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Abstract: Microgravity acts on cellular systems on several levels. Cells of the immune system
especially react rapidly to changes in gravity. In this study, we performed a correlative metabolomics
analysis on short-term and long-term microgravity effects on primary human macrophages. We could
detect an increased amino acid concentration after five minutes of altered gravity, that was inverted
after 11 days of microgravity. The amino acids that reacted the most to changes in gravity were tightly
clustered. The observed effects indicated protein degradation processes in microgravity. Further,
glucogenic and ketogenic amino acids were further degraded to Glucose and Ketoleucine. The latter is
robustly accumulated in short-term and long-term microgravity but not in hypergravity. We detected
highly dynamic and also robust adaptative metabolic changes in altered gravity. Metabolomic
studies could contribute significantly to the understanding of gravity-induced integrative effects in
human cells.

Keywords: spaceflight; sounding rocket; microgravity; metabolomics; immune cells

1. Introduction

Since the early days of spaceflight, it has been known that human cell systems react to
microgravity stimulation both in situ but also isolated from the human body in vitro [1–5].
Experiments with C57BL/6J mice on the Space Shuttle Atlantis mission STS-135 demon-
strated an altered metabolic homeostasis [6] and raised the question of spaceflight-induced
immune dysfunction being linked to systemic metabolic changes [7]. Ultimately, studying
the metabolic effects of microgravity is relevant for astronaut safety and performance [8].
Recent studies have demonstrated that reactions of human immune cells to altered gravity
do not require prolonged exposure, for example on orbital space stations, but that initial
reactions occur after seconds of microgravity or hypergravity, as demonstrated by the
oxidative burst reaction in macrophages during parabolic flight [9] and International Space
Station (ISS) experiments [10].

Int. J. Mol. Sci. 2021, 22, 6752. https://doi.org/10.3390/ijms22136752 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-8049-7851
https://doi.org/10.3390/ijms22136752
https://doi.org/10.3390/ijms22136752
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22136752
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22136752?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 6752 2 of 31

Since then, several studies have been performed which have uncovered a plethora of
effects, including responses to altered gravity on the transcriptional level. Transcriptomic
responses have been observed already after 20 s of altered gravity [11–13], as well as
impacts on cell cycle regulation [14], differential expression of microRNA [15], changed
levels of chromatin regulators after minutes of microgravity [16], and long-term stability of
cells on the ISS over the course of 11 days without major morphologic alterations despite
de-fucosylated membrane proteins [17] (reviewed in [18]). However, the underlying
molecular mechanisms of gravitational sensing and consecutively triggered reactions
remain unknown.

Cellular mechanisms typically involve multiple types of molecules and therefore
operate on several levels, including the genome and its conformation, the transcriptome,
the proteome, the metabolome, and the ionome [19]. Metabolomics, as an emergent omics
discipline that has gained traction in the last 10 years [20], is regarded to be especially
sensitive. Small external or internal stimuli can lead to rapidly acting strong effects that,
in contrast to transcriptomics or genomics, exceed input signals by several orders of
magnitude (up to 100–10,000× for disease-related metabolic markers, in contrast to 1–10×
for protein markers) [21]. The sensitivity of the metabolome to small external stimuli
suggests that gravitational changes could also represent such stimuli. This sensitivity of
the metabolome to external stimuli has recently contributed to the successful application
of metabolomics in multiple biological research fields: in plant physiology, Arabidopsis
thaliana was proven to bear a rapid heat shock response system, that includes salicylic
acid as an early stress response factor with peak intensity increased several-fold only five
minutes after onset of heat stimulation, requiring rapid reaction times. Other heat shock
response factors emerged after 4 h, and some cold shock response factors only after 4 days,
exemplifying the large potential spread of metabolic reaction times [22,23]. For Drosophila
melanogaster, a nutrient stress assay could recently demonstrate a fundamental impact on
systemic metabolic processes 1 h after feeding starved flies [24]. Vasilakou et al. measured
an adaptation of decreased glycolytic metabolite intensity as a reaction to nutrient stress
within only 10 s in Escherichia. coli [25]. These studies demonstrate that changes in the
metabolome occur over a wide range of time spans, rendering metabolomics a potentially
interesting technique to study the reaction of cells to altered gravity.

So far, only a handful of studies have been conducted on the metabolic effects of
microgravity and hypergravity. The prominent NASA twin study included an untargeted
metabolomic screen of blood plasma and a targeted urine screen. In the plasma compart-
ment, genotoxicity- and inflammation-related metabolites and amino acid levels were
significantly altered [26]. In another recent study, isolated cells were exposed to 11 days
of microgravity onboard the ISS during the CELLBOX-PRIME mission. In this study,
8 metabolites showed significantly altered supernatant concentrations, including increased
levels of Fucose, which could be explained by cell surface de-fucosylation [17]. Further, a
few metabolomics studies in the field have been performed on ground-based facilities. For
example, human bone-derived primary osteoblasts—representing one of the most-affected
tissues in microgravity—react to vector-averaged gravity by a stimulated glycolysis and
pentose phosphate metabolism but an interrupted Krebs cycle [27]. Further, a human
hepatic cell line and human biliary tree stem/progenitor cells have been shown to increase
their glycolytic metabolism under vector-averaged gravity [28].

These studies showed a significant influence of microgravity or vector-averaged grav-
ity on the metabolome. A proposed next step in the metabolic research field are correlation
studies between different platforms, focusing on the known property of metabolites to
respond to perturbations in clusters and not as independent metabolites [29].

To gain insights into the underlying gravity-dependent mechanisms, we applied
metabolomics analyses to two experiments performed on different platforms: a suborbital
ballistic rocket flight and an ISS microgravity experiment. This comparative study is
focused on shared metabolites and shared metabolite clusters between the two platforms,
so that effects that are conserved between single experiments can be identified.
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2. Results

This study aimed at comparatively assessing the effects of short-term and long-term
microgravity on the supernatant metabolome of primary human macrophage cultures.
Therefore, two datasets were acquired on different microgravity platforms. In the TEXUS-
54 FLUFIX experiment, macrophages were grown on macrolon slides and launched with
a suborbital rocket during the TEXUS-54 flight campaign, fixed automatically during the
flight using a system of chambers (Figure 1A,C–H), and the supernatants were collected.
During the CELLBOX-PRIME mission, macrophages on compartmented macrolon slides
were placed in automated flight hardware and launched to the ISS where they were
automatically fixed and stabilized and the supernatants collected (Figure 1B,I–L).

The TEXUS-54 campaign comprised four samples, hypergravity (hypg), microgravity
(µg) and two ground controls, taken at corresponding timepoints according to the flight
samples (Figure 2A). After launch, both flight samples were exposed to 50 s of hypergravity
(acceleration phase of the rocket), and the microgravity sample to an additional 325 s of
microgravity (consecutive ballistic flight) before fixation. Consequently, the µg sample
was initially exposed to hypergravity prior to the µg phase. Therefore, technically it is an
altered gravity sample with a dominant fraction of microgravity exposure time (87%). To
be able to distinguish between hypergravity and microgravity effects, the hypergravity
sample served also as a baseline representing a reference point to identify effects that were
already caused by the hypergravity exposure. The CELLBOX-PRIME experiment consisted
of five microgravity flight samples, with 11 days of microgravity onboard of the ISS and
three corresponding ground control samples (Figure 2B).

The generated samples were supernatants of the cell cultures. After metabolite analysis
using a gas chromatography–mass spectrometry (GC-MS) platform, the specific medium
background (blank) was subtracted from the data to obtain metabolite uptake and secretion
profiles. Consecutively, the two datasets were separately preprocessed and assessed for
parallel or orthogonal differences. The detailed workflow is shown in Figure 3.

2.1. Identification of Metabolic Effects in Altered Gravity

To assess the datasets for general effects of altered gravity, a principal component
analysis (PCA) and a clustering heatmap analysis were performed for both datasets. For
TEXUS-54, the four samples showed a clear separation along principal component (PC)
1 which corresponds to the highest variance in the dataset (Figure 4A). The two ground
samples (TX54_3 & TX54_4) were exposed to identical conditions, differing only by five
minutes of incubation time representing the hypg and µg fixation timepoints. They showed
a pronounced separation in the PCA plot and differ more than the two flight samples
(hypg: TX54_1, µg: TX54_2), but still clustered in the clustering heatmap plot (Figure 4B).
For a better visualization, the two samples were averaged and PCA and heatmap analysis
repeated (Figure 4C,D). The averaged ground sample was clearly separated from the two
altered gravity conditions in the PCA and the clustering heatmap.

For the eight CELLBOX-PRIME samples, both the PCA (Figure 5A) and the clustering
heatmap (Figure 5B) showed a behavior for sample FM.002 that was atypical for both
flight (FM.001, FM.002, FM.004-FM.006) and ground (GM.002- GM.004) samples. In the
clustering heatmap, the sample showed the highest normalized relative abundance values
for almost all metabolites. After sample recovery from the spacecraft, a precipitate had
been discovered on the outside of the corresponding cultivation chamber, indicating
sample leakage. FM.002 was thus considered an outlier caused by technical fault and
omitted from downstream analysis. A re-analysis of the outlier-removed dataset offered
only mediocre separation between flight and ground samples along PC 1 (Figure 5C).
However, the heatmap revealed complete clustering of ground samples against flight
samples (Figure 5D).

Having two independent datasets that stem from platforms with very different flight
profiles and differing exposure time to altered gravity, the datasets were first analyzed on
their own and later assessed for similarities.
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Figure 1. The experimental setups and fixation mechanisms of the TEXUS-54 FLUFIX hardware and
the CELLBOX-PRIME hardware. (A) The layout of the FLUFIX hardware. Primary macrophages are
stored inside two parallel cultivation chambers. Fixation solution is stored in a spring-loaded tank
that injects its content into the two cultivation chambers upon valve release. Hereby, the cultivation
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chamber supernatant is flushed into the fixative container back chamber and thereby replaced by
fixative. Metabolomics samples are gathered from the fixative container back chamber. Adapted
from [17]. (B) The layout of the CELLBOX-PRIME hardware. The cell cultivation chamber is
connected to two tanks, a fixative and a stabilizer container. First, the fixative is flushed into the
cultivation chamber by the pump, thereby (partly) displacing the cell supernatant into the fixative
tank back chamber. After fixation, the stabilizer is flushed into the cultivation chamber by the
pump, partly displacing the cultivation chamber supernatant into the stabilizer container back
chamber. Chambers that are highlighted in grey are used as metabolomics samples. (C) Human
M1 Macrophages were used for both studies, displayed through a microscope. (D–H) TEXUS-54
hardware (D) Preparation of the slide containing the adherent macrophages. (E) Insertion of the
bottom slide into the cultivation chamber. (F) Insertion of the top slide into the cultivation chamber.
(G) Casing of the cultivation chamber. (H) Final assembly of the hardware unit. (I–L) CELLBOX-
PRIME hardware, adapted from [17]. (I) Technical blueprint of the flight hardware with the two
tanks and the pump at the bottom, casing, experimental chamber, and cover on top. (J) Tanks
and hardware. (K) Experimental slide, compartmented into subslides. L Filled slides, carrying
macrophages in media.
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Figure 2. Experimental fixation scheme of the two campaigns. (A) The macrophages were separated and integrated into the
TEXUS-54 hardware 5.5 h prior to launch. The rocket was launched at 10:30. After 50 s, the first hypergravity (hypg) sample
was fixed. Then, 375 s after launch, the microgravity (µg) sample was fixed. Two ground controls that were integrated
into the hardware but not launched were taken at the corresponding timepoints of the different fixation times. (B) The
CELLBOX-PRIME hardware was uplifted to the ISS. After 11 days in microgravity, cells were fixed and stabilized, thereby
stopping biological activity. After another 19 days, samples were recovered and prepared for analysis. Corresponding
ground controls that were integrated into the same hardware and that were exposed to the same temperature profile as the
flight samples were fixed at the same dates.
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2.2. Identification of Pools of Gravity-Sensitive Metabolites

As a next step, the different conditions were assessed for statistically significantly
altered metabolites (Figures 6A–D and 7A,B).

For TEXUS-54, two false discovery rate (FDR) thresholds were defined. A large
fraction of metabolites had an FDR of <0.35 (corresponding to raw p values of 0.01–0.13
for hypg against ground and 0.01 to 0.10 for µg against ground, indicated as “++”). A
second category was defined for those metabolites with an FDR between 0.35 and 0.50
(corresponding to raw p values of 0.16–0.32 for hypg against ground and of 0.11–0.30 for µg
against ground, indicated as “+”). The rationale of including this second tier of metabolites
was to include potential candidates of metabolic interaction networks that did not bear
sufficient statistical power on their own but could contribute as part of larger clusters. In
the given fold change (FC) representation, all metabolites below 0 showed an inverted
behavior between the compared conditions (production: RMA above 0→ consumption:
RMA below 0, or other way around). We used the term “effect size” to denote the mag-
nitude of either production or consumption of a compound. The hypg against ground
comparison (Figure 6A) showed seven metabolites with strong increases in production
(fold change (FC) > 2, highlighted in green), namely myo-Inositol, Cholesterol, L-Tyrosine,
4-Hydroxiproline, L-Arginine, L-Methionine, and L-Serine. Additionally, 14 metabolites
appeared with strongly diminished effect size or inverted behavior with smaller effect size
(−0.5 < FC < 0.5, highlighted in red), such as Beta-Alanine, Dihydrouracil, or Fructose.
Finally, the three metabolites Ornithine, Glyceric acid and 2-Hydroxypyridine showed an
inverted behavior but with increased effect size (FC < −1, highlighted in yellow). Of these,
Ornithine and Glyceric acid had striking fold change values of −60and −12, respectively,
which indicated a strong reaction towards hypergravity. To be able to directly compare the
abundance values, a bar chart of all significant (“++” or “+”) metabolites was generated,
showing the average RMA values and standard deviations (ground samples only) for the
respective flight sample and the ground samples (Figures 6C,D and 8A and Supplementary
Figure S1 for plots faceted by metabolite with individual vertical axes). The microgravity
against ground comparison showed a relatable but slightly less pronounced effect pat-
tern (Figure 6B). Four metabolites were considered strongly increased, but with reduced
magnitudes since all significant FCs were below 2.5 (compared to 3.7 for hypg against
ground), and seven metabolites were strongly decreased in effect size. Four metabolites
were present with inverted increased effects, with the same two metabolites with exceed-
ingly large negative fold changes with only slightly decreased fold change magnitudes
(Ornithine with −41, and Glyceric acid with −4). This indicated strong general sensitivity
to gravity of these two metabolites. The corresponding bar plot again showed similar
patterns (Figure 6D).

