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ABSTRACT

THE ROLES OF IRON, THE INFRAPATELLAR FAT FAD, AND DIETARY FACTORS IN

THE HARTLEY GUINEA PIG MODEL OF SPONTANEOUS OSTEOARTHRITIS

Osteoarthritis (OA) is the most prevalent musculoskeletal disorder across the world,
affecting close to 300 million people. The disease manifests as degeneration and loss of articular
cartilage, synovial hyperplasia, formation of osteophytes, subchondral bone remodeling, and
joint space narrowing. These changes result in decreased range of motion as well as painful
mobility in affected individuals. The knee joint is the most commonly afflicted joint.
Osteoarthritic changes may develop secondary to a localized injury, referred to as post-traumatic
OA. Degenerative changes can also develop without an inciting cause, which is referred to as
spontaneous, or primary OA. Spontaneous OA is an insidious disease that is associated with
aging, and, more recently, with obesity. The mechanisms contributing to disease development
are not yet fully characterized, which has impeded implementation of successful treatment
options. Currently, there are no treatments that are able to restore degraded cartilage. Thus, most
patients with symptomatic knee OA undergo costly total knee joint replacement surgeries. The
aims of this dissertation were to explore the roles that aging-associated iron accumulation, the
infrapatellar fat pad, and calorie restriction with various diets may play in OA development.
These studies were performed in the Hartley guinea pig, one of the only small animal models of
spontaneous OA. One study was performed in Strain 13 guinea pigs, a strain that is OA-resistant.

Iron is an element that acts as a double-edged sword. It is essential for oxidative

phosphorylation and heme synthesis, yet its redox potential means it has the capacity to incite



oxidant damage when present in excess. As there is no direct excretion mechanism for iron, it
tends to accumulate slowly within tissues over time. This cellular iron accrual has been
implicated in many degenerative diseases associated with aging, but its potential role in
spontaneous OA has not been well-studied. In our first studies, we demonstrated that systemic
iron levels have an influence on OA. We were able to induce bony and cartilage lesions in OA-
resistant Strain 13 guinea pigs by systemic administration of iron dextran.
Immunohistochemistry (IHC) indicated higher levels of lipid peroxidation in cartilage, menisci,
the infrapatellar fat pad (IFP), and synovium in the iron overload animals. Special stains revealed
that iron content was significantly higher in the IFP in these animals, which we propose serves as
a local depot of oxidant damage to the knee joint. In a parallel study, we fed OA-prone Hartley
guinea pigs an iron deficient diet to determine if reducing systemic iron levels may have a
protective effect on the knee joint. Cartilage lesions were significantly lower in the iron deficient
diet group compared to controls. Likewise, IHC for lipid peroxidation revealed less oxidant
damage in the iron deficient pigs. However, no differences were noted in knee joint iron content,
so the exact mechanisms for the lessened OA remain unclear.

Because the iron overload study pointed to the IFP as a potential iron depot, we wanted to
further characterize how this adipose tissue contributes to overall knee joint homeostasis. First,
we demonstrated that quantitative iron content in the IFP was increased in aged, osteoarthritic
guinea pigs compared to young, healthy animals. Gene expression data collected suggested that
dysregulated iron trafficking, particularly increased expression of ZIP14 — which has been linked
to pathologic iron uptake in other conditions — may be contributing to this aging-associated
increase of iron in the IFP. Because of our suspicion that the IFP may be inciting local oxidant

damage to the knee, we surgically removed it from a set of young Hartley guinea pigs. An



identical sham procedure was performed in the contralateral limb. Four months post-surgery,
animals were collected to evaluate OA in both limbs. Both cartilage and bony OA scores were
markedly decreased in the IFP removal limb compared to the sham surgery limb. It is possible
that removal of the IFP removed a source of local inflammatory mediators and iron, which
resulted in lessened OA. As the IFP was replaced by a thick band of fibrous connective tissue,
increased joint stability was also considered a contributing factor. Future studies will more
closely examined contributions of biomechanical factors that may be at play.

Finally, we aimed to determine how dietary manipulations may influence early OA, as
previous studies suggest that calorie restriction may improve end-stage OA. Additionally, many
studies have shown high fat diet (HFD)-induced obesity plays a role in OA development due to
the inflammatory nature of excess adipose tissue. In our study, we demonstrated that calorie
restriction with a low fat regular chow diet, but not a calorie restricted HFD, delayed onset of
OA in Hartley guinea pigs. In fact, the HFD group had higher levels of systemic inflammation
than the restricted regular chow group. The HFD group had similar levels of inflammation and
OA scores as obese animals. Thus, we concluded that the pro-inflammatory nature of a HFD

supersedes any positive effects of calorie restriction in the onset of spontaneous OA.
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CHAPTER 1

LITERATURE REVIEW

1.1 Importance of Osteoarthritis.

Osteoarthritis (OA) is a degenerative disease of joints that is hallmarked by loss of
articular cartilage, formation of osteophytes, synovial hyperplasia, and thickening of subchondral
bone!. These changes often result in decreased range of motion, and, therefore, contribute to
inhibited and sometimes painful mobility for affected individuals. The loss of the ability to move
freely and without pain is a key problem leading to a decreased quality of life in those suffering
from OAZ?. As with many degenerative diseases, the biggest risk factor associated with OA is
age®. However, obesity is closing in on age as one of the most prominent risk factors contributing
to development of this disease®. Other identified risk factors associated with OA in people
include female sex, African American race, and physically demanding jobs with frequent knee
bending®>~".

In general, there are two broad categories of OA. First, there is primary OA, which is also
commonly referred to as spontaneous OA or naturally-occurring OA. In spontaneous OA, which
is the main focus of this dissertation, the onset and/or predisposing cause of disease is unknown.
In other words, there is no defined event that incites OA pathology. This is in contrast to
secondary or post-traumatic OA (PTOA) where a single event, usually a traumatic injury to the
joint, initiates onset of the degenerative changes®®. In addition to having a clear inciting incident,

individuals with PTOA often develop chronic changes similar to those seen in spontaneous OA®.



PTOA commonly affects younger individuals, athletes, and military personnel, while
spontaneous OA affects older individuals®®.

Unfortunately, in the case of primary OA, the mechanisms leading to the onset and
progression of this debilitating disease are poorly understood. There are likely numerous
complex factors at play contributing to OA, which are addressed in more detail, below. In
addition to the lack of understanding of the pathogenesis of spontaneous OA, there are currently
no treatment options that are able to restore damaged cartilage to normal structure or function.

Rather, treatment is aimed at symptom modification and pain relief*

. Of relevance, cartilage is
an avascular tissue, and, as such, faces unique difficulties in repair compared to other tissue
types™*2. Because of this, most patients with end stage disease either endure symptomatic relief
with chronic use of anti-inflammatory medications, or they may undergo costly total joint
replacement surgery. Notably, these surgeries cost the United States over $185 billion a year®.
Further, pain management with anti-inflammatories often comes with a host of unwanted side

4 Thus, more research is needed to fill

effects and may not provide satisfactory pain relie
knowledge gaps in our understanding of OA. Better comprehension of OA may lead to more
treatment options that may restore damaged cartilage or prevent cartilage breakdown from

occurring in the first place.

1.2 Current Understanding of Osteoarthritis Pathogenesis.

Spontaneous OA has historically been considered a “wear and tear” disease of joints due
to mechanical breakdown of cartilage over time. However, we now know that inflammation
plays an essential role to disease pathogenesis®®. Nonetheless, the complex pathogenesis leading

to OA remains loosely defined, and there is much we still do not understand. In the case of



PTOA, recent studies suggest that injury to the joint stimulate the release of inflammatory
cytokines such as IL-1, IL-4, IL-13, and TNF, as well as matrix-degrading metalloproteinases
(MMPs) from chondrocytes, synoviocytes, and osteoblasts'®™%. Once MMP activity is underway,
chondrocytes undergo hypertrophy while simultaneously losing their ability to produce cartilage
matrix'’. At the same time, chondrocytes release vascular endothelial growth factor (VEGF),
which can lead to increased vascularization of the synovium and the whole joint**?. Along with
this destruction of cartilage matrix and vascularization, subchondral bone also undergoes
pathologic remodeling, which can lead to the formation of cysts and osteophytes'®,

In aging individuals, chondrocytes, like other cells, exhibit increased production of
inflammatory cytokines. Advanced glycation end products (AGES) — proteins and lipids that
have been glycated due to sugar exposure — are implicated in this process. With age, AGEs
accumulate in articular cartilage and bind to chondrocyte receptors that increase secretion of pro-
inflammatory cytokines and VEGF#~2*. Another factor possibly contributing to the increased
inflammatory status of chondrocytes is “inflammaging,” where systemic levels of inflammatory
cytokines slowly increase with age?. Inflammaging has been implicated in a variety of aging-
associated diseases including Alzheimer’s, atherosclerosis, type Il diabetes, cancer, and heart
disease®. Inflammaging has also been implicated in spontaneous OA. This steady rise in pro-
inflammatory mediators and oxidants is persistent, low-grade, and considered non-resolving®.
Circulating levels of IL-6, specifically, exhibit a strong and robust association with age-related
disease and mortality?. Of note, higher levels of IL-6 were found in individuals with knee joint
OA and were associated with a higher risk of disease progression?’. Studies examining the

possibility of local inflammaging within the joint are needed.



1.3 Effects of Obesity, Diet, and the Infrapatellar fat pad.

A major risk factor associated with both inflammaging and development of OA is
obesity*. Historically, it was believed that increased load-bearing on joints was the driving
factor of the OA seen in obesity. However, because these individuals often experience OA in
non-weight-bearing joints, such as the hands, increased load cannot entirely explain the link
between OA and obesity?®. The low-grade systemic inflammation associated with obesity is now
considered a major contributor to disease pathogenesis®. Likewise, as people age, muscle mass
decreases while fat mass increases. This increased fat mass, even without overt obesity, may
contribute to systemic inflammaging and OA in aging people®®. Inflammation from adipose
tissue is primarily attributed to infiltrating macrophages®. Other factors contributing to an pro-
inflammatory state in obese individuals include enhanced translocation of lipopolysaccharide
from the gastrointestinal tract to the bloodstream®” and stimulation of the innate immune
response by circulating saturated fatty acids®®. Increased leptin, an adipokine that is dysregulated
in obesity, promotes inflammation through stimulation of IL-1, tumor necrosis factor (TNF), and
IL-6**. Leptin has also been shown to promote OA by increasing activity of MMPs and
aggrecanases that degrade the cartilage matrix®**°. A large study investigating the contribution of
adipose mass to levels of systemic inflammatory cytokines found that obese individuals with
knee OA had increased circulating 1L-6%. Additionally, those study participants who lost at least
10% of their fat mass demonstrated a decrease in their IL-6 levels, as well as decreased knee
pain®. Together, these findings lend support to the role of obesity-related systemic inflammation
in the pathogenesis of OA.

Numerous animal studies have investigated the mechanisms behind obesity-driven knee

OA. Most of these studies utilize a high fat diet (HFD) to induce obesity*>*"~**. HFDs used in



these rodent studies are typically comprised of 40-60% fat, with animal-based saturated fats as
the primary component. While most of these studies employ an injury to incite OA, they all
provide convincing evidence that HFD-induced obesity results in worsened OA. A common
finding in these HFD studies is that an increased fat mass, not overall body weight, is the key
factor associated with worsened QA3237:38.4043,

In addition to systemic obesity, local adipose tissue in the knee joint, the infrapatellar fat
pad (IFP), likely also plays a role in OA pathogenesis. The IFP is the largest adipose depot
within the knee joint, but its exact purpose remains poorly understood. Functions of the IFP are
thought to include distribution of synovial fluid across the joint as well as mechanical shock
absorption*~®. Due to presence of leukocytes within the IFP, it is also primed to be a source of
inflammatory mediators that contribute to OA*"*>"*%, One study found that IFPs from women
with knee joint OA secreted more than twice the amount of IL-6 compared to subcutaneous thigh
fat from the same individuals®. Another study showed that IFP volume increased with age and
was correlated to increasing knee joint OA in people®. An in vitro study demonstrated that
human articular cartilage explants displayed increased MMP activity when cultured in media
conditioned with IFP-derived adipocytes collected from individuals with knee joint OA®®.
Collectively, these studies provide evidence of the role the IFP plays in OA pathogenesis.
Additional studies are needed to further clarify our understanding of how the IFP contributes to

knee joint health and OA in aging and obese people.

1.4 Rodent Models of Osteoarthritis.
As naturally-occurring OA takes many years to develop in humans, animal models have

been crucial to our understanding of the disease. Complicating matters further is that the disease



course in humans can be unpredictable, symptoms frequently appear late in the course of disease,
and radiographic outcomes do not always correlate with clinical signs>®*’. While numerous
animal models are available to study OA, there is no single universally accepted model that most
accurately reflects human disease™.

Animal model selection usually depends on whether spontaneous OA or PTOA is being
investigated. There are a variety of models to study PTOA, typically utilizing mice and rats™.
Methods to induce PTOA include destabilization of the medial meniscus, meniscectomy,
transection of the anterior cruciate ligament or collateral ligaments, creation of an articular
cartilage groove defect, and non-invasive models of ligament injury®®. Benefits of studying
PTOA include reproducibility in a laboratory setting and rapid onset of disease®®. However,
many of these models do not recapitulate the pathology seen in human primary OA, which is the
predominant form of degenerative arthropathy.

While mice and rats are excellent models of PTOA, these rodents do not typically
develop spontaneous OA. There are two major rodent models of primary OA: the Hartley guinea
pig and the STR/ort mouse. The STR/ort mouse is an inbred strain that develops OA-like lesions
early in life, particularly in males®®. However, this strain may not be directly translational, as
studies point to an inherent defect in endochondral ossification as the major driver of their OA
pathology®®. The biggest cons to using mice are the small size of tissues, and mouse cartilage
lacks the three distinctive zones of cartilage present in humans™. Benefits include the fast course
of disease, cost, and readily available reagents. Many studies employ genetically modified mice
to examine the role that single genes may play in the pathogenesis of primary OA™. These
models have provided important information regarding specific genetic contributions to the

development of OA. Nonetheless, spontaneous OA is a polygenic disease process, and



experiments in knockout mice may oversimplify the pathology, thus limiting their
translatability™.

The Hartley guinea pig may provide the best representation of the pathologic changes
seen in human spontaneous OA™. These animals have many advantages, including pathology
that closely mimics that seen in humans®, larger tissue size, and cartilage structure similar to
humans®®. They have also been used to study inflammation within the joint®. Another strain of
guinea pig commonly used in OA research is the Strain 13 guinea pig. Unlike the Hartley guinea
pig, Strain 13 animals are considered OA-resistant®*®2. Thus, they are a valuable comparison
strain to Hartleys.

Specific to iron metabolism, which is a major focus of this dissertation, guinea pigs have
a more similar sequence and tissue distribution of hepcidin (discussed in more detail in “Iron
Homeostasis” section, below) to humans compared to other rodents®®. Additionally, they have a
dietary requirement for vitamin C, similar to humans®. This may be an important consideration
in studies exploring oxidant damage, as vitamin C is a natural antioxidant. Limitations of using
guinea pigs include increased cost and general lack of commercially available laboratory

reagents.

1.5 Current Outcome Measures of Osteoarthritis.

In animal models of OA, histopathology remains the gold standard for evaluation of
pathologic joint changes®. Other commonly used outcome measures include imaging,
biomechanics, pain assessment, and gait outcomes'®. Over the years, numerous histopathologic
scoring systems have been devised. These scoring schemes were based on human pathology and,

thus, were modified to better fit animal models®®. There were inherent limitations to these early



grading schemes, so the Osteoarthritis Research Society International (OARSI) formed a
working group in 2010 to develop standardized scoring systems to grade OA in animal models®.
The goal of this working group was to create a grading system that was simple, useful, and that
would allow for comparison of results across studies®’. In the guinea pig, OARSI guidelines
include the grading of articular cartilage surface integrity, cartilage proteoglycan content,
chondrocyte cellularity, presence of osteophytes, and integrity of the tidemark®.

Apart from histology, radiographic imaging is a mainstay in the diagnosis and monitoring
of progression of OA. These modalities allow for visualization of bony changes associated with
OA. In people, plain X-ray radiographs are commonly used in clinical practice to demonstrate
joint space narrowing and presence of osteophytes®®. Drawbacks to plain radiography include
lack of ability to evaluate cartilage and meniscal changes and lack of sensitivity to detect subtle
and early changes associated with OA™®. Computed tomography (CT) scans create 3D
reconstructions of bony structures from many 2D image slices. MicroCT is commonly utilized in
animal studies and provides excellent visualization of subchondral bone changes such as
sclerosis and the presence of cysts™°. Contrast-enhanced microCT also permits visualization of
cartilage changes”.

Magnetic resonance imaging (MRI) addresses the limitations of radiography by allowing
visualization of cartilage, menisci, synovium, and ligaments’*. Additionally, MRI can be used to
monitor changes in water and glycosaminoglycan content within the cartilage'®. Because of this
enhanced ability to evaluate non-invasively many structures of the joint and to detect early OA,
MRI is on-course to replace plain radiography and potentially CT scans in the clinic. High cost is
the most limiting factor affecting its widespread use currently’’®. MRI is increasingly being

used in studies of animal models of OA™.



1.6 Iron Homeostasis.

This section contains original material from *““Pigments: Iron and Friends’ written by Lauren
Radakovich and Christine Olver published in Veterinary Clinics of North America Small Animal
Medicine in January 2017 used with permissions by providing the following Science Direct link:

https://doi.org/10.1016/j.cvsm.2016.07.002

1.6.1 Functions of Iron.

Iron is an element essential for life and maintaining normal organism function. In
mammals, the vast majority of iron is used to synthesize hemoglobin, the oxygen-carrying
protein in erythrocytes. It is also necessary for the production of myoglobin, oxidative
phosphorylation within mitochondria, DNA synthesis, and making iron-sulfur containing
proteins™. While iron is critical for survival and its deficiency can lead to anemia, it is also
dangerous in high amounts as it can promote free radical damage. It plays a central role in the
Fenton reaction, where oxidation-reduction (redox) reactions with hydrogen peroxide release
hydroxyl and hydroperoxyl radicals’™ . These reactive oxygen species (ROS) promote lipid

peroxidation and DNA damage.

1.6.2 Iron Absorption.

Because iron is necessary for life but is also toxic in excess, mammals have evolved an
intricate system for its regulation and availability. Surprisingly, mammals have no designated
mechanism for iron excretion. Rather, total body iron is regulated by controlling how much is
absorbed through the gastrointestinal (GI) tract. Iron can be absorbed in either heme (from
animal sources) or non-heme (from plant sources) forms. Each form is transported across the

enterocyte’s apical membrane by a transport protein. Once within the enterocyte cytoplasm, iron



may be stored within ferritin, a cytosolic protein that can bind thousands of Fe** particles, thus
maintaining iron in a soluble and non-toxic form. If the body is iron-replete, iron will remain
within enterocytes as ferritin and be lost with normal sloughing of the Gl tract epithelial surface.
If there is a need for iron, as with iron deficiency or anemia, the ingested iron will be transported
through the basolateral side of the enterocyte via ferroportin, the only cellular iron exporter
identified to date””. After passing through ferroportin, iron is oxidized to the ferric form by
hephaestin, a ferroxidase on the basolateral enterocyte membrane, to mediate binding of iron to

the plasma protein transferrin.

1.6.3 Iron Transport, Uptake, and Recycling.

Transferrin is the transport protein that carries iron throughout the bloodstream to reach
its targets, primarily the erythroid cells of the bone marrow. Each unit of transferrin can carry
two molecules of ferric (Fe**) iron™. Iron must be bound to transferrin within the blood to
prevent oxidant damage. Once iron-bound transferrin reaches the bone marrow, it binds to
rubriblasts (the earliest erythrocyte precursors) via the transferrin receptor (TfR1). The resulting
complex is internalized within an endosome, ultimately resulting in the release of iron from
transferrin. lron exits the endosome while the empty transferrin receptor is recycled to the
exterior of the cell where it can then bind more iron, if needed.

Macrophages within the splenic red pulp also play a major role in regulating iron
availability. Most of the iron arriving at the bone marrow is recycled from these macrophages.
As erythrocytes become senescent, they are cleared from the blood via erythrophagocytosis by
macrophages. Macrophages also have receptors CD163 and CD91 to scavenge iron from

haptoglobin-bound hemoglobin and hemopexin-bound heme, respectively. Macrophages can
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also endocytose transferrin-bound iron via TfR1 (CD71). Once senescent red blood cells, heme,
or hemoglobin are endocytosed, heme is degraded by heme-oxygenase 1 (HO-1) to release iron
(and biliverdin), which is then exported from the endosome via DMTL1. Likewise, when
transferrin-bound iron binds to TfR, the complex is internalized, acidification of the endosome
results in the reduction of iron, promoting its release from transferrin. The ferrous iron exits the
endosome via DMT1 while TfR is returned to the cell membrane®. Once iron is present in
macrophages, it has two potential fates: 1) it can be exported through ferroportin where it is
oxidized by ceruloplasmin (a ferroxidase similar to hephaestin) to then bind transferrin, or 2)
iron can be stored in the macrophages cytoplasm in ferritin. Should ferritin stores become

maximally filled, then hemosiderin begins to accumulate, as described below.

1.6.4 Iron Storage and Regulation of Iron via Hepcidin.

Excess iron is stored as ferritin, primarily in the liver. Ferritin is a protein complex
comprised of numerous heavy (H) and light (L) chains, which form a protective shield around
iron to prevent free radical damage. The H chain has ferroxidase activity, keeping iron in the
ferric state, which is less able to participate in the deleterious Fenton reaction. The L chain is
involved in electron transfer to allow iron release from ferritin when there is peripheral
demand®. Iron stores, in the form of hemosiderin, are also present in the spleen and in the bone
marrow of most mammalian species. These stores serve as a backup source of iron should there
be unexpected blood loss. Iron stores may also be present in increased numbers in areas where
local hemorrhage has occurred, such as in hematomas or within the local lymph node near an
injured site. Hemosiderin is another storage form of iron that is a complex of ferritin and

denatured ferritin. It is a non-soluble form of iron that forms when there is iron overload.
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Essentially, ferritin becomes oversaturated with iron molecules, resulting in damage to ferritin.
This damage allows iron to come into contact with redox reactive molecules in the cell
cytoplasm, initiating free radical damage. The cell’s response to this free radical damage is
autophagy, where the damaged ferritin is engulfed by lysosomes. Damaged and degraded
ferritin within lysosomes is classified as hemosiderin®. The body relies on iron stores to support
hemoglobin synthesis when iron becomes scarce, as seen with an iron-poor diet or chronic
external blood loss.

When iron stores reach a maximum level and further absorption carries the risk of ROS
formation, the liver is stimulated to produce hepcidin, the “master iron regulator”®. Hepcidin,
encoded by the Hamp gene, is a peptide secreted by the liver in response to high total body iron
levels. Hepcidin binds to ferroportin, resulting in its internalization and degradation.
Subsequently, ingested iron cannot be exported from enterocytes, thus no iron is absorbed into
the bloodstream. Likewise, iron cannot be exported from macrophages or hepatocytes. The
result is a decreased amount of iron present in the bloodstream available to bone marrow
erythroblasts.

