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Abstract: The primary source of synovial fluid inflammatory mediators is currently unknown and may include differ-
ent tissues comprising the joint, including the synovium and articular cartilage. Prior work in a porcine model has 
demonstrated that anterior cruciate ligament (ACL) surgery leads to significant changes in early gene expression in 
the synovium and articular cartilage, which are the same whether concomitant ligament restoration is performed or 
not. In this study, 36 Yucatan minipigs underwent ACL surgery, and a custom multiplex assay was used to measure 
synovial fluid protein levels of MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-12, MMP-13, IL-1α, IL-2, IL-4, IL-6, IL-8, 
IL-10, IL-12, IL-18, GM-CSF, and TNFα in 18 animals at 1 and 4 weeks after surgery. Linear regressions were used to 
evaluate the relationships between synovial fluid protein levels and the previously reported gene expression levels 
in the articular cartilage and synovium from the same animal cohort. Synovial fluid levels of MMP-13 and IL-6 were 
significantly correlated with synovial gene expression (P=.003 and P<.001 respectively), while IL-1α levels were sig-
nificantly correlated with articular cartilage gene expression (P=.037). The synovium may be an important source of 
MMP-13 and IL-6, and the articular cartilage may be an important source of IL-1α in post-surgical inflammation. In 
developing treatments for post-surgical inflammation, the synovium may therefore be a promising target for modu-
lating inflammatory mediators such as MMP-13 and IL-6 in the synovial fluid.
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Introduction

Post-surgical or post-injury joint inflammation 
has been implicated in the development of pro-
longed post-operative pain [1], arthrofibrosis 
[2], and osteoarthritis [3], with the interleukins 
and matrix metalloproteinases found in the 
synovial fluid of inflamed joints thought to play 
key roles in these manifestations [4]. While 
inflammation has long been thought to play an 
essential role in the post-operative course, the 
primary tissue sources for the different inflam-
matory cytokines and matrix metalloproteinas-
es (MMPs) remain to be elucidated.

Within the first four weeks after transection  
of the anterior cruciate ligament (ACL) in the 
porcine model, a post-surgical inflammatory 

response has been noted, consisting of chang-
es in the histology of the synovium and carti-
lage, as well as in the gene expression of the 
two tissues, regardless of whether a concomi-
tant ACL restoration or reconstruction proce-
dure was performed [5, 6]. Prior studies have 
reported an increase in the concentrations of 
inflammatory cytokines and MMPs in the syno-
vial fluid following joint injury, particularly for 
IL-1Ra, IL-4, IL-6, IL-12, and IL-18 [7-14]. 
However, the primary tissue sources for these 
inflammatory mediators are unknown. Possi- 
bilities include secretion by the articular carti-
lage, synovium, another intra-articular tissue, 
or a transudate of serum. We elected to begin 
to explore this question by looking for correla-
tions between the gene expression of these 
mediators, as previously determined using 
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RNA-Seq [5, 6], with newly acquired synovial 
fluid protein level data to determine if either the 
articular cartilage or synovium were reasonable 
candidates as the contributors. As there were 
no differences in gene expression or histology 
among the surgical groups, and no macroscop-
ic cartilage damage in any group at the 1- or 
4-week time point, the data from the three  
surgical groups and two time points were 
pooled to improve our ability to detect signifi-
cant correlations between the inflammatory 
cytokines or MMPs and the tissue RNA expres-
sion of the genes for those proteins. We select-
ed 11 cytokines and 7 MMPs previously as- 
sociated with joint inflammation [4, 15-18], of 
which we also had gene expression data from 
the articular cartilage and synovium [5, 6] 
(Table 1). 

Our primary hypothesis was that protein levels 
for the molecules of interest, in the synovial 
fluid would significantly relate to gene expres-
sion in the articular cartilage, synovium, both, 
or neither, when all surgical groups and time 
points were combined. In addition, we hypoth-
esized that the gene expression of the cyto-
kines and MMPs of interest in the articular car-
tilage would correlate with the gene expression 
of the same proteins in the synovium.

Materials and methods

Study design

A controlled, large animal experiment with 
cross-sectional outcome assessments at two 

post-surgery time points was designed. The 
Institutional Animal Care and Use Committee 
approved this study (Brown University #1511- 
000175), which was performed in accord with 
ARRIVE guidelines [19]. Thirty-six adolescent 
Yucatan minipigs (Sinclair BioResources, Co- 
lumbia MO) were allocated to receive unilateral 
ACL transection surgery (n=36) followed by 
euthanasia and outcome assessments at 1 
week (1 W, n=18) or 4 weeks (4 W, n=18)  
after surgery. Within each time point, 6 of the 
18 animals were allocated to no treatment fol-
lowing transection, 6 of the 18 to immediate 
ligament reconstruction surgery, and 6 of the 
18 to immediate ligament restoration surgery 
(Figure 1). A computer-based random permuta-
tion stratified for sex determined each animals 
group allocation and side of unilateral surgery. 
The current analysis leverages the previously 
published RNA-Seq data of the synovium and 
articular cartilage from this same cohort [5, 6], 
and added the newly acquired data for synovial 
fluid protein levels for each animal obtained at 
the time of euthanasia, as well as the correla-
tion analyses between the protein levels and 
RNA expression. Justification for the animal 
model, sample size, details for the IACUC 
approved surgical procedures, animal hus-
bandry, and pain management have been pre-
viously reported [5, 6], and are provided in 
Supplementary Material 1.

Articular cartilage, synovium and synovial fluid 
sample collection

After euthanasia, synovial fluid was aspirated 
and centrifuged at 1300 relative centrifugal 
force (RCF), and the supernatant stored at  
-80°C in 50 ul aliquots until analysis. If the ini-
tial aspiration was unsuccessful, the collection 
was repeated after a 10 cc phosphate buffer- 
ed saline injection, with a serum/synovial fluid 
urea concentration ratio used to calculate the 
dilution factor as previously described [20]. 
After fluid aspiration, the knee joints were 
opened using aseptic technique. Four to eight  
5 mm diameter osteochondral samples were 
harvested for RNA isolation from the area pos-
terior to the frontal plane in the center of the 
medial femoral condyle. Osteochondral sam-
ples were rinsed in saline and the cartilage  
was separated from the subchondral bone. 
Cartilage samples were immediately frozen in 
liquid nitrogen and stored at -80°C until RNA 

Table 1. Genes encoding the seven matrix 
metalloproteinases (MMPs) and eleven cyto-
kines included in this analysis
MMPs Cytokines
MMP-1 IL-1A
MMP-2 IL-2
MMP-3 IL-4
MMP-7 IL-6
MMP-9 CXCL8
MMP-12 IL-10
MMP-13 IL-12A

IL-12B
IL-18
CSF2
TNF
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isolation. The synovium attached to the poste-
rior half of the medial meniscus, remote from 
the prior anterior arthrotomy site, was harvest-
ed for immediate RNA extraction.

