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Systemic iron reduction via an iron deficient diet decreases the
severity of knee cartilage lesions in the Dunkin-Hartley guinea pig
model of osteoarthritis
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Objective: Iron accumulation is emerging as a player in aging-related disorders due to its propensity for
generating reactive oxygen species (ROS). Studies investigating the role of iron in the pathogenesis of
primary osteoarthritis (OA) are limited. We designed a proof-of-principle study to determine the effect of
systemic iron deficiency, via an iron deficient diet, on knee OA in an animal model.
Methods: Twelve-week-old male Hartley guinea pigs received the standard diet (n ¼ 6) or a diet devoid
of iron (n ¼ 6) for 19-weeks. Iron levels were determined in the serum, liver, and articular cartilage.
Knees were collected to assess structural changes related to OA (microcomputed tomography, histopa-
thology). Immunohistochemistry was performed to evaluate the presence and distribution of a
disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4) and ROS-driven
4-hydroxynonenal (4-HNE)-induced protein adducts. Transcript expression was also assessed.
Results: Relative to control animals, an iron deficient diet reduced the concentration of this mineral in
serum, liver, and articular cartilage. Iron deficient animals had lower histologic OA scores; decreased
subchondral bone mineral density was also noted. This reduction in knee joint pathology was accom-
panied by a decrease in: ADAMTS4 in synovium; and 4-HNE protein adducts from lipid peroxidation in
both the menisci and articular cartilage of iron deficient animals. Expression of iron-related genes in
these tissues was also altered in treated animals.
Conclusions: Results from this study suggest that systemic iron levels may play a role in knee OA
pathogenesis, with a short-term deficit in dietary iron reducing the severity of knee cartilage lesions.

© 2022 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Iron is an element critical to normal organismal function. Iron is
used to synthesize hemoglobin for oxygen transport in mammals
and has roles in oxidative phosphorylation and production of iron-
sulfur clusters within mitochondria. Although essential for life, iron
can induce tissue injury when present in excess amounts and/or
improperly handled1 through participation in the reactive oxygen
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ternational. Published by Elsevier
species (ROS)-producing Fenton and HabereWeiss reactions2.
Despite this potential for damage, there are no direct iron excretion
mechanisms present in mammals other than normal desquamation
of skin and gastrointestinal (GI) epithelium3. As such, progressive
iron accumulation in tissues over time seems to be an inevitable
process associated with aging. In fact, many chronic aging-related
diseases have been linked to iron accrual4. Examples of such dis-
orders include type II diabetes5, atherosclerosis6, neurodegenera-
tive diseases7, and various cancers8. The potential for excess tissue
iron is enhanced by dietary supplementation and regular con-
sumption of foods containing large amounts of bioavailable iron,
which are significantly associated with high iron stores in elderly
humans9. Similarly, dietary administration of excess iron has been
demonstrated to increase iron stores in laboratory animal
Ltd. All rights reserved.
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studies10,11, suggesting that GI iron absorption can continue even
after body iron stores are replete.

Surplus iron in joint tissues has long been linked to arthropa-
thies associated with hereditary hemochromatosis12, rheumatoid
arthritis (RA)13, and hemophilic arthropathy14. Indeed, studies have
shown increased iron levels in cartilage, synovium, and synovial
fluid in these conditions13,15,16. In vitro exposure of chondrocytes to
iron increased the activity of matrix-degrading enzymes and
release of sulfated glycosaminoglycans17. Additionally, iron can
directly cause chondrocyte apoptosis by inducing hydroxyl radical
formation14,18. Although iron has been studied in the arthropathies
described above, its role in idiopathic, aging-associated osteoar-
thritis (OA) has not been well-explored.

Idiopathic/primary OA is a widespread, painful condition
affecting millions across the globe19. While the mechanisms un-
derlying primary OA development are poorly understood,
advancing age has been identified as a significant risk factor.
Because iron has been implicated in many other aging-related
disorders, we postulate its accumulation in joint tissues may be
contributing to the development of this type of OA. There are
currently a select number of studies published on iron and OA in
humans without genetic iron disorders. Indeed, enhanced iron
deposition has been noted in the synovium of patients with OA20. A
separate study documented that the synovial fluid from patients
with knee OA had significantly higher concentrations of iron than
both unaffected individuals and participants with RA21. Finally, a
study by Nugzar et al. found that the abundance of serum ferritin,
the major storage molecule for iron, correlated to the degree of
cartilage degeneration in OA-affected knees independent of age,
sex, and BMI22.

To investigate this intriguing link between iron and OA, we
performed two proof-of-principle studies. First, we demonstrated
that induction of systemic iron overload, via administration of iron
dextran, resulted in early onset and worsened severity of OA in
Strain 13 guinea pigs, which have decreased propensity for this
disorder23. Here, we assessed the ability of systemic iron depletion,
using an iron deficient diet, to prevent or delay the onset and/or
progression of OA. For this, we hypothesized that consumption of
an iron deficient diet would mitigate OA in disease-prone Dunkin-
Hartley guinea pigs.