Hepcidin is also induced by systemic inflammation, primarily through interleukin-6 (IL-
6) activation. IL-6-induced production of hepcidin is an attempt by the body to sequester iron
from potential invading pathogens. If inflammation is chronic, functional iron deficiency often
develops. This term refers to ongoing iron sequestration within macrophages and duodenal
enterocytes, thus limiting iron bioavailability to the bone marrow. Eventually, this iron
sequestration can lead to anemia. This inflammation-induced anemia is termed anemia of
chronic disease (ACD) or anemia of inflammation. Hepcidin production is inhibited when iron

deficiency, tissue hypoxia, and anemia are present®. In the absence of hepcidin, ferroportin

12



remains on enterocyte, hepatocyte, and macrophage membranes, thus allowing iron to be readily

absorbed and cycled throughout the body.

1.7 Iron in Aging and Osteoarthritis.

Progressive iron accrual has been linked to many aging-associated chronic diseases, due
to the toxic effects of iron ions in tissues over time®. Age-related conditions in which excessive
or improperly handled iron is a risk factor include sarcopenia, type 11 diabetes,
neurodegenerative disorders, atherosclerosis, and numerous cancers®®. Additionally, iron
overload in joints has long been implicated in arthropathies associated with hereditary
hemochromatosis®” (HH), rheumatoid arthritis (RA)®*®, traumatic arthropathy, and hemophilic
arthropathy™. In these conditions, excess iron can accumulate from two sources: blood that
enters the joint from either trauma or inflamed synovium, and/or exchange from the labile non-
heme iron pool®®*. Regardless of the mechanism, several human studies have shown
hemosiderin deposits in cartilage and synovium, as well as increased ferritin (the major storage
form of iron) in the synovial fluid of affected joints®®®°. Iron-overloaded synoviocytes release
pro-inflammatory cytokines, including interleukin-1p (IL-1p), IL-6, and tumor necrosis factor®,
that stimulate the catabolic activity of chondrocytes. Iron also has a direct effect on cartilage by
inducing hydroxyl radical-driven chondrocyte apoptosis and breakdown in matrix
components®®. However, the possible role iron accumulation may play in the onset and
progression of osteoarthritis has not been well-explored.

Because iron has emerged as a major contributor in other diseases associated with aging,
it is prudent to consider it may also be driving the onset and progression of spontaneous OA.

Limited studies have examined iron status in the context of spontaneous OA. One such study
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found that serum ferritin levels increased with age and that men with knee OA had higher serum
ferritin concentrations that men without knee joint OA. Further analysis demonstrated that men
with higher serum ferritin levels had a four-fold greater risk of having radiographic knee joint
OA compared to age-matched controls with normal serum ferritin levels®. Another study
revealed that OA patients had significantly higher synovial fluid ferritin concentrations when
compared to patients without OA, indicating that local iron production within the joint space

may contribute to the disease®*.

1.8 Global Hypothesis and Rationale.

The research described in this dissertation aims to firmly establish iron’s role in the
pathogenesis of OA. As such, the global hypothesis of this work is that aging-associated iron
accrual in knee joints contributes to the onset and progression of primary OA by inciting oxidant
damage (Figure 1.1). Additional goals were to determine the contributions of the IFP to the knee
joint and to assess the effects of a Western-style high fat diet on the onset and progression of
disease in a Hartley guinea pig model of primary OA. Lastly, we aimed to develop a clinically-
relevant OA scoring system to be applied to radiographic microCT images, similar to what is
done in human medicine. Based on our hypothesis, we believe limiting ingestion of foods high in
iron content as well as limiting overall fat consumption may be useful in the prevention of

primary OA in people.
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Figure 1.1 — Global hypothesis of this dissertation. We theorize that, throughout aging, there is
progressive accumulation of iron that is influenced by endogenous and exogenous factors.
Specific to OA, there is a “critical iron level” above which joint tissue cannot compensate for
iron-related oxidant damage, which results in OA onset and progression. Of note, this “critical
iron level” may be unique to each individual and can be reached at varying ages.
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CHAPTER 2

DEVELOPMENT OF A MICROCOMPUTED TOMOGRAPHY SCORING SYSTEM TO
CHARACTERIZE DISEASE PROGRESSION IN THE HARTLEY GUINEA PIG MODEL OF

SPONTANEOUS OSTEOARTHRITIS?

2.1 Introduction.

Osteoarthritis (OA) is the most widespread form of arthritis, with estimates that at least
10-15% of those over age 60 suffer from the disease®™. OA is thus a leading cause of pain and
disability across the globe®, with the knee identified as the most commonly affected joint.
Unfortunately, the individual and economic burden of OA is expected to increase as people
continue to live longer and lifestyle factors that contribute to OA, such as inactivity and obesity,
continue to rise®®®,

OA is characterized by loss of articular cartilage, subchondral bone sclerosis, and
synovial hyperplasia and inflammation®. Eventually, these changes lead to loss of normal joint
function, resulting in decreased mobility, pain, and poor quality of life*®. Although great strides
have been made in understanding the underlying mechanisms that contribute to OA, its
pathogenesis is still not completely understood. In particular, there is a lack of understanding of

the inciting and underlying triggers of spontaneous OA, which is the predominant form of

disease and occurs without prior trauma to the joint. Other than symptomatic pain relief and

! Article used with permission from Taylor and Francis (www.tandfonline.com); published in the
December 2017 issue of Connective Tissue Research.
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total joint replacement, treatment options for OA are limited and an active area of
investigation'%,

Numerous animal models have been employed to aid in the study of human OA™*1%3,
These include small animals models, such as mice, rats, guinea pigs, and rabbits, as well as large
animal models, including dogs, small ruminants, and horses®®**%. One outbred rodent species
with spontaneous OA is the Hartley guinea pig, which has joint pathology, especially in the knee,
that mimics that seen in humans™°3%31% Other advantages of the Hartley guinea pig are its
physiologic requirement for exogenous vitamin C*, which is identical to people, and the ability
to collect larger tissue samples than smaller mouse and rat models. As the Hartley guinea pig is
an accepted model for both spontaneous and post-traumatic OA, the Osteoarthritis Research
Society International (OARSI) has developed guidelines on the histologic examination of knee
joints from these animals®.

Of note, histopathology is the predominant outcome measure used in animal models of
OA, as it is considered the gold standard for laboratory work *°. In contrast, radiographic
analysis, typically using X-ray radiographic images, is practical and readily available in the
medical community, making it the main descriptor of joint pathology. This presents a potential
dichotomy when comparing basic and clinical research, as it is not clinically feasible to do
histopathologic assessment of knee joints on human patients outside of total joint replacement
surgery.

Two-dimensional (2D) radiographic images of OA patients are interpreted using a variety
of clinical features, such as presence and location of osteophytes, subchondral bone changes, and

105

articular bone lysis™. Of note, 2D radiography is not often employed for animal work and,

106
d

instead, microcomputed tomography (microCT) is utilized™. MicroCT, a form of advanced
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radiography, provides high resolution images and the ability to view both 2D and 3D
reconstructions of bony structures. It is primarily used in research settings to quantitatively
evaluate bony features such as subchondral bone sclerosis, subchondral bone volume fraction
(BV/ITV), trabecular thickness, and bone tissue mineral density (TMD), particularly in rodent
models such as guinea pigs **"*%. Similar to traditional radiography, microCT can be performed
longitudinally in vivo, allowing researchers to follow OA progression in live animals and direct
appropriate harvest time points in studies’®*%.

While quantitative microCT measurements provide valuable information, it would be
complementary to apply a clinically-oriented evaluation of microCT images from these animals
in a manner similar to human radiographic findings. Although microCT is not frequently used in
the human clinical setting, OA features assessed on radiographs can be readily applied to 2D
microCT images. Thus, the main objective of the current study was to create and utilize a new
whole joint scoring system to evaluate microCT images from Hartley guinea pigs as they age
from 2 to 15 months old. We also compared and contrasted the benefits and limitations of this
new grading scheme to both histologic grading and quantitative microCT measurements, such

that there is rationale to include this clinically-based grading scheme in our repertoire of tools

used to describe OA.

2.2 Materials and Methods
Animals.

All procedures were approved by the university’s Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use of

Laboratory Animals. Thirty male Hartley guinea pigs were acquired from a commercial vendor
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(Charles River Laboratories, Wilmington, MA) to allow harvest at the following ages: 2 months
(pre-OA), 3 months (OA onset), 5 months (early OA), 9 months (moderate OA), and 15 months
(severe OA)®°. Group size and power were determined using the statistical software

at www.stat.uiowa.edu/~rlenth/Power. Based upon previous work and pilot studies, histologic
assessment of OA was used as the principle outcome. Using a within group error of 0.5 and a
detectable contrast of 1.0 in a linear regression model, power associated with a Tukey/HSD post-
test (alpha = 0.05) was calculated as 0.9 with a sample size of 6 per experimental group. All
animals were purchased one month prior to target ages and maintained at Colorado State
University’s Laboratory Animal Resources housing facilities. Animals were monitored daily by
a veterinarian and provided with a full screening to ensure animals were healthy prior to harvest.
All guinea pigs were singly-housed, as is suggested for males, in solid bottom cages. They were
provided regular guinea pig chow (Harlan Teklad 7006) fortified with vitamin C (800 mg/kg)

and vitamin D (2.4 1U/g). Food and water were provided ad libitum.

Specimen Collection.

At time of harvest, guinea pigs were anesthetized and maintained with a 1.5 to 3%
mixture of isoflurane and oxygen. Thoracic cavities were opened, and blood was collected via
direct cardiac puncture using a 20-gauge butterfly catheter for full complete blood count and
biochemistry evaluation (data not shown). This data, coupled with a complete necropsy,
confirmed that animals did not have concurrent morbidities. Anesthetized animals were then
immediately transferred to a carbon dioxide chamber for euthanasia. Left hind limbs were

removed at the coxofemoral joint and fixed in 10% neutral buffered formalin for 48 hours. Right
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hind limbs were used for an unrelated study. After 48 hours, limbs were placed in phosphate

buffered saline (PBS), at which time limbs were imaged with microCT.

Quantitative MicroCT Measurements.

Knee joints were scanned in PBS using the Inveon microPET/CT system (Siemens
Medical Solutions, Malvern PA), with a voxel size of 18 micrometers, a voltage of 100 kV, and
an exposure time of 2356 ms. All quantitative microCT measurements (Table 2.1) were
performed using ImageJ software (Research Service Branch, National Institutes of Health,
Bethesda, MD). Thresholds were determined optically using the edge detection method***. For
analysis of tibial subchondral trabecular bone, a region with an area of 1.04 x 1.04 x 0.52 mm®
was selected as the region of interest (ROI), as previously described **"**2. For analysis of
femoral subchondral trabecular bone, a cuboid region of trabecular bone with size of 1.5 x 1.5 x
0.5 mm?®was identified, as published *2. Example ImageJ photos with regions of interest
highlighted are provided in Figure 2.1. Bone TMD (g/cm®), BV/TV, trabecular thickness (mm),
and trabecular spacing (mm) were quantified for both medial and lateral tibial subchrondral
trabecular bone, and medial and lateral subchondral trabecular bone in the femoral condyles.

Bone TMD was calibrated using phantoms of known hydroxyapatite density embedded in epoxy.

Whole Joint Scoring System for MicroCT.

In conjunction with a board-certified veterinary radiologist (AJM), we developed a novel,
clinically-oriented scoring system to assess whole joint microCT radiographic images in this
species. Key features of this grading scheme (Table 2.2) are radiographic assessments typically

utilized in day-to-day evaluation of human OA, including presence and location of osteophytes,
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subchondral bone changes, and articular bone lysis**®. Features of the proposed grading system
are similar to the Kellgren-Lawrence score, which is the most widely used classification for
radiographic analysis of human OA in clinical practice and is commonly applied in research
settings™“. In this human scheme, a score of 0 (no OA) to 4 (most severe OA) is assigned and is
based on joint margin osteophytes, joint space narrowing, subchondral bone sclerosis, small cyst-
like lesions in the subchondral bone, and altered shape of bone ends***. Similar to the OARSI
histologic score (described below), the microCT grading scheme scored whole knee joints in
their entirety. This same radiologist then assessed all anatomical structures across all planes and
serial sections of 2D microCT image stacks. Images were scored in duplicate in a random order,
blinded to age group. A perfect intraclass correlation coefficient of 1.0 for intra-reviewer

consistency was calculated.

OARSI recommended histopathologic assessment of OA.

After legs were scanned for microCT, PBS was removed and replaced with 12.5%
ethylenediaminetetraacetic acid (EDTA) at pH 7 for decalcification. The EDTA solution was
replaced every 3-5 days for 4-6 weeks, based on age, until legs were appropriately decalcified.
Coronal slices of the knees at the level of the medial tibial plateau were sectioned, as previously
described®®. Samples were paraffin embedded and a 5-micron intact central section was stained
with Toluidine Blue, as recommended by the OARSI guidelines®®. Medial and lateral femoral
condyles, as well as medial and lateral tibial plateaus, were scored using a semiquantitative

grading scheme outlined by OARSI®

. This semiquantitative histopathologic grading scheme is
based on articular cartilage structure, proteoglycan content, cellularity, tidemark integrity, and

presence of osteophytes. Scores for medial and lateral tibia, as well as medial and lateral femur,
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were assigned and summed for a total knee joint OA score. Scores pertinent to the medial and
lateral aspects of the knee, only, were also calculated. Scores were performed in a blinded
fashion by two independent reviewers (LBR and KSS). An intraclass correlation coefficient for
inter-reviewer consistency was calculated at 0.92, which was considered excellent. Scores from
each of the four anatomic locations were summed to obtain a total knee joint OA score for each
guinea pig. Due to rare, imperfect coronal sectioning of the joints, not all compartments at the
level of the medial tibial plateau could be adequately scored for every guinea pig. If any single
structure was not appropriately sectioned for scoring, that animal was excluded from the analysis

for OARSI histology scoring for the total joint score.

Statistical analysis.

Data for total body weights, quantitative microCT measurements, microCT OA scores
based on the novel grading scheme, and OARSI histology scores were subjected to, and passed,
normality testing via the Kolmogorov-Smirnov test. Data were compared between the five age
groups using parametric ordinary one-way ANOVA analyses followed by Tukey’s multiple
comparisons tests to allow for adjusted P values. Pearson’s correlation coefficients were
calculated between the whole joint microCT scoring system, histology scores, and quantitative
microCT measurements. Statistical significance was set at P < 0.05. All statistical analyses were

performed with GraphPad Prism (La Jolla, CA, USA).
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2.3 Results.
General description of animals.

Guinea pigs in all groups remained clinically healthy and gained weight as expected for
this species when fed ad libitum. Mean weight was 598.9 grams for the 2-month old group,
747.3 grams for the 3-month old group, 901.8 grams for the 5-month old group, 1031 grams for
the 9-month old group, and 1016 grams in the 15-month old group. Significant differences in

weight and weight ranges are presented (Figure 2.2).

Quantitative microCT measurements.

All 6 animals in each age group were included in this aspect of the study. Mean values
(and 95% confidence interval) for each of the quantitative microCT measurements can be found
in Table 2.1. Significant differences among the five age groups were found for: BV/TV,
trabecular thickness, and trabecular spacing in the medial tibial subchondral trabecular bone; and
tibial and femoral cortical thickness. BV/TV decreased with age in the medial tibial
compartment (overall ANOVA P =<0.0001: P <0.05 for 2 months vs 5 months; P < 0.01 for 2
months vs both 9 and 15 months, and 3 months vs 5 months; P < 0.001 for 3 months vs both 9
and 15 months). Similar decreasing trends with advancing age were noted for the medial
femoral and lateral tibial compartments (P = 0.0857 and P = 0.0555, respectively). Trabecular
thickness in the medial tibial compartment increased from 2 months to 5 months, and then
remained stable (overall ANOVA P = 0.0080: P <0.05 for 2 months vs both 3 and 5 months).
Trabecular spacing in the medial tibial compartment followed the same trend (P = 0.0492),

although there were no significant differences noted on multiple comparison analysis of the age
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groups. Cortical thickness of the tibia increased after 2 months of age (overall ANOVAP =

0.0156: P < 0.05 for 2 months vs both 3 and 5 months).

Whole joint microCT scoring scheme.

As above, all 6 animals in each age group were included in this analysis. No microCT
pathology (score of 0) was noted in the 2 or 3-month old age groups. The mean score was 4.2
(95% confidence interval [Cl] 2.6 - 5.7) for the 5-month old group, 4.5 (95% CI 2.4 - 6.6) in the
9-month old group, and 11.8 (95% CI 11.4 - 12.3) in the 15-month old group. Individual scores
and statistical differences are found in Figure 2.2.

In the 5-month old group, all animals had small osteophytes (<1mm) on either the patella
or femur. Two animals in this group had osteophytes present on both the patella and femur. In
the 9-month old group, all animals had small osteophytes on the patella and/or femur.
Additionally, 3 animals in this group also had radiographic evidence of subchondral bone
sclerosis and subchondral bone cystic changes. In the 15-month age group, all 6 animals had
large osteophytes (>1mm) present on the patella, femur, and tibia. All 6 animals also had
evidence of subchondral bone sclerosis and subchondral bone cystic changes. Five animals
exhibited articular bony lysis. Representative sagittal and coronal microCT images from each

age group are presented (Figure 2.3).

OARSI histology score.
All 6 animals in the 2-month old age group were evaluated, but only 5 animals in each of
the remaining age groups were included in the total joint analysis due to skew in the sectioning

of the joints (n=26, total). Data pertinent to animals with individual intact medial and lateral
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compartments (n=26 and n=27, respectively) were similar to that for the total joint evaluation
(data not shown).

The OARSI total joint scores were significantly different among the age groups (P =
0.0001). As expected, mean OA scores progressively increased with age and were statistically
different between every age group, with the exception of the 2 and 3 month old groups (Figure
2.2). Mean OARSI scores for all four knee joint compartments were 0.375 (95% CI -0.1 - 0.9),
1.2 (95% CI1 0.8 - 1.6), 10.8 (95% CI 6.9 — 14.6), 26.2 (95% CI 16.9 — 35.5), and 40.4 (95% ClI
30.3 -50.5) for the 2, 3, 5, 9, and 15 month old groups, respectively. In general, scores from the
medial compartment were higher than those from the lateral compartment.

Representative lesions from each age group are presented (Figure 2.4). In both the 2 and
3-month old groups, mild articular surface irregularities and slight proteoglycan loss in the
superficial zone were the most common lesions observed. Proteoglycan loss was more severe in
the 5-month old group, and occasional fissures were present in the articular cartilage surface.
Mild hypocellularity in the superficial zone was also commonly noted in this age group. In the
9-month old group, proteoglycan loss with more accentuated hypocellularity coupled with
regions of chondrocyte clustering were noted. Tidemark duplication was also common in the 9-
month olds. All of above mentioned lesions were present in the 15-month old group, but to a
more severe extent. In some animals, there was complete loss of articular cartilage at this late

age.
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Correlations between quantitative microCT measurement, the whole joint microCT scoring
scheme, and OARSI OA scores.

Medial tibial BV/TV and whole joint microCT scores demonstrated a moderate negative
correlation (r = -0.61, 95% confidence interval -0.79 to -0.31, P < 0.0001). Moderate to strong
correlations were present between medial tibia BV/TV and OARSI OA scores (r = -0.72, 95%
confidence interval -0.86 to -0.46, P <0.0001). No significant correlations were found for
remaining quantitative microCT measurement.

The whole joint microCT-based clinical OA scoring system demonstrated strong
correlation to OARSI OA grading, with a Pearson coefficient of 0.89 (95% confidence interval
0.76 t0 0.95) (P < 0.0001). Similar correlations were noted when OARSI scores from only the
medial or lateral compartments were compared to the microCT score (r = 0.88 and 0.82,

respectively).

2.4 Discussion.

To the authors’ knowledge, this is the first study to utilize a clinically-based, whole joint
microCT grading scheme in a rodent model of OA, with a focus on the Hartley guinea pig model
of spontaneous disease. Other studies have examined quantitative microCT measurements and
histology simultaneously in guinea pigs *°"*%**2 but we aimed to implement a translational
approach to disease assessment. To this end, we have demonstrated that our grading scheme is a
useful tool that provides important and complementary data to existing outcome measures in the
evaluation of OA. Indeed, this new scoring system strongly correlates to OARSI-based

histologic grading. Increasing severity of osteophytes, subchondral bone sclerosis and cystic
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changes, and articular bone lysis detected by microCT were associated with increasing severity
of articular cartilage surface lesions and proteoglycan loss seen on histology.

Advantages of microCT include 3-dimensional visualization of the joint (vs. 2-
dimensional views on histology), the ability to evaluate living specimens in a longitudinal
fashion, and more sensitive detection of subtle bony lesions that tend to occur early in OA
disease progression'>**°. As discussed further, below, it is advantageous that these multiplanar
reconstructions of the intact organ can be made in an endless number of angles for complete
evaluation of the entire joint.

One particular benefit of microCT highlighted in the current study is the increased ability
to detect osteophytes. With whole joint microCT, all animals in the 5, 9, and 15-month old
groups (18 animals total) had visible osteophytes. However, only one animal had visible
osteophytes detected by histology. Osteophytes are an optional category to include in OARSI
scoring of knee joints, as they may be missed depending on the plane of section obtained®.
Because sectioning for OA grading focuses on coronal sectioning through the medial tibial
plateau, osteophytes present elsewhere in the joint, particularly on the patella, may be missed.
Also, imperfect trimming of knee joint tissue may result in histologic sections lacking
representative lesions from all compartments of the joint (both medial and lateral tibial and
femoral regions), as occurred with a few animals in the current study. Furthermore, coronal
sectioning precludes histologic sagittal examination of the same joints. Finally, because the joint
remains intact for microCT, many different views from the same animal can be evaluated. In
particular, this allows assessment of the patella, a structure often excluded from histologic OA
grading but considered relevant in clinical evaluation of human patients''’. Of note, evaluation

of the patella can provide important clinical information in regards to overall knee OA, including
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presence of osteophytes, sclerosis, and chronic remodeling''’. Here, we have demonstrated that
the patella became severely affected in the progression of OA in this guinea pig strain, which
provides yet another similarity between this species and humans **'.

As expected, OA total knee joint scores based on the OARSI scale increased with
advancing age in the Hartley guinea pigs. Very mild changes, such as minor articular surface
undulations or minimal proteoglycan loss, were noted at 2 months in a few animals. Histologic
evidence of OA was consistently present by 3 months of age, as has been described in other
studies examining age-dependent changes in articular cartilage in Hartleys'%'%*!8 - Others have

reported no obvious cartilage damage by 3-4 months of age'®’***

, While another study saw no
significant difference in OA scores in Hartley guinea pigs between 4 and 5 months of age’®. In
our project, dramatic increases in severity of histologic OA were noted between the 5 and 9-
month, as well as the 9 and 15-month, groups. Investigating additional time points between
these ages would more clearly highlight when these changes occur, as well as the specific
changes that contribute to the overall OARSI score. Of note, the current work is strengthened by
the fact that all four knee joint compartments were scored according to OARSI
recommendations, and the sum of the four regions was used as a total knee joint OA score.
Other studies vary on whether only a single compartment is scored (typically the medial tibial
region) or if a subset are scored and combined. It is recognized, however, that dedicating an
entire joint to histology is not always practical in studies where tissue is needed for other assays.
Interestingly, statistical differences in histologic OA scores were found between every
group, while whole joint microCT OA scores did not worsen between 5 and 9 months of age. It

is possible that bony changes are most striking during both the early and later phases of OA, with

cartilage changes occurring continuously throughout disease progression. While both are
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typically present in patients with end-stage OA, cartilage degeneration and bony changes are

considered separate mechanistic events'**

. Thus, as emphasized in our work, it is important to
simultaneously examine cartilage and bone changes in animal models of OA to gain a complete
picture of the disease.

