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Removal of the infrapatellar fat pad and associated synovium 
benefits female guinea pigs in the Dunkin Hartley model of 
idiopathic osteoarthritis
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Background: Several tissues contribute to the onset and advancement of knee osteoarthritis (OA). One 
tissue type that is worthy of closer evaluation, particularly in the context of sex, is the infrapatellar fat pad 
(IFP). We previously demonstrated that removal of the IFP had short-term beneficial effects for a cohort 
of male Dunkin-Hartley guinea pigs. The present project was designed to elucidate the influence of IFP 
removal in females of this OA-prone strain. It was hypothesized that resection of the IFP would reduce the 
development of OA in knees of a rodent model predisposed to the disease. 
Methods: Female guinea pigs (n=16) were acquired at an age of 2.5 months. Surgical removal of the IFP and 
associated synovium complex (IFP/SC) was executed at 3 months of age. One knee had the IFP/SC resected; 
a comparable sham surgery was performed on the contralateral knee. All animals were subjected to voluntary 
enclosure monitoring and dynamic weight-bearing, as well as compulsory treadmill-based gait analysis 
monthly; baseline data was collected prior to surgery. Guinea pigs were euthanized at 7 months. Knees from 
eight animals were evaluated via histology, mRNA expression, and immunohistochemistry (IHC); knees from 
the remaining eight animals were allocated to microcomputed tomography (microCT), biomechanical analyses 
(whole joint testing and indentation relaxation testing), and atomic absorption spectroscopy (AAS).
Results: Fibrous connective tissue (FCT) replaced the IFP/SC. Mobility/gait data indicated that unilateral 
IFP/SC removal did not affect bilateral hindlimb movement. MicroCT demonstrated that osteophytes were 
not a significant feature of OA in this sex; however, trabecular thickness (TbTh) in medial femorae decreased 
in knees containing the FCT. Histopathology scores were predominantly influenced by changes in the lateral 
tibia, which demonstrated that histologic signs of OA were increased in knees containing the native IFP/SC 
versus those with the FCT. Similarly, indentation testing demonstrated higher instantaneous and equilibrium 
moduli in the lateral tibial articular cartilage of control knees with native IFPs. AAS of multiple tissue types 
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Introduction 

Primary osteoarthritis (OA), particularly knee OA, is the 
most common form of arthritis and is one of the leading 
causes of disability worldwide (1,2). The pathogenesis of 

OA is multifactorial and inter-related, involving structural 
degeneration and inflammation in multiple tissue types such 
as cartilage, bone, synovium, adipose depots, menisci, and 
ligaments (3,4). Of these, there has been growing interest in 
the infrapatellar (Hoffa’s) fat pad (IFP) in knee OA research. 
The IFP is the most substantial adipose deposit in the knee 
joint and is most similar in type to white adipose tissue or 
subcutaneous fat (5,6). However, contribution of the IFP 
to joint homeostasis is not completely understood. It is 
postulated to provide lubrication, shock absorption, and/or 
joint stability to the knee (7-9). Additionally, OA pathology 
as it relates to the IFP is characterized by a decrease in size 
and increase in fibrosis and vascularization (10). Fontanella 
et al. (11) have also shown that mechanical properties of the 
IFP in OA affect the stability and force distribution within 
the joint, in addition to hindering movement. Lastly, the 
IFP and synovial membrane has been noted to function 
as an anato-functional unit (12) and age-dependent tissue 
remodeling occurs with OA (13). 

In addition to the above, there is also potential cross-talk 
between this depot and other articular tissues in the knee 
joint. Both adipocytes and immune cells (13,14) in the IFP 
can initiate cascades of inflammatory mediators, including 
chemokines, adipokines (i.e., leptin and adiponectin), 
and cytokines (14,15). Indeed, Klein-Wieringa et al. (14) 
characterized the immune cell fraction of the IFP, revealing 
a more inflammatory phenotype when compared to 
subcutaneous adipose tissue (16,17). Others have suggested 
that the IFP contributes to knee OA by emitting fatty acids 
and oxylipins (18). Due to the close proximity of the IFP 
to the synovial membrane, it has also been implied that the 
IFP could induce OA synovitis. One study (19) compared 
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•	 The infrapatellar fat pad/synovium complex (IFP/SC) is a 

significant component driving knee osteoarthritis (OA) in female 
guinea pigs and that resection of this tissue prior to disease has 
short-term benefits.

What is known and what is new?  
•	 The IFP has been previously investigated for its involvement in 

primary OA due to inter-communication between this depot and 
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may have a more inflammatory phenotype when compared to 
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•	 This manuscript provides results specific to a female cohort of OA-
prone Hartley guinea pigs, offering evidence that the IFP/SC has a 
detrimental influence on disease development in this animal model. 
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•	 The formation of fibrous connective tissue in place of the 

IFP/SC resulted in decreased cartilage-related OA changes, 
as demonstrated by reduced histopathology scores, altered 
transcript/protein expression, and differing mechanical properties. 
Importantly, these findings were similar but not identical to 
those elucidated in a male cohort, providing evidence that sex 
should be considered when investigating responses and associated 
mechanisms seen with IFP/SC removal.
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associated with the knee revealed that zinc was the major trace element influenced by removal of the IFP/SC.
Conclusions: Our data suggest that the IFP/SC is a significant component driving knee OA in female 
guinea pigs and that resection of this tissue prior to disease has short-term benefits. Specifically, the 
formation of the FCT in place of the native tissue resulted in decreased cartilage-related OA changes, as 
demonstrated by reduced Osteoarthritis Research Society International (OARSI) histology scores, as well as 
changes in transcript, protein, and cartilage indentation analyses. Importantly, this model provides evidence 
that sex needs to be considered when investigating responses and associated mechanisms seen with this 
intervention.
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the response of fibroblast-like synoviocytes (FLS) to 
conditioned media exposed to either IFP or subcutaneous 
adipose tissue from patients with advanced knee OA. Their 
results showed that the extent of inflammatory stimulation 
was increased with IFP conditioned medium versus that 
of subcutaneous conditioned medium. Cumulatively, these 
findings suggest that the IFP has a potential role in patients 
with severe knee OA. 

Briefly, the Dunkin Hartley guinea pig is a recognized 
model of knee OA, with histopathologic lesions analogous 
to those found in humans (20). Recently, we published a 
study in male guinea pigs of this strain which demonstrated 
that removal of the IFP and its associated synovium 
complex (IFP/SC) decreased the inflammatory response and 
transformed biomechanical properties of articular cartilage 
on the medial tibial plateau (21). This resulted in short-
term (4 months) improvement in knee OA. Given these 
promising data, we then aimed to explore whether this same 
benefit may be observed in a female cohort of guinea pigs. 

Women have a higher risk for OA, with OA-affected 
women outnumbering OA-affected men at a ratio of 
approximately 2:1 (22). Previous studies have provided 
evidence that some etiological pathways proposed to 
contribute to the disorder might be more predominant in 
one sex over the other (23-26). For example, metabolic-
associated OA is hypothesized to be female-specific (27). 
Indeed, prevalence of metabolic syndrome differs between 
sexes, with its clinical representation/manifestation 
influencing fat distribution and adipocyte function (28). In 
reference to the IFP, one clinical study suggested that the 
size of the IFP, as assessed via magnetic resonance imaging, 
could be associated with symptoms and cartilage damage 
in older women (29). Specifically, reported maximal IFP 
areas in women was significantly, and negatively, associated 
with changes in knee pain. In contrast, findings suggested 
that maximal IFP area in females was beneficially associated 
with medial and lateral tibial cartilage volume and reduced 
risk of medial cartilage defects (femoral and tibial). These 
potentially dichotomous indications highlight the unknown 
influence of the IFP in female patients and the need to 
further dissect biological mechanisms and/or relationships 
among joint tissues. 