Materials and methods

Animals

Procedures were approved by the institutional animal advisory
committee and were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals. Sample size for this
proof-of-principle work was determined from a pilot study focused
on histologic assessment of OA as the primary outcome; secondary
outcomes were not prioritized at this stage. Using a within group
error of 0.50 with a detectable difference between means of 1.00,
power associated with an alpha of 0.05 (two-sided) was calculated
as 0.90 with a sample size of six animals per group. Twelve male
Dunkin-Hartley guinea pigs were purchased from Charles River
Laboratories (Wilmington, MA) at 8-weeks-of-age, allowed to
acclimate for 2 weeks, and maintained in accredited housing fa-
cilities. Animals were kept individually in solid bottom cages and
monitored daily by a veterinarian. Food, as described, and water
were provided ad libitum.

Iron deficient and control diets

Six animals each were randomly placed on either an iron
deficient diet or sufficient (control) diet; randomization was done
by alternating cage card numbers to assign animals to groups. Due
to their fastidious nature, guinea pigs were transitioned from
regular chow (Teklad Global Guinea Pig Diet #2040, Madison, WI)
to the iron deficient or sufficient diet over 2 weeks through pro-
gressive mixing. Animals were fully switched to experimental
diets at 12-weeks-of-age. Study diets were specially formulated
from Harlan Teklad and were identical in composition apart from
the iron content (Supplemental Figure S1). The iron sufficient diet
contained 0.735 g/kg of ferric citrate. Conversely, the iron defi-
cient diet was formulated without the addition of ferric citrate,
with background levels of iron limited to �25 parts per million
(ppm). Animals were fed these diets for 19 weeks; body weights
were recorded weekly. Fleece material was used to prevent con-
sumption of bedding, a common behavior of coprophagic guinea
pigs, as all available bedding options contained high levels of iron
(data not shown).

Specimen collection

The study was terminatedwhen animals were 31-weeks-of-age.
Animals were placed under isoflurane anesthesia and whole blood
was collected via direct cardiac puncture. Following fluid collection,
anesthetized animals were immediately transferred to a carbon
dioxide chamber for euthanasia. Complete blood count (CBC) was
determined using the Advia 120 hematology analyzer (Siemens,
Munich, Germany) (Supplemental Figure S2). Serumwas separated
from whole blood for biochemistry profiles, iron quantification
using the Roche Cobas 6,000 (Basel, Switzerland), and enzyme-
linked immunosorbent assays (ELISAs) for monocyte chemo-
attractant protein 1 (MCP-1) and prostaglandin E2 (PGE2) (Kendall
Scientific, Lincolnshire, IL). For the latter, technical triplicates from
each sample were utilized and the kit performed according to
manufacturer's instructions. The liver from each animal was
collected into 10% neutral buffered formalin (NBF) for 48 h prior to
iron quantification.

Hind limbs were removed at the coxofemoral joint; femur
length was measured using digital calipers. Articular cartilage from
the patella was isolated from the right knee, fixed in 10% NBF, and
submitted for iron quantification. The left limb was placed into 10%
NBF for 48 h and then transferred to phosphate buffered saline
(PBS) for microcomputed tomography (microCT). After microCT,
the left knees were transferred to a 12.50% solution of ethyl-
enediaminetetraacetic acid (pH 7.00) for decalcification and sub-
sequent histologic evaluation.

Tissue iron quantification by atomic absorption spectroscopy (AAS)

Iron quantification (ppm dry weight) was performed on sections
of liver and articular cartilage, as previously described23, using a
Model 240 AA flame atomic absorption spectrometer and SpectrAA
software (Agilent Technologies, Santa Clara, CA).

Microcomputed tomography of knee joints

Knees were scanned in PBS using the Scanco microCT system
(Scanco uCT80, Scanco Medical AG, Bruttisellen, Switzerland) with
an isotropic voxel size of 18 mm. Built-in software (Scanco Medical
AG IPL v4.05, Bruttisellen, Switzerland) was used to evaluate bone
volume fraction (BV/TV), trabecular number, trabecular thickness,
trabecular spacing, andmean tissue mineral density (TMD) of bone.
These parameters were measured in subchondral trabecular bone
for the following regions of interest (ROI) in each animal: medial
tibia, lateral tibia, medial femur, and lateral tibia. ROIs were drawn
with the cylinder tool and avoided the physis and epiphyseal
trabecular bone. Fifty image slices were used to create the femoral
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and tibial ROIs. Clinical features of OAwere assessed by a veterinary
radiologist (AJM) using a published scoring scheme24 with all tissue
planes assessed via serial 2D stacks.

Histologic grading of osteoarthritis

After decalcification, sagittal slices were made through the
central plane of each knee to divide the joint into medial and lateral
compartments. Samples were paraffin embedded and 5-micron
sections were stained with toluidine blue for evaluation using the
Osteoarthritis Research Society International (OARSI) recom-
mended guidelines25. This semiquantitative histopathologic
grading scheme is based on articular cartilage structure, proteo-
glycan content, cellularity, tidemark integrity, and osteophyte
presence. Scores were performed in a blinded fashion by two in-
dependent pathologists (LBR and KSS) to evaluate OA changes in
four sites: medial and lateral tibias; medial and lateral femurs. One
slide from the medial and lateral compartment of each knee was
considered, for a total of two slides assessed per animal. If present,
discrepant scores were resolved prior to statistical analysis; scores
from each of the four anatomic locations were assessed separately
and summed to obtain a whole knee joint OA score for each guinea
pig. A representative example of the histologic appearance of knee
joints of male Hartley guinea pigs at 12-weeks-of-age is provided
for comparison with animals at harvest (Supplemental Figure S3).