Most OA studies employing microCT describe quantitative morphometric measurements,
such as BV/TV, bone TMD, and subchondral bone trabecular thickness and spacing, as major
outcome measures. These quantitative measurements were performed in the current study, with
the majority of statistical differences focused on the medial tibial compartment. Overall, BV/TV
in the medial tibial subchondral trabecular bone decreased with age and increasing OA severity.
In the 3-month age group, BV/TV of the medial tibial subchondral trabecular bone was higher
than that of the lateral tibial subchondral trabecular bone, a finding previously reported in 3-
month Hartley guinea pigs of undesignated sex'®’. Another study examining OA in female
Hartley guinea pigs at 1, 3, 6, and 9 months of age found that BV/TV of the tibia was highest at 3

months of age and then remained constant*®

. Itis not known, however, if this particular study
examined the tibia in its entirety, or if medial and lateral compartments were considered
separately. Rat and rabbit studies of secondary, trauma-induced OA also showed that BV/TV
decreased in both the femur and tibia in injured legs (with more severe OA) compared to sham
control legs'?**?®, As bony remodeling results in weakened bone with reduced bone volume —
especially in the medial tibia — in both spontaneous and secondary OA in animal models*?*'%,
the decreasing BV/TV in this study is not surprising. Conversely, however, a recent human

study of 14 tibial samples showed that subchondral bone volume increased with advancing

OARSI histologic score for cartilage degeneration*?. These discrepant results may reflect
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differences in BV/TV based on the stage of OA evaluated, as microCT is typically only
performed on samples from end-stage human patients undergoing knee replacement surgery.
Many OA studies using microCT as a major outcome measure have also focused on bone
TMD. Of note, manuscripts vary on whether TMD is measured in the tibial subchondral plate or
tibial subchondral trabecular bone. Further, microCT methodologies and analysis software are
often different among studies and this may explain the lack of consensus amongst studies
regarding TMD and OA. No statistical differences were detected for TMD in any of the four
knee joint compartments as guinea pigs aged in the present study; however, highest TMD for all
four compartments were present at 3 months of age, tended to decrease at 5 months, and then
remained stable thereafter. A previous study examining TMD changes in female Hartley guinea
pigs at various ages found that tibial subchondral TMD increased with age and was stable by 9
months**®. Another study comparing male Hartley guinea pigs to the OA-resistant GOHI/SPF
strain found femoral subchondral bone TMD was lower in the Hartleys''?. A different study
comparing male and female Hartleys to female OA-resistant Strain 13s found tibial subchondral
TMD was similar between male Hartleys and female Strain 13s, yet was increased compared to
female Hartleys'®. Likewise, female Hartleys have higher tibial subchondral plate TMD than

107

OA-resistant Bristol Strain 2 guinea pigs™ . In a rabbit injury-induced model of OA, both tibial

b'% while no differences in TMD were

and femoral TMD were decreased in the injured lim
found in a rat model of injury-induced OA'?. Standardization of methods and location within
the bone (subchondral trabecular bone vs subchondral plate) for TMD measurement may allow
for more meaningful comparisons amongst studies.

One hurdle of the current study was the inability to assess weight-bearing joint space

narrowing, a key radiographic feature assessed clinically in human OA patients'*. Fixation of

320



limbs prior to microCT scanning results in artificial shrinkage of the joint space, making this
measurement invalid. Furthermore, even when in vivo microCT is available, laboratory animals
must be anesthetized, which precludes normal weight bearing of the knee joint. Thus, joint space
narrowing is especially challenging, if not impossible, to obtain accurately in many animal
models of OA. Another limitation of the proposed whole joint microCT grading scheme is the
inability to assess soft tissue structures of the knee joint, such as cartilage and menisci. As such,
it is important to evaluate joints using multiple modalities, including microCT and histology, that
provide complementary data.

Of note, there are advanced imaging methods available that can provide information
regarding both bone and soft tissue changes, bridging the gap between microCT and histology. In
particular, Equilibrium Partitioning of an lonic Contrast (EPIC) and other related forms of
contrast-enhanced microCT exist, but are not yet as commonly used as more traditional
microCT. These modalities utilize ionic contrast agents that electrochemically interact with
cartilage matrix components, resulting in a nonuniform partitioning of the agent throughout the
cartilage. This partitioning is then visualized and is reflective of articular cartilage defects and

126-128 _contrast-enhanced microCT should be used in future studies, as the

proteoglycan content
lack of cartilage visualization is a major drawback of traditional microCT in OA assessment.
Assessment of cartilage in conjunction with bony changes using a single imaging modality may
also strengthen our proposed whole joint microCT score.

In summary, we have shown that a whole joint microCT OA scoring system provides
data complementary to OARSI histologic OA scores and quantitative microCT parameters in a

guinea pig model of spontaneous OA. Although not yet demonstrated, this scheme may also be

applicable in other species used to study OA. This clinically-oriented microCT grading scheme,
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particularly in conjunction with histology, may also be more comprehensive than individual
microCT or histologic outcome measurements, alone. Future work would include an evaluation
of additional species and models utilized in OA research, as well as both male and female

animals.
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Table 2.1 — Quantitative microCT values in age group guinea pigs. Mean values and 95% confidence intervals are provided.

2 month 3 month 5 month 9 month 15 month P-value
Bone Volume/Total MT 0.6318 0.6737 0.5013 0.447 0.4643 <0.0001
Volume (0.5794,0.6843) (0.5723,0.7750) (0.3882,0.6145) (0.3939,0.4954) (0.4049,0.5237)
LT 0.6057 0.5422 0.4567 0.4353 0.4155 0.0555
(0.4190,0.7923) (0.4211,0.6633) (0.3604,0.5529) (0.3262,0.5445) (0.3210,0.5100)
MF 0.5292 0.5438 0.5385 0.4587 0.4443 0.0857
(0.4533,0.6050) (0.4633,0.6244) (0.4695,0.6075) (0.4125,0.5049) (0.3299,0.5588)
LF 0.4507 0.4852 0.4887 0.4373 0.4175 0.2561
(0.3722,0.5291) (0.4415,0.5288) (0.4087,0.5687) (0.4187,0.4560) (0.3330,0.5020)
Bone Tissue Mineral MT 2.682 2.653 2.550 2.209 2.494 0.2868
Density (g/cm3) (2.121,3.243) (1.923,3.383) (2.461,2.638) (2.061,2.357) (2.416,2.572)
LT 2.671 2.650 2.508 2.206 2.511 0.2946
(2.126,3.217) (1.925,3.375) (2.384,2.632) (2.036,2.364) (2.411,2.639)
MF 2.681 2.648 2.527 2.200 2.525 0.3057
(2.104,3.258) (1.910,3.386) (2.384,2.669) (2.143,2.292) (2.461,2.603)
LF 2.692 2.634 2.517 2.223 2.521 0.3460
(2.115,3.270) (1.902,3.365) (2.386,2.648) (2.061,2.385) (2.435,2.606)
Trabecular Thickness | MT 0.1775 0.2133 0.2123 0.1825 0.1902 0.0080
(mm) (0.1546,0.2004) (0.1948,0.2319) (0.1860,0.2387) (0.1694,0.1956) (0.1706,0.2097)
LT 0.1707 0.1765 0.1847 0.1770 0.1755 0.7887
(0.1626,0.1787) (0.1653,0.1877) (0.1623,0.2070) (0.1543,0.1997) (0.1479,0.2031)
MF 0.1905 0.2117 0.2303 0.1935 0.2055 0.2246
(0.1679,0.2131) (0.1905,0.2328) (0.1963,0.2644) (0.1766,0.2104) (0.1497,0.2613)
LF 0.1683 0.1873 0.2118 0.2085 0.1997 0.2106
(0.1501,0.1865) (0.1721,0.2026) (0.1838,0.2399) (0.1586,0.2584) (0.1474,0.2520)
Trabecular Spacing MT 0.2427 0.2305 0.3038 0.2800 0.3052 0.0492
(mm) (0.2043,0.2811) (0.1997,0.2613) (0.2238,0.3839) (0.2480,0.3120) (0.2394,0.3709)
LT 0.2150 0.2518 0.2813 0.2608 0.2485 0.0634
(0.1808,0.2492) (0.2247,0.2790) (0.2401,0.3226) (0.2083,0.3184) (0.2151,0.2819)
MF 0.2430 0.2467 0.2710 0.2640 0.3682 0.3973
(0.2206,0.2654) (0.2217,0.2716) (0.2422,0.2998) (0.2460,0.2820) (0.08492,0.6514)
LF 0.2705 0.2715 0.2877 0.2993 0.2735 0.5006
(0.2294,0.3116) (0.2460,0.2970) (0.2591,0.3162) (0.2627,0.3359) (0.2334,0.3136)

MT, medial tibia; LT, lateral tibia; MF, medial femur; LF, lateral femur; T, tibia; F, femur. In the P-value column, bolded numbers
are statistically significant. P-value represents significance of overall one-way ANOVA analysis.
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Table 2.2 — Guinea Pig Whole Knee Joint MicroCT OA Scoring System.

MicroCT Finding

Score

Presence of osteophytes

0 = none
1 = small osteophyte (< 1mm)
3 = large osteophyte (>1 mm)

Location of osteophytes

1 = medial and/or lateral tibia
2 = patella
3 = medial and/or lateral femur

Subchondral bone cystic changes

0=no
1 =yes

Subchondral bone sclerosis

0=no
1=yes

Avrticular bone lysis

0 = none
1=yes

Intra-articular soft tissue

0 = normal
1 =increased
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Figure 2.1 — Regions of interest for conventional microCT. Representative coronal (left) and
transverse (right) microCT images produced by ImageJ software. Regions of interest in the
subchondral trabecular bone utilized to determine quantitative microCT measurements are

defined by the yellow squares.
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Figure 2.2 — Body weights, microCT OA scores, and histologic OA scores. (A) Total body weight (in grams, g) for each age group
of guinea pigs. (B) Comparison of total knee joint OA scores using the novel microCT grading scheme. (C) Comparison of total knee
joint OARSI OA scores using toluidine blue-stained histology slides among the five age groups. Red lines indicate the mean value for
each group. * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001.

36



Figure 2.3 — Example microCT images from each age group. (A) Dorsal and (B) sagittal reconstructions from a 2 month old
Hartley guinea pig with no clinically significant OA lesions. This animal received a microCT OA score of 0. (C) Dorsal
reconstruction from a 5 month old Hartley guinea pig. Sclerosis and small osteophytes are present on the medial femoral condyle (red
arrows). and mild sclerosis of the central tibial plateau (D) Sagittal reconstruction from the same 5 month old guinea pig. Mild
sclerosis of the cranial aspect of the patella and caudal tibial condyle is present. The small articular cystic changes are artifact due to
the angle of the multiplanar reconstruction, which was selected to highlight the entire patella. This animal received a microCT OA
score of 4. (E) Dorsal reconstruction from a 9 month old Hartley guinea pig. There is sclerosis and small osteophytes present on the
medial femoral condyle (red arrow). (F) Sagittal reconstruction from the same 9 month old guinea pig. There is sclerosis along the
cranial margin of the patella and at the proximal caudal end of the patella (red arrows). A large osteophyte is present on the patella
(blue arrow). There are 2 cystic areas in the tibia that extend to the articular surface (green arrows). This animal received a microCT
OA score of 5. (G) Dorsal reconstruction from a 15 month old Hartley guinea pig. There are 3 large osteophytes (red arrow) on the
medial and lateral tibial plateau and on the medial femoral condyle. (H) Sagittal section from the same guinea pig. There is moderate
subchondral sclerosis (outlined by red arrows) along the caudal tibia. (I) Dorsal reconstruction from a different plane of section from
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the same 15 month old guinea pig. Osteophytes on both medial and lateral tibial plateau and medial femoral condyle are still visible.
There is cystic change with articular lysis (red arrow) in the tibial plateau. Subchondral bone sclerosis is also evident in the tibial
plateau. (J) Sagittal reconstruction from the same animal. There is marked articular lysis of the tibial plateau (red arrow). This
animal received a microCT OA score of 12.
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Figure 2.4 — Photomicrographs of histologic OA lesions seen in each age group. All photos are at the medial tibial surface. A) 2
month old with medial tibial OARSI score of 0; B) 3 month old with mild surface undulation, medial tibial OARSI OA score of 0; C)
5 month old demonstrating superficial proteoglycan loss, medial tibial OARSI OA score of 4; D) 5 month old showing articular
cartilage fibrillation, medial tibial OARSI OA score 5; E) 9 month old showing proteoglycan loss into the middle zone and loss of
superficial cartilage, medial tibial OARSI OA score 8; F) 9 month old demonstrating more diffuse proteoglycan loss into the deep
layer with tidemark duplication, medial tibial OARSI OA score 10; G) 15 month old showing complete loss of articular cartilage,
medial tibial OARSI OA score of 17; H) Another 15 month old demonstrating loss of articular cartilage and proteoglycan loss, medial
tibial OARSI OA score of 18. Toluidine blue stain.
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CHAPTER 3

SYSTEMIC IRON OVERLOAD INDUCES OSTEOARTHRITIS IN DISEASE-RESISTANT

STRAIN 13 GUINEA PIGS

3.1 Introduction.

Iron is a ubiquitous element that plays a key role in numerous metabolic processes in
living organisms including hemoglobin synthesis and oxidative phosphorylation. While iron is
essential for life, excess levels are potentially toxic due its ability to induce oxidant damage via
the Fenton and Haber Weiss reactions>*?°. Intriguingly, there is no direct excretion mechanism
for iron despite this propensity to create deleterious reactive oxygen species. As such, iron levels
are controlled by limiting its absorption in the gastrointestinal tract via actions of the peptide
hormone hepcidin. When total body iron stores are replete, the liver is stimulated to produce
hepcidin, which binds to and degrades the only known cellular iron export protein, ferroportin’.
Hepcidin is also produced secondary to inflammation, specifically in response to interleukin-6
(I1L-6)%. When ferroportin is degraded, iron can no longer be exported from enterocytes,
macrophages, and other cell types to enter the bloodstream. As a result, iron becomes
sequestered within cells. When hepcidin production is prolonged, as can occur with chronic
inflammation, ongoing cellular iron sequestration and accumulation may exhaust normal cellular
defenses and incite free radical formation.

Progressive iron accrual has been linked to many aging-associated chronic diseases, due
to the toxic effects of iron ions in tissues over time®. Age-related conditions in which excessive

or improperly handled iron is a risk factor include sarcopenia, type 11 diabetes,
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neurodegenerative disorders, atherosclerosis, and numerous cancers®® Additionally, iron
overload in joints has long been implicated in arthropathies associated with hereditary
hemochromatosis®” (HH), rheumatoid arthritis (RA)®*®, traumatic arthropathy, and hemophilic
arthropathy™. In these conditions, excess iron can accumulate from two sources: blood that
enters the joint from either trauma or inflamed synovium, and/or exchange from the labile non-
heme iron pool®®*. Regardless of the mechanism, several human studies have shown
hemosiderin deposits in cartilage and synovium, as well as increased ferritin (the major storage
form of iron) in the synovial fluid of affected joints®®*®°. Iron-overloaded synoviocytes release
pro-inflammatory cytokines, including interleukin-1f (IL-1p), IL-6, and tumor necrosis factor®,
that stimulate the catabolic activity of chondrocytes. Iron also has a direct effect on cartilage by
inducing hydroxyl radical-driven chondrocyte apoptosis and breakdown in matrix
components®™®. However, the possible role iron accumulation may play in the onset and
progression of osteoarthritis has not been well-explored.

Spontaneous osteoarthritis (OA), also known as primary OA, is a painful condition
affecting millions of people across the world®’. Despite its widespread prevalence, mechanisms
contributing to OA remain poorly understood. Advancing age is the largest risk factor for
development of spontaneous OA®®. Because iron has emerged as a major contributor in other
diseases associated with aging, it is prudent to consider it may also be driving the onset and
progression of spontaneous OA.

Limited studies have examined iron status in the context of spontaneous OA. One such
study found that serum ferritin levels increased with age and that men with knee OA had higher
serum ferritin concentrations that men without knee joint OA. Further analysis demonstrated that

men with higher serum ferritin levels had a four-fold greater risk of having radiographic knee
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joint OA compared to age-matched controls with normal serum ferritin levels®. Another study
revealed that OA patients had significantly higher synovial fluid ferritin concentrations when
compared to patients without OA, indicating that local iron production within the joint space
may contribute to the disease®.

Because of this intriguing link between iron, aging, and OA, the current study set out to
definitively establish iron’s role in the pathogenesis of spontaneous OA. We aimed to
demonstrate a direct relationship between excess cellular iron accumulation and OA. For this
study, we hypothesized that administration of exogenous iron to an OA-resistant guinea pig

(Strain 13 guinea pigs) would incite OA pathology.

3.2 Materials and Methods.
Animals.

All procedures were approved by the university’s Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Twenty-two Strain 13 guinea pigs (13 males, 9 females) were purchased at
8 weeks of age and maintained at Colorado State University’s Laboratory Animal Resources
housing facilities. Animals were monitored daily by a veterinarian. All animals were housed
individually in solid bottom cages. Animals were provided regular guinea pig chow (Teklad

Global Guinea Pig Diet #2040, Madison, WI), hay cubes, and water ad libitum.

Iron dextran injections.

Twelve guinea pigs (7 males, 5 females) were allocated to the experimental iron overload

group. Ten animals (6 males, 4 females) were allocated to the control group. To induce systemic
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iron overload, animals in the experimental group were administered 400 mg/kg of iron dextran
solution intraperitoneally once weekly for a total of four weeks — a dose previously utilized in the

guinea pig™*

. Animals in the control group were given 400 mg/kg of a dextran solution
intraperitoneally once weekly for four weeks. All injections were initiated when animals were 12
weeks of age. Injections were administered under isoflurane gas anesthesia, with administration

sites alternated between the lower left and lower right abdominal quadrants.

Specimen collection.

Animals were harvested at 16 weeks of age. Body weights were recorded at time of
harvest. Animals were anesthetized with a mixture of isoflurane and oxygen. Thoracic cavities
were opened, and blood was collected with 20-gauge butterfly catheter via direct cardiac
puncture. Anesthetized animals were immediately transferred to a carbon dioxide chamber for
euthanasia. Hind limbs were removed at the coxofemoral joint. The left limb was placed into
10% neutral buffered formalin for 48 hours and then transferred to PBS for microcomputed
tomography (microCT) analysis. Prior to microCT imaging, femur length was measured using
calipers. After microCT, limbs were transferred to a 12.5% solution of
ethylenediaminetetraacetic acid (EDTA) at pH 7 for decalcification. EDTA was replaced twice

weekly for 6 weeks.

Microcomputed tomography of knee joints.
Knee joints were scanned in PBS using the Scanco microCT system (Scanco uCT80,
Scanco Medical AG, Bruttisellen, Switzerland) with an isotropic voxel size of 18um. Built-

in software (Scanco Medical AG IPL v4.05, Bruttisellen, Switzerland) was used to evaluate bone
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volume fraction (BV/TV), trabecular number, trabecular thickness, trabecular spacing, and mean
tissue mineral density of bone. These parameters were measured in trabecular bone for the
following regions of interest (ROI) in each animal: medial tibia, lateral tibia, medial femur, and
lateral tibia. Regions of interest were drawn with the cylinder tool. Fifty image slices were used
to create the femoral and tibial ROIls. Clinical features of OA were scored by a veterinary

radiologist using a whole joint grading scheme, as previously described™".

Histologic grading of OA using OARSI recommendations.

After decalcification, three sagittal slices were made through each knee joint. Mid-
sagittal slices were made for histologic evaluation of the IFP. Sagittal slices through the medial
and lateral femoral condyles were made to assess OA changes in four sites: medial tibia, lateral
tibia, medial femur, and lateral femur. Samples were paraffin embedded and a 5-micron section
was stained with Toluidine Blue. Medial and lateral femoral condyles along with medial and
lateral tibial plateaus, were scored using the recommended published guidelines®. This
semiquantitative histopathologic grading scheme is based on articular cartilage structure,
proteoglycan content, cellularity, tidemark integrity, and presence of osteophytes. Scores were
performed in a blinded fashion by two independent pathologists (LBR and KSS). Scores from
each of the four anatomic locations were assessed separately, and they were summed to obtain a

total knee joint OA score for each guinea pig.

Complete blood count and serum biochemical profile.

At the time of harvest, an aliquot of whole blood collected via cardiac puncture was

allocated to 0.5 mL EDTA microtubes for complete blood count (CBC). CBCs were performed
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at the CSU Clinical Pathology Laboratory using the Advia 120 hematology analyzer (Siemens,
Munich, Germany) with instrument settings and software specifically designed for guinea pig
samples. Blood films were manually reviewed, and a leukocyte differential count was performed
by a veterinary clinical pathologist (LR). Remaining blood was placed in red top glass tubes,
allowed to clot for 30 minutes, and then centrifuged at 5,000 x g for 15 minutes for serum
collection. Serum was aliquoted to cryovials and stored at -80°C for future analysis. One aliquot
of serum was not frozen and submitted to the Colorado State University (CSU) Clinical
Pathology Laboratory for serum biochemical analysis, including serum iron measurement, using

the Roche Cobas 6000 (Basel, Switzerland).

Perl’s Prussian blue staining of internal organs and liver iron quantitation.

Sections of liver and spleen were placed into 10% neutral buffered formalin at the time of
harvest. After 48 hours, formalin was removed and replaced with 1X PBS solution. After left
hind limbs were decalcified and knees were trimmed for histologic analysis, remaining femur
and tibia long bones were cut longitudinally to obtain sections of bone marrow. These sections of
liver, spleen, and bone marrow were paraffin-embedded and 5-micron sections were stained with
Perl’s Prussian blue to highlight tissue iron load. Iron quantitation was performed via atomic
absorption spectroscopy (AAS) on 200-gram samples of formalin-fixed liver tissue by the CSU

Toxicology Laboratory. Iron levels were reported as parts per million (ppm) dry weight.

Enhanced iron staining of knee joints.

To identify small amounts of iron in joint tissues, an enhanced staining protocol was

used, as previously described™*2. Unstained sections of knee joints were heated at 60°C
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overnight. Slides were briefly deparaffinized by immersion into a gentle xylene substitute
(SafeClear). After drying, slides were immersed in a solution of 1% potassium ferrocyanide,
0.05N hydrochloric acid, and 5% polyvinylpyrrolodione for 60 minutes. They were then
incubated in a 0.3% hydrogen peroxide and 0.01M sodium azide solution for 75 minutes. After
rinsing in PBS, slides were transferred to a diaminobenzidine (DAB) solution. After rinsing and
drying, slides were coverslipped using Permount. Negative control slides for each joint were
made by following the described protocol without incubation in the potassium ferrocyanide
solution. Four representative photographs of cartilage from each slide were used to make a single
composite photograph for each animal. A single photo of the infrapatellar fat pad was taken for
each animal. Nikon Elements software (Tokyo, Japan) was used to quantify surface area of iron-

positive areas on the cartilage composite and IFP photographs.

Immunohistochemistry of knee joints for 4-hydroxynonenal.

