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ABSTRACT

ELUCIDATING THE ROLE OF IRON IN THE PATHOGENESIS OF IDIOPATHIC

OSTEOARTHRITIS IN THE DUNKIN-HARTLEY ANIMAL MODEL

Osteoarthritis (OA) is the most prevalent musculoskeletal disorder, affecting millions of
individuals worldwide. While OA is characterized by the progressive loss of articular cartilage, it
i1s now widely accepted to be a whole joint disorder, with changes such as synovial hyperplasia,
subchondral bone remodeling, and osteophyte formation accompanying cartilage degeneration.
The knee is one of the joints most affected by OA. Patients with knee OA exhibit painful and/or
limited mobility as a consequence of the disorder, resulting in an increased risk of comorbidities
such as heart disease, obesity, diabetes, and depression. Unfortunately, the mechanisms driving
OA pathogenesis remain poorly understood, and there are no effective therapies available for
treating the disorder. Therefore, there is a need to understand factors contributing to OA to
identify potential targets for combating the condition.

Iron is the most abundant mineral in the human body and is essential for conducting
numerous physiologic processes. However, unbound or partially-liganded iron can participate in
redox reactions that produce reactive oxygen species and free radicals capable of inciting tissue
damage. As such, iron needs to be tightly managed within the body. Mammals do not possess a
regulated mechanism for excreting iron, and iron progressively accumulates within tissues
throughout the aging process. Primary/idiopathic OA does not have any known, identifiable
cause for disease development, but the largest risk factor associated with the disorder is

advancing age.



To address this gap in knowledge, we designed a series of experiments to elucidate the
contributions of iron to the pathogenesis of idiopathic OA. The main animal model used for this
work is the Dunkin-Hartley guinea pig, which spontaneously develops age-related OA with a
histopathology similar to that observed in humans. In the first study, we quantified tissue iron
levels at different ages in OA-prone Dunkin-Hartley guinea pigs relative to an outbred, control
strain not used in OA research. While the control strain accumulated iron in the liver with age,
but not within cartilage, the Hartleys demonstrated a significant increase in cartilage iron
concentration at 7-8 months-of-age. This increase in cartilage iron concentration was more
significant in males, though it was also observed in females. As this timepoint corresponds to a
moderate stage of disease progression, this finding suggests that iron may play a role in OA
development and/or progression in Hartley guinea pigs. This concept was supported by gene
expression analysis of iron-related genes. Notably, both male and female Dunkin-Hartley guinea
pigs had decreased transcript expression of ferritin heavy chain and ferroportin at 7-8 months,
which may contribute to cartilage iron accumulation at this age by inappropriately storing iron in
chondrocytes.

Because of this intriguing association, we wanted to investigate the gene expression
changes occurring with systemic iron manipulation in knee joint tissues. Exogenous iron
overload resulted in worsening of OA pathology in the disease-resistant Strain 13 guinea pig.
The systemic administration of iron dextran caused iron to accumulate within articular cartilage
from a diarthrodial joint environment and was accompanied by gene expression changes within
knee tissues. Notably, systemic iron overload altered the expression of several iron-related genes
in this control strain, indicating that both the cartilage and a large adipose depot, the infrapatellar

fat pad, were able to detect and respond to changes in tissue iron levels in the presence of joint



pathology. Conversely, systemic iron deficiency, achieved by supplying an iron deficient diet,
decreased cartilage lesions within OA-prone male Hartley guinea pigs. In this proof-of-principle
study, the reduction in cartilage iron concentration was accompanied by the altered expression of
two iron transport genes, the importer transferrin receptor 1 and the cellular iron exporter
ferroportin.

As iron deficiency is not a recommended pursuit, we investigated the effects of systemic
iron reduction, without clinical iron deficiency or anemia, on OA pathogenesis. The
commercially available pharmacologic iron chelator deferoxamine (DFO) was used to reduce
total iron levels in the body of male and female Dunkin-Hartley guinea pigs. In males,
administration of DFO was successful at reducing tissue iron levels both systemically and in a
diarthrodial joint environment, and this was accompanied by a significant decrease in the
severity of cartilage lesions. The reduction in joint pathology observed with treatment was
largely attributed to a decrease in chondrocyte cell death; this finding was supported by the
decreased expression of several proapoptotic genes within knee articular cartilage. Conversely,
tissue iron levels were not altered by administration of the same dose of DFO in females,
suggesting the presence of sex differences in systemic iron homeostasis. There was a relative
reduction in histologic OA score in treated female animals, which may be due to the beneficial
mobilization of iron by DFO that was also noted in males. The modest reduction in female joint
pathology with treatment was largely driven by decreased tidemark advancement. Tidemark
replication is associated with articular cartilage mineralization and was almost completely absent
in all males evaluated, implying there may also be differences in OA pathogenesis between male

and female Dunkin-Hartley guinea pigs.
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CHAPTER 1

LITERATURE REVIEW

1.1 Importance of Iron.

Iron is essential for sustaining life in living organisms and is the most abundant trace
element within mammalian bodies (1). The ability of iron to readily cycle between ferric (Fe*")
and ferrous (Fe?") states makes it well suited for participating in numerous physiologic
processes, including oxygen transport, energy production, nucleic acid replication, and cellular
metabolism and signaling. However, excess or improperly managed iron encourages the
presence of free, unliganded iron in the body, which can be toxic. Due to its electron structure,
unbound iron participates in oxidation-reduction (redox) reactions that generate harmful reactive
oxygen species (ROS) and free radicals capable of inciting tissue damage. Among these iron-
mediated redox reactions is the Fenton reaction, which produces the highly reactive hydroxyl
radical from the interaction of ferrous iron with the hydrogen peroxide abundant in cells (2-3).
The resulting hydroxyl radical can then go on to produce additional free radical species via
additional redox reactions or directly react with biological molecules such as lipids, proteins, and
nucleic acids (4). Thus, the presence of hydroxyl radicals in cells has the potential to be
cytotoxic, and iron present in the body must be tightly regulated to limit its formation.

1.2 Iron Metabolism and Homeostasis.
1.2.1 Dietary Forms of Iron and Iron Absorption.
Mammals have evolved an intricate system for regulating the presence and availability of

iron. Dietary iron can be present in either the form of heme, from animal-derived foods, or non-



heme iron. The non-heme iron present in unmodified foods is largely insoluble and thus, has low
bioavailability. Conversely, heme iron is readily absorbed through the intestine, but the regular
availability of these foods is a recent development within human history and remains limited in
certain locations, such as developing areas, as well as within some societies. In an attempt to
correct nutritional iron deficiencies, the United States and other industrialized countries began
the widespread fortification of foods with iron in the 1940’s. The production of these iron-
enriched foods has drastically increased the bioavailability of dietary iron, as evidenced by a
significantly reduced risk of iron deficiency and anemia in individuals consuming these foods
(5).

Mammals do not possess a dedicated mechanism for excretion, reflecting the limited
availability of this element throughout the majority of evolution. As such, iron levels are
managed by modulating the amount of iron absorbed through the gastrointestinal (GI) tract. Iron
present in the ferric form, such as non-heme iron, needs to be converted to ferrous iron by the
membrane-bound reductase duodenal cytochrome B prior to absorption. Ferrous iron is then
transported across the apical membrane of enterocytes by divalent metal transporter 1 (DMT1), a
protein capable of transporting several divalent cations in addition to iron. Inside the cell, the fate
of iron is determined by the total iron status of the body. If iron stores are replete, the iron will be
sequestered in the storage protein ferritin to prevent participation in redox reactions and
eventually expelled from normal sloughing of the epithelium. When levels are depleted, iron will
be transported across the basolateral membrane of the cell into systemic circulation by the only
known iron export protein, ferroportin (FPN). The release of ferrous iron from cells is
accompanied by oxidation to the ferric form by the ferroxidase enzyme hephaestin, allowing the

newly released iron to bind to the plasma protein transferrin (TF) for systemic circulation in the



blood (6). Though iron chaperoned by TF is preferred to prevent redox cycling, circulating iron
can also be present in the unliganded form as non-transferrin bound iron (NTBI).
1.2.2 Systemic Iron Circulation and Import into Cells.

Transferrin-bound iron (TBI) is primarily delivered to cells by binding to the ubiquitously
expressed membrane transporter transferrin receptor 1 (TFR1). The transferrin-receptor complex
is taken into the cell by clathrin-mediated endocytosis (7). Within the cell, the acidic
environment of the endosome facilitates the release of iron from transferrin and iron is reduced
to the ferrous form, while the apotransferrin and TFR1 are then recycled back to the cell surface.
Historically, export of iron from the endosome was proposed to be primarily mediated by DMTI.
However, recent studies have detected the presence of the metal ion transporter ZRT/IRT-like
protein 14 (ZIP14) in the endosomes of cells, suggesting that this protein also facilitates iron
export from these organelles in conjunction with DMTT1 (8-9). Iron is released from the
endosomes into the labile iron pool (LIP) present within the cytosol of cells.

Once reduced by ferroreductases at the cell surface, NTBI is imported into cells by
DMT1 and ZIP-family proteins (such as ZIP8 and ZIP14) (10). The relative abundance of these
transporters appears to vary by cell/tissue type (11-13). The uptake of NTBI does not involve
endocytosis, and the iron is directly deposited within the LIP. Similar to the process of intestinal
iron absorption, the fate of imported iron depends on the requirements of the cell. The
mechanisms for sensing and responding to cellular iron levels are outlined in section 1.2.4.

1.2.3 Cellular Iron Storage and Utilization.

The LIP is a transitory reservoir of bioavailable, redox-active iron that, under normal

conditions, the cell tries to maintain at a low concentration. If there are not immediate demands

for iron to be utilized or integrated into proteins, it will be stored in ferritin. Systemically, the



liver serves as the major iron repository, but all nucleated cells are able to stow iron for future
metabolic needs (or supply, if faced with iron deficiency). Binding iron to ferritin keeps it in an
inert state and, therefore, helps to protect the cell by preventing the unmitigated formation of
reactive species. The ferritin protein consists of two subunits: the first being the heavy chain
(FTH) molecule and second, a light chain (FTL). Collectively, a single ferritin protein can hold
4500 atoms of ferric iron (14), and the expression of this protein increases with cellular iron
loading as well as oxidative stress (15). Cytosolic labile iron (Fe?*) is incorporated into ferritin
through the ferroxidase activity of FTH, oxidizing iron to the ferric state for storage.

When the cell requires iron, it is released from ferritin primarily through lysosomal
digestion (16-19), though a proteasomal pathway of iron release may also exist (20-21). The
lysosomal compartment is essential for normal cell maintenance and plays a critical role in the
degradation of cellular components, such as aged or damaged organelles and proteins, as well as
endocytosed macromolecules (22). Iron liberated from ferritin in the lysosomes is returned to the
cytosolic LIP, likely through involvement of DMT1 (17), for incorporation into proteins or
utilization in the mitochondria. The cell may also export superfluous iron back into systemic
circulation via ferroportin (23).

1.2.4 Regulation of Iron Metabolism and Homeostasis.

As previously stated, mammals possess highly evolved systems for maintaining
appropriate iron levels. The regulation of iron metabolism occurs at both the organism level as
well as within individual cells.

Systemic iron homeostasis is essential to maintaining appropriate iron levels both within
tissues as well as in circulation. Systemic iron levels are controlled at the site of absorption, as

iron present within the body is continuously recycled by macrophages rather than excreted.



When a mammal requires iron, it is mobilized out of body iron stores and the GI absorption of
iron will be increased. Conversely, when iron stores are replete, the body will limit dietary
absorption and increase the amount of iron stored. This process is mediated by the liver-derived
hormone hepcidin. Hepcidin production stimulates the degradation of the iron export protein
ferroportin, thereby limiting the amount of iron released from cells, such as GI enterocytes, into
circulation. Accordingly, hepcidin expression is upregulated when total iron stores are high.
Hepcidin production can also be increased during inflammation (from pathologic infections or
other sources), hypoxia, and/or oxidative stress to limit the availability of iron (24).

Iron is also tightly controlled within the cell. Though cellular iron homeostasis can be
maintained through several mechanisms, a major method of iron regulation is through the
interaction of iron regulatory proteins (IRPs) with iron-responsive elements (IREs) located
within the mRNA of certain proteins such as TFR1, DMT]1, ferritin, and ferroportin (25). The
gene transcripts for TFR1 (gene symbol TFRC) and DMT1 (SLC11A2) contain IRE(s) within
the 3’ untranslated region (UTR) of the mRNA, while the IRE for ferritin heavy chain (FTH),
ferritin light chain (FTL), and ferroportin (SLC40A1) is located within the 5> UTR (25-26). The
inclusion of IREs within gene transcripts allows for the expression to be modulated relative to
cellular iron levels through interactions with cytosolic proteins IRP1 and IRP2. When iron levels
are low, the conformation of the IRPs allows for binding to the IREs in mRNA. For genes with
IREs in the 3’ UTR (TFRC and SLC11A2), IRP-binding stabilizes the mRNA, thereby
preventing its degradation and increasing the amount of iron imported into cells (27).
Conversely, transcripts with IREs within the 5> UTR are regulated at the post-transcriptional
level and IRP-IRE interaction prevents the translation of genes to proteins (26-27). Thus, in

addition to increasing cellular iron import, IRP-binding traps iron in cells by preventing export



via ferroportin while increasing the amount of available iron by decreasing storage in ferritin.
When the cell does not immediately require iron, the conformation if the IRPs changes to prevent
interaction with IREs. In the absence of IRP binding, cellular iron import via TFR1 and DMT1 is
decreased, and the protein expression of ferritin and ferroportin is maintained to allow for
cellular iron storage and export, respectively. Notably, despite having a high-affinity for
transporting NTBI, gene transcripts for ZIP-family proteins do not contain an identifiable IRE
and therefore are not regulated by this iron-dependent mechanism (28-29).
1.3 Osteoarthritis.
1.3.1 Significance of Osteoarthritis and Epidemiology.

Osteoarthritis (OA) is considered the most prevalent musculoskeletal disorder globally
(30) and is currently the fifth leading cause for disability worldwide (31). OA is a degenerative
disorder characterized by the degeneration of articular cartilage within an affected diarthrodial
joint, accompanied by changes such as the thickening of subchondral bone, osteophyte
formation, and synovial hyperplasia that collectively contribute to the progression of the disease
(32). Thus, OA is now recognized as a whole organ disease involving all tissues of the joint. The
result is painful and/or reduced mobility, which contributes to decreased quality of life and an
increased susceptibility to comorbidities including obesity, heart disease, type II diabetes,
depression (33-35). The knee and hip appear to be the most significant joints contributing to the
total burden of OA-associated pain and disability (36), with the majority of end-stage knee OA
cases needing prosthetic joint replacement to remedy/mediate the degenerative effects of the
disease (37-38). The economic burden OA is also considerable, with the cost of treating knee OA

contributing more than $27 billion dollars to annual health care expenses by 2013 (39). In



addition to the clinical costs associated with the disorder, a study conducted in 2012 revealed that
the work loss from OA cost the United States economy over 100 billion dollars annually (40).

OA can be further characterized into 2 subcategories. Primary OA, the main focus of this
dissertation, has no known etiology for the onset and/or progression of the disorder and is
therefore considered idiopathic. However, similar to other degenerative disorders, advancing age
has been highlighted as the most significant risk factor for developing primary OA (41-42).
Indeed, primary or idiopathic OA is estimated to affect approximately 10% of the total global
population aged over 60 (30) and, as the worlds aging population continues to grow, it is
anticipated that more than 130 million people across the globe will be affected with OA by 2050
(43). Other risk factors for developing idiopathic OA include genetics, obesity, gender, bone
density, joint malalignment, and reduced physical activity (44-45). Conversely, post-traumatic
OA (PTOA) arises after a joint has sustained an injury and initiates the degenerative changes
characteristic of OA. As PTOA is injury-related, it tends to affect a younger demographic than
idiopathic OA (41,46). Though the factors driving OA differ between the 2 subcategories, the
resulting joint pathology can broadly share similarities and, therefore, face the similar obstacles
for preventing and/or treating the disorder.

OA is a progressive disorder, and unfortunately, the mechanisms driving disease
pathogenesis remain largely unknown. As a result, there are currently no known treatments that
can halt, slow, and/or reverse the effects of OA (43), and therapies are directed towards
minimizing the pain associated with the disorder. In fact, it is estimated that patients will spend
an average of 13 years exhausting pain-relieving medications prior to pursuing total knee
replacement for OA (39). The undesirable effects occurring with chronic use these

pharmaceutics (47) makes this an ineffective, long-term solution, particularly as these



interventions fail to address the underlying causes of pain. Thus, there is a clear need for better
understanding OA pathogenesis such that effective treatment strategies can be identified for
combating the disorder.
1.3.2 Overview of the Current Understanding of Osteoarthritis Pathogenesis.

Articular cartilage is an avascular tissue sparsely populated by the only cell type present,
the chondrocyte. As post-mitotic cells, chondrocytes have low levels of replication and as a
result, articular cartilage has very limited regenerative capabilities (48). Chondrocytes are
metabolically active cells that secrete macromolecules, such as collagens, proteoglycans, and
glycoproteins, that comprise the extracellular matrix (ECM) and collectively maintain the
structure and integrity of the tissue through a delicate balance of catabolic and anabolic events
(49). Chondrocyte activity is influenced by mechanical forces as well as numerous molecular
factors, such as proinflammatory mediators and reactive oxygen species (ROS), that are released
into the synovial fluid by neighboring joint tissues in addition to being produced by chondrocytes
themselves. In OA, the production and relative abundance of these factors becomes dysregulated
and can inappropriately upregulate catabolic events, contributing to progressive cartilage
degeneration. Furthermore, the presence of degraded ECM components itself also stimulates the
production of these signaling molecules and proinflammatory mediators, further propagating this
dyshomeostasis and tissue loss.

Besides mechanical stress, it is currently unknown what initiates cartilage degeneration in
OA. In early stages of disease, this breakdown occurs at the microscopic level at the articular
cartilage surface, releasing fragments into the synovial fluid. The presence of degraded
extracellular matrix (ECM) components stimulates the production of matrix degrading enzymes

and inflammatory cytokines by both synoviocytes and chondrocytes, further propagating tissue



degradation (32,50). Additionally, cells present within the synovium phagocytose the ECM
fragments present in the synovial fluid, causing synovial hyperplasia and the infiltration of
inflammatory cells (51). The aberrant production of these mediators causes chondrocytes to
produce elevated levels of ROS and reactive nitrogen species (RNS) (52). While normally
present at low levels to function in numerous physiologic processes, the increased production of
ROS/RNS by chondrocytes contributes to altered cell signaling and cartilage tissue damage, and
further stimulates the inflammatory response by the synovium (52-53). The presence of
peroxidation products in OA-affected cartilage supports the involvement of these molecules in
the disease process (52-53).