Articular cartilage RNA-Seq

Immediately following surgical excision, articu-
lar cartilage samples were frozen until homog-
enization. Homogenization procedures were 
performed as previously described [6]. After 
homogenization, samples were frozen again 
until RNA was extracted using phenol-chloro-
form separation, purified, treated with DNase, 
and assessed for purity and integrity. The sam-
ples were then enriched for poly(A+) mes- 
senger RNA, reverse transcribed, ligated, and 
amplified with 17 cycles of polymerase chain 
reaction using an Illumina TruSeq RNA Sample 
Preparation Kit Version 2, which involved the 
use of 50-bp paired-end reads. Reads were 
then aligned to the susScr3 genome (assem-
bled by the Swine Genome Sequencing 
Consortium [21]) and accessed through a 
genome browser hosted by the University of 
California, Santa Cruz (https://genome.ucsc.
edu/). Read alignment was handled by the 
RNA-Seq Unified Mapper (RUM) developed at 
the University of Pennsylvania [22]. Gene 
counts were then generated with a custom R 
script [6]. Counts were then supplied to 
DESeq2, which normalized counts to provide 
median of ratios [23]. DESeq2’s median of 
ratios accounts for sequencing depth and com-
position of the RNA by dividing raw counts by 
size factors that are specific to each tissue 
sample. These size factors were calculated by 

generate median of ratios for the synovium 
samples.

Synovial fluid multiplex assay

A custom multiplex assay kit (SPR#1178, 
Millipore, Burlington, MA) was used to assess 
the concentrations of our target proteins  
(Table 1). Synovial fluid samples were assayed 
by time point with all three treatment groups 
pooled together (Figure 1). Each synovial fluid 
sample had a duplicate run in the same batch.

Multiplex technology (Bioplex-200; BioRAD, 
Hercules, CA) was used to measure fluorescent 
intensity. Mean fluorescent intensities (MFIs) 
and concentrations of standards were used to 
establish a standard curve. MFIs served as 
inputs for 5PL logistic regressions to obtain 
concentration estimates. Concentration esti-
mates were then averaged between duplicates 
using commercial software (Bioplex Manager; 
BioRAD, Hercules, CA). For each sample, the 
ratio of synovial fluid urea concentration (post-
averaging) to serum urea concentration was 
obtained using a blood urea nitrogen (BUN) 
assay (ab83362, Cambridge, MA) [24]. Con- 
centrations were expressed in picograms per 
milliliter (pg/ml).

It is important to note that synovial fluid pro- 
tein levels were detected for IL-1Ra and MMP-
10, but they were not included in this analysis 
because there are no orthologues annotated in 
the susScr3 genome (i.e., no RNA-Seq expres-
sion values can be calculated for the corre-
sponding IL-1RN and MMP-10 genes) [25]. 

Figure 1. Consort diagram for the animal study that produced the tissue 
samples used in this analysis.

taking the median ratio of the 
counts per gene relative to the 
geometric mean of each gene.

Synovium RNA-Seq

Unlike the articular cartil- 
age samples, synovium sam-
ples underwent homogeniza-
tion immediately following ex- 
cision. RNA extraction and 
integrity assessment proce-
dures are detailed in Sieker  
et al. (2018) [5]. The same 
library preparation and bioin-
formatics tools, mentioned 
above for the articular carti-
lage samples, were used to 
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Additionally, levels of the IL-12 protein were 
used for analyses with both the IL-12A as well 
as the IL-12B genes.

Statistical analysis

All statistical analyses, described below, were 
carried out in R version 4.0.1 [26]. Gene ex- 
pression levels were obtained by converting 
raw counts to median of ratios as described 
above; there were no adjustments for lower or 
upper bounds before including these values in 
the analysis. Protein levels, however, under-
went lower bound replacement for synovial  
fluid samples that were deemed below the 
lower detectable limit of the multiplex assay. 
Specifically, samples with readings below the 
lower bound were replaced by zero for each 
respective cytokine or MMP.

All treatment groups and both time points  
were pooled. Linear regressions were used to 
evaluate the relationship between synovial  
fluid protein levels and gene expression levels 
in different tissues. Significant regressions are 
reported in the main text, and all regressions 
are reported in Supplementary Material 2. 
Spearman correlations were also performed on 
all regression datasets with significant results. 
This analysis served to bolster relationship find-
ings by providing an assessment that was both 
non-parametric and more satisfactory in meet-
ing its assumptions (i.e., that the data could be 
modeled by a monotonic function). Pearson cor- 
relations were performed on expression data 
(median of ratios) between articular cartilage 
and synovium for each cytokine and MMP of 
interest. Significant results are reported in the 
main text, and all correlation results are pro-
vided in Table S1; Figures S1, S2, S3, S4. 
Pearson correlation plots and regression plots 
both feature 95% confidence intervals.

We assessed regression models for outliers by 
calculating studentized residuals-values for 
each sample that were determined by dividing 
regular residuals by a term that includes the 
average and the mean square error with  
the sample of interest removed (https://on- 
line.stat.psu.edu/stat462/node/247/). Sampl- 
es with studentized residuals above 3.0 (abso-
lute value) were deemed outliers. This exclu-
sion resulted in one reconstruction animal at 
one week being excluded from the MMP-1  
analyses, one restoration subject at one week 
being excluded from the MMP-3, MMP-12, and 

MMP-13 analyses, and a second restoration 
subject at one week being excluded from the 
MMP-12 synovium analyses. Similarly, the out-
lier exclusion criteria led to one restoration ani-
mal at one week being excluded from the IL- 
1A, IL-4, and IL-12B analyses. These removed 
outliers are visualized in Figures S3 and S4.

A P-value of 0.05 served as the threshold for 
significance, with mentioning of relationships 
that fell slightly short of this metric. We did not 
adjust P-values for multiple comparisons. This 
was done to decrease the type II error rate and 
increase the discovery of “true positives” (in 
exchange for possibly increasing the type I error 
rate).

Results

Demographic data for the 36 animals used in 
this analysis are presented in Table S1. There 
were no significant differences in baseline age, 
baseline weight, and sex distribution between 
all groups as previously reported [6]. No 
adverse events were observed during surgery 
or follow-up.

Most cytokine and MMP analyses excluded at 
least one animal due to undetectable multiplex 
values, but the average age of subjects varied 
by less than eight days between groups, and 
the average weight varied by less than 0.6 kg 
between groups. The percentage of animals 
with synovial fluid levels above the lower detect-
able limit is shown in Table 2.

MMPs were expressed in almost all samples of 
articular cartilage and synovium obtained from 
the joints post-injury (Table 3). For the cyto-
kines, IL-10 and IL-18 were present in almost  
all the samples of articular cartilage and sy- 
novium (Table 4), while IL-2, IL-4, and CXCL8 
had poor coverage in both the cartilage and 
synovium. IL-1A and TNF were present in 
approximately half of the cartilage samples, 
and in all the synovium samples. Lastly, while 
IL-12B and CSF2 were present in a low per- 
centage of cartilage samples, they were each 
present in approximately half of the synovium 
samples (Table 4).