Immunohistochemistry of knee joints for ADAMTS4 and 4-
hydroxynonenal adducts

Immunohistochemistry (IHC) was performed on knee joints
using rabbit polyclonal antibodies to a disintegrin and metal-
loproteinase with thrombospondin motifs 4 (ADAMTS4)
(ab219548) and 4-hydroxynonenal (4-HNE) (ab46545, Abcam,
Waltham, MA) at dilutions of 1.40 mg/mL and 2.70 mg/mL, respec-
tively. Briefly, tissue sections were incubated in citrate buffer
overnight at 55�C as recommended for skeletal tissues26. Slides
were then exposed to the primary antibody overnight at 4�C, fol-
lowed by incubation with a biotinylated goat anti-rabbit secondary
antibody. Use of secondary antibody, alone, or immunoglobulin
control did not result in positive immunostaining (data not shown).
Sections were counterstained with hematoxylin, coverslipped, and
viewed by light microscopy.

Immunostaining was graded using a previously published
semiquantitative scoring scheme27. Briefly, the percentage of cells
positively stained for either ADAMTS4 or 4-HNE adducts were
determined and assigned a corresponding score between 0 and 5,
with 0 being less than 5% of cells and/or extracellular matrix (ECM)
with visible immunostaining and a score of five representing 75% or
more of the cells and/or ECM with positive immunostaining27.
Additional grading was based on intensity of staining and assigned
a score ranging from 0 to 3, with 0 being minimal staining intensity
and three beingmarked staining intensity27. As such, the maximum
score obtainable for each structure was 8, or 16 when the medial
femur and tibia were combined for a single articular cartilage score.
The percentage of positive vs negative cells was also presented as a
quantitative assessment of immunostaining.

Transcript expression analysis using NanoString technology

As the nCounter Analysis System (Nanostring Technologies,
Seattle, WA) can be used with formalin-fixed paraffin-embedded
(FFPE) tissues, gene expression analysis was conducted on medial
and lateral meniscus and articular cartilage in the FFPE knee joints
remaining after histologic and IHC evaluation. Total RNA was iso-
lated using the High Pure FFPET RNA Isolation Kit (Roche, Basel,
Switzerland) with minor modifications to the standard protocol.
100.00 mg sections of tissue were deparaffinized and rehydrated
per the kit instructions. Proteins were degraded with Proteinase K
under incubation for 30 min at 85�C, with a subsequent incubation
for 30 min at 30�C. RNA binding buffer was added, the suspension
transferred to the purification column, and DNase treatment was
performed. The resulting RNA was collected in elution buffer. Pu-
rified RNA was sent to University of Arizona Genetics Core (Uni-
versity of Arizona, Tucson, AZ) for analysis.

A custom set of guinea pig-specific probes was designed and
manufactured by NanoString Technologies (Seattle, WA) and
included the following target sequences (Supplemental Table S4):
aggrecan (ACAN), ferritin heavy chain (FTH), transferrin receptor 1
(TFR1), ferroportin (SLC40A1; FPN), type II collagen (COL2A1), and
matrix metalloproteinase-2 (MMP-2). Per initial RNA quantification
(Invitrogen Qubit 2.0 Fluorometer and RNA High Sensitivity Assay
Kit, Thermo Fisher Scientific,Waltham,MA) and Fragment Analyzer
quality control subsets (Fragment Analyzer Automated CE System
and High Sensitivity RNA Assay Kit, Agilent Technologies), the
optimal amount of total RNA (800.00 ng) was hybridized with the
custom code-set in an overnight incubation set to 65�C, followed by
processing on the NanoString nCounter FLEX Analysis system. Re-
sults were reported as absolute transcript counts normalized to
positive controls and two housekeeping genes, b-actin and
eukaryotic translation elongation factor 1 alpha 1. Any potential
sample input variance was corrected by use of the housekeeping
genes and application of a sample-specific correction factor to all
target probes. Data analysis was conducted using nSolver software
(NanoString Technologies). FTH, TFR1, and FPN are presented in the
manuscript proper; COL2A1, ACAN, and MMP-2 are provided in
Supplemental Table S5.

Statistical analyses

Rationale for excluding individual values from data sets were
determined prior to analysis and included whether an appropriate
sample was unable to be collected, did not pass quality control
parameters, or if integrity was compromised. One animal in the
control group did not have an appropriate tissue section available
for histologic assessment of OA in the lateral compartment. As such,
this animal was excluded from histologic assessment of OA in the
lateral compartment and the whole joint OA score but included
withmedial compartment analyses. Additionally, one blood sample
from the iron deficient diet group clotted andwas unable to be used
for CBC analysis. Exclusion of this sample resulted in n ¼ 5 animals
from the iron deficient diet evaluated for hemogram parameters.

