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Background:While acute trauma is amajor cause of osteoarthritis, its etiology is poorly understood.We sought to
determine whether xanthine oxidase (XO), a major producer of reactive oxygen species, plays a role in the early
events of acute joint injury.
Methods:We analyzed synovial fluid from 23 subjects with recent severe acute knee injury. As a control we eval-
uated SF from23 individualswith no orminimal kneeosteoarthritis.WemeasuredXO activity, reactive oxygen+
reactive nitrogen species (ROS + RNS), protein oxidative damage (carbonyl), the type II collagen synthesis
marker procollagen II c-propeptide (CPII) and the type II collagendegradationmarker collagen type II telopeptide
(CTx-II). We also measured the proinflammatory cytokine IL-6.
Results: XO and ROS + RNS were higher (p = 0.02 and p = 0.001 respectively) in acute injury than control
and were strongly positively associated (r = 0.62, p = 0.004). Carbonyl was higher in acute injury than control
(p= 0.0002) andwas positively correlatedwith XO (r= 0.68, p= 0.0007) aswell aswith ROS+RNS (r=0.71,
p = 0.004). CPII was higher in acute injury than control (p b 0.0001) and was negatively correlated with XO
(r = −0.49, p = 0.017). While CTxII was not significantly higher in acute injury than control, it was positively
correlated with CPII (r = 0.71, p = 0.0002). IL-6 was higher in acute injury than control (p b 0.0001).
Conclusions: These results are consistent with a potentially injurious effect of XO activity in acute joint injury
characterized by excess free radical production and oxidative damage. These effects are associated with an inhi-
bition of type II collagen production that may impede the ability of the injured joint to repair.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Xanthine oxidoreductase (XOR) is a widely distributed
molybdoflavoenzyme that catalyzes the oxidation of hypoxanthine to
xanthine and further catalyzes the oxidation of xanthine to uric acid
(UA) [1]. XOR appears in 2 distinct interconvertible forms [2]: a consti-
tutively expressed dehydrogenase form; and an oxidase form (XO) that
is post-translationallymodified by reversible thiol oxidation or irrevers-
ible proteolytic cleavage [3]. Circulating XOR exists almost exclusively
as the proteolytic generated XO [4]. The XO form oxidizes purines to
urate; thereby, it becomes a major source of reactive oxygen species
(ROS) production [5,6]. XOR is central to the innate immune system;
XO generated ROS, such as superoxide and H2O2, function as important
secondmessengers in the Toll-like receptor-NF-κB pathway and at high
concentrations play an important role in the phagocytic killing of path-
ogens [7]. However, high concentrations of ROS arewell known to cause
damage to many cell types, including synoviocytes, chondrocytes, and
the extracellular matrix [8,9].
e St, Durham, NC 27701, United
Although the liver and intestine are the predominant sites of XORpro-
duction in humans [10], it is expressed in significant quantities in human
synovium [11]. Therefore production of XOR by synovial cells and/or
other cells in joint tissues might be the source of ROS, known to be gen-
erated by tissue trauma [5,7,12]. This oxidative burst is thought to cause
additional damage to the tissue and contribute to cell senescence [13]. Al-
though the mechanism is not well understood, acute trauma to the knee
joint is known to be a major risk factor for the future development of os-
teoarthritis (OA) [14]. We hypothesized that XOR, produced through ac-
tivation of the innate immune response by acute trauma, plays a role in
facilitating the future development of post-traumatic arthritis by serving
as the source of ROSproduction in acute trauma. To our knowledge, this is
the first study of XOR in acute joint injury in humans.

