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Abstract
Objective—Obesity and joint injury are both primary risk factors for osteoarthritis (OA) that
involve potential alterations in the biomechanical and inflammatory environments of the joint.
Post-traumatic arthritis (PTA) is a frequent long-term complication of intra-articular fractures.
Obesity has been linked to primary OA and may potentially contribute to the development of PTA
by a variety of mechanisms. The objectives of this study were to determine if diet-induced obesity
influences the severity of PTA in mice and to examine interrelationships between joint
degeneration and serum levels of inflammatory cytokines and adipokines in this response.

Methods—C57BL/6 mice were fed either normal chow (13% fat) or a high-fat diet (60% fat)
starting at 4 weeks of age. At 16 weeks, half of each group received closed intra-articular fracture
of the left knee. At 8 weeks post-fracture, knee osteoarthritis was assessed by cartilage and
synovium histology in addition to bone morphology. Serum cytokine concentrations were
determined with multiplex assay.

Results—Fractured knee joints of mice on a high-fat diet showed significantly increased
osteoarthritic degeneration compared to non-fractured contralateral controls, while fractured knee
joints of low-fat mice did not demonstrate significant differences from non-fractured contralateral
controls. High-fat diet increased serum concentrations of interleukin-12p70, interleukin-6, and
keratinocyte-derived chemokine, while decreasing adiponectin concentrations. Systemic levels of
adiponectin were inversely correlated with synovial inflammation in control limbs.

Conclusion—Diet-induced obesity significantly increased the severity of osteoarthritis
following intra-articular fracture. Obesity and joint injury together can alter systemic levels of
inflammatory cytokines such as IL-12p70.
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Osteoarthritis (OA) is a painful and debilitating disease of synovial joints characterized by
degeneration and inflammation of the articular cartilage and other joint tissues. Post-
traumatic arthritis (PTA) is the broad term given to OA-like changes that arise following
joint trauma. Even with optimal treatment, it is estimated that more than 40% of patients
experiencing joint trauma will go on to develop PTA (1), ultimately accounting for 12% of
the 26.9 million Americans who suffer from OA (2, 3). PTA poses a challenging and unique
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clinical problem, with the factors of direct chondrocyte injury, altered biomechanical
loading due to articular step-offs, joint instability from ligamentous injury, and resulting
acute and chronic inflammation all likely playing a role in its development (4, 5).
Additionally, because of its well-defined inciting event, PTA represents an excellent
opportunity to study pathophysiologic mechanisms and interventions that also may be
broadly applicable to primary idiopathic OA (1).

Obesity is an increasingly common and modifiable condition characterized by increased
body composition of adipose tissue. Adipose tissue is now recognized as playing a role in
many diseases through secretion of adipose-derived cytokines (i.e., “adipokines”) and
hormones resulting in a chronic state of low-grade systemic inflammation (6–8).
Specifically, interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor alpha (TNF-α) are
elevated in human studies of obesity (9–13) in addition to diet-induced mouse models of
obesity (14, 15).

The association between obesity and OA has been long-recognized (16), but the mechanisms
underlying this relationship are not well-understood. Obesity has been proposed to influence
the development of OA primarily through increased joint loading due to increased body
weight, but this does not explain the association between obesity and OA in non-weight-
bearing joints such as the hand (17). Thus, there is growing support for additional
mechanisms wherein the systemic effects of obesity may promote the progressive
degradation of joint tissues (18, 19). Pro-inflammatory cytokines linked to obesity, such as
IL-1, TNF-α, and IL-6, are likewise associated with the conditions of PTA and OA, and
may serve as mediators of catabolic processes in chondrocytes that lead to extracellular
matrix degradation (20). Thus, the influences of obesity on PTA may be multi-factorial,
including, but not limited to, altered biomechanical loading, as well as local and systemic
inflammation. These mechanisms remain untested, however, and the influence of obesity on
PTA is largely unknown.

In this study, we hypothesized that diet-induced obesity would increase the severity of PTA.
Using a mouse model of closed intra-articular fracture, we investigated the effects of diet
and fracture on articular cartilage, joint synovitis, bone morphology, and serum cytokine
levels to characterize degenerative changes and gain insight into the systemic, tissue-level,
and cellular mechanisms leading to PTA.

