
Red blood cell exposure increases chondrocyte susceptibility to oxidative 
stress following hemarthrosis

Andy J. Lee ⁎, Lianna R. Gangi ⁎, Fereshteh Zandkarimi †, Brent R. Stockwell † ‡, 
Clark T. Hung ⁎ § ⁎

⁎ Department of Biomedical Engineering, Columbia University, 351 Engineering Terrace, Mail Code 8904, 1210 Amsterdam Avenue, New York, NY, USA 
† Department of Chemistry, Columbia University, 216 Havemeyer Hall, 3000 Broadway, Mail Code 3183, New York, NY, USA 
‡ Department of Biological Sciences, Columbia University, 1208 NWC Building, 550 West 120th St. M.C. 4846, New York, NY, USA 
§ Department of Orthopaedic Surgery, Columbia University, New York, NY, USA 

a r t i c l e  i n f o

Article history: 
Received 13 December 2022 
Accepted 13 June 2023

Keywords: 
Hemarthrosis 
Hemophilic arthropathy 
Iron 
Erythrocyte 
Ferroptosis

s u m m a r y

Objective: The detrimental effects of blood exposure on articular tissues are well characterized, but the 
individual contributions of specific whole blood components are yet to be fully elucidated. Better under
standing of mechanisms that drive cell and tissue damage in hemophilic arthropathy will inform novel 
therapeutic strategies. The studies here aimed to identify the specific contributions of intact and lysed red 
blood cells (RBCs) on cartilage and the therapeutic potential of Ferrostatin-1 in the context of lipid changes, 
oxidative stress, and ferroptosis.
Methods: Changes to biochemical and mechanical properties following intact RBC treatment were assessed 
in human chondrocyte-based tissue-engineered cartilage constructs and validated against human cartilage 
explants. Chondrocyte monolayers were assayed for changes to intracellular lipid profiles and the presence 
of oxidative and ferroptotic mechanisms.
Results: Markers of tissue breakdown were observed in cartilage constructs without parallel losses in DNA 
(control: 786.3 (102.2) ng/mg; RBCINT: 751 (126.4) ng/mg; P = 0.6279), implicating nonlethal chondrocyte 
responses to intact RBCs. Dose-dependent loss of viability in response to intact and lysed RBCs was ob
served in chondrocyte monolayers, with greater toxicity observed with lysates. Intact RBCs induced changes 
to chondrocyte lipid profiles, upregulating highly oxidizable fatty acids (e.g., FA 18:2) and matrix disrupting 
ceramides. RBC lysates induced cell death via oxidative mechanisms that resemble ferroptosis.
Conclusions: Intact RBCs induce intracellular phenotypic changes to chondrocytes that increase vulner
ability to tissue damage while lysed RBCs have a more direct influence on chondrocyte death by me
chanisms that are representative of ferroptosis.

© 2023 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved. 

Introduction

Hemarthrosis, or bleeding of the joint space, can occur sponta
neously such as is in the case of hemophilia patients, with the 12- 
month prevalence reaching one-third of children (age < 18 years) 
and two-thirds of adults (age ≥ 18 years) despite current treatments 

as demonstrated in a 2018 retrospective database study1. In addition, 
hemarthrosis can result from traumatic joint injury, such as anterior 
cruciate ligament (ACL) or meniscal tears and also as a postoperative 
comorbidity of common orthopedic procedures (e.g., osteochondral 
autograft transplantation and ACL reconstruction)2–4. Clinical ob
servations have estimated the relative volume of infiltrating blood to 
reach 100% (v/v) in the synovial fluid, as the volume of synovial fluid 
is negligible in comparison to infiltrating blood5. In support of 
strategies to mitigate the impacts of joint bleeding, Myers and co- 
workers found that 69% of dogs exhibited synovitis in the osteoar
thritic knee 10 weeks after ACL transection. However, when elec
trocautery and irrigation to remove intra-articular blood prior to 
joint closure were implemented to maintain homeostasis, synovitis 
was present in only 24% of knees at the same timepoint. Iron 
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deposits were present in 75% of synovial samples obtained after 
routine ACL transection, but in only 6% when homeostasis was 
maintained6. It is speculated that together with reports showing 
better functional outcomes in patients who undergo immediate re
pair of the ACL following transection compared to those who receive 
delayed (6 weeks postinjury) repair, that joint bleeding effects may 
contribute to the development of post-traumatic osteoarthritis in 
not only patients who suffer from ACL transection, but also other 
common orthopedic injuries7,8.