Regression of synovial fluid protein levels and 
gene expression in the cartilage and synovium

Matrix metalloproteinase analyses: MMP-13 
(P=.003) had a significant relationship between 
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synovial fluid protein levels and synovial mem-
brane gene expression, and there was some 
evidence of similar relationships for MMP-1 
(P=.075) and MMP-12 (P=.09). There was also 
some evidence of a relationship between syno-
vial fluid levels of MMP-3 and articular cartilage 
gene expression of MMP-3 (P=.065). Figure 2 
depicts these regressions, with the MMP-12 
model removed due to heteroskedasticity. 
Regressions for all MMPs can be found in 
Supplementary Material 2.

Cytokine analyses: Synovial fluid levels of IL-1α 
were significantly related to IL-1A expression in 
articular cartilage (P=.037) (Figure 3). Synovial 
fluid levels of IL-6 and GM-CSF were significant-

ly related to synovium expression of IL-6 
(P<.001) and CSF2 (P=.016) respectively, and 
there was some evidence of relationships 
between synovial fluid levels of IL-4 and IL-12 
and synovium expression of IL-4 (P=.066) and 
IL-12B (P=.083) (Figure 3). Models for IL-4 and 
GM-CSF were removed due to heteroskedastic-
ity. Regressions for all other cytokines can be 
found in Supplementary Material 2.

Correlation of gene expression in articular 
cartilage and gene expression in synovium

Gene expression in the articular cartilage had a 
significant correlation with gene expression in 
the synovium for MMP-1 (R=.35, P=.035) and 
MMP-3 (R=.39, P=.019) (Figure 4). Gene 
expression in articular cartilage had a signifi-
cant correlation with gene expression in synovi-
um for TNF (R=.37, P=.029), and there was 
some evidence of a similar correlation for IL-1A 
(R=.33, P=.052) (Figure 5). Correlation plots for 
all MMPs are in Figure S1, and correlation plots 
for all cytokines are in Figure S2.

Discussion

In this study, we found that synovium gene 
expressions of MMP-13 and IL-6 were signifi-
cantly related to levels of associated proteins  
in the synovial fluid, with reasonable evidence 
of similar relationships for MMP-1, MMP-12 
and IL-12B. The articular cartilage gene ex- 
pression of IL-1A was significantly related to 
synovial fluid levels of IL-1α, and there was rea-
sonable evidence of a similar relationship for 
MMP-3. These findings suggest that the synovi-

Table 2. Percentage of samples with synovial 
fluid protein levels above the lower detectable 
limit
Protein % Above Detectable Limit
MMP-1 100
MMP-2 13
MMP-3 57
MMP-7 14
MMP-9 58
MMP-12 17
MMP-13 77
IL-1α 46
IL-2 52
IL-4 56
IL-6 94
IL-8 61
IL-10 49
IL-12 72
IL-18 100
GM-CSF 29
TNFα 3

Table 3. Percentage of samples with non-zero 
mRNA counts for MMPs in the articular carti-
lage and synovium
Gene % Synovium % Cartilage
MMP-1 100 100
MMP-2 100 100
MMP-3 100 100
MMP-7 94 81
MMP-9 100 100
MMP-12 92 61
MMP-13 100 100

Table 4. Percentage of samples with non-zero 
mRNA counts for the cytokines of interest in 
the articular cartilage and synovium
Gene % Synovium % Cartilage
IL-1A 100 51
IL-2 9 0
IL-4 13 3
IL-6 47 6
CXCL8 9 0
IL-10 100 86
IL-12A 61 28
IL-12B 53 8
IL-18 100 100
CSF2 54 14
TNF 100 60
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um may be an important source of MMP-13 
and IL-6 in the synovial fluid during post-surgi-
cal inflammation, while the articular cartilage 
may be an important source of IL-1α.

The current association of mRNA expression  
of MMP-13 and the level of the protein in the 
synovial fluid is consistent with prior reports of 
significant expression of MMP-13 in the synovi-
um from patients with rheumatoid arthritis 
[27]. To date, much of the work on MMP-13 and 

osteoarthritis has focused on the production of 
MMP-13 within the articular cartilage, and in 
blocking the production of this enzyme in the 
articular cartilage [28-30]. However, these 
studies did not evaluate the mRNA expression 
for MMP-13 in the synovium, nor did they  
establish a statistical connection between the 
mRNA expression in either tissue with the level 
in the synovial fluid. One study, however, did 
verify the presence of MMP-13 in human 
synovium using immunohistochemistry, but 

Figure 2. A. Of the seven MMPs evaluated, MMP-13 featured a significant relationship between synovial fluid protein 
levels and gene expression in the synovial membrane. B. Similarly, MMP-1 also featured some evidence of a rela-
tionship between synovial fluid and gene expression in the synovium. C. MMP-3 had some evidence of a relationship 
between the protein level in the synovial fluid and the gene expression in the articular cartilage. ACLT=ACL tran-
section, RCN=ACL reconstruction, REP=ACL restoration. The regression line (solid) and 95% confidence intervals 
(dashed) for the groups pooled are also provided.

Figure 3. A. There was a significant relationship between the IL-1α protein level in the synovial fluid and IL-1A ex-
pression in articular cartilage. B. There was a significant relationship between IL-6 protein in synovial fluid and IL-6 
expression in synovium. C. There was some evidence of a similar relationship between IL-12 protein in synovial 
fluid and IL-12B expression in synovium. While GM-CSF appeared to have a statistically significant relationship, it 
was removed due to heteroskedasticity. ACLT=ACL transection, RCN=ACL reconstruction, REP=ACL restoration. The 
regression line (solid) and 95% confidence intervals (dashed) for the groups pooled are also provided.
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samples were derived from a different disease 
context-late-stage osteoarthritis and rheuma-
toid arthritis [31]. Our results here suggest that 
blocking MMP-13 production within the synovi-
um in the early stages of inflammation may be 

useful for limiting the exposure of the superfi-
cial cartilage to this enzyme.

While prior studies have reported increased 
synovial fluid protein levels of IL-6 in disease 

Figure 4. Of the seven MMPs evaluated, there were significant Pearson correlations between the mRNA expres-
sion in the articular cartilage and in the synovial membrane for (A) MMP-1 and (B) MMP-3. ACLT=ACL transection, 
RCN=ACL reconstruction, REP=ACL restoration.

