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Abstract: Objective: Joint injury precipitates post-traumatic osteoarthritis (PTOA) via chon-
drocyte mitochondrial oxidative damage. Carbon monoxide (CO) is a small molecule with
potent antioxidant and mitochondrial benefits in other tissues that have not been explored
in healthy chondrocytes. We hypothesized that CO would subvert the mitochondrial effects
of articular cartilage injuries upon resident chondrocytes. Design: We evaluated intra-
articular delivery of a novel carbon monoxide-containing foam (COF). We used in vitro
impact injuries to explore mitochondrial and redox endpoints after CO exposure. We then
applied intra-articular injections of COF or control room air foam (RAF) to assess safety,
efficacy, and other intra-articular responses. Results: COF increased the expression of HO1
and mitofusin-1 within 1 h and this increase was sustained for 12 h in vitro. COF increased
chondrocyte mitochondrial respiration by 40% and increased reduced (not oxidized) thiols
by 50% following in vitro injury to osteochondral explants. After cartilage injury, COF
prevented the formation of 3-nitrotyrosine and the loss of articular chondrocyte mitochon-
dria. When injected intra-articularly, COF was retained for 24 h post-injection in mouse
stifle joints. It increased HO1 in those joints, enhanced reduced thiol levels in rabbit stifle
joints, and exhibited no toxicity 1 and 4 weeks after injection. Conclusions: This study
supports the hypothesis that CO functions as an antioxidant for articular chondrocytes
by supporting mitochondria and intracellular GSH in the presence or absence of cartilage
injury. Challenges in delivering exogenous CO have limited its preclinical development,
but new CO-releasing materials like COF may enable new examinations of this promising
small molecule.

Keywords: cartilage; carbon monoxide; mitochondria; glutathione; monochlorobimane

1. Introduction
PTOA is a debilitating joint disease that can develop after a joint injury. Injuries to

articular cartilage are known to initiate oxidative damage to resident articular chondrocyte
mitochondria over the first few hours after injury [1,2]. Similar damage to chondrocytes
can result from intra-articular surgical exposures, whether from exposure to air [3–5], low
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osmolarity [6,7], unbuffered pH [8], or iatrogenic injuries [9]. This led to our working pre-
clinical hypothesis that applying protective strategies prior to intra-articular surgery might
improve the efficacy or success of those surgeries. We have shown protection from carti-
lage injuries, with N-acetylcysteine-mediated increases in intracellular glutathione (GSH)
or the inhibition of mitochondrial electron transport, but these non-specific approaches
only provided partial protection from PTOA after intra-articular fracture [10–12]. This
study investigates a new approach to protecting articular cartilage through the coordinated
manipulation of chondrocyte mitochondrial and GSH pathways.

When considering small molecules that might provide the necessary mitochondrial
benefits while supporting GSH, we became interested in exploring the effects of carbon
monoxide (CO). This endogenously produced gasotransmitter broadly binds to heme-
containing proteins, inhibiting them and upregulating heme oxygenase-1 (HO1) [12–19].
This leads to the restoration of redox balance, mitochondrial function, and energetic path-
ways in mammalian cells following injury [20–25]. CO donors [16,26] and the transgenic
upregulation of HO1 have demonstrated some degree of protection against inflammatory
arthritis and decrease inflammatory readouts in arthritic cartilage [27–29] as well as a
wide variety of non-orthopedic pathologies [30–36]; however, the direct mitochondrial and
redox effects of CO on normal cartilage and chondrocytes have not been described and
prior examinations relied upon CO donors rather than the direct administration of CO gas.
The response of otherwise healthy tissues is an important consideration for intra-articular
delivery, therapeutic outcomes, and safety. Here, we hypothesized that CO would improve
mitochondrial metabolism while decreasing oxidation in chondrocytes after cartilage injury
without demonstrating any adverse effects in vitro or in vivo.

To examine the potential benefits of CO, we opted to use CO foam (COF) [31] which
is capable of being injected intra-articularly. We investigated the application of COF to
chondrocytes in monolayer culture, primary bovine osteochondral explants, and rabbit and
mouse stifle (quadruped knee) joints. We demonstrate that, after cartilage injury, CO can
improve GSH and increase mitochondrial activity in chondrocytes in vitro, and that the
intra-articular application of COF replicates these effects in situ.

2. Materials and Methods
2.1. Application of CO

Intact bovine stifle (knee) joints obtained from a local abattoir (Bud’s Custom Meats,
Riverside, IA, USA) were dissected approximately 2 h after death. Fresh, healthy cylindrical
bovine osteochondral explants 10 mm in diameter were obtained from the load-bearing
region of both the medial and lateral femoral condyles. Explants were washed in Hank’s
balanced salt solution (HBBS) with 50 U/mL penicillin, 50 µg/mL streptomycin, and
2.5 µm/mL amphotericin B. They were then placed into culture medium (45% Dulbecco’s
Modified Eagle’s medium, 45% F-12, 10% fetal bovine serum (FBS) (all Gibco, Waltham,
MA, USA), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2.5 µm/mL amphotericin
B). All specimens were kept in a humidified tissue culture incubator maintained at 5% O2,
5% CO2, and 37 ◦C. Explants were equilibrated to culture conditions overnight before any
treatment or testing.

To generate the COF and control foams (room air (RAF), nitrogen (NF), and 5% O2),
we dissolved xanthan gum (0.5 weight (wt) %, Modernist Pantry, Eliot, ME, USA) and
methylcellulose (0.8 wt %, Modernist Pantry, Eliot, ME, USA) in phosphate-buffered saline
(PBS) to form a pre-foam solution. The pre-foam solution was then inserted into a custom-
made whipping siphon and pressurized to 200 PSI with each gas of interest according to
Byrne et al. [31,35]. Foams containing each gas were filled into 15 mL conical tubes, and
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the explants submerged in the foam for 60 min. An explant cultured in media as normal
and not exposed to any foam, was used as a no-foam or sham control.

2.2. Induction of HO1 by CO

For this experiment, we utilized COF as well as a control foam containing 5% oxygen-
like incubation conditions to minimally disturb control cartilage oxygen tension during
the determination of HO1 responses. After exposure to the foam, the explants were rinsed
with culture media equilibrated to incubator conditions. For Western blotting, the explants
were harvested 0, 1, 3, 6, or 12 h after the initial 60 min exposure to either foam. The
cartilage was minced and mixed with RIPA buffer (Invitrogen, Waltham, MA, USA) and
placed into −80 ◦C freezer. Protein extracts from explants specimens were denatured and
reduced by the addition of LDS sample buffer (Invitrogen, Waltham, MA, USA) and DTT
reducing agent (Invitrogen, Waltham, MA, USA), heated at 70 ◦C for 10 min. A total of
20 ug of protein was loaded per well and electrophoresed through a 10% Bis-Tris NuPage
acrylamide gel (Invitrogen, Waltham, MA, USA) at a 120-volt constant for 2 h with MES-
SDS running buffer (Invitrogen, Waltham, MA, USA). After electrophoresis, the gel proteins
were transferred to a 0.2 uM PVDF membrane (BioRad, Hercules, CA, USA) at 300 mAmp
constant for 2 h with 20% methanol 0.1% SDS transfer buffer (Invitrogen, Waltham, MA,
USA). The blotted membrane was stained using Ponceau S, as a loading and protein quality
control. The membrane was blocked for 30 min with bovine serum albumin (BSA) 5%
solution. The primary antibodies HO1 (Cell Signaling, Danvers, MA, USA) and mitofusin-1
(Abcam, Cambridge, UK) were diluted 1:1000 in BSA 2.5% and incubated overnight at 4 ◦C
in a rotator shaker. After TBST rinsing, HRP-linked secondary antibody (Cell Signaling,
Danvers, MA, USA), diluted 1:2000 in BSA 2.5%, was incubated by 1 h RT. After TBST
rinsing, the protein signal was developed by Super Signal West Femto (Thermo, Waltham,
MA, USA) and visualized with Amersham Hyperfilm ECL system (GE Healthcare, Chicago,
IL, USA) film. Densitometry was performed in ImageJ Fiji 2.16.0 using the actin staining as
a standardized control and represents the mean of n = 3.

