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Abstract

Osteoarthritis (OA) is a degenerative joint disease characterized by loss of articular cartilage, inflammation and pain, which
sometimes necessitates total joint arthroplasty (TJA). Profiling biomarkers of cartilage degradation and inflammation is a promising
area of research to understand the pathogenesis of OA. This study aims to report the post-operative fluctuations of 3 biomarkers of
OA, osteopontin (OPN), matrix metalloproteinase-9 (MMP-9), and ADAMTS4 (a disintegrin and metalloproteinase with throm-
bospondin motifs 4), in patients undergoing TJA to further define the interaction among these biomarkers and delineate their role in
OA pathogenesis. OPN is an extracellular matrix (ECM) glycoprotein with increased activity in OA and joint damage and is upre-
gulated by either inflammation or cleavage by MMPs and thrombin. MMP-9 is known to cleave OPN and is upregulated by inflam-
matory markers, such as IL-1, IL-6 and CRP. ADAMTS4 is an enzyme that degrades aggrecan, a major component of cartilage. These
biomarkers were measured in deidentified blood samples collected on the day of surgery, | day post-operatively, and day 5-7 post-
operatively. MMP-9 and OPN levels were significantly elevated at all times, and ADAMTS4 was significantly decreased at baseline
versus controls. OPN and ADAMTS4 inversely fluctuated post-operatively, indicating an interrelation between these 2 biomarkers.
This study suggests that the upregulation of MMP-9 and therefore OPN then results in the downregulation of ADAMTS4. The
relationship between OPN and thrombin also highlights the importance of monitoring for thrombotic complications. These bio-
markers, along with thrombin-mediated cleavage products, may be helpful in the prognostic management of OA patients.
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Background

Osteoarthritis (OA) is a degenerative joint disease character-
ized by loss of articular cartilage, inflammation and pain." It is
estimated that OA affects 70% of the population aged 55-70

years old. Currently, treatment is limited to symptom relief or
total joint arthroplasty (TJA), most commonly total knee
arthroplasty (TKA) or total hip arthroplasty (THA).? Degen-
erative processes in this syndrome are mediated through the
activation of matrix degrading enzymes, heparanases and pro-
teases, such as thrombin and matrix-metalloproteinases.’
Inflammation and its downstream effects are also contributing
factors in the development of OA." Thus, cartilage remodeling
and simultaneous activation of the hypercoagulable state in
these patients results in the observed complications.
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End stage OA is marked by inflammation, which directly
effects levels of certain cartilage degradation biomarkers, such
as matrix metalloproteinase-9 (MMP-9) and ADAMTS4 (a dis-
integrin and metalloproteinase with thrombospondin motifs
4).* Osteopontin (OPN) is also a major player in regulation
of both cartilage breakdown and the inflammatory cascade.’

OPN is a cytokine, hormone and an extracellular matrix
(ECM) glycoprotein with many known functions, however it
has been shown in previous studies to have increased mRNA
expression in cartilage in individuals with OA and joint dam-
age.” This is thought to be due to an immune response that is
initiated by inflammation.® It is secreted by epithelial cells,
smooth muscle cells and endothelial cells and can be increased
in OA patients by several different mechanisms including the
release from ECM, cartilage or bone, from inflammation or
from cleavage by matrix metalloproteinases (MMPs), thrombin
or heparanases.7 Specifically, MMP-2, 3, 7 and 9 are known to
cleave OPN.>*° OPN is primarily regulated by cleavage at
various sites along the protein, which results in the exposure
of different binding sites.” Previous studies have shown that
thrombin cleaves OPN at specific sites that are known to be
involved in the pathogenesis of OA.'® This form of OPN is
involved the inflammatory cascade and in many similar patho-
physiologic conditions.'® Thrombin-cleaved OPN is known to
play a substantial role in the pathogenesis of OA and is elevated
in advanced stage OA.' OPN cleaved by thrombin can be
measured in the synovial fluid of OA patients and is a helpful
marker for disease severity and progression.'® Additionally,
this fragment has been postulated to play a role in the devel-
opment of thrombotic complications in atherosclerotic plaques,
providing a possible connection to the coagulopathy complica-
tions in OA patients as well.>”"!" In inflammatory processes,
OPN is known to be regulated by Syndecan-4, a sulfated gly-
cosaminoglycan on cell surfaces. Syndecan-4 blocks various
thrombin-cleaved sites on OPN, so it is not active and does not
contribute to inflammation.'?