Materials and Methods
Animals

All animal procedures were approved by the Duke University IACUC. C57BL/6 male mice
(n=14; Charles River Laboratories, Wilmington, MA) were obtained and fed a high-fat (HF)
diet (D12492, 60% kcal fat; Research Diets, New Brunswick, NJ) starting at 4 weeks of age.
Low Fat (LF) control mice were C57BL/6 male mice (n=18; Charles River) fed a standard
diet (5001, 13% kcal fat; PicoLab, Brentwood, MO) starting at 4 weeks of age. All mice
were group-housed in filter-top cages with ad libitum access to water and chow. Animal
weights were recorded weekly, and mice remained on their respective diets until the
completion of the study.

Intra-articular Fracture Model
At 16–19 weeks of age, 7 HF mice and 9 LF mice were randomized to receive moderate
articular fractures of the left tibial plateau using a custom apparatus, as previously described
(21). This age was chosen since it represents the time at which active growth has decreased
and peak bone mass is achieved in mice (22). Briefly, animals were anesthetized and placed
in a custom cradle with their left hind limb in neutral position (90° flexion). A custom
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indenter composed of wedge-shaped stainless steel was attached to a materials testing
system (ElectroForce ELF3200, Bose Corp., Minnetonka MN), which applied a 10N
compressive pre-load to the anterior aspect of the proximal tibial plateau of the left hind
limb. The tibia was then loaded at a rate of 20 N/s to induce fracture. In contrast to previous
protocols that did not use a displacement limit on the indenter (21), or used a limit of 3.2
mm (23), a displacement limit of 2.7 mm was used to induce a “moderate” injury against
which to test the effects of obesity. After fracture, mice were allowed free cage activity and
no surgical interventions were performed in order to examine the natural sequelae of the
fractures.

Body Fat Composition Measurements
The body fat content of the mice, excluding the head, was determined within 1 week prior to
fracture and immediately prior to sacrifice using a DEXA scanner (GE Lunar PIXImus, GE
Healthcare, Madison, WI).

Evaluation of OA severity
All mice were sacrificed 8 weeks after the fracture date. Hind limbs were harvested and
fixed in 10% buffered formalin in 90 degrees of flexion (neutral limb alignment). Limbs
then underwent standard histologic preparation, including decalcification, dehydration, and
paraffin-embedding. The entire joint was sectioned in the coronal plane at a thickness of 8
µm. Sections were stained with hematoxylin, fast green, and Safranin-O. Three independent,
blinded graders then assessed sections using a modified Mankin scoring scale. Scores were
averaged for individual joint quadrants as well as for the whole joint. The modified Mankin
score included the same scoring components described in previous studies with the
exclusion of the hypertrophic chondrocyte measure, thus making 108 the maximum possible
score per joint (21, 24–26). Internal consistency of the scale was eventually determined to be
higher without the hypertrophic chondrocyte measure, as statistical testing showed an
increase in the Cronbach’s alpha term (which measures degree of correlation among items)
from 0.523 to 0.572 when the hypertrophic chondrocyte measure was excluded (27).

Evaluation of Bone Morphology
Prior to histologic preparation, hind limbs were scanned by a desktop micro-computed
tomography system (microCT 40, Scanco Medical AG, Bassersdorf, Switzerland). A
hydroxyapatite calibration phantom was used to calibrate bone density values (mg/cm3).
Morphometric bone parameters were investigated in the distal femoral condyles, the tibial
epiphysis immediately distal to subchondral bone, and the tibial metaphysis, as previously
described (21). Parameters reported in the femoral condyles were bone mineral density
(BMD; mg/cm3) and cancellous bone fraction (bone volume/total volume, excluding the
cortex), while BMD and bone volume (mm3) were reported in the tibial epiphysis and
metaphysis.

Evaluation of Synovitis
Histologic sections containing the synovial attachments to bone were stained with
hematoxylin and eosin. Three blinded, independent graders assessed sections for synovial
lining cell thickness (0–3) and synovial stroma density (0–3) in each joint quadrant using a
previously described scoring scale, and scores were averaged for individual joint quadrants
as well as for the whole joint (maximum score 24 per joint) (23, 28).