Figure 5. Of the eleven cytokines evaluated. B. TNF featured a significant Pearson correlation between mRNA 
expression in articular cartilage and the synovial membrane. A. IL-1A had similar results, though not significant. 
ACLT=ACL transection, RCN=ACL reconstruction, REP=ACL restoration.
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states associated with synovial inflammation 
(e.g., rheumatoid arthritis, osteoarthritis, obe-
sity) [32-34], they neither simultaneously 
sequenced the synovium nor restricted their 
analyses to the early-stage disease setting; 
thus failing to introduce the hypothesis that  
the synovium could be the primary source of 
IL-6. One study, however, did evaluate the  
presence of IL-6 in synovium using immu- 
nohistochemistry and RT-PCR, but their IL-6 
analysis was restricted to chronic autoimmune 
arthritis in non-knee murine joints [35]. Our 
study addressed the IL-6 synovium hypothesis 
in a post-surgical inflammation model, where 
direct sequencing of the synovium resulted  
in a significant correlation between synovial 
gene expression of IL-6 and the synovial fluid 
protein level of IL-6. This finding suggests that 
the synovium may be an important source of 
IL-6 in post-surgical joints.

The origin of synovial fluid protein levels of IL- 
1α in the osteoarthritic process remains unre-
solved. In vitro studies of chondrocytes, where-
in the cells were dissociated from their matrix 
and passaged, failed to detect IL-1A gene 
expression [36]. In contrast, the presence of 
IL-1A mRNA in normal chondrocytes [37], and 
increased immunohistochemistry staining for 
IL-1α have been demonstrated in human carti-
lage and canine cartilage, respectively [38,  
39]. In addition, the intra-articular administra-
tion of IL-1Ra, a ligand that binds to surface 
receptors on IL-1a and renders it non-inflamma-
tory, has led to improved cartilage status in 
canine and rat models [40-43]. However, a 
clinical study aimed at directly blocking IL-1α 
with subcutaneous administration of an anti- 
IL-1α/β drug did not demonstrate efficacy in 
reducing symptoms of osteoarthritis [44]. 
However, this clinical study did not verify  
whether IL-1α was effectively lowered in the 
joint environment with the administered subcu-
taneous treatment [44]. The current porcine 
study adds to the discussion in that a signifi-
cant relationship between articular cartilage 
IL-1A expression and IL-1α protein levels in 
synovial fluid was noted.

In addition to serving as a window into the 
molecular dynamics of post-surgical inflamma-
tion, the current study also characterized the 
relationships between the knee joint tissues 
following ACL transection. Although the findings 
are too preliminary to solidify a mechanistic 

understanding, they suggest that ACL disrup-
tion engenders relationships between synovi-
um and synovial fluid-mediated by MMP-13  
and IL-6 expression-as well as between articu-
lar cartilage and synovial fluid-mediated by 
IL-1α. These signaling molecules have histori-
cally been implicated in the pathogenesis of 
cartilage destruction in osteoarthritis and  
rheumatoid arthritis [45], and the current  
study offers insight into which tissues are  
introducing them into the joint environment 
early on after surgery. However, the direct  
stimuli, which induce synovium and cartilage 
expression of these molecules, remain to be 
seen. Possibilities include direct tissue cross-
talk between the torn ligament and surrounding 
structures, altered loading which results from 
joint destabilization following ligament disrup-
tion, or both.

The current study has a number of limitations 
that warrant consideration. Pigs are quadru-
peds; thus, the mechanics and post-surgical 
inflammation may differ from human manifes-
tations of the disease. However, the porcine 
model has been shown to exhibit knee joint  
biomechanics and osteoarthritis progression 
after injury [46, 47], which are similar to those 
seen in humans [48, 49]. In addition, this was  
a study of adolescent animals, and thus pre-
cludes extension of these findings to juvenile  
or adult animals. Furthermore, only cartilage 
and synovial RNA expression were studied 
here, and we could only provide evidence for 
cytokines and matrix metalloproteinases from 
those two tissues. Future studies to evaluate 
other intra-articular structures, including liga-
ment and menisci, are planned. This study only 
evaluated the changes that occurred within the 
first four weeks of the surgical insults. Future 
studies are needed to evaluate the long-term 
relationships between gene expression and 
synovial fluid profiles. Moreover, the current 
study did not employ immunohistochemistry or 
flow cytometry, which could have served to  
confirm the origin of the molecules of interest. 
Following up on the current findings using the- 
se techniques would be a promising future 
step. Another limitation is that in our calcula-
tions, the multiplex protein levels below the 
lower detectable limit were replaced with val-
ues of zero for the regression and correlation 
tests, an accommodation that assumes these 
subthreshold values are biologically irrelevant.
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This study also has unique strengths. It repre-
sents one of the only in vivo large animal stud-
ies that characterizes synovial fluid protein  
contents in the context of tissue transcript 
expression. Previous preclinical osteoarthritis 
studies have evaluated joint presence of IL-1α 
and MMP-13, but they did not evaluate how tis-
sue expression relates to synovial fluid protein 
content [38, 41-43, 50]. Moreover, the evalua-
tion of both synovium and articular cartilage 
makes this study a unique synthesis of multiple 
transcriptomic comparisons to synovial fluid 
composition. The current study also reaffirms 
the presence of certain pro-inflammatory mol-
ecules in the synovial fluid and joint tissues and 
their likely contribution to the post-surgical 
inflammation. 

In conclusion, this study highlights the relation-
ships between the expression of MMP and 
interleukin genes in knee joint tissues and  
their protein levels in synovial fluid in post-oper-
ative inflammation-comparisons that suggest 
the synovium as an important source for MMP-
13 and IL-6 and cartilage as an important 
source of IL-1α during this early period. Future 
studies evaluating the intra-articular com- 
munication between joint tissues and synovial 
fluid in acute and chronic inflammation are 
warranted.

Acknowledgements

We gratefully acknowledge the support from 
the National Institutes of Health [NIAMS  
R01-AR056834, R01-AR065462, NIGMS P30-
GM122732 (Bioengineering Core of the COBRE 
Centre for Skeletal Health and Repair)], the 
Lucy Lippitt Endowment, the Bioinformatics 
Working Group at Boston Children’s Hospital, 
and the Biopolymers Facility at Harvard Me- 
dical School. We sincerely thank our team 
members, Scott McAllister, Kaitlyn Chin, 
Kimberly Waller, Jillian Beveridge, Meggin 
Costa, Emma Fleming, and Jakob Sieker for 
assisting with surgical procedures and post-
operative care, as well as technical support in 
the RNA isolation and sequencing. We also 
appreciate the support of the Brown University 
Center for Animal Resources and Education 
(CARE) veterinary technicians, Veronica Bou- 
vier, Roxanne Burrill, and Pamela Norberg, for 
coordinating and assisting with the animal pro-
cedures. We sincerely thank the CARE veteri-

narians, Drs. James Harper and Lara Helwig, 
for their leadership and veterinary oversight for 
this study.

