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Reduced weight bearing, and to a lesser extent radiation,
during spaceflight have been shown as potential hazards to
astronaut joint health. These hazards combined effect to the
knee and hip joints are not well defined, particularly with
low-dose exposure to radiation. In this study, we examined
the individual and combined effects of varying low-dose
radiation (�1 Gy) and reduced weight bearing on the
cartilage of the knee and hip joints. C57BL/6J mice (n¼ 80)
were either tail suspended via hindlimb unloading (HLU) or
remained full-weight bearing (ground). On day 6, each
group was divided and irradiated with 0 Gy (sham), 0.1 Gy,
0.5 Gy or 1.0 Gy (n ¼ 10/group), yielding eight groups:
ground-sham; ground-0.1 Gy; ground-0.5 Gy; ground-1.0
Gy; HLU-sham; HLU-0.1 Gy; HLU-0.5 Gy; and HLU-1.0
Gy. On day 30, the hindlimbs, hip cartilage and serum were
collected from the mice. Significant differences were
identified statistically between treatment groups and the
ground-sham control group, but no significant differences
were observed between HLU and/or radiation groups.
Contrast-enhanced micro-computed tomography (micro-
CECT) demonstrated decrease in volume and thickness at
the weight-bearing femoral-tibial cartilage-cartilage con-
tact point in all treatment groups compared to ground-
sham. Lower collagen was observed in all groups compared
to ground-sham. Circulating serum cartilage oligomeric
matrix protein (sCOMP), a biomarker for ongoing cartilage
degradation, was increased in all of the irradiated groups
compared to ground-sham, regardless of unloading. Mass
spectrometry of the cartilage lining the femoral head and
subsequent Ingenuity Pathway Analysis (IPA) identified a
decrease in cartilage compositional proteins indicative of
osteoarthritis. Our findings demonstrate that both individ-
ually and combined, HLU and exposure to spaceflight-

relevant radiation doses lead to cartilage degradation of the
knee and hip with expression of an arthritic phenotype.
Moreover, early administration of low-dose irradiation (0.1,
0.5 or 1.0 Gy) causes an active catabolic response in
cartilage 24 days postirradiation. Further research is
warranted with a focus on the prevention of cartilage
degradation from long-term periods of reduced weight
bearing and spaceflight-relevant low doses and qualities of
radiation. � 2019 by Radiation Research Society

INTRODUCTION

Astronauts must maintain their musculoskeletal health
during spaceflight to ensure mission success. Joint loading
on Earth is necessary to maintain structural integrity,
proper function and homeostasis of cartilage and other
tissues constituting load-bearing synovial joints (1, 2).
Thus, the reduced weight bearing experienced with
spaceflight represents a substantial challenge to maintain-
ing the health of synovial joints (3–6). Clinically relevant
structural degradation of cartilage has been documented
after periods of prescribed partial- or nonweight-bearing
(3–5). Radiation, a frequently undetermined threat present
during spaceflight, also affects joint health and induces an
arthritic phenotype, observed at higher doses in clinical
applications (7–10), and at lower doses in preclinical
studies (7–10). Chronic knee damage has been observed in
rats after acute exposure to 1 Gy X rays (6), which is
relevant to spaceflight scenarios (e.g., solar flare). To our
knowledge, the combined effects of low-dose exposure
(,1 Gy) and reduced weight bearing have not been studied
together.

The goal of this ground-based study was to determine if
prolonged periods (;30 days) of reduced weight-bearing
with or without exposure to spaceflight-relevant low doses
of radiation (,1 Gy) causes or enhances knee and hip joint
damage. Of particular interest were the effects of low-dose
radiation on cartilage as a single and combined challenge
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with reduced weight bearing (hindlimb unloading; HLU)
via tail suspension, as we hypothesized a priori that HLU
would result in cartilage degradation (6, 11–13). It has been
unclear if low-dose radiation (0.1 and 0.5 Gy) (6, 12, 14) is
damaging, as a single challenge or part of a combined
challenge.