Statistical analyses were performed with GraphPad Prism 8.4.2
(La Jolla, California) with significance set at p � 0.05. Data under-
went normality and variance testing with the ShapiroeWilk and F-
test, respectively. Normally distributed data with similar variance
were compared using parametric t testsy. Data with normal distri-
bution and significant differences in variance were compared via
parametric t tests with Welch's correction⋄. Data sets that did not
pass normality testing were compared using non-parametric Mann
Whitney U tests�. Relationships between key outcomes were per-
formed using Pearson's correlations.

Results

General description of animals

Body weights of animals were similar throughout the study
(Supplemental Figure S6). At the time of termination, mean total
body weight was 1,058.00 g for the control diet and 1,054.00 g for
the iron deficient diet (95% confidence interval [CI] �95.43, 87.77;
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P ¼ 0.9275). Femur lengths were also comparable, with a mean of
42.89 mm in controls and 42.72 mm in the iron deficient diet group
(95% CI e1.49, 1.16; P ¼ 0.7849). CBC analysis suggested animals
receiving the iron deficient diet had a relative decrease in hemat-
ocrit; however, reported values were not below published refer-
ence intervals (RIs) (Supplemental Figure S2). Red blood cells were,
however, characterized as microcytic and hypochromic (Supple-
mental Figure S2). Animals receiving the iron deficient diet also had
a statistical increase in platelets, although these values were still
within designated RIs (Supplemental Figure S2). Collectively, these
parameters fit with a classic hemogram appearance consistent with
early/developing iron deficiency. Additional WBC and ELISA data
and associated interpretations are presented in Supplemental
Figure S2 and Supplemental Table S7, respectively.

Tissue iron quantification

Relative to the control group, animals receiving the iron defi-
cient diet had significantly lower circulating and systemic organ
iron levels, as measured within serum (P < 0.0001; Fig. 1(A)) and
liver (P ¼ 0.0022; Fig. 1(B)), respectively. Reduced levels of iron
were also observed within the knee environment, with treated
animals having significantly lower articular cartilage iron concen-
tration than controls (P ¼ 0.0260; Fig. 1(C)).

Quantitative microCT measurements

Values for each of the quantitative microCT measurements are
listed in Table I. Significant differences between groups were noted
for: trabecular number in the lateral tibia, trabecular thickness in
the medial femur, and subchondral bone TMD in all regions eval-
uated. Specifically, animals receiving the iron deficient diet
exhibited increased trabecular number in the lateral tibia and
slightly decreased trabecular thickness in the medial femur.
Fig. 1

Tissue iron quantification. [A] Mean serum iron concentrationy was 295.00 m
the iron deficient diet (n ¼ 6; -180.80 mg/mL difference between means). [B]
in the control group and 117.00 ppm dry weight in the iron deficient diet gr
iron concentration of knee articular cartilage� was 259.50 ppm in the contro
difference between medians of �100.00 ppm).
Interestingly, subchondral bone TMD was uniformly decreased in
the iron deficient diet group for all tissue ROI (medial tibia, lateral
tibia, medial femur, lateral femur) compared to controls. No dif-
ferences were found for BV/TV or trabecular spacing.

Histologic evaluation of knee joints

Histologic grading25 demonstrated significantly lower whole
joint OA scores for the iron deficient diet group compared to
controls (P ¼ 0.0039; Fig. 2(A)). This same pattern was present
when medial and lateral compartments were considered sepa-
rately (P ¼ 0.0315 and P < 0.0001, respectively; Fig. 3(A)e(B)).
Representative photomicrographs demonstrating typical lesions
seen in the medial compartment articular cartilage are shown in
Fig. 2. The representative image from a control animal demon-
strates an area of severe proteoglycan loss extending to the deep
zone of the tibial cartilage with regions of chondrocyte hypo-
cellularity distributed throughout the ECM (Fig. 2(B)). Conversely,
the image from an iron deficient guinea pig shows a relatively
normal tibial surface with mild proteoglycan loss in the superficial
layer of tibial cartilage and chondrocytes distributed normally
throughout the matrix (Fig. 2(C)).

Evaluation of the individual components of the OARSI scoring
system revealed that animals receiving the iron deficient diet had
significantly lower scores for articular cartilage structure
(P ¼ 0.0024; Fig. 3(C)), proteoglycan content of the ECM
(P ¼ 0.0009; Fig. 3(D)), and chondrocyte cellularity (P ¼ 0.0420;
Fig. 3(E)). There was no statistical difference between groups for
tidemark integrity (P ¼ 0.8485; Fig. 3(F)).

Immunohistochemistry for ADAMTS4

While several members of this aggrecan-degrading family have
a demonstrated association with OA28, ADAMTS4 was recently
Osteoarthritis and Cartilage

g/mL in control animals (n ¼ 6) and 114.20 mg/mL in animals receiving
Median liver iron concentration� was 1,315.00 ppm dry weight (n ¼ 6)
oup (n ¼ 6; �1,198.00 ppm difference between medians). [C] Median
l group (n ¼ 6) and 159.50 ppm in the iron deficient diet group (n ¼ 6;



Control Diet Deficient Diet Difference Between
Means (Treated minus Control)

P-value

Bone Volume/Total Volume MT
LT
MF
LF

0.4525 (0.3867,0.5183)
0.4269 (0.3811,0.4726)
0.4962 (0.4439,0.5485)
0.4513 (0.4112,0.4914)

