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Post-traumatic Osteoarthritis (PTOA) results from traumatic joint injuries (such as
an ACL rupture). Mechanical impact and an immediate synovial inflammatory
response can result in joint tissue degradation and longer-term progression to
PTOA. Astronauts are susceptible to increased exercise-related joint injuries
leading to altered musculoskeletal physiology, further escalated due to
microgravity and increased exposure to ionizing radiation. We applied a
human Cartilage-Bone-Synovium (CBS) coculture model to test the potential
of low-dose dexamethasone (Dex) and IGF-1 in ameliorating PTOA-like
degeneration on Earth and the International Space Station-National
Laboratory (ISS-NL, ISS for short). CBS cocultures were established using
osteochondral plugs (CB) subjected to compressive impact injury (INJ)
followed by coculture with synovium (S) explants. Study groups consisted of
control (CB); disease [CBS + INJ]; treatment [CBS + INJ +Dex + IGF-1]; and drug-
safety [CB + Dex + IGF-1]. Outcome measures included cell viability, altered
matrix glycosaminoglycans (GAG) and collagens, multiplex-ELISA quantification
of released cytokines, histopathology, and metabolomic and proteomic analyses
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of spent media. A 21-day study on ISS-NL explored PTOA-like pathogenesis and
treatment in microgravity. Tissue cards for study groups were cultured in custom-
built culture chambers within multi-use variable-g platforms (MVPs). A marked
upregulation in the release of inflammatory cytokines and tissue-GAG loss was
observed in CBS + INJ groups in space and ground controls utilizing tissues from
the same donors, similar to that reported in a previous multi-donor study on Earth;
these changes were partly ameliorated by Dex + IGF-1, but with donor variability.
Metabolomic and proteomic analyses revealed an array of distinct differences
between metabolites/proteins released to the medium in Space versus on Earth.

KEYWORDS

post-traumatic osteoarthritis, ISS-NL, osteochondral-synovium coculture in space,
dexamethasone, IGF-1, proteomic/metabolomic studies of PTOA

Introduction

Post-traumatic osteoarthritis (PTOA) results from joint injuries
such as ACL and meniscal tears of the knee (Brown et al., 2006), and
has become a major contributor to disability across all ages world-
wide (Dilley et al., 2023). Such knee injuries involve pathological
damage to multiple tissues including cartilage, bone, synovium,
ligaments, meniscus and nerves. The mechanical impact causing
injury triggers an intense inflammatory response, originating
primarily from the synovial lining, which is characterized by the
release of inflammatory cytokines including IL-6, TNFα, IL-1β, IL-8
and others (Struglics et al., 2015; Bradley et al., 2023). In the
following days and weeks, increased cell death and matrix
degeneration are observed in cartilage, leading to the release of
aggrecan fragments and collagen type II cross-linked peptides
(Lohmander et al., 2003) into the synovial fluid, along with a
host of other degradome components (Rydén et al., 2023). These
changes in cartilage are accompanied by alterations in the
subchondral bone caused by abnormal cellular remodeling events
initiated by changes in levels of sclerostin, RANKL, alkaline
phosphatase, and osteocalcin (Robling et al., 2008; Sanchez et al.,
2008; Xiong et al., 2011). Taken together, the ensuing degeneration
of joint tissues and cell death can eventually lead to PTOA.

Astronauts are susceptible to high rates of musculoskeletal
injuries before, during and after their mission periods due in part
to the rigorous training required for mission-readiness. A study
examining musculoskeletal injuries in astronauts during missions
between 1981 and 1998 found a three-fold increase in injury rate
within the mission period compared to overall rate of injury,
including pre-flight and post-flight knee injuries (NASA, 1999).
Musculoskeletal alterations during spaceflight may increase the
vulnerability of astronauts to injury, further exacerbated by
strenuous daily activities (Kerstman et al., 2012) and the high
intensity resistance training exercise regimen (Thudium et al.,
2023) followed on the International Space Station. Having flown
high-performance jets previously, astronauts may have a pre-
existing history of musculoskeletal injuries susceptible to further
progression (NASA, 2016). Pre-flight simulated microgravity
training in the weightless environment training facility and
neutral buoyancy lab have also caused injuries (Viegas et al.,
2004; Strauss et al., 2005), as have post-flight musculoskeletal
deconditioning and landing impacts (Web.Archive, 2003). Any
alterations in crew activities resulting from musculoskeletal

injuries could have a serious impact on the mission’s success and
timeline. Injuries on the ISS could also severely impact crew
performance and mission activities (Scheuring et al., 2009;
Ramachandran et al., 2018). Though osteoarthritis significantly
impacts the quality of life of individuals on Earth and may
adversely impact the crew mission in Space, there are still no
FDA-approved disease-modifying osteoarthritic drugs
(DMOADs), and knee replacement is not a desirable option
especially in younger and otherwise healthy individuals.

To understand the early events involved in the interplay between
biomechanical and biological responses to traumatic joint injury, we
established an in vitro PTOA-like disease model using cartilage-
bone-synovium cocultures derived from cadaveric human knee
joints (Dwivedi et al., 2022). This human-derived
microphysiological system (MPS) provides an effective way to
recapitulate aspects of disease biology and to test the effects of
potential therapeutics in a physiologically relevant manner to enable
clinical translation. In our MPS, PTOA-like conditions are initiated
by subjecting the cartilage surfaces of osteochondral plugs to a single
mechanical compressive impact (simulating joint trauma) followed
by coculture with synovium explants, the primary source of the
inflammatory response to joint injury. Cocultures using 25 knees
from 16 human donors revealed release of multiple inflammatory
cytokines, primarily from the synovium explants, promoting
increased chondrocyte death in the impacted cartilage along with
extracellular matrix degradation and a range of metabolomic
changes (Dwivedi et al., 2022). These results matched some of
the earliest events documented in human patients post-ACL tear
(Johnson et al., 1998; Struglics et al., 2015).

In PTOA, the cartilage homeostasis is disrupted due to an
imbalance between catabolic and anabolic processes (Mueller and
Tuan, 2011). To address this disparity between tissue repair and
degradation, we investigated the combined use of dexamethasone
(Dex) and IGF-1 on Earth as well as in Space. In a previous study
using bovine and human knee cartilage, the combination of IGF-1
and Dex ameliorated cell death and cytokine-mediated matrix
degradation, highlighting the potential benefits of combined pro-
anabolic and anti-catabolic mediators (Li et al., 2015). Chronic
inflammation and the accompanying release of proteolytic
enzymes are hallmarks of PTOA disease (Richardson and Dodge,
2003; Huo et al., 2011), motivating the use of Dex, a pleiotropic,
synthetic glucocorticoid, used clinically for OA pain (Black and
Grodzinsky, 2019). Our preliminary studies showed that Dex
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exhibited anti-catabolic and chondroprotective properties by
preserving chondrocyte viability, decreasing synovium release of
inflammatory cytokines, and reducing matrix loss in the cartilage
tissue subjected to mechanical impact injury and coculture with
synovium explants (Dwivedi, 2019). IGF-1, a potent pro-anabolic
(McQuillan et al., 1986) known to prevent injury-induced cell
apoptosis (D’Lima et al., 2001) and promote the biosynthetic
activity of chondrocytes (Tyler, 1989; Bonassar et al., 2000) was
also included in the treatment group.

