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Abstract: The roles that cytokines and matrix metalloproteinases play in the onset and progression of posttraumatic 
osteoarthritis (PTOA) remain a topic of debate. The study objective was to evaluate the concentrations of these 
inflammatory mediators during the development of mild to moderate PTOA in the porcine anterior cruciate ligament 
(ACL) surgical model. We hypothesized that there would be more animals with detectable mediators in the pigs that 
develop moderate PTOA (those receiving ACL reconstruction or untreated ACL transection) compared to those that 
develop mild PTOA (those receiving scaffold-enhanced ACL repair). 36 Yucatan minipigs underwent ACL transec-
tion and were randomized to: 1) no further treatment, 2) ACL reconstruction, or 3) scaffold-enhanced ACL repair. 
Synovial fluid samples were obtained pre-operatively, and at 1, 4, 12, 26 and 52 weeks post-operatively. The con-
centrations of inflammatory mediator in the synovial fluid samples were evaluated via multiplex assay. Macroscopic 
cartilage assessments were performed following euthanasia at 52 weeks. As found in prior studies, the repair group 
had significantly less cartilage damage than either the ACL transected or ACL reconstruction groups (P<.03). The 
presence and concentrations of the biomarkers were influenced by surgical group and time. In general, the concen-
trations of inflammatory mediators were higher in the repair group, which exhibited less cartilage damage than the 
other two treatment groups. While this finding disproved the hypotheses, these data suggest that the metabolic ac-
tivity of the joints exhibiting less cartilage damage remained higher over the 52-week period than those that did not. 
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Introduction

Posttraumatic osteoarthritis (PTOA) rates have 
been reported to be as high as 80% a decade 
after anterior cruciate ligament (ACL) injury [1]. 
This is true whether the injured knee is biome-
chanically stabilized with a graft or not [2]. The 
biologic response to injury is thought to play a 
large role in the development of PTOA. The 
inflammatory cascades, including several mem-
bers of the interleukin family, have been widely 
implicated to contribute to its development [3]. 
Pro-inflammatory cytokines have been report-
ed in synovial fluid samples of ACL injured 
patients at three weeks (IL-1β, IL-6, IL-8 and 
TNF-α) [4] and 2 months after injury (IL-1α, IL-2, 
IL-6, IL-8, TNF-α) [5], as well as in patients with 
established osteoarthritis [6].

One mechanism by which the increased inter-
leukins are thought to stimulate osteoarthritis 
is through the induction of matrix metallopro-
teinases [7, 8]. Matrix metalloproteinases 
(MMPs) are known to have activity against 
members of the collagen family, with MMP-1, 
MMP-3 and MMP-13 known to have specific 
activity against type II collagen, the primary col-
lagen type found in articular cartilage. MMP-1, 
MMP-3 and MMP-13 are all thought to cause 
fibrillation and the associated loss of collagen 
that is the hallmark of osteoarthritis [9-11]. 
Thus, one target of current and future treat-
ments for osteoarthritis is to quiet interleukin 
and MMP production, and hence the subse-
quent cartilage destruction after joint injury 
[12]. Anti-inflammatory drugs, including cortico-
steroid injection and non-steroidal anti-inflam-
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matory medications are mainstays in the treat-
ment of mild to moderate symptomatic PTOA. 

To evaluate causes of PTOA, large animal mod-
els offer a joint that is closer in scale to the 
human knee. They can be readily studied via 
synovial fluid aspirations at discrete time points 
after a surgically induced injury, and then com-
pared to the damage seen after joint harvest. 
Recently, the Yucatan mini-pig model has been 
shown to reliably develop macroscopic carti-
lage changes after ACL transection [13-15]. In 
each of these prior studies, most animals treat-
ed with ACL transection alone, or ACL transec-
tion followed by ACL reconstruction, develop- 
ed PTOA, particularly in the medial compart-
ment. However, animals treated with a scaf-
fold-enhanced ACL repair developed signifi-
cantly less PTOA [13, 15]. 

The objective of the present study was to evalu-
ate the interleukin and MMP concentrations 
(Table 1) in synovial fluid of knees over time 
during the development of mild to moderate 
PTOA after ACL injury. Based on current think-
ing, we hypothesized that: 1) there would be 
more animals with detectable levels of interleu-
kins associated with the inflammatory cascade 
in the groups going on to develop moderate 
PTOA (ACL transection and ACL reconstruction) 
than the group going on to mild PTOA (scaffold-
enhanced ACL repair), and 2) that the quantita-
tive levels of the interleukins in the synovial 
fluid of the animals with detectable levels would 
also be higher in the two groups developing 
moderate PTOA. Given the relationship between 
interleukins and MMPs, we further hypothe-

sized that: 3) there would be more animals with 
detectable levels of MMPs in the groups going 
on to develop moderate PTOA, and 4) the con-
centrations of MMPs in the synovial fluid of the 
animals with detectable levels would be high-
est in the groups developing moderate PTOA.

Materials and methods

Study design 

The study was designed following the ARRIVE 
guidelines. Institutional animal care and use 
committee approvals were acquired prior to 
beginning the study (Protocol number: 15110- 
00175). Thirty six Yucatan mini-pigs in late ado-
lescence [age (mean ± standard deviations): 
15.3±1.6 months; weight: 52.1±4.6 kg] under-
went ACL transection under anesthesia and 
were randomized to one of three experimental 
groups: 1) no treatment (ACLT group), 2) ACL 
reconstruction with bone-patellar tendon-bone 
allograft (ACLR group), and 3) scaffold-enhanc- 
ed ACL repair using a scaffold combined with 
autologous blood (BE-R group) as previously 
described [15]. Synovial fluid aspirations were 
performed pre-operatively, and at 1, 4, 12, 26 
and 52 weeks after surgery while the animal 
was under anesthesia. Macroscopic cartilage 
assessments were performed following eutha-
nasia at 52 weeks. The macroscopic data from 
these animals have been previously reported  
in a paper evaluating gait changes post ACL 
surgery [15]. Details regarding animal husband-
ry, anesthesia, the surgical procedures, pain 
management and euthanasia have been previ-
ously reported [15]. No animals were excluded 
from any of the assigned treatments or analy-
ses. All post-operative assessments were per-
formed with the investigators blinded to the 
animal group assignment. 

