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Abstract: The pathophysiology of post-traumatic arthritis (PTOA) is not fully understood. This
study used non-invasive repetitive mechanical loading (ML) mouse models to study biochemical,
biomechanical, and pain-related behavioral changes induced in mice. Mouse models reflected the
effects of the early stages of PTOA in humans. For the PTOA model, cyclic comprehensive loading
(9N) was applied to each mouse’s left knee joint. ML-induced biochemical and molecular changes
were analyzed after loading completion. Cartilage samples were examined using gene expression
analysis. Tissue sections were used in subsequent OA severity scoring. Biomechanical features and
pain-related behavior were studied after 24 h and three weeks post-ML sessions to examine the
development of PTOA. The loaded left knee joint showed a greater ROS/RNS signal than the right
knee, which was not loaded. There was a significant increase in cartilage damage and MMP activity
in the mechanically loaded joints relative to non-loaded control knee joints. Similarly, we found a
difference in the viscoelastic tangent, which highlights significant changes in mechanical properties.
Biochemical analyses revealed significant increases in total NO, caspase-3 activity, H2O2, and PGE2
levels. Gene expression analysis highlighted increased catabolism (MMP-13, IL-1β, TNF-α) with
a concomitant decrease in anabolism (ACAN, COL2A1). Histopathology scores clearly indicated
increases in OA progression and synovitis. The gait pattern was significantly altered, suggesting signs
of joint damage. This study showed that biomechanical, biochemical, and behavioral characteristics
of the murine PTOA groups are significantly different from the control group. These results confirm
that the current mouse model can be considered for translational PTOA studies.

Keywords: post-traumatic arthritis (PTOA); mouse model; behavior test; reactive oxygen species
(ROS); matrix metalloproteinases (MMPs); type II collagen (CII); non-invasive mechanical loading
(ML); small animal imaging

1. Introduction

Joint tissue injury leads to progressive damage to the articular joint, leading to post-
traumatic arthritis (PTA) [1]. In total, 20–50% of individuals subjected to joint trauma
develop post-traumatic osteoarthritis (PTOA) that results in damage to cartilage tissue and
other tissues of the articular joint. Moreover, PTOA accounts for 12% of all osteoarthritis
(OA) cases [2,3]. An acute knee injury such as trauma or excessive cumulative stress
initiates biomechanical changes as well as biochemical cascades such as inflammation and
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metabolic imbalances of tissue turnover that can lead to secondary OA [4,5]. This PTOA is
characterized by damage to multiple components, such as articular and meniscal cartilages,
synovium, and subchondral bone. Evidence from both pre-clinical and clinical studies
reveals that early intervention can moderate these biochemical changes and that altered
joint biomechanics may slow the progression of joint degeneration [6].

Animal models dramatically shorten the time required to develop PTOA. A 3- to
6-month-old mouse is equivalent to a 20- to 30-year-old human [7]. To study the mecha-
nisms of PTOA initiation and progression relevant to human disease, animal models must
reproduce specific traumatic injury conditions seen in patients. The PTOA model can be
categorized into invasive or non-invasive models. Invasive models involve surgical or
chemical induction to develop OA. They require a great deal of intervention and mostly
represent the acute phase of traumatic injury. Non-invasive mouse models have been used
to mimic PTOA in humans to follow the progression of disease after traumatic injury [8,9].
These models involve subjecting a joint to a repetitive mechanical load. This model’s
advantages compared to invasive models include being non-invasive, no skin disruption,
and mimicking early adaptive response to injury in humans. Mechanical loading (ML) of
the mouse knee serves as a model of PTOA and can faithfully mimic injury conditions like
those in the early stages of human OA [9]. The pathology of PTOA involves three phases:
the immediate phase following mechanical injury; the acute phase displaying apoptosis
and inflammation; and the chronic phase characterized by dysfunction and pain of the
joint [10]. Biochemical changes occurring after trauma mainly depend on whether the
impact is of low or high amplitude [11]. The most common irreversible biochemical change
is the breakdown of the cartilage matrix due to a disruption of proteoglycans that expose
the underlying collagens maintaining the stability of the cartilage matrix. Type II Collagen
(CII) is the main collagen affected in the hyaline cartilage [12]. This causes necrosis of chon-
drocytes residing within the cartilage matrix [13]. Various molecular factors responsible for
cartilage tissue catabolism include the production of matrix metalloproteinases (MMPs),
reactive oxygen species (ROS), and inflammatory cytokines [14–16]. ROS are released from
storage in the mitochondria after excessive mechanical stress in the knee joint. The release
of these destructive metabolites can result in chondrocyte death and matrix degradation [5].
Previously, we developed an in vivo detection technique for visualizing early damage to
cartilage using a fluorescence-labeled monoclonal antibody (Mab) that binds to CII [17].
This method has the advantage of detecting damaged cartilage in the mouse knee joint.

A functional characterization, such as pain-related behavior, and previous conven-
tional methods of studying PTOA are essential for the translation of preclinical studies to
clinical OA therapy. Therefore, we utilized this PTOA mouse model to characterize many
facets of arthritis from the macroscopic to those at the molecular level. Specifically, we
provide previously unaddressed behavioral data related to the OA pain mechanism.

2. Materials and Methods
2.1. Animals

Mice (CBA-1, 12 weeks old, male, n = 16/group) were randomly divided into three
groups (Scheme 1): Control (Normal control without ML), Trauma (the immediate phase
following the last ML session, which involved the cell apoptosis and joint inflammation),
and PTOA (early OA: 3 weeks after the last ML) group (Scheme 1). To reduce experimental
variability (i.e., age, sex), and eliminate the need for extensive testing of the loading
conditions necessary to produce PTOA of manageable severity, we used male mice of a
particular age. Mice were provided with a healthy, pathogen-free environment ad libitum.
All animal protocols and experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Tennessee Health Science
Center (ethical protocol code: 17-055.0).
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Scheme 1. Schematic representation of the study. Groups represent the control (Group 1) and
experimental groups (Groups 2 and 3). Group 1 is the Control group that was not subjected to
mechanical load. Group 2 is classified as a Trauma group that shows acute tissue damage 3 weeks
post mechanical load period. Group 3 represents PTOA mouse model showing chronic tissue damage
10–12 weeks post mechanical load period. Group 1 and 1’ is a Normal control but at a different age
(i.e., Group 1 is normal at 12 weeks of age, and Group 1’ is normal at 19 weeks of age).

2.2. Non-Invasive Post-Traumatic Osteoarthritis (PTOA) Mouse Model

The PTOA was developed as described previously with slight modifications [18–20].
The left leg of each mouse was positioned within the ElectroForce® 3200 (Bose Corp.,
Framingham, MN, USA) using a custom-made ML jig. The knee joint was positioned
with the proximal tibia resting in the upper cup and the dorsiflexed ankle inserted into
the bottom cup. Each loaded knee joint received 40 cycles of compressive loading at 9 N,
totaling six successive sessions (3 times per week over 2 weeks).