Chondrocytes initially attempt to offset the breakdown of matrix constituents by
increasing the production of ECM macromolecules and growth factors than can contribute to the
formation of osteophytes and tissue vascularization, particularly within the synovium (54-56).
This “boost” in anabolic activity is accompanied by increased chondrocyte proliferation, giving
rise to the aggregates of chondrocytes commonly observed in this stage of disease (54).
However, this attempt is futile, as chondrocytes eventually reach a point of exhausting their
synthesizing capabilities (57). At this point, the rate of matrix degradation overthrows that of
synthesis, and cartilage degradation becomes severe. Chondrocyte cell loss becomes diffuse
within the ECM, likely in part from the elevated production of inflammatory cytokines and
ROS/RNS, as well as the overall disrupted ECM structure (58). At the same time, the
proliferative chondrocytes from earlier stages express a hypertrophic phenotype and seem to re-
establish the process of endochondral ossification normally occurring during growth plate fusion

(59-61). This phenotypic shift causes cartilage mineralization, eventually decreasing the



thickness of the tissue and altering the architecture of the subchondral bone that’s observed in
late stages of disease (62).
1.3.3 Laboratory Rodent Models of Idiopathic Osteoarthritis.

As the natural development of idiopathic OA spans across decades in humans, the need
for laboratory models with accelerated, but accurate pathogenesis is necessary to increase
understanding of disease. Furthermore, patients do not tend to seek clinical care until the
negative symptoms of OA become pronounced, usually occurring at later stages of disease. Thus,
use of laboratory models also allows for researchers to investigate initial changes within the joint
to better understand early stages of the disorder and factors contributing to the disease.

Both large and small animals have been used to investigate OA, and the selection of the
correct animal model is dependent on several factors such as the type of experiment, length of
study, husbandry costs, and desired outcome measurements. Overall, rodent models are
commonly used in laboratory settings due to their small size, relatively low associated costs, ease
of implementation, and short lifespan (63). Mice are an obvious option due to their widespread
use in research; however, most mouse strains do not naturally develop OA and require a
stimulating event (chemical, mechanical, surgical) or genetic/genomic manipulation to incite OA
pathology. Human idiopathic OA is widely considered to be multifactorial in nature and cannot
be attributed to a single cause or gene mutation (32). As such, the use of a genetically altered
animal likely oversimplifies the disease process. Additionally, as presented in section 1.3.1, the
development of OA following a traumatic joint event is classified as an entirely separate type of
OA (PTOA) and therefore should not be used to evaluate the processes occurring in idiopathic
OA. By requiring an exogenous influence, mouse models of OA are not truly spontaneous, and

the resulting pathophysiology may not accurately reflect what is observed in humans (64). Thus,
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mice are best suited for OA studies related to secondary OA or PTOA. Like mice, rats do not
tend to spontaneously develop OA (65).

Guinea pigs have been widely used as models for biomedical research. Despite current
classification in the order Rodentia, the taxonomic classification of guinea pigs has been
continuously up for debate, and guinea pigs may be more closely related to humans than other
rodents (66). Indeed, the sequences of several guinea pig proteins are largely homologous to
those in humans (67). Several physiologic and anatomic features of guinea pigs also make them
well-suited for certain studies of human disorders, including those related to reproduction and
pregnancy, allergic disorders and hypersensitivity reactions, respiratory diseases, hearing, and
lipid metabolism (68-69). With respect to other rodents, guinea pigs have the unique dietary
requirement of vitamin C, a naturally occurring antioxidant compound that is also essential in
humans (69). Therefore, the presence of dietary vitamin C may be useful in studying redox
reactions and oxidative stress as they occur in humans.

The Dunkin-Hartley guinea pig is an outbred, non-genetically manipulated strain with
widespread use in immunological research (70). Notably, this strain of guinea pig naturally and
spontaneously develops knee OA with advancing age, and the resulting histopathology closely
resembles that observed in humans (71-72). Within this model, articular cartilage lesions are first
observed in the medial compartment of the knee and become more severe with disease
progression; this is characteristic of the disorder in humans (73). Though the progression of OA
is relatively slow in Hartley guinea pigs than other animal models, this allows for researchers to
investigate stages in disease pathogenesis and is therefore an additional benefit of the model. The
availability of control guinea pig strains with decreased propensity for OA allows for the factors

contributing to disease to be further investigated, representing a final benefit to the use of guinea
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pigs in OA research. Collectively, the Dunkin Hartley guinea pig is a well-characterized model
of OA (71-74) may provide the most accurate representation of the disorder as it occurs in
humans and was the primary animal model used for the studies presented in this dissertation.
Limitations for the use of guinea pigs include the limited availability of species-compatible
reagents, relatively higher cost, and an incompletely sequenced genome.

1.3.4 Relevant Methods for the Laboratory Evaluation of Knee Osteoarthritis.

Clinically, there is no single test for the determination of OA. The use of appropriate
methods allows for structural, biomechanical, pain, and/or movement-related changes to be
evaluated in the context of the disorder.

The most common outcome used for laboratory OA assessment remains histopathology
(75). The use of select histologic stains allows for the severity of tissue degradation to be
evaluated spatially within the joint tissue. Numerous grading schemes have been published in an
attempt to standardize the histologic assessment of knee joints between studies, such that
findings could be compared between works. Initial scoring systems were based on observations
made in human pathology (76) and consequently had inherent limitations for use in animal
models. This gap led to the Osteoarthritis Research Society International (OARSI)
Histopathology Initiative, publishing separate grading schemes for histologic evaluation in
common OA animal models. The guinea pig OARSI recommendations include 3 core
assessment categories relating to the structure of articular cartilage, proteoglycan content, and
chondrocyte cellularity within the ECM (74). Optional categories for evaluation include tidemark
evaluation and the presence of osteophytes (74). The limitations for histopathology include the
invasiveness of the procedure, which prevents longitudinal assessments being made at different

timepoints throughout the study. Additionally, histologic evaluations are conducted on one
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region/tissue section and therefore does not provide a comprehensive evaluation of the entire
joint structure.

There are several non-invasive imaging techniques used to complement the structural
assessment of joints with histopathology. Radiographic imaging remains the principal method for
diagnosing and monitoring OA in humans and therefore holds translational value within animal
models (77). X-ray imaging allows for the visualization of OA-related bony changes including
osteophyte formation, joint space narrowing, and subchondral bone sclerosis in a single tissue
plane (77). Computed tomography (CT) scans construct 3D composites from serial 2D
radiographic images and thus allow for comprehensive evaluation of the whole joint structure.
Use of this technology on a scale better suited for smaller laboratory animals is called microCT
and is a commonly used for laboratory evaluation of osteophytes as well as subchondral bone
cysts and sclerosis (78). Notably, a scoring system for microCT has been developed for use in
assessing OA in the guinea pig (78). Unfortunately, radiographic technology is not sensitive
enough to detect subtle changes in joint pathology and prevents evaluation of the articular
cartilage, menisci, or other soft tissue components of the joint (79). Magnetic resonance imaging
(MRI) is an alternative imaging method that addresses the pitfalls encountered with radiology,
allowing for the soft tissue and bone-related joint tissues to be evaluated simultaneously (79).
Unfortunately, use of this technology is quite expensive, limiting its use in animal research.

As a main consequence of OA is decreased and/or painful mobility, the laboratory
evaluation of animal movement seems important. Gait analysis systems involve a camera or
other sensor usually fixed below a clear platform for experimental animals to walk across. These
apparatuses can either be treadmill-based, which includes a belt moving at a standard speed to

propel the animal forward, or a catwalk concept that allows for animals to move by their own
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volition. In either scenario, the recording of animal’s paw placement while walking allows for
researchers to analyze locomotion as it may relate to joint pathology (80). Conversely, the use of
overhead enclosure monitoring allows for the activity of animals to be recorded while freely
moving within an apparatus. Benefits of overhead enclosure monitoring include capturing
inherent animal movement without direct influence from the researcher.

1.4 The Potential Role of Iron in Osteoarthritis.

As previously stated in section 1.1, unbound or partially-liganded iron can participate in
redox-chemistry (1-2). These reactions generate harmful ROS and free radicals that can elicit
and/or perpetuate inflammatory responses, injure cellular components, and promote cell death,
which collectively fosters tissue damage. Thus, the risk for iron-mediated toxicity is not limited
to overt excess and can also arise from conditions where intracellular iron becomes delocalized
and/or inappropriately stored (81-83).

Iron has been demonstrated to progressively accumulate throughout the aging process
(84-85). Increased tissue iron has been connected to several aging-associated chronic disorders,
including atherosclerosis (86), neurodegenerative disorders (87-88), type II diabetes (89), certain
forms of cancer (90), ocular disorders such as retinal degeneration and age-related macular
degeneration (91-92), and sarcopenia (93). Excess and/or improperly managed iron has also been
implicated in disorders with associated arthropathies, including hereditary hemochromatosis
(94), hemophilic arthropathy (95), traumatic arthropathy, and rheumatoid arthritis (RA) (96).
Pertaining to the joint environment, iron has been demonstrated to have a direct effect on
articular cartilage by mediating the production of the hydroxyl radical capable of inducing
chondrocyte apoptosis and contributing to the breakdown of matrix constituents (97-99).

Additionally, iron-loaded synoviocytes produce proinflammatory cytokines such as interleukin
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(IL)-6, IL-18, and tumor necrosis factor, that further stimulate the catabolic activity of
chondrocytes, further promoting joint tissue degradation (97).

Though the role of iron has been explored in the aforementioned conditions, it has yet to
be widely explored within the context of idiopathic OA. One human study reported that synovial
fluid iron concentration was significantly higher in OA-affected patients relative to both healthy
controls and individuals with RA (100). Another study found that serum ferritin levels were
positively correlated with the severity of cartilage damage in people affected by OA; this finding
was independent of age, sex, and BMI (101). Finally, enhanced iron deposition in the synovium
has been reported in patients with OA (102). These studies suggest that iron may be a
contributing factor in knee OA and may provide mechanistic insight to the development of the
disorder.

1.5 Global Hypothesis.

The work presented in this dissertation was designed to elucidate the potential role that
iron contributes to the onset, progression, and/or severity of idiopathic OA. The global
hypothesis for this research is that iron homeostasis becomes dysregulated during the aging
process, eventually leading to accumulation within knee joints and contributing to OA pathology

and tissue damage.
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CHAPTER 2

AGE AND SEX COMPARISONS OF TISSUE IRON CONCENTRATION AND THE

EXPRESSION OF IRON-RELATED GENES IN TWO GUINEA PIG STRAINS

2.1 Introduction.

Osteoarthritis (OA) is the most prevalent joint disorder and affects millions of individuals
worldwide (1). Though the disorder is recognized to involve all tissues within an affected joint, it
is clinically characterized by the progressive loss of articular cartilage. Articular cartilage is a
unique, avascular tissue maintained by chondrocytes, which secrete extracellular matrix (ECM)
molecules that provide structure to the tissue (2). As post-mitotic cells, chondrocytes have
limited regenerative ability (3) and, once the native articular cartilage is lost, it largely cannot be
replaced. Unfortunately, the current understanding of the mechanisms driving OA pathogenesis
remain poorly understood, and there are currently no treatments or therapies available to
regenerate or replace articular cartilage after it has been degraded.

Though little is known about the factors contributing to OA, advancing age has been
identified as the leading risk factor for disease development (4). Several aging-associated
disorders including atherosclerosis (5), type II diabetes (6), sarcopenia (7), cancers (8), and
neurodegenerative disorders (9-11) have documented iron dyshomeostasis and/or excess in the
pathogenesis of the disease. Iron is essential for conducting numerous physiologic processes but
can also participate in redox reactions, such as the Fenton reaction, which generate harmful
reactive oxygen species (ROS) and free radicals capable of damaging tissue (12-13). As such,

iron needs to be properly managed to limit the unmitigated formation of free radical species.
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Excess tissue iron has also been documented in several disorders with associated arthropathies,
including hereditary hemochromatosis (14), transfusion-related iron overload (15-16),
hemophilic arthropathy (17), and rheumatoid arthritis (RA) (18). Relevant to these conditions,
the presence of excess iron has been demonstrated to induce hydroxyl radical-driven chondrocyte
apoptosis and the breakdown of matrix components (19).

Within the context of OA, iron has only been explored in a handful of manuscripts. One
such study found that serum ferritin levels positively correlated with the severity of cartilage
degeneration in patients affected by OA (20). Notably, the reported association between serum
ferritin and cartilage degeneration was maintained after correcting for age, sex, and BMI,
suggesting that the involvement of iron in OA may be consistent between multiple risk factors
(20). Another study conducted in humans found that iron concentration in the synovial fluid was
significantly higher in OA-affected individuals relative to both unaffected controls and patients
with RA (21). Finally, increased iron deposits have been documented in the synovium of persons
with OA (22). Collectively, the results from these studies suggest that iron may contribute to the
pathology of knee OA.

Despite the potential association between iron, aging, and joint pathology, the expression
of iron-transporting genes has not been widely documented within articular cartilage, particularly
without the presence of genetic abnormalities. Thus, the objective of this study was 2-fold: first,
to establish differences in tissue iron concentrations between the OA-prone Hartley guinea pig
and a control guinea pig strain at 2 ages. Secondly, to investigate the gene expression of several
molecules involved in iron metabolism within knee cartilage tissue of Hartley guinea pigs at ages

representing different stages of OA progression. We hypothesize that, relative to the control
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strain, the concentration of iron is significantly higher within the articular cartilage from OA-
prone guinea pigs due to dysregulated expression of genes related to iron homeostasis.

2.2 Materials and Methods.

2.2.1 Animals.

All procedures were approved by the Institutional Animal Care and Use Committee and
performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Sixteen 5 month-old (n = 4 males and n =4 females) and 15 month-old (n =4 males and n =4
females) pigmented strain guinea pigs were purchased from Elm Hill Labs (Chelmsford, MA).
Tissues from a total of 128 Dunkin-Hartley guinea pigs (n = 62 males and n = 66 females) at
ages 5 months (n = 17 males and n = 15 females), 7 months (n = 8 males and n = 16 females), 8
months (n =7 males and n = 8 females), 12 months (n = 16 males and n = 16 females), and 15
months (n = 14 males and n = 11 females) were analyzed for various outcomes included in this
study. The Dunkin-Hartley animal tissues utilized in this study were previously purchased from
Charles River Laboratories (Wilmington, MA) for use as control animals in independent, but
related, work. Animals were housed individually in solid bottom cages and monitored daily by a
veterinarian. Food and standard guinea pig chow were provided ad libitium.

2.2.2 Specimen Collection.

Animals were placed under isoflurane anesthesia, and blood was collected via direct
cardiac puncture with a 20-gauge butterfly needle. Serum was separated from whole blood and
submitted for iron quantification using the Roche Cobas 6000 (Basel, Switzerland). A portion of
the liver was collected from each animal at the same anatomic location and placed into 10%
neutral buffered formalin (NBF) for 48 hours for iron quantification by atomic absorption

spectroscopy (AAS).
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Hind limbs were removed at the coxofemoral joint. The right hind limb was dissected to
expose the knee joint, and articular cartilage was collected from the weight bearing regions of the
femoral condyles and tibial plateaus, as well as from the articular surface of the patella.
Collected cartilage was placed into RNAlater (Qiagen, Hilden, Germany) and stored at -80°C for
RNA isolation and subsequent gene analysis. For Dunkin-Hartley animals euthanized at 5 and 15
months-of-age, the femoral head from the right limb was frozen at -80°C at the time of harvest
and was subsequently fixed in 10% NBF for 48 hours prior to analysis by AAS. The right
femoral heads isolated from all remaining study animals were placed into 10% NBF for 48 hours
immediately at the time of harvest and were subsequently submitted for evaluation by AAS. Of
note, the authors have found no significant difference in the iron content of tissues preserved by
freezing vs. formalin fixation (data not shown).

2.2.3 Tissue Iron Quantification by Atomic Absorption Spectroscopy (AAS).

Gene expression analysis of knee articular cartilage prevented use of this tissue for iron
quantification. As such, iron quantification for diarthrodial joint cartilage was conducted on
femoral head articular cartilage samples. Iron concentration of livers was determined for
pigmented strain guinea pigs at 5 months (n = 8) and 15 months-of-age (n = 8). Iron content was
also determined for sections of liver isolated from Dunkin-Hartley guinea pigs at 5 months (n =
23), 8 months (n = 15), and 15 months-of-age (n = 24). As previously described (23), dried
samples were weighed, ashed, sonicated in nitric acid, and diluted 30-fold with deionized water
(24). Diluted samples were analyzed using a Model 240 AA flame atomic absorption
spectrometer and SpectraA A software (Agilent Technologies, Santa Clara, CA) (25). Iron levels

were reported as parts per million (ppm) dry weight (26).
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2.2.4 Gene Expression Analysis of Knee Articular Cartilage.

Total RNA was isolated from knee articular cartilage using the RNeasy Lipid Tissue
Mini Kit (Qiagen) and was sent to the University of Arizona Genetics Core (University of
Arizona, Tucson, AZ) for analysis, as previously described (23). A custom set of guinea pig-
specific probes were designed and manufactured by NanoString Technologies (Seattle, WA) and
included the following genes: Ferritin heavy chain (FTH), transferrin receptor 1 (TFR1), divalent
metal transporter 1 (SLC11A2/DMT1), ZRT/IRT-like protein 14 (SLC39A14/Z1P14), and
ferroportin (SLC40A1/FPN). Based on initial RNA quantification (Invitrogen Qubit 2.0
Fluorometer and RNA High Sensitivity Assay Kit, Thermo Fisher Scientific, Waltham, MA) and
fragment analysis quality control subsets (Fragment Analyzer Automated CE System and High
Sensitivity RNA Assay Kit, Agilent Technologies), the optimal amount of total RNA (150-400
ng) was hybridized with the custom codeset in an overnight incubation at 65°C, followed by
processing on the NanoString nCounter® FLEX Analysis System (NanoString Technologies).
Results are reported as absolute transcript counts normalized to two housekeeping genes, -actin
(ACTB) and eukaryotic elongation factor lal (EEF1AT1). Any potential sample input variance
was normalized by use of housekeeping genes and application of a sample-specific correction
factor to all target probes. Data analysis was conducted using nSolver™ software (NanoString
Technologies).
2.2.5 Statistical Analyses.

