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Objective: Post-traumatic osteoarthritis (PTOA) commonly develops after ACL injury, but early changes to
the joint soon after injury are insufficiently understood. The objectives of this study were (1) evaluate the
response of subchondral bone tissue modulus to joint injury and (2) identify which bone structural,
material, and metabolic outcomes are local (i.e., injured joint only) or systemic (i.e., injured and
contralateral-to-injured).
Design: Female C57BI\6N mice (19 weeks at injury) underwent tibial compression overload to simulate
ACL injury (n = 8) or a small pre-load (n = 8). Synovial fluid was harvested at euthanasia 7 days later for
metabolomic profiling. Bone outcomes included epiphyseal and SCB microarchitecture, SCB nano-
indentation modulus, SCB formation rate, and osteoclast number density.
Results: Injury decreased epiphyseal bone volume fraction ([-5.29, —1.38%], P = 0.0016) and decreased
SCB thickness for injured vs sham-injured limbs ([2.2, 31.4 um], P = 0.017)). Epiphyseal bone loss
commonly occurred for contralateral-to-injured limbs. There was not sufficient evidence to conclude that
SCB modulus changes with injury. Metabolomic analyses revealed dysregulated synovial fluid meta-
bolism with joint injury but that many metabolic pathways are shared between injured and contralat-
eral-to-injured limbs.
Conclusion: This study demonstrates rapid changes to bone structure and synovial fluid metabolism after
injury with the potential for influencing the progression to PTOA. These changes are often evidenced in
the contralateral-to-injured limb, indicating that systemic musculoskeletal responses to joint injury
should not be overlooked.

© 2022 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

interventions, additional data are needed to improve the under-
standing of how the loading and biological environments of the

Post-traumatic osteoarthritis (PTOA) affects 5.6 million people
in the US each year. Patients who suffer ACL tears develop PTOA at
an alarming rate. Regardless of ACL reconstruction status, 50% of
patients will develop PTOA within 20 years of joint injury?®. Early
interventions that mitigate the first deleterious changes to joint
tissues may relieve some of the immense physical and financial
burdens of PTOA>™. However, to design and implement early
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injured knee change early after joint injury.

It is well-established that subchondral and epiphyseal bone
undergo transient thinning after joint injury that later reverses and
progresses towards sclerosis® '° (Table I). The rapid decline of
subchondral bone and epiphyseal microarchitecture may directly
impact the bone mechanical environment. If subchondral and
epiphyseal bone microarchitecture decreases, pstrain will increase
in subchondral bone with potential impacts to bone mechano-
transduction'"'%. The changes would be expected to be further
exacerbated by changes to tissue-scale subchondral bone modulus,
since the stiffness of bone tissue influences the strain experienced
by osteocytes, a bone cell type recently implicated in the

1063-4584/© 2022 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Study Animal sex, Animal Injury model Evaluation Regions of interest Early acute epiphysial
strain, and age timepoints (days bone response to injury
species (weeks) after injury) (7-10d)

Christiansen et al., Osteoarthritis and

Cartilage, (2012), 773—782, 20 (7)

Anderson et al., Journal of Orthopaedic

Research, (2016)°

Khorasani et al., Arthritis Research and

Therapy, (2015), 17 (1)°

Lockwood et al., Journal of Orthopaedic

Research, (2014), 79—88, 32 (1)’

Wegner et al., Journal of Orthopaedic
Research, (2019), 2,429—2,436,
37(11)"°

Hahn et al., Osteoarthritis and Cartilage,

(2021), 882—893, 29 (6)*°

Maerz et al., Journal of Orthopaedic

Research, (2021), 1965—1976, 39(9)*’

McCulloch et al., Osteoarthritis and
Cartilage, (2019), 1800—1810, 27
(12)23

Das Neves Borges, Vincent, and
Marenzana, PLoS ONE, (2017), 12
(3)22

White, Brancati, and Lepley, Journal of

Orthopaedic Research, (2022), 74
—86,40 (1)!7

Male C57BL/ 10
6N mice

Female 10
C57BL/6N
mice

Female 10
C57BL/6N
mice

Male C57BL/ 11
6N mice

Female 10
C57BL/6N

mice

Male, Female 20
C57BL/6 mice

Female Lewis 14
rat

Male C57BL/6 10
mice

Male C57BL/6 10
mice

Male, Female 16
Long-Evans
Rat

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Non-invasive ACL rupture
via tibial compression
overload

Destabilized medial
meniscectomy

Destabilized medial

meniscectomy

Destabilized medial
meniscectomy

1,3,7, 14, 28, 56

7,14

7, 14, 56

10, 84, 112

7

7

3,7,10, 14

7,14, 28

7, 14, 28, 56, 84,
140

7,14, 28, 56

Distal femoral
epiphysis, proximal
tibial epiphysis

Distal femoral
epiphysis

Distal femoral
epiphysis

Distal femoral
epiphysis

Distal femoral
epiphysis

Distal femoral

epiphysis

Distal femoral
epiphysis

Proximal tibial
epiphysis

Proximal tibial

epiphysis

Distal femoral
epiphysis

Distal femoral epiphysis
7d (injured vs
contralateral limb):

e 44% |BV[TV

e 25% | Apparent BMD
e 24% | Tb.Th
Proximal tibial epiphysis
7d (injured vs
contralateral limb):

e 40% | BV[TV

e 20% | Apparent BMD
e 15% | Tb.Th
Subchondral bone plate
e 7% Scb.Th

7d (injured vs sham-
injured limb):

e 25% |BV[TV

e 20% | Tb.Th

7d (injured vs sham-
injured limb):