Thus, the current work attempted to elucidate the 
influence that unilateral IFP/SC removal would have on 
the onset of knee OA in female Dunkin Hartley guinea 
pigs. There were two immediate aims relevant to this work: 
(I) to determine whether mobility changes (open-field 
enclosure monitoring, treadmill based gait and voluntary 

weight bearing analyses), an indication of modification in 
clinical signs, were present; and (II) to evaluate potential 
disease modification {assessed via structural [histopathology, 
microcomputed tomography (microCT), transcript and 
protein assessment] and biomechanical [whole joint, 
indentation relaxation testing and atomic absorption 
spectroscopy (AAS)] outcomes} after surgical resection of 
the IFP/SC. We hypothesized that the IFP/SC is a local 
supply of negative mediators (21) and that, through surgical 
resection, we might achieve short-term improvements for 
OA pathogenesis. We present this article in accordance with 
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-23-1886/rc).

Methods

Animals 

Experiments were performed under a project license (#15-
5854A; October 30, 2021) granted by Colorado State 
University’s Institutional Animal Care and Use Committee, 
in compliance with the NIH Guide for the Care and Use of 
Laboratory Animals. 

Sixteen 8-week-old, female guinea pigs were supplied 
by a commercial vendor (Charles River Laboratories, 
Wilmington, MA, USA). Animals were housed 4 weeks 
prior to surgery at the university’s animal facilities and 
checked daily. All guinea pigs were singly housed under a 
12/12-h light/dark cycle at 20–26 ℃ with 30–70% humidity. 
Water, pelleted food, and hay cubes were offered ad libitum 
and weights were recorded weekly. 

Two cohorts were utilized to achieve the outcomes of 
this study. Separate groups of animals were obtained for 
histological and molecular-based properties of knees (first 
cohort; n=8) versus biomechanical assessments (second 
cohort; n=8). Both cohorts were evaluated for mobility 
outcomes (treadmill-based gait, voluntary dynamic weight 
bearing, and overhead monitoring). A group size of n=8 was 
prospectively determined from the published male cohort 
study using histopathology as the main outcome (21). An 
untreated control group of eight female Hartley guinea 
pigs at a matching age and from the identical vendor—from 
a parallel but separate project—was used for body weight 
(BW) and overhead enclosure monitoring comparisons.

Unilateral surgical removal of the IFP/SC 

Dunkin Hartley guinea pigs begin to present OA pathogenesis 

https://atm.amegroups.com/article/view/10.21037/atm-23-1886/rc
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at 16 weeks of age. Removal of the IFP/SC from right 
knees was executed on 12-week-old guinea pigs, which is 
prior to the development of OA in this model. Animals 
were induced to an anesthetic plane using 3–4% inhaled 
isoflurane in oxygen, followed by maintenance with 2–3% 
isoflurane. Slow release buprenorphine at a dose of 0.8 
mg/kg was provided as a pre-medication. The right knee 
was opened via parapatellar arthrotomy and the patella 
was displaced cranially with the knee in extension to allow 
access to the IFP/SC. This tissue was then exposed medially 
for dissection and removal. The skin incision was closed 
with absorbable suture after repositioning of the patella. 
A matching control procedure on left knees—with gentle 
handling of the IFP/SC via forceps but without removal—
was performed and served as an internal control for each 
animal. 

Symptom modification

Guinea pigs were familiarized to the three systems over  
2 weeks. Data collection was performed by a single handler 
during a consistent time (8:00 AM to 12:00 PM); animals 
were randomly selected for analysis. Baseline data was 
collected the day prior to IFP/SC resection. Longitudinal 
data were gathered monthly following surgery, with 
the last time point collected the day before termination  
(16 weeks post-surgery). Each outcome was performed on 
a separate day of the week with at least one day between 
each handling. Data for each mobility assessment parameter 
is absent for all guinea pigs at 12 weeks post-operatively 
due to coronavirus disease 2019 (COVID-19) pandemic 
restrictions. 

Open-field enclosure monitoring
Voluntary physical mobility was performed for 10 minutes 
using an automated behavior monitoring system (ANY-
MazeTM, Wood Dale, IL, USA) (30,31). The enclosure was 
a circular, blue plastic bin measuring 114 cm in diameter 
and 15 cm in height; the animal’s individual red hut shelter 
was placed in the center for each recording. 

Treadmill-based gait analyses
The DigiGaitTM treadmill system (Mouse Specifics, Inc., 
Framingham, MA, USA) was used to assess obligatory 
gait patterns (21). Animals were recorded in the dark at a 
treadmill speed of 45 cm/s to collect one run that contained 
a minimum of five consecutive steps without acceleration or 
deceleration. Mean values were analyzed for each parameter 

of interest.

Voluntary weight-bearing analyses
Voluntary weight-bearing was collected using a Rodent 
Walkway System (Tekscan, South Boston, MA, USA) (21). 
Guinea pigs were recorded naturally traversing the Tekscan 
walkway for 3 times/day; parameters focused on maximum 
force, force time impulse, and maximum force symmetry 
values (front/hind, left/right, left front/right front, left hind/
right hind). As for compulsory gait analysis, mean values 
were used in statistical comparisons for each parameter of 
interest.

Tissue collection

Humane euthanasia occurred when animals were 7-month-
old. BWs were recorded; left and right femurs were 
measured in millimeters from the proximal aspect of the 
greater trochanter to the apex of the patella using calipers. 
For the first set of animals (n=8), both hindlimbs were 
fixed in 10% neutral buffered formalin for 48 hours; 
specimens were placed phosphate buffer saline (PBS) for 
microCT. After imaging, limbs were decalcified in 12.5% 
solution of ethylenediaminetetraacetic acid (EDTA) at 
pH 7 for subsequent histology. For animals designated to 
the second cohort (n=8), hindlimbs were frozen at −20 ℃ 
following femur measurements; quantitative microCT was 
performed after complete thaw, followed immediately by 
biomechanical outcomes.

MicroCT 

Left (native IFP/SC) and right (IFP/SC removal) knee joints 
from the first cohort, which were dedicated to histology and 
molecular analysis (n=8 animals), were scanned using the 
Inveon microPET/CT system (Siemens Medical Solutions, 
Malvern, PA, USA) for 1356 ms at 10 kV with a voxel size 
of 18 mm. A blinded board-certified veterinary radiologist 
(A.J.M.) scored evidence of OA (32).

Left and right knee joints allocated to biomechanical 
outcomes (n=8 animals) were scanned using the Bruker 
Skycan 1276 (Bruker, Billerica, MA, USA) for 473 ms at  
100 kV with a voxel size of 20 mm. Osteophytes were 
manually outlined by the same operator (G.E.N.) (21). 
Four regions of interest (ROI) consistent with areas of 
mechanical testing were evaluated (33-36). Trabecular and 
cortical bone volumes of interests (VOIs) were identified, as 
previously described (21). 
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Histopathologic scoring of OA 

Decalcified knees were paraffin embedded and sagittally 
sectioned at 5-microns through three regions: (I) mid-sagittal 
slices were made to evaluate the IFP/SC with hematoxylin 
and eosin (H&E); and sagittal slices through both the (II) 
medial and (III) lateral compartments were stained with 
toluidine blue to assess OA using Osteoarthritis Research 
Society International (OARSI) recommended criteria (20). 
Two blinded, independent evaluators (M.F.A. and K.S.S.) 
completed histological scoring; any minor differences in 
scoring were resolved prior to statistical analysis. A total knee 
OA score for each hindlimb was obtained from adding scores 
for the medial/lateral tibiae and medial/lateral femorae. 