Immunohistochemistry (IHC) was performed on sections of knee joints using a
polyclonal rabbit antibody to 4-hydroxynonenal (4HNE) (Abcam ab46545) at a dilution of
1:200. Prior to incubation with primary antibody, slides were incubated in citrate buffer
overnight at 55°C for antigen retrieval, as recommended for skeletal tissues™. Slides were
incubated in primary antibody overnight at 4°C, followed by a 30-minute incubation with a
biotinylated goat anti-rabbit secondary antibody. Exposure to secondary antibody, alone, did not
result in any positive immunostaining. Sections were counterstained with hematoxylin,
coverslipped, and viewed by light microscopy. At least four sections from each joint were

examined for immunostaining in chondrocytes, matrix, menisci, synovium, and within the IFP.
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Statistical analyses.

Data for total body weights, femur length, bone morphometric measurements, CBC
values, serum biochemical values, liver AAS, and surface area of iron staining on knee joint
photographs passed normality testing via the D’ Agostino Pearson omnibus test and were
compared using parametric t tests. Histologic and whole joint microCT OA scores were not
normally distributed. These data sets were compared using non-parametric Mann Whitney U
tests. Statistical significance was set at P < 0.05. All statistical analyses were performed with

GraphPad Prism (La Jolla, CA, USA).

3.3 Results.
General description of animals.

Animals in the iron dextran group exhibited skin hyperpigmentation as a result of the iron
overload. Despite these findings, all animals appeared clinically healthy, and no changes in
behavior were noted. Most guinea pigs in the iron overload study gained weight as expected, and
there was no statistical difference in total body weight between the overload group and the
dextran control group (Figure 3.1). Mean total body weight was 775.6 grams in the dextran
control group and 711.9 grams in the iron overload group. When stratified by sex, there was no
significant difference in total body weight for the males; however, the females in the iron
overload group had a significantly decreased body weight compared to female controls (data not
shown). Mean body weight for the female iron overload animals was 571.4 grams while dextran
controls mean body weight was 733.5 grams (P = 0.0317). Femur lengths between the iron

overload and dextran control groups was also similar (Figure 3.1), indicating iron overload did
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not alter skeletal growth in these animals. No differences in femur length were found when

stratified by sex (data not shown).

Quantitative microCT measurements.

Mean values (and 95% confidence interval) for each of the quantitative microCT
measurements are listed in Table 3.1. In this study, significant differences were found for the
following parameters: BV/TV in the lateral tibia, trabecular number in the lateral tibia and lateral
femur, trabecular thickness in the lateral tibia, and trabecular spacing in the medial tibia. No
differences in bone tissue mineral density were noted in any anatomic region of interest. Lateral
tibial BV/TV and trabecular thickness were decreased in the iron overload group compared to
dextran controls. Trabecular number was decreased in the lateral tibia, yet increased in the lateral
femur in the iron overload group. Trabecular spacing was mildly decreased in the medial tibia of

the iron overload group.

Whole joint microCT OA scores.

The whole joint microCT OA scores provides a global assessment of bony changes
observed in the tibia, femur, and patella in each animal. OA scores were higher in the iron
overload group (Figure 3.2). Mean score in this group was 4.5 compared to 1.6 in the dextran
control group. One animal in the iron overload group had no evidence of bony lesions and
received a score of 0. Remaining animals in this group had scores ranging from 2-8. Conversely,
in the dextran control group, five animals had no radiographic evidence of OA with scores of 0.
Remaining animals in the dextran control group ranged from 2-5. Representative microCT

images are provided in Figure 3.3. Of the 10 animals in the dextran control group, 5 had small
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osteophytes present on the tibia. Two of these 5 also had small osteophytes on the femur. No
evidence of patellar osteophytes, subchondral bone cysts, or subchondral bone sclerosis were
noted in any animal in the dextran control group. In the iron overload group, 11 out of 12
animals had small osteophytes on both the tibia and femur. Two female animals also had large
osteophytes on their femurs. Similar to the dextran group, no animals in the iron overload group

had evidence of subchondral bone cysts or subchondral bone sclerosis.

OARSI histology score.

Histologic OA scores, which focus primarily on cartilage changes, were higher in the iron
overload group compared to dextran controls (Figure 3.2). Mean total joint score was 20.0 (95%
Cl1 17.34 - 22.66) in the iron overload group and 3.875 (95% CI 2.833 — 4.917) in the dextran
control group (P < 0.0001). When medial and lateral compartments were analyzed separately, the
same pattern was noted (data not shown). Mean score for the medial compartment was 11.9
(95% CI 9.48 — 14.32) in the iron overload group while it was 1.889 (95% CI1 0.84 — 2.94) in the
dextran control group (P < 0.0001). Mean score for the lateral compartment was 8.11 (95% ClI
5.28 — 10.95) in the iron overload group and 2.11 (95% CI 1.40 — 2.82) in the dextran control
group (P = 0.0002). Representative photomicrographs demonstrating articular cartilage in the
medial compartment are depicted in Figure 3.4. Figure 3.4A shows normal, healthy cartilage in a
dextran control animal. Figure 3.4B shows an area on the tibial surface with a mildly irregular
articular surface, loss of proteoglycan content into the middle layer of cartilage, and chondrocyte

loss.
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Complete blood count and serum biochemistry.

There were several key differences in CBC and serum biochemical values between the
iron overload and dextran control group animals. Concerning erythrocyte indices, iron overload
did not result in a difference in hematocrit (Figure 3.5) or in the cellular hemoglobin
concentration mean (CHCM, Figure 3.5). However, iron overload did result in a change in mean
red blood cell volume (MCV, Figure 3.5). Relative to controls, iron overloaded animals had
smaller, microcytic red blood cells. MCV in the iron overload group was 69.14 (95% CI 64.76 —
73.53) while it was 72.90 (95% CI 71.98 — 73.82) in the dextran group (P = 0.0291). Serum iron
levels were also much higher in the iron overload group (Figure 3.5). Mean serum iron was
939.1 pg/dl (95% CI 476.0 — 1,402) in the overload group and 281.9 pg/dl (95% CI 265.2 —
298.6) in the dextran group (P = 0.0008).

There were also several changes to suggest increased systemic inflammation in the iron
overload group. Platelet counts and total white blood cell counts were both higher in the iron
overload group (Figure 3.5). Mean platelet count was 544,100 cells/uL (95% CI 500,200 —
588,000) in the iron overload group and 462,900 cells/uL (95% CI 410,600 — 515,200) in the
dextran group (P = 0.0179). Mean WBC count was 7,175 cells/uL (95% CI 6,138 — 8,212) in the
iron overload group and 3,930 cells/uL (95% CI 3,220 — 4,640) in the dextran group (P <
0.0001). On serum biochemistry, an inflammatory pattern of lower albumin coupled with
increased globulins was present in the iron overload group as well (Figure 3.5). Mean serum
albumin was 2.5 g/dl (95% CI 2.333 — 2.667) in the iron overload group and 2.87 g/dl (95% CI
2.774 — 2.966) in the dextran group (P = 0.0002). Mean serum globulin concentration was 2.113
g/dl (95% CI 1.926 — 2.299) in the iron overload group and 1.880 g/dl (95% CI 1.742 — 2.018) in

the dextran group (P = 0.0307).
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Perl’s Prussian blue staining of internal organs & liver iron quantitation.

In order to demonstrate tissue iron levels in the iron overloaded and dextran control
animals, samples of liver, spleen, and bone marrow were stained with Prussian blue. This stain
highlights iron, specifically that in the form of hemosiderin. The liver is a major organ dedicated
to iron storage. The spleen and bone marrow are also iron-rich, due to the presence of
macrophages that participate in red blood cell turnover and iron storage, respectively. Figure
3.6A and 3.6C depict a strong blue color, indicating presence of abundant iron in the iron
overload group liver and spleen, respectively. In contrast, very little detectable blue staining is
observed in the dextran control liver and spleen (Figure 3.6B, D). Similar staining properties
were noted in the bone marrow (not pictured). To quantitate the amount of iron present in the
liver, AAS was performed on a sample from each animal in both the iron overload and dextran
groups. Liver iron content was significantly different between the two groups. Mean liver iron in
the overload group was 10,448 ppm (95% CI 7,870 — 13,025) and 1,214 ppm in the dextran

control group (95% CI 518.7 — 1,909) (P<0.0001) (Figure 3.7).

Enhanced iron staining of knee joints.

Because iron levels in joint tissues were expected to be low, even in the face of iron
overload, an enhanced stain with increased sensitivity compared to Perls’ Prussian blue stain was
utilized. Staining in cartilage and the IFP was quantified and compared separately between
treatment groups. Surface area of iron staining in cartilage was similar between the dextran
control and iron overload groups. However, surface area was significantly higher in the IFP of
the iron overload group (Figure 3.8). Surface area of iron staining in cartilage was 69.44 square

microns (95% CI 61.32 — 77.57) in the dextran group and 67.17 square microns (95% CI 59.63 —
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74.70) in the iron overload group (P = 0.6538). Meanwhile, surface area of iron staining in the
IFP was 37.22 square microns (95% CI1 31.94 — 42.50) in the dextran group and 53.00 square

microns (95% CI 49.96 — 56.04) in the iron overload group (P < 0.0001).

IHC for 4HNE in knee joints.

Protein expression of 4HNE, a marker of lipid peroxidation, was present within the
meniscus and chondrocytes in the superficial zone of cartilage of the iron overload group (Figure
3.9). No staining was noted in chondrocytes or menisci in the dextran control group. 4AHNE
immunostaining was present within the synovium and IFP in both the dextran control and iron
overload groups. However, staining intensity was notably increased in the iron overload group.

No staining was noted within the extracellular cartilage matrix.

3.4 Discussion.

In the current study, we demonstrated that experimental iron overload induced knee joint
OA in disease-resistant Strain 13 guinea pigs. This work firmly establishes that iron overload is
detrimental to knee joint health and should be considered a key player in the development of
spontaneous OA. While we did not note any changes in demeanor over the course of the study,
animals in the iron overload group exhibited skin hyperpigmentation. Because of this marked
change in skin color, we harvested the animals after one month of iron administration to ensure
proper animal welfare. Although females in the iron overload group had a significantly decreased
body weight compared to dextran females, there was no difference in femoral length, indicating
iron overload did not alter skeletal growth of these animals. In regards to these sex differences, it

is possible the females were more sensitive to the hazardous effects of iron compared to males,

K2



although the reason for this requires more investigation. In humans, it is men who are more
prone to higher systemic iron levels (e.g. serum ferritin) with age, as women experience years of
recurrent mild blood loss due to menstruation. Thus, women are relatively iron deficient
compared to men until menopause, when ferritin levels begin to increase™.

Both bony and cartilage lesions associated with OA were markedly increased in the iron
overload group. These changes are especially striking given the young age (16 weeks) and OA-
resistant nature of the Strain 13 guinea pigs used in this study. While Strain 13 animals are not
immune to OA, they typically exhibit minimal to mild lesions at 12 months of age, and,

therefore, are often referred to as OA-resistant*>®

. This is in contrast to the Hartley guinea pig, a
strain that develops OA lesions starting at 3 months of age and is considered a natural model of
this disease.

Using the whole joint microCT scoring system, nearly all animals in the iron overload
group exhibited osteophytes on both the femur and tibia. Osteophytes are bony outgrowths that
arise from the periosteum at joint margins and are commonly found in osteoarthritic joints*.
They form early in the development of disease under the influence of transforming growth factor
beta (TGFR), and may be a source of pain**"'®, Osteophytes are thought to provide added
stability to joints with OA™® although their true function is incompletely understood. In our
Strain 13 animals, we would not expect joint laxity or mechanical problems to be present that
may promote osteophyte formation. It may be possible that iron overload triggers a biochemical
event that incites osteophyte formation. Indeed, osteophytes are commonly present in humans

140

with systemic iron overload due to hemochromatosis™. The link between iron overload and

osteophyte formation may lie in the BMP/SMAD signaling pathways shared by TGFR and the
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iron regulator hepcidin®****?, Despite utilizing similar signaling pathways, the potential
connection between iron and osteophyte formation has not been explored.

Aside from OA changes noted using the clinically-oriented grading scheme, we also
found several changes in more conventional microCT values. These changes were predominantly
found in the lateral tibia. This site exhibited decreased bone volume fraction, trabecular
thickness, and trabecular number in the iron overload group. Iron excess can induce
osteoarthritic changes; however, it can also cause osteoporosis and osteopenia characterized by
bone loss and decreased bone mineral density******. The reason for these dichotomous actions
and what drives OA in some patients and bone loss in others remains unclear. Several studies
have shown that excess iron exerts inhibitory effects on osteoblasts while simultaneously

increasing the bone resorptive activity of osteoclasts***. A study in iron overloaded mice

linked excess ROS formation with bone loss**®. ROS induce NF-kB and downstream pro-
inflammatory cytokines such as TNF and IL-6, which can stimulate osteoclast formation34°,
While we found no differences in bone mineral density in the iron overloaded guinea pigs, this
may be due to short-term nature of study. Differences may emerge with a longer time course of
iron overload. Based on our findings, there is evidence for concurrent OA and changes consistent
with osteopenia in iron overloaded guinea pigs. The complex interaction and balance between
iron overload and bony changes warrants further investigation.

To characterize systemic effects of iron dextran administration, we collected blood,
serum, and several tissues for analysis. As expected, serum iron levels were increased in the iron
overload group. As iron is integral to heme formation, erythrocyte values on CBC were

examined. Interestingly, the mean cell volume (MCV) of erythrocytes was decreased in the iron

overload group with no changes noted in total hematocrit or mean cell hemoglobin
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concentrations. Decreased MCV, or microcytosis, is a finding typically associated with iron
deficiency, not overload. However, experimental iron overload (via a high iron diet) caused
copper deficiency in rats**. Because copper is intimately linked to iron homeostasis, copper
deficiency can result in microcytosis™. It is possible that the iron overload guinea pigs in the
current study became copper deficient, leading to microcytosis. Another possibility is that the
microcytosis developed secondary to inflammation and the iron-restricting effects of hepcidin. In
future studies, measurement of serum or tissue copper and hepcidin levels should be performed
to characterize the cause of the microcytosis.

In addition to erythrocyte values, several other blood and serum parameters were
examined. There were several indicators of increased levels of systemic inflammation in the iron
overload group. They had increased total leukocyte counts as well as increased platelet counts.
Increased platelets, while non-specific, is commonly associated with inflammation, as cytokines,
particularly IL-6, stimulate thrombopoiesis,™? and this has been demonstrated experimentally in

guinea pigs*>®

. On serum biochemistry, iron overload animals had lower albumin levels coupled
with increased globulins, a pattern indicative of inflammation. Albumin is a negative acute phase
protein, while globulins are positive acute phase proteins'>*, so they often exhibit an inverse
relationship in the presence of inflammation. Another consideration for the lower albumin
concentrations is possible decreased production due to liver insufficiency in the iron overload
group. Hepatic dysfunction is linked to iron overload™ and cannot be entirely ruled out in the
current study.

To further characterize the extent of iron overload systemically and locally within the

knee, we performed specialized histochemical stains in major organs involved with iron

homeostasis and knee joints, respectively. To this end, Perls’ Prussian blue stain was done on
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sections of liver, spleen, and bone marrow from each animal. Results from these stains
confirmed the marked degree of iron overload in the treated group compared to controls. Liver
iron quantitation via AAS further confirmed these findings. As preliminary studies in our lab
revealed that Perls’ Prussian blue stain lacked sensitivity to detect the expected small amount of
iron present in knee joints (data not shown), an enhanced stain was used. Results from the
enhanced iron stain illustrated that there was, indeed, increased iron within the knee joints of the
iron overload group. Differences in iron staining were attributed to accumulation within
macrophages in the infrapatellar fat pad (IFP). No differences were noted in cartilage iron
staining between the groups. The IFP has emerged as an important player in knee joint
homeostasis™®. The IFP is comprised of a network of adipocytes, fibroblasts, and leukocytes***’.
Therefore, it is prone to be a source of inflammatory mediators that may contribute to OA**#>
47531571681 ‘\While it has not been described in the IFP specifically, iron accumulation within
adipose tissue macrophages occurs with states of chronic inflammation, such as obesity*®2. In the
current work, iron accrual within IFP macrophages was drastic and was likely a primary source
of oxidants within the knee joint. Indeed, IHC for 4HNE, a marker of oxidant damage, lends
support to this suspicion, as there were higher levels of immunostaining in cartilage, menisci,
synovium, and the IFP in the iron overload group.

This study provides data linking iron overload to development of OA in disease-resistant
Strain 13 guinea pigs. Specifically, iron accumulation within the IFP likely acts as a local depot
triggering pro-oxidant and inflammatory damage to many tissues in knee joints. A limitation of
this work is the marked degree of iron overload that is likely not biologically relevant in normal,
healthy aging animals. However, this proof-of-principle study aimed to pinpoint iron as a direct

contributor to the pathogenesis of primary OA. Future work will examine tissue iron load in
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untreated aging animals, particularly in OA-prone Hartley guinea pigs. Similarly, it is prudent to
determine whether a decrease in iron load, via diet or chelation, may prevent OA lesions or delay
their onset. Studies examining iron trafficking pathways within joint tissues are also needed to
increase our understanding of how this element contributes to development of primary OA in

animals and humans.
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Table 3.1 — Conventional microCT values in dextran and iron overload animals.

Dextran Iron Overload P-value
Bone Volume/Total MT 0.4142 0.4223 0.7456
Volume (0.3717,0.4567) (0.3868,0.4578)
LT 0.4227 0.3817 0.0081
(0.3971,0.4483) (0.3628,0.4006)
MF 0.4543 0.4342 0.1911
(0.4451,0.4635) (0.4054,0.4629)
LF 0.3829 0.3797 0.8439
(0.3539,0.4120) (0.3565,0.4028)
Trabecular Number (1/mm) MT 4.443 4.519 0.5321
(4.257,4.630) (4.334,4.705)
LT 5.040 4.608 0.0081
(4.770,5.310) (4.407,4.808)
MF 3.866 3.986 0.1490
(3.754,3.978) (3.853,4.118)
LF 3.626 3.979 0.0047
(3.425,3.826) (3.825,4.132)
Trabecular Thickness (mm) MT 0.1174 0.1148 0.5589
(0.1106,0.1242) (0.1079,0.1216)
LT 0.1093 0.1006 0.0012
(0.1046,0.1140) (0.0979,0.1032)
MF 0.1242 0.1192 0.2055
(0.1197,0.1287) (0.1125,0.1259)
LF 0.1104 0.1072 0.1420
(0.1069,0.1139) (0.1042,0.1103)
Trabecular Spacing (mm) MT 0.2286 0.2010 0.0030
(0.2177,0.2394) (0.1864,0.2156)
LT 0.2027 0.2122 0.3031
(0.1870,0.2184) (0.1993,0.2251)
MF 0.2117 0.2077 0.5208
(0.2027,0.2208) (0.1975,0.2716)
LF 0.2362 0.2209 0.1288
(0.2205,0.2518) (0.2064,0.2355)
Bone Tissue Mineral MT 875.6 877.0 0.8523
Density (g/cm®) (865.3,885.9) (864.8,889.2)
LT 880.9 875.7 0.3002
(873.6,888.1) (867.9,883.5)
MF 900.3 909.6 0.2371
(893.6,907.1) (895.4,923.9)
LF 888.6 896.7 0.1167
(882.5,894.8) (888.2,905.3)

MT, medial tibia; LT, lateral tibia; MF, medial femur; LF, lateral femur
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Figure 3.1 — Body weights and femur lengths in dextran and iron overload animals. Total
body weight (A) and femur length (B) for dextran control and iron overload animals. Black line
represents mean value.
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Figure 3.2 — MicroCT and OARSI histologic OA scores in dextran and iron overload
animals. MicroCT whole joint OA score (A) and histologic OA score (B) for dextran control and
iron overload groups. Black line represents mean value.
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Figure 3.3 — Example images of microCT lesions. Representative microCT images from a
dextran control guinea pig (A), and an iron overload guinea pig (B). Note the presence of
osteophytes on the medial tibia (red arrow) and medial femur (green arrow), and a subchondral
cyst (blue arrow).
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Figure 3.4 — Example photomicrographs of histologic lesions. Toluidine blue stained
photomicrographs of medial compartment. A) Representative photomicrograph from an animal
in the dextran group (medial compartment OARSI score of 0). B) Representative

photomicrograph from an animal in the iron overload group (medial compartment OARSI score
of 12).
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Figure 3.5 - CBC and biochemistry data from dextran and iron overload animals. Select CBC and serum biochemical values
from dextran control and iron overload groups. A) hematocrit, B) mean red blood cell volume, C) cellular hemoglobin concentration
mean, D) serum iron, E) platelet count, F) white blood cell count, G) serum albumin, and H) serum globulins. Black line represents

mean value.
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Figure 3.6 — Perls’ Prussian blue photos of liver and spleen in dextran and iron overload animals. Representative Prussian blue
photos from A) liver from an animal in the iron overload group, B) liver from an animal in the dextran control group, C) spleen from
an animal in the iron overload group, and D) spleen from an animal in the dextran control group.
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Figure 3.7 — Quantitative liver iron content in dextran and iron overload animals. Iron
content reported as parts per million dry weight of liver in the A) dextran control group, and B)
iron overload group. Black line represents mean value.
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Figure 3.8 — Enhanced iron staining of knee joints in dextran and iron overload animals. Iron staining in the cartilage of a

dextran control animal (A), cartilage of an iron overload animal (B), IFP of a dextran control animal (D), and IFP of an iron overload

animal (E). (C) and (F) demonstrate area of iron staining in the cartilage and IFP.
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Figure 3.9 — 4-hydroxynonenal immunohistochemistry in dextran and iron overload animals. 4HNE immunostaining in dextran

control meniscus (A), tibial cartilage (B), and IFP and synovium (C). 4HNE immunostaining in iron overload meniscus (D), tibial

cartilage (E), and IFP and synovium (F).