2.3. Dynamic Mechanical Analysis (DMA) of the Knee Joints

The tibia was glued to the jig of ElectroForce® 3200 instrument (Supplementary Figure S3).
The specimen was secured by preloading at 1 N on the loading jig. Next, compressive
cyclic displacement (0.01 mm ± 0.0025 mm) in the range of 0.5 to 3 Hz was applied,
as described previously [21,22]. The corresponding force ranged between 0 and 0.5 N.
Displacement was controlled by a transducer with 15 nm resolution. The cyclic force and
displacement were measured to obtain dynamic elastic (storage) (K′) and viscous (loss) (K′ ′)
stiffness. Viscoelastic tangent delta (tan δ), which represents loading energy dissipation,
was computed by K′ ′/K′. As such, the tan δ accounts for the relative capacity of dynamic
energy dissipation [23,24].

2.4. Optical Image Scanning

Twenty-four hours after the last ML sessions, each mouse was injected retro-orbitally
with 80 µL of solution containing a 1:1 mixture of MMPSense-750 (MMP750, PerkinElmer,
Waltham, MA, USA) and monoclonal anti-type II collagen antibody (MabCII) that had
been coupled with 680 dye (MabCII680). At 24 h after injection with the probe cocktail,
mice were imaged under anesthesia after using an IVIS Imaging System (IVIS® Lumina
XR System, PerkinElmer, Waltham, MA, USA). Fluorescence was quantified using Living-
Image 4.0 software (PerkinElmer, Waltham, MA, USA) to calculate the flux radiating
omni-directionally from the region of interest (ROI) and graphed as radiant efficiency
(photons/s/cm2/str)/(µW/cm2). The standardized ROI for knee fluorescence was ob-
tained by capturing the same area for each mouse.

MabCII was provided by the laboratory of Karen Hasty at the VAMC (Memphis, TN,
USA) [18,25,26]. The generation and characterization of MabCII have been previously
described [26]. An immunoassay was performed to measure the binding and specificity of



Antioxidants 2022, 11, 1783 4 of 16

these antibodies for CII purified from mouse and other species. The results showed that
MabCII (E4), the antibody chosen for this study, had the strongest immune reactivity.

The level of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the
knee was measured by chemiluminescence after the first ML session, a useful time point
because ROS are measurable immediately after loading, and after multiple sessions, the
ROS/RNS signal can be detected systemically (Supplementary Figure S2). Both knees were
injected intra-articularly with 25 mg/Kg body weight L-012 sodium salt (TOCRIS, Bristol,
UK) and immediately imaged by IVIS to determine the chemiluminescent signal [27].

2.5. Collection of Blood and Isolation of Cartilage Tissue

Blood (100 µL) was collected through the retro-orbital route using a sterilized hep-
arinized capillary tube (Fisher Scientific, Hampton, NH, USA), and serum was isolated
by centrifugation of blood (3000 rpm, 5 min). The animal was euthanized, and the entire
knee joint was dissected to obtain cartilage tissues. The minced cartilage tissues were
immediately transferred to RNAlater™ Solution (Thermo-Fischer, Waltham, MA, USA).
The soft tissue was removed from the bones and the cartilage tissue was isolated from the
femoral condyle and tibial plateau under a dissecting microscope.

2.6. Total Nitrate/Nitrite (NO) Assay

Serum was analyzed using the Nitrate/Nitrite Fluorometric Assay Kit, according to
the manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI, USA). The fluorescence
signal was read at 375/417 nm (excitation/emission) using SpectraMax M5 microplate
reader (Molecular Devices, Sunnyvale, CA, USA). The total NO was interpolated from the
nitrate standard curve.

2.7. Caspase3 Assay

Caspase3 activity in serum was analyzed using the EnzChek® Caspase-3 Assay Kit
(Molecular Probes™, Eugene, OR, USA), according to the manufacturer’s instructions. The
fluorescence signal was read at 496/520 nm (excitation/emission) using the microplate reader.
The amount of fluorescence was used to determine the level of Caspase3 activity in serum.

2.8. Amplex Red Assay for H2O2

The level of H2O2 was measured in serum using the Amplex® Red Hydrogen Per-
oxide/Peroxidase Assay Kit (Thermo-Fisher, Waltham, MA, USA). Fluorescence was
read at excitation and emission wavelengths of 571 and 585 nm, respectively, using the
microplate reader.

2.9. Prostaglandin E2 (PGE2) Assay

Serum was analyzed for PGE2 concentration with a Prostaglandin E2 Parameter Assay
kit (Cayman Inc., Ann Arbor, MI, USA). The microtiter plate was read at a wavelength of
405 nm using a microplate reader.

2.10. Gene Expression Analysis

RNA was extracted from the cartilage tissue using the GeneJET RNA Purification Kit
(Thermo-Fisher, Waltham, MA, USA). cDNA was prepared using 0.5 µg RNA by TaqMan®

Reverse Transcription Reagents (Thermo-Fisher, Waltham, MA, USA). To measure gene
expression, reverse transcription-quantitative polymerase chain reaction (rt-qPCR) was
performed using a TaqMan™ Assay (Thermo Fisher Scientific, Waltham, MA, USA) for
the following genes: Aggrecan (ACAN), Collagen type II alpha (COL2A1), Endothelial
PAS domain-containing protein 1 (EPAS1), Matrix metallopeptidase 13 (MMP13), Smad
Nuclear Interacting Protein 1 (SNIP1), Interleukin 1 Beta (IL1β), and Tumor necrosis factor
alpha (TNFα). Beta-Actin (β-Actin) served as an internal control. qPCR was performed on
a LightCycler® 480 (Roche, Basel, Switzerland). Data were analyzed using LightCycler®

480 software (Roche, Basel, Switzerland) [20].
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2.11. Histopathology (Modified OA and Synovitis Scoring System)

The knee joint was fixed in 10% formalin, decalcified with Decalcifying Solution
(Thermo-Fischer, Waltham, MA, USA) for 7–10 days, and embedded in paraffin. A total
of twenty-five histological sections per knee were analyzed to evaluate cartilage damage
and synovitis. The sections were stained with hematoxylin and eosin stain (H&E) or
Safranin-O/fast green stain.

Tissue sections were graded using the Osteoarthritis Research Society International
(OARSI) and the Mankin scale with slight modifications [28]. A higher score represents
a higher level of biological deterioration and disease extent, allowing for reliable differ-
entiation between early- to late-stage OA. We further modified the procedure to assess
the whole knee joint from an individual animal and to sum up the average histological
score from each representative group. Briefly, the whole knee joint was divided into four
areas: medial femoral condyle, medial tibial plateau, lateral femoral condyle, and lateral
tibial plateau. Each area was graded based on hypocellularity, Safranin-O staining, surface
regularity, and structure. An average histological score for each group of animals was
obtained (Supplementary Figure S4). Synovitis was graded as described previously with
slight modifications [29]. The synovitis score was based on the enlargement of the synovial
lining, density of cells, and inflammation.

2.12. Gait Analysis

Gait analysis was performed as described previously with slight modifications [30].
Hind and fore paws were stained with black and red nontoxic ink, respectively. Each
animal was allowed to walk along a 100 × 10 × 15 (L ×W × H cm) runway lined with
white paper ending in a dark enclosed escape box. Animals were trained and acclimatized
prior to recording the gait pattern.

2.13. Open-Field Analysis

Open-field analysis was performed using an Open Field Maze instrument
(30 × 20 × 20 cm3) [31]. The animals were acclimatized to the Open Field Maze be-
fore the actual readings were made. Briefly, each animal was placed in the center of the
instrument and allowed to move freely. The movement was recorded for thirty minutes.
Any disturbances were avoided during the experiment. A ten-minute segment was an-
alyzed using CowLog 3.0.2 software (Mattei Pastell, Helsinki, Finland) to determine the
total travel distance and rearing activity [32].