While extravasated whole blood is rapidly cleared out by the 
barrier functions of the synovial membrane, even singular bleeding 
episode has been demonstrated to initiate the inflammatory cascade 
leading to downstream tissue changes such as hyperplasia and neo- 
angiogenesis through the development of hemosiderotic syno
vium.2,9 Furthermore, in vivo preclinical canine models of acute joint 
bleeds as well as ex vivo analyses of blood-affected human cartilage 
have revealed rapid and irreversible changes to cartilage and syno
vium that are representative of early-stage osteoarthritis.10,11 Blood- 
induced tissue changes include collagen (COL) loss and proteoglycan 
release from the cartilage extracellular matrix (ECM) as well as 
evidence of synovial filtration failure such as the presence of he
mosiderin deposits and the upregulation of iron regulators (e.g., 
ferroportin, heme carrier protein-1). In addition, the pro-in
flammatory changes to synovial tissue architecture include pannus 
formation, hypertrophy, and villous proliferation as evidenced by 
histopathological staining12,13. Inflamed synovium is highly pro
ductive in a feed-forward manner and further contributes to main
taining a pro-inflammatory environment through the production of 
cytokines, proangiogenic factors, matrix degradation enzymes, as 
well as immune cell-recruiting chemokines14. While the broader 
catabolic tissue changes due to whole blood exposure have been well 
documented, the mechanisms by which individual blood compo
nents drive them are yet to be fully elucidated. As such, previous 
research has aimed to identify the specific contributions of whole 
blood factors through direct and indirect interactions with joint 
tissues, such as through modulation of paracrine factors5,15,16.

Intraarticular iron is of particular interest due to its key roles in 
cellular regulatory cycles and its capacity to produce free hydroxyl 
radicals in the presence of hydrogen peroxide, which is upregulated 
by chondrocytes following blood exposure17–20. These broad spec
trum reactive oxygen species (ROS) have been implicated in blood- 
induced chondrocyte death through caspase activation leading to 
chondrocyte apoptosis15,21. In addition, iron-generated ROS, their 
induction of lipid peroxidation, and the inactivation of glutathione 
peroxidase 4 have been shown to contribute to osteoarthritis pro
gression independent of joint bleeding via ferroptosis, an iron-de
pendent form of lytic cell death22–24. Biomarkers for both of these 
cell death mechanisms, including caspase activation and lipid per
oxidation for apoptosis and ferroptosis, respectively, have been 
identified in clinical osteoarthritic samples of human cartilage and 
synovial fluid. These distinct cell fates may serve as parallel path
ways following blood exposure that lead to common tissue-level 
osteoarthritic features that have been observed following hemar
throsis25–27.

The studies presented here build on previously reported me
chanisms of chondrocyte death following iron and whole blood 
treatment and assess in depth, the specific contributions of red 
blood cells (RBCs) on cartilage in the context of pro-ferroptotic 
mechanisms in hemophilic arthropathy (Fig. 1). First, the direct 
cellular effects of intact RBCs (RBCINT) were assessed in an in vitro 
model of hemophilic arthropathy using human chondrocyte-gener
ated tissue-engineered cartilage (Study 1)28,29. Key results from 
Study 1 indicated loss of cartilage biochemical and mechanical 
properties without parallel decreases to DNA content following 
RBCINT treatment. As such, it was hypothesized that RBCINT 

