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Abstract

Osteoarthritis, a degenerative disease of the joints, is the most common form of arthritis in the knee. Total joint arthoplasty is a
commonly used treatment for joint degeneration and osteoarthritis, and due to these factors, TJA for hip and knee joints is projected
to grow by 137% and 601% between 2005 and 2030. Matrix metalloproteases are enzymes found in the extracellular matrix that
cleave matrix components. Normally MMPs are downregulated in tissues by Tissue Inhibitors of Metalloproteases, or TIMPs. The
relative concentration of TIMPs also may denote some of the activity of the MMPs found in serum. Lubricin (proteoglycan 4) is a
molecule found in the synovial fluid that protects joints by dissipating strain energy during locomotion. Lubricin synovial fluid
concentration is also diminished in many patients with osteoarthritis, but not all. Given the importance of these three sets of
molecules, our lab investigated the correlation between circulating lubricin, MMP levels and TIMPs levels. Blood plasma samples were
obtained from de-identified subjects undergoing total joint arthroplasty at Loyola University Medical Center and the University of
Utah. Normal blood plasma from pooled healthy individuals served as a control. We analyzed biomarker levels in plasma using ELISA.
Our data show that MMP-1 and 9 were increased in TJA patients compared to normal controls, while MMP-2 and 13 were
decreased. We also found decreased lubricin and tissue factor in surgical patients relative to controls. These data support the idea
that lubricin is vital in protecting the synovial joint and that MMPs play a complex role in the destruction of the joint.
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137% and 601% between 2005 and 2030.* Currently, there are
no Food and Drug Administration approved medical treat-
ments capable of slowing disease progression of OA or ulti-
mately delaying the need for surgery.” Thus, demand for an

Introduction

Osteoarthritis (OA), a degenerative joint disease, is the most
common form of arthritis in the knee.! Osteoarthritis is related
to both aging and obesity, and so its prevalence is expected to
rise in the coming years given America’s demographics.?

Once regarded as a purely mechanical condition involving
physical destruction of the articular cartilage, recent research
reveals that OA is a complex inflammatory condition with
multiple important factors and degradative processes co-
occurring.’

At the moment, total joint arthroplasty (TJA) is the most
commonly used treatment for joint degeneration and OA. The
use of TJA for hip and knee joints is projected to grow by
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effective treatment of OA will only increase as the population
ages, and there is room for medical or other therapy to enter
the market.

Matrix metalloproteinases (MMPs) are enzymes found in
the extracellular matrix that cleave their target proteins at inter-
nal peptide bonds.® Matrix metalloproteinases have a variety of
targets and can degrade collagen and extracellular matrix com-
ponents. Levels of MMPs 1, 2, 9, 13, and others have been
shown to be elevated in both plasma and synovial fluid of
patients with OA, and likely have significant consequences
on the progression of the disease.”®* Some of these MMPs have
been shown to be upregulated by inflammatory cytokines or
mononuclear cells.”!'® It has also been shown that synovitis
upregulates MMP expression and therefore perpetuates the
degradation characteristic of progressive OA."!

Normally MMPs are regulated in tissues by tissue inhibitors
of metalloproteinases (TIMPs). Humans have 4 different types
of TIMPs (1-4), and TIMPs appear to inhibit all MMPs that
have been studied to date.'? The relative concentration of
TIMPs will regulate the activity of the MMPs found in plasma.
Of the inhibitors, TIMP-1 appears to have the highest affinity
for MMPs 1, 3, 9, and 13.13 Research has also suggested that a
higher MMP/TIMPs ratio may be indicative of septic arthritis
and poorer prognoses.'* Tissue inhibitors of matrix metallopro-
teinases have been shown to be elevated in patients with OA,
but it is not clear if they are elevated as a compensatory
response to the increased MMPs or if they are in some way
contributing to the progression of disease.'