The overall goal of the present study was to investigate the
response of our PTOA-like MPS disease model to spaceflight
conditions on the ISS and to treatment with Dex and IGF-1 by
comparing effects on cell viability, inflammation, and matrix
alterations on Earth and in Space. The specific aims were 1) to
adapt theMPS to on-station hardware developed by implementation
partner, Redwire Space Technologies (f/k/a Techshot, Inc.), in order
to prepare tissue payloads for autonomous operation on the ISS; 2)
in collaboration with Redwire, to execute studies on Earth and the
ISS with PTOA-like diseased and healthy control tissue groups with
and without Dex and IGF-1, and 3) to compare the effects of
spaceflight to ground control conditions assessed using
proinflammatory multiplex ELISA, biochemical, metabolomic and
proteomic readouts.

Materials and methods

Overall summary of mission

Payload preparation for launch on SpaceX-21 was initiated at
MIT (Cambridge, MA) and at Redwire (Greenville, IN), and
completed at the Space Life Sciences Laboratory (SLSL, FL).
Cadaveric knees were received at MIT, and tissue explants were
harvested and inserted into specialized tissue cards. These tissue
cards were shipped along with nutrient media kit bags to SLSL,
where they were assembled into Redwire’s Multi-Use Variable-g
Platform (MVP) Modules. MVPs containing all designated tissue
treatment conditions were delivered to the cold stowage team at the
Kennedy Space Center (KSC) for transfer to the cargo payload of
SpaceX’s new Cargo Dragon 2 capsule. Launch to the ISS on
6 December 2020 enabled a 3.5-week experiment on the ISS;
return of all tissue and media samples to MIT for analysis was
completed by May 2021. Here we focus on the experiments and the
results of biochemical, inflammatory, metabolomic and proteomic
outcome measures gained during this ISS-Expedition 64 mission. (A
preliminary study using a precursor of this MVP system was
launched to the ISS on SpaceX-17, 4 May 2019; results and
lessons-learned will be described in a separate article.).

Tissue receipt and initial preparations
for launch

Due to the unpredictability in procuring cadaveric knees in time
for launch, we collaborated with three donor banks (LifeNet Health,
Virginia Beach, VA; Gift of Hope Organ and Tissue Donor Network,
Itaska, IL; National Disease Research Interchange (NDRI),
Philadelphia, PA) to initiate deliveries to MIT 8–9 days before

the intended launch date. In anticipation of possible launch
delays/scrubs, multiple knees were received during that time; the
most recent tissues received were used to prepare the final tissue
cards for SLSL. For launch, we received both knees en bloc from each
of two donors (male, 31 y.o.; female, 47 y.o.) within 36 h of death
[Figures 1A,B]. All four joint surfaces were scored as Grade 0
(i.e., normal, no signs of any degenerative morphological
changes) using the modified Collins grading system (Muehleman
et al., 1997).

Cartilage-bone-synovium harvesting,
mechanical injury and culture configuration

All procedures were approved by MIT’s Committee on the Use
of Humans as Experimental Subjects. Osteochondral plugs
(designated CB, having total length 5 mm and diameter 3.5 mm)
as well as synovium explants (S, approximately 6 × 6 mm) were
harvested from all four femurs using tools and methods recently
described in detail (Dwivedi et al., 2022). A total of 48 osteochondral
and 24 synovium explant samples from these 2 donors were
obtained for spaceflight. Cartilage viability was confirmed within
the first day before further preparation [FDA/PI staining of sliced
full thickness sections (Li et al., 2013) Figures 1C,D]. Harvested
tissues were prepared for 4 treatment conditions on ISS: 1) normal
CB plugs alone (non-injured control), 2) mechanically injured CB
plugs co-cultured with synovium explants (“disease” group, CBS +
INJ), 3) CBS + INJ + therapeutic drugs (“treatment” group), and 4)
CB + therapeutic drugs (“drug safety” group). Additional tissues
from the same joints were prepared for ground control studies at
MIT. Therapeutic drugs for this study included 100 nM
dexamethasone (Dex) plus 100 ng/mL (13 nM) insulin-like
growth factor-1 (IGF-1). A single injurious compressive injury
was applied to individual CB plugs using unconfined
compression in a specialized incubator-housed instrument
(15 MPa/s to peak stress of 5 MPa, held at 5 MPa for 0.4 s, then
unloaded at 15 MPa/s) as previously described (Dwivedi et al.,
2022). The resulting media concentrations of cytokines released
by the synovial explants (Dwivedi et al., 2022) are markedly higher
than those found in synovial fluid aspirates taken from normal
human knees (Struglics et al., 2015); hence the use of the cut synovial
explants in the ‘disease’ but not the CB control groups.

Since organ culture on the ISS required MPS culture in a closed
sterile environment, custom-designed culture chambers and
modules were developed [Figures 1, 2] to hold groups of
6 tissues (i.e., 6 technical replicates) from each donor joint pair,
inserted into a tissue card for each of the four treatment conditions
[Figures 1E–H]. Each culture chamber was primed with 15 mL of
media [Figures 2A–D]. The tissue cards were designed to
mechanically secure the tissues in order to separate and prevent
them from aggregating together within a culture chamber during
SpaceX launch and experiments on the ISS. Tissue cards were
prepared from food-grade multi-purpose neoprene rubber sheet
(1/64” thick), 38 mm long and 22 mm wide, and sterilized before
use. Perforations in each card (3 mm diameter) enabled insertion of
the 6 CB plugs for all treatment groups [Figures 1E–H] There was
also enough space between perforations to allow the suturing of
synovium explants for the disease and drug-treatment groups
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FIGURE 1
(A and B) Cadaveric human knees from SF-Donor 1 (A) and SF-Donor 2 (B) used for extraction of tissues and preparation of tissue cards. (C and D)
Viability images following FDA/PI staining on day 0 upon receipt of donor knee joints to show live (green) and dead (pink) cells in the cartilage tissues of
donor 1 (C) and donor 2 (D), before preparation of tissue cards for Spaceflight. (E and F)CB tissue cards prepared with non-injured CB plugs in donor 1 (E)
and donor 2 (F) used for control and safety groups. (G and H) CBS + INJ tissue cards prepared with mechanically injured CB plugs and sutured
synovium tissue for donor 1 (G) and 2 (H) used in disease and treatment groups. (I and J) Tissue cards were placed inside transport tubes containing 50 mL
of media N (control, disease) or media T (safety, treatment) for shipping from MIT lab to SLSL.
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[Figures 1G,H]. Each synovium tissue was secured with a sterile
suture (Covidien Surgipro 6–0, Cat No. VP-718-X) by tying three
knots using the instrument-tie method. Tissue card perforations also
allowed media circulation across and along each card within the
culture chamber [Figures 2A,B]. The 8 tissue cards were prepared
and placed inside transport tubes containing 50 mL of media
[Figures 1I,J] immediately after preparation, and kept at room
temperature until shipping that day from MIT to SLSL.