Disclosure of conflict of interest

Dr. Murray is a founder and equity holder, Dr. 
Proffen is a paid consultant and equity holder, 
and Dr. Fleming is a founder of Miach 
Orthopaedics, Inc., which was formed to ups- 
cale production of a scaffold for ACL restora-
tion and is related to one of the procedures 
described herein. Drs. Murray and Proffen 
maintain a conflict-of-interest management 
plan approved by Boston Children’s Hospital 
while Dr. Fleming maintains a similar plan with 
Rhode Island Hospital.

Address correspondence to: Dr. Braden C  
Fleming, Department of Orthopaedics, Rhode  
Island Hospital, Coro West, Suite 402, 1 Hoppin 
Street, Providence, RI 02903, USA. Tel: 401-444-
5444; Fax: 401-444-4418; E-mail: braden_flem-
ing@brown.edu

References

[1] Jacobs CA, Hunt ER, Conley CE, Johnson DL, 
Stone AV, Huebner JL, Kraus VB and Latter-
mann C. Dysregulated inflammatory response 
related to cartilage degradation after ACL inju-
ry. Med Sci Sports Exerc 2020; 52: 535-541.

[2] Malahias MA, Birch GA, Zhong H, Sideris A, 
Gonzalez Della Valle A, Sculco PK and Kirksey 
M. Postoperative serum cytokine levels are as-
sociated with early stiffness after total knee 
arthroplasty: a prospective cohort study. J Ar-
throplasty 2020; 35: S336-S347.

[3] Woodell-May JE and Sommerfeld SD. Role of 
inflammation and the immune system in the 
progression of osteoarthritis. J Orthop Res 
2020; 38: 253-257.

[4] Amano K, Huebner JL, Stabler TV, Tanaka M, 
McCulloch CE, Lobach I, Lane NE, Kraus VB, 
Ma CB and Li X. Synovial fluid profile at the 
time of anterior cruciate ligament reconstruc-
tion and its association with cartilage matrix 
composition 3 years after surgery. Am J Sports 
Med 2018; 46: 890-899.

[5] Sieker JT, Proffen BL, Waller KA, Chin KE, 
Karamchedu NP, Akelman MR, Perrone GS, Ki-
apour AM, Konrad J, Fleming BC and Murray 
MM. Transcriptional profiling of synovium in a 
porcine model of early post-traumatic osteoar-
thritis. J Orthop Res 2018; [Epub ahead of 
print].

mailto:braden_fleming@brown.edu
mailto:braden_fleming@brown.edu


Gene and protein expression in the post-surgical joint

1649 Am J Transl Res 2022;14(3):1640-1651

[6] Sieker JT, Proffen BL, Waller KA, Chin KE, 
Karamchedu NP, Akelman MR, Perrone GS, Ki-
apour AM, Konrad J, Murray MM and Fleming 
BC. Transcriptional profiling of articular carti-
lage in a porcine model of early post-traumatic 
osteoarthritis. J Orthop Res 2018; 36: 318-
329.

[7] Karamchedu NP, Fleming BC, Donnenfield JI, 
Proffen BL, Costa MQ, Molino J and Murray 
MM. Enrichment of inflammatory mediators in 
the synovial fluid is associated with slower pro-
gression of mild to moderate osteoarthritis in 
the porcine knee. Am J Transl Res 2021; 13: 
7667-7676.

[8] Sward P, Frobell R, Englund M, Roos H and 
Struglics A. Cartilage and bone markers and 
inflammatory cytokines are increased in syno-
vial fluid in the acute phase of knee injury 
(hemarthrosis)--a cross-sectional analysis. Os-
teoarthritis Cartilage 2012; 20: 1302-1308.

[9] Boileau C, Martel-Pelletier J, Moldovan F, 
Jouzeau JY, Netter P, Manning PT and Pelletier 
JP. The in situ up-regulation of chondrocyte in-
terleukin-1-converting enzyme and interleu-
kin-18 levels in experimental osteoarthritis is 
mediated by nitric oxide. Arthritis Rheum 
2002; 46: 2637-2647.

[10] Zhao R, Dong Z, Wei X, Gu X, Han P, Wu H, Yan 
Y, Huang L, Li H, Zhang C, Li F and Li P. Inflam-
matory factors are crucial for the pathogenesis 
of post-traumatic osteoarthritis confirmed by a 
novel porcine model: “idealized” anterior cruci-
ate ligament reconstruction” and gait analysis. 
Int Immunopharmacol 2021; 99: 107905.

[11] Irie K, Uchiyama E and Iwaso H. Intraarticular 
inflammatory cytokines in acute anterior cruci-
ate ligament injured knee. Knee 2003; 10: 93-
96.

[12] Cameron M, Buchgraber A, Passler H, Vogt M, 
Thonar E, Fu FH and Evans CH. The natural his-
tory of the anterior cruciate ligament-deficient 
knee-changes in synovial fluid cytokine and 
keratan sulfate concentrations. Am J Sports 
Med 1997; 25: 751-754.

[13] Bigoni M, Sacerdote P, Turati M, Franchi S, 
Gandolla M, Gaddi D, Moretti S, Munegato D, 
Augusti CA, Bresciani E, Omeljaniuk RJ, Lo-
catelli V and Torsello A. Acute and late changes 
in intraarticular cytokine levels following ante-
rior cruciate ligament injury. J Orthop Res 
2013; 31: 315-321.

[14] Kraus VB, Birmingham J, Stabler TV, Feng S, 
Taylor DC, Moorman CT 3rd, Garrett WE and 
Toth AP. Effects of intraarticular IL1-Ra for 
acute anterior cruciate ligament knee injury:  
a randomized controlled pilot trial (NCT00- 
332254). Osteoarthritis Cartilage 2012; 20: 
271-278.

[15] Brandsson S, Karlsson J, Sward L, Kartus J, Er-
iksson BI and Karrholm J. Kinematics and lax-
ity of the knee joint after anterior cruciate liga-
ment reconstruction-pre- and postoperative 
radiostereometric studies. Am J Sports Med 
2002; 30: 361-367.

[16] Haslauer CM, Elsaid KA, Fleming BC, Proffen 
BL, Johnson VM and Murray MM. Loss of extra-
cellular matrix from articular cartilage is medi-
ated by the synovium and ligament after ante-
rior cruciate ligament injury. Osteoarthritis 
Cartilage 2013; 21: 1950-1957.

[17] King JD, Rowland G, Villasante Tezanos AG, 
Warwick J, Kraus VB, Lattermann C and Jacobs 
CA. Joint fluid proteome after anterior cruciate 
ligament rupture reflects an acute posttrau-
matic inflammatory and chondrodegenerative 
state. Cartilage 2020; 11: 329-337.

[18] Papathanasiou I, Michalitsis S, Hantes ME, Vly-
chou M, Anastasopoulou L, Malizos KN and 
Tsezou A. Molecular changes indicative of car-
tilage degeneration and osteoarthritis devel-
opment in patients with anterior cruciate liga-
ment injury. BMC Musculoskelet Disord 2016; 
17: 21.