MATERIALS AND METHODS

Animals and Study Design

Eighty female C57BL/6 mice from Charles River Laboratories
(Wilmington, MA) were purchased at 16 weeks of age and housed
under a 12:12 h light-dark schedule at 268C. After one week of
acclimation, mice were divided into eight groups of 10 mice per
group. Four groups were randomly selected to undergo HLU via tail
suspension, while four groups remained full-weight bearing in
cages (ground). HLU was initiated on day 1 after acclimation. On
day 6, mice were either nonirradiated (sham) or received 0.1, 0.5 or
1.0 Gy total-body irradiation (TBI) of 10 MV X rays, yielding the
following 8 groupings (n ¼ 10/group): ground-sham; ground-0.1
Gy; ground-0.5 Gy; ground-1.0 Gy; HLU-sham; HLU-0.1 Gy;
HLU-0.5 Gy; and HLU-1.0 Gy). This study was performed as two
individual experiments at different times with one half of the
animals (n¼ 5) per group, with no observable differences in terms
of behavior, HLU tolerance or body weight changes over time.
Tissues were harvested at day 30. All experiments followed the
NIH Guide for Care and Use of Laboratory Animals and were
approved by the Wake Forest School of Medicine Institutional
Animal Care and Use Committee.

Hindlimb Unloading Procedure

On day 1, all mice (HLU and ground) were lightly anesthetized with
isoflurane. The tail was prepared by cleaning with 70% alcohol,
treated with an adhesive benzoin tincture and allowed to dry and
become sticky. A 25-cm strip of traction tape (3M HealthCare, Two
Harbors, MN) was then cut and braided around the tail, leaving space
for breathability. The end of the tape was tied to a ball-bearing swivel
with interlock snap, which clasped onto a repair clamp with a
hollowed cylindrical barrel for free access of motion when attached to
the custom-designed mouse tail-suspension cage angled 308 off the
flooring. The HLU animals were housed in pairs with an open area for
improving animal companionship; rodents could see each other and
have nose-to-nose contact.

Irradiation Procedure

On day 6, mice in the HLU groups were transferred to a delivery
box specifically constructed for irradiating five animals simulta-
neously with a clinical linear accelerator (LINAC, Varian 2100SC;
Palo Alto, CA) emitting a 10-MV photon beam. The corresponding
TBI (0.1, 0.5 or 1.0 Gy) were delivered while tail suspension was
maintained and without the use of anesthesia, at a dose rate of ;1
Gy/min (6). Irradiations for the ground mice were also performed
with 5 mice per exposure in the irradiation box, but without HLU.
Animals were irradiated with two parallel, opposed beams for each
irradiation, each providing one half the dose (0.05, 0.25 or 0.5 Gy,
respectively). Uniform water-equivalent material (5 cm, Solid-
Watert; Gammex RMI/Sun Nuclear Corp., Middleton, WI) was
placed on each side of the box perpendicular to the photon beam
paths to establish electronic equilibrium and obtain dose homoge-
neity (6). All necessary dosimetry was validated throughout the
irradiation box with a Farmer ionization chamber as well as
optically stimulated luminescent dosimeters (OSLDs). Sham-

irradiated animals were positioned in similar cages as HLU animals
on the LINAC for approximately the same amount of time, but were
not irradiated (6).

Tissue Harvest

The HLU animals remained unloaded until time of euthanasia on
day 30. The blood was collected by cardiac puncture while animals
were under anesthesia. Serum was isolated from blood and stored at
�808C. The right hindlimb was carefully removed and placed in 10%
neutral buffered formalin for fixation. After day 3, the hindlimbs were
transferred to 70% EtOH with 0.1% w/v phosphotungstic acid for
contrast-enhanced micro-computed tomography (microCECT). The
articular cartilage from both distal femoral condyles was removed
using a mini rongeur, pooled and stored at –808C for LC-MS/MS
analysis. Because of low sample size and based on validation studies,
the femoral head cartilage samples were pooled (n ¼ 3 samples per
treatment) in the following manner: femoral head cartilage from n¼ 3
mice (2 heads per mouse; 6 femoral head cartilage samples) were
pooled per group.

Contrast-Enhanced Micro-Computed Tomography

The right hindlimb incubated with 1% phosphotungstic acid was
analyzed using micro-computed tomography (GE Phoenix Nanotom-
180M instrument; GE Inspection Technologies, Cincinnati, OH), with
isotropic voxels of 2.5 lm/side, and X-ray emission parameters of 90
kV and 70 lA. Explanted knee joints were secured in a sponge
substrate within a 15-ml enclosed conical tube. Enough fixation
solution was removed to ensure the knee joint was surrounded by air
but still moist during imaging. The solution was replaced upon scan
completion. The 2D X-ray data was collected as an average of three
images at each of 1,400 positions, each separated by 9/358.
Reconstruction was performed with GE phoenix datos2 software,
and the subsequent 3D rendered volumes were visualized and saved
with VGStudio Max version 2.1 software (Volume Graphics,
Heidelberg, Germany).