Statistical analyses were performed with GraphPad Prism 8.4.2 (La Jolla, CA). Strain
comparisons data between pigmented controls and Hartley guinea pigs were compared by two-
way analysis of variance (ANOV A) with Sidak multiple comparisons test. Data within each

strain was compared by either t-test (for 2 groups) or one-way ANOVA (for 3+ groups). The
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distribution and variance of data sets analyzed by t-test were determined with the Shapiro-Wilk
and F-Test, respectively. For one-way ANOVA, the distribution and variance of data sets was
determined with the Shapiro-Wilk and Brown-Forsythe test, respectively. Lines on graph
represent mean values. Statistical significance was set at p < 0.05, and trends were highlighted
for p-values < 0.09.

2.3 Results.

2.3.1 Liver Iron Concentration.

Between 5 months and 15 months-of-age, pigmented control animals exhibited a
significant increase in liver iron concentration (p = 0.002; Figure 2.1). This trend was maintained
when each sex was analyzed separately, but the difference in liver iron concentration with age
was greater within females. Within male pigmented control animals, mean liver iron
concentration increased from 802.30 ppm at 5 months-of-age to 1873.00 ppm at 15 months-of-
age (p = 0.002). The mean liver iron concentration in 5 month-old female pigmented animals
was 842.50 ppm and increased to 2140.00 ppm at 15 months-of-age (p < 0.0001). There was no
significant sex difference in liver iron concentration for pigmented control animals at either 5-
months (p =0.5) or 15-months (p =0.2).

Conversely, OA-prone Hartley guinea pigs did not have a significant difference in liver
concentration between 5 months-of-age and 15 months-of-age (p = 0.5; Figure 2.1). When an
additional timepoint was added to represent 8 months-of-age, the lack of statistical differences
between Hartley liver iron concentration was consistent (Figure 2.1). There were no significant
differences present when each sex was analyzed separately. For male Hartley guinea pigs, mean
liver iron concentration was 435.80 ppm at 5-months and was 397.80 at 15 months-of-age (p =

0.7). Five-month-old female Hartley animals had a mean liver iron concentration of 417.90 ppm,
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while at 15 months-of-age the mean liver iron concentration was 579.40 (p = 0.2). There was no
significant difference between sexes for liver iron concentration at 5S-months (p = 0.8) or 15
months-of-age (p = 0.2).

2.3.2 Iron Concentration of Femoral Head Articular Cartilage.

Pigmented control guinea pigs did not have a significant difference in the iron
concentration of femoral head articular cartilage between 5 months and 15 months-of-age (p =
0.3; Figure 2.2). Male pigmented animals had a relatively higher articular cartilage iron
concentration at 15 months-of-age (30.45 ppm) than at 5 months-of-age (26.60 ppm), although
this difference was not significant (p = 0.11). Female pigmented controls did not have a
significant difference in cartilage iron concentration between 5 months (35.93 ppm) and 15
months-of-age (31.68 ppm) (p = 0.6). There was no notable difference between sexes for
cartilage iron concentration at 5 months-of-age (p = 0.2) and 15 months-of-age (p = 0.7).

Hartley guinea pigs had a significant decrease in the iron concentration of femoral head
articular cartilage between 5 and 15-months of age (p = 0.02; Figure 2.2). However, when
additional ages (representing various stages in OA progression) were investigated, there was a
significant increase in cartilage iron concentration between 5 months and 7-8 months of age (p <
0.0001), which then progressively decreased at 12 and 15 months (Figure 2.2). This observation
was maintained when each sex was analyzed separately, with males having more significant
fluctuations in cartilage iron concentration than females at the ages investigated (Figure 2.3 A-
B). Analysis revealed that males had significantly higher cartilage iron concentration than
females at 7-8 months of age (p < 0.001), but cartilage iron concentrations were comparable

between sexes at all other ages investigated. Overall, Hartley guinea pigs had higher cartilage
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iron concentrations than pigmented control animals at 5 months (p = 0.03) and, to a lesser
degree, at 15 months-of-age (p = 0.1).

2.3.3 Gene Expression of Knee Articular Cartilage: Strain Comparisons.

2.3.3.1 Transferrin Receptor 1 (TFRI).

Both pigmented control animals and Hartley guinea pigs exhibited similar trends in
expression of TFR1 within knee articular cartilage, which decreased between 5 and 15 months-
of-age (Figure 2.4 A). Transcript counts of TFR1 were comparable between strains at 5 months-
of-age (p > 0.9999), though at 15 months-of age pigmented animals had slightly higher
expression of TFR than Hartley guinea pigs (p = 0.08; Figure 2.4 A). The decrease in gene
expression of TFR1 was not significant in pigmented control animals between 5 and 15 months-
of-age (p = 0.1) but was significant in Hartley guinea pigs at the same ages (p < 0.0001; Figure
24 A).
2.3.3.2 Divalent Metal Transporter 1 (DMT]I).

Relative to pigmented controls, Hartley guinea pigs had higher transcript counts for
DMT1 at either age investigated (Figure 2.4 B). DMT1 gene expression decreased significantly
between 5 months and 15 months-of-age in pigmented animals (p = 0.05; Figure 2.4 B).
Conversely, DMT1 mRNA expression remained high and was not significantly different between
5 months and 15 months-of-age for Hartley guinea pigs (p = 0.95; Figure 2.4 B).
2.3.3.3 ZRT/IRT-Like Protein 14 (ZIP14).

Transcript counts for ZIP14 were similar between animal strains at either age investigated
(Figure 2.4 C). Likewise, ZIP14 gene expression was not significantly different between 5
months and 15 months-of-age for either pigmented guinea pigs (p = 0.3) or OA-prone Hartleys

(p =0.2; Figure 2.4 C).
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2.3.3.4 Ferritin Heavy Chain (FTH).

Overall, pigmented animals had significantly lower transcript counts than Hartley guinea
pigs at either age investigated (Figure 2.4 D). Gene expression of FTH was not significantly
different between ages for either pigmented controls (p = 0.97) or Hartley guinea pigs (p = 0.99;
Figure 2.4 D).
2.3.3.5 Ferroportin (FPN).

As observed with DMT1 and FTH, Hartley guinea pigs had significantly higher transcript
counts of FPN within articular cartilage than pigmented controls at either age investigated
(Figure 2.4 E). There was no difference in mRNA counts between 5 months and 15 months-of-
age within knee articular cartilage from control animals (p = 0.99) or Hartley guinea pigs (p =
0.6; Figure 2.4 E).

2.3.4 Gene Expression of Knee Articular Cartilage: Hartley Sex Comparisons.
2.3.4.1 Transferrin Receptor 1 (TFRI).

Male and female Hartleys exhibited similar trends for TFR1 gene expression at 5 months,
8 months, and 15 months-of-age (Figure 2.5 A). The mean abundance of TFR1 transcripts
significantly decreased between 5 months and 8 months in both sexes, though this pattern was
more pronounced in females (p = 0.03 in males and p < 0.0001 in females; Figure 2.5 A).
Between 8 months and 15 months-of-age, mRNA counts for TFR1 remained relatively consistent
in both sexes.
2.3.4.2 Divalent Metal Transporter 1 (DMT]I).

Transcript counts for DMTT1 did not significantly change among ages in the knee articular
cartilage from male Hartley guinea pigs (Figure 2.5 B). In contrast, within cartilage from female

animals, DMT]1 expression was comparable between 5 and 15 months-of-age (p = 0.99), with a
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significant decrease in DMT1 mRNA at the 8-month timepoint (p < 0.0001; Figure 2.5 B).
Notably, transcript counts of DMTT1 at 8 months-of-age were significantly lower in females than
in males (p < 0.0001; Figure 2.5 B).

2.3.4.3 ZRT/IRT-Like Protein 14 (ZIP14).

Gene expression of ZIP14 did not significantly change within male cartilage between 5
months, 8 months, and 15 months-of-age (p = 0.99 and p = 0.4, respectively; Figure 2.5 C). In
female Hartley animals, mRNA levels of ZIP14 were not statistically different between 5 and 8
months-of age (p = 0.6; Figure 2.5 C). Transcript counts of ZIP14 increased significantly in
female knee articular cartilage between 8 and 15 months-of-age (p = 0.001; Figure 2.5 C).
Similar to what was observed for DMT 1, gene expression levels of ZIP14 were significantly
lower in females than in males at 8 months-of-age (p = 0.0002; Figure 2.5 C).
2.3.4.4 Ferritin Heavy Chain (FTH).

Transcript counts of FTH significantly decreased between 5 months and 8 months-of-age
in the knee articular cartilage from both male and female Hartley guinea pigs (p = 0.003 for
males and p < 0.0001 in females; Figure 2.5 D). Within males, mRNA expression of FTH did not
significantly change between 8 months and 15 months-of age (p = 0.3; Figure 2.5 D).
Conversely, gene expression of FTH significantly increased in female knee cartilage between 8
months and 15 months-of-age (p < 0.0001; Figure 2.5 D).
2.3.4.5 Ferroportin (FPN).

Gene expression of FPN displayed a similar pattern in males and females at the ages
investigated (Figure 2.5 E). Within male Hartley guinea pigs, mRNA levels of FPN decreased
between 5 and 8 months-of-age (p < 0.0001) and then increased between 8 and 15-months of age

(p <0.0001; Figure 2.5 E).
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Akin to that observed in males, gene expression of FPN was also decreased between 5
and 8 months-of-age in female cartilage. However, expression of FPN between 8 and 15 months-
of-age did not increase as significantly in female Hartleys as it did in males (p = 0.0003; Figure
2.5 E). As such, the normalized counts of FPN were significantly lower in females at 15 months-
of-age than observed at 5 months-of-age (p = 0.0002; Figure 2.5 E). Finally, the abundance of
FPN mRNA was lower in males at 5 months-of-age than in females (p = 0.01; Figure 2.5 E).

2.4 Discussion.

The results from this work suggest that Hartley guinea pigs may have altered systemic
iron homeostasis when compared to an outbred control strain not used to model OA. These
perturbations in iron status appear to affect tissue iron levels, particularly cartilage iron
concentration, which may contribute to accelerated aging and OA development in the Hartley
guinea pig.

Analysis of liver iron concentration revealed that, overall, Hartley guinea pigs are storing
less iron in the liver than pigmented control animals. Though the liver iron concentration of
pigmented animals increased with age between 5 and 15 months, the levels of iron within the
livers of Hartley guinea pigs remained similar throughout the ages investigated. The lower
concentrations of liver iron, coupled with the lack of liver iron accumulation with age, may
contribute to the higher tissue iron levels observed within the cartilage of Hartley guinea pigs.
This theory was supported by evaluation of serum iron values, which reflected the overall higher
tissue iron concentration observed in the cartilage of OA-prone Hartley guinea pigs (Figure 2.6).
Similar to cartilage iron content, pigmented animals had lower levels of serum iron than Hartley
guinea pigs at all ages investigated. Unfortunately, serum iron measurements were not available

for 15-month Hartley guinea pigs.
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Though direct comparison of cartilage iron concentration revealed a decrease between 5
and 15 months-of-age in Hartleys, we hypothesize this may be consequence of extracellular
matrix (ECM) degradation occurring in OA pathogenesis. Indeed, a common feature of OA-
associated cartilage degeneration is the loss of chondrocyte cell density within the ECM (27-28)
and has been documented between 5 and 15-month-old Hartleys within our laboratory (data not
shown). As such, the decrease in cartilage iron concentration may be a reflection of decreased
cell density within the articular cartilage rather than a true decrease in tissue iron levels at these
specific ages. In this scenario, it is possible that the remaining chondrocytes in the ECM have
relatively high cellular iron levels. However, even enhanced histologic staining methods have not
been sensitive enough to detect cellular iron changes within articular cartilage tissue (data not
shown); this relationship should be further explored as new techniques for cellular iron detection
are developed in the future.

The addition of intermediate ages for cartilage iron measurement in Hartley guinea pigs
revealed a drastic increase in articular cartilage iron concentration at 7-8 months of age. To our
knowledge, this is the first report of cartilage iron levels varying with age in animals predisposed
to OA development without known genetic abnormalities. Within this animal model, knee OA is
in early stages of development at 5 months-of-age, reaches moderate severity at 7-8 months of
age, progresses to severe degeneration at 12 months-of-age, and reaches end-stage for the disease
around 15 months-of-age (29). The drastic increase in cartilage iron concentration observed at 7-
8 months in Hartley guinea pigs aligns with moderate OA development in this strain and
suggests that iron dysregulation may be a contributing factor in earlier stages of OA

pathogenesis.
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Gene expression analysis revealed that transcript numbers of TFR1 reflected the
consistent cartilage iron concentration in pigmented animals between 5 and 15 months-of-age.
Similarly, TFR1 expression mirrored the cartilage iron accumulation occurring in Hartleys
between 5- and 8-month-old months of age; this trend was maintained when males and females
were investigated separately. Expression of DMT1, ZIP14, FTH, and FPN were not significantly
altered between 5 and 15 months-of-age in either strain investigated. TFR1, FTH, FPN, and 2 of
the 4 known transcript variants of DMT1 all contain at least one iron regulatory element (IRE)
region within the mRNA, which allow for protein expression to be modulated relative to cellular
iron levels. TFR1 contains 5 iron regulatory elements (IREs) in the 3’ untranslated region of its
mRNA, while the +IRE transcripts for FTH, DMT]1, and FPN only contain 1 region (30-31). The
unique presence of multiple IRE regions may allow TFR1 to better sense and respond to iron
levels in the cartilage, with higher levels of cellular iron prompting rapid degradation of TFR1
mRNA. As such, the maintained levels of TFR1 mRNA between 8- and 15-month-old Hartleys
may further support the theory that chondrocytes remaining in the OA-degraded ECM may be
iron loaded. As cartilage iron concentration did not significantly alter between ages of
pigmented animals, the maintained abundance of the investigated IRE-containing genes is logical
within this strain. The availability of additional, intermediate ages for the Hartley guinea pig
allowed the relationship between cartilage iron levels and gene expression to be further
investigated in the context of knee OA.

Evaluation of additional timepoints for Hartley guinea pigs revealed changes in gene
expression that were unable to be captured by directly comparing 5 months-of-age to 15 months.
Notably, the mRNA levels of FTH and FPN decreased significantly at 8 months-of-age in both

male and female Hartley guinea pigs. The increase in tissue iron at 7-8 months implies that iron
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was being transported into chondrocytes. To prevent iron from participating in deleterious redox
reactions, cells utilize the protein ferritin to bind iron in a catalytically inactive state. As the FTH
transcript codes for a portion of ferritin protein, a decrease in expression would not be expected
under iron loaded conditions. Thus, this decrease in FTH gene expression appears highly
inappropriate. The reason for this unexpected expression of FTH is unknown and may contribute
to the susceptibility for Hartley guinea pigs to OA development. If maintained at the protein
level, the decrease in FTH expression occurring with increased cartilage iron concentration may
augment the labile iron present in chondrocytes (32) and potentially contribute to iron
dyshomeostasis and eventual tissue damage.

Similar to FTH, gene expression of FPN was reduced at the 8-month timepoint in Hartley
guinea pigs. FPN is the only known protein capable of removing iron from cells into systemic
blood circulation and is differentially regulated in tissues by complex interactions at the
transcriptional, translational, and post-translational levels (33-34). Though classic models of IRE
regulation primarily include translational modulation of FPN, several studies have demonstrated
that expression of FPN mRNA increases with tissue iron levels, suggesting that iron-mediated
regulation can also occur at the transcriptional level (34-38). In the present study, the opposite
trend was observed in chondrocytes from Hartley guinea pigs, with FPN mRNA decreasing with
higher tissue iron levels. If this pattern is conserved for the protein expression of FPN, it may
contribute to increased tissue iron concentrations at this age by trapping iron within cells. As
regulation of FPN seems to be cell specific (34), future work should focus on characterizing FPN
gene and protein regulation within chondrocytes to determine relative contributions to cartilage

iron accumulation and implications to OA pathogenesis.
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Finally, there were some noteworthy sex differences present in Hartley guinea pigs for
the genes investigated. The gene expression of both DMT1 and ZIP14 did not significantly
change between the ages investigated for male guinea pigs. In female Hartley animals, transcript
expression of DMT1 decreased significantly at 8 months-of-age, while ZIP14 mRNA increased
at 15 months-of-age. Both DMT1 and ZIP14 transport divalent, non-transferrin bound iron
(NTBI) across cellular membranes. The presence of NTBI may play a key role in the toxicity of
iron, even in the absence of overt iron overload, by damaging the cellular environment (39-40).
The ability for iron to regulate DMT1 expression has been demonstrated to vary substantially
between cell types (31,41), and a study in mice revealed that DMT mRNA levels positively
correlated with cardiac iron levels in male mice (35). The sustained expression of DMT1 across
all ages investigated may have contributed to the drastic increase in cartilage iron at 7-8 months
of age in male Hartley guinea pigs.

Despite having a high affinity for iron transport, ZIP14 mRNA does not contain an IRE,
and like DMT1, expression of ZIP14 has been demonstrated to widely vary between tissues (42).
Of note, levels of ZIP14 protein have been shown to increase with rising cellular iron levels in
some tissue types (43). However, total cartilage iron concentrations were demonstrated to be
comparable in males and females at 15 months-of-age, though this measurement would be
influenced by differences in chondrocyte cellularity and/or cellular iron status. Whether the sex
differences observed for ZIP14 expression are due to differences in chondrocyte density and/or
iron status at 15 months-of-age, or due to another regulatory interaction, should be studied in the
future.