treatment induces nonlethal chondrocyte mechanisms via soluble 
paracrine factors that increase susceptibility to tissue deterioration 
while intracellular RBC components such as iron induce direct lethal 
responses in chondrocytes, given previously published reports on 
the toxicity of iron-generated ROS30–32. Because RBCs are both 
sources of inflammatory cytokines and stimulatory soluble factors as 
well as key transporters of iron, isolated chondrocyte monolayers 
were treated with both RBCINT (Study 2) as well as red blood cell 
lysates (RBCLYS) (Study 3) to elucidate their individual contributions 
to chondrocyte damage. Both intact RBCs and RBC lysates were in
cluded in this investigation, as both blood and blood components are 
implicated in blood-induced joint damage and rationale for the 
latter is further supported by the presence of hemosiderotic syno
vium following hemarthrosis cases in both hemophilic and non
hemophilic patients2,13,33,34. Furthermore, RBCs are subject to 
releasing up to 2.5 × 108 molecules of hemoglobin per cell upon 
senescence or lysis due to physical and cellular insults, leading to 
potential cartilage toxicity driven by intracellular iron35,36. We di
rectly link blood components to ROS-mediated and ferroptotic me
chanisms and demonstrate the multimodal nature of RBC-induced 
damage to cartilage that contributes to the clinically-observed fea
tures of hemophilic arthropathy. Ferrostatin-1, a radical trapping 
lipophilic antioxidant, was also assessed for its therapeutic potential 
in mitigating cellular damage driven by RBC-, and subsequently, iron 
exposure37. It was hypothesized that RBCs, as well as their in
tracellular components, are contributors to the cartilage damage 
observed in patients with hemophilic arthropathy. A deeper me
chanistic understanding of RBC-induced chondrocyte death will in
form novel therapeutic targets and strategies for patients suffering 
from this condition. Moreover, these studies may have implications 
on ameliorating the contribution of joint bleeding on the develop
ment of post-traumatic osteoarthritis.

Methods

Materials and reagents

Dulbecco’s modified Eagle medium (DMEM, Product No. 
11965092), human fibroblast growth factor-2 (FGF-2, Product No. 
PHG0026), transforming growth factor beta-1 (TGFβ-1, Product No. 
PHG9214), antibiotic–antimycotic (A/A, Product No. 15240062), 
MitoSOX mitochondrial superoxide indicator (Product No. M36008), 
and BODIPY 581/591 C11 (Product No. D3861) were purchased from 
ThermoFisher Scientific. Type VII agarose (Product No. A4018), L- 
proline (Product No. P5607), L-ascorbic acid (Product No. A8960), 
sodium pyruvate (Product No. S8636), dexamethasone (Product No. 
D4902), 1S,3R-RSL3 (RSL3, Product No. SML2245), and Ferrostatin-1 
(Product No. SML0583) were purchased from Sigma-Aldrich. Fetal 
bovine serum (FBS, Product No. S11150) and transforming growth 
factor beta-3 (TGFβ-3, Product No. 243B3200) were purchased from 
R&D Systems.

Chondrocyte isolation and culture

Human cartilage grafts were obtained from MTF Biologics 
(Edison, NJ) following allograft expiration and from a deceased 
donor (NDRI Protocol #RHUC1-01) (Table 1). Primary chondrocytes 
were isolated by digesting cartilage pieces in type II collagenase for 
16 h at 37 °C and were subsequently cultured in DMEM supple
mented with 10% FBS, 1% A/A, 5 ng/mL FGF-2, and 1 ng/mL TGFβ-1. 
All cells were used between passage 1 and passage 4, as loss of 
chondrogenic phenotype has been observed beyond passage 538. All 
experiments were conducted in serum-free chemically-defined 
media (CM), consisting of DMEM supplemented with 1% insulin- 
transferrin-selenium, 100 μg/mL sodium pyruvate, 50 μg/mL L- 
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Donor Age Sex Donor tissue source Cartilage condition Notable comorbidity Used in study #

D1 17 Male Expired graft (MTF Biologics) Healthy None Study 1, 2
D2 31 Male Expired graft (MTF Biologics) Healthy None Study 2, 3
D3 35 Male Expired graft (MTF Biologics) Healthy None Study 2
D4 39 Male Deceased donor (NDRI) Healthy Scleroderma Native tissue validation

Table 1                                                                                                      

Donor information and allocation in outlined studies  

Fig. 1                                                                                                         

Overview of experimental designs.
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proline, 1% A/A, 5 ng/mL FGF-2, and 1 ng/mL TGFβ-1 to maintain 
chondrogenic phenotype.