MMP’s are a family of enzymes that are thought to be the
primary actors that cause digestion of the articular cartilage in
OA."® They have a zinc-containing catalytic site that is used to
cleave components of the ECM."* MMP’s are well character-
ized in many previous studies and have been shown to destroy
collagen, which is a major component of cartilage.'*'* The
primary MMP’s that have been implicated in the pathogenesis
of OA include MMP-1, -2, -3, -8, -9, -13, -14, and -16.'* MMP-
9 is known to be elevated in cartilage of moderate to severe OA
patients and is known to contribute to the loss of articular
cartilage, leading to increased severity of OA.'*'* It is upre-
gulated by pro-inflammatory markers, such as IL-1, IL-6 and
CRP. Not only does MMP-9 degrade collagen, but also aggre-
can, which is also a major component of cartilage.'* Notably,
MMP-9 is known to cleave OPN at approximately 30 different
sites.®

ADAMTSA4, also known as aggrecanase-1, is an enzyme that
degrades aggrecan, a major component of matrix cartilage
molecules.'>'® While this enzyme has been shown to be ele-
vated in early stages of OA, in the later stages it is decreased,

labeling ADAMTS4 as a possible diagnostic biomarker of
OA.""'® Also, genes associated with ADAMTS4 participate
in cartilage degradation and the pathogenesis of OA.'® OPN
has been shown to decrease ADAMTS4 mRNA expression,
acting to protect against cartilage degradation in these cases.'

It was hypothesized that in patients undergoing TJA due to
severe OA, circulating levels of OPN and MMP-9 may be
elevated and ADAMTS4 may be decreased compared with
healthy controls. Measurement of these biomarkers can help
elucidate the pathogenesis of OA and the immediate post-
surgical changes that occur after TJA. Additionally, the circu-
lating levels of these biomarkers and thrombotic biomarkers
may be of prognostic value in risk stratification of these
patients pre-operatively.

Materials and Methods

Deidentified venous blood was collected at 3 different draw
dates (day 0, day 1 post-operatively, and day 5-7 post-opera-
tively) from patients undergoing TJA due to OA (n = 63). The
patients ages ranged from 47-87 years old with mean age 68 +
10.8 years. The samples were collected in vacutainer tubes
containing sodium citrate (0.109 M) and sent to the Hemostasis
& Thrombosis Laboratory of Loyola University Medical Cen-
ter for processing. Plasma was separated from blood via
centrifugation at 1500xg for 20 minutes. Samples were frozen
at -80°C and were thawed in batches for analysis. The samples
were analyzed using enzyme-linked immunosorbent assay
(ELISA) kits for OPN (R&D Systems, Minneapolis, MN),
MMP-9 (R&D Systems, Minneapolis, MN), and ADAMTS4
(LifeSpan BioSciences, Inc., Seattle, WA). Reagents, stan-
dards, and sample solutions were thawed, diluted, and prepared
according to ELISA manufacturer’s specifications. A set of 50
plasma specimens from healthy individuals were purchased
from George King BioMedical (Overland Park, KS) to use as
control samples. The protocol was approved by the Loyola
University Chicago IRB and patients were properly consented
before blood samples were drawn.

Statistical Analysis

Data was analyzed using GraphPad Prism Version 8.0 (Graph-
Pad Software, San Diego, CA), and Microsoft Excel. The
results were stated as mean + standard error of the mean. The
Kruskal-Wallis 1-way ANOVA was used to determine statisti-
cal significance. P values < 0.05 were considered statistically
significant.