©27% | BV/TV

¢18% | Tb.Th

High strain rate

(500 mm/s)

10d (injured vs sham-
injured limb):

«20% | BV/TV

Low strain rate (1 mm/s)
10d (injured vs sham-
injured limb):

e 31% | BV[TV

7d (injured vs
contralateral limb):

e ~18% | BV/TV

7d (injured vs
contralateral limb):

e 59% | Tb.Th

e 7% 1 BS/BV

Medial condyle

7d (injured vs ipsilateral
sham-injured limb)
e~3% | BV/TV

7d (injured vs
contralateral limb)

e~3% | Scb.Th

Lateral condyle

3d (injured vs
contralateral limb)

«~2% 1 BV/TV

e~2% 1 Scb TMD

7d (injured vs
contralateral limb)

~2% 1 BVITV

7d (injured vs
contralateral limb):
*~48% 1 BV[TV

Medial condyle

7d (injured vs
contralateral limb):
~3% 1 BVITV

Medial condyle

7d (injured vs uninjured
control rats):

eMale: ~167% 1 Scb.PL.Po
eFemale: ~90% 1
Scb.P1.Po

Lateral condyle

7d (injured vs uninjured
control rats):

eMale: ~263% 1 Scb.PL.Po
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Table 1 (continued )

Study Animal sex, Animal Injury model Evaluation Regions of interest Early acute epiphysial
strain, and age timepoints (days bone response to injury
species (weeks) after injury) (7-10d)

eFemale: ~154% 1
Scb.Pl.Po

BV/TV, Trabecular bone volume per tissue volume; BMD, Bone mineral density; BA, Bone area; Tb.Th, Trabecular thickness; BS/BV, Bone surface per bone volume; TMD,
Tissue mineral density; Scb.Th, Subchondral bone plate thickness; Scb.Pl.Po, Subchondral bone plate porosity.

L

Table 1 Osteoarthritisand Cartilage

Literature review of early bone response to ACL injury in rodent models

development of PTOA'>'%. Subchondral bone modulus decreases
for rodents when osteoarthritis is established and the subchondral
bone plate is sclerotic'>'®. However, it is unknown whether sub-
chondral bone modulus changes coincide with subchondral bone
plate thinning. Thus, it is critical to quantify subchondral bone
modulus changes after joint injury to better understand the effects
of early bone changes on the bone tissue mechanics and
mechanotransduction.

The impacts of joint injury may extend to the contralateral-to-
injured limb. Patients who undergo an initial knee replacement
have a 37.2% chance of needing a contralateral limb replacement
within 10 years'®. Christiansen and coauthors found decreased
trabecular bone volume fraction in the contralateral epiphysis 7d
after non-invasive joint injury in mice®. In another study, the same
authors found decreased trabecular microarchitecture in the L5
vertebra 10 days after joint injury'®. Contralateral bone loss may be
the consequence of altered loading'’, a systemic inflammatory
response'®!°, or altered remodeling bone cell populations'>?%?!,
However, rodent models of PTOA commonly only compare early
outcomes after joint injury between injured and contralateral-to-
injured limbs and not to a sham-injured control®'%?223, Compari-
sons between injured and sham-injured limbs are usually limited
to later time points when bone is sclerotic and PTOA is estab-
lished®?%%3, Important gaps remain in our understanding of early
bone changes in the injured and contralateral-to-injured limbs.

Synovial fluid interacts with multiple joint tissues including
bone and cartilage. Therefore, shifts in synovial fluid metabolism
marked by changes in metabolites (i.e., small molecules chemically
changed in metabolism) could point to specific biological changes
that rapidly occur after ACL injury. These potential biomarkers
would likely be useful for designing early interventions to mitigate
the progression to PTOA. Furthermore, synovial fluid, unlike other
joint tissues, can potentially be assessed through needle biopsy in a
clinical setting®®. Recent studies find distinct metabolic profiles
between injured and sham-injured synovial fluid 7d after joint
injury in mouse models>>?%, However, what shifts in synovial fluid
metabolism occur locally (i.e., injured joint) or also systemically
(i.e., also present in contralateral joint) soon after injury remain
unknown. Furthermore, since synovial fluid interfaces with bone,
which is much more metabolically active than cartilage?’, it is of
key interest to understand whether shifts in synovial fluid meta-
bolism occur at the same time as early changes to bone structure
and material properties.

In this study, we fill several significant critical gaps about the
early biological and structural response of the joint 7 days after ACL
injury. First, we test whether subchondral bone tissue material
properties change in the same time frame as bone thinning. Next,
we evaluate shifts in synovial fluid metabolism as an indication of
changes to cellular bioenergetics of the joint. All structural, mate-
rial, and biological outcomes are compared between injured,

contralateral-to-injured, and sham-injured joints, allowing esti-
mation of local (i.e., injured joint only) and systemic (i.e., injured
and contralateral-to-injured) effects.

Materials and methods
Mouse model of joint injury

All animal procedures were approved by the Montana State
University Institutional Animal Care and Use Committee. C57BI\6N
mice were acquired from Charles River laboratories. Mice were
allowed to acclimate for 2 weeks prior to injury (19-weeks old at
injury). Each mouse was assigned to either the injury (overload-
induced ACL tear) or control (sham-injury) groups. The injured or
sham-injured joint was randomly assigned to a side using the
sample function in R.

