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ARTICLE INFO ABSTRACT

Keywords: Iron has been emerging as a key contributor to aging-associated, chronic disorders due to the propensity for
Osteoarthritis generating reactive oxygen species. To date, there are a limited number of publications exploring the role of iron
Iron

in the pathogenesis of primary/age-related osteoarthritis (OA). The objective of this study was to determine
whether reduced iron via pharmacologic iron chelation with deferoxamine (DFO) affected the development and/
or severity of cartilage lesions in a primary OA model. At 12-weeks-of-age, 15 male Dunkin-Hartley guinea pigs
received either 46 mg/kg DFO (n = 8) or vehicle control (n = 7) injected subcutaneously twice daily for five days
each week. Movement changes, captured via overhead enclosure monitoring, were also determined. Termination
occurred at 30-weeks-of-age. Iron was quantified in serum, urine, liver, and femoral head articular cartilage. Left
knees were evaluated for: structural changes using histopathology guidelines; and immunohistochemistry. Gene
expression analysis was conducted on right knee articular cartilage. DFO reduced iron levels in femoral head
articular cartilage (p = 0.0006) and liver (p = 0.02), and increased iron within urine (p = 0.04) and serum (p =
0.0009). Mobility of control animals declined, while the DFO group maintained activity levels similar to the first
month of treatment (p = 0.05). OA-associated cartilage lesions were reduced in knees of DFO animals (p =
0.0001), with chondrocyte hypocellularity a key histologic difference between groups (p < 0.0001). DFO-
receiving animals had increased immunostaining for phosphorylated adenosine monophosphate activated pro-
tein kinase alpha within knee articular cartilage; lower transcript counts of several proapoptotic genes (p =
0.04-0.0004) and matrix-degrading enzymes (p = 0.02-<0.0001), and increased expression of the anti-apoptotic
gene Bcl-2 (p < 0.0001) and a tissue inhibitor of matrix-metalloproteinases (p = 0.03) were also observed. These
results suggest that iron chelation delayed the progression of primary OA in an animal model and could hold
potential as a translational intervention. These findings provide expanded insight into factors that may
contribute to the pathogenesis of primary OA.
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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

Iron is essential for numerous physiologic processes including oxy- have a physiologically regulated mechanism for excreting iron and the
gen transport, DNA synthesis, and ATP production. Mammals have majority of the iron absorbed is continuously recycled throughout the
developed complex systems to appropriately absorb, store, transport, body [9]. Indeed, iron progressively accumulates throughout the aging
and utilize this mineral, as unbound or partially-liganded iron can process [10,11] and has been linked to numerous aging-associated
participate in redox chemistry [1,2]. These reactions generate harmful chronic diseases, including atherosclerosis [12], neurodegenerative

reactive oxygen species (ROS) that can elicit or perpetuate inflammatory disorders [13], cancer [14], and type II diabetes [15]. Excess and/or
responses, damage DNA and cellular components, and promote cell

death, which collectively encourage tissue damage [3-5]. Thus, the risk

1. Introduction

improperly managed iron has also been implicated in several disorders
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Abbreviations

adenosine monophosphate activated protein kinase alpha (AMPKa)
Osteoarthritis (OA)

Deferoxamine (DFO)

Extracellular Matrix (ECM)

Complete Blood Count (CBC)

Neutral Buffered Formalin (NBF)

Atomic Absorption Spectroscopy (AAS)

Osteoarthritis Research Society International (OARSI)
B-cell lymphoma 2 (BCL-2)

BCL-2-associated death promoter (BAD)
BCL-2-associated x protein (BAX)

BCL-2 homologous antagonist killer (BAK)

Aggrecan (ACAN)

Type II collagen (COL2A1)
Matrixmetalloproteinase (MMP)

Tissue inhibitor of matrixmetalloproteinases-2 (TIMP-2)
Transferrin receptor 1 (TFR1)

Divalent metal transporter 1 (SLC11A2/DMT1)
ZRT/IRT-like protein 14 (SLC39A14/ZIP14)
Ferroportin (SLC40A1/FPN)

Ferritin heavy chain (FTH)

hepcidin (HAMP)

p-actin  (ACTB)

Eukaryotic elongation factor 1al (EEF1A1l)
4-hydroxynonenal (4-HNE)

