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Bone marrow mesenchymal stem cell (BM-MSC) diﬀerentiation in long bones is sensitive to mechanical loading. Increased loading promotes osteogenesis and reduces adipogenesis while reduced loading tips MSC diﬀerentiation away from the bone formation
in favor of adipogenesis. To examine the eﬀects of the unloading on epiphyseal bone
and adipocyte content, subchondral femoro-tibial bones isolated from mice ﬂown for
30 days in microgravity were assessed for evidence of altered bone area and adipocyte
number. Consistent with the known response of bone to microgravity, 30 days of spaceﬂight resulted in approximately 25% less subchondral bone area. Concurrently, 10-fold
more adipocytes were present in the bone marrow cavities of femur and tibia in ﬂight
compared to ground control samples. These data support the hypothesis that biomechanical unloading promotes adipogenic diﬀerentiation and conﬁrms earlier studies in
rat vertebrae of increased adipogenesis during 14 days of microgravity. The potential
long-term eﬀects of increased bone marrow adipocyte formation on ﬂight personnel
health is unknown and warrants further investigation.
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Humans have experienced extended periods of time in the biomechanically unloaded
environment of microgravity since the mid–1970s. It has become clear from human,
animal and in vitro studies that the lack of gravity has detrimental eﬀects on many tissues at the cellular level. These well-documented eﬀects on the musculoskeletal system
include bone demineralization and skeletal muscle atrophy [1] [2]. This tissue loss is
transient; upon return to normal gravity the lost bone and muscle recovers with eventual restoration of pre-ﬂight tissue architecture and function [3] [4] although some studies argue for incomplete recovery [5] [6] [7]. The degradative changes in muscle and
bone changes are due to the aberrant function of existing cells and potentially, altered
signaling activity of bone marrow mesenchymal cells (BM-MSCs), which give rise to
skeletal tissues. While the eﬀects of microgravity on mature musculoskeletal cell types
are well-studied, the eﬀects on BM-resident precursor cells is poorly understood.
Several studies have reported changes in MSC behavior under conditions of simulated
microgravity in rotating wall vessel bioreactors, 2D-clinostats and other devices that
neutralize the gravity vector (review article by Ulbrich et al. [8]). While these have
provided valuable details on the response of cell and tissues to simulated microgravity,
the cells still function within Earth’s gravitational ﬁeld and an accurate understanding of the eﬀects of lack of gravity on BM-MSCs can only be gained in orbit. Several
in vitro and animal studies into BM-MSC function have been conducted in spaceﬂight.
BM-MSCs ﬂown for 9 days in a 3D-culture system showed decreased cell proliferation
and dysregulation of MSC gene expression involved in cell-cycle control [9]. Recent
in vitro studies on a recoverable orbiting satellite showed that human MSCs cultured
for up to 7 days under osteogenic conditions resulted in reduced osteogenesis and enhances adipogenesis [10]. Microgravity suppressed the transcription of genes required
for osteogenesis (RUNX2 and BMP-2), increased those for adipogenesis (p38 MAPK ) and
decreased the expression of an adipogenic repressor (TRIB3). Only 3 studies have examined bone marrow adiposity in vivo in spaceﬂight. 18.5 days of spaceﬂight resulted
in a decrease in mineralized tissue and an increase in the fat content of the proximal
tibia and humerus of Wistar rats [11]. Additional observations suggest that the loss of
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bone is due to inhibited bone formation together with a constant rate of bone resorption. Bone loss and increased adiposity were reported in vertebral bodies of ovariectomized rats exposed to 14 days of microgravity [12]. Here, bone cancellous bone area
decreased by 1/3 and adipocyte number increased 2-fold. The decrease in overall bone
was attributed to increased bone resorption rather than decreased bone formation. Studies on the long bones of mice from the same BION-M1 mission described in the present
study showed decreased metaphyseal trabecular bone volume, increased bone resorption and increased apiposity [7]. Interestingly, associated with these changes was decreased osteocyte lacunae volume with multiple empty lacunae present suggesting that
spaceﬂight-induced bone loss is related to osteocyte death [7].