Serum Adipokine and Cytokine Concentrations
Blood was collected from anesthetized mice prior to sacrifice via retro-orbital bleed and
cardiac stick for analyses of systemic levels of cytokines. Collected blood was centrifuged at

Louer et al. Page 3

Arthritis Rheum. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2450 × g for 15 minutes, and the serum was stored at −80°C until analysis. Serum levels of
interleukin (IL)-1β, IL-6, IL-10, IL-12p70, keratinocyte-derived chemokine (KC; which is a
human IL-8 analog), interferon-gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α)
were assessed using a Mouse Pro-inflammatory 7-plex Multiplex ELISA (Meso Scale
Discovery, Gaithersburg, MD), while serum levels of adiponectin and resistin were assessed
with Quantikine Mouse Immunoassays (R&D Systems, Minneapolis, MN) as directed by the
manufacturer.

Statistical Analysis
Body weight (g), body fat (g) and body fat (%) were compared using a multifactorial
ANOVA testing for effects of diet, fracture cohort, and diet*fracture. Mankin and synovitis
scores from each quadrant and from the total joint required non-parametric testing, as they
were not normally distributed. A Wilcoxon signed-rank test was used to compare differences
between R (right; control) and L (left; experimental) limbs within each experimental group,
and a Kruskal-Wallis ANOVA was used to independently compare L limbs and R limbs
among the experimental groups.

MicroCT measurements were analyzed among the four experimental groups by a Repeated
Measures ANOVA. R & L limbs were compared as repeated measures with diet (LF or HF)
and fracture cohort (non-fx or fx) as dependent variables. Significant effects of diet, fracture,
and diet*fracture were noted with a Tukey HSD post-hoc test.

To investigate the effects of fracture and diet, serum cytokine levels were compared among
the four experimental groups using a Kruskal-Wallis ANOVA, while diet and fracture
groupings were separately assessed using Wilcoxon rank-sum tests. Correlations of
cytokines to outcome measures were then investigated using a Spearman Ranked Order
Correlation test. Significance was reported at the 95% confidence level (p < 0.05). Analyses
were conducted using Statistica (StatSoft Inc., Tulsa, OK).

Results
Animals

Two mice died due to unrelated medical complications throughout the course of the study:
one from the HF non-fractured group, and one from the LF fractured group. One mouse
from the HF fractured group died due to complications of anesthesia shortly after fracture.

Effects of diet on weight and body composition
At 16 and 24 weeks of age, the mice fed a high-fat (HF) diet had significantly higher weight
than the mice fed a low-fat (LF) diet (p<0.001; Fig 1A). There were no statistically
significant differences in weight between the fractured (fx) and non-fractured (nonfx)
cohorts overall or within the diet groupings, both at the 16-week fracture time point as well
as the 24-week endpoint (Fig 1A). The body fat mass and percentage for these mice
demonstrated similar trends with significant differences between the HF and LF groups at 16
and 24 weeks, again with no statistically significant differences seen as a result of fracture
(Fig 1B, 1C).

Creation and characteristics of joint fracture
The L hind limbs of mice randomized to the fracture groups were successfully fractured in
16/16 animals. A 3-dimensional reconstructed microCT image from the mouse that expired
under anesthesia demonstrates a representative anterolateral fracture of the tibial plateau,
which appears to reach intra-articularly (Fig 2B). An additional representative microCT
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image of a fractured joint after 8 weeks of healing reveals only moderate joint deformity, as
intended, despite receiving no surgical reduction or fixation (Fig 2C).

