC, keratanase, and 

keratanase II. High-bind MA600 96-well microtiter plates (#L11XB-1 Meso Scale 

Discovery [MSD] Gaithersburg, MD) were coated with an antibody against the G1 and G2 

globular domains of human aggrecan (#AHP0022, Invitrogen Life Technologies, Grand 

Island, NY). ARGS-aggrecan was detected by a biotinylated monoclonal anti-ARGS 

antibody (MAb OA-1)9,31 and incubated with Sulfo-tagged streptavidin (MSD) before 

analysis in a Sector Imager 6000 (MSD). Reported concentrations are in pmol/ml synovial 

fluid.

Cytokine, MMP, and TIMP Evaluation

Concentrations of analytes were evaluated in synovial fluid using commercially available 

bead-based multiplex immunoassays (MilliPlex 42-Plex Kit, Millipore Corporation, 

Billerica, MA), which were evaluated on a Bio-Plex 200 testing system equipped with high-

throughput fluidics (Bio-Rad Laboratories, Hercules, CA) using neat SF. Evaluated analytes 

for this assay included epidermal growth factor (EGF), eotaxin, basic fibroblast growth 

factor (FGF2), Fms-related tyrosine kinase 3 ligand (Flt-3L), fractalkine, granulocyte 

colony-stimulating factor (G-CSF), granulocyte–macrophage colony-stimulating factor 

(GM–CSF), growth related oncogene (GRO), interferon alpha 2 (IFN-α2), interferon gamma 

(IFN-γ), monocyte chemotactic protein-1 (MCP-1), monocyte chemotactic protein-3 
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(MCP-3), macrophage-derived chemokine (MDC), macrophage inflammatory protein-1 

alpha (MIP-1α), macrophage inflammatory protein-1 beta (MIP-1β), platelet-derived growth 

factor-AA (PDGF-AA), platelet-derived growth factor-AB (PDGF-AB), regulated on 

activation-normal T-cell expressed and secreted (RANTES, aka CCL5), transforming growth 

factor alpha (TGFα), tumor necrosis factor-α (TNF-α), tumor necrosis factor-β (TNF-β), 

vascular endothelial growth factor (VEGF), soluble CD40 ligand (sCD40L), interferon 

gamma-induced protein 10 (IP-10), and the following interleukins (IL) and receptors: 

IL-1ra, IL-1α, IL-1β, IL-2, soluble interleukin-2 receptor alpha (sIL-2r-α), IL-3, IL-4, IL-5, 

IL-6, IL-7, IL-8, and IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, and IL-17. In 

addition, MMP 1, 2, 3, 7, 9, 10, 12, and 13 (Milliplex MMP panels 1 and 2), and TIMP 1, 2, 

3, and 4 (Milliplex TIMP panel 1) were evaluated using similar methods.

Per manufacturer guidelines, RANTES, PDGF-AA, and PDGF-AB/BB are generally not 

evaluated concurrently with other analytes in this multiplex assay due to the need for a 1:100 

dilution to adequately quantify concentrations of these cytokines in plasma and serum. 

However, preliminary optimization and dilution experiments performed with synovial fluid 

samples from injured knees and those of non-injured subjects demonstrated that all three 

analytes were within the detectable range of the assay in neat synovial fluids samples.

All assays were performed in duplicate according to manufacturer’s instructions. Briefly, 25 

μl of undiluted synovial fluid, standard, quality control, or assay buffer (background) was 

added to each well of a pre-wet 96-well vacuum filter plate. Twenty-five microliters of assay 

buffer plus 25 μl of conjugated beads were added to each well and the plates were covered, 

shaken vigorously for 1 min on an IKA (Wilmington, NC) MTS 2/4 digital microtiter plate 

shaker and then moderately shaken overnight at 4°C. After washing using a Bio-Rad Bio-

Plex Pro II wash station, 25 μl of biotinylated detection antibodies were added to the 

appropriate wells for 2 h followed by addition of 25 μl of streptavidin-PE to all wells for 30 

min. The wells were washed and the beads were resuspended in 125 μl sheath fluid. Data 

were acquired using the Bio-Rad Bio-Plex suspension array system and Bio-Plex Manager 

6.0 software. Fluorescence intensity of the background was subtracted from the values for 

each sample, standard, or control for each specific bead. Standard curves were generated 

from standards provided in the Milliplex kits, which were analyzed using 5-place logistic 

regression from standards within the limits of detection of the assay (70–130% of expected 

values). Reported concentrations are in pg/ml synovial fluid.