Medial tibial plateau (MTP)

with associated arthropathies, including hemophilic arthropathy [16],
traumatic arthropathy, hereditary hemochromatosis [17], and rheu-
matoid arthritis (RA) [18]. In these afflictions, iron-loaded human
synoviocytes have been demonstrated to release proinflammatory me-
diators that 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
degradation and subsequent loss of articular cartilage as a central
feature [20]; this is 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]. Chondrocytes, the only
cell type present in articular cartilage, secrete macromolecules that
comprise the extracellular matrix (ECM) structure and collectively
maintain the integrity of the tissue through a delicate balance of cata-
bolic and anabolic events [22]. In OA, this homeostasis becomes dis-
rupted and inappropriately shifts in favor of catabolic events that break
down the ECM and promote cell death, further contributing to disease
progression. 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 [20,23]. While the above
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 [24]. 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 [25]. Finally, enhanced iron deposi-
tion in the synovium has been reported in patients with OA [26]. These
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
[27], 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 develop-
ment of OA-like lesions in the knee joints of disease-resistant Strain 13
guinea pigs [28]. 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 [29,30]. As in humans, these spontaneous lesions
tend to develop first within the medial compartment of the knee, with
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the tibia being more severely affected before the femur [30]. Histo-
pathologic evidence of knee OA can be detected after 2 to 3
months-of-age, with severe, late-stage OA occurring between 15 and 18
months-of-age [30].

For this work, systemic iron reduction was achieved by administra-
tion 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 1960s. Based on our previous findings [28], we hypothesized that
systemic administration of DFO would decrease the development of
OA-like lesions in the knees of Dunkin-Hartley guinea pigs.

2. Materials and methods
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 be-
tween 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.

2.2. Deferoxamine (DFO) 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 fre-
quency utilized in humans with chronic iron overload [31], allometric
scaling was conducted to determine the equivalent dose for use in the
guinea pig [32]. 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 sodium
lactate solution (Pfizer, Lake Forest, IL) subcutaneously at the same
frequency. Injections were given for 18 weeks. Body 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
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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.

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 anes-
thetic transition. After fluids were collected, animals were transferred to
a CO5 chamber for euthanasia. Serum was separated and, along with
urine, submitted for iron quantification using the Roche Cobas 6000
(Basel, Switzerland). Complete blood counts (CBCs) were performed
using the Advia 120 hematology analyzer (Siemans, Munich, Germany)
with instrument settings and software specifically designed for guinea
pig samples; serum biochemistry profiles were also determined (Roche
Cobas 6000; Basel, Switzerland). The liver from each animal was
collected into 10% (v/v) neutral buffered formalin (NBF) for 48 h for
iron quantification.

Hind limbs were removed at the coxofemoral joints. The left limb
was placed into 10% NBF for 48 h 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 iso-
lated from the right femoral head and stored in 10% NBF for 48 h for
iron quantification.

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 [28].
The coxofemoral joint was utilized 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
[33]. Diluted samples were analyzed using a Model 240 AA flame atomic
absorption spectrometer and SpectrAA software (Agilent Technologies,
Santa Clara, CA) [34]. Iron levels were reported as parts per million
(ppm) dry weight [35].

2.5. Histologic evaluation of knee joints

Following decalcification, knee joints were divided 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 [30]. 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.

2.6. Gene expression of articular cartilage using NanoString technology

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 Ari-
zona, 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-8,
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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), ferritin heavy chain
(FTH), hepcidin (HAMP), mammalian target of rapamycin (mTOR),
nuclear factor kappa B p65 (NF-xB p65), and
prostaglandin-endoperoxide synthase 2 (PTGS-2). Target sequences are
presented in Supplemental Table S1. 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, f-actin (ACTB) and eukaryotic elongation factor 1al (EEF1A1).
Any potential sample input variance was normalized by use of house-
keeping genes and application of a sample-specific correction factor to
all target probes. Data analysis was conducted using nSolver™ software
(NanoString Technologies).