On the day of injury, mice were anesthetized in an inhalation
chamber (2—4% isoflurane, ~30 s) and then nose cone (2% iso-
flurane) while one limb was loaded into a custom-built loading
machine [Fig. 1(A)—(B)]. Sham-injured and injured limbs were
subjected to a pre-load (1-2N, 0.5 mm/s). Injured limbs were
loaded to 12—15N at 130 mm/s, consistent with prior studies
[Fig. 1(C)] 7528,

ACL tears were confirmed in vivo by a characteristic release in
compressive load and by performing pre- and post-injury joint
laxity tests of anterior stability”®?%. Five mice were excluded for
failed ACL tears and two for tibial fractures. After exclusion of these
7 mice, 8 mice were studied per treatment group (injured, sham-
injured). Sixteen mice (n = 8 injured, n = 8 sham-injured) were
studied for subchondral bone response and synovial fluid re-
sponses to joint injury.

Mice were group housed (<5 mice per cage) and provided ro-
dent diet (Purina LabDiet 5,053) and water ad libitum. Calcein
(20 mg/kg) and alizarin (30 mg/kg) fluorochrome labels were
administered intraperitoneally 2—3 days before injury and 6 days
post-injury, respectively. Mice were euthanized 7 days post-injury
via cervical dislocation.

Microarchitecture of the proximal tibia epiphysis and subchondral
bone

Tibiae were cleaned of non-osseous tissue, submerged in 70%
ethanol, and refrigerated (4°C). Proximal tibiae were evaluated for
microarchitecture of the epiphysis and subchondral bone thickness
and tissue mineral density in the medial and lateral compartments
(uCT40, Scanco Medical AG, 10 um isotropic voxel size, 70 kVP,
114 pA, 200 ms integration time). The scanned volume was a 1 mm
(100 coronal slices) thick region at the center of the proximal tibial
epiphysis. The first region of interest included the epiphysis
[Fig. 2(C)]. Analyses included bone volume (BV, mm?), total volume
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Mouse PTOA model. A, B) Schematic of mouse hind limb in loading machine with load applied parallel to tibia. C,D) The contralateral limbs of
both injured and control mice were not loaded. E) Mouse loaded into loading machine during study. F) Load-displacement curves showing a
change in displacement coinciding with a sinusoidal load response between 0.875- and 0.9-s characteristic of an anterior translation of the tibia
leading to ACL rupture®?’. Fig. 1(A) and (B) created with Biorender.com.

(TV, mm?), bone volume fraction (BV/TV, %), bone mineral density
(BMD, mgHA/cm?), trabecular number (Tb.N, 1/mm), trabecular
spacing (Tb.Sp, mm), and trabecular thickness (Tb.Th, mm)®°.
Subchondral bone plate thickness and TMD were analyzed for
consistent locations in the medial and lateral compartments
(Scb.Th, mm; Scb.TMD, mgHA/cm?) [Fig. 2(C)].

Osteoclastic bone resorption at the femoral epiphysis

Femurs were placed in 10% neutral buffered formalin for 18 h,
decalcified in Ethylene Diamine Tetraacetic Acid (EDTA), dehy-
drated in a graded series of ethanol concentrations (70—100%),
embedded in paraffin, and microtomed to 6 pm-thick sagittal sec-
tions. Sections were stained via standard protocols for tartrate
resistant acid phosphatase (TRAP) and imaged using a brightfield
microscope (Nikon, Eclipse E-800) [Fig. 2(B)]. Using Image] >°, an
evaluator blinded to joint injury status traced the epiphysial
trabecular bone surfaces enclosing the marrow cavities (4X images)
and counted the multinucleated, TRAP-positive cells (i.e., dark pink)

(10X images). We report the osteoclast number density normalized
per marrow area and bone surface.

Dynamic bone remodeling of the proximal tibia epiphysis

Following microCT, tibiae were embedded in poly (methyl)
methacrylate, sectioned along the coronal plane of the tibial plateau,
and polished to a mirror finish as previously described (Fig. 2)*".
Calcein and alizarin labels were imaged at the proximal tibia using
confocal laser scanning microscopy (CLSM, inverted Leica SP5).
Samples were excited at 488 nm and 561 nm. Emission windows
were 500 nm—550 nm (calcein) and 650 nm—750 nm (alizarin). The
voxel size was 1.52 um x 1.52 pm x 4.74 um. Z-stacks were collected
for each sample in medial and lateral regions and one in-focus slice
from each image stack was analyzed (Imaris 9.3.0, Bitplane).

Bone perimeter and calcein and alizarin labels were traced on
iPads by two independent evaluators blinded to injury status. If
inter-evaluator agreement was less than 95%, sections were re-
analyzed by both evaluators. Bone perimeter and labels were
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Schematic of experimental methods to characterize bone and synovial fluid responses to joint injury. A) Schematic of synovial fluid metabolomic
extraction and analysis procedure from extraction to mass spectra. B) Osteoclast activity at the distal femur was evaluated from TRAP-stained
sections. C) Microarchitecture of the epiphysis and subchondral bone were evaluated using microCT. D) Dynamic bone remodeling for the
epiphysis was measured from confocal laser scanning microscopy images from polished coronal sections. Medial and lateral regions of interest
are delineated by the white boxes. E) Subchondral bone modulus was measured using nanoindentation on polished coronal sections. Indents
were placed within the outlined region spanning the medial to lateral aspects of the subchondral bone plate. Fig. 2(A) Created with Biorender.

com.

measured in epiphyseal regions of interest [Fig. 2(D)]. For each
region of interest, bone surface, alizarin surface/bone surface, and
calcein surface/bone surface were calculated. These measures were
calculated using a custom written MATLAB script (available at:
https://github.com/hisl6802/Quantitative-Histomorphometry-
Automated-Tracing-).