Histological evaluation of tibiofemoral articular cartilage
Histologic assessment of the lateral cartilage contact regions demonstrated severe articular
cartilage fibrillation and loss of Safranin-O staining in L limbs of the HF-fx group (Fig 3A).
L joints exhibited markedly worse cartilage degeneration by modified Mankin score than R
joints in the HF-fx group (p=0.0464) but not in any other groups (Fig 3B). These L limbs
from the HF-fx group demonstrated worse OA compared to the L limbs of LF-nonfx and
HF-nonfx groups (p=0.0245 and p=0.0068, respectively). This effect was strongest in the
lateral tibia region, with the HF-fx group exhibiting more severe arthritis than the HF-nonfx
cohort (p = 0.0191; regional data not shown). There were no differences of R limbs among
experimental groups. Even though there was no global joint effect among control R limbs
(Fig 3B), a regional effect in the medial tibia showed increased OA in the HF-nonfx group
compared to the LF-fx group (p=0.0188).

Morphologic assessment of adjacent bone
Cancellous bone fraction in the femur decreased with fracture, with the L limbs from the
fractured cohorts showing significantly less BV/TV than the R limbs in those cohorts
(p=0.012; Table 1). This effect seems to be driven primarily by the HF diet, as there were
significant differences between R and L limbs within the HF-fx group (p=0.001), but not the
LF-fx group (p=1.00; Table 1). There was no overall effect of diet on cancellous bone
fraction in the femoral condyles (p=0.166). Nonetheless, the HF diet did increase bone
volume in both the tibial epiphysis and metaphysis compared to the LF diet, independent of
fracture condition (p=0.001 and p=0.006, respectively; Table 1). Bone mineral density
(BMD) did not demonstrate significant trends of diet or fracture.

Histologic evaluation of knee joint synovitis
Histologic assessment of the lateral synovium demonstrated increased stromal density and
lining-layer thickness in L limbs of the HF-fx group (Fig 4A). No difference in synovitis
score for the whole joint was detected between R and L limbs within any of the
experimental groups (Fig 4B). Regionally, however, synovitis near the lateral femur was
significantly higher in L limbs compared to R limbs within the HF-fx group (p=0.0464; not
shown).

Compared to the LF-nonfx group that represents baseline synovial pathology, neither
fracture (LF-non vs. LF-fx) nor high-fat diet (LF-nonfx vs. HF-nonfx) led to significantly
more synovial inflammation in L limbs. However, the combination of fracture with high-fat
diet did induce worse synovial inflammation, as the HF-fx group had significantly higher L
limb synovitis scores than the LF-nonfx group (p=0.02; Fig 4B). Individual quadrant
analysis revealed the aforementioned effects between experimental groups to be localized
primarily to the femoral synovial attachments, both medially and laterally (p=0.0145 and
p=0.0079, respectively), where the increased synovial tissue makes the inflammation more
pronounced.

Among R limbs, the HF-nonfx group had higher whole-joint synovitis scores than both the
LF-nonfx (p=0.0026; Fig 4B) and LF-fx (p=0.0228) groups. Quadrant analysis showed these
effects to be driven by the medial tibia, where both HF-fx and HF-nonfx groups have
increased synovitis when compared to the LF-nonfx group (p=0.0145 and p=0.0059,
respectively).

Louer et al. Page 5

Arthritis Rheum. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Serum Adipokine and Cytokine Concentrations
IL-6, KC, and IL-12p70 were all elevated in the HF diet groups compared to LF diet groups,
while adiponectin was decreased in HF diet compared to LF diet (Table 2). Serum cytokine
levels were not significantly different among the fracture groups regardless of diet.
However, in considering the effect of diet and fracture combined, IL-12p70 was
significantly higher in the serum of HF-fx mice compared to LF-nonfx (p=0.048; Table 2).

Body Fat (g) at the time of fracture was positively correlated with serum levels of IL-6
(r=0.51) and IL-12p70 (r=0.60), while negatively correlated with serum adiponectin (r=
−0.63). No cytokine was associated with total joint Mankin score or total joint synovitis
score in L limbs, although adiponectin was negatively correlated with synovitis score in the
R limb (r = −0.51). There were no significant effects of IL-1β, IL-10, or IFN-γ found in this
study. Mean TNF-α and resistin serum concentrations were below the lower limit of the
detectable ranges provided by the manufacturer and were excluded from analysis.