Collectively, the results from this work demonstrate that OA-prone Hartley guinea pigs

manage tissue iron levels differently than an outbred control strain, and these differences may

37



influence the propensity for OA development. Specifically, Hartley guinea pigs appear to
inappropriately express FTH and FPN relative to tissue iron concentration, which may cause an
increase in redox-active iron within the cell by preventing storage of liganded iron and cellular
export. Additionally, the expression of two divalent iron transporters (DMT1 and ZIP14) were
varied between male and female Hartley guinea pigs and may further contribute to iron loading
of chondrocytes, particularly in the form of NTBI. NTBI contributing to pathology has been
documented in non-iron overload disorders, including diabetes (44) and renal disease (45), and
may similarly be involved in OA pathogenesis. Future work should focus on examining the
expression of these iron-related proteins within normal articular cartilage to continue
characterizing tissue differences in expression, particularly for FPN, DMTI1, ZIP14.
Additionally, investigation of these molecules within OA-prone articular cartilage will serve to
further elucidate their respective contributions to tissue iron status in animals predisposed to OA.
Finally, future work should continue to establish the relationship between both systemic and

local iron status and OA pathogenesis.
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2.5 Figures.
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Figure 2.1. Strain comparison of liver iron quantification. Mean liver iron concentration was
822.40 ppm in 5-month-old pigmented control animals and was 2006.00 ppm in 15-month-old
pigmented control animals. Mean liver iron concentration was 426.50 ppm in 5-month-old
Hartley guinea pigs, 522.60 ppm in 7-month-old Hartley guinea pigs, and 481.10 ppm in 15-
month-old Hartley guinea pigs.
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Cartilage Iron
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Figure 2.2. Strain comparison of cartilage iron quantification. Mean cartilage iron
concentration was 31.26 ppm in 5-month-old pigmented control animals and was 31.06 ppm in
15-month-old pigmented control animals. Mean cartilage iron concentration was 39.72 ppm in 5-
month-old Hartley guinea pigs, 127.40 ppm in 7-8-month-old Hartley guinea pigs, 48.04 ppm in
12-month-old Hartley guinea pigs, and 34.51 ppm in 15-month-old Hartley guinea pigs.
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Figure 2.3. Cartilage iron quantification in male and female Dunkin-Hartley guinea pigs.
(A) Mean cartilage iron concentration was 41.96 ppm in 5-month-old male Hartley guinea pigs,
161.00 ppm in 7-8-month-old male Hartley guinea pigs, 51.13 ppm in 12-month-old male
Hartley guinea pigs, and 35.36 ppm in 15-month-old male Hartley guinea pigs. (B) Mean
cartilage iron concentration was 37.47 ppm in 5-month-old female Hartley guinea pigs, 97.89
ppm in 7-8-month-old female Hartley guinea pigs, 44.96 ppm in 12-month-old female Hartley
guinea pigs, and 33.43 ppm in 15-month-old female Hartley guinea pigs.
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Figure 2.4. Strain comparison for genes related to iron metabolism. Mean transcript counts
for iron-related genes in pigmented control animals and Dunkin-Hartley guinea pigs at 5 months-
of-age and 15 months-of-age. (A) TFR1. (B) DMTI. (C) ZIP14. (D) FTH. (E) FPN.
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Figure 2.5. Sex comparison for genes related to iron metabolism in Dunkin-Hartley guinea
pigs. Mean transcript counts for iron-related genes in male and female Dunkin-Hartley guinea
pigs at 5 months-of-age, 8 months-of-age, and 15 months-of-age. (A) TFR1. (B) DMT]I. (C)
ZIP14. (D) FTH. (E) FPN.
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Figure 2.6. Strain comparison of serum iron quantification (supplemental). Mean serum iron
concentration was 258.40 micrograms/deciliter (ug/dL) in 5-month-old pigmented control
animals and was 250.00 pg/dL in 15-month-old pigmented control animals. Mean serum iron
concentration was 302.60 pg/dL in 5-month-old Hartley guinea pigs, 294.70 pg/dL in 7-8-
month-old Hartley guinea pigs, and 321.70 ug/dL in 12-month-old Hartley guinea pigs.
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CHAPTER 3

GENE EXPRESSION CHANGES OCCURING WITH SYSTEMIC IRON OVERLOAD IN
THE ARTICULAR CARTILAGE AND INFRAPATELLAR FAT PAD OF STRAIN 13

GUINEA PIGS'!

3.1 Introduction.

Iron is a ubiquitous element that participates in numerous physiologic processes,
including hemoglobin synthesis and oxidative phosphorylation. Unfortunately, excess levels can
produce reactive oxygen species via the Fenton or Haber Weiss reactions (1-2). Despite this,
there are no excretion mechanisms for iron beyond turnover of skin and enterocytes, and tissue
iron accumulation occurs during aging (3-4). Indeed, progressive iron accrual has been linked to
many age-associated chronic diseases, including type II diabetes, neurodegenerative disorders,
atherosclerosis, and cancer (5-6). Additionally, iron overload within joint tissues has been
implicated in arthropathies associated with hereditary hemochromatosis (7), rheumatoid arthritis
(8-9), traumatic arthropathy, and hemophilic arthropathy (10). In these conditions, iron can
accumulate from two sources: blood that enters the joint from either trauma or inflamed
synovium and/or exchange from the non-heme iron pool (9,11). Several human studies have

shown hemosiderin deposits in cartilage and synovium, as well as increased ferritin in the

! This article was published in Osteoarthritis and Cartilage, Volume 28, LH Burton, LB
Radakovich, AJ Marolf, and KS Santangelo, Systemic Iron Overload Exacerbates Osteoarthritis
in the Strain 13 Guinea Pig, Pages 1265-75, Copyright Elsevier (2020).
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synovial fluid of affected joints (8-9). In vivo work has demonstrated that iron-overloaded
synoviocytes release pro-inflammatory cytokines, including interleukin-1p (IL-1p), IL-6, and
tumor necrosis factor (TNF), that stimulate catabolic activity in chondrocytes (10). Iron also has
a direct effect on cartilage by inducing hydroxyl radical-driven chondrocyte apoptosis (10,12)
and the breakdown of matrix components (13-14).

As age is the largest risk factor for primary/idiopathic OA (15), we theorize that iron
accumulation may also be associated with the development of this disease. Interestingly, its role
in the pathogenesis of OA has been explored in a handful of manuscripts. One study found that
increased serum ferritin was correlated with more severe knee cartilage damage in individuals
with primary OA; this finding was independent of age, sex, and BMI (16). Another manuscript
demonstrated that synovial fluid iron concentrations were significantly higher in patients with
OA than age-matched healthy subjects (17). Finally, iron deposition in synovium has been
reported in individuals with OA (18). This evidence suggests that iron may play a role in both
aging and knee OA and holds potential as a mechanistic connection between these coinciding
conditions.

Because of this intriguing association, the current work was designed to demonstrate a
direct relationship between excess cellular iron accumulation and OA in the absence of a genetic
disorder. We hypothesized that administration of exogenous iron, resulting in moderate iron
overload, would incite pathology in Strain 13 guinea pigs, a strain with decreased propensity for

OA (19).
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3.2 Materials and Methods.
3.2.1 Animals.

Procedures were approved by the Institutional Animal Care and Use Committee and
performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Group size was determined from a pilot study. Using a within group error of 0.5 and a detectible
contrast of 1.0 (based on histologic assessment of OA) in a linear regression model considering
treatment and sex, power associated with a Tukey’s significant difference post-hoc analysis was
calculated as 0.8 with a sample size of 4 per sex per treatment group. To ensure adequate power
for all outcomes, 20 Strain 13 guinea pigs (11 males, 9 females) were purchased at 8 weeks of
age from the US Army Medical Research Institute of Infectious Disease (Fort Detrick, MD).
Animals were housed individually in solid bottom cages and provided standard guinea pig chow,
hay cubes, and water ad libitum.

3.2.2 Iron Dextran Injections.

Injections were initiated when animals were 12 weeks of age and administered under
isoflurane anesthesia. Ten guinea pigs (5 males, 5 females) were randomly assigned with respect
to sex to the iron overload group; 10 animals (6 males, 4 females) were allocated to the control
group. To induce a burden consistent with iron overload disorders, animals in the experimental
group were administered 400 mg/kg of iron dextran solution (20) intraperitoneally once weekly
for 4 weeks. Animals in the control group received 400 mg/kg of dextran solution. Body weights

were recorded weekly.
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3.2.3 Specimen Collection.

Termination occurred when animals were 16 weeks-of-age. Whole blood was collected
via direct cardiac puncture under isoflurane anesthesia. Animals were then transferred to a CO»
chamber for euthanasia.

Hind limbs were removed at the coxofemoral joints. The left limb was analyzed for OA-
related structural changes previously reported by Radakovich 2018 (21). The right knee was
dissected for gene expression analyses: the infrapatellar fat pad (IFP) was placed into All Tissue
Protect reagent (Qiagen, Hilden, Germany); articular cartilage was isolated from the articular
surface of the patella and the weight-bearing regions of the femoral condyles and tibial plateaus,
and stored in RNAlater (Qiagen). Right femoral heads were placed into 10% neutral buffered
formalin for 48 hours for iron quantification.

3.2.4 Iron Quantification by Atomic Absorption Spectroscopy (AAS).

Iron quantification was performed on samples of formalin-fixed liver tissue (Reported by
Radakovich 2018) (21) and femoral head articular cartilage. Briefly, dried tissue weighed, ashed,
sonicated in 3.6N nitric acid, and diluted 30-fold with deionized water (22). Diluted samples
were analyzed using a Model 240 AA flame atomic absorption specrometer and SpectrAA
software (Agilent Technologies, Santa Clara, California) (23). Iron levels were reported as parts
per million (ppm) dry weight (dw) (24). The iron content of the IFP was also determined by
enhanced iron staining and was previously reported (21).

3.2.5 Gene Expression Analysis Using NanoString Technology.
Total RNA was isolated from knee articular cartilage and IFPs using the RNeasy Lipid Tissue
Mini Kit (Qiagen) and sent to University of Arizona Genetics Core (University of Arizona,

Tucson, AZ). A custom set of guinea pig-specific probes were designed and manufactured by
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NanoString Technologies (Seattle, WA) for the following genes: transferrin receptor (TFR),
divalent metal transporter 1 (DMT1), zrt- irt- like protein 14 (ZIP14), cluster of differentiation
protein 163 (CD163), ferritin heavy chain 1(FTH-1), ferroportin (FPN), collagen type II,
aggrecan, IL-1p, TNF, IL-6, and transforming growth factor beta 1 (TGFB1). Per Qubit and
Fragment Analyzer quality control subsets, the optimal amount of total RNA (150-400 ng) was
hybridized with the custom code-set in an overnight incubation (17 hours) at 65°C, followed by
processing on the NanoString nCounter FLEX Analysis system. Results were reported as
absolute transcript counts normalized to positive controls and two housekeeping genes, -actin
and eukaryotic translation elongation factor 1 alpha 1. Any potential sample input variance was
corrected by use of housekeeping genes and application of a sample-specific correction factor to
all target probes. Data analysis was conducted using nSolver™ software (NanoString
Technologies).
3.2.6 Statistical Analyses.

Statistical analyses were performed with GraphPad Prism 8.3.1 (La Jolla, CA, USA).
Data underwent normality and variance testing via the Shapiro-Wilk and F Test, respectively.
Normally distributed data with similar variance were compared using parametric t tests?.
Normally distributed data with significant differences in variance were compared using
parametric t tests with Welch’s correction’. Data with non-Gaussian distribution were compared
using non-parametric Mann-Whitney tests*. Statistical tests used are noted in Figure Legends

using superscripts. Statistical significance was set at p < 0.05.
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3.3 Results.
3.3.1 Cartilage Iron Quantification.

The allocation of knee articular cartilage to transcript expression analyses prevented iron
quantification from being conducted for this tissue. Femoral head articular cartilage was
submitted for iron AAS to determine if differences were present in a diarthrodial joint
environment. Relative to control animals, the concentration of iron was significantly higher
within femoral cartilage from iron overloaded animals (p = 0.0002) (Figure 3.1).

3.3.2 Gene Expression Analysis.
3.3.2.1 Iron Trafficking and Storage Genes.

We were curious whether cellular iron metabolism in the cartilage and IFP was affected
by systemic administration of iron dextran. Iron is imported into cells by select proteins,
including TFR, DMT1, ZIP14, and CD163. Within the cartilage, iron overloaded animals had
decreased mRNA expression for TFR (p = 0.0007) and DMT1 (p = 0.0111) while displaying
increased transcript expression for the only known cellular iron export protein, FPN (p = 0.0350)
(Figure 3.2 A-C). These effects were also observed within the IFPs of iron overloaded animals,
with the exception that TFR expression did not change with iron overload in the IFP (p =
0.7529). Treatment with iron dextran did not significantly alter the gene expression of CD163 in
the cartilage (p = 0.1564); however, a trend towards decreased CD163 expression was observed
in the IFP (p = 0.0524) (Figure 3.2 D). Of note, there was no change in ZIP14 gene expression in
either the cartilage or IFP with respect to treatment group (p = 0.4470 and p = 0.9750,
respectively) (Figure 3.2 E).

Within the cell, iron can bind to the storage protein ferritin. Measuring the transcript

expression of FTH-1 indicated that, relative to controls, iron overloaded animals had
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significantly higher mRNA expression of ferritin within the cartilage (p = 0.0082) and IFP (p <
0.0001) (Figure 3.2 F).
3.3.2.2 Structural Components of Articular Cartilage.

The extracellular matrix (ECM) of articular cartilage is primarily composed of type 11
collagen and aggrecan (25). As OA is characterized by the loss of cartilage within affected joints,
changes in the expression of these components can give insight to OA pathogenesis. Gene
expression analysis revealed that iron overloaded animals had a lower expression of transcripts
for type II collagen (p = 0.0002) and aggrecan (p = 0.0038) than control animals (Figure 3.3 A-
B). There was no significant change in the expression of type II collagen (p = 0.1431) and
aggrecan (p = 0.1655) within the IFP.
3.3.2.3 Cytokines.

Administration of iron dextran altered gene expression of the proinflammatory cytokines
IL-1B, TNF, and IL-6, as well as the expression of TGFB1. Relative to control animals, mean
transcript expression of IL-1 was significantly higher in the cartilage (p = 0.0015) and IFPs (p <
0.0001) from iron overloaded animals (Figure 3.3 C). Similarly, iron overloaded animals
exhibited increased gene expression of TNF in both the cartilage (p = 0.0076) and IFP (p <
0.0001) (Figure 3.3 D). Within the IFP, transcript counts for TGFB1 were significantly higher for
iron overloaded animals (p < 0.0001), and IL-6 demonstrated a trend towards increased
expression relative to the control group (p = 0.0524) (Figure 3.3 E-F). Interestingly, treatment
with iron dextran did not significantly alter the expression of IL-6 and TGF1 in cartilage.

3.4 Discussion.
The purpose of this work was to determine the gene expression changes within the knee

joint of Strain 13 animals with administration of exogenous iron in order to provide a
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mechanistic link for the findings reported by Radakovich in 2018 (21). Initial findings included
that administration of exogenous iron significantly increased iron accrual within the serum, liver,
and the IFP (21). The increase in tissue iron levels was accompanied by the development of both
osteophytes (determined by microCT) and OA-associated cartilage lesions (determined by
histologic evaluation of knee joints) in animals with a decreased propensity for OA (21).

In the present work, evaluation by AAS revealed that iron levels were also significantly
higher within the femoral head articular cartilage of iron overloaded animals. Although articular
cartilage is avascular, it is able to receive nutrients and other molecules by way of the synovial
fluid present within the joint capsule. As synovial fluid is an ultrafiltrate from the blood supply,
articular cartilage was likely exposed to systemic iron through the synovial fluid. Collectively,
the increased concentration of iron within the knee IFP (21) and femoral head articular cartilage
demonstrates that circulating iron does deposit and accumulate within tissues of diarthrodial
joints and may contribute to the degradation that was noted in microCT and histologic evaluation
of knee joints (21).

The increased development of OA-associated lesions in iron overloaded animals was
supported by changes in tissue gene expression. In particular, cartilage degeneration in iron
overloaded animals was accompanied by a relative decrease in the expression of transcripts for
type II collagen and aggrecan. Previous studies have reported that chondrocyte exposure to iron
in vitro decreased the synthesis of the ECM and increased the expression of matrix degrading
enzymes (26-27). Cartilage lesions occurring with systemic iron overload were also associated
with increased transcript counts of the proinflammatory cytokines IL-1p and TNF within both
the cartilage and the IFP. Elevated protein levels of IL-1p and TNF have been widely observed

in patients presenting with symptomatic knee OA and are considered to be key players in OA
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pathogenesis (28). IL-1p reduces synthesis of type II collagen and aggrecan within articular
cartilage and, along with TNF, induces the production of numerous other proinflammatory
mediators, such as IL-6 (28). Joint tissues affected by OA have been demonstrated to express
higher levels of IL-6 than non-OA joints (29), and the IFP has been shown to be a source of IL-6
production in OA-affected knees (30). In the current work, gene expression of IL-6 was
relatively increased in the IFPs of iron overloaded animals. The presence of IL-6 protein
regulates hepcidin, which in turn prompts the degradation of FPN and causes iron to accumulate
within cells. The trend towards increased IL-6 mRNA observed within iron overloaded IFPs may
have contributed to tissue iron accumulation and, therefore, the OA-associated changes to joint
tissues. However, whether this increased IL-6 transcript number was driven by the iron overload
or by OA remains to be determined.

Gene expression analysis suggest that both cartilage and IFPs are able to detect and
respond to alterations in systemic iron status. Chondrocytes within iron overloaded cartilage
exhibited decreased transcript expression for several proteins responsible for importing iron into
the cell, while increasing the transcript expression for the iron export protein, FPN, and the
storage protein, ferritin. These changes imply that cells within the cartilage were attempting to
regain iron homeostasis, which is a well-documented response when iron stores are replete
and/or overloaded (31-32). A similar trend was observed in the IFP, with the exception that TFR
mRNA levels did not alter relative to iron status. Although the transcripts for TFR and DMT1
both contain at least one iron responsive element and, therefore, would be expected to be
similarly regulated, DMT1 transports metals other than iron and may exhibit different expression

in this tissue. The observation that ZIP14 mRNA levels did not change with cellular iron status
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in either joint tissue evaluated is consistent with previously published findings (33-34) and
suggests that ZIP14 expression is regulated post-translationally (34).

In conjunction with the results originally reported by Radakovich 2018 (21), this work
establishes that exogenous iron overload is detrimental to knee joint health and, as such,
indicates that systemic and/or local iron levels may be considered a factor in the development of
OA. Notably, the expression of several genes were altered with systemic iron status. In the
future, it may be worthwhile to determine whether a decrease in iron load prevents and/or delays
OA lesions. Studies examining iron trafficking pathways within joint tissues are also needed to
increase understanding of how this element contributes to development of primary OA in

animals and humans.
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3.5 Figures.