Results

There were significant differences in levels of MMP-9 at all
time points in the patients who underwent TJA due to late stage
OA compared with healthy controls (Figure 1). MMP-9 at day
0: (957 + 107 ng/mL vs. 77.4 + 7.75 ng/mL; P <0.0001), day
1 post-operatively: (1507 + 84.8 ng/mL vs. 77.4 + 7.75
ng/mL; P < 0.0001), day 5-7 post-operatively: (1264 + 78.8
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Figure |. Box plot showing median levels of matrix
metalloproteinase-9 (MMP-9) stratified by draw date (day 0, day |, day
5-7) versus controls. Boxes show interquartile ranges and | bars
demonstrate highest andlowest values. Day 0 versus control,

P < 0.0001; day | versus control, P < 0.0001; day 5-7 versus control,
P < 0.0001; day O versus day |, P = 0.001 I; day O versus day 5-7,

P = 0.337; day | versus day 5-7, P = 0.716. (*P < 0.05).

Table I. Comparison of Biomarker Levels Between Controls and
Osteoarthritis Patients.

Biomaker Control OA P %A

MMP-9(ng/iml) 774 + 7.75 1270 + 56.7 <0.0001 —+1541

OPN(ng\ml) 66.3 + 249 150 + 7.20 <0.0001 —+126

ADAMTS4 0.099 4+ 0.046 0.090 + 0.016 0.347 -9.09
(OD450 nm)

ng/mL vs. 77.4 + 7.75 ng/mL; P <0.0001). The overall mean
MMP-9 level was significantly elevated compared to controls
(1270 £+ 56.7 ng/mL vs. 77.4 + 7.75 ng/mL; P < 0.0001), as
shown in Table 1. The minimum overall level of MMP-9 in OA
patients was not detectable, the median level was 1252 ng/mL,
while the maximum level was 2955 ng/mL. Meanwhile, the
overall minimum level of MMP-9 in controls was 34.1 ng/
mL, the median was 72.5 ng/mL and the maximum was 174
ng/mL.

There were also significant differences in OPN levels at all
time points versus healthy controls (Figure 2). OPN at day 0:
(155 + 12.8 ng/mL vs. 66.3 + 2.49 ng/mL; P <0.0001), day 1
post-operatively: (152 + 11.6 ng/mL vs. 66.3 + 2.49 ng/mL,
P < 0.0001), and at day 5-7 post-operatively: (140 + 13.8
ng/mL vs. 66.3 + 2.49 ng/mL, P = 0.0007). The overall mean
of OPN was also significantly elevated compared to healthy
controls (150 + 7.20 ng/mL vs. 66.3 + 2.49 ng/mL; P <
0.0001), as shown in Table 1. The overall minimum value of
OPN in OA patients was not detectable, the median was 133
ng/mL, and the maximum was 392 ng/mL. The healthy con-
trols had a minimum OPN level of 31 ng/mL, a median level of
63 ng/mL, and a maximum of 117 ng/mL.

ADAMTS4 showed a significant decrease versus healthy
controls at day 0 (-1.21 + 0.028 log (OD450 nm) vs. -0.850
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Figure 2. Box plot showing median levels of osteopontin (OPN)
stratified by draw date (day 0, day |, day 5-7) versus controls. Boxes
show interquartile ranges and | bars demonstrate highest and lowest
values. Day 0 versus control, P < 0.0001; day | versus control,

P < 0.001; day 5-7 versus control, P = 0.007; day O versusday |,

P > 0.999; day 0 versus day 5-7, P > 0.999; day | versus day

5-7, P > 0.999. (*P < 0.05).
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Figure 3. Box plot showing median levels of a disintegrin and

metalloproteinase with thrombospondin motifs4 (ADAMTS4) strati-
fied by draw date (day O, day |, day 5-7) versus controls. Boxes show
interquartileranges and | bars demonstrate highest and lowest values.
Day 0 versus control, P = 0.0077; day | versuscontrol, P = 0.1038; day
5-7 versus control, P = 0.7393; day O versus day |, P = 0.7694; day 0
versus day 5-7, P> 0.999; day | versus day 5-7, P = 0.0900. (*P < 0.05).