Tissue-scale subchondral bone plate modulus of the proximal tibia

Nanoindentation was performed on subchondral bone from
polished proximal tibia sections using a KLA Tencor iMicro (5 mN
max load, 30s load and unload, 60s hold) and diamond Berkovich
tip (v = 0.07, E; = 1,140 GPa). Indents were placed between the
tidemark and the epiphysis spanning the medial to lateral sub-
chondral bone plate (n = 8 per sample) [Fig. 2(E)]. Indentation
curves were analyzed for reduced modulus (E;) consistent with
description by Vahidi et al>' (Supplementary Data Figure S1). We
report the indentation modulus E;, which is corrected for the dia-
mond tip properties, but avoids assuming a Poisson's ratio for the

tissue sample (vs) [Equations (1) and (2)]*%.

(1-v) (1 (1-w)

E O \E B W
Es

E; :W (2)

Indents were excluded for poor surface contact, a non-smooth
loading or unloading curve, or moduli indistinguishable from
PMMA (<5 GPa).

Profiling the metabolic response of joints to traumatic injury

Synovial fluid was extracted from the stifle joint immediately
following euthanization consistent with our previous publication?®.
Briefly, an incision was made anteriorly into the synovium and sy-
novial fluid was collected by adsorption using Melgisorb alginate
dressing (Tendra). Metabolites were extracted as previously
described®>** and analyzed using Liquid Chromatography-Mass
Spectrometry (LC-MS, Agilent 1290 UPLC, Agilent 6538 Q-TOF mass
spectrometer) [Fig. 2(A)]. Spectra were submitted to XCMS>” for peak
identification.

Data analysis

Bone outcomes

Bone measures were analyzed using mixed model analysis of
variance (ANOVA). Fixed effects included injury (injury vs sham-
injury) and load side (loaded and sham-loaded vs contralateral).
The individual mouse was a random effect. Each model included an
interaction term between load side and injury. For nanoindentation
modulus, which included multiple indents per sample, the relative
distance from the medial edge was included as a covariate. For
fluorochrome labels and subchondral bone, location (i.e., medial or
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lateral) was a fixed effect and limb was a random effect nested
within the individual mouse.

Dependent variable transformations were performed, if neces-
sary, to satisfy ANOVA assumptions of residual normality and ho-
moscedasticity. Critical alpha was set a priori at 0.05. Significant
interactions were followed by post-hoc tests for simple effects
while maintaining family-wise error at 0.05 using a Bonferroni
correction. Spearman rank correlation analysis was performed to
evaluate relationships between bone outcomes and peak load.

Metabolomic analysis

ANOVA, t-tests, principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA), and hierarchical clustering
were used to compare metabolic profiles for synovial fluid from the
injured, sham-injured, and contralateral-to-injured limbs. The
metabolic data were then subjected to cluster validation and
ensemble clustering to determine the metabolites which consistently
clustered together (Supplementary Data) (Fig. 3). The 10 largest
clusters identified through ensemble clustering were submitted to
mummichog to identify the associated metabolic pathways>®.

Results

Epiphyseal and subchondral bone plate microarchitecture of the
proximal tibia declines

MicroCT of the tibial epiphysis revealed significant effects of
injury (i.e., injury vs sham-injury) and loaded side (i.e., the injured

and sham-injured limb vs the contralateral limbs) on several
measures of bone microarchitecture. Epiphyseal BV/TV decreased
with injury (relative change -10.8%, P = 0.002, 95% CI
[—4.66, —1.21%]). BV/TV was also lower for loaded vs unloaded sides
(~7.5%, P = 0.023 [—3.74, —0.29%]) [Fig. 4(A)]. Epiphyseal BMD also
decreased with injury (—7.1%, P = 0.012 [-42.83, —5.67 mgHA/
cm?]) and for loaded sides (—5.8%, P = 0.040 [—38.08, —0.92 mgHA/
cm?]). Similarly, epiphyseal Tb.Th decreased with injury (—5.5%,
P = 0.028 [—7.4e-3, —4.5e-4 mm)]) and for loaded sides (—6.0%,
P =0.017 [-7.8e-3, -8.3e-4 mmY]). For each of these measures, there
were no significant interactions between injury and loaded side.
Tb.N and Tb.Sp were not affected by injury, loaded side, or their
interaction. Because the peak load to cause the joint injury varied
between mice, we tested whether peak load influenced measures
of bone microarchitecture. Spearman's rank correlation analysis of
peak load vs BV/TV, BMD or Tb.Th found no significant relation-
ships (P > 0.05 for all) (95% CI for p [—0.83, 0.537], [-0.894, 0.386],
[—0.84, 0.519], respectively).