Transcript expression

Total RNA was collected (Roche, Basel, Switzerland) from 
either the IFP/SC or replacement tissue that remained in 
blocks after collecting sufficient sections for joint histology 
and immunohistochemistry (IHC); 800 ng of total RNA 
was hybridized at 65 ℃ with the custom code-set followed 
by processing on the NanoString nCounter FLEX Analysis 
system (NanoString Technologies, Seattle, WA, USA). A 
custom set of guinea pig-specific probes were designed 
and manufactured by NanoString Technologies for the 
following genes: adiponectin (ADIPOQ), leptin (LEP), 
fatty acid synthetase (FASN), cell death-inducting DFFA-
like effector c (CIDEC; also known in rodents as Fsp27 or 
fat-specific protein 27), mitogen-activated protein kinase 
(MAPK), kelch-like ECH-associated protein-1 (KEAP1), 
Rho-family-alpha serine/threonine-protein kinase (AKT), 
catalase (CAT), glutathione peroxidase (GPx), complement 
component 3 (C3), and matrix metallopeptidase-2 (MMP-2),  
tissue inhibitor of metalloproteinases 2 (TIMP-2), and 
nitric oxide synthase (NOS3). The complete custom 
gene panel is provided in Table S1. Absolute transcript 
counts were normalized to three housekeeping genes 
(b-actin, succinate dehydrogenase, and glyceraldehyde-
3-phosphate dehydrogenase) and positive controls. Data 
analysis was conducted using nSolver software (NanoString 
Technologies). 

IHC analysis 

Protein expression via IHC was conducted on mid-sagittal 
sections or sagittal slices through the lateral compartment. 
Polyclonal rabbit antibodies to TIMP-2 (2.5 mg/mL, 

Abcam ab180630) or a disintegrin and metalloproteinase 
with thrombospondin motifs-4 (ADAMTS-4; 2.5 mg/mL,  
Abcam ab185722). Briefly, tissue underwent antigen 
retrieval (5 hours at 55 ℃), blocking with 2.5% normal 
goat serum, overnight humified incubation at 4 ℃ with 
primary antibody (37), and exposure to biotinylated goat 
anti-rabbit secondary antibody for 30 minutes. Tissues 
were counterstained with hematoxylin. Integrated optical 
density was determined on four 1-mm-square regions 
using ImagePro-Plus 7 Software (Media Cybernetics, 
Rockville, MD, USA); data was averaged prior to statistical 
analysis. Background staining was negligible with negative 
controls (rabbit immunoglobulin at 2.5 µg/mL or secondary 
antibody, alone).

Biomechanical analyses 

Whole joint testing
This testing evaluated the overall behavior of the joint, as 
well as the failure characteristics of the IFP/SC or FCT. 
Briefly, femorae and tibiae were potted in epoxy resin. 
A servo-hydraulic testing system (MTS, Eden Prairie, 
MN, USA) with an 8.9 N load cell was utilized for: (I) an 
anterior/cranial drawer assessment for total displacement of 
the tibia relative to the femur; and (II) a pull-to-failure test 
of the patellar tendon and associated underlying structures 
(IFP/SC or FCT). Pull-to-failure was assessed by dragging 
the tibia to 4 N of drawer at 0.5 mm/s.

Indentation relaxation testing
Indentation relaxation tests were performed on a servo-
hydraulic testing system (MTS Corp.) and 9 N load cell 
(Futek, Irvine, CA, USA). Indentation relaxation tests were 
performed on cartilage and menisci in a phosphate-buffered 
saline bath to determine instantaneous and equilibrium 
moduli, as per previous work (21). 

AAS

Trace elements were measured to provide potential 
explanations for differences detected by whole joint 
or indentation relaxation testing. Calcium (Ca), iron 
(Fe), magnesium (Mg), phosphorus (P), and zinc (Zn) 
quantifications, which are major trace elements that have 
been associated with alterations in tissue properties (21), 
were performed on freeze-thawed tissue samples dedicated 
to biomechanical analyses (n=8 animals), including: (I) 
the IFP/SC or replacement tissue; (II) articular cartilage 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
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from the tibia and femur (separated into medial and lateral 
compartments); (III) patellar tendon; (IV) patella; and 
(V) separated distal medial and lateral femoral condyles, 
representing combined cortical and subchondral trabecular 
bone. Dried samples were handled as previously described 
(21,38). Trace element levels were calculated as parts per 
million (ppm) dry weight (dw) (38).

Statistical analyses

Exclusion criteria were determined prior to analysis. 
Justification for exclusions and total number analyzed for 
data sets are provided in Table S2. 

Statistical analyses were performed was performed 
using GraphPad Prism 10.1.1 for Mac OS X, GraphPad 
Software, (Boston, MA, USA, www.graphpad.com) with 
significance set at P<0.05. Normality and variance were 
assessed with the Shapiro-Wilk test. Normally distributed 
data with similar variance were compared using paired t-test; 
non-normally distributed data underwent the Wilcoxon 
matched-pairs signed rank test. Two-way analysis of 
variance (ANOVA or Mixed Model) with Tukey post hoc test 
analyses were performed on longitudinal mobility data. 

Results

Study animal description

BWs were recorded weekly for the duration of the study 
(Figure S1A); no issues of clinical concerns were noted. BW 
at harvest was not significantly different from 7-month-old 
female untreated controls in a separate but simultaneous 
study (Figure S1B). Mean BW was 969 g [95% confidence 
interval (CI): 930–1,009] in the IFP/SC removal group and 
946 g (95% CI: 899–992) in the control group. 

Left (native IFP) and right (IFP/SC removal) femurs 
lengths from all guinea pigs were measured. Femur lengths 
between the left (mean =40.73 mm; 95% CI: 37.94–43.59) 
and right (mean =40.37; 95% CI: 37.91–43.60) hindlimbs 
were not significantly different (P=0.89) (Figure S1C).

Movement/mobility assessment 

Open-field enclosure monitoring
To assess whether removal of the IFP impacted overall 
animal voluntary movement/mobility, open-field enclosure 
monitoring was utilized (Figure 1A). At time of termination 
(7 months of age), there was a significant increase in average 

speed (P<0.01), total distance traveled (P<0.01), and total time 
mobile (P<0.01) in animals receiving IFP/SC removal when 
compared to control guinea pigs with no surgical intervention 
(Figure 1B-1D). Correspondingly, guinea pigs with surgical 
interventions also observed a significant decrease in time spent 
in their red hut (P<0.001; Figure 1E). 

Treadmill-based gait analyses
A description of gait parameters can be found in a 
companion manuscript focused on male animals (21). 
Significant differences were noted over time for stride 
length (cm) (P<0.001), stance (P<0.001), and propel time 
(P<0.01) due to an expected increase in size with aging. 
Notably, no differences were seen for remaining parameters 
between the IFP/SC removal and contralateral sham 
control hindlimbs (Figure 1F-1K). 

Voluntary weight-bearing analyses
Gait metrics analyzed via voluntary dynamic weight-bearing 
were consistent with treadmill-based gait results, including 
stride length, stride time, stance time and swing time. 
Additional parameters identified by this technique that 
were associated with aging over time included significant 
differences for maximum force and stride velocity (P<0.001). 
Comprehensive voluntary dynamic weight-bearing 
parameters are supplied in Table S3.