0.4606 (0.4094,0.5118)
0.4563 (0.4195,0.4930)
0.4560 (0.3982,0.5138)
0.4269 (0.3976,0.4561)

0.0081 (�0.0642,0.0804)
0.0294 (�0.0215,0.0803)
�0.0402 (�0.1078,0.0274)
�0.0244 (�0.0674,0.0186)

0.8075
0.2266
0.2147
0.2343

Trabecular Number (1/mm) MT
LT
MF
LF

3.516 (3.190,3.843)
3.498 (3,192,3.805)
3.641 (3.300,3.982)
3.514 (2.353,3.675)

3.671 (3.421,3.922)
3.834 (3.622,4.046)
3.417 (3.008,3.825)
3.406 (3.176,3.636)

0.1548 (�0.2018,0.5114)
0.3358 (0.0304,0.6412)
�0.2238 (�0.6849,0.2373)
�0.1079 (�0.3512,0.1355)

0.3563
0.0346
0.3049
0.3467

Trabecular Thickness (mm) MT
LT
MF
LF

0.1351 (0.1205,0.1497)
0.1255 (0.1141,0.1368)
0.1432 (0.1324,0.1539)
0.1359 (0.1179,0.1538)

0.1346 (0.1261,0.1431)
0.1265 (0.1211,0.1319)
0.1331 (0.1289,0.1372)
0.1312 (0.1171,0.1454)

�0.0005 (�0.0151,0.0141
0.0010 (�0.0098,0.0049)
�0.0101 (�0.0190,-0.0012)
�0.0046 (�0.0244,0.0152)

0.9407
0.8291
0.0299
0.6143

Trabecular Spacing (mm) MT
LT
MF
LF

0.2624 (0.2289,0.2958)
0.2617 (0.2339,0.2896)
0.2248 (0.1881,0.2615)
0.2425 (0.2269,0.2582)

0.2464 (0.2068,0.2860)
0.2409 (0.2296,0.2521)
0.2491 (0.2131,0.2851)
0.2509 (0.2256,0.2763)

�0.0159 (�0.0609,0.0290)
�0.0208 (�0.0469,0.0052)
0.0243 (�0.0202,0.0688)
0.0084 (�0.01743,0.0343)

0.4478
0.1042
0.2516
0.4847

Bone Tissue Mineral Density (g/cm3) MT
LT
MF
LF

921.0 (904.4,937.7)
918.6 (907.5,929.8)
936.7 (912.1,961.2)
949.5 (934.2,964.8)

899.4 (883.5,915.3)
897.5 (878.9,916.0)
911.4 (898.2,924.6)
922.3 (897.7,946.9)

�21.62 (�41.36,-1.88)
�21.20 (�39.94,-2.45)
�25.31 (�49.48,-1.15)
�27.19 (�52.33,-2.06)

0.0351
0.0304
0.0418
0.0367

MT, medial tibia; LT, lateral tibia; MF, medial femur; LF, lateral femur; T, tibia; F, femur.

Table I Osteoarthritis and Cartilage

QuantitativemicroCT data. Mean values (± 95% confidence intervals) from regions of interest in the subchondral trabecular bone of tibiae and
femurs
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shown to be a key member that is significantly upregulated in OA
synovium vs control tissue29. Immunostaining for ADAMTS4 was
not present in either articular cartilage or menisci from any animal
(data not shown). This enzyme was, however, distributed
Fig. 2

Histologic evaluation of knee joints. [A] Mean whole joint OA scorey was 24
(n ¼ 6; �13.33 difference between means). One animal in the control grou
assessment of the lateral compartment and was excluded from the whole j
knee joint stained with toluidine blue (100X magnification; scale bar represe
proteoglycan loss extending to the deep zone of the tibial cartilage and c
sentative histologic image of a knee joint from the iron deficient diet group
50 mM). The representative image from the treatment group depicts a relativ
layer of tibial cartilage and chondrocytes distributed throughout the matrix
throughout the synovium. Specifically, animals receiving an iron
deficient diet had significantly lower IHC scores in this tissue
(P ¼ 0.0037; Fig. 4(A)). Similarly, the percentage of cells positive for
ADAMTS4 was also decreased (P ¼ 0.0152; Fig. 4(B)).
Osteoarthritis and Cartilage

.00 in control animals (n ¼ 5) and 10.67 in iron deficient diet animals
p did not have an appropriate tissue section available for histologic
oint OA score. [B] Representative histologic image of a control animal
nts 50 mM). The representative control image shows an area of severe
hondrocyte hypocellularity in areas throughout the ECM. [C] Repre-
stained with toluidine blue (100X magnification; scale bar represents
ely smooth tibial surface with mild proteoglycan loss in the superficial
.