+ 0.169 log (OD450 nm); P = 0.0077). However, at day 1
post-operatively and day 5-7 post-operatively, the differences
were not statistically significantly different than healthy con-
trols. ADAMTS4 at day 1: (-1.15 + 0.04 log (OD450 nm) vs.
-0.850 + 0.169 log (OD450 nm); P = 0.1038), and day 5-7
post-operatively (-1.05 + 0.07 log (OD450 nm) vs. -0.850 +
0.169 log (OD450 nm); P = 0.7393), as shown in Figure 3. In
OA patients, the overall mean level of ADAMTS4 was
decreased compared to controls (0.090 + 0.016 OD 450 nm
vs. 0.099 + 0.046 OD 450 nm); P = 0.347). The percent
change between control and OA patients was -9.09%, as
shown in Table 1. The minimum overall ADAMTS4 level
in OA patients was not detected, median was 0.055 OD
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450 nm, and maximum was 1.59 OD 450 nm. Accordingly, in
healthy controls the minimum was not detected, the median
was 0.063 OD 450 nm, and the maximum was 0.502 OD
450 nm.

Discussion

Previous studies have examined these inflammatory and car-
tilage degradation biomarkers and their relationship to the
pathogenesis of OA.*>'* Our study shows results consistent
with these findings meanwhile indicating a relationship
between these biomarkers. The results of this study indicate
that both inflammation and cartilage degradation are interre-
lated factors that play a role in the development and progres-
sion of OA and may even have an effect on post-operative
recovery of patients that undergo TJA. The relationship
between these markers may shed light on the chain of events
in the pathogenesis of OA.

In this study, OPN was shown to be elevated in patients with
OA versus the healthy controls. It is known that the mRNA
expression of OPN is elevated in OA patients, as well as the
fact that it is increased in response to inflammation and injury,
leading to increased destruction of articular cartilage.” As it is
known that cleaved OPN upregulates NF-xB, which stimulates
IL-1, IL-6, TNF-a and other inflammatory biomarkers, this
shows that increased cleavage of OPN leads to upregulation
of the inflammatory cascade. 19:20 This proves there is an oppor-
tunity for intervention to break the progression of this positive
feedback cycle once it is initiated in the pathogenesis of OA.
The central role of thrombin-cleaved OPN in the upregulation
of both the matrix degradation and hypercoagulable state is
therefore important.

Our study also demonstrated that MMP-9 is elevated overall
in patients with OA compared to controls, which is consistent
with what has been shown in other studies. This is due to the
fact that MMP-9 is upregulated by inflammatory cytokines and
thrombin, which are elevated in OA.'*?' Thrombin stimulates
both the inflammatory response and fibrin deposition in
patients with OA, lending itself as an important intermediary
in both hemostatic and cytokine activation pathways.?! As pre-
viously stated, OPN is also known to upregulate these inflam-
matory biomarkers, indicating that this pathway may contribute
to adverse outcomes in a patient with OA.'® MMP-9, entero-
kinase and thrombin cleave OPN at various different sites."*
The biologic activity of the cleaved fragments of OPN is deter-
mined based on what site is exposed and therefore, which
fragment is generated.”> MMP-9 has been shown to cleave
OPN in cardiac fibroblasts, which has not been reported before
in patients with OA.® Importantly, MMP-9 produces a fragment
that includes an arginyl-glycyl-aspartic acid (RGD)-containing
sequence.® Cellular interactions with OPN are mediated via
integrins, and via the RGD-binding sequence, OPN interacts
with the asP; integrin specifically.?? The a5 integrin is known
to play a causative role in the pathogenesis of OA, indicating
that this RGD-sequence, and therefore MMP-9, contribute to
OA pathogenesis through its interaction with OPN.>*?* This

study has proven that both MMP-9 and OPN are elevated in
late-stage OA patients, and their relationship in the context of
OA is a novel observation. Additional studies are necessary to
further elucidate this causal relationship, but these new inter-
actions are helpful next steps in our continued understanding of
joint degradation.