Lubricin (proteoglycan 4) is a molecule found in the syno-
vial fluid that protects joints by dissipating strain energy during
locomotion, protecting cartilage, and decreasing wear on the
cartilaginous surfaces.'® It also works to prevent synoviocyte
overgrowth and inhibit adhesion-dependent cell growth,
thereby protecting the specialized acellular layer of the carti-
lage within the joint. In the absence of lubricin inhibition,
synoviocytes will invade and destroy adjacent cartilage sur-
faces.!” Lubricin has a similar inhibitory effect on the adhesion
of human fibroblasts, furthering its importance within the
joint.'® Research has shown that lubricin can prevent chondro-
cyte apoptosis via inhibition of caspase-3.'*2° This proteogly-
can also decreases chondrocyte hypertrophy and terminal
differentiation, preserving functional chondrocytes that main-
tain the joint space.?! Since this important barrier molecule is
normally secreted by synoviocytes,? meniscal cells,”® and
superficial chondrocytes,”* damage to these cells in OA can
exacerbate the progression of the disease.””>* Importantly,
lubricin is anchored to the joint surface via cartilage oligomeric
matrix protein (COMP), fibronectin, and collagen II. The
MMP-9 has been shown to digest COMP and liberate lubricin
from the joint surface, disrupting its functional capacity.*’
Because lubricin itself is not degraded by MMP-9, there is
promise for intra-articular injection of lubricin as a therapeutic
approach. Lubricin synovial fluid concentration is diminished
in many patients with OA but not all.>® However, it has demon-
strated potential as an agent to reduce symptoms of OA when
injected directly into the joint space in animal models.'

In addition to its role as a barrier protein, lubricin also has
other anti-inflammatory properties in the context of the joint
and may function to diminish MMP action and expression.”'~*®
Lubricin has been shown to reduce gene expression of some
cytokines such as interleukin (IL)-6 and IL-8, while increasing
TIMP-2 and cyclooxygenase-2 expression. The same research
also showed that lubricin decreased IL-1pB-mediated induction
of MMP-1, MMP-3, MMP-9, MMP-13, IL-6, IL-8, and COX2
expression.”®

Another clinical hallmark of OA is significant inflamma-
tion of the joint. Inflammation has been shown to increase the
activity of MMPs and reduce the creation of new collagen in
vitro.?® Vascular endothelial growth factor (VEGF) is another
biomarker that is increased in patients with OA and has some
promise as a drug target. In chronic OA, persistent inflamma-
tion and VEGF signaling leads to increased invasion of the
synovial membrane, greater pain, and increased clinical
severity of the disease.’® Animal models have suggested that
inhibition of VEGF (via bevacizumab) may inhibit post-
traumatic OA,*" and a variety of other studies are being done
to assess the viability of VEGF inhibition in humans to
treat OA.>°

Given the importance of these biochemical parameters, this
study investigates the correlation between circulating lubricin,
vEGF, MMP levels, and TIMP levels in order to identify the
importance of lubricin, MMPs, and TIMPs in joint stability and
surgical recovery.

We hypothesize that there will be positive correlations
between MMPs and other pro-inflammatory biomarkers and that
these markers will be elevated in TJA patients compared to
controls. We also hypothesize that TIMPs will be elevated and
that lubricin will be drastically decreased in patients with OA.

Materials and Methods
Methods

Under institutional review board’s ethical approval from
Loyola University Chicago Health Sciences Division, de-
identified samples of plasma (n = 80) were obtained from
patients undergoing total hip arthroplasty and total knee arthro-
plasty at Loyola University Medical Center and the University
of Utah Orthopedics Clinic. Patient mean age was 66 + 11
with a range of 36 to 86 years. Samples were collected into
tubes containing 3.2% sodium citrate during routine preopera-
tive consultations 1 day prior to surgery and 1 day postopera-
tively, and the plasma was subsequently isolated. Blood
samples were centrifuged to isolate plasma which was then
aliquoted and stored at —80°C. Patients undergoing revisionary
procedures were excluded from our sample set. Patient demo-
graphic data were also obtained at the time of surgery and
included patient age, gender, BMI, presence of diabetes melli-
tus, hypertension, and use of statin therapy. Patients were
assigned random numerical identifiers in order to match demo-
graphic data with plasma marker levels.
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Figure 1. Boxplots comparing biomarker levels in control groups versus total joint arthroplasty (TJA) patients. (A) Matrix metalloproteinase
(MMP)-1. (B) MMP-2 (C) MMP-9 (D) MMP-13. Significant P values (< .05) are indicated.

We analyzed blood plasma samples with enzyme-linked
immunosorbent assay (ELISA) kits, according to manufactur-
er’s instructions. The ELISAs were run to assay MMPs 1, 2, 9,
and 13 levels, as well as TIMP-1, and vEGF levels (obtained
from R&D Systems, Minneapolis, Minnesota). Plasma lubricin
levels were measured using a PRG4 ELISA kit (obtained from
MyBioSource.com).