As for treadmill-based gait, no significant differences 
were found for fore/hind symmetry, maximum force 
(%BW), or stride velocity (cm/s) between IFP/SC removal 
and contralateral sham control hindlimbs (Figure 1L-1N). 

Description of IFP/SC versus replacement tissue

Morphologic description 
Knees containing the native tissue maintained the cellular 
properties expected of IFP/SC, including mature adipocytes 
(A), a stromal vascular fraction (SVF), and occasional 
white blood cells [large and small mononuclear (LM and 
SM) cells, consistent with macrophages and lymphocytes, 
respectively] (Figure 2A,2B). Conversely, IFP/SC removal 
knees developed a thick band of dense fibrous connective 
tissue (FCT) in the location typically inhabited by the IFP/
SC (Figure 2C,2D). Of note, intact synovium was present in 
all specimens.

Transcript analyses
Components/regulators of adipose tissue 
The FCT had a lower expression of transcripts for ADIPOQ 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
http://www.graphpad.com
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
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Figure 1 Symptom modification. Image of open-field enclosure system; video still image (A) showing a guinea pig with tracking system 
(viewed from above). Final timepoints comparison of IFP/SC removal (n=13) to 7 months of age guinea pigs (n=7) average speed (B), total 
distance traveled (C), total time mobile (D), and time in red hut zone (E). Longitudinal data of IFP/SC (blue) and FCT (n=12) (red) for 
midline distance (F), stride length (G), swing (H), stance (I), brake (J) and propel time (K). Voluntary weight-bearing (n=16) between fore/
hind symmetry (L), maximum force [% BW, (M)], and stride velocity (N). P values represent significance of two-way ANOVA or Mixed 
Model with Tukey post hoc test analyses. **, P<0.01; ***, P<0.001. IFP, infrapatellar fat pad; IFP/SC, infrapatellar fat pad/synovium complex; 
FCT, fibrous connective tissue; BW, body weight; ANOVA, analysis of variance; s, seconds; m, meters; cm, centimeters.
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Figure 2 Characterization of IFP/SC and replacement tissue. 2× objective (H&E, 50 μM) representative images of a knee joint from a 
control (A,B) and IFP/SC removal (C,D) guinea pig (A,C); squares indicate magnified views (B,D) with the 20× objective (20 µM). Dense 
FCT (D) replaced the IFP/SC (B). PT, SVF; mature adipocytes (A), SM, LM cells. IFP, infrapatellar fat pad; FCT, fibrous connective tissue; 
PT, patellar tendon; SVF, stromal vascular fraction; SM, small mononuclear; LM, large mononuclear; A, adipocytes; IFP/SC, infrapatellar 
fat pad/synovium complex; H&E, hematoxylin & eosin stain. 
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(P=0.02), LEP (P=0.01), FASN (P=0.05) and CIDEC (P=0.01) 
compared to the native IFP/SC (Figure 3A-3D).
Inflammatory mediators and antioxidant enzymes
The FCT also had decreased expression of mRNA for 
MAPK (P=0.02), C3 (P=0.03), KEAP1 (P=0.03), GPx 
(P=0.03), NOS3 (P=0.02); and CAT (P<0.001) (Figure 3E-
3J).
Degradative mediators 
Relative to the IFP/SC, the FCT had increased mRNA 
expression for MMP-2 (P=0.03) and TIMP-2 (P=0.03) 
(Figure 3K,3L). 

IHC for remodeling
MMP Inhibitor
To support the mRNA data, TIMP-2 was evaluated at 
the protein level in the native IFP/SC versus the FCT  
(Figure 3M-3O). TIMP-2 immunostaining was significantly 
higher in the FCT (P=0.02). 
Degradative mediator
P r i m a r y  a g g r e c a n a s e s  A D A M T S  ( A D A M  w i t h 
thrombospondin motifs)-4 and -5 are key degradative 

metalloproteinases that are inhibited by TIMPs (39) and are 
relevant in OA (40). Protein expression of the aggrecanase 
ADAMTS-4 was thus evaluated using IHC. Relative to limbs 
containing the native IFP/SC, ADAMTS-4 was significantly 
decreased in limbs with the FCT (P<0.01; Figure 3P-3R).

Biomechanical analyses and AAS for trace elements
Whole joint mechanical testing was performed to determine 
whether the presence of the IFP/SC versus FCT altered 
cranial/anterior drawer assessment. No significant changes 
were detected between the IFP/SC and FCT (Table S4), 
which was expected given that this is primary assessment 
of the integrity of the cranial/anterior cruciate ligament. 
There were also no statistical differences in trace element 
concentrations between the IFP/SC and FCT (Table S5).

Pull to failure testing of the patellar tendon and 
associated caudal/posterior tissue was then performed to 
determine if the IFP/SC versus FCT altered outcomes. 
Elastic modulus from pull to failure testing was significantly 
decreased in the FCT (P<0.01) when compared to the 
IFP/SC (Figure 4A; Table S4). To determine whether tissue 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
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Figure 3 mRNA and protein expression. Normalized transcript counts (n=7) for adiponectin (A), leptin (B), FASN (C), CIDEC (D), 
MAPK (E), C3 (F), KEAP1 (G), GPx (H), NOS3 (I), CAT (J), MMP-2 (K), and TIMP-2 (L) in IFP/SC and FCT of knee joints. DAB 
staining immunohistochemistry for TIMP-2 signal in IFP/SC (M, left hindlimb) and FCT (N, right hindlimb). TIMP-2 is a potent 
inhibitor of most MMPs; notably, expression in the FCT was increased [40× objective (20 µM)]. (O) Quantitation of TIMP-2-stained 
tissue subtracted from IgG control tissue. DAB staining immunohistochemistry for ADAMTS-4 is a major proteinase responsible for 
degradation of proteoglycans in articular cartilage in OA; protein is higher in IFP/SC (P, left hindlimb) versus FCT (Q, right hindlimb) [40× 
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Figure 4 Biomechanical analyses and trace element concentration of tissues. Ultimate tensile strength was tested (n=7). Elastic modulus 
(A) decreased in the FCT when compared to the IFP/SC hindlimb. Trace element analysis (n=8) of the patella (B) revealed a decrease of Zn 
concentration in the FCT patella when compared to the IFP/SC. However, patellar tendon (C) from the FCT had higher concentration 
of Zn compared to the IFP/SC. Data with similar variance and normal distribution were compared using parametric t-tests. Wilcoxon 
matched pairs signed rank test was used to compare data with non-Gaussian distribution. *, P<0.05; **, P<0.01. MPa, megapascal; IFP/SC, 
infrapatellar fat pad/synovium complex; FCT, fibrous connective tissue; Zn, zinc. 

objective (20 µM)]. (R) Quantitation of ADAMTS-4 stained tissue normalized to IgG control sections. As all data were non-parametric, 
comparisons were statistically determined via Wilcoxon matched pairs signed rank test. *, P<0.05; **, P<0.01; ***, P<0.001. IFP/SC, 
infrapatellar fat pad/synovium complex; FCT, fibrous connective tissue; FASN, fatty acid synthase; CIDEC, cell death-inducting DFFA-
like effector c; MAPK, mitogen activated protein kinase; C3, complement component 3; KEAP1, kelch-like ECH-associated protein-1; 
GPx, glutathione peroxidase; NOS3, nitric oxidase synthase 3; CAT, catalase; MMP-2, matrix metallopeptidase-2; TIMP-2, tissue inhibitor 
of metalloproteinase-2; DAB, 3,3'-diaminobenzidine; IgG, immunoglobulin G; ADAMTS-4, a disintegrin and metalloproteinase with 
thrombospondin motifs-4; OA, osteoarthritis.

mineralization may have contributed to these differences, 
trace elements were measured in both patellae and patellar 
tendons. For the former, patellae in FCT-containing knees 
had significantly lower concentrations of Zn (Figure 4B; 
P=0.05) compared to those from knees with native IFP/SC. 
In contrast, patellar tendons from FCT-containing knees 
had higher concentrations of Zn (Figure 4C; P=0.01) when 
compared to IFP/SC-containing patellar tendons. Additional 
but nonsignificant trace element concentrations for the 
patellae and patellar tendons can be found in Tables S6,S7. 