As part of a long-term eﬀort to understand the eﬀects of spaceﬂight on the musculoskeletal system, we sought to deﬁne the eﬀects of microgravity on the diﬀerentiation of cells
within the BM space. We show increased adiposity with some evidence of decreased
bone area within the epiphyseal region. These data conﬁrm and extend ﬁndings from
earlier studies and indicate that MSC pro-adipogenic pathways continue to be stimulated four weeks into spaceﬂight.

Objective
To investigate the eﬀects of 30 days of spaceﬂight on BM-MSC adipogenesis in the long
bones of skeletally-mature mice.
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Figure Legend
Figure 1.
Sub-chondral bone analysis. Images showing the region of secondary ossiﬁcation in
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femoral condyle (A) and tibia (B) surfaces of ﬂight and ground control knee samples
stained with Safranin-O and counterstained with hematoxylin. Scale bars are 100 mM.
Comparison of bone (bone area/total area) and adipocyte numbers in SF and combined
ground control samples (C). P-values are the Mann-Whitney U test (2-tailed). Errors are
s.d. Bone percentage measurements were made for the femur (D) and tibia (E) for SF
and non-ﬂight controls (GC, GCV, and SFV) separately. Adipocyte numbers were calculated for the same joints and experimental groups (F & G). Median, maximum score,
minimum score, and 25th and 75th percentile of the bone area and adipocyte number
are plotted for each experimental group. Omnibus Kruskal-Wallis P-values are shown
in the top right-hand corner of each graph. Post-hoc adjustments were conducted on
adipocyte number data and P-values for pairwise comparisons of experimental groups
are indicated. *p<0.05, **p<0.01, ***p<0.001.

Results & Discussion
We explored the eﬀect of extended microgravity on bone marrow mesenchymal stem
cell (BM-MSC) diﬀerentiation in vivo in femoro-tibial joints isolated from mice exposed
to 30 days of microgravity. Representative images from femoral and tibial bones isolated from spaceﬂight (SF) and ground control (GC) joints are shown in ﬁgures. 1A and
B. Quantitation of the bone area in sectioned tissue revealed that SF samples had approximately 25% less mineralized bone area in femoral and tibial subchondral regions
compared to the combined ground controls (average of GC, GCV, and SFV) (Fig. 1C).
When the SF samples are compared with each control separately, box-whisker plots
show that tibial metaphyseal bone area is reduced in SF compared to controls (Fig. 1E).
This ﬁnding of metaphyseal bone loss is consistent with the well-established bone loss
associated with microgravity where the bone volume fraction was estimated to be approximately 0.5–1% per day of microgravity exposure in mice [13]. The corresponding
measure for humans is the loss of 1–2% BMD per month [14]. The overall loss of bone
suggests less bone formation, more bone resorption, or a combination of both. A study
on the eﬀect of 14 days of microgravity in rat vertebra indicated the lost bone was a result of increased resorption rather than decreased bone formation. In contrast, in mice
ﬂown for 30 days increased bone resorption in trabecular femur and vertebrae were
reported [7]. The mice in our study were not assessed for osteoclast activity and we
cannot conﬁrm whether bone resorption is compromised. This is important to address
because the use of bisphosphonates, which primarily target bone-resorbing osteoclasts,
is being explored as a countermeasure for spaceﬂight-related bone loss [15].