2.7. Immunohistochemistry (IHC) of articular cartilage for 4-hydroxy-
nonenal and phosphorylated adenosine monophosphate activated protein
kinase alpha

Medial knee joint compartments embedded in paraffin wax were
sectioned in 5-pm segments and mounted onto slides for immunostain-
ing against 4-hydroxynonenal (4-HNE) adducts and phosphorylated
adenosine monophosphate activated protein kinase alpha (p-AMPKa).
Briefly, slides were deparaffinized with xylene, rehydrated with ethanol,
and antigen retrieval was performed with sodium citrate buffer (pH =
6.00) heated to 55 °C in a desert chamber. Slides were blocked with 5%
goat serum (SeraCare Life Sciences Inc., Milford, MA) and then incu-
bated with either 2.7 pg/mL of rabbit anti-4-HNE (Abcam, Cambridge,
MA) or 2.0 pg/mL of rabbit anti-AMPKal (phospho T183)+AMPKoa2
(phospho T172) antibody (Abcam, Cambridge, MA) overnight at 4 °C;
isotype negative control slides received the equivalent concentration of
rabbit IgG antibody (Invitrogen). Slides were then stained with Alexa
Fluor 647 (Invitrogen) for 60 min at room temperature. Coverslips were
added using mounting medium containing 4’,6-diamidino-2-phenyl-
indole (DAPI; Vectashield, Vector Laboratories, Burlingame, CA) to
visualize nuclei. Stained tissue was immediately imaged using an
inverted microscope (model DMI4000B, Leica Microsystems, Wetzlar,
Germany) with the same microscope settings applied across all samples
to ensure comparable relative fluorescence intensities. Images were
acquired using Leica Application Suite X 3.7.1.21655 (Leica
Microsystems).

Analysis of microscope images was conducted using Fiji [36], an
image processing package of ImageJ [37]. Regions of interest (ROI)
were determined from phase contrast images to exclude calcified carti-
lage, and 3 consistent areas of articular cartilage on the medial tibial
plateau (MTP) were evaluated for each animal. Chondrocytes located
within the articular cartilage ROI were identified by DAPI staining above
a set threshold minimum across all samples. Chondrocytes were counted
with a new overlay created for each cell detected. Semiquantitative
analysis of 4-HNE and p-AMPKa expression was determined by the
presence of Cy5 staining above threshold limit within the previously
created cellular overlays. The percent positive cell count was deter-
mined as a ratio of the number of cells with positive immunostaining to
the total number of cells present in the articular cartilage ROL

2.8. Overhead enclosure monitoring

Animal movement was assessed using ANY-maze behavioral tracking
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software (Stoelting Co., Wood Dale, IL). To conduct overhead enclosure
monitoring, guinea pigs were placed into an open top apparatus con-
taining a habitat hut, with a camera positioned above the enclosure. The
activity of animals was recorded during 10-min 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 sys-
tem. Results are presented as the difference in activity levels from the
first month to the final month of treatment.

2.9. 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. For chon-
drocyte quantification and 4-HNE IHC, one control animal was unable to
have one region of the MTP evaluated due to loss of sample integrity on
the slides within the area of interest. As such, one control animal had 2
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MTP regions evaluated for chondrocyte quantification with DAPI and 4-
HNE staining. Similarly, appropriate tissue sections were unavailable for
one control animal in conducting subsequent p-AMPKa IHC, resulting in
n = 6 control animals evaluated for this protein. 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.

3. Results
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 g in control animals and 1084.00 g in DFO-treated animals
(95% confidence interval [CI]: -155.10-90.04 g; p = 0.58; data not

Fig. 1. Tissue iron quantification. [A]
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shown). Body weights of the animals throughout the study are provided
in Supplemental Fig. S2. Mean tibia length was similar between animals
in the control group (49.06 mm, 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 suggested that that DFO-
treated animals had sufficient iron to maintain physiologic processes
(Supplemental Fig. S3).

3.1.1. Iron quantification

Administration of DFO allowed for iron to be chelated and elimi-
nated via the urine. Relative to the control group, animals receiving iron
chelation therapy had increased urinary iron levels (p = 0.04; Fig. 1A).
Consistent with increased iron mobilization, DFO-treated animals had
significantly higher serum iron concentration than control animals (p =
0.0009; Fig. 1B). 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;
Fig. 1C) and femoral head articular cartilage (p = 0.0006; Fig. 1D).