Image Processing and Analysis

The resulting micro-CT images were reformatted so they were all
oriented spatially in the same manner (frontal view) and then
imported into Mimicst Innovation Suite version 18.0 x64
(Materialise, Leuven, Belgium) to measure structural properties of
the articular cartilage. A rectangular area of 250,000 lm2 was
mapped out on the tibial medial articular cartilage with the center of
the area located at the cartilage-cartilage contact point as a standard
reference location for each animal. The mapped area was outlined
and compiled into a 3D reconstruction of the articular cartilage,
providing volumetric data. The articular cartilage within this region
of interest (medial tibial plateau area) was measured between the
surface and bone for thickness at five locations, specifically, 250 lm
to the lateral, medial, anterior and posterior points away from and at
the femoral-tibial cartilage-cartilage contact point.

Histology and Molecular Probing

After micro-CT imaging was performed, the fixed right knees were
decalcified and embedded in paraffin for histologic analysis, as
described elsewhere (6). Knees from each group were sectioned
coronally at 5 lm. Prepared sections (n ¼ 5–7/group) were stained
with hematoxylin and eosin (H&E) to qualitatively assess general
morphology, and Russel-Movat Pentachrome (American MasterTech,
Lodi, CA) justified with Masson’s Trichrome was used to assess
sulfated glycosaminoglycan content and arthritis. The Osteoarthritis
Research Society International (OARSI) scoring system was used to
evaluate arthritis severity on histology. Immunostaining was per-
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formed to identify matrix metalloproteinase-13 (MMP-13; Abcamt,
Cambridge, MA) presence and activity by probing for the metal-
loproteinase-generated neoepitope. Measurements of collagen with
Russel-Movat Pentachrome were performed using a ratio of stained
collagen to articular cartilage above the tidemark within the growth
plate (margin of calcified cartilage). Quantification of MMP-13 within
the articular cartilage was performed to determine the ratio of cells
positive for peri-cellular staining to those with negative staining,
within the entire tibial plateau per slide (6). Image capture was
performed using an Axioplan 2 microscope with an AxioCam image
capture system (Carl Zeiss AG, Oberkochen, Germany). Image
analysis was performed using BIOQUANTt OSTEO version 17
(Nashville, TN).

Extracted serum from the animals was then used to analyze for
cartilage oligomeric matrix protein (COMP), a biomarker of cartilage
turnover, with a sandwich ELISA (LifeSpan BioSciences Inc., Seattle,
WA). The samples were then normalized to protein concentration
measured with Piercee Bicinchoninic Acid Protein Assay Kit
(Thermo Scientifice Inc., Waltham, MA).

Proteomics and Pathway Analysis

The articular cartilage lining the femoral heads was processed for
proteomic analysis, using the techniques and resources of the
Proteomics and Metabolomics Shared Resource at the Wake Forest
School of Medicine (Winston-Salem, NC).

Tissues were first lysed in PBS with protease/phosphatase inhibitor
using a Bead Mill Homogenizer (Bead Ruptor, Omni International,
Kennesaw, GA), followed by addition of an equal volume of 23
radioimmunoprecipitation (RIPA) buffer. The resulting lysates were
incubated on ice for 30 min and centrifuged at 18,000g for 10 min.
The supernatant was further processed for proteomics analysis using
reductive alkylation (10 mM dithiothreitol and 30 mM iodoacetamide),
protein precipitation by adding four times the sample volume of cold
(–208C) acetone and incubation at –208C overnight, separation of
protein fraction by centrifugation at 14,000g for 10 min, resuspension
of protein pellet in 50 mM ammonium bicarbonate and enzymatic
digestion with trypsin at 1:50 enzyme-to-substrate ratio at 378C
overnight. The resulting peptides were desalted using a C18 spin
column prior to LC-MS/MS analysis.