mailto:Image of Fig. 2|tif


Fig. 3 Osteoarthritis and Cartilage

Contributions to the whole joint OA score. [A] Mean OARSI score in the medial compartmenty of knee joints was 12.50 in the control group (n ¼ 6)
and 6.83 in the iron deficient diet group (n ¼ 6; �5.67 difference between means). [B] Mean OARSI score in the lateral compartmenty of knee
joints was 12.20 in the control group (n ¼ 5) and 3.83 in the iron deficient diet group (n ¼ 6; �8.37 difference between means). [C] Mean whole
joint OARSI score for the structure of knee articular cartilagey was 5.40 in the control group (n ¼ 5) and 1.83 in the iron deficient diet group
(n ¼ 6; �3.57 difference between means). [D] Mean whole joint OARSI score for the proteoglycan contenty of knee articular cartilage was 10.20 in
the control group (n ¼ 5) and 4.33 in the iron deficient diet group (n ¼ 6; �5.87 difference between means). [E] Mean whole joint OARSI score for
chondrocyte cellularityy in knee articular cartilage was 7.60 in the control group (n ¼ 5) and 3.83 in the iron deficient diet group (n ¼ 6; �3.77
difference between means). [F] Median whole joint OARSI score for tidemark integrity� was 0.00 in the control group (n ¼ 5) and 0.00 in the iron
deficient diet group (n ¼ 6; 0.00 difference between medians). One animal in the control group did not have an appropriate tissue section
available for histologic assessment of the lateral compartment and was excluded from the lateral compartment OA score and all components
used to determine the whole joint OA score (Fig. 3(B)e(F)).
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Representative images of ADAMTS4 staining in the proximal aspect
of the synovium are provided (Fig. 4(C)e(D)).

Immunohistochemistry of 4-hydroxynonenal-induced protein
adducts

4-HNE is a major product of ROS-induced lipid peroxidation
that subsequently reacts with surrounding cellular structures such
as proteins, creating adducts30. As lipid peroxidation is a major
consequence of iron-mediated ROS30, we evaluated if altering
systemic iron levels affected formation of 4-HNE-induced protein
adducts within knee tissue. Animals receiving an iron deficient diet
had significantly lower IHC scores, and therefore decreased im-
munostaining of 4-HNE adducts, in the meniscus (P < 0.0001;
Fig. 5(A)) and articular cartilage (P ¼ 0.0271; Fig. 6(A)). Congru-
ently, the percentage of cells positive for 4-HNE adducts was

mailto:Image of Fig. 3|tif


Fig. 4 Osteoarthritis and Cartilage

Immunohistochemistry of ADAMTS4 protein adducts in the synovium. [A] The mean IHC score y for ADAMTS4 in synovial tissue was 7.08 in the
control group (n ¼ 6) and 5.00 in the iron deficient diet group (n ¼ 6; �2.80 difference between means). The possible range of IHC scores for the
synovium was 0.00e8.00. [B] The median percentage of cells positive � for ADAMTS4 in the synovium was 100.00% in the control group (n ¼ 6)
and 53.92% in the iron deficient diet group (n ¼ 6; �46.08% difference between medians). [C] Representative image depicting the immuno-
staining of ADAMTS4 in the synovium from a control animal (200X magnification; scale bar represents 20 mM). [D] Representative image depicting
the immunostaining of ADAMTS4 in the synovium from an iron deficient diet animal (200X magnification; scale bar represents 20 mM).
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decreased in the meniscus (P ¼ 0.0001; Fig. 5(B)) and articular
cartilage (P ¼ 0.0193; Fig. 6(B)). Notably, the percentage of cells
positive for 4-HNE adducts in the cartilage was significantly
correlated with both the concentration of iron in knee articular
cartilage (r ¼ 0.69, P ¼ 0.012) and the OARSI whole joint cellularity
score (r ¼ 0.61, P ¼ 0.049). Representative images of 4-HNE adduct
staining are provided (meniscus, Fig. 5(C) and(D); articular carti-
lage, Fig. 6(C) and (D)).

Immunostaining for 4-HNE was detected in synovial tissue for
all animals. In contrast to findings presented for ADAMTS4, no
significant differences in IHC scores or percentage of positive cells
were observed between groups for this tissue type (data not
shown).
Transcript expression of iron trafficking and storage genes

Given these findings, we aimed to determine whether genes
related to cellular iron metabolism were altered in the meniscus
and articular cartilage of animals receiving the iron deficient diet.
Relative to the control group, iron deficient guinea pigs had
significantly higher transcript expression of the cellular iron
importer TFR1within these tissues (P¼ 0.0260; Fig. 7(A)). Similarly,
treated animals had significantly higher transcript counts of the
cellular iron exporter FPN (P ¼ 0.0087; Fig. 7(B)). The mRNA
expression of FTH, a major constituent of the iron storage protein
ferritin (P > 0.9999; Fig. 7(C)), did not significantly change between
groups.

mailto:Image of Fig. 4|tif


Fig. 5 Osteoarthritis and Cartilage

Immunohistochemistry of 4-hydroxynonenal-induced protein adducts in the meniscus. [A] The mean IHC scorey for 4-HNE adducts in meniscal
tissue was 6.50 in the control group (n ¼ 6) and 2.17 in the iron deficient diet group (n ¼ 6; �4.33 difference between means). The possible range
in IHC scores for the meniscus was 0.00e8.00. [B] The mean percent of cells positive for 4-HNE adductsy in meniscal tissue was 65.94% in the
control group (n ¼ 6) and 9.90% in the iron deficient diet group (n ¼ 6; �56.05% difference between means). [C] Representative image depicting
the immunostaining of 4-HNE adducts in the meniscus from the medial compartment of a control animal (200X magnification; scale bar rep-
resents 20 mM). [D] Representative image depicting the immunostaining of 4-HNE adducts in the meniscus from the medial compartment of an
animal receiving the iron deficient diet (200X magnification; scale bar represents 20 mM).
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Discussion