[19] Kilkenny C, Browne W, Cuthill IC, Emerson M 
and Altman DG; NC3Rs Reporting Guidelines 
Working Group. Animal research: reporting in 
vivo experiments: the ARRIVE guidelines. J 
Gene Med 2010; 12: 561-563.

[20] Kiapour AM, Sieker JT, Proffen BL, Lam TT, 
Fleming BC and Murray MM. Synovial fluid pro-
teome changes in ACL injury-induced posttrau-
matic osteoarthritis: proteomics analysis of 
porcine knee synovial fluid. PLoS One 2019; 
14: e0212662.

[21] Schook LB, Beever JE, Rogers J, Humphray S, 
Archibald A, Chardon P, Milan D, Rohrer G and 
Eversole K. Swine Genome Sequencing Con-
sortium (SGSC): a strategic roadmap for se-
quencing the pig genome. Comp Funct Genom-
ics 2005; 6: 251-255.

[22] Grant GR, Farkas MH, Pizarro AD, Lahens NF, 
Schug J, Brunk BP, Stoeckert CJ, Hogenesch JB 
and Pierce EA. Comparative analysis of RNA-
Seq alignment algorithms and the RNA-Seq 
unified mapper (RUM). Bioinformatics 2011; 
27: 2518-2528.

[23] Love MI, Huber W and Anders S. Moderated 
estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biol 
2014; 15: 550.

[24] Kraus VB, Huebner JL, Fink C, King JB, Brown 
S, Vail TP and Guilak F. Urea as a passive trans-
port marker for arthritis biomarker studies. Ar-
thritis Rheum 2002; 46: 420-427.

[25] Aken BL, Ayling S, Barrell D, Clarke L, Curwen 
V, Fairley S, Fernandez Banet J, Billis K, Garcia 
Giron C, Hourlier T, Howe K, Kahari A, Kokocin-



Gene and protein expression in the post-surgical joint

1650 Am J Transl Res 2022;14(3):1640-1651

ski F, Martin FJ, Murphy DN, Nag R, Ruffier M, 
Schuster M, Tang YA, Vogel JH, White S, Zadis-
sa A, Flicek P and Searle SM. The Ensembl 
gene annotation system. Database (Oxford) 
2016; 2016: baw093.

[26] Team RC. R: a language and environment for 
statistical computing. R Foundation for Statis-
tical Computing 2020.

[27] Konttinen YT, Ainola M, Valleala H, Ma J, Ida H, 
Mandelin J, Kinne RW, Santavirta S, Sorsa T, 
López-Otín C and Takagi M. Analysis of 16 dif-
ferent matrix metalloproteinases (MMP-1 to 
MMP-20) in the synovial membrane: different 
profiles in trauma and rheumatoid arthritis. 
Ann Rheum Dis 1999; 58: 691-697.

[28] Bo N, Peng W, Xinghong P and Ma R. Early car-
tilage degeneration in a rat experimental mod-
el of developmental dysplasia of the hip. Con-
nect Tissue Res 2012; 53: 513-520.

[29] Pickarski M, Hayami T, Zhuo Y and Duong LT. 
Molecular changes in articular cartilage and 
subchondral bone in the rat anterior cruciate 
ligament transection and meniscectomized 
models of osteoarthritis. BMC Musculoskelet 
Disord 2011; 12: 197.

[30] Sato T, Konomi K, Yamasaki S, Aratani S, 
Tsuchimochi K, Yokouchi M, Masuko-Hongo K, 
Yagishita N, Nakamura H, Komiya S, Beppu M, 
Aoki H, Nishioka K and Nakajima T. Compara-
tive analysis of gene expression profiles in in-
tact and damaged regions of human osteoar-
thritic cartilage. Arthritis Rheum 2006; 54: 
808-817.

[31] Lindy O, Konttinen YT, Sorsa T, Ding Y, Santa-
virta S, Ceponis A and López-Otín C. Matrix me-
talloproteinase 13 (collagenase 3) in human 
rheumatoid synovium. Arthritis Rheum 1997; 
40: 1391-1399.

[32] Shafiaa S, Shaha ZA and Sofib FA. TNF-a, IL-1β 
and IL-6 cytokine gene expression in synovial 
fluid of rheumatoid arthritis and osteoarthritis 
patients and their relationship with gene poly-
morphisms. Rheumatol 2016; 6: 1000189.

[33] Doss F, Menard J, Hauschild M, Kreutzer HJ, 
Mittlmeier T, Müller-Steinhardt M and Müller B. 
Elevated IL-6 levels in the synovial fluid of os-
teoarthritis patients stem from plasma cells. 
Scand J Rheumatol 2007; 36: 136-139.

[34] Pearson MJ, Herndler-Brandstetter D, Tariq 
MA, Nicholson TA, Philp AM, Smith HL, Davis 
ET, Jones SW and Lord JM. IL-6 secretion in os-
teoarthritis patients is mediated by chondro-
cyte-synovial fibroblast cross-talk and is en-
hanced by obesity. Sci Rep 2017; 7: 3451.

[35] Hata H, Sakaguchi N, Yoshitomi H, Iwakura Y, 
Sekikawa K, Azuma Y, Kanai C, Moriizumi E, 
Nomura T, Nakamura T and Sakaguchi S. Dis-
tinct contribution of IL-6, TNF-alpha, IL-1, and 
IL-10 to T cell-mediated spontaneous autoim-

mune arthritis in mice. J Clin Invest 2004; 114: 
582-588.

[36] Kean TJ, Ge Z, Li Y, Chen R and Dennis JE. Tran-
scriptome-wide analysis of human chondro-
cyte expansion on synoviocyte matrix. Cells 
2019; 8: 85.

[37] Ollivierre F, Gubler U, Towle CA, Laurencin C 
and Treadwell BV. Expression of IL-1 genes in 
human and bovine chondrocytes: a mecha-
nism for autocrine control of cartilage matrix 
degradation. Biochem Biophys Res Commun 
1986; 141: 904-911.

[38] Towle CA, Hung HH, Bonassar LJ, Treadwell BV 
and Mangham DC. Detection of interleukin-1 
in the cartilage of patients with osteoarthritis: 
a possible autocrine/paracrine role in patho-
genesis. Osteoarthritis Cartilage 1997; 5: 293-
300.

[39] Pelletier JP, Faure MP, DiBattista JA, Wilhelm S, 
Visco D and Martel-Pelletier J. Coordinate syn-
thesis of stromelysin, interleukin-1, and onco-
gene proteins in experimental osteoarthritis. 
An immunohistochemical study. Am J Pathol 
1993; 142: 95-105.

[40] Elsaid KA, Zhang L, Shaman Z, Patel C, Schmidt 
TA and Jay GD. The impact of early intra-articu-
lar administration of interleukin-1 receptor an-
tagonist on lubricin metabolism and cartilage 
degeneration in an anterior cruciate ligament 
transection model. Osteoarthritis Cartilage 
2015; 23: 114-121.