Controls

A pool of normal human plasma (NHP; n = 31) composed of
non-age-matched pooled plasma served as a control. Patholo-
gical pooled plasma (PATH) was obtained from Loyola Uni-
versity Medical Center from patients with inflammatory
disorders and was aggregated together and used as a pool to
compare OA to other generalized pathological and inflamma-
tory conditions.

Statistical Analysis

Statistical analysis was performed using Microsoft Excel and
Graphpad Prism Software version 7. Pre- and postoperative
levels of MMPs, TIMPs, lubricin, MP-TF, vEGF, tissue factor,
and Procollagen type I N-terminal Propeptide were compared
to levels in the NHP and PATH samples.

Results were expressed as means + standard error of the
mean, and as percent changes from normal. Analysis of var-
iance identified significant differences between control and
experimental groups. We used a standard P value of less than
.05 to determine significance. Additionally, we created corre-
lation tables using Spearman R coefficients to identify corre-
lated markers within our cohort groups, while screening for
significant values.

Results

Matrix Metalloproteinase Levels in TJA Patients
Compared to Pathological and Normal Patients

Matrix metalloproteinase-1 was significantly elevated in post-
TJA patients compared to normals (P < .0001) but not signif-
icantly different from pathological samples. Results are
displayed in Figure 1. The MMP-2 levels were higher in the
pathological group than our normal human plasma (P = .0047),
and post-operative MMP-2 was decreased compared to preo-
perative MMP-2 (P <.0001). However, there was not a demon-
strable statistically significant difference between our patient
group and our control group. Results are displayed in Figure 1.
The MMP-9 was significantly increased both pre- and post-
operatively compared to normals (P < .0001, < .0001). We
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Figure 2. Boxplots comparing biomarker levels in control groups versus total joint arthroplasty (TJA) patients. (A) Tissue inhibitors of matrix
metalloproteinase (TIMP-1) (B) Lubricin. Significant P values (< .05) are indicated.
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Figure 3. Boxplots comparing vascular endothelial growth factor
(VEGF) levels in control groups versus total joint arthroplasty (TJA)
patients. Significant P values (< .05) are indicated.

found no significant difference between our pathological con-
trol group and our surgical group, nor between the normal
control and the pathological control. Results are displayed in
Figure 1. The MMP-13 was significantly decreased both pre-
and postoperatively compared to normals (P = .0051, .0045).
Pathological pooled plasma samples appeared to have elevated
levels of MMP-13 when compared to both normals and our
TJA patients, but there was not a statistically significant dif-
ference. Results are displayed in Figure 1.

The TIMP-1 showed increases in our surgical group com-
pared to normal samples, but there were not enough normal
controls for the increase to be statistically significant. Patholo-
gical pooled plasma appeared to be elevated compared to both
normal controls as well as surgical patients, but the difference
was not statistically significant. Results are displayed in Figure 2.
Lubricin showed significant decreases both pre- and postopera-
tively when compared to normals (P <.0001,<.0001). There was
no statistically significant difference compared to pathological
controls. Results are displayed in Figure 2. Vascular endothelial
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Figure 4. Percent changes of matrix metalloproteinases (MMPs) and
biomarkers in presurgical total joint arthroplasty (TJA) patients with
osteoarthritis (OA) compared to normal controls (normal human plasma).

growth factor showed a significant increase postoperatively (P =
.0052). There were no significant differences between the surgi-
cal patients and the normals or the pathological controls. Results
are displayed in Figure 3.

Percent Differences Between Patient Population and
Controls

Data were also analyzed as percent changes between different
groups. These are summarized in Figure 4.

Correlations Between Biomarkers

Postoperative plasma levels of MMP-9 were shown to be nega-
tively correlated with post-operative lubricin levels (spearman
r = —0.3168, P = .0494). Results are displayed in Figure 5.
Postoperative TIMP-1 was shown to be positively correlated
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Figure 5. Correlation between postoperative Lubricin levels and
postoperative matrix metalloproteinase-9 (MMP-9) levels in total joint
arthroplasty (TJA) patients. Best-fit line shown; Spearman r and P
values indicated.
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Figure 6. Correlation between postoperative tissue inhibitors of
matrix metalloproteinase-| (TIMP-1) and postoperative matrix
metalloproteinase-1 (MMP-1) in total joint arthroplasty (TJA) patients.
Best-fit line shown; Spearman r and P values indicated.