ADAMTS4 levels were decreased overall compared to
healthy controls. These results are consistent with a previous
study that determined that ADAMTS4 expression is decreased
in late stage OA.?’ The patients in our study underwent THA
due to severe OA, so these levels were expected to be low. In
comparison to the control group, there was a wide scatter in the
absorbance representing the ADAMTS4 antigen levels in
plasma samples. Methodological differences in the commer-
cially available ELISA methods for this analyte utilized differ-
ent type of capturing antibodies. The assay kit used in our study
may have relatively limited sensitivity, which resulted in the
observed lower absorbance. For this reason, logarithmic trans-
formation of the absorbance provided a clearer trend toward the
decreased levels in OA patients. However, these results were
upheld in other models of OA. Nevertheless, the decreased
trend, as signaled by lower absorbance, validates the previously
upheld observations.

In other studies, OPN has been shown to decrease the
mRNA expression of ADAMTS4."” Since OPN is elevated in
our patients, it follows that ADAMTS4 expression would be
lower for this reason. As previously noted in Figures 2 and 3,
OPN and ADAMTS4 inversely fluctuate post-operatively.
While OPN steadily decreases post-operatively from day 0, day
1, and day 5-7, ADAMTS4 steadily increases along these same
time points. This further elucidates the interaction between
these 2 biomarkers.

MMP-9 is known to be activated by thrombin, which ampli-
fies the effects of MMP-9 on both the activation of OPN and
loss of articular cartilage.>> Thrombin itself also cleaves OPN,
leading to its upregulation and contribution to the pathogenesis
of OA.'° The role of thrombin in both activation of MMP-9,
OPN and the inflammatory cascade, as well as its central role in
hemostasis makes it an important contributor to the progression
of OA and a promising area of future study in relation to mon-
itoring of disease progression, therapeutics and intervention
strategies.' %

Figure 4 depicts the relationship between these biomarkers,
inflammation and the cascade that contributes to late stage OA.
An individual with severe OA is known to have upregulation of
the inflammatory cascade, OPN, MMP-9 and throm-
bin.>'%1%1929 MIMP-9 contributes to cartilage degradation by
both inducing loss of articular cartilage itself while also cleav-
ing OPN, exposing the RGD-binding site. OPN is also elevated
in inflammatory states and is known to also induce inflamma-
tion via upregulation of NF-xB, which initiates a positive feed-
back cycle.®'*'%?* Meanwhile, OPN is also known to inhibit
the expression of ADAMTS4 in these patients, helping to pre-
vent further degradation of cartilage by inhibiting continued
digestion of aggrecan.'’
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Figure 4. Interrelationship of OA biomarkers. MMP-9, matrix metalloproteinase-9; OPN, osteopontin; ADAMTS4, a disintegrin and metal-
loproteinase with thrombospondin motifs 4; PRG4, proteoglycan 4; IL-1,interleukin-1; IL-6, interleukin-6; TNF-o, tumor necrosis factor alpha;

CRP, C-reactive protein; THA, totalhip arthroplasty.

Conclusion

This study suggests that there is dysregulation between OPN,
MMP-9 and ADAMTS4 in patients with OA. MMP-9 is ele-
vated and cleaves OPN, which is then damaging to cartilage by
upregulating the inflammatory cascade. OPN also downregu-
lates the expression of ADAMTS4 in late stage OA. Measure-
ment of these levels as OA progresses may be helpful in
monitoring levels of inflammation and cartilage degradation,
giving clinicians a point at which they can intervene with thera-
pies. These results reported herein clearly demonstrate the
interrelationship between thrombin and matrix degrading
enzymes, both of which cleave OPN, which in turn downregu-
lates ADAMTSA4, depicting the interrelationship between these
mediators. Thus, these biomarkers are implicated in the overall
pathogenesis of OA, especially at the later stages. MMP-9,
OPN and ADAMTS4, along with thrombin-related biomarkers,
such as thrombin-antithrombin complex and D-dimer, may be
of use in determining individualized treatment plans and surgi-
cal interventions for these patients.
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