[41] Caron JP, Fernandes JC, Martel-Pelletier J, Tar-
dif G, Mineau F, Geng C and Pelletier JP. Chon-
droprotective effect of intraarticular injections 
of interleukin-1 receptor antagonist in experi-
mental osteoarthritis. Suppression of collage-
nase-1 expression. Arthritis Rheum 1996; 39: 
1535-1544.

[42] Pelletier JP, Caron JP, Evans C, Robbins PD, 
Georgescu HI, Jovanovic D, Fernandes JC and 
Martel-Pelletier J. In vivo suppression of early 
experimental osteoarthritis by interleukin-1 re-
ceptor antagonist using gene therapy. Arthritis 
Rheum 1997; 40: 1012-1019.

[43] Elsaid KA, Ubhe A, Shaman Z and D’Souza G. 
Intra-articular interleukin-1 receptor antago-
nist (IL1-RA) microspheres for posttraumatic 
osteoarthritis: in vitro biological activity and in 
vivo disease modifying effect. J Exp Orthop 
2016; 3: 18.

[44] Fleischmann RM, Bliddal H, Blanco FJ, 
Schnitzer TJ, Peterfy C, Chen S, Wang L, Feng 
S, Conaghan PG, Berenbaum F, Pelletier JP, 
Martel-Pelletier J, Vaeterlein O, Kaeley GS, Liu 
W, Kosloski MP, Levy G, Zhang L, Medema JK 
and Levesque MC. A phase II trial of lutikizum-
ab, an anti-interleukin-1alpha/beta dual vari-
able domain immunoglobulin, in knee osteoar-



Gene and protein expression in the post-surgical joint

1651 Am J Transl Res 2022;14(3):1640-1651

thritis patients with synovitis. Arthritis Rheu- 
matol 2019; 71: 1056-1069.

[45] Martel-Pelletier J, Barr AJ, Cicuttini FM, 
Conaghan PG, Cooper C, Goldring MB, Gold-
ring SR, Jones G, Teichtahl AJ and Pelletier JP. 
Osteoarthritis. Nat Rev Dis Primers 2016; 2: 
16072.

[46] Murray MM and Fleming BC. Use of a bioactive 
scaffold to stimulate anterior cruciate ligament 
healing also minimizes posttraumatic osteoar-
thritis after surgery. Am J Sports Med 2013; 
41: 1762-1770.

[47] Karamchedu NP, Murray MM, Sieker JT, Prof-
fen BL, Portilla G, Costa MQ, Molino J and 
Fleming BC. Bridge-enhanced anterior cruciate 
ligament repair leads to greater limb asymme-
try and less cartilage damage than untreated 
ACL transection or ACL reconstruction in the 
porcine model. Am J Sports Med 2021; 49: 
667-674.

[48] Barenius B, Ponzer S, Shalabi A, Bujak R, Nor-
len L and Eriksson K. Increased risk of osteoar-
thritis after anterior cruciate ligament recon-
struction: a 14-year follow-up study of a 
randomized controlled trial. Am J Sports Med 
2014; 42: 1049-1057.

[49] Okafor EC, Utturkar GM, Widmyer MR, Abebe 
ES, Collins AT, Taylor DC, Spritzer CE, Moorman 
CT 3rd, Garrett WE and DeFrate LE. The effects 
of femoral graft placement on cartilage thick-
ness after anterior cruciate ligament recon-
struction. J Biomech 2014; 47: 96-101.

[50] Wang M, Sampson ER, Jin H, Li J, Ke QH, Im HJ 
and Chen D. MMP13 is a critical target gene 
during the progression of osteoarthritis. Arthri-
tis Res Ther 2013; 15: R5.



Gene and protein expression in the post-surgical joint

1 

Supplementary Material 1: Supplemental Methods

Animal model

The adolescent Yucatan minipig model was selected for this study as it exhibits various features of 
human knee joints [1]. The Yucatan minipig has been shown to develop macroscopic cartilage lesions 
consistent with posttraumatic osteoarthritis (PTOA) within one year following ACL transection [2]. The 
cartilage damage typically develops in the medial compartment with more pronounced damage at areas 
adjacent to the tibial spine [2], consistent with the damage observed in human patients following ACL 
reconstruction surgery [3]. Furthermore, the Yucatan minipig model has also been shown to develop 
other non-cartilaginous features of PTOA, such as an early synovitis along with accompanying changes 
in protein markers of extracellular matrix breakdown [4]. The genetic [5] and pharmacokinetic [6] simi-
larities between the porcine model and humans further support the use of the Yucatan minipig ACL 
transection model to study PTOA.

Housing and husbandry

Following delivery to the animal care facility, all animals underwent a minimum of a 7-day quarantine 
and stabilization period. The pigs were housed in single cages (a minimum of 22.5 ft2) with wood chips 
over the concrete floor. All pigs were housed in pens that were adjacent to pens housing other pigs. Pigs 
were allowed to ambulate at all times. Animals were fed at several scheduled times per day. However, 
food was withheld a minimum of 12 hours before surgery and before euthanasia. No animals were 
excluded from the study and no modifications to the approved protocol were necessary over the course 
of the study. The animals were not used in any previous study and were considered healthy via veterinar-
ian examination upon arrival and the joints determined to be normal via intraoperative assessment.

Anesthesia

Anesthesia was induced using Telazol (4 mg/Kg) and Xylazine (2 mg/kg) followed by Propofol (3-7 mg/
kg) and then maintained with Isoflurane (1-3 MAC) following intubation. Eyes were protected using an 
eye lubricant. Both limbs were shaved and scrubbed with Chlorhexidine and 70% alcohol until visibly 
clean, followed by a ten-minute evaporation period. Hoofs were covered with unsterile gloves. Animals 
were then transferred into the adjacent operating room, placed supine on a heating mat, and secured 
on the operation table. Animal health and anesthesia depth were maintained by monitoring respiratory 
rate, oxygen saturation, electrocardiogram, blood pressure, and body temperature. The surgical limb 
and ipsilateral lower body were then scrubbed three times using Betadine. Hoofs were covered with a 
sterile glove and secured using a sterile elastic wrap. One layer of sterile towels was placed around the 
surgical area, followed by a layer of sterile drapes, leaving only the surgical limb exposed during the 
procedure.

Euthanasia

Prior to euthanasia, anesthesia was induced and maintained similar to that used for the surgical proce-
dures. Animals were euthanized during deep anesthesia using an intravenous injection of a solution 
containing pentobarbital sodium and phenytoin sodium (Beuthanasia-D, 0.1 ml/kg). Death was con-
firmed by a veterinarian technician by the absence of blood pressure and heart sounds prior to obtain-
ing the tissue samples.