Synovial fluid aspiration

Prior to performing the ACL transection, the 
knee joint was irrigated with a 10 cc intra-artic-
ular injection of sterile normal saline while 
under anesthesia. Approximately 1 ml of the 
diluted synovial fluid was then aspirated with a 
23-gauge needle. For postoperative synovial 
fluid collection with the animal under anesthe-
sia, a 23-gauge needle was inserted into the 
joint through the patellar tendon. Fluid collect-
ed from the femoral notch region was centri-

Table 1. The 11 cytokines and 8 matrix metal-
loproteinases that were evaluated
Cytokines MMPs
GMCSF MMP-1
IL-1α MMP-2
IL1-Ra MMP-3
IL-2 MMP-7
IL-4 MMP-9
IL-6 MMP-10
IL-8 MMP-12
IL-10 MMP-13
IL-12
IL-18
TNF-α
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fuged at 1300 relative centrifugal force (RCF), 
and the supernatant was stored at -80°C in 50 
ul aliquots until analysis. If the initial aspiration 
was unsuccessful, the collection was repeated 
after a 10 cc phosphate buffered saline injec-
tion. At the time of aspiration, blood was also 
collected from the cranial vena cava and placed 
into 5 ml vacutainer serum separation tubes for 
30 minutes. The serum was then centrifuged 
for 15 minutes at 3000 RCF to consolidate the 
cellular precipitate, and the supernatant was 
stored in 1.5 ml aliquots. The serum samples 
were used to establish the synovial fluid dilu-
tion as described below [16].

Multiplex assay

A custom multiplex assay kit (SPR#1178, 
Millipore, Burlington, MA) was used to deter-
mine the concentrations of 19 target proteins 
(11 cytokines and 8 MMPs) in the synovial fluid 
samples (Table 1). All synovial fluid samples 
were assayed in duplicate, and the average of 
these values was used. Fluorescent intensity 
data were acquired using a multiplex assay sys-
tem (Bioplex-200; BioRAD, Hercules, CA). Con- 
centrations were estimated by five parameters 
logistic regression of mean fluorescent intensi-
ty values using commercial software (Bioplex 
Manager; BioRAD, Hercules CA). Synovial fluid 
and serum concentrations of urea were normal-
ized to correct for the dilution [16] by the lavage 
using the blood urea nitrogen (BUN) assay 
(ab83362, Cambridge, MA). All concentrations 
are expressed in picograms per milliliter (pg/
ml). 

Macroscopic articular cartilage analysis 

Macroscopic damage of the articular cartilage 
surfaces was assessed immediately after 
euthanasia and joint harvest according to 
OARSI guidelines for sheep and goat [17] as a 
scoring system for the pig was not available. It 
should be noted that we have previously shown 
that this system is sensitive to differences in 
treatment groups when applied to the pig [13, 
14]. Damages to six articular surfaces, includ-
ing the medial femoral condyle, medial tibial 
plateau, lateral femoral condyle, lateral tibial 
plateau, femoral trochlea, and patella, were 
scored from 0 (i.e., normal) to 4 (i.e., large ero-
sions down to subchondral bone) and reported 
separately. Scores from the four tibiofemoral 
surfaces were then summed to make up the 

total macroscopic score of the tibiofemoral 
joint, which could range from 0 to 16.  

Statistical analyses 

Data were imported into SAS version 9.4 (SAS 
Institute Inc., Cary, NC) for statistical analysis. 
Generalized estimating equations (GEE) were 
used to model (1) the presence of synovial fluid 
proteins, and (2) the synovial fluid protein con-
centrations as a function of animal within time 
and experimental group. Generalized linear 
regression models were used to model 52-week 
macroscopic damage as a function of experi-
mental group. A logarithmic distribution was 
assumed for all cytokine and MMP concentra-
tion data and a logistic distribution was as- 
sumed for the presence/absence of synovial 
fluid proteins and 52-week macroscopic dam-
age data. Classical sandwich estimation was 
used to adjust for any possible model mis-
specification. Pairwise comparisons between 
treatment groups were conducted via orthogo-
nal contrasts where appropriate. The Holm-test 
was used to adjust for multiple comparisons to 
maintain a two-tailed family-wise alpha at 0.05. 
All modeling was performed using PROC 
GLIMMIX and all orthogonal contrasts were 
completed using the lmeans and lsmestimate 
statements. An adjusted P-value ≤ 0.05 was 
used to determine statistical significance. The 
primary analyses for comparison of the concen-
tration of the MMPs and cytokines were con-
ducted only for the MMPs and cytokines where 
at least two surgical groups had more than 
60% of the samples with values above the 
detectable limit. These primary analyses only 
included the values above the detectable limit. 
Sensitivity analyses, where concentrations 
below the detectable limit of the assay were 
assigned a value equal to zero, were conducted 
to assess the robustness of the study findings.  

Results

Cytokine presence in the synovial fluid after 
surgery (hypothesis 1)

There was a significant effect of surgical group 
on the proportion of animals with detectable 
levels of multiple cytokines, with post-hoc anal-
yses finding differences between surgical 
groups in the number of knees that had detect-
able levels of GM-CSF, IL-1α, IL-1Ra, IL-2, IL-4, 
IL-6 and IL-10 for at least one post-operative 
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time point (P<0.05 for all comparisons; Figures 
1, S1; Table S1). In all cases, the BE-R group 
had a higher proportion of animals with detect-
able levels of cytokines which drove the 
observed statistical differences. There was no 
significant effect of surgical group on the num-
bers of animals with detectable levels of IL-8, 
IL-12, IL-18 or TNF-α in the joint fluid at any time 
point (Table S1).   

Comparison of cytokine levels between surgi-
cal groups (hypothesis 2)

Cytokine concentrations were compared only 
when two or more surgical groups had suffi-
cient (>60%) detectable samples at a time 
point and using only the samples with detect-
able levels (Table 2). One cytokine, IL-18, was 
present in at least 60% of the animals in all sur-

Figure 1. Percentage of knees in each surgical group that had detectable levels of interleukins. ACLT = ACL Tran-
section, ACLR = ACL reconstruction, and BE-R = scaffold-enhanced ACL Repair. #denotes time points in which the 
BE-R group had significantly higher percentages of knees with detectable levels of cytokines compared to the ACLT 
group. + denotes time points where the BE-R group had significantly greater percentages than the ACLR group.  
Table S1 has the percentages with detectable levels for all cytokines evaluated. 