2.14. Statistical Analysis

The significance of difference among more than two groups was determined by
ANOVA followed by Bonferroni’s post-hoc multiple-comparisons test. Student’s t-test
was performed to evaluate the significance of the difference between two groups. A
p-value ≤ 0.05 was considered statistically significant. Data are presented as the mean ±
standard deviation (SD). GraphPad Prism v.5.00 (GraphPad, San Diego, CA, USA) was
used to perform statistical analyses.

3. Results
3.1. Mechanical Loading Induced Oxidative Stress, Unmasks Cartilage Type II Collagen, and
Increases MMP Activity in Knee Joints

Oxidative stress was induced following the first ML session (Figure 1). The chemilu-
minescence signal increased significantly in the ML left knee joint as compared to the
unloaded control right knee joint (4.46 ± 0.68 × 103 ROI of ROS in control knee vs.
338.25 ± 88.33 × 103 ROI of ROS in ML knee, p < 0.001), indicating that mechanical
load increases both ROS and RNS.
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Figure 1. Comparison between mechanical loaded (ML) and unloaded knee joints for oxidative
stress. (A) IVIS image showing the acute traumatic damage to knee joint following 1st mechani-
cal load session. Observe high level of ROS-bioluminescence in the ML knee. (B) Graphical repre-
sentation of ROS-bioluminescence in the region of interest (ROI). ROI graphed as radiant efficiency
(photons/sec/cm2/sr)/(µW/cm2). Data are represented as mean± SD. *** p < 0.001. (n = 6 per group).

We also confirmed the binding of MabCII680 to the damaged cartilage tissue in
explant pig cartilage tissue and mouse knee joints (Figure 2). MabCII680 specifically
binds to the damaged cartilage owing to mechanical damage and exposed type II collagen.
An examination of mouse knee joints demonstrated that the intensity of MabCII680 and
MMP750 signal increased in the traumatic ML joints relative to the unloaded control knee
(1.47 ± 0.43 × 107 ROI of MabCII680 in Normal vs. 19.34 ± 2.49 in Trauma vs. 23.52 ± 4.85
in PTOA knee joint, p < 0.001). While the MMP750 signal was significantly increased in
the traumatic joint relative to the unloaded control knee joints, the signal then significantly
decreased over time in the post-traumatic period (6.38 ± 1.19 × 105 ROI of MMP750 in
Normal knees vs. 37.94 ± 3.42 from the Trauma mice vs. 13.78 ± 5.51 in PTOA knee joints,
p < 0.001).

3.2. Effect of Mechanical Loading on Biomechanical Properties

Biomechanical property alterations are one of the early signs of PTOA [29]. Therefore,
the biomechanical features of ML knee joints were determined after conditions of acute
trauma (Trauma group) or at 3 weeks after mechanical loading during the development
of PTOA (PTOA group). Increases in the difference of viscoelastic tangent delta δ (tan δ)
(1.0 ± 0.128 in Normal vs. 3.326 ± 0.331 in Trauma vs. 2.817 ± 0.311 in PTOA, p < 0.001)
were observed relative to the control unloaded knee joints (Figure 3). A change in the
mechanical properties of the cartilage/subchondral bone complex was observed based on
the increased value of the tan δ.
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Figure 2. Assessment of cartilage damage and MMPs level in Trauma and PTOA groups. (A) Frozen
sections showing specificity of MabCII680 to the exposed type-II collagen in the physically damaged
cartilage tissue at low (c) and high (d) magnification as compared to control MabCon680 at low (a)
and high (b) magnification. (B,C) IVIS image and graphical representation of cartilage damage in
Trauma and PTOA knee joints. (D,E) IVIS image and graphical representation of MMPs level in
Trauma and PTOA knee joints. Data are represented as mean ± SD. NS: not significant, ** p < 0.01
and *** p < 0.001. (n = 6 per group).

3.3. Biochemical Changes Accompanied by Mechanical Loading

All biochemical analyses were performed using mouse serum from each specified
experimental group. We measured total nitric oxide (NO) and found a significant increase
in total NO in mice subjected to ML as compared to the untreated group (2790.77 ± 273.12
vs. 845.67 ± 110.94 pmoles, p = 0.01) (Figure 4A). We also measured caspase-3 levels
in serum to determine if apoptosis might be driving pathology. We observed that ML
caused a significant increase in caspase-3 activity as compared to the untreated control
(370.65 ± 11.09 vs. 230.04± 6.37 fluorescence unit, p < 0.01) (Figure 4B). Hydrogen peroxide
(H2O2) produced from oxidative stress can result in the destruction of tissues. We observed
that H2O2 levels were significantly higher in the ML group relative to the untreated control
group (8884.88 ± 92.06 vs. 8468.24 ± 118.59 fluorescence unit, p < 0.05) (Figure 4C). We also
measured PGE2 levels that reportedly exert catabolic effects under mechanical stress. We
observed that ML caused significantly high PGE2 levels in ML mice as compared to the
untreated control (8015.62 ± 36.72 vs. 4627.50 ± 86.66 pg/mL, p < 0.01) (Figure 4D).

3.4. Mechanically Induced Gene Expression Patterns

Imbalances between anabolism and catabolism lead to pathogenesis of OA [33]. We
studied the expression of both anabolic and catabolic genes. Expressions of two anabolism
markers, major proteoglycan (ACAN) and collagen (COL2A1) were both reduced after
ML relative to the untreated control (noML); ACAN (0.58 ± 0.03 vs. 1.00 ± 0.004-fold,
p < 0.001) and COL2A1 (0.40 ± 0.10 vs. 1.01 ± 0.28-fold, p = 0.0245) (Figure 5A,B). In
addition, the expression level of SNIP1, an inhibitor of NFκB signaling, decreased in ML
mice relative to the control (0.24 ± 0.10 vs. 1.01 ± 0.27-fold, p = 0.0108) (Figure 5E). Genes
responsible for cartilage catabolism increased after ML of the knee joint. EPAS1, a gene
that encodes hypoxia-inducible factor (HIF-2α), increased significantly in the ML group
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relative to the control (6.17 ± 1.52-fold vs. 1.00 ± 0.14-fold, p = 0.0043) (Figure 5C). In
addition, the expression of MMP13, a gene encoding a cartilage matrix degrading enzyme,
also increased significantly in the ML group relative to the control (45.57 ± 1.11-fold vs.
1.04 ± 0.44-fold, p < 0.001) (Figure 5D). The inflammatory cytokines IL1β and TNFα were
both enhanced significantly after ML as expected relative to control: IL1β (2.41 ± 0.19-fold
vs. 1.00 ± 0.05-fold, p < 0.001) and TNFα (62.04 ± 1.21-fold vs. 1.00 ± 0.11-fold, p < 0.001)
(Figure 5F,G). These inflammatory cytokines not only result in knee joint inflammation but
also drive MMP13-mediated degradation of cartilage tissue.
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3.5. Mechanical Loading of the Knee Joints Increased OA and Synovitis Score

Mechanical knee joint loading significantly impacted cartilage integrity (Figure 6A,B).
The medial compartment was especially affected, possibly because the medial side bears
more weight. Most prominently, a pronounced reduction in Safranin-O staining and a
slightly irregular joint surface (Figure 6C,D) appeared in osteoarthritic joints. We also
observed synovitis in knee joints subjected to ML (Figure 6E,F). The synovial membrane of
osteoarthritic knees was highly inflamed relative to untreated controls. OA scores increased
significantly in ML knee joints. Taken together, the histopathological observations clearly
demonstrated signs of PTOA.