Subchondral bone plate thickness (Scb.Th) showed an interac-
tive effect of injury and loaded side (P = 0.039) [Fig. 4(B)]. Post-hoc
testing revealed significantly decreased Scb.Th for injured
compared with sham-injured limbs (-12.3%, P = 0.017
[-31.4, —2.2 pm]). There may be a reduction in Scb.Th for injured
compared with contralateral-to-injured limbs, but we were un-
derpowered to detect this difference (P = 0.054). The Scb.Th was
not different for sham-injured and contralateral-to-sham injured
limbs. The subchondral bone plate thickness was on average 18 um
thicker for the medial compartment (14.5%, P < 0.01 [11.9,

Cluster Validation

5

Validation Index
B
°

10, 15
Clusters

Example of Clustering Validation process

C . Cluster Validation

P

Validatign Index

4 6
Clusters

Osteoarthritis and Cartilage

Example of minimum spanning tree (MST) based cluster validation. Metabolomic clustering analysis procedure. A) Ten 2D points (randomly
generated using MATLAB) connected in a full dissimilarity tree. B) MST for these ten points. C) Cluster validation for B showing that 2 clusters
(0.0778 validation index) is the optimum choice. D) Cluster validation output for analysis of sham-injured & injured limb metabolic profiles
showing a local minimum at 3 clusters. E) Graphical representation of one of thirteen hierarchical clustering outputs of the sham-injured & injured
metabolomic data, with the three clusters of interest colored (blue, orange, and green). F) Ensemble clustering output showing the clusters with
greater than 40 metabolites in red dashed squares (yellow represents metabolites which clustered together in each of the thirteen clusterings).
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Key subchondral bone outcomes for loaded vs contralateral limbs for injured and sham-injured mice, including A) epiphyseal bone volume
fraction, B) mean subchondral bone thickness, C) osteoclast number density per area, and D) subchondral bone tissue modulus.

24.2 pm])). Subchondral bone tissue mineral density (SCB.TMD) also
showed an interactive effect of injury and loaded side (P < 0.01).
From post-hoc tests, injured limbs had lower SCB.TMD than sham-
injured (—2.3%, P = 0.021 [-66.8, —3.90 mgHA/cm?]) and contra-
lateral-to-injured limbs (—4.1%, P = 0.015 [-74.7, —6.68 mgHA/
cm?]). The SCBTMD was not different for sham-injured and
contralateral-to-sham injured limbs or between medial and lateral
compartments. SCB.Th and SCB.TMD were not related to peak load
(P > 0.05, p [-0.91, 0.22]; P > 0.05, p: [—0.88, 0.34]; respectively)
(see Table II).

Osteoclastic resorption at the distal femoral epiphysis increases but
proximal epiphysis bone formation is unchanged

Injury increased osteoclast area number density on average by
3.87 times, and osteoclast number per bone surface at the distal
femur epiphysis on average by 3.68 times (+287.2%, P= 0.017 [2.7e-
4, 2.33e-3 1/mm?]; +267.4%, P = 0.016, [7.6e-3, 5.8e-2 1/mm],
respectively) (Fig. 4(C), Table III). These measures were not
impacted by loaded side nor the interaction between loaded side

and injury. Thus, there was a similar increase in osteoclast abun-
dance for both injured and contralateral-to-injured limbs. TRAP
data were natural-log transformed for ANOVA analyses and back
transformed for interpretation.

Loaded side affected the proximal tibia epiphysis calcein-to-
bone-surface (—18.3%, P = 0.005 [—13.07, —2.84%]). Since calcein
was administered 2—3 before injury, results indicate that bone
resorption was increased for loaded (injured and sham-injured)
limbs. Calcein labeling was not affected by injury, location (medial
vs lateral), or the interaction of these factors. Alizarin-to-bone-
surface was not affected by injury, loaded side, region of interest, or
the interaction of these factors. Bone formation surface was not
impacted by the joint injury, since alizarin was administered 6 days
after the joint injury and 1 day before euthanasia.

Tissue-scale subchondral bone plate modulus is not changed
Nanoindentation tested whether subchondral bone plate

modulus changes soon after joint injury. We first evaluated
whether indent position (i.e., relative distance from the medial
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Measure Control

Injured

Contralateral-to-sham n = 8 Sham-Loaded n = 8 Contralateral-to-injured n = 8 Loaded to injury n = 8

Proximal tibia epiphysis

Bone Volume Fraction (%) 27.57 + 2.16

Injury: P = 0.002

95%Cl: (—4.66, —1.21)

Loaded side: P = 0.023

95%Cl: (—3.74, —0.29)

Injury x loaded side: NS

Bone Mineral Density (mgHA/cm?>) 345.50 + 21.26

Injury: P = 0.012

95%Cl: (—42.83, —5.67)

Loaded side: P = 0.040

95%Cl: (—38.08, —0.92)

Injury x loaded side: NS

Trabecular Number (1/mm) 4.05+0.28

Injury: NS

95%Cl: (—0.221, 0.158)

Loaded side: NS

95%Cl: (—0.243, 0.136)

Injury x loaded side: NS

Trabecular Thickness (mm) 0.073 + 3.9e-3

Injury: P = 0.028

95%Cl: (—7.4e-3, -4.5e-4)

Loaded side: P = 0.017

95%Cl: (—7.8e-3, -8.3e-4)

Injury x loaded side: NS

Trabecular Spacing (mm) 0.261 + 0.016

Injury: NS

95%Cl: (—1.5e-2, 1.6e-2)

Loaded side: NS

95%Cl: (—1.6e-2, 1.5e-2)

Injury x loaded side: NS

Tibia subchondral bone plate

Subchondral bone plate thickness (mm) 0.137 £ 0.016

Injury: P = 0.019

95%Cl: (—16.8, —1.21)

Loaded side: NS

95%Cl: (—14.3, 1.3)

Location: P < 0.01

95%Cl: (11.9, 24.2)

Injury x loaded side: P = 0.039

Injury x location: NS

Location x loaded side: NS

Subchondral bone plate tissue mineral density 975.08 + 27.39
(mgHA/cm?)