Discussion
In recent years, it has become apparent that obesity is one of the greatest risk factors for a
variety of musculoskeletal diseases (29), particularly OA (16). In the present study, mice on
a high-fat diet subjected to an intra-articular fracture showed significantly more
osteoarthritic degeneration, synovial inflammation, and adaptive bone changes in the
experimental fractured limb that were not present in low-fat diet mice subjected to an
articular fracture. The findings of this study suggest that high-fat diet-induced obesity is a
risk factor that increases PTA severity after intra-articular fracture.

In addition to noting that the HF-fx group had the most pronounced differences between
Mankin scores of R (control) and L (experimental) limbs, the L limbs in the HF-fx group
showed higher Mankin scores relative to L limbs in the non-fractured comparison groups.
However, fracture in mice on a LF control diet did not induce significant differences in
Mankin scores between fractured and non-fractured limbs. We attribute this finding to the
more moderate displacement limit placed on the indenter for this study compared to our
previous studies (21, 26). This moderate displacement limit was selected to prevent more
severe fractures so that the potential interaction between diet and fracture could be
investigated. We have previously shown a significant correlation between acute joint
pathology and increased fracture severity when a displacement limit is not used in this intra-
articular fracture model and hypothesized that severe fractures would have had the potential
to mask the effects of diet-induced obesity on the joint (23).

When Mankin scores of the L limbs were analyzed by joint region, the lateral tibia was the
only region where any effect of fracture could be detected, and here it was again limited to
the high-fat diet cohorts. This regional effect is likely due to the fracture location, as
microCT reconstructions of the joints and the associated histology show that the fractures
most commonly occurred in the lateral plateau of the tibia. A prior study utilizing this model
likewise demonstrated more severe changes in the lateral tibia where the fracture occurred
(26). In comparing R (control) limbs, although there was no overall effect when analyzing
the whole joint, the HF-nonfx group had a higher Mankin score in the medial tibia than the
LF-fx group. One proposed mechanism for this localized effect occurring in the media tibia
would be a change in activity or gait in the injured (fractured) groups, which may lead to
altered loading of both limbs in injured animals. Others have suggested that mechanical load
in the knee joint is distributed more medially during gait in mice (30). Future studies may
include gait and activity monitoring to further investigate the role of diet and injury in
experimental and contralateral limbs.
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This study did not show any differences in Mankin score based on diet alone. This is in
contrast to a previous C57BL/6 mouse study demonstrating worsening knee OA in mice on
a 60% kcal fat diet (31). One important difference in the present study was the fact that the
diet was started at a very early age (4 weeks) in the present study, which may potentially
lead to adaptation or compensation of the diet-induced effects. Despite not detecting an
independent effect of diet, it should be noted that the finding of increased OA with fracture
was dependent on the presence of a high-fat diet.

MicroCT analysis revealed post-traumatic changes in bone morphology that were
accentuated by a high-fat diet. Cancellous bone fraction of the femoral condyles decreased
after fracture of the tibial plateau in the HF group, but not the LF (control diet) group.
Previous studies showed a similar decrease in cancellous bone fraction after fracture (21,
26), demonstrating that this is an expected post-traumatic change and that obesity
exaggerates this response to fracture. Decreased bone fraction may be a degenerative
response related to the development of PTA, or may be due to altered loading or activity
following fracture, as has been shown with immobilization (32). MicroCT analysis also
confirmed diet-induced obesity’s effect on bone volume (BV), demonstrating increased
volume as has been previously observed (33).

Synovial inflammation is frequently observed in human OA (34) and has also been linked to
increased severity of trauma in this mouse model (23). The trends for synovial inflammation
in this study paralleled those for cartilage degeneration and bone morphology—
demonstrating worse disease when a high-fat diet and fracture were combined in L limbs.
The R limb synovitis results also closely resembled those seen in the Mankin scoring with
the HF-nonfx group having the worst joint synovitis, being statistically increased over both
LF groups with a medial tibia regional effect. Again, we see that the R limbs within
fractured cohorts may be somewhat protected from joint pathology—possibly from altered
loading and activity levels. Additionally, the significance of the comparison between HF-
nonfx and LF-nonfx shows that high-fat diet had an overt effect on synovitis scores
independent of fracture.