Cartilage Iron Content
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Figure 3.1. Cartilage iron quantification. Iron concentration of femoral head articular cartilage
by AAS*. Mean concentration of iron within articular cartilage of iron overloaded animals was
2495.00 ppm. Mean concentration of iron within articular cartilage of dextran control animals
was 765.40 ppm.
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Figure 3.2. Normalized mRNA counts for iron trafficking genes in articular cartilage and
the IFP. (A) TFR** (B) DMT1* (C) ZIP14* (D) CD163* (E) FPN* and (F) FTH-1*°.
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CHAPTER 4

SYSTEMIC ADMINISTRATION OF A PHARMACOLOGIC IRON CHELATOR REDUCES

CARTILAGE LESION DEVELOPMENT IN MALE DUNKIN-HARTLEY GUINEA PIGS

4.1 Introduction.

Iron is essential for numerous physiologic processes including oxygen transport, DNA
synthesis, and ATP production. Mammals have developed complex systems to appropriately
absorb, store, transport, and utilize this mineral, as unbound or partially-liganded iron can
participate in redox chemistry (1-2). These reactions generate harmful reactive oxygen species
(ROS) that can elicit or perpetuate inflammatory responses, damage DNA and cellular
components, and promote cell death, which collectively encourage tissue damage (3-5). Thus,
the risk for iron-mediated toxicity is not limited to overt excess and can also arise from
conditions where intracellular iron becomes delocalized and/or inappropriately stored, causing
the labile iron pool containing catalytically-active iron to expand (6-8). Despite this, mammals
do not have a physiologically regulated mechanism for excreting iron and the majority of the
iron absorbed is continuously recycled throughout the body (9). Indeed, iron progressively
accumulates throughout the aging process (10-11) and has been linked to numerous aging-
associated chronic diseases, including atherosclerosis (12), neurodegenerative disorders (13),
cancer (14), and type II diabetes (15). Excess and/or improperly managed iron has also been
implicated in several disorders with associated arthropathies, including hemophilic arthropathy
(16), traumatic arthropathy, hereditary hemochromatosis (17), and rheumatoid arthritis (RA)

(18). In these afflictions, iron-loaded human synoviocytes have been demonstrated to release
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proinflammatory mediators which stimulate the catabolic activity of chondrocytes and contribute
to joint degradation (19).

Although the role of iron has been explored in the arthropathies above, it has yet to be
widely investigated in the context of primary/idiopathic osteoarthritis (OA). OA is a progressive
joint disorder with the degradation and subsequent loss of articular cartilage as a central feature
(20) accompanied by synovial hyperplasia, osteophyte formation and tissue remodeling, and
narrowing of the joint space. These alterations cause pain and reduced mobility, resulting in
increased susceptibility to developing comorbidities such as obesity, cardiovascular diseases, and
depression (21). Healthy articular cartilage is maintained by a delicate balance between
catabolic and anabolic actions; in OA, this homeostasis becomes disrupted and shifts in favor of
catabolic events that degrade the cartilage extracellular matrix (ECM). OA-affected
chondrocytes exhibit enhanced levels of ROS and oxidative stress (20,22), which may play a
significant role in the progressive loss of the ECM (20,23). Additionally, as adult cartilage is
unable to regenerate, the depletion of chondrocytes themselves due to ROS and other stressors
has also been implicated in OA pathogenesis (20,24). While these findings are accepted, the
underlying molecular mechanisms driving the development of OA remain loosely described.

There have been a handful of publications exploring the role of iron in primary OA. One
human study reported that synovial fluid iron concentration was significantly higher in OA-
affected patients relative to both healthy controls and individuals with RA (25). Another study
found that serum ferritin levels were positively correlated with the severity of cartilage damage
in people affected by OA; this finding was independent of age, sex, and BMI (26). Finally,

enhanced iron deposition in the synovium has been reported in patients with OA (27). These
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studies suggest that iron may be a contributing factor in knee OA and may provide mechanistic
insight to the development of the disorder.

As advancing age is the leading risk factor for developing primary OA (28), we theorize
that age-related iron accumulation in joint tissues may contribute to the development of the
disorder. Recently, we determined that administering excess iron systemically exacerbated the
development of OA-like lesions in the knee joints of disease-resistant Strain 13 guinea pigs (29).

To build on this finding, we designed a study to assess the effects of systemic iron
reduction on the development of primary knee OA in an animal model of the disorder: the
Dunkin-Hartley guinea pig. This well-described model develops bilateral, age-related knee OA
with a predictable progression that closely mimics the pathology observed in humans (30-31). As
in humans, these spontaneous lesions tend to develop first within the medial compartment of the
knee, with the tibia being more severely affected before the femur (31). Histopathologic
evidence of knee OA can be detected after 2 months-of-age, with severe, late-stage OA occurring
between 15-18 months-of-age (31).

For this work, systemic iron reduction was achieved by administration of the
pharmacologic iron chelator deferoxamine (DFO). DFO has a high affinity for binding iron
relative to other transition metals and has been used to treat acute iron toxicity and iron overload
conditions since the 1960’s. Based on our previous findings (29), we hypothesized that systemic
administration of DFO would decrease the development of OA-like lesions in the knees of

Dunkin-Hartley guinea pigs.
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4.2 Materials and Methods.
4.2.1 Animals.

All procedures were approved by the Institutional Animal Care and Use Committee and
performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Group size was determined from a pilot study with the primary outcome being the histologic
assessment of OA. Using a within group error of 0.5 with a detectable difference between means
of 1.0, power associated with an alpha of 0.5 (two sided) was calculated as 0.9 with a sample size
of 6 animals per group. To ensure adequate power for all study outcomes, a total of 16, 8-week-
old male Dunkin-Hartley guinea pigs were purchased from Charles River Laboratories
(Wilmington, MA). Guinea pigs were individually housed in solid bottom cages with appropriate
bedding and were monitored daily by a veterinarian. Iron chelation therapy was supplied to
reduce, but not deplete, systemic iron levels and encourage iron mobilization out of storage in
tissues. As such, animals were allowed unlimited access to standard guinea pig chow that was
replete in iron; hay cubes and water were also provided ad libitum.

4.2.2 Deferoxamine (DFQO) Injections.

Injections were initiated at 12-weeks-of-age. Eight guinea pigs were randomly assigned
by cage card number to the DFO group, with the remainder in the control group. Using the
lowest dose and dosing frequency utilized in humans with chronic iron overload (32), allometric
scaling was conducted to determine the equivalent dose for use in the guinea pig (33). Animals
within the DFO group received 46 mg/kg of DFO (Fresenius Kabi, Lake Zurich, IL) injected
subcutaneously twice daily for 5 consecutive days, followed by 2 days without receiving any
treatment. Control animals received an equivalent dose of lactated ringers solution (Pfizer, Lake

Forest, IL) subcutaneously at the same frequency. Injections were given for 18 weeks. Body
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weights were recorded prior to starting treatments, as well as weekly throughout the study. One
animal in the control group was lost prior to study termination due to the presence of underlying
pathologies unrelated to the study at hand. This animal was excluded from all analyses; n=7
animals were evaluated for the control group.

4.2.3 Specimen Collection.

The study was terminated when animals were 30-weeks-of-age, with the final treatment
occurring the night prior. Animals were placed under isoflurane anesthesia to collect whole
blood via direct cardiac puncture. Urine was saved following involuntary voiding during the
initial anesthetic transition. After fluids were collected, animals were transferred to a CO>
chamber for euthanasia. Serum was separated and, along with urine, submitted for iron
quantification using the Roche Cobas 6000 (Basel, Switzerland). Complete blood count (CBC)
and serum biochemistry profiles were also determined. The liver from each animal was collected
into 10% (v/v) neutral buffered formalin (NBF) for 48 hours for iron quantification.

Hind limbs were removed at the coxofemoral joints. The left limb was placed into 10%
NBF for 48 hours and subsequently transferred to a solution of 12.5% (w/v)
ethylenediaminetetracetic acid (pH 7.00) for decalcification and histologic evaluation. The right
hind limb was dissected to expose the knee joint and cartilage was collected from the articular
surface of the patella and the weight-bearing regions of the femoral condyles and tibial plateaus.
Cartilage was stored in RNAlater (Qiagen, Hilden, Germany) for gene expression analysis. The
length of the right tibia was measured with calipers. Articular cartilage was isolated from the

right femoral head and stored in 10% NBF for 48 hours for iron quantification.
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4.2.4 Iron Quantification by Atomic Absorption Spectroscopy (AAS).

Iron quantification was performed on samples of NBF-fixed liver tissue and femoral head
articular cartilage, as previously described (29). The coxofemoral joint was selected as knee
articular cartilage was reserved for gene expression analysis. Briefly, dried tissue was weighed,
ashed, sonicated in nitric acid, and diluted 30-fold with deionized water (34). Diluted samples
were analyzed using a Model 240 AA flame atomic absorption spectrometer and SpectrAA
software (Agilent Technologies, Santa Clara, CA) (35). Iron levels were reported as parts per
million (ppm) dry weight (36).

4.2.5 Histologic Evaluation of Knee Joints.

Following decalcification, knee joints were divided through the central plane into sagittal
sections of the medial and lateral joint compartments and embedded in paraffin wax. Five-
micron segments were stained with toluidine blue, and medial and lateral femoral condyles and
tibias were scored in a blinded fashion by two assessors (LHB and KSS) using the Osteoarthritis
Research Society International (OARSI) guidelines (31). One slide from the medial and lateral
compartment of each knee joint was evaluated, for a total of 2 slides per animal. Values from the
4 anatomic locations were summed to obtain a whole joint knee OA score.

4.2.6 Gene Expression Analysis of Knee Articular Cartilage.

As previously described (29), total RNA was isolated from knee articular cartilage using
the RNeasy Lipid Tissue Mini Kit (Qiagen) and was sent to the University of Arizona Genetics
Core (University of Arizona, Tucson, AZ) for analysis. A custom set of guinea pig-specific
probes were designed and manufactured by NanoString Technologies (Seattle, WA) for the
following genes: B-cell lymphoma 2 (BCL-2), BCL-2-associated death promoter (BAD), BCL-

2-associated x protein (BAX), BCL-2 homologous antagonist killer (BAK), caspase-3, caspase-
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8, caspase-9, aggrecan (ACAN), type II collagen (COL2A1), matrixmetalloproteinase-2 (MMP-
2), MMP-9, MMP-13, tissue inhibitor of matrixmetalloproteinases-2 (TIMP-2), transferrin
receptor 1 (TFR1), divalent metal transporter 1 (SLC11A2/DMT1), ZRT/IRT-like protein 14
(SLC39A14/Z1P14), ferroportin (SLC40A1/FPN), and ferritin heavy chain (FTH). Based on
initial RNA quantification (Invitrogen Qubit 2.0 Fluorometer and RNA High Sensitivity Assay
Kit, Thermo Fisher Scientific, Waltham, MA) and fragment analysis quality control subsets
(Fragment Analyzer Automated CE System and High Sensitivity RNA Assay Kit, Agilent
Technologies), the optimal amount of total RNA (150-400 ng) was hybridized with the custom
codeset in an overnight incubation at 65°C, followed by processing on the NanoString nCounter®
FLEX Analysis System (NanoString Technologies). Results are reported as absolute transcript
counts normalized to 2 housekeeping genes, B-actin and eukaryotic elongation factor 1o.1. Any
potential sample input variance was normalized by use of housekeeping genes and application of
a sample-specific correction factor to all target probes. Data analysis was conducted using
nSolver™ software (NanoString Technologies).

4.2.7 Overhead Enclosure Monitoring.

Animal movement was monitored using ANY-maze behavioral tracking software
(Stoelting Co., Wood Dale, IL). To conduct overhead enclosure monitoring, guinea pigs were
placed into an open top apparatus containing a habitat hut, with a camera positioned above the
enclosure. The activity of animals was recorded during 10-minute sessions occurring once per
month throughout the study. Baseline parameters were collected at the one-month time point to
allow guinea pigs to acclimate to the system. Results are presented as the difference in activity

levels from the first month to the final month of treatment.
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4.2.8 Statistical Analyses.

Statistical analyses were performed with GraphPad Prism 8.4.2 (La Jolla, CA). Rationale
for the exclusion of an entire animal from the study were determined a priori and included the
presence of any pathologies and/or the inability to complete the study for any reason. Prior to
conducting analyses, the authors determined that individual points would be excluded from data
sets if: a sample did not pass quality control parameters set for an experimental method, the
integrity of a sample was compromised, or an appropriate sample was unable to be obtained for
analysis. Urine and cartilage iron quantification are incomplete data sets due to the inability to
acquire adequate urine at euthanasia and absence of available tissue, respectively. Authors were
not blinded to group allocation during data analysis. The distribution and variance of data sets
were determined with the Shapiro-Wilk and F-Test, respectively. Normally distributed data with
similar variance were compared using parametric t-tests®*. Normally distributed data with
significant differences in variance were compared using parametric t-tests with Welch’s
correction®. Data with non-Gaussian distribution was compared using non-parametric Mann-
Whitney U-test*. Statistical tests are noted in figure legends using designated superscripts. For
data analyzed by parametric t-tests, black lines on graphs represent mean values. Black lines on
graphs represent median values for data analyzed by Mann-Whitney U-tests. Statistical
significance was set at P < 0.05.

4.3 Results.
4.3.1 General Description of Animals.

Animals receiving iron chelation therapy appeared clinically healthy; no changes in cage
behavior were observed at any point during the study. At the time of termination, mean total

body weight was 1116.00 grams (g) in control animals and 1084.00 g in DFO-treated animals
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(95% confidence interval (CI): -155.10-90.04 g; p=0.58; data not shown). Mean tibia length was
similar between animals in the control group (49.06 millimeters, mm) and in animals receiving
DFO (49.59 mm), indicating that iron chelation therapy did not alter the skeletal growth of these
animals (95% CI: -1.28-2.33 mm; p=0.53; data not shown). CBC profiles showed minimal
evidence of clinically-relevant iron deficiency or anemia and suggests that that DFO-treated
animals had sufficient iron to maintain physiologic processes (data not shown).

4.3.2 Tissue Iron Quantification.

Administration of DFO allowed for iron to be chelated and eliminated via the urine.
Relative to the control group, animals receiving iron chelation therapy had increased urinary iron
levels (p=0.04; Figure 4.1 A). Consistent with increased iron mobilization, DFO-treated animals
had significantly higher serum iron concentration than control animals (p=0.0009; Figure 4.1 B).
Overall, iron elimination was also reflected in tissue iron quantification. Iron AAS revealed that
animals receiving DFO had significantly lower iron concentration in both the liver (p=0.02;
Figure 4.1 C) and femoral head articular cartilage (p=0.0006; Figure 4.1 D).

4.3.3 Histologic Scoring of Knee Joints.

Histologic evaluation of knee joints (31) demonstrated significantly lower total joint OA
scores, and therefore decreased OA development, in DFO-treated animals (p=0.0001; Figure 4.2
A). Reduced OA in DFO animals was maintained when medial and lateral compartments were
evaluated separately (p=0.0002 and p=0.0012, respectively; Figure 4.3 A-B). Representative
photomicrographs depicting articular cartilage in the medial compartment are provided in
Figures 4.2 B-C. The representative image from a control animal shows a disrupted tibial surface
with fissures and proteoglycan loss in the superficial zone and chondrocyte hypocellularity

distributed throughout ECM (Figure 4.2 B). Conversely, the DFO-treated animal had cartilage
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surface with mild irregularities, uniform proteoglycan content, and slight chondrocyte
hypercellularity (Figure 4.2 C). Figure 4.3 provides the four main parameters that contributed to
the whole joint OA score. Relative to the control group, animals receiving DFO had significantly
lower values for articular cartilage structure (p=0.0007), proteoglycan content (p=0.003), and
cellularity (p<0.0001) (Figure 4.3 C-E). There was no notable difference in the tidemark integrity
between groups (>0.9999; Figure 4.3 F). Histologic evidence of osteophytes was not documented
in any animals evaluated.

4.3.4 Gene Expression Analysis of Knee Articular Cartilage.

4.3.4.1 Cell Death-Related Genes.

Several genes associated with cell death were differentially expressed in animals treated
with DFO. Relative to control animals, gene transcript counts for the proapoptotic genes BAD
(p=0.0004), BAX (p=0.008), and BAK (p=0.04) were significantly reduced in DFO-treated
animals (Figure 4.4 A-C). Additionally, expression of the antiapoptotic gene BCL-2 was
significantly higher in the DFO group (p<0.0001; Figure 4.4 D). Animals treated with DFO
displayed significantly decreased mRNA expression of the apoptosis initiator caspase-9
(p=0.002) and effector caspase-3 (p=0.007) (Figure 4.4 E-F). Of note, there was not a substantial
difference in caspase-8 transcripts between groups (95% CI: -8.13-16.88 normalized mRNA
counts; p=0.4; data not shown).
4.3.4.2 Genes Related to Articular Cartilage Structure.

Type II collagen and aggrecan are two of the most abundant molecules within the
cartilage ECM (37) and contribute to cartilage structure and proteoglycan content, respectively.
Compared to the control group, animals treated with DFO had significantly lower transcript

counts of COL2A1 (p=0.0003) and ACAN (p=0.002) (Figure 4.5 A-B). Likewise, administration
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of the iron chelator resulted in decreased expression of several genes for MMPs that degrade the
ECM of articular cartilage, including MMP-2 (p<0.0001), MMP-9 (p=0.02), and MMP-13
(p=0.02) (Figure 4.5 C-E). Finally, treatment with DFO resulted in a significant increase in gene
expression for the MMP inhibitor, TIMP-2 (p=0.03; Figure 4.5 F).

4.3.4.3 Overhead Enclosure Monitoring.

Overhead enclosure monitoring revealed that, relative to the first month of the study,
control animals moved a mean distance of 5.71 meters (m) less during the final monitored
activity session, while the DFO group maintained their mean distance traveled (p=0.05; Figure
4.6 A). Likewise, control animals moved an average of 9.7 millimeters/second (mm/s) slower by
study termination, while DFO-treated animals sustained the mean speed of travel initially
recorded (p=0.05; Figure 4.6 B).