RBC isolation and lysate formation

O+ leukocyte-reduced whole human blood was purchased from 
the New York Blood Center for each separate study and used no later 
than 2 days postcollection. Blood from one new donor was used for 
each study. Erythrocytes were separated using the Ficoll-Paque 
technique and purified by three cycles of washing and centrifugation 
at 800×g with cold Phosphate Buffered Saline (PBS). Isolated RBC’s 
were lysed to extract intracellular blood components as previously 
described39. RBC lysates were either used fresh for experiments or 
frozen at −80 °C for future use. Fresh intact RBCs were applied on day 
of treatment.

Engineered cartilage responses to RBC treatment (Study 1)

Chondrocytes from donor D1 were seeded in 2% agarose hydrogel 
sheets at a density of 30 × 106 cells/mL and cylindrical engineered 
cartilage constructs were formed using sterile 4 mm biopsy punches. 
Constructs were cultured to maturity for 28 days in CM supple
mented with 50 μg/mL L-ascorbic acid, 100 nM dexamethasone, and 
10 ng/mL TGFβ-3 as previously described28. Engineered constructs 
were treated with CM  ±  20% (v/v) RBCINT for 4 days (N = 5 control, 
N = 6 RBCINT) and assessed for changes in mechanical and bio
chemical properties. Following experimental treatment, samples 
were weighed, frozen overnight at −20 °C, and subsequently lyo
philized for 48 h until completely dry at −50 °C. Sample dry weights 
(DW) were measured prior to proteinase K digestion (0.5 mg/mL in 
proteinase K buffer) for 16 h. The biochemical compositions of car
tilage tissues were determined through measurements of glycosa
minoglycans (GAG), COL, and DNA using the dimethylmethylene 
blue, orthohydroxyproline, and PicoGreen assays, respectively. DNA 
was normalized to sample DW and GAG and COL content were 
normalized to sample DNA to reflect cellular production. Engineered 
cartilage constructs were also assessed for changes to equilibrium 
and dynamic moduli as well as markers of tissue breakdown (e.g., 
Media GAG and nitric oxide production by Griess Assay), which were 
normalized to construct volumes.

Chondrocyte viability in response to RBC treatment

Chondrocytes from donor D1 were plated on glass bottom dishes 
at a density of 50,000 cells per well and allowed to attach and 
proliferate for 24 h in culture media. On the day of treatment, culture 
media was removed and cells were washed twice with fresh PBS. 
Chondrocyte monolayers (N = 4/treatment) were cultured for 48 h in 
CM + 0, 6.3, 12.5, 20%, or 25% (v/v) of either RBCINT or RBCLYS and 
assessed for viability using 2 μM Calcein-AM and 4 μM ethidium 
homodimer-1 as indicators of live and dead cells, respectively. Based 
on viability results, it was deemed that 20% (v/v) was the minimum 
concentration of lysates to induce significantly greater toxicity than 
intact RBCs and was used for subsequent lipidomics analyses and 
measures of oxidative stress.

Intracellular changes to chondrocytes following treatment with RBCINT 

(Study 2)

Blood-induced changes to chondrocyte monolayers were as
sessed in more depth via metabolomic analysis of chondrocyte ly
sates. Chondrocyte monolayers from donors D1, D2, and D3 were 
treated with CM or CM + 20% RBCINT (v/v)  ±  10 μM Ferrostatin-1 for 
48 h and subsequently lysed to isolate intracellular lipids by phase 
separation. A monolayer from each independent donor was treated 

under each condition. Isolated lipids were analyzed on an Acquity 
UPLC I-Class chromatograph coupled to a high-resolution quadru
pole time-of-flight mass spectrophotometer, Synapt G2 and identi
fied using the metabolite mass spectral database, METLIN40,41.

Assessment of ROS-mediated mechanisms following RBCLYS treatment 
(Study 3)

The production of mitochondrial superoxides was assessed by 
MitoSOX staining of chondrocyte monolayers from donor D2 treated 
with CM + 20% (v/v) RBCLYS or an equivalent concentration of solu
bilized ferric ammonium citrate  ±  10 μM Ferrostatin-1. Cells were 
counterstained using Hoescht 33342 dye according to manufacturer- 
recommended dilutions. To assess chondrocyte lipid peroxidation, 
near-confluent chondrocyte monolayers from the same donor were 
treated with CM + 20% (v/v) RBCLYS ±  10 μM Ferrostatin-1. 
Fluorescent visualization and quantification of lipid peroxidation 
were conducted using a BODIPY C-11581/591 probe by taking the re
lative fluorescence emission peaks at λEx = 590 nm and λEx = 510 nm 
for individual cells. The ferroptosis inducer, RSL3 (2 μM), was applied 
as a positive control for the lipid peroxidation probe.