2. Materials and methods

2.1. Summary: baseline characteristics of study cohort
In
Age in years
mean ± SD (range)
Gender ratio
(male/female)
Days since injury
mean± SD (range)
jury cohort (n = 23)
 39.4 ± 19.3 (20–84)
 13/10
 11.7 ± 7.2 (1–26)

ontrol cohort (n= 23)
 64.0 ± 12.9 (38–81)
 14/9
 NA
C
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2.2. Detailed characteristics of acute injury cohort

Samples for this study were derived from two different sources, the
first being a randomized double-blinded placebo-controlled pilot trial of
a single injection of short-acting intra-articular IL-1Ra (anakinra), ad-
ministered to patients presenting to the Duke Sports Medicine clinic
with a history of recent (within the previousmonth) severe knee injury
due to sports injury [15]. The trial included 11 patients, 5 saline injected
placebo and 6 anakinra injected study participants. We collected serum
from 11 patients, 9 of which supplied matching SF samples (4 placebos
and 5 drugs). The cohort was young and otherwise healthywith amean
age at enrollment of 23 ± 3.5 years and a 6/5 male/female split. To ex-
clude patientswith pre-existingOA, the studywas limited to individuals
b40 years with no prior history of joint symptoms or trauma. Patients
were enrolled soon after initial injury as possible with a mean baseline
enrollment time of 15.2 ± 7.2 days after injury (range 6–19). While sy-
novial fluid (SF)was collected at both of these time points, only the pre-
treatment baseline sampleswere used in this study. The joint pathology
was defined by clinical knee magnetic resonance images obtained prior
to baseline assessments, and included, in addition to evidence of anteri-
or cruciate ligament tear in all patients, other knee joint tissue damage
including bone contusions, medial collateral ligament tears, meniscal
tears and chondral defects.

The remaining SF samples were collected from patients undergoing
surgery for knee joint trauma at Duke University Medical Center, and
were collected at the time of surgery. This cohort had amean age at col-
lection of 49.5 ± 18.6 years and a 9/5 male/female split. To exclude pa-
tients with pre-existing OA, the opinion of the surgeon as to whether
there was pre-existing OA was used. Mean collection time was
10.7 ± 8.8 days after injury (range 1–26) with an undetermined time
of injury for 4 of the subjects.

Mean age for the combined acute injury groupwas 39.4±19.3 years
with a 13/10 male/female split and mean days after injury 11.7 ± 7.2
(range 1–26) with an undetermined time of injury for 4 of the subjects.
2.3. Detailed characteristics of knee OA reference cohort

A total of 159 participants (118 female, 41 male) were enrolled in
the National Institutes of Health sponsored Prediction of Osteoarthritis
(POP) study [16]. Exclusion criteria consisted of the following: exposure
to a corticosteroid (either parenteral or oral) within 3 months before
the study evaluation; known history of avascular necrosis, inflammato-
ry arthritis, Paget's disease, joint infection, periarticular fracture, neuro-
pathic arthropathy, pseudogout, or reactive arthritis. None of the
participants had a history of gout in the knee, and nonewere taking tra-
ditional gout medications (allopurinol or colchicine) or anticoagulants.
In this cohort, knee radiographic OA Kellgren–Lawrence (KL) grades
[17] ranged from 1–3 for the signal knees and 0–4 for the contralateral
knees. Arthrocentesis was attempted on all non-replaced knees for all
participants. Sufficient SF (100 μl) was available for XO analysis of 23
specimens from kneeswithminimal or noOA (KL grades 0–1). Theoret-
ically, concentrations of XO activity for this reference control group
would be least affected by disease and would approximate normal.
This subgroup from the POP study was of similar mean age and age
range (38–81 years, mean 64 years) to the POP sample as a whole
(37–85 years, mean 64 years).
2.4. Sample collection and processing

All samples were collected with informed consent and this research
was performed with the approval of the Duke University Institutional
Review Board and in compliance with the Helsinki Declaration. SF was
centrifuged (8 °C, 3500 ×g, 5 min), and the supernatant aliquoted and
frozen at−80 °C within 2 h of collection.
2.5. SF analyses

XO activity was measured using a commercially available multistep
enzymatic kit per the manufacturer's directions with resorufin fluores-
cence as the endpoint (Cayman Chemical). Total free radical presence
was measured per manufacturer's directions using the commercially
available OxiSelect In Vitro ROS/RNS assay kit (Cell Biolabs) which em-
ploys a proprietary quenched fluoregenic probe that is specific for ROS
plus reactive nitrogen species (RNS). As ameasure of oxidative damage,
protein carbonyl was quantified spectrophotometrically using a 2,4-
dinitrophynlhydrazine (DNPH) reaction based kit with some modifica-
tions made to themanufacturer's protocol in order to improve sensitiv-
ity and reproducibility (Cayman). Those modifications included the
following: increasing the amount of sample protein to 20–40 mg; in-
creasing the amount of DNPH to 1 ml; increasing the reaction time to
2 h; increasing the number of pellet washes to 4; using a Beadbeater
(BioSpec Products) to resuspend the protein pellet; and using a 1 cm
pathlength spectrophotometer instead of a plate reader to measure ab-
sorbance. As indicators of type II collagen synthesis and degradation,
procollagen II C-propeptide (CPII) and collagen type II telopeptide
(CTx-II)weremeasured by competitive ELISA using commercially avail-
able kits per themanufacturer's instructions (Ibex Pharmaceuticals, and
Immunodiagnostic Systems respectively). The minimum detectable
concentration for the CPII kit is reported as 35.1 ng/ml with intra- and
inter-assay CVs as 3.68% and 9.08%, respectively. The minimum detect-
able concentration for the CTx-II kit is reported as 0.2 ng/ml with intra-
and inter-assay CVs as 5.857% and 9.967%, respectively. The proinflam-
matory cytokine IL-6 was quantified using the commercially available
V-plex Human IL-6 sandwich immunoassay per manufacturer's direc-
tions (Meso Scale Diagnostics). The minimum detectable concentration
for IL-6 is 0.06 pg/ml with intra- and inter-assay CVs of b5% and b7%,
respectively.

2.6. Statistical Analysis

TheMann–Whitneynonparametric testwas used to compare the con-
centrations of the targeted analytes in the injury cohortwith the reference
control group. Linear regression was used to examine the relationship of
variables within a cohort. P values were adjusted by generalized linear
modeling (GLM) to control for age. Analyses were performed using
Graphpad Prism software and JMP statistical software from SAS.

3. Results

SF XO activity in the acute injury group was significantly higher
(p = 0.02) than the SF XO activity in the reference control group
(Fig. 1). The SF total free radical level (ROS + RNS) was significantly
higher (p= 0.001) in the acute injury group than the reference control
group (Fig. 2A). Importantly this measure of oxidative radicals
was strongly positively associated (r= 0.62, p = 0.004) with SF XO ac-
tivity (Fig. 2B) in the injury group but not in the control group (r=0.08,
p = 0.71).

Oxidative damage to proteins, as indicated by SF carbonyl concentra-
tion (permgprotein), was significantly higher (p=0.0002) in the acute
injury group than the reference control group (Fig. 3A). Importantly,
this indirect measure of ROS production was strongly positively associ-
ated (r=0.71, p=0.0004)with SF ROS+RNS levels (Fig. 3B) aswell as
XO activity (r= 0.68, p= 0.007) in the injury group (Fig. 3C) but not in
the control group (for ROS+ RNS: r =−0.28, p= 0.20; for XO activity
r = 0.03, p = 0.89).

We evaluated biomarkers indicative of collagen type II synthesis
(CPII) and degradation (CTX-II). Although there was a significant posi-
tive association between SF CPII and SF CTx-II (r = 0.71, p = 0.0001,
Fig. 4A), only SF CPII (p b 0.0001, Fig. 4B) and not CTXII was significantly
higher in the acute injury group than the reference control group. In ad-
dition, only SF CPII (r = −0.49, p = 0.017, Fig. 4C), but not SF CTXII



Fig. 1.Xanthine oxidase (XO) activity in synovial fluid (SF): SF XO activity was significant-
ly higher (p = 0.02) in the acute injury group (median 2.364 μU/ml) than that in the ref-
erence control group (median 0.58 μU/ml). Box plots depict median with 25th–75th%
boxes and min to max whiskers.
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(r = −0.34, p = 0.12) was negatively correlated with SF XO activity.
Neither SF ROS + RNS or carbonyl content was associated with either
SF CPII or SF CTx-II.

As a marker of acute inflammation, we measured the pro-
inflammatory cytokine IL-6 and found it to be much higher (p b 0.0001)
in the acute injury group than the reference control group (Fig. 5). No
association was found between IL-6 and any of the other analytes.

4. Discussion

High levels of circulating XO aremostly seenwith conditions involv-
ing liver damage, particularly acute viral hepatitis [18–20]; there has
been at least one report of high levels of circulating XO in inflammatory
Fig. 2. Comparison of reactive oxygen + reactive nitrogen species (ROS + RNS) in injury synov
A) SF ROS+RNS concentrationwas significantly higher (p= 0.001) in the acute injury group (m
B) SF ROS + RNS concentration showed a strong positive association (r = 0.62, p = 0.004)
whiskers.
rheumatic diseases [21]. In general, XO activity in normal human serum
is very low [18,22]; in contrast, synovial fluid XO concentrations in
acutely injured knees were very high. High XO activity in injured joints
could be due to high local production and/or slow clearance. XOenzyme
activity could be produced locally in the joint by the synovial cells [11]
and/or the phagocytic cells infiltrating the synovium [23,24]. The sec-
ond mechanism, the slower clearance of XO, is deduced from evidence
that XO is readily immobilized and stabilized by binding to glycosami-
noglycans (GAGs) [25,26]. Since SF, and injury SF in particular, contains
very large amounts of GAGs, it is likely that XO clearance into the serum
from the synovial fluid is reduced through stabilization by interaction
with GAG.

Protein carbonylation is themost common form of oxidative protein
modification [27]. While protein carbonylation reflects damage from
many forms of ROS [28], its correlation here with SF ROS + RNS and
SF XO activity, concurrent with the association of SF ROS + RNS and
SF XO activity, is a strong indication that XO activity is a major contrib-
utor to ROS in the acute joint injury setting.

While ROS actually play an important role in maintaining normal
cartilage function [29], an imbalance in ROS/antioxidants can lead to ox-
idative stress with subsequent cell senescence, cell death and possible
cartilage degradation [30]. CPII is known to be directly correlated with
type II collagen synthesis [31], and has been shown to increase after
knee injury [32]; so the increase we observed here with injury is not
surprising. The negative correlation we found between SF XO activity
and SF CPII suggests that the activity of XO impairs collagen synthesis
and thereby extracellular matrix repair in the context of joint injury.
The repair response, reflected in the level of SF CPII, would likely have
been much greater without the increase in XO activity. While we did
not observe a correlation of SF ROS + RNS or SF carbonyl content with
SF CPII, it is quite possible that the reduction in cartilage synthesis in as-
sociation with increasing XO activity is acting instead through some
other system. It has been shown that XO induces apoptosis in human
chondrocytes, which are the source of CPII [33]. While this induction
is thought to be due to ROS production from XO, it is possible that it is
operating through othermeans, whichwould explain the lack of associ-
ation found between CPII and ROS+RNS or carbonyl.While other stud-
ies have shown an increase in cartilage degradationwith joint trauma as
measured by CTx-II [31,34,35], we found no such increase. It is probable
that the acute timepoint ofmost of our injury samples (mean 12 days) is
the most likely explanation as collagen degradation products begin to
ial fluid (SF) vs control SF and its correlation with injury SF xanthine oxidase (XO) activity:
edian 228.4 nmol/l DCF) than that in the reference control group (median 0.0 nmol/l DCF);
with SF XO activity. Box plots depict median with 25th–75th% boxes and min to max



Fig. 3. Comparison of oxidative damage (carbonyl concentration per mg protein) in injury synovial fluid (SF) versus control SF and its correlation with injury SF xanthine oxidase (XO)
activity: A) SF carbonyl concentration was significantly higher (p = 0.0002) in the acute injury group (median 0.455 nmol/mg) than that in the reference control group (median
0.262 nmol/mg); B) SF carbonyl concentration showed a strongpositive association (r=0.71, p=0.004)with SFROS+RNS concentration; C) SF carbonyl concentration showed a strong
positive association (r = 0.68, p = 0.0007) with SF XO activity. Box plots depict median with 25th–75th% boxes and min to max whiskers.
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be significantly elevated in the SF about 47 days after injury [36]. It is
also possible that the rapid clearance of the very small CTx-II molecule
from the joint might mask any increase. While CTxII is detectable in
SF, it may be cleared more rapidly than CPII. While it has been reported
that ROS also increase degradation of the cartilage matrix, either by di-
rect effect or activation of collagenases [8], we did not observe a corre-
lation of XO activity, ROS + RNS, or carbonyl with the degradation
marker CTx-II. Again this lack of association is most likely due to the
early timepoint, the rapid clearance of CTxII, or a combination of the
two. Of note, even though CTx-II was not increased, we did find a rela-
tionship between it and CPII as expected for a coupled degradation
and repair response to injury.

The dramatic increase seen in the pro-inflammatory cytokine IL-6
over the control group is consistent with previous reports of subjects
with acute knee injury and significantly higher than has been reported
for OA SF [37,38]. The lack of association of IL-6 with any of the other
analytes is not unexpected since IL-6 is part of a generalized acute
phase response to injury.

The difference in age between the acute injury group (mean
39.4 years) and the reference control group (mean 64 years)was a lim-
itation of this study; however, a young control groupwould be expected
Fig. 4. Comparison ofmarkers of cartilagemetabolism in injury synovial fluid (SF) versus contro
significant positive correlationwas found between the type II collagen synthesis (CPII) and type
higher (p b 0.0001) in the acute injury group (median 432.4 ng/ml) than that in the referenc
(r = −0.649, p = 0.04) with SF XO activity. Box plots depict median with 25th–75th% boxes a
to have lower SF XO activity than our reference control group. Taken to-
gether this suggests that our results err on the side of conservatively es-
timating the increase in XO activity due to acute injury. Additionally in
our analyses, all p values were adjusted for age. Another limitation of
this study was the use of SF from OA subjects as a control group due
to the difficulty of obtaining SF from non-arthritic subjects. The use of
SF from knees contralateral to diseased knees but which themselves ex-
hibit minimal or no OA should closely approximate normal joints. Fur-
thermore, the very low levels of IL-6 in this group were within the
confidence interval of previous reports from normal SF controls and
much lower than is seen in advanced OA, lending further credence to
their use a control [37,38].

This study shows that SF XO activity is increased in acute joint injury
and that this increase is strongly associated with an increase in the pro-
duction of ROS + RNS as well as an increase in oxidative damage as
measured by protein carbonyl content. These data confirm that oxida-
tive stress participates in the pathophysiology of joint damage following
acute joint injury. This increased XO activity was also associated with
decreased type II collagen production suggesting that it may hinder
the repair response of the acutely injured joint. While this is a small
study, these results raise the intriguing possibility that anXOR inhibitor,
l SF and correlation of thosemarkers in injury SFwith xanthine oxidase (XO) activity: A) A
II collagen degradation (CTx-II)markers (r=0.71, p=0.0001); B) SFCPIIwas significantly
e control group (median 116.1 ng/ml); C) SF CPII was significantly negatively correlated
nd min to max whiskers.



Fig. 5. Proinflammatory cytokine IL-6 in synovial fluid (SF): SF IL-6 was significantly
higher (p b 0.0001) in the acute injury group (median 473.0 pg/ml) than that in the refer-
ence control group (median 6.2 pg/ml). Box plots depict median with 25th–75th% boxes
and min to max whiskers.
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such as allopurinol, may provide some therapeutic benefit for acute
joint injury and help to mitigate the potential development of OA
which typically occurs many years later [39].
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