CHAPTER 4

SYSTEMIC IRON DEFICIENCY LESSENS OSTEOARTHRITIS SEVERITY IN DISEASE-

PRONE HARTLEY GUINEA PIGS

4.1 Introduction.

Iron is an element that is critical to normal organismal function. Primarily, it is used to
synthesize hemoglobin for normal oxygen transport in mammals, but it also has roles in
oxidative phosphorylation and production of iron-sulfur clusters within the mitochondria.
Although iron is essential for life, it also has the ability to induce tissue injury when it is present
in excess amounts or is not properly handled by cells'®®. This is due to iron’s propensity to
participate in the free radical producing Fenton and Haber Weiss reactions’*?. Despite this
potential for tissue injury, there are no direct iron excretion mechanisms present in mammals
other than normal desquamation of skin and gastrointestinal epithelium®®*. Thus, in normal
individuals, iron levels are controlled by limiting its intestinal absorption. This is regulated by
hepcidin, a peptide hormone produced by the liver. Hepcidin is produced in iron replete states as
well as in response to systemic inflammation®. In the presence of hepcidin, ferroportin, the only
known iron export protein, is degraded’’. This prevents iron within enterocytes, as well as within
hepatocytes and macrophages, from being exported to the bloodstream. When hepcidin
production is prolonged, as can occur with chronic inflammation®®®, iron becomes sequestered
within cells and can accumulate®®®°’,

Due to the lack of an excretion mechanism, progressive iron accumulation in tissues over

time seems to be an inevitable process associated with aging. In fact, many chronic aging-related
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diseases have been linked to the toxic effects of iron accrual over time®. Examples of such
diseases include type Il diabetes, sarcopenia, atherosclerosis, neurodegenerative diseases, and
various cancers®. Furthermore, excess iron in joint tissues has long been linked to arthropathies

associated with hereditary hemochromatosis®’, rheumatoid arthritis®#°

, and hemophilic
arthropathy®. Studies have shown increased iron levels in cartilage, synovium, as well as
synovial fluid in these conditions®®®. In vitro studies have demonstrated that iron-loaded
synoviocytes secrete pro-inflammatory cytokines that, in turn, stimulate chondrocyte matrix
metalloproteinase activity®®. Additionally, iron is able to directly cause chondrocyte apoptosis
through induction of hydroxyl free radical formation®*,

Though iron has been studied in the arthropathies described above, its possible role in
driving spontaneous, aging-associated osteoarthritis (OA) has not been well-explored.
Spontaneous OA is a widespread, painful condition affecting millions across the globe®”.
Unfortunately, mechanisms underlying development of this debilitating disease are poorly
understood. To date, one human study showed that higher serum ferritin (a storage form of iron)
levels in men were associated with a 4-fold increased risk of having radiographic evidence of
knee joint OA®®, Another study found increased ferritin levels in the synovial fluid of patients
with OA compared to those without the disease®. Because iron has been implicated in many
other diseases related to aging, we hypothesize its accumulation in joint tissues may be
contributing to development of spontaneous OA.

To directly assess this intriguing link between iron and OA, we performed two proof-of-
principle studies. In the first study, described in a companion manuscript, we demonstrated that

induction of systemic iron overload, via administration of iron dextran, resulted in early onset

and worsened severity of OA in a disease-resistant Strain 13 guinea pigs. Here, we assessed the
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ability of systemic iron depletion, using an iron deficient diet, to prevent or delay the onset
and/or progression of OA. For this study, we hypothesized that consumption of an iron deficient

diet would mitigate OA in disease-prone Dunkin-Hartley guinea pigs.

4.2 Materials and Methods.
Animals.

All procedures were approved by the university’s Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Twelve male Dunkin-Hartley guinea pigs were purchased from a
commercial vendor (Charles River Laboratories, Wilmington, MA) at 8 weeks of age and
maintained at Colorado State University’s Laboratory Animal Resources housing facilities for an
additional 19 weeks. Animals were monitored daily by a veterinarian. All animals were housed

individually in solid bottom cages and fed ad libitum, as described below.

Iron deficient and control diets.

For this part of the study, six animals were placed on either an iron deficient or iron
sufficient (control) diet. Due to their fastidious nature, guinea pigs were transitioned from a
regular chow diet (Teklad Global Guinea Pig Diet #2040, Madison, WI) to either the iron
deficient or iron sufficient (control) diet over 2 weeks by mixing the diets. They were fully
switched to the experimental diets at 12 weeks of age. These diets were specially formulated
from Harlan Teklad and were identical in composition with the exception of iron content. The
iron sufficient diet contained 0.735 g/kg of ferric citrate as the source of iron while the deficient

diet was formulated without added ferric citrate. Animals were fed these diets for a duration of
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19 weeks. Food and water were provided ad libitum. Fleece material was used to prevent
consumption of bedding, a common behavior of coprophagic guinea pigs, as all available

bedding options contained high levels of iron (data not shown).

Specimen collection.

Animals were harvested at 31 weeks of age. Body weights were recorded at time of
harvest. Animals were anesthetized with a mixture of isoflurane and oxygen. Thoracic cavities
were opened, and blood was collected with 20-gauge butterfly catheter via direct cardiac
puncture. Anesthetized animals were immediately transferred to a carbon dioxide chamber for
euthanasia. Hind limbs were removed at the coxofemoral joint. The left limb was placed into
10% neutral buffered formalin for 48 hours and then transferred to PBS for microcomputed
tomography (microCT) analysis. Prior to microCT imaging, femur length was measured using
calipers. After microCT, limbs were transferred to a 12.5% solution of
ethylenediaminetetraacetic acid (EDTA) at pH 7 for decalcification. EDTA was replaced twice

weekly for 6 weeks.

Microcomputed tomography of knee joints.

Knee joints were scanned in PBS using the Scanco microCT system (Scanco uCT80,
Scanco Medical AG, Bruttisellen, Switzerland) with an isotropic voxel size of 18um. Built-
in software (Scanco Medical AG IPL v4.05, Bruttisellen, Switzerland) was used to evaluate bone
volume fraction (BV/TV), trabecular number, trabecular thickness, trabecular spacing, and mean
tissue mineral density of bone. These parameters were measured in trabecular bone for the

following regions of interest (ROI) in each animal: medial tibia, lateral tibia, medial femur, and
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lateral tibia. Regions of interest were drawn with the cylinder tool. Fifty image slices were used
to create the femoral and tibial ROIs. Clinical features of OA were scored by a veterinary

radiologist using a whole joint grading scheme, as previously described™".

Histologic grading of OA using OARSI recommendations.

After decalcification, three sagittal slices were made through each knee joint. Mid-
sagittal slices were made for histologic evaluation of the IFP. Sagittal slices through the medial
and lateral femoral condyles were made to assess OA changes in four sites: medial tibia, lateral
tibia, medial femur, and lateral femur. Samples were paraffin embedded and a 5-micron section
was stained with Toluidine Blue. Medial and lateral femoral condyles along with medial and
lateral tibial plateaus, were scored using the recommended published guidelines®. This
semiquantitative histopathologic grading scheme is based on articular cartilage structure,
proteoglycan content, cellularity, tidemark integrity, and presence of osteophytes. Scores were
performed in a blinded fashion by two independent pathologists (LBR and KSS). Scores from
each of the four anatomic locations were assessed separately, and they were summed to obtain a

total knee joint OA score for each guinea pig.

Complete blood count and serum biochemical profile.

At the time of harvest, a portion of whole blood collected via cardiac puncture was
allocated to 0.5 mL EDTA microtubes for complete blood count (CBC). CBCs were performed
at the Colorado State University (CSU) Clinical Pathology Laboratory using the Advia 120
hematology analyzer (Siemens, Munich, Germany) with instrument settings and software

specifically designed for guinea pig samples. Blood films were manually reviewed, and a
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leukocyte differential count was performed by a veterinary clinical pathologist (LR). Remaining
blood was placed in red top glass tubes, allowed to clot for 30 minutes, and then centrifuged at
5,000 x g for 15 minutes for serum collection. Serum was aliquoted to cryovials and stored at -
80°C for future analysis. One aliquot of serum was not frozen and submitted to the CSU Clinical
Pathology Laboratory for serum biochemical analysis, including serum iron measurement, using

the Roche Cobas 6000 (Basel, Switzerland).

Prussian blue staining of internal organs and liver iron quantitation.

Sections of liver and spleen were placed into 10% neutral buffered formalin at the time of
harvest. After 48 hours, formalin was removed and replaced with 1X PBS solution. After left
hind limbs were decalcified and knees were trimmed for histologic analysis, remaining femur
and tibia long bones were cut longitudinally to obtain sections of bone marrow. These sections of
liver, spleen, and bone marrow were paraffin-embedded and 5-micron sections were stained with
Prussian blue to highlight tissue iron load. Iron quantitation was performed via atomic absorption
spectroscopy (AAS) on 200-gram samples of formalin-fixed liver tissue by the CSU Toxicology

Laboratory. Iron levels were reported as parts per million (ppm) dry weight.

Enhanced iron staining of knee joints.

To identify small amounts of iron in joint tissues, an enhanced staining protocol was
used, as previously described™*?. Unstained sections of knee joints were heated at 60°C
overnight. They were briefly deparaffinized by immersion into a gentle xylene substitute
(SafeClear). After drying, slides were immersed in a solution of 1% potassium ferrocyanide,

0.05N hydrochloric acid, and 5% polyvinylpyrrolodione for 60 minutes. They were then
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incubated in a 0.3% hydrogen peroxide and 0.01M sodium azide solution for 75 minutes. After
rinsing in PBS, slides were transferred to a diaminobenzidine (DAB) solution. After rinsing and
drying, slides were coverslipped using Permount. Negative control slides for each joint were
made by following the described protocol without incubation in the potassium ferrocyanide
solution. Four representative photographs of cartilage from each slide were used to make a single
composite photograph for each animal. A single photo of the infrapatellar fat pad was taken for
each animal. Nikon Elements software was used to quantify area of iron-positive areas on the

cartilage composite and IFP photographs.

Immunohistochemistry of knee joints for 4-hydroxynonenal.

Immunohistochemistry (IHC) was performed on sections of knee joints using a
polyclonal rabbit antibody to 4-hydroxynonenal (4HNE) (Abcam ab46545) at a dilution of
1:200. Prior to incubation with primary antibody, slides were incubated in citrate buffer
overnight at 55°C for antigen retrieval, as recommended for skeletal tissues™?. Slides were
incubated in primary antibody overnight at 4°C, followed by a 30-minute incubation with a
biotinylated goat anti-rabbit secondary antibody. Exposure to secondary antibody, alone, did not
result in any positive immunostaining. Sections were counterstained with hematoxylin,
coverslipped, and viewed by light microscopy. At least four sections from each joint were

examined for immunostaining in chondrocytes, matrix, menisci, synovium, and within the IFP.
Statistical analyses.

Data for total body weights, femur length, histologic OA scores, whole joint microCT

OA scores, bone morphometric measurements, CBC values, serum biochemical values, liver
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AAS, and surface area of iron staining on knee joint photographs passed normality testing via the
Kolmogorov-Smirnov test. These data were compared using parametric t tests. Statistical
significance was set at P < 0.05. All statistical analyses were performed with GraphPad Prism

(La Jolla, CA, USA).

4.3 Results.
General description of animals.

Total body weights for animals on the iron deficient diet and control diets were similar
(Figure 4.1). Mean total body weight was 1058 grams for the control diet group and 1054 grams
for the iron deficient diet group. Femur lengths were also similar between these two groups, with

a mean of 42.89 mm in the control group and 42.72 mm in the deficient diet group (Figure 4.1).

Quantitative microCT measurements.

Mean values (and 95% confidence interval) for each of the quantitative microCT
measurements are listed in Table 4.1. In this study, significant differences were found for:
trabecular number in the lateral tibia, trabecular thickness in the medial femur, and bone tissue
mineral density in all four regions of interest. No differences were found for BV/TV or
trabecular spacing. Compared to animals on the control diet, animals on the iron deficient diet
exhibited increased trabecular number in the lateral tibia and slightly decreased trabecular
thickness in the medial femur. Interesting, bone tissue mineral density was uniformly decreased
in all four regions of interest (medial tibia, lateral tibia, medial femur, lateral femur) in the iron

deficient diet group compared to controls.
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Whole joint microCT OA scores.

The whole joint microCT OA scores provides a global assessment of bony changes
observed in the tibia, femur, and patella in each animal. There were no differences in whole joint
microCT scores between animals on the iron deficient and control diets (Figure 4.2). Scores in
both group groups ranged from 5 to 12. Mean score was 9 in the iron deficient diet group and 9.2
in the control diet group. In the control diet group, all 6 animals had small and large osteophytes
present on both the tibia and femur. Two out of 6 animals in the control group also had
osteophytes present on the patella. Four animals exhibited subchondral bone cystic changes and
subchondral bone sclerosis. In the iron deficient diet group, 3 animals had large osteophytes on
the tibia, femur, and patella while the remaining 3 animals lacked patellar osteophytes. Three

animals had subchondral bone cysts and subchondral bone sclerosis.

OARSI histology score.

Histologic grading using published OARSI guidelines® demonstrated lower total joint
scores for the iron deficient diet group compared to animals in the control diet (Figure 4.2).
Mean total joint OARSI score was 10.67 (95% CI 3.909 — 17.42) in the deficient diet group and
24.0 (95% CI 18.18 — 29.82) in the control diet group (P < 0.0039). This same pattern was
present when medial and lateral compartments (scores from tibia and femur added together) were
considered separately (data not shown). Mean OARSI score for the medial compartment was
6.833 (95% CI 2.074 — 11.59) in the deficient diet group and 12.5 (95% CI 9.132 — 15.87) in the
control diet group (P < 0.0315). Mean OARSI score for the lateral compartment was 3.833 (95%
ClI 1.591 - 6.076) in the deficient diet group and 12.2 (95% CI 9.812 — 14.59) in the control diet

group (P < 0.0001). Representative photomicrographs demonstrating typical lesions seen in the
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articular cartilage are shown in Figure 4.3. Figure 4.3A shows a fibrillated cartilage surface and
an area of severe proteoglycan loss extending to the deep zone of the cartilage. Additionally,
there is chondrocyte loss in this area. Figure 4.3B shows a relatively normal tibial surface with
very mild proteoglycan loss in the superficial layer of cartilage and mild chondrocyte

hypercellularity.

Complete blood count and serum biochemistry.

There were several findings indicating systemic iron deficiency in the iron deficient diet
group. On CBC, the deficient diet group had lower hematocrit, lower mean red blood cell
volume (MCV), and lower cellular hemoglobin concentration mean (CHCM), indicating a mild,
microcytic, hypochromic anemia in these animals, consistent with iron deficiency (Figures 4.4).
Mean hematocrit was 43.6% (95% CI1 39.71 — 47.49) in the deficient diet group and 46.67% in
the control diet group (95% CI 45.81 — 47.52) (P = 0.0448). Mean red blood cell volume was
60.0 fl (95% CI 52.3 — 67.7) in the deficient diet group and 82.33 fl (95% CI 79.79 — 84.88) in
the control diet group (P < 0.0001). Mean CHCM was 28.8 g/dl (95% CI 27.76 — 29.84) in the
deficient diet group while it was 31.83 g/dl (95% CI 31.40 — 32.26) in the control diet group (P <
0.0001). Other findings supportive of systemic iron deficiency in deficient diet group were an
increased platelet count and decreased serum iron concentration (Figures 4.4). Mean platelet
count was 585,200/uL (95% CI 485,400 — 685,000) in the deficient diet group and 410,200/uL
(95% CI 340,500 — 479,900) in the control diet group.

There was no CBC or serum biochemical evidence to indicate a difference in systemic
inflammation between the two groups. Total white blood cell counts, serum albumin, and serum

globulins were similar in both diet groups (Figure 4.4). Mean WBC count was 5,280/uL (95% CI
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3,850 — 6,710) in the deficient diet group and 4,667/uL (95% CI 2,746 — 6,588) in the control

diet (P = 0.5338). Mean serum albumin was 3.0 g/dl (95% CI 2.726 — 3.274) in the deficient diet
group and 2.933 g/dl (95% CI 2.775 — 3.091) in the control diet group (P = 0.5995). Mean serum
globulin concentration was 2.3 g/dl (95% CI 2.124 — 2.476) in the deficient diet group and 2.233

g/dl (95% CI 2.125 — 2.342) in the control diet group (P = 0.4257).

Prussian blue staining of internal organs & liver iron quantitation.

In order to demonstrate tissue iron levels in the iron deficient and control diet animals,
samples of liver, spleen, and bone marrow were stained with Prussian blue. This stain highlights
iron, specifically that in the form of hemosiderin. The liver is the major organ dedicated to iron
storage. The spleen and bone marrow are also iron-rich, due to the presence of macrophages that
participate in red blood cell turnover and iron storage, respectively. Figures 4.5A and 4.5C
demonstrate a lack of Prussian blue staining in the iron deficient diet liver and spleen,
respectively. In contrast, normal amounts of blue iron deposits are noted in the liver and spleen
of animals on the control diet (Figure 4.5B, D). Bone marrow exhibited similar trends as liver
and spleen (not pictured). A sample of liver was used to quantitate iron levels in the two diet
groups via AAS. Liver iron content was significantly higher in the control diet group compared
to the iron deficient diet group (Figure 4.6). Mean liver iron content was 1,590 ppm dry weight
(95% CI 853.9 — 2,326) in the control diet group, while it was 185.3 ppm (95% CI 53.59 —

316.9) in the deficient diet group (P = 0.0022).
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Enhanced iron staining of knee joints.

An enhanced iron stain was used to detect small quantities of iron within joint tissues. No
significant differences in iron staining were found in the cartilage or IFP between control and
iron deficient diet groups (Figure 4.7). Surface area of iron staining in the cartilage was 143.4
square microns (95% CI1 87.00 — 278.1) in the control group and 90.67 square microns (95% CI
68.13 — 113.2) in the iron deficient diet (P = 0.2699). In the IFP, surface area of iron staining was
36.00 square microns (95% CI 28.45 — 43.55) in the control group and 40.00 square microns

(95% CI 31.63 — 48.37) in the iron deficient diet group (P = 0.3826).

IHC in knee joints for 4HNE.

Protein expression of 4HNE, a marker of lipid peroxidation, was strongly present within
the meniscus of animals on the control diet. Likewise, mild to moderate expression was noted
within chondrocytes in the superficial cartilage layer and within the synovium and IFP in control
animals (Figure 4.8). In contrast, no staining was noted in the menisci, and slight positive
staining was present in superficial chondrocytes, in animals in the iron deficient diet. Staining
intensity was notably less in the synovium and IFP in the iron deficient diet group compared to
controls, as well. No appreciable staining was noted within the extracellular cartilage matrix in

either group.

4.4 Discussion.
Here, we demonstrated that histologic OA lesions were lessened in disease-prone Hartley
guinea pigs fed an iron deficient diet for 19 weeks. To our knowledge, this is the first study

examining effects of an iron deficient diet in a rodent model of spontaneous OA. In conjunction
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with our work examining the OA-worsening effects of iron overload on disease-resistant Strain
13 guinea pigs, this work further solidifies that systemic iron status directly influences knee joint
health. While an iron deficient diet is obviously not ideal for long-term wellbeing, this study
offers proof-of-principle data that tempering ingestion of iron-rich foods may be beneficial in
thwarting aging-related knee joint OA. In fact, some experts believe that it is better and healthier
to be slightly iron deficient than to risk having too much iron, which can be toxic®.

The most striking finding of the current work was a significantly decreased histologic OA
score in the iron deficient diet group. As body weights were similar between the groups, this
finding is attributed to the difference in iron content in the two diets. It is well-established that
iron can induce chondrocyte apoptosis, although this is most readily apparent in the presence of
heme iron, as seen with traumatic joint injury*®® and hemophilic arthropathy*®*"*. Apart from

heme, reactive oxygen species also induce chondrocyte apoptosis’’?

. Additionally, iron-loaded
synoviocytes and macrophages release increased amounts of inflammatory cytokines such as
TNF, IL-1, and IL-6 that subsequently stimulate MMP activity, resulting in degraded cartilage®.
The decreased immunostaining for 4HNE across many tissue types in the iron deficient diet
group suggests that these animals experienced less knee joint oxidant damage compared to
control animals. Decreasing systemic iron levels may beneficially modulate local iron levels
within the knee, resulting in less oxidant damage, apoptosis, and inflammation. Supporting this,
an in vitro study found that human articular chondrocytes treated with lactoferrin, an endogenous

173
B

iron-binding glycoprotein, exhibited decreased apoptosis in the presence of IL-18""°. A similar

study found that treatment with lactoferrin decreased chondrocyte expression of MMPs and

174

inflammatory cytokines™'". Together, these studies and our results suggest that reduction in iron

may prevent cartilage deterioration.
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Despite having significantly decreased cartilage lesions in the iron deficient diet group,
we did not find any differences in bony changes associated with OA using the whole joint
microCT scoring system. Animals in both the iron deficient and control diet groups exhibited
osteophytes, subchondral bone sclerosis, and subchondral bone cysts at 31 weeks of age.
However, there were differences in conventional microCT measurements between the groups,
suggesting that influence of iron deficiency on bone may have been occurring but not
radiographically achieved. Most notably was the decreased tissue mineral density of the
subchondral trabecular bone in all anatomic regions examined. Human studies have found a
positive association between bone mineral density and serum ferritin levels in men'’®. Another
study similarly found an association with iron deficiency anemia and osteoporosis in the general
population including men and women'®. Dietary iron intake is also positively associated with
bone mineral density in postmenopausal women'”’. Together, these studies offer evidence that
systemic iron levels have a positive relationship with bone mineral density. Given these findings
in people, it seems that a parallel trend exists in the Hartley guinea pig. However, the positive
relationship between iron levels and bone mineral density clearly has limitations, as iron
overload conditions, such as hereditary hemochromatosis, are commonly associated with

8 This has been attributed to increased osteoclast activity in conditions of iron

osteoporosis
excess'’®,
To examine the systemic effects of the iron deficient diet, and to ensure clinically
relevant iron deficiency was achieved, blood and serum were collected for analysis. Guinea pigs
on the iron deficient diet had many classical CBC and biochemistry results associated with iron

deficiency. As expected, serum iron levels were significantly lower in the iron deficient diet

group. Compared to control animals, iron deficient animals also had a lower hematocrit (estimate
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of overall erythrocyte mass), decreased mean cell volume (MCV) of erythrocytes, and decreased
erythrocyte cellular hemoglobin concentration mean (CHCM). In clinical terms, they exhibited a
microcytic, hypochromic anemia, which is the classic pattern seen in iron deficiency in
humans®™® as well as in dogs*®*%!. Our work demonstrates that this pattern holds true in a guinea
pig model of nutritional iron deficiency as well, which has not been previously reported. In
addition to the mild anemia present, guinea pigs on the iron deficient diet also had higher platelet
counts. Thrombocytosis is another classic CBC finding associated with iron deficiency, but the
mechanisms driving this change are not fully understood*®?. Thrombocytosis is also frequently
noted in inflammatory conditions, as IL-6 stimulates thrombopoiesis'®®. However, in the current
study, there were no changes present on CBC or serum biochemistry to suggest animals on the
iron deficient diet had increased systemic inflammation.

To further characterize the extent of iron deficiency systemically and locally within the
knee joint, we performed specialized histochemical stains in major organs involved with iron
homeostasis and knee joints, respectively. Sections of liver, spleen, and bone marrow were
stained with Perls’ Prussian blue, which highlights iron deposits in tissues. As expected, the
amount of iron present in all three of these organs was visibly less in the iron deficient animals
compared to controls. Furthermore, quantitative iron levels in the liver measured by AAS
confirmed these findings. Together, our blood and tissue results affirm that the diet used in this
study achieved systemic iron deficiency.

As preliminary studies in our lab revealed that Perls’ Prussian blue stain lacks sensitivity
to detect the expected small amount of iron present in knee joints (data not shown), an enhanced
stain was used. Despite use of this enhanced stain, no differences in iron in cartilage or the IFP

were found. Although demonstrating increased sensitivity compared to Perls’ Prussian blue, this
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stain may still lack the required sensitivity to detect very low quantities of iron that may be
present in these joints. It is also possible that turn-over of iron may take longer than the course of
our study to influence joint tissue. Despite finding similar amounts of iron within the knee joints
of both groups, there was visibly less 4AHNE immunostaining in many tissues within the knee
joint in the iron deficient diet group, indicating a lesser degree of oxidant damage in this group.
More studies are needed to further characterize the changes that may be occurring locally within
the knee joint in the face of systemic iron deficiency. In particular, studies examining iron import
and export proteins within joint tissues may provide valuable insight into how systemic iron
levels affect knee joint iron homeostasis.