4.4 Discussion.

In the present work, we demonstrated that systemic iron reduction decreases the
development of OA-associated cartilage lesions in the knee joints of male Hartley guinea pigs.
To our knowledge, this is the first published study reporting the effects of extraarticular
pharmacologic iron chelation on primary knee OA in a spontaneous/idiopathic animal model.
The results indicate that lowering iron levels by administration of DFO is beneficial to knee joint
articular cartilage and may suggest that systemic and/or local iron concentrations be considered
as a factor in primary OA development.

Treatment with DFO was successful at decreasing tissue iron content both systemically
(measured within the liver) and in a diarthrodial joint environment (femoral head articular
cartilage). The enhanced urine iron concentration with DFO treatment reflects the major

mechanism of iron elimination by this compound (38) and thus provides an explanation for
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reduced tissue iron within these animals. Although iron levels were reduced in the DFO group,
animals were still regularly receiving iron through the standard, iron-replete diet, and CBC data
indicated these animals contained sufficient iron for normal physiologic processes. An
interesting finding from this study was the increased serum iron concentration in chelated
animals, despite an overall decrease in iron within the organs investigated. A potential
explanation for increased serum iron with treatment is that DFO encouraged iron to be mobilized
out of tissues into systemic rotation; this hypothesis is supported by the altered expression of
several iron transport genes within knee articular cartilage. Correspondingly, transcript counts
for the iron import genes TFR1, DMT1, and ZIP14 were decreased, suggesting reduced iron
uptake by chondrocytes (Figure 4.7 A-C). Additionally, higher expression of the iron export gene
FPN was observed in this same tissue, further supporting increased iron removal from these cells
(Figure 4.7 D). Additional iron-related genes are presented in Figure 4.7.

Relative to control animals, iron chelation therapy reduced the development and/or
severity of OA-associated cartilage lesions within the knee joint. Analysis of the individual
OARSI score components revealed that variations in chondrocyte cellularity was the largest
contributor to the histologic differences present between groups. Within the medial
compartment, all control animals exhibited tibial hypocellularity; this was only observed in 2 of
the 8 DFO animals evaluated. The beneficial retention of chondrocyte density within the DFO
group was supported by alterations in gene expression of knee articular cartilage. In particular,
iron chelated animals displayed decreased expression of several genes associated with promoting
the intrinsic pathway of apoptosis, while simultaneously showing a significant increase in the
antiapoptotic gene BCL-2. Indeed, iron has been shown to induce chondrocyte apoptosis by

mediating the production of hydroxyl radicals (19), resulting in accelerated degradation of the
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ECM (19,39). It is interesting that caspase-8, which is required to progress apoptosis triggered by
external stimuli, did not have significant changes in gene expression with iron chelation
treatment. When considered with the reduced transcript expression of BAX, BAK, and caspase-
3, the relative consistency in caspase-8 supports that the intrinsic pathway of apoptosis was
modulated in chondrocytes from treated animals more than the extrinsic pathway. However,
additional work is required to determine the mechanisms by which iron promotes chondrocyte
apoptosis and the type(s) of cell death observed in OA.

While most studies investigating ROS have largely focused on the direct damage to DNA
and mitochondria, lysosomes have also emerged as playing a vital role in the early phases of
cellular damage from oxidative stress and are involved in the apoptotic process (40-41).
Pertaining to arthropathies, a study reported that the large amounts of iron sequestered in RA-
affected human synoviocytes was often concentrated within lysosomes, and that this was
associated with extensive cytoplasmic damage (42). Lysosomes can contain large amounts of
redox-active iron from the autophagic degradation of cellular molecules as well as those
endocytosed from extracellular sources (4,40,43). This labile iron can participate in redox
chemistry, with the damaging radical products causing membrane permeabilization that releases
lysosomal contents into the cytosol, initiating proapoptotic signaling (43-46). Additionally, iron
recycled from the regular digestion of metalloproteins is released from lysosomes in the redox-
active form and may serve as a major source of intracellular labile iron that can further contribute
to cellular damage (41,43). Of relevance to the current study, DFO has been demonstrated to
enter cells via fluid-phase endocytosis and is subsequently transported to the lysosomes (45-46),
where it binds the redox-active iron present. By chelating lysosomal iron, DFO decreases the

formation of damaging radicals and indirectly reduces the concentration of labile iron in the
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cytosol (43). Accordingly, DFO can protect against hydrogen peroxide-mediated DNA damage
by binding the free lysosomal iron that is critical in this process (40,46). As such, DFO may have
contributed to chondrocyte preservation by chelating unstable iron within lysosomes, resulting in
the rapid reduction of tissue iron levels that, in turn, protected against destruction of the ECM. In
support of this, transcript counts for type II collagen and aggrecan were significantly reduced in
DFO-treated animals, suggesting that less matrix synthesis was required to replace degraded
molecules.

The preservation of knee articular cartilage may have also been influenced by decreased
gene expression of several matrix degrading proteinases. Augmented enzymatic digestion of
proteoglycans and collagens is a major mechanism of ECM degradation in OA (47) and
represents one of several catabolic events inappropriately upregulated in the disorder. Within the
DFO group, there were significantly lower transcript counts of MMP-2, -9, and -13; this was
accompanied by an increased expression of the MMP inhibitor TIMP-2. Indeed, enhanced
expression of these MMPs has been documented in OA-affected human chondrocytes (47-48).
The altered expression of MMPs and TIMP-2 hint that reduced tissue iron from DFO treatment
may have helped restore the imbalanced expression of these enzymes occurring in OA
pathogenesis.

While the activity of control animals declined by study termination, 8-month-old animals
with reduced systemic iron exhibited mobility similar to that measured at 3-months-of-age. This
finding is of interest as a main consequence of knee OA is reduced movement (49), leading to an
increased risk of developing comorbidities (21) and ultimately impacting an individual’s quality
of life. Conversely, physical movement has been demonstrated to reduce pain and increase

bodily function by up to 40% in individuals already affected by arthritis (50), and therefore may
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help combat both the deleterious effects of OA itself and the development of other chronic
disorders. Regardless of the rationale, maintaining physical activity throughout aging is
undeniably beneficial, as it allows for the maintenance of strength that helps prevent functional
decline and lowers susceptibility to morbidity and mortality (51). At present, it is not clear
whether systemic DFO had ramifications beyond preserving the knee joint cartilage that
contributed to conserved animal motion. As such, there is the distinct possibility that the activity
level observed with treatment may have also been influenced by the effects of DFO outside of
the joint, cumulatively resulting in these animals performing better overall.

There are confines to this work worthy of discussion. Although DFO has been primarily
used for its iron chelating properties, there has been evidence that the parent compound can also
act as a radical scavenger through interaction with hydroxyl radicals, superoxide radicals, and
peroxy-radicals (52-53). Given this, it is unclear whether the results observed in this study were
due to iron removal by DFO alone and/or through another direct mechanism of the
pharmacologic agent itself. Future work should focus on whether the effects observed in this
study were from a reduction in ROS or through other processes influenced by reduced iron
levels. Next, the authors recognize that changes in gene expression do not necessarily correlate to
protein abundance and/or activity; indeed, the limited availability of guinea pig antibody-based
reagents remains an unfortunate hurdle. While we were unable to provide corresponding protein
data in the present study, it is noteworthy that the expression of the genes provided was
consistent with what was observed during histologic analysis of knee joints. The authors aim to
establish immunostaining protocols for select genes presented in this work (BAD, BAX, BCL-2,
caspase-3, and iron-related genes), as well as related proteins for elucidating mechanisms of

chondrocyte cell death (such as phosphorylated p53), as reagents become available. It is possible
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that, at the ages investigated in this work, iron dysregulation contributing to disease development
preceded oxidative stress documented in OA pathogenesis (20, 22-24). Indeed, iron
dyshomeostasis preceding oxidative stress has been documented in chronic aging-associated
disorders (54-56) as well as within general aging and senescence models (57-58). At 8-months-
of-age (30-weeks-of-age), the Dunkin-Hartley guinea pig have developed moderate OA, with
late stage/severe OA occurring around 15-months-of-age (28). Similar to the aforementioned
diseases, it is possible that iron homeostasis is dysregulated and involved in OA development,
but does not reach the point of inflicting/contributing to oxidative stress until later, more severe
stages of OA. In addition, while the results from this study are promising, the pursuit of more
localized and/or clinically feasible iron chelators would enhance the translatability of this
research for the treatment of OA. Finally, to elucidate the role that sex may play in this work, the
authors have recently finished a study to examine the relationship between systemic iron levels

and OA development in females.
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Figure 4.1. Tissue iron quantification. (A) Median urine iron* concentration was 5.00
micrograms/deciliter (ug/dL) in the control group and 10.50 pg/dL in the DFO group. (B) Mean
serum iron concentration®* was 290.00 pg/dL in the control group and 335.40 pg/dL in the DFO
group. (C) Mean liver iron concentration* was 514.40 ppm in the control group and 358.90 in

the DFO group. (D) Median femoral head cartilage iron concentration® was 180.00 ppm in the
control group and 75.80 ppm in the DFO group.
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Figure 4.2. Histologic evaluation of knee joints. (A) Mean whole joint OA score® was 42.50 in
the control group and 22.75 in the DFO group. (B) 10X representative histologic image of a
control animal knee joint. (C) 10X representative histologic image of a knee joint from an animal

treated with DFO.
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Figure 4.3. Contributions to histologic whole joint OA score. (A) Mean OARSI score in the
medial compartment® was 23.43 in the control group and 13.31 in the DFO group. (B) Mean
OARSI score in the lateral compartment*® was 19.07 in the control group and 9.44 in the DFO
group. (C) Mean whole joint score for articular cartilage structure® was 11.64 in the control
group and 7.06 in the DFO group. (D) Mean whole joint score for proteoglycan content* was
17.93 in the control group and 9.06 in the DFO group. (E) Mean whole joint score for
chondrocyte cellularity® was 12.14 in the control group and 6.63 in the DFO group. (F) Median
whole joint score for tidemark integrity* was 0.00 in both the control and DFO group.
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Figure 4.4. Normalized mRNA counts for cell death genes. (A) Mean transcript counts of
BAD? were 1233.00 in the control group and 771.80 in the DFO group. (B) Mean transcript
counts of BAX® were 1519.00 in the control group and 1073.00 in the DFO group. (C) Mean
transcript counts of BAK® were 2068.00 in the control group and 1608.00 in the DFO group. (D)
Mean transcript counts of BCL-2* were 775.90 in the control group and 1146.00 in the DFO
group. (E) Mean transcript counts of caspase-9* were 239.20 in the control group and 174.20 in
the DFO group. (F) Mean transcript counts of caspase-3° were 288.40 in the control group and
211.10 in the DFO group.
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Figure 4.5. Normalized mRNA counts for genes related to the structure of knee articular
cartilage. (A) Median transcript counts for type II collagen (COL2A1)* were 715415.00 in the
control group and 156550.00 in the DFO group. (B) Mean transcript counts for aggrecan
(ACAN)? were 16828.00 in the control group and 7331 in the DFO group. (C) Mean transcript
counts for MMP-2* were 59889.00 in the control group and 33501.00 in the DFO group. (D)
Mean transcript counts for MMP-9* were 1514.00 in the control group and 715.20 in the DFO
group. (E) Mean transcript counts for MMP-13° were 2478.00 in the control group and 976.50 in
the DFO group. (F) Mean transcript counts for TIMP-2* were 25897.00 in the control group and
29433.00 in the DFO group.
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Figure 4.6. Movement parameters from overhead enclosure monitoring. (A) Change in
distance traveled”. During the final monitoring session, control animals were traveling a median
distance of 4.22 m less than what was recorded in the first monitoring session. Conversely, DFO-
treated animals traveled a median distance of 2.28 m more in the final monitoring session
relative to the first activity session. (B) Change in the average speed of travel* During the final
monitoring session, control animals were moving a median speed* of 7.00 mm/s slower than
values recorded in the first session. DFO treated animals moved at a median speed of 4.00 mm/s
faster than what was recorded in the first activity session.
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Figure 4.7. Normalized mRNA counts for genes related to iron metabolism (supplemental).
(A) Mean transcript counts for TFR1* were 932.10 in the control group and 757.70 in the DFO
group. (B) Mean transcript counts for DMT1* were 1089.00 in the control group and 858.90 in
the DFO group. (C) Mean transcript counts for ZIP14° were 1703.00 in the control group and
901.60 in the DFO group. (D) Mean transcript counts for FPN* were 1127.00 in the control
group and 1313.00 in the DFO group. (E) Mean transcript counts for FTH* were 89350.00 in the
control group and 82526.00 in the DFO group.
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CHAPTER 5

GENE EXPRESSION CHANGES OCCURING WITH SYSTEMIC IRON DEFICIENCY IN

THE KNEE ARTICULAR CARTILAGE OF MALE DUNKIN-HARTLEY GUINEA PIGS

5.1 Introduction.

We recently established that systemic iron reduction via pharmacologic iron chelation
was beneficial for decreasing the presence and/or severity of OA-associated cartilage lesions in
the disease-prone Dunkin-Hartley guinea pig. However, use of the iron chelator deferoxamine
(DFO) has the potential of inducing off-target effects unrelated to tissue iron levels (1-2). As
such, the authors wanted to investigate whether an alternative method for achieving systemic
iron reduction would produce similar results obtained in males treated with DFO.

For this proof-of-principle study, systemic iron reduction was achieved in treatment
animals with a diet completely deficient in iron. This iron deficient diet was nutritionally
comparable to the control guinea pig chow, with the exception that iron was absent from the
treatment diet. Structural assessments of OA were previously reported in Radakovich 2018 (3),
but the iron concentration and gene expression of knee articular cartilage was not evaluated at
that time. Accordingly, the purpose of this work was to analyze the changes in transcript
expression occurring with treatment in study animals.

5.2 Materials and Methods.
5.2.1 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
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Laboratory Animals. Group size was determined from a pilot study with the histologic
assessment of OA as the primary outcome. Using a within group error of 0.5 with a detectable
difference between means of 1.0, power associated with an alpha of 0.5 (two sided) was
calculated as 0.9 with a sample size of 6 animals per group. Twelve male Dunkin-Hartley guinea
pigs were purchased from Charles River Laboratories (Wilmington, MA) at 8-weeks-of-age and
maintained at Colorado State University’s Laboratory Animal Resources housing facilities.
Animals were housed individually in solid bottom cages and monitored daily by a veterinarian.
Guinea pigs were given food and water ad libitum, as described below.

5.2.2 Iron Deficient and Control Diets.

As stated in Radakovich 2018 (3), 6 animals were randomly placed on either an iron
deficient diet or an iron sufficient (control) diet; randomization was achieved via initial cage
assignment, with alternating cage card numbers to assign animals to groups. 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 (3).
They were fully switched to the experimental diets at 12-weeks-of-age (3). These diets were
specially formulated from Harlan Teklad and were identical in composition with the exception of
iron content (3). The iron sufficient (control) diet contained 0.735 g/kg of ferric citrate added as
the source of iron (3). Conversely, the iron deficient diet was formulated without the addition of
ferric citrate, and the background levels of iron were limited to 25 parts per million (ppm) or less
(3). Animals were fed these diets for 19 weeks, and body weights were recorded weekly
throughout the study (3). Fleece material was used to prevent consumption of bedding, a
common behavior of guinea pigs, as all available bedding options contained high levels of iron

(data not shown) (3).
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5.2.3 Specimen Collection.

The study was terminated when animals were 31-weeks-of-age. Animals were placed
under isoflurane anesthesia and whole blood was collected with 20-gauge butterfly catheter via
direct cardiac puncture. Following fluid collection, anesthetized animals were immediately
transferred to a carbon dioxide chamber for euthanasia.

Hind limbs were removed at the coxofemoral joint, and femur length was measured using
calipers. The left limb was analyzed for OA-related structural changes previously reported by
Radakovich 2018 (3). The right limb was dissected to expose the knee joint and cartilage was
collected from the weight-bearing regions of the femoral condyles and tibial plateaus. Cartilage
was stored in RNAlater (Qiagen, Hilden, Germany) for gene expression analysis. Patellar
cartilage was isolated from the right knee, fixed in 10% NBF for 48 hours, and submitted for iron
quantification.

5.2.4 Tissue Iron Quantification by Atomic Absorption Spectroscopy (AAS).

Iron quantification was performed on sections of formalin-fixed liver tissue (reported by
Radakovich 2018) (3) and patellar cartilage, as previously described (4) using a Model 240 AA
flame atomic absorption spectrometer and SpectrAA software (Agilent Technologies, Santa
Clara, CA) (5-7). Iron levels were reported in ppm dry weight (7).

5.2.5 Gene Expression Analysis of Knee Articular Cartilage.

RNA initially collected from articular cartilage at animal harvest degraded in storage and
was deemed unsuitable for analysis. As such, total RNA was isolated from the remaining
articular cartilage in the formalin-fixed paraffin-embedded (FFPE) knee joint previously used for
histologic evaluation. This was performed using the High Pure FFPET RNA Isolation Kit

(Roche, Basel, Switzerland) with modifications to the standard protocol. First, 10-micrometer
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thick sections were deparaffinized with 1.00 mL of xylene (Fisher Scientific, Waltham, MA) and
centrifuged for 2 minutes at maximum speed. The supernatant was discarded and the pellet was
rehydrated per the kit instructions. The proteins were degraded by combining 280.00 pL of tissue
lysis buffer with 80.00 uL Proteinase K under incubation for 30 minutes at 85°C, with a
subsequent incubation for 30 minutes at 30°C. RNA was isolated by adding 350.00 uL. of RNA
binding buffer to the sample and transferring the suspension to the supplied purification column.
The column was washed twice with RNA binding buffer and DNase treatment was performed.
The column was again washed 2 additional times. The resulting RNA was eluted in 30.00 uL of
elution buffer, according to the manufacturer’s instructions. RNA concentration was assessed
using the NanoDrop 2000 (ThermoFisher Scientific, Waltham, MA) and was sent to University
of Arizona Genetics Core (University of Arizona, Tucson, AZ) for analysis.