Analgesia and peri-operative care

Drug
Dose

Route Frequency of  
application (times/day)

Duration 
(days)mg/kg ml

Buprenorphine 0.01 Intramuscular Once, pre-op 1
Fentanyl Patch 2 ug/kg/hr Transdermal Once, pre-op 3
Ceftiofur 5 Intramuscular Once, pre-op 1
0.5% Bupivicaine + 2% Lidocaine 1.0 Subcutaneous, around wound Once, pre-op 1
Ondansetron 4 Intramuscular or Intravenous Once, pre-op 1
Tylenol elixir 10-15 Orally Every 6 hours As needed
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Surgical procedures

ACL transection

A medial arthrotomy was created and the fat-pad partially resected to expose the ACL. The ACL was cut 
between the proximal and middle thirds of the ligament. A Lachman test was performed to verify com-
plete transection. The knee was then irrigated with 500 cc of normal saline. For those animals assigned 
to receive no treatment, the incision was then closed in layers [2], and the ligament was allowed to heal 
naturally.

ACL reconstruction

Following ACL transection in the animals assigned to the ACL reconstruction group, fresh-frozen BPTB 
allografts, which were harvested from age, weight, and gender matched donors, were implnated as 
previously described [2]. The entire patellar tendon (~10 mm in width) was used for the soft tissue por-
tion of the graft while the bone plugs were trimmed to 7 mm diameter. Femoral graft fixation was 
achieved with a 6×20 mm bio-absorbable interference screw (Biosure; Smith & Nephew, Andover, MA). 
The graft was manually pre-conditioned in tension twenty times and firmly tensioned with the knee in 
maximal extension (~30° for the pig). The distal block was secured in the tibia using a second 6 mm 
interference screw backed up with an extracortical tibial button. All incisions were closed in layers.

Bridge-enhanced ACL restoration

For the animals assigned to the bio-enhanced ACL restoration group, the repair was performed following 
ACL transection as previously described [2]. In brief, an Endobutton carrying three looped sutures was 
passed thru a 4 mm femoral tunnel and flipped. Two of the sutures were threaded through the scaffold, 
into a predrilled tibial tunnel and fixed extracortically using a button with the knee in maximum exten-
sion. The remaining suture was tied to a Kessler suture of #1 Vicryl (Ethicon, Somerville, NJ), which had 
been placed in the tibial stump of the ACL. Three cubic centimeters of autologous blood were used to 
saturate and activate the scaffold. The scaffold-blood composite was allowed to set for a minimum of 
10 minutes before completion. All incisions were closed in layers.
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Supplementary Material 2. Leftmost figures depict gene expression 
for synovium and articular cartilage plotted against synovial levels for 
each gene/protein of interest. “_zero” in the titles indicates that syno-
vial fluid levels under the detectable threshold were set to zero. Linear 
regressions are shown to the right with removed outliers indicated.
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Table S1. Information is broken up by cytokines and MMPs of interest
A
Protein Age (mo) Weight (kg) Sex (F/M) 1 Week 4 Week
MMP1 (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
MMP2 (N=31) 15/16 N=16 N=15
    mean 17.22 54.32
    stdev 1.18 3.62
    max/min 19.37/15.27 60/47
MMP3 (N=35) 18/17 N=18 N=17
    mean 17.38 53.86
    stdev 1.2 3.6
    max/min 20.27/15.3 60/47
MMP7 (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
MMP9 (N=33) 18/15 N=18 N=15
    mean 17.35 53.79
    stdev 1.23 3.7
    max/min 20.27/15.3 60/47
MMP12 (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.3 60/47
MMP13 (N=35) 18/17 N=18 N=17
    mean 17.38 53.86
    stdev 1.2 3.6
    max/min 20.27/15.3 60/47
B
Protein Age (mo) Weight (kg) Sex (F/M) 1 Week 4 Week
IL1a (N=35) 18/17 N=17 N=18
    mean 17.36 54.09
    stdev 1.23 3.6
    max/min 20.27/15.27 60/47
IL2 (N=33) 18/15 N=16 N=17
    mean 17.48 53.79
    stdev 1.17 3.48
    max/min 20.27/15.3 60/47
IL4 (N=32) 17/15 N=17 N=15
    mean 17.36 53.81
    stdev 1.24 3.64
    max/min 20.27/15.3 60/47
IL6 (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
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IL8 (N=33) 16/17 N=18 N=15
    mean 17.41 53.88
    stdev 1.23 3.69
    max/min 20.27/15.3 60/47
IL10 (N=35) 18/17 N=17 N=18
    mean 17.31 53.89
    stdev 1.25 3.63
    max/min 20.27/15.27 60/47
IL12B (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
IL12A (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
IL18 (N=36) 18/18 N=18 N=18
    mean 17.33 53.97
    stdev 1.23 3.61
    max/min 20.27/15.27 60/47
GM-CSF (N=28) 16/12 N=16 N=12
    mean 17.48 53.75
    stdev 1.22 3.46
    max/min 20.27/15.27 60/47
TNFα (N=35) 18/17 N=17 N=18
    mean 17.31 53.8
    stdev 1.25 3.51
    max/min 20.27/15.27 60/47
For protein groups in which all 36 samples had protein levels above the detectable limit, the same summary statistics are 
noted. (A) contains demographic data for animals whose synovial fluid samples had detectable levels of certain MMPs. (B) 
contains demographic data for animals whose synovial fluid samples had detectable levels of certain cytokines. A protein with 
less than 36 samples means that the Luminex assay deemed some sample(s) to have undetectable levels in the synovial fluid.
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Figure S1. Of the seven MMPs evaluated, two featured significant correlations between gene expression in the ar-
ticular cartilage and gene expression in the synovium. These MMPs were MMP-1 and MMP-3.
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Figure S2. Of the eleven cytokines evaluated, two featured significant correlations between gene expression in the 
articular cartilage and gene expression in the synovium. These MMPs were IL-1a and TNF.
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Figure S3. Of the seven MMPs evaluated, four featured significant regression relationships between synovial fluid 
protein levels and gene expression levels of at least one tissue. Gene expression in both tissues and synovial fluid 
proteins levels for those four MMPs are shown in this figure. Studentized residuals were calculated for each sample 
included in the bivariate regressions. Samples with abs (studentized residual) >3.0 are circled in red on this plot. 
These outlier samples were excluded from regression models.
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Figure S4. Of the eleven cytokines evaluated, five featured significant relationships between synovial fluid protein 
levels and gene expression levels of at least one tissue. Gene expression in both tissues and synovial fluid proteins 
levels for those five cytokines are shown in this figure. Gene expression in both tissues and synovial fluid proteins 
levels for those four MMPs are shown in this figure. Studentized residuals were calculated for each sample included 
in the bivariate regressions. Samples with abs (studentized residual) >3.0 are circled in red on this plot. These out-
lier samples were excluded from regression models.