This study provides data suggesting that systemic iron deficiency, achieved through an
iron deficient diet, delays onset or progression of cartilage lesions in an OA-prone Hartley
guinea pigs. Based on our results, this is most likely attributed to decreased levels of oxidant
damage within knee joints in the face of iron deficiency. A limitation of the current work
includes the use of male animals only. Future work will include female animals to assess for
potential sex differences. Likewise, consumption of an iron deficient diet is likely not optimal for
overall long-term health, nor is it a practical option. This proof-of-principle study aimed to
determine if decreasing iron load, using an iron deficient diet, could lessen OA severity in
disease-prone animals. This study was done in-parallel with another proof-of-principle study
demonstrating iron overload induces OA lesion in disease-resistant Stain 13 guinea pigs. Based
on the promising findings reported here, future work will investigate the ability of pharmacologic
iron chelators to prevent or delay OA in Hartley guinea pigs. Systemic and/or local iron chelation
is not currently considered in the treatment of spontaneous or post-traumatic OA, although it has

been shown to be beneficial in a variety of conditions where oxidant damage secondary to excess
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iron is implicated'®. Additional studies examining iron trafficking pathways within joint tissues
are also needed, as this is an unexplored niche. Such studies will improve our understanding of
how iron contributes to development of spontaneous OA and may open the door to exploring

novel treatments for this widespread and debilitating disease.
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Table 4.1 — Conventional microCT values in control and iron deficient diet animals.

Control Diet Deficient Diet P-value
Bone VVolume/Total MT 0.4525 0.4606 0.8075
Volume (0.3867,0.5183) (0.4094,0.5118)
LT 0.4269 0.4563 0.2266
(0.3811,0.4726) (0.4195,0.4930)
MF 0.4962 0.4560 0.2147
(0.4439,0.5485) (0.3982,0.5138)
LF 0.4513 0.4269 0.2343
(0.4112,0.4914) (0.3976,0.4561)
Trabecular Number (1/mm) MT 3.516 3.671 0.3563
(3.190,3.843) (3.421,3.922)
LT 3.498 3.834 0.0346
(3,192,3.805) (3.622,4.046)
MF 3.641 3.417 0.3049
(3.300,3.982) (3.008,3.825)
LF 3.514 3.406 0.3467
(2.353,3.675) (3.176,3.636)
Trabecular Thickness (mm) MT 0.1351 0.1346 0.9407
(0.1205,0.1497) (0.1261,0.1431)
LT 0.1255 0.1265 0.8291
(0.1141,0.1368) (0.1211,0.1319)
MF 0.1432 0.1331 0.0299
(0.1324,0.1539) (0.1289,0.1372)
LF 0.1359 0.1312 0.6143
(0.1179,0.1538) (0.1171,0.1454)
Trabecular Spacing (mm) MT 0.2624 0.2464 0.4478
(0.2289,0.2958 (0.2068,0.2860)
LT 0.2617 0.2409 0.1042
(0.2339,0.2896) (0.2296,0.2521)
MF 0.2248 0.2491 0.2516
(0.1881,0.2615) (0.2131,0.2851)
LF 0.2425 0.2509 0.4847
(0.2269,0.2582) (0.2256,0.2763)
Bone Tissue Mineral MT 921.0 899.4 0.0351
Density (g/cm®) (904.4,937.7) (883.5,915.3)
LT 918.6 897.5 0.0304
(907.5,929.8) (878.9,916.0)
MF 936.7 911.4 0.0418
(912.1,961.2) (898.2,924.6)
LF 949.5 922.3 0.0367
(934.2,964.8) (897.7,946.9)

MT, medial tibia; LT, lateral tibia; MF, medial femur; LF, lateral femur
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Figure 4.1 — Body weight and femur lengths in iron deficient diet study. Total body weight
(A) and femur length (B) for control diet and iron deficient diet animals. Black line represents
mean value.
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Figure 4.2 — MicroCT and OARSI histologic OA scores in the iron deficient diet study.
MicroCT whole joint OA score (A) and histologic OA score (B) for control diet and iron
deficient diet groups. Black line represents mean value.
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Figure 4.3 — Example photomicrographs of histologic OA lesion in the iron deficient diet study. Toluidine blue stained
photomicrographs of medial compartment. A) Representative photomicrograph from an animal in the control diet group (Medial

compartment OARSI score of 16). B) Representative photomicrograph from an animal in the iron deficient diet group (Medial
compartment OARSI score of 6).
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Figure 4.4 — CBC and biochemistry values from the iron deficient diet study. Select CBC and serum biochemical values from
control diet and iron deficient diet groups. A) hematocrit, B) mean red blood cell volume, C) cellular hemoglobin concentration mean,
D) serum iron, E) platelet count, F) white blood cell count, G) serum albumin, and H) serum globulins. Black line represents mean
value.
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Figure 4.5 — Perl’s Prussian blue photos from liver and spleen in iron deficient diet study. Representative Prussian blue photos
from A) liver from an animal in the iron deficient diet group, B) liver from an animal in the control diet group, C) spleen from an
animal in the iron deficient diet group, and D) spleen from an animal in the control diet group.
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Figure 4.6 — Quantitative liver iron content in iron deficient diet study. Iron content reported
as parts per million dry weight of liver in the A) control diet group, and B) iron deficient diet
group. Black line represents mean value.
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Figure 4.7 — Enhanced iron staining of knee joints in the iron deficient diet study. Iron staining in the cartilage of a control diet
animal (A), cartilage of an iron deficient diet animal (B), IFP of a control diet animal (D), and IFP of an iron deficient diet animal (E).
Area of iron staining in the cartilage (C) and IFP (D).
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Figure 4.8 — 4-hydroxynonenal immunohistochemistry of knee joint in iron deficient diet study. 4HNE immunostaining in
control diet meniscus (A), tibial cartilage (B), and IFP and synovium (C). 4HNE immunostaining in iron deficient diet meniscus (D),
tibial cartilage (E), and IFP and synovium (F).
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CHAPTER 5

THE INFRAPATELLAR FAT PAD MAY SERVE AS A LOCAL IRON DEPOT AND ITS

REMOVAL IMPROVES OSTEOARTHRITIS LESIONS IN THE HARTLEY GUINEA PIG

5.1 Introduction.

Primary osteoarthritis (OA), especially that affecting the knee joint, afflicts over 273
million people across the globe®”. Due to pain and negative effects on range of motion, knee joint
OA contributes to decreased quality of life®®. Although aging is the biggest factor associated with
primary OA, specific mechanisms contributing to development of primary OA remain poorly

185 Thus, over

elucidated, and there are no treatments available that can restore damaged cartilage
one million people in the U.S. undergo total knee replacement surgery each year*®, costing over
$200 billion to Americans™. This reflects a void in the current understanding of this debilitating

disease.

The knee joint is composed of many structures, including the distal femur, proximal
tibia, the patella and its tendon, cartilage, synovium, menisci, synovial fluid, fat pads, blood
vessels, and nerves. Adipose depots present in the knee joint include the infrapatellar fat pad
(IFP), the posterior knee fat pad, the quadriceps fat pad, and the pre-femoral fat pad*’. The IFP is
the largest of these and is found in the anterior aspect of the joint in the space shaped by the
patella, femoral condyles, and tibial plateau (Figure 5.1). In spite of its bulk, the exact functions
of the IFP are not completely understood. The main role of the IFP is thought to be in facilitating

distribution of synovial fluid across the knee joint, thereby providing lubrication***°. It also

likely provides shock absorbance from mechanical forces and knee joint stability*®. Despite this

Y1



uncertainty, the IFP is considered a player in overall knee joint homeostasis and there is evidence
to support its role in the pathogenesis of knee joint QA*44-47 157161

The IFP is comprised of a network of adipocytes, fibroblasts, leukocytes (primarily
macrophages and lymphocytes), and collagen matrix***’. As such, it is poised to be a source of
inflammatory mediators that may contribute to QA*4>-47:°313716L ' A hyman study demonstrated
that IFP-derived adipocyte conditioned media induced a pro-inflammatory response in T
lymphocytes that resulted in increased proliferation and cytokine production®®’. In addition,
Distal et al. have shown that interleukin (IL)-6 secretion from the IFP of women with knee OA
was more than twice that of subcutaneous thigh fat'®*.

Iron is emerging as a key player in numerous chronic disease processes associated with
aging. This is due to a progressive and insidious accumulation of iron within tissues over time,
promoting oxidant injury and subsequent tissue inflammation and damage®. While iron plays an
established role in arthropathies associated with hereditary hemochromatosis®, rheumatoid

8889 and hemophilic arthropathy™, its potential role in the pathogenesis of primary

arthritis
osteoarthritis is a relatively unexplored niche. One human study reported higher serum ferritin
levels in men with knee joint OA than healthy controls. Additionally, the authors found a 4-fold
increased risk of radiographic OA in men with high serum ferritin concentrations'®®. Another
human study discovered increased levels of ferritin within the synovial fluid in patients with OA
compared to controls®. These studies provide intriguing evidence that iron may be an important,
yet overlooked, player in the pathogenesis of spontaneous OA.

While the source of iron within the knee joint is uncertain, adipose tissue can act as

storage depots for iron. In the face of inflammation, macrophages within adipose tissue lose the

ability to properly handle iron, and may consequently become iron overloaded'®?. Thus, we were
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curious to determine if the IFP may serve as a local knee joint tissue depot that may store iron,
thus contributing to development of disease. The aims of this study were three-fold: 1) determine
if the IFP serves as an iron depot, and 2) investigate inflammatory and iron-related gene
expression profiles of the IFP, and 3) assess disease outcome after surgical removal of the IFP.
We employed the Hartley guinea pig for this study, as it is a valuable rodent model of
spontaneous disease, with histopathologic lesions similar to those seen in people®®. We
hypothesize that the IFP does, indeed, act as a local iron depot within the knee joint and that, by
surgically removing it, we may improve OA outcomes by eliminating a source of oxidant

damage and inflammatory mediators.

5.2 Materials and Methods.
Animals.

All procedures were approved by the university’s Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Two sets of male Dunkin-Hartley guinea pigs were purchased for this
study. The first set of animals was comprised of thirty male Dunkin-Hartley guinea pigs (n=6 per
age group) purchased from a commercial vendor (Charles River Laboratories, Wilmington, MA)
at specified ages and maintained at Colorado State University’s Laboratory Animal Resources
housing facilities. Ages purchased were: 2 months (pre-OA), 3 months (OA onset), 5 months
(early OA), 9 months (moderate OA), and 15 months (severe OA). These animals were used to
determine cross-sectional changes in gene expression and histologic morphology within the IFP

over time and during the development of OA.
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The second part of the study investigated how surgical removal of the IFP influenced
development of OA. For this study, seventeen male Dunkin-Hartley guinea pigs were purchased
at 8 weeks of age. Surgery was performed at 12 weeks of age, as described below. All animals
were monitored daily by a veterinarian. Guinea pigs were housed individually in solid bottom

cages and fed ad libitum food and water.

Removal of the infrapatellar fat pad.

Removal of the IFP was performed on seventeen 12-week old animals. Both knees were
prepared for sterile surgery. After medial parapatellar arthrotomy of the right knee, the patella
was luxated laterally, permitting access to the femoral groove. A single incision was made in the
joint capsule just medial to the patellar tendon, allowing access to, and full removal of, the IFP
(Figure 5.1). The patella was repositioned and the skin incision closed. An identical sham
procedure, without removal of the IFP, was performed on the left knee and served as an internal

control for each animal.

Specimen collection.

Two, 3, 5, 9, and 15-month-old animals (age group animals) were harvested at these ages
as they arrived to CSU. The IFP removal animals were harvested at 7 months of age. Body
weights were recorded at time of harvest and animals were then anesthetized with a mixture of
isoflurane and oxygen. Thoracic cavities were opened and blood was collected with 20-gauge
butterfly catheter via direct cardiac puncture. Animals were immediately transferred to a carbon
dioxide chamber for euthanasia. Hind limbs were removed at the coxofemoral joint. For the IFP

removal animals, both limbs were placed into 10% neutral buffered formalin for 48 hours and
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then transferred to PBS for microcomputed tomography (microCT) analysis. For the age group
animals, only the left limb was placed into formalin. Prior to microCT imaging, femur length
was measured using calipers. After microCT, limbs were transferred to a 12.5% solution of
ethylenediaminetetraacetic acid (EDTA) at pH 7 for decalcification. EDTA was replaced twice
weekly for 6 weeks.

For the age group animals, the right hind limb was also removed at time of harvest. On
this limb, the knee joint was exposed by dissecting through the quadriceps muscles and reflecting
the patella distally. The IFP was removed from the patellar tendon and placed in All Protect
Tissue Reagent (Qiagen) for future gene expression analysis. Using a scalpel, cartilage was
scraped from the patella, tibial plateau, femoral condyles, and femoral groove and placed into
RNALater (Qiagen) for gene expression analysis. Menisci were also removed and placed into

RNALater along with the cartilage.

Evaluation of OA via microCT and histologic grading of knee joints.

Knee joints were scanned in PBS using the Scanco microCT system (Scanco uCT80,
Scanco Medical AG, Bruttisellen, Switzerland) with an isotropic voxel size of 18um. Clinical
features of OA were scored by a veterinary radiologist using a whole joint grading scheme, as

previously described™*!

. After decalcification, three sagittal slices were made through each knee
joint. Mid-sagittal slices were made for histologic evaluation of the IFP. Sagittal slices through
the medial and lateral femoral condyles were made to assess OA changes in four sites: medial
tibia, lateral tibia, medial femur, and lateral femur. Samples were paraffin embedded and a 5-

micron section from each condyle was stained with Toluidine Blue for assessment of OA.

Midsagittal sections were stained with H&E and Masson’s trichrome stain. Medial and lateral
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femoral condyles along with medial and lateral tibial plateaus, were scored using the
recommended published guidelines®. This semiquantitative histopathologic grading scheme is
based on articular cartilage structure, proteoglycan content, cellularity, and tidemark integrity.
Scores were performed in a blinded fashion by two independent pathologists (LBR and KSS).
Scores from each of the four anatomic locations were assessed separately. Scores for both the
medial and lateral compartments were determined. In cases where proper sectioning allowed for

scoring of all 4 sites, a total knee joint OA score was calculated for each guinea pig.

Complete blood count and serum biochemical profile.

At the time of harvest, a portion of blood collected via cardiac puncture was allocated to
0.5 mL EDTA microtubes for complete blood count (CBC). CBCs were performed at the
Colorado State University (CSU) Clinical Pathology Laboratory using the Advia 120
hematology analyzer (Siemens, Munich, Germany) with instrument settings and software
specifically designed for guinea pig samples. Blood films were manually reviewed, and a
leukocyte differential count was performed by a veterinary clinical pathologist (LR). Remaining
blood was placed in red top glass tubes, allowed to clot for 30 minutes, and then centrifuged at
5,000 x g for 15 minutes for serum collection. Serum was aliquoted to cryovials and stored at -
80°C for serum protein C3 concentrations, which were measured using a commercially available
ELISA kit (Abcam). One aliquot of serum was not frozen and submitted to the CSU Clinical
Pathology Laboratory for serum biochemical analysis, including serum iron measurement, using

the Roche Cobas 6000 (Basel, Switzerland).
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Gene expression of the infrapatellar fat pad using NanoString technology.

Total RNA was extracted from IFP samples using an RNeasy Lipid Tissue Mini Kit
(Qiagen) according to package instructions. RNA was quantified spectrophotometrically
(Nanodrop ND-1000). A total of 250 ng of RNA, at a concentration of 20 ng/ul, was sent to
NanoString Technologies. Probes were designed and synthesized by NanoString Technologies
for the following genes of interest: monocyte chemotactic factor 1 (MCP-1), cyclooxygenase 2
(COX2), nuclear factor kappa B (NFkB), IL-6, ferritin heavy chain, superoxide dismutase 2
(SOD2), transferrin receptor 1 (TfR), divalent metal transporter 1 (DMT1), metal transporter
Z1P14, and ferroportin. Housekeeping genes for data normalization included GAPDH and B-
actin. Data analysis was performed using nSolver™ software provided by NanoString
Technologies. Results, reported as absolute transcript counts, were normalized to positive

controls and housekeeping genes.

Iron quantitation of the infrapatellar fat pad.

All IFPs were utilized for either gene expression or histologic analyses in the animals
used in this study. Therefore, formalin-fixed IFP samples saved from previous, unrelated studies
were used for iron quantitation. Samples from a group of young, 2-month-old animals (n=11)
and from a group of 15-month-old animals (n = 18) were submitted to the CSU Toxicology
Laboratory. Iron quantitation was performed via atomic absorption spectroscopy (AAS). Iron

levels were reported as parts per million (ppm) dry weight.
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Statistical analyses.

Data for total body weights, histologic OA scores, whole joint microCT OA scores, CBC
and serum biochemical values, normalized NanoString mRNA absolute counts, and IFP iron
AAS, were subjected to, and passed, normality testing via the Kolmogorov-Smirnov test. Data
from the age group animals were compared using a one-way ANOVA with Tukey’s post-hoc
tests. Iron content in the IFP was compared using a t test. Histology and microCT OA scores
from IFP removal and sham surgery limbs within each animal were compared using paired t
tests. Statistical significance was set at P < 0.05. All statistical analyses were performed with

GraphPad Prism (La Jolla, CA, USA).

5.3 Results.
General description of animals.

In the IFP aging aspect of this study, animals in each group gained weight as expected for
males fed ad libitum, as previously reported*®!. In the IFP removal study, mean body weight at
harvest was 952.6 grams (95% CI 846.4 — 1050). All animals in both studies appeared healthy

throughout the duration of the study.

IFP iron content and Nanostring gene expression profile in aging guinea pigs.

To see if the IFP may serve as a local depot of iron within the knee joint, samples from
two cohorts of guinea pigs were collected to measure iron content. IFPs were collected from 2-
month-old animals, an age with minimal to no OA lesions, as well as from 15-month-old
animals, an age with severe to end-stage disease. These animals were from work unrelated to the

current project, but received no special treatments or interventions that may have altered iron

101



content within the joint. Iron content was significantly higher in the 15-month-old group. Mean
iron content in this older group was 66.92 ppm (95% CI 55.64 — 78.19), while it was 47.01 (95%
C130.31 - 63.71, P = 0.0355) in the younger group (Figure 5.2).

Within the aging groups, IFPs were collected for quantitative gene expression using
Nanostring technology. Several genes for pro-inflammatory cytokines increased with age.
Monocyte chemotactic protein-1 (MCP-1) was higher in the 9- and 15-month groups compared
to the 2-month-old group (Figure 5.3, overall ANOVA P = 0.0120). Mean absolute mRNA count
was 611.3 (95% CI 487.6 — 734.9) in the 9-month group, 567 (95% CI 419.2 — 714.8) in the 15-
month group, and 286.7 (95% CI 186.5 — 387) in the 2-month group. Cyclooxygenase 2 (COX2)
gene expression was higher in the 15-month-old group compared to the 2-month-old group
(Figure 5.3, overall ANOVA P = 0.0232). Mean absolute mRNA count was 71.27 (95% CI 24.53
—118) in the 15-month group and 25.35 (95% CI 16.65 — 34.04) in the 2-month group.
Expression of the transcription factor nuclear factor kappa B (NFkB) was higher in the 15-month
group compared to both 2- and 3-month-old animals (Figure 5.3, overall ANOVA P =0.0252).
Mean absolute mRNA count was 210.2 (95% CI 180.5 — 240) in the 15-month group, 161.4
(95% CI 123.7 — 199) in the 2-month group, and 161.9 (95% CI 141.2 — 182.5) in the 3-month
group. Expression of interleukin-6 (IL-6) was higher in the 9-month-old group compared to 2-
and 3-month-old animals (Figure 5.3, overall ANOVA P = 0.0080). Mean absolute mRNA count
was 79.9 (95% CI 56.93 — 102.9) in the 9-month group and 15.04 (95% CI 8.549 — 21.54) and
27.39 (95% CI 3.439 —51.33) in the 2- and 3-month groups, respectively.

In concert with these increases in inflammatory genes was increased expression of the
iron storage protein ferritin. Ferritin expression was significantly higher in the 9-month-old

group compared to the 2-month-old animals (Figure 5.4, overall ANOVA P = 0.0092). Mean
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ferritin absolute mMRNA count was 15,610 (95% CI 13,333 — 17,888) in the 2-month-old group
and 22,771 (95% CI 18,150 — 27,393) in the 9-month-old group. Furthermore, expression of
superoxide dismutase 2 (SODZ2), an antioxidant that is upregulated in the presence of oxidant
damage, was increased in the 9- and 15-month-old animals compared to the younger age groups
(Figure 5.4, overall ANOVA P =0.0016). Mean absolute mRNA count was 1,699 (95% CI 1,329
—2,068), 3,451 (95% CI 1,846 - 5,056), 3,228 (95% CI 1,759 - 4,696), 4,268 (95% CI 2,552 —
5,985), and 5,557 (95%CI 3,947 — 7,167) in the 2-, 3-, 5-, 9-, and 15-month-old groups,
respectively.

To examine iron trafficking within the IFP, as this is an unexplored topic, gene
expression of several major iron import and export proteins was examined. While there was a
significant decrease in TfR expression noted in the 9-month-old group compared to the 2-month-
old group, this seems to be driven primarily by a single animal. (Figure 5.5, overall ANOVA P
= 0.0184). Interestingly, expression of divalent metal transporter 1 (DMT1) was significantly
increased in the 15-month-old group compared to 3-, 5-, and 9-month-old animals (Figure 5.5,
overall ANOVA P = 0.0075). Mean absolute mRNA count was 291.5 (95% CI 212.9 — 370.1) in
the 15-month group. Mean counts were 217.4 (95% CI 202.9 — 231.9), 212.7 (95% CI 192.6 —
232.9), and 196.4 (95% CI 157.7 — 235.1) in the 3-, 5-, and 9-month-old groups, respectively.
Expression of Zip14 also increased steadily with age, with significant differences noted between
2- and 5-months, 2- and 15-months, and 3- and 15-months of age (Figure 5.5, overall ANOVA P
= 0.0024). Mean absolute mRNA count was 214.4 (95% CI 128.5 — 300.3) in the 15-month
group, 66.53 (95% CI 60.0 — 73.06) in the 2-month group, 109.2 (95% CI 37.61 — 180.8) in the
3-month group, and 183.0 (95% CI 115.5 — 250.4) in the 5-month group. Expression of

ferroportin (FPN), the only known iron export protein, was significantly higher in the 15-month-
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old group compared to all other age groups (Figure 5.5, overall ANOVA P =0.0001). Mean
absolute mMRNA count was 668 (95% CI 511.5 — 824.6) in the 2-month group, 558.2 (95% ClI
453.8 — 662.7) in the 3-month group, 574.8 (95% CI 436.3 — 713.3) in the 5-month group, 650
(95% CI 493.8 — 806.4) in the 9-month group, and 1,125 (95% CI 685.4 — 1,566) in the 15-

month group.

Serum protein C3 levels in aging guinea pigs.

Routine CBC and serum biochemical profiles did not yield any significant differences
among the age groups. Because increased levels of systemic inflammation were suspected in the
older animals with more advanced OA, serum protein C3 levels were measured. Serum protein
C3 is a more sensitive marker for inflammation than total white blood cell counts™®, Serum
protein C3 levels were higher in the 9- and 15-month-old groups compared to 2-, 3-, and 5-
month-old animals (Figure 5.6). Mean serum C3 was 557.3 pg/ml (95% CI 412.1 — 702.4) in the
2-month group, 580.8 ug/ml (95% CI 483.5 — 678.2) in the 3-month group, 467.0 pug/ml (95% CI
385.6 — 548.3) in the 5-month group, 794.5 png/ml (95% CI 692.3 — 896.8) in the 9-month group,

and 738.2 ug/ml (95% CI 522.2 — 954.2) in the 15-month group.