Cross-validation in native human explants

Native cartilage explants from donor D4 were treated with 20% 
(v/v) RBCINT ±  10 μM Ferrostatin-1 for 4 days and assessed for 
changes in mechanical and biochemical properties as was conducted 
for tissue-engineered cartilage in Study 1. The production of mi
tochondrial superoxides was further confirmed by MitoSOX staining 
of superficial layer cartilage taken from three different regions fol
lowing treatment with CM + 20% (v/v) RBCLYS ±  10 μM Ferrostatin-1 
as described in Study 3.

Statistical analyses

Data were checked for normality using the Shapiro-Wilk test and 
for homoscedasticity. Heteroscedastic data were log-transformed 
prior to statistical analysis. Differences in construct and explant 
properties, as well as cell viability and lipid peroxidation were de
termined using a Student’s t-test for equal variances and Welch’s t- 
test for unequal variances or one-way ANOVA followed by Tukey’s 
posthoc test for multiple comparisons. Data are presented in figures 
as mean  ±  standard deviation (SD), and reported in the text as the 
95% confidence intervals (CI) for the differences of means. Lipid 
signal intensities were log-transformed and analyzed using 
Friedman’s test followed by Dunn’s correction for multiple com
parisons. Data are presented as median  ±  95% CI. Statistical analyses 
were performed on R (R Core Team, 2019) and GraphPad Prism 
9.0 (α  <  0.05).

Results

Intact RBC-induced changes to engineered cartilage (Study 1)

Engineered cartilage constructs following experimental treat
ment were statistically similar in diameter (RBCINT vs. Control 95% 
CI: [−0.0966, 0.1946], P = 0.4659), although height was decreased 
following intact RBC exposure (RBCINT vs. Control 95% CI: [−0.1162, 
−0.0078], P = 0.0293) (Fig. 2A). DNA content was not significantly 
decreased in cartilage constructs treated with intact RBCs (RBCINT vs. 
Control 95% CI: [−194.6, 123.9], P = 0.6279). Similarly, quantification 
of matrix components, GAG (RBCINT vs. Control 95% CI: −0.0739, 
0.1936], P = 0.3379) and COL (RBCINT vs. Control 95% CI: [−0.0058, 
0.0011], P = 0.1497) were not statistically different in both control 
and experimentally treated constructs (Fig. 2B). However, 
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measurements of cartilage breakdown and mechanical properties 
were significantly changed in RBCINT-treated constructs. The me
chanical properties of cartilage constructs were significantly de
creased following intact RBC treatment, as measured by both 
Young’s modulus (RBCINT vs. Control 95% CI: [−111.4, −15.39], 
P = 0.0153) and dynamic modulus (RBCINT vs. Control 95% CI: 

[−0.4497, −0.0112], P = 0.0414) (Fig. 2C). Both the production of nitric 
oxide (RBCINT vs. Control 95% CI: [0.3541, 1.034], P  < 0.0001) and 
release of GAG (RBCINT vs. Control 95% CI: [0.0434, 0.9317], 
P =0.0348) into the culture media were significantly elevated in 
RBCINT-treated constructs, indicating statistically significant cata
bolic and pro-inflammatory tissues to RBC-treated tissues (Fig. 2D).

Fig. 2                                                                                                         

Changes to tissue-engineered cartilage constructs following RBCINT treatment. Tissues were assessed for changes to (A) physical changes, (B) 
biochemical and (C) mechanical properties, as well as for (D) evidence of tissue deterioration. Bars represent mean  ±  SD. 