2.3. Chondrocyte Extracellular Flux Analyses

Primary bovine chondrocytes were extracted from articular cartilage and used to
evaluate mitochondrial activity in live chondrocytes immediately after COF or room air-
containing foam (RAF) exposure. Briefly, cartilage from the explants was digested with
collagenase and pronase (0.1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) overnight.
Chondrocytes were then pelleted, resuspended, and plated. Chondrocytes were cultured
as described above for explants. Then, 20,000 primary bovine chondrocytes per well were
plated on XF96 Extracellular Flux Analyzer (Seahorse Bioscience, Agilent, Santa Clara, CA,
USA) plates. After allowing 3 days for attachment, the wells were exposed to either RAF or
COF for 30 min. Media were then changed and a mitochondrial stress test was conducted
as soon as possible after foam treatment, as previously described [10]. Briefly, we used the
following successive injections into each well using concentrations previously determined
to be effective and non-lethal in primary chondrocytes (final concentration in the well
is shown): oligomycin (2 µM), carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) (250 nM), antimycin A (5 µM), and rotenone (2 µM). Mitochondrial stress test mea-
surements were obtained approximately 1.5 h after initial exposure, following extracellular
flux equilibration and early portions of the mitochondrial stress test. After completing the
assay, the cells were trypsinized in 100 µL of trypsin. After cells were lifted from plates,
150 µL of media was used to neutralize the trypsin and cells were counted using a hemocy-
tometer. Oxygen consumption rates (OCRs) were normalized to the number of cells. Basal
respiration is reported as basal OCR minus OCR after rotenone and antimycin A injection.
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ATP-linked respiration is reported as the basal OCR minus OCR after oligomycin injection.
Proton leakage is the OCR after oligomycin injection minus the OCR after rotenone and
antimycin A injection, normalized to each specimen’s basal respiration. The mitochondrial
data were statistically compared with a Student’s t test. Statistical significance was defined
as a p-value of less than 0.05.

2.4. Live Cell Evaluation of ATP and Mitochondrial Content After Gaseous Manipultaion

To determine the effect of gaseous manipulations on articular chondrocyte ATP abun-
dance, osteochondral explants were exposed to RAF or COF for 1 h then returned to 5%
O2 pre-gassed media and cultured for 24 h. Live cell stains were prepared in DMEM/F-12
media without phenol red (Gibco, Waltham, MA, USA). BioTracker ATP-Red Live Cell
Dye (Sigma, #SCT045, St. Louis, MO, USA) was diluted to 5 µM and co-stained BioTracker
405 Blue Mitochondria Dye (Sigma, #SCT135, St. Louis, MO, USA) at a concentration of
200 nM for 15 min. Images were gathered using a confocal microscope (Olympus/Evident,
Tokyo, Japan) with a 20× immersion objective using wavelengths (450 nm, DAPI, respec-
tively). Three images were taken from each sample for analysis. Images were analyzed
in the red channel using ImageJ Fiji 2.16.0 to determine the mean intensity and the area
of the image. All quantitative measurements were graphed, and statistical analysis was
performed in Graphpad Prism 9.

2.5. Mechanical Injury and Evaluation of Thiol Redox Status

The effect of CO on chondrocytes receiving direct mechanical injury was assessed by
applying foams and subjecting explants to well-characterized, energy-controlled impact
injuries similar to prior studies [1,10–12]. This model creates a simple and highly repro-
ducible impact injury with cell biological features comparable to those of in vivo traumatic
joint injuries [12]. After overnight equilibration to culture conditions, explants were treated
with either sham, RAF, COF, or NF for 1 h. Following treatment, the explants were rinsed
with media. Explants were adhered to a 3 × 3 cm stainless steel plate with polycaprolactone.
The cartilage was then impacted with a flat, stainless steel impermeable platen via a drop
tower that delivered an energy-controlled, gravity-driven 2 J/cm2 [1,10–12]. The explants
were rinsed with HBSS before being returned to the normal cell culture medium for 24 h.
Four explants were used in each group unless otherwise noted.

To assess the redox status and cell viability of chondrocytes in situ, we used confocal
microscopy of monochlorobimane (MCB) (Invitrogen, Waltham, MA, USA) to provide
detailed views of intracellular thiol status throughout a cross-section of the articular surface.
First, explants were cut through the center of the impacted region (or equivalent in non-
impacted control samples) with a precision saw (IsoMet 1000, Buehler, Lake Bluff, IL,
USA). Next, a scalpel was used to cut away a full-thickness cross-section, i.e., from the
articular surface to the subchondral bone, excising a 0.25 mm layer of cartilage to remove
the tissue abraded by the saw, thus exposing an undamaged surface. Explants were stained
in DMEM/F-12 media without phenol red (Gibco, Waltham, MA, USA) containing MCB
(20 µM) and Calcein AM (1 µM, Invitrogen, Waltham, MA, USA), to assess cellular viability.
MCB reacts with endogenous glutathione-S-transferase and reduced thiols (predominantly
GSH) to create a blue, fluorescent complex. This signal is not entirely specific to GSH but
is dominated by GSH, as shown previously [37,38]. Thus, blue fluorescence indicates the
presence of reduced thiols and decreases in blue fluorescence would indicate oxidation. We
previously showed that GSH is a critically important mediator of chondrocyte injury by
using Griffith’s biochemical GSH/GSSG assay on whole cartilage [39], but MCB allows
the visualization of GSH status in space on a per cell basis [40]. This is important for
testing the application of a diffusible, gaseous therapy like CO to a thick, architecturally
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complex tissue like cartilage. The samples were then visualized with a confocal microscopy
(Olympus/Evident, Tokyo, Japan), using excitations at 405 nm and 488 nm for MCB and
Calcein AM, respectively.

Three micrographs of each impacted area from each specimen were exported and
manually segmented into regions of interest. Here, we report data for the superficial zone,
where the effects of each foam and impact are clearly apparent. MCB intensity was analyzed
with a previously published, custom MATLAB (version 2024)-based algorithm [40]. This
algorithm uses a watershed-based algorithm to identify individual calcein AM-stained
live chondrocytes (several hundred per micrograph), and then only quantifies intracellular
MCB fluorescent intensity in each live cell while discarding data from any dead cells in
the image. The average intensity of intracellular MCB staining was compared between
foam-treated and injury and non-injury groups then analyzed using two-way ANOVA
with Sidak’s multiple comparisons test. Normality was confirmed using a Shapiro–Wilk
test, yielding a p-value of 0.4673.