MicroCT and histologic OA scores in IFP removal animals.

In the aging study, both microCT and histologic scores increased at each time point, as
expected and previously reported™. For the IFP removal portion of the study, microCT and
histologic OA scores were compared between the right limb with the IFP removed and the left
limb that underwent sham surgery without IFP removal. In all 17 animals, microCT OA scores

were improved in the IFP removal limbs compared to the contralateral sham limbs (Figure 5.7).
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Ten of the animals had microCT OA scores of zero in the IFP removal limb at time of harvest.
Mean microCT OA score in the IFP removal limbs was 1.4 (95% CI 0.4 — 2.5) while it was 6.5
(95% CI1 5.1 -7.9) in the sham limb (P < 0.0001). Histologic OA scores were primarily driven
by pathology in the medial tibia (Figure 5.7). Mean OA score in the medial tibia was 1.3 (95%
C1 0.69 —1.9) in the IFP removal limb and 7.2 (95% CI 4.9 — 9.5) in the sham limb (P < 0.0001).
Similar findings were noted in the medial compartment score (combining medial tibia and
medial femur) and whole joint score (data not shown). Scores were not statistically different in
the lateral compartment. Examples of histologic lesions are shown in Figure 5.8. Upon histologic
examination using routine H&E staining, the area of the IFP appeared to have been replaced by a
thick band of dense fibrous connective tissue (Figure 5.9). Masson’s trichrome stain was used to

confirm the collagenous nature of this tissue (Figure 5.9).

5.4 Discussion.

This is the first study to examine iron in the IFP in aging Hartley guinea pigs as they
develop spontaneous OA. This study also firmly establishes the IFP’s role in the development of
OA, as its removal resulted in unprecedented delayed onset of disease in this animal model. This
work highlights the need for continued exploration into unexplored mechanisms, such as
progressive iron accumulation, as contributors to OA pathogenesis. The impetus for this study
stemmed from our preliminary results showing a higher iron content within the IFP in aged
Hartley guinea pigs with severe knee joint OA compared to young animals prior to the onset of
disease. While the specific mechanisms behind this phenomenon are unclear, we pose that iron
accrues within this adipose depot with age and, thus, contributes to local oxidant damage and

inflammation within the knee joint.
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Gene expression data collected for this study offer intriguing insights into how the IFP
may contribute to development of knee joint OA. Several pro-inflammatory mediators (MCP-1,
COX2, IL-6, and NFkB) exhibited increased gene expression in the IFP with increasing age.
Most differences were noted in the 9- and 15-month age groups when compared to the 2-month
group. A recent study examining IFPs removed from patients undergoing total knee replacement
surgery compared to non-OA controls demonstrated increased protein expression of both MCP-1

and IL-6 via immunohistochemistry in the IFPs from OA patients'®®

. Another study found
increased gene expression of COX2 in IFPs removed from patients with radiographic knee
OAlgO.

Along with the increased IFP iron content in aged guinea pigs and inflammatory gene
expression data, serum protein C3 levels also increased with age. Protein C3, a complement
protein, is a sensitive acute phase protein in the guinea pig*®. These results indicate that
increasing IFP iron content corresponds to increasing levels of systemic inflammation as well as
increased inflammation and oxidant damage locally in the knee joint.

Along with the higher mRNA transcript counts and systemic circulation of a pro-
inflammatory mediator, there was also increased expression of ferritin and SOD2. Ferritin, an
iron storage protein, is synthesized when cytoplasmic iron levels increase in an attempt to
sequester iron in a non-labile form*. Likewise, SOD2, a mitochondrial antioxidant, is produced

in response to high levels of intracellular oxidants'*

. Taken together, these results suggest that
both iron and subsequent free radical species are present at increased levels in the IFP of older
guinea pigs with severe OA.

As iron trafficking within the IFP has never been explored, we evaluated gene expression

data for key iron transport proteins. Because of its ability to produce free radicals, iron is tightly

106



regulated at many levels, including how it is transported in the blood and into cells. Most iron in
the circulation is bound to the serum protein transferrin. The transferrin-iron complex binds to
TR on the cell surface to enter the cell via endocytosis. Once inside the cell, iron is released
from TfR and can enter the cell cytoplasm, while TfR is recycled to the cell surface'®®. This
method of iron entry is well-described and occurs in many cell types in the body. Interestingly,
there was no significant changes in gene expression of TfR in the IFP with age. This may suggest
that TfR-mediated entry does not play a major role in IFP iron accumulation over time.

Despite the fact that most circulating iron is tightly bound to TfR, there is a small portion
that circulates more freely. This fraction is often referred to as non-transferrin-bound iron
(NTBI) and is readily taken up by many cell types'**. In recent years, NTBI has been implicated
in pathological iron uptake, contributing to neurodegenerative disorders'®*%, diabetes

mellitus'®, and chronic renal failure!®

. Two major proteins have been identified that allow
NTBI to enter cells: DMT1 and ZIP14. In the current study, gene expression of DMT1 sharply
increased at 15 months of age while ZIP14 expression exhibited a steadier increase in expression
over time. These results indicate that DMT1 and ZIP14 may be contributing to iron accumulation
in the IFP with age, thus directly contributing to disease onset and/or progression. Expression of
ferroportin, the only identified iron exporter, demonstrated increased expression at 15 months of
age. This suggests a need for cellular iron removal, providing indirect evidence that IFP iron
content is increased in this age group. Protein expression is needed to further characterize these
changes in gene expression. Because ZIP14 expression starts increasing at an age before OA is
severe, blockade of this receptor should be explored as a potential therapeutic target.

Data from the aging portion of this study provides tantalizing data to implicate that the

IFP may serve as a local depot for both iron and inflammatory mediators. Given this, we then
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hypothesized that removal of the IFP may be beneficial to OA by eradicating this source of
detrimental iron and inflammation. Results of this study demonstrate that surgical removal of the
IFP coincident with the onset of disease significantly decreased short-term progression of OA in
the Hartley guinea pig. Based on clinical microCT OA scores, ten animals had no bony lesions
associated with OA. This is remarkable given that scores are expected to be moderate at this age
(7 months) in the OA-prone Hartley guinea pig based on previous work in our lab. Scores in the
limb that received the sham surgery were often higher than expected for this age group,
suggesting the surgery itself incited pathology, possibly due to presence of damage associated
molecular patterns and heme iron in the joint following surgery. Benefits of IFP removal
overcame these negative effects associated with surgery, alone.

Histologic examination of the knee joints revealed that this improvement in OA may be
related to the development of a thick band of fibrous connective tissue in the space previously
occupied by the IFP. There are two explanations that may explain these findings. First, the
removal of the IFP abrogated a critical source of detrimental inflammatory mediators and iron in
the knee not subsequently provided by the fibrous connective tissue. Secondly, the development
of the fibrous connective tissue in place of a comparatively lax IFP provided enhanced
biomechanical stability to the joint. Ex vivo work performed on cadavers revealed that resection
of the IFP decreased tibial rotation of the knee'®®. From this, the authors extrapolated that the IFP
may play a role in dictating the range of motion of the knee joint'*°. Future studies will
incorporate extensive biomechanical testing to explore the possibility that the fibrous connective
tissue offers increased joint stability compared to the IFP.

Considerations that should be noted in regards to the current study include assessment of

only male animals and the short-term timeline in the course of OA development. Examining
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effects of IFP removal at additional time points is needed to dissect the long-term benefit of IFP
removal on knee health. Further, it is necessary to consider both sexes in continued work. It is
not known if anti-inflammatory and increased stability benefits will hold true in a long-term
scenario. In spite of this, we have still achieved an unprecedented delay of OA onset and
progression in the Hartley guinea pig model. In conclusion, we have demonstrated that iron
content in the IFP increases with age in the Hartley guinea pig and that this is associated with
changes in gene expression that implicate the uptake of NTBI. Additionally, we have firmly
established that the IFP plays a major role in onset and progression of primary OA, potentially
by ridding the joint of an iron depot. Continued efforts into this area of research are needed and

may alter treatment paradigms for patients predisposed to OA.
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Figure 5.1 — Images of a guinea pig knee joint and IFP removal surgery. A) Photograph of a
dissected guinea pig knee joint. The patella has been removed and reflected distally to showcase
the IFP. B) Photo of IFP (arrow) after its removal during surgery.
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Figure 5.2 — Quantitative iron content in the IFP. Iron content, measured by atomic
absorption spectroscopy, in the IFP in 2 month old guinea pigs compared to 15 month old
animals.
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Figure 5.3 — Gene expression of pro-inflammatory mediators. Nanostring gene expression via
absolute mRNA transcript count for MCP-1 (A), COX2 (B), NFkB (C), and IL-6 (D). Horizontal
black line represents mean value. * P < 0.05.
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Figure 5.4 — Gene expression for iron storage and oxidant damage markers. Nanostring
gene expression via absolute mMRNA transcript count for ferritin heavy chain (A), and SOD2 (B).
Horizontal black line represents mean value. * P < 0.05, ** P < 0.01, *** P <0.001.
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Figure 5.5 — Gene expression for iron trafficking proteins. Nanostring gene expression via
absolute mRNA transcript count for TfR (A), DMT1 (B), Zip14 (C), and ferroportin (D).
Horizontal black line represents mean value. * P < 0.05, ** P < 0.01, *** P <0.001, **** P <
0.0001.



Hartley Serum C3

1500- x |
x |
[ Ak |
—
_ 1000- v .
- ® _V'_
> m VeV -t
> [ |
. n . A
500= ]
.... [ | TAAA—* 2 2
C | | | | | | | | | |
N
OQ OQ OQ OQ 0Q
'\ '\ '\ & &
v 2 IR

Figure 5.6 — Circulating levels of complement protein C3. Serum protein C3 levels in aging
Hartley guinea pigs. Horizontal black line represents mean value. * P < 0.05, ** P <0.01, *** P
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Figure 5.7 — Paired microCT and histologic OA scores in IFP removal study. MicroCT (A)
and histologic (B) OA scores in the IFP removal study. Dotted lines represent typical OA scores
expected for this age.
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Figure 5.8 — Example photomicrographs of histologic lesions from IFP removal study. A) Irregular articular surface with mild
fibrillation and proteoglycan loss in the superficial zone of the tibia from a limb that underwent sham surgery. B) IFP removal limb
from the same animal exhibiting a smooth cartilage surface and very mild proteoglycan loss. 100X, Toluidine blue stain.
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Figure 5.9 — Photomicrographs of IFP removal site. Mid-sagittal section showing IFP in a sham control limb (A) compared to an
IFP removal leg where it appears to be replaced by pink connective tissue (B). H&E stains. Sections stained with Masson’s trichrome
to confirm collagenous nature of the connective tissue (C, D).
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CHAPTER 6

CALORIE RESTRICTION WITH REGULAR CHOW, BUT NOT A HIGH FAT DIET,
DELAYS ONSET OF SPONTANEOUS OSTEOARTHRITIS IN THE HARTLEY GUINEA

PIG MODEL OF DISEASE

6.1 Introduction.

Osteoarthritis (OA), particularly knee OA, is a debilitating degenerative disorder
affecting many people worldwide®’. While OA secondary to a joint injury is typically associated
with a defined onset, naturally-occurring OA occurs in the absence of specific trauma for reasons
that are not yet understood. Advancing age has long been the primary risk factor for development
of spontaneous OA?; however, obesity is encroaching on age as a leading OA hazard given the
alarming rise in obesity rates across the globe?*?%?, The relationship between OA and obesity
has been an area of increasing interest to researchers, but the mechanisms connecting these two
conditions remain loosely defined. Early studies suggested that increased mechanical loading
forces on joints contributed to worsened OA in obese patients?**. However, higher incidence of
OA in non-weight bearing joints, such as in the hands®®, indicates that increased joint load may
not be the only factor at play. Thus, dietary factors, including food composition and total calorie
intake, likely play a complex role in the development of primary OA.

Recent studies have placed emphasis on the role systemic metabolic disturbances may
play in the development of OA*?%*%_ QObesity is often associated with chronic, low-grade
systemic inflammation?”**°. For example, as the volume of adipose tissue expands, it outgrows

its blood supply, leading to tissue hypoxia and stimulation of pro-inflammatory cytokines®.



Enhanced lipopolysaccharide translocation from the gut to the bloodstream is another contributor
to a chronic inflammatory state in obese individuals, particularly in response to high dietary fat
content®?. Similarly, high levels of circulating saturated fatty acids stimulate innate immune
receptors such as toll-like receptor 4, resulting in a heightened pro-inflammatory state®.
Increased circulating leptin concentration in obese individuals can also promote inflammation
via stimulation of cytokines such as interleukin (IL) -1 beta (IL-1p), tumor necrosis factor
(TNF), and IL-6**. Additionally, high leptin levels have been shown to promote OA via
increased activity of cartilage-degrading matrix metalloproteinases (MMPSs) and

33,35.
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Previous work examining the role of obesity in promoting OA has concentrated on
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utilizing high fat diets (HFDs) in mouse ra , and, more rarely, rabbit*® animal models.
Many of these studies have focused on post-traumatic OA secondary to surgical injury with a
lesser number centered on naturally-occurring OA. Collectively, these studies provide
convincing evidence that high fat diet-induced obesity leads to worsened OA severity. Many
have demonstrated that it is the increased fat mass, not overall body weight, associated with high
fat diets that is correlated with OA severity®**"384%4 Thjs is likely attributed to the
metabolically active, inflammatory cytokine-producing nature of this adipose tissue. Diets used
in these rodent studies vary in the amount of fat present, although 40-60% fat (derived from
animal-based saturated fats) is typical. While such a high percentage of fat is effective in
inducing obesity in mice and rats, it does not accurately reflect human diets, which are closer to
30% fat in a standard Western diet*2.

While HFDs have a detrimental effect on health, calorie restriction has emerged as a

lifestyle factor that can prolong life and decrease the likelihood of developing chronic diseases
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such as atherosclerosis, type 11 diabetes and neurodegenerative disease?'®. These positive effects
are due to decreased oxidant damage, increased DNA repair, and decreased production of

214217 \fery few studies, however,

inflammatory cytokines secondary to less adipose tissue mass
have examined the effects of calorie restriction on development of OA. In dogs, calorie
restriction appeared to delay onset of OA#3%*° A long-term study in mice did not demonstrate in
any differences in histologic OA severity between ad libitum and calorie-restricted mice,
although it should be noted that fat mass was not different between the groups at the end of the

213

study“. There is also one study examining calorie restriction in the Hartley guinea pig model of

spontaneous OA. This work demonstrated that calorie restriction resulted in lessened OA

severity at both 9 and 18 months of age??

, time points that correspond to late and end-stage
disease, respectively. Given this, we were interested in pursuing the influence of calorie
restriction at earlier ages in the time course of disease.

Guinea pigs are perhaps an underutilized rodent model of OA. In particular, the Hartley
strain is a useful model of spontaneous knee joint OA, as it develops disease in a condensed time
frame and demonstrates pathologic lesions that are nearly identical to those seen in humans with
aging-related OA®*??!, Guinea pigs have also emerged as being suitable models for a variety of
metabolic diseases, including cardiovascular disease, atherosclerosis, and type 1 diabetes??* %%,
Furthermore, guinea pig lipid metabolism is more comparable to human lipid metabolism than
any other rodent???*>"% High fat diets have been successfully used in guinea pigs to drive

metabolic diseases, such as type Il diabetes*?

and non-alcoholic fatty liver disease?®. In contrast
to mouse and rat studies using a high fat diet, the diets used in these guinea pig studies tend to
range from 20-30% fat, which is more typical of a Westernized human diet. High fat diets used

in guinea pig studies also have a mixture of saturated animal-based fats and unsaturated plant-
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based fats. As guinea pigs tend to be more fastidious about diet than mice and rats, they do not
tend to develop overt obesity in concert with metabolic derangements when fed high fat
diets?**??®, This may allow for evaluation of the metabolic effects of HFDs without the potential
confounding influence of mechanical factors associated with overt obesity. To date, there are no
studies exploring the potential role a high fat diet may play in the development of spontaneous
OA in a guinea pig model.

Collectively, the aims of the current study were to compare and contrast the effects of
overconsumption and calorie restriction using standard rodent chow to that of a HFD on the
onset of spontaneous OA in a guinea pig model. We hypothesized that animals on a HFD would
exhibit worsened OA scores compared to both ad libitum and calorie-restricted animals on a
regular chow diet. Likewise, we expected calorie restriction to result in improved OA scores at

this early time point.

6.2 Materials and Methods.
Animals.

All procedures were approved by the university’s Institutional Animal Care and Use
Committee and were performed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Twenty-four 6- to 7-week-old male Dunkin-Hartley guinea pigs were
purchased from a commercial vendor (Charles River Laboratories, Wilmington, MA). Animals
were maintained at Colorado State University’s Laboratory Animal Resources housing facilities
and were monitored daily by a veterinarian. All guinea pigs were singly-housed in solid bottom

cages and provided ad libitum access to water daily.
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After one week of acclimation, animals were randomly allocated to one of four feeding
groups: 1) ad libitum regular chow (obese), 2) calorie restricted regular chow (lean), 3) ad
libitum HFD, and 4) calorie restricted HFD. As laboratory-raised guinea pigs fed ad libitum often

become obese with age®*®

, this first group was referred to as such in the current study. Further, as
animals in group 3 were noted to self-restrict consumption of the HFD to the same amount as
those in group 4 (25 grams), this group was condensed to a single HFD group. All animals were
harvested at 5 months of age, a time when this strain of guinea pig has recognized signs of early

OA%,

Diet composition.

The regular chow diet (Teklad Global Guinea Pig Diet #2040, Madison, WI) provided
31% calories from protein, 12% from fat, and 57% from carbohydrate. This diet was
supplemented with vitamin C (1050 mg/kg). Fat was derived from linseed meal. Protein and
carbohydrates were derived from a mixture of alfalfa, wheat, oats, and fish meal. Animals on the
restricted regular chow diet received 30 grams of food daily for the duration of the study?"*. The
HFD (#151006, Dyets Inc, Bethlehem, PA) provided 18% calories from protein, 30% from fat,
and 52% from carbohydrates. Fat was sourced from a mixture of Primex vegetable shortening
and beef tallow. The source of protein was isolated soy protein, and carbohydrates were derived

from sucrose and fructose. All animals receiving the HFD consumed 25 grams of food each day.

Tissue Collection.

At the time of harvest, animals were anesthetized with a mixture of isoflurane and

oxygen. Body weights were recorded at this time. Thoracic cavities were opened, and blood was
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collected with 20-gauge butterfly catheter via direct cardiac puncture. After blood collection,
anesthetized animals were immediately transferred to a carbon dioxide chamber for euthanasia.
Hind limbs were removed at the coxofemoral joint. The left limb was placed into 10% neutral
buffered formalin for 48 hours and then transferred to PBS for microCT analysis. After microCT
imaging was complete, tibial length was measured using calipers. Limbs were then transferred to
a 12.5% solution of ethylenediaminetetraacetic acid (EDTA) at pH 7 for decalcification. EDTA
was replaced twice weekly for 6 weeks.

After the right hind limb was removed, the knee joint was exposed by dissecting through
the quadriceps muscles and reflecting the patella distally. The infrapatellar fat pad (IFP) was
removed from the patellar tendon, weighed, and then placed in All Protect Tissue Reagent
(Qiagen) for gene expression analysis. Fat from the left epididymis (hence forth referred to as
gonad fat), was removed and weighed. A section of masseter muscle was collected from each

animal and its width was measured.

MicroCT.

Knee joints were scanned using the Inveon microPET/CT system (Siemens Medical
Solutions, Malvern PA), with a voxel size of 18 micrometers, a voltage of 100 kV, and an
exposure time of 2356 ms. Clinical features of OA were scored on reconstructed microCT
images using a whole joint grading scheme developed by our lab in conjunction with a veterinary
radiologist™®!. Features graded include: presence/size and location of osteophytes, subchondral
bone cystic changes, subchondral bone sclerosis, articular bone lysis, and intraarticular soft
tissue mineralization. Images were scored in duplicate in a random order, blinded to diet group.

An intraclass correlation coefficient of 1.0 for intra-reviewer consistency was calculated.
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Histologic Grading of OA.

After decalcification, coronal slices of the knees at the level of the medial tibial plateau
were sectioned, as previously described®®. Samples were paraffin embedded and a 5-micron
intact central section was stained with toluidine blue. Medial and lateral femoral condyles, along
with medial and lateral tibial plateaus, were scored using the recommended published
guidelines®. This semiquantitative histopathologic grading scheme is based on articular cartilage
structure, proteoglycan content, cellularity, tidemark integrity, and presence of osteophytes.
Scores were performed in a blinded fashion by two independent pathologists (LBR and KSS).
Scores from each of the four anatomic locations were summed to obtain a total knee joint OA

score for each guinea pig.

Immunohistochemistry for MCP-1 on knee joints.

Immunohistochemistry (IHC) was performed on sections of knee joints using a
polyclonal rabbit antibody to MCP-1 (Abcam ab9669) at a dilution of 1:100. Prior to incubation
with primary antibody, slides were incubated in citrate buffer overnight at 55°C for antigen
retrieval, as recommended for skeletal tissues**. Slides were incubated in primary antibody
overnight at 4°C, followed by a 30-minute incubation with a biotinylated goat anti-rabbit
secondary antibody. Bone marrow hematopoietic cells and macrophages frequently exhibited
MCP-1 staining, serving as internal positive controls for each section. Exposure to secondary
antibody, alone, did not result in any positive immunostaining. Sections were counterstained
with hematoxylin, coverslipped, and viewed by light microscopy. At least four sections from

each joint were examined for immunostaining in chondrocytes, matrix, and within the IFP.
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Complete blood count, serum biochemical profile and serum protein C3 measurement.

At the time of harvest, blood collected via cardiac puncture was allocated to 0.5 mL EDTA
microtubes for complete blood count (CBC). CBCs were performed at the CSU Clinical
Pathology Laboratory using the Advia 120 hematology analyzer (Siemens, Munich, Germany)
with instrument settings and software specifically designed for guinea pig samples. Blood films
were manually reviewed, and a leukocyte differential count was performed by a veterinary
clinical pathologist (LR). Remaining blood taken at euthanasia was placed in red top glass tubes
to incite clotting. After 30 minutes, red top tubes were adequately clotted and placed into a
centrifuge at 5,000 x g for 10 minutes for serum collection. One aliquot of serum was submitted
to the Colorado State University (CSU) Clinical Pathology Laboratory for serum biochemical
analysis using the Roche Cobas 6000 (Basel, Switzerland). Remaining serum was aliquoted to
cryovials, snap frozen in liquid nitrogen, and then stored at -80°C for C3 analysis. Serum protein
C3 levels were measured on snap frozen serum using a guinea pig-specific ELISA (Abcam

ab157705) according to the manufacturer’s protocol.

Gene expression of IFP using NanoString technology.