Fig. 3                                                                                                         

Assessment of RBC-induced changes to chondrocyte viability. (Left) Confocal imaging of chondrocyte monolayers following treatment with 
increasing concentrations of RBCINT and RBCLYS. (Right) Quantification of chondrocyte viability following RBC-treatment. Viability was quantified 
by taking the percentage of ethidium homodimer-1 (λEm = 617 nm) intensity with respect to the total fluorescence intensity including Calcein-AM 
(λEm = 517 nm). Bars represent mean  ±  SD. #P  <  0.001, ##P  <  0.0001 between RBCINT and RBCLYS.
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Loss of chondrocyte viability depends on RBC integrity

Chondrocyte monolayers exhibited a significant dose-dependent 
loss of viability following both RBCINT and RBCLYS treatment as 
quantified by taking the ratio of the ethidium homodimer-1 (λEm = 
617 nm) channel to the total fluorescence intensity including 
Calcein-AM (λEm = 517 nm) (Fig. 3). However, those treated with RBC 
lysates exhibited a significantly lower viability at 25% than their 
intact counterparts, indicating differential responses of chon
drocytes to intact RBCs perhaps due to their secreted factors, and to 
intracellular RBC lysates such as iron.

Metabolomic changes to chondrocytes following RBCINT treatment 
(Study 2)

Lipidomic analysis of chondrocytes following RBC treatment de
monstrated widespread increases in fatty acids (FA), phosphati
dylcholines (PC), phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), ceramides (Cer), and hexosylceramides 
(HexCer), which were mitigated by the addition of Ferrostatin-1 
(Fig. 4A). The chromatography signal intensities of selected lipid 
species that have been demonstrated to contribute to chondrocyte 
pathology were found to be significantly elevated in blood-treated 
groups (Fig. 4B).

RBCLYS treatment of chondrocytes induces changes representative of 
ferroptosis (Study 3)

Intracellular lipid peroxidation was probed using the BODIPY C- 
11581/591 dye according to manufacturer instructions. A ferroptosis- 
inducer, RSL3, was used as a positive control for the probe. The re
lative fluorescence intensity of the FITC (λ = 510 nm) channel com
pared to the Texas Red (λ = 590 nm) channel was quantified as a 
measure of relative oxidation. Chondrocytes treated with RSL3 ex
hibited significantly higher oxidation than all other groups 
(P  <  0.0001) and confirmed proper assay function. RBCLYS treatment 
induced a significantly increased oxidation state in chondrocytes, 
which was mitigated by Ferrostatin-1 treatment (P  <  0.0001) 
(Fig. 5A). The production of mitochondrial reactive oxygen species 
(mROS) was also assessed in RBCLYS- and iron-treated chondrocytes. 
Both ferric iron and RBC lysates induced production of mROS as well 
as mitochondrial fragmentation, which were reduced with Ferros
tatin-1 (Fig. 5B).

Validation of biochemical changes and mitochondrial ROS production in 
native cartilage

DNA content was not statistically different in human cartilage 
explants treated with RBCINT compared to those treated with RBCINT 

+ Ferrostatin-1 (RBCINT vs. RBCINT + Ferrostatin-1 95% CI: [−2.616, 
134.3], P = 0.0595) or under control conditions (RBCINT vs. Control 
95% CI: [−28.13, 121.9], P = 0.2507). GAG was significantly reduced in 
RBCINT-treated explants compared to control (RBCINT vs. Control 95% 
CI: [−0.3513, −0.0138], P = 0.0262), and Ferrostatin-1 treatment de
monstrated an opposite trend (RBCINT vs. RBCINT + Ferrostatin-1 95% 
CI: [−0.2809, 0.0272], P = 0.1102). COL decreased, though not sig
nificantly in RBCINT-treated explants compared to control (RBCINT vs. 
Control 95% CI: [−1.619, 0.2160], P = 0.1419), while Ferrostatin-1 
treatment significantly elevated normalized COL content (RBCINT vs. 
RBCINT + Ferrostatin-1 95% CI: [−1.944, −0.2691], P = 0.0088) (Fig. 6A). 
Mitochondrial ROS production, as visualized with MitoSOX staining, 
was also elevated in RBCLYS-treated cartilage explants compared to 
their control and Ferrostatin-1-treated counterparts (Fig. 6B).