This finding led us to consider the mechanism of obesity-driven synovitis in non-fractured
limbs. One possible explanation is that adipose tissue in the high-fat mice secretes systemic
pro-inflammatory cytokines that directly affect the synovial tissues (7, 19, 35). Additionally,
it is possible that the synovium may be aggravated by local factors originating from the
cartilage (36) as a result of the local joint pathology resulting from obesity. Considering that
we detected a significant effect of obesity on synovitis, but did not observe such differences
with diet in the other measures of joint pathology such as cartilage degeneration or bone
morphology, it follows that this increase in synovial inflammation in non-injured limbs is a
result of systemic factors related to obesity, not local pathology.

Obesity is associated with a chronic state of low-grade systemic inflammation (6). Systemic
increases in pro-inflammatory cytokines in obesity have been attributed to macrophage
infiltration into adipose tissue (37, 38). IL-6, which has both pro-inflammatory and anti-
inflammatory properties within the joint (20), has been positively correlated with obesity in
numerous studies in both humans (12) and mice (14). Mouse KC (human IL-8 analog),
which is a known chemoattractant for neutrophils (20), has also been positively correlated
with obesity in mice and humans (15, 39, 40). These observations are consistent with our
findings of elevated serum levels of IL-6 and KC in mice fed a HF diet. Although previous
studies demonstrated elevated levels of IL-6 and KC in the serum of patients with OA (41,
42), serum levels of IL-6 and KC did not correlate with measurements of post-traumatic
arthritis in this model.
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IL-12p70 (the active form of IL-12) is produced by activated immune cells and is considered
a major factor in promoting a Th1 (pro-inflammatory) cytokine profile as opposed to a Th2
(anti-inflammatory) profile (43). Our results indicate that systemic levels of IL-12p70 were
elevated with a high-fat diet, much like IL-6 and KC. Furthermore, IL-12p70 was the only
systemic cytokine associated with fracture, as serum levels were increased over baseline
when high-fat diet and fracture were combined. This response of IL-12p70 to obesity is
supported by a recent study that indicates increased numbers of IL-12p70-expressing
macrophages in the adipose tissue of C57BL/6 mice on a 60% fat diet compared to mice on
a low fat diet (43). Therefore, IL-12p70 may be one such mediator in a mechanism whereby
excess adipose tissue primes the body for a more severe inflammatory reaction in response
to injury, elevating the risk of eventual PTA.

Adiponectin has been negatively correlated with BMI and body fat in humans (44) and may
play a role in the modulation of cartilage destruction in OA (45). In this study, we similarly
found that adiponectin negatively correlated with body fat, while also being negatively
correlated to the degree of synovitis in R limbs. This trend may have emerged only in the R
limbs because it is here that the systemic effects of circulating factors are not confounded by
the presence of injury. Lower levels of adiponectin, which were present in obese mice, are
therefore coincident with higher levels of synovial inflammation in this study. This
therapeutic role of adiponectin is supported by a study showing that an intra-articular
injection of adiponectin mitigated the severity of OA in a collagen-induced arthritis mouse
model (46).

The interaction between obesity and joint injury could be mediated by other systemic
mediators related to high fat diet and obesity, such as leptin. Diet-induced obesity in mice is
associated with increased systemic levels of leptin, which has been proposed to serve as a
pro-inflammatory adipokine, particularly in the context of osteoarthritis (47). In previous
studies, we have shown that diet-induced obesity increases leptin levels in a manner that
correlates with joint degeneration (48) and leptin-deficient mice exhibit morbid obesity but
no joint degeneration (39).

In interpreting the contribution of inflammatory cytokines to the development of post-
traumatic arthritis in combination with a high fat diet, it’s important to note that our
measures of cytokine levels were determined systemically from serum collected eight weeks
after joint injury, when the acute inflammatory phase had likely resolved. Also, we did not
assess local intra-articular levels of cytokines in this study. Therefore, many of these
cytokines that did not significantly correlate to arthritic changes in this study may still exert
degenerative effects. Despite these limitations, our results confirm the relationship between
obesity and systemic inflammatory changes, in addition to showing a systemic response to
fracture. Most importantly, they demonstrate a relationship between synovial inflammation
of the contralateral joint and systemic levels of an adipokine (adiponectin) that persists 8
weeks after fracture. This conclusion supports the theoretical effect that obesity can have on
joint pathology through systemic pro-inflammatory mediators.