Table 2. Concentrations (mean ± SD, pg/ml) and number of surgical joints (N) in which the cytokines 
(pg/ml) were above the detectable limit (excluding undetectable values)
Cytokines ACLT BE-R ACLR P value
IL-1Ra 0.01
    1 week 317.76±515.09 (11) 925.15±792.50+ (12) 179.65±256.58 (8)
IL-4 0.01
    26 weeks 37.11±77.62 (10) 687.65±1372.08# (12) 358.37±1197.02 (10)
IL-6 0.01
    1 week 379.79±170.57 (11) 684.0±528.43# (12) 643.79±283.15# (8)
IL-12 <0.01
    1 week 57.78±21.00 (11) 930.74±701.01+ (12) 55.58±34.36 (8)
    4 weeks 89.00±14.22 (12) 817.81±904.37#,+ (11) 112.37±107.12 (11)
    26 weeks 30.91±31.11 (10) 118.03±174.86 (12) 67.63±161.97 (10)
IL-18 <0.01
    1 week 719.93±934.72 (11) 2855.3±2683.79#,+ (12) 570.16±409.7 (8)
    4 weeks 2438.69±4537.69 (12) 4798.52±5339.20 (11) 2227.10±3008.99 (11)
    12 weeks 760.75±466.78 (10) 1303.77±1091.81 (12) 927.51±507.09 (10)
    26 weeks 533.58±454.07 (10) 923.80±695.36 (12) 873.65±823.77 (10)
    52 weeks 1275.3±875.41 (9) 1447.07±763.93 (8) 997±582 (9)
ACLT = ACL Transection, ACLR = ACL reconstruction, and BE-R = scaffold-enhanced ACL Repair. P values represent the interac-
tion term (treatment x time). If no interaction was found, then they represent the treatment effect. #P<0.05 for comparison to 
the ACLT group, +P<0.05 for comparison to ACLR group. P-values for the interaction of surgical group and time-point are listed 
for comparisons where relevant. P-values for treatment effect are included when only one time point was considered.
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gical groups at all time points (Table S2). Other 
cytokines, including IL-1Ra, IL-4, IL-6, and IL-12, 
met the threshold of being present in at least 
60% of the knees for at least one time point. 
The BE-R group had significantly higher concen-
trations of IL-1Ra, IL-6, IL-12 and IL-18 at one 
week (Tables 2, S2; Figure S2). At four weeks, 
IL-12 concentrations were significantly higher in 
the BE-R group, and at 26 weeks, IL-4 levels 
were higher in the BE-R group (Tables 2, S2; 
Figure S2).

MMP presence in the synovial fluid after sur-
gery (hypothesis 3)

There was a significant difference between sur-
gical groups in the proportion of animals that 
had detectable levels of multiple MMPs (MMP-
2, MMP-3, MMP-7, MMP-10, MMP-12, and 
MMP-13) for at least one post-operative time 
point (P<0.05 for all comparisons; Figures 2, 
S3; Table S3). In all cases, the BE-R group had 
a higher proportion of animals with detectable 
levels of MMPs than either the ACLT group, 
ACLR group or both the ACLT and ACLR groups. 
There were no significant effects of surgical 
group on the proportion of animals with detect-
able levels of MMP-1 or MMP-9 in the joint fluid 
at any time point (Figures 2, S3; Table S3).

Comparison of MMP levels between surgical 
groups (hypothesis 4)

The only MMP that was present at detectable 
levels in at least 60% of the samples in all three 

surgical groups was MMP-1, which reached this 
threshold at all time points (Figure 2; Table S4). 
MMP-1 levels in those animals with detectable 
levels were significantly lower at one week in 
the BE-R group than in the ACLT or ACLR groups 
(P<0.001) (Table 3). There were no other signifi-
cant differences between groups at the other 
time points (Figure S4; Table S4).

Macroscopic articular cartilage score

As reported previously [15], the BE-R group  
had less than half the amount of cartilage dam-
age in the medial tibial plateau at 52 weeks 
than either the ACLT or ACLR group (P=0.03 for 
both comparisons; Figure 3; Table 4). There 
was also evidence that the BE-R group had  
less total articular cartilage damage at 52 
weeks than either the ACLT or ACLR group 
(P=0.06 for both comparisons; Figure 3; Table 
4) [15]. The medial tibial plateau had cartilage 
erosions down to the subchondral bone in three 
of the ACL transected knees, four of the ACL 
reconstructed knees and zero of the BE-R 
knees. There were no significant differences in 
the contralateral macroscopic damage scores 
between the groups.

Discussion

In this study, we determined that the concen-
trations of various cytokines and MMPs 
changed over time, indicating that the meta-
bolic activity of the joint was affected post-sur-
gery. Furthermore, the concentrations of the 

Figure 2. Percentage of knees in each surgical group that had detectable levels of MMP-1, MMP-3 and MMP-13. 
ACLT = ACL transection, ACLR = ACL reconstruction, and BE-R = scaffold-enhanced ACL repair. #denotes time points 
where the BE-R group had significantly higher percentages of knees with detectable levels of cytokines than the 
ACLT group. +denotes time points where BE-R group had significantly greater percentages than the ACLR group.
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cytokines and MMPs were influenced by the 
surgical treatment group. Contrary to our 

hypotheses, the cytokine and MMP levels were 
generally greater in the group exhibiting less 

Figure 3. Macroscopic cartilage damage in the medial tibial plateau cartilage of surgical and contralateral knees. 
These images represent the mean macroscopic cartilage damage scores presented in Table 4. The top of the image 
is anterior, and the bottom is posterior. Arrows point to the cartilage lesions. The surgical limb of the ACLT group 
cartilage shows a small fissure while the contralateral limb shows some surface roughening. The surgical limb of 
ACLR specimen shows a large erosion down to the bone.