Total RNA was extracted from IFP samples using an RNeasy Lipid Tissue Mini Kit
(Qiagen, Hilden, Germany). RNA was quantified spectrophotometrically with a NanoDrop™
2000 (ThermoFisher Scientific, Waltham, MA). A total of 250 ng of RNA, at a concentration of
20 ng/ul, was sent to the University of Arizona Genetics Core for analysis. Custom, guinea pig-
specific probes were designed and synthesized by NanoString Technologies (see Table 6.1 for

genes analyzed). Data analysis was performed using nSolver™ software provided by NanoString
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Technologies. Results, reported as absolute transcript counts, were normalized to positive

controls and housekeeping genes.

Statistical analyses.

Data for total body weights, tibial length, gonad fat weight, IFP weight, masseter muscle
width, histologic OA scores, clinical microCT OA scores, CBC values, serum biochemical
values, serum protein C3 values, and NanoString mRNA normalized absolute counts were
subjected to, and passed, normality testing via the Kolmogorov-Smirnov test. Data were
compared using parametric ordinary one-way ANOVA analyses followed by Tukey’s multiple
comparisons tests to allow for adjusted P values. Statistical significance was set at P < 0.05. All

statistical analyses were performed with GraphPad Prism (La Jolla, CA, USA).

6.3 Results.
General description of guinea pigs in each diet group.

All animals in each group survived the duration of the study. Final body weights for the
obese group were significantly higher than both the lean and HFD groups. There was no
difference in body weights between the lean and HFD groups (Figure 6.1). To ensure that
differences in body weight were not attributable to variations in skeletal properties, tibial lengths
from all animals were measured. There was no statistical difference in tibial length between any
of the three diet groups (Figure 6.1). To determine if muscle mass may be different between the
three groups, the width of the masseter muscle was measured and compared. Muscle width was

significantly smaller in HFD group compared to the obese ad libitum regular chow group. Mean
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muscle width in the obese group was 5.8 mm (95% CI 4.4 - 7.2), 4.7 mm (95% CI1 3.8 —=5.5) in
the lean calorie restricted group, and 3.6 mm (95% CI 3.1 - 4.1) in the HFD group (P = 0.0029).
In addition to body weights, two adipose depots were also weighed and contrasted among

the groups. Gonad fat (collected from the epididymis) was chosen to represent an abdominal
adipose store, while the IFP was selected to represent a depot local to the knee joint. Despite
differences in total body weights, gonad fat weights in the obese and HFD groups were similar.
Gonad fat weight in both of these groups was significantly higher than that of the lean group
(Figure 6.2). Interestingly, this pattern was not seen for IFP weight. IFP weights for all 3 groups

were similar, with no statistical differences found (Figure 6.2).

MicroCT and histologic assessment of OA.

Osteoarthritis was assessed via two methodologies. MicroCT was utilized to examine
bony changes associated with OA, while histologic assessment of joints via the OARSI grading
scheme was used to evaluate articular cartilage abnormalities. Using the clinical OA microCT
scoring system, both obese and HFD groups had similar OA scores. Scores for these groups were
statistically higher than those reported in the lean group (Figure 6.3). Of note, in the lean group,
many of the animals had no microCT evidence of OA at 5 months of age, a time when early
bony changes are consistently present in Hartley guinea pigs®. All animals in both the obese and
HFD group had visible small osteophytes present on the patella and/or the tibia (Figure 6.4). In
contrast, only one animal in the lean group had a small osteophyte present on the patella. All
remaining lean animals were radiographically normal, with no bony changes associated with OA.

The OARSI grading scheme resulted in a similar trend to that seen with the clinical

microCT score. Again, both obese and HFD groups had similar OARSI OA scores that were
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significantly higher those present in the lean group. Interestingly, although the total OA scores
were similar in the obese and HFD groups, specific cartilage lesions appeared to differ. Articular
cartilage surface fibrillation and superficial fissures were noted within the obese group (Figure
6.5). Superficial proteoglycan loss, with both focal and diffuse distributions, occasional
chondrocyte clustering, and focal cell loss were noted in the HFD group (Figure 6.5). In the lean
group, some animals exhibited mild superficial proteoglycan loss, but articular surface integrity

was often maintained (Figure 6.5).

CBC, serum biochemistry, and protein C3 data.

Complete blood count, serum biochemistry data, and serum protein C3 were assessed for
evidence of systemic inflammation and other metabolic effects the diet conditions had on normal
physiology. On CBC, platelet counts, which have been associated with increased levels of I1L-6
in guinea pigs™*®, were higher in the HFD group compared to both the lean and obese group.
Additionally, platelet counts in the obese group were higher than those of the lean group, but not
as high as the HFD group (Figure 6.6).

While increased platelet count can indicate a higher level of inflammation®®

, It is non-
specific and other indicators of inflammation, such as an increased white blood cell count, were
not noted in this study. To more conclusively determine if a higher level of inflammation was
present in the obese and HFD groups, a guinea-pig specific ELISA for protein C3, an acute phase
reactant, was used to analyze serum. Serum protein C3 levels were similar among the obese and
HFD groups and were significantly higher than levels present in the lean group (Figure 6.6).

In addition to the higher platelet and protein C3 levels, two other significant differences

were noted on serum biochemical profiles. Total cholesterol levels were higher in both the obese
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and HFD groups compared to lean animals (Figure 6.6). Interestingly, there was a wide spread of
cholesterol values for the HFD group, with some animals having values similar to those of the
lean group and others having much higher serum concentrations. In addition, blood urea nitrogen
(BUN), a protein breakdown product excreted by the kidneys, was similar in the obese and lean
groups. BUN in these groups was significantly higher than levels seen in the HFD group (Figure

6.6).

Gene expression data from the infrapatellar fat pad.

As the goal of this study was to determine how HFD and calorie restriction affect knee
OA, we were particularly interested to see how these dietary manipulations might affect the IFP.
Using NanoString technology, absolute mRNA counts for many pro- and anti-inflammatory
cytokines, chemokines, and matrix metalloproteinase (MMP) genes were evaluated (Table 6.1).
Numerous pro-inflammatory genes were upregulated in the HFD group. Compared to the lean
group, the HFD animals had higher expression of several pro-inflammatory genes including IL-
4, IL-5, nuclear factor kappa beta (NFkB), cyclooxygenase 2 (COX2), transforming growth
factor-p (TGF-B), and TNF. Compared to the obese group, HFD-fed animals exhibited higher
expression of IL-6, MCP-1, NFkB, COX2, and TNF. Additionally, the HFD group had higher
expression of matrix metalloproteinase-13 (MMP13), which cleaves type Il collagen, than both
the obese and lean groups. Expression of MMP2, which cleaves type 1V collagen, and tissue
inhibitor of metalloproteinases 2 (Timp2), an inhibitor of MMP activity, was also higher in the
HFD group than the obese group.

When examining adipokines and other genes related to lipid metabolism, there were also

several notable differences in gene expression among the groups. Leptin, an adipokine that
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normally inhibits hunger but exhibits resistance in obesity, was significantly increased in the
HFD group compared to the lean group. It also trended towards being higher in the obese regular
chow group compared to lean animals, but this did not reach statistical significance. Adiponectin,
an adipokine that is traditionally decreased systemically in obesity, had higher gene expression in
the IFP of the HFD group compared to the obese regular chow group. Lipoprotein lipase, which
hydrolyzes triglycerides for cellular use, was increased in the lean regular chow group compared
to both the obese regular chow and HFD groups. It was also higher in the HFD group compared
to obese regular chow animals. Finally, peroxisome proliferator-activator gamma (PPARY), was
increased in the lean regular chow group compared to both the obese regular chow and HFD

groups.

Immunohistochemistry for MCP-1.

Protein expression of MCP-1 was prominent within chondrocytes in the obese regular
chow group and the HFD group. No visible differences in staining intensity or percentage of
positive cells were noted between these two groups. In contrast, there was little to no MCP-1
staining within chondrocytes in the lean group (Figure 6.7). Staining within the extracellular

matrix was minimal in all three groups.

6.4 Discussion.

This study demonstrates that calorie-restriction using a low-fat, regular chow diet lessens
OA severity early in disease onset in a guinea pig model of spontaneous disease. An interesting,
yet unintended, outcome of the study was that animals fed the HFD essentially self-imposed

calorie restriction, despite being fed ad libitum. Due to their fastidious nature, guinea pigs in this
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group ate less food than expected, resulting in body weights that were similar to those seen in the
purposefully calorie-restricted, regular chow group. Despite similar body weights among the
HFD and calorie-restricted groups, microCT and histologic OA scores were worse in the HFD
group. Thus, the benefits of calorie-restriction appear to be diminished by the pro-inflammatory
nature of the HFD. Our findings lend support to the growing body of evidence that the link
between OA and adiposity may be attributable to systemic and local knee joint inflammation.
Total body weight ranged from 645-816 grams in the HFD group. Interestingly, heavier animals
in this group had worse microCT OA scores based (r = 0.62, P = 0.0313). Thus, increased
weight-bearing on joints cannot be excluded as a factor in the development of knee joint OA.
Rather, it seems likely that both loading forces and inflammation contribute to disease
development.

In the current study, obese regular chow-fed animals had similar OA scores as leaner
animals fed a HFD. Despite the difference in total body weight, an abdominal fat depot was
similarly sized between these two groups. These findings suggest that the HFD animals, although
lean, had reduced lean muscle mass. This was corroborated by the decreased size of the masseter
muscle in the HFD group compared to the obese regular chow group. The lower BUN in the
HFD animals is another indication of lower muscle mass, but may also be attributed to decreased
protein consumption in this group. When comparing the macronutrient composition of the
regular chow and high fat diets, the proportion of carbohydrates was similar; however, the HFD
contained 30% fat and 18% protein, while the regular chow contained 12% fat and 31% protein.
It is possible that either the lesser amount of protein and/or higher amount of fat content in the

diet contributed to reduced muscle mass in the HFD group.
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Regardless of body weight differences between the obese and HFD groups, they
exhibited similar OA scores. This indicates that diet composition, and not simply body weight or
calorie-restriction, alone, may play a key role in the development of primary OA. Abdominal fat
depots were similarly sized in the obese regular chow and lean HFD groups; however, this fat
depot was significantly smaller in the calorie-restricted regular chow group. This finding
suggests that animals fed the HFD maintained higher levels of adiposity, with smaller muscle
mass, despite having body weights comparable to the calorie-restricted regular chow group.

In contrast to the variably sized abdominal fat depot among the three diet groups, the
local knee joint adipose tissue, the IFP, was similarly sized amongst all three diet groups. Thus, it
appears that the IFP is well-preserved, even in the face of calorie restriction. While more
exploration is required to define the specific role of the IFP in OA, the current findings suggest
preservation of this tissue depot may be essential to joint health. Indeed, while there is still

debate as to whether the IFP is more akin to subcutaneous®! or visceral fat**°

, the current study
indicates that it may be a unique adipose depot that is not under the same metabolic influences as
other fat tissues found in the body. A few studies employing HFD-induced mouse models of OA
found that IFP volume or area increased after being fed a HFD***. In one of these studies, IFP
area was also positively correlated to osteophyte area, as determined by histology**. Human
studies examining relationships between body mass index (BMI) and IFP size have yielded
conflicting results. At least two studies have found no association between body mass index and
IFP size in both lean and overweight/obese individuals®***®. Results of the current study mimic
what has been reported in these human studies, with no differences in IFP weight found despite
differing total body weights in guinea pigs. However, another human study has reported a

moderately positive correlation (r = 0.50 in females, P < 0.001; r = 0.34 in males, P = 0.03)*,
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This is parallel to findings in a study of predominantly women that found a higher IFP volume in

obese individuals?*®

. More work is needed to further clarify the role of IFP in both healthy and
obese individuals.

While overall mass of the IFP was similar among the three groups, gene expression
profiles of the IFP differed. In general, expression of pro-inflammatory genes was higher in the
HFD group compared to both obese and calorie-restricted regular chow groups. Specifically,
NFKB, a transcription factor, and downstream targets IL-6 and TNF exhibited increased
expression in the HFD group. It is well-established that both HFDs and obesity incite a chronic,
low-grade inflammatory state due to upregulated NFKkB and subsequent secretion of
inflammatory cytokines such as IL-1, IL-6, and TNF**®%** Here, we demonstrate that
upregulation of these genes occurs locally in the knee joint in the IFP, potentially directly
contributing to inflammation and subsequent OA in guinea pigs fed a HFD. Other pro-
inflammatory pathways that were upregulated in the HFD group include the COX2 pathway, as
well as the chemotactic factor MCP-1. Many of these pro-inflammatory cytokines and
adipokines are known to increase activity of cartilage-degrading MMPs?®.

The current study also demonstrated increased gene expression of MMP13 in the HFD
group compared to both the obese ad libitum and lean calorie-restricted groups. MMP13
primarily degrades type Il collagen, a major constituent of the extracellular cartilage matrix.
Additionally, MMP2 gene expression was higher in the HFD group compared to the obese ad
libitum group. MMP2 cleaves type IV collagen. Type IV collagen is found in the pericellular
matrix directly adjacent to chondrocytes and has anti-angiogenic properties that may play a role
in maintaining an avascular and hypoxic environment in normal, healthy cartilage?*®. In damaged
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cartilage, the relative abundance of type 1V collagen drops precipitously>’. Our data suggest that
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MMP activity originating from the IFP in obese and HFD-fed animals may contribute to
degradation of types Il and 1V collagen in cartilage.

Given the abundance of gene expression data indicating increased inflammation within
knee joints of the HFD and obese regular chow groups, IHC probing for MCP-1 protein
expression was performed. Expression of this protein in chondrocytes and the IFP were similar
between the obese regular chow and HFD groups, while expression was not present in the lean
calorie restricted group. These findings confirm that there is increased inflammation within the
knee joint in the obese and HFD groups compared to the lean group. Likewise, this data supports
the premise that calorie-restriction with a low-fat diet results in low levels of knee joint
inflammation. MCP-1 is a pro-inflammatory chemokine that plays a key role in OA pathogenesis
and neuropathic pain®®. Synovial fluid MCP-1 levels have been associated with radiographic
knee OA and clinical symptoms in humans®**#*°. Human articular chondrocytes express MCP-1,
which increases expression of MMPs resulting in proteoglycan loss in vitro®*?*?, Additionally,
administration of an MCP-1 signaling inhibitor protected cartilage after joint injury in a rat
model*®,

In addition to evidence of local inflammation in the knee joint of the guinea pigs on the
HFD, animals also had signs of increased systemic inflammation. While perhaps not at a level
able to incite an increased white blood cell count on routine CBCs, the increased platelet count in
both the HFD and obese regular chow groups compared to calorie restricted regular chow
animals may indicate a higher level of systemic inflammation. Cytokines, particularly IL-6,
stimulate thrombopoiesis in the bone marrow?**, which results in a reactive thrombocytosis in a
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variety of inflammatory conditions, including obesity“™. An increased platelet count, alone,

however, is not specific for inflammation. Lack of differences in white blood cell numbers may
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be due to the low-grade or relatively short-term nature of the inflammation typically described
with obesity. As such, we measured a more sensitive and specific biomarker of inflammation,

serum protein C3, an acute phase reactant in guinea pigs*®

. This assay confirmed that both the
HFD and obese regular chow groups had greater levels of circulating inflammatory proteins than
calorie restricted regular chow animals. In humans, the major acute phase reactant, C-reactive
protein, has been correlated to severity of radiographic OA?*. Similar to these human studies,
serum C3 levels were positively correlated to radiographic microCT OA score (r =0.45, P =
0.0395) in the current study.

An intriguing finding of the current study was the variability in the types of cartilage
lesions noted between the obese ad libitum group and the HFD group. Overall OARSI OA scores
for these two groups were similar; however, the types of lesions observed differed. In the obese
ad libitum group, there were more fibrillations and fissures in the articular cartilage surface. In
the HFD group, proteoglycan loss was more prominent. The reason for these differences should
be pursued, although we speculate it may be due to differences in total body weight. Increased
loading on joints in the obese group may more directly cause surface damage via formation of
fissures. Loss of proteoglycan in the HFD group may be due to increased systemic inflammation
or due to decreased protein content in the diet. Of note, types of lesions noted on microCT were
did not differ between these groups. More differences in bony changes may emerge if this study
extended beyond 5 months of age.

This study provides several important conclusions regarding effects of diet on
development of spontaneous OA. Firstly, calorie restriction was able to delay the onset of OA in
disease-prone Hartley guinea pigs. Secondly, the benefit of calorie-restriction was diminished in

animals eating a high fat diet. This is likely due to the higher levels of systemic and local
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inflammation seen in these animals. Thus, diet composition, and not calorie content alone, must
be considered a key player in development of OA. High fat diets may not be optimal for knee
joint health.

Of note, the current study utilized only saturated fats in the HFD. This was necessitated
in order to make a shelf-stable pellet at room temperature. However, it is well-established that
saturated fats induce inflammation. Future studies will alter fat composition of the diet to include
unsaturated fats to determine if overall percentage of fat in the diet or fatty acid composition is
more important in driving development of OA. It is also important to repeat this study using
female animals to determine if there may be any sex differences in response to diet. Extending
this study beyond 5 months of age is also important to determine long-term effects of these diets.
To the authors’ knowledge, this is the first study to examine the IFP in the guinea pig. Our
results suggest the IFP plays a role in disease development and that inflammatory profiles of the
IFP are altered by changes in diet. More work is needed to further define the role of the IFP in

development of spontaneous OA.
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Table 6.1 Normalized absolute mRNA counts present in the IFP. Data is represented as the mean (range).

Gene Function Obese Lean HFD P-value
IFNy Pro-inflammatory cytokine 7.222 (4.360-11.440) 15.64 (7.060-20.44) 16.31 (2.490-37.06) 0.1204
IL-10 Anti-inflammatory cytokine 11.95 (9.680-14.87) 8.283 (2.350-13.74) 13.94 (3.660-23.90) 0.1372
IL-18 Pro-inflammatory cytokine 30.41 (15.75-71.81) 29.45 (24.01-39.37) 42.97 (22.21-53.90) 0.0944
IL-4 Th2 response, tissue repair/fibrosis 15.54 (13.73-20.83) 13.60 (7.060-17.58) 22.63 (13.13-37.33) 0.0112"
IL-5 Promotes Ig production and 18.13 (12.91-22.65) 13.12 (9.750-18.09) 25.97 (16.04-41.05) 0.0029"
eosinophil activation

IL-6 Pro-inflammatory cytokine 25.01 (20.12-29.16) 29.60 (18.68-45.15) 58.82 (21.73-76.84) 0.0151"

LIF Anti-inflammatory cytokine 23.78 (18.37-32.85) 28.21 (16.52-38.43) 28.71 (12.02-42.72) 0.5087

MCP-1 Pro-inflammatory cytokine 333.3 (265.4-487.0) 439.4 (361.0-510.5) 564.9 (398.7-812.7) 0.0005"

NFxB Pro-inflammatory transcription factor 112.1 (95.20-132.7) 119.7 (102.8-145.1) 161.0 (107.8-231.4) 0.0015™"

COX2 Pro-inflammatory enzyme 32.61 (23.52-54.11) 34.99 (29.61-48.63) 52.55 (35.37-69.86) 0.0010™"

Tacrl Binds Substance P, pro-inflammatory, 205.3 (142.0-276.1) 167.8 (121.6-254.9) 211.3 (107.4-340.4) 0.3172
causes pain

TGF-B1 Tissue repair, both pro and anti- 275.2 (195.1-403.5) 254.9 (206.1-330.4) 375.3 (210.6-591.1) 0.0173"
inflammatory

TNF Pro-inflammatory cytokine 10.92 (8.710-13.53) 8.082 (7.060-9.000) 15.07 (7.290-22.49) 0.0009™"

HIFla Responds to hypoxia 1640 (1116-2020) 1552 (893.8-2654) 1899 (1170-3089) 0.4487

MMP13 Cleaves type Il collagen 19.74 (13.12-31.65) 11.88 (8.790-14.26) 35.43 (15.31-59.03) 0.0059™"

MMP2 Cleaves type IV collagen 8192 (6133-10346) 9722 (7571-12566) 11514 (8944-14686) 0.0157"

MMP9 Cleaves type IV and V collagen, 14.46 (2.610-46.53) 17.47 (8.250-23.08) 26.23 (2.250-64.05) 0.2951
activates neutrophils

Timpl Inhibits MMPs 1310 (956.1-1709) 1076 (768.8-1563) 1145 (761.4-1826) 0.4103

Timp2 Inhibits MMPs 6270 (4494-7529) 7654 (6354-9109) 8014 (6089-10405) 0.0248"

Adiponectin Glucose sensitivity and FA oxidation 10530 (8885-11904) 20830 (12666-24246) 23818 (9818-38769) 0.0093"

Leptin Inhibits hunger, resistance seen in 6379 (3975-9012) 2296 (1191-3651) 9471 (3921-26498) 0.0348"
obesity

LPL Hydrolyzes TGs into FAs and 2843 (1188-3988) 16118 (7900-22842) 7536 (3271-16678) <0.0001"*"
glycerol

PPARY Lipid uptake and adipogenesis, insulin 185.4 (105.7-249.1) 466.2 (275.3-736) 254.6 (139.2-426.2) 0.001""
sensitization, anti-inflammatory
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Figure 6.1 Body weights and tibial lengths in the HFD study. Total body weight (A) and
tibial length (B) obese, lean, and HFD groups. Black line represents mean value. **** P <
0.0001.
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Figure 6.2 — Fat depot weights. Weight of gonad fat (A) and IFP (B) in obese, lean, and HFD
groups. Black line represents mean value **** P < 0.0001.
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Figure 6.3 — Whole joint OA scores. MicroCT and OARSI histologic scores in obese, lean, and
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Figure 6.4 — Example images of microCT lesions in the three diet groups. (A) Dorsal and (B) sagittal reconstructions from a calorie-
restricted animal with no OA lesions. MicroCT OA score of 0. (C) Dorsal reconstruction from an obese animal. There is sclerosis and
small osteophytes on the medial femoral condyle (red arrows) and mild sclerosis of the central tibial plateau (blue arrows). (D) Sagittal
reconstruction from same animal. Mild sclerosis of the cranial patella and caudal tibial condyle is present. MicroCT OA score of 6. (E)
HFD coronal lateral osteophyte tibia (green arrow). (F) HFD sagittal mild irregularity proximal patella (green arrow). MicroCT OA
score of 4.
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Figure 6.5 — Photomicrographs of histologic lesions in the obese, lean, and HFD groups. (A) T blue photomicrograph of the
medial compartment from a calorie-restricted/lean animal. The articular surface is smooth with only mild superficial proteoglycan
loss. (B & C) T blue photomicrographs from ad libitum/obese animals. The articular surfaces are fibrillated, there is proteoglycan loss
in the superficial and middle zones, and there is cell clustering. (D-F) T blue photomicrographs from HFD-fed animals. There is
regional to diffuse proteoglycan loss in the superficial and middle zones, mild articular surface irregularity, occasional cell clustering,
and focal cell loss within the superficial zone.
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Figure 6.6 — CBC and biochemistry findings in obese, lean, and HFD groups. Total platelet
counts (A), protein C3 levels (B), serum cholesterol (C), and serum BUN (D) in obese, lean, and
HFD groups. Black line represents mean values. * P < 0.05, ** P < 0.01, **** P < 0.0001.
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Figure 6.7 — Monocyte chemoattractant protein-1 immunohistochemistry in obese, HFD, and lean animals. Representative
images of immunostaining for MCP-1 on the medial tibial plateau for the ad libitum regular chow group (A), the HFD group (B), and

calorie-restricted group (C). 400X.
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