3.6. Altered Gait and Locomotory Behavior in Mechanically Loaded Mice

For a perspective on the functional consequences of the ML joint, we subjected mice
to gait analysis. We observed that ML animals displayed a highly abnormal synchronous
gait pattern relative to control mice (Figure 7A). Spatial variables including stride length,
sway length (step width), and stance length describe the geometric position of the paw
prints during locomotion. Rodents normally have symmetric gaits, where left and right
limb foot-strikes (for either the fore or hind limbs) are spaced at approximately 50% of the
gait cycle in time and equidistant in space (step length is about 50% of stride length). ML
(both Trauma and PTOA group) reduced the stride length (−9.5% in Trauma and −4.9%
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in PTOA group), sway length (−6.1% in Trauma and −1.4% in PTOA group), and stance
length (−12.3% in Trauma and −1.6% in PTOA group). Missing step and asymmetric gait
patterns occurred with the unilateral injury. The missing step rates were increased in both
Trauma (9.36%) and PTOA (4.64%) groups when compared to Normal control (Figure 7A
and Table 1). Open-field analysis revealed a significant reduction in the total distance
traveled (reduced average 26.69% in Trauma group and 30.68% in PTOA group when
compared to Normal control) and rearing (reduced average 61.23% in Trauma group and
67.44% in PTOA group when compared to Normal control) following ML (Figure 7B,C). An
evaluation of locomotor activity in the PTOA mice showed that the mean moving distance
and rearing counts were significantly different from normal mice (Figure 7B,C).
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Figure 6. Histopathology of knee joints, synovial membrane, and scoring according to OA and
synovitis score. (A) Representative H&E stain of whole knee joint under the following conditions
(a) normal, (b) trauma and (c) PTOA. Observe inflamed synovial membrane as indicated by black
arrows. Magnified images of the same knee joint show four distinct regions of the knee joint (middle
panel). Cell distribution is affected by cartilage damage (yellow arrowhead). Safranin-O/Fast Green
stain of the same knee joint (lower panel). Proteoglycan loss is obvious in Trauma and PTOA
groups. Symbols: MF = medial femur, LF = lateral femur, MT = medial tibia, and LT = lateral tibia.
(B) Representative H&E stain of synovial membrane. (C) OA score and (D) synovitis score. Data are
represented as mean ± SD. * p < 0.05 and ** p < 0.01. (n = 6 per group).
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Figure 7. Behavior analyses of control and experimental animals. (A) Gait analysis. Observe the
difference in stance, stride, and sway among the (i) normal, (ii) trauma and (iii) PTOA groups. (Blue
arrows indicate the missing step/asymmetric gait patterns). Open-field analysis between unloaded
control and mechanical loaded mice. (B) Travel distance and (C) rearing activity. Data are represented
as mean ± SD. * p < 0.05 (noML vs. ML). (n = 6 per group).

Table 1. Gait analysis using mice foot-print (Figure 7A). Missed-step rates were calculated by number
of missed steps divided by total number of steps.

Normal (N) Trauma PTOA N v Trauma N v PTOA

Stride (cm) 7.066 ± 0.163 6.400 ± 0.167 6.717 ± 0.264 p = 0.001 p = 0.031

Sway (cm) 3.533 ± 0.103 3.317 ± 0.194 3.483 ± 0.223 p = 0.035 p = 0.245

Stance (cm) 4.183 ± 0.160 3.667 ± 0.175 4.117 ± 0.204 p = 0.003 p = 0.142

Missing step (%) 0.35 9.36 4.64

4. Discussion

A murine model of PTOA helps investigators study the etiology of the early stages of
OA [8,9]. We would propose that there are several distinct advantages of using the PTOA
mouse model over the conventional model in which the medial meniscus is destabilized.
The first is that the mechanical loading model is non-invasive and therefore avoids addi-
tional variables generated through destabilization surgery. A second advantage, also as a
result of its non-invasive nature, is that it allows investigators to visualize the osteoarthritic
changes occurring in the normal course of aging. Thirdly, the PTOA model mimics chronic
OA and is helpful in predicting both early and late changes in the progression of the dis-
ease. As the changes in PTOA mouse model are progressive, it is obvious that the damage
proceeds from the cartilage towards the subchondral bone. Our PTOA model employs a
comprehensive approach including mechanical, biochemical, molecular, and functional
changes. In this study, we used a specific mouse strain (CBA1) that we have successfully
used in previous studies. While there is no reason to anticipate that other strains will be-
have differently, there are known differences in bone density that affect response to loading
intensity and frequency. We are assuming that because they have different genetic back-
grounds, we will preliminarily study how mechanical stress will affect the development of
OA according to mouse strain. These effects are also influenced by age and sex. Pain, in
particular, is one outcome that exhibits a differential response between males and females.
By confining ourselves to male mice of a particular size and age, we reduced experimental
variability and eliminated the need for extensive testing of the loading conditions necessary
to produce PTOA of manageable severity. We utilized CBA-1 mice that have not shown
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any evidence of spontaneous OA [17,20,34], and therefore that would serve as an effective
internal control. We found that the production of ROS/RNS was evident as early as the
first ML session. The bioluminescence signal intensity was higher after the first ML session
and declined over time (Supplementary Figure S2). We observed increases in the levels of
total NO and H2O2 in mechanically loaded mice, suggesting that ROS/RNS production
plays a significant role in early PTOA. This finding suggests that studies focused on the
role of oxidative stress in the development of PTOA in murine models should rely on early
time points for ROS/RNS measurements [35,36].

We previously developed a MabCII680 that binds only to exposed CII in damaged
cartilage [17]. We established that inflammation can be quantified through the measurement
of MMP activity using the MMP750 probe [37]. In this study, we found increases in
the signal intensity of both MabCII680 and MMP750 following ML. This suggests that
cartilage damage and inflammation may be a consequence of mechanical load. Additionally,
we found that mechanical stress compromises the biomechanical properties of articular
cartilage. Structural and biochemical changes are associated with the pathogenesis of
OA [38,39]. Changes observed in the viscoelastic properties can be explained due to an
increase in the water content of the articular cartilage matrix with a concomitant decrease
in proteoglycan levels and in CII content [40,41]. A previous study demonstrated changes
in viscoelastic properties prior to any histologic signs of OA [42]. In contrast, we observed
biomechanical property and histological changes.

Inflammation and apoptosis are well-established key players in the generation of
OA [43,44]. We found that ML significantly enhanced joint inflammation. The PTOA mouse
model demonstrated an increased serum production of PGE2 and the gene expression
levels of IL1β and TNFα. Caspase-3 activity levels in serum also increased following ML.
These data indicate that serum markers and articular cartilage gene expression analyses
can both participate in the development of OA [33,45–51].