To support that MCB measurements are related to GSH specifically, we also utilized
Griffith’s GSH/GSSG assay [39]. Cartilage samples cut from explants were minced into
5% sulfosalicylic acid and subjected to three freeze–thaw cycles to lyse the cells. Tissue
and cell lysates were then mixed with buffer solution containing dithionitrobenzoic acid
(DTNB), GSH reductase, and NADPH (all from Sigma-Aldrich, St. Louis, MO, USA). GSH
reacts with DTNB to form a yellow product, while the GSH reductase recycles the GSH.
As a result, the absorbance rate change at 412 nm as measured via a spectrophotometer
is proportional to GSH concentration. All sample concentrations were determined via
comparison to appropriate standard curves. For GSSG determination, a 20% sample volume
of 2-vinylpyridine (Sigma-Aldrich, St. Louis, MO, USA) was added to sample aliquots for
1 h before analysis to quench GSH and prevent the reaction of reduced GSH with DTNB.

2.6. Immunofluorescent Evaluation of Mitochondira and Oxidative Damage

To evaluate mitochondrial content and oxidative damage in tissue after gaseous
manipulation and to assess impact, articular cartilage was evaluated for the mitochondrial
marker translocase of outer mitochondrial membrane (TOMM20) and for oxidative damage
marker 3-nitrotyrosine (3NT). Following the foam and impact assessment and the bisection
of the osteochondral explants, one of the halves from each group was placed 10% neutral-
buffered formalin with 0.03% Safranin-O (Saf-O). In brief, the samples were decalcified,
processed, paraffin-embedded, and sectioned to 5 µm onto super frost slides. The slides
were stained on the Discovery Ultra (Roche, Basel, Switzerland) using either rabbit primary
anti-TOMM20 (1:50 Cell Signaling, #42406) or anti-nitrotyrsoine (1:150, Millipore, St. Louis,
MO, USA). The fluorescent secondary antibody was goat anti-rabbit cy5 (Roche, 760-238,
Basel, Switzerland). The slides were imaged using the Olympus VS200. Images were
analyzed by selecting 3 sites on the edges and center of the impact site or similar regions
on unimpacted samples. Analysis was manually segmented to cover the superficial and
transitional zone of cartilage (the first 200 µm from the articular surface). The mean
intensity and area were measured for each image in ImageJ Fiji 2.16.0. The average mean
intensity/area was calculated and graphed and statistical analysis was performed in
Graphpad Prism 9.

2.7. Intra-Articular COF and Evaluation In Vivo

All animal studies were conducted under the review and approval of the Institutional
Animal Care and Use Committee at the University of Iowa [Approval #3062034, approved
19 July 2023] and all associated regulations were followed. To first demonstrate that the
intra-articular injection of COF could effectively and efficiently fill the joint space, we
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administered up to 4 mL of COF containing the contrast agent Isovue-370 into the medial
compartments of the stifles joints of 8- to 9-month-old female New Zealand White rabbits
(Charles River, Wilmington, MA, USA) immediately post-mortem. The COF was injected
through the stifle joint via a 27 Ga needle placed immediately medial to the patellar tendon.
During injections, we observed no backflow out of injection sites, supporting reliable
intra-articular delivery. The presence of foam within the joint was confirmed via the
incorporation of 20% Isovue-370 in the foam solution followed by fluoroscopic imaging.
The same contrast agent-containing foam was also used to assess the retention of COF in
murine stifle joints.

To investigate whether the intra-articular injection of COF has similar effects to in vitro
experimentation showing increased intracellular GSH or reduced thiols, we utilized the
RAF and COF stifle joints, as described above. The stifle joints were then disarticulated,
rinsed in culture media, and equilibrated in the same media and conditions overnight as
explants for comparison. This was followed by MCB staining of the articular surfaces 24 h
later. The lateral femoral condyles were imaged at the center of the articular surface for
live cell imaging using MCB and calcein AM, as described above. The MCB intensity was
compared with paired t tests.

To determine if COF increased HO1 expression in situ, post-mortem bilateral injections
of either COF or RAF. The stifles were dissected and incubated for 24 h, fixed, decalci-
fied, processed, paraffin-embedded, and sectioned at 5 µm. HO1 was evaluated using
immunofluorescence. In brief, slides were placed in citrate-buffered antigen retrieval at
55 ◦C overnight, blocked with normal goat serum (88.5% PBS, 10% normal goat serum,
1% bovine serum albumin, 1% cold water fish gelatin 9% in PBS, and 0.05% Tween 20,
followed by overnight primary antibody rabbit anti-HO1 (1:150, Cell Signaling, Danvers,
MA, USA) incubation at 4 ◦C. The samples were rinsed followed by 30 min incubation
of the goat anti-rabbit Alexa Cy5 (1:500, Abcam, #AB656, Cambridge, UK) fluorescent
antibody, followed by DAPI mounting media and cover slipping. The slides were images
using a confocal microscope (Olympus/Evident, Tokyo, Japan) at 20× wavelengths (Cy5,
and DAPI).

To investigate the safety and toxicity of COF for normal synovium and cartilage, NZW
rabbits were randomly distributed for 1-week and 4-week observation, with n = 10 (5 male,
5 female) in each observation period. We compared stifle joints from rabbits with no
injection (Normal, n = 2) to stifles from rabbits that received a 4 mL injection of RAF in one
stifle and COF in the opposing stifle, alternating on the left and right for both injections in
individual animals. At harvest times of 1 week or 4 weeks after injection, articular surfaces
were placed into culture media to assess chondrocyte viability, described below, while
synovia were dissected from the posterior of the stifles and then pinned to cork sheets
for fixation (10% NBF) and processed. After dehydration, synovia were bisected at the
midline and paraffin-embedded with the cross-sectional facedown to provide full-thickness
views of the synovia. Cross-sections of the synovium were stained with hematoxylin and
eosin (H&E) and then synovial thickness was measured using Olympus Desktop. We next
estimated the cellularity of synovia as the number of cells thick the tissue presented in these
cross-sections, counting 5 random sites per synovium and then averaging these counts. To
assess chondrocyte viability, we stained the tibial articular surfaces with Calcein AM (Life
Technologies, Waltham, MA, USA), imaged via confocal microscope (Olympus/Evident,
Tokyo, Japan) using a 10× objective to view the cartilage from above, and then counted
viable cells per visual field with watershed-based ImageJ Fiji 2.16.0 macros. The cell counts
were compared among groups with two-way ANOVA.

To assess CO concentrations after intra-articular injection, we utilized C57B6J mice of
both sexes, aged 8 to 15 weeks (Jackson, Bar Harbor, ME, USA) Six mice were randomly
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assigned to each group (3 males and 3 females) and were given injections of 0.05 mL RAF
or COF under anesthesia with a 31 Ga needle; they were then returned to their cages to
move freely. Stifles were harvested 24 h later and frozen. For analysis of CO content, stifles
were dissected down to the joint capsule, rinsed free of blood with PBS, and placed in
2 mL bead mill tubes with stainless steel beads (2.4 mm) and diluted 10-fold with ice cold
water. Samples were then homogenized on a bead-mill homogenizer (VWR, Radnor, PA,
USA), and placed in an ultrasonic bath (Branson/Emersen, St. Louis, MO, USA) for 5 min.
Using a gas-tight syringe (Hamilton, Bonaduz, Switzerland), 20 µL of homogenate was
then added through a septum to a CO-free amber borosilicate glass vial that contained
20 µL of sulfosalicylic acid (20%). The CO released into the headspace of the vial was then
flushed through a gas chromatograph with a reducing compound photometer (Peak Labs,
Moutain View, CA, USA; Peak Performer 1) and quantified using a standard curve, created
daily using different volumes of 1 ppm CO gas (AirGas, Radnor, PA, USA).

3. Results
3.1. CO Rapidly Induces HO1 and Increases Mitochondrial Function

We first wanted to demonstrate whether COF induces the expression of HO1 in
articular cartilage. COF increases HO1 on Western blots as soon as 1 h after exposure
and this elevation lasted for at least 12 h, as shown in Figure 1A,B. We also observed a
simultaneous increase in mitofusin-1, a marker of mitochondrial fusion previously observed
with CO exposure as well as mitochondrial health in other tissues [41].

Antioxidants 2025, 14, x FOR PEER REVIEW 7 of 16 
 

were dissected down to the joint capsule, rinsed free of blood with PBS, and placed in 2 
mL bead mill tubes with stainless steel beads (2.4 mm) and diluted 10-fold with ice cold 
water. Samples were then homogenized on a bead-mill homogenizer (VWR, Radnor, PA, 
USA), and placed in an ultrasonic bath (Branson/Emersen, St. Louis, MO, USA) for 5 min. 
Using a gas-tight syringe (Hamilton, Bonaduz, Switzerland), 20 µL of homogenate was 
then added through a septum to a CO-free amber borosilicate glass vial that contained 20 
µL of sulfosalicylic acid (20%). The CO released into the headspace of the vial was then 
flushed through a gas chromatograph with a reducing compound photometer (Peak Labs, 
Moutain View, CA, USA; Peak Performer 1) and quantified using a standard curve, cre-
ated daily using different volumes of 1 ppm CO gas (AirGas, Radnor, PA, USA). 

3. Results 
3.1. CO Rapidly Induces HO1 and Increases Mitochondrial Function 

We first wanted to demonstrate whether COF induces the expression of HO1 in ar-
ticular cartilage. COF increases HO1 on Western blots as soon as 1 h after exposure and 
this elevation lasted for at least 12 h, as shown in Figure 1A,B. We also observed a simul-
taneous increase in mitofusin-1, a marker of mitochondrial fusion previously observed 
with CO exposure as well as mitochondrial health in other tissues [41]. 

 

Figure 1. CO rapidly induces chondrocyte HO1, mitofusin-1, and mitochondrial metabolism. (A) 
Western blots of tissue homogenates from explants at various timepoints after CO exposure show 
increasing presence of HO1 within 1 h after CO compared to control specimens exposed to normal 
5% O2 gassed solutions, with densitometric analyses shown in (B). This coheres with increased pres-
ence of mitofusin-1. Mitochondrial stress tests of chondrocytes extracted from similarly treated car-
tilage showed increased per-cell (C) basal respiration, (D) ATP-linked respiration, and no indica-
tions of damage to the mitochondrial electron transport chain, as indicated by lack of change in (E) 
proton leakage. (F) Mean OCR from mitochondrial stress tests. n = 11; * p < 0.05, ** p < 0.01, by t test. 
(G) Representative images of bovine articular cartilage 24 h after RAF or COF treatment stained 

Figure 1. CO rapidly induces chondrocyte HO1, mitofusin-1, and mitochondrial metabolism.
(A) Western blots of tissue homogenates from explants at various timepoints after CO exposure
show increasing presence of HO1 within 1 h after CO compared to control specimens exposed to
normal 5% O2 gassed solutions, with densitometric analyses shown in (B). This coheres with in-
creased presence of mitofusin-1. Mitochondrial stress tests of chondrocytes extracted from similarly
treated cartilage showed increased per-cell (C) basal respiration, (D) ATP-linked respiration, and no
indications of damage to the mitochondrial electron transport chain, as indicated by lack of change in
(E) proton leakage. (F) Mean OCR from mitochondrial stress tests. n = 11; * p < 0.05, ** p < 0.01, by
t test. (G) Representative images of bovine articular cartilage 24 h after RAF or COF treatment stained
with live cell dyes for ATP (red) and mitotracker (blue) colocalization (magenta) demonstrated that
COF treatment has increased ATP-positive staining, magnification 20×. (H) Quantitation of ATP
staining demonstrated COF staining was significantly increased compared to paired RAF controls;
paired t-test * p < 0.05.
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We then evaluated whether CO could increase the mitochondrial activity of articular
chondrocytes. Live chondrocytes exposed to COF in culture showed 40% higher basal
OCR and 30% more ATP-linked respiration, as indicated by mitochondrial stress tests.
Results are shown in Figure 1C,D. These increases occurred without a significant difference
in proton leakage, as shown in Figure 1E, suggesting no increases in oxidative stress
or evidence of damage to electron transport chains from the increased mitochondrial
activity. Throughout these tests, mean OCRs per cell were 30−40% greater for COF-
treated chondrocytes compared to RAF controls, as shown in Figure 1F. To support these
observed increases in mitochondrial activity, 24 h after either RAF and COF treatment, live
osteochondral explants were stained for ATP (red) and mitochondrial content (blue). COF
increased ATP staining relative to all paired RAF controls, as shown in Figure 1G,H. These
data demonstrate that CO increases HO1 as well as mitochondrial metabolism in articular
chondrocytes rapidly after exposure.

3.2. COF Augments Articular Chondrocyte GSH Metabolism and Protects Against Injury

We next evaluated the redox status of articular chondrocytes in situ after COF, RAF,
or NF, using live cell staining with MCB in our well-characterized impact model known
to incur oxidative stress [10–12]. MCB staining from representative cross-sections of the
articular surfaces of foam-treated explants are shown in Figure 2A, with dashed lines
denoting the cartilage surface in each micrograph. MCB fluorescence intensity decreased by
50% with RAF treatment and 60% with NF treatment, suggesting the PBS-based solutions
in the foam (RAF and NF) and hypoxia (NF) caused oxidation in these chondrocytes. This
change was comparable to mechanical injury alone, whereas COF maintained MCB staining
similar to control, as shown in Figure 2. After injury, MCB fluorescence intensity decreased
by 50% with RAF treatment and 44% with NF treatment. However, COF significantly
increased the MCB staining intensity of impacted specimens, maintaining reduced thiols
intracellularly, as shown in Figure 2B. We only observed cell death in the NF-treated
explants, suggesting important distinctions between NF and COF, despite both being
constructed without oxygen gas.

Antioxidants 2025, 14, x FOR PEER REVIEW 8 of 16 
 

with live cell dyes for ATP (red) and mitotracker (blue) colocalization (magenta) demonstrated that 
COF treatment has increased ATP-positive staining, magnification 20×. (H) Quantitation of ATP 
staining demonstrated COF staining was significantly increased compared to paired RAF controls; 
paired t-test * p < 0.05. 

We then evaluated whether CO could increase the mitochondrial activity of articular 
chondrocytes. Live chondrocytes exposed to COF in culture showed 40% higher basal 
OCR and 30% more ATP-linked respiration, as indicated by mitochondrial stress tests. 
Results are shown in Figure 1C,D. These increases occurred without a significant differ-
ence in proton leakage, as shown in Figure 1E, suggesting no increases in oxidative stress 
or evidence of damage to electron transport chains from the increased mitochondrial ac-
tivity. Throughout these tests, mean OCRs per cell were 30−40% greater for COF-treated 
chondrocytes compared to RAF controls, as shown in Figure 1F. To support these ob-
served increases in mitochondrial activity, 24 h after either RAF and COF treatment, live 
osteochondral explants were stained for ATP (red) and mitochondrial content (blue). COF 
increased ATP staining relative to all paired RAF controls, as shown in Figure 1G,H. These 
data demonstrate that CO increases HO1 as well as mitochondrial metabolism in articular 
chondrocytes rapidly after exposure. 

3.2. COF Augments Articular Chondrocyte GSH Metabolism and Protects Against Injury 

We next evaluated the redox status of articular chondrocytes in situ after COF, RAF, 
or NF, using live cell staining with MCB in our well-characterized impact model known 
to incur oxidative stress [10–12]. MCB staining from representative cross-sections of the 
articular surfaces of foam-treated explants are shown in Figure 2A, with dashed lines de-
noting the cartilage surface in each micrograph. MCB fluorescence intensity decreased by 
50% with RAF treatment and 60% with NF treatment, suggesting the PBS-based solutions 
in the foam (RAF and NF) and hypoxia (NF) caused oxidation in these chondrocytes. This 
change was comparable to mechanical injury alone, whereas COF maintained MCB stain-
ing similar to control, as shown in Figure 2. After injury, MCB fluorescence intensity de-
creased by 50% with RAF treatment and 44% with NF treatment. However, COF signifi-
cantly increased the MCB staining intensity of impacted specimens, maintaining reduced 
thiols intracellularly, as shown in Figure 2B. We only observed cell death in the NF-treated 
explants, suggesting important distinctions between NF and COF, despite both being con-
structed without oxygen gas. 
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(A) MCB staining from representative cross-sections of the articular surfaces of foam-treated 

Figure 2. CO augments articular chondrocyte GSH metabolism with and without cartilage injury.
(A) MCB staining from representative cross-sections of the articular surfaces of foam-treated explants.
Osteochondral tissue was impacted with 2 J/cm2 impacts immediately after CO or control foam
treatments. Control foams caused losses in MCB intensity that suggest redox injury. With impact,
control foams did not prevent further loss of MCB staining, while CO prevented oxidation of GSH,
indicating the preservation of stain intensity, 10×. (B) Quantitative assessment of MCB staining
shows COF (magenta)-preserved reduced thiols after foam exposure and injury. (C) COF (magenta)
increased total GSH compared to RAF (blue) after pretreatment with BSO, depleting GSH; n = 4. As
determined using Sidak’s multiple comparisons test of two-way ANOVA, * p < 0.05, ** p < 0.01.
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To further describe chondrocyte redox changes resulting from CO and explore relation-
ships between CO and GSH, we depleted intracellular GSH with BSO treatment for 24 h
prior to injury. Explants were then removed from BSO treatment, given RAF or COF for 1 h,
and then subjected to the same impact experiment as above. Though total GSH levels were
relatively stable without BSO treatment, after BSO treatment to deplete GSH, COF-treated
explants showed significant increases in total GSH content relative to RAF, independent of
cartilage injury, as shown in Figure 2C. These data suggest that CO provides support to the
GSH pathway in articular chondrocytes.

To evaluate mitochondrial content and link our work to prior studies showing loss of
mitochondria after injury, we applied IF staining for mitochondrial marker TOMM20 in
fixed tissues and quantified the intensity in the superficial zone. COF treatment prior to
impact significantly increased the TOMM20 staining compared to the RAF + impact process,
but this was not different compared to COF controls, as shown in Figure 3A,B. To measure
oxidation in the superficial zone of these tissues, we applied IF of 3NT-modified proteins to
fixed tissues and quantified the intensity of the staining per area. The application of COF
prior to impact reduced 3NT formation relative to RAF controls, as shown Figure 3C,D.
These data support the hypothesis that CO is stimulating the GSH pathway, protecting
chondrocyte mitochondria and decreasing oxidation after injury.
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Figure 3. CO pretreatment is mitochondrial protective and decreases oxidative damage after injury.
(A) Representative images of mitochondrial marker TOMM20 (purple, yellow arrows highlight intra-
cellular staining) and merger with Saf-O, 20×. (B) Quantitation of superficial zone demonstrates that
RAF + impact significantly decreased TOMM20. The COF + impact had significantly more TOMM20
positivity compared to RAF + impact; n = 4, non-parametric Mann–Whitney test. (C) Representative
images of 3NT staining (purple) and counterstained of articular cartilage with Saf-O (red), 20×.
(D) Quantitation of 3NT staining demonstrated trend towards decreased 3NT positivity 24 h after
COF + impact; n = 4, non-parametric Mann–Whitney test.

3.3. Intra-Articular CO Is Non-Toxic and Increases Reduced Thiols

Once we had determined that CO could improve chondrocyte redox and mitochon-
drial function, we wanted to examine whether COF might reliably deliver CO throughout
articular joints and to articular cartilage itself. To accomplish this, we incorporated contrast
agent into the foam and injected it into the stifle (quadruped knee) joints of rabbits and
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mice. Fluoroscopic images of the rabbit stifles after intra-articular COF injection demon-
strated that the material filled the joint space, as shown in Figure 4A. We observed signal
throughout the stifle, including the articular surfaces as well as superior and distal portions
of the joint. Murine CT imaging also showed the retention of the foam within the stifle
joint, as shown in Figure 4B. After these in situ exposures, knees were disarticulated and
prepared for MCB staining for comparison to bovine explants as well as HO1 staining. MCB
staining revealed that cartilage treated with COF exhibited significantly higher reduced
thiol signal (30%) compared to paired contralateral joints receiving RAF, p = 0.0007, as
shown in Figure 4C,D. IF staining with HO1 showed increased staining in the articular
cartilage of murine stifles, as shown in Figure 4E.
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24 h after foam exposure in situ ((E), magenta) was more intense after COF compared to RAF, 10×.

In order to examine whether these injections were safe prior to larger implementa-
tion in any species, rabbits were given injections as described above and then allowed
normal activity for 1 and 4 weeks prior to euthanasia. After harvest, synovia stained with
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hematoxylin and eosin were examined for indications of synovial thickening or increased
cellularity of the tissue. We observed no indications of thickening or inflammation of
the synovium in the rabbits given intra-articular injections of RAF or COF, as shown in
Figure 5A–C. In addition, live cartilage showed no changes in articular chondrocyte vi-
ability, as indicated by calcein AM positivity; this is shown in Figure 5D, with images
shown in Figure S1. These data demonstrated that 1 week after injection and 4 weeks after
injection of COF, the tissues of the joint appear normal, viable, and undamaged by the
material or treatment. To ensure the delivery of CO was successful and retained in the joint
space, murine stifles were examined for CO concentrations using mass spectrometry 24 and
72 h after injection. We observed significant CO remaining in the joint 24 h after injection
that did not remain 3 days after injection, as shown in Figure 5E. This demonstrates that
significant amounts of CO are retained for at least 24 h after injection.
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Figure 5. Intra-articular COF injection: non-toxic and retained for 24 h within the joint. (A) Represen-
tative images of synovia captured from rabbits either 1 week or 4 weeks after COF or RAF injection
demonstrate no indications of thickening or increased infiltration by immune cells (quantified in
(B) and (C)). No significant differences were observed in datasets shown, n = 10, analyzed via two-way
ANOVA, p = 0.3 for the effect of treatment. Analyses of live cell densities from rabbits 1 week or
4 weeks after COF or RAF injection demonstrated no indications of any changes in live cell density at
either timepoint using viable cell counts per field (D). Intact mouse stifle joints were analyzed for CO
content 24 and 72 h after injection, n = 6 (E).
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4. Discussion
Mechanical injury of the articular cartilage contributes to PTOA via oxidation and

mitochondrial damage [10–12]. Mitochondrial abnormalities in chondrocytes are also
observed prior to cartilage degeneration in animal models of PTOA and these pathways
contribute to disease progression [41–43]. This has led to enthusiasm within the orthopedic
community for enhancing mitochondrial function and reducing redox stress. In this study,
we show the direct effects of CO on articular cartilage redox status and mitochondria. CO
rapidly induced HO1, increased mitochondrial function, and improved redox status in
large-animal tissue. CO also protected chondrocyte mitochondria and redox status against
mechanical injury and was well tolerated in vivo, incurring no toxicity or inflammation.