Discussion

Hemarthrosis of the knee is clinically observed in both traumatic 
(e.g., joint injury and surgery) and nontraumatic (e.g., hemophilia) 
cases, wherein the management of joint bleeds especially has been a 
subject of debate, especially in postoperative hemarthrosis. 
Mechanisms of joint damage following both singular and repeated 
cases of hemarthrosis, such as the loss of cartilage GAG and the 
formation of hypertrophic synovium have been implicated in the 
long-term degenerative changes to the joint space and in the con
tribution to the development of post-traumatic osteoarthritis in 
patients who undergo routine orthopedic procedures8,42. However, 
the cellular mechanisms that may contribute to the development of 
hemophilic arthropathy following blood exposure to the joint are yet 
to be fully elucidated. To this end, the harmful effects of blood- and 
iron-exposure on joint health have been broadly explored in vitro as 
well as in vivo using both human tissues and canine 
models5,11,15,43–47. Iron is widely implicated in osteoarthritis pro
gression and synovial iron deposition is a common feature in he
mophilic patients30. Synovium from hemophiliacs demonstrate 
significantly elevated production of pro-inflammatory cytokines, and 
targeting of their receptors has been studied as potential therapies 
for hemophilic arthropathy30,44,48. In addition, lipid peroxidation 
end-products in the synovial fluid of osteoarthritis patients and their 
catabolic changes to cartilage ECM have been reported in the sy
novial fluid of osteoarthritic patients26,27,49. To expand on the results 
of previously published results, we sought to explore the specific 
modulatory effects of RBCs in an in vitro human-tissue based model 
of hemophilic arthropathy.

First, the loss of functional properties of cartilage was confirmed 
following exposure to intact RBCs through measurements of bio
chemical content, mechanical properties, and tissue inflammation 
and integrity. Interestingly, decreases in ECM content and mechan
ical properties, as well as a stronger inflammatory response without 
parallel loss of tissue cellularity, were observed in cartilage tissues, 
suggesting a shift in the anabolic and catabolic activities following 
intact RBC exposure. This may be attributed to the paracrine sig
naling capacity of RBCs through pro-inflammatory cytokines and 
other soluble factors that drive pro-catabolic pathways, which is 
supported by recent work by Karsten and colleagues, wherein con
ditioned media generated from intact RBC’s consisted of consider
able pro-inflammatory soluble factors32. Pro-catabolic changes to 
chondrocytes following blood exposure were also observed in our 
cultures, through downregulated gene expression of aggrecan, COL 
type II, interleukin-10, combined with upregulation of matrix me
talloproteinase-14, which is involved in tissue turnover and elevated 
disease-states50.

In monolayer culture, greater cell toxicity was observed in 
chondrocyte monolayers treated with RBC lysates than their intact 
counterparts, and as such, the nonlethal modulatory role of intact 
RBCs was examined through metabolomic analyses of chondrocyte 
lipid profiles in the context of ferroptosis. Lipids are key players in 
ferroptosis and assessments of cellular lipid profiles have been 
widely used as indicators of cellular state in both primary cell 
monolayers and three-dimensional pellets51,52. Ceramides at high 
concentrations are implicated in downregulation of type II COL by 
shifting the homeostatic balance toward matrix catabolism53. FAs 
are the principal offenders in lipotoxicity and apoptosis induction in 
articular cartilage. FA 18:2 is highly oxidizable and has been shown 
to directly affect COL ratios in cardiac muscle as well as to indirectly 
modulate neurotransmission following ischemic brain injury 
through its metabolites54–56. Our assessment of lipid profiles in RBC- 
affected chondrocytes revealed significant increases in a variety of 
FAs, ceramides, as well as phosphatidyl-cholines, -ethanolamines, 
and -glycerol. As such, the detrimental effects of erythrocyte 
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Fig. 4                                                                                                         

(A) Heatmap of significantly elevated lipid species in chondrocytes in responses to RBCINT treatment and mitigation by Ferrostatin-1. Each row 
represents the detected lipid species. Each column represents a sample. The relative abundance of each lipid is color-coded, with blue in
dicating high signal intensity and brown indicating low signal intensity. (B) Liquid chromatography - mass spectrometry (LC-MS) signal intensities 
of selected lipid species. Bars represent median  ±  95% CI. FA: Free fatty acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: 
phosphatidylglycerol; Cer: ceramide; HexCer: HexosylCer.
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exposure on chondrocytes may be two-fold: an indirect toxicity from 
paracrine factors secreted by intact RBCs that shifts the cellular 
profile toward one that is more susceptible to oxidation and matrix 
degradation, as well as a direct loss of cell viability in response to 
RBC lysates such as iron.