Injury: NS

95%Cl: (—25.70, 7.89)

Loaded side: NS

95%Cl: (—31.10, —2.57)

Location: NS

95%Cl: (—3.45, 16.20)

Injury x loaded side: P = 0.002

Injury x location: NS

Location x loaded side: NS

26.51 +2.28 25.60 + 291 22.63 +2.09
337.25 +24.76 332.50 + 29.57 301.75 + 26.31
3.97 + 033 3.99 + 0.26 3.97 £ 0.13
0.071 + 5.1e-3 0.071 + 4.6e-3 0.065 + 5.5e-3
0.263 + 0.032 0.264 + 0.023 0.261 + 0.01
0.138 + 0.012 0.135 + 0.013 0.121 £ 0.01
987.29 + 19.40 992.61 + 25.14 951.92 + 29.05

Data represent the marginal mean + standard deviation of each measure. 95% confidence intervals are calculated for each main effect. The Cls are calculated in reference to
uninjured, contralateral-to-loaded, and lateral levels of the injury, loaded side, and location factors, respectively.

Table 2

Epiphysis and subchondral bone plate microarchitecture

edge) influenced the indentation modulus (E;). Since a covariate
describing location within the subchondral bone plate was not
significant (P = 0.057), we used mixed model ANOVA without the
covariate to test whether injury and loaded side effect E;. Neither
injury (P = 0.052 [-0.02, 3.64 GPa]), loaded side (P = 0.338 [-1.45,
1.94 GPa)), nor their interaction affected Ei (Fig. 4(D), Table III).

1 y
Osteoarthritis and Cartilage

Distinct metabolic changes are evident in synovial fluid from injured
limbs

We compared synovial fluid metabolic profiles from injured,
sham-injured, and contralateral-to-injured limbs. 3,402 metabo-
lites were detected across all synovial fluid samples. Five
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Measure Control

Injured

Contralateral-to-sham

Sham-Loaded Contralateral-to-injured Loaded to injury

Proximal tibia epiphysis
Indentation Modulus (GPa)
Injury: P = 0.052

95%Cl: (—0.02, 3.64)

Loaded side: NS

95%Cl: (—1.45, 1.94)

Injury X loaded side: NS
Calcein to Bone Surface (%)
Mouse: P = 0.013

Limb (Mouse): NS

Injury: NS

95%Cl: (—16.32, 13.03)
Loaded side: P = 0.005
95%Cl: (—13.07, —2.84)
Location: NS

95%Cl: (1.8, 6.10)

Injury X loaded side: NS
Injury x location: NS
Location x loaded side: NS
Alizarin to Bone Surface (%)
Mouse: NS

Limb(Mouse): P = 0.001
Injury: NS

95%Cl: (—9.68, 17.88)
Loaded side: NS

95%Cl: (—13.86, 13.69)
Location: NS

95%Cl: (1.19, 8.93)

Injury x loaded side: NS
Injury x location: NS
Location x loaded side: NS
Distal femur

Osteoclast number per bone marrow area (1/mm?)
Injury: P = 0.017

95%Cl: (0.287, 2.420)
Loaded side: NS

95%Cl: (—0.669, 1.028)
Injury x loaded side: NS
Osteoclast number per bone surface (1/mm)
Injury: P = 0.016

95%Cl: (0.284, 2.319)
Loaded side: NS

95%Cl: (—0.607, 0.919)
Injury X loaded side: NS

18.33 + 1.36

46.10 + 16.35

42.28 + 18.84

-9.22 + 1.39

—5.82 + 1.28

16.90 + 3.05 19.47 + 1.41 19.39 + 2.76
34.54 + 17.01 40.85 + 13.00 36.50 + 9.08
33.44 + 19.82 37.63 + 12.66 46.30 + 23.26
-9.13 + 143 —7.96 + 1.33 —7.69 + 0.58
—5.89 + 1.27 —4.75 + 1.30 —4.37 + 0.58

Data represent the marginal mean + standard deviation of each measure. Osteoclast number densities are natural log-transformed. Mouse numbers per group vary per
measure: indentation modulus (injured n = 8, control n = 8); calcein-to-bone-surface and alizarin-to-bone-surface (injured n = 7, control n = 8); osteoclast mea-
surements (injured n = 8, control n = 7). 95% confidence intervals are calculated for each main effect. The Cls are calculated in reference to uninjured, contralateral-to-

loaded, and lateral levels of the injury, loaded side, and location factors, respectively.

Table 3

)
Osteoarth ritisand Cartilage

Subchondral bone modulus, bone formation, and osteoclast number density

metabolites were considered undetected and removed (zero me-
dian intensities).