We observed that SF samples also had multiple large vacuoles in both femoral condyle
and tibial plateau regions compared to virtually none in the non-ﬂight samples (Fig. 1A
& B, arrows). Based on the size, appearance, and location we conclude that these spaces
represent adipocytes whose fat fraction has been lost due to the processing for paraﬃn
sections. Strikingly, the SF samples had 10-fold more adipocytes than the combined
control samples in both femoral and tibial regions (Fig. 1C). When each group was compared pairwise, the SF samples had signiﬁcantly more adipocytes than all control groups
in both femoral head and tibial plateau (Fig. 1F & G). Increased adipogenesis has been
observed in rat vertebrae [12] and long bones [11] exposed to 14 and 18 days of microgravity, respectively, and in the metaphysis of mice exposed to 30 days of microgravity
[7]. These ﬁndings together with ours are consistent with in vitro studies on cultured
MSCs from patients with osteoporosis, and rat in vivo studies of prolonged mechanical
unloading [16] [17] where increased BM adipogenesis has been reported. Collectively,
these studies support the hypothesis that BM-MSC adipogenic diﬀerentiation is acutely
sensitive to bone loading such that under conditions of unloading, adipogenesis is stimulated. The issue of whether osteogenesis is correspondingly compromised in vivo is
an open question. The molecular details responsible are poorly understood but human
BM-MSCs cultured during 12 days of microgravity were shown to downregulate key
drivers of osteogenesis such as Runx2 and BMP-2 and increased adipogenic markers
such as p38 MAPK [18]. Additional gene expression, proteomic and epigenetic studies
of in vivo ﬂight samples are required for a more complete understanding of the major
players involved in the altered response of BM-MSCs to microgravity.
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Conclusions
The major conclusion of this study is that microgravity has a dramatic eﬀect on MSC
pathways to favor adipogenesis in the epiphysis of murine long bones. This observation
is consistent with the in vivo ﬁndings of Keune et al. [12] and Jee et al. [11] of increased
adiposity in rodents exposed to short periods of microgravity, and is in agreement with
the study of Gerbaix et al. [7] showing increased adipocyte numbers in the femoral
metaphysis in mice exposed to the same duration of microgravity. If the same process occurs in humans then it is unknown whether the increased BM adiposity persists
upon return to normal gravity and whether the long-term health of ﬂight personnel is
compromised. We argue, therefore, that maintenance of biomechanical loading during
spaceﬂight to minimize changes in BM-MSC diﬀerentiation pathways is desirable.

Limitations
With the 4 experimental groups having N’s between 5 and 7, one limitation is the small
experimental numbers when comparing between groups. However, the small numbers
were mitigated by the large eﬀect size for adipocyte number which revealed statistical
signiﬁcance when non-parametric testing was used. In addition, since the bones were
not labeled with calcein, nor TRAP-stained for osteoclasts, it is not possible to determine whether diﬀerences in the bone formation or resorption were responsible for the
reduced bone surface area in spaceﬂight. This will be important to understand if eﬀective countermeasures for bone loss are to be developed.

Alternative Explanations
Conjectures
Several interesting questions arise that are testable on orbiting platforms given the existence of good morphological, biochemical and molecular read-outs for MSC diﬀerentiation.
1) Does a biochemical or gravitational threshold exist before altered MSC diﬀerentiation
is triggered? The availability of rodent facilities and on-board centrifuges designed to
spin at fractional gravity on the International Space Station could address this question.
2) What are the molecular pathways involved in altered BM-MSC diﬀerentiation due to
bone unloading? Insights into molecular mechanisms of BM-MSC diﬀerentiation may
lead to new therapies for disorders of bone fragility on the Earth.
3) What are the long-term eﬀects of increased BM adipogenesis to human health? While
the microgravity-induced bone loss is a major concern for human health, there may be
additional health consequences due to the increased BM adiposity. These could potentially include eﬀects of adipocyte-driven crowding of other bone marrow residents such
as hematopoietic precursor cells.