The LC-MS/MS analysis was performed using a Q Exactivee HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer coupled with a
Dionex UltiMatee 3000 nano-UPLC system (Thermo Scientific).
An Acclaime PepMape 100 (C18, 5 lm, 100 Å, 100 lm 3 2 cm)
trap column and an Acclaim PepMap RSLC (C18, 3 lm, 100 Å, 75
lm 3 15 cm) analytical column were used for nano-LC analysis.
Peptides were separated using a linear gradient of mobile phases A
(water with 0.1% formic acid) and B (acetonitrile with 0.1% formic
acid) where the gradient was from 5% B at 0 min to 40% B at 170
min. Data acquisition was performed using a top-20 data-dependent
method with a 10-s dynamic exclusion enabled.

MS data were processed using Proteome Discoverere version 2.1
(Thermo Scientific), Sequeste HT as search engine, and the mouse
UniProt protein FASTA database (annotated 16,747 entries, December
2015). Search parameters were as follows: FT-trap instrument, parent
mass error tolerance of 10 ppm, fragment mass error tolerance of 0.02
Da (monoisotopic), variable modifications of 16 Da (oxidation) on
methionine and fixed modification of 57 Da (carbamidomethylation)
on cysteine.

Mass spectrometry results were imported into the Ingenuityt

Pathway Analysis (IPAt; QIAGENt, Redwood City, CA) to map
specific canonical pathways, diseases and biological functions chosen
a priori, namely those that affect osteoarthritic responses and
endoplasmic reticulum stress, including the unfolded protein response,
osteoarthritis pathway, NRF2-mediated oxidative stress and mTOR
signaling canonical pathways. The canonical pathways were clustered

by hierarchy and listed in order of ascending P values of each
individual group, followed by individual protein expression measured
by peptide spectrum matches.

Statistics

Data were primarily analyzed using two-way analysis of variance
(ANOVA), for the following main effects and interactions: Load
condition (HLU or ground) and radiation condition (sham, 0.1, 0.5 or
1.0 Gy). Tukey’s post hoc tests for multiple comparisons among all
groups were performed after identification of main effects; assump-
tions of normality and equal variance were tested. Significance was set
at an a of 0.05. Protein assays were compared from the n¼ 3 pooled
samples using unpaired t tests due to low sample quantity. All data are
presented as mean (SD).

RESULTS

Cartilage Volume and Thickness Analysis

A main effect of radiation (F3,68 ¼ 4.52; P ¼ 0.006) on
cartilage volume was identified, with a marginal (F1,68 ¼
2.66; P ¼ 0.11) load effect. Relative to ground-sham, the
volume of cartilage was significantly reduced (Fig. 1) in
the following manner: ground-0.1 Gy (–23%); ground-0.5
Gy (–20%); ground-1 GY (–23%); HLU-0.5 Gy (–27%);
and HLU-1.0 Gy (–22%). Volume was marginally lower
compared to ground-sham in HLU-sham (–19%; P¼ 0.07)
and HLU-0.1 Gy (–19%; P ¼ 0.06). Both significant
radiation (F3,67¼5.97; P¼0.001) and load (F1,67¼12.57; P
, 0.001) effects on cartilage thickness were identified.
Cartilage thickness throughout the majority of the knee
was unchanged in the treatment groups compared to
ground-sham (Fig. 2), with the exception of the tibial-
femoral cartilage-cartilage contact point, which supports
the majority of loading across the knee. At this point of
highest-load bearing across the knee, cartilage was
significantly thinner after both HLU and/or irradiation at
all doses (Fig. 2). A significant interaction between load
and radiation was identified (F3,67 ¼ 4.02; P ¼ 0.011); an
interaction plot (data not shown) indicated that the
decrease with radiation in the ground group was greater
than in the HLU group.

Molecular Probing and Histology Findings

Both significant radiation (F3,37 ¼ 5.86; P ¼ 0.002) and
load (F1,37 ¼ 6.19; P ¼ 0.018) effects on collagen stained
cartilage measured histologically were identified. Collagen
area was reduced within the medial tibial plateau articular
cartilage after HLU and/or irradiation at all doses relative
to ground-sham (Fig. 3A). Relative to ground-sham, the
collagen area was reduced in the following manner:
ground-0.1 Gy (–81%; P , 0.0001); ground-0.5 Gy
(�68%); ground-1.0 Gy (–47%); HLU-sham (–73%);
HLU-0.1 Gy (–70%); HLU-0.5 Gy (–49%); and HLU-
1.0 Gy (–71%). (Fig. 3C). A significant interaction
between load and radiation (F3,37 ¼ 9.46; P , 0.001) was
identified; an interaction plot (data not shown) indicated
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that the greatest decrease in collagen in ground occurred at

lower radiation doses, while in HLU this occurred at

higher radiation doses.

A significant load effect on MMP-13 concentration within

the cartilage lining the medial tibial plateau was identified

(F1,44 ¼ 7.353; P , 0.01). MMP-13 concentration was

higher in HLU (P , 0.01) and ground-0.1 Gy (P , 0.05)

relative to ground sham (Fig. 3B and D). OARSI scoring

did not identify pronounced structural breakdown of

cartilage (P . 0.05). A significant interaction between load

and radiation (F3,44 ¼ 6.393; P ¼ 0.001) was identified; an

interaction plot (data not shown) indicated that MMP-13

decreased with higher radiation dose for ground groups, but

not for HLU.

A significant radiation effect (F3,69¼20.56; P , 0.001) on

circulating serum COMP (sCOMP), a biomarker for

ongoing cartilage catabolism, was identified. Significantly

more circulating sCOMP was observed in the irradiated

groups compared to ground-sham, regardless of weight-

bearing condition (Fig. 4). A significant interaction between

load and radiation (F3,69 ¼ 5.11; P ¼ 0.003) was identified;

an interaction plot (data not shown) indicated that COMP

increased with higher radiation dose for ground groups, but

not for HLU.

FIG. 1. The volume of cartilage lining the medial tibial plateau is reduced compared to ground-sham after
HLU and/or low-dose irradiation. Panel A: Region of interest indicating articular cartilage lining the medial-
tibial plateau (green). Panel B: Representative reconstructed 3D images of cartilage lining the tibial plateau used
for biometric analysis. Panel C: Cartilage volume measurements in treatment groups (n¼ 10/group) compared
using two-way ANOVA, with P values from Tukey’s post hoc analysis shown (*P , 0.05, **P , 0.01, ***P ,
0.001). Scale bar ¼ 500 lm. Other than treatments vs. ground-sham, no inter-group comparisons showed
significant differences.
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Pathway Analysis

Relative quantification of proteins identified by mass

spectrometry analysis was performed for each treatment

group using ground-sham as control. The levels of several

protein biomarkers suggestive of cartilage matrix damage

(a subset of mass spectrometry analysis) were affected by

HLU and radiation (Fig. 5). Aggrecan core protein, a

major proteoglycan component of cartilage extracellular

matrix, had a statistically significant decrease of 71% in

animals receiving ground-0.1 Gy, 68% in the HLU-0.1

Gy group, and 66% in the HLU-0.5 Gy group.

Hyaluronan link proteoglycan, a proteoglycan aggregate

stabilizer, shared the same trend of decrease with

aggrecan core protein in the ground-0.1 Gy, HLU-0.1

Gy and HLU-0.5 Gy groups (67–77%; HLU-0.1, P¼0.08

and HLU-0.5, P ¼ 0.09). Chondroadherin, a promoter of

chondrocyte attachment, had a statistically significant

decrease in the ground-0.1 Gy (–68%; P ¼ 0.05) and

HLU-0.1 Gy (–66%; P ¼ 0.057) groups and a borderline

significant decrease in the HLU-0.5 Gy group (–63%; P¼
0.066) and HLU-1.0 Gy (–67%; P ¼ 0.06). The SPARC
protein, which regulates cell interactions within the
extracellular matrix, was significantly decreased in
ground-0.1 Gy (–62%; P ¼ 0.03), HLU-0.1 Gy (–68%;
P¼ 0.02) and HLU-0.5 Gy (–61%; P¼ 0.03) groups, and
a decreased trend in ground animals receiving 1.0 Gy
(–51%; P ¼ 0.09) and HLU-1.0 Gy (51–68%; P ¼ 0.09).
Lumican, a glycoprotein found in the extracellular matrix
of cartilage, was statistically significantly decreased in
ground-0.1 Gy (–74%; P¼ 0.0069), HLU-0.1 Gy (–68%;
P¼ 0.0078), HLU-0.5 Gy (–61%; P¼ 0.01) and HLU-1.0
Gy (–57%; P¼ 0.02). Vimentin, involved with LARP6 in
stabilizing type I collagen, displayed a statistically
significant decrease in ground-0.1 Gy (–75%; P ¼
0.026) and HLU-0.5 Gy (–60%; P ¼ 0.04) with a trend
of decrease in HLU-0.1 Gy (–56%; P¼ 0.095) and HLU-
1.0 Gy (–50%; P ¼ 0.067).

Relevant canonical pathways are shown in Fig. 6. The
UPR pathway exhibited a general decreased level of

FIG. 2. Thinning of cartilage associated with reduced weight bearing and/or low-dose irradiation vs. ground-
sham is localized to the anatomic point of greatest load-bearing in the medial tibial plateau, specifically the
tibial-femoral cartilage-cartilage contact point (graph, upper right; arrow indicates spatial location in contrast-
enhanced microCT image of knee cartilage in cross section) compared using two-way ANOVA, with P values
from Tukey’s post hoc analysis presented (*P , 0.05, **P , 0.01, ***P , 0.001). Other than treatments vs.
ground-sham, no inter-group comparisons showed significant differences.
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proteins in animals receiving HLU-0.5 Gy (P , 0.05) and

a trend of decrease for the ground-0.1 Gy group (P ¼
0.09). Osteoarthritis pathway showed significant decrease

in protein levels for ground-0.1 Gy and HLU-sham

groups. The NRF2 pathway had a significant reduction in

ground-0.1 Gy (P , 0.05) animals and a trend of decrease

in the HLU-sham group. mTOR pathway analysis showed

a significant decrease in 0.1 Gy (P , 0.05) treated

animals and a trend of decrease in HLU-sham animals (P

¼ 0.09). Cell death and necrosis were noted with a similar

trend; i.e., every group had a decrease in expression

levels for CNPY2, and an increase in S100A6, particu-

larly the HLU-irradiated groups.

DISCUSSION

The main findings of this study are that HLU and

exposure to low-dose radiation causes degradation and an

FIG. 3. Reduced weight-bearing and/or low-dose radiation lowers collagen content (panels A and C) and
increases MMP-13 presence (panels B and D) within articular cartilage vs. ground-sham. (n¼ 5–7 individuals
per group), compared using two-way ANOVA, with P values from Tukey’s post hoc analysis presented (*P ,
0.05, **P , 0.01, ***P , 0.001). Other than treatments vs. ground-sham, no inter-group comparisons showed
significant differences.
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arthritic phenotype in the knees and hips of mice, with
histologic/imaging and serum biomarker evidence sug-
gesting reduced weight-bearing and low-dose radiation
cause an early, catabolic response. Our findings support
the hypothesis that reduced weight bearing represents a
potential hazard for astronaut joint health during and after
long-duration space flight (3–5, 12, 15–18). The cartilage
degradation observed in mice in this study is consistent
with previously published studies (6, 12, 14), thus further
validating our model. Moreover, our results demonstrate
that low-dose radiation (,1 Gy) presents an additional
challenge in combination with HLU to musculoskeletal
tissues (19, 20). Importantly, no additive effects or

differences between any treatment groups were identified
statistically; therefore, both radiation and reduced weight
bearing, under these experimental conditions, represented
individual challenges to joint health.

In agreement with other preclinical studies (21–25), single
fraction radiation exposure resulted in cartilage degradation.

It is not surprising that radiation can lead to cartilage
damage, despite the misconception that cartilage is a
radiation-resistant tissue because the cells are non-dividing
(25). Clinically, total-body irradiation results in degenera-
tion of the knee and hip joints due to calcification,
degradation and arthritis of the knees and hips (8)
coinciding with clinical pain at higher doses (;12 Gy,
fractionated) (9). The catabolic effects of radiation exposure
on the skeleton appear to be a primary cause of this arthritis
(7, 26) with several reported studies demonstrating changes
in cartilage with single fractions of ;1–2 Gy, both in vivo

and in vitro (6, 23, 27). These irradiated chondrocytes,
either in culture or in matrix, exhibit a senescent, arthritic
phenotype (27, 28).