A custom set of guinea pig-specific probes were designed and manufactured by
NanoString Technologies (Seattle, WA) for the following genes: transferrin receptor 1(TFR1),
divalent metal transporter 1 (DMT1), zrt- irt- like protein 14 (ZIP14), ferritin heavy chain (FTH),
ferroportin (FPN), collagen type II (COL2A1), aggrecan (ACAN), Matrix Metalloproteinase-2
(MMP-2), MMP-9, MMP-13, B-cell lymphoma 2 (BCL-2), BCL-2-associated death promoter
(BAD), BCL-2-associated x protein (BAX), BCL-2 homologous antagonist killer (BAK),
caspase-3, caspase-8, and caspase-9. Per Qubit and Fragment Analyzer quality control subsets,
the optimal amount of total RNA (800 ng) was hybridized with the custom code-set in an
overnight incubation (17 hours) at 65°C, followed by processing on the NanoString nCounter
FLEX Analysis system. Results were reported as absolute transcript counts normalized to
positive controls and two housekeeping genes, -actin and eukaryotic translation elongation

factor 1 alpha 1. Any potential sample input variance was corrected by use of housekeeping
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genes and application of a sample-specific correction factor to all target probes. Data analysis
was conducted using nSolver™ software (NanoString Technologies).
5.2.6 Statistical Analyses.

Statistical analyses were performed with GraphPad Prism 8.4.2 (La Jolla, CA). The
distribution and variance of data sets were determined with the Shapiro-Wilk and F-Test,
respectively. Normally distributed data with similar variance were compared using parametric t-
tests*. Normally distributed data with significant differences in variance were compared using
parametric t-tests with Welch’s correction’. Data with non-Gaussian distribution was compared
using non-parametric Mann-Whitney U-test”. Statistical tests are noted in figure legends using
designated superscripts. For data analyzed by parametric t-tests, black lines on graphs represent
mean values. Black lines on graphs represent median values for data analyzed by Mann-Whitney
U-tests. Statistical significance was set at P < 0.05.

5.3 Results.
5.3.1 Cartilage Iron Concentration.

Patellar articular cartilage was submitted for iron quantification by AAS. Animals
receiving the iron deficient diet had significantly lower cartilage iron concentration than control
animals (p = 0.03; Figure 5.1).

5.3.2 Gene Expression Analysis of Knee Articular Cartilage.
5.3.2.1 Iron Trafficking and Storage Genes.

We were curious whether genes related to cellular iron metabolism would be altered in
animals receiving the iron deficient diet. Relative to the control group, iron deficient guinea pigs
had significantly higher gene expression of the iron importer TFR1 within knee articular

cartilage (p = 0.03; Figure 5.2 A). Similarly, treated animals had significantly higher transcript
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counts of the gene coding for the cellular iron exporter, FPN (p = 0.009; Figure 5.2 D). The
mRNA expression of DMT1 (p = 0.3; Figure 5.2 B), ZIP14 (p = 0.3; Figure 5.2 C), and FTH (p
>0.9999; Figure 5.2 E) did not significantly change with dietary treatment.

5.3.2.2 Genes Related to Articular Cartilage Structure.

Aggrecan and type II collagen are major constituents of the extracellular matrix (ECM)
of articular cartilage. Gene expression analysis revealed that expression of COL2A1 (p =0.7;
Figure 5.3 A) and ACAN (p = 0.3; Figure 5.3 B) were not significantly altered with the iron
deficient diet. Additionally, there was no change in the expression of several matrix degrading
enzymes, including MMP-2 (p = 0.99; Figure 5.3 C), MMP-9 (p = 0.9; Figure 5.3 D), and MMP-
13 (p=0.3; Figure 5.3 E).

5.4 Discussion.

The purpose of this work was to determine gene expression changes in knee articular
cartilage occurring with dietary iron deficiency in the OA-susceptible Hartley guinea pig. Initial
results reported by Radakovich 2018 confirmed that treated animals had lower systemic iron
levels, as evidenced by the significant decrease in liver and serum iron concentration (3).
Relative to controls, guinea pigs receiving the iron deficient diet had a significant decrease in the
development of OA-associated cartilage lesions, suggesting that decreased iron was beneficial to
knee joint health in disease-prone animals (3).

Animals receiving the iron deficient diet had a significantly lower concentration of iron
within cartilage from the patella, demonstrating that systemic treatment reduced iron levels
within the knee joint. The reduction in local tissue iron levels may have contributed to the

structural changes reported by Radakovich 2018 (3).
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To further investigate the reduced development of cartilage lesions with systemic iron
deficiency, we conducted gene expression analysis of knee articular cartilage. Surprisingly, there
were few notable changes in transcript expression to report. Relative to the control group, gene
expression of TFR1 was significantly lower in the cartilage of treated animals. The mRNA for
TFR1 contains 5 iron responsive elements within the 3 untranslated region (UTR) (8), making
the gene expression of this transporter highly sensitive to fluctuations in iron levels within the
environment. When cellular iron stores are reduced, the interaction of IREs with iron regulatory
proteins (IRPs) slows the degradation of TFR1 mRNA (8-9). The enhanced stability of TFR1
transcripts ultimately augments the corresponding protein expression, allowing for more iron to
be imported in an attempt to correct the cellular iron deficiency. Therefore, the increased gene
expression of TFR1 reflects the decrease in cartilage iron observed in this study.

Transcript expression of FPN was also significantly increased in the cartilage of iron
deficient animals. The product of the FPN gene is the only known cellular iron export protein,
ferroportin. Though FPN also contains a singular IRE region in the 5> UTR, IRP-mediated
regulation of FPN largely occurs at the post-translational level (8). In iron deficient conditions,
IRE-IRP binding results in decreased translation of the FPN protein in order to prevent iron
export and keep iron within cells (10). However, post-transcriptional regulation of FPN has also
been documented with modified iron levels in a cell-dependent manner (11-13). Increased gene
expression of FPN was also observed in the cartilage of males treated with DFO and was
attributed to enhanced iron mobilization occurring with iron chelation treatment (chapter 4). As
these findings were maintained with dietary iron reduction, it is possible that decreased systemic
iron may influence chondrocytes to export whatever cellular iron is present, presumably for use

in other vital organs. These changes suggest that FPN may be a key player in chondrocyte iron
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homeostasis, particularly when iron levels are reduced, and future work should continue to
examine the relationship between systemic iron levels and FPN expression within this cell type.
Histologic evaluation of OA revealed that the structure and proteoglycan content of the
knee articular cartilage were the largest contributors to improved whole joint scores (data not
shown). The decreased development of cartilage lesions was not supported by gene expression
analysis, as there were no significant changes in the expression of matrix degrading enzymes,
ACAN, or COL2A1. Consequently, the structural benefits reported by Radakovich 2018 (3) may
be from the direct influence of iron on the ECM. Indeed, reactive oxygen species (ROS), such as
the hydroxyl radical produced from the iron-mediated Fenton reaction (14-15), can directly
damage proteoglycans and collagens present within the articular cartilage ECM (16-17). Future
work should focus on the direct effect of excess iron on the articular cartilage ECM. Of note,
histologic evaluation of knee joints did not indicate any differences in chondrocyte cellularity,
nor the expression of cell death-related genes, between treatment groups (data not shown).
Overall, the cartilage structural changes observed in this work were similar to the results
obtained in male Hartley guinea pigs receiving DFO (chapter 4). The approach for tissue iron
reduction differed between the 2 studies, with one method being a commercial pharmacologic
agent and the other a dietary intervention. Unfortunately, the original tissue reserved for gene
expression analysis degraded in storage, and the samples ultimately analyzed in this study were
preserved by a different method. As such, a direct comparison of transcript expression could not
be conducted between studies. Future work should continue to investigate the effects of iron
homeostasis on articular cartilage, as well as cellular pathways influenced by various

modifications to iron status.
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5.5 Figures.
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Figure 5.1. Cartilage iron quantification. Iron concentration of patellar cartilage by AAS*.
Mean concentration of iron within knee cartilage was 308.30 ppm in control animals and 171.50
ppm in animals receiving the iron deficient diet.
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Figure 5.2. Normalized mRNA counts for genes related to iron metabolism. (A) Median
transcript counts for TFR1* were 13.20 in the control group and 110.20 in the iron deficient diet
group. (B) Median transcript counts for DMT1* were 14.80 in the control group and 17.34 in the
iron deficient diet group. (C) Median transcript counts for ZIP14* were 3.09 in the control group
and 3.86 in the iron deficient diet group. (D) Median transcript counts for FPN* were 36.86 in
the control group and 76.42 in the iron deficient diet group. (E) Median transcript counts for
FTH* were 2294.00 in the control group and 2640.00 in the iron deficient diet group.
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Figure 5.3. Normalized mRNA counts for genes related to the structure of knee articular
cartilage. (A) Mean transcript counts for COL2A1* were 683.20 in the control group and 835.60
in the iron deficient diet group. (B) Median transcript counts for ACAN® were 41.19 in the
control group and 89.87 in the iron deficient diet group. (C) Mean transcript counts for MMP-2*
were 69.18 in the control group and 69.08 in the iron deficient diet group. (D) Mean transcript
counts for MMP-9* were 10.96 in the control group and 11.36 in the iron deficient diet group.
(E) Median transcript counts for MMP-13* were 8.48 in the control group and 13.50 in the iron
deficient diet group.
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CHAPTER 6

SEX DIFFERENCES AND ASSOCIATED TISSUE RESPONSES WITH DEFEROXAMINE

TREATMENT IN FEMALE VERSUS MALE DUNKIN-HARTLEY GUINEA PIGS

6.1 Introduction.

Iron is an essential element for sustaining life, allowing for physiologic processes such as
oxygen transport, mitochondrial respiration, and the synthesis of nucleic acids. However, iron
also has the potential to be toxic, as excess or unbound iron can participate in redox reactions
that generate reactive oxygen species (ROS) and free radicals (1-2). These unstable molecules
react with biological molecules, including proteins, lipids, and DNA, ultimately causing tissue
damage (3-5). Despite this, mammals do not have a regulated mechanism for excreting iron, and
all iron absorbed is continuously recycled throughout the body (6). Iron has been demonstrated
to accumulate throughout the aging process (7-8) and has been linked to several aging-associated
chronic disorders, including retinal degeneration (9), atherosclerosis (10), type II diabetes (11),
neurodegenerative disorders (12-13), and cancer (14). Excess or improperly managed iron has
also been implicated in disorders with associated arthropathies, including hemophilic arthropathy
(15), hereditary hemochromatosis (16), traumatic arthropathy, and rheumatoid arthritis (RA)
(17). Despite this, the role of iron has not been widely investigated within the context of
osteoarthritis (OA).

OA is the most prevalent joint disorder and is among the top 5 causes of adult disability
worldwide (18). While the factors driving the development of idiopathic OA remain poorly

understood, advancing age has been identified as the largest risk factor (19). Notably, women
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have been documented to have more severe knee OA than men, particularly when over the age of
55 (20). This finding suggests that biological sex, or sex-related factors, may play a role in the
pathogenesis of knee OA. Women have more dramatic changes in hormones as well as
physiologic processes throughout lifetime due to reproductive factors (21). However, the impact
of sex differences is unlikely to be limited to hormone-related disorders and may have
widespread physiologic effects within the body. Indeed, sex differences have also been
documented for aging-related iron accumulation. A study conducted in aged retinas found that
female humans had higher iron content within retinas than males at all age groups investigated
(22). A second study demonstrated that serum ferritin levels began drastically increasing when
women reached the ages of 45-49 and continued to increase through ages 60-64 (23), again
suggesting that females exhibit aging-related iron accumulation, particularly around the age that
knee OA becomes more severe (20). Relevant to chronic disorders, a study conducted in over
30,000 apparently healthy women found that higher iron stores were associated with an increased
risk of type II diabetes independent of known diabetes risk factors (24).

Unfortunately, the inclusion of females within biomedical research has been historically
limited, and much of our understanding for the pathophysiology of disorders has been
determined in male physiology to date. It is not surprising that, of the 10 prescription
pharmaceutical drugs withdrawn from market between 1997-2000, 8 of these drugs were
removed due to posing significantly greater health risks to women than men (25). Given this, it is
important to include both males and females when investigating disorders in order to elucidate
the presence of sex differences, particularly beyond those related to hormones.

We recently demonstrated that systemic iron reduction decreased the development of

cartilage lesions within male Dunkin-Hartley guinea pigs, an animal model of idiopathic OA. In
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this work, systemic iron reduction was achieved by administration of the pharmacologic iron
chelator deferoxamine (DFO). The purpose of this study was to determine if administration of
DFO to females of the same age, at the same dose and frequency, would yield similar results
achieved in males. We hypothesized that treatment with DFO would be successful in reducing
iron levels in female animals, and that animals treated with DFO would have decreased severity
of OA. We anticipated that the tissue changes in the joint environment occurring with DFO
treatment would likely vary with respect to sex.

6.2 Materials and Methods.

6.2.1 Animals.

All procedures were approved by the Institutional Animal Care and Use Committee and
performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Group size was determined from a pilot study with the histologic assessment of OA as the
primary outcome. Using a within group error of 0.5 and a detectable difference between means
of 1.0, power associated with an alpha of 0.5 was calculated as 0.9 with a sample size of 6
animals per group. To ensure adequate power for all study outcomes, a total of 16, 8-week-old
female Dunkin-Hartley guinea pigs were purchased from Charles River Laboratories
(Wilmington, MA). Guinea pigs were individually housed in solid bottom cages and monitored
daily by a veterinarian. In this work, DFO was administered to reduce, but not completely
deplete, systemic iron levels. As such, animals were allowed unlimited access to standard guinea
pig chow replete in iron; hay cubes and water were also provided ad libitum.

6.2.2 Deferoxamine (DFO) Injections.
Injections began when animals were 12-weeks-of-age. Eight guinea pigs were randomly

assigned by cage card number to receive DFO, while the remaining 8 animals were placed in the
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control group. Allometric scaling (26) was conducted to convert the lowest dose and dosing
frequency utilized in humans with chronic iron overload (27) to the equivalent dose in the guinea
pig. Animals within the DFO group received 46 mg/kg of DFO (Fresenius Kabi, Lake Zurich,
IL) injected subcutaneously twice daily for 5 consecutive days, followed by 2 days without
receiving any treatment. Control animals received an equivalent dose of lactated ringer’s solution
(Pfizer, Lake Forest, IL) subcutaneously at the same frequency. Injections were given for a total
duration of 19 weeks. Body weights were recorded prior to initiating treatment as well as weekly
throughout the study.

6.2.3 Specimen Collection.

The study was terminated when animals were 3 1-weeks-of-age, with the final treatments
administered the night prior. Animals were placed under isoflurane anesthesia, and whole blood
was collected via direct cardiac puncture with a 20-gauge butterfly needle. Urine was collected
following involuntary voiding during the initial transition to anesthesia. Serum was separated
from the whole blood and, along with the urine, submitted for iron quantification using the
Roche Cobas 6000 (Basel, Switzerland). Complete blood count (CBC) and serum biochemistry
profiles were also determined. A portion of liver was collected from each animal and placed into
10% neutral buffered formalin (NBF) for 48 hours for iron quantification.

Hind limbs were removed at the coxofemoral joint. The left limb was placed into 10%
NBF for 48 hours and then transferred to a 12.5% solution of ethylenediaminetetraacetic acid
(pH 7.00) for decalcification and histologic evaluation. The right hind limb was dissected to
expose the knee joint and articular cartilage was collected from the articular surface of the patella
as well as the weight-bearing regions of the femoral condyles and tibial plateaus. Cartilage was

stored in RNAlater (Qiagen, Hilden, Germany) at -80°C until RNA could be isolated for gene
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expression analysis. Articular cartilage was collected from the right femoral head and frozen at
-80°C, followed by storage in 10% NBF for 48 hours for iron quantification.
6.2.4 Tissue Iron Quantification by Atomic Absorption Spectroscopy (AAS).

Gene expression analysis on knee joint cartilage prevented use of this tissue for iron
quantification. As such, iron quantification was performed on sections of NBF-fixed liver tissue
and femoral head articular cartilage with methods previously described (28). Briefly, dried
samples were weighed, ashed, sonicated in nitric acid, and diluted 30-fold with deionized water
(29). Diluted samples were analyzed using a Model 240 AA flame atomic absorption
spectrometer and SpectraA A software (Agilent Technologies, Santa Clara, CA) (30). Iron levels
were reported as parts per million (ppm) dry weight (31).

6.2.5 Histologic Evaluation of Knee Joints.

Following decalcification, knee joints were divided into sagittal sections through the mid-
plane and embedded in paraffin wax. 5-micron sections were stained with toluidine blue, and
medial and lateral femurs and tibias were scored in a blinded fashion by two assessors using the
Osteoarthritis Research Society International (OARSI) guidelines (32). One slide from the
medial and lateral compartment were analyzed, for a total of two slides assessed per animal.
Values from the four anatomic locations were summed to obtain the whole joint OA score.
6.2.6 Gene Expression Analysis of Knee Articular Cartilage.

As previously described (28), total RNA was isolated from knee articular cartilage using
the RNeasy Lipid Tissue Mini Kit (Qiagen) and was sent to the University of Arizona Genetics
Core (University of Arizona, Tucson, AZ) for analysis. A custom set of guinea pig-specific
probes were designed and manufactured by NanoString Technologies (Seattle, WA) for the

following genes: aggrecan (ACAN), type II collagen (COL2A1), C-C Motif Chemokine Ligand
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2 (CCL2), cluster of differentiation protein 163 (CD163), ferritin heavy chain (FTH),
interleukin-18 (IL-18), mitogen-activated protein kinase 1 (MAPK/ERK2), matrix
metalloproteinase-2 (MMP-2), MMP-3, MMP-9, MMP-13, transferrin receptor 1 (TFR1), tumor
necrosis factor (TNF), rela/p65, nucleardivalent metal transporter 1 (SLC11A2/DMT1),
ZRT/IRT-like protein 14 (SLC39A14/ZIP14), and ferroportin (SLC40A1/FPN). Based on initial
RNA quantification (Invitrogen Qubit 2.0 Fluorometer and RNA High Sensitivity Assay Kit,
Thermo Fisher Scientific, Waltham, MA) and fragment analysis quality control subsets
(Fragment Analyzer Automated CE System and High Sensitivity RNA Assay Kit, Agilent
Technologies), the optimal amount of total RNA (150-400 ng) was hybridized with the custom
codeset in an overnight incubation at 65°C, followed by processing on the NanoString nCounter®
FLEX Analysis System (NanoString Technologies). Results are reported as absolute transcript
counts normalized to two housekeeping genes, 3-actin (ACTB) and eukaryotic elongation factor
lal (EEF1AT). Any potential sample input variance was normalized by use of housekeeping
genes and application of a sample-specific correction factor to all target probes. Data analysis
was conducted using nSolver™ software (NanoString Technologies).