The direct, pro-inflammatory, and cytotoxic functions of in
tracellular RBC components, particularly iron, were further assessed 
through treatment of chondrocytes with RBC lysates in Study 3. 
Increased lipid peroxidation and mitochondrial ROS expression were 
observed in chondrocytes treated with iron and RBC lysates com
pared to control, implicating the potential role of ferroptosis in RBC- 
exposed cartilage. Ferroptosis has been previously shown to con
tribute to osteoarthritis progression following treatment with IL1β- 
and ferric ammonium citrate treatment in both isolated murine 

chondrocytes as well as in an in vivo destabilized medial meniscus- 
induced osteoarthritis model, with rescue by Ferrostatin-123. Treat
ment with Ferrostatin-1 in our assessments also demonstrated si
milar therapeutic capabilities by protecting chondrocytes and 
cartilage against detrimental changes to lipid profiles as well as ROS 
production and lipid peroxidation. The results from this present 
study expand the pro-ferroptotic findings in the murine model to 
human chondrocytes as well as native human cartilage explants and 
demonstrate the direct contribution of erythrocytes on chondrocyte 
death on multiple fronts. As such, we accept the hypothesis that 
both intact and lysed RBCs are contributors to the cartilage damage 
observed following hemarthrosis.

However, there are a few limitations, one of which was the lack of 
available autologous blood for all studies and as a result, separate 

Fig. 5                                                                                                         

(A) Lipid peroxidation induced by RBCLYS measured by the BODIPY C-11581/591 probe using the ferroptosis inducer, RSL3, as a positive control. 
The ratios of the intensity of oxidized undecanoic acid (Ex/Em: 488/510 nm) to the intensity of reduced undecanoic acid (Ex/Em: 581/591 nm) 
were measured for individual cells (N = 28–44 cells). †P  <  0.0001. §P  <  0.0001 vs. RSL3. (B) Visualization of mitochondrial superoxides in re
sponse to iron and RBCLYS treatment and assessment of the therapeutic capacity of Ferrostatin-1. Yellow arrows indicate presence of mi
tochondrial superoxides induced by RBCLYS and iron treatment.
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batches of homologous blood were used for studies 1–3. However, 
autologous blood was used in the validation using human explant 
cartilage and resulted in similar trends as tissue-engineered carti
lage treated with homologous blood. These results were in agree
ment with previously published literature using both autologous and 
homologous blood in an in vivo canine and in an in vitro human 
model of blood-induced joint damage45,57,58. In addition, while the 
studies described here were validated against human explants from 
a single healthy donor, they employed human-based engineered 
cartilage and chondrocytes, and are limited by the lack of clinical 
controls (e.g., explants from patients with hemophilic arthropathy). 
Studies 2 and 3 were only performed on chondrocyte monolayers 
due to technical difficulties in isolating chondrocytes from agarose 
hydrogels and will be further explored to expand these findings to 
3D culture systems. While we performed four different in vitro ex
perimental studies, utilizing an aggregate of four cartilage donors 
and four blood donors, which consistently demonstrated ferroptotic 
mechanisms in blood-mediated chondrocyte cell death, the paucity 
of available human cells and tissues is a major limitation. Studies 1, 

3, and 4 were conducted using only one biological replicate and 
Study 2 incorporated three donors, and as such, these results are 
subject to variance in the underlying population as well as variability 
in the interactions between cartilage–blood donor pairings. Future 
studies will aim to increase the number of cartilage donors, strate
gically administer Ferrostatin-1 during a therapeutic window fol
lowing a joint bleed, and optimize concentrations through 
dose–response studies. This can potentially be done through the 
sustained release of therapeutics as previously described by us and 
others, and as is employed in the clinic for treatment of joint dis
eases such as osteoarthritis59–62.
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Fig. 6                                                                                                         

(A) Changes to the DNA, GAG, and COL content of native cartilage explants following RBCINT treatment and 10 µM Ferrostatin-1. Bars represent 
mean  ±  SD. (B) MitoSOX staining for mitochondrial superoxides (yellow arrows) in human cartilage explants treated with RBCLYS ±  10 µM 
Ferrostatin-1.
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