3.2. Semiquantitative histologic scoring of knee joints using OARSI
guidelines

Histologic evaluation of knee joints [30] demonstrated significantly
lower total joint OA scores, and therefore decreased OA development, in
DFO-treated animals (p = 0.0001; Fig. 2A). Reduced OA in DFO animals
was maintained when medial and lateral compartments were evaluated
separately (p = 0.0002 and p = 0.0012, respectively; Fig. 3A-B).
Representative photomicrographs depicting articular cartilage in the
medial compartment are provided in Fig. 2B and C. The representative
image from a control animal showed a disrupted tibial surface with
fissures and proteoglycan loss in the superficial zone and chondrocyte
hypocellularity distributed throughout ECM (Fig. 2B). Conversely, the
DFO-treated animal had cartilage surface with mild irregularities, uni-
form proteoglycan content, and slight chondrocyte hypercellularity
(Fig. 2C). Fig. 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 cellu-
larity (p < 0.0001) (Fig. 3C-E). There was no notable difference in the
tidemark integrity between groups (>0.9999; Fig. 3F). Histologic evi-
dence of osteophytes was not documented in any animals evaluated.

3.3. Immunohistochemistry of 4-hydroxynonenal

4-HNE is a major lipid peroxidation product generated by the

604 P =0.0001

OARSI Score
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interaction of hydroxyl radicals and other ROS with polyunsaturated
fatty acids abundant in cell membranes [38]. Somewhat unexpectedly,
the percentage of cells positive for 4-HNE was higher in the DFO group
than the control group (p = 0.001; Fig. 4G). Representative images are
provided in Fig. 4A-F.

Consistent with what was observed in the histologic evaluation of
knee joints, animals within the control group exhibited lower chon-
drocyte density in the MTP than animals treated with DFO (p = 0.02;
Fig. 4G). Overall, control articular cartilage displayed minimal to no
isogenic cell groups, and the remaining chondrocytes were often indi-
vidualized with shrunken and/or irregular boarders (Figs. 2B and 4A-C).
Conversely, DFO-treated animals had chondrocytes distributed
throughout the ECM with chondrones present in the mid-to-deep zones
of articular cartilage (Figs. 2C and 4D-F).

3.4. Immunohistochemistry of phosphorylated AMPKa

AMPK expression has been identified as playing a pivotal role in
maintaining chondrocyte homeostasis and viability [39]. Comprised of 3
subunits (a, p, and y), phosphorylation of the alpha subunit is critical for
AMPK activity [40]. As such, the activity of AMPK can be assessed by
measuring the phosphorylation of AMPKa (p-AMPKa) [41]. The per-
centage of chondrocytes with p-AMPKa immunostaining was higher in
the articular cartilage of DFO-treated animals than controls, indicating
greater p-AMPKa activation within the iron chelation group (p = 0.001;
Fig. 5A-G). Notably, Pearson’s correlation revealed that the percentage
of p-AMPKa positive cells was inversely correlated with the histologic
whole joint OA score (r = -0.79, p = 0.0008; Fig. 5H), suggesting that
AMPK may influence articular cartilage lesions. The percentage of cells
positive for p-AMPKa also significantly correlated with the individual
histologic scores for articular cartilage structure (r = -0.63, p = 0.02),
proteoglycan content (r = -0.74, p = 0.0025), and chondrocyte cellu-
larity (r = -0.83, p = 0.0002), which contribute to the whole joint OA
score (Supplemental Fig. 5).

Consistent with increased p-AMPKa activity, the gene transcript
counts for select downstream catabolic mediators inhibited by AMPK
expression were decreased. Specifically, treatment with DFO decreased
the transcript counts of mTOR (p = 0.002, Fig. 5I), NF-kB p65 (p =
0.0004, Fig. 5J), and the gene coding for cyclooxygenase-2, PTGS-2 (p =
0.007, Fig. 5K). Additional transcript differences that may also be
explained by p-AMPKa activity are presented in the sections below.

3.5. Gene expression analysis of knee articular cartilage

3.5.1. Cell death-related genes
Several genes associated with cell death were differentially
expressed in animals treated with DFO. Relative to control animals, gene

Fig. 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 demonstrating a disrupted tibial surface with fissures, proteoglycan loss in the superficial zone, and chondrocyte
hypocellularity throughout the ECM. [C] 10X representative histologic image of a knee joint from an animal treated with DFO demonstrating mild surface irreg-

ularities, uniform proteoglycan content, and slight chondrocyte hypercellularity.
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A Medial Compartment
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Fig. 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.