These data demonstrate the acute, protective effects of CO on articular cartilage, which
may be efficacious for mitigating injury to articular cartilage. Though preventive opportu-
nities to provide clinical care are rare, we envision COF application prior to any appropriate
orthopedic procedure where cartilage protection is of interest and exposed to the rigors of
surgery. Our treatment scheme in this study also allows for scientific comparison to prior
agents that manipulate mitochondrial or GSH pathways with pretreatment or cotreatment
with impact or injury [10–12]. We observed comparable effects between COF and prior
antioxidants tested (N-acetylcysteine, tempol, tocopherol, superoxide dismutase mimetics)
in terms of GSH oxidation, but consistently observed increases in mitochondrial readouts
with COF that were noteworthy. We previously observed these increases with tempol
or tocopherol, which may suggest a linkage between the biliverdin liberated by CO and
other lipid antioxidants [12]. Future examinations of COF will continue to explore how
mitochondrial metabolism and specific reactive species are linked.

To add rigor to our study, we included in vitro large-animal explant models, ex vivo
models of rabbit and mouse stifle joints, and in vivo animal models that each showed
consistent effects upon mitochondria and GSH when CO was introduced to articular
cartilage. We adopted multiple approaches for investigating mitochondria, including
the expression of pro-mitochondrial pathways and activity of live mitochondria as soon
as possible after CO exposure. Because CO induces HO1 and augments mitochondrial
respiration within a short-time frame, we concentrate primarily on the effects of CO in
the most superficial zone of tissue where dosing and injury are most predictable. The
delivery of CO from COF relies on diffusion-, depth- and time-specific effects and we
expect this will be important for future preclinical and translational efforts. More detailed
depth- and diffusion-focused studies could provide interesting kinetic views of how CO’s
chemical activity alters short-term chondrocyte metabolic behavior. Large-animal models
with similar cartilage thickness to humans will be used in future studies to evaluate these
time-dependent and dose-dependent effects of gasosignaling in intra-articular biology.

One feature of these studies that surprised us was the durability of effects from the CO
exposure. The effects of CO persisted for 24 h after exposure and COF-treated chondrocytes
were able to rapidly overcome the BSO blockade of GSH synthesis. We propose that the
direct benefits of CO (i.e., more functional chondrocyte mitochondria, robust antioxidant
defenses, and the induction of HO1) are ideally suited to post-injury and surgical repair
procedures that may expose joints to stress for extended periods of time.

5. Conclusions
We have shown here how COF is easily injectable into rabbit and mouse joints; thus,

it represents a realistic solution for human intra-articular injection. COF also consists of
simple, generally recognized as safe (GRAS) materials which confer meaningful, lasting
safety and biocompatibility. Thus, COF is an ideal adjuvant to orthopedic surgical care
in any context, where damage to cartilage is a concern. In the long term, we expect
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the local application of CO to protect against the development of PTOA, not only by
coordinating chondrocyte intracellular metabolism, but also by coordinating related pro-
inflammatory/anti-inflammatory signaling throughout the joint.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14050514/s1, Figure S1: Intra-articular Administration
of COF Causes no Toxicity. We observed no decreases in viable cell density in any groups at either
1 week or 4 weeks after injection compared to normal cartilage. Images are taken from rabbit tibias
and the irregular appearance of the staining is the so-called line artifact created by the confocal
scanning and subsequent Z-stacking of the scanned images of a curved surface.

Author Contributions: J.D.B., S.L., P.C.G.-C. and L.D.M. assisted in foam mixing and administration.
S.L., P.C.G.-C., M.R.H., J.S.F., K.J.L., L.D.M., M.Y.S., E.W., D.F. and J.E.G. participated in bovine, lapine,
and murine experimentation. A.T.C. and M.S.T. conducted CO concentration measurements. S.L.,
P.C.G.-C., K.J.L. and B.A.W. assisted in extracellular flux analyses and biochemical analyses. S.L.,
J.S.F., K.J.L. and M.C.C. assisted in the analysis of all data as well as interpretation. S.L. and M.C.C.
prepared the manuscript. All authors participated in editing the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: NIAMS K99/R00 AR070914; DOD #W81XWH-11-1-0583; DOD #W81XWH-18-1-0658;
NCI K08CA276908; V Scholars Award; NCI P30CA086862; ACS-IRG-21-141-46; University of Iowa
Hospitals and Clinics Start-up; National Science Foundation (# 1927616).

Institutional Review Board Statement: The animal studies protocol was approved by the Institutional
Animal Care and Use Committee at the University of Iowa [Approval #3062034, approved 19 July
2023] and all associated regulations were followed.

Informed Consent Statement: Not Applicable.

Data Availability Statement: All data created for this manuscript are reported herein and can be
made available upon request.

Acknowledgments: We are grateful to be able to conduct this study with support from NIAMS
K99/R00 AR070914, DOD #W81XWH-11-1-0583, DOD #W81XWH-18-1-0658, NCI K08CA276908, V
Scholars Award, National Cancer Institute Core Grant (P30 CA086862), University of Iowa Holden
Comprehensive Cancer Center, ACS-IRG-21-141-46, National Science Foundation (# 1927616), Uni-
versity of Iowa Hospitals and Clinics, Department of Radiation Oncology and Department of Ortho-
pedics and Rehabilitation of The University of Iowa, and Orthopedic Histopathology Service of The
University of Iowa.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ramakrishnan, P.; Hecht, B.A.; Pedersen, D.R.; Lavery, M.R.; Maynard, J.; Buckwalter, J.A.; Martin, J.A. Oxidant conditioning

protects cartilage from mechanically induced damage. J. Orthop. Res. 2010, 28, 914–920. [CrossRef] [PubMed]
2. Brandl, A.; Hartmann, A.; Bechmann, V.; Graf, B.; Nerlich, M.; Angele, P. Oxidative stress induces senescence in chondrocytes.

J. Orthop. Res. 2011, 29, 1114–1120. [CrossRef] [PubMed]
3. Bauer, M.S.; Woodard, J.C.; Weigel, J.P. Effects of exposure to ambient air on articular cartilage of rabbits. Am. J. Vet. Res. 1986,

47, 1268–1270. [CrossRef]
4. Zhou, S.; Cui, Z.; Urban, J.P. Factors influencing the oxygen concentration gradient from the synovial surface of articular cartilage

to the cartilage-bone interface: A modeling study. Arthritis. Rheum. 2004, 50, 3915–3924. [CrossRef]
5. Schrobback, K.; Malda, J.; Crawford, R.W.; Upton, Z.; Leavesley, D.I.; Klein, T.J. Effects of oxygen on zonal marker expression in

human articular chondrocytes. Tissue Eng. Part A 2012, 18, 920–933. [CrossRef]
6. Hwang, J.W.; Chawla, D.; Han, G.; Eriten, M.; Henak, C.R. Effects of solvent osmolarity and viscosity on cartilage energy

dissipation under high-frequency loading. J. Mech. Behav. Biomed. Mater. 2022, 126, 105014. [CrossRef]
7. Villanueva, I.; Bishop, N.L.; Bryant, S.J. Medium osmolarity and pericellular matrix development improves chondrocyte survival

when photoencapsulated in poly(ethylene glycol) hydrogels at low densities. Tissue Eng. Part A 2009, 15, 3037–3048. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox14050514/s1
https://www.mdpi.com/article/10.3390/antiox14050514/s1
https://doi.org/10.1002/jor.21072
https://www.ncbi.nlm.nih.gov/pubmed/20058262
https://doi.org/10.1002/jor.21348
https://www.ncbi.nlm.nih.gov/pubmed/21284033
https://doi.org/10.2460/ajvr.1986.47.06.1268
https://doi.org/10.1002/art.20675
https://doi.org/10.1089/ten.tea.2011.0088
https://doi.org/10.1016/j.jmbbm.2021.105014
https://doi.org/10.1089/ten.tea.2009.0001


Antioxidants 2025, 14, 514 14 of 15

8. Loret, B.; Simões, F.M. Effects of pH on transport properties of articular cartilages. Biomech. Model Mechanobiol. 2010, 9, 45–63.
[CrossRef]

9. Compton, J.; Slattery, M.; Coleman, M.C.; Westermann, R. Iatrogenic Articular Cartilage Injury in Arthroscopic Hip and Knee
Videos and the Potential for Cartilage Cell Death When Simulated in a Bovine Model. Arthroscopy 2020, 36, 2114–2121. [CrossRef]

10. Coleman, M.C.; Ramakrishnan, P.S.; Brouillette, M.J.; Martin, J.A. Injurious Loading of Articular Cartilage Compromises
Chondrocyte Respiratory Function. Arthritis Rheumatol. 2016, 68, 662–671. [CrossRef]

11. Coleman, M.C.; Brouillette, M.J.; Andresen, N.S.; Oberley-Deegan, R.E.; Martin, J.M. Differential Effects of Superoxide Dismutase
Mimetics after Mechanical Overload of Articular Cartilage. Antioxidants 2017, 6, 98. [CrossRef] [PubMed]

12. Coleman, M.C.; Goetz, J.E.; Brouillette, M.J.; Seol, D.; Willey, M.C.; Petersen, E.B.; Anderson, H.D.; Hendrickson, N.R.; Compton,
J.; Khorsand, B.; et al. Targeting mitochondrial responses to intra-articular fracture to prevent posttraumatic osteoarthritis. Sci.
Transl. Med. 2018, 10, eaan5372. [CrossRef] [PubMed]

13. Motterlini, R.; Otterbein, L.E. The therapeutic potential of carbon monoxide. Nat. Rev. Drug Discov. 2010, 9, 728–743. [CrossRef]
14. Motterlini, R.; Mann, B.E.; Foresti, R. Therapeutic applications of carbon monoxide-releasing molecules. Expert. Opin. Investig.

Drugs. 2005, 14, 1305–1318. [CrossRef]
15. Motterlini, R.; Foresti, R. Carbon-Monoxide-Releasing Molecules (CO-RMs): A Stratagem to Emulate the Beneficial Effects of

Heme Oxygenase-1. In Heme Oxygenase: The Elegant Orchestration of Its Products in Medicine; Nova Biomedical Books: New York,
NY, USA, 2005; pp. 191–210.

16. Benallaoua, M.; Francois, M.; Batteux, F.; Thelier, N.; Shyy, J.Y.; Fitting, C.; Tsagris, L.; Boczkowski, J.; Savouret, J.F.; Corvol,
M.T.; et al. Pharmacologic induction of heme oxygenase 1 reduces acute inflammatory arthritis in mice. Arthritis Rheum. 2007,
56, 2585–2594. [CrossRef]

17. Lancel, S.; Hassoun, S.M.; Favory, R.; Decoster, B.; Motterlini, R.; Neviere, R. Carbon monoxide rescues mice from lethal sepsis
by supporting mitochondrial energetic metabolism and activating mitochondrial biogenesis. J. Pharmacol. Exp. Ther. 2009,
329, 641–648. [CrossRef]

18. Zuckerbraun, B.S.; Billiar, T.R.; Otterbein, S.L.; Kim, P.K.; Liu, F.; Choi, A.M.; Bach, F.H.; Otterbein, L.E. Carbon monoxide protects
against liver failure through nitric oxide-induced heme oxygenase 1. J. Exp. Med. 2003, 198, 1707–1716. [CrossRef]

19. Kang, I.-S.; Kim, R.I.; Kim, C. Carbon Monoxide Regulates Macrophage Differentiation and Polarization toward the M2 Phenotype
through Upregulation of Heme Oxygenase 1. Cells 2021, 10, 3444. [CrossRef]

20. Ryter, S.W.; Choi, A.M. Heme oxygenase-1/carbon monoxide: Novel therapeutic strategies in critical care medicine. Curr. Drug
Targets 2010, 11, 1485–1494. [CrossRef]

21. Nagasaki, T.; Maeda, H.; Taguchi, K.; Yanagisawa, H.; Nishida, K.; Kobayashi, K.; Wada, N.; Noguchi, I.; Murata, R.; Sakai, H.;
et al. A bioinspired carbon monoxide delivery system prevents acute kidney injury and the progression to chronic kidney disease.
Redox Biol. 2022, 54, 102371. [CrossRef]

22. Figueiredo-Pereira, C.; Dias-Pedroso, D.; Soares, N.L.; Vieira, H.L.A. CO-mediated cytoprotection is dependent on cell metabolism
modulation. Redox Biol. 2020, 32, 101470. [CrossRef] [PubMed]

23. Upadhyay, K.K.; Jadeja, R.N.; Vyas, H.S.; Pandya, B.; Joshi, A.; Vohra, A.; Thounaojam, M.C.; Martin, P.M.; Bartoli, M.; Devkar,
R.V. Carbon monoxide releasing molecule-A1 improves nonalcoholic steatohepatitis via Nrf2 activation mediated improvement
in oxidative stress and mitochondrial function. Redox Biol. 2020, 28, 101314. [CrossRef] [PubMed]

24. Converso, D.P.; Taille, C.; Carreras, M.C.; Jaitovich, A.; Poderoso, J.J.; Boczkowski, J. HO-1 is located in liver mitochondria and
modulates mitochondrial heme content and metabolism. FASEB J. 2006, 8, 1236–1238. [CrossRef] [PubMed]

25. Bansal, S.; Biswas, G.; Avadhani, N.G. Mitochondria-targeted heme oxygenase-1 induces oxidative stress and mitochondrial
dysfunction in macrophages, kidney fibroblasts and in chronic alcohol hepatotoxicity. Redox Biol. 2014, 2, 273–283. [CrossRef]

26. Megias, J.; Guillen, M.I.; Bru, A.; Gomar, F.; Alcaraz, M.J. The Carbon Monoxide Releasing Molecule Tricarbonyldichlororuthenium
(II) Dimer Protects Human Osteoarthritic Chondrocytes and Cartilage from the Catabolic Actions of Interleukin-1β. J. Pharmacol.
Exp. Ther. 2008, 325, 56–61. [CrossRef]

27. Guillén, M.; Megias, J.; Gomar, F.; Alcaraz, M.J. Haem oxygenase-1 regulates catabolic and anabolic processes in osteoarthritic
chondrocytes. J. Pathol. 2008, 214, 515–522. [CrossRef]

28. Bonelli, M.; Savitskaya, A.; Steiner, C.W.; Rath, E.; Bilban, M.; Wagner, O.; Bach, F.H.; Smolen, J.S.; Scheinecker, C. Heme
oxygenase-1 end-products carbon monoxide and biliverdin ameliorate murine collagen induced arthritis. Clin. Exp. Rheumatol.
2012, 30, 73–78.