Histopathological analysis remains the gold standard in establishing the presence
of OA in animal models [52]. In our model, we found that both the medial and lateral
compartments were primarily affected. These compartments featured a significant loss of
proteoglycans and an increased synovitis score. Meniscal damage was also prominent in
the arthritic knee. We found multiple calcified regions with microtears in PTOA mouse knee
joint. Thus, structural changes were vividly established in our PTOA model, consistent
with the biomechanical, biochemical, and molecular alterations observed earlier.

We evaluated structural and biochemical changes in terms of the functional ability of
mice affected by PTOA [53]. In our study, gait pattern and locomotor activity were severely
affected in PTOA mice, highlighting the utility of functional outcome measurements in
the PTOA model. Our observations correlated with a previous study showing that the
ML of knee joints with 9N force produces lesions in ipsilateral and contralateral joints [54].
The authors indicated that the progress and worsening of lesions corresponded to the
nociceptive behavior in loaded animals. It was emphasized that 9N force was more
appropriate for longitudinal pharmacological studies due to mild joint damage. Our study
agrees with these previous findings and provides insight into the behavioral changes due
to the application of the 9N force for ML. Applying an optimal force is important in order
to study the specific desired stage of disease. Our model showed that the application of 9N
will allow us to measure functional changes associated with the application of a mechanical
load. Post-loaded mice show lesions in the articular cartilage of the left knee, confirming
that our ML protocol induces an OA-like histopathological phenotype. These results
confirmed the spontaneous exacerbation of lesions at 3 weeks post-loading compared to
directly after loading. PTOA mice appear to exhibit pain and attempt to walk with pain-
related behavior. The timing of these lesions’ progression corresponds to the development
of nociceptive behavior in this model, suggesting that progressive degradation of the knee
induces these behavioral changes. Furthermore, the mild contralateral damage we found
could explain the development of the contralateral mechanical hypersensitivity seen in
these animals.
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The results of CII targeted fluorescence and changes in the mechanical properties of
the cartilage–bone complex for mechanically loaded mouse knees by DMA revealed that
cartilage damage comes with changes in dynamic stiffness and loading energy dissipation
of the complex. The results also suggest that these changes may affect the risk of damaging
the subchondral bone from traumatic injury leading to OA later in life. In support of
these early changes, Poulet et al. found that subchondral bone thickness increased in the
mechanically loaded lateral compartment after five weeks of loading, predominantly in
the femur over that of the tibia, and that the thickening was greater where load-induced
articular cartilage lesions were present [55,56]. By contrast, epiphyseal trabecular thickness
and mass increased in almost all knee joint compartments in the loaded mouse compared
to joints from age-matched controls.

Interestingly, in previous studies, we found that different strains responded differently
to the process of OA. For example, the DBA mouse legs are more easily fractured than
other strains against the same mechanical loading condition, and the CBA mouse strain
developed a more severe condition of OA than C57BL6 after mechanical loading.

5. Conclusions

Thus, ML increased oxidative stress, cartilage damage, subchondral bone change, and
MMP levels in the affected knee joints [17,25,57]. The current findings will be useful as a
monitoring tool for studying the progression of OA. This study helps correlate the severity
of cartilage damage as shown by the OA score to the binding of MabCII to the cartilage
and the change in viscoelastic tangent delta, representative of subchondral bone changes.
These features can improve the objective assessment of various treatment and diagnostic
OA studies. Furthermore, it strengthens the notion that studies focused on PTOA should be
comprehensive in nature. Finally, the tools provided in this study can be utilized to better
characterize murine PTOA based on biomechanical, biochemical, and behavioral parameters.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11091783/s1, Figure S1: Macroscopic examination of knee joints, Figure S2: Detection
of ROS-bioluminescence in knee joints of animals, Figure S3: A mouse tibia specimen mounted on
the loading machine (Figure S3A), an example of dynamic mechanical analysis (DMA) to obtain
phase angle and dynamic stiffness under oscillatory loading (−0.3 ± 0.1N) (Figure S3B), Figure S4:
Modified OA Scoring and more histological sections.

Author Contributions: H.C. and K.A.H. conceived and designed the study; H.C., F.-U.-R.B., Y.-H.J.
and D.-G.K. performed the experiment and acquired the data; H.C., F.-U.-R.B., D.-G.K. and D.D.B.
analyzed and interpreted the data; H.C., F.-U.-R.B. and D.-G.K. drafted the manuscript. H.C., K.A.H.,
A.-K.Y., D.D.B. and D.-G.K. proofread and critically revised it. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by grants from the Arthritis Foundation (Discovery award; H.
Cho) and Oxnard Foundation (Medical Research; H. Cho). This research was also supported by VA
Merit Review awards (BX003487, D. Brand; BX004151, K. Hasty) and VA Research Career Scientist
Award (BX004472, K. Hasty) from the Department of Veterans Affairs. AK Yi was supported by
grants from NIH (AR064723, AR069010). The contents of this publication are solely the responsibility
of the authors and do not necessarily represent the official views of the NIH or the University of
Tennessee Health Science Center.

Data Availability Statement: Data will be shared with any biomedical research scientist who wishes
to have it after the appropriate justification is supplied. The request must contain specific information
about the nature of the data of interest, what the reason for the requester’s interest might be, and
how the information will be used. The data to be released must all have been previously published
more than one calendar year before the request.

Acknowledgments: The authors thank Christy Patterson for her technical support regarding the
real-time rt-PCR analysis and care of animals during this study.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/antiox11091783/s1
https://www.mdpi.com/article/10.3390/antiox11091783/s1


Antioxidants 2022, 11, 1783 14 of 16

References
1. Punzi, L.; Galozzi, P.; Luisetto, R.; Favero, M.; Ramonda, R.; Oliviero, F.; Scanu, A. Post-traumatic arthritis: Overview on

pathogenic mechanisms and role of inflammation. RMD Open 2016, 2, e000279. [CrossRef] [PubMed]
2. Brown, T.D.; Johnston, R.C.; Saltzman, C.L.; Marsh, J.L.; Buckwalter, J.A. Posttraumatic osteoarthritis: A first estimate of incidence,

prevalence, and burden of disease. J. Orthop. Trauma 2006, 20, 739–744. [CrossRef]
3. Lohmander, L.S.; Englund, P.M.; Dahl, L.L.; Roos, E.M. The long-term consequence of anterior cruciate ligament and meniscus

injuries: Osteoarthritis. Am. J. Sports Med. 2007, 35, 1756–1769. [CrossRef] [PubMed]
4. Guilak, F. Biomechanical factors in osteoarthritis. Best Pract. Res. Clin. Rheumatol. 2011, 25, 815–823. [CrossRef] [PubMed]
5. Buckwalter, J.A.; Anderson, D.D.; Brown, T.D.; Tochigi, Y.; Martin, J.A. The Roles of Mechanical Stresses in the Pathogenesis of

Osteoarthritis: Implications for Treatment of Joint Injuries. Cartilage 2013, 4, 286–294. [CrossRef] [PubMed]
6. Anderson, D.D.; Chubinskaya, S.; Guilak, F.; Martin, J.A.; Oegema, T.R.; Olson, S.A.; Buckwalter, J.A. Post-traumatic osteoarthritis:

Improved understanding and opportunities for early intervention. J. Orthop. Res. 2011, 29, 802–809. [CrossRef] [PubMed]
7. Fox, J.; Barthold, S.; Davisson, M.; Newcomer, C.; Quimby, F.; Smith, A. The Mouse in Biomedical Research, 2nd ed.; Academic Press:

Cambridge, MA, USA, 2007; Volume 2, p. 776.
8. Poulet, B. Non-invasive Loading Model of Murine Osteoarthritis. Curr. Rheumatol. Rep. 2016, 18, 40. [CrossRef]
9. Christiansen, B.A.; Guilak, F.; Lockwood, K.A.; Olson, S.A.; Pitsillides, A.A.; Sandell, L.J.; Silva, M.J.; van der Meulen, M.C.H.;

Haudenschild, D.R. Non-invasive mouse models of post-traumatic osteoarthritis. Osteoarthr. Cartil. 2015, 23, 1627–1638.
[CrossRef]

10. Lieberthal, J.; Sambamurthy, N.; Scanzello, C.R. Inflammation in joint injury and post-traumatic osteoarthritis. Osteoarthr. Cartil.
2015, 23, 1825–1834. [CrossRef]

11. Olson, S.A.; Furman, B.; Guilak, F. Joint injury and post-traumatic arthritis. HSS J. 2012, 8, 23–25. [CrossRef]
12. DiMicco, M.A.; Patwari, P.; Siparsky, P.N.; Kumar, S.; Pratta, M.A.; Lark, M.W.; Kim, Y.-J.; Grodzinsky, A.J. Mechanisms and

kinetics of glycosaminoglycan release following in vitro cartilage injury. Arthritis Rheum. 2004, 50, 840–848. [CrossRef]
13. Chen, C.T.; Bhargava, M.; Lin, P.M.; Torzilli, P.A. Time, stress, and location dependent chondrocyte death and collagen damage in

cyclically loaded articular cartilage. J. Orthop. Res. 2003, 21, 888–898. [CrossRef]
14. Guo, D.; Ding, L.; Homandberg, G.A. Telopeptides of type II collagen upregulate proteinases and damage cartilage but are less

effective than highly active fibronectin fragments. Inflamm. Res. 2009, 58, 161–169. [CrossRef] [PubMed]
15. Lepetsos, P.; Papavassiliou, A.G. ROS/oxidative stress signaling in osteoarthritis. Biochim. Biophys. Acta 2016, 1862, 576–591.

[CrossRef]
16. Wojdasiewicz, P.; Poniatowski, L.A.; Szukiewicz, D. The role of inflammatory and anti-inflammatory cytokines in the pathogenesis

of osteoarthritis. Mediators. Inflamm. 2014, 2014, 561459. [CrossRef] [PubMed]
17. Cho, H.; Pinkhassik, E.; David, V.; Stuart, J.M.; Hasty, K.A. Detection of early cartilage damage using targeted nanosomes in a

post-traumatic osteoarthritis mouse model. Nanomedicine 2015, 11, 939–946. [CrossRef]
18. Christiansen, B.A.; Anderson, M.J.; Lee, C.A.; Williams, J.C.; Yik, J.H.; Haudenschild, D.R. Musculoskeletal changes following

non-invasive knee injury using a novel mouse model of post-traumatic osteoarthritis. Osteoarthr. Cartil. 2012, 20, 773–782.
[CrossRef]

19. Poulet, B.; Hamilton, R.W.; Shefelbine, S.; Pitsillides, A.A. Characterizing a novel and adjustable noninvasive murine joint loading
model. Arthritis Rheum. 2011, 63, 137–147. [CrossRef]

20. Cho, H.; Walker, A.; Williams, J.; Hasty, K.A. Study of osteoarthritis treatment with anti-inflammatory drugs: Cyclooxygenase-2
inhibitor and steroids. Biomed. Res. Int. 2015, 2015, 595273. [CrossRef]

21. Amorosa, L.F.; Lee, C.H.; Aydemir, A.B.; Nizami, S.; Hsu, A.; Patel, N.R.; Gardner, T.R.; Navalgund, A.; Kim, D.-G.; Park, S.H.; et al.
Physiologic load-bearing characteristics of autografts, allografts, and polymer-based scaffolds in a critical sized segmental defect
of long bone: An experimental study. Int. J. Nanomed. 2013, 8, 1637–1643. [CrossRef]

22. Kiefer, G.N.; Sundby, K.; McAllister, D.; Shrive, N.G.; Frank, C.B.; Lam, T.; Schachar, D.N.S. The effect of cryopreservation on the
biomechanical behavior of bovine articular cartilage. J. Orthop. Res. 1989, 7, 494–501. [CrossRef] [PubMed]

23. Kim, D.G.; Kwon, H.J.; Jeong, Y.H.; Chien, H.H.; Crance, S.; Agnew, A.M.; Battula, S.; Lee, J.W.; Wen, H.B. Associations of
Resonance Frequency Analysis with Dynamic Mechanical Analysis of Dental Implant Systems. Clin. Implant. Dent. Relat. Res.
2016, 18, 332–341. [CrossRef] [PubMed]

24. Kim, D.G.; Haghighi, A.; Kwon, H.J.; Coogan, J.S.; Nicolella, D.P.; Johnson, T.B.; Kim, H.D.; Kim, N.; Agnewc, A.M. Sex dependent
mechanical properties of the human mandibular condyle. J. Mech. Behav. Biomed. Mater. 2017, 71, 184–191. [CrossRef]

25. Bedingfield, S.K.; Colazo, J.M.; Yu, F.; Liu, D.D.; Jackson, M.A.; Himmel, L.E.; Cho, H.; Crofford, L.J.; Hasty, K.A.; Duvall, C.L.
Amelioration of post-traumatic osteoarthritis via nanoparticle depots delivering small interfering RNA to damaged cartilage. Nat.
Biomed. Eng. 2021, 5, 1069–1083. [CrossRef]

26. Terato, K.; Shimozuru, Y.; Katayama, K.; Takemitsu, Y.; Yamashita, I.; Miyatsu, M.; Fujii, K.; Sagara, M.; Kobayashi, S.;
Goto, M.; et al. Specificity of antibodies to type II collagen in rheumatoid arthritis. Arthritis Rheum. 1990, 33, 1493–1500.
[CrossRef] [PubMed]

27. Kielland, A.; Blom, T.; Nandakumar, K.S.; Holmdahl, R.; Blomhoff, R.; Carlsen, H. In vivo imaging of reactive oxygen and
nitrogen species in inflammation using the luminescent probe L-012. Free Radic. Biol. Med. 2009, 47, 760–766. [CrossRef]