Additional Information
Methods
Flight details
Male C57BL/6N mice were ﬂown on the unmanned BION-M1 biosatellite at an altitude of 560–580 km for 30 days between April 19, and May 19, 2013 [18]. Joint tissues
were acquired from 6 ﬂight mice as part of NASA’s Biospecimen Sharing Program. The
mice were speciﬁc pathogen-free and 19–20 weeks old at the time of launch and start
of asynchronous control experiments. Joint issues were dissected from ﬂight mice in
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Moscow 13–16.5 h after landing in Kazakhstan. In addition to the spaceﬂight mice (SF),
there were 8 ‘ﬂight’ vivarium male ground control mice (SFV), 7 asynchronous ground
control males (GC), and 7 asynchronous vivarium ground control males (GCV) as determined by agreements between the Russian Space Agency and NASA. The asynchronous
control mice were housed 2 months after the ﬂight mission in the same ﬂight habitats
for 30 days under environmental conditions simulating the ﬂight conditions including
temperature, humidity and gas composition. Since the (asynchronous) control mice
arm of the experiment was conducted 3 months after the ﬂight arm of the experiment,
the vivarium control cohorts were included concurrently with ﬂight and asynchronous
control experiments as reported by Andreev-Andrievskiy et al [18].
Dissection and tissue preparation
Each hind-limb was cut mid-femur and mid-tibia and the left limbs placed in 10% neutralbuﬀered formalin (NBF). The tissue surrounding the femoro-tibial and sternocostal
joints were removed immediately and, following an additional 2 days ﬁxation with 10%
NBF, the joints were decalciﬁed in 5% formalin containing 10% formic acid for 2 days at
4℃. The knees were bisected down the trochlear groove following decalciﬁcation using
a razor blade. The medial halves were paraﬃn embedded, mounted in paraﬃn blocks
and sections cut (10 mm) using standard methods. The remaining halves were placed in
1× phosphate-buﬀered saline (PBS) containing 0.01 M ethylenediaminetetraacetic acid
(EDTA) at room temperature for 4–6 h and then stored in 70% ethanol. Joint samples
were sectioned in the sagittal plane.
Histology
Following dewaxing, every second slide was stained concurrently for SafraninO (Saf-O) and counterstained with hematoxylin in parallel to visualize the
cartilage-subchondral bone boundary and bone marrow space using a protocol from the University of Rochester, Center for Musculoskeletal Research,
(https://www.urmc.rochester.edu/musculoskeletal-research/core-services/histology/protocols.aspx). Images were acquired on a Nikon Eclipse TI microscope using
a Media Cybernetics Evolution MP camera and ImagePro Plus software. All images
are 2560×1920 pixels so at 10X magniﬁcation, the scale is approximately 0.11 mm2 per
pixel.
The extent of subchondral bone was analyzed using ImageJ software and the relative
proportions of bone and bone marrow space determined within the secondary ossiﬁcation center of the femoral condyle and proximal tibia. The proportion of bone was
calculated relative to the total area of the secondary ossiﬁcation center and the number
of adipocytes per ﬁeld within the ossiﬁcation center calculated.
Statistical analyses
For the femoro-tibial joint histological scoring analysis, measurements were taken from
6 GC, 7 GCV, 5 SF, and 6 SFV samples where good joint histology in the correct plane
was obtained. Sections were from the same relative position through the joint centered
in the medial femoral condyle. The Mann-Whitney U test was used to compare SF (n=5)
bone fraction and adipocyte number with the combined control groups (GC, GCV, SFV)
(n=19)(see Fig. 1C). First, omnibus Kruskal-Wallis P-values for multiple independent
samples were calculated to determine whether diﬀerences exist between experimental
groups (top right in each graph). Then, the Kruskal-Wallis test was used pairwise to
determine whether diﬀerences exist between SF and each of the separate experimental
groups (GC, GCV, SFV) [19]. Post-hoc testing by Conover of all pairwise combinations
of experimental groups was used to determine which pairs were diﬀerent for adipocyte
number [20]. P-values were adjusted according to the family-wise error rate of Holm
and then by the Benjamini-Hochberg FDR method [21]. Median, maximum score, minimum score, and 25th and 75th percentile for the bone area and adipocyte data plotted
for each experimental group are shown in ﬁgure 1D–G.
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