Characterization of cartilage and bone pathology

OARSI histology score
Representative images of the lateral tibia plateau of knees 
from a single guinea pig are seen in Figure 5A,5B. The 
control knee containing the native IFP/SC showed irregular/
undulated cartilage with mild fibrillation; decreased 
proteoglycan content in superficial, middle, and deep zones; 
and increased hypocellularity (Figure 5A). The treated knee 
containing FCT in lieu of the IFP/SC demonstrated a mild 
surface irregularity; very mild proteoglycan loss; and slight 

hypocellularity (Figure 5B). Correspondingly, OA scores were 
significantly different, with the IFP/SC group higher than that 
of the FCT (Figure 5C; P=0.04). When medial (Figure 5D) 
and lateral compartments were considered independently, 
the lateral compartment was the driver (Figure 5E;  
P=0.01) in the total OARSI score, with the lateral tibia being 
significantly different (Figure 5F; P=0.01) when compared 
to the lateral femur (Figure 5G). Overall, the improved 
histological scores for the knees with the FCT confirmed a 
maintenance of cartilage structure, proteoglycan content, and 
chondrocyte cellularity (Figure 5H-5K). 

IHC for degradative mediators in lateral tibial plateau 
cartilage
Similar to the IFP/SC and FCT, immunostaining for TIMP-
2 (Figure 6A-6C; P=0.02) in the lateral tibial plateau was 
statistically increased in FCT containing knees. ADAMTS-4 
was significantly decreased (Figure 6D-6F; P=0.02). 
 
MicroCT
Subjective whole joint OA scores 
Clinical OA scores in the guinea pigs dedicated to histology 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
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Figure 5 OARSI score. Representative photomicrographs [2× objective (50 µM)] sections of the lateral compartment. (A) Black arrows 
denote mild fibrillation and proteoglycan loss in the superficial zone of tibial cartilage from the knee containing the IFP/SC. (B) The 
opposite knee had a smooth cartilage surface with only mild proteoglycan loss. (C) OARSI whole joint OA score (n=6) confirmed a 
significant statistical difference. Contributing compartments included: the medial compartment (D), which was not significantly different; 
and the lateral compartment (E), which was significantly different. While the lateral tibia (F) did contribute to score differences, the lateral 
femur (G) did not contribute to score differences score from FCT-containing knees, which summed articular cartilage structure (H), and 
proteoglycan content (I) had significantly decreased OA. Cellularity (J) and tidemark (K) did not contribute to the lateral tibial OARSI 
Score. Data with similar variance and normal distribution were compared using parametric t-tests. Wilcoxon matched pairs signed rank test 
was used to compare data with non-Gaussian distribution. (I-K) The numbers 1–6 indicate number of individual animals at each data point. 
*, P<0.05; **, P<0.01; ns, no significance. OARSI, Osteoarthritis Research Society International; IFP/SC, infrapatellar fat pad/synovium 
complex; FCT fibrous connective tissue; OA, osteoarthritis.
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Figure 6 TIMP-2 and ADAMTS-4 IHC of LTP articular cartilage. Representative images of LTP articular cartilage containing DAB 
immunostaining for TIMP-2 from IFP/SC (A) and FCT (B) containing knees of the same animal [40× objective (20 µM)]. (C) Quantitation of 
TIMP-2-stained tissue subtracted from IgG control tissue. DAB staining immunohistochemistry for ADAMTS-4 is a major proteinase responsible 
for degradation of proteoglycans in articular cartilage in OA; protein is higher in IFP/SC (D, left hindlimb) versus FCT (E, right hindlimb) [40× 
objective (20 µM)]. (F) Quantitation of ADAMTS-4 stained tissue normalized to IgG control sections. Data with similar variance and normal 
distribution were compared using parametric t-tests. *, P<0.05. TIMP-2, tissue inhibitor of metalloproteinase-2; ADAMTS-4, a disintegrin 
and metalloproteinase with thrombospondin motifs-4; IFP/SC, infrapatellar fat pad/synovium complex; FCT, fibrous connective tissue; IHC, 
immunohistochemistry; LTP, lateral tibia plateau; DAB, 3,3'-diaminobenzidine; IgG, immunoglobulin G; OA, osteoarthritis.

and molecular analysis (n=8) did not reveal significant 
bony changes in their tibiae, femurs, or patellae (Table S8). 
Additionally, differences in osteophyte volumes were not 
observed (Table S9).
Quantitative microCT 
Animals in the biomechanical outcome group (n=8 animals) 
were analyzed for quantitative microCT. Significant 
differences were found for trabecular thickness (TbTh) 
of the medial femur (Figure 7A; P=0.01). Additional but 
nonsignificant parameters measured for quantitative 
microCT can be found in Table S10. Separate distal medial 
and lateral femoral condyles, representing both cortical and 
subchondral trabecular bone, were tested for trace elements 
to pursue a possible reason for this increase in TbTh for 
IFP/SC knees (Table S11). Interestingly, trabecular bone 
from the lateral, but not medial, femoral condyles of IFP/
SC-containing knees had significantly decreased Zn (Figure 
7B; P=0.02); no other differences were noted in cortical 
and subchondral trabecular bone from the lateral or medial 

condyles (Table S11).

Biomechanical analyses and AAS for trace elements
Comparative stress-relaxation indentation test for cartilage 
demonstrated that the instantaneous modulus of the lateral 
tibial articular cartilage was significantly decreased in the 
FCT knees (Figure 8A; P=0.02). Similarly, there was also 
a statistically lower equilibrium modulus in the lateral 
tibia articular cartilage (Figure 8B; P=0.03). Additional but 
nonsignificant meniscus and cartilage indentation analyses 
can be found in Table S12. Based on these findings, coupled 
with the OARSI histologic scoring results, lateral tibia 
articular cartilage was collected for AAS to determine if 
tissue mineralization in IFP/SC containing knees may be 
responsible for these findings. Zn was lower in lateral tibia 
cartilage from FCT-containing knees compared to those 
with the native IFP/SC (Figure 8C; P=0.04). Remaining 
concentrations (mean values and 95% CIs) for all trace 
elements tested in the medial and lateral cartilage are 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf
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Figure 7 Biomechanical analyses and trace element concentration of IFP/SC vs. FCT. Quantitative microCT (n=8) showed decreased 
trabecular thickness (mm) of the medial femur in the FCT (A) relative to the IFP/SC. Lateral femoral condyles analyzed for trace elements 
(n=8) revealed a higher abundance of Zn in the trabecular bone of the FCT (B) when compared to the IFP. Data with similar variance 
and normal distribution were compared using parametric t-tests. Wilcoxon matched pairs signed rank test was used to compare data with 
non-Gaussian distribution. *, P<0.05. IFP/SC, infrapatellar fat pad/synovium complex; FCT, fibrous connective tissue; TbTh, trabecular 
thickness; ppm, parts per million; microCT, microcomputed tomography; Zn, zinc; mm, millimeters.

Figure 8 Cartilage indentation and trace element concentration of lateral cartilage. Cartilage indentation (n=7) including: instantaneous 
modulus (A) and equilibrium elastic modulus (B) of the lateral tibial cartilage were lower in FCT containing knees when compared to the 
IFP/SC. Lateral cartilage from FCT knees contained lower concentrations of Zn (C) compared to cartilage collected from IFP/SC knees. 
Data with similar variance and normal distribution were compared using parametric t-tests. Wilcoxon matched pairs signed rank test was 
used to compare data with non-Gaussian distribution. *, P<0.05. MPa, megapascal; IFP/SC, infrapatellar fat pad/synovium complex; FCT, 
fibrous connective tissue; ppm, parts per million; Zn, zinc.

presented in Tables S13,S14. The medial compartment did 
not have significant differences in indentation testing or 
trace element concentrations.

Discussion

The overall goals of this greater study were: (I) to determine 
whether removal of the IFP/SC in a female cohort of 
Dunkin Hartley guinea pigs influenced the development 
of knee OA; and (II) to compare these findings with the 
results from a corresponding group of males (21). Notably, 
data from females established that resection of the IFP/
SC prior to the onset of OA decreased the development 
of OA-associated cartilage lesions, which was similar to 

the published male cohort. However, there were notable 
differences between the sexes in regards to cartilage and 
boney changes, gene and protein expression, biomechanical 
analyses, and trace elements that are worthy of highlighting 
(Table 1). 

Movement/mobility assessment 

Gait assessment, voluntary movement, and weight bearing 
assessment in preclinical rodent models of OA has increased 
in recent years; the field acknowledges the importance/
relevance of consideration of gait analyses in existing OA 
models for the indirect evaluation of symptom modification 
(41-44). Modification of clinical signs in the current work 

https://cdn.amegroups.cn/static/public/ATM-23-1886-Supplementary.pdf


Afzali et al. IFP removal in female guinea pigs prone to OAPage 14 of 22

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2024;12(3):43 | https://dx.doi.org/10.21037/atm-23-1886

Table 1 Sex differences between male and female Dunkin Hartley guinea pigs with surgical removal of the IFP/SC at 4 months of age (prior to 
OA onset) and aged to 7 months of age (moderate OA). Assessment/outcomes are listed as differences observed in the FCT (IFP removal) hind 
limb when compared to sham IFP/SC hind limbs 

Comparison Method/assessment Male cohort (21) Female cohort

Similar Treadmill (compulsory 
mobility)

No unilateral differences between hind limbs

Tekscan (voluntary 
weight bearing) 

No unilateral differences between hind limbs

Histological changes IFP/SC was replaced with dense FCT 

Differences NanoString gene 
expression IFP/SC vs. 
FCT

Decrease in components of adipose tissue 
and inflammatory mediators. Increased mRNA 
expression of degradative mediator MMP-2

Decrease components of adipose tissue, 
inflammatory mediators and antioxidant 
enzymes. Increased expression of degradative 
mediators, TIMP-2 and MMP-2 

Immunohistochemistry, 
IFP/SC vs. FCT

Decrease protein expression of inflammatory 
mediators, for NF-κB p65 and MCP-1

Increase protein expression of MMP inhibitor 
TIMP-2 and decreased ADAMTS-4

Clinical microCT (µCT) Decrease total microCT OA score, location and size 
of osteophyte, and subchondral bone sclerosis

No significant bony changes including 
osteophyte formation 

Quantitative microCT 
(µCT)

Decrease in osteophyte volumes, subchondral 
trabecular bone vBMD of medial tibiae and femurs 

Decrease in trabecular thickness of the medial 
femoral condyle

OARSI histology score Decrease total OA score, specifically in the medial 
tibial compartment; contributed by articular cartilage 
structure, proteoglycan content and chondrocyte 
cellularity

Decrease total OA score, specifically in the 
lateral tibial compartment; contributed by 
articular cartilage structure, proteoglycan 
content and chondrocyte cellularity

Immunohistochemistry, 
cartilage

Decrease protein expression of NF-κB p65 & MCP-
1 inflammatory mediators in the medial tibial plateau 
cartilage 

Increased TIMP-2 and decreased ADAMTS-4 
protein expression in the cartilage of the lateral 
tibial plateau

Whole joint testing No significant changes in cranial/anterior drawer 
and pull to failure

No significant difference in cranial/anterior 
drawer. Decrease of pull to failure elastic 
modulus

Cartilage indentation Decrease in equilibrium elastic modulus in the 
medial femur and tibia

Decrease of instantaneous and equilibrium 
elastic modulus of the lateral tibial plateau

AAS Decreased concentrations of magnesium and 
phosphorous in the articular medial cartilage

Decrease of zinc in the patella and lateral 
articular cartilage; however, observed an 
increase of zinc in the patellar tendon and 
lateral femoral condyles 

IFP/SC, infrapatellar fat pad/synovium complex; OA, osteoarthritis; FCT, fibrous connective tissue; MMP-2, matrix metallopeptidase-2; 
TIMP-2, tissue inhibitor of metalloproteinase-2; NF-κB, nuclear factor kappa B; MCP-1, monocyte chemoattractant protein-1; ADAMTS-4, 
a disintegrin and metalloproteinase with thrombospondin motifs-4; microCT, microcomputed tomography; vBMD, volumetric bone mineral 
density; OARSI, Osteoarthritis Research Society International; AAS, atomic absorption spectroscopy.

was tested via three techniques to identify variations in 
movement/mobility given the one-sided resection of the 
IFP/SC. To the authors’ knowledge, current literature 
in rodent models outside of the authors’ laboratory have 
not evaluated mobility/movement with the removal of the 
IFP/SC. As expected given our study in a male cohort of 
guinea pigs (21), treadmill and weight bearing analyses 

demonstrated no unilateral differences between hindlimbs 
in female animals. The longitudinal differences across 
time that were seen in gait and voluntary weight-bearing 
movement for both sexes were anticipated due to long-bone 
growth during 3 to 7 months of age (21,22,43,45). 

Interestingly, overhead monitoring revealed that 
unilateral removal of the IFP/SC (with contralateral sham 
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surgery) did not hinder, and may have improved, overall 
voluntary movement/mobility of female guinea pigs. 
When control animals at 7 months of age were compared 
to 7-month-old females that underwent IFP/SC removal, 
there was a significant increase in speed, total time mobile, 
and total distance traveled noted; a decrease in time spent 
in their red hut was also observed. Increases in these 
parameters could indicate that guinea pigs with IFP/SC 
removal may have had less pain and/or physical restrictions 
associated with their knee joints (21). Indeed, in scenarios 
where conservative management of Hoffa’s disease is 
ineffective, arthroscopic removal of the IFP/SC is pursued 
next (6-8). Indeed, reduction in pain is often reported 
following resection (46). It would be curious to determine 
if the pathphysiology associated with OA in this species has 
mechanisms in common with Hoffa’s disease. Further, it 
would be worthwhile to pursue whether these differences 
may also be attributed to non-structural mechanisms and/or 
behavior contributions peripherally associated with OA. 