Comparison of injured, sham-injured and contralateral-to-injured
reveals dysregulated metabolites

One-way ANOVA detected significantly dysregulated metabo-
lites. PCA, PLS-DA and hierarchical clustering detected only mini-
mal group differences. However, due to the subjectivity of
hierarchical clustering®’ and the need to understand which meta-
bolic pathways are shared between limbs (i.e., injured & sham-
injured, injured & contralateral-to-injured, injured & contralateral-

to-injured & sham-injured), further analysis was needed. There-
fore, we employed ensemble clustering>® to remove the subjectivity
from metabolite clustering. Before cluster analyses, the median
intensity of each metabolite in each group was determined. Clus-
tering validation on 3,397 metabolites found that 9 clusters were
optimum. Ensemble clustering (Supplementary Data Figure S12)
combined with the mummichog algorithm found primary bile acid
biosynthesis, purine metabolism, porphyrin metabolism, arach-
idonic acid metabolism, steroid hormone biosynthesis, fatty acid
elongation and degradation, glycosphingolipid biosynthesis,
glycosaminoglycan degradation, alanine, aspartate and glutamate
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Injury & Contralateral-to-Injury

Purine metabolism
N-glycan biosynthesis
Porphyrin metabolism
Primary bile acid biosynthesis
Glycerophospholipid metabolism
Pantothenate and CoA biosynthesis

of by
Inositol phosphate metabolism
Glycosphingolipid biosynthesis
Phosphatidylinositol signaling system
Pyrimidine metabolism
TCA cycle
Alanine, aspartate and glutamate metabolism
Arachidonic acid metabolism

Porphyrin metabolism
Arachidonic acid metabolism
Purine metabolism

Injury, Sham-Injury, & Contralateral-to-Injury

Primary bile acid biosynthesis
Purine metabolism
Porphyrin metabolism
Arachidonic acid metabolism
Steroid hormone biosynthesis
Fatty acid elongation and degradation
Glycosphingolipid biosynthesis
Glycosaminoglycan degradation
Alanine, aspartate and glutamate metabolism
N-glycan biosynthesis

Injury & Sham-Injury

Standard deviations

Injured

Sham-
Injured

Contralateral
-to-Injured

Osteoarthritisand Cartilage

Ensemble clustering pathway analysis results and heatmap showing the identification of potential dysregulated metabolites A) Venn diagram of
key synovial fluid metabolic pathways between injured, sham-injured, and contralateral-to-injured limbs. Bolded pathways indicated pathways
specific to a systemic response. B) Heatmap analysis of metabolite clusters identified by ensemble clustering of injured, contralateral-to-injured,
and shame-injured synovial fluid. Two example regions highlighted showing how distinct differences in metabolites can be identified using

heatmap analysis.

metabolism, and N-glycan biosynthesis [Fig. 5(A)]. Heatmap ana-
lyses showed distinct differences in median intensities between the
sham-injured and both injured and contralateral-to-injured groups
[Fig. 5(B)].

Injured and sham-injured synovial fluid have distinct metabolic
profiles

Because significant features were detected from ensemble
clustering analyses and heatmap analysis confirmed differences in
median metabolite intensities between injured, sham-injured, and
contralateral-to-injured groups, we compared specific metabolites
within these groups. Univariate analysis of injured vs sham-injured
synovial fluid revealed 148 significant metabolites. Injured limbs
had 98 upregulated and 50 downregulated metabolites compared
with sham-injured limbs, after correction for false discovery rate?>,

Porphyrin metabolism was upregulated while steroid hormone
biosynthesis and purine metabolism were down-regulated. PCA
revealed distinct grouping of injured and sham-injured metabolic
profiles apart from one outlier and was associated with 57.9% of the
variability. The outlier was an injured limb which clustered with
sham-injured limbs in PCA. PLS-DA revealed distinct groupings of
injured and sham-injured metabolic profiles and was associated
with 31.9% of the variability. Similarly, hierarchical clustering
revealed clear grouping of injured vs sham-injured limbs, except
for the same outlier detected by PCA.

Clustering validation indicated that 3 clusters was appropriate
[Fig. 3(D)]. The top ten ensemble clustering outputs (Supplemen-
tary Data Figure S26) combined with the mummichog algorithm
found porphyrin metabolism, arachidonic acid metabolism, and
purine metabolism [Fig. 5(A)].
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Injured and contralateral-to-injured limbs have minor differences in
synovial fluid metabolic profiles

Univariate analysis of injured vs contralateral-to-injured groups
found no significant metabolic features. PCA also indicated similar
metabolic profiles for the first five components. However, PLS-DA
revealed distinct clustering of injured and contralateral-to-injured
limbs, with all but one metabolic profile grouping appropriately.
Hierarchical clustering revealed no distinct groupings.

Two clusters were deemed optimal from clustering validation.
Ensemble clustering found that injured and contralateral-to-
injured limbs show altered purine metabolism, N-glycan biosyn-
thesis, porphyrin metabolism, primary bile acid biosynthesis,
glycerophospholipid metabolism, pantothenate and CoA biosyn-
thesis, metabolism of xenobiotics by cytochrome p450, Inositol
phosphate metabolism, glycosphingolipid biosynthesis, phospha-
tidylinositol signaling system, pyrimidine metabolism, TCA cycle,
alanine, aspartate and glutamate metabolism, and arachidonic acid
metabolism (Supplementary Data Figure S40).

Discussion

Early therapeutic interventions are needed to prevent or slow
the progression of PTOA. In this study, we address several critical
gaps in the early response (i.e., 7 days) of the injured joint,
including (1) the response of subchondral bone tissue modulus to
joint injury and (2) which bone structural, material, and metabolic
outcomes are local (i.e., injured joint only) or systemic (i.e., injured
and contralateral-to-injured).