Glucose as a key component of the cellular energy household showed decreased
consumption compared to ground conditions both in hypergravity and microgravity with
a more pronounced effect in microgravity. Since the samples resembled supernatant
metabolomics, this finding corresponded to an increased glucose level in the media. This
indicated that cells released glucose under conditions of altered gravity, since there was no
other potential source of altered glucose levels present in the system.

The CELLBOX-PRIME dataset underwent the same analysis (Figure 7A,B). Analo-
gously to TEXUS-54, two significance bands were defined based on FDR, one below 0.35
(corresponding to raw p values of <0.01–0.04) and one between 0.50 and 0.35 (correspond-
ing to raw p values of 0.08–0.21) (Figure 7A). Generally speaking, the fold changes of this
long-term microgravity dataset were not as pronounced as for short-term microgravity in
the TEXUS-54 dataset. Nine metabolites that fell into the two significance bands had a fold
change between −0.5 and 0.5, and showed a strong decrease in supernatant concentration
in microgravity (red). 3-Methyl-2-oxovaleric acid and L-alpha-Aminobutyric acid showed
a roughly two-fold increase in production and a four-fold increase in consumption under
flight conditions. The corresponding area above FC = 2 is marked in green. Rhamnose
showed the strongest decrease in signal by more than 95%, which was also represented by
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the large absolute difference apparent in the RMA value bar chart (Figures 7B and 8B for a
plot faceted by metabolites with individual vertical axes).

2.3. Intra-Experiment Comparison Revealed Potential Gravity-Sensitive Metabolic Networks

Most metabolic processes are tightly coupled to complex upstream, downstream,
and parallel metabolic reactions. Therefore, it seemed unlikely that single metabolites
should be exclusively gravisensitive. Rather, a cluster of metabolites would be expected to
react to altered gravity in a coordinated fashion. To gain a first idea of which clusters to
expect from our cellular systems, an intra-experiment correlation analysis was performed.
Hereby, the relative metabolic abundances of every metabolite were compared to each
other without considering the gravitational conditions by calculating the inter-metabolite
Pearson correlation coefficient over all samples per dataset. By this methodology, metabolic
clusters should emerge that are coupled to each other by biochemical reactions in our cells.
If one metabolite altered in concentration, not only this metabolite but the entire network
of coupled metabolites should show a coherent reaction, either increasing or decreasing in
concentration, based on the type of biochemical interaction. After identifying such clusters
that are present in both datasets, the networks without a significantly profound reaction
under altered gravity could be filtered out to leave only such networks that respond to
altered gravity.

Figure 3. Workflow schematics of the data analysis. Corresponding figures from this paper are indicated in yellow circles.
Samples that were analyzed by Gas Chromatography - Mass Spectrometry (GC-MS) and were peak-called, standardized
and-post processed per experiment, were analyzed as abundance values. Metabolite spectra that could not be matched
with a well-characterized reference metabolite were therefore called unknown metabolites and were filtered out from the
datasets. Consecutively, metabolites with a large number of missing values/non-present metabolites per dataset were
excluded, and metabolites with a small number of missing values underwent missing value imputation. Biological media
blanks were subtracted. Further, problematic metabolites that were impurities from the equipment, used for fixation or
with no biological information yield, were discarded. An unsupervised analysis (Figures 4 and 5), based on heatmaps
and principal component analysis, was performed and potential outlier samples removed. Consecutively, metabolites that
were significantly differentially abundant in different experimental groups were identified per experiment (Figures 6–8).
Metabolites that were present in both datasets were compared in terms of fold change and direction of regulation (Figure 9).
Independently, intra-dataset metabolite abundance values were correlated against each other to be able to detect potential
regulatory associations (Figure 10).
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Figure 4. Unsupervised analysis of samples from TEXUS-54. (A) Principal component analysis (PCA) plot of the four
samples of the mission. The dominant principal component 1 separated ground from flight samples, though the variation
along the ground samples was dominant. (B) A clustering heatmap plot of the same samples. Normalized relative metabolic
abundance (Norm. RMA) is displayed for every metabolite (horizontal axis) for every sample (vertical axis). Cluster grids
are proportional to relative differences along samples/groups. Ground and flight samples cluster together which speaks in
favor of an effect-driven separation, though the differences within groups are rather large. (C) A PCA plot where the two
ground samples were merged into a shared ground sample to visualize the average effect of ground samples are combined
into one sample group. A clear separation of flight effects can be identified, in which the microgravity sample displays a
stronger separation than the hypg sample, which is in line with the microgravity sample being exposed to altered gravity for
a longer period of time. (D) The clustering heatmap displaying the dataset where the two ground controls were combined.
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Figure 5. Unsupervised analysis of samples from CELLBOX-PRIME. (A) PCA plot of all 5 flight datapoints (in blue) and all
3 ground datapoints (in brown). Principal component 1 represents 82% of total variance in the dataset. Flight samples all
localize left of ground samples, except for FM.002. (B) Clustering heatmap of the same data. FM.002 does not cluster with
any sample from the flight set and has the highest normalized RMA for almost all quantifiable metabolites. Based on A
and B and the appearance of the sample chamber indicating potential tightness issues, FM.002 was considered a statistical
outlier sample and excluded from further analysis. (C) PCA of all samples, excluding FM.002. A distinct clustering of flight
and of ground samples along PC1 can be observed. (D) Clustering heatmap of the dataset, excluding FM.002. GM.004 and
FM.001 are separated from the rest of the samples but do not show RMA value distributions that do not compare to other
samples as extremely as FM.002 does.
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Figure 6. Volcano and bar plots of samples from TEXUS-54. (A,B) Volcano plots showing the estimated false discovery
rate (FDR) against fold change (FC) for the (A) comparisons flight hypg/ground and (B) flight µg/ground. Because some
metabolites showed negative abundance values relative to medium blanks, FC can be negative. The direction of change is
indicated by color and shape of the point. As an orientation aid, areas of significant large effect increase (double or more) are
highlighted by a light green frame, areas of significant effect decrease (half or less, and inverted if below 0) are highlighted
in red, and areas of significant effect inversion (consumption of metabolite to production or production to consumption)
with equal or increased effect strength are highlighted in light yellow. (A) 41% of all metabolites showed an FDR below 0.35,
63% below 0.5. Ornithine, and glyceric acid showed exceptionally low FCs of −60, and −12, respectively, which exceed the
plot margins and are therefore set to smaller values with the correct fold change indicated in their labels. (B) 29% of all
metabolites showed an FDR below 0.35, 60% below 0.5. Also, Ornithine and Glyceric acid showed exceptionally low FCs of
−41, and −4, respectively. (C,D): Bar plots showing relative metabolite abundance (RMA) for flight hypg (C) and flight µg
(D) and the ground samples for metabolites with an FDR ≤ 0.5. Ground samples are pooled from two biological samples.
Error bars represent mean ± standard deviation. +: FDR ≤ 0.5; ++: FDR ≤ 0.35. The plots are split into two subplots with
two different linear axes to be able to display all metabolites on linear scales despite their RMA distribution over several
orders of magnitude.
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Figure 7. Volcano and bar plots of samples from CELLBOX-PRIME. As an orientation help, areas of significant effect
decrease (half or less) are highlighted in red. (A) Volcano plot showing the estimated false discover rate (FDR) against
fold change (FC) for the comparison flight/ground. The direction of change is indicated by the color and shape of the
point. As an orientation aid, areas of significant large effect increase (double or more) are highlighted by a light green frame,
and areas of significant effect decrease (half or less, and inverted if below 0) are highlighted in red. It is revealed that 15%
of all metabolites showed an FDR below 0.35, 43% below 0.5. L-alpha-Aminobutyric acid and L-Tryptophan both have
fold changes that exceed the plot margins, therefore they were set to a fold change of 2.7, and the correct fold change was
included in their label. (B) Bar plot showing mean ± standard deviation of relative metabolite abundance (RMA) from three
ground samples and four flight samples. Only metabolites with FDR ≤ 0.5 are shown. +: FDR ≤ 0.5; ++: FDR ≤ 0.35. The
plots are split into two subplots with two different linear axes to be able to display all metabolites on linear scales despite
their RMA distribution over several orders of magnitude.
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Figure 8. (A). Faceted bar plots for TEXUS-54 µg vs. ground control. Only metabolites with FDR ≤ 0.5 are shown. Each
metabolite is shown with an individual relative metabolite abundance (RMA) scale. Ground samples are pooled from two
biological samples, mean± standard deviation is shown. +: FDR≤ 0.5; ++: FDR≤ 0.35. (B). Faceted bar plots for CELLBOX-
PRIME. Only metabolites with FDR ≤ 0.5 are shown. Each metabolite is shown with an individual relative metabolite
abundance (RMA) scale. Samples are pooled from three (ground) and four (flight) samples, respectively. Mean ± standard
deviation is shown. +: FDR ≤ 0.5; ++: FDR ≤ 0.35.
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Figure 9. Clustered correlation plot between metabolites for each experiment. Based on the per-sample abundance values,
the Pearson correlation coefficients between each metabolite was calculated per experiment. Metabolites that correlate
strongly with each other in both experiments are considered a cluster and highlighted with colored frames, one color per
group. Clusters are an indicator for metabolic pathways; if elements of clusters are significantly altered, a profound altered
gravity effect is indicated. (A) Clustered correlation plot for TEXUS-54. Metabolites are ordered by the clustering of their
correlation coefficients, which is visualized on the left side of the plot. (B) Correlation coefficients for CELLBOX-PRIME. For
maximum comparability, the metabolites are in the same order as for A, therefore a mixed pattern emerges that does not
follow the clustering for metabolites in CELLBOX-PRIME. A large cluster is present in both experiments centered around
Threose and L-Valine and around L-Phenylalanine and L-Cysteine.
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Figure 10. Inter-experiment correlation diagram, plotting the fold changes of shared metabolites. Each dot represents
1 out of 32 shared metabolites. Metabolites that show a difference in the same direction (decrease or increase of RMA
value for both sets) are highlighted by a stronger black border. Metabolites that have FDRs lower than certain thresholds
are highlighted in yellow or red (comp. legend). Ornithine, Glyceric acid, and L-alpha-Aminobutyric acid all have fold
changes that exceed the plot margins; they were set to a fold change of 0 for TEXUS-54, resp. 2.3 for L-alpha-Aminobutyric
acid for CELLBOX-PRIME, the correct fold change was included in their label. Clusters that were identified in Figure 9
have been included in the figure by drawing colored boxes around metabolites that are in a cluster group. The plot has
four different quadrants, with many metabolites in the top left quadrant with increased concentrations for TEXUS-54 and
decreased concentrations for CELLBOX-PRIME, and a center that includes metabolites which do not or only slightly react to
altered gravity.

To be able to perform such a comparison between the two experiments, a clustering
correlation heatmap of metabolites that were present in both datasets was generated for
TEXUS-54. Further, an un-clustered correlation heatmap, sorted in the same order as the
first heatmap, was generated for CELLBOX-PRIME (Figure 9). The Pearson correlation
coefficient ranged from 1 (perfect correlation, an increase in one metabolite leads to an
increase in the other) to −1 (perfect anticorrelation, an increase in one metabolite leads
to decrease in the other), with 0 as no correlation. A perfect correlation was present on
the diagonal line where metabolites are compared to themselves. If a cluster of strong
correlation or strong anticorrelation emerged for both experiments, a potential gravity-
sensitive cluster had been identified. Entire clustered heatmaps for both datasets that
additionally contain metabolites that are only present in one experiment are available in
Supplementary Figure S2.

For most regions, a chaotic distribution was the result for the unsorted CELLBOX-
PRIME heatmap. One larger cluster emerged from the analysis, marked in yellow, com-
prising 3-hydroxybutyric acid, Threose, L-Valine, L-Phenylalanine and L-Cysteine (which
is weakly associated). Four additional small clusters that did not correlate with the first
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cluster in both datasets were identified: L-Alanine with L-Threonine and D-Fructose were
marked in green, L-Methionine with L-Proline, L-Arginine, and myo-Inositol were marked
in pink, Erythronic acid with 3-amino-2-Piperidone were marked in grey, and Pyroglutamic
acid with L-Leucine were marked in blue.