Here, we demonstrated that histologic OA lesions were lessened
in disease-prone Hartley guinea pigs fed a short-term iron deficient
diet for 19 weeks. To our knowledge, this is the first study exam-
ining the effects of an iron deficient diet in a rodent model of pri-
mary OA. In conjunction with our manuscripts demonstrating both
the aggravating effect of iron overload on OA-resistant Strain 13
guinea pigs23 and the benefits of iron chelation in OA-prone Hart-
leys31, this work further supports the theory that systemic iron
status may directly influence knee joint health.
As expected, administration of an iron deficient diet signifi-
cantly reduced iron levels in the serum, liver, and cartilage of study
animals. CBC analysis revealed that guinea pigs receiving the iron
deficient diet exhibited hematologic changes characteristic of early
iron deficiency, such as microcytosis and hypochromia. However,
the extent of iron deficiency did not progress to a clinical anemia, as
evidenced by the hematocrit values within RIs.

While an iron deficient diet is not recommended for long-term
wellbeing, this study offers proof-of-principle data that tempering
ingestion of iron-rich foods and/or supplements may be beneficial
in reducing aging-related knee joint OA. The altered expression of
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Fig. 6 Osteoarthritis and Cartilage

Immunohistochemistry of 4-hydroxynonenal-induced protein adducts in knee articular cartilage. [A] IHC scorey for 4-HNE adducts in knee
articular cartilage was 11.67 in the control group (n ¼ 6) and 7.92 in the iron deficient diet group (n ¼ 6; �3.75 difference between means). The
possible range of IHC scores was 0.00e16.00 as the tibia and femur assessments were combined to yield an overall score for the knee articular
cartilage. [B] The mean percent of cells positive for 4-HNE adductsy in knee articular cartilage was 69.85% in the control group (n ¼ 6) and
31.17% in the iron deficient diet group (n ¼ 6; �38.68% difference between means). [C] Representative image depicting the immunostaining of 4-
HNE adducts in the medial femoral articular cartilage from a control animal (200X magnification; scale bar represents 20 mM). [D] Representative
image depicting the immunostaining of 4-HNE adducts in the medial femoral articular cartilage from an animal receiving the iron deficient diet
(200X magnification; scale bar represents 20 mM). [E] Representative image depicting the immunostaining of 4-HNE adducts in the medial tibial
plateau from a control animal (200X magnification; scale bar represents 20 mM). [F] Representative image depicting the immunostaining of 4-HNE
adducts in the medial tibial plateau from an animal receiving the iron deficient diet (200X magnification; scale bar represents 20 mM).
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Fig. 7 Osteoarthritis and Cartilage

Normalized mRNA counts of genes related to iron metabolism in the meniscus and knee articular cartilage. [A] Median transcript counts of TFR1�

were 13.20 in the control group (n ¼ 6) and 34.86 in the iron deficient diet group (n ¼ 6; 21.66 difference between medians). [B] Median transcript
counts of FPN� were 36.86 in the control group (n ¼ 6) and 76.42 in the iron deficient diet group (n ¼ 6; 39.56 difference between medians). [C]
Median transcript counts of FTH� were 2,294.00 in the control group (n ¼ 6) and 2,179.00 in the iron deficient diet group (n ¼ 6; �114.50
difference between medians).
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two major iron trafficking genes within knee articular cartilage and
meniscus support that systemic iron levels can impact local iron
homeostasis mechanisms within the joint. Indeed, the increased
expression of both the cellular iron importer TFR1 and exporter FPN
suggest that early systemic iron deficiency may have triggered
cellular iron demand and mobilization, respectively, within the
knee environment.

The most striking finding of the current work was a significantly
decreased histologic OA score in the iron deficient diet group. More
specifically, evaluation of individual OARSI score parameters
revealed that therewere differences in ECM structure, proteoglycan
content of articular cartilage, and chondrocyte density between
treatment groups, with the control group exhibiting more cell loss
than animals receiving an iron deficient diet. As body weights were
similar across treatment groups, this finding may be attributed to
the difference in iron content between the two diets.