It should be emphasized that the main goal of this study 
was to identify mechanistic contributions of the IFP to OA 
in an animal model and not necessarily imply its therapeutic 
use in humans. As it relates to humans and clinical outcomes, 
resection of the IFP during total knee arthroplasty (TKA) 
routinely occurs but is controversial. The systematic review 
from Yao et al. (47) evaluated the impact of IFP resection 
versus preservation on postoperative flexion, pain, Insall-
Salvati ratio (ISR, ration of patellar tendon length to the 
patellar height), Knee Society Score (KSS, which evaluates 
pain based on stability and range of motion), patellar tendon 
length, and satisfaction in primary TKA. Of the 11,996 
included cases, results provided no differences following 
IFP resection based on ISR, KSS, or patient satisfaction 
and mixed evidence for patellar tendon length, pain and 
knee flexion following IFP resection. Interestingly, studies 
of shorter follow-up intervals suggested improved pain 
following resection, while reports of longer follow up times 
indicated that resection resulted in increased pain (47). 
Based on the current literature, it is thus difficult to conclude 
whether IFP resection versus retention is preferred in cases 
of TKA (47). Based on the results herein, future clinical work 
may benefit from focusing on gender and patient mobility 
after resection to best indicate which technique would 
provide guidelines for optimal surgical outcomes in patients. 

Characterization of IFP/SC versus FCT

In human clinical studies, the IFP has been studied to 

understand the pathophysiology of arthrofibrosis and the 
necessity for TKA (48-50). Macroscopically, IFP tissue in 
the absence of disease presents as homogenous, fatty tissue 
whereas IFP tissue taken at the time of TKA presents 
as dense, pigmented tissue (49,51,52). Histologically, 
tissue remodeling, inflammation (7), increased collagen 
deposition and increased fibroblast staining has been 
observed in the location where the IFP was removed at the 
time of TKA (49,51,52). As previously cited, Drs. Hoffa 
and Becker were the first to describe the replacement 
process as hyperplasia resulting in fibrous tissue without 
any intervening fat after TKA (52).

Morphologic tissue and cellular changes following 
removal of the IFP/SC in females of this animal model were 
similar to those seen in people with TKA as well as the male 
cohort (21). Specifically, removal of the IFP/SC resulted 
in FCT in this anterior location. The histomorphology 
of these tissues via H&E stained knee joints was further 
supported by transcript analysis, demonstrating decreased 
expression of key adipose-related molecules adiponectin, 
leptin, and fatty acid synthase. These same molecules 
were similarly decreased in the male cohort of guinea pigs. 
Interestingly, females in this study also showed a decrease 
in CIDEC in FCT when compared to native IFP/SC; this 
was not the case in males (21). CIDEC, or FSP27, mediates 
lipid droplet growth by promoting directional lipid transfer 
from smaller to larger lipid droplets (53). It has been closely 
linked to the development of metabolic disorders, including 
obesity, diabetes, and liver steatosis (54,55). CIDEC is most 
highly expressed in white and brown adipose tissues; in 
the context of the IFP/SC, however, there is no previous 
research to elucidate the role of CIDEC. It is reasonable to 
assume the decreased CIDEC expression with removal of 
the IFP/SC may be due to the lack of adipose tissue and/
or droplets in the FCT. Still, the function of this mediator 
in the context of OA and IFP/SC removal warrants further 
consideration, particularly in regards to sex differences.

A focus of this study was to scrutinize the inflammatory 
and degradative mediator changes between the FCT and 
native IFP/SC. Notably, insight into how this adipose 
depot could contribute to OA pathogenesis in the 
context of obesity, meta-inflammation, and/or metabolic 
disease syndrome may be gleaned from the absence of 
signalling pathways classically associated with each of these 
conditions. For example, previous studies have established 
that elevated pro-inflammatory cytokines are among the 
critical mediators in OA pathogenesis (56-58); leptin, in 
particular, exerts a proinflammatory role (59,60). For this 
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female guinea pig study, leptin expression was decreased 
in the FCT relative to the IFP/SC; this was also true for 
male guinea pigs (21). Indeed, leptin levels were higher in 
synovial fluid and serum of OA patients compared with 
controls (61) and have shown a positive correlation with 
severity of OA (62). An in vitro study demonstrated that 
leptin increased MMP production in human OA cartilage 
and correlated with MMP-1 and MMP-3 in OA synovial 
fluid (63). Furthermore, Bao et al. (64), provided evidence 
that leptin increases the gene expression of ADAMTS-4 
and -5 (64) as well as production of nitric oxide (NO), 
prostaglandin E2 (PGE2), interleukin (IL)-6 and IL-8 (64). 
It is thus plausible that the absence of leptin in the FCT 
group contributed to the improvement in joint pathology 
noted in this study.

MAPK pathways, in particular, play important roles in the 
metabolic and biomechanical pathways associated with the 
pathogenesis of OA (65,66). Specifically, MAPK inhibitors 
have been extensively studied as potential therapeutic 
avenue for OA treatment. In a rabbit model, enzyme papain 
was intra-articular injected to induce early-stage OA; 
investigators demonstrated that MAPK inhibitors reduced 
the severity of OA through significantly lower histologic OA 
scores and increased proteoglycan levels, as well as decreased 
MMP3 protein expression in cartilage (67). Interestingly, 
removal of IFP/SC exhibited similar findings to this study, 
whereby signal transcription factors, including MAPK gene 
expression, were lower in the FCT relative to native IFP/SC. 
In addition, we also observed a decrease in oxidative stress 
(KEAP1), antioxidant mediators (GPx4, NOS3, Catalase), 
and the complement system (C3), which can be regulated by 
converging MAPK regulated pathways (68-70).

In contrast to the male cohort, our present study 
demonstra ted  increased  TIMP-2  and  decreased 
ADAMTS-4 protein expression in FCT tissue relative to 
IFP/SC; these findings were also observed in the cartilage 
of the lateral tibial plateau. The change in expression of 
TIMP-2 and ADAMTS-4 in the FCT may be relevant 
for both cartilage degeneration and bone remodeling in 
female guinea pigs. OA is characterized by subchondral 
bone remodeling and osteophyte development as cartilage 
is damaged by abrasion and inflammation (32,71). 
Inflammatory mediators and cytokines, such as those 
identified above, are factors that accelerate degenerative 
joint disease by inducing the expression of other cartilage 
extracellular matrix (ECM)-degrading factors, including 
but not l imited to iNOS, MMPs and ADAMTS-4 
(63,70,72). Numerous studies have been conducted to 

examine the ADAMTS family. ADAMTS-4 expression is 
induced by proinflammatory cytokines and active forms of 
ADAMTS-4 were shown to be increased in synovial fluid 
samples of patient with OA (73,74); the related aggrecanase 
ADAMTS-5 has also been found to be expressed in human 
chondrocytes and synovial fibroblasts. Further, mice with 
injury induced destabilization of medial meniscus (DMM) 
with double-knockout of ADAMTS-4 and ADAMTS-5 
had mild OA when compared to wild type mice that had 
developed moderate OA 8 weeks after surgery. Their 
findings suggest that deletion of ADAMTS-4/5 provided 
significant protection against proteoglycan degradation and 
decreased the severity of injury induced OA (73). Hashimoto 
et al. examined the inhibitory activity of TIMP-1, -2, -3 
and -4 against human ADAMTS-4 in ex vivo OA cartilage. 
Collectively, their data suggest that up-regulation of 
TIMPs may be beneficial to halting joint degeneration (74).  
These existing manuscripts support the protein changes 
seen in our IFP/SC removal study in the female cohort. Of 
note, we did not observe a strong correlation to degradative 
mediated changes in the FCT and the native IFP in the 
male cohort; however, these findings justify additional 
studies to investigate ADAMTS and TIMP as it relates to 
sex differences in the IFP/SC model. 

In regards to mechanical testing, our work suggested 
that the bone-tendon interface should be considered in the 
context of removal of the IFP/SC in this sex. We found that 
female guinea pigs demonstrated a decrease in the elastic 
modulus of the pull to failure test, which was a measure of 
both the patellar tendon and the associated FCT or IFP/
SC. In an attempt to understand the relationship between 
tendon stiffness and failure, previous researchers conducted a 
meta-analysis of pooled mechanical data from representative 
sample of tendons from different species (75). Fifty studies 
were analyzed, which included healthy tendons, injured and 
healing tendons, genetically modified tendons, and allograft 
preparations; species, mechanical environment, and age 
were also considered. Tendons from rodents (rats and mice) 
and rabbits were shown to have lower elastic modulus 
and exhibit higher strain (noted by the higher ratio of 
ultimate stress to elastic modulus) (76). Further, the results 
confirmed that, within species, elastic modulus and ultimate 
stress are highly correlated, suggesting that tendon failure 
is highly strain dependent. Specifically, the mechanical 
behavior of normal/healthy and healing tendons (from 
transection or collagenase injection injury rodent models, 
respectively) confirmed that elastic modulus and ultimate 
stress have a strong linear correlation. Cumulatively, these 
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studies suggest that the lower elastic modulus of the pull 
to failure test in this female cohort may be attributed to 
the fact that the FCT was still in a state of healing and/
or remodeling. Transcript and protein analyses conducted 
provided evidence that the FCT exhibited changes in 
degradative mediators, specifically MMP2. These findings 
would warrant further investigation into glycosaminoglycan 
(GAG) content within the IFP/SC and FCT tissues, which 
might further explain the structural integrity of these  
tissue types.

In an attempt to further understand the biomechanical 
changes seen in the FCT versus IFP/SC, we employed 
AAS to characterize the trace element profile in IFP/SC vs. 
FCT as well as patellae and patellar tendons. Remarkably, 
of the five trace elements (Ca, Mg, Zn, Fe and P) assayed, 
differences were only associated with Zn in the female 
cohort. This may be due to the role and/or function that 
Zn plays in the homeostasis and cellular metabolic pathways 
of different tissue types (76,77). In particular, it was noted 
that Zn increased in patellar tendons associated with knees 
containing the FCT. As insinuated above, these findings 
may be associated with tissue remodeling. Future Zn specific 
experimentations will need to be pursued to understand the 
role of this trace element in individual tissues. 

Characterization of joint pathology

This work demonstrated that resection of the IFP/SC 
before OA development in a female cohort of a guinea pig 
strain that develops primary OA had short-term benefits. 
Notably, histopathology for OA confirmed that the knee 
containing the native IFP/SC was more severe relative 
to the knee with the replacement FCT. This finding was 
comparable to the male guinea pig cohort; interestingly, 
however, IFP/SC removal in female Dunkin Hartley 
guinea pigs benefited their lateral tibial compartment, 
whereas the male cohort OA score was attributed to 
improvements in their medial tibial compartment. Future 
studies in this OA model will focus on the influence of 
sex hormones on OA progression. Indeed, it has been 
hypothesized that sex hormones play a critical role in the 
progression of OA. Ma et al. (78) investigated the role of 
sex hormones in cartilage degradation in a murine model 
accelerated DMM. They found that sex hormones play 
a critical role in the progression of OA in the DMM 
surgical model, with males having more severe OA than  
females (78). 

In regards to microCT findings in this female cohort, 

the only statistical difference identified was that the TbTh 
of the medial femoral condyle was significantly decreased 
following removal of the IFP/SC. Previous research 
conducted in female Dunkin Hartley guinea pigs revealed 
that 5-month-old animals had significantly less TbTh in 
their combined medial & lateral femoral condyles when 
compared to 1-month-old (79). The relevance of changes 
in TbTh of the femoral condyles outside of the context 
of aging is unclear; however, the presence of significant 
changes in more than one study indicates a potential value 
to considering trabecular bone changes in each individual 
femoral condyle. 

Previous studies have reported the biomechanical/
material properties of healthy human knee joint articular 
cartilage (80) and compared these parameters from healthy/
non-OA joints OA; these manuscripts have consistently 
reported a decline in instantaneous and equilibrium moduli 
associated with the presence of OA disease (80-86). In a 
clinical study, these investigators provided evidence that 
correlations were found between site-matched cartilage 
and subchondral bone material properties changes during 
progression of aging and OA. Defining sex differences, 
however, was not a focus of their findings. The study 
presented herein demonstrated that the cartilage of the 
lateral tibial plateau in the knee containing the FCT 
had decreased indentation mechanical properties when 
compared to IFP/SC; this corresponded to improved 
OARSI histopathology scores. We previously interpreted 
these lower values to be more appropriate for healthy 
cartilage based on existing studies (21). 

AAS was utilized to characterize the trace element 
profile in tibial cartilage as well as cortical and subchondral 
trabecular bone of both femoral condyles. As for AAS 
results described above, Zn was the only trace element with 
statistical differences noted in these key tissues. Here, we 
demonstrated that there is a decrease in Zn concentration 
in the lateral tibial cartilage of the knee with the FCT when 
compared to knee containing the native IPF/SC; these 
findings were associated, but not statistically correlated, 
with improved OA scores. In contrast, it was noted that Zn 
increased in the cortical and subchondral trabecular bone of 
the lateral femoral condyle of knees with the FCT. Previous 
studies have defined the hallmark of OA as the accelerated 
catabolism elicited by increased expression of MMPs and 
ADAMTSs (86). These matrix-degrading enzymes require 
Zn2+ for their maturation and catalytic activity, perhaps 
suggesting an association of intracellular Zn2+ homeostasis 
and OA pathogenesis (77,87). Kim et al. investigated the 
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role of Zn homeostasis as it relates to transporters and 
Zn-dependent transcription in OA pathogenesis (88). 
Collectively, they demonstrated that the zinc-ZIP8-metal 
transporter factor-1 (MTF1) axis in chondrocytes promotes 
a catabolic cascade via MMP3, MMP13, and ADAMTS5 
that may incite OA. Further, their findings support that 
local reduction of Zn, restriction of ZIP8 function or Zn 
influx, and/or hindering MTF1 activity in joints could hold 
promise for treating OA (88,89). Our present findings lend 
additional support to their assertions. 

There are confines to this work worthy of discussion. 
First, resection of the IFP/SC prior to OA provides 
limitations for clinical use in patients with OA. Therefore, 
additional time points are needed to examine the long-
term benefits of IFP/SC removal during OA progression, 
and following end-stage disease. Second, biochemical 
analysis such as GAG content in conjugation with 
biomechanical compression analyses could provide a more 
comprehensive explanation to differences observed by 
defining the structural composition of the knee joint tissues. 
As previously acknowledged in our male cohort (21), the 
opposite knee served as a control to allow confirmation 
of within animal differences. Future studies will examine 
bilateral IFP/SC removal to reduce concerns related to 
compensatory limb effects. While the results from these 
studies are promising and show a delay in OA onset in 
both males and females, a longer-term study is currently 
underway to evaluate the potential influence of IFP/SC 
removal in late-stage OA. 

Conclusions 

Our data suggest that the IFP/SC contributes to knee 
OA development in female Hartley guinea pigs and that 
amputation of the IFP/SC prior to disease development had 
short-term benefits. Specifically, the formation of the FCT 
in place of the native tissue resulted in decreased cartilage-
related OA changes, as demonstrated by reduced OARSI 
histology scores, as well as changes in transcript, protein, 
and cartilage indentation analyses. In conjuction with 
our report in male Hartley guinea pigs, our data provides 
evidence that sex needs to be considered when investigating 
potential responses and associated mechanisms seen with 
this intervention. Specifically, our results demonstrate that 
there are sex differences associated with early removal 
of IFP/SC and subsequent reduced OA development. 
Continued work will address findings at later stage time 
points in both sexes. 
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