2.4. An Inter-Experiment Gravity Effect Comparison Identified a Large Gravisensitive Cluster

Since the two datasets contained different sets of metabolites that only partly over-
lapped, showed RMA values within different ranges due to non-similar scaling of the
dimension-less RMA values, and showed changes in different directions for certain metabo-
lites, a direct comparison of abundance values was not suitable for a cross-experiment
analysis. Out of the 63 metabolites for TEXUS-54 and the 61 metabolites for CELLBOX-
PRIME, 32 metabolites overlapped. A two-dimensional projection of the corresponding
fold changes of CELLBOX-PRIME flight against ground on the horizontal axis and TEXUS-
54 µg against ground on the vertical axis was generated (Figure 10). If the direction of
change (less generation = stronger consumption, more generation = less consumption)
was the same for a metabolite for both sets, this was indicated by a thick black border, a
metabolite that fell into any of the two defined significance bands in both sets was indicated
by a yellow or red fill color (comp. legend), and the clusters identified in Figure 9 were
indicated by colored boxes. The plot could be divided into four quadrants.

The upper left showed an effect strength increase (stronger consumption or generation)
for TEXUS-54 but a decrease for CELLBOX-PRIME. The upper right quadrant had increased
signal for both experiments. The lower left implied a decrease for both experiments. The
lower right showed a decrease for TEXUS-54 but an increase for CELLBOX-PRIME. Finally,
the center contained metabolites that did not show strong effects for both experiments.
Metabolites with a fold change below zero were an exception to the above quadrant
definitions since their direction of change is altered.

The metabolic profiles of TEXUS-54 µg and hypg are highly comparable for some
metabolites (Supplementary Figure S3). For these metabolites, this indicates a general
altered gravity-induced reaction (in contrast to microgravity-specific mechanisms), or that,
for these metabolites, the effects for TEXUS-54 already occurred during the hypergravity
phase. To be able to differentiate microgravity from hypergravity effects, for each iden-
tified cluster the metabolites were identified that were already significantly altered in
hypergravity (compare Figure 6A and Table 1).

The large previously identified cluster (indicated in yellow) showed consistent be-
havior in terms of FC for all metabolites which thus also clustered in the inter-dataset
correlation plot. All members showed reduced concentrations during long-term micro-
gravity onboard the ISS but increased concentrations after 5 min of microgravity in the
TEXUS-54 rocket with increases between 30% to almost 100%. Additionally, Threose, L-
Valine, and L-Cysteine fell into the lower significance band and 3-Hydroxybutyric acid
even in the upper significance band in both datasets. Only 3-Hydroxybutyric acid fell into
the lower significance band for TEXUS-54 hypg. Therefore, this amino acid-rich cluster is
of high interest for gravisensitive metabolic pathways in macrophages.

To assess functional and chemical relationships between those metabolites, amino
acids were compared against the sets of essential/nonessential, ketogenic/glucogenic,
and neutral/charged amino acids. However, no relationship could be identified. Except
for L-Cysteine, all amino acids were categorized as essential amino acids, therefore a
shared metabolite-generating process was unlikely to be the reason. Rather, decreased
consumption/degradation or an increased output of these amino acids from the cells under
altered gravity emerged as possible explanations.
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Table 1. Metabolites and metabolite clusters that are highlighted in the discussion. Significance levels
are highlighted for TEXUS-54 hypg, for TEXUS-54 µg, and for CELLBOX-Prime datasets. The upper
significance band is defined as FDR < 0.35 (“++”), the lower as FDR < 0.5 (“+”).

Selected Metabolites
Occurring in All Datasets TEXUS-54 hypg TEXUS-54 µg CELLBOX-

PRIME

Yellow
Cluster

3-Hydroxybutyric acid + ++ ++

L-Cysteine + +

L-Phenylalanine +

L-Valine + +

Threose + +

Pink
Cluster

L-Arginine ++ ++

myo-Inositole ++ ++

L-Methionine +

L-Proline ++ ++ +

L-Aspartic Acid

Glycine + ++

Ketoleucine ++ ++

Ornithine + +

L-Proline, L-Arginine, myo-Inositol, and L-Methionine were localized adjacently to the
large cluster but are not part of it. They showed similar regulation with L-Proline falling into
the upper significance band; therefore, these four metabolites were further candidates of
interest. However, for TEXUS-54 hypg, they all already appeared significantly altered. The
green cluster, containing L-Threonine, L-Alanine and D-Fructose, showed strong reactions
for the TEXUS-54 comparison but not for the CELLBOX-PRIME-comparison. From these,
L-Threonine and D-Fructose were significantly altered in the TEXUS-54 hypergravity
comparison. The metabolites from the green cluster did not all fall into significance bands
for TEXUS-54 µg and CELLBOX-PRIME, but still showed interesting behavior. Therefore,
they were potential candidates for initial gravity-sensitive effects that were brought back
to pre-effect levels after some time.

Erythronic acid showed a slight decrease in effect strength under short hypergravity
and only showed subtle behavior under short microgravity. 3-amino-2-Piperidone on
the other hand did show an inversion under short hypergravity and a medium decrease
for both experiments under microgravity. Therefore, the grey cluster was not considered
consistently regulated. Even more prominently, the blue-colored cluster showed almost no
reaction to short microgravity and hypergravity and only rather subtle decreased reactions
towards long-term microgravity. Therefore, L-Leucine and Pyroglutamic acid were part of
potential general pathways but were not considered gravity-sensitive. To the right of this
cluster, there were L-Aspartic acid, and Glycerol-3-phosphate in the center that virtually
did not show any reaction in both experiments and were therefore considered stable under
short- and long-term altered gravity.

An imbalance of the distribution of metabolites between the four quadrants was
evident. Most metabolites that showed substantially altered concentrations in both experi-
ments were localized in the upper left quadrant. This effect was even more pronounced if
only significant metabolites are considered.

Ketoleucine was the only candidate that showed an appreciable and significant concen-
tration increase in both experiments for microgravity. However, no changes were detected
in hypergravity. No direct coupling could be detected for the metabolite (Figure 9), but
being a product of incomplete ketogenic amino acid degradation, it was likely indirectly
coupled with other amino acids.
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3. Discussion

Cellular reactions towards microgravity occur on a variety of molecular levels on
very different timescales. The first effects are observed after only one second of micrograv-
ity [9,10] and after 20 s large fractions of the cellular transcriptome pool undergo significant
changes that globally affect many different gene loci on all chromosomes without specifi-
cally targeting isolated genetic pathways [11–13]. Generally, the effects of microgravity are
very broad and complex [18]. So far there is still a lack of general hypotheses on underlying
mechanisms that holistically rationalize the number of effects. Therefore, there is now a
need for advanced studies like correlative studies which have the potential to shed light
on underlying mechanisms since they are able to discriminate platform- or cell-specific
effects from generally conserved mechanisms of reactions to altered gravity. Metabolomics,
as previously described, is a highly sensitive omics discipline with ultrashort minimum
trigger reaction times and is likely to be affected by broad changes already after short
microgravity exposure [21]. Consequently, metabolomics is particularly suited for studies
on the effects of short-term microgravity.

This study comparatively assessed the effects of short-term and long-term micrograv-
ity on the supernatant metabolome of primary human macrophages. Two microgravity
platforms were compared for this purpose: a short-time suborbital ballistic rocket flight
during the TEXUS-54 campaign, providing 50 s of hypergravity and 325 s of microgravity
including 300 s of high-quality (10−5–10−6 g) microgravity [30,31], and the International
Space Station with 158 s hypergravity before main engine cut-off (MECO) and 9 min before
2nd stage engine cutoff (SECO) for the Falcon-9 and 11 days of microgravity (quality of
10−3 g) during the CELLBOX-PRIME experiment.

On both platforms, altered gravity induced profound alterations of the supernatant
metabolome. Out of ~60 detected metabolites per platform, 18 fell in the higher differential
significance band (FDR ≤ 0.35, Figures 6B and 7A) for short microgravity and 10 fell into
the higher differential significance band for long-term microgravity. From these 18 highly
significant metabolites under short microgravity, 14 already appeared to be significant
under hypergravity (Figure 6A,B and Table 1).

We observed that the fold changes of the long-term microgravity dataset were not as
pronounced as in the short-term altered gravity dataset. This might indicate a re-adaptation
after the initial trigger caused by changes of the gravity environment. Similar re-adaptation
behavior was described for human U937 and Jurkat immune cell lines when comparing
transcriptional effects of 20 s of microgravity on parabolic flights to 300 s of microgravity
on suborbital ballistic rockets: genes that were differentially expressed on the parabolic
flight were no longer differentially expressed on the rocket platform, but a pool of new
differentially expressed genes emerged [11,13]. We were further able to demonstrate in
the fold change correlation analysis that most significantly altered shared metabolites
even showed increased effect strengths during short-term microgravity but then effect
strengths even below ground levels during long-term microgravity. This study is another
piece of evidence that conserved mechanisms of strong rapid response and consecutive
readaptation may be an important cellular principle to quickly cope with the effects of
altered gravitational environments on multiple omics levels. This would also give a hint
on the “gravity-paradoxon”, that biological systems drastically react to short phases of
microgravity, but humans are able to withstand microgravity conditions for many months
without severe impacts [26,32]. In this context, it is possible that highly dynamic rapid
effects induced by the gravity environment lead to coordinated “profile preserving” cellular
changes in a non-equilibrated cellular state [33].

A large number of shared metabolites in the quadrant that showed over-re-adaptation
behavior (top left quadrant in Figure 10) was identified to belong to the same two intra-
dataset metabolite clusters (yellow and pink in Figures 9 and 10). The largest cluster,
comprising Threose, L-Valine, L-Phenylalanine, L-Cysteine and, as a weakly-coupled
member, 3-Hydroxybutyric acid, consisted exclusively of metabolites showing over-re-
adaptation behavior and its metabolites showed comparable fold change values. Except
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for L-Phenylalanine, this cluster exclusively contained metabolites that fall into the first
or second significance band in both datasets. From these identified metabolites, only
3-Hydroxybutyric acid showed already significant fold changes during the TEXUS-54
hypergravity phase (Figure 6A, Table 1). This might indicate a relation of the metabolites as
a gravity-sensitive amino acid-related cluster that exclusively reacts to microgravity but not
hypergravity. The cluster around L-Arginine, indicated in magenta, is not coupled to this
cluster and is less significant, but shows similar behavior. However, most of its metabolites
are already significantly altered during hypergravity (Table 1). It therefore might be
an independent altered gravity-sensitive cluster. Generally, the parallel involvement of
multiple amino acids in these clusters could be due to the tight interlinkage of amino acids
due to several pathways [34].

Given that the data reflect media concentrations, the question arises why cells secrete
large amounts of amino acids into the media and take it up on a longer timescale. This
could be a general stress response of the cells due to microgravity or general altered gravity
conditions. Considering the microgravity-specific findings for Ketoleucine and that it
(anti)-correlates with the large amino acid cluster gives a hint that the amino acid home-
ostasis may be affected [35]. It is well established that immune cells use increased amino
acid catabolism and thereby altered amino acid levels as activators of immune response
pathways, including inflammatory responses [36–39]. This interaction is promoted via
mTOR and GCB2 pathways since these sense intracellular amino acid levels and convert
them into cellular responses via GCN2- and AhR-signaling [40]. Observed immunological
responses to altered gravity could therefore (partly) occur due to altered amino acid levels
inside cells. Interestingly, amino acids have also been reported to be among the most
significantly altered metabolites in the NASA twin study [26].

It remains speculative if these clusters formed due to a shared gravity-sensing mecha-
nism that directly acts on the abundance of these specific amino acids or not. This could be
due to a shared gravity-sensitive process that affects the internal concentration of amino
acids by either forming or degrading them, or due to a common gravity-sensitive export
mechanism [41] (enhanced secretion of these amino acids after short microgravity, en-
hanced re-import after prolonged phases of microgravity). Generally, gravitational effects
on biochemical processes that lead to altered metabolite concentrations can occur either in-
directly, due to regulatory pathways affecting enzymes, or directly, due to altered diffusion
behavior (absence of Raleigh convection), absence of hydrostatic pressure with implications
on reaction equilibria, altered membrane diffusion of protein complexes, and changes in
enzyme/enzyme complex conformation [30].

Pinpointing the source of the increased amino acid concentrations after short mi-
crogravity would be a promising way to predict the underlying mechanism. A shared
formation mechanism is yet rather unrealistic due to the high number of contained essential
amino acids (L-Phenylalanine, L-Valine, L-Methionine, and L-Arginine as semi-essential
amino acids) that are not generated inside the cells [42]. Further, the affected amino acids
could not be categorized as being all polar/non-polar or ketogenic/glucogenic. Interest-
ingly, the amino acids in the magenta (Figure 10) group cluster together with Glycine
(highly altered), Cysteine and Aspartic acid, which are abundant in the N-/C-terminal de-
gron signals that occur in human cells [43–46]. These short terminal amino acid sequences
are usually part of unordered polypeptide chains that govern protein degradation [47].
As terminal members of polypeptide chains, forming a thermally unstable end of a pro-
tein, they are the first amino acids to get cleaved off upon degradation, either N- or
C-terminally [48]. Since one central cellular reaction to environmental stress is ubiquitin-
related protein degradation [49], the appearance of all degron-relevant amino acids in the
highly increased magenta (Figure 10) cluster or adjacent to it (except for Aspartic acid)
suggests starting protein degradation as a stress response as the most likely source of
increased amino acid levels after short-term microgravity. The degron pathway of the
amino acid with the strongest increase in the TEXUS-54 dataset, glycine, is targeted by
Kelch family substrate adapters [44,45]. One prominent member, KLHDC1, recognizes
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C-terminal -GG degrons [50]. This mechanism is especially interesting since the protein
is significantly overexpressed in different immune cell lines after 75 s of hypergravity on
TEXUS rockets (expression datasets GSE101309 and GSE101102 from [11,12]).

In contrast to the aforementioned metabolites, there are a few that hardly show any
reaction to hypergravity and microgravity exposure. L-Aspartic acid as one of the most
central candidates shows an insignificant increase by a few percent under microgravity
and a non-significant decrease under hypergravity (Table 1). Considering the degree of
interconnectivity between amino acid metabolism and central metabolites in general [34],
it appears unlikely that L-Aspartic acid is not connected to any pathway which reacts to
microgravity or hypergravity. It appears more likely that this is due to a tight regulation
of L-Aspartic acid levels in cell supernatants. If verified by orthogonal experiments on
different platforms, L-Aspartic acid and other gravity-stable metabolites could be used as
normalization/reference targets, as published for transcripts previously [13,51].

Ornithine, a degradation product of proteinogenic amino acids, was present in both
datasets. In the TEXUS-54 microgravity and hypergravity datasets, it was significantly
upregulated (category “+”, Table 1). In the long-term dataset CELLBOX-PRIME, it ap-
peared strongly downregulated but not in the top significance category. Therefore, the
uncommonly strong fold change of Ornithine from little net consumption at 1 g to high
net production in microgravity and hypergravity for TEXUS-54 and the opposite effect for
CELLBOX-PRIME makes it a potentially interesting target. Ornithine is mainly generated
by hydrolysis of arginine via arginase [52]. In the cellular context, Ornithine is then further
degraded into putrescine by Ornithine decarboxylase [53], a polyamine. These highly regu-
latory molecules are involved in a myriad of cellular regulations, including transcriptional
regulation via DNA structural changes [54,55], cell proliferation [56,57], scavenging of ROS
inside the cell [58–60], binding to membrane proteins [61,62], and regulating stress response
protein expression ([63–65], reviewed in [66]). Since many of these cellular functions have
been demonstrated to be affected by microgravity, the potentially highly gravity-sensitive
Ornithine and the associated polyamine-dependent regulatory functions are an interesting
target for future studies.

Upon comparing single shared metabolites between both datasets, Ketoleucine was
identified as the only metabolite that is significantly increased under microgravity condi-
tions in both experiments (Figure 10). Moreover, in contrast to Ornithine, it did not show
any reaction under hypergravity (Table 1). No readaptation reaction could be observed for
this metabolite. It does not consistently couple to other amino acids/metabolites in general
in both experiments; it just shows an association with the large amino acid cluster in the
TEXUS-54 dataset and a certain anticorrelation with it in the CELLBOX-PRIME dataset.
Therefore, it is a metabolite that could probably serve as a general indicator of micrograv-
ity exposure for short and long microgravity based on supernatant analysis, a metabolic
microgravity-exclusive marker. Ketoleucine (=alpha-ketoisocaproic acid) is mostly pro-
duced due to incomplete degradation of branched-chain amino acids. Such an increased
amino acid degradation with elevated levels of Ketoleucine has been shown for C2C12
muscle cells in unloading conditions [67], a state that is used to mimic conditions of space-
flight [68]. Ketoleucine is present in the human body at low levels with muscle tissue as the
main production site and is degraded in the liver [69]. It can be converted into Leucine by
transamination and has been discussed as a dietary supplement in uremia patients [70,71].
Elevated levels of Ketoleucine do not generally occur in healthy individuals. However, in
certain diseases, including maple syrup disease, elevated levels have been reported which
have been associated with neurotoxic and metabotoxic behavior [72]. Diseases associated
with elevated Ketoleucine levels commonly involve a malfunction of the main degradation
route via the branched-chain α-keto acid dehydrogenase complex [73]. This enzyme com-
plex with its ~24 subunits and a total weight of 4–5 MDa is among the largest complexes
in human cells and spans the mitochondrial membrane [74,75]. It has been shown that
membrane proteins could experience pronounced functional impairments in microgravity
due to changing membrane fluidity [76]. This effect could probably explain the increase of
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Ketoleucine in microgravity: the disturbed amino acid degradation under such conditions
could be related to inhibited Ketoleucine dehydrogenation using the branched-chain α-keto
acid dehydrogenase resulting from changed membrane fluidity, leading to accumulation
of Ketoleucine. Further, since in the physiological environment of the body, one main
degradation route of Ketoleucine is the liver [69], the in vitro system used in this study
will further lack Ketoleucine degradation capacity. The cellular media replaces the in vivo
blood environment, therefore the released Ketoleucine would be transported to the liver
in in vivo conditions. The potentially reduced intracellular degradation capacity of ke-
toleucine and missing degradation in the liver renders Ketoleucine a quasi-stable metabolic
endpoint that can only accumulate. With this unique significant accumulation behavior,
Ketoleucine could act as an indicator of mid- and long-term altered gravity, not only for
the cell via branched-chain amino acid signaling [77], but also for future metabolomics
studies in altered gravity. Interestingly, increased Ketoleucine concentrations were detected
in the cerebrospinal fluid (CSF) with ageing [78], while metabolic changes that typically
accompany aging have been consistently observed in space [79].

In our study, we observed that microgravity exposure leads to an increased abun-
dance of amino acids in the cell culture supernatant of primary human macrophages
(Figure 10). A possible explanation could be the microgravity induced modification of
protein metabolism and associated degradation of proteins leading to an increased level of
amino acids. A modified protein metabolism in microgravity, especially in the form of loss
of muscle mass, is a well-known phenomenon and has been described in humans as well
as in model organisms such as mice [80–83].

Additionally, it has been shown in spaceflight and bed rest studies that protein synthe-
sis activity declines upon exposure to real or simulated microgravity conditions requiring
an increased dietary protein intake [84–86]. During our TEXUS-54 experiment, we iden-
tified increased levels of amino acids and glucose in microgravity compared to ground
control samples. However, during our CELLBOX-PRIME experiment we observed a re-
versed situation, i.e., decreased amino acid and glucose levels in the cell culture supernatant.
This could be explained by a microgravity-induced reduction of protein synthesis and an
increased protein degradation in favor of the production of glucose via gluconeogenesis
during short-term microgravity. While after 5 min of microgravity, levels of amino acids
and glucose are increased, a reduction is observed after 11 days of microgravity. This is an
indication for a later increased consumption. Ketogenic amino acids like Leucine cannot be
converted to glucose, but are degraded in the amino acid catabolism by transamination to
Ketoleucine [34]. Protein degradation usually occurs as a stress response, for example in
starvation conditions or during oxidative stress, for example when reactive oxygen species
(ROS) damage proteins [87]. We could show in previous studies that ROS production is
highly gravity-dependent and reacts to gravitational stimuli within seconds [9,88]. Thus,
ROS metabolism might contribute to the regulation of protein degradation in microgravity.

In this study, we could demonstrate the fundamental effects of altered gravity on the
supernatant metabolite composition of human macrophage cells. We postulated that altered
protein degradation could represent the underlying reason of the observed metabolic
changes. This could either be the consequence of a general effect like cellular autophagy, an
important mechanism in inflammatory response and phagocytosis for macrophages [89], a
specific response to a different cellular environment [90] or regulated by the macrophageal
proteasome system [91], which has been identified as sensitive to microgravity during
in vivo experiments on board Space Shuttle mission STS-90 [92]. The proteasome system
responds rapidly to oxidative stress [93] and could therefore represent an integrative system
for different primary and secondary effects of altered gravity. To understand the metabolic
homeostasis could therefore shed light on the potential underlying molecular mechanisms
of functional deterioration of human macrophages in microgravity, including reduced
phagocytic index, reduced engulfing, oxidative bursting and degranulation [94,95], as
reviewed in [96]. Integrative omics analysis has the potential to pinpoint certain metabolic
mechanisms: intriguingly, Shi et al. reported the urea cycle to be among the transcriptional
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significantly affected pathways in macrophages after 12 days in microgravity, potentially
compensating for the increased Ornithine concentrations after five minutes [97].

Nevertheless, further studies are required to better understand the gravity-sensitive
nature of these amino acid clusters, their stimulability by hypergravity versus microgravity,
their relations with protein degradation and with Ketoleucine. A deeper understand-
ing would potentially allow for prediction of a functional mechanism. Further, multi-
omics studies could elucidate if the lower concentrations after prolonged exposure are
related to differential expression of a membrane-spanning transporter or other amino acid
metabolism-associated enzymes.

In summary, this comparative study was able to demonstrate the pivotal effects of both
short and long-term microgravity and partly short-term hypergravity on the metabolite
concentrations in human primary macrophage cell culture supernatants and detected
an adaptation reaction for cellular metabolites in microgravity. Additionally, a gravity-
sensitive metabolite cluster that extends across experimental platform borders could be
postulated, potentially associated with amino acid degradation. Further correlative studies
might shed light on the conservation status of such an amino acid cluster and the potential
underlying mechanisms.

4. Materials and Methods
4.1. CELLBOX-PRIME/SpaceX CRS3

The CELLBOX-PRIME experiment is described briefly; a detailed description of the
experiment can be found in Tauber et al. [17].

4.1.1. Preparation of Primary Human Macrophages

Primary human macrophages were differentiated from peripheral blood monocytic
cells by PromoCell (Heidelberg, Germany). They were cultured adherent on polycarbonate
slides that fit into the flight hardware. Prior to experiment integration they were transported
by airplane to the Space Life Science Labs (Exploration Park, Kennedy Space Center,
FL, USA).

4.1.2. Hardware Concept

The experiment was designed to expose cells to different gravity conditions and
subsequently retrieve cell culture supernatant for analysis by metabolomics and fixed cells
for analysis by immunocytochemical staining. This was made possible by the hardware
Biorack type I standard CELLBOX-PRIME EUE type IV container from Airbus Defense
and Space. Cells were rinsed with fixation fluid (2% paraformaldehyde and 1.3% sucrose).
At the same time the cell culture supernatant was pushed from the culture chamber into
a hardware compartment where it could be sampled later. Fixed cells were rinsed with
PBS to avoid overfixation. One experimental unit held four slides with adherent cells (see
Figure 2 in Tauber et al. [17]).

4.1.3. Experiment Integration and Upload

Six days before launch, the primary human macrophages were integrated into Biorack
type I standard CELLBOX-PRIME EUE type IV containers. All hardware components
were sterilized by autoclaving or ethylene oxide exposure and integration was done under
sterile conditions. Six experimental containers (units) were prepared for the ISS, and three
were prepared as 1 g ground references, staying in the laboratory on the ground. Two days
before launch, the medium in the experimental units was changed to resupply the cells
with fresh nutrients. The units were kept at 37 ◦C from integration until loading into the
spaceship. From then on until unloading on the ISS they were kept passively between
20 and 37 ◦C. The experiment was uploaded with the SpaceX CRS-3 mission on April
18, 2014 from Cape Canaveral SLC-40, Florida. On the ISS, units were mounted into the
“NanoRacks Astrium Centrifuge” (OpNom: NanoRacks BioRack Centrifuge) in the U.S.
National Lab.
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4.1.4. Experiment Design and Sampling

Six experiment containers were uploaded to the ISS. After 11 days, 5 units were
fixed on the ISS and consecutively stabilized. One container did not release and therefore
remained unfixed; it was consequently excluded from further metabolic analysis. The three
ground control units were treated in parallel on the same day (see Figure 2). The units were
kept at 4 ◦C after fixation and downloaded with the Dragon spaceship on 18 May 2014.
After retrieval of the samples in the Space Life Science Labs (Exploration Park, Kennedy
Space Center, FL, USA), samples were transported to the University of Zurich for analysis.
A scheme of all resulting sample groups can be seen in Figure 2.

4.2. TEXUS-54
4.2.1. Isolation and Cryopreservation of Human Monocytes

Peripheral blood monocytic cells (PBMCs) were isolated from buffy coats which were
obtained from a blood transfusion service in Zurich. Donors had given their written
consent that samples might be used for research. All steps were done at room temperature
if not stated differently. The buffy coats were diluted 2:1 with PBS (Biochrom GmbH,
Berlin, Germany) and 15 mL were layered on 10 mL Ficoll Paque Premium (GE Healthcare
Bio-Sciences, Uppsala, Sweden). After centrifugation for 30 min at 400× g, the layer of
PBMCs was collected. Cells were washed 4 times with 50 mL PBS. During the first wash,
centrifugation was 10 min at 400× g, and in the following 3 washes centrifugation was
10 min at 350× g. To isolate monocytes from the PBMCs, cells from one buffy coat were
resuspended in 20 mL of Mononuclear Cell Medium (Promocell, Heidelgerg, Germany) and
layered on 25 mL of a 46% Percoll solution (10.64 mL Percoll (GE Healthcare Bio-Sciences,
Uppsala, Sweden), 13.5 mL RPMI (Biochrom GmbH, Berlin, Germany), 0.86 mL 10× PBS
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany)). After centrifugation at 550× g for
30 min, monocytes were collected from the interphase, washed 1 or 2 times in 50 mL PBS
until the supernatant was clear, and resuspended in Mononuclear Cell Medium (Promocell,
Heidelberg, Germany). After quantification, cells were resuspended in serum-free Freezing
Medium (Promocell, Heidelberg, Germany) at a concentration of 15 Mio/mL. Then, 1.5 mL
aliquots (22.5 Mio cells) were frozen at −80 ◦C and transferred to −150 ◦C within 24 h
for storage.

4.2.2. Preparation of Primary Human Macrophages from Cryopreserved
Human Monocytes

Cryopreserved monocytes were transported from the University of Zurich in Switzer-
land to the ESRANGE Space Center laboratories in Sweden at −80 ◦C, 23 days before
the experimental flight. Monocytes were differentiated into primary macrophages using
M1-Macrophage Generation Medium DXF by PromoCell (Heidelberg, Germany) and the
related protocol for differentiation of M1-polarized Macrophages with modifications re-
lated to cryopreserved cells as starting material. Eleven days before the experimental flight,
cells were thawed by slewing the cryovials in a 37 ◦C water bath for 2 min. Subsequently,
the cell-suspension was added to 20 mL of MCM (PromoCell, Heidelberg, Germany) (equi-
librated for 20 min in a 37 ◦C CO2 incubator) and incubated in a cell culture incubator
(37 ◦C, 5% CO2, 95% humidity) for 11.5–13 h. Subsequently, cells were pelleted by cen-
trifugation at 350× g for 10 min and resuspended in M1 Macrophage Generation Medium
DXF to a concentration of 3,4 Mio/mL for differentiation. Then, 1.5 mL of this suspension
was pipetted onto dry cell-support surfaces of the flight hardware which had been placed
in 4-well plates (Sarstedt, Nümbrecht, Germany) beforehand to let cells attach. The cell
suspension was spread over the whole surface to achieve a homogeneous distribution of
adherent cells. Rectangular cell-support surfaces and H-shaped cell-support surfaces were
used (see hardware concept). After 30 min–2 h, cells had attached to the surface and 7.5 mL
of M1 Macrophage Generation Medium DXF was added to the wells of the rectangular
type cell-support surfaces. In contrast, on the H-shaped cell-support surfaces, cells were
seeded on both sides. Therefore, surfaces were flipped over, and medium was pipetted into
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the space between the 4-well plate and the cell-support surfaces to prevent the attached
cells from drying out. Then, 1.5 mL of freshly prepared cell solution (3.4 Mio/mL in M1
Macrophage Generation Medium DXF) was pipetted onto the side which was now on top
and cells could attach for 30 min to 2 h. Subsequently, 7.5 mL of M1 Macrophage Generation
Medium DXF was added to the wells. Cells on both types of cell-support surfaces were
incubated for 6 days to allow differentiation. Half of the cell culture supernatant (4.5 mL)
was removed and 4 mL of fresh medium was added to the wells. Cells in the culture
supernatant were collected by centrifugation for 10 min at 300× g, resuspended in 1 mL
of fresh medium and carefully pipetted on top of the cell-support surfaces. Three days
later, a compete medium exchange was performed: Medium was removed from the wells,
and 8 mL of fresh M1 Macrophage Generation Medium DXF was added to the wells. Cells
from the old medium were collected by centrifugation for 10 min at 300× g, resuspended
in 1 mL of fresh medium and carefully pipetted on top of the cell-support surfaces. Two
days later, cell-support surfaces were integrated in the FLUFIX-hardware (cf. next section)
and subjected to the experimental flight or left in the cell culture incubator as cell culture
control samples, respectively.

4.2.3. Experiment Hardware

The FLUFIX device, a flight hardware solution offered by Airbus DS (Bremen, Ger-
many), was used. It enables the replacement of fluid in cell culture chambers at defined
times during sounding rocket flights of the DLR-TEXUS type. Figure 1A depicts a scheme
of a FLUFIX-cassette, showing that it comprises two culture chambers next to each other.
They are connected to a compartment (syringe) with 50 mL of fluid. Upon opening of
a solenoid valve, 48 mL of this fluid flow into and through the culture chambers; the
conditioned medium in the culture chambers (9 mL each) and 30 mL of the fluid from the
syringe is pushed into a sampling compartment where the samples for the metabolomic
analysis were taken after flight (Figure 1A). The conditioned medium from both culture
chambers of one cassette is collected in the same sampling compartment, therefore one
cassette represents one sample for metabolomic analysis.

To accommodate the adherent primary human macrophages in the culture cham-
bers, cells were seeded onto cell-support surfaces which fit in the culture chambers. The
cell-support surfaces were cut out of the bottoms of T175 cell culture vessels. Two cell-
support surfaces were fitted within one culture chamber. Each had a rectangular shape
of 62 × 20 mm. Cells were seeded on one side of the surface and it was placed in contact
to the bottom of the cell culture chamber. The other one had a H-shape with an area of
55 × 25 mm and 4 extensions, allowing the mounting of four O-rings as spacers. Cells were
seeded on both sides of this support, and it was placed between the rectangular slide and
the lid of the chamber with enough distance to allow fluid flow (Figure 1E–G). With this
method, three layers of cells with 5 Mio seeded cells each, 15 Mio in total, were installed in
one chamber.

4.2.4. Experiment Design, Conduction, and Sampling

The experiment was designed to assess the effect of 325 s of microgravity on the
spectrum of metabolites in the cell culture supernatant of primary human macrophages. It
was conducted on TEXUS-54, a suborbital ballistic rocket flight of the German Center for
Aerospace (DLR). At defined times during different gravity conditions, culture supernatant
was separated from the cells. The fluid injected into the cell culture chamber was a fixative
solution, as in a separate analysis [31] the fixed cells were investigated.

Two FLUFIX modules were available, one was implemented in the rocket, the second
one remained on the ground holding the ground control samples, called ground-module.
Each module holds two cassettes allowing in total for two flight samples and two ground
control samples in identical hardware.

The experimental setup comprised the following four samples (comp. Figure 2):
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(1) Flight-baseline (BL) sample: cell culture supernatant was separated after the hyper-
gravity phase of the suborbital ballistic flight, directly before the microgravity phase,
50 s after launch.

(2) Flight-microgravity (µg) sample: cell culture supernatant was separated after 325 s of
microgravity, 375 s after Launch.

(3) 1 g hardware (H/W) ground control BL-time: samples were in the ground-module
and cell culture supernatant was separated concomitantly to the Flight-BL sample.

(4) 1 g hardware (H/W) ground control µg -time: samples were in the ground-module
and cell culture supernatant was separated concomitantly to the Flight-µg sample.

Cells of samples (1)–(4) were integrated into the FLUFIX culture chamber 5.5 h prior
to launch on 13 May 2018. The two cell culture chambers of one cassette were filled with
primary human macrophages of two different donors to account for biological variability.
Cell culture chambers and tubing between valve and cell culture chamber and between cell
culture chamber and sampling compartment were filled with M1 Macrophage Generation
Medium DXF. The valve was rinsed and filled with fixation solution ((PBS Biochrom GmbH,
Berlin, Germany) and the fixative compartment (syringe) was filled with 9.1 mM NaCl
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 0.0909mM EDTA (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), 4.55 mM HEPES (Biochrom GmbH, Berlin, Germany)
and 0.05% (v/v) formaldehyde in PBS (Biochrom GmbH, Berlin, Germany)). Assembly
of the hardware (flight- and ground modules) was done on heating mats set to 36.5 ◦C
to prevent the cells from cooling down. After completion of the assembly, both modules
were tempered by identical build-in heating systems that was set to 36.5 ◦C and was active
until the cells were fixed during the flight. The temperature profile was tracked in the
flight module, showing that the temperature was between 36.47 and 36.49 ◦C at all times
between experiment loading and fixation of the cells.

The TEXUS-54 rocket launched at 10.30 a.m. and cell-supernatant separation took
place automatedly on board as foreseen at L + 50 s (BL-sample) and L+375 s (µg sample).
Supernatant separation of the samples in the ground module was performed in the lab-
oratory parallel to the flight samples. Shortly before the payload landed on the ground
(approximately 7 min after the second fixation), the temperature control was turned off.
From then on, the flight module cooled down to the ambient temperature. The landing
site was covered with snow, the air temperature was measured as 10–14 ◦C. The module
contained a temperature control that guaranteed that the temperature did not decrease
below 4 ◦C. To create comparable conditions in the ground module, it was placed in a
refrigerator (4–8 ◦C).

The rocket payload was picked up from the landing zone by helicopter in the after-
noon and the FLUFIX flight module was retrieved in the laboratory at 5 p.m. Immediately,
the device was opened and the cell culture supernatant with excess fixative was transferred
from the sampling compartment to sample vials. So as not to lose any cell culture super-
natant that might not have been transferred, fluids from the cell culture chambers and
in tubing leading from the cell culture chamber to the sampling compartment was also
collected and later combined in silico by combining the signals, weighted by the volume
per chamber. One hour later, the samples of the ground module were taken analogously,
and samples were stored at −80 ◦C.

4.2.5. Rocket Flight Profile

The rocket flight profile is described by Thiel et al. [31].

4.3. Metabolomic Analysis

Metabolites from both campaigns were extracted using 900 µL cold (−20 ◦C) 80%
methanol containing 20 µL ribitol (0.2 mg mL−1 in water) and 10µL 13C-sorbitol (0.2 mg mL−1

in water), which were added as internal standards for the normalization of metabolite
abundances (for calculation of relative metabolite abundance (RMA)). After incubation
at 21 ◦C for 10 min, the extract was centrifuged for 15 min at 25,000× g. For further
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analysis, 50 µL of the supernatant was dried in vacuo. The pellet was resuspended in 10 µL
of methoxyaminhydrochloride (20 mg mL−1 in pyridine) and derivatized for 90 min at
37 ◦C. After the addition of 20 µL of BSTFA (N,O-Bis[trimethylsilyl]trifluoroacetamide)
containing 5 µL retention time standard mixture of linear alkanes (n-decane, n-dodecane,
n-pentadecane, n-nonadecane, n-docosane, n-octacosane, n-dotriacontane), the mix was
incubated at 37 ◦C for further 45 min. A volume of 1 µL of each sample was injected into
a GC-TOF-MS system (Pegasus HT, Leco, St Joseph, MO, USA). Samples were deriva-
tized and injected by an autosampler system (Combi PAL, CTC Analytics AG, Zwingen,
Switzerland). Helium acted as carrier gas at a constant flow rate of 1 mL min−1. Gas
chromatography was performed with an Agilent GC (7890A, Agilent, Santa Clara, CA,
USA) using a 30 m VF-5ms column with 10 m EZ-Guard column. The injection temperature
of the CIS injector (CIS4, Gerstel, Mühlheim, Germany) increased with a rate of 12 ◦C s−1

from initially 70 ◦C to finally 275 ◦C. The transfer line and ion source were set to 250 ◦C.
The initial oven temperature (70 ◦C) was permanently increased to a final temperature of
320 ◦C by 9 ◦C per minute. To avoid solvent contaminations, the solvent delay was set to
340 s. Metabolites that passed the column were released into the TOF-MS. The temperature
of the transfer line connecting the GC and the TOF-MS, as well as the ion source where the
metabolites got ionized and fractionated by a pulse of 70 eV, were set to 250 ◦C. Charged
mass fragments travelled through the vacuum flight tube until they reached the mass
detector. Each fragment has a specific time of flight, depending on its mass charge ratio
(m/z), until impact on the detector. Mass spectra were recorded at 20 scans per second with
an m/z scanning range of 35–800. Chromatograms and mass spectra were evaluated using
the ChromaTOF 4.5 and the TagFinder 4.1 software [98]. For Texus-54, three technical repli-
cates were recorded for each sample, while in the CELLBOX-PRIME mission, two technical
replicates for each ground module compartment and no technical replicates for the flight
modules were recorded. A blank sample was recorded analogously for both campaigns,
with three technical replicates for the Texus-54 mission and six technical replicates for the
CELLBOX-PRIME mission.

Peak annotation was performed based on the open access Golm Metabolome Database
(GMD) [99].

4.4. Statistical Analysis

A schematic of the analysis workflow is provided in Figure 3. Compounds which
could not be matched with annotated metabolites in the GMD were removed. In the
CELLBOX-PRIME data, missing values were present, but no missing values occurred
in the TEXUS-54 data. For the technical replicates of the ground modules, if one value
out of two was missing, 1/5 of the lowest measured signal in the whole dataset was
used if the other technical replicate had a value below 50 (close to the limit of detection).
Otherwise, the value of the technical replicate with a successful measurement was taken.
The mean of the two technical replicates was then computed for each compartment of each
module. For CELLBOX-PRIME, the mean RMA weighted by volume recovered from each
compartment was subsequently calculated for each metabolite. For TEXUS-54, the mean
of the three technical replicates per sample was taken. The difference arises due to the
different hardware, and thus different sampling locations, in the two missions (Figure 1).
Thereafter, an additional filtering step was carried out, in which metabolites with missing
values in at least two out of five flight samples or one out of three ground samples were
removed, but only if all other RMAs of the respective metabolite in the group with the
missing values were above 50. Independently of this criterion, metabolites were removed
if more than half the values were missing in both groups. After this filtering step, five
metabolites still showed one missing value each. These were replaced with the mean.
The latter step was also applied to the six blank samples (without prior filtering). If a
metabolite in the blanks had only missing values, 1/5 of the minimal recorded value in
the whole dataset was used. The subsequent data analysis steps, except where otherwise
denoted, were conducted using R version 4.0.2. The session information is supplied in
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Supplementary Figure S4. To improve comparability between datasets, the CELLBOX-
PRIME data was scaled by division with a scalar to possess the same mean as the TEXUS-54
data. Thereafter, the following problematic metabolites were removed: Sucrose, as it
formed part of the fixation solution (only CELLBOX-PRIME); Nonadecane, as it was part of
the reference mixture; Lactic acid and Phosphoric acid as they are involved in a multitude
of cellular processes and changes are hard to interpret; Benzoic acid, Diisopropylamine,
Edetic acid and Oxamide, as their natural occurrence in humans was not documented in
the Human Metabolome Database (HMDB) [100] or the Small Molecule Pathway Database
(SMPDB) [101]. Then, principal component analysis (PCA) was carried out on centered,
unscaled data. Heat maps were generated on data standard-scaled on metabolites and
subsequently scaled to [−1,1] by multiplication with the reciprocal of the maximum RMA.
Hierarchical clustering was done using the complete linkage method. The unsupervised
analysis allowed identification of sample FM.002 (CELLBOX-PRIME) as a potential outlier,
which was omitted from downstream analysis. For CELLBOX-PRIME, a two-sample t-
test with unequal variance was employed to test for statistical significance of differences
between the mean RMA of each metabolite in the flight modules compared to the mean
RMA of each metabolite in the ground modules. For TEXUS-54, a single-sample t-test
with unequal variance was used to test for statistical significance of differences between
the abundance of each metabolite in flight hypg and flight µg-conditions, and the mean
RMA in the ground modules, respectively. Due to the exploratory nature of this study and
because the use of a non-parametric test leads to undesirably low p-value resolution at
low replicate numbers, the t-test was chosen despite the potentially unfulfilled normality
assumption. Within-dataset cluster maps of metabolites were generated using Python
version 3.7.3. The average clustering method from seaborn package version 0.10.1 using
Euclidean distance was employed for hierarchical clustering.

Supplementary Materials: Figure S1: Faceted bar plots for TEXUS-54 hypg vs. ground control,
Figure S2: Full clustering correlation plot for both experiments, and Figure S3: Intra-experiment
correlation plot for the two TEXUS-54 comparisons can be found at https://www.mdpi.com/article/
10.3390/ijms22136752/s1.

Author Contributions: O.U. and C.S.T. developed the overall study concept, the flight and ground
experiment configuration, and were responsible for the overall biological flight implementation
including design, optimization, standardization, and validation of the mission scenarios. C.S.T. and
S.T. performed the pre- and post- mission sample preparation and processing. C.V. and T.B. planned
and performed the data analyses of this study with the advice from C.S.T., M.L. and O.U., M.L.
supported the data processing and analysis steps with valuable discussion inputs. C.S.T. and O.U.
supervised the study in addition to planning, coordinating, and executing the experiment missions
and data analyses. C.V., C.S.T. and O.U. wrote and edited the manuscript together with all co-authors.
All authors contributed to the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: The CELLBOX-PRIME and TEXUS-54 mission was funded by the DLR Space Admin-
istration on behalf of the Federal Ministry for Economic Affairs and Energy (BMWi), 50WB1219
and 50WB1519.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository. The data presented in
this study are openly available in Dryad open repository name at [doi], reference number [reference
number]. (confirmation pending).

Acknowledgments: A successful spaceflight experiment is always the result of hard and dedicated
work, highest professionalism, utmost precision and toughness. It is conducted by large teams and
over the course of many years. It is almost impossible to acknowledge every person who contributed,
but it is obvious that this experiment would not have been possible without the precious and hard
work of so many. We are grateful to the German Aerospace Center (DLR), Airbus DS GmbH, DLR

https://www.mdpi.com/article/10.3390/ijms22136752/s1
https://www.mdpi.com/article/10.3390/ijms22136752/s1


Int. J. Mol. Sci. 2021, 22, 6752 28 of 31

Mobile Rocket Base (MORABA), the Swedish Space Cooperation (SSC), and the Service-Unit for
Mass Spectrometry (MSBioLMU) for their outstanding support and excellent and highly professional
teamwork. We especially thank Sonja Krammer for her great support. We especially thank the
statistical consulting service of the University of Zurich for their great support. We are also grateful
for financial support from the DLR (grant no. 50WB1219 and 50WB1519) for the experiments on the
International Space Station (CELLBOX-PRIME) and the TEXUS-54 suborbital ballistic rocket mission.

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

Abbreviations

Airbus DS Airbus Defense and Space
TEXUS German: Technologische Experimente unter Schwerelosigkeit
DLR German Aerospace Center
MORABA DLR Mobile Rocket Base
SSC Swedish Space Cooperation

References
1. Kimzey, S.L. Hematology and immunology studies. In Biomedical Results from Skylab; NASA: Washington, DC, USA, 1977.
2. Cogoli, A.; Tschopp, A.; Fuchs-Bislin, P. Cell sensitivity to gravity. Science 1984, 225, 228–230. [CrossRef]
3. Cogoli-Greuter, M.; Meloni, M.A.; Sciola, L.; Spano, A.; Pippia, P.; Monaco, G.; Cogoli, A. Movements and interactions of

leukocytes in microgravity. J. Biotechnol. 1996, 47, 279–287. [CrossRef]
4. NASA Manned Spacecraft Center. Gemini Summary Conference; NASA: Houston, TX, USA, 1967.
5. Konstantinova, I.V.; Antropova, Y.N.; Legenkov, V.I.; Zazhirey, V.D. Study of reactivity of blood lymphoid cells in crew members

of the Soyuz-6, Soyuz-7 and Soyuz-8 spaceships before and after flight(blatogenesis delay of lymphocytes). Space Biol. Med. 1973,
7, 48–55.

6. Mao, X.; Pecaut, M.; Stodieck, L.; Ferguson, V.; Bateman, T.; Bouxsein, M.; Gridley, D. Biological and metabolic response in
STS-135 space-flown mouse skin. Free. Radic. Res. 2014, 48, 890–897. [CrossRef]

7. Pecaut, M.J.; Mao, X.W.; Bellinger, D.L.; Jonscher, K.R.; Stodieck, L.S.; Ferguson, V.L.; Bateman, T.A.; Mohney, R.P.; Gridley, D.S. Is
spaceflight-induced immune dysfunction linked to systemic changes in metabolism? PLoS ONE 2017, 12, e0174174. [CrossRef]

8. Schmidt, M.A.; Goodwin, T.J. Personalized medicine in human space flight: Using omics based analyses to develop individualized
countermeasures that enhance astronaut safety and performance. Metabolomics 2013, 9, 1134–1156. [CrossRef] [PubMed]

9. Adrian, A.; Schoppmann, K.; Sromicki, J.; Brungs, S.; von der Wiesche, M.; Hock, B.; Kolanus, W.; Hemmersbach, R.; Ullrich, O.
The oxidative burst reaction in mammalian cells depends on gravity. Cell Commun. Signal. 2013, 11, 98. [CrossRef] [PubMed]

10. Thiel, C.S.; de Zélicourt, D.; Tauber, S.; Adrian, A.; Franz, M.; Simmet, D.M.; Schoppmann, K.; Hauschild, S.; Krammer, S.;
Christen, M.; et al. Rapid adaptation to microgravity in mammalian macrophage cells. Sci. Rep. 2017, 7, 1–13. [CrossRef]
[PubMed]

11. Thiel, C.S.; Hauschild, S.; Huge, A.; Tauber, S.; Lauber, B.A.; Polzer, J.; Paulsen, K.; Lier, H.; Engelmann, F.; Schmitz, B.; et al.
Dynamic gene expression response to altered gravity in human T cells. Sci. Rep. 2017, 7, 1–22. [CrossRef]

12. Thiel, C.S.; Tauber, S.; Christoffel, S.; Huge, A.; Lauber, B.A.; Polzer, J.; Paulsen, K.; Lier, H.; Engelmann, F.; Schmitz, B.; et al.
Rapid coupling between gravitational forces and the transcriptome in human myelomonocytic U937 cells. Sci. Rep. 2018, 8, 1–24.
[CrossRef] [PubMed]

13. Thiel, C.S.; Huge, A.; Hauschild, S.; Tauber, S.; Lauber, B.A.; Polzer, J.; Paulsen, K.; Lier, H.; Engelmann, F.; Schmitz, B.; et al.
Stability of gene expression in human T cells in different gravity environments is clustered in chromosomal region 11p15.4. NPJ
Microgravity 2017, 3, 1–20. [CrossRef]

14. Thiel, C.S.; Paulsen, K.; Bradacs, G.; Lust, K.; Tauber, S.; Dumrese, C.; Hilliger, A.; Schoppmann, K.; Biskup, J.; Golz, N.; et al.
Rapid alterations of cell cycle control proteins in human T lymphocytes in microgravity. Cell Commun. Signal. 2012, 10, 1–16.
[CrossRef]

15. Mangala, L.S.; Zhang, Y.; He, Z.; Emami, K.; Ramesh, G.T.; Story, M.; Rohde, L.H.; Wu, H. Effects of simulated microgravity on
expression profile of microRNA in human lymphoblastoid cells. J. Biol. Chem. 2011, 286, 32483–32490. [CrossRef]

16. Paulsen, K.; Thiel, C.; Timm, J.; Schmidt, P.M.; Huber, K.; Tauber, S.; Hemmersbach, R.; Seibt, D.; Kroll, H.; Grote, K.-H.; et al.
Microgravity-induced alterations in signal transduction in cells of the immune system. Acta Astronaut. 2010, 67, 1116–1125.
[CrossRef]

17. Tauber, S.; Lauber, B.A.; Paulsen, K.; Layer, L.E.; Lehmann, M.; Hauschild, S.; Shepherd, N.R.; Polzer, J.; Segerer, J.; Thiel, C.S.;
et al. Cytoskeletal stability and metabolic alterations in primary human macrophages in long-term microgravity. PLoS ONE 2017,
12, e0175599. [CrossRef]

18. Choukér, A. Stress Challenges and Immunity in Space; Springer: Berlin/Heidelberg, Germany, 2019.
19. Haas, R.; Zelezniak, A.; Iacovacci, J.; Kamrad, S.; Townsend, S.; Ralser, M. Designing and interpreting ‘multi-omic’experiments

that may change our understanding of biology. Curr. Opin. Syst. Biol. 2017, 6, 37–45. [CrossRef] [PubMed]

http://doi.org/10.1126/science.6729481
http://doi.org/10.1016/0168-1656(96)01380-6
http://doi.org/10.3109/10715762.2014.920086
http://doi.org/10.1371/journal.pone.0174174
http://doi.org/10.1007/s11306-013-0556-3
http://www.ncbi.nlm.nih.gov/pubmed/24273472
http://doi.org/10.1186/1478-811X-11-98
http://www.ncbi.nlm.nih.gov/pubmed/24359439
http://doi.org/10.1038/s41598-017-00119-6
http://www.ncbi.nlm.nih.gov/pubmed/28242876
http://doi.org/10.1038/s41598-017-05580-x
http://doi.org/10.1038/s41598-018-31596-y
http://www.ncbi.nlm.nih.gov/pubmed/30185876
http://doi.org/10.1038/s41526-017-0028-6
http://doi.org/10.1186/1478-811X-10-1
http://doi.org/10.1074/jbc.M111.267765
http://doi.org/10.1016/j.actaastro.2010.06.053
http://doi.org/10.1371/journal.pone.0175599
http://doi.org/10.1016/j.coisb.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/32923746


Int. J. Mol. Sci. 2021, 22, 6752 29 of 31

20. Kell, D.B.; Oliver, S.G. The metabolome 18 years on: A concept comes of age. Metabolomics 2016, 12, 148. [CrossRef] [PubMed]
21. Wishart, D.S.; Bartok, B.; Oler, E.; Liang, K.Y.H.; Budinski, Z.; Berjanskii, M.; Guo, A.; Cao, X.; Wilson, M. MarkerDB: An online

database of molecular biomarkers. Nucleic Acids Res. 2020, 49, D1259–D1267. [CrossRef] [PubMed]
22. Guy, C.; Kaplan, F.; Kopka, J.; Selbig, J.; Hincha, D.K. Metabolomics of temperature stress. Physiol. Plant. 2008, 132, 220–235.

[CrossRef]
23. Kaplan, F.; Kopka, J.; Haskell, D.W.; Zhao, W.; Schiller, K.C.; Gatzke, N.; Sung, D.Y.; Guy, C.L. Exploring the temperature-stress

metabolome of Arabidopsis. Plant Physiol. 2004, 136, 4159–4168. [CrossRef]
24. Wilinski, D.; Winzeler, J.; Duren, W.; Persons, J.L.; Holme, K.J.; Mosquera, J.; Khabiri, M.; Kinchen, J.M.; Freddolino, P.L.;

Karnovsky, A. Rapid metabolic shifts occur during the transition between hunger and satiety in Drosophila melanogaster. Nat.
Commun. 2019, 10, 1–14. [CrossRef]

25. Vasilakou, E.; Van Loosdrecht, M.C.M.; Wahl, S.A. Escherichia coli metabolism under short-term repetitive substrate dynamics:
Adaptation and trade-offs. Microb. Cell Factories 2020, 19, 1–19. [CrossRef] [PubMed]

26. Garrett-Bakelman, F.E.; Darshi, M.; Green, S.J.; Gur, R.C.; Lin, L.; Macias, B.R.; McKenna, M.J.; Meydan, C.; Mishra, T.; Nasrini,
J.; et al. The NASA Twins Study: A multidimensional analysis of a year-long human spaceflight. Science 2019, 364, eaau8650.
[CrossRef] [PubMed]

27. Michaletti, A.; Gioia, M.; Tarantino, U.; Zolla, L. Effects of microgravity on osteoblast mitochondria: A proteomic and
metabolomics profile. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

28. Costantini, D.; Overi, D.; Casadei, L.; Cardinale, V.; Nevi, L.; Carpino, G.; Di Matteo, S.; Safarikia, S.; Valerio, M.; Melandro, F.;
et al. Simulated microgravity promotes the formation of tridimensional cultures and stimulates pluripotency and a glycolytic
metabolism in human hepatic and biliary tree stem/progenitor cells. Sci. Rep. 2019, 9, 5559. [CrossRef]

29. Perez de Souza, L.; Alseekh, S.; Brotman, Y.; Fernie, A.R. Network based strategies in metabolomics data analysis and interpreta-
tion: From molecular networking to biological interpretation. Expert Rev. Proteom. 2020, 17, 243–255. [CrossRef]

30. Thiel; Christoffel; Tauber; Vahlensieck; Zélicourt; Layer; Lauber; Polzer; Ullrich, Rapid Cellular Perception of Gravitational Forces
in Human Jurkat T Cells and Transduction into Gene Expression Regulation. Int. J. Mol. Sci. 2020, 21, 514. [CrossRef]

31. Thiel, C.S.; Tauber, S.; Lauber, B.; Polzer, J.; Seebacher, C.; Uhl, R.; Neelam, S.; Zhang, Y.; Levine, H.; Ullrich, O. Rapid
morphological and cytoskeletal response to microgravity in human primary macrophages. Int. J. Mol. Sci. 2019, 20, 2402.
[CrossRef]

32. Wolfe, J.W.; Rummel, J.D. Long-term effects of microgravity and possible countermeasures. Adv. Space Res. 1992, 12, 281–284.
[CrossRef]

33. Po, A.; Giuliani, A.; Masiello, M.G.; Cucina, A.; Catizone, A.; Ricci, G.; Chiacchiarini, M.; Tafani, M.; Ferretti, E.; Bizzarri, M.
Phenotypic transitions enacted by simulated microgravity do not alter coherence in gene transcription profile. NPJ Microgravity
2019, 5, 1–13. [CrossRef]

34. Wu, G. Amino acids: Metabolism, functions, and nutrition. Amino Acids 2009, 37, 1–17. [CrossRef]
35. Bröer, S.; Bröer, A. Amino acid homeostasis and signalling in mammalian cells and organisms. Biochem. J. 2017, 474, 1935–1963.

[CrossRef]
36. Calder, P.C. Branched-chain amino acids and immunity. J. Nutr. 2006, 136, 288S–293S. [CrossRef]
37. Grohmann, U.; Mondanelli, G.; Belladonna, M.L.; Orabona, C.; Pallotta, M.T.; Iacono, A.; Puccetti, P.; Volpi, C. Amino-acid

sensing and degrading pathways in immune regulation. Cytokine Growth Factor Rev. 2017, 35, 37–45. [CrossRef]
38. Kedia-Mehta, N.; Finlay, D.K. Competition for nutrients and its role in controlling immune responses. Nat. Commun. 2019,

10, 2123. [CrossRef]
39. Li, P.; Yin, Y.-L.; Li, D.; Kim, S.W.; Wu, G. Amino acids and immune function. Br. J. Nutr. 2007, 98, 237–252. [CrossRef] [PubMed]
40. McGaha, T.L.; Huang, L.; Lemos, H.; Metz, R.; Mautino, M.; Prendergast, G.C.; Mellor, A.L. Amino acid catabolism: A pivotal

regulator of innate and adaptive immunity. Immunol. Rev. 2012, 249, 135–157. [CrossRef] [PubMed]
41. Ullrich, O.; Huber, K.; Lang, K. Signal transduction in cells of the immune system in microgravity. Cell Commun. Signal. 2008, 6,

1–6. [CrossRef] [PubMed]
42. Massey, K.A.; Blakeslee, C.H.; Pitkow, H.S. A review of physiological and metabolic effects of essential amino acids. Amino Acids

1998, 14, 271–300. [CrossRef]
43. Bachmair, A.; Finley, D.; Varshavsky, A. In vivo half-life of a protein is a function of its amino-terminal residue. Science 1986, 234,

179–186. [CrossRef] [PubMed]
44. Koren, I.; Timms, R.T.; Kula, T.; Xu, Q.; Li, M.Z.; Elledge, S.J. The eukaryotic proteome is shaped by E3 ubiquitin ligases targeting

C-terminal degrons. Cell 2018, 173, 1622–1635. [CrossRef]
45. Lin, H.-C.; Yeh, C.-W.; Chen, Y.-F.; Lee, T.-T.; Hsieh, P.-Y.; Rusnac, D.V.; Lin, S.-Y.; Elledge, S.J.; Zheng, N.; Yen, H.-C.S. C-terminal

end-directed protein elimination by CRL2 ubiquitin ligases. Mol. Cell 2018, 70, 602–613. [CrossRef] [PubMed]
46. Varshavsky, A. N-degron and C-degron pathways of protein degradation. Proc. Natl. Acad. Sci. USA 2019, 116, 358–366.

[CrossRef] [PubMed]
47. Timms, R.T.; Koren, I. Tying up loose ends: The N-degron and C-degron pathways of protein degradation. Biochem. Soc. Trans.

2020, 48, 1557–1567. [CrossRef]

http://doi.org/10.1007/s11306-016-1108-4
http://www.ncbi.nlm.nih.gov/pubmed/27695392
http://doi.org/10.1093/nar/gkaa1067
http://www.ncbi.nlm.nih.gov/pubmed/33245771
http://doi.org/10.1111/j.1399-3054.2007.00999.x
http://doi.org/10.1104/pp.104.052142
http://doi.org/10.1038/s41467-019-11933-z
http://doi.org/10.1186/s12934-020-01379-0
http://www.ncbi.nlm.nih.gov/pubmed/32471427
http://doi.org/10.1126/science.aau8650
http://www.ncbi.nlm.nih.gov/pubmed/30975860
http://doi.org/10.1038/s41598-017-15612-1
http://www.ncbi.nlm.nih.gov/pubmed/29133864
http://doi.org/10.1038/s41598-019-41908-5
http://doi.org/10.1080/14789450.2020.1766975
http://doi.org/10.3390/ijms21020514
http://doi.org/10.3390/ijms20102402
http://doi.org/10.1016/0273-1177(92)90296-A
http://doi.org/10.1038/s41526-019-0088-x
http://doi.org/10.1007/s00726-009-0269-0
http://doi.org/10.1042/BCJ20160822
http://doi.org/10.1093/jn/136.1.288S
http://doi.org/10.1016/j.cytogfr.2017.05.004
http://doi.org/10.1038/s41467-019-10015-4
http://doi.org/10.1017/S000711450769936X
http://www.ncbi.nlm.nih.gov/pubmed/17403271
http://doi.org/10.1111/j.1600-065X.2012.01149.x
http://www.ncbi.nlm.nih.gov/pubmed/22889220
http://doi.org/10.1186/1478-811X-6-9
http://www.ncbi.nlm.nih.gov/pubmed/18957108
http://doi.org/10.1007/BF01318848
http://doi.org/10.1126/science.3018930
http://www.ncbi.nlm.nih.gov/pubmed/3018930
http://doi.org/10.1016/j.cell.2018.04.028
http://doi.org/10.1016/j.molcel.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29775578
http://doi.org/10.1073/pnas.1816596116
http://www.ncbi.nlm.nih.gov/pubmed/30622213
http://doi.org/10.1042/BST20191094


Int. J. Mol. Sci. 2021, 22, 6752 30 of 31

48. Berko, D.; Tabachnick-Cherny, S.; Shental-Bechor, D.; Cascio, P.; Mioletti, S.; Levy, Y.; Admon, A.; Ziv, T.; Tirosh, B.; Goldberg, A.L.
The direction of protein entry into the proteasome determines the variety of products and depends on the force needed to unfold
its two termini. Mol. Cell 2012, 48, 601–611. [CrossRef] [PubMed]

49. Flick, K.; Kaiser, P. Protein degradation and the stress response. Semin. Cell Dev. Biol. 2012, 23, 515–522. [CrossRef] [PubMed]
50. Okumura, F.; Fujiki, Y.; Oki, N.; Osaki, K.; Nishikimi, A.; Fukui, Y.; Nakatsukasa, K.; Kamura, T. Cul5-type ubiquitin ligase

KLHDC1 contributes to the elimination of truncated SELENOS produced by failed UGA/Sec decoding. iScience 2020, 23, 1009700.
[CrossRef] [PubMed]

51. Thiel, C.S.; Hauschild, S.; Tauber, S.; Paulsen, K.; Raig, C.; Raem, A.; Biskup, J.; Gutewort, A.; Hürlimann, E.; Unverdorben, F.;
et al. Identification of reference genes in human myelomonocytic cells for gene expression studies in altered gravity. BioMed Res.
Int. 2015, 2015, 363575. [CrossRef] [PubMed]

52. Rhee, H.J.; Kim, E.-J.; Lee, J.K. Physiological polyamines: Simple primordial stress molecules. J. Cell. Mol. Med. 2007, 11, 685–7033.
[CrossRef]

53. Kusano, T.; Berberich, T.; Tateda, C.; Takahashi, Y. Polyamines: Essential factors for growth and survival. Planta 2008, 228, 367–381.
[CrossRef]

54. Kumar, N.; Basundra, R.; Maiti, S. Elevated polyamines induce c-MYC overexpression by perturbing quadruplex-WC duplex
equilibrium. Nucleic Acids Res. 2009, 37, 3321–3331. [CrossRef] [PubMed]

55. Thomas, T.; Gallo, M.A.; Klinge, C.M.; Thomas, T.J. Polyamine-mediated conformational perturbations in DNA alter the binding
of estrogen receptor to poly(dG-m5dC).poly(dG-m5dC) and a plasmid containing the estrogen response element. J. Steroid
Biochem. Mol. Biol. 1995, 54, 89–99. [CrossRef]

56. Ray, R.M.; Zimmerman, B.J.; McCormack, S.A.; Patel, T.B.; Johnson, L.R. Polyamine depletion arrests cell cycle and induces
inhibitors p21(Waf1/Cip1), p27(Kip1), and p53 in IEC-6 cells. Am. J. Physiol. 1999, 276, C684–C691. [CrossRef] [PubMed]

57. Xie, Q.W.; Tabor, C.W.; Tabor, H. Deletion mutations in the speED operon: Spermidine is not essential for the growth of Escherichia
coli. Gene 1993, 126, 115–117. [CrossRef]

58. Das, K.C.; Misra, H.P. Hydroxyl radical scavenging and singlet oxygen quenching properties of polyamines. Mol. Cell. Biochem.
2004, 262, 127–133. [CrossRef] [PubMed]

59. Ha, H.C.; Sirisoma, N.S.; Kuppusamy, P.; Zweier, J.L.; Woster, P.M.; Casero, R.A. The natural polyamine spermine functions
directly as a free radical scavenger. Proc. Natl. Acad. Sci. USA 1998, 95, 11140–11145. [CrossRef] [PubMed]

60. Rider, J.E.; Hacker, A.; Mackintosh, C.A.; Pegg, A.E.; Woster, P.M.; Casero, R.A. Spermine and spermidine mediate protection
against oxidative damage caused by hydrogen peroxide. Amino Acids 2007, 33, 231–240. [CrossRef] [PubMed]

61. Iyer, R.; Delcour, A.H. Complex inhibition of OmpF and OmpC bacterial porins by polyamines. J. Biol. Chem. 1997, 272,
18595–18601. [CrossRef]

62. Yamaguchi, K.; Takahashi, Y.; Berberich, T.; Imai, A.; Miyazaki, A.; Takahashi, T.; Michael, A.; Kusano, T. The polyamine spermine
protects against high salt stress in Arabidopsis thaliana. FEBS Lett. 2006, 580, 6783–6788. [CrossRef]

63. Jung, I.L.; Kim, I.G. Transcription of ahpC, katG, and katE genes in Escherichia coli is regulated by polyamines: Polyamine-
deficient mutant sensitive to H2O2-induced oxidative damage. Biochem. Biophys. Res. Commun. 2003, 301, 915–922. [CrossRef]

64. Krüger, A.; Vowinckel, J.; Mülleder, M.; Grote, P.; Capuano, F.; Bluemlein, K.; Ralser, M. Tpo1-mediated spermine and spermidine
export controls cell cycle delay and times antioxidant protein expression during the oxidative stress response. EMBO Rep. 2013,
14, 1113–1119. [CrossRef]

65. Tkachenko, A.G.; Nesterova, L.Y. Polyamines as modulators of gene expression under oxidative stress in Escherichia coli. Biochem.
Biokhimiia 2003, 68, 850–856. [CrossRef]

66. Miller-Fleming, L.; Olin-Sandoval, V.; Campbell, K.; Ralser, M. Remaining mysteries of molecular biology: The role of polyamines
in the cell. J. Mol. Biol. 2015, 427, 3389–3406. [CrossRef] [PubMed]

67. Ilaiwy, A.; Quintana, M.T.; Bain, J.R.; Muehlbauer, M.J.; Brown, D.I.; Stansfield, W.E.; Willis, M.S. Cessation of biomechanical
stretch model of C2C12 cells models myocyte atrophy and anaplerotic changes in metabolism using non-targeted metabolomics
analysis. Int. J. Biochem. Cell Biol. 2016, 79, 80–92. [CrossRef] [PubMed]

68. Globus, R.K.; Morey-Holton, E. Hindlimb unloading: Rodent analog for microgravity. J. Appl. Physiol. 2016, 120, 1196–1206.
[CrossRef]

69. Krebs, H.A.; Lund, P. Aspects of the regulation of the metabolism of branched-chain amino acids. Adv. Enzym. Regul. 1977, 15,
375–394. [CrossRef]

70. Hörl, W.H.; Kittel, R.; Heidland, A. Effects of high doses of leucine and ketoleucine on glycogen and protein metabolism in acute
uremia. Am. J. Clin. Nutr. 1980, 33, 1468–1475. [CrossRef]

71. Walser, M. Role of branched-chain ketoacids in protein metabolism. Kidney Int. 1990, 38, 595–604. [CrossRef]
72. Sgaravatti, A.M.; Rosa, R.B.; Schuck, P.F.; Ribeiro, C.A.J.; Wannmacher, C.M.D.; Wyse, A.T.S.; Dutra-Filho, C.S.; Wajner, M.

Inhibition of brain energy metabolism by the alpha-keto acids accumulating in maple syrup urine disease. Biochim. Biophys. Acta
2003, 1639, 232–238. [CrossRef] [PubMed]

73. Xu, M.; Nakai, N.; Ishigure, K.; Nonami, T.; Nagasaki, M.; Obayashi, M.; Li, Z.; Sato, Y.; Fujitsuka, N.; Murakami, T.; et al. The
α-ketoisocaproate catabolism in human and rat livers. Biochem. Biophys. Res. Commun. 2000, 276, 1080–1084. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molcel.2012.08.029
http://www.ncbi.nlm.nih.gov/pubmed/23041283
http://doi.org/10.1016/j.semcdb.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22414377
http://doi.org/10.1016/j.isci.2020.100970
http://www.ncbi.nlm.nih.gov/pubmed/32200094
http://doi.org/10.1155/2015/363575
http://www.ncbi.nlm.nih.gov/pubmed/25654098
http://doi.org/10.1111/j.1582-4934.2007.00077.x
http://doi.org/10.1007/s00425-008-0772-7
http://doi.org/10.1093/nar/gkp196
http://www.ncbi.nlm.nih.gov/pubmed/19324889
http://doi.org/10.1016/0960-0760(95)00126-K
http://doi.org/10.1152/ajpcell.1999.276.3.C684
http://www.ncbi.nlm.nih.gov/pubmed/10069996
http://doi.org/10.1016/0378-1119(93)90598-W
http://doi.org/10.1023/B:MCBI.0000038227.91813.79
http://www.ncbi.nlm.nih.gov/pubmed/15532717
http://doi.org/10.1073/pnas.95.19.11140
http://www.ncbi.nlm.nih.gov/pubmed/9736703
http://doi.org/10.1007/s00726-007-0513-4
http://www.ncbi.nlm.nih.gov/pubmed/17396215
http://doi.org/10.1074/jbc.272.30.18595
http://doi.org/10.1016/j.febslet.2006.10.078
http://doi.org/10.1016/S0006-291X(03)00064-0
http://doi.org/10.1038/embor.2013.165
http://doi.org/10.1023/A:1025790729797
http://doi.org/10.1016/j.jmb.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26156863
http://doi.org/10.1016/j.biocel.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27515590
http://doi.org/10.1152/japplphysiol.00997.2015
http://doi.org/10.1016/0065-2571(77)90026-7
http://doi.org/10.1093/ajcn/33.7.1468
http://doi.org/10.1038/ki.1990.248
http://doi.org/10.1016/j.bbadis.2003.09.010
http://www.ncbi.nlm.nih.gov/pubmed/14636955
http://doi.org/10.1006/bbrc.2000.3566
http://www.ncbi.nlm.nih.gov/pubmed/11027593


Int. J. Mol. Sci. 2021, 22, 6752 31 of 31

74. Ævarsson, A.; Chuang, J.L.; Wynn, R.M.; Turley, S.; Chuang, D.T.; Hol, W.G.J. Crystal structure of human branched-chain
α-ketoacid dehydrogenase and the molecular basis of multienzyme complex deficiency in maple syrup urine disease. Structure
2000, 8, 277–291. [CrossRef]

75. Kastritis, P.L.; Gavin, A.-C. Enzymatic complexes across scales. Essays Biochem. 2018, 62, 501–514. [CrossRef] [PubMed]
76. Kohn, F.; Hauslage, J.; Hanke, W. Membrane fluidity changes, a basic mechanism of interaction of gravity with cells? Microgravity

Sci. Technol. 2017, 29, 337–342. [CrossRef]
77. Holecek, M. Branched-chain amino acids in health and disease: Metabolism, alterations in blood plasma, and as supplements.

Nutr. Metab. 2018, 15, 33. [CrossRef] [PubMed]
78. Carlsson, H.; Rollborn, N.; Herman, S.; Freyhult, E.; Svenningsson, A.; Burman, J.; Kultima, K. Metabolomics of cerebrospinal

fluid from healthy subjects reveal metabolites associated with ageing. Metabolites 2021, 11, 126. [CrossRef] [PubMed]
79. Strollo, F.; Vernikos, J. Aging-like metabolic and adrenal changes in microgravity: State of the art in preparation for Mars. Neurosci.

Biobehav. Rev. 2021, 126, 236–242. [CrossRef]
80. Riley, D.A.; Ellis, S.; Slocum, G.R.; Sedlak, F.R.; Bain, J.L.; Krippendorf, B.B.; Lehman, C.T.; Macias, M.Y.; Thompson, J.L.; Vijayan,

K.; et al. In-flight and postflight changes in skeletal muscles of SLS-1 and SLS-2 spaceflown rats. J. Appl. Physiol. 1996, 81, 133–144.
[CrossRef] [PubMed]

81. Radugina, E.A.; Almeida, E.A.C.; Blaber, E.; Poplinskaya, V.A.; Markitantova, Y.V.; Grigoryan, E.N. Exposure to microgravity for
30 days onboard Bion M1 caused muscle atrophy and impaired regeneration in murine femoral Quadriceps. Life Sci. Space Res.
2018, 16, 18–25. [CrossRef]

82. Okada, R.; Fujita, S.-i.; Suzuki, R.; Hayashi, T.; Tsubouchi, H.; Kato, C.; Sadaki, S.; Kanai, M.; Fuseya, S.; Inoue, Y.; et al. Transcrip-
tome analysis of gravitational effects on mouse skeletal muscles under microgravity and artificial 1 g onboard environment. Sci.
Rep. 2021, 11, 9168. [CrossRef]

83. Moosavi, D.; Wolovsky, D.; Depompeis, A.; Uher, D.; Lennington, D.; Bodden, R.; Garber, C.E. The effects of spaceflight
microgravity on the musculoskeletal system of humans and animals, with an emphasis on exercise as a countermeasure: A
systematic scoping review. Physiol. Res. 2021, 70, 119–151. [CrossRef]

84. Stein, T.P.; Leskiw, M.J.; Schluter, M.D. Diet and nitrogen metabolism during spaceflight on the shuttle. J. Appl. Physiol. 1996, 81,
82–97. [CrossRef]

85. Stein, T.P.; Leskiw, M.J.; Schluter, M.D.; Donaldson, M.R.; Larina, I. Protein kinetics during and after long-duration spaceflight on
MIR. Am. J. Physiol. Endocrinol. Metab. 1999, 276, E1014–E1021. [CrossRef]

86. Stein, T.P.; Schluter, M.D. Plasma amino acids during human spaceflight. Aviat. space Environ. Med. 1999, 70, 250–255.
87. Pajares, M.; Jiménez-Moreno, N.; Dias, I.H.K.; Debelec, B.; Vucetic, M.; Fladmark, K.E.; Basaga, H.; Ribaric, S.; Milisav, I.;

Cuadrado, A. Redox control of protein degradation. Redox Biol. 2015, 6, 409–420. [CrossRef]
88. Jeong, A.J.; Kim, Y.J.; Lim, M.H.; Lee, H.; Noh, K.; Kim, B.-H.; Chung, J.W.; Cho, C.-H.; Kim, S.; Ye, S.-K. Microgravity induces

autophagy via mitochondrial dysfunction in human Hodgkin’s lymphoma cells. Sci. Rep. 2018, 8, 14646. [CrossRef]
89. Wu, M.Y.; Lu, J.H. Autophagy and macrophage functions: Inflammatory response and phagocytosis. Cells 2019, 9, 70. [CrossRef]
90. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958–969. [CrossRef]

[PubMed]
91. Qureshi, N.; Vogel, S.N.; Van Way, C.; Papasian, C.J.; Qureshi, A.A.; Morrison, D.C. The proteasome. Immunol. Res. 2005, 31,

243–260. [CrossRef] [PubMed]
92. Ikemoto, M.; Nikawa, T.; Takeda, S.I.; Watanabe, C.; Kitano, T.; Baldwin, K.M.; Izumi, R.; Nonaka, I.; Towatari, T.; Teshima, S. Space

shuttle flight (STS-90) enhances degradation of rat myosin heavy chain in association with activation of ubiquitin-proteasome
pathway. FASEB J. 2001, 15, 1279–1281. [CrossRef] [PubMed]

93. Ullrich, O.; Ciftci, Ö.; Hass, R. Proteasome activation by poly-ADP-ribose-polymerase in human myelomonocytic cells after
oxidative stress. Free. Radic. Biol. Med. 2000, 29, 995–1004. [CrossRef]

94. Cogoli, A. Space flight and the immune system. Vaccine 1993, 11, 496–503. [CrossRef]
95. Kaur, I.; Simons, E.R.; Castro, V.A.; Ott, C.M.; Pierson, D.L. Changes in monocyte functions of astronauts. Brain Behav. Immun.

2005, 19, 547–554. [CrossRef]
96. Ludtka, C.; Silberman, J.; Moore, E.; Allen, J.B. Macrophages in microgravity: The impact of space on immune cells. NPJ

Microgravity 2021, 7, 13. [CrossRef] [PubMed]
97. Shi, L.; Tian, H.; Wang, P.; Li, L.; Zhang, Z.; Zhang, J.; Zhao, Y. Spaceflight and simulated microgravity suppresses macrophage

development via altered RAS/ERK/NFκB and metabolic pathways. Cell. Mol. Immunol. 2021, 18, 1489–1502. [CrossRef]
98. Luedemann, A.; Strassburg, K.; Erban, A.; Kopka, J. TagFinder for the quantitative analysis of gas chromatography–mass

spectrometry (GC-MS)-based metabolite profiling experiments. Bioinformatics 2008, 24, 732–737. [CrossRef] [PubMed]
99. Kopka, J.; Schauer, N.; Krueger, S.; Birkemeyer, C.; Usadel, B.; Bergmüller, E.; Dörmann, P.; Weckwerth, W.; Gibon, Y.; Stitt, M.;

et al. GMD@CSB.DB: The golm metabolome database. Bioinformatics 2004, 21, 1635–1638. [CrossRef] [PubMed]
100. Wishart, D.; Tzur, D.; Knox, C. HMDB: The human metabolome database. Nucleic Acids Res. 2007, 35, D521–D526. [CrossRef]
101. Frolkis, A.; Knox, C.; Lim, E.; Jewison, T.; Law, V.; Hau, D.D.; Liu, P.; Gautam, B.; Ly, S.; Guo, A.C.; et al. SMPDB: The small

molecule pathway database. Nucleic Acids Res. 2009, 38 (Suppl. 1), D480–D487. [CrossRef]

http://doi.org/10.1016/S0969-2126(00)00105-2
http://doi.org/10.1042/EBC20180008
http://www.ncbi.nlm.nih.gov/pubmed/30315098
http://doi.org/10.1007/s12217-017-9552-y
http://doi.org/10.1186/s12986-018-0271-1
http://www.ncbi.nlm.nih.gov/pubmed/29755574
http://doi.org/10.3390/metabo11020126
http://www.ncbi.nlm.nih.gov/pubmed/33672301
http://doi.org/10.1016/j.neubiorev.2021.01.028
http://doi.org/10.1152/jappl.1996.81.1.133
http://www.ncbi.nlm.nih.gov/pubmed/8828655
http://doi.org/10.1016/j.lssr.2017.08.005
http://doi.org/10.1038/s41598-021-88392-4
http://doi.org/10.33549/physiolres.934550
http://doi.org/10.1152/jappl.1996.81.1.82
http://doi.org/10.1152/ajpendo.1999.276.6.E1014
http://doi.org/10.1016/j.redox.2015.07.003
http://doi.org/10.1038/s41598-018-32965-3
http://doi.org/10.3390/cells9010070
http://doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990
http://doi.org/10.1385/IR:31:3:243
http://www.ncbi.nlm.nih.gov/pubmed/28630652
http://doi.org/10.1096/fj.00-0629fje
http://www.ncbi.nlm.nih.gov/pubmed/11344113
http://doi.org/10.1016/S0891-5849(00)00399-3
http://doi.org/10.1016/0264-410X(93)90217-L
http://doi.org/10.1016/j.bbi.2004.12.006
http://doi.org/10.1038/s41526-021-00141-z
http://www.ncbi.nlm.nih.gov/pubmed/33790288
http://doi.org/10.1038/s41423-019-0346-6
http://doi.org/10.1093/bioinformatics/btn023
http://www.ncbi.nlm.nih.gov/pubmed/18204057
http://doi.org/10.1093/bioinformatics/bti236
http://www.ncbi.nlm.nih.gov/pubmed/15613389
http://doi.org/10.1093/nar/gkl923
http://doi.org/10.1093/nar/gkp1002

	Introduction 
	Results 
	Identification of Metabolic Effects in Altered Gravity 
	Identification of Pools of Gravity-Sensitive Metabolites 
	Intra-Experiment Comparison Revealed Potential Gravity-Sensitive Metabolic Networks 
	An Inter-Experiment Gravity Effect Comparison Identified a Large Gravisensitive Cluster 

	Discussion 
	Materials and Methods 
	CELLBOX-PRIME/SpaceX CRS3 
	Preparation of Primary Human Macrophages 
	Hardware Concept 
	Experiment Integration and Upload 
	Experiment Design and Sampling 

	TEXUS-54 
	Isolation and Cryopreservation of Human Monocytes 
	Preparation of Primary Human Macrophages from Cryopreserved Human Monocytes 
	Experiment Hardware 
	Experiment Design, Conduction, and Sampling 
	Rocket Flight Profile 

	Metabolomic Analysis 
	Statistical Analysis 

	References