with postoperative MMP-1 (spearman » = 0.3691, P =.02076).
Results are displayed in Figure 6. Preoperative TIMP-1 was
shown to be positively correlated with preoperative MMP-1
(spearman » = 0.3945, P = .01903). Postoperative MMP-9 was
shown to be positively correlated with postoperative vVEGF

Figure 7. Correlation between postoperative vascular endothelial
growth factor (VEGF) and postoperative matrix metalloproteinase-9
(MMP-9). Best-fit line shown; Spearman r and P values indicated.
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Figure 8. Correlations between postoperative matrix
metalloproteinase-1 (MMP-1) and patient age. Best-fit line shown;
Spearman r and P values indicated.

(spearman » = 0.4822, P = .001891). Results are displayed
in Figure 7. The MMP-1 was shown to be positively correlated
with age (spearman r = 0.4846, P = .001772). Results are
displayed in Figure 8. The MMP-9 was shown to be negatively
correlated with MMP-13 (spearman » = —0.4435, P = .0097).
Results are displayed in Figure 9.
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Figure 9. Correlations between postoperative matrix
metalloproteinase-13 (MMP-13) and postoperative MMP-9. Best fit
line shown.

Discussion

While TJA remains the only definitive treatment for OA,
research continues to identify substances or pharmaceuticals that
may help slow the progression of OA or work in combination
with current therapies to reduce symptomatology. At this point,
there are several targets (ie, lubricin) that have shown promise in
animal models, yet there remains no clinically approved
drug.>*>? The objective of this research is to identify novel tar-
gets, such as MMPs, for OA treatment, and to add to the growing
literature on biomarkers related to the disease process.

Our measurements of plasma biomarkers proved to be varied,
which is consistent with the variety of results seen in contempo-
rary research. While MMPs 1, 2, 9, and 13 have been shown to
be elevated in patients with OA in some reports,”® we did not see
quite as consistent results. There is also other research that has
not found elevated MMPs in OA or has found no correlation.*?

While it appeared to be the trend that patients with OA had
increased plasma levels of MMP-1, only our postsurgical group
had a statistically significant value. The MMP-1 is a collagenase
that has been shown to play arole in cancer disease course and has
been implicated in OA, but some studies suggest that its elevation
may be different in different ethnic groups and that Caucasians
may not show elevated MMP-1 levels in OA.” One study has
found that levels of MMP-1 may even decrease with progression
of OA due to deterioration of the superficial cartilage.>* Our
finding of elevated MMP-1 postoperatively may simply be con-
sistent with postsurgical inflammation and tissue remodeling at
the joint, or it could be indicative of a true elevation seen in OA.

The body of research for MMP-2 is similar to that of MMP-
1; some studies have found elevations of MMP-2 in certain
populations but not others.”>> While MMP-2 also functions
as a gelatinase and is capable of degrading collagens I, II, and
IV, its role in OA is not entirely clear, and it may be more
prominently involved in angiogenesis of the affected joint.
Some research suggests that other MMPs have a more central
role in the disease process of OA.>° Our data show a decrease in

MMP-2 in our diseased group versus the control and also show
a decrease after surgery in our TJA patients. It appears that
MMP-2 may have a secondary role in OA, but it does not
appear to be the driving force behind the degradation of the
joint cartilage. Since functional levels differ from the levels we
measured via ELISA, it may be useful to therefore perform
activity assays in future studies.

The MMP-9 may be involved in the activation of pro-MMP-
13, and along with MMP-13, may have a more central role in
the pathogenesis of OA.>*>” We found an increased concen-
tration of MMP-9 in our patients with OA when compared to
normal patient populations, and no impact of the surgical inter-
val. This elevation of MMP-9 is consistent with other previ-
ously mentioned research into the role of MMP-9 in OA.”*

Increased TIMP-1 was associated with attenuation of OA
changes in an animal model,*® but the literature in humans is
not necessarily in agreement. While it may seem that TIMP-1
presence would retard the progression of OA, the picture is not
clear, and some research has found increased expression of
TIMP-1 to be associated with progress of the disease.”® The
TIMPs, much like the MMPs they regulate, affect many cellu-
lar processes, and may serve either a constructive or destructive
role in the setting of OA, depending on the local context.>’
While TIMP-1 appears to be elevated in our patients with
OA, the change was not significant, and the concentration of
TIMP-1 in PATH, in fact, was much higher than it was in the
patients with OA, supporting TIMP-1’s pleiotropic role in the
body. It may also be that, while TIMP-1 is increased in some
patients with OA, it is overridden by the increases in MMPs
such that the net effect is still degradative.