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 (Fig. 6A-C). Additionally, expression of the antiapoptotic gene
BCL-2 was significantly higher in the DFO group (p < 0.0001; Fig. 6D).
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) (Fig. 6E and F). Of note, there was not a sub-
stantial difference in caspase-8 transcripts between groups (95% CI:
-8.13-16.88 normalized mRNA counts; p = 0.4; data not shown).

3.5.2. Genes related to articular cartilage structure

Type 1I collagen and aggrecan are two of the most abundant mole-
cules within the cartilage ECM [22] 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) (Fig. 7A and B). Likewise,
administration 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) (Fig. 7C-E). Finally, treatment with DFO resulted in a significant
increase in gene expression for the MMP inhibitor, TIMP-2 (p = 0.03;
Fig. 7F).

3.5.3. 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 m
less during the final monitored activity session, while the DFO group
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maintained their mean distance traveled (p = 0.05; Fig. 8A). Likewise,
control animals moved an average of 9.7 mm/s slower by study termi-
nation, while DFO-treated animals sustained the mean speed of travel
initially recorded (p = 0.05; Fig. 8B).

4. Discussion

In the present work, we demonstrated that systemic iron reduction
decreased 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 pharmaco-
logic iron chelation on primary knee OA in a spontaneous/idiopathic
animal model. The results indicate that lowering iron levels by admin-
istration 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 [42] and thus provides an explanation for
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 con-
centration in chelated animals, despite an overall decrease in iron within
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Fig. 4. 4-HNE immunohistochemistry of MTP articular cartilage. [A-C] 20X Representative images of MTP articular cartilage from a control animal. [A]
Chondrocyte nuclei stained with DAPL. [B] Positive 4-HNE staining (Cy5 channel). [C] Merged image with phase contrast, DAPI, and 4-HNE (Cy5) channels. [D-F]
20X Representative images of MTP articular cartilage from a DFO-treated animal. [D] Chondrocyte nuclei stained with DAPI. [E] Positive 4-HNE staining (Cy5
channel). [F] Merged image with phase contrast, DAPI, and 4-HNE (Cy5) channels. [G] Mean values for total cell count®, 4-HNE positive cell count®, and the

percentage of total cells positive for 4-HNE adducts®.

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 carti-
lage. Correspondingly, transcript counts for the iron import genes TFR1,
DMT1, and ZIP14 were decreased, suggesting reduced iron uptake by
chondrocytes (Supplemental Fig. S4). Additionally, higher expression of
the iron export gene FPN was observed in this same tissue, further
supporting increased iron removal from these cells (Supplemental
Fig. S4). Additional iron-related genes are presented in Supplemental
Fig. S4.

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 hypo-
cellularity; this was only observed in 2 of the 8 DFO animals evaluated.
Quantitative analysis of chondrocytes stained with DAPI confirmed that
animals treated with DFO had significantly more chondrocytes in the
MTP than controls. 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 signif-
icant increase in the antiapoptotic gene BCL-2. Indeed, iron has been
shown to induce chondrocyte apoptosis [44] resulting in accelerated
degradation of the ECM [43]. 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 treat-
ment. When considered with the reduced transcript expression of BAX,
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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.

Because iron can catalyze reactions leading to free radical formation,
the authors were interested to see if there were differences in oxidant
damage between groups. Interestingly, animals treated with DFO had
increased staining for 4-HNE protein adducts relative to control animals.
This finding was unexpected, as 4-HNE is a major product of iron-
mediated oxidant damage [38]. As 4-HNE has been cited to induce
apoptosis at higher concentrations [38,45], chondrocytes within control
animals may have already proceeded through cell death (driven by
4-HNE and/or other contributing factors) and therefore may not be
detectable at this particular, later time point. Investigations at a pre-
ceding stage of disease pathology may clarify the impact of iron chela-
tion on 4-HNE formation in chondrocytes and should be pursued in the
future.