Epiphyseal and subchondral bone microarchitecture both un-
dergo bone loss 7 days after joint injury. Previous studies with this
murine injury model also show reduced epiphyseal bone micro-
architecture 7—10 days after injury®~'°. However, our study found a
10.8% decrease in BV/TV and a 5.5% decrease in Tb.Th compared to
18—40%, and 18—24% decreases in these measures, respectively,
from other studies®3~'°. Previous work reports 3—7% decrease in
SCB.Th 7 days after joint injury®>?, but we detected a larger (~12%)
decrease. A potential explanation for these differences is that we
studied skeletally mature mice (19-weeks old), whereas the pre-
vious studies utilized skeletally immature mice (10—11 weeks
0ld)®®71° These results demonstrate that early changes to the
epiphysis and subchondral bone plate after injury are likely sensi-
tive to skeletal maturity.

Bone undergoes transient thinning after joint injury which then
reverses® 1. The sclerotic bone of later-stage OA is less stiff® '°.
However, the initial changes to subchondral bone tissue material
properties after joint injury have not been reported?®*!, We found
that injury did not significantly impact subchondral bone modulus
(P=0.052). However, our study may be underpowered to detect these
changes. The possibility that subchondral bone modulus increases
soon after joint injury is important for considering the impacts of the
injury on joint loading and cellular mechanotransduction*>*>.

Changes to bone structure and material properties can result
from altered bone deposition, resorption, or both. Therefore, we
assessed osteoclast number density and quantified the epiphyseal
mineralizing surface. Our results showed an increase in osteoclast
number density but not bone formation surface following joint
injury. These results demonstrate that the early bone loss in our
mouse model is primarily attributable to increased bone resorption.

Our experimental design allowed us to ask whether early bone
changes following traumatic injuries affected the contralateral
limb. We found that bone microarchitecture decreased and osteo-
clast number increased for both injured and contralateral-to-
injured limbs. Injury and loaded side had additive effects of similar
scale on early bone loss for epiphyseal BV/TV, BMD, and Tb.Th.
These results improve our understanding of mouse models of PTOA

because there are clear impacts to the biological and mechanical
environments of both knees soon after the joint injury. Future
studies should utilize sham-injured mice as controls for each time
point to avoid confounding effects from systemic responses to
injury. Importantly, it is not understood if changes to the contra-
lateral-to-injured limb are transient or if they later progress to-
wards PTOA as in the injured limb. It is also not known whether
other rodent models of PTOA (e.g., DMM, ACLT) produce similar
contralateral limb effects at early timepoints, since the surgical
incision confounds the early response.

Synovial fluid is integral to joint health, serving as a lubricant for
joint articulation and a nutrient source for joint tissues***>. This
study contributes to a growing body of work that demonstrates that
distinct shifts occur in synovial fluid metabolism in the first week
post joint injury®® and are consistent with shifts in whole joint
metabolism®®. Our synovial fluid metabolic univariate analysis
revealed that 148 metabolites were dysregulated between injured
and sham-injured knees. Ensemble analysis, an analytic tool
introduced to synovial fluid metabolomics in this report, found that
injured and contralateral-to-injured limbs shared many common
pathways. These findings do not contradict the univariate analysis,
because while ensemble clustering identifies metabolites that are
common between groups, it does not identify the direction (i.e.,
upregulated or downregulated) of any differences between the
groups.

We also wanted to understand which pathways were common
to injured and contralateral-to-injured limbs, since these data
would inform which metabolic shifts are systemic. Several path-
ways were common to injured and contralateral-to-injured limbs
but not injured, contralateral-to-injured, and sham-injured limbs,
indicating that there were systemic shifts in metabolism after
injury. Taken together, univariate and ensemble data suggest that
there are pathways specific to the injured limb at 7d after injury,
but also that many metabolic shifts extend to the other joint. These
data suggest that the metabolic response to joint injury is very
rapid and by 7 days after injury is systemic. To elucidate metabolic
shifts specific to injury, future studies are needed that evaluate time
points even earlier than 7 days.

Our study had several limitations. The non-invasive mouse
injury model does not allow differentiation between the effects of
injurious-level loading and ACL rupture on subchondral bone
changes. However, there was not a significant correlation between
peak load and any bone measures. We were unable to directly
confirm ACL rupture for the injured limbs because of the synovial
fluid extraction procedure which can inadvertently transect the
ACL. However, we verified ACL rupture by the characteristic release
in compressive load [Fig. 1(F)]”® and laxity changes compared to
the contralateral joint. Previous studies show that the release in
compressive load indicates ACL rupture, as verified by later
dissection”®. Another limitation is that embedding bone in PMMA
significantly stiffens bone tissue compared with the hydrated
condition®’. However, preparing the subchondral bone plate for
microscale modulus measurement required stabilizing this small
structure with an infiltrating embedding material. This study was
focused on the early response to joint injury. Additional timepoints
would provide useful information about the trajectory of changes
to subchondral bone and synovial fluid metabolism. Another
important limitation was the small sample size (n = 8/group;
N = 16). Changes in subchondral bone modulus may have required
additional mice for detection.

In summary, this study finds that acute bone loss 7 days after
joint injury occurs in the injured and contralateral-to-injured
limbs, and that these changes are accompanied by dysregulated
synovial fluid metabolism. Our results implicate rapidly changing
structural and biological environments within both injured and
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contralateral-to-injured joints that has the potential for influencing
the progression to PTOA.
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