Table 3. Concentrations (mean ± SD, pg/ml) and number of surgical joints (N) in which the MMPs 
were above the detectable limit
Matrix Metalloproteinases (MMPs) P value
MMP-1 ACLT BE-R ACLR <0.001
1 week 253.30±83.57 (8) 199.2±82.85+ (12) 332.07±130.34 (8)
4 weeks 237.73±72.93 (11) 295.40±148.45 (11) 336.42±57.76 (11)
12 weeks 266.87±99.57 (12) 181.33±102.8 (12) 208.88±87.01 (10)
26 weeks 106.69±54.49 (10) 110.61±38.69 (12) 131.02±35.48 (10)
52 weeks 111.31±34.4 (9) 135.93±43.93 (8) 94.57±32.27 (9)
ACLT = ACL Transection, ACLR = ACL reconstruction, and BE-R = scaffold-enhanced ACL Repair. +P<0.05 for comparison to the 
ACLR group. P-values for the interaction of surgical group and time-point are listed.

Table 4. Macroscopic damage scores (mean±SD) for each region for all groups at 52 weeks
ACLT ACLR BE-R

Surgical Contralateral Surgical Contralateral Surgical Contralateral
Medial Tibial Plateau 1.6±0.42 0.4±0.67 2.1±1.38 0.5±0.67 0.7±0.67#,+ 0.7±0.65
Total Macroscopic Score 7.8±2.79 1.8±1.27 7.5±2.68 1.4±2.68 4.8±3.04##,++ 1.9±1.24
ACLT = ACL Transection, ACLR = ACL reconstruction, and BE-R = scaffold-enhanced ACL Repair (adapted from Karamchedu 
et al [15]). #P-adj<0.05 compared to ACLT; ##P-adj = 0.06 compared to ACLT; +P-adj<0.05 compared to ACLR; ++P-adj = 0.06 
compared to ACLR.
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macroscopic cartilage damage (BE-R), when 
compared to those presenting greater cartilage 
damage (ACLR and ACLT). The extent of the 
macroscopic cartilage damage for each group 
[15] was consistent with the results of our prior 
studies [13, 14].

Inflammation has been increasingly implicated 
in the development of osteoarthritis [1, 18-20]. 
Multiple investigators have reported increased 
levels of interleukins in the synovial fluid of 
patients with osteoarthritis [6, 21-23]. In vitro 
studies have demonstrated that the treatment 
of cells or tissue explants with various interleu-
kins can result in production of matrix-metallo-
proteinases by the chondrocytes leading to 
matrix degradation [7, 24]. For several of the 
interleukin family members, young knock-out 
mice exhibit less disease [25-27]. All these 
studies support the premise that inflammation 
is responsible for osteoarthritis. However, in 
the present study, detectable concentrations of 
interleukins, both “pro-” and “anti-inflammato-
ry” cytokines, were present in the animals 
developing less severe cartilage changes (BE-R 
group). Likewise, detectable levels of MMPs 
were also present in more knees of this group. 
These observations challenge the prior body of 
evidence supporting our original hypotheses. 
To reconcile our findings, we postulate that the 
increase in interleukin concentration in the 
synovial fluid is the joint’s attempt to repair the 
damaged cartilage, and that this response may 
be triggered by both native collagen molecules 
released into the joint fluid as cartilage break-
down occurs and by the surgical placement of 
collagen molecules in the joint, as with scaf-
fold-enhanced ACL repair (BE-R group). In the 
case of progressive osteoarthritis, the repair 
response may be present but not sufficient to 
reverse the damage. However, in knees where 
the repair response is prolonged, as seen in the 
BE-R knees, the prolonged response may mini-
mize the rate of progression of the damage. 
The postulate that the increased presence of 
interleukins may be reparative can be recon-
ciled with experiments in aged mice that dem-
onstrated worse osteoarthritis when an indi-
vidual interleukin molecule was knocked out 
[28]. In addition, the concept that a balanced, 
sustained upregulation of the interleukin 
response is important in controlling the rate of 
progression of osteoarthritis would also be con-
sistent with recent results from a randomized 

control trial, where intra-articular corticosteroid 
use (which essentially dampens the interleukin 
response) led to faster progression of osteoar-
thritis [29]. Recently published results from  
the Osteoarthritis Initiative indicate that the 
use of intra-articular corticosteroids resulted in 
an acceleration of osteoarthritic changes in 
human patients [30]. Patients have also been 
shown to progress to total knee arthroplasty at 
a six-fold greater rate (30% vs 5%) after cortico-
steroid injections [31]. Finally, the concept that 
inflammation may be associated with the 
degree of osteoarthritis present, but not the 
rate of progression, is supported further by two 
systematic reviews [32, 33].

In the same animals [15], we found that the  
surgical treatment (BE-R) resulting in the lowest 
amount of macroscopic cartilage damage ex- 
hibited greater asymmetry in load-related gait 
parameters than the other surgical groups 
(ACLR and ACLT). This finding suggests that 
increased off-loading of the surgical knee may 
be associated with a slower rate of PTOA devel-
opment. In the current analysis, we found that 
the concentrations of several of the cytokines 
and MMPs were higher in the group with less 
cartilage damage (BE-R). Therefore, the dec- 
reased weight bearing in gait may be due to 
inflammatory factors causing pain. Studies are 
currently underway to explore the interactions 
between gait, cytokine/MMP production, and 
cartilage health.

The current study has several strengths. First, 
we utilized the porcine model, which has ana-
tomical and biomechanical similarities to the 
human knee [34-36]. While the tibiofemoral 
cartilage of the porcine knee may be thinner 
than that of the human knee [37], it is closer to 
the human knee when compared to other large 
animal models [38]. The porcine model also 
exhibits cartilage damage that mimics the pat-
tern seen in humans but at an accelerated rate 
[13]. 

Another advantage of a large animal model to 
study PTOA is that it enabled us to perform a 
longitudinal assessment following a controlled 
surgical insult that initiates PTOA at a defined 
time point. It also allowed us to perform func-
tional assessments [15], and to acquire syno-
vial fluid samples at discrete time intervals fol-
lowing injury. At 52 weeks, the animals were 
euthanized so that direct assessments of the 
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articular cartilage damage could be made rela-
tive to the metabolic changes observed in the 
synovial fluid that are not conducive for human 
trials. 

There are several limitations in this study.  
First, only a limited number of cytokines and 
MMPs were assayed. While a limited number of 
pro- and anti-inflammatory cytokines were 
assayed, we did not measure the presence and 
concentrations of tissue inhibitors of metallo-
proteinases (TIMPs) in conjunction with the 
eight MMPs that were studied. Therefore, the 
net effects of these cytokines and MMPs on 
long-term cartilage health remain unclear. No- 
netheless, these data suggest that the group 
exhibiting less macroscopic damage of their 
surgical knees may be more metabolically 
active than the groups that did not.

Obtaining neat synovial fluid samples when 
aspirating the joints proved to be challenging in 
some of the animals, particularly at time points 
after the surgical swelling subsided. For each 
animal, we attempted to get a neat sample. 
However, when unsuccessful, lavage with phos-
phate buffered saline was used to obtain fluid. 
To account for the lavage, we normalized the 
dilutions by comparing the urea concentration 
in the serum with that of the synovial fluid sam-
ple [16].

As with most pre-clinical models, the pig is a 
quadruped animal and thus the limb loading 
conditions are different. Therefore, the results 
may not directly translate to the human condi-
tion. For this study, adolescent animals were 
used at the time of the surgically induced injury 
even though osteoarthritis generally afflicts 
older adults. As joint metabolism decreases 
with age, it is possible that the interleukins  
and MMP concentrations could be different in 
older adults. However, ACL injuries are most 
common in adolescents; thus, this model rep-
resents an important age group to study the 
joint response to this injury. Another limitation 
to the porcine model was that the ACL injury 
was surgically induced. A capsulotomy was 
required to access the ACL, which in turn could 
affect joint metabolism. Nonetheless, all three 
groups required capsulotomy, which minimizes 
the concern that this method could affect the 
group comparisons. Furthermore, the ACL tran-
section procedure is an over-simplification of 
an ACL injury as no tibiofemoral compressive 

overload was required. However, ACL transec-
tion initiates PTOA in this model much like that 
seen in humans [13]. It also allowed us to con-
trol confounding factors that could also influ-
ence disease progression, including meniscal 
injuries or chondral lesions.

Finally, the sample size was a sample of conve-
nience. The sample size for this study, 12 ani-
mals per group, was established a priori to 
detect differences in gait parameters [15]. It is 
possible that additional significant findings 
could have been found with more animals in 
each group. Nonetheless, several interesting 
significant differences were found with the 
given sample size.

In summary, we found that the presence and 
concentrations of the cytokines and MMPs 
under study were influenced by both surgical 
group and time. In general, the concentrations 
of pro- and anti-inflammatory mediators were 
generally higher in the group exhibiting less car-
tilage damage than the two treatment groups 
that exhibited more cartilage damage. These 
data suggest that enrichment of inflammatory 
mediators in the synovial fluid of joints is asso-
ciated with slower progression of mild to mod-
erate osteoarthritis.
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Figure S1. The percentages of synovial fluid samples with detectable levels of cytokines are shown in the heat map 
for each surgical group at 1, 4, 12, 26, and 52 weeks. Note that 0% of TNF-alpha samples were above the detect-
able threshold. Statistically significant comparisons are best interpreted with the data in Table S1.

Table S1. Differences in the proportion of animals with detectable levels of tested cytokines. Numera-
tor is the number of animals with a detectable level of cytokine at that time point and the denomina-
tor is the total number of animals where fluid was obtained
Cytokine Time ACLT BE-R ACLR P-Value
GMCSF Week 1 0/11 (0.0) 8/12 (66.7)#,+ 1/8 (12.5) <0.001

Week 4 0/12 (0.0) 2/11 (12.2) 1/11(9.1) 0.29
Week 12 0/10 (0.0) 2/12 (16.7) 1/10 (10.0) 0.76
Week 26 9/12 (75.0) 6/12 (50.0) 5/12 (41.7) 0.33
Week 52 0/9 (0.0) 0/9 (0.0) 0/9 (0.0) N/A

IL-1α Week 1 4/11 (36.4) 10/12 (83.3) 5/8 (62.5) 0.07
Week 4 5/12 (41.7) 7/11 (63.7) 4/11 (36.4) 0.47

Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 1/12 (8.3) 2/12 (58.3)#,+ 1/12 (8.3) 0.007
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 2/9 (22.2) 0.03

IL-1Ra   Week 1 7/11 (63.6) 11/12 (91.7) 7/8 (87.5) 0.23
Week 4 4/12 (33.3) 7/11 (63.6) 6/11 (54.6) 0.39

Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 12/12 (100) 12/12 (100) 12/12 (100) N/A
Week 52 2/9 (22.2) 7/9 (77.8)# 3/9 (33.3) 0.09

IL-2 Week 1 4/11 (36.4) 10/12 (83.3)# 5/8 (62.5) 0.07
Week 4 5/12 (41.7) 7/11 (63.6) 4/11 (36.4) 0.47

Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 4/12 (33.3) 8/12 (66.7)+ 2/12 (16.7) 0.06
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 2/9 (22.2) 0.03

IL-4 Week 1 3/11 (27.3) 10/12 (83.3)# 4/8 (50.0) 0.03
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Week 4 4/12 (33.3) 7/11 (63.6) 3/11 (27.3) 0.25
Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 12/12 (100) 12/12 (100) 12/12 (100) N/A
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 2/9 (22.2) 0.03

IL-6        Week 1 10/11 (90.9) 12/12 (100) 8/8 (100) 0.61
Week 4 6/12 (50.0) 9/11 (81.8) 9/11 (81.8) 0.21

Week 12 5/10 (50.0) 10/12 (83.3)+ 3/10 (30.0) 0.05
Week 26 5/12 (41.7) 9/12 (75.0)+ 4/12 (33.3) 0.17
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 1/9 (11.1) 0.02

IL-8        Week 1 4/11 (36.4) 7/12 (58.3) 3/8 (37.5) 0.60
Week 4 1/12 (8.3) 2/11 (18.2) 2/11 (18.2) 0.71

Week 12 0/10 (0.0) 4/12 (33.3) 4/10 (40.0) 0.09
Week 26 5/12 (41.7) 2/12 (16.7) 3/12 (25.0) 0.53
Week 52 0/9 (0.0) 1/9 (11.1) 0/9 (0.0) 0.99

IL-10      Week 1 3/11 (27.3) 10/12 (83.3)#,+ 3/8 (37.5) 0.02
Week 4 5/12 (41.7) 7/11 (63.6) 3/11 (27.3) 0.24

Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 7/12 (58.3) 9/12 (75.0) 6/12 (50.0) 0.58
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 2/9 (22.2) 0.03

IL-12      Week 1 7/11 (63.6) 10/12 (83.3) 8/8 (100) 0.15
Week 4 9/12 (75.0) 9/11 (81.8) 9/11 (81.8) 0.99

Week 12 5/10 (50.0) 8/12 (66.7) 5/10 (50.0) 0.74
Week 26 12/12 (100) 12/12 (100) 12/12 (100) N/A
Week 52 5/9 (55.6) 7/9 (77.8) 4/9 (44.4) 0.49

IL-18      Week 1 10/11 (90.9) 12/12 (100) 8/8 (100) 0.61
Week 4 10/12 (83.3) 9/11 (81.8) 10/11 (90.9) 0.99

Week 12 8/10 (80.0) 12/12 (100) 8/10 (80.0) 0.23
Week 26 11/12 (91.7) 12/12 (100) 10/12 (83.3) 0.76
Week 52 9/9 (100) 9/9 (100) 9/9 (100) N/A

P values in table are for the overall effect of group based on the GEE analysis at each time point; #post-hoc analysis with Holm 
test p-value adjustment for multiple comparisons demonstrated significant difference in comparison to the ACLT group with 
P<0.05; +post-hoc analysis with Holm test p-value adjustment demonstrated significant difference in comparison to the ACLR 
group.

Table S2. Concentrations of cytokines (mean ± SD, pg/ml) with the minimum detectable concentra-
tion set to zero and number of surgical joints (N) involved
Cytokines Time ACLT BE-R ACLR
GMCSF Preop 0±0 (8) 0±0 (9) 0±0 (10)

1 week 0±0 (11) 49.3±58.65 (12) 4.82±13.62 (8)
4 weeks 0±0 (12) 4.66±10.37 (11) 2.82±9.35 (11)

12 weeks 0±0 (10) 5.23±12.42 (12) 2.87±9.07 (10)
26 weeks 1133.61±3857.55 (12) 7.31±9.01 (12) 12.64±22.55 (12)
52 weeks 0±0 (9) 0±0 (9) 0±0 (9)

IL-1α Preop 3.63±10.22 (8) 1.71±5.1 (9) 0.45±1.4 (10)
1 week 4.77±7.63 (11) 211.23±193.63 (12) 14.35±13.52 (8)
4 weeks 17.07±35.42 (12) 222.39±286.41 (11) 22.38±43.42 (11)

12 weeks 3.48±10.97 (10) 53.01±71.59 (12) 17.51±33.25 (10)
26 weeks 2.08±7.18 (12) 32.1±52.8 (12) 13.74±47.56 (12)
52 weeks 6.04±12.05 (9) 42.98±50.53 (9) 9.84±23.79 (9)
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IL-1Ra Preop 7.8±22.03 (8) 4.96±14.86 (9) 0.01±0 (10)
1 week 202.21±429.99 (11) 848.05±801.43 (12) 157.2±245.89 (8)
4 weeks 82.55±173.34 (12) 1262.31±2041.7 (11) 72.88±117.18 (11)
2 weeks 7.88±24.88 (10) 163.78±270.81 (12) 41.28±77.5 (10)

26 weeks 17.06±18.51 (12) 104.84±181.09 (12) 55.5±151.98 (12)
52 weeks 17.54±36.83 (9) 126.53±147.21 (9) 26.56±57.4 (9)

IL-2 Preop 18.3±51.74 (8) 6.29±18.83 (9) 3.77±11.88 (10)
1 week 30.6±47.87 (11) 1219.75±1126.92 (12) 62.34±74.47 (8)
4 weeks 101.94±233.89 (12) 1763.4±2492.06 (11) 130.43±270.67 (11)

12 weeks 22.55±71.26 (10) 337.03±532.38 (12) 98.35±189.17 (10)
26 weeks 16.96±39.85 (12) 201.72±346.3 (12) 87.14±300.59 (12)
52 weeks 55.03±113 (9) 234.74±273.68 (9) 59.99±143.25 (9)

IL-4 Preop 34.89±98.66 (8) 23.8±51.29 (9) 0.01±0 (10)
1 week 40.33±74.01 (11) 8037.34±8751.47 (12) 97.61±140.68 (8)
4 weeks 285.26±730.39 (12) 8259.98±12360.02 (11) 421.41±968.04 (11)

12 weeks 52.75±166.78 (10) 1228.15±2041.6 (12) 285.43±562.43 (10)
26 weeks 37.11±77.62 (12) 687.65±1372.08 (12) 358.37±1197.02 (12)
52 weeks 100.36±205.09 (9) 809.25±1228.41 (9) 153.96±387.1 (9)

IL-6 Preop 9.06±25.6 (8) 0.01±0 (9) 0.01±0 (10)
1 week 337.08±196.68 (11) 684±528.43 (12) 643.79±283.15 (8)
4 weeks 102.49±164.86 (12) 784.08±970.04 (11) 369.39±332.88 (11)

12 weeks 70.09±103.57 (10) 155.89±179.98 (12) 34.98±64.75 (10)
26 weeks 5.28±10.5 (12) 63.88±121.64 (12) 30.61±101.16 (12)
52 weeks 10.49±21.44 (9) 129.97±132.11 (9) 13.52±40.52 (9)

IL-8 Preop 7.6±21.49 (8) 0±0 (9) 5.57±17.6 (10)
1week 50.32±95.73 (11) 280.89±669.83 (12) 377.12±754.37 (8)

4 weeks 0±0 (12) 20.3±47.72 (11) 13.74±31.1 (11)
12 weeks 0±0 (10) 10.92±17 (12) 6.11±7.98 (10)
26 weeks 11.08±16.56 (12) 1.59±3.79 (12) 4.4±12.47 (12)
52 weeks 0±0 (9) 6.49±19.48 (9) 0±0 (9)

IL-10 Preop 15.71±44.4 (8) 3.09±9.23 (9) 0.01±0 (10)
1 week 17.71±31.58 (11) 1093.08±1069.87 (12) 22.18±39.41 (8)
4 weeks 64.85±143.53 (12) 1081.57±1519.2 (11) 80.94±174.01 (11)

12 weeks 16.66±52.65 (10) 221.92±360.98 (12) 69±130.54 (10)
26 weeks 10.82±20.14 (12) 133.18±254.27 (12) 63.44±215.37 (12)
52 weeks 38.4±76.25 (9) 145.98±194.93 (9) 36.72±88.31 (9)

IL-12 Preop 11.38±32.15 (8) 10.35±21.22 (9) 3.33±10.5 (10)
1 week 36.77±33.38 (11) 775.62±730.29 (12) 55.58±34.36 (8)
4 weeks 66.75±97.57 (12) 669.12±873.93 (11) 91.94±106.05 (11)

12 weeks 24.39±33.81 (10) 119.06±170.68 (12) 48.07±68.64 (10)
26 weeks 30.91±31.11 (12) 118.03±174.86 (12) 67.63±161.97 (12)
52 weeks 37.48±46.56 (9) 138.57±151.43 (9) 39.45±71.73 (9)

IL-18 Preop 670.8±1066.04 (8) 560.87±629.69 (9) 200.91±121.57 (10)
1 week 654.48±912.93 (11) 2855.3±2683.79 (12) 570.16±409.7 (8)
4 weeks 2069.75±4216.81 (12) 3926.07±5154.95 (11) 2024.63±2932.49 (11)

12 weeks 608.6±521.87 (10) 1303.77±1091.81 (12) 742.01±594.08 (10)
26 weeks 489.12±459.52 (12) 923.81±695.36 (12) 728.05±819.06 (12)
52 weeks 1275.3±875.41 (9) 1447.07±763.93 (9) 997±582 (9)

TNF-α Preop 0±0 (8) 0±0 (9) 0±0 (10)
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Figure S2. Z-scores of concentrations of cytokines in each surgical group are shown at 0, 1, 4, 12, 26, and 52 
weeks. Each square represents the distance of a data point from the mean concentration of the row expressed in 
terms of the number of standard deviations. For example, a Z-score of -2 would indicate that the sample is 2 stan-
dard deviations below the mean concentration of the row. Each cytokine has a different range of concentrations, so 
similar colors in different rows do not indicate similar concentrations. Therefore, rows cannot be directly compared. 

1 week 0±0 (11) 18.18±39.04 (12) 0±0 (8)
4 weeks 0±0 (12) 0±0 (11) 0±0 (11)

12 weeks 3.04±9.62 (10) 0±0 (12) 0±0 (10)
26 weeks 0±0 (12) 0±0 (12) 0±0 (12)
52 weeks 0±0 (9) 0±0 (9) 0±0 (9)
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Figure S3. The percentages of synovial fluid samples with detectable levels of MMPs are shown in the heat map for 
each surgical group at 1, 4, 12, 26, and 52 weeks. Statistically significant comparisons are best interpreted with 
the data in Table S3.

Table S3. Differences in the proportion of samples that reach detectable levels of MMPs numerator is 
the number of animals with a detectable level of MMP at that time point and the denominator is the 
total number of animals where fluid was obtained
MMP Time ACLT BE-R ACLR P-Value
MMP-1  Week 1 10/11 (90.9) 12/12 (100) 8/8 (100) 0.61

Week 4 10/12 (83.3) 9/11 (81.8) 10/11 (90.9) 0.99
Week 12 8/10 (80.0) 12/12 (100) 8/10 (80.0) 0.23
Week 26 11/12 (91.7) 12/12 (100) 10/12 (83.3) 0.76
Week 52 9/9 (100) 9/9 (100) 9/9 (100) N/A

MMP-2  Week 1 0/11 (0.0) 6/12 (50.0)#,+ 0/8 (0.0) 0.004
Week 4 0/12 (0.0) 4/11 (36.4)#,+ 0/11 (0.0) 0.01

Week 12 0/10 (0.0) 0/12 (0.0) 0/10 (0.0) N/A
Week 26 0/12 (0.0) 3/12 (25.0) 1/12 (8.3) 0.29
Week 52 0/9 (0.0) 2/9 (22.2) 0/9 (0.0) 0.31

MMP-3  Week 1 0/11 (0.0) 9/12 (75.0)#,+ 1/8 (12.5) >0.001
Week 4 2/12 (16.7) 7/11 (63.6)# 3/11 (27.3) 0.06

Week 12 1/10 (10.0) 7/12 (58.3)# 3/10 (30.0) 0.06
Week 26 1/12 (8.3) 5/12 (41.7) 1/12 (8.3) 0.17
Week 52 2/9 (22.2) 4/9 (44.4) 2/9 (22.2) 0.66

MMP-7  Week 1 0/11 (0.0) 6/12 (50.0)#,+ 0/8 (0.0) 0.004
Week 4 0/12 (0.0) 2/11 (18.2) 0/11 (0.0) 0.20

Week 12 0/10 (0.0) 3/12 (25.0) 1/10 (10.0) 0.35
Week 26 0/12 (0.0) 1/12 (8.3) 2/12 (16.7) 0.76
Week 52 0/9 (0.0) 1/9 (11.1) 0/9 (0.0) 0.99

MMP-9  Week 1 0/11 (0.0) 3/12 (25.0) 1/8 (12.5) 0.22
Week 4 1/12 (8.3) 0/11 (0.0) 1/11 (9.1) 0.99
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Week 12 0/10 (0.0) 1/12 (8.3) 0/10 (0.0) 0.99
Week 26 3/12 (25.0) 2/12 (16.7) 2/12 (16.7) 0.99
Week 52 0/9 (0.0) 1/9 (11.1) 2/9 (22.2) 0.75

MMP-10  Week 1 0/11 (0.0) 5/10 (50.0)#,+ 0/8 (0.0) 0.003
Week 4 1/12 (8.3) 0/11 (0.0) 0/10 (0.0) 0.99

Week 12 0/10 (0.0) 0/12 (0.0) 1/10 (10.0) 0.63
Week 26 1/6 (16.7) 0/5 (0.0) 1/3 (33.3) 0.67
Week 52 1/6 (16.7) 0/8 (0.0) 0/7 (0.0) 0.28

MMP-12  Week 1 0/11 (0.0) 7/12 (58.3)#,+ 0/8 (0.0) 0.0007
Week 4 0/12 (0.0) 3/11 (27.3) 1/11 (9.1) 0.10

Week 12 0/10 (0.0) 2/12 (16.7) 2/10 (20.0) 0.52
Week 26 0/12 (0.0) 2/12 (16.7) 1/12 (8.3) 0.76
Week 52 0/9 (0.0) 0/9 (0.0) 1/9 (11.1) 0.99

MMP-13  Week 1 3/11 (27.3) 10/12 (83.3)# 4/8 (50.0) 0.03
Week 4 4/12 (33.3) 7/11 (63.6) 7/11 (63.6) 0.27

Week 12 1/10 (10.0) 8/12 (66.7)# 3/10 (30.0) 0.02
Week 26 1/12 (8.3) 7/12 (58.3)#,+ 1/12 (8.3) 0.007
Week 52 2/9 (22.2) 7/9 (77.8)#,+ 2/9 (22.2) 0.03

P values in the table are for the overall effect of group based on the GEE analysis; #post-hoc analysis with Holm test adjusted 
p-value demonstrated significant difference in comparison to the ACL-T group with P<0.05; +post-hoc analysis with the adjusted 
p-value demonstrated significant difference in comparison to the ACLR group.

Table S4. Concentrations of MMPs (mean ± SD, pg/ml) with the minimum detectable concentration 
set to zero and number of surgical joints (N) involved
MMPs Time ACLT BE-R ACLR
MMP-1 Preop 43.81±58.08 (8) 39.56±27.25 (9) 23.74±12.33 (10)

1 week 230.27±110.08 (11) 199.2±82.85 (12) 332.07±130.34 (8)
4 weeks 198.11±113.64 (12) 241.69±178.63 (11) 305.84±115.29 (11)

12 weeks 213.5±142.73 (10) 181.33±102.8 (12) 167.11±116.81 (10)
26 weeks 97.8±60.4 (12) 110.61±38.69 (12) 109.18±60.25 (12)
52 weeks 111.31±34.4 (9) 135.93±43.93 (9) 94.57±32.27 (9)

MMP-2 Preop 0±0 (8) 0±0 (9) 0±0 (10)
1 week 0±0 (11) 355.86±540.04 (12) 0±0 (8)
4 weeks 0±0 (12) 237.54±663.09 (11) 0±0 (11)

12 weeks 0±0 (10) 0±0 (12) 0±0 (10)
26 weeks 0±0 (12) 20.01±58.16 (12) 6.43±22.26 (12)
52 weeks 0±0 (9) 27.8±55.16 (9) 0±0 (9)

MMP-3 Preop 0.01±0 (8) 0.01±0 (9) 19.66±62.13 (10)
1 week 0.01±0 (11) 144.29±113.68 (12) 7.62±21.52 (8)
4 weeks 12.5±34.07 (12) 83.35±71.78 (11) 30.26±52.4 (11)

12 weeks 4.2±13.26 (10) 68.48±89.26 (12) 26.44±47.2 (10)
26 weeks 8.25±28.56 (12) 35.56±47.48 (12) 10.94±37.85 (12)
52 weeks 23.52±52.12 (9) 57.92±74.71 (9) 21.89±48.62 (9)

MMP-7 Preop 0±0 (8) 0±0 (9) 0±0 (10)
1 week 0±0 (11) 251.29±339.66 (12) 0±0 (8)
4 weeks 0±0 (12) 190.25±583.53 (11) 0±0 (11)

12 weeks 0±0 (10) 97.05±209.04 (12) 13±41.11 (10)
26 weeks 0±0 (12) 31.34±108.58 (12) 22.95±72.2 (12)
52 weeks 0±0 (9) 24.78±74.35 (9) 0±0 (9)

MMP-9 Preop 0±0 (8) 0±0 (9) 1.65±5.2 (10)
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1 week 0±0 (11) 2.96±6.97 (12) 0.51±1.44 (8)
4 weeks 1.75±6.08 (12) 0±0 (11) 0.43±1.43 (11)

12 weeks 0±0 (10) 1.66±5.73 (12) 0±0 (10)
26 weeks 5.55±17.71 (12) 1.36±3.23 (12) 1.1±3.01 (12)
52 weeks 0±0 (9) 11.97±35.91 (9) 1.41±2.97 (9)

MMP-10 Preop 11.97±8.04 (8) 6.57±5.88 (9) 6.31±6.94 (10)
1 week 0±0 (11) 8.73±10.76 (12) 0±0 (8)
4 weeks 0.86±2.96 (12) 0±0 (11) 0.44±1.44 (11)

12 weeks 0±0 (10) 0±0 (12) 2.54±8.03 (10)
26 weeks 3.27±4.1 (12) 1.83±1.95 (12) 5.93±11.45 (12)
52 weeks 4.02±4.78 (9) 0.61±1.83 (9) 1.45±2.91 (9)

MMP-12 Preop 3.01±8.51 (8) 0±0 (9) 0±0 (10)
1 week 0±0 (11) 46.15±54.48 (12) 0±0 (8)
4 weeks 10.39±36 (12) 9.93±17.42 (11) 2.68±8.88 (11)

12 weeks 0±0 (10) 8.43±22.06 (12) 7.47±15.83 (10)
26 weeks 0±0 (12) 0.69±1.7 (12) 0.09±0.31 (12)
52 weeks 0±0 (9) 0±0 (9) 1.45±2.91 (9)

MMP-13 Preop 26.63±75.29 (8) 41.88±89.82 (9) 44.03±108.14 (10)
1 week 14.11±29.52 (11) 972.58±892.68 (12) 90.64±163.43 (8)
4 weeks 74.98±126.16 (12) 455.48±490.49 (11) 183.78±197.09 (11)

12 weeks 16.44±51.94 (10) 241.17±275.23 (12) 109.59±191.74 (10)
26 weeks 16.62±57.55 (12) 100.35±152.3 (12) 31.84±110.27 (12)
52 weeks 37.51±82.22 (9) 123.37±144.6 (9) 31.7±77.38 (9)

Figure S4. Z-scores of concentrations of MMPs in each surgical group are shown at 0, 1, 4, 12, 26, and 52 weeks. 
Each square represents the distance of a data point from the mean concentration of the row expressed in terms of 
the number of standard deviations. Each MMP has a different range of concentrations, so similar colors in different 
rows do not indicate similar concentrations. Therefore, rows cannot be directly compared. 