To provide an explanation for the structural results observed in this
study, immunostaining for p-AMPKa was conducted. In addition to
being documented in OA, AMPK activity has been implicated in the
general aging process and many of the aging-related disorders also
affected by iron accumulation, including cardiovascular disease, type II
diabetes, atherosclerosis, cancers, and neurodegenerative disorders
[46-48]. Notably, immunostaining for p-AMPKa was increased in the
articular cartilage of animals treated with DFO. As a master energy
sensor, AMPK has a widespread role in maintaining cartilage homeo-
stasis by regulating energy expenditure, influencing chondrocyte dif-
ferentiation and hypertrophy, promoting autophagy, and mediating the
production of inflammatory molecules that can contribute to ECM
destruction and decreased cell viability [40,46,49]. While AMPK is
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Fig. 5. p-AMPKa immunohistochemistry of MTP articular cartilage. [A-C] 20X Representative images of MTP articular cartilage from a control animal. [A]
Chondrocyte nuclei stained with DAPI. [B] Positive p-AMPKa staining (Cy5 channel). [C] Merged image with phase contrast, DAPI, and p-AMPKa (Cy5) channels. [D-
F] 20X Representative images of MTP articular cartilage from a DFO-treated animal. [D] Chondrocyte nuclei stained with DAPI. [E] Positive p-AMPKa staining (Cy5
channel). [F] Merged image with phase contrast, DAPI, and p-AMPKa (Cy5) channels. [G] Mean percentage of p-AMPKa positive cells® was 7.33% in the control
group and 55.22% in the DFO group. [H] Correlation of the percentage of p-AMPKu positive cells with whole joint OA score. [I] Mean transcript counts for mTOR®
were 1113.00 in the control group and 674.80 in the DFO group. [J] Mean transcript counts for NF-kB p65® were 5282.00 in the control group and 3676.00 in the
DFO group. [K] Mean transcript counts for PTGS-2° were 131.20 in the control group and 74.08 in the DFO group.
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Fig. 6. Normalized mRNA counts for cell death-related genes in knee articular cartilage. [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—Q‘ 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.

constitutively expressed in normal cartilage, a reduction in AMPK acti-
vation has been documented in OA cartilage in humans and animal
models of the disorder [40,50,51]; this shift has been associated with the
increased production of catabolic mediators (such as MMPs and proin-
flammatory mediators) [39,52], cellular senescence [47], and chon-
drocyte apoptosis [53]. In the present work, DFO may have enhanced
AMPK activation by chelating the iron required for degrading the up-
stream hypoxia inducible factor alpha 1 (HIF-la) protein [54]. As
HIF-1a is responsible for phosphorylating AMPKa [55], the sustained
expression of HIF-la by DFO may be responsible for increasing
p-AMPKa in OA-prone animals. Indeed, increased AMPK activity has
been documented in skeletal muscle of iron deficient rats [56] as well as
in chondrocytes treated with DFO in vitro [51]. Collectively, AMPK ac-
tivity decreases the catabolic activity of chondrocytes, including those
occurring in response to injury or proinflammatory mediators [46,50],
thereby helping to maintain chondrocyte viability and preserve 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 increase in AMPK activation was substantiated by decreased tran-
script expression of select downstream targets inhibited by AMPK ac-
tivity: the autophagy inhibitor mTOR, as well as the
inflammation-related genes NF-kB p65 and PTGS-2.

Additionally, the preservation of knee articular cartilage may be
attributed to the decreased gene expression of several matrix degrading
proteinases, which are also influenced by AMPK expression. Augmented
enzymatic digestion of proteoglycans and collagens is a major
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mechanism of ECM degradation in OA [57] 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 [57,58] and
MMP production decreases with AMPK activation [46]. The altered
expression of MMPs and TIMP-2 hint that 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 [59], leading to an
increased risk of developing comorbidities [21] and ultimately impact-
ing 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 [60], and therefore may
help combat both the deleterious effects of OA itself and the develop-
ment 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 [61]. 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
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Fig. 7. Normalized mRNA counts for genes related to the structure of knee articular cartilage. [A] Median transcript counts for COL2A1* were 715415.00 in
the control group and 156550.00 in the DFO group. [B] Mean transcript counts for ACAN® were 16828.00 in the control group and 7331.00 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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the joint, cumulatively resulting in these animals performing better
overall.

There are confines to this work worthy of discussion. First, 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 radi-
cals, and peroxy-radicals [62,63]. 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
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study were from a reduction in ROS at earlier stages of disease devel-
opment, through other processes influenced by reduced iron levels,
and/or an effect of DFO itself. 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 for all transcripts dis-
cussed 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
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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 phosphory-
lated p53), as reagents become available. 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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