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Preface to ”Oxidative Stress and Space Biology:

An Organ-Based Approach”

Technological advances now allow the planning of deep space exploration missions with the aim

to discover new habitats for humankind. The National Aeronautics and Space Administration (NASA)

has spearheaded this effort and the research into the identification of risks to crew members associated

with such lengthy missions. Exciting work from a multitude of investigators across the US, Europe and

Japan have identified oxidative damage as a significant risk to major organs that could pose a threat

to the health of the astronauts and the success of the mission. This Special Issue of IJMS is dedicated

to providing a comprehensive overview of the identified risks and focus on how oxidative stress

specifically could impact major organ systems when exposed to space-relevant conditions such as

cosmic/galactic radiation, solar particle events, hypogravity, hyperoxia and hypoxia or a combination

of stressors.

Melpo Christofidou-Solomidou, Thomas J. Goodwin

Special Issue Editors
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1. Introduction

The environment of space provides many challenges to the human physiology and therefore
to extended habitation and exploration. Research to define and countermeasures to address these
challenges have been explored for well over 40 years yet success in alleviating these challenges
has been inadequate, due in part to the lack of investigative tools (subject number and technology)
to monitor and diagnose conditions in real time and by the overall lack of a relevant data base to
understand the central causative agent(s) responsible for physiological adaptation and homeostasis
in space [1–5]. Space flight adaptation syndromes are a product of the environmental conditions
and the synergistic reaction of the systemic human physiology, which together combine to produce a
combinatorial syndrome that must be resolved in order to safely inhabit and explore space, especially
for extended periods [3–6]. This paper documents an exciting glimpse of current pertinent scientific
literature sustaining the involvement of oxidative stress and damage (OSaD) [7,8] as a significant
contributing factor in the following areas of Earth-based and space flight-related dysregulation of:
(1) bone loss [9–13]; (2) cardiovascular function [14]; (3) immune insufficiency and metabolism [15–17];
(4) neurological impairment [18]; and (5) potential countermeasure implementation [18,19]. The cited
literature illuminates the environmental challenges of spaceflight encompassing reduced gravity,
radiation, varying atmospheric conditions, such as hyperoxia and hypoxia experienced during
extravehicular and intravehicular activity (EVA/IVA), and evidence of synergistic effects that portend
substantial consequences for long duration/exploration class missions. Now with 21st century
scientific tools and advances in genomics, proteomics, and metabolomics (“omics”) we have the
resources to define syndromes at the molecular and systemic levels by enlisting a holistic approach to
the assessment of the space flight physiology and to countermeasure development. To accomplish
this, one must seek a “common denominator” that has systemic effects on the function of the entire
physiology and stems from both environmental conditions (reduced gravity, radiation, mental and
physical stress, etc.) and the byproducts of the human systems biology (reduction oxidation (REDOX))
equilibrium, free radical balance, and reactive oxygen and nitrogen species (ROS and RNS). One such
common denominator is the stabilization of physiological homeostasis and control of OSaD in the
body [7,8,20].

REDOX equilibrium is cyclic biofeedback related biochemistry. OSaD control/REDOX
homeostasis encompasses many aspects of the human physiological response to the space environment
and if mitigated properly may normalize a portion of the adverse phenomena seen in space flight
combinatorial events and suggest relevant countermeasures for those situations, thus increasing the

Int. J. Mol. Sci. 2018, 19, 959 1 www.mdpi.com/journal/ijms
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level of safety and occupational health for each crew member during long duration flight and facilitate
improved performance during exploration class missions.

2. Overview

The generation of ROS/RNS in the human physiology is a normal part of human systems
biology [7,8]. Oxidative stress and damage (OSaD) is, however, the result of organic and systemic
dysregulation of the free radical normalization and scavenging process. Documented sources of
OSaD encompass a range of factors which can be divided into two broad categories, being those
comprised of physiological and environmental conditions [7,8]. They include, but are not limited to,
physiological factors such as physical and psychological stress, poor or constrained diet and nutrition,
exercise and/or lack thereof, immune dysregulation and malfunction (autoimmune and wasting
syndromes etc.), cardiovascular insufficiency, endocrine imbalances, genotype, and cancers. In addition,
environmental conditions such as radiation exposure (occupational exposure, cancer therapy), cancer
chemotherapy (toxicity/poisons), pharmaceutical use, exposure to hypoxia or hyperoxia (industrial
divers and pilots, etc.), allergens and environmental pollutants all play significant roles in the assault
on the human body’s ability to equilibrate the REDOX coefficient systematically, in short to control
OSaD. Thus, OSaD is the result of loss of homeostasis in the human physiology regarding the body’s
REDOX equilibrium [7,8]. These conditions have been documented in the scientific literature and some
of that literature is provided herein.

Space travel and persistent habitation of reduced gravity or non-terrestrial environments poses
many problems which are in some respects similar to the systems biology of terrestrial living associated
with numerous disease states and the progression of aging (Figure 1) [6,7]. However, counter to the
avenues and facilities available to humans in 1G, astronauts, although they are generally very healthy,
are confined to remarkably smaller volumes, with restricted access to environmental, medical, and
recreational facilities. Thus, as we begin to prepare for exploration beyond low Earth orbit (BLEO), it is
obligatory to assess the similarities in OSaD loads on Earth to those in space and provide reasonable
countermeasures to these imbalances. Furthermore, in the exploration environment, astronauts are and
will be faced with a host of simultaneous events, again unlike the average human terrestrial resident.

Figure 1. This graphic depiction of human disease states linked to Oxidative Stress and Damage (OSaD)
reflects the categories and similarities, although to a lesser degree, experienced by astronauts. Adapted
from National Institute of Standards and Technology (NIST)6.
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This Special Issue of IJMS presents some recent supporting data and possible countermeasure
approaches. Figures 1 and 2 serves to illustrate the complex myriad of influences on OSaD production
and REDOX imbalance which affect the physiology and are central to the theme of this research. The
graphic below demonstrates the impact of both environmental and physiological factors that come
together to mediate the relationship of OSaD to disease and loss of homeostatic control.

Figure 2. This illustration demonstrates the general construct of the space suit and the lack of
substantive shielding leading to increased radiation exposure and generation of OSaD. Courtesy
of NASA Johnson Space Center.

Most of the conditions exemplified in Figures 1 and 2 are relevant to space flight, especially
those influencing eye, brain, bone, vessel, heart, lung and other multi-organ systems. The figure
illustrates the broad reaching influence of OSaD in the human system and thereby the relevance to
space habitation. Calculations and accurate assessment of the potential “space hazards” for human
survival require the composite expression of multiple factors that present in the space environment,
as seen in the figure above, rather than an isolated single upset event approach.

Mammalian, specifically human systems biology depends on a complicated and somewhat fragile
series of dynamic checks and balances to constantly provide homeostasis. An essential part of this
regulatory process is the production and scavenging of excess ROS and RNS to maintain an appropriate
balance of free radicals (FRs) in the physiology. Some of the FR species particularly important for
space physiology are nitric oxide (NO) as it has profound cardiovascular and sub-cellar metabolic
impacts, hydrogen peroxide (H2O2) as it via Haber-Weiss reaction interacts with ferric and other ions
reduced by superoxide radicals [7]. This is particularly important as astronauts tend to have high
iron content through plasma loss and food content in their blood and Peroxynitrite (–ONOOH) as a
downstream molecule capable of depleting sulfhydryl groups. All these represent species responsible
for lipid peroxidation, fatty acid loss, protein degradation and DNA damage [2,5,9,20]. Loss of this
competency or genetic insufficiency or both normally results in sickness, disease, and eventual death if
not resolved.

3. Special Issue Manuscripts

In this Special Issue, a total of 10 excellent papers consisting of six original research studies and
four reviews have been published, as detailed in Table 1.
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Table 1. Contributions to the Special Issue “Oxidative Stress and Space Biology: An Organ-Based Approach.

Authors Title Topic Type

Alwood et al.
Dose- and Ion-Dependent Effects in the Oxidative

Stress Response to Space-Like Radiation Exposure in
the Skeletal System

Bone Original
Research

Shanmugarajan et al. Combined Effects of Simulated Microgravity and
Radiation Exposure on Osteoclast Cell Fusion Bone/Protective Original

Research

Tian et al. The Impact of Oxidative Stress on the Bone System
in Response to the Space Special Environment Bone Review

Tahimic et al. Redox Signaling and Its Impact on Skeletal and
Vascular Responses to Spaceflight Bone/Cardio Review

Takahashi et al. Effect of Oxidative Stress on Cardiovascular System
in Response to Gravity Cardiovascular Review

Blaber et al. Spaceflight Activates Autophagy Programs and the
Proteasome in Mouse Liver Immune/Metabolism Original

Article

Anslem et al. Re-adaption on Earth after Spaceflights Affects the
Mouse Liver Proteome Immune/Metabolism Original

Article

Burns and Manda
Metabolic Pathways of the Warburg Effect in Health

and Disease: Perspectives of Choice, Chain or
Chance

Immune/Metabolism Review

Endesfelder et al. Neuroprotection by Caffeine in Hyperoxia-Induced
Neonatal Brain Injury Neuro/Protective Original

Article

Velalopoulou et al.
Synthetic Secoisolariciresinol Diglucoside (LGM2605)
Protects Human Lung in an Ex Vivo Model of Proton

Radiation Damage
Lung/Protective Original

Article

As initially outlined above, the effects of OSaD are evident in almost all physiological organ
subsystems. Here we present the some of the current literature in the field. Published manuscripts are
grouped according to the specific organ subsystems affected but also show to a considerable extent
the overlapping interactions. This aspect of the research field exemplifies the need for a “common
denominator” approach to understanding and treating these physiological effects.

Increased radiation exposure is one of the largest challenges to the prolonged habitation of space,
generating substantial amounts of ROS and RNS species. While the increase in radiation exposure in
low Earth Orbit is manageable due to the protection of the Van Allen belts, part of the Earth’s protective
electromagnetic field, it is by no means inconsequential. Each individual astronaut, depending on
age, is allowed a defined term in space, thus limiting the amount of time one can fly. Alternatively,
prolonged stays in space such as in the International Space Station (ISS) are limited normally to two
6-month tours [3–5]. This restriction is in place in part due to the manner in which radiation affects the
bone and muscle.

Alwood et al. observed the effects of radiation on the process of osteoblastogenesis by studying
the skeletal structure of C57BL6J mice exposed to either low LET (low energy transfer) protons (50 cGy)
or high LET 56Fe ion radiation [9]. They suggest that low energy did not induce significant cellular
responses, however the high LET 56Fe ions (200 cGy) were responsible for increases in marrow cells
production of mineralized nodules ex vivo regardless of radiation type or dose; and 56Fe (200 cGy)
inhibited osteoblastogenesis by more than 90% (5 weeks and 1 year post-IR). After 5 weeks, irradiation
(protons or 56Fe) resulted in minimal changes in gene expression levels during osteoblastogenesis,
however a high dose 56Fe (200 cGy) resulted in bone loss, increased Catalase and Gadd45 gene
expression, and the radiation damage seemed to be mitigated by the additions of superoxide dismutase
(SOD) [10].

In a simulated microgravity culture system (RWV) Shanmugarajan et al. investigated the
combined effects of gamma radiation and microgravity by monitoring the maturation of a
hematopoietic cell line RAW 264.7 into mature osteoclasts. In short, results of the investigation
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demonstrated radiation alone at 100 cGy may stimulate osteoclast cell fusion determined via giant
multinucleated cells GMCs presence and the expression of the signature genes tartrate resistant
acid phosphatase (Trap) and dendritic cell-specific transmembrane protein (Dcstamp). Notably, in
1G controls osteoclast cell fusion decreased in doses above 0.5 Gy. By comparison to radiation
exposure, simulated microgravity resulted in increased levels of cell fusion, and the effects of radiation
and microgravity are additive. Remarkably, simulated microgravity culture effects on osteoclast
stimulatory transmembrane protein (Ocstamp) and Dcstamp expression was substantially higher than
the radiation effect, inferring that microgravity may increase the synthesis of adhesion molecules more
than radiation [11] and thus, demonstrating the interlocking effects of the multiple environmental
factors seen in space.

In light of the excellent work by Alwood et al. and Shanmugarajan et al. [10,11] it would seem
prudent to consider a holistic approach to ROS and RNS countermeasures. In their review, Tian et al.
suggest that the consumption of certain vitamin supplements (e.g., vitamins C and E and carotenoids)
may reduce OSaD in bones and, additionally, consuming a diet high in naturally occurring antioxidants,
such as carotenoids and flavonoids, may have the ability to mitigate microgravity-induced skeletal
involution. Further, natural agents curcumin and turmeric, mayshow promise to attenuate hind-limb
unloading (HLU)-induced bone loss by suppressing oxidative stress. Other natural products, many
which are under consideration by NASA, have demonstrated skeletal benefits against OSaD. Tanshinol,
rescued the decrease of osteoblastic differentiation via down-regulation of FoxO3a signaling and
upregulation of Wnt signal under oxidative stress. Further antioxidants, like lipoic acid and N-acetyl
cysteine, show promise in the arrest of oxidative stress in bone as well. Though these are reports from
Earth-based studies, still they suggest important avenues to be pursued in the space flight arena to
combat OSaD during prolonged flight [12].

In their review, Tahimic and Globus intertwine another important facet of space flight and the
complex environment that consists of changes in the general physiology including bone, muscle and
the vascular system; all subject to systemic OSaD effects. Microgravity forces selective environmental
pressures, causing a cephalad fluid shift, profound reductions in mechanical loading of bone and
muscle, and a reduced immune competency concomitant with inflammation, coupled with galactic
cosmic radiation (GCR) and high energy particles (HZE). Here the authors review spaceflight-induced
perturbations in calcium homeostasis and specific physiological reductions in bone mass (osteopenia),
which pose protracted risks for tissue repair and skeletal health. Space analogue rodent models
for these types of studies such as hind-limb unloading (HLU) result in not only bone but also
vascular anomalies reminiscent of aging like vascular density (rarefication), and vasodilation responses.
These responses tied to excess ROS/RNS, (NO) and inflammation are implicated both in diseases
of aging, like osteoporosis and atherosclerosis, and pursuant to insults such as radiation exposure
as seen in spaceflight. ROS can directly facilitate bone osteoclastogenesis, leading to resorption and
bone loss during aging and estrogen deficiency may be partly attributed to OSaD mechanisms, and
thus portends to link the complex phenomena of bone and muscle loss, vascular deconditioning, and
immune functions together in an intricate syndrome [13].

To address the cardiovascular system as related to ROS, Takahasi et al. reviewed the effects
of OSaD on the cardiovascular system in the presence of reduced gravity environments the central
constituents being microgravity and radiation. Prior research has shown that 3–4-week HLU resulted
in increased superoxide anion levels in the carotid and adjacent arteries of rats. In this investigation,
eNOS expression was upregulated in the carotid artery. The effect of microgravity on the cardiovascular
system seems to be different depending on the region. This is not necessarily surprising due to the
graded simulation of HLU. Longer HLU studies presented increased superoxide levels, elevation
of pro-oxidative enzymes NOX2 and NOX4 and reduction of important anti-oxidative enzymes
like Mn-SOD and GPx-1, an effect not seen in mesenteric arteries. Once again, the inflight studies
demonstrate synergistic ROS effects by the combination of radiation and microgravity. In other
HLU-7-day studies on mouse brains, low dose radiation (LDR) and HLU evidenced lipid oxidation in
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the brain cortex, but in neither of the independent conditions alone. In 9-month studies of ROS effects,
lipid peroxidation and expression of NOX2 were seen in both LDR and HLU yet the combinatorial
effect was still greater [14].

Thus, it would appear that the physiology may be resistant to short term single event upset and
thereby conceal larger problems in evidence when model studies incorporate multiple stressors as
seen in actual microgravity.

We see a myriad of factors impinge on the human physiology in space. Microgravity and increased
radiation are environmental catalysts for very complex systemic responses driven to abate a cascade
of negative events realized singularly in space. For example, at the metabolic and immune levels the
fluid cephalic shift disrupts the entire constituency of the blood and vascular compartment driving
loss of body fluids and necessitating the cannibalizing of excess blood cells now too numerous
in the reduced plasma volume, consequently launching inflammatory responses and metabolic
destabilization [1,2,4,5].

Tahimic and Globus [13] note the increase in pro-inflammatory conditions, which involve immune
function and general metabolism. These increases are in part the result of physiological changes
enumerated in the sections above [11–14]. Blaber et al. goes further to define the system biology of space
flight in a study performed on mice sent to space for only 13.5 days aboard the Space Shuttle Atlantis.
This group found unmistakable evidence of increased OSaD and significant changes in the metabolism
and production of glutathione signaling impairment in oxidative defense through sophisticated
multi-omics enrichment analyses of metabolite and gene sets [15]. These analyses enumerated
significant changes in glycerophospholipid and sphingolipid metabolism-related pathways and
osmolyte concentrations possibly related to some space related dehydration. Also seen was an
enrichment of purine metabolic pathways and aminoacyl-tRNA biosynthesis attendant to enrichment
of autophagy associated genes and the ubiquitin-proteasome. These results, in concert with the
downregulation in nuclear factor (erythroid-derived 2)-like 2-mediated signaling, suggest a decreased
hepatic oxidative defense and could represent aberrant tRNA post-translational processing, induction
of degradation programs and the onset of senescence-associated mitochondrial dysfunction as a
consequence of the spaceflight environment [15]. Blaber and team have shown short term exposure
to the space environment results in elevated ROS, OSaD, and impaired oxidative defense via
suppression of NRF2-related pathways in the mouse liver. Over the long term this raises significant
concern regarding potential liver damage for astronauts by way of autophagy and systemic immune
related inflammation.

Anselm and colleagues followed up on the excellent work of Blaber and team by assessing
metabolic pathways and conditions of mouse liver physiology after 30 days of flight on the Russian
Bion-M1 spacecraft. After 30 days in space one cohort of the mice were allowed a 7-day re-adaptation
while the remainder were not. Analyses of the liver proteomic profiling included shotgun mass
spectrometry and label free quantification. The analyses yielded 1086 known proteins and 12,206
unique peptides and statistical testing by ANOVA revealed 218 up-regulated and 224 down-regulated
proteins in the post-flight compared to the other groups [16]. Amino acid metabolism related
proteins exhibited increased levels after re-adaptation, a possible indicator of elevated gluconeogenesis.
In comparison to the non-adaptive flight group, mice allowed to re-adapt demonstrated reduced
lipotoxicity marked by normalized levels of the peroxisome proliferator-activated receptor pathway
family and bile acid secretion was normalized as a possible consequence of increased levels of
transmembrane and CYP superfamily proteins during the recovery. In the non-adapted group however
proteomic analyses indicated lipotoxicity, a sign of impaired fatty acid metabolism, along with altered
bile secretions and glucose-uptake. These data provide a window into the advent of possible adaptive
countermeasures to be used for space flight crews [16].

Investigators Burns and Manda address the vast complexities of the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation (OXPHOS) metabolism as inferential of OSaD in their review
through an in depth description of the Warburg effect (WE), originally described to yield insights into
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aberrant cancer metabolism which include features of increased cellular glycolysis and remarkable
changes to mitochondrial function and mtDNA repair now known to be associated with other human
disease states [17]. Of note, the review illuminates the present understanding of WE regarding
global diseases, cancer, diabetes, and, of particular interest, implications for spaceflight and aging.
WE may be regulated through a series of events such as chain oncogenic occurrences, chosen responses
consequential of restricted or impaired glucose metabolism and finally by the chance manifestation
of genetic changes reflective of aging. These chain, choice or chance algorithms may be theoretically
extrapolated to interpret the neurodegenerative state, as presents in Alzheimer’s and other metabolic
diseases with cues to evolving therapeutics. WE pathways investigated in hostile environments with
prolonged exposure like space habitation could enlighten medical countermeasures valuable in space
and on Earth [17]. For extended missions to Gateway or to Mars, astronauts will require systemic
countermeasures to abrogate radiation and microgravity induced OSaD and inflammation mediated
by the NFκβ pathway. Representative of this might be to employ cytoprotective agents like Amifostine
that initiates a metabolic shift to induction of glycolysis and blockage of mitochondrial pyruvate which
can provide radioprotection to normal tissues. Also activators of the Nrf2 pathway like dimethyl
fumarate and sulforaphane, capable of enhancing the endogenous antioxidant protection against ROS
and RNS, are potential candidates for investigation [17].

As we turn to countermeasures we see that in many of the previous manuscripts and
reviews cited potential mitigating agents are either physiologically endemic, naturally occurring,
or pharmacologic [12–17]. In this review Endesfelder et al. details the mechanisms of caffeine a potent
free radical scavenger and adenosine receptor antagonist. Caffeine has been shown to lower the
severity of brain damage in preterm infants and has been evaluated in the research arena regarding
effects on apoptosis, redox sensitive transcription factors, OSaD markers, the anti-oxidative response,
inflammation and extracellular matrix in neonatal rats subjected to hyperoxia [18]. Six-day-old
rats are a good model of the human fetal brain at 28–32 weeks of gestation and thus excellent for
the study of OSaD and neuroprotection in the developing human brain. Rats pretreated with a
single caffeine treatment demonstrated diminished OSaD markers including (glutamate-cysteine
ligase catalytic subunit (GCLC hydrogen peroxide, heme oxygenase-1, and lipid peroxidation)) while
promoting anti-OSaD molecules (sulfiredoxin 1, SOD and peroxiredoxin 1). Caffeine also modulated
redox-sensitive transcription factor expression (Nrf2/Keap1, and NFκB) suppressed extracellular
matrix degeneration (matrix metalloproteinases (MMP) 2, and inhibitor of metalloproteinase
(TIMP) 1/2) and down-regulated pro-inflammatory cytokines, reduced pro-apoptotic effectors
(poly (ADP-ribose) polymerase-1 (PARP-1), apoptosis inducing factor (AIF), and caspase-3) thus
demonstrating caffeine to be a pleomorphic neuro-protective agent [18]. These experiments are
particularly relevant to EVA and planetary exploration where astronauts will breathe ~100% O2 during
spacesuit operations and be exposed to mild hyperoxia about 50% of the mission length overall [3,4].

The prospects for robust OSaD countermeasures to combat elevated radiation and microgravity
effects are essential for planning long duration space missions. Velalopoulou et al. detail in their
publication the prospects for the use of LGM2605, a synthetic derivative of the flaxseed lignan
secoisolariciresinol diglucoside (SDG), which has been proven to reduce OSaD-related biomarkers
in the presence of radiation [19]. LGM2605 was tested to determine its ability to protect and
nullify the harmful effects of proton radiation (which makes up 85% of the constituents of GCR)
on human lung slices. In an ex vivo model of human lung, precision-cut lung sections (huPCLS)
were subjected to severe tissue toxicity via exposure to 4.0 Gy of proton radiation, having first
been treated with LGM2605 then analyzed at 30 min and 24 h. post-exposure. All post exposure
samples were surveyed for gene expression changes relevant to inflammation, OSaD, and cell
cycle arrest. The researchers determined radiation-induced senescence, oxidative tissue damage
associated cell cycle changes, and an associated proinflammatory phenotype in non-treated samples.
To summarize, the data provides evidence of the significant protective capability by LGM2605.
Additionally, LGM2605-pretreatment of proton-irradiated huPCLS significantly upregulates anti-OSaD
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genes and protects huPCLS from a senescent-like phenotype, regulated at the gene and protein level
by p53, members of the cyclin-dependent kinase (CDK) family, and p21. LGM2506 pretreatment
substantially reduced p16 induced by proton radiation, plus downregulates proinflammatory cytokine
gene levels [19]. Downstream protective effects LGM2506 may yet be realized and may be an excellent
candidate for astronaut protections from radiation, microgravity effects and respiratory exposure to
hyperoxia and hypoxia.

In conclusion, the 10 significant and elegant manuscripts published in this Special Issue illustrate
the intricacies, relevance, and impacts of unstable ROS generation and persistent OSaD in the space
flight environment, which are, in many ways, emblematic of the phenomena of aging. Recent
data released by NASA on the human Twins Study further illustrates the changes to and potential
damage sustained by the human physiology while inhabiting an unrelentingly hostile environment,
especially considering the results of analyses of inflammatory cytokines, RNA and DNA analyses and
microbiome research conducted by Drs. Snyder, Mason, and Turek, respectively [21]. We would like to
thank each of the authors contributing to this Special Issue, for their insights, talents, and enduring
interest in furthering the advancement of humankind’s quest to travel to and one day inhabit far-off
worlds. This arena of research also serves a remarkably timely application, namely that of potentially
understanding and ameliorating the myriad of diseases associated with the inevitable process of aging.
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Abbreviations

BLEO Beyond Low Earth Orbit
CDK Cyclin-Dependent Kinase
DNA Deoxyribonucleic Acid
EVA/IVA Extravehicular Activity and Intra-Vehicular Activity
HLU Hind Limb Unloading
GCR Galactic Cosmic Radiation
GPx-1 Glutathione Peroxidase
cGy Centi Gray
Gy Gray
H2O2 Hydrogen Peroxide
LEO Low Earth Orbit
LDR Low Dose Radiation
Mn-SOD Manganese Superoxide Dismutase
NO Nitric Oxide
NOX2 Nicotinamide Adenine Dinucleotide Phosphate-oxidase (isoform 2)
NOX4 Nicotinamide Adenine Dinucleotide Phosphate-oxidase (isoform 4)
eNOS Endothelial Nitric Oxide Synthase
OSaD Oxidative Stress and Damage
OXPHOS Oxidative Phosphorylation
RAW 264.7 Murine Monocyte Cell Line Identification
REDOX Reduction and Oxidation
RNA Ribonucleic Acid
ROS/RNS Reactive Oxygen and Reactive Nitrogen Species
SDG Flaxseed Lignan Secoisolariciresinol Diglucoside
SOD Super Oxide Dismutase
TCA Tricarboxcylic Acid
Wnt Wingless-Type MMTV (mouse mammary tumor virus)
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Abstract: Space radiation may pose a risk to skeletal health during subsequent aging. Irradiation
acutely stimulates bone remodeling in mice, although the long-term influence of space radiation
on bone-forming potential (osteoblastogenesis) and possible adaptive mechanisms are not well
understood. We hypothesized that ionizing radiation impairs osteoblastogenesis in an ion-type
specific manner, with low doses capable of modulating expression of redox-related genes. 16-weeks
old, male, C57BL6/J mice were exposed to low linear-energy-transfer (LET) protons (150 MeV/n) or
high-LET 56Fe ions (600 MeV/n) using either low (5 or 10 cGy) or high (50 or 200 cGy) doses at NASA’s
Space Radiation Lab. Five weeks or one year after irradiation, tissues were harvested and analyzed by
microcomputed tomography for cancellous microarchitecture and cortical geometry. Marrow-derived,
adherent cells were grown under osteoblastogenic culture conditions. Cell lysates were analyzed by
RT-PCR during the proliferative or mineralizing phase of growth, and differentiation was analyzed by
imaging mineralized nodules. As expected, a high dose (200 cGy), but not lower doses, of either 56Fe
or protons caused a loss of cancellous bone volume/total volume. Marrow cells produced mineralized
nodules ex vivo regardless of radiation type or dose; 56Fe (200 cGy) inhibited osteoblastogenesis by
more than 90% (5 weeks and 1 year post-IR). After 5 weeks, irradiation (protons or 56Fe) caused few
changes in gene expression levels during osteoblastogenesis, although a high dose 56Fe (200 cGy)
increased Catalase and Gadd45. The addition of exogenous superoxide dismutase (SOD) protected
marrow-derived osteoprogenitors from the damaging effects of exposure to low-LET (137Cs γ)
when irradiated in vitro, but had limited protective effects on high-LET 56Fe-exposed cells. In sum,
either protons or 56Fe at a relatively high dose (200 cGy) caused persistent bone loss, whereas only
high-LET 56Fe increased redox-related gene expression, albeit to a limited extent, and inhibited
osteoblastogenesis. Doses below 50 cGy did not elicit widespread responses in any parameter
measured. We conclude that high-LET irradiation at 200 cGy impaired osteoblastogenesis and
regulated steady-state gene expression of select redox-related genes during osteoblastogenesis, which
may contribute to persistent bone loss.