Nutrient media preparation

Nutrient bags made of Fluorinated Ethylene Propylene (FEP)
[Figure 2G] were designed to hold up to 60 mL media, allowing
3 media changes of 15 mL each once assembled into the MVPs
[Figure 2H]. Nutrient kit-0 was attached in each module at the time
of liftoff and was used to replenish media every 2 days once the study
timeline was initiated by astronauts on the ISS. Almost-empty kit-0
was replaced in each of the 8 MVPs by the astronaut crew after
3 media exchanges, with a fresh kit-1 (kit swap on day 5, shown in
the OPS timeline of Figure 3). Kits-2 and -3 were used at subsequent
swaps (days 11 and 17). Two types of media were needed to prepare
the nutrient kits. Media N was comprised of CO2 independent
media (Thermo Fisher) containing 1% ITS (insulin-transferrin-
selenium at 10 μg/mL, 5.5 μg/mL, and 5 ng/mL, respectively;

Sigma #I2521), 20 mM MOPS buffer, 0.1 mM nonessential amino
acids, 0.4 mM proline, 20 μg/mL ascorbic acid, 100 U/mL penicillin
G, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin. Media T
was identical in composition to media N but additionally contained
treatment therapeutics, 100 nMDex and 100 ng/mL IGF-1. Media N
and T were prepared at MIT and shipped to SLSL 10–15 days before
launch. Nutrient kits were filled and frozen at SLSL 10 days before
launch and turned over to the cold stowage team 4–5 days before
launch. In addition to nutrient kits, empty labeled sample bags [e.g.,
Figure 2F], sterilization, and disposal supplies meant for service
events on ISS were also handed over to be stowed for launch. (See
Supplementary Appendix A [and associated Supp Figs. 1a-h] for the
need, validation, and use of CO2 independent media.)

Tissue card loading into culture chamber
and MVP assembly

Tissue cards were shipped fromMIT to SLSL within a few hours
of preparation in a Biocontainer (World Courier shipping) that
maintained temperatures between 15°C to ambient. Upon receipt at
SLSL, the tissue cards were kept at 16°C until assembly into MVP
modules. [See Supplementary Appendix A; and Supplementary
Figures 1A–X for need and use of lower temperature storage
before initiating experiments on ISS]. The process to load into

FIGURE 2
(A) Culture chamber capable of holding 15 mLmedia used for maintaining tissue cultures in a closed environment on ISS-NL. (B) Tissue card placed
inside culture chamber. (C)Culture chamber, gas exchange loop and fluid loopwere primed after closing of culture chamber to fill withmedia. (D)Culture
chamber after being filled with media. (E)Culture chamber placed inside MVPmodule. (F) An empty, 3-compartment sample bagmeant to collect media
samples taken from the of culture chamber every 2 days (G)Nutrient bag with 60 mL of media meant to supply media for 3media exchanges before
being swappedwith a fresh kit. (H)Nutrient & Sample Tubesets connected to culture chamber and placed on top of the assembly inside theMVPmodule.
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MVP modules started 2 days before launch attempt 1 and was
turned over to the cold stowage team 1 day before launch
attempt 1, to be used for launch attempts 1 and 2, typically on
2 consecutive days. (In case launch attempts 1 and 2 were
unsuccessful, a stand down period would follow, during which
MVP modules would be re-loaded with new tissues in cards sent
by the MIT team to SLSL as needed for subsequent launch attempts.
In our case, launch attempt 2 was successful.).

The assembly of tissue cards into culture chambers and then
MVPs at SLSL was performed using aseptic technique. After being
taken out of the sterilization pouch, the unique serial number of each
culture chamber was recorded for QA purposes. The transport tube
containing the tissue card was photo-documented and transferred
inside the biosafety cabinet. The tissue card was taken out and placed
carefully inside the culture chamber [Figure 2B]. After closing the
culture chamber, the process of media-priming was carried out
during which the culture chamber, gas exchange loop, and fluid loop
were filled with respective media [Figures 2C,D]. For operation with
minimal crew involvement, this culture chamber was placed inside
an MVP module, a single locker replacement payload with a
microfluidic system that performed autonomous media change
every 2 days [Figure 2E]. To accomplish this, the culture
chamber was connected to the 3-compartment sample bag
[Figure 2F] for spent media sample collection at the first 3 time

points on ISS. The nutrient kit containing fresh media [Figure 2G]
was connected next and placed on the top of the assembly
[Figure 2H]. The module was then closed, and the same process
was repeated for all modules. The modules were placed at 16°C until
handover to cold stowage at KSC (approximately 1 day before
launch attempt 1), and then stowed in the Dragon cargo hold at
16°C until launch.

Upon launch, the Dragon capsule reached ISS about 2 days later,
and the modules were unloaded within 24 h after docking. The
modules were installed in carousels (Figure 3A) inside Redwire‘s
MVP facility, which was already present on ISS inside an EXPRESS
rack (EXpediate the Processing of Experiments to the ISS), followed
by a gradual increase of temperature to 37°C. This was accompanied
by the first media change and collection of day 0 media samples on
the ISS. In the following days, an autonomous media swap occurred
every 2 days when 15 mL of fresh media moved from the nutrient kit
into the culture chamber, replacing spent media which was pumped
out and collected into a sample bag. After 3 media swaps in each
module, the nutrient kits were replaced with fresh media: the crew
removed the MVPs from the carousels, opened the lids, removed the
used nutrient kits and the filled sample bags, and new nutrient kits
and empty sample bags were connected before closing the modules
and placing them back into the carousels. The timeline for all crew
service events (SE) is detailed in Supplementary Table S1.

FIGURE 3
(A)Carousel utilization bymodules in Techshot’sMVP facility in an EXPRESS rack on ISS-NL. Four groups from2 donors (SF-Donor 1 and SF-Donor 2)
were used to prepare 8 groups studied. (B) Experiment timeline of a typical study on ISS-NL showing time points for launch, installation, media sample
collection and kit swaps.
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Post spaceflight inflammation and
biochemical analyses

Immediately after removal fromMVPmodules while on the ISS,
the crew froze the sample bags (−80°C), which remained frozen until
received at MIT. At the end of the experiment, the culture chambers
with the tissue cards inside them were also frozen. Complete return
of all tissue and media samples occurred by May 2021. Following
receipt at MIT, the sample bags and culture chambers were thawed
overnight at 4°C and then photo-documented [e.g., Supplementary
Figures 2A, B]. The thawed media from each bag was then
transferred into a 15 mL tube and the volume was recorded. At
this time, aliquots were prepared for subsequent spent media-based
assays to prevent repeated freeze-thaw. The thawed culture
chambers were carefully opened, and media was collected into a
15 mL tube. The tissue card was taken out, photo-documented
[Supplementary Figures 2C, D] and wet weights of each tissue
were recorded to normalize biochemical data. Upon examination
of chamber “B” [Figure 3] post-flight, housing the drug-safety
condition for Donor 1 (CB + DEX + IGF-1), contamination was
discovered; thus, data from this one condition are not included; all
7 other MVP chambers were contamination-free.