6.2.7 Overhead Enclosure Monitoring.

Animal movement was documented throughout the study using ANY-maze behaviorial
tracking software Stoelting Co., Wood Dale, IL). To conduct overhead enclosure monitoring,
guinea pigs were placed into an open top apparatus with a camera permanently positioned above
the pen. The activity of animals was recorded during 10-minute sessions occurring once per
month for the duration of the study. Baseline parameters were collected at the one-month time

point to allow guinea pigs to acclimate to the system.
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6.2.8 Statistical Analyses.

Statistical analyses were performed with GraphPad Prism 8.4.2 (La Jolla, CA). Rationale
for the exclusion of an entire animal from the study were determined a priori and included the
presence of any pathologies and/or the inability to complete the study for any reason. Prior to
conducting analyses, the authors determined that individual points would be excluded from data
sets if: a sample did not pass quality control parameters set for an experimental method, the
integrity of a sample was compromised, or an appropriate sample was unable to be obtained for
analysis. One animal in the DFO group did not involuntarily void urine during anesthetic
transition; two animals from the control group did not have appropriate knee tissue sections for
histologic evaluation; and two cartilage samples from the DFO group were degraded during
storage and were unsuitable for gene expression analysis. Therefore, urine iron, OARSI
histologic evaluation of knee joints, and gene expression analysis of knee articular cartilage are
incomplete data sets. For comparisons between 2 groups, the distribution and variance of data
sets were determined with the Shapiro-Wilk and F-Test, respectively. Normally distributed data
with similar variance were compared using parametric t-tests*. Normally distributed data with
significant differences in variance were compared using parametric t-tests with Welch’s
correction®. Data with non-Gaussian distribution was compared using non-parametric Mann-
Whitney U-test*. Statistical tests are noted in figure legends using designated superscripts. For
data analyzed by parametric t-tests, black lines on graphs represent mean values. Black lines on
graphs represent median values for data analyzed by Mann-Whitney U-tests. Overhead enclosure
monitoring data was compared by two-way analysis of variance (ANOVA) with Sidak multiple

comparisons test. Statistical significance was set at P < 0.05.
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6.3 Results.
6.3.1 General Description of Animals.

Throughout the study, animals appeared to be clinically healthy and no changes in cage
activity were noted. At the time of study termination, the mean body weight was 969.20 g in the
control group and 942.70 g in the DFO group (p = 0.4; data not shown). Likewise, mean femur
length was similar between the control group (43.81 mm) and DFO-treated animals (44.29 mm),
indicating that treatment with DFO did not significantly alter the skeletal growth of these animals
(p = 0.3; data not shown). CBC profiles did not show any evidence of iron deficiency or anemia
occurring with treatment and suggest that animals receiving DFO had sufficient iron to maintain
physiologic processes (data not shown).

6.3.2 Tissue Iron Quantification.

Treatment with DFO allows for chelated iron to be eliminated in the urine. Relative to the
control group, animals receiving iron chelation treatment had a significantly higher urinary iron
concentration (p = 0.01; Figure 6.1 A); this statistical significance was maintained when
excluding two highest values in the DFO group (p = 0.05; data not shown). Despite increased
iron excretion with DFO treatment, there was no significant difference in the concentration of
iron within the serum (p = 0.6; Figure 6.1 B), liver (p = 0.9; Figure 6.1 C), or femoral head
articular cartilage (p = 0.8; Figure 6.1 D) between groups.

6.3.3 Histologic Scoring of Knee Joints.

Histologic evaluation of knee joints revealed a trend towards lower whole joint OA
scores, and thus decreased development of OA-associated cartilage lesions, in animals treated
with DFO (p = 0.08; Figure 6.2 A). When medial and lateral joint compartments were considered

separately, differences were more pronounced in the medial compartment (p = 0.2; Figure 6.3 A)
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than the lateral compartment (p = 0.4; Figure 6.3 B). Representative photomicrographs are
provided in Figure 6.2 B-C. The representative image from a control animal depicts a disrupted
tibial surface with fissures and proteoglycan loss extending into the mid-zone of the cartilage and
diffuse chondrocyte hypocellularity in the same area; regions of hypocellularity were also
observed in the deep zone (Figure 6.2 B). A portion of the duplicated tidemark is visible near the
scale bar. Conversely, the representative photo from a DFO-treated animal demonstrates a tibia
with an irregular cartilage surface with several fissures accompanied by proteoglycan loss in
extending into the mid-zone, with chondrocyte hypocellularity in the same area (Figure 6.2 C).

The published OARSI guideline has four parameters that, when considered together,
assess the severity of OA-related lesions in the articular cartilage and comprise the whole joint
OA score. Relative to the control group, animals treated with DFO exhibited a significant
decrease in the scores for tidemark integrity (p = 0.01; Figure 6.3 F). Animals receiving iron
chelation therapy also had slightly lower scores for the articular cartilage structure (p = 0.1;
Figure 6.3 C) and chondrocyte cellularity (p = 0.1; Figure 6.3 E). Of note, there was no
significant difference in the proteoglycan content of knee articular cartilage between groups (p =
0.6; Figure 6.3 D).

6.3.4 Gene Expression Analysis of Knee Articular Cartilage.
6.3.4.1 Genes Related to Iron Transport and Storage.

We wanted to determine the effect that systemic iron chelation had on iron-related genes
within chondrocytes. Iron bound to transferrin is imported into cells by TFR1, while non-
transferrin bound iron (NTBI) can be transported by both DMT1 and ZIP14. Relative to control
animals, treatment with DFO did not cause variations in cartilage gene expression for TFR1 (p =

0.9; Figure 6.4 A). Animals in the DFO group did have slightly lower transcript counts for both
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DMTI1 (p =0.1; Figure 6.4 B) and ZIP14 (p = 0.1; Figure 6.4 C) when compared to controls, but
these differences were not significant. Additionally, there was no significant difference in gene
expression for the only known cellular iron exporter FPN (p = 0.3; Figure 6.4 E).

Within the cell, iron that is not immediately required for use is stored in the protein
ferritin. Measuring the transcript counts for the FTH revealed no significant differences between
treatment groups (p = 0.7; Figure 6.4 D).
6.3.4.2 Genes Related to Articular Cartilage Structure.

Aggrecan and type II collagen are among the most abundant molecules comprising the
extracellular matrix (ECM) of articular cartilage (33). As OA is primarily characterized by the
progressive loss of articular cartilage within an affected joint, changes in the expression of these
molecules can give insight to disease development. Relative to controls, animals within the DFO
group had no change in the gene expression of COL2AT1 (p = 0.4; Figure 6.5 A) and a trend
towards increased expression of ACAN (p = 0.08; Figure 6.5 B). MMPs are catabolic enzymes
that degrade the ECM of cartilage. Administration of DFO caused a marked trend towards
decreased gene expression of MMP-3 (p = 0.06; Figure 6.5 C).

CD163 is a marker commonly expressed by phagocytotic cells that clear debris from
tissues. Animals treated with DFO had significantly lower mRNA expression of CD163 within
knee articular cartilage (p = 0.02; Figure 6.5 D). Additionally, females within the DFO group had
significantly lower transcript expression for the inflammatory chemokine CCL2 (p = 0.03;
Figure 6.5 E) and slightly decreased gene expression for the enzyme ERK2 (p = 0.09; Figure 6.5

F).
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6.3.5 Overhead Enclosure Monitoring.

Overhead enclosure monitoring revealed no significant differences between treatment
groups for total distance traveled (Figure 6.6 A) or average speed of travel (Figure 6.6 B) at any
point in the study.

6.4 Discussion.

This is the second half of a two-part study with DFO in the OA-prone Dunkin-Hartley
guinea pig. Previous work demonstrated reduced tissue iron levels and significantly decreased
development of OA-associated cartilage lesions in the knee joint of males treated with DFO;
unfortunately, these findings were not present to the same extent in female Hartley guinea pigs at
the same ages. The results from this study suggest that iron metabolism and homeostasis may
differ between males and females, as well as the factors contributing to OA pathogenesis in each
sex.

Urine iron concentration was increased in females treated with DFO, reflecting the major
route of iron elimination by this compound (34) and indicating that iron chelation and subsequent
removal was occurring in treated females. However, despite enhanced urine iron excretion, iron
chelated females did not have a notable change in iron concentration systemically (within the
serum and the liver) or locally within a diarthrodial joint environment (femoral head articular
cartilage). This is in contrast to males treated with DFO, which experienced a significant
decrease in iron concentration within the serum, liver, and femoral head articular cartilage
(Figure 4.1 B-D).

Iron metabolism and homeostasis has been reported to differ between male and female
mammals (35-37), and clinical reports suggest sex may influence observed differences for the

progression of iron-related disorders (37-38), although the mechanisms driving these differences
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have yet to be clearly established. Human females have traditionally been cited as having lower
body iron stores than males due to the physiologic loss of blood from menstruation (39); this has
often been used to explain sex differences in adult iron metabolism. In the present work,
untreated females had comparable iron concentrations to untreated males both in the liver (p =
0.9; data not shown) and circulating in the serum (p = 0.2; data not shown), despite being of
reproductive age. Therefore, innate differences in tissue iron concentration cannot account for
the iron levels maintained in iron chelated females but altered in DFO-treated males. The claims
of females exhibiting lower iron status due to menstruation are almost completely based on
serum iron measurements (23,40-41), which may only represent a small fraction of the total iron
burden in the body (42-43). As such, effects of sex on the tissue distribution of iron have yet to
be widely established (44).

Sex differences in iron metabolism have also been documented in adolescent humans
with similar dietary iron intake (45-46), further supporting that there are inherent biological
differences in iron metabolism attributed to factors other than menstrual bleeding. In particular,
there has been evidence that female mammals exhibit enhanced dietary iron absorption relative
to males (46-47). One study suggested that this increased iron absorption is the result of a
hepcidin-mediated feedback loop in response to reduced tissue iron stores (23). Indeed, serum
hepcidin expression has been negatively correlated with dietary iron absorption in adult, healthy
females (48). However, rather than being regulated by tissue iron concentrations, hepcidin
expression has been widely correlated with serum ferritin levels (40,49), which has repeatedly
been demonstrated as a poor indicator of total iron status (42). On average, males have been
demonstrated to have higher serum ferritin (44-45,50-51) and serum hepcidin levels (40,50) than

females and, as such, may account for sex differences in dietary iron absorption and the differing
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results for males and females in the present work. Unfortunately, the mechanisms driving the sex
differences in serum ferritin expression currently remain unknown.

The ability for females to effectively replace DFO-chelated iron was also reflected in the
gene expression analysis of knee cartilage tissue. Treatment with DFO did not significantly
change in the transcript expression of any iron-related genes investigated, including the major
cellular iron importer TFR1 and the storage molecule FTH. Both TFR1 and FTH-1 transcripts
contain an iron responsive element (IRE) that allow their expression to be modulated by cellular
iron levels to maintain homeostasis (52). In reduced iron states, IRE-binding of TFR1 delays
mRNA degradation, thereby prolonging its expression to encourage iron transport into cells (52-
53). In the present work, this mechanism did not appear to be altered between treatment groups
in knee articular cartilage, further supporting that tissue iron levels were maintained by females
treated with DFO. Though IRE-regulation of FTH primarily occurs at the translational level,
transcriptional regulation has also been documented in response to iron levels and other factors
such as oxidative stress (53-54).

Despite comparable cartilage iron levels between groups, whole joint histologic OA
scores were moderately, but not statistically, reduced in females treated with DFO. A potential
explanation for this finding may be that DFO beneficially mobilized iron out of body stores (55-
56), despite not changing the overall tissue iron concentration. Preventing long-term storage of
iron may provide physiologic benefit that warrants further investigation. The difference in OA
severity was largely driven by the decreased prevalence of duplicated tidemarks in treated
animals, which was observed in at least one area of the joint for all control animals. The
tidemark is the boundary between the articular cartilage tissue and the underlying calcified

cartilage present closer to the bone. When the calcified cartilage layer advances into the articular
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cartilage, the location of the tidemark advances as well, creating an additional (or duplicated)
band. Articular cartilage mineralization with tidemark replication is a key feature of OA
pathology/progression (57) and is associated with enhanced joint degeneration. To date, tidemark
variations have not been widely noted in the Dunkin-Hartley model of OA, though this may be
influenced by the primary use of males in OA publications historically (32). Indeed, human
females exhibit more pronounced thickening of calcified cartilage with age than males (58). As
such, articular cartilage mineralization and related tidemark replication may be a more
relevant/prominent feature in female pathogenesis and should be considered when evaluating OA
in this sex.

Serum levels of CCL2 have been found to be significantly associated with radiographic
knee OA in human patients (59), and chondrocytes exposed to this chemokine have been
demonstrated to upregulate the production of catabolic markers, such as MMP-3, via activation
of ERK (60). In the present work, systemic iron chelation reduced the gene expression of CCL2
within knee articular cartilage, which was accompanied by a notable trend towards decreased
transcript counts of both MMP-3 and MAPK/ERK2. Outside of the joint environment, CCL2
protein expression recruits macrophages to sites of inflammation or tissue damage (61-62).
Macrophages are not present in articular cartilage; instead, chondrocytes themselves have
adapted the role of macrophages to clear debris in the ECM (63). Of note, laboratory models
have demonstrated that OA-affected chondrocytes express significantly more CD163 mRNA
than controls (63). In this study, transcript expression of CD163 was significantly reduced in the
cartilage of animals treated with DFO. When these results are considered together, it is possible
that the significant reduction in CCL2 mRNA contributed to ECM preservation by moderately

decreasing the expression of MMP-3; this trend may have become more pronounced had the
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study continued longer and/or the dose of DFO was modified for females. Enhanced
maintenance of the ECM was reflected by decreased gene expression of the phagocytosis marker
CD163 by chondrocytes. However, it is important to note that there was no significant change in
cartilage gene expression for several relevant proinflammatory mediators (IL-18, TNF, p65) or
other catabolic enzymes (MMP-2, MMP-9, MMP-13) occurring with treatment (data not shown).
Thus, the relationship between DFO and matrix integrity without reduced iron levels is unclear
and the mechanisms influenced by treatment warrants further investigation.

Collectively, the results from this study suggest that there may be sex differences present
for both iron metabolism and OA and indicate there may be value in considering sex as a
treatment factor in clinical settings. Despite utilizing an identical dose of DFO via the same route
of administration and dosing frequency, tissue iron levels were not altered in females as they
were in males; this may be attributed to enhanced dietary iron absorption by females.
Consequently, there were fewer differences in OA development and relevant gene expression for
females treated with DFO. An interesting result from this work was the trend towards decreased
OA development in DFO despite maintained iron levels. DFO itself has been discovered to act as
a free radical scavenger (64-65) and may have additional off-target effects that are not currently
known. As such, the effects observed in this study may have occurred through unknown effects
of DFO unrelated to iron chelation and subsequent removal. Of note, though there was no
evidence of altered ROS production (data not shown), we hypothesize that oxidant-induced
tissue damage is not detectable until later ages/more advanced stages of OA development in the
Hartley guinea pig.

There are additional limitations to note for the present work. Due to differences in

preservation methods between studies, cartilage iron concentrations could not be directly
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compared between males and females. Additionally, the authors recognize that gene expression
does not necessarily correlate to protein abundance and/or activity. The limited availability of
guinea pig reagents/antibodies substantially restricts the ability to investigate protein expression.
The authors are working to develop immunostaining protocols to investigate protein levels

resulting from the gene expression differences presented above.
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6.5 Figures.
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Figure 6.1. Tissue iron quantification. (A) Median urine iron* concentration was 2.50
micrograms/deciliter (ug/dL) in the control group and 7.00 pg/dL in the DFO group. (B) Mean
serum iron concentration®* was 312.90 pg/dL in the control group and 323.00 pg/dL in the DFO
group. (C) Mean liver iron concentration* was 529.80 ppm in the control group and 542.40 in

the DFO group. (D) Mean femoral head cartilage iron concentration® was 31.18 ppm in the
control group and 34.68 ppm in the DFO group.
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Figure 6.2. Histologic evaluation of knee joints. (A) Mean whole joint OA score®* was 39.67 in

the control group and 31.38 in the DFO group. (B) 10X representative histologic image of a
control animal knee joint. (C) 10X representative histologic image of a knee joint from an animal

treated with DFO.
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Figure 6.3. Contributions to histologic whole joint OA score. (A) Median OARSI score in the
medial compartment™ was 24.25 in the control group and 20.25 in the DFO group. (B) Mean
OARSI score in the lateral compartment* was 15.57 in the control group and 13.00 in the DFO
group. (C) Mean whole joint score for articular cartilage structure®* was 10.50 in the control

group and 8.06 in the DFO group. (D) Mean whole joint score for proteoglycan content* was
14.67 in the control group and 13.56 in the DFO group. (E) Median whole joint score for

chondrocyte cellularity* was 9.13 in the control group and 7.25 in the DFO group. (F) Median
whole joint score for tidemark integrity* was 2.50 in the control group and 0.50 in the DFO

group.
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Figure 6.4. Normalized mRNA counts for genes related to iron metabolism. (A) Mean
transcript counts for TFR1* were 697.50 in the control group and 713.70 in the DFO group. (B)
Median transcript counts for DMT1* were 721.50 in the control group and 964.20 in the DFO
group. (C) Mean transcript counts for ZIP14* were 616.60 in the control group and 956.80 in the
DFO group. (D) Mean transcript counts for FPN* were 1296.00 in the control group and 1156.00
in the DFO group. (E) Median transcript counts for FTH* were 66456.00 in the control group
and 72807.00 in the DFO group.
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Figure 6.5. Normalized mRNA counts for genes related to the structure of knee articular
cartilage. (A) Mean transcript counts for type II collagen (COL2A1) * were 272693.00 in the
control group and 401264.00 in the DFO group. (B) Median transcript counts for aggrecan
(ACAN) * were 3529.00 in the control group and 9634.00 in the DFO group. (C) Median
transcript counts for MMP-3* were 261.90 in the control group and 185.70 in the DFO group.
(D) Mean transcript counts for CD163* were 1112.00 in the control group and 715.60 in the
DFO group. (E) Mean transcript counts for CCL2* were 1608.00 in the control group and
1109.00 in the DFO group. (F) Mean transcript counts for ERK2* were 2243.00 in the control

group and 2047.00 in the DFO group.
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Figure 6.6. Movement parameters from overhead enclosure monitoring. (A) Distance
traveled (m) by the animals during enclosure monitoring sessions throughout the study. (B)
Average speed of travel during enclosure monitoring sessions throughout the study.
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