The serum concentration of two inflammatory biomarkers,
PGE2 and MCP1, were not significantly different between treat-
ments. These results, coupled with similar white blood cell counts
between groups, suggest that an iron deficient diet did not affect
systemic inflammation at the time of study termination. There
are, however, at least two mechanisms explored in this study that
may account for these changes. First, animals receiving an iron
deficient diet had reduced protein expression of the aggrecanase
ADAMTS4 in the synovium relative to those in the control group.
Indeed, ADAMTS4 has been documented to be more highly
expressed by the synovium than the cartilage32 and is upregu-
lated in individuals with OA29. The secretion of ADAMTS4 into
synovial fluid can contribute to joint pathology by degrading
proteoglycans within the cartilage29. As the most significant his-
tologic finding was relatively increased proteoglycan content of
iron deficient animals, reducing iron systemically may have hel-
ped maintain the cartilage by decreasing the enzymatic degra-
dation of the ECM.
Second, it is well-established that iron can directly induce
chondrocyte apoptosis, although this is most widely documented
in the presence of heme iron, as seen with traumatic joint injury
and hemophilic arthropathy14,18. Apart from heme, ROSe including
those produced from iron-mediated reactions e can also prompt
chondrocyte loss and directly damage ECM components33. More
specifically, elevated production of 4-HNE, a product of iron-
mediated lipid peroxidation, is thought to play a role in OA path-
ogenesis34,35. Higher levels of 4-HNE have been demonstrated to
induce chondrocyte apoptosis36, and 4-HNE-modified proteins
have been detected in chondrocytes35 and synovial fluid34 from
human OA patients. In the present study, 4-HNE-induced protein
adducts were reduced in the meniscus and knee articular cartilage
of iron deficient animals, and the percentage of chondrocytes with
4-HNE adducts was significantly correlated with both the cellu-
larity and iron concentration of the cartilage. The lower concen-
tration of iron within knee joints of treated animals may have
decreased the production of ROS and, subsequently, 4-HNE from
lipid peroxidation. As such, decreasing systemic iron levels may
have beneficially modulated iron levels within the knee, resulting
in less tissue damage and cell loss.

Qualitative assessment of microCT images by a veterinary radi-
ologist (AJM) revealed that five animals in the control group
exhibited subchondral bone sclerosis; this was only noted in three
animals receiving the iron deficient diet (data not shown). Indeed,
damage to articular cartilage in OA is often accompanied by sclerosis
in the subchondral bone37. This increase in subchondral bone
thickness decreases the tissue elasticity and causes a reduced ability
to respond to biomechanical forces on the joint, further promoting
joint degeneration38. In support of this, quantitative microCT mea-
surements demonstrated a statistically significant decrease in TMD
of the subchondral trabecular bone occurringwith iron deficiency in
all anatomic regions examined. While epidemiologic studies have
consistently cited a positive association between systemic bone
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mineral density (BMD) and OA39,40, the effect of local subchondral
TMD on OA pathogenesis remains controversial, particularly in
relation to cartilage degeneration. Some studies report that the TMD
of subchondral bone is positively associated with cartilage degen-
eration41 and/or an increased risk of knee replacement surgery42 in
those affectedbyOA. Conversely, separate studieshave reported that
subchondral TMD is unable to predict cartilage loss43 in patients
affectedbykneeOA.Onepotential source of thesediscrepanciesmay
be the lack congruency between studies, such as diverging locations
evaluated and/or the utilization of different imaging methods.
Further, subchondral bone has been documented to undergo asyn-
chronous periods of tissue breakdown and subsequent replacement
during OA pathogenesis38. As such, the relative density of sub-
chondral bone may vary based on the stage of disease progression
and timing of microarchitecture measurements.

Overall, the statistical differences in microCT measurements
noted between the groups suggests an influence of systemic iron
levels on bone. Human population studies have found a positive
association between BMD and serum ferritin levels44,45 as well as
with dietary iron intake in postmenopausal women46. Similarly, an
epidemiologic study reported that human patients with iron defi-
ciency anemiaweremore likely to have osteoporosis than age- and-
gender matched individuals with sufficient systemic iron levels47;
comparable results were documented for the BMD of male Wistar
rats fed an iron deficient diet48. Together, these studies offer evi-
dence that systemic iron levels have a positive relationship with
BMD. However, the positive relationship between iron levels and
BMD has limitations, as genetic iron overload conditions, such as
hereditary hemochromatosis and thalassemia, are commonly
associated with lower bone density49 and osteoporosis50; this is
attributed to increased osteoclast activity in conditions of clinical
iron excess49. Collectively, these studies highlight the narrow range
of iron levels required for appropriate bone homeostasis. Future
studies should continue to explore the relationship between sys-
temic iron levels and bone density, particularly within the context
of idiopathic OA.

The results from this proof-of-principle study suggest that
systemic iron reduction, achieved through an iron deficient diet,
delayed the onset and/or progression of cartilage lesions in an OA-
prone Hartley guinea pigs. Based on our findings, we hypothesize
that this reduction in cartilage degeneration was attributed to
decreased levels of ADAMTS4 and oxidant damage locally within
knee joints. However, there are notable confines to this work. First,
the consumption of an iron deficient diet is not ideal for overall
long-term health. Future studies should examine the effects of
longer-term and/or intermittent dietary iron reduction (versus
deficiency) on the development of OA-associated cartilage lesions;
this approach may also be viable for hereditary hemochromatosis.
Second, we do not anticipate that this therapy will translate to
heme-related arthropathies such as acute trauma or hemophilic
arthropathy, as dietary approaches are not likely to be timely or
impactful enough to combat the influx of iron-rich blood associ-
ated with these conditions. Next, the current work was completed
in males, only, with a sample size powered for histopathology;
continued research will include female animals and a higher
sample size to assess for potential sex differences and secondary
outcomes such as transcript expression, respectively. Finally,
additional work is also planned to elucidate the effects of systemic
iron levels on additional cellular iron trafficking molecules within
the joint and investigate OA-related gene expression in non-FFPE
tissue. Such studies will improve our understanding of how iron
contributes to development of idiopathic OA and may open the
door to exploring novel treatments for this widespread and
debilitating disease.
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