29. Silva, G. Heme Oxygenase-1: A Protective Gene that Regulates Inflammation and Immunity. In Heme Oxygenase: The Elegant
Orchestration of Its Products in Medicine; Nova Biomedical Books: New York, NY, USA, 2005; pp. 141–169.

30. Bi, J.; Witt, E.; McGovern, M.K.; Cafi, A.B.; Rosenstock, L.L.; Pearson, A.B.; Brown, T.J.; Karasic, T.B.; Absler, L.C.; Machkanti,
S.; et al. Oral Carbon Monoxide Enhances Autophagy Modulation in Prostate, Pancreatic, and Lung Cancers. Adv. Sci. 2024,
11, e2308346. [CrossRef]

https://doi.org/10.1007/s10237-009-0158-1
https://doi.org/10.1016/j.arthro.2020.02.017
https://doi.org/10.1002/art.39460
https://doi.org/10.3390/antiox6040098
https://www.ncbi.nlm.nih.gov/pubmed/29189731
https://doi.org/10.1126/scitranslmed.aan5372
https://www.ncbi.nlm.nih.gov/pubmed/29437147
https://doi.org/10.1038/nrd3228
https://doi.org/10.1517/13543784.14.11.1305
https://doi.org/10.1002/art.22749
https://doi.org/10.1124/jpet.108.148049
https://doi.org/10.1084/jem.20031003
https://doi.org/10.3390/cells10123444
https://doi.org/10.2174/1389450111009011485
https://doi.org/10.1016/j.redox.2022.102371
https://doi.org/10.1016/j.redox.2020.101470
https://www.ncbi.nlm.nih.gov/pubmed/32120335
https://doi.org/10.1016/j.redox.2019.101314
https://www.ncbi.nlm.nih.gov/pubmed/31514051
https://doi.org/10.1096/fj.05-4204fje
https://www.ncbi.nlm.nih.gov/pubmed/16672635
https://doi.org/10.1016/j.redox.2013.07.004
https://doi.org/10.1124/jpet.107.134650
https://doi.org/10.1002/path.2313
https://doi.org/10.1002/advs.202308346


Antioxidants 2025, 14, 514 15 of 15

31. Byrne, J.D.; Gallo, D.; Boyce, H.; Becker, S.L.; Kezar, K.M.; Cotoia, A.T.; Feig, V.R.; Lopes, A.; Csizmadia, E.; Longhi, M.S.; et al.
Delivery of therapeutic carbon monoxide by gas-entrapping materials. Sci. Transl. Med. 2022, 14, eabl4135. [CrossRef]

32. Belcher, J.D.; Vercellotti, G.M. Heme Oxygenase-1: A Potential Modulator of Inflammation and Vasoocclution in Sickle Cell
Disease. In Heme Oxygenase: The Elegant Orchestration of Its Products in Medicine; Nova Biomedical Books: New York, NY, USA,
2005; pp. 97–111.

33. Ryter, S.W.; Morse, D.; Choi, A.M. Carbon monoxide and bilirubin: Potential therapies for pulmonary/vascular injury and
disease. Am. J. Respir. Cell. Mol. Biol. 2007, 36, 175–182. [CrossRef]

34. Ryter, S.W. Heme oxygenase-1/carbon monoxide as modulators of autophagy and inflammation. Arch. Biochem. Biophys. 2019,
678, 108186. [CrossRef] [PubMed]

35. Witt, E.; Leach, A.J.; Bi, J.; Hatfield, S.; Cotoia, A.T.; McGovern, M.K.; Cafi, A.B.; Rhodes, A.C.; Cook, A.N.; Uaroon, S.; et al.
Modulation of diabetic wound healing using carbon monoxide gas-entrapping materials. Device 2024, 2, 100320. [CrossRef]
[PubMed]

36. Piantadosi, C.A.; Carraway, M.S.; Babiker, A.; Suliman, H.B. Heme oxygenase-1 regulates cardiac mitochondrial biogenesis via
Nrf2-mediated transcriptional control of nuclear respiratory factor-1. Circ. Res. 2008, 103, 1232–1240. [CrossRef] [PubMed]

37. Rice, G.C.; Bump, E.A.; Shrieve, D.C.; Lee, W.; Kovacs, M. Quantitative analysis of cellular glutathione by flow cytometry utilizing
monochlorobimane: Some applications to radiation and drug resistance in vitro and in vivo. Cancer Res. 1986, 46 Pt 1, 6105–6110.

38. Cook, J.A.; Pass, H.I.; Russo, A.; Iype, S.; Mitchell, J.B. Use of monochlorobimane for glutathione measurements in hamster and
human tumor cell lines. Int. J. Radiat. Oncol. Biol. Phys. 1989, 16, 1321–1324. [CrossRef]

39. Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal.
Biochem. 1980, 106, 207–212. [CrossRef]

40. Yang, L.; Brouillette, M.J.; Coleman, M.C.; Kluz, P.N.; Goetz, J.E. Automated quantification of live articular chondrocyte fluorescent
staining using a custom image analysis framework. J. Orthop. Res. 2022, 40, 1203–1212. [CrossRef]

41. Ansari, M.Y.; Khan, N.M.; Ahmad, I.; Haqqi, T.M. Parkin clearance of dysfunctional mitochondria regulates ROS levels and
increases survival of human chondrocytes. Osteoarthr. Cartil. 2018, 26, 1087–1097. [CrossRef]

42. Gavriilidis, C.; Miwa, S.; von Zglinicki, T.; Taylor, R.W.; Young, D.A. Mitochondrial dysfunction in osteoarthritis is associated
with down-regulation of superoxide dismutase 2. Arthritis Rheum. 2013, 65, 378–387. [CrossRef]

43. Blanco, F.J.; Rego, I.; Ruiz-Romero, C. The role of mitochondria in osteoarthritis. Nat. Rev. Rheumatol. 2011, 7, 161–169. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/scitranslmed.abl4135
https://doi.org/10.1165/rcmb.2006-0333TR
https://doi.org/10.1016/j.abb.2019.108186
https://www.ncbi.nlm.nih.gov/pubmed/31704095
https://doi.org/10.1016/j.device.2024.100320
https://www.ncbi.nlm.nih.gov/pubmed/38911126
https://doi.org/10.1161/01.RES.0000338597.71702.ad
https://www.ncbi.nlm.nih.gov/pubmed/18845810
https://doi.org/10.1016/0360-3016(89)90307-6
https://doi.org/10.1016/0003-2697(80)90139-6
https://doi.org/10.1002/jor.25137
https://doi.org/10.1016/j.joca.2017.07.020
https://doi.org/10.1002/art.37782
https://doi.org/10.1038/nrrheum.2010.213

	Introduction 
	Materials and Methods 
	Application of CO 
	Induction of HO1 by CO 
	Chondrocyte Extracellular Flux Analyses 
	Live Cell Evaluation of ATP and Mitochondrial Content After Gaseous Manipultaion 
	Mechanical Injury and Evaluation of Thiol Redox Status 
	Immunofluorescent Evaluation of Mitochondira and Oxidative Damage 
	Intra-Articular COF and Evaluation In Vivo 

	Results 
	CO Rapidly Induces HO1 and Increases Mitochondrial Function 
	COF Augments Articular Chondrocyte GSH Metabolism and Protects Against Injury 
	Intra-Articular CO Is Non-Toxic and Increases Reduced Thiols 

	Discussion 
	Conclusions 
	References