Since 6 tissue sets were cultured together in each tissue card in
the 15 mL-culture chamber for SF, each media sample collected
represented a pooled sample from these n = 6 tissues. Tissue-based
assays were performed separately on each tissue (n = 6) and
normalized using respective tissue wet weight. Spent media
assays (120 in total) were performed on pooled samples and
results are reported as concentrations here. Tissue release of
cytokines to the medium was assessed for all time points using
the Human V-Plex Plus proinflammatory 10 spot panel kit from
Meso Scale Discovery (Rockville, MD) following the manufacturer’s
directions. Ten cytokines relevant to human joint injury (Struglics
et al., 2015), including 7 pro-inflammatory (IL-1β, 1L-2, IL-6, IL-8,
IL-12p70, IFN-γ, TNF-α) and 3 anti-inflammatory (IL-4, IL-10, IL-
13) cytokines were analyzed. Tissue samples from days 0, 2, 6, and
14 were digested and used to measure the amount of remaining
intra-tissue sGAG, collagen, and DNA using the methods previously
described (Dwivedi et al., 2022). Briefly, tissues were digested in
500ul proteinase K solution (5 mg/mL in 50 mM Tris-HCl, 1 mM
CaCl2, pH8) (Roche, Indianapolis, MN) at 56°C for 16 h sGAG
content of cartilage digests and spent media was determined using
the dimethyl methylene blue assay (DMMB assay) (Farndale et al.,
1986). Total collagen was assessed in tissue digests that were
hydrolyzed and dried using the hydroxyproline (OHP) assay
(Sierra et al., 2015) and normalized to wet weights. The
concentration of CTX-II fragments, a known biomarker of
cartilage collagen degradation, was determined using a Sandwich-
ELISA assay following manufacturer’s instructions (AC-08F1, IDS,
Gaithersburg, MD, for CTX-II) as previously described (Dwivedi
et al., 2022).

Measurement and analysis of untargeted
metabolomics

Metabolomics studies focused on circulating metabolites and
were performed using spent media samples from tissue cultures of

donors 1 and 2 (both ground control (GC) and spaceflight (SF)). To
focus on early alterations in circulating metabolites, spent media
were pooled from multiple wells on each culture day 2 and 7 of GCs,
and were collected on culture days 0, 2, and 6 of SF experiments.
Frozen spent media samples were shipped to Human Metabolome
Technologies America, Inc. (HMT; Boston, MA, United States) for
global metabolite profiling. Sample preparation was carried out
using the previously described protocol (Mina et al., 2019).
Metabolome analysis was performed using capillary
electrophoresis Fourier transform mass spectrometry (CE-FTMS)
in two modes for cationic and anionic metabolites. Over
320 metabolites were detected on the basis of HMT’s standard
library. Prior to analyses, data were cleaned by removing the
metabolites that were not detected (N.D.) in the majority (>80%)
of the samples. For metabolites that were N.D. in some samples,
relative abundance values were assigned as 5-fold lower than the
lowest value measured in the whole dataset. Log transformation and
pare-to scaling were then performed on the dataset before analyses.
Statistical significance was assessed using two-way ANOVA with
FDR correction for multiple testing. All computation was performed
using MetaboAnalyst and in R.

Mass spectrometry and analysis of
media proteomes

Protein isolation and trypsinization from pooled week 1 and
week 2 media samples, discovery MS, and protein quantification
were performed as previously described (Black et al., 2022). Ground
samples were first searched using n = 10 donors, the 2 donors used in
the present space flight study along with 8 additional donors
processed in our MIT lab as described previously (Black, 2022;
Dwivedi et al., 2022). Based on this n = 10 ground study, we selected
proteins having a significant effect of [CBS + INJ] vs. control (using
the R package limma and a linear mixed effects model with donor as
a random variable, and least squares means test for p values
performed on all 10 ground donors). We then separately looked
at the behavior of those proteins (selected as significant for [CBS +
INJ]) in the two space donors compared specifically to their two
corresponding ground donors 1 and 2. MS data were searched in two
batches: all n = 10 ground samples, and then the space flight samples
with their corresponding ground controls (donors 1 and 2)
separately. For both the ground and space data sets, proteins
were filtered out if they were exogenous (e.g., from ITS media
supplement) or not identified and quantified in at least 70% of
samples, and missing values were imputed using the k-nearest
neighbor method (Lazar et al., 2016; Black et al., 2021).
Individual peptide abundances for collagen I (COL1A1) and
collagen II (COL2A1) were filtered and imputed via the same
methods. Pairwise comparisons between treatments were
performed using limma and MATLAB (MathWorks) (Ritchie
et al., 2015). Protein abundance data were log2-transformed and
scaled, and principal component analysis (PCA) was performed
using the “prcomp” function (Black et al., 2020). PCA protein
loadings were ranked by their dot product and analyzed using
Gene Set Enrichment Analysis (GSEA) c5 gene sets with the
Human UniProt IDs chip and 1,000 repeats for enrichment score
distributions (Mootha et al., 2003; Subramanian et al., 2005). For
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comparison of space and ground effects on the same proteins,
proteins with a significant (adjusted p-value <0.05) effect of CBS
+ INJ treatment across all ground samples were selected. Within
Donor 1 and Donor 2, the log2 fold change of CBS + INJ versus CB
samples were found for the proteins both identified in space samples
and with a significant effect across all samples. Differences in space
and ground responses were assessed by taking the square of the
difference between the space fold change and ground fold change.
Enrichment analysis for biological processes was performed using
STRING analysis as previously described (Szklarczyk et al., 2019;
Black et al., 2020).

Ground studies

Ground studies were set up using tissues from the same donors
studied on ISS (donors 1 and 2) and performed at MIT under
conditions similar to those described from our recently published
studies (Dwivedi et al., 2022). Tissues were cultured in 24 well plates
in DMEM complete culture medium in a 5% CO2 incubator for
14 days. CB plugs were used to set up control (CB) and safety
groups, where the latter was cultured in the presence of therapeutics
100 nM Dex and 100 ng/mL IGF-1 (CB + Dex + IGF-1) to ensure
the safe application of therapeutic drugs on healthy tissue. CBS + INJ
cultures were performed as previously described (Dwivedi et al.,
2022), both in the absence and presence of therapeutics
(i.e., treatment, CBS + INJ + DEX + IGF-1). The viability of the
cartilage tissue was verified on day 14 using FDA/PI staining as
described. Spent media samples were collected on days 2, 4, 7, 9, 11,
and 14 (n = 6 technical replicates at each day for each treatment
condition). Tissue samples (also n = 6) were frozen on day 14 for
biochemical analyses. Spent media samples from 6 replicates were
pooled for MSD (inflammation) and CTX-II assays. Biochemical,
metabolomic and proteomic assays were performed as described
above for space flight samples.

Results

In the subsections below, we compare observations and data
from spaceflight with those of the associated ground controls for
each outcome measure (inflammatory, biochemical, metabolomic
and proteomic). In general, the qualitative trends of the ground
control data reported here are very similar to those reported in our
recently published laboratory study involving 25 knees from
16 donors, using this same newly developed in vitro
microphysiological system. Along with this large background
dataset, we further suggest similarities and differences associated
with spaceflight in the Discussion.

Cell viability

Tests using initial donor joints showed that cartilage and bone
explant cells remained viable for the DMEM, and CO2

independent media used at the various temperatures needed for
launch-preparation and culture on ISS [Supplementary Figures
1A–H]. Cartilage tissue specifically from Donors 1 and 2 used for

spaceflight was assessed at the time of donor receipt [Figures 1C,D]
and at the end of 14 days in ground controls. By day 14, minimal
cell death was observed in the osteochondral-alone (CB) groups,
mostly limited to superficial zone of the cartilage [Figures 4A,B].
However, as observed previously (Dwivedi et al., 2022),
mechanical impact injury and coculture with synovium (CBS +
INJ) caused an increase in cell death in all the tissue sections in this
group [Figures 4C,D]. Importantly, the combination of Dex + IGF-
1 greatly reduced cell death caused by CBS + INJ, as indicated by
the mostly green cells in [Figures 4E,F]. Comparably little cell
death was observed in the healthy CB-alone tissue cultured with
Dex + IGF-1 [Figures 4G,H], confirming the safety and efficacy of
this combination of drugs used in the present study. While cell
viability on the ISS could not be directly confirmed at the end of
spaceflight experiments (since tissues were then immediately
frozen on ISS), the additional outcomes reported below strongly
suggest that explants/cell did not differ substantially from that of
ground controls.

FIGURE 4
(A–H): FDA/PI stained cartilage sections from ground control
(GC) studies of Donors 1 and 2 at the end of 14 days. Chondrocyte
viability was maintained in CB group (A and B). Increased cell death
was observed in the disease group (CBS + INJ) as a result of
mechanical injury and synovial inflammation (C and D). Treatment
with Dex + IGF-1 ameliorated cell death in PTOA-like (CBS + INJ)
conditions, and most of the tissue was viable with few dead cells,
primarily in superficial zone (E and F). Uninjured osteochondral plugs
(CB) treated with Dex + IGF-1, i.e., the drug-safety group, showed
comparable viability to uninjured CB control plugs (G and H),
suggesting that there were no adverse effects of Dex + IGF-1 drug
treatment on chondrocyte viability. GC: Ground control samples.
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Cytokine release increased by CBS + INJ,
reduced by Dex + IGF-1 with donor
variability

Levels of 7 pro-inflammatory (IL-1, TNFα, IL-6, IL-8, IL-2, IL-
12, IFNγ) and 3 anti-inflammatory (IL-4, IL-10, IL-13) cytokines
were analyzed to assess the extent of inflammatory initiation of
PTOA-like disease and the response to treatment with Dex and IGF-
1. Previous studies showed donor-dependent variability in absolute
concentrations but similar trends in the release of inflammatory
cytokines (Dwivedi et al., 2022). The ground control studies here
showed an immediate increase in the release of all 10 cytokines
analyzed 2–4 days after initiation of CBS + INJ, followed by a
gradual decrease though, in some cases, concentrations remain
elevated over 14 days [Figure 5, Supplementary Figure 3]. In
contrast, control (CB) and safety (CB + Dex + IGF-1) groups
were typically associated with lower levels of released
inflammatory cytokines, consistent with previous studies
(Dwivedi et al., 2022) showing that synovium is the primary
source of inflammation in this model system.

With donor 1 in space, increased release of inflammatory cytokines
was observed on day 2 in all treatment groups for all cytokines studied,
with themaximum elevationmost often in the CBS + INJ disease group
[Figure 5 and Supplementary Figure 3]. Although levels were higher in
the first week, treatment with Dex + IGF-1 tended to reduce the
inflammatory response to levels comparable with the CB group starting
on day 4 or 6. In the respective ground study from the same donor 1, a
strong inflammatory response was observed for CBS + INJ with or
without drug treatment in the first week of culture. While treatment
with Dex + IGF-1 tended to reduce the release starting week
2 comparable to the CB group, levels of inflammatory cytokines
were considerably elevated in the CBS + INJ group.

With SF donor 2, an increase in the levels was observed on day
4 instead of day 2 for most cytokines in response to CBS + INJ
(except for IL-8 on day 2 and IL-12 on day 6). Surprisingly, however,
cytokine release levels also tended to be high even in the control CB
group and the drug treatment group, especially in the early phase of
the culture [Figure 5, Supplementary Figure 3]. Dex + IGF-1
treatment generally reduced the inflammatory response by week
2 for most cytokines. In the corresponding ground study from the

FIGURE 5
Panels showing levels of 4 pro-inflammatory cytokines, IL-1, TNF-α, IL-6, and IL-8, released in Space and on Earth. Rows (A and B) 2 donors from
Spaceflight (SF-Donor 1 (A) and SF-Donor 2 (B)). Rows (C and D) Cytokine concentrations were also measured in corresponding ground studies from
donors sent into Space (GC-Donor 1 (C) and GC-Donor 2 (D)). SF: Spaceflight samples. GC: Ground control samples.

Frontiers in Space Technologies frontiersin.org09

Dwivedi et al. 10.3389/frspt.2024.1358412

https://www.frontiersin.org/journals/space-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frspt.2024.1358412


same donor 2, release of cytokines in the disease (CBS + INJ) group
was 2–5 times higher at day 2 compared to that for donor 1, except
for IL-6 and IL-8 which were similar for both donors. Dex + IGF-1
treatment caused a marked reduction in the release of cytokines
from day 2 onwards (except IL-8, which decreased at later times),
reducing the severity of inflammatory response from the early stage
of culture. Unlike spaceflight studies from the same donors, low
release was observed for CB control and safety-treatment groups in
both GC-donor 1 and 2 groups. Taken together, donor variability
was evident even between the 2 donors studied on Earth. Moreover,
treatment with Dex and IGF-1 was more effective in reducing the
inflammatory response in GC-donor 2 from the earliest time in the
culture. But importantly, many cytokines showed elevated release
from SF tissues for most if not all treatment conditions from both
donors, in contrast to GC tissues.

Biochemical analysis reveals increased GAG
loss in disease group in space and ground

During 3 weeks in space and 2 weeks in ground controls, release
of sGAG to the media was consistently higher in the disease (CBS +
INJ) group compared to CB control treatment for both donor tissues

[Figure 6]. For donor 1, addition of Dex + IGF-1 reduced sGAG loss
in the CBS + INJ + Dex + IGF-1 group down to levels of CB control
on Earth [Figure 6B], and partially reduced sGAG loss in space as
well [Figure 6A]. However, Donor 2 tissues did not similarly
respond to Dex + IGF-1 on earth or in space by the 2–3 weeks
time point in culture [Figures 6C,D]. This human donor variability
to such therapeutic treatment has been seen previously using this
same microphysiological system with multiple laboratory studies
(Dwivedi et al., 2022) as well as with cultures of osteochondral plugs
with added exogenous cytokines (Black et al., 2022) No differences
were found between treatment groups on Earth or in Space for total
collagen content or release of CTX-II fragments, for both donor
tissues [Supplementary Figure 4]. Very low levels of CTX-II were
detected in SF and GC samples, as expected at this early stage of
culture (see Discussion).

Metabolomics shows increased oxidative
stress and inflammation under spaceflight
conditions

Metabolic signatures and group differences were studied using
the spent media samples collected from SF Donor 1 and 2, and GC

FIGURE 6
(A–D): % GAG loss in spaceflight study in SF-Donor 1 (A) and SF-Donor 2 (B) and their corresponding ground studies in GC-Donor 1 (C) and GC-
Donor 2 (D). Data are means ± SEM. SF: Spaceflight samples. GC: Ground control samples.
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Donor 1 and 2. Principal component analysis (PCA) performed on
all samples showed that 69% variance was explained in the first
2 principal components [Figure 7A]. More importantly, samples
formed two separate clusters on PC1 for ground control and
spaceflight, showing that spaceflight conditions had a more
pronounced effect on metabolic signatures compared to groups
differences such as disease-associated or drug-induced effects.
PC2, on the other hand, showed those group differences, both in
the ground control cluster and the spaceflight cluster, where disease

(CBS + INJ) samples were grouped closer to drug treatment (CBS +
INJ + DEX + IGF-1) samples, and control (CB) samples were
grouped closer to safety (CB + DEX + IGF-1) samples [Figure 7A].

Since PCA analysis showed that the greatest variance was
between ground vs. space and between treatment conditions, but
not between time points, we then grouped days 2 and 7 for ground,
and days 0, 2, and 6 together for space, and statistical tests (see
Methods above, and (Dwivedi et al., 2022)) were performed based on
these groupings. To assess the regulation of cellular functions under

FIGURE 7
Circulating metabolites measured in ground control (GC) and spaceflight (SF) samples fromDonor 1 and 2. (A) Principal components analysis scores
plot showing GC samples on culture day 2 (circles) and day 7 (squares), and SF samples on day 0 (open circles), day 2 (triangles) and day 6 (diamonds)
clustering separately. In both GC and SF samples, CB (control, blue), disease (CBS + INJ, black), treatment (CBS + INJ + DEX + IGF-1, magenta), and safety
(CB +DEX + IGF-1, green) groups are shown. (B) Relative abundance of oxidized glutathione (GSSG) compared in GC and SF samples for both Donor
1 (black) and 2 (brown). (C) Kynurenine: Tryptophan (Kyn:Trp), (D) Lactate:Pyruvate (L:P), and (E) Citrate:Pyruvate (Cit:Pyr) ratios measured in GC and SF
samples are compared between CB, disease, and treatment groups for Donor 1 (black) and 2 (brown). SF: Spaceflight samples. GC: Ground
control samples.
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ground control and spaceflight conditions, metabolic markers of
redox status, central carbon metabolism, and inflammation-activated
metabolic pathways were studied. Redox status, mostly informed using
ratios of glutathiones (GSH: GSSG) and pyridine nucleotides (NADH:
NAD+, NADPH: NADP+), was assessed comparing measured oxidized
glutathione (GSSG) abundance between groups. In GC samples, GSSG
was increased under disease conditions (CB vs. disease; padj < 0.0001)
and reduced with drug treatment (disease vs. treatment; padj = 0.0101)
[Figure 7B]. On the contrary, in space, GSSG was slightly higher in
control samples and comparable in disease and drug treatment samples
(padj > 0.05 for CB, disease, treatment group comparisons). Overall,
GSSG abundance under spaceflight conditions was very high compared
to GC, suggesting increased oxidative stress for all groups in spaceflight
conditions.

Kynurenine (Kyn) pathway activation has been associated with
multiple inflammatory diseases and was observed in our previous study
(Dwivedi et al., 2022) as measured kynurenine in CBS spent media,
which was not detected in control (CB) groups. This metabolic pathway
is regulated by inflammatory cytokines, and the activation can be
informed using the Kyn:Trp ratio (Dwivedi et al., 2022). In GC
samples, Kyn:Trp ratio was higher under disease conditions (CB vs.
disease; padj < 0.0001) and reduced with drug treatment (disease vs.
treatment; padj < 0.0001) [Figure 7C], in agreement with the measured
inflammatory cytokine profiles [Figure 5]. On the contrary, in space, the
Kyn:Trp ratio was comparable in control, disease and drug treatment
groups (padj > 0.05 for CB, disease, treatment group comparisons), and
ratios in SF groups were higher than GC control (CB) samples.
Considering that Kyn pathway was not activated in GC control
(CB) groups, these results suggest that all groups in SF show
inflammation induced Kyn pathway activation to a similar degree.

Two metabolic markers, Lactate: Pyruvate (L:P) ratio and
Citrate: Pyruvate (Cit:Pyr) ratio, were used to evaluate differences
in central carbon metabolism under spaceflight conditions. In GC
samples, L:P ratio was comparable in control, disease, and drug
treatment groups [Figure 7D], In space, the ratio for disease and
drug treatment groups was higher (padj > 0.05 for CB, disease,
treatment group comparisons). Overall, the L:P ratio was almost
100-fold lower in the spaceflight samples (any GC vs. any SF group
comparison; padj < 0.0001). This decrease resulted from a ~3-fold
decrease in lactate relative abundance, and ~10-fold increase in
pyruvate relative abundance in SF samples compared to the GC
samples [Supplementary Figure 6]. Similarly, the Cit: Pyr ratio was
found to be ~10-fold lower in the SF samples compared to GC
samples. These results show that central carbon metabolism
signatures were distinct between GC and SF experiments, and
possibly suggest higher glycolysis and suppressed TCA cycle
activity [Figure 7 and Supplementary Figure 6] under spaceflight
conditions.

Comparison of media proteome changes on
the ground versus in space shows
differences in metabolic and bone
biomarker release

Principal component analysis [PCA, Figure 8] was performed on
the ground and space samples for week 1 [Figures 8A,C] and week
2 [Figures 8B,D] for donors 1 [Figures 8A,B] and 2 [Figures 8C,D].

Across all four analyses, the most significant effect on sample
variability was the separation of space versus ground samples,
with the second largest contribution from CBS + INJ versus CB
controls or only CB + Dex + IGF-1. Dex + IGF-1 treated samples did
not separate much from their untreated counterparts, particularly
for donor 2. GSEA was performed on the ranked protein loadings
from the first principal component for each data set to find which
proteins were more associated with the SF samples versus the GC
samples. SF, but not GC, was consistently associated with proteins
related to desmosomes such as cystatin A, desmocolins,
desmoplakins, and plakophilin 1. GC samples were broadly
associated with intracellular metabolic proteins such as protein
disulfide isomerases, glucose-processing proteins, and those
involved in endoplasmic reticulum function.

To compare whether changes on proteins in the ground control
samples were recapitulated in space, we selected proteins with a
significant effect of CBS + INJ on GC and filtered for proteins also
identified in the SF samples. The log2 fold change of CBS versus
control within each of donor 1 and donor 2 for week 1 and week
2 were calculated for the ground and space samples, and ground and
space fold changes plotted against each other [Figure 9]. Proteins
were highlighted if the mean squared difference between the two was
greater than 5, and the absolute value of the fold changes for both
space and ground were greater than 1 (i.e., a two-fold increase or
decrease). Highlighted proteins in Figure 9 are summarized in
Supplementary Tables S2, S3. Notable proteins for donor 1 that
were not highlighted include IL-6, which had no change in the
release in SF in week 1 but a large increase in the GC samples;
collagen II, which had a decrease with CBS + INJ treatment in the
GC samples and a slight increase in SF; and collagen VI (A1 and
A2 chains), with a greater increase in SF compared to GC. Donor
2 also had higher amounts of collagen II and collagen IV release in
space for week 1 compared to decreases in their release in the ground
samples. For both donors across both weeks, there were greater
increases in sclerostin (SOST), osteomodulin (OMD), and
osteonectin (also known as SPARC) in SF media compared to GC.

Changes in collagen synthesis identified via
analysis of peptide abundances

Collagen I and II synthesis was assessed in donors 1 and 2 via
analysis of the individual peptides identified corresponding to those
collagens. Comparing CBS + INJ treatments to CB alone, collagen II
synthesis (assessed by changes in the N- and C-terminal
peptides) was only increased in SF and not in GC tissues over
the first 2 weeks: in the first week for donor 1, and the second
week for donor 2 [Supplementary Figure 5]. Collagen I synthesis
followed the same trend, with increases in N- and C- terminal
peptides indicative of new synthesis only in space with CBS +
INJ treatment.

Discussion

Space exploration has been an exciting journey for the human
race, but possible adverse effects on astronaut health have long been
recognized. In addition to microgravity, the crew is also exposed to
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radiation, high g-forces, the effects of intensive exercise on
musculoskeletal tissues while on the ISS, and impact upon
landing (Jones et al., 2000) It is no surprise that musculoskeletal
complaints are one of the most reported in-flight problems
(Scheuring, 2010). To prevent risk to future crew missions,
timely therapeutic intervention is critical. Post-traumatic
osteoarthritis provides an excellent focus to explore the origin of
joint tissue breakdown after injury and potential pharmacological
treatments to protect astronauts’ present and future joint health.
Microphysiological systems are an effective method to recapitulate
the human physiology of PTOA and to advance understanding of
disease biology and therapeutic target (Reardon, 2015; Hinman
et al., 2020) Our microphysiological system (Dwivedi et al., 2022)
incorporates coculture and crosstalk between native human
cartilage, bone, and synovium, three critically important knee
tissues currently under intense study as principal sites for
initiation and progression of OA/PTOA (Oo and Hunter, 2022).

Cell death in the cartilage tissue is one of the most detrimental
outcomes of mechanical trauma which may be a contributing factor
in the development of PTOA (Kim et al., 2002; Murray et al., 2004).
Since SF tissues were frozen on ISS before return to Earth, it was not
possible to assess cell viability. However, we can still compare cell/
tissue viability in space to that after similar treatment conditions in
GC and our lab studies (Dwivedi et al., 2022). Those results showed
that CBS + INJ caused dramatic increases in chondrocyte death,
while Dex and IGF-1 rescued cell viability (e.g., Figure 4). Cartilage
tissue showed negligible cell death in the CB + Dex + IGF-1 safety
group, suggesting the safety of this treatment combination. Further
insight into cell behavior in space is derived from our proteomic
results, which showed a significant effect of spaceflight on media
proteome composition. Here, proteins associated with desmosomes
were prominent in SF media samples compared to GC across all
treatment conditions. This finding could be linked to the
proliferation of lacunar chondrocytes identified in previous

FIGURE 8
Principal component analysis of space and ground samples using proteomics data. Principal component analysis (PCA) was performed using protein
abundance values from donors 1 (A and B) and 2 (C andD) for treatment conditions on both ground and space from the first or secondweek of treatment.
Percentages on axes represent percent variance explained by that principal component. GC: Ground control samples, SF: Spaceflight samples, Control:
osteochondral plug alone; Disease: CBS + INJ (osteochondral plug withmechanical injury cocultured with synovial explant; Treatment: CBS + INJ +
Dex + IGF-1; safety: CB + Dex + IGF-1.
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studies of OA progression (Lotz et al., 2010; Brink et al., 2019). The
increase in desmosomal proteins is likely not only due to changes in
the cartilage tissue: in cases of traumatic arthritis, more desmosomes
were observed from synovial cells (Ghadially et al., 1978). In
addition, GC samples were associated with higher release of
intracellular metabolic proteins, which are considered to be
markers of necrotic cell death, particularly early in culture (Roth
and Adelman, 1975). This suggests that early cell death events are
not occurring in space. However, exposure to the conditions of space
may cause proliferation and aggregation of cells together with
corresponding increases in the amount of desmosomal junctions,
which may replicate the behavior seen during OA progression.
Future studies are needed to validate this hypothesis.

Regarding cytokine release, we first note that the levels of cytokines
were low on day 0 in the Spaceflight samples. This is to be expected
since the samples were being held at 16°C prior to MVP installation at
the ISS where the temperature was raised to 37°C. Lower temperature
likely helped to maintain tissue viability, but in a state of low metabolic
activity. The motivation for this experimental design was to ensure that
the study started upon reaching the ISS. After the tissue cards were
prepared atMIT and assembled at SLSL in Florida, the synoviumwould
have continued to release inflammatory cytokines if maintained at 37°C

during the time they were held in cargo in preparation for launch. This
would have been undesirable since the goal of the studywas to assess the
progress of disease and response to treatment inmicrogravity. Thus, the
low cytokine levels in media collected on day 0 indicated that synovium
was likely in a state of low metabolic activity until the temperature was
raised to 37°C on the ISS. This is consistent with the increase in the
cytokine levels observed on days 2, 4 and onwards. Donor-related
variability in absolute concentrations of released cytokines is consistent
with our earlier laboratory findings utilizing a large donor set (Dwivedi
et al., 2022). Regardless, a few general trends were evident. In the SF as
well as GC, the highest levels of released pro-inflammatory cytokines
were mainly from the disease (CBS + INJ) group. A considerable spike
was typically observed during week 1 followed by a gradual reduction
during the rest of the experiment, also consistent with previous studies
(Swärd et al., 2012; Bigoni et al., 2013; Dwivedi et al., 2022).
Importantly, in comparing SF with GC results for cytokine
release, it is notable that many cytokines showed elevated
release from SF tissues for many if not most experimental
conditions from both donors, in contrast to GC tissues where
cytokine release was generally highest for the disease (CBS + INJ)
compared to other conditions (especially GC donor 2 compared
to SF donor 2).

FIGURE 9
Differences between space and ground culture onmedia abundances of proteins affected by disease progression in comparison to control. Proteins
with a significant effect of CBS + INJ versus osteochondral controls (CB) on the ground were selected and filtered for proteins also identified in space
samples. The log2 fold changes (FC) between CBS + INJ and CB were determined within just donors 1 (A and B) and 2 (C and D) on the ground and in
space for each of week 1 (A and C) andweek 2 (B andD). Each point represents an individual protein, and proteins are colored if their log2 FC for both
ground and space were greater than 1 or less than −1, and themean squared difference between space and ground were greater than 5, indicating a large
difference between the behavior in ground and space as well as a noticeable change in both ground and space. NOTE: The color key corresponds to
notation of Supplementary Tables S2, S3.
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Degradation of extracellular matrix, such as the release of
aggrecan-GAG fragments, is an important hallmark of PTOA
disease and often one of the earliest noted changes in cartilage.
We observed loss of GAG to the medium to highest for disease (CBS
+ INJ) compared to CB controls in both donors in SF and GC
cultures [Figure 6]. This important observation is consistent with the
results of many previous in vitro studies as well as clinical
observations of patient synovial fluids shortly after ACL-rupture
(i.e., acute knee injury) (Swärd et al., 2012). Proteomic analyses have
further highlighted additionally important observations that
distinguish SF from CG conditions. Over 2 weeks of culture, CBS
+ INJ caused increases in the release of many additional proteins
associated with extracellular matrix composition and organization,
though the extent of such changes was milder compared to
published in vitro disease models that used much higher
concentrations of exogenous cytokines to represent the effects of
inflammation (Black et al., 2021) (compared the cytokine
concentrations released by synovium explants in our MPS). In
addition to the changes in collagen synthesis and abundance
described above, collagens VI, XV, and XVIII, all pericellular
matrix collagens, had a higher release in space compared to GC
samples in the second week for donor 2, suggesting either more of an
anabolic response with new deposition of these proteins in response
to disease progression in space, or early catabolic breakdown events
(Pufe et al., 2004; Smeriglio et al., 2015; Bretaud et al., 2020). An
increased anabolic response is supported by collagen II synthesis
[Supplementary Figure 5], an important part of the cartilage
reparative response to OA progression, not being decreased with
CBS + INJ treatment in space as it was for ground for either donor.
Donor 1 (though not donor 2) in space showed higher levels of
peptides from the propeptide regions of collagen I, indicative of
collagen I synthesis and bone osteoblast activity. The biomarkers of
bone health OMD, SPARC, and SOST, all also had greater increases
to the media under disease stress in space than ground (for both
donors), perhaps a result of bone reacting to being in space and
striving for healthier bone metabolism (Eastell and Lobo, 2007;
Chang et al., 2018; Lin et al., 2021).

Donor-dependent variability was also found in the effects of
treatment with Dex + IGF-1, exacerbated by the SF instrumentation
limit of using at most 2 donors. While drug treatment reduced GAG
loss to CB control levels for GC-donor-1 and moderately reduced
GAG loss for SF-donor-1 as well, treatment was ineffective at
preventing GAG loss for donor 2 under both SF and GC
conditions [Figure 6]. On earth, using a much larger donor pool
(25 knees from 16 donors), preliminary studies have revealed a
statistically significant decrease in GAG loss under CBS + INJ + Dex
+ IGF-1 compared to CBS + INJ with no drugs (Dwivedi, 2019);
however, with large donor-to-donor variations in cytokine release
and response to such therapeutics, it is difficult to identify
effectiveness when looking at any two donors alone. Dex + IGF-1
had little effect on attenuating changes to the media proteome
caused by CBS + INJ disease progression (Black, 2022), and PCA
of space samples also showed little deviation between CBS + INJ
versus CBS + INJ + Dex + IGF-1 treatments. Dex and IGF-1 did
increase the release of metallothioneins, which are known to be
protective against oxidative stress (Ruttkay-Nedecky et al., 2013). It
is well-established that Dex treatment drives synthesis of
metallothioneins, indicating a potential mechanism for

therapeutic benefit, especially in the high-radiation environment
of space (Karin et al., 1980). These results suggest that the impact of
early intervention with Dex + IGF-1 is to prevent matrix catabolism
and cytotoxic events, without many off-target effects detectable in
what was released to the media. It is notable that Dex increased the
release of IGF binding protein 6, which could bind to IGF and
decrease its activity (Tanaka et al., 2021). In general, donor-to-donor
variability could be related to donor age, sex, and a variety of other
variables. An age-related decline in response to IGF-1 has also been
reported before (Loeser et al., 2000), and current approaches to
delivery of IGF-1 (and other proteins) could mitigate such effects
(Geiger et al., 2018). This is an important consideration for the flight
physician to ensure more personalized pharmacological
intervention based on an individual’s physiological characteristics,
medical history, fitness level and inherent pre-existing propensities.

Finally, we note that the literature suggests that it is highly
unlikely that a single compound will exist that can reduce tissue
degeneration and, simultaneously, promote tissue regeneration
following joint injuries that cause OA/PTOA (Wieland et al.,
2005). Hence our approach to combine the use of an anti-
catabolic, anti-inflammatory corticosteroid (Dex) to reduce
degeneration, and a pro-anabolic growth factor (IGF-1) to
promote regeneration. The concentrations we used were
motivated by dose-response studies in the literature for IGF-1
(Tyler, 1989; Bonassar et al., 2000) and Dex (Lu et al., 2011). In
terms of drug administration, we note that, like most in vitro studies,
the concentrations of Dex and IGF-1 in all our GC and SF
experiments are maintained constant. Following joint injuries,
intra-articular injection of drugs is currently the primary clinical
approach; however, injected drugs are known to be cleared from the
joint within hours, well before they can penetrate into cartilage or
other tissue targets. Therefore, we have separately focused on studies
to develop drug delivery techniques to achieve more sustained,
intratissue delivery using cationic nanoparticles conjugated to
either IGF-1 (Geiger et al., 2018) or Dex (Bajpayee et al., 2016;
Bajpayee and Grodzinsky, 2017), to deliver them into cartilage. In
addition, we have developed a predictive mathematical model to
predict the transport of IGF-1-based fusion proteins into human
knee joints upon intra-articular injection (Krishnan et al., 2022),
including penetration into cartilage and escape into systemic
circulation through the joint capsule. Together, the hope is to set
the stage for translation of such in vitro culture studies to in vivo
preclinical studies and potentially clinical application.

Conclusion

We have used our recently published native human
osteochondral-synovium explant co-culture system (Dwivedi
et al., 2022), confirmed to reveal early events associated with
initiation and progression of PTOA, to investigate effects of
microgravity in low earth orbit. We were able to adapt our CBS
MPS to Redwire’s hardware; while practical facilities constraints on
the ISS restricted our experiments to the use of tissues from 2 human
donor, our results can be placed in context with recently published
laboratory results using 25 knees from 16 donors (Dwivedi et al.,
2022). However, we were able to perform both spaceflight and
ground control experiments using tissues from these same
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2 donors for comparison. Of particular note, both metabolomic and
proteomic analyses revealed that the overall behavior of these tissues
in Space was different overall than on Earth. Metabolomics showed
increased oxidative stress and activation of inflammatory pathways
under all treatment conditions in Space, consistent with the
observed trend of higher cytokine release for all conditions in
Space, and not just the disease condition (CBS + INJ) which was
more pronounced on Earth. Proteomic analyses revealed increased
release of many extracellular proteins caused by CBS + INJ in Space
(consistent with the observed increase in GAG release), as well as
marked increases in the release of pericellular collagens. Additional
studies are needed to further confirm these observations, including
their relationship to the effects of the physical demands and rigorous
exercise regimen required of the ISS astronauts.
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