Statistical Analysis

The strengths of the relationships between ARGS concentrations and individual analyte 

concentrations, as well as MMP/TIMP ratios were evaluated statistically with the Partial 

Spearman Correlation test, due to the non-normality of the concentration data, while 

adjusting for age, sex, and the time interval between injury and SF sample acquisition. This 

non-parametric method uses the ranks of the data for analysis, and was chosen because it is 

valid regardless of non-normality of the data, and is not strongly influenced by outliers. As a 

conservative measure, correlations between ARGS and other analytes were evaluated only if 

80% of sample concentrations fell within the detectable range of the assay. The purpose of 

this study was to explore relationships between ARGS and other SF analytes while 
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maintaining an adequate level of power to detect correlations of 0.25 (absolute) or greater as 

statistically significant. Analysis was done without and then with adjustment for multiple 

comparisons using the Benjamini–Hochberg procedure for controlling False Discovery Rate. 

The alpha level for determining statistical significance was set a-priori at 0.05 for all 

analyses, which were conducted using SAS 9.2 software (SAS, Inc., Cary, NC).

RESULTS

All of the synovial fluid samples that were analyzed in this study had ARGS concentrations 

that fell within the limits of detectability (Table 1). Twenty three of the 42 cytokines, and 5 

of the 12 MMP//TIMP had at 80% or greater of the synovial sample concentrations that 

were within the limits of detectability (Tables 1 and 2). Because of concerns about 

incomplete data sets, we chose not to perform statistical analysis on the data sets that had 

less that 80% of the synovial fluid samples with the limits of detectability (see Tables 1 and 

2 for details).

The ARGS concentrations decreased over time following ACL injury (Fig. 1A). Results of 

the Spearman Partial Correlation tests revealed statistically significant relationships between 

ARGS concentrations and FGF2 (rs = −0.27, p = 0.03; Fig. 1A; Table 1). Similarly there was 

a statistically significant relationship between ARGS concentrations and TIMP-3 (rs = 0.33, 

p = 0.01; Fig. 1B; Table 2). Although not statistically significant, IP-10 (Fig. 1C), and Flt-3L 

(Fig. 1D), had correlations greater than 0.20 (absolute values) (Table 2). All other analytes 

tested received partial correlation values less than 0.2 and were not statistically significant. 

Concentrations for these analytes as well as their correlation with ARGS are presented in 

Tables 1 and 2.

Findings When Using Adjustment for Multiple Comparisons With the Benjamini–Hochberg 
Procedure for Controlling False Discovery Rate

Results of the Spearman Partial Correlation tests showed a statistically significant 

relationship between ARGS concentration and TIMP-3 (p = 0.05 after Hochberg correction 

for False Discovery Rate). Although not statistically significant after Hochberg correction, 

FGF2, IP-10, and Flt-3L had correlations greater than 0.20 (absolute values). The unadjusted 

p-value for FGF2 was significant (p = 0.03). These results seem to be indicators of 

meaningful relationships between ARGS and these analytes, and worthy of further study.

DISCUSSION

In this study, we found that SF-ARGS concentrations decreased over time since injury, 

which supports previously reported findings.29 To our knowledge, this is the first 

investigation to examine a large array of cytokines, MMPs, and TIMPs as they relate to SF 

ARGS concentration during the first 6 months following acute ACL trauma and builds on 

information reported previously.15,29 This work represents an important first step in our 

understanding of the initial response of the knee to severe ligament trauma.

During the initial period following ACL injury when ARGS concentrations are high, FGF2 

concentrations are low, and as ARGS concentrations decrease over time, FGF2 

Tourville et al. Page 5

J Orthop Res. Author manuscript; available in PMC 2017 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations gradually increase. The specific role of FGF2 as a catabolic or anabolic 

mediator of articular cartilage homeostasis remains controversial40 depending upon which of 

the four FGF receptor subtypes (FGFR1, 2, 3, or 4) expressed on the surface of the articular 

chondrocyte is selectively activated. Activation of FGFR1 by members of the FGF protein 

family (FGF2, -8, and -18) is associated with a catabolic response, whereas activation of 

FGFR2is associated with an anabolic/chondroprotective response.3,11,41 Since FGFR1 is 

expressed in substantially higher quantities on the chondrocyte surface compared toFGFR2, 

elevated concentrations of FGF2 are believed to result in primarily catabolic responses.11 

Human articular cartilage explant studies3,42 have demonstrated the rapid release of FGF2 

soon after mechanically induced trauma. In those investigations, increased FGF2 

concentration resulted in the up-regulation of MMP-13 through mitogen activated protein 

kinase (MAPK) pathways, as well asup-regulation of ADAMTS-4 and -5 (A disintegrin and 

a metalloproteinase domain with thrombospondin motifs, proteins 4 and 5). These proteins, 

also commonly referred to as aggrecanase 1 and 2, respectively, are considered to be the 

primary enzymes responsible for the degradation of aggrecan through cleavage at the 

Glu392–Ala393 bond in the interglobular domain.43 The FGF2-induced upregulation of 

aggrecanase-1 and -2 is mediated through activation of Runt-related transcription factor 2 

(RUNX2) and activator protein 1 (AP-1) pathways.11 In addition to its participation in the 

upregulation of aggrecanase enzymes, FGF2 is also implicated in pathways responsible for 

suppression of genes involved in aggrecan production.11 Due to the purported catabolic 

effects of increased FGF2 concentration, it seems counter-intuitive that this protein 

displayed an inverse/negative relationship with ARGS levels as was observed in the current 

investigation. This finding is especially intriguing in light of previous findings that FGF2 up-

regulates aggrecanase (primarily ADAMTS-4 and-5) production.11,41 It may be that in the 

current study, FGF2 was, in-fact, upregulated during the initial days following the index 

ACL trauma, resulting in higher levels of aggrecanases (and consequent production of 

ARGS through aggrecanase cleavage) and returned to lower levels while ARGS remained 

elevated prior to SF acquisition. An alternative hypothesis may be that, following injury (and 

after the acute inflammatory phase has subsided), chondrocytes may increase FGFR2 

production concurrently with increased levels of FGF2 in an effort to upregulate the 

anabolic/chondro protective response from chondrocytes. This study was not designed to 

evaluate relationships between ARGS concentration and other analytes during the initial 

acute inflammatory response immediately following ACL injury, as these relationships have 

been previously reported.15 The purpose of this investigation was to build on this prior 

work,15 and evaluate the temporal response that occurred following the acute inflammatory 

phase (within the first 2 weeks of injury) through surgical ACL reconstruction (22 weeks 

post injury).

Our results regarding ARGS concentration following ACL injury concur with those we have 

reported previously.15 In that investigation, SF samples were obtained from 111 ACL injured 

knees within the first 23 days following injury to characterize ARGS and pro-inflammatory 

concentrations during the acute inflammatory phase following injury. The results of this 

earlier work demonstrated that ARGS concentration levels are significantly elevated during 

the first few weeks following ACL injury compared to non-injured controls. In addition, the 

pro-inflammatory cytokines that were evaluated (IL-1β, IL-6, IL-8, and TNF-α) were also 
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significantly elevated in injured subjects compared to controls from the time of injury 

through 23 days post. In the present study, we found that ARGS levels are generally higher 

during the first 2 months following injury, and decline as a function of time (Fig. 1). We did 

not, however, find substantially elevated pro-inflammatory cytokine concentrations of 

IL-1ra, IL-1β, IL-6, IL-8, or TNF-α in our cross-sectional analysis over 6 months post-

injury. The levels of these SF analytes appear to be similar to those previously reported with 

healthy subject reference values,15,20 albeit using different assay techniques (i.e., Luminexvs 

MSD), and consequently may not be directly comparable. This finding is in concurrence 

with those previously reported during this time-frame following ACL injury,22,44 and 

indicates that (as a group) the inflammatory response following injury likely subsided during 

this period.

This study was designed to characterize how ACL disruption is associated with the short-

term temporal response of ARGS in synovial fluid with a focus on understand the 

mechanism in which it is controlled following joint trauma but prior to reconstruction and 

rehabilitation. We took steps to control for known confounding variables that may lead to the 

identification of spurious results through our statistical analyses by adjusting for subject age, 

sex, and time since injury, it is possible that unknown variables that were not controlled for 

could be influencing these results. In addition, whereas the multiplex assays used for our 

synovial fluid analyses have been validated for use in human serum, the manufacturer has 

not specifically validated their use for the analysis of other body fluids such as urine, 

cerebral spinal fluid, or synovial fluid at this time. Nevertheless, Milliplex assays have been 

used successfully for the measurement of synovial fluid.6,45 Another potential limitation 

associated with our study is that it did not include an evaluation of matched, non-injured 

control subjects with normal joints, or measurement of aggrecanases (ADAMTS-4 and -5). 

We did not expect subjects with normal knees to have variable levels of the analytes that 

were considered in the current study as prior work has demonstrated that they either do not 

vary over time or are very low and cannot be detected in subjects with normal knees and no 

history of prior injury or disease.46,47 This study drew from two separate cohorts that have 

similar characteristics. Consequently, we performed the Partial Spearman Correlation tests 

on each cohort separately, and for all comparisons this resulted in the same relationships as 

presented in the analysis of the combined cohorts.

This study was cross-sectional by design and did not have the capacity to definitively 

establish cause–and –effect relationships between the change in ARGS matrix component of 

cartilage and mediator responsible for producing the change. These finding suggests that 

there are likely additional variables associated with change in ARGS concentration 

following injury and healing that have not yet been identified, which may include other 

cellular mediators, damage incurred at the time of injury (articular cartilage, menisci, 

synovium, etc), or the rate at which SF ARGS fragments are produced and cleared by the 

synovial membrane.

Strengths of this study include the evaluation of only first-time isolated ACL injuries or ones 

with relatively minor concomitant injuries to the articular cartilage and menisci, obtained 

from knees with no radiographic characteristics indicative of pre-existing OA. Our approach 

was to study the temporal response of ARGS following ACL disruption and prior to 
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reconstruction in an effort to begin to understand the initial response of the knee to ACL 

trauma. It is important for us to point out, however, that the time interval between ACL 

injury and acquisition of SF samples was dependent on the recruitment and retention of 

study participants and the surgical schedule (the day when SF was acquired) with the cross-

sectional study design that was used. Consequently we did not have a homogenous 

distribution of data over time. Instead, the time interval between injury and SF acquisition 

was used as a covariate in the statistical analysis. Future studies would benefit from the 

longitudinal assessment of ARGS concentration as it relates to various inflammatory and 

non-inflammatory cytokines, MMPs and their inhibitors, as well as the evaluation of 

aggrecanase concentrations, with Post Traumatic Osteoarthritis outcomes evaluated at a 

multiple-year follow-up and compared to a group of healthy, matched control subjects.

In conclusion, the results of this cross-sectional investigation indicate that ARGS 

concentrations are negatively correlated with FGF2 concentrations, and positively correlated 

with TIMP-3 over time following acute ACL injury. Our results support the hypothesis that 

during the initial period following ACL injury (when SF ARGS concentrations are highest), 

there is an up-regulation of TIMP-3 in response to increased aggrecan degradation, which 

may inhibit further cleavage. TIMP-3 is one of the primary inhibitors of ADAMTS-4 and 

-5.43,48 Although the evaluation of ADAMTS proteins was beyond the scope of this 

preliminary investigation, we posit that as aggrecanase activity is up-regulated following 

injury (as evidenced by the increased concentration of ARGS in SF) the corresponding up 

regulation of TIMP-3 serves as a regulatory mediator of aggrecan degradation. This also 

lends to the hypothesis that an imbalance of aggrecanase to TIMP-3 ratio may play a role in 

tibiofemoral joint space width changes (increased or decreased), which present within 

months following ACL injury in some individuals.12,49,50
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Figure 1. 
A: Concentrations of ARGS (pmol/mL) and FGF2 (pg/ml) in synovial fluid obtained from 

the ACL injured knee plotted against the time interval (months) between the index ACL 

injury and acquisition of the sample from the knee joint via non-lavage arthrocentesis. B: 

Concentrations of ARGS (pmol/ml) and TIMP-3(pg/ml) in synovial fluid obtained from the 

ACL injured knee plotted against the time interval (months) between the ACL injury and 

acquisition of the sample from the knee joint with the used of non-lavage arthrocentesis. C: 

Concentrations of ARGS (pmol/ml) and IP-10 (pg/ml) in synovial fluid obtained from the 

ACL injured knee plotted against the time interval (months) between ACL trauma and 

acquisition of the sample from the knee joint with non-lavage arthrocentesis. D: 

Concentrations of ARGS (pmol/ml) and Flt-3L (pg/ml) in synovial fluid obtained from the 

ACL injured knee plotted against the time interval (months) between ACL trauma and 

acquisition of the sample from the knee joint with non-lavage arthrocentesis.
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