http://doi.org/10.1136/rmdopen-2016-000279
http://www.ncbi.nlm.nih.gov/pubmed/27651925
http://doi.org/10.1097/01.bot.0000246468.80635.ef
http://doi.org/10.1177/0363546507307396
http://www.ncbi.nlm.nih.gov/pubmed/17761605
http://doi.org/10.1016/j.berh.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22265263
http://doi.org/10.1177/1947603513495889
http://www.ncbi.nlm.nih.gov/pubmed/25067995
http://doi.org/10.1002/jor.21359
http://www.ncbi.nlm.nih.gov/pubmed/21520254
http://doi.org/10.1007/s11926-016-0590-z
http://doi.org/10.1016/j.joca.2015.05.009
http://doi.org/10.1016/j.joca.2015.08.015
http://doi.org/10.1007/s11420-011-9247-7
http://doi.org/10.1002/art.20101
http://doi.org/10.1016/S0736-0266(03)00050-0
http://doi.org/10.1007/s00011-009-8090-5
http://www.ncbi.nlm.nih.gov/pubmed/19190855
http://doi.org/10.1016/j.bbadis.2016.01.003
http://doi.org/10.1155/2014/561459
http://www.ncbi.nlm.nih.gov/pubmed/24876674
http://doi.org/10.1016/j.nano.2015.01.011
http://doi.org/10.1016/j.joca.2012.04.014
http://doi.org/10.1002/art.27765
http://doi.org/10.1155/2015/595273
http://doi.org/10.2147/IJN.S42855
http://doi.org/10.1002/jor.1100070406
http://www.ncbi.nlm.nih.gov/pubmed/2738767
http://doi.org/10.1111/cid.12319
http://www.ncbi.nlm.nih.gov/pubmed/25810026
http://doi.org/10.1016/j.jmbbm.2017.03.012
http://doi.org/10.1038/s41551-021-00780-3
http://doi.org/10.1002/art.1780331006
http://www.ncbi.nlm.nih.gov/pubmed/1699542
http://doi.org/10.1016/j.freeradbiomed.2009.06.013


Antioxidants 2022, 11, 1783 15 of 16

28. Glasson, S.S.; Chambers, M.G.; Van Den Berg, W.B.; Little, C.B. The OARSI histopathology initiative-recommendations for
histological assessments of osteoarthritis in the mouse. Osteoarthr. Cartil. 2010, 18 (Suppl. 3), S17–S23. [CrossRef]

29. Lewis, J.S.; Hembree, W.C.; Furman, B.D.; Tippets, L.; Cattel, D.; Huebner, J.L.; Little, D.; DeFrate, L.E.; Kraus, V.B.; Guilak, F.;
et al. Acute joint pathology and synovial inflammation is associated with increased intra-articular fracture severity in the mouse
knee. Osteoarthr. Cartil. 2011, 19, 864–873. [CrossRef]

30. Kemp, K.C.; Cerminara, N.; Hares, K.; Redondo, J.; Cook, A.J.; Haynes, H.R.; Burton, B.R.; Pook, M.; Apps, R.; Scolding, N.J.; et al.
Cytokine therapy-mediated neuroprotection in a Friedreich’s ataxia mouse model. Ann. Neurol. 2017, 81, 212–226. [CrossRef]

31. Seibenhener, M.L.; Wooten, M.C. Use of the Open Field Maze to measure locomotor and anxiety-like behavior in mice. J. Vis. Exp.
2015, 96, e52434. [CrossRef]

32. Hanninen, L.; Pastell, M. CowLog: Open-source software for coding behaviors from digital video. Behav. Res. Methods 2009,
41, 472–476. [CrossRef] [PubMed]

33. Attur, M.; Al-Mussawir, H.E.; Patel, J.; Kitay, A.; Dave, M.; Palmer, G.; Pillinger, M.H.; Abramson, S.B. Prostaglandin E2 exerts
catabolic effects in osteoarthritis cartilage: Evidence for signaling via the EP4 receptor. J. Immunol. 2008, 181, 5082–5098. [CrossRef]

34. Poulet, B.; Ulici, V.; Stone, T.C.; Pead, M.; Gburcik, V.; Constantinou, E.; Palmer, D.B.; Beier, F.; Timmons, J.A.; Pitsillides, A.A.
Time-series transcriptional profiling yields new perspectives on susceptibility to murine osteoarthritis. Arthritis Rheum. 2012, 64,
3256–3266. [CrossRef] [PubMed]

35. Yorimitsu, M.; Nishida, K.; Shimizu, A.; Doi, H.; Miyazawa, S.; Komiyama, T.; Nasu, Y.; Yoshida, A.; Watanabe, S.; Ozaki, T.
Intra-articular injection of interleukin-4 decreases nitric oxide production by chondrocytes and ameliorates subsequent destruction
of cartilage in instability-induced osteoarthritis in rat knee joints. Osteoarthr. Cartil. 2008, 16, 764–771. [CrossRef] [PubMed]

36. Ziskoven, C.; Jäger, M.; Zilkens, C.; Bloch, W.; Brixius, K.; Krauspe, R. Oxidative stress in secondary osteoarthritis: From cartilage
destruction to clinical presentation? Orthop. Rev. 2010, 2, e23. [CrossRef] [PubMed]

37. Cho, H.; Bhatti, F.U.; Yoon, T.W.; Hasty, K.A.; Stuart, J.M.; Yi, A.K. Non-invasive dual fluorescence in vivo imaging for detection
of macrophage infiltration and matrix metalloproteinase (MMP) activity in inflammatory arthritic joints. Biomed. Opt. Express
2016, 7, 1842–1852. [CrossRef]

38. Malfait, A.M. Osteoarthritis year in review 2015: Biology. Osteoarthr. Cartil. 2016, 24, 21–26. [CrossRef]
39. Loeser, R.F. Osteoarthritis year in review 2013: Biology. Osteoarthr. Cartil. 2013, 21, 1436–1442. [CrossRef]
40. Saarakkala, S.; Julkunen, P.; Kiviranta, P.; Mäkitalo, J.; Jurvelin, J.S.; Korhonen, R.K. Depth-wise progression of osteoarthritis in

human articular cartilage: Investigation of composition, structure and biomechanics. Osteoarthr. Cartil. 2010, 18, 73–81. [CrossRef]
41. Setton, L.A.; Elliott, D.M.; Mow, V.C. Altered mechanics of cartilage with osteoarthritis: Human osteoarthritis and an experimental

model of joint degeneration. Osteoarthr. Cartil. 1999, 7, 2–14. [CrossRef]
42. Doyran, B.; Tong, W.; Li, Q.; Jia, H.; Zhang, X.; Chen, C.; Enomoto-Iwamoto, M.; Lu, X.L.; Qin, L.; Han, L. Nanoindentation

modulus of murine cartilage: A sensitive indicator of the initiation and progression of post-traumatic osteoarthritis. Osteoarthr.
Cartil. 2017, 25, 108–117. [CrossRef] [PubMed]

43. Pelletier, J.P.; Martel-Pelletier, J.; Abramson, S.B. Osteoarthritis, an inflammatory disease: Potential implication for the selection of
new therapeutic targets. Arthritis Rheum. 2001, 44, 1237–1247. [CrossRef]

44. Hosseinzadeh, A.; Kamrava, S.K.; Joghataei, M.T.; Darabi, R.; Shakeri-Zadeh, A.; Shahriari, M.; Reiter, R.J.; Ghaznavi, H.;
Mehrzadi, S. Apoptosis signaling pathways in osteoarthritis and possible protective role of melatonin. J. Pineal. Res. 2016, 61,
411–425. [CrossRef] [PubMed]

45. Gao, H.; Gui, J.; Wang, L.; Xu, Y.; Jiang, Y.; Xiong, M.; Cui, Y. Aquaporin 1 contributes to chondrocyte apoptosis in a rat model of
osteoarthritis. Int. J. Mol. Med. 2016, 38, 1752–1758. [CrossRef] [PubMed]

46. Gosset, M.; Berenbaum, F.; Levy, A.; Pigenet, A.; Thirion, S.; Cavadias, S.; Claire, J. Mechanical stress and prostaglandin E2
synthesis in cartilage. Biorheology 2008, 45, 301–320. [CrossRef]

47. Hashimoto, S.; Rai, M.F.; Janiszak, K.L.; Cheverud, J.M.; Sandell, L.J. Cartilage and bone changes during development of
post-traumatic osteoarthritis in selected LGXSM recombinant inbred mice. Osteoarthr. Cartil. 2012, 20, 562–571. [CrossRef]

48. Hwang, H.S.; Kim, H.A. Chondrocyte Apoptosis in the Pathogenesis of Osteoarthritis. Int. J. Mol. Sci. 2015, 16, 26035–26054.
[CrossRef]

49. Khan, I.M.; Gilbert, S.J.; Caterson, B.; Sandell, L.J.; Archer, C.W. Oxidative stress induces expression of osteoarthritis markers
procollagen IIA and 3B3(-) in adult bovine articular cartilage. Osteoarthr. Cartil. 2008, 16, 698–707. [CrossRef]

50. Mueller, M.B.; Tuan, R.S. Anabolic/Catabolic balance in pathogenesis of osteoarthritis: Identifying molecular targets. PMR 2011,
3 (Suppl. 1), S3–S11. [CrossRef]

51. Rai, M.F.; Duan, X.; Quirk, J.D.; Holguin, N.; Schmidt, E.J.; Chinzei, N.; Silva, M.J.; Sandell, L.J. Post-Traumatic Osteoarthritis in
Mice Following Mechanical Injury to the Synovial Joint. Sci. Rep. 2017, 7, 45223. [CrossRef]

52. Cook, J.L.; Kuroki, K.; Visco, D.; Pelletier, J.P.; Schulz, L.; Lafeber, F.P. The OARSI histopathology initiative-recommendations for
histological assessments of osteoarthritis in the dog. Osteoarthr. Cartil. 2010, 18 (Suppl. 3), S66–S79. [CrossRef] [PubMed]

53. Zahoor, T.; Mitchell, R.; Bhasin, P.; Schon, L.; Zhang, Z. A Surgical Model of Posttraumatic Osteoarthritis with Histological and
Gait Validation. Orthop. J. Sports Med. 2016, 4, 2325967116658874. [CrossRef] [PubMed]

54. Ter Heegde, F.; Luiz, A.P.; Santana-Varela, S.; Chessell, I.P.; Welsh, F.; Wood, J.N.; Chenu, C. Noninvasive Mechanical Joint
Loading as an Alternative Model for Osteoarthritic Pain. Arthritis Rheumatol. 2019, 71, 1078–1088. [CrossRef] [PubMed]

http://doi.org/10.1016/j.joca.2010.05.025
http://doi.org/10.1016/j.joca.2011.04.011
http://doi.org/10.1002/ana.24846
http://doi.org/10.3791/52434
http://doi.org/10.3758/BRM.41.2.472
http://www.ncbi.nlm.nih.gov/pubmed/19363187
http://doi.org/10.4049/jimmunol.181.7.5082
http://doi.org/10.1002/art.34572
http://www.ncbi.nlm.nih.gov/pubmed/22833266
http://doi.org/10.1016/j.joca.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18182309
http://doi.org/10.4081/or.2010.e23
http://www.ncbi.nlm.nih.gov/pubmed/21808712
http://doi.org/10.1364/BOE.7.001842
http://doi.org/10.1016/j.joca.2015.09.010
http://doi.org/10.1016/j.joca.2013.05.020
http://doi.org/10.1016/j.joca.2009.08.003
http://doi.org/10.1053/joca.1998.0170
http://doi.org/10.1016/j.joca.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27568574
http://doi.org/10.1002/1529-0131(200106)44:6&lt;1237::AID-ART214&gt;3.0.CO;2-F
http://doi.org/10.1111/jpi.12362
http://www.ncbi.nlm.nih.gov/pubmed/27555371
http://doi.org/10.3892/ijmm.2016.2785
http://www.ncbi.nlm.nih.gov/pubmed/27779640
http://doi.org/10.3233/BIR-2008-0494
http://doi.org/10.1016/j.joca.2012.01.022
http://doi.org/10.3390/ijms161125943
http://doi.org/10.1016/j.joca.2007.10.004
http://doi.org/10.1016/j.pmrj.2011.05.009
http://doi.org/10.1038/srep45223
http://doi.org/10.1016/j.joca.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20864024
http://doi.org/10.1177/2325967116658874
http://www.ncbi.nlm.nih.gov/pubmed/27517056
http://doi.org/10.1002/art.40835
http://www.ncbi.nlm.nih.gov/pubmed/30638309


Antioxidants 2022, 11, 1783 16 of 16

55. Driscoll, C.; Chanalaris, A.; Knights, C.; Ismail, H.; Sacitharan, P.K.; Gentry, C.; Bevan, S.; Vincent, T.L. Nociceptive sensitizers
are regulated in damaged joint tissues, including articular cartilage, when osteoarthritic mice display pain behavior. Arthritis
Rheumatol. 2016, 68, 857–867. [CrossRef]

56. Poulet, B.; de Souza, R.; Kent, A.V.; Saxon, L.; Barker, O.; Wilson, A.; Chang, Y.-M.; Cake, M.; Pitsillides, A.A. Intermittent applied
mechanical loading induces subchondral bone thickening that may be intensified locally by contiguous articular cartilage lesions.
Osteoarthr. Cartil. 2015, 23, 940–948. [CrossRef]

57. O’Grady, K.; Kavanaugh, T.; Cho, H.; Ye, H.; Gupta, M.; Madonna, M.; Lee, J.; O’Brien, C.; Skala, M.; Hasty, K. Drug Free ROS
Sponge Polymeric Microspheres Reduce Tissue Damage from Ischemic and Mechanical Injury. ACS Biomater. Sci. Eng. 2018, 4,
1251–1264. [CrossRef]

http://doi.org/10.1002/art.39523
http://doi.org/10.1016/j.joca.2015.01.012
http://doi.org/10.1021/acsbiomaterials.6b00804

	Introduction 
	Materials and Methods 
	Animals 
	Non-Invasive Post-Traumatic Osteoarthritis (PTOA) Mouse Model 
	Dynamic Mechanical Analysis (DMA) of the Knee Joints 
	Optical Image Scanning 
	Collection of Blood and Isolation of Cartilage Tissue 
	Total Nitrate/Nitrite (NO) Assay 
	Caspase3 Assay 
	Amplex Red Assay for H2O2 
	Prostaglandin E2 (PGE2) Assay 
	Gene Expression Analysis 
	Histopathology (Modified OA and Synovitis Scoring System) 
	Gait Analysis 
	Open-Field Analysis 
	Statistical Analysis 

	Results 
	Mechanical Loading Induced Oxidative Stress, Unmasks Cartilage Type II Collagen, and Increases MMP Activity in Knee Joints 
	Effect of Mechanical Loading on Biomechanical Properties 
	Biochemical Changes Accompanied by Mechanical Loading 
	Mechanically Induced Gene Expression Patterns 
	Mechanical Loading of the Knee Joints Increased OA and Synovitis Score 
	Altered Gait and Locomotory Behavior in Mechanically Loaded Mice 

	Discussion 
	Conclusions 
	References