The MMP-13 has been shown to be especially important in
the pathogenesis of OA. Because it is one of the rate-limiting
components of the collagen degradation process,*” it has a wide
range of possible targets of degradation,*' and it is very active
against the type II collagen of which cartilage is predominantly
made. It has also been shown to be activated by other MMPs>’
and is the most common inappropriately activated MMP in the
process of OA.** Our data shows that in pre- and postoperative
TJA patients, plasma MMP-13 concentrations were signifi-
cantly lowered from our normal controls, and they were also
low relative to our pathological controls. However, while
MMP-13 is broadly increased in OA, the temporality of the
OA may affect the amount of MMP-13 present in the tissue,
as a higher expression of MMP-13 has been seen in intact OA
cartilage than in damaged cartilage.*> Given that our patient
cohort included primarily surgical candidates with advanced
age, it is possible that the reduced MMP-13 concentration we
observed was a product of later stage degradation of the joint
and decreased cartilage.

Our data showed an increase in VEGF in patients postopera-
tively, consistent with an inflammatory process secondary to
surgery. Vascular endothelial growth factor also appeared to
show an increase in preoperative patients, but the difference
was not significant. This is broadly consistent with previously
published research that shows VEGF and angiogenesis as part
of the disease process of OA.
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The concentrations of ubricin in our patients with OA showed
similar reductions as that of the published literature. There was no
significant difference between the pre- and postoperative
patients. This fits with our understanding of lubricin as a chon-
droprotectant that is diminished within the joint space in OA
progression. Unfortunately, this does not mesh with previously
published data from this lab.** Our research sought to measure
plasma levels of lubricin as an index of synovial fluid lubricin
concentrations, and it is possible that the 2 environments do not
correlate exactly during the course of OA. In the future, it would
be of value to measure synovial fluid directly, as well as to exam-
ine histological segments of synovium for lubricin levels.

Interestingly, lubricin also has other anti-inflammatory proper-
ties in the context of the joint and may function to diminish MMP
action and expression.”'*® This may help to explain the relation-
ship we found between lubricin and MMPs wherein increasing
MMP levels are correlated with lower lubricin. Lubricin also gen-
erally inhibits inflammation through inhibition of nuclear factor
kappa B (NFkB) via CD44 receptor binding® and an interaction
with toll-like receptors 2 and 4.*° A recent study shows that it also
may serve an autocrine role by reducing total cellular NFxB.?®

Our findings broadly agree with the current literature and
help contribute to the published data about MMP levels and
lubricin in the role of OA. Our patient base is interesting
because they are all patients whose OA was severe enough to
warrant TJA, and therefore, our data may paint a picture of
more severe, more chronic OA.

Conclusion

Our data showed many significant increases in both MMPs and
other inflammatory biomarkers, as well as a significant decrease
in lubricin in patients with OA. Surprisingly, our data showed
decreases in MMP-2 and MMP-13, though only the MMP-13
decrease was significant. These results differ from some of the
published literature, though the literature also shows that MMP-
2 and MMP-13 were less elevated than MMPs 1, 8, and 10. It is
possible that different patient groups and different joint locations
of OA have different MMP profiles. Our data also showed a
nonsignificant increase in TIMP-1, though the increase in
TIMP-1 was not as large as the increase in other MMPs. We
postulate that while there is increased TIMP-1 in OA, it is not
sufficient to compete with the increased MMP presence.

We also observed a strong negative correlation between
MMP-9 and lubricin, which may add to the idea that increased
MMP activity is just one part of a large cascade of inflamma-
tion and degradation of the synovium. We also found a positive
correlation between MMP-9 and vEGF, reflecting published
data. The positive correlation between MMP-1 and TIMP-1
may indicate an increase in TIMP-1 in patients with OA that
is insufficient to moderate the MMP activity.

Our correlations were performed with TJA patients, and it
would be interesting to see whether there are similar correla-
tions in milder forms of OA or in healthy individuals. Addi-
tionally, for some of our biomarkers, we did not have enough
normal controls for the data to be significant.

While the synovium becomes permeable during OA, syno-
vial fluid and plasma are compositionally different. It would be
interesting to compare plasma levels to synovial fluid levels in
both healthy patients and those with OA.
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