Surprisingly, the extent of cartilage degradation ob-
served 24 days postirradiation at low doses of ,1 Gy,
e.g., 0.1 Gy, was evident across all ground and HLU
groups. In these mice, a catabolic response was most
clearly characterized by thinning of cartilage, loss of
volume, and decreased collagen and generally increased
levels of the collagen type II-degrading enzyme MMP-13
content measured histologically. Pathway analysis was
consistent with an arthritic phenotype, characterized by
reduced normal matrix protein constituents (e.g., ColXa1,
aggrecan core, chondroadherin; Figs. 5 and 6) and
increased S100A9 (29) at radiation doses of 0.1 and 1.0
Gy, with high variance in the 0.5 Gy irradiated group,
perhaps due to limited samples and pooling. Interestingly,
these responses manifest to the greatest degree within the
joint at the anatomic location of greatest weight bearing,
the tibial-femoral cartilage-cartilage contact point (Figs. 1
and 2). While reduced volume, increased MMP-13
presence and less collagen are disadvantageous to
articular cartilage, OARSI scoring did not yet indicate
erosion of the surface, although this response could
manifest later due to the indolent nature of arthritis
progression. In agreement with previously published
studies (6), radiation induced a catabolic response in both
HLU and ground animals, as indicated by elevated
circulating sCOMP in radiation groups (regardless of
HLU) at the 30-day end point (Fig. 4). This was not
observed in the HLU-sham group despite these animals
exhibiting thinned, degraded cartilage; thus damage from
the HLU challenge may have occurred earlier than the 30-
day post-HLU end-point. Additionally, at day 30 the
following osteoarthritic responses were noted: 1. In-
creased S100A6 concentration with combined HLU and
radiation, suggestive of elevated oxidative stress within
cartilage (30–33); and 2. Decreased CPNY2 concentration
with all treatments, suggestive of increased apoptosis of
chondrocytes vs. necrotic death (34–36). Increased
oxidative stress has been previously shown to promote
apoptosis of chondrocytes and an osteoarthritic phenotype
(37). Thus, we have demonstrated that cartilage is
sensitive to radiation injury at low doses. While this
study utilized acute exposure to low-linear energy transfer
(LET) X rays versus the primarily charged particle, high-
energy and charge (HZE) radiation characteristic of the
spaceflight environment, this preliminary evidence sug-
gests that radiation present in the spaceflight environment
may negatively affect the joint health of astronauts during
periods of reduced weight bearing.

As partial weight bearing has been shown to cause
cartilage loss in the clinic (3), and given that low-dose
radiation appears to cause cartilage damage, low-dose
radiation during prolonged spaceflight could contribute to
accelerated arthritis induction in astronauts. Furthermore,

FIG. 4. Circulating sCOMP is increased at day 25 postirradiation
regardless of weight-bearing status, measured using ELISA and
compared using two-way ANOVA, with P values from Tukey’s post
hoc analysis shown (**P , 0.01, ***P , 0.001). Other than
treatments vs. ground-sham, no inter-group comparisons showed
significant differences.
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knee articular cartilage that has undergone degradation does

not fully recover after return to full weight-bearing and

normal ambulation (38, 39). A similar lack of complete

recovery occurs in rodents exposed to radiation during HLU

(6). Thus, reduced weight bearing and low-dose radiation

simulating a spaceflight environment, both individually and

combined, elevates the risk of joint damage in mice, and

should be further studied.

LIMITATIONS

This study is not without limitations. Limited sample

size necessitated pooling of samples for certain analyses.

As samples were pooled across individuals and then

statistics were performed on n ¼ 3 pooled samples per

group, we refrained from interpreting the radiation dose

effects in terms of altered osteoarthritic pathways;

however, it should be noted that these observations exist.

Also, our brief follow-up period of 30 days (time to

euthanasia) may not allow for evaluation of late-appearing

degenerative changes. Future studies will be performed to

determine if long-term follow-up is required. Moreover,

the radiation applied here was low-LET X rays, rather than

HZE or proton exposures characteristic of spaceflight

scenarios, and administered by acute versus protracted

exposure. Since our analysis detected that low dose, low-

LET X-ray irradiation induces cartilage damage, future

investigations should apply mixed beam charged particle

radiation (or protons) that more accurately represent the

spaceflight environment.

FIG. 5. Protein biomarkers of femoral head articular cartilage matrix degradation after reduced weight bearing
or low-dose irradiation. The concentration of target proteins that are known to be associated with arthritic
changes were characterized a priori. Changes in these biomarkers vs. ground-sham per group are plotted as a
function of peptide spectrum matches (PSM) (n ¼ 3/pooled, *P , 0.05, **P , 0.01).
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CONCLUSION

Joint health appears to be affected not only by unloading

but also by spaceflight-simulated doses of radiation. The

effects of these challenges to joint health require further

study to elucidate the long-term consequences that may

occur after long-duration spaceflight.
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