These findings may not be limited to PTA after intra-articular fracture, and may indeed be
broadly generalizable to OA as a whole, as injury provides an inciting event for study (1).
As such, a relationship of inflammatory cytokines to the development of joint pathology
may indicate future treatments of PTA or OA using anti-cytokine therapy, once more
comprehensive studies are completed that elucidate the molecular environment within the
joint following acute injury. This is not to say that biomechanical effects of obesity do not
have a role in the development of OA after intra-articular fracture, as this is a well-
characterized component of obesity’s relationship to OA (29). However, a biomechanical
contribution to OA was not the focus of this investigation, and the effect of obesity on joint
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loading was not measured. In future studies, assessments of gait, joint stress analysis, and
activity may provide additional insight into the effects of trauma or obesity on the joint
biomechanics (49, 50).

In summary, this study identifies diet-induced obesity as a significant risk factor for
increasing the severity of PTA. Increased cartilage degradation, decreased cancellous bone
fraction, and increased synovial inflammation of the fractured limb indicate “whole joint”
PTA, which occurred in diet-induced obese mice but not in control diet mice. Serum
analysis reveals that obesity and trauma can influence systemic cytokine levels, and that
some cytokines are related to the degree of joint pathology. Further investigation into the
mechanisms governing the development of PTA in obesity may provide new insights into
the pathogenesis, prevention, and treatment of this debilitating disease.
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Figure 1.
(A) Weight, (B) Body Fat mass, and (C) Body Fat percentage of each experimental group
over time. Mice on a high-fat diet gained more weight and body fat over the course of the
experiment. There were no differences within the diet groups based on fracture condition.
(LF=low-fat diet, HF=high-fat diet, nonfx=non-fractured, fx=fractured. LF-nonfx: n=9, LF-
fx: n=8, HF-nonfx: n=6, HF-fx: n=6. Mean ± SD, **p<0.001, *p<0.05)
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Figure 2.
Representative micro-computed tomography (microCT) 3-D reconstructions of mouse
limbs: (A) left limb prior to fracture at 16 weeks. F=femur, T=tibia, white arrows indicate
partially calcified menisci, black arrows indicate accessory ossicles (B) 1 day after fracture
event, and (C) 8 weeks after fracture event. (Scale bar = 1mm)
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Figure 3.
Assessment of osteoarthritis. (A) Representative cartilage histology among experimental
groups demonstrating the lateral tibiofemoral contact region in left (experimental) hind
limbs. (F=femur, M=lateral meniscus, T=tibia; Scale bar = 100 µm) (B) Mankin scores
representative of OA severity. Among L (experimental) limbs, scores were significantly
higher in the HF-fractured group compared to all non-fractured groups, whereas the LF-
fractured group did not statistically differ from other groups (A,B designation; groups not
sharing a common letter are statistically different). There were no differences in OA score
observed among the R (control) limbs. The L limb showed significantly worse OA than the
R (control) limb in the HF-fractured group only (*p=0.046), whereas there was no effect of
fracture seen in the LF-fractured group. (Bars represent median values)
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Figure 4.
Assessment of synovitis. (A) Representative synovial histology from the lateral side of the
left (experimental) hind limb. Synovitis scoring was based on degree of cell thickness in the
synovial lining layer near the bone attachments (approximately marked by black arrows) and
the cell density of the synovial stroma (approximately marked by letter “S”). F=femur,
T=tibia, M=lateral meniscus, Scale bar = 100 µm) (B) Total Joint synovitis scores are
representative of the degree of chronic synovial inflammation. Among L (experimental)
limbs, scores were significantly higher in the HF-fractured group compared to the LF non-
fractured group (A,B designation; groups not sharing a common letter are statistically
different). Among R (control) limbs, the HF non-fractured had higher synovial inflammation
than both LF groups (Z,Y designation; groups not sharing a common letter are statistically
different). There were no differences observed between R and L limbs within experimental
groups, including cohorts that received L limb fracture. (Bars represent median values)
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