Keywords: cancellous bone; osteoblast; ionizing radiation; spaceflight; oxidative stress

1. Introduction

Structural degradation and oxidative stress following exposure to space radiation potentially
endangers skeletal health of astronauts, both during the mission and later in life. Weightlessness-induced
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musculoskeletal atrophy, psychological stress, and confinement pose additional risks to astronaut
health [1]. For exploration missions into deep space, galactic cosmic-rays (GCR) are of particular concern
because of the high-energy and densely ionizing pattern of energy deposition from heavy ions [2–4],
which can induce oxidative stress [5,6] in various tissues. Both solar particle-emissions (SPE) and
GCR contribute to the mixed composition of low-energy radiation (such as protons and γ rays), high
linear-energy-transfer (LET) particles (such as ionized 56Fe- and 12C-nuclei), and secondary constituents,
such as Bremmstrahlung, fragmentation products, and neutrons [4,7]. Estimates of the total absorbed
dose during a Mars mission (180-day transits with 500-day surface operations) to be between 28–47 cGy,
with GCR contributing 27 cGy [8,9]. Currently, risk of exposure-induced death from a fatal cancer drives
the NASA astronaut career radiation-exposure limit [10], though NASA is investigating additional risks
associated with acute and late tissue degeneration following radiation exposure [11].

Irradiation perturbs the redox balance within the bone and marrow compartment in a complex
and transient manner. Total-body irradiation (137Cs, 200 cGy) induces rapid reactive oxidative species
formation in the marrow [12] and increases expression of the master transcription factor that binds to the
antioxidant response element, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) [13]. Excess reactive oxygen
species (ROS) can interfere with osteogenesis of bone marrow derived osteoprogenitors [14,15] as well as
contribute to bone resorption by osteoclasts [16]. High-LET 56Fe (≥200 cGy) impairs cell proliferation
during osteoblastogenesis from marrow progenitors in a dose-dependent manner [17]. Further, irradiation
in vitro with 56Fe (100 cGy) arrests the cell cycle and inhibits proliferation of mesenchymal stem cells [18].
At higher doses (400–800 cGy), irradiation with X-rays increases ROS, depletes antioxidant stores, increases
Nrf2 protein levels, and reduces differentiation in osteoblast-like cells [19]. However, the role of oxidative
stress on the potential for total-body irradiation (TBI) to impair osteoblastogenesis over the long term,
in particular low-dose, high-LET species, has not been fully characterized.

We posed three principal questions to address in this study. First, are the severity of acute bone
loss [12,13,20,21] and impairment of osteoblastogenesis [17] following TBI dependent on radiation type
(LET) or dose? Secondly, which pathways are activated? Finally, do irradiation-induced insults
to skeletal structure and osteoblastogenesis persist long after exposure? We hypothesized that:
(1) irradiation induces bone loss, shown previously to be dominated by total dose of exposure [22],
and leads to temporal perturbations in antioxidant defenses; (2) TBI induces both persistent changes in
redox-related genes and cancellous microarchitecture in an ion-dependent manner; and, (3) addition
of an antioxidant, here the enzyme superoxide dismutase (SOD), mitigates irradiation-induced
damage to osteoprogenitors and stem cells when exposed in vitro, implicating an oxidative-stress
dependent mechanism.

To address these questions, we conducted in vivo and in vitro experiments. For in vivo work, we
selected protons and 56Fe ions as representative radiation for the abundant low-LET particles in space
radiation and the heavy-ion component of galactic cosmic radiation, respectively. For in vitro work,
we selected 137Cs γ rays as a low-LET reference radiation to enable high-throughput countermeasure
testing. In vivo, there were persistent and profound decrements in mineralized nodules after TBI
(at 200 cGy) with 56Fe, while protons had a milder effect. In contrast to our hypothesis, few changes
were observed in the steady-state expression of redox-related genes during ex vivo osteoblastogenesis
following TBI, although there was some indication of altered expression of select genes during the
proliferative phase (at 200 cGy 56Fe, but not lower doses). Furthermore, scavenging ROS with an
antioxidant (i.e., SOD) mitigated adverse effects of in vitro irradiation with γ rays, but failed to protect
fully from irradiation with an equivalent dose of heavy ions.

2. Results

2.1. TBI Experiment Design

To evaluate the individual effects of radiation type, our study queried a dose response to high-LET
56Fe or low-LET protons (see Methods below for details) at one day, seven days, or five weeks
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post-exposure. Additionally, we assessed the sequelae of 56Fe irradiation at a late, 1-year post
exposure endpoint (Figure 1A,B). Tibiae and femora were collected for assessment of the cancellous
microarchitecture. Bone-marrow cells were cultured ex vivo in osteoblastogenic media for colony
counts and mineralization assays. Additionally, the effects of total body irradiation on gene expression
were assayed at two points, during the proliferation and mineralization phase, of osteoblastogenesis.

A

B

Figure 1. Total Body Irradiation (TBI) experiment designs. (A) Experiments to determine whether TBI
alters antioxidant gene expression in osteoblasts, osteoblastogenesis, and the structure of cancellous
bone in an ion-dependent fashion at five weeks after proton or 56Fe exposure and to determine the
osteoblastogenic and structural sequelae of 56Fe irradiation one year after exposure. At each endpoint,
marrow cells were cultured for osteoblastogenesis. At 5 weeks post-irradiation, osteoblastogenic
cultures were halted during the proliferative phase and differentiation phase for gene expression
assessment; (B) Experiment to determine the acute effect of proton or 56Fe irradiation on the antioxidant
status of the bone marrow extracellular fluid (ECF). Mice were irradiated and euthanized either
one or seven days after exposure. Marrow was collected and cells removed through centrifugation.
The supernatant, defined as the extracellular fluid (ECF), was assessed for total antioxidant capacity.

2.2. Body Mass Temporal Responses and Coat Color

Body mass was measured (±0.1 g), at least weekly, throughout the study as an index of general
health (Figure 2, showing the 1-year post irradiation cohorts). As determined by one-way analysis
of variance (ANOVA) and Dunnett’s posthoc, within six days of exposure, 56Fe (200 cGy) reduced
the cohort’s mean body mass by 4% relative to the starting weights. Other doses and ions had no
significant effect relative to starting weights [23]. Shipment of the mice from Brookhaven National Lab
(BNL) to NASA Ames between days 6 and 8, caused a 5% decline in body weights of all of the groups.

Following shipment, the body mass of all groups rose over time (+7% for the 5-weeks endpoint and
+46% for the 1-year endpoint), with no treatment effect, nor interaction of time × treatment (Figure 2).
By the time of euthanasia at 5-weeks or 1-year post-irradiation, body mass did not significantly differ
between irradiated and age-matched sham-controls.

Additionally, as an index of general health, the coat color was assessed as grey or black at the end
of the experiment (1-year post-irradiation). In sham controls, 1 out of 13 mice had a grey coat (Table 1).
In contrast, 56Fe (200 cGy) caused all of the 11 to have grey coats. The lower doses of 56Fe irradiation,
10 or 50 cGy, did not modulate coat color compared to sham-controls, respectively.
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Figure 2. Longitudinal body mass measurements of 56Fe-irradiated mice up to 1 year post-exposure
(mice from Figure 1A). Mice were irradiated on day 0 and shipping took place between days 6 and 8.
Data are mean ± standard deviation with n = 13 per group.

Table 1. Fur coat color and cancellous microarchitecture of the proximal tibial metaphysis 1 year after
56Fe irradiation.

Parameter Sham 10 cGy 50 cGy 200 cGy

Grey/Not Grey Coat (%) 1/12 (7.7%) 1/12 (7.7%) 1/11 (8.3%) 11/0 (100%)
Percent Bone Volume (%) 9.7 ± 3.1 8.7 ± 2.4 8.2 ± 2.9 7.2 ± 1.5

Trabecular Thickness (μm) 59.3 ± 5.3 58.2 ± 3.2 57.7 ± 2.9 57.1 ± 2.7
Trabecular Separation (μm) 228.8 ± 23.3 245.0 ± 41.8 240.1 ± 30.2 248.5 ± 18.4
Trabecular Number (1/mm) 1.62 ± 0.36 1.49 ± 0.35 1.42 ± 0.48 1.26 ± 0.23

2.3. Bone Structure

Microcomputed tomography was used to assess the effects of aging and irradiation on the
cancellous tissue in the proximal tibial metaphysis at the 5 week and 1 year endpoints (Figure 1A)
and cortical geometry of the femoral midshaft at the 1-year endpoint. In sham-treated animal cohorts,
aging caused a 54% reduction of cancellous bone volume/total volume (BV/TV) between the 5-week
(Figure 3A, 21.1 ± 2.2%) and 1-year (Table 1, 9.7 ± 3.1%) post-treatment endpoints.

At 5 weeks post-irradiation, 50 and 200 cGy 56Fe caused a decrement in BV/TV (Figure 3A,
−16% and −31%, respectively) and strut number (Tb.N, Figure 3B, −16% and −31%, respectively)
in the cancellous region of the proximal tibia, compared to shams. For protons, 200 cGy caused a
−22% decrement in BV/TV (Figure 3A) and Tb.N (Figure 3B), while 50 cGy showed a trend towards
decreased BV/TV (−11%, p = 0.12) and Tb.N (−13%, p = 0.06). Additionally, irradiation at 200 cGy
increased trabecular separation, but did not affect trabecular thickness [23]. At 5 or 10 cGy, neither
56Fe, nor protons, showed any detectable bone loss, by any structural measure.

At 1 year post-irradiation, 56Fe (200 cGy) showed a trend of decreased BV/TV and Tb.N
(−25%, p = 0.12, Table 1) in the cancellous region of the proximal tibia, as compared to age-matched
controls. No changes were observed at 10 or 50 cGy doses when compared to controls. Additionally,
no significant changes in cortical geometry of the femur at midshaft (bone volume and cortical
thickness, [23]) were detected, as compared to age-matched controls.
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Figure 3. Dose response of cancellous bone microarchitecture following proton or 56Fe irradiation at 5
weeks after exposure (mice from Figure 1A). Microarchitecture was assessed using microcomputed
tomography and the parameters of (A) bone volume / total volume (BV/TV, %) and (B) trabecular
number (Tb.N, 1/mm). Data are mean ± standard deviation, with n = 8/group. * denotes p ≤ 0.05 vs.
age-matched sham control.

2.4. Ex Vivo Osteoblastogenesis

To assess the cellular responses to irradiation during ex vivo osteoblast growth and maturation,
we cultured marrow progenitor cells at the 5 week and 1 year post-irradiation endpoints. For cultures
plated 5 weeks post-irradiation, gene expression, alkaline phosphatase activity, colony counts, and
DNA content analyses were performed during the proliferative phase (seven days after plating) and
mineralization phase (19 to 21 days after plating). At the end of the latter phase, the mineralized area
was quantified to assess the functional outcome of differentiation.

During the mineralization phase, we observed well-formed nodules in the sham and proton-irradiated
(200 cGy) groups (Figure 4A,B), with sham values displaying wide variance. In contrast, we observed
very few, yet fully mineralized, nodules in the 56Fe-irradiated (200 cGy) group (Figure 4A,B). After
quantifying the nodule area, irradiation with 56Fe (200 cGy) tended to cause a −91% decrement (p = 0.06,
Figure 4A,B) in the mineralization area (median) as compared to sham-irradiated controls. This inhibitory
effect is consistent with findings from our other experiments with this dose of 56Fe at various times after
exposure [23]. Although, mineralization area of cultures from animals exposed to protons (200 cGy)
tended to be lower than sham-controls (−70%, p = 0.10, Figure 4A,B), nodules from proton-irradiated mice
appeared larger and more widespread than in cultures from 56Fe-irradiated mice (Figure 4B). Lower doses
of either species did not affect mineralized area or any other measured parameters [23].

Radiation exposure did not modify expression levels for most of the genes analyzed during the
mineralization phase (Table 2), although a high dose of 56Fe (200 cGy) tended to decrease expression
of the osteoblast differentiation gene Alpl by −60% (p = 0.12), Figure 4C. Additionally, a low dose
of 56Fe (10 cGy) increased the expression of the antioxidant gene CuZnSOD (+90%) as compared
to sham-controls, whereas proton exposure did not modify expression levels for any of the genes
assayed [23]. Taken together, these data suggest mild effects late in culture, but only for 56Fe, not protons.
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During the proliferative phase, most doses and types of radiation exposure did not modify the
expression levels for the genes analyzed when compared to sham-controls (Table 2). A high-dose of 56Fe
(200 cGy) did however increase the expression levels of genes for the cell cycle arrest marker Gadd45
(+223%) and the antioxidant Catalase (+81%), and also tended to increase the late-osteoblastic marker Bglap
(+196%, p = 0.08) (Figure 4D). A lower dose of 56Fe (5 cGy) decreased the gene expression of the nitric oxide
generator iNOS by −53% and increased Gadd45 by +91%, respectively, when compared to sham controls.

 

A

C

*

B

D

** *
*

Sham Proton 56Fe
200 cGy 200 cGy

Figure 4. Differentiation and proliferation responses of osteoprogenitors cultured from bone marrow
of mice that received proton or 56Fe irradiation (5 weeks post-irradiation from mice in Figure 1A).
(A) Nodule area of cultures from animals irradiated with 200 cGy proton or 56Fe compared to sham
control. Data are summarized by median and interquartile range with n = 6–7/group. Each dot represents
an individual mouse. (B) Grayscale (top row) and binarized (bottom row) images of representative wells
(i.e., near the group median), showing nodules during the mineralization phase for 200 cGy proton or iron
or sham. Gene expression assessed during (C) terminal differentiation or (D) proliferation for markers
of differentiation, damage response, cell cycle, and redox response in cells cultured from the marrow
of previously irradiated mice. Data are mean ± standard deviation of Log2 (Fold Change) transformed
values relative to the endogenous gene HPRT and normalized to the sham control (i.e., ΔΔCt). The dashed
line at 1.0 indicates the sham control level. n = 4/group, * denotes p ≤ 0.05 vs. sham-control.
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For the ex vivo marrow culture performed 1-year post irradiation, the numbers of colonies were
counted eight days after plating and nodule areas were assessed 28 days after plating. 56Fe irradiation
(200 cGy) tended to reduce colony counts at day eight (−45%, Figure 5A) when compared to controls,
whereas lower doses of 56Fe (10 and 50 cGy) had no effect. At 28 days after plating, cells from 56Fe
(200 cGy)-irradiated mice tended to show reduced mineralized area (−96% reduction of median,
p < 0.06, Figure 5B), whereas lower doses had no effect as compared to controls. Taken together, these
data suggest that only the highest dose of 56Fe had a persistent effect to inhibit osteoblastogenesis,
as assessed by colony formation.

B

A

Figure 5. Persistent effects of 56Fe (200 cGy) TBI on osteoblastogenesis at 1 year post-exposure (mice
from Figure 1A). Marrow was cultured in osteoblastogenic conditions. We quantified (A) colony
number on day 8 in vitro and (B) nodule area on day 28 in vitro (with dots representing individual
mice). Data are summarized by mean and standard deviation (A) and median and interquartile range
(B), with n = 5–6/group.

Table 2. List of genes quantified from ex vivo culture, which did not show significant changes
in expression levels. Cells were isolated and cultured five weeks post-irradiation and analyzed at
proliferative and terminally differentiated stages in growth.

Proliferative Stage Terminal Differentiation

Caspase 3 Caspase 3
Cdk2 Catalase

CuZnSOD Cdk2
Foxo1 Gadd45
GPX iNos

MnSOD MnSOD
p21 p53
p53 PCNA

PCNA -
Runx2 -
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2.5. Total Antioxidant Capacity of the Marrow Extracellular Fluid

To assess the changes in the redox microenvironment in the marrow cavity following irradiation,
we measured the antioxidant capacity of the extracellular fluid from the marrow, (normalized by
protein concentration) at one and seven days after exposure to 56Fe or protons (Figure 1B). Protons
(200 cGy) or 56Fe (200 cGy) decreased the total antioxidant capacity of the marrow extracellular fluid
by over 35% within one day of exposure (Figure 6). In contrast, seven days after exposure, protons
caused a 62% elevation of antioxidant capacity (Figure 6), whereas 56Fe did not differ from sham
controls. Lower doses of radiation (5 cGy 56Fe or 10 cGy proton), did not modify antioxidant capacity
per proton concentration with sham-controls at either timepoint.

 

* *

*

Sham
56Fe
Proton

0    5   10 200 200 0    5   10 200 200 (cGy)

Figure 6. Irradiation perturbation of the marrow oxidative milieu, assessed by the antioxidant capacity
of the extracellular fluid (ECF), in mice at one and seven days post exposure (following timeline in
Figure 1B). Mice were irradiated with 56Fe at 5 or 200 cGy or protons at 10 or 200 cGy. Data are mean ±
standard deviation. * p ≤ 0.05 versus sham control.

2.6. In Vitro Radiation Effects on Osteoblastogenesis

We hypothesized that a radiation-induced rise in ROS damages osteoprogenitors, leading to a
decrease in number and activity of differentiated progeny and therefore exogenous antioxidant is
expected to mitigate adverse effects of radiation on the proliferation and subsequent differentiation of
osteoprogenitors derived from the marrow. The influence of a low-LET species (137Cs) was compared
to that of high-LET 56Fe. Adherent marrow cells grown under osteoblastogenic culture conditions
were irradiated at day 3 in culture and the percentage change in DNA content between day 3 (day
of irradiation) and day 10 calculated as a surrogate of culture growth (proliferation). Analysis of the
dose-response to 137Cs and 56Fe revealed significant decrements in growth after exposure to 137Cs
(200 cGy and 500 cGy) or 56Fe (100 cGy, 200 cGy), but not after exposure to lower doses (Figure 7A).
Colony counts also were affected at the higher doses of radiation [23]. In summary, as shown in
Figure 7A, osteoprogenitors appeared more sensitive to high-LET 56Fe than low-LET 137Cs γ.

To begin to assess the contribution of oxidative stress after in vitro radiation exposure of
osteoprogenitors, several antioxidants (including SOD with and without polyethylene glycol (PEG);
SOD with nanoparticles or liposomes; Catalase with and without PEG) were screened by addition
to the culture media, with SOD (without carrier) showing the most promising results [23]. Addition
of exogenous SOD (200 U/mL) provided twice a day (on day 3 and day 4) effectively protected cell
growth from irradiation with 137Cs, whereas higher doses of SOD or longer periods of treatment were
less effective [23]. As shown in Figure 7B, addition of SOD prevented the inhibition of growth by 137Cs
(200 cGy). In contrast, addition of SOD was not as sufficient to rescue the cell death incurred after
exposure to an equivalent dose of 56Fe (200 cGy).
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Figure 7. In vitro irradiation effects on osteoblastogenesis. (A) Dose response curve of osteoprogenitor
growth after exposure to radiation using low-LET 137Cs or high-LET 56Fe; (B) Addition of the
antioxidant superoxide dismutase (SOD) and its prevention of the irradiation-induced decrement
in cell growth. Data are shown normalized to the sham control (which is depicted by the dashed line at
1.0), expressed as mean ± standard deviation. * denotes p ≤ 0.05 versus the sham-irradiated control.

3. Discussion

Heavy-ion irradiation during space missions is a risk to the skeletal health of astronauts, causing
skeletal degeneration and cellular damage in simulations with rodents [12,20,24]. In this study, we
sought to elucidate the role of radiation type and changes in the oxidative milieu of bone marrow
related to marrow-derived osteoprogenitor differentiation. We found that low doses (below 50 cGy) of
either low-LET protons or high-LET 56Fe did not cause observable adverse effects on structure and
osteoblastogenesis at any endpoint, and, further, did not strongly perturb antioxidant capacity at seven
days of exposure (Figure 6) nor expression levels of redox-related genes (Figure 4, Table 2) at 35 days of
exposure. In contrast, only a high dose of 56Fe radiation (200 cGy) was sufficient to induce detrimental
effects on total antioxidant capacity, bone structure, and osteoprogenitor populations of the marrow
(Figures 3–6). These changes were associated with transient elevations in mRNA levels (Figure 4C,D)
of an antioxidant gene (Catalase) and a DNA-damage/cell cycle arrest marker (Gadd45) during ex vivo
osteoblastogenesis, which we speculate indicates persistent oxidative stress or enhanced antioxidant
defenses during the proliferative phase. Interestingly, cultures showed a trend towards elevation of
osteocalcin (Bglap, Figure 4D), a late marker of differentiation, during the proliferative phase, which
may indicate that 56Fe exposure accelerated differentiation.

Body mass and coat color were assessed as general indices of animal health. Body mass indicated
that animals showed a modest and transient decline in response to 56Fe irradiation with 200 cGy
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(Figure 2), consistent with our previous studies [17]. Additionally, 56Fe irradiation at 200 cGy uniquely
caused a shift in coat color from black to grey (Table 1). We interpret this as a hallmark of oxidative
stress in the hair follicle [25], and, when coupled with the osteoprogenitor effects, this may signal
premature aging in a second tissue, in line with the free-radical theory of cellular aging [26,27].

In rodents, radiation injury to bone between with 56Fe (10–200 cGy, 1 GeV/n) [17] manifests as acute
cell death of marrow cells and concomitant cancellous bone loss driven by osteoclasts [12,22,28]. In this
work, we showed that high-dose 56Fe or proton (200 cGy) caused a transient reduction in antioxidant
capacity in the marrow microenvironment (Figure 6), potentially indicative of a depletion of extracellular
antioxidant stores with subsequent recovery of the extracellular antioxidant defense system [29]. These
findings are consistent with our data showing the marrow cell response to increase mRNA expression
levels of the master antioxidant transcription factor, Nrf2, shown previously [13], and with effects also
evident in a cell line at even higher doses [19]. Our group showed that a dietary supplement rich in
antioxidants and polyphenols (dried plum) prevents bone loss and Nrf2 induction from γ irradiation
in mice [30], supportive of the role of oxidative stress in driving acute bone loss. Additionally, in vitro,
200 cGy 56Fe impairs osteoblastogenesis [17]. Our work extends this high-dose impairment in vivo and
to five weeks and one year post-exposure, suggesting an irreversible insult to osteoblastogenesis.

Gene expression analyses during the proliferative phase (Figure 4D) revealed that a high dose of
56Fe (200 cGy) increased the expression of genes for the cell cycle arrest marker Gadd45 and antioxidant
Catalase relative to sham. These data are consistent with a G2/M arrest from high-LET irradiation of
mesenchymal stem cells [18], a pre-osteoblast cell line [31], and many other cell types [32]. Interestingly,
these two genes are targets of Foxo transcription factors [33–35]. Nrf2, Foxos, and p21 are critical to
the antioxidant response element [36]. Oxidative stress activates Foxo transcription factors [37] and
interferes with Wnt signaling [14,38–40]. Hence, our data suggest Foxo activation may play a role in
56Fe irradiation, decreasing osteoprogenitor cell proliferation, and, ultimately, mineralization levels.

During the mineralization phase (Figure 4A,B), 56Fe irradiation (200 cGy) tended to reduce
nodule formation and alkaline phosphatase gene expression, suggesting a reduction in early
markers of early-stage osteoblast differentiation and fewer cells contributing to nodule formation,
consistent with in vitro evidence for high-dose effects [19]. Taken together with gene expression
data, these findings suggest that irradiation induced persistent oxidative stress that impaired colony
formation via reduced proliferation (e.g., delayed or halted cell division) leading to lower extent of
mineralization. Higher doses of γ irradiation (>500 cGy) are required to recapitulate the impairment of
osteoblastogenesis [41,42], where changes are also associated with oxidative damage [43]. Taking these
findings into consideration, the sequelae of a high-dose of heavy-ion irradiation are likely impaired
osteoblastogenesis, which may be attributable to persistent oxidative stress.

For evaluating structural responses, we analyzed cancellous regions in the tibia (Figure 3) and
the cortical midshaft of the femur (Table 1) at two time points for parameters indicative of structural
integrity. At 5-weeks after irradiation, exposure to high-LET 56Fe irradiation at or above 50 cGy
caused decrements in fractional bone volume and trabecular number, and increases in trabecular
spacing (Figure 3), indicating a significant deterioration of cancellous microarchitecture, consistent
with previous findings [20,22,44]. The magnitude of the changes caused by protons or 56Fe were
similar, although the effect of protons at 50 cGy on BV/TV was not statistically significant (p = 0.12).
Thus, these findings indicate that the threshold for a persistent, 56Fe radiation-induced response lies
between 10 and 50 cGy—doses relevant to exploration missions [11]. Overall, we show that a high
dose of radiation was able to induce persistent decrements in cancellous bone, regardless of radiation
type (Figure 3). Others have shown that these changes persist to four months post-exposure [22].
In this study, the structural decrement affected by 56Fe (200 cGy) was resolved one year after exposure
due to the expected age-related decline in sham-control animals changes over time (Table 1), likely the
product of age-induced elevations of osteoclasts overtaking waning bone formation by osteoblasts [45].
These data are consistent with our previous findings from growing female mice after exposure to
low-LET γ radiation [46]. Although others have shown cortical changes following irradiation with
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either low-LET γ at high doses (500 cGy) [47] or high-LET 56Fe at 50 cGy [48], no irradiation-induced
cortical responses at 1-year post exposure were evident in this study [23], or in other experiments we
have performed in the past. Thus, the influence of ionizing radiation at 200 cGy or below appears to
be restricted to the more metabolically-active cancellous tissue.

In vitro irradiation studies were conducted to further assess the role of oxidative stress in
radiation damage to osteoprogenitors. Our approach was to test antioxidants and their capacity
to rescue radiation effects to provide insight into the different mechanisms between low-LET radiation
and high-LET radiation [31]. Although similar doses of low-LET radiation are generally less
deleterious than high-LET radiation, the mechanisms for radiation damage to primary, marrow-derived
osteoprogenitors in the context of oxidative stress are not fully elucidated [49–51]. When comparing the
effects of low-LET radiation (137Cs) and high-LET radiation (56Fe), we found high-LET irradiation was
more damaging with respect to growth of the cell population, as assessed by a surrogate assay (changes
in DNA content over time). Furthermore, exogenous SOD effectively protected osteoprogenitors from
low-LET radiation damage, but only minimally from 56Fe at 100 cGy, and not at all from 56Fe at 200 cGy.
Taken together, these findings indicate excess extracellular reactive oxygen species (ROS) inhibited
growth, and that oxidative stress is possibly the main mechanism involved in low-LET radiodamage
to osteoprogenitors; in contrast, high-LET species likely affect the cells via additional detrimental
mechanisms, such as double-strand DNA breaks.

Although others [52,53] have shown the beneficial effects of various antioxidants to confer
radioprotection for various osteoblast cell lines, we show here a direct comparison of antioxidant
treatment with different radiation species when added to primary, marrow-derived osteoprogenitors.
Interestingly, adding SOD at higher doses or for longer periods was not advantageous, emphasizing
the importance of carefully titrating radical scavengers such as SOD, possibly to maintain endogenous
ROS-dependent signalling.

In sum, we showed the ability of the antioxidant superoxide dismutase (SOD) to mitigate the
adverse effects of in vitro irradiation with γ rays (used for the low-LET radiation), but not to an
equivalent dose of high-LET 56Fe. Our results strengthen the potential application of SOD as a
countermeasure for low-LET irradiation-induced damage to marrow stem cells and osteoprogenitors.

Inherent limitations of these experiments with respect to radiation exposures include: (1) exposures
were delivered at high dose-rate and fluence in a matter of minutes, whereas in space, the same dose is
delivered at a lower rate, and (2) space exposures are mixed doses, rather than a single species (e.g., SPE
can deliver 100–200 cGy over days and GCR over years). In addition, with respect to relevance to
spaceflight, these experiments were performed in mice that were normally ambulatory, thus not subjected
to musculoskeletal disuse and fluid shifts, which are induced by microgravity; groundbased models for
spaceflight have shown that unloading can influence radiosensitivity [17,24,54,55].

In summary, our findings indicate that although low doses of radiation do not show lasting effects
on skeletal health, a high dose of high-LET 56Fe impairs osteoblast growth and maturation by adversely
affecting growth of osteoprogenitors. There were few, select changes in steady-state expression of
redox-related genes during osteoblastogenesis ex vivo after total body irradiation with 56Fe (but not
protons), with some indication of altered expression of select genes during the proliferative phase.
Furthermore, scavenging ROS with antioxidants, such as SOD, mitigated the adverse effects of in vitro
irradiation with γ rays (200 cGy), but failed to protect from irradiation with an equivalent dose of
heavy ions. Together, our findings indicate that high-dose radiation has a persistent effect to impair
bone formation by adversely affecting growth, but not differentiation, of osteoprogenitors.

4. Materials and Methods

4.1. Animals

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA) were individually housed
under standard conditions and provided food (LabDiet 5001, Purina, St. Louis, MO, USA) and water
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ad libitum as described by [13]. As a general measure of animal health, we measured body mass weekly
for the duration of the study. Additionally, we blindly scored coat color as black or grey at the one-year
post-irradiation endpoint. Animals were euthanized by cardiac puncture while under isoflurane
overdose followed by cervical dislocation. The Institutional Animal Care and Use Committees for
NASA Ames Research Center (Protocol NAS-10-001-Y2, 17 February 2011) and Brookhaven National
Laboratory (Protocol #431, 8 February 2011) approved all of the procedures.

4.2. In Vivo Experiment Design and Radiation Exposure

Two experiments using mice were conducted to assess the effect of radiation type on skeletal
antioxidant response, osteoblastogenesis, and bone structure. In the first experiment (Figure 1A), conscious
16-weeks old, male, C57BL6/J mice were exposed to low-LET protons (150 MeV/n, LET ~0.52 keV/μm)
or high-LET 56Fe ions (600 MeV/n, LET ~175 keV/μm) at 5, 10, 50, or 200 cGy at NASA’s Space Radiation
Lab at Brookhaven National Lab (Upton, NY, USA). Between 7–9 days after irradiation, mice were
shipped overnight from Brookhaven to NASA Ames Research Center, Moffett Field, CA, USA. Select
groups of mice were euthanized and tissues harvested after 35–38 days for 56Fe, 36–39 days for proton,
or 36–38 days for the sham (these three groups are deemed 5 weeks post-irradiation and had n = 8
per group) and late (358 or 360 days, here deemed 1 year post-irradiation and had n = 13 per group)
for ex vivo osteoprogenitor culture of marrow cells. Tibiae or femora were collected for cancellous
microarchitecture assessment with microcomputed tomography. For the 5-week endpoint, osteoblast
cultures (n = 6–7 mice/group) were analyzed by real-time qPCR (n = 4 mice/group, see below for details),
total DNA quantification, and alkaline phosphatase activity during the proliferative phase (seven days
after plating) or the mineralization phase (19–21 days after plating) stages of osteoblast differentiation.
At the termination of cultures, mineralized nodules were imaged and analyzed for percent surface area at
the end of the culture period. For the 1-year endpoint, osteoblast cultures (n = 6/group) were analyzed
for colony number during the proliferative phase (eight days after plating) or for mineralized nodule area
during the mineralization phase (28 days after plating) of osteoblast differentiation.

In the second experiment (Figure 1B), we aimed to determine the effects of total-body irradiation
on the antioxidant capacity of the extracellular fluid surrounding the marrow cells [56]. To evaluate
ion effects, conscious 16-wk old, male, C57BL6/J mice mice were exposed to 10 or 200 cGy of low-LET
protons (n = 6–8 per group) or 5 or 200 cGy of high-LET 56Fe ions (n = 8 per group) as described above,
or were sham irradiated (n = 13 per group). Mice were euthanized and tissues harvested at one or
seven days after exposure, at which point tibial marrow was processed for extracellular fluid collection
and quantification of total antioxidant capacity, described in more detail below.

4.3. In Vitro Experiment Design and Radiation Exposure

Osteoprogenitors were grown in vitro from the bone marrow of 16-week old, male C57Bl/6 mice,
as previously described [17]. Cells were irradiated three days after plating (day 3) with either γ (137Cs,
sham or 10–500 cGy, JL Shepherd Mark I) or 56Fe (sham or 50–200 cGy, NSRL), and then grown until
day 10. Cell behavior was assessed by measuring changes in DNA content between day three and day
10 (as a surrogate for cell growth) with the Cyquant assay as previously described [17]. For the SOD
experiment, multiple doses were tested in preliminary experiments (100–600 U/mL of SOD or vehicle,
for 2 or 3 days of treatment at different times). The protocol selected for more extensive dose-response
experiments entailed the addition of SOD (200 U/mL), or vehicle (α-MEM) 2 h before irradiation (day
3), twice a day, through the 4th day after exposure to radiation. Experiments were repeated 2–3 times.
Data were normalized to the sham-control.

4.4. Total Antioxidant Capacity

We measured the antioxidant capacity of the extracellular fluid of the marrow (i.e., the marrow
plasma) with a colorimetric assay based on the reduction potential of Cu2+ to Cu1+ as compared to
Trolox equivalent standards (Oxford Biomedical, Oxford, MI, USA). In brief, we isolated marrow
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ex vivo, using 150 μL of sterile saline to flush the marrow from the tibial diaphysis, as described
previously [56]. The solution was centrifuged and supernatant preserved as the extracellular fluid at
−80 ◦C for further assessment. The BCA assay assessed the protein concentration of the extracellular
fluid against albumin standards, which enabled the normalization of the antioxidant capacity by the
protein concentration to account for changes in protein levels with treatment [56].

4.5. Bone Microarchitecture and Geometry

We assessed the bone volume and microarchitecture of the cancellous tissue in the proximal
tibial metaphysis using microcomputed tomography (6.7 μm pixel size, 3500 ms integration time,
50 kV, Skyscan 1174; Bruker microCT, Kontich, Belgium) as described in [13]. For cancellous
quantification, a 1.0-mm thick region located 0.24 mm distal to the proximal growth plate was
semi-autonomously contoured to include cancellous tissue. We assessed changes in cancellous bone
using the three-dimensional bone volume to total volume fraction (BV/TV, %), trabecular thickness
(Tb.Th, mm), trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm), and trabecular
separation (Tb.Sp, mm). We assessed the changes in cortical bone at the midshaft of the femur using
bone volume and cortical thickness. All analyses follow conventional guidelines [57].

4.6. Ex Vivo Osteoblastogenic Assays and qRT-PCR Analyses

For osteoblastogenic culture, femur marrow was flushed using saline and treated with lysis buffer
specific for red blood cells (Sigma-Aldrich, St. Louis, MO, USA), centrifuged for ten minutes at 1000× g,
and supernatant removed. Cells were then re-suspended and plated at 3.0 × 105 cells/cm2 in 6-well
plates. Osteoblastogenic growth medium (alpha minimum essential medium with 15% FBS (Gibco,
Gaithersburg, MD, USA), 1× anti-biotic/mycotic, 50 μg/mL ascorbic acid, 10 mM β-glycerophosphate)
was replenished every 2–3 days.

For qPCR analyses (n = 4/group), cells were collected in a solution of 1% β-mercapthoethanol
in RLT Buffer (Qiagen, Valencia, CA, USA) and stored at −80 ◦C until RNA isolation via RNeasy
minikit (Qiagen). RNA quantity and purity was measured using a nanodrop spectrophotometer
(Nanodrop 2000, Thermoscientific, Waltham, MA, USA) while RNA quality was assessed using a 0.8%
non-denaturing gel. A RT2PCR custom array (PAMM-999A-1, SYBR probes, Qiagen, Hilden, Germany)
was processed with an Applied Biosystems 7500 cycler to generate gene expression data. The ΔΔCt

method was used to analyze the raw data. Cycle values above 35 were defined as non-detectable.
Statistical analyses were performed on log2-transformed data. Fifteen representative genes were
analyzed to assess osteoblast differentiation, proliferation, oxidative metabolism, or apoptosis, see
Table 3. All genes were normalized to housekeeping gene Hprt. Technical issues forced the loss of
one specimen from the 56Fe, 200 cGy group during the proliferative phase and the loss of all four
specimens in the proton, 10 cGy group from mineralization phase.

Table 3. SYBR-based custom array to query changes in expression levels of key genes.

Gene Name Accession No. Official Name Process

Runx2 NM_009820 Runt Related Transcription Factor 2 Differentiation
Bglap NM_007541 Bone γ carboxyglutamate protein (osteocalcin) Differentiation
Alpl NM_007431 Alkaline Phosphatase Ligand Differentiation
Pcna NM_011045 Proliferating Cell Nuclear Antigen Proliferation
Cdk2 NM_016756 Cyclin-dependent Kinase 2 Proliferation
p21 NM_007669 Cyclin-dependent Kinase Inhibitor 1 Proliferation
p53 NM_011640 Transformation-related protein 53 Proliferation
Cat NM_009804 Catalase Oxidative Metabolism

Gpx1 NM_008160 Glutathione Peroxidase Oxidative Metabolism
MnSod NM_013671 Superoxide Dismutase 2, Mitochondrial Oxidative Metabolism

CuZnSod NM_011434 Superoxide Dismutase Oxidative Metabolism
iNos [Nos2] NM_010927 Nitric Oxide Synthase 2, Inducible Oxidative Metabolism

Foxo1 NM_019739 Forkhead Box Oxidative Metabolism
Gadd45a NM_007836 Growth Arrest and DNA Damage Oxidative Metabolism
Caspase 3 NM_009810 Caspase 3 Apoptosis

Hprt NM_013556 Hypoxanthine-guanine phosphoribosyltransferase Housekeeping
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For ALP and DNA analyses, cells were collected in a solution of Tris buffer containing Triton-X
and MgCl2 and stored at −80 ◦C. Quantification of ALP enzymatic activity and total DNA content
was performed using Alkaline Phosphatase Activity Colorimetric Assay (Biovision, Mountain View,
CA, USA) and CyQuant Cell Proliferation Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA), respectively.

Colony counts early in culture assessed the successful adherence and proliferation of colony
forming units. Parameters defining a colony included having distinct region of radial colony growth
and having more than 30 cells with a majority of cells having of morphological homogeneity.

To quantify densely mineralizing area (i.e., the nodule area), we harvested cultures in the
differentiation phase. First, we washed cultures with saline and scanned the plates at 300 dpi resolution.
We quantified the percentage of well area having mineralizing nodules with Image J, using a custom
algorithm to threshold the grayscale image.

4.7. Statistics

We report parametric data with mean and standard deviation (SD). For these data, to determine
significant differences, a 1-way analysis of variance was used followed by Dunnett’s post-hoc test,
which allowed for the comparison of respective radiation types and doses to the age-matched sham
control (0 cGy). For non-parametric data (i.e., nodule area data, as values near zero display skew), we
report the median with interquartile range. For these data, to determine significant differences, we
used a Kruskal-Wallis test with a Steel post-hoc test, which allowed for the comparison of respective
radiation types and doses to the age-matched, sham control (0 cGy). We assessed temporal (within
subjects) treatment (between subjects) effects in body mass, and their interaction (i.e., time × treatment),
using Repeated Measures ANOVA and Wilks’ Lamda test. Throughout, a p-value ≤ 0.05 was accepted
as significant. We performed all analyses using JMP 13 (SAS).

Acknowledgments: Research was supported by National Space Biomedical Research Institute grant # MA02501
(RKG, JSA) under NASA cooperative agreement NCC 9-58, a DOE-NASA Interagency Award #DE-SC0001507,
supported by the Office of Science (BER), U.S. Department of Energy (RKG), and NASA Postdoctoral Program
fellowships (AS, AK, JSA). The authors thank Charles Limoli (UC Irvine) for his valuable scientific input and
consultation. We thank the Brookhaven National Laboratory Animal Care Facility and NASA Space Radiation
Laboratory staff Peter Guida, Adam Rusek, MaryAnn Petry, Kerry Bonti, Angela Kim, and Laura Loudenslager for
their assistance with this experiment. We thank Nicholas Thomas for careful reading and editing of the manuscript
and Samantha Torres for supporting the animal experiments.

Author Contributions: Conceived and Designed Experiments: Joshua S. Alwood, Ruth K. Globus, Ann-Sofie
Schreurs, Akhilesh Kumar, Luan H. Tran. Supported/Conducted Experiments: Joshua S. Alwood, Luan H. Tran,
Ann-Sofie Schreurs, Yasaman Shirazi-Fard, Akhilesh Kumar, Candice G. T. Tahimic, Ruth K. Globus. Collected
Data: Joshua S. Alwood, Luan H. Tran, Ann-Sofie Schreurs, Akhilesh Kumar, Diane Hilton. Interpreted Data:
Joshua S. Alwood, Luan H. Tran, Ann-Sofie Schreurs, Yasaman Shirazi-Fard, Akhilesh Kumar, Diane Hilton,
Candice G. T. Tahimic, Ruth K. Globus. Wrote and edited the Manuscript: Joshua S. Alwood, Ann-Sofie Schreurs,
Luan H. Tran, Ruth K. Globus.

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

References

1. McPhee, J.C.; Charles, J.B. Human Health and Peformance Risks of Space Exploration Missions;
Government Printing Office: Washington, DC, USA, 2009.

2. Guo, J.; Zeitlin, C.; Wimmer-Schweingruber, R.F.; Hassler, D.M.; Ehresmann, B.; Kohler, J.; Bohm, E.;
Bottcher, S.; Brinza, D.; Burmeister, S.; et al. Msl-rad radiation environment measurements.
Radiat. Prot. Dosimetry 2015, 166, 290–294. [CrossRef] [PubMed]

3. Dietze, G.; Bartlett, D.T.; Cool, D.A.; Cucinotta, F.A.; Jia, X.; McAulay, I.R.; Pelliccioni, M.; Petrov, V.; Reitz, G.;
Sato, T. Icrp publication 123: Assessment of radiation exposure of astronauts in space. Ann. ICRP 2013.
[CrossRef] [PubMed]

4. Durante, M.; Cucinotta, F.A. Physical basis of radiation protection in space travel. Rev. Mod. Phys. 2011, 83,
1245–1281. [CrossRef]

24

Bo
ok
s

M
DP
I



Int. J. Mol. Sci. 2017, 18, 2117

5. Tseng, B.P.; Giedzinski, E.; Izadi, A.; Suarez, T.; Lan, M.L.; Tran, K.K.; Acharya, M.M.; Nelson, G.A.; Raber, J.;
Parihar, V.K.; et al. Functional consequences of radiation-induced oxidative stress in cultured neural stem
cells and the brain exposed to charged particle irradiation. Antioxid. Redox Signal. 2014, 20, 1410–1422.
[CrossRef] [PubMed]

6. Datta, K.; Suman, S.; Fornace, A.J., Jr. Radiation persistently promoted oxidative stress, activated mtor via
pi3k/akt, and downregulated autophagy pathway in mouse intestine. Int. J. Biochem. Cell Biol. 2014, 57,
167–176. [CrossRef] [PubMed]

7. Norbury, J.W.; Slaba, T.C. Space radiation accelerator experiments – the role of neutrons and light ions.
Life Sci. Space Res. 2014, 3, 90–94. [CrossRef]

8. Hassler, D.M.; Zeitlin, C.; Wimmer-Schweingruber, R.F.; Ehresmann, B.; Rafkin, S.; Eigenbrode, J.L.;
Brinza, D.E.; Weigle, G.; Bottcher, S.; Bohm, E.; et al. Mars’ surface radiation environment measured
with the mars science laboratory’s curiosity rover. Science 2014, 343, 1244797. [CrossRef] [PubMed]

9. Zeitlin, C.; Hassler, D.M.; Cucinotta, F.A.; Ehresmann, B.; Wimmer-Schweingruber, R.F.; Brinza, D.E.; Kang, S.;
Weigle, G.; Bottcher, S.; Bohm, E.; et al. Measurements of energetic particle radiation in transit to mars on the
mars science laboratory. Science 2013, 340, 1080–1084. [CrossRef] [PubMed]

10. NASA. Nasa std-3001, Space Flight Human-System Standard Volume 1, Revision a, Change 1: Crew Health; NASA:
Washington, DC, USA, 2015.

11. Townsend, L.W.; Badhwar, G.D.; Braby, L.A.; Blakely, E.A.; Cucinotta, F.A.; Curtis, S.B.; Fry, R.J.M.; Land, C.E.;
Smart, D.F. Report No. 153-Information Needed to Make Radiation Protection Recommendations for Space Missions
Beyond Low-Earth Orbit; US National Council for Radiation Protection and Measurements: Bethesda, MD,
USA, 2006.

12. Kondo, H.; Yumoto, K.; Alwood, J.S.; Mojarrab, R.; Wang, A.; Almeida, E.A.; Searby, N.D.; Limoli, C.L.;
Globus, R.K. Oxidative stress and gamma radiation-induced cancellous bone loss with musculoskeletal
disuse. J. Appl. Physiol. 2010, 108, 152–161. [CrossRef] [PubMed]

13. Alwood, J.S.; Shahnazari, M.; Chicana, B.; Schreurs, A.S.; Kumar, A.; Bartolini, A.; Shirazi-Fard, Y.;
Globus, R.K. Ionizing radiation stimulates expression of pro-osteoclastogenic genes in marrow and skeletal
tissue. J. Interferon Cytokine Res. 2015, 35, 480–487. [CrossRef] [PubMed]

14. Almeida, M.; Ambrogini, E.; Han, L.; Manolagas, S.C.; Jilka, R.L. Increased lipid oxidation causes
oxidative stress, increased peroxisome proliferator-activated receptor-gamma expression, and diminished
pro-osteogenic wnt signaling in the skeleton. J. Biol. Chem. 2009, 284, 27438–27448. [CrossRef] [PubMed]

15. Manolagas, S.C.; Almeida, M. Gone with the wnts: Beta-catenin, t-cell factor, forkhead box o, and oxidative
stress in age-dependent diseases of bone, lipid, and glucose metabolism. Mol. Endocrinol. 2007, 21, 2605–2614.
[CrossRef] [PubMed]

16. Lean, J.M.; Jagger, C.J.; Kirstein, B.; Fuller, K.; Chambers, T.J. Hydrogen peroxide is essential for
estrogen-deficiency bone loss and osteoclast formation. Endocrinology 2005, 146, 728–735. [CrossRef]
[PubMed]

17. Yumoto, K.; Globus, R.K.; Mojarrab, R.; Arakaki, J.; Wang, A.; Searby, N.D.; Almeida, E.A.; Limoli, C.L.
Short-term effects of whole-body exposure to (56)fe ions in combination with musculoskeletal disuse on
bone cells. Radiat. Res. 2010, 173, 494–504. [CrossRef] [PubMed]

18. Kurpinski, K.; Jang, D.J.; Bhattacharya, S.; Rydberg, B.; Chu, J.; So, J.; Wyrobek, A.; Li, S.; Wang, D. Differential
effects of x-rays and high-energy 56fe ions on human mesenchymal stem cells. Int.J.Radiat.Oncol.Biol.Phys.
2009, 73, 869–877. [CrossRef] [PubMed]

19. Kook, S.H.; Kim, K.A.; Ji, H.; Lee, D.; Lee, J.C. Irradiation inhibits the maturation and mineralization of
osteoblasts via the activation of nrf2/ho-1 pathway. Mol. Cell. Biochem. 2015, 410, 255–266. [CrossRef]
[PubMed]

20. Willey, J.S.; Livingston, E.W.; Robbins, M.E.; Bourland, J.D.; Tirado-Lee, L.; Smith-Sielicki, H.; Bateman, T.A.
Risedronate prevents early radiation-induced osteoporosis in mice at multiple skeletal locations. Bone 2010,
46, 101–111. [CrossRef] [PubMed]

21. Lima, F.; Swift, J.M.; Greene, E.S.; Allen, M.R.; Cunningham, D.A.; Braby, L.A.; Bloomfield, S.A. Exposure
to low-dose x-ray radiation alters bone progenitor cells and bone microarchitecture. Radiat. Res. 2017, 188,
433–442. [CrossRef] [PubMed]

25

Bo
ok
s

M
DP
I



Int. J. Mol. Sci. 2017, 18, 2117

22. Hamilton, S.A.; Pecaut, M.J.; Gridley, D.S.; Travis, N.D.; Bandstra, E.R.; Willey, J.S.; Nelson, G.A.;
Bateman, T.A. A murine model for bone loss from therapeutic and space-relevant sources of radiation.
J. Appl. Physiol. 2006, 101, 789–793. [CrossRef] [PubMed]

23. Alwood, J.S.; Tran, L.H.; Schreurs, A.-S.; Shirazi-Fard, Y.; Kumar, A.; Hilton, D.; Tahimic, C.G.T.; Globus, R.K.
Data not Shown; NASA Ames Research Center: Moffett Field, CA, USA, 2017.

24. Macias, B.R.; Lima, F.; Swift, J.M.; Shirazi-Fard, Y.; Greene, E.S.; Allen, M.R.; Fluckey, J.; Hogan, H.A.; Braby, L.;
Wang, S.; et al. Simulating the lunar environment: Partial weightbearing and high-let radiation-induce bone
loss and increase sclerostin-positive osteocytes. Radiat. Res. 2016, 186, 254–263. [CrossRef] [PubMed]

25. Wood, J.M.; Decker, H.; Hartmann, H.; Chavan, B.; Rokos, H.; Spencer, J.D.; Hasse, S.; Thornton, M.J.;
Shalbaf, M.; Paus, R.; et al. Senile hair graying: H2o2-mediated oxidative stress affects human hair color by
blunting methionine sulfoxide repair. FASEB J. 2009, 23, 2065–2075. [CrossRef] [PubMed]

26. Harman, D. Free radical theory of aging: An update: Increasing the functional life span. Ann. N. Y. Acad. Sci.
2006, 1067, 10–21. [CrossRef] [PubMed]

27. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 298–300.
[CrossRef] [PubMed]

28. Kondo, H.; Searby, N.D.; Mojarrab, R.; Phillips, J.; Alwood, J.; Yumoto, K.; Almeida, E.A.C.;
Limoli, C.L.; Globus, R.K. Total-body irradiation of postpubertal mice with 137cs acutely compromises the
microarchitecture of cancellous bone and increases osteoclasts. Radiat. Res. 2009, 171, 283–289. [CrossRef]
[PubMed]

29. Greenberger, J.S.; Epperly, M. Bone marrow-derived stem cells and radiation response. Semin. Radiat. Oncol.
2009, 19, 133–139. [CrossRef] [PubMed]

30. Schreurs, A.S.; Shirazi-Fard, Y.; Shahnazari, M.; Alwood, J.S.; Truong, T.A.; Tahimic, C.G.; Limoli, C.L.;
Turner, N.D.; Halloran, B.; Globus, R.K. Dried plum diet protects from bone loss caused by ionizing radiation.
Sci. Rep. 2016, 6, 21343. [CrossRef] [PubMed]

31. Hu, Y.; Hellweg, C.E.; Baumstark-Khan, C.; Reitz, G.; Lau, P. Cell cycle delay in murine pre-osteoblasts is
more pronounced after exposure to high-let compared to low-let radiation. Radiat. Environ. Biophys. 2014, 53,
73–81. [CrossRef] [PubMed]

32. Snyder, A.R.; Morgan, W.F. Gene expression profiling after irradiation: Clues to understanding acute and
persistent responses? Cancer Metastasis Rev. 2004, 23, 259–268. [CrossRef] [PubMed]

33. Tran, H.; Brunet, A.; Grenier, J.M.; Datta, S.R.; Fornace, A.J.; DiStefano, P.S.; Chiang, L.W.; Greenberg, M.E.
DNA repair pathway stimulated by the forkhead transcription factor foxo3a through the gadd45 protein.
Science 2002, 296, 530–534. [CrossRef] [PubMed]

34. Furukawa-Hibi, Y.; Yoshida-Araki, K.; Ohta, T.; Ikeda, K.; Motoyama, N. Foxo forkhead transcription factors
induce g(2)-m checkpoint in response to oxidative stress. J. Biol. Chem. 2002, 277, 26729–26732. [CrossRef]
[PubMed]

35. Bartell, S.M.; Kim, H.N.; Ambrogini, E.; Han, L.; Iyer, S.; Serra Ucer, S.; Rabinovitch, P.; Jilka, R.L.;
Weinstein, R.S.; Zhao, H.; et al. Foxo proteins restrain osteoclastogenesis and bone resorption by attenuating
h2o2 accumulation. Nat. Commun. 2014, 5, 3773. [CrossRef] [PubMed]

36. Gorrini, C.; Harris, I.S.; Mak, T.W. Modulation of oxidative stress as an anticancer strategy. Nat. Rev. Drug
Discov. 2013, 12, 931–947. [CrossRef] [PubMed]

37. Klotz, L.O.; Sanchez-Ramos, C.; Prieto-Arroyo, I.; Urbanek, P.; Steinbrenner, H.; Monsalve, M. Redox
regulation of foxo transcription factors. Redox. Biol. 2015, 6, 51–72. [CrossRef] [PubMed]

38. Hoogeboom, D.; Essers, M.A.; Polderman, P.E.; Voets, E.; Smits, L.M.; Burgering, B.M. Interaction of foxo
with beta-catenin inhibits beta-catenin/t cell factor activity. J. Biol. Chem. 2008, 283, 9224–9230. [CrossRef]
[PubMed]

39. Essers, M.A.; de Vries-Smits, L.M.; Barker, N.; Polderman, P.E.; Burgering, B.M.; Korswagen, H.C. Functional
interaction between beta-catenin and foxo in oxidative stress signaling. Science 2005, 308, 1181–1184.
[CrossRef] [PubMed]

40. Maiese, K.; Chong, Z.Z.; Shang, Y.C.; Hou, J. Rogue proliferation versus restorative protection: Where do
we draw the line for wnt and forkhead signaling? Expert Opin. Ther. Targets 2008, 12, 905–916. [CrossRef]
[PubMed]

26

Bo
ok
s

M
DP
I



Int. J. Mol. Sci. 2017, 18, 2117

41. Turner, R.T.; Iwaniec, U.T.; Wong, C.P.; Lindenmaier, L.B.; Wagner, L.A.; Branscum, A.J.; Menn, S.A.; Taylor, J.;
Zhang, Y.; Wu, H.; et al. Acute exposure to high dose gamma-radiation results in transient activation of bone
lining cells. Bone 2013, 57, 164–173. [CrossRef] [PubMed]

42. Green, D.E.; Adler, B.J.; Chan, M.E.; Rubin, C.T. Devastation of adult stem cell pools by irradiation precedes
collapse of trabecular bone quality and quantity. J. Bone Miner. Res. 2012, 27, 749. [CrossRef] [PubMed]

43. Cao, X.; Wu, X.; Frassica, D.; Yu, B.; Pang, L.; Xian, L.; Wan, M.; Lei, W.; Armour, M.; Tryggestad, E.; et al.
Irradiation induces bone injury by damaging bone marrow microenvironment for stem cells. Proc. Natl.
Acad. Sci. USA 2011, 108, 1609–1614. [CrossRef] [PubMed]

44. Alwood, J.S.; Yumoto, K.; Mojarrab, R.; Limoli, C.L.; Almeida, E.A.; Searby, N.D.; Globus, R.K. Heavy ion
irradiation and unloading effects on mouse lumbar vertebral microarchitecture, mechanical properties and
tissue stresses. Bone 2010, 47, 248–255. [CrossRef] [PubMed]

45. Cao, J.J.; Wronski, T.J.; Iwaniec, U.; Phleger, L.; Kurimoto, P.; Boudignon, B.; Halloran, B.P. Aging increases
stromal/osteoblastic cell-induced osteoclastogenesis and alters the osteoclast precursor pool in the mouse.
J. Bone Miner. Res. 2005, 20, 1659–1668. [CrossRef] [PubMed]

46. Alwood, J.S.; Kumar, A.; Tran, L.H.; Wang, A.; Limoli, C.L.; Globus, R.K. Low-dose, ionizing radiation and
age-related changes in skeletal microarchitecture. J. Aging Res. 2012, 2012, 481983. [CrossRef] [PubMed]

47. Oest, M.E.; Franken, V.; Kuchera, T.; Strauss, J.; Damron, T.A. Long-term loss of osteoclasts and unopposed
cortical mineral apposition following limited field irradiation. J. Orthop. Res. 2015, 33, 334–342. [CrossRef]
[PubMed]

48. Lloyd, S.A.; Bandstra, E.R.; Travis, N.D.; Nelson, G.A.; Bourland, J.D.; Pecaut, M.J.; Gridley, D.S.; Willey, J.S.;
Bateman, T.A. Spaceflight-relevant types of ionizing radiation and cortical bone: Potential let effect?
Adv. Space Res. 2008, 42, 1889–1897. [CrossRef] [PubMed]

49. Hada, M.; Zhang, Y.; Feiveson, A.; Cucinotta, F.A.; Wu, H. Association of inter- and intrachromosomal
exchanges with the distribution of low- and high-let radiation-induced breaks in chromosomes. Radiat. Res.
2011, 176, 25–37. [CrossRef] [PubMed]

50. Mariotti, L.G.; Bertolotti, A.; Ranza, E.; Babini, G.; Ottolenghi, A. Investigation of the mechanisms
underpinning il-6 cytokine release in bystander responses: The roles of radiation dose, radiation quality and
specific ros/rns scavengers. Int. J. Radiat. Biol. 2012, 88, 751–762. [CrossRef] [PubMed]

51. Werner, E.; Wang, Y.; Doetsch, P.W. A single exposure to low- or high-let radiation induces persistent genomic
damage in mouse epithelial cells in vitro and in lung tissue. Radiat. Res. 2017, 188, 373–380. [CrossRef]
[PubMed]

52. Kim, K.A.; Kook, S.H.; Song, J.H.; Lee, J.C. A phenolic acid phenethyl urea derivative protects against
irradiation-induced osteoblast damage by modulating intracellular redox state. J. Cell. Biochem. 2014, 115,
1877–1887. [PubMed]

53. Mi Choi, E.; Sik Suh, K.; Jung, W.W.; Young Park, S.; Ouk Chin, S.; Youl Rhee, S.; Kim Pak, Y.; Chon, S. Actein
alleviates 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated cellular dysfunction in osteoblastic mc3t3-e1 cells.
Environ. Toxicol. 2017. [CrossRef] [PubMed]

54. Mao, X.W.; Nishiyama, N.C.; Campbell-Beachler, M.; Gifford, P.; Haynes, K.E.; Gridley, D.S.; Pecaut, M.J.
Role of nadph oxidase as a mediator of oxidative damage in low-dose irradiated and hindlimb-unloaded
mice. Radiat. Res. 2017, 188, 392–399. [CrossRef] [PubMed]

55. Krause, A.R.; Speacht, T.L.; Zhang, Y.; Lang, C.H.; Donahue, H.J. Simulated space radiation sensitizes bone
but not muscle to the catabolic effects of mechanical unloading. PLoS ONE 2017, 12, e0182403. [CrossRef]
[PubMed]

56. Shahnazari, M.; Dwyer, D.; Chu, V.; Asuncion, F.; Stolina, M.; Ominsky, M.; Kostenuik, P.; Halloran, B. Bone
turnover markers in peripheral blood and marrow plasma reflect trabecular bone loss but not endocortical
expansion in aging mice. Bone 2012, 50, 628–637. [CrossRef] [PubMed]

57. Bouxsein, M.L.; Boyd, S.K.; Christiansen, B.A.; Guldberg, R.E.; Jepsen, K.J.; Muller, R. Guidelines for
assessment of bone microstructure in rodents using micro-computed tomography. J. Bone Miner. Res. 2010,
25, 1468–1486. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

27

Bo
ok
s

M
DP
I



 International Journal of 

Molecular Sciences

Article

Combined Effects of Simulated Microgravity and
Radiation Exposure on Osteoclast Cell Fusion

Srinivasan Shanmugarajan 1,2 , Ye Zhang 3, Maria Moreno-Villanueva 1,4, Ryan Clanton 5,

Larry H. Rohde 2, Govindarajan T. Ramesh 6, Jean D. Sibonga 1 and Honglu Wu 1,*

1 NASA Johnson Space Center, Houston, TX 77058, USA; srinimag@gmail.com (S.S.);
maria.moreno-villanueva@uni-konstanz.de (M.M.-V.); jean.sibonga-1@nasa.gov (J.D.S.)

2 Department of Biological and Environmental Sciences, University of Houston Clear Lake,
Houston, TX 77058, USA; Rohde@uhcl.edu

3 NASA Kennedy Space Center, Cape Canaveral, FL 32899, USA; ye.zhang-1@nasa.gov
4 Department of Biology, University of Konstanz, 78457 Konstanz, Germany
5 Department of Nuclear Engineering, Texas A & M University, College Station, TX 77843, USA;

rc1025@tamu.edu
6 Department of Biology, Norfolk State University, Norfolk, VA 23504, USA; gtramesh@nsu.edu
* Correspondence: honglu.wu-1@nasa.gov; Tel.: +281-483-6470; Fax: +281-483-3058

Received: 7 October 2017; Accepted: 15 November 2017; Published: 18 November 2017

Abstract: The loss of bone mass and alteration in bone physiology during space flight are one
of the major health risks for astronauts. Although the lack of weight bearing in microgravity is
considered a risk factor for bone loss and possible osteoporosis, organisms living in space are also
exposed to cosmic radiation and other environmental stress factors. As such, it is still unclear
as to whether and by how much radiation exposure contributes to bone loss during space travel,
and whether the effects of microgravity and radiation exposure are additive or synergistic. Bone is
continuously renewed through the resorption of old bone by osteoclast cells and the formation of
new bone by osteoblast cells. In this study, we investigated the combined effects of microgravity and
radiation by evaluating the maturation of a hematopoietic cell line to mature osteoclasts. RAW 264.7
monocyte/macrophage cells were cultured in rotating wall vessels that simulate microgravity on the
ground. Cells under static 1g or simulated microgravity were exposed to γ rays of varying doses,
and then cultured in receptor activator of nuclear factor-κB ligand (RANKL) for the formation of
osteoclast giant multinucleated cells (GMCs) and for gene expression analysis. Results of the study
showed that radiation alone at doses as low as 0.1 Gy may stimulate osteoclast cell fusion as assessed
by GMCs and the expression of signature genes such as tartrate resistant acid phosphatase (Trap) and
dendritic cell-specific transmembrane protein (Dcstamp). However, osteoclast cell fusion decreased
for doses greater than 0.5 Gy. In comparison to radiation exposure, simulated microgravity induced
higher levels of cell fusion, and the effects of these two environmental factors appeared additive.
Interestingly, the microgravity effect on osteoclast stimulatory transmembrane protein (Ocstamp) and
Dcstamp expressions was significantly higher than the radiation effect, suggesting that radiation may
not increase the synthesis of adhesion molecules as much as microgravity.

Keywords: microgravity; radiation; osteoclast

1. Introduction

All living organisms on Earth undergo physiological changes in response to the space
environment, microgravity in particular. In humans, spaceflight has resulted in complications such
as cardiovascular deconditioning, reduced immune functions, and unbalanced bone and mineral
turnover [1,2]. Of the health risks associated with space travel, alterations in the skeletal mass may be
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a risk factor for secondary osteoporosis [3,4]. Bone remodeling is a dynamic process with a balanced
removal of old bone by osteoclasts followed with new bone formation by osteoblasts. In terms of
osteoblasts, glucocorticoids are known inhibitors of osteoblast cell growth, and microgravity has been
shown to systemically increase cortisol levels in osteoblast cultures in space [5]. In space, microgravity
has been shown to promote osteoclast activities in vivo [6]. Enhanced differentiation of bone-resorbing
osteoclasts has also been reported using in vitro cell models and simulated microgravity on the
ground [7]. Such differentiations are associated with tumor necrosis factor-related apoptosis inducing
ligand (TRAIL) expressions. Despite numerous in vivo and in vitro studies attempting to explain
the bone loss phenomenon in space, a mechanism of these cellular changes has remained elusive [8].
Furthermore, the responses to microgravity in specific bone regions need to be investigated [9].

In addition to bone loss due to microgravity, cosmic radiation is another challenging factor in
the spaceflight environment, and radiation-induced bone loss in astronauts might be an additional
risk factor for osteoporosis. Space radiation consists of mostly high-energy protons and other heavier
charged particles of high linear energy transfer (LET) [10]. Ionizing radiation has been shown to
contribute significantly to bone homeostasis. For example, in women treated for a variety of pelvic
tumors, ionizing radiation increased the 5-year incidence of hip fracture by 65% [11]. In mice,
exposure to 2 Gy γ rays, protons, carbon, or iron radiation species caused a 30–40% loss of their
trabecular bone volume fractions [12]. Furthermore, exposures of mouse bones to X-rays resulted in
an increase in the osteoclast number and activity [11]. Irradiation of a single-limb in a murine model
induced local and paradoxically systemic bone loss [13]. Even though these are clinically relevant
doses, recent publications reported that spaceflight-relevant radiation doses also promote low bone
turnover and osteoclast activity [14].

Whether exposures to microgravity and space radiation simultaneously produce additive or
synergistic consequences has been investigated with a number of biological endpoints such as DNA
damage response [15]. With regard to bone loss, low doses of high-LET radiation, in conjunction
with partial-weight bearing, appeared to promote the induction of bone loss with an increase
in sclerostin-positive osteocytes and wnt-signaling [16]. In a mouse model looking at the tibia
bone surface, radiation caused a 46% increase in osteoclast number, hindlimb-unloading caused
a 47% increase in osteoclast number, and the combination of radiation and hind-limb unloading caused
a 64% increase in osteoclast number [17]. A possible mechanism of synergy between microgravity and
radiation is the fact that hindlimb unloading and radiation both cause increases in oxidative stress [17].
Although animal studies in both microgravity environment and with radiation exposure have given
selective evidence about changes in osteoclast functions, the fusion mechanism for the differentiation
to osteoclasts, as influenced by microgravity and/or radiation exposure in the space environment is
still poorly understood.

Osteoclasts are multinucleated giant cells formed by a group of mononuclear osteoclast
precursor cells fusing in a differentiation process [18]. These monocyte-macrophage cells fuse to form
multinucleated osteoclasts, which act upon bone surfaces for effective bone resorption. Cell fusion is
a complex progress that involves several genes. The dendritic cell-specific transmembrane protein
(DCSTAMP) and osteoclast stimulatory transmembrane protein (OCSTAMP) have been discovered as
fusogens for osteoclast differentiation [19–21]. Along with fusion, OCSTAMP appears to be necessary
for optimal bone resorption [20]. The connective tissue growth factor (CCN2/CTGF) protein is
a matricellular protein involved in intercellular signaling and plays an important role in skeletal
development [22]. CCN2/CTGF expression during osteoclastogenesis promotes osteoclast formation
via induction of and interaction with DCSTAMP [23]. Osteoclasts precursors differentiate into mature
multinucleated osteoclasts after stimulation with macrophage colony stimulating factor (M-CSF)
and receptor activator of nuclear factor-κB ligand (RANKL). RANKL is produced by bone marrow
stromal cells. Immune cells can bind to receptor activator of nuclear factor-κB (RANK) present
on the surface of osteoclast precursors and trigger cascade of downstream signaling for osteoclast
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function [24]. RANKL is also responsible for the formation of heterogeneous population of DCSTAMPlo

and DCSTAMPhi, which allow for the fusion process to occur between multinucleated cells [19].
Our present study made use of the RAW 264.7 murine cell line, which is a pure

macrophage/monocytic and has a pre-OC population. The cells can develop into highly
bone-resorptive osteoclasts upon RANKL stimulation [25,26]. Microgravity on the ground was
simulated by culturing the cells in rotating wall vessels (RWV) [27]. This microgravity-modeled
system has been used for several cell types and the studies performed have revealed strikingly similar
results to those obtained during spaceflight [28]. A Cs-137 γ source was used to deliver radiation to
the cells.

This study was aimed specifically at investigating the combined effects of microgravity and
radiation exposure on osteoclast fusion.

2. Results

2.1. Cell Growth

The number of cells/mL was determined after allowing 5-day cell culture with an initial
concentration of 3 × 103 cells/mL. The cell concentration decreased significantly (one-way ANOVA:
p = 0.0091 for radiation only and p = 0.0027 for microgravity and radiation conditions) as radiation dose
increased. Furthermore, the assessed cell concentration was significantly (two way ANOVA: p < 0.0001)
lower (0.7–1.0 × 104 cells/mL) when cells were previously incubated in simulated microgravity,
indicating that microgravity itself negatively affected cell growth (Figure 1). Although cells grew slower
after 1 Gy, the cell concentration reached 2.1 × 104 cells/mL, which was 65.6% of the non-radiated cells.

Figure 1. Concentration of RAW264.7 cells after exposure to different radiation doses. The number of
cells decreased with increasing radiation doses. Cells previously cultured under simulated microgravity
grew significantly slower (two-way ANOVA: p < 0.0001). Error bars mean standard deviation
(SD) from three replicates. One-way ANOVA: p = 0.0038 for radiation only and p = 0.0026 for
radiation + microgravity. Stars mean Dunnett’s multiple comparison test: * p < 0.05 and ** p < 0.01,
compared to the corresponding control.

2.2. Simulated Microgravity Increases Osteoclast Fusion

RAW 264.7 monocyte/macrophage cells were cultured in RWV or in static condition, and then
treated with or without differentiation factor RANKL (25 or 50 ng/mL) for 5 days for the osteoclast
fusion index. As shown in Figure 2, RANKL is needed for the multinucleated cell (MNC) formation.
Although RANKL of 25 and 50 ng/mL induced similar numbers of MNCs containing 3–9 nuclei,
the higher concentration apparently promoted more GMCs (Figure 2). For both concentrations, cells in
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the RWV culture condition demonstrated a significant three-fold increase (two-way ANOVA: p < 0.0001)
in GMCs having 10 or more nuclei when compared to static cells. Furthermore, daily observation of the
cells indicated that cell fusion in simulated microgravity started from 24 h of the culture, whereas in
the static cells multinucleation began on Day 3. Our data support previous reports that microgravity
stimulates increased osteoclast differentiation [26,29]. For studies of the combined radiation and
microgravity effects, a RANKL concentration of 50 ng/mL was used.

Figure 2. RANKL-dependent multinucleated cells formation under static and simulate microgravity.
multinucleated cells (MNCs) with ≥10 nuclei significantly increases in microgravity compared to static
condition (two-way ANOVA: p < 0.0001). The number of MNCs containing ≥10 nuclei increased
significantly with increasing RANKL concentration in both static (one-way ANOVA: p = 0.0002) and
microgravity (one-way ANOVA: p = 0.0001) conditions. Stars mean statistical significance compared to
the corresponding control using Dunnett´s multiple comparison test (*** p < 0.005).

2.3. Radiation Exposure Increases Osteoclast Fusion

Without simulated microgravity culture, radiation alone increased osteoclast differentiation.
As shown in Figure 3, γ rays of 0.1, 0.5, and 1.0 Gy had little impact on the number of MNCs containing
3–9 nuclei. However, the number of GMCs increased significantly even for doses as low as 0.1 Gy,
The GMC number appeared to peak at doses of around 0.5 Gy and decreased at doses of 1 Gy.

Figure 3. Induction of osteoclast fusion after radiation exposure static (blue bars) and under
microgravity (red bars). 0.1 Gy and 0.5 Gy radiation significantly (* p < 0.05 t-test compared to 0 Gy)
stimulated osteoclast fusion, but not 1 Gy. The number of multinucleated cells containing ≥10 nuclei
increased significantly in radiation + simulated microgravity conditions compared with radiation alone
(two-way ANOVA: p = 0.0001). Error bars mean SD from three independent experiments.
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2.4. Effects of Combined Radiation Exposure and Simulated Microgravity

In RAW 264.7 cells cultured in simulated microgravity, radiation exposure had little impact on
the number of MNCs containing 3–9 nuclei, similar to static culture controls (Figure 3). The number
of GMCs, however, were higher in RWV cells in comparison to the static culture controls, for both
the irradiated cells and non-irradiated controls. The GMC number after combined radiation and
microgravity exposures also peaked at doses of around 0.1–0.5 Gy.

2.5. Osteoclast Fusion Genes Up-Regulated in Microgravity

RNAs collected 5 days after osteoclast culture were analyzed for Trap, Dcstamp, Ocstamp,
and CGTF fusion gene expressions. Simulated microgravity alone increased the Trap gene expression
in comparison to the static controls (Figure 4), in agreement with previous reports [26]. Radiation alone
also activated Trap expressions, even at doses of 0.1 Gy, which is consistent with the GMC formation in
the present study. The expression level of Trap was higher in cells after combined exposures to radiation
and simulated microgravity in comparison to the cells exposed to radiation alone. Trap expressions
peaked around 0.1–0.5 Gy for both gravity culture conditions.

Similarly, simulated microgravity alone demonstrated increased Dcstamp and Ocstamp fusion
gene expressions (Figure 4). Radiation alone also upregulated the expression of both genes in a dose
dependent manner similar to Trap expressions. However, expressions after combined exposure to
microgravity and radiation showed that the contribution from microgravity was significantly greater
than radiation, particularly for Ocstamp. Simulated microgravity and/or radiation exposure had little
impact on CCN2/CTGF expression levels (Figure 4).

Figure 4. Expression of Trap, Ocstamp, Dcstamp, and Ctgf genes in response to different doses of gamma
irradiation under the static (blue bars) and simulated microgravity (red bars) conditions. The increase
in gene expression peaked at doses of 0.1–0.5 Gy. For all genes, except for Ctgf, expression was
significantly higher in radiation + microgravity compared to radiation alone (two-way ANOVA of
triplicates per each condition and dose; p = 0.0001).
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3. Discussion

Microgravity and cosmic radiation are two of the most recognized environmental stress factors
experienced during space travel. Microgravity is known to cause bone loss, but whether and how
space radiation contributes to the potentially deleterious effects is still unclear. Loss of bone volume
has been reported for low-LET radiation at doses of 1 Gy or above [30,31], and for high-LET radiation
at doses below 1 Gy [16,32]. X-rays [33] and γ rays [34] have also been reported to increase osteoclast
numbers in animals.

In this study, we investigated the formation of multinucleated osteoclast cells after γ irradiation at
a range of doses between 0.1 and 1 Gy in RAW 264.7 cells. Analysis of survival of the cells indicated a
typical dose response, consistent with the reported study showing that these cells are radiosensitive [35].
The cell concentration after 1 Gy γ irradiation was about 60% of the non-irradiated samples after a
5-day culture. However, correcting the number of quantified GMCs for radiation-induced decreased
cell growth did not changed the output significantly, suggesting that the results presented were not
primarily due to the cell killing effects (Figure 1). The dose response for the formation of MNCs
was interesting. Radiation alone apparently stimulated MNC formation at doses as low as 0.1 Gy,
particularly for GMCs that are relevant to bone resorption. GMC formation peaked at doses around
0.5 Gy and decreased for higher doses (Figure 2). The morphological data are consistent with the gene
expressions for Trap, Ocstamp and Dcstamp, as shown in Figure 4. It should be noted that the window of
doses for enhancement of MNCs between 0.1–0.5 Gy is relevant to space radiation exposures. In RAW
264.7 cells, γ rays have also been shown to promote osteoclast function, but at a dose of 2 Gy [36].

While the formation of MNCs under simulated microgravity for RAW 264.7 cells have been
reported previously [7,26], our study was the first to investigate the combined effects of microgravity
and radiation for this cell type. The present study confirmed that simulated microgravity alone
stimulated the formation of MNCs, but the level of MNCs depended apparently on the concentration
of RANKL (Figure 1) and the duration of osteoclast culture [26]. Osteoclasts in the present
study were quantified by GMCs containing 10 or more nuclei. At 50 ng/mL concentration of
RANKL, simulated microgravity alone would double the number of GMCs over the background
(Figures 1 and 3). With combined exposure to radiation and microgravity, the number of GMCs
increased as the dose of ionizing radiation increased, reaching a peak for doses around 0.1–0.5 Gy
and decreased as the dose increased further beyond 0.5 Gy (Figure 3). Bone loss under partial weight
bearing is another area of research interest [37,38] but is not addressed in the present study.

One of the fundamental questions in space biology research is whether the combined biological
effects of microgravity and exposure to cosmic radiation are synergistic. While studies addressing
this question have been carried out for half a century in space or using simulated microgravity on the
ground, the reported results have been conflicting, at least for DNA damage response endpoints [15,39].
With regard to bone loss, the combined effects have been reported in studies using mostly rodents
with hindlimbs elevated to simulate the effects of skeletal unloading (HU) while being exposed to
radiation [1,16,30,32,40,41]. Some of these studies reported the radio-sensitizing effects of hindlimb
unloading in some, but not all bones. To determine possible synergism for MNC formation, we present,
in Figure 5, the number of GMCs by radiation alone, and combined radiation and microgravity,
against the predicted number based on the additive effects. It is shown that microgravity alone induced
about 52(=94 − 42) GMCs per dish in comparison to the background (Figure 5, 0 Gy). The predicted
number based on additive effects (gray bar in Figure 5) was then the sum of this number and the
number of GMCs for irradiated cells. For all three doses of 0.1, 0.5, and 1 Gy, the GMC number in cells
after combined exposure to microgravity and radiation agreed well with the prediction, suggesting that
the effects of these two factors were additive. It is interesting to note that microgravity enhanced
GMCs (~52 MNCs/dish) at levels that are more than that of radiation-enhanced (~33 MNCs/dish),
even at the peak radiation dose of 0.1 or 0.5 Gy, suggesting that microgravity would contribute more
to osteoclast differentiation than radiation in the presence of these two factors in space.
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Figure 5. Osteoclast fusion prediction. Blue and red bars represent MNCs containing ≥10 nuclei
analyzed in Figure 3 for radiation alone and combined radiation and microgravity exposures,
respectively. Microgravity alone induced about 52 GMCs (=94 − 42) per dish in comparison to
the background (0 Gy). The predicted number based on additive effects of radiation and microgravity
(gray bars) is then the sum of this number and the number of GMCs after irradiation alone. For all three
doses of 0.1, 0.5, and 1 Gy, the combined effects (red bars) agreed well with the prediction calculated
based on the additive effects (gray bars).

In the present study, we assessed the expression of key genes involved in osteoclasts differentiation.
No significant dysregulation of the Ctfg gene was observed, either for radiation alone or combined
with simulated microgravity (Figure 4). Expressions of Dcstamp and Ocstamp peaked for doses of
0.1–0.5 Gy, but the fold changes for radiation alone were significantly lower than changes caused by
microgravity (Figure 4). Such differences were particularly pronounced for Ocstamp. Expressions of
Ocstamp and Dcstamp under simulated microgravity alone have been reported previously [7,26,42].
However, the observation that the microgravity effect on Ocstamp and Dcstamp expression is higher
than the radiation effect suggests that radiation might not increase the synthesis of adhesion molecules
as much as microgravity, and this could explain the lower number of GMCs formed after radiation
when compared to microgravity. However, the protein levels and functionality of Ocstamp and Dcstamp
need to be addressed in order to enforce these findings. Furthermore, we also analyzed expressions
of Trap. TRAP is expressed in osteoclasts and is able to degrade skeletal phosphoproteins including
osteopontin (OPN) [43]; therefore, TRAP has been associated with bone resorption [44]. In the present
study, TRAP expression was induced by radiation, microgravity, and the combination of both (Figure 4).
However, in contrast to Ocstamp and Dcstamp, upregulation of TRAP was higher in irradiated cells
than in cells exposed to microgravity. Thus, it might be the case that radiation predominantly affects
bone resorption while microgravity affects the formation of GMCs.

4. Materials and Methods

4.1. Cell Culture in Simulated Microgravity and γ Irradiation

RAW 264.7 murine macrophage cells were purchased from American Type Culture Collection
(Manassas, VA, USA) and maintained in static condition with Delbecco’s Modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA) in a humidified incubator at 37 ◦C with 5% CO2. NASA-developed ground-based rotating wall
vessels (RWVs) were used to simulate the microgravity (μg) conditions. A Cs-137 γ source at NASA
Johnson Space Center was used to deliver radiation of varying doses. Figure 6 shows the experimental
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timeline. RAW 264.7 cells suspended in complete media were cultured in rotation at 20 rpm or in a
static condition for 48 h in a humidified incubator at 37 ◦C with 5% CO2. The cells were then removed
from the incubator, and exposed to γ rays at doses of 0.1, 0.5, or 1 Gy. After irradiation, the cells were
cultured for the formation of multinucleated osteoclasts. This study focused on doses of 1 Gy or lower
that are relevant to space radiation exposure.

Figure 6. Timeline of the experiment. RAW 264.7 cells were cultured in static or under simulated
microgravity for 48 h before exposed to varying doses of γ rays. Cells were then cultured in the presence
of RANKL for 5 days for quantification of osteoclast differentiation and for gene expression analysis.

4.2. Cell Concentration and Viability

To determine viability of the cells after radiation exposure, irradiated and non-irradiated RAW
264.7 cells were seeded in the wells of 96-well plates at the density of 3 × 103 cells/mL. Cells were then
incubated in a 37 ◦C for 5 days in DMEM supplemented with 10% FBS and 1% L-glutamine. At the
end of the 5-day culture period, the number of cells in a well was measured with a Coulter counter.
Viability of irradiated cells with prior culture in simulated microgravity was also analyzed.

4.3. Osteoclast Culture

RAW 264.7 cells were cultured under static or stimulated microgravity conditions, and then
exposed to different doses of γ rays. After exposure, cells previously cultured under different gravity
conditions were further incubated under a static condition in the presence of RANKL (50 ng/mL)
and M-CSF (10 ng/mL) (R & D Systems, Minneapolis, MN, USA) in order to stimulate osteoclast
differentiation. After 5 days, cells were fixed and stained for tartrate resistant acid phosphatase (TRAP)
activities using an Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma, St Luis, MO, USA). TRAP positive
multinucleated osteoclasts were scored with a Zeiss microscope. Figure 7 shows the examples of TRAP
positive multinucleated cells (MNCs). To quantify osteoclast differentiation, MNCs were grouped by
the number of nuclei in a cell. Giant multinucleated cells (GMCs) were classified by those containing
10 or more nuclei [45].

 

Figure 7. Multinucleated osteoclasts (pointed by arrows) formed in cells after a 5-day osteoclast
culture in RANKL. Cells were maintained in static conditions or under simulated microgravity for 48 h
immediately prior to osteoclast culture.
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For the induction of MNCs, non-irradiated RAW 264.7 cells were incubated under static or rotating
conditions with two different concentrations of RANKL: 25 ng/mL and 50 ng/mL.

4.4. Real-Time Polymerase Chain Reaction (RT-PCR) Analysis

At the end of 5 days of osteoclast culture, total RNA was isolated from cells previously
cultured under the static or simulated microgravity conditions, with or without radiation
exposure. Total RNA was reverse transcribed using random hexamers and Moloney murine
leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The resulting cDNAs
were then subject to quantitative real-time reverse transcription polymerase chain reaction
using specific primers for DCSTAMP, OCSTAMP, CCN2/CTGF, and TRAP as osteoclast
markers. Relative levels of gene expressions were normalized in all the samples analyzed
with respect to the levels of GAPDH amplification. Primers were designed and ordered
from Invitrogen (Carlsbad, CA, USA), and the sequences were as follows: TRAP 5′-CGAC
CATTGT TAGCCACATACG-3′ (sense) and 5′-TCGTCCTGAAGATACTGCAGGTT-3′ (anti-sense);
CCN2/CTGF 5′-CCA CCCGAGTTACCAATGAC-3′ (sense) and 5′-GTGCAGCCAGAAAGCTCA-3′

(anti-sense); DCSTAMP 5′-CTAGCTGGCTGGACTTCATCC-3′ (sense) and 5′-TCATGCTGTCTAGG
AGACCTC-3′ (anti-sense); GAPDH 5′-GCCAAA AGGGTCATCATCTC-3′ (sense) and 5′-GTCTTC
TGGGTGGCAGTGAT-3′ (anti-sense); OCSTAMP 5′-GGCAGCCACGGAACAC-3′ (sense) and
5′-GCAGGGGGTCCCAAAG-3′ (anti-sense). RT-PCR analysis were performed at 94 ◦C for 4 min,
followed by 35 cycles of amplification at 94 ◦C for 30 s, 58 ◦C for 1 min, 72 ◦C for 2 min, and 72 ◦C for
10 min as the final elongation step.

4.5. Statistical Analysis

The experiments were performed three times independently. In each of the experiments,
cells were cultured in three RWV or dishes for each of the gravity and radiation dose conditions.
Significant differences were analyzed by one-way ANOVA for comparing effects within one group
and two-way ANOVA for comparing two groups. We used Prism version 6 as statistical software
(GraphPad Software, La Jolla, CA, USA). For analyzing the effect of radiation on osteoclast fusion
(Figure 3), a t-test was applied comparing each dose with 0 Gy.
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Abstract: The space special environment mainly includes microgravity, radiation, vacuum and
extreme temperature, which seriously threatens an astronaut’s health. Bone loss is one of the
most significant alterations in mammalians after long-duration habitation in space. In this review,
we summarize the crucial roles of major factors—namely radiation and microgravity—in space
in oxidative stress generation in living organisms, and the inhibitory effect of oxidative stress
on bone formation. We discussed the possible mechanisms of oxidative stress-induced skeletal
involution, and listed some countermeasures that have therapeutic potentials for bone loss via
oxidative stress antagonism. Future research for better understanding the oxidative stress caused by
space environment and the development of countermeasures against oxidative damage accordingly
may facilitate human beings to live more safely in space and explore deeper into the universe.

Keywords: oxidative stress; bone loss; microgravity; radiation; countermeasure

1. Introduction

After the Moon landing in 1969, humankind never stop exploring the universe. For example,
Shenzhou programs and the International Space Station (ISS) that are orbiting around the Earth recruit
crew members continuously [1,2], and several research programs have been launched towards the
Moon [3,4]. Even the Mars journey has been gradually industrialized [5,6]. We are standing in the space
age now. Although space traveling sounds fascinating, it can cause dramatic changes of the human
body, especially long-term spaceflights. More and more evidence proves that the space environment
negatively affects human physiological functions with the extension of space stays. Gravitational
unloading due to microgravity and cosmetic rays are conditions experienced by astronauts during
space flight. The medical examinations conducted before, during and after spaceflight have revealed
several health issues for space travelers, e.g., cardiovascular dysfunction, disruption in nervous system,
and reduced immune function [7–11]. Bone loss induced by microgravity is also a well-documented
alteration in astronauts [12–14]. It happens especially on weight-bearing bones and needs a very long
duration to recover after returning to earth [15]. In the absence of countermeasures, this change can
impact the performance and safety of crew members severely during extravehicular activities, and
putting them at high risk of fracture [16]. Bone loss is one of the major obstacles to space exploration
for human beings now.

Nowadays, researchers make great efforts to catch the mechanisms hidden behind the
physiological alterations of bone during spaceflight and to develop countermeasures accordingly.
Russian investigators found reductions in some blood antioxidants and increased lipid peroxidation in
human after long-term space flight [17,18]. Urinary excretion of 8-iso-prostaglandin F2α and 8-oxo-7,8
dihydro-2 deoxyguanosine, which are markers of oxidative damage to lipids and DNA respectively,
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increased during and after long-duration space flight (90 to 180 days) [19]. It means that the balance
between oxidant production and antioxidant defenses has been disturbed, and the excessive oxidants
may attack DNA and membrane lipids resulting in oxidative damage. The pro-oxidative conditions
caused by space environment may contribute to the bone alterations after long space habitation.

In this review, we summarized the oxidative effect to bone caused by microgravity and
radiation, and expounded the relationship between oxidative stress and bone formation. The possible
mechanisms will be discussed as well. Some prevention countermeasures of bone loss against oxidative
injuries will be included too. This manuscript will help to capture the latest research progresses and
inspire the possible direction of future studies.

2. Effects of Oxidative Stress on Bone Formation

The redox balance in the human body is maintained delicately, with the balance slightly inclined
to oxidants [20]. Reactive oxygen species (ROS) are generated as normal by-products of aerobic
metabolism, usually by leakage from the electron transport chain during oxidative phosphorylation in
mitochondria [20,21]. The major forms of ROS include the superoxide anions (O2

−, hydrogen peroxide
(H2O2) and free radicals such as hydroxyl radicals (OH·). ROS at lower concentrations serve as
signaling molecules to activate specific physiologic pathways that control several life processes [22,23].
Meanwhile, elevated levels of ROS can damage proteins, lipids, and DNA, eventually trigger oxidative
stress and leading to cell death [24,25]. Oxidative damage to bio-macromolecule has been proved in
the etiology of a wide variety of acute and chronic diseases, including osteoporosis [26].

It is reported that the increased level of ROS had opposite effects on osteoblast and osteoclast
cells. ROS inhibits osteoblast function. It is believed that the increased level of ROS in osteoblast
is one critical element of the pathophysiology of bone loss [27–30]. Almeida et al. reported
that ROS inhibited osteoblast differentiation and promoted apoptosis [31–33]. ROS achieve this
function by activating a small family of transcription factors known as Forkhead box O (FoxO),
which contains four members: FoxO1, FoxO3a, FoxO4, and FoxO6 [34]. FoxOs defense ROS by
up-regulating free radical scavenging enzymes such as Catalase, manganese superoxide dismutase
(Mn-SOD), and glutathione peroxidase-1 (GPx-1) [35]. Importantly, FoxO-mediated transcription
requires the binding of β-catenin that is also essential companion for T-cell factor (Tcf) family of
transcription factors [36,37]. Without Tcf transcriptional activities, the downstream effects of the
Wnt/β-catenin pathway cannot be conducted [37,38]. Thus, by competitive binding to β-catenin,
FoxOs antagonizes Wnt/Tcf-mediated transcription after being activated by ROS (Scheme 1) [39].
Regarding the importance of Wnt/β-catenin/Tcf to bone formation, the attenuation of this pathway
will inevitably lead to decreased osteogenesis [40]. Several researchers indicated that conditional
deletion of FoxOs (FoxO1, FoxO3, FoxO4) in mice osteoblast resulted in a decrease in the number of
osteoblasts, the rate of bone formation and bone mass but an increase of osteoblast apoptosis and
oxidative stress in bone [41,42].

On the contrary, ROS play crucial roles in osteoclast differentiation and function. By increasing
receptor activator of nuclear factor-kappa B ligand (RANKL) production and activating
ERK/NF-κB/TNF/interleukin 6, ROS inhibit osteoclast apoptosis and promote osteoclastogenesis [29].
In addition, it is reported that RANKL could suppress the transcriptional activity of FoxOs, loss FoxOs’
transcription factor function promoted osteoclast differentiation and survival, because intracellular
H2O2 accumulation is pivotal for osteoclastogenesis and bone resorption [43]. Therefore, FoxOs are
crucial regulators of both osteoblast and osteoclast physiology, and direct mechanistic links between
oxidative stress and skeletal involution.

Another oxidative stress-related pathway includes Nrf2/HO-1, which also can adjust cellular ROS
via a switch on gene transcription of several antioxidative enzymes such as SOD, Catalase, GPx, etc. [44].
Mitochondrial dynamics [45], endoplasmic reticulum stress pathway [46], and autophagy [47] are also
participated in the bone loss induced by oxidative stress.
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Scheme 1. The scheme of possible mechanism of space environment-induced bone loss: the increment
of ROS caused by Space environment antagonizes the skeletal effects of Wnt/β-catenin/Tcf by diverting
β-catenin from Tcf—to FoxOs-mediated transcription. LRP: LDL receptor-related proteins.

3. Microgravity Increases Oxidative Stress in Bone System

Microgravity conditions in space cause an imbalance between bone formation and
resorption [48–51]. The average rate of aBMD loss is 1–1.5% per month evaluated by dual-energy
X-ray absorptionmetry (DXA) scans from preflight and postflight [52]. Bone loss under microgravity
conditions is relevant to oxidative injury. Microgravity is considered to increase free radical formation
and causes oxidative stress [53–56]. Findings either from the real spaceflight missions or ground-based
models (head-down bed rest model and hind-limb unloading rodents) all demonstrated elevated
oxidative damage markers and attenuated total antioxidant capacity [53,57,58]. Hind-limb unloading
(HLU) rodents, rotary wall vessel bioreactor (RWVB) and Random Positioning Machines (RPMs) are
commonly used microgravity models in vivo and in vitro. Xin et al. and Sun et al. both observed
that malondialdehyde levels (oxidant marker) were raised but total sulfhydryl content (anti-oxidant
marker) descended in femurs of HLU Sprague-Dawley (SD) rats [59,60]. MC3T3-E1 cells that were
exposed to RWVB had higher cellular ROS levels but lower differential abilities [59,60]. On the contrary,
RWVB treatment-induced ROS generation facilitated osteoclastogenesis of RAW264.7 cells [59,60].
Their findings illustrated that the generation of ROS increased in response to microgravity. The excessive
ROS destroyed normal function of osteoblasts but enhanced the osteoclasts’ capabilities, which lead to
insufficient bone formation and massive bone absorption.

It is believed that the oxidative damage caused by the space environment is related to insufficient
nutrition intake and disturbed iron metabolism as well [54,55]. By analyzing blood and urine samples
from 23 crew members who participated in missions lasting 50 to 247 days on the ISS, Zwart et al.
found serum ferritin was positively correlated with 8-hydroxy-2′-deoxyguanosine (r = 0.53, p < 0.001)
and prostaglandin F2α (r = 0.26, p < 0.001), which are oxidative damage makers [55]. In addition, they
revealed that greater amount of ferritin during flight is accompanied by greater loss in bone mineral
density in the total hip (p = 0.031), trochanter (p = 0.006), hip neck (p = 0.044), and (p = 0.049) after
flight [55]. Their research inspired us that microgravity-induced bone loss may be associated with
oxidative stress caused by increased iron store.

Besides iron metabolism, the downregulation of anti-oxidative enzymes like Mn-SOD are also key
reasons for oxidative stress-induced bone loss in response to microgravity [61–63]. The deficiency of
anti-oxidative enzymes can cause distinct weakness in bone and bone fragility [64], and dysfunctional
oxidative defense system will exacerbate bone loss via suppressed osteoblastic abilities during
mechanical unloading [65].
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In brief, microgravity affects oxidative status of bone in many aspects. Mechanical
unloading-induced bone loss is closely associated with increased ROS level in different types of
bone cell in response to microgravity. Through disturbing oxidative-antioxidative defense systems,
microgravity breaks the equilibrium between bone formation and bone absorption leading to
skeletal fragility.

4. Radiation Induces Oxidative Stress in Bone System

In addition to microgravity, cosmic radiation is another predominant feature of the space
environment, and it is a strong incentive to oxidative stress [66–69]. To date, direct research in
spaceflight about the connection between oxidative stress caused by radiation and bone involution
is rare. However, some ground-based study suggested the inhibitory effect of radiation to bone
formation. Irradiation suppressed bone-like nodule formation, alkaline phosphatase (ALP) activity
and expression of osteoblast markers in MC3T3-E1 cells [70]. Meanwhile, the depletion of antioxidant
defense enzymes and accumulation of cellular ROS were observed [70]. A similar phenomenon was
also exhibited in bone marrow-derived skeletal cell progenitors after a single dose (1–5 Gy) irradiation
(137Cs Gy/min) exposure [71]. In an HLU mouse model, total body gamma irradiation (1 or 2 Gy
of 137Cs) to C57BL/6 mice decreased cancellous bone volume fractions in the proximal tibiae and
lumbar vertebrae significantly, but increased osteoclast surface 47% in the tibiae [72]. Irradiation
to total body also stimulated generation of ROS in marrow cells and promoted cell apoptosis [72].
These results inferred that irradiation may cause oxidative stress and inhibit the osteoblasts’ growth
and differentiation, but encourage bone absorption. Thus, cosmic radiation may affect critical bone cell
functions by stimulating production of ROS, and its suppressive effect to osteoblast involved oxidative
stress-mediated activation of Nrf2/HO-1 pathway [70].

5. Countermeasures against Bone Loss Caused by Oxidative Stress in Spaceflight

The development of effective countermeasures against oxidative damage in bone during long-term
spaceflight is essential. Expanded investments in ground-based or in-flight studies revealed some
approaches for antagonism of oxidative stress triggered by microgravity and cosmic radiation.

Adequate intake of antioxidant vitamins (e.g., vitamins C and E and carotenoids) can reduce
oxidative damages in bones [73,74]. Some research indicated drinking of hydrogen water could relieve
microgravity-induced reduction of bone mineral density and augmentation of malondialdehyde in
bone tissue [60]. In addition, consuming a diet that provides other naturally occurring antioxidants,
such as carotenoids and flavonoids is also effective to reverse microgravity-induced skeletal involution.
For example, curcumin, a phenolic natural product isolated from the rhizome of Curcuma Longa
(turmeric), could attenuate HLU-induced bone loss by suppressing oxidative stress [59].

Some natural products have exhibited skeletal benefits against oxidative stress. Tanshinol,
extracted from Salvia miltiorrhiza Bunge, rescued the decrease of osteoblastic differentiation
via down-regulation of FoxO3a signaling and upregulation of Wnt signal under oxidative
stress [75]. Some extracts from teas also have osteogenic benefits against oxidative stress [76,77].
Other antioxidants, e.g., α-lipoic acid and N-acetyl cysteine, could restore the changes induced by
oxidative stress in bone as well [70,72]. Although these data are not from ground-based models
or in-flight studies, they can still enlighten the development of countermeasures against bone loss
induced by oxidative stress during space flight.

Humans are embarking on the adjustment of diet in long-duration space flight. It seems that intake
of rich antioxidants will prevent oxidative damage caused by space environment. With the progress of
research, certain medical approaches will be created and we will conquer oxidative stress-induced
bone loss eventually.
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6. Conclusions and Perspectives

Space is a stressful environment. Microgravity and cosmic rays are main adverse factors
challenging the survival of organisms. The oxidative stress triggered by spaceflight causes a variety
of damages to the human body including skeletal involution. In this review, we summarized the
stimulation of oxidative stress by radiation and microgravity in space, and its inhibitory effect on bone
formation. We discussed the possible mechanisms of oxidative injury induced by space environment to
the bone system. Presently, it is mainly believed that the attributed factors include inadequate nutrition
intake, increased iron store, and an impaired oxidative defense system. Some countermeasures
that have therapeutic potentials for bone loss via oxidative stress antagonism are also mentioned in
this manuscript.

Although some progress has been made, the mechanisms of oxidative injuries induced by space
habitation are not fully understood. For example, how is gravity sensed and transduced in the bone
system and how does it cause the elevation of ROS correspondingly? How do ROS cause bone
loss under the special space environment? Further steps need to be taken to thoroughly clarify the
whole predisposing process of oxidative stress in space flight and mechanotransduction of gravity,
and to develop countermeasures accordingly. It is understandable that resources are limited for
spaceflight itself, because the crew time and sample return are restricted and the subject pools are
small. Therefore, some ground-based models can be used as vital experimental platforms that allow
researchers to examine the effects of the special space environment on bone system. To date, researchers
suggest the potential application of antioxidants as a useful dietary source in astronauts’ lifestyles.
Perhaps it is one solution for oxidative injury during long-term space habitation. The development of
countermeasures against oxidative damage will facilitate human beings residing longer in space and
truly entering the space era.
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Abstract: Spaceflight entails exposure to numerous environmental challenges with the potential
to contribute to both musculoskeletal and vascular dysfunction. The purpose of this review is to
describe current understanding of microgravity and radiation impacts on the mammalian skeleton
and associated vasculature at the level of the whole organism. Recent experiments from spaceflight
and ground-based models have provided fresh insights into how these environmental stresses
influence mechanisms that are related to redox signaling, oxidative stress, and tissue dysfunction.
Emerging mechanistic knowledge on cellular defenses to radiation and other environmental
stressors, including microgravity, are useful for both screening and developing interventions against
spaceflight-induced deficits in bone and vascular function.
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1. The Spaceflight Environment and Its Impact on Skeletal and Vascular Health

Microgravity and radiation are two unique elements of the spaceflight environment that pose
challenges to the health of an organism. Microgravity leads to a cephalad fluid shift and profound
reductions in mechanical loading of bone and muscle. Spaceflight causes perturbations in calcium
homeostasis and site-specific reductions in bone mass (osteopenia), and thus may pose long-term
risks for skeletal health and tissue repair [1–4]. In rodent models of weightlessness such as hindlimb
unloading (HU), the onset of osteopenia correlates with reductions in skeletal perfusion, vascular
density (rarefication), and vasodilation responses similar to that observed in aging [5–7]. These are
serious risks for long-duration, exploration-class missions when astronauts will face the challenges of
increased exposure to space radiation and abrupt transitions between different gravitational states
upon return to Earth.

Beyond the Earth’s protective magnetosphere, astronauts will be exposed to a complex
combination of ionizing radiation from galactic cosmic radiation (GCR) and intermittent solar particle
events (SPEs). GCR is comprised of α particles, protons and a small percentage of high-charge and
high-energy (HZE) nuclei while SPEs generate highly energetic protons and heavy ions. HZE particles
are of particular concern during exploration-class missions [8] (reviewed in [9]). HZE easily penetrate
spacecraft shielding and biological tissue, deposit very large amounts of energy along linear tracks
(high linear energy transfer, high LET) that cause DNA strand breakage, and generate secondary
radiations that may have additional detrimental biological effects [10–14]. Other responses to ionizing
radiation include oxidative stress, damage to proteins, lipids, and DNA, adversely affecting functions
of membranes, the extracellular matrix, cell cycle and survival [15–17].
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2. Oxidative Stress and Its Link to Spaceflight-Induced Tissue Dysfunction

2.1. Oxidative Damage Associated with Spaceflight and Its Analogs

2.1.1. Evidence from Spaceflight

Spaceflight and the return to Earth may lead to oxidative damage in blood and various
tissues as a result of excessive reactive oxygen species/reactive nitrogen species (ROS/RNS) in
both humans and animals [18–23]. Collectively, a number of studies indicate that various tissues
undergo altered redox status during and/or after spaceflight. Urinary excretion of the oxidative
damage markers, 8-iso-prostaglandin F2α (8-iso-PGF2α) and 8-hydroxydeoxyguanosine (8-OHdG)
were measured in-flight (88 to 186 days in orbit) and post-flight (up to 14 days) in Mir mission
crew [19]. The isoprostane, 8-iso-PGF2α, is a marker for oxidative damage to membrane lipids and
is produced by the peroxidation of arachidonic acid in membrane phospholipids while 8-OHdG is
an oxidized derivative of the nucleoside, deoxyguanosine, and is therefore used to assess oxidative
damage to DNA. 8-OHdG excretion was unchanged during spaceflight and increased postflight.
No changes in 8-OHdG levels were observed in Earth-based individuals that underwent bed rest
although isoprostane was increased in the ensuing recovery period. Changes in isoprostane production
were attributed to decreased generation of oxygen radicals from the electron transport chain due to
reduced caloric intake in-flight, whereas the post-flight increases in the excretion of oxidative damage
markers may be partly caused by a combination of increased metabolic activity following flight and
the loss of some antioxidant defenses during flight. The downregulation of antioxidant defenses
as a potential mechanism for the increased levels of oxidative damage post-flight is supported by
the observation that hair follicle samples from International Space Station (ISS) crew members at
post-flight display decreased expression of endogenous antioxidant genes, including Mn superoxide
dismutase (MnSOD), CuZnSOD, glutathione peroxidase 4 (GPX4) and kelch-like ECH-associated
protein 1 (KEAP1), the regulator of nuclear factor erythroid 2-related factor 2 (NFE2L2 a.k.a. NRF2),
a master transcription factor that regulates hundreds of oxidative defense-related genes [24].

Consistent with the findings in spaceflight crew members, rodents subjected to spaceflight also
exhibit alterations in redox signaling relative to ground controls. In rats, short-duration spaceflight
(6 days) increases cardiac gene expression of mitochondrial redox-related enzymes [25], suggesting a
possible stress response and/or change in energy metabolism. Although short duration spaceflight
(7 days) does not alter heart mass in rats [26], differences between flight and ground controls were
observed in the vasculature of mice [27,28]. Spaceflight induces similar effects in the liver of both rats
and mice, which includes elevated expression levels of antioxidant genes and markers of oxidative
damage [18,29]. Male rats flown in STS-63 for eight days showed reduced total glutathione (GSH)
content and activities of CuZnSOD (SOD1), catalase, GSH reductase, and GSH sulfur-transferase in
liver [18]. In ocular tissue, astronauts are susceptible to optic disc edema, globe flattening, and choroidal
fold formation [30]. The mechanisms are unknown, although mice flown in STS-135 also showed
ocular tissue damage as well as alterations in several critical genes involved in regulating vascular
endothelial cell response to oxidative stress and apoptosis [31].

2.1.2. Evidence from Ground-Based Models for Spaceflight

Ground-based simulations of microgravity and space radiation also demonstrate a link between
oxidative stress and tissue impairments. Rodents exposed to proton (50 cGy) or 56Fe (15 cGy) display
increased oxidative damage in the heart and decrements in clinical measures of cardiac function [32]
while γ-radiation exposure (137Cs, 1–2 Gy) increases ROS generation and lipid peroxidation in bone
marrow, and decreases cancellous bone volume fraction [33]. Furthermore, bone marrow from
rodents exposed to radiation display increased expression of inflammatory cytokines interleukin-6
(IL6), tumor necrosis factor alpha (TNFα), monocyte chemoattractant protein-1 (MCP1), and the
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pro-osteoclastogenic signal, receptor activator of nuclear factor kappa-B ligand (RANKL), as well as
upregulation of NRF2 [34,35].

Hindlimb unloading (HU) is a widely accepted rodent model to simulate weightlessness for
many different tissues (reviewed in [36–38]). Marrow cells of the osteoblast lineage from HU
mice show elevated ROS within a week of HU [39]. Marrow and bone show parallel increases
in gene expression of the cytosolic fraction of the free radical scavenger, superoxide dismutase (SOD),
changes that coincide with HU-induced reductions in osteoblast activity and bone loss [39]. HU also
causes adaptation-related changes in cardiovascular function [40–44], and several studies have linked
HU-induced vascular responses and oxidative stress [45–47]. Taken together, observations from both
spaceflight and ground-based rodent models that simulate weightlessness show that oxidative stress
and damage may occur in response to microgravity and radiation across multiple, if not all, tissues.

3. The Role of Nitric Oxide (NO) and Reactive Oxygen Species (ROS) Signaling in Skeletal and
Vascular Disease

3.1. NO and ROS Signaling: Mechanisms and Impact on Tissue Function

Excess reactive oxygen species/reactive nitrogen species (ROS/RNS) and inflammation are
implicated both in age-related diseases, such as osteoporosis and atherosclerosis, and following insults
such as radiation exposure [15]. ROS can directly stimulate bone resorption by osteoclasts [48,49],
and the bone loss due to aging and estrogen deficiency may be partly attributed to oxidative
stress [50,51]. Furthermore, treatment with the potent antioxidant, α-lipoic acid, can prevent
inflammation- and acute radiation-induced bone loss [33,52]. Oxidative damage from the production
of excess ROS/RNS in skeletal tissues during spaceflight may lead to delayed deficits in bone structural
integrity and reduced mechanical strength during recovery and the aging process.

Under physiological conditions, ROS and RNS such as nitric oxide (NO) can function as
signaling molecules to regulate important processes such as mechanotransduction [53–59] and vascular
function [60]. However, at high levels, ROS are potent inducers of apoptosis in response to a vast array
of cellular insults [61,62]. Superoxide (O2

−) in particular is cytotoxic and is produced when molecular
oxygen reacts with an aqueous electron. O2

− can be generated by exposure of cells to ionizing
irradiation and as a by-product of metabolism, primarily from mitochondria. O2

− is an upstream
component of many oxidative pathways and can be rapidly converted into hydrogen peroxide (H2O2)
by members of the superoxide dismutase (SOD) family of antioxidants [63,64]. Catalase, glutathione
peroxidase (GPX), and other peroxidases such as peroxiredoxin then convert H2O2 into H2O [65].
H2O2 can react with endogenous Fe2+ or other transition metals via a fenton mechanism to generate
the highly reactive hydroxyl radical (OH•) [66] which is one of the most damaging free radical species
produced by exposure to ionizing radiation [67].

Normal vascular function requires both basal and stimulated production of NO in the endothelium
by endothelial nitric oxide synthase (eNOS). The eNOS enzyme utilizes L-arginine to produce NO
and L-citrulline. NO then activates soluble guanylate cyclase (sGC) by binding to it. This leads to
increased production of cyclic guanosine monophosphate (cGMP) which in turn mediates vascular
smooth muscle relaxation [68].

Genetic ablation studies of eNOS in rodents demonstrate the critical role of endothelial NO signaling
in vascular health [69]. eNOS knockout (KO) mice lack endothelium-derived relaxing factor (EDRF)
activity in response to endothelium-dependent vasodilators (e.g., acetylcholine) [70,71]. Furthermore,
they are hypertensive [71], display increased vascular smooth muscle cell proliferation [72],
and platelet aggregation [73], as well as a higher predisposition to atherosclerosis [74], thrombosis [75],
and stroke [69,76,77].

The activity of eNOS is regulated via complex and concerted processes, including transcriptional
control, substrate availability, interactions with other proteins and co-factors and post-translational
modification [69]. Under conditions of oxidative stress, the biological activity of NO may decline in
resistance arteries. For example, in the presence of O2

−, NO rapidly combines to form peroxynitrite.
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SOD neutralizes O2
− by converting it to H2O2, thus preventing its reaction with NO and increasing

the half-life and bioavailability of NO [64,78].
The generation of excess ROS is thought to be of one of the primary mechanisms by which

ionizing radiation causes tissue damage. Dr. M. Delp [79] and others propose a model wherein
microgravity and radiation promote the generation of ROS in the resistance vasculature of bone that
creates an imbalance favoring peroxynitrite over NO production. This lowers the bioavailability of NO,
diminishes endothelium-dependent vasodilation, and disrupts the coupling of bone circulation with
bone remodeling. While more studies are required to test the validity of this model, results from our
group and others, as described in the succeeding sections, appear to be consistent with such a model.

3.2. Bone and Vascular Function during Development Are Intimately Associated

Vasculature is critical for normal skeletal development, postnatal growth, remodeling, and
fracture repair. The embryonic skeleton undergoes endochondral ossification (reviewed in [80,81])
where cartilage, an avascular tissue, is gradually converted into bone, one of the most vascularized
tissues in vertebrates [80]. This process occurs through a series of complex and coordinated signals
that induce terminal differentiation of chondrocytes and their subsequent death. The extracellular
matrix produced by the chondrocytes is then mineralized and partly degraded by chondroclasts and
preosteoclasts, thus promoting the invasion of blood vessels. Following vascular invasion, osteogenic
progenitors are recruited to the site, where they form mineralized bone [81]. A similar mechanism
occurs during postnatal growth of the long bones, fracture repair and bone remodeling, although
smaller in scale than what occurs during development. There is evidence that re-vascularization in
response to bone injury is impaired in spaceflight. Rats that underwent osteotomy and then exposed
to microgravity display reduced angiogenesis at the site of injury [82]. Since proper repair of skeletal
tissue requires competent vascular invasion, this raises concerns of a higher risk for impaired fracture
healing in individuals as a consequence of spaceflight.

The coupling of vascular perfusion and skeletal function has been demonstrated in a number
of studies [83–85]. In addition, administration of anti-osteoporotic bisphosphonates improved blood
flow and angiogenesis in aged rodents [86] while endochondral bone formation and angiogenesis are
impaired in mice lacking certain isoforms of the pro-angiogenic signal, vascular endothelial growth
factor (VEGF) [87]. Increased VEGF levels from over-expression of hypoxia-inducible factor alpha
(HIFα) promotes both angiogenesis and osteogenesis, while loss of HIF1a in osteoblasts resulted in
thinner and less vascularized bones [88].

3.3. Vascular-Bone Coupling Occurs via Redox-Dependent Mechanisms: Implications for Tissue Responses
to Spaceflight

Cardiovascular deconditioning is one of the potential health risks associated with
spaceflight [89,90]. A majority of astronauts experience orthostatic intolerance upon return from
long-duration flight (129–190 days) [89,91–93] which is attributed to impairments in raising peripheral
resistance [79]. Muscle vasculature plays an integral role in elevating peripheral resistance and,
therefore, has been the subject of a number of studies using spaceflight models. In rodents, both
spaceflight and hindlimb unloading impair vasoconstriction of gastrocnemius resistance arteries [94,95].
In addition, resistance arteries of mouse gastrocnemius [96] and rat soleus [97] both display defects
in endothelium-dependent vasodilation. In rats, the soleus resistance arteries exhibit diminished
expression levels of eNOS and SOD1, although the gastrocnemius resistance arteries do not show
such alterations [97,98]. The basis for the site-specific differences in redox status of vascular resistance
arteries is not fully understood. However, there is speculation that this is partly due to region-specific
differences in perfusion and/or differences in metabolic rates of slow versus fast twitch muscle fibers
and the relative abundance of these fiber types in the two muscle sites.

Similar to the observations in muscle resistance arteries, the vasculature of bone also exhibits
functional impairments under spaceflight conditions. Two weeks of HU in rats results in deficits
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in vasoconstrictor and vasodilator properties of the femoral principal nutrient artery (PNA) [99],
the primary route for blood circulation to the femur. HU animals display decrements in bone and
marrow perfusion and increases in vascular resistance. These changes are not attributed to enhanced
vasoconstrictor responsiveness of the bone resistance arteries, but are associated with decreased
endothelium-dependent vasodilation and vascular remodeling that reduces PNA maximal diameter.

The skeleton, like muscle, undergoes deconditioning during spaceflight (and its analogs) which
manifests as a reduction in bone mass due to a transient net increase in resorption [100–102] as well
as diminished mechanical strength [4]. These coincide with functional impairments and changes in
redox status in associated vasculature [93]. Greater decrements in percent cancellous bone volume
were observed after 13 to 16 days of HU and exposure to simulated space radiation when treatments
were combined, compared to untreated controls. HU reduced trabecular thickness, whereas irradiation
reduced trabecular number but not thickness, accounting for the sometimes greater deficit in percent
cancellous bone volume when HU and radiation are combined.

In the gastrocnemius feed artery, which served as a surrogate artery for the PNA, the early
effects of HU and IR (56Fe) are to each impair peak endothelium-dependent vasodilation, with the
combination of HU and IR exacerbating this deficit. These group differences are abolished in the
presence of nitric oxide synthase (NOS) inhibitors, indicating that the impairment induced by HU
and IR was mediated through the NOS signaling pathway. Vasodilation response to the NO donor
DEA-NONOate is also impaired by HU and IR, indicating that the depressed endothelium-dependent
vasodilation could be mediated in part through a reduced smooth muscle responsiveness to NO.
Further, peak vasodilation correlates positively with percent cancellous bone volume which suggests
a coupling of bone and vasculature responses to stressors associated with spaceflight. In contrast to
vasodilator responses, HU and IR as single treatments or combined have little effect on vasoconstrictor
properties or pressure-diameter responses. HU and HU with IR results in decreased levels of eNOS
protein, while IR and HU with IR leads to diminished superoxide dismutase-1 (SOD1) and higher
xanthine oxidase (XO) protein content. Decrements in the bioavailability of NO via reduction in
eNOS protein levels, lower anti-oxidant capacity (SOD1) and higher pro-oxidant capacity (XO) may
contribute to the deficits in NOS signaling in resistance arteries.

When the vascular effects of long-term (6–7 months) recovery from HU, IR (56Fe), and
the combination of HU and IR are examined, only IR sustains an impairment in peak
endothelium-dependent vasodilation [103]. The IR-induced deficit in endothelial vasodilator function
is abolished by chemical inhibition of NOS, indicating that the sustained dysfunction is mediated
through the NOS signaling pathway. Similar to the findings from an early timepoint (two weeks of
HU with or without IR) [93], HU and IR have little effect on vasoconstrictor properties. These findings
indicate that although both simulated weightlessness and irradiation produce early effects of impaired
vascular endothelial function, only those produced by IR are sustained.

IR and HU causes differential effects on loss and thinning of trabeculae, contributing to lower
percent cancellous bone volume when the treatments were combined. Both treatments impair
endothelium-dependent vasodilation of skeletal muscle resistance arteries via a NO-dependent
signaling pathway. The impairment of NOS signaling, however, seems to be differentially affected
by unloading and irradiation; HU diminishes vascular eNOS protein expression whereas IR reduces
SOD expression and increases pro-oxidant XO protein levels. If these findings in skeletal muscle
resistance arteries hold for bone vasculature, impairments in endothelium-dependent vasodilation
may lead to reductions in skeletal perfusion and perturbations in the coupling of bone cell and vascular
endothelium activity.

3.4. Cellular Defenses to Oxidative Damage Are Important for Preserving Skeletal and Vascular Health

Most aerobic organisms have multiple defenses against the damaging effects of ROS, which
include enzymatic and non-enzymatic antioxidants. Studies on perturbation of key antioxidant
molecules and signaling pathways highlight the importance of antioxidant defenses in preserving the
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functional integrity of tissues and cells. In the following section, we summarize the state of knowledge
on the role of endogenous antioxidant proteins in maintaining skeletal and vascular health with an
emphasis on studies using genetic models of gain or loss of protein function. The cytoprotective effect
of these proteins on Earth has, therefore, formed the rationale for investigating their importance in
tissue and cellular defenses against the stressors associated with spaceflight [18,24] and its Earth-based
analogs [34,35]. In this section, we also cite studies that illustrate the emerging role of these antioxidant
proteins in modulating skeletal and vascular responses to spaceflight.

3.4.1. Nuclear Factor Erythroid 2-Related Factor 2 (NRF2)

NRF2 is a master transcription factor that regulates cellular redox balance and protective
antioxidant and detoxification responses across multiple species, from Drosophila to humans [104–106].
It is a member of the Cap-N-Collar family of regulatory proteins composed of NRF1, NRF3 and BACH1
and BACH2 [106] and is ubiquitously expressed with the highest concentrations occuring in heart,
muscle and brain [107]. Under normal conditions, NRF2 is sequestered to the cytosol via binding to its
inhibitor, KEAP1, and is therefore subject to proteosomal degradation. During conditions of excess
ROS, NRF2 dissociates from KEAP1 and undergoes translocation into the nucleus. NRF2 then binds
to antioxidant response-element sequences in the genome to promote transcription of hundreds of
antioxidant genes [108] including SOD1 as well as phase II detoxification enzymes [106].

In Drosophila, loss-of-function mutations in dKEAP1, an endogenous inhibitor of the NRF2 fly
homolog CncC, extends lifespan and increases resistance to the oxidizer paraquat [104]. Mice in which
NRF2 is globally deleted are viable, fertile and exhibit no apparent phenotypic defects [109,110].
However, consistent with its cytoprotective function, NRF2 deletion in mice leads to increased
sensitivity to radiation, oxidative damage and age-related disease pathologies [105,111]. Specifically,
NRF2 knockouts display accelerated heart failure in a myocardial infarct model [112], enhanced retinal
degeneration [113,114], bone loss [110,115,116], and deficits in bone and endothelial stem and
progenitor cell populations [115,117].

A number of studies have characterized the skeletal phenotype of NRF2 knockouts and show that
the effects of NRF2 appear to be sex- and age-dependent. Cultured osteoclasts from NRF2 knockout
mice display elevated ROS levels, increased maturation and defective production of antioxidant
enzymes. On the other hand, pre-treatment with NRF2 agonists sulforaphane and curcumin, inhibit
osteoclast maturation via activation of NRF2 [118]. In female rodents, NRF2 deletion results in
decrements in percent cancellous bone volume and trabecular number as well as increased trabecular
separation, which persists up to eight months of age but are no longer apparent thereafter. In addition,
primary cultures of bone marrow-derived stromal cells from these KOs show diminished colony
formation with no differences in osteoblast proliferation in vivo. Similarly, ex vivo osteoclast cultures
from NRF2 KOs mature faster than those from wild-type animals, although in vivo osteoclast counts
are unchanged [115]. In contrast, NRF2 deletion in male rodents leads to higher bone mass, mineral
apposition rate and osteoblast number compared to wild-type controls [119]. These sex-dependent
differences were corroborated in a more rigorous study comparing male and female NRF2 KOs [110].
NRF2 deficiency in females results in reduced femoral and spinal bone mineral density, while loss
of NRF2 in males leads to an improvement in the said bone structural parameters compared to
sex-matched controls. Furthermore, both young (3-month old) and old (15-month old) KO females
display decreased expression of NRF2 target antioxidant enzymes; in contrast, these deficits are only
observed in aging males [110].

Collectively, the abovementioned studies demonstrate that NRF2 plays a critical role in
maintaining the functional and structural integrity of bone and vasculature here on Earth, and that loss
of the NRF2 gene mimics some of the features of spaceflight-induced bone loss. However, how NRF2
impacts tissue responses to elements of the space environment (radiation or microgravity) or its analogs
is less clear. One study determined the consequence of NRF2 loss in a rodent radiotherapy model
at high doses (20 Gy) of ionizing radiation [116] where it was found that NRF2 ablation exacerbates
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bone loss and impairs colony-forming capacity of bone marrow-derived progenitors [116]. Likewise,
the role of NRF2 in tissue responses to microgravity has not been thoroughly examined, although
there is some evidence of its function in mechanical load-driven bone formation. NRF2 KOs are less
responsive to the anabolic effects of mechanical loading of the ulna compared to wild-type controls,
as indicated by blunted bone formation rate and decreased relative mineralizing surface. In addition,
cultured primary osteoblasts from mechanically loaded ulna of NRF2 KOs display reductions in the
expression levels of antioxidant enzymes [120].

Microgravity causes a cephalad fluid shift [121] as well as changes in ion homeostasis [122–124]
and there is indirect evidence that NRF2 may play a role in the endothelial response to perturbations
in ionic balance. NRF2 KO and wild-type controls were fed either a low or high salt diet and
vascular function was analyzed. Endothelium-dependent dilation to acetylcholine is unchanged
in the middle cerebral arteries (MCA) in both groups fed a low-salt diet. High-salt diet eliminates
endothelium-dependent dilation to acetylcholine in both genotypes. However, unlike wild-type
controls, NRF2 KO rats fail to respond to the rescuing effects of angiotensin II infusion on high-salt
diet-induced endothelial dysfunction and microvessel rarefication [125].

3.4.2. CuZn Superoxide Dismutase (SOD1)

SOD1 gene expression is downregulated in hair follicles of spacefight crew members [24] while its
protein levels are decreased in livers of spaceflown rats [18] although its role in protecting vasculature
and bone from spaceflight stressors needs to be further elucidated. SODs are the major antioxidant
defense systems against O2

−, catalyzing the conversion of O2
− to H2O2, which is then further reduced

to water by catalase, peroxiredoxins (PRx), or glutathione peroxidases (GPX) [64]. In mammals,
the SOD family is comprised of three isoforms: cytoplasmic CuZnSOD (SOD1), mitochondrial MnSOD
(SOD2), and the extracellular CuZnSOD (SOD3), and as their names indicate, require a metal co-factor
(Cu, Mn, or Zn) for their activation. Both male and female SOD1 knockout mice exhibit increased
oxidative stress, and decreased bone mineral density and mechanical strength (bending stiffness) as
assessed by three-point bending compared to sex-matched wild type controls [126]. Consistent with
the observations in bone, SOD1 deletion also leads to increased oxidative damage in skeletal muscle,
accelerates age-dependent skeletal muscle atrophy and motor function deficits as assessed by voluntary
wheel running and rotating rod test [127]. Similar to results from deletion of its transcriptional regulator
NRF2, loss of the SOD1 gene leads to musculoskeletal deficits, also resembling some of tissue deficits
observed in spaceflight and its Earth-based analogs.

3.4.3. Catalase

Catalase is an anti-oxidant that converts the reactive species, H2O2, into water and molecular
oxygen. Transgenic mice over-expressing the human catalase (hCAT) gene targeted to the mitochondria
(mCAT mice) display extended lifespan [128] and reductions in numerous pathologies [129–131]
including cardiovascular disease [131–133] and Alzheimer-related amyloid deposition [130]. Further,
the transgene effectively quenches mitochondrial oxidative stress in macrophages which are precursors
to bone-resorbing osteoclasts [134]. Consistent with the latter finding, over-expression of catalase
targeted to mitochondria of bone-resorbing osteoclasts protects from bone loss caused by the loss of
estrogens [135]. In addition, the transgene rescues cardiomyopathy including impaired systolic and
diastolic function in mice that carry homozygous mutations in the exonuclease encoding domain of
mitochondrial DNA polymerase γ (Polg(m/m)) [131].

Catalase protein levels and activity are decreased in livers of spaceflown rats [18]. Furthermore,
a number of studies involving the mitochondrial hCAT transgene demonstrate the importance of
mitochondrial ROS quenching in the cellular defense against HZE particles. mCAT animals display
protection from proton-induced deficits in synaptic signaling, dendritic complexity, memory and
cognition [136–138]. The impact of mitochondrial ROS quenching on skeletal and cardiovascular
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responses to microgravity and radiation is less understood and is currently under investigation by our
team and others.

4. Implications for the Development of Spaceflight Countermeasures

Whole body irradiation increases ROS generation by bone marrow cells [33,139], damages skeletal
lipids [33], and upregulates the activity of the antioxidant enzyme NRF2 in both bone marrow and
mineralized tissue [35,140]. On the other hand, NRF2 deficiency can exacerbate radiation-induced
bone loss [116]. Collectively, these data suggest that pharmacologic interventions directed toward
limiting excess ROS may moderate the radiation stress response of bone cells.

Within a period of three days to a month, relatively low doses of radiation (≤2 Gy) lead to
progressive loss of cancellous bone, as shown by our group and others [34,35,141–144], which is
preceeded by a rapid increase in expression levels of inflammatory cytokines such as IL1 and TNFα and
pro-osteoclastogenic signals RANKL and MCP1 as well as the oxidative defense gene, NRF2 [34,35].
On the basis of these findings, we hypothesized that diets or drugs capable of preventing early increases
in these molecular signals can mitigate cancellous bone loss caused by both low LET and high LET
radiation. The hypothesis was tested by evaluating a number of candidate interventions including:
(1) an antioxidant diet cocktail (AOX) composed of N-acetyl cysteine, ascorbic acid, L-selenomethionine,
dihydrolipoic acid and vitamin E which in combination has been shown to protect a variety of
tissues from ionizing radiation [145–147]; (2) dihydrolipoic acid (DHLA), which possesses antioxidant
properties [148,149]; (3) the non-steroidal anti-inflammatory drug, Ibuprofen [150,151]; and (4) Dried
Plum (DP, 25% by weight), previously reported to inhibit osteoclast activity and protect from
age-related bone loss [152–155]. Findings from this study indicate that high levels of pro-resorptive,
pro-inflammatory, and oxidative stress-related genes in bone marrow strongly correlate with cancellous
bone loss. DP diet completely prevents radiation-induced increases in these molecular signals and
the ensuing cancellous bone loss [35] which appears to strengthen the rationale for using antioxidants
to mitigate radiation-induced bone loss. However, seemingly paradoxical is that the other two
antioxidant-based interventions, DHLA and AOX, failed to protect from bone loss induced by radiation.
These findings do not nullify the feasibility of using antioxidants as a countermeasure, yet highlight
very important considerations in countermeasure design for radiation-induced bone loss. Firstly,
an effective strategy to mitigate radiation-induced bone loss must at least include components that
prevent the early rise in expression of pro-resorptive, pro-inflammatory, and oxidative stress-related
genes. This knowledge is gained from the observation that treatments which fail to mitigate the
changes in all these three molecular signals (such as AOX and Ibuprofen) ultimately were unsuccessful
in preventing radiation-induced bone loss. Secondly, there are additional, equally important signaling
molecules likely to mediate radiation-induced bone loss. This is a lesson learned from the finding
that DHLA, which appeared nearly as effective as DP in preventing radiation-induced increases
in expression of these markers, did not protect skeletal microarchitecture. Lastly, an assessment of
the efficacy of an intervention on multiple organ systems must be incorporated in countermeasure
development efforts as antioxidants appear to confer various levels of protection in different tissues.

5. Concluding Statements

Studies overwhelmingly demonstrate a link between oxidative damage and tissue dysfunction
that ensues from exposure to spaceflight factors (Figure 1). One of the outstanding questions that
needs to be addressed is whether oxidative damage mediates or results from progressive tissue
degeneration in the course of spaceflight [156]. More studies using genetic models for altered redox
status will contribute to resolving this question. Future interplanetary travel will increase the duration
of exposure of humans to spaceflight. Therefore, additional comprehensive investigations involving
extended timepoints that simulate the duration of long-term missions and the ensuing recovery must
be conducted to better estimate health risks to crew. Furthermore, the latent effects of spaceflight on
the cardiovascular system and on stem and progenitor cells of the bone marrow must be examined
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for their potential to exacerbate the effects of aging. The use of antioxidant-based countermeasures
must be guided by the understanding that low levels of ROS signaling are important for normal
cellular function. Therefore, future studies must also assess the potential of any antioxidant-based
countermeasure to perturb these essential signaling events and their consequences on the functional
integrity of tissues. Research progress on the aformentioned areas will help in the development of
effective approaches for maintaining crew health during and after interplanetary missions.

Figure 1. Hypothetical model on how spaceflight leads to deficits in tissue function and structural
integrity. Exposure of tissues to elements of the spaceflight environment such as microgravity
and radiation (and potentially other unknown factors) leads to enhanced production of reactive
oxygen species (ROS) and reactive nitrogen species (NOS), increased levels of pro-inflammatory
signals, and downregulation of endogenous antioxidant defenses. This leads to excess ROS/NOS
due to an imbalance between endogenous antioxidant protein levels and ROS/NOS production.
Excess ROS/NOS leads to oxidative damage of proteins, lipids and DNA which in turn result in deficits
in tissue function and structural integrity. Other non-redox signaling processes may also contribute to
these deficits. Some exogenous antioxidants found in the diet may block the increases in ROS/NOS
levels and inflammatory signals, thereby preventing oxidative damage. It remains to be elucidated
whether inflammation causes ROS production and/or vice versa in the context of spaceflight, and
whether oxidative damage mediates or results from progressive tissue degeneration as a consequence of
spaceflight. T-bar arrow: inhibitory effect; dotted line arrow: cause and effect needs further elucidation.
Gray arrows depict the contribution of non-redox related processes in spaceflight-induced deficits in
tissue structure and function.
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Abstract: Long-term habitation in space leads to physiological alterations such as bone loss, muscle
atrophy, and cardiovascular deconditioning. Two predominant factors—namely space radiation
and microgravity—have a crucial impact on oxidative stress in living organisms. Oxidative stress is
also involved in the aging process, and plays important roles in the development of cardiovascular
diseases including hypertension, left ventricular hypertrophy, and myocardial infarction. Here,
we discuss the effects of space radiation, microgravity, and a combination of these two factors on
oxidative stress. Future research may facilitate safer living in space by reducing the adverse effects
of oxidative stress.

Keywords: oxidative stress; reactive oxygen species; radiation; microgravity

1. Introduction

Five million years after the birth of humankind, we are living in the space age, with the
International Space Station continuously accommodating crew members orbiting around the Earth,
planning commercial flights to the Moon, and even discussing Mars exploration realistically [1–3].
These frontiers excite humanity. We can pursue it and are destined to do so. However, as the duration
of stay in space extends to months and years, it has gradually become evident that the space
environment affects our physiological functions. A few obvious alterations were identified in the earlier
days of space exploration: bone loss [4–6], muscle atrophy [5–7], and cardiovascular deconditioning,
of which orthostatic intolerance is one of the symptoms [6,8–10]. Analysis of the long-term effects
of spaceflight on human health requires several decades.

The Apollo program was a magnificent project that embodied science technology and exploration,
sending 24 astronauts from the Earth to the lunar orbit. While the program represented a significant
and unshakable milestone in human history, an alarming fact regarding health risks was reported
40 years later; this report indicated that the Apollo lunar astronauts show higher cardiovascular disease
mortality rate [11], caused by heart failure, myocardial infarction, stroke, brain aneurysm, or blood
clots than their counterparts who experienced the space environment only at low Earth orbit (LEO) and
who did not experience space travel [11]. The authors of this report, which include a researcher from
the National Aeronautics and Space Administration (NASA), assumed that the reason for the higher
mortality is space radiation, based on an experiment in mice. Meanwhile, a serious opposing opinion
on this report was expressed in terms of the method of data collection and analysis [12]. Therefore,
adequate care should be taken to consider the cardiovascular disease mortality rate in response to space
radiation. However, it is of great importance to scrutinize the possible effect of the space environment
on human health.
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One of the alterations caused by long-term space stay is the development of pro-oxidative
conditions, including elevated expression of oxidative enzymes (e.g., nicotinamide adenine
dinucleotide phosphate (NADP+) oxidase (NOX)) and decreased expression of anti-oxidative enzymes
(e.g., superoxide dismutase, SOD, and glutathione peroxidase, GPx). Pro-oxidative conditions are
observed in spaceflight and simulated space environments (radiation and microgravity) in various
types of organs and cells, including erythrocytes [13,14], endothelial cells [15], retina [16], skin [17],
brain [18,19], neuronal cells [20], liver [21,22], and skeletal muscles [23,24]. In several studies, the direct
detection of increased reactive oxygen species (ROS) or the detection of substances produced by
oxidative reactions were reported [13,16,18,20,21,23], implying that the production of oxidative
substances increases in the space environment. In this review, we first provide an overview of oxidative
stress; then, we discuss the generation of oxidative stress in response to radiation, microgravity,
and a combination of these two factors.

2. What Are Reactive Oxygen Species (ROS)?

ROS are oxidizing agents produced by both endogenous (mitochondria, peroxisomes,
lipoxygenases, NOX, and cytochrome P450) and exogenous (ultraviolet light, ionizing radiation,
chemotherapeutics, inflammatory cytokines, and environmental toxins) factors [25]. Superoxide anion
(O2

−) [26], hydrogen peroxide (H2O2), and hydroxyl radicals (OH·) are the major types of ROS—each
of which has preferential biological targets based on its chemical properties [27]. ROS have two
different actions. First, with their unstable and highly reactive chemical properties, ROS react
with lipids, proteins, and DNA [27], resulting in aging, disease, and cell death [25,28]. Second,
in contrast to the first destructive action, ROS are involved in cellular homeostatic functions such as
proliferation [29,30] via heat-shock transcription factor 1, nuclear factor-κB, p53, phosphoinositide
3-kinase, and mitogen-activated protein kinase pathways [25]. In contrast to the pro-oxidative process
and enzymes described above, SOD, peroxiredoxin, glutathione reductase, GPx, and catalase (CAT)
are anti-oxidative enzymes that reduce the levels of ROS.

ROS in the Cardiovascular System

As described by Sugamura and Keaney [31], biological processes in the mitochondrial respiratory
chain and subsequent enzymatic processes cause ROS generation in the cardiovascular system.
The enzymes involved in these processes are NOX, xanthine oxidase (XO), lipoxygenase, nitric oxide
synthase (NOS), and myeloperoxidase (Figure 1). Subtypes of NOX proteins are widely expressed in
the cardiovascular system—specifically NOX1 (vascular smooth muscle cells), NOX2 (endothelium,
vascular smooth muscle cells, adventitia, and cardiomyocytes), NOX4 (endothelium, vascular smooth
muscle cells, cardiomyocytes, and cardiac stem cells), and NOX5 (vascular smooth muscle cells) [32].
NOX is involved in the development of cardiovascular diseases such as hypertension, left ventricular
hypertrophy, and myocardial infarction [32]. Besides, NOX is also involved in cardiovascular
physiology including angiogenesis [33] and blood pressure regulation [34].

Endothelial dysfunction is a hallmark of cardiovascular diseases [35]. An increase in oxidative
stress leads to monomerization of the endothelial isoform of NOS (eNOS), which in turn causes
further production of superoxide anion rather than nitric oxide [36]. Insufficiency of the nitric oxide
production contributes to endothelial dysfunction and the resultant cardiovascular disorders, including
hypertension [37].

68

Bo
ok
s

M
DP
I



Int. J. Mol. Sci. 2017, 18, 1426

Figure 1. Generation of reactive oxygen species. Superoxide anion is produced by xanthine
oxidase (XO), mitochondria, and NADP+ oxidase (NOX). Superoxide anion is converted to hydrogen
peroxide (H2O2) by superoxide dismutase 1 (SOD1), and then to H2O and O2 by catalase (CAT) and
glutathione peroxidase (GPx).

3. ROS Generation in Response to Radiation

Exposure to hazardous radiation from galactic cosmic rays and solar particle events such as
solar flares significantly decreases at the altitude of LEO and below due to shielding by the Earth’s
atmosphere and magnetosphere [38]. Therefore, the cause of higher cardiovascular risk in the Apollo
lunar astronauts is inferred to be severe deep space radiation [11]. Indeed, space radiation causes
adverse effects such as DNA damage [39,40] and cell senescence [41]. The adverse effects of radiation
are firstly due to direct damage to cellular structures such as DNA, which are exposed to radiation.
Secondly, radiation decomposes water molecules to ROS such as O2

−, OH·, and H2O2 [42]. Thirdly,
high-charge and high-energy (HZE) ion particle radiation—which is a component of galactic cosmic
rays—generates secondary radiation around its initial location [43]. Lastly, ROS may spread to nearby
cells and cause long-term damage [44]. It is reported that long-term space stay affects neuronal
function [45–47], possibly due to the effects of space radiation on the nervous system [48,49].

Cardiovascular ROS Generation in Response to Radiation

In the cardiovascular system, radiation causes ischemic heart disease [50], cardiomyopathy,
and stroke [51,52]. Supporting this fact is the observation that exposure to HZE radiation facilitates
the activation of XO (Figure 1) and a resultant increase of ROS in vascular endothelial cells in rats [53].
Furthermore, XO activity was elevated, and aortic stiffness was higher, even 4 and 6 months after
a single radiation exposure, respectively. Increased XO expression in response to HZE radiation was
confirmed in mouse endothelial cells as well [11]. In terms of the long-term effects of HZE radiation,
elevated ROS and mitochondrial superoxide were observed in intestinal epithelial cells, along with
increased NOX expression and decreased SOD and CAT expressions, 1 year after exposure [54].

4. ROS Generation in Response to Microgravity

The predominant mechanism of ROS generation in microgravity conditions seems to be
the upregulation of oxidative enzymes and downregulation of anti-oxidative enzymes. For example,
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simulated microgravity has been reported to induce a decrease in the antioxidant enzymes SOD, GPx,
and CAT and an increase in the amount of ROS in rat neuronal PC12 cells 96 h after the onset [20].
A similar increase in ROS production was observed in another neuronal cell line, SH-SY5Y [55].
Decreased expression of the anti-oxidative enzyme CAT in the soleus muscle was reported in mice
habituated in space for 30 days [56]. Wise et al. reported increased ROS and decreased glutathione
levels in response to simulated microgravity using hind limb unloading in the brainstem and frontal
cortex of mice [19]. Lipid peroxidation was observed over a wide range of areas in the brain, including
the brainstem, cerebellum, frontal cortex, hippocampus, and striatum. In erythrocytes, increased lipid
peroxidation was observed after spaceflight [13].

Bed rest in a 6◦-head-down tilt posture is often used to simulate the effect of microgravity using
human subjects. The unloading condition derived from bedrest induces pro-oxidative conditions,
namely decreased expression of the genes related to antioxidation, such as cytochrome c, nicotinamide
nucleotide transhydrogenase, and glutathione S-transferase κ1 [57]. Using a hindlimb unloading (HLU)
rodent model is another experimental method frequently used to simulate the effect of microgravity.
Increased ROS generation along with a decrease in the anti-oxidative protein SOD was observed in rat
hippocampus in response to HLU [58].

Cardiovascular ROS Generation in Response to Microgravity

Another study demonstrated that 3-week HLU caused an increase in superoxide anion levels
in the basilar and carotid arteries of rats via the local renin–angiotensin system [59]. In this study,
upregulated expression of eNOS was observed in the carotid artery. The effect of microgravity
on the cardiovascular system seems to be different depending on the region. Although 4-week
hindlimb unloading led to an increase in superoxide levels along with an elevation in the levels of the
pro-oxidative enzymes NOX2 and NOX4 and a decrease in the levels of the anti-oxidative enzymes
Mn-SOD and GPx-1 in cerebral arteries, this effect was not observed in mesenteric arteries [60,61].
In human umbilical vein endothelial cells, the expression of pro-oxidative thioredoxin-interacting
protein was increased in response to 10-day spaceflight [15].

5. Combination of Radiation and Microgravity

The effect of a combination of radiation and microgravity on ROS generation seems to be
synergistic. Mao et al. studied the effect of low-dose radiation (LDR) and microgravity on oxidative
damage in mouse brain, using HLU to simulate microgravity [18]. Surprisingly, exposure to
a combination of LDR and HLU—but not LDR or HLU alone—for 7 days caused lipid oxidation
in the brain cortex. After 9 months of exposure, lipid peroxidation was observed in the LDR and
HLU conditions alone, but was more evident in the LDR + HLU condition. A stronger effect from
the combination than from LDR alone was similarly observed in the hippocampus. Therefore, radiation
and microgravity have been suggested to have a synergistic effect on lipid oxidation. A synergistic
effect was implied in NOX2 expression as well. In contrast, Mao et al. showed reduced SOD activity in
simulated microgravity [18]. This effect seems to be specific to the microgravity condition.

ROS production in mouse embryonic stem cells in the presence of H2O2 that mimics the effect
of radiation exposure increased in response to simulated microgravity [62]. The production of ROS
from any of the ROS sources (e.g., mitochondria, XO, endothelial NOS, and NOX) can facilitate ROS
production from the other sources [63]. This may be the underlying mechanism behind the synergistic
effect of radiation and microgravity on the ROS production described above.

6. Conclusions

The space environment is predominantly characterized by space radiation and microgravity.
These two factors are prominently involved in ROS generation in biological systems. As we discussed
here, ROS production is facilitated in specific organs and tissues, including neuronal and cardiovascular
systems. However, Stein et al. reported that oxidative stress decreases during spaceflight
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and then increases after returning to Earth, based on the measurement of a biomarker of lipid
oxidation—8-iso-prostaglandin F2α—in urine [64,65]. The discrepancy between organ/tissue/cellular
level increase and individual level decrease of oxidative stress during space flight may be attributable
to several factors. Firstly, food intake decreases [66,67] and anabolic response is impaired [68]
in spaceflight, which may decrease the production of ROS in mitochondria. Secondly, the extent
of oxidative stress can be different among tissue types. While several tissues described above show
pro-oxidative conditions, some tissue types such as fibroblasts [13] and macrophages [69] show
anti-oxidative conditions. Thirdly, the detection sensitivity for oxidative stress from samples such
as blood or urine can vary depending on the method. A combination of biomarkers is suggested to
provide a more accurate assessment of oxidative stress [70].

In this review, we mainly discussed the alteration of the expression level of ROS-related
proteins. However, response to gravity is a mechanobiological process. While the role of the hippo
pathway—which is involved in mechanosensitive control of organ size [71]—in gravity sensing
has been reported [72,73], much remains to be elucidated to understand the mechanotransduction
of gravity.

Men age faster in space. Physiological changes in microgravity and the aging process share
common features, such as muscle and bone atrophy, balance and coordination problems (after returning
to 1 g environment), decreased functional capacity of the cardiovascular system, mild hypothyroidism,
increased stress hormones, decreased sex steroids, impaired anabolic response to food intake,
and systemic inflammatory response [68,74]. According to NASA researchers Vernikos and Schneider,
the processes of muscle and bone atrophy and loss of functional capacity of the cardiovascular system
occur about ten times faster in space than on Earth [74]. In contrast, oxidative stress—which we
discussed here in the context of a process derived from space radiation and microgravity—is thought
to be crucial for the aging process [75]. Understanding oxidative stress in the space environment may
help us understand the aging process and contribute to solving the problem of aging. Future research
in this field will open the door to a safe passage to Mars and beyond.
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Abstract: Increased oxidative stress is an unavoidable consequence of exposure to the space
environment. Our previous studies showed that mice exposed to space for 13.5 days had
decreased glutathione levels, suggesting impairments in oxidative defense. Here we performed
unbiased, unsupervised and integrated multi-‘omic analyses of metabolomic and transcriptomic
datasets from mice flown aboard the Space Shuttle Atlantis. Enrichment analyses of metabolite
and gene sets showed significant changes in osmolyte concentrations and pathways related to
glycerophospholipid and sphingolipid metabolism, likely consequences of relative dehydration of the
spaceflight mice. However, we also found increased enrichment of aminoacyl-tRNA biosynthesis and
purine metabolic pathways, concomitant with enrichment of genes associated with autophagy
and the ubiquitin-proteasome. When taken together with a downregulation in nuclear factor
(erythroid-derived 2)-like 2-mediated signaling, our analyses suggest that decreased hepatic oxidative
defense may lead to aberrant tRNA post-translational processing, induction of degradation programs
and senescence-associated mitochondrial dysfunction in response to the spaceflight environment.

Keywords: spaceflight; autophagy; proteasome; metabolomics; tRNA biosynthesis; senescence

1. Introduction

Long-duration spaceflight is associated with significant risks including prolonged exposure
to microgravity, continuous exposure to low-dose/low-dose rate radiation, psychological and
environmental stress and contact with potentially dangerous levels of microbial contamination [1–5].
Radiation is known to induce single (SSB) and double strand (DSB) DNA breaks, permanently
damaging nuclear and mitochondrial DNA and leading to early apoptosis or necrosis [6–8].
At low-dose/low-dose rates, radiation immediately triggers oxidative stress via a spike in the level of
reactive oxygen species (ROS). Acute psychological stress increases hepatic lipid peroxidation as well
as levels of ROS [9], however chronically stressed animals compensate [9,10]. Therefore, exposure to
the space environment, characterized by changes in physiological and psychological stress, as well
as exposure to low-dose/low-dose rate radiation, may systemically alter ROS levels in a complex
fashion [11–13].

Excessive ROS production, without a corresponding upregulation in antioxidant or ROS scavenger
pathways, can cause damage to cellular components including DNA, proteins and lipids, inducing
pro-inflammatory cytokines and the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)
pathway [14]. This can lead to cell cycle arrest, activation of senescence or apoptosis and upregulation
of inflammatory signaling molecules, causing widespread organelle, cell and tissue damage [15].
Under conditions of chronic exposure to oxidative stress (such as in spaceflight), an imbalance
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occurs between ROS production and antioxidant quenching resulting in increased cellular and
tissue damage [16–18]. Mitochondria are particularly vulnerable to damage by excess ROS and we
hypothesized that the liver, a mitochondria-rich metabolic organ, may be a target of spaceflight-induced
deficits. In support of this hypothesis, astronauts were shown to exhibit a mild diabetogenic phenotype
following spaceflight, the severity of which was linked with flight duration [19,20].

We previously demonstrated that mice flown aboard the Space Shuttle Atlantis (Space
Transportation System (STS)-135) for 13.5 days exhibited a significantly impaired response to
oxidative stress evidenced by decreased hepatic levels of the antioxidant glutathione (GSH, reduced),
with concomitant increased ophthalmate, a biomarker for depletion of glutathione, and increased
ratio of glutathione disulfide (GSSG):GSH [21]. Other spaceflight-induced changes in hepatic genes
linked to oxidative defense have also been observed [13]. Our targeted analyses of metabolomics and
transcriptomics datasets obtained from livers of spaceflight mice showed dysregulation of pathways
involved in both lipid metabolism and the immune response, with signs of retinoid export and
activation of peroxisome proliferator-activated receptor (PPAR) pathways suggestive of nascent hepatic
fat accretion and collagen deposition. Proteomics data acquired from mice exposed to space for 30 days
exhibited similar patterns when compared with mice re-acclimated to ground conditions [22].

Our previous integrated data analysis utilized a limited set of genes and metabolites that were
elevated in abundance in spaceflight mice as compared with ground controls and were tightly
correlated with histological evidence of increased hepatic lipid accumulation. The goal of the present
study was to perform unbiased, integrated analyses using the entire metabolomics and transcriptomics
datasets to determine whether additional insights into the effects of exposure to the space environment
on liver metabolism and cellular function could be gleaned. Utilizing several enrichment algorithms,
we determined that degradation and senescence programs were altered in spaceflight mice in concert
with attenuation of oxidative defense networks.

2. Results and Discussion

2.1. Short Duration Exposure to the Space Environment Significantly Alters Hepatic Metabolite Profiles

Previously, we selected specific genes and metabolites to interrogate from our large-scale-‘omics
datasets to address defined hypotheses. Here, we performed unsupervised Partial Least Squares
Discriminant Analysis (PLS-DA) using the entire metabolomics dataset to determine whether 13.5 days
of exposure to the space environment was sufficient to induce significant changes in metabolism in
livers of mice flown in space (FLT) as compared with matched ground controls (AEM). The scores
plot of the PLS-DA analysis demonstrates clear separation between the FLT mice (green) and AEM
controls (red) (Figure 1A). Volcano plot analysis (Figure 1B) shows that 10 biochemicals increased
in FLT mice with a fold change (FC) greater than 2 and a p (corr)-value less than 0.05, while only
3 biochemicals decreased in the FLT mice as compared to the AEM controls (Table 1) from a total of
14 upregulated (FC > 2) and 11 downregulated (FC < 0.5) biochemicals (Figure S1A and Table S1).
Variable Influence on Projection (VIP) analysis of the top 15 most important features contributing to
the clustering is plotted in Figure S1B and the most significant features in the volcano plot also appear
within the top 15 VIP features. Hierarchical clustering with organization of features by VIP score
(Figure 1C) also shows clear separation of metabolite features between the two groups, with relatively
fewer metabolites decreased in abundance in the FLT mice as compared with the AEM controls.
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Figure 1. Brief exposure to the space environment results in significant metabolite changes in mouse
liver. (A) PLS-DA analysis was performed on normalized metabolomics data that was subsequently
log-transformed and auto-scaled. The first two components are plotted; (B) volcano plot comparing
flown in space (FLT) vs. matched ground controls (AEM) considering unequal variance and using a fold
change (FC) threshold of 2 and a p (corr)-value threshold of 0.05. Data points in red indicate significant
named biochemical features. Data points in blue are not significant; (C) heat map and hierarchical
clustering performed using a Pearson score for the distance measure, with features organized by VIP
score from the PLS-DA analysis. Red—AEM, green—FLT; red indicates compounds with high signal
abundance and blue those with low signal abundance. Color intensity correlates with relative signal
abundance. n = 6/group.

Table 1. Significantly changing biochemicals in spaceflight identified in volcano plot analysis.

Biochemicals FC log2 (FC) p −log10 (p)

Reduced

4-Guanidinobutanoate 1,* 0.377 −1.409 1.98 × 10−5 4.703
Glycerophosphorylcholine * 0.282 −1.826 1.52 × 10−3 2.817

3-Ureidopropionate 0.466 −1.102 3.83 × 10−2 1.417

Increased

3-hydroxybutyrate * 3.229 1.691 7.54 × 10−5 4.123
Glutarate pentanedioate * 4.766 2.253 8.40 × 10−5 4.076
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Table 1. Cont.

Biochemicals FC log2 (FC) p −log10 (p)

Propionylcarnitine * 2.440 1.287 1.68 × 10−4 3.776
3-methylglutarylcarnitine * 3.478 1.798 5.90 × 10−4 3.229

Dimethylglycine * 2.195 1.134 1.87 × 10−3 2.728
Hexadecanedioate * 2.189 1.131 2.07 × 10−3 2.684

Ophthalmate 2.326 1.218 1.30 × 10−2 1.887
Hydroxyisovaleroyl carnitine 2.567 1.360 1.37 × 10−2 1.862

Putrescine 2.857 1.514 3.48 × 10−2 1.459
Cholate 2.602 1.380 4.98 × 10−2 1.302

Taurodeoxycholate 2.978 1.574 5.00 × 10−2 1.301
1, biochemical with the most significant change in volcano plot and FC analysis. *, indicates biochemical is also one
of the top 15 VIP features contributing to the PLS-DA analysis. FC–fold change comparing FLT to AEM controls.
n = 6/group.

2.2. Altered Betaine and Glutathione Metabolism Are Central Defects in Spaceflight Mouse Livers

Metabolite set enrichment was performed in MetaboAnalyst using pathway-associated metabolite
sets based on “normal metabolic pathways” (Figure 2). Enrichment was performed using either all
metabolites (Figure 2A) or a more limited subset consisting only of those significantly changing in
abundance (Figure 2B). Significance was determined by two-tailed Student’s t-test. A fold-change
cutoff was not applied, therefore some of the significant metabolites differ from those identified
in the volcano plot. When enrichment analysis was performed using all metabolites, relatively
few p (corr)-values for enriched metabolite sets reached significance (p < 0.05). However, the top
several sets (methionine metabolism, branched chain fatty acid oxidation, betaine metabolism and glycine,
serine and threonine metabolism) were retained when the limited subset of metabolites was used for
analysis (Figure 2B). Furthermore, enrichment of glutathione and glutamate metabolism, important
components of the response to oxidative stress, rose to significance in the analysis of the limited
dataset, suggesting the utility of performing the same analysis multiple times on different subsets of
the data.

We next identified specific metabolites that were contributing to the enrichment scores. The glycine,
serine and threonine metabolism enrichment score was based on decrease of cystathionine and increase of
betaine and dimethylglycine. Eight other metabolites contributed to the enrichment, however their
abundance changes were not significant between groups. The glutathione metabolism enrichment score
was based on decreased abundance of glutathione and cysteinylglycine in FLT mice as compared
with AEM controls, with additional contributions from four non-significantly changing metabolites.
Fatty acid oxidation enrichment scores (both branched chain and very long chain) were based on abundance
of propionylcarnitine and carnitine, with coenzyme A and acetyl carnitine contributing to the score
as well. It should be noted that MetaboAnalyst does not recognize many lipids, therefore lipid
metabolic pathways are likely under-represented. Contributors to enrichment of methionine metabolism
were similar to those of betaine metabolism and consisted primarily of betaine, dimethylglycine and
choline, with additional contributions from S-adenosylhomocysteine and 5-methyltetrahydrofolic
acid, suggesting activation of the S-adenosyl methionine (SAM) cycle in the FLT mice. Abundances of
these metabolites in FLT mouse livers and AEM controls are summarized in Table S2. For validation,
metabolite pathway analysis was performed and similar pathways were found to have a high impact
score based on enrichment and topology analysis (Figure S2).
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Figure 2. Metabolite set enrichment analysis reveals metabolic pathways enriched in livers of FLT mice.
Enrichment analysis was performed in MetaboAnalyst using (A) all metabolites or (B) only metabolites
with significantly changing abundances between groups (p < 0.05). n = 5/group. Eighty-eight
metabolite sets based on “normal metabolic pathways” were used for the analysis. For clarity of
presentation, only the most significantly enriched metabolite sets are annotated.

We previously reported a significant increase in abundance of betaine in FLT livers [4,5]. Betaine is
metabolized from choline, which decreased in FLT mice [4,5]. Betaine is also a methyl donor and
provides the methyl group for metabolism of homocysteine to methionine, generating dimethylglycine
as well. Furthermore, the transmethylation cycle provides substrates used for the synthesis of
cystathionine and GSH via transsulferation [23]; labile methyl groups are required for these processes
as well as support of folate metabolism and synthesis of methylated compounds. Since methionine
is lost in the transmethylation pathway, it is possible that choline is supplied to preserve pathway
function [24]. However, the observed increase in abundance of betaine with a concomitant decrease in
cystathionine and GSH suggests increased choline metabolism in spaceflight is not linked to augmented
activation of one carbon metabolic pathways, since abundance levels of relevant metabolites such as
S-adenosylhomocysteine, serine, sarcosine and glycine are unchanged. Therefore, other mechanisms
are likely involved.

Dietary choline and methionine induce lipotrophic effects through upregulation of very
low-density lipoprotein export and fatty acid oxidation, and choline deficiency has been associated
with oxidative stress, inflammation, and steatosis. Shown in Figure 3, histological assessment confirms
that spaceflight indeed results in increased presence of inflammatory cells as well as augmented
steatosis. Although we previously measured upregulation of mRNA expression levels of PPAR-α,
a transcriptional regulator of fatty acid oxidation, it is likely that PPAR activation is mediated through
increased retinol abundance instead of elevated choline [5]. Choline may be replenished by recycling
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from phosphatidylcholine, which may impair integrity of lipid membranes. Metabolomics analysis
of choline-containing lysolipids revealed an average 40% decrease in abundance of these lipids in
FLT mice as compared to AEM controls, although differences between groups were not significant for
individual features (Figure S3). These results suggest that augmented metabolism of betaine, in excess
of what is needed for methionine metabolism, may lead to injurious choline deficits in spaceflight mice.
Whether this is causally related to decreased glutathione and the ability to respond to oxidative stress
remains an open question.

Figure 3. Increased steatosis and infiltration of inflammatory cells in livers from mice exposed to
spaceflight. H&E staining was performed on fixed liver sections from n = 4–5 mice/group to investigate
liver histology. Inspection of the H&E stained sections revealed that the AEM ground control mice
had small cytoplasmic lipid droplets predominantly located in zone 2 whereas the FLT mice had an
increase in slightly larger droplets distributed in a panlobular pattern. Multiple lipid droplets are
indicated using white arrows. Furthermore, FLT mice showed increased accumulation of mononuclear
inflammatory cells, particularly near portal ducts (yellow arrow). Representative images are shown
from each group. PT = portal triad, CV = central vein. Scale bar = 100 μm.

Notably, betaine serves as an organic osmolyte, protecting cells from effects of dehydration.
Water intake in FLT mice was decreased by ~20% as compared to AEM controls, although food
intake was unchanged (Table 2), therefore a likely cause for the upregulation of betaine is dehydration.
We also measured upregulation of taurine, another osmolyte. Abundance of 4-guanidinobutanoate was
strikingly decreased (Figure S1A) and was the most important feature contributing to the clustering of
groups in the PLS-DA analysis (Figure S1B). Guanidino compounds are metabolized from arginine,
and dehydration modifies abundance of these compounds in the kidney [25]. Kidney injury not
only results in reduced arginine synthesis but change in levels of guanidino compounds and their
metabolism in muscles and liver [26]. The marked decrease in abundance of 4-guanidinobutanoate
may therefore be associated with dehydration in the FLT mice. Many of the most striking changes in
metabolite and transcript abundances appeared to be related to increased dehydration of the FLT mice
as compared to AEM controls; although this is a possible limitation of the study, a recent proteomics
study on livers from male mice in the “Bion-M1” study flown in space for 30 days and re-acclimated
showed results similar to those from our previously published data [22]. Therefore, either the Bion-M1
mice were also dehydrated, or the enriched pathways that we measured indeed have functional
significance, potentially related to a shift in metabolic requirements due to unloading. Taken together,
the data suggest that dehydration, coupled with oxidative stress, combine to deplete choline stores,
leading to impaired lipid membrane metabolism and contributing to increased steatosis in livers from
mice exposed to spaceflight.
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Table 2. Average food and water intake measurements for STS-135 mice and AEM controls.

Intake AEM a FLT FLT/AEM p-Value

Food Intake (g) b 4.08 ± 0.10 4.09 ± 0.18 1.00 0.865
Water Intake (g) 3.38 ± 0.22 2.73 ± 0.01 0.81 0.038

a, Food and water consumption were measured over the 13.5-day flight. Values represent mean ± SEM;
b, Intake values are means calculated for 3 cages of 5 mice per group. Table adapted from [5].

2.3. Spaceflight Causes Broad Alterations in Transcriptome Profiles in the Liver

To understand the role of transcriptional regulation in the observed alterations to metabolites,
we performed an unbiased analysis of transcriptome datasets obtained with Affymetrix Genechip
1.0 ST arrays using GeneSpring software. We found significant alterations (p (corr) < 0.05) in 3005 out
of 28,852 genes, or approximately 10% of identifiable probesets (Figure 4A,C). Of these, 601 genes were
found to have biological significance; expression levels of 449 genes were upregulated (FC > 1.5) and
152, downregulated (FC < −1.5) (Figure 4B).

 

Figure 4. Hepatic gene expression is significantly altered by exposure to the space environment.
Profile (A) and scatter (C) plots of all significantly regulated genes (p (corr) < 0.05), and (B) profile
plots of biologically significant genes with differential regulation FC +/− 1.5. Red lines (B) and points
(C) indicate significantly upregulated genes in AEM mice, whilst blue indicate significantly upregulated
genes in FLT. Yellow indicates genes that are statistically but not biologically significant.

Analysis of Gene Ontology (GO) biological functions (Figure 5) revealed that most upregulated
genes were involved in metabolism or basic cellular processes, including transcription, translation,
and DNA repair. Of note, several autophagy-related genes were altered as were genes involved in
oxidative stress and regulation of peroxisomes, in particular fatty acid synthesis and degradation
(Figure 5A). Our previous studies found significant alterations in both mRNA and metabolites
associated with activation of PPAR-mediated pathways, as well as alterations in fatty acid oxidation in
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response to spaceflight [4,5]. Furthermore, as peroxisomes catalyze redox reactions and are potential
regulators of oxidative stress-mediating signaling pathways, it is possible that peroxisomes and
mitochondria may cooperate to determine cell fate decisions [27]. Specifically, peroxisomes house
several enzymes that can produce or degrade ROS and reactive nitrogen species (RNS) and therefore
may act as modulators of oxidative balance [28–30]. Recent studies have shown that disturbances in
peroxisomal metabolism play a role in the accumulation of cellular damage due to oxidative stress
and therefore, cellular aging. There is also evidence that peroxisomes can act as upstream initiators of
mitochondrial ROS signaling pathways [31]. However, the precise mechanisms by which this occurs
are yet to be fully elucidated.

Figure 5. GO biological functions associated with (A) up- and (B) downregulated datasets. Change in
regulation was determined as the ratio of average expression of FLT to AEM values for each transcript,
n = 6/group.

GO analysis of downregulated datasets denoted alterations in the regulation of transcription,
lipid metabolism and cell signaling (Figure 5B). Several processes related to activation and regulation
of the inflammatory response/immunity were also downregulated. Previous studies have shown
significant deficits in immunity in response to spaceflight, including suppression of proliferation
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and differentiation in hematopoietic stem cell lineages [32,33], as well as shifts in immune cell
phenotypes characterized by increased numbers of bone marrow-derived T cells and decreased
bone marrow-derived B cell populations [34]. Furthermore, studies using cluster of differentiation
(CD) 34+ bone marrow progenitor cells revealed decreases in total cell number in microgravity samples,
and additionally decreased erythropoiesis with concomitant increased macrophage differentiation [35].

2.4. Pathways Involved in Lipid Membrane Metabolism and Protein Biosynthesis Are Enriched in
Multi-‘Omics Datasets from Livers of Spaceflight Mice

To further validate our metabolomics results, we performed an integrated analysis of
transcriptomics and metabolomics datasets using the MetaboAnalyst Integrated Analysis function.
This algorithm performs an enrichment analysis to determine whether the observed genes and
metabolites in a given pathway appear more often than expected by random chance within the
dataset. An additional topology analysis evaluates whether a given gene or metabolite plays an
important role in a biological response based on its position within a pathway. An over-representation
analysis based on hypergeometric testing using 17,403 genes and 247 metabolites was used for the
enrichment analysis and topology was assessed with “Betweenness Centrality”, which measures the
number of shortest paths from all nodes to all others passing through a given node within the pathway.
Integrated analysis of both genes and metabolites (Figure 6A) confirmed the impact of spaceflight
on lipid membrane metabolism. Eight of the top 20 enriched pathways relate to lipid membrane
metabolism (including glycosphingolipid biosynthesis, glycerophospholipid metabolism, arachidonic acid
metabolism, inositol phosphate metabolism, glycophosphatidylinositol-anchor biosynthesis and sphingolipid
metabolism). Previously, we reported that Ingenuity Pathway Analysis revealed endocytosis as an
enriched gene pathway [4], which was also the most highly enriched pathway in the gene-centric
analysis (Figure 6B). Enrichment of inflammatory pathways was also evident by the presence of
multiple pathways related to cancer. Supporting our other metabolite set enrichment analysis, glycine,
serine and threonine metabolism had high enrichment and topology scores in the metabolite-centric
analytical workflow (Figure 6C).

Interestingly, several studies have shown that peroxisomes may alter lipid production
and concentration in response to changes in metabolism, mediating cellular signaling through
sphingolipids. In our analyses, we observed enrichment of sphingolipid biosynthesis and
sphingolipid metabolism, as well as alterations in peroxisome gene expression levels, suggesting that
spaceflight may alter peroxisome-related signaling pathways, including sphingolipids, to regulate
cellular processes [36]. Sphingolipids, specifically, are important messengers for signaling
events resulting in activation of cellular proliferation, differentiation or senescence [27,36].
Furthermore, sphingolipids have been linked to insulin resistance, oxidative stress and lipid
peroxidation in hepatocytes, suggesting a potential role of sphingolipids in the progression of
nonalcoholic fatty liver disease [37]. These results therefore indicate a potential connection between
peroxisome redox metabolism and mitochondrial oxidative stress mediated by sphingolipid signaling
pathways and resulting in upregulation of inflammatory/stress-related signaling, such as NF-κB.

Of note, aminoacyl-tRNA biosynthesis emerged as the top enriched metabolite pathway in
the metabolite-centric analysis which, when taken together with enrichment of purine metabolism
in the gene-metabolite centric analysis, suggested that spaceflight may increase biosynthesis or
even post-transcriptional modification of tRNAs, the building blocks of mRNA decoding and
protein translation. Post-transcriptional modification of tRNAs critically influences tRNA functions
such as folding, stability and decoding [38,39]. Defects in tRNA modifications and modification
enzymes are associated with oxidative stress [40] and human diseases including cancer, diabetes
and cardiomyopathy [38]. Indeed, results from a recent study in Caenorhabditis elegans associating
defects in post-transcriptional modification of mitochondrial tRNAs with dysfunctional oxidative
phosphorylation suggest that the cell's maladaptive response to hypomodified mitochondrial tRNAs
may be a mechanism underlying disease development [41]. Although speculative, the idea that
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exposure to the space environment may lead to aberrant tRNA post-transcriptional modifications is
provocative and warrants further investigation.

Figure 6. Integrated enrichment analysis using multi-‘omics datasets from livers of spaceflight mice
compared with AEM ground controls. Data were submitted to the MetaboAnalyst Integrated Pathway
Analysis module. (A) gene-metabolite; (B) gene and (C) metabolite centric workflows were compared
for n = 6 mice per group.
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Since MetaboAnalyst preferentially utilizes metabolic pathways for enrichment analyses,
we further interrogated the transcriptomic dataset using EGAN (Exploratory Gene Association
Networks) to confirm importance of enriched pathways [42]. We performed an association
analysis using all transcripts significantly changing between groups (Figure 7). Three main clusters
emerged. The first cluster focused on nucleic acid metabolism and included purine metabolism,
pyrimidine metabolism and nicotinate and nicotinamide metabolism. Purine metabolism enrichment
was dominated by strong upregulation of phosphodiesterase 4D (Pde4d, Table 3), an enzyme
with 3′,5′-cyclic-adenosine monophosphate (AMP) phosphodiesterase activity that degrades cAMP,
an important second messenger mediating signaling in multiple pathways. Adenosine monophosphate
deaminase 2 (Ampd2, Table 3), an enzyme that converts AMP to inosine monophosphate (IMP) and
maintains cellular guanine nucleotide pools [43], was downregulated, potentially attenuating protein
synthesis. This protein also mediates gluconeogenesis in the rodent liver [44] and, together with Pde4d
upregulation (Table 3), suggests pathways impacting cellular quiescence may be altered by spaceflight.

Previous studies in spaceflight have noted alterations in gene expression related to quiescence and
senescence pathways in multiple tissues. Specifically, exposure of bone marrow-derived mesenchymal
stem cells to spaceflight following addition of osteogenic differentiation factors resulted in increased
expression of genes related to neural development, neural morphogenesis and transmission of nerve
impulses and synapses in studies conducted on the International Space Station [45]. This same study
found increased expression of cell cycle arrest molecules indicating either increased differentiation of
cells in space or activation of cellular quiescence or senescence [45]. Our previous studies have also
found significant alterations in the proliferation and differentiation potential of both embryonic and
bone marrow stem cells during 13–15 days of spaceflight, with upregulation of the cell cycle arrest
and senescence marker cyclin dependent kinase inhibitor (CDKN)1a/p21 [46–49]. Notably, analysis
of our liver transcriptome dataset also found upregulation of CDKN1a/p21 (3.15 fold, p (corr) < 0.05,
Table 3), as well as upregulation of INK4C/p18 with concomitant attenuation of cyclin gene expression
(Figure S4). Similarly, GeneSet Enrichment Analysis (GSEA) using our whole transcriptome profile
showed alterations in several pathways, including quiescent cell activation, cell cycle regulation,
and activation of oxidative phosphorylation. When taken in total, these results suggest potential
systemic induction of cellular senescence due to short-term exposure to the space environment.

The second major cluster that emerged from our EGAN analysis was aminoacyl-tRNA biosynthesis,
supporting the MetaboAnalyst enrichment results, showing upregulation of expression of all genes
within the cluster. Modifications regulate the turnover of RNAs, and improperly modified tRNAs are
targeted for degradation [50], therefore it is possible that upregulation of aminoacyl-tRNA biosynthesis
actually targets cells for attenuation of protein translation due to hypomodifications or alterations of
the epitranscriptome. Finally, we observed a third cluster of genes corresponding to enrichment of
ubiquitin-mediated proteolysis. We performed Ingenuity Pathway Analysis as shown in Figure S5 and
determined that the components of the 20S proteasome were significantly upregulated, supporting the
observed pattern of molecular catabolism. Analysis of significantly upregulated datasets using GO
analysis also indicated activation of catabolism, primarily in ATP-dependent and glycolytic pathways.
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Figure 7. Cluster analysis using EGAN (Exploratory Gene Association Networks) software was
performed using all significantly changing transcripts (p < 0.05). Genes associated with the top
enriched pathways were clustered using a radial force-driven display. Insets are zoomed out views
of each cluster. Only significantly changing genes are included in insets for clarity of presentation.
Intensity of color (red = upregulated, green = downregulated, grey = not detected) is associated with
degree of fold change and width of the bounding circle is inversely related to p (corr)-value. n = 6
animals per group were used for the analysis.
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Table 3. Differentially regulated genes and biological processes in livers of FLT mice.

Gene Name Gene ID p (corr) Value Fold Change GO Biological Process

Agpat9 1-Acylglycerol-3-phosphate-O-
acyltransferase 9 8.10 × 10−4 3.740 Lipid metabolic process

Cdkn1a Cyclin-dependent kinase inhibitor1A
(P21) 4.24 × 10−4 3.153 Regulation of cyclin-dependent

protein serine

Elovl3 Elongation of very long chain fatty
acids-like3 3.76 × 10−3 3.055 Lipid metabolic process

Pnpla2 Patatin-like phospholipase domain
containing 2 1.17 × 10−3 2.645 Lipid metabolic process

Pde4d Phosphodiesterase 4D, cAMP specific 7.68 × 10−4 2.161 cAMP catabolic process

Pex11a Peroxisomal biogenesis factor 11 alpha 1.34 × 10−3 2.066 Peroxisome organization

Pex3 Peroxisomal biogenesis factor 3 8.82 × 10−3 2.037 Peroxisome organization

Pex19 Peroxisomal biogenesis factor 19 3.23 × 10−3 1.953 Protein targeting to peroxisome

Cirbp Cold inducible RNA binding protein 1.15 × 10−2 1.895 Response to stress

Pex16 Peroxisomal biogenesis factor 16 4.73 × 10−4 1.887 Protein targeting to peroxisome

Acot8 Acyl-Coa-thioesterase 8 4.73 × 10−4 1.776 Peroxisome organization

Atg2a Autophagy related 2A 2.59 × 10−3 1.707 Autophagy

Vwa8 Von willebrand factor A domain
containing 8 1.94 × 10−3 1.651 ATP catabolic process

Abcd3 ATP-binding cassette, sub-familyD
(ALD), member 3 1.94 × 10−3 1.651 ATP catabolic process

Abcg8 ATP-binding cassette, sub-family G
(WHITE), member 8 2.08 × 10−2 1.628 ATP catabolic process

Atp10d ATPase, class V, type 10D 7.48 × 10−3 1.614 ATP catabolic process

Map1lc3b Microtubule-associated protein 1 light
chain 3 β

2.50 × 10−2 1.553 Autophagy

Abcg5 ATP binding cassette subfamily G
member 5 4.11 × 10−2 1.550 ATP catabolic process

Ppara peroxisome proliferator activated
receptor α 2.10 × 10−3 1.550 Negative regulation of

transcription

Mtor Mechanistic target of rapamycin 5.06 × 10−3 1.541 Positive regulation of protein
phosphorylation

Wipi1 WD repeat domain, phosphoinositide
interacting 1 3.81 × 10−2 1.537 Autophagic vacuole assembly

Ppargc1b PPARG coactivator 1 β 1.24 × 10−2 1.535 Transcription from
mitochondrial promoter

Atg14 Autophagy related 14 2.54 × 10−2 1.505 Autophagic vacuole assembly

Pex1 Peroxisomal biogenesis factor 1 8.32 × 10−3 1.417 Protein targeting to peroxisome

Pex11b Peroxisomal biogenesis factor 2.49 × 10−2 1.365 Peroxisome organization

Pex10 Peroxisomal biogenesis factor 10 3.85 × 10−2 1.357 Peroxisome organization

Wipi2 WD repeat domain, phosphoinositide
interacting 2 1.67 × 10−2 1.277 Autophagic vacuole assembly

Map1lc3a Microtubule associated protein 1 light
chain 3 α

1.30 × 10−2 1.256 Autophagic vacuole assembly

Ampd2 Adenosine monophosphate deaminase 2 1.01 × 10−2 −1.608 AMP biosynthetic process

Nfe2l2 Nuclear factor, erythroid 2 like 2 5.80 × 10−3 −1.643 Transcription, DNA-dependent

Cyp26a1 Cytochrome P450 family 26 subfamily A
member 1 4.97 × 10−2 −2.015 Central nervous system

development

Hsp90aa1 Heat shock protein 90 α family class A
member 1 7.68 × 10−4 −2.653 ATP catabolic process

Hspb1 Heat shock protein family B (small)
member 1 1.03 × 10−3 −5.755 Response to stress

Red indicates significantly upregulated genes in FLT compared to AEM controls, whilst blue indicates significantly
downregulated genes in FLT compared to AEM controls.

The ubiquitin–proteasome system (UPS) and autophagy are the two main intracellular
degradation pathways [51]. Autophagy primarily mediates the degradation of long-lived proteins and
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organelles, maintaining intracellular homeostasis. Since activation of the proteasome is associated
with increased autophagy, we used BIOMART [52] to obtain a list of genes associated with autophagy
GO terms and screened that list for expression changes using EGAN (Figure 8). We found significant
upregulation in expression of a number of genes, including Atg2a, important for autophagosome
formation as well as regulation of lipid droplet morphology and dispersion; microtubule-associated
genes (Map1lc3a, Map1lc3b); Wipi1 and 2, involved in pre-autophagosome formation and the autophagy
response to starvation; and Mtor, a central mediator of cellular response to stressors such as
DNA damage and oxidative stress, supporting our GSEA results (Table 3). Alterations in the
rate of autophagy have been shown to regulate ROS formation and redox balance under specific
circumstances [53]. However, proteins damaged by ROS/RNS form protein aggregates that are
degraded through the 20S proteasome in order to maintain cellular homeostasis [53]. Exposure to
chronic or sustained oxidative stress can lead to inactivation of the proteasome, resulting in
accumulation of protein conjugates. Heavily oxidized protein aggregates are also not suitable for
degradation by the proteasome [54]. These aggregates may be specific targets of autophagy-related
pathways mediated by heat shock protein chaperones, which were also altered in our analyses (Table 3).
These results suggest that spaceflight leads to upregulation of multiple autophagy-related pathways
and are consistent with activation of the proteasome and attenuation of protein synthesis in livers from
FLT mice as compared with AEM controls.

Figure 8. Autophagy programs are upregulated in livers from spaceflight mice. Cluster analysis
using EGAN software was performed using genes associated with autophagy programs generated
by BIOMART. Genes were clustered using a radial force-driven display. Intensity of color
(red = upregulated, green = downregulated, grey = not detected) is associated with degree of fold
change and width of the bounding circle is inversely related to p (corr)-value. n = 6 animals per group
were used for the analysis.

Finally, we sought to determine whether decreased response to oxidative stress was associated
with induction of autophagy and we performed a pathway analysis of the nuclear factor
(erythroid-derived 2)-like 2 (NFE2L2/NRF2)-mediated response to oxidative stress (Figure 9).
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We found significant downregulation of Nrf2 expression levels in FLT mice as compared to AEM
controls (Table 3), as well as diminished expression of downstream pathway members, suggesting
that exposure to the space environment leads to attenuation of oxidative defense. Notably, spaceflight
studies using mice flown on STS-131 for 15 days also revealed downregulation of this oxidative stress
mitigator in bone marrow tissues [46,47]. Unfortunately, we did not have sufficient sample to directly
probe for changes in protein oxidation, although oxidative damage is a likely cause for the observed
increase in autophagy programs and upregulation of the proteasome in the FLT mice.

Autophagy-related programs are essential for liver regeneration [55] and repair and induction
of autophagy may occur in response to exposure to the space environment. Several studies have
characterized the molecular mechanisms involved in regeneration of the liver in response to a variety
of stress conditions and in response to partial hepatectomy (PHx), whereby a significant portion of the
rodent liver is removed and the remaining portion regenerates and restores the liver to its original
size. This process is highly regulated and includes several distinct stages, including withdrawal of
hepatocytes from quiescence, cell cycle entry and progression, cessation of cell division and return
of hepatocytes to quiescence [56–59]. Although hepatocytes are the first cells to replicate, they are
followed sequentially by other cell types within the liver including stellate cells and sinusoidal
endothelial cells [59].

A recent study demonstrated that autophagy is critical in the prevention of hepatocyte
senescence during the early stages of liver regeneration, and inhibition of autophagy-related
genes results in delayed liver regeneration, aggregation of unfolded proteins, and activation
of senescence in hepatocytes with a corresponding increase in senescence-associated secretory
phenotype (SASP)-related molecules [58]. This also coincides with considerable damage to the
mitochondria, reduced β-oxidation and reduced intrahepatic ATP generation, leading to dysregulation
of hepatocellular lipid stores [58]. As we found mild upregulation of autophagy-related genes as
well as upregulation of senescence, it is possible that autophagy pathways were initially activated to
degrade oxidized proteins. However, as chronic oxidative stress has been shown to induce hepatocyte
senescence, it is likely that senescence signaling pathways were activated in response to accumulation
of oxidized proteins and failure of autophagy mechanisms to clear these proteins. Indeed, other
studies have also demonstrated links between increased oxidative stress and increased hepatocyte
senescence, resulting in steatosis due to mitochondrial dysfunction [60–62]. This senescence-associated
mitochondrial dysfunction is a regulated process driven by signaling through p21 and through p38
mitogen-activated protein kinase (MAPK), both of which we found to be upregulated in the current
study (Table 3). Such changes are very similar to those that occur during ageing and obesity-related
pathologies, such as insulin resistance, and have been associated with impaired energy generation
and increased production of ROS. Studies conducted by us and others have shown spaceflight leads
to increased oxidative stress, increased insulin resistance, and systemic induction of aging-related
pathologies. It is possible that in the liver, increased oxidative stress and altered autophagy pathways
may cause hepatocyte senescence through activation of p21 and mitochondrial dysfunction, resulting
in hepatic steatosis (as we previously reported [5]) and impaired regenerative capacity. These molecular
changes may have important implications for the onset of obesity-related diseases and regenerative
health in the course of long-duration space exploration.
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Figure 9. NFE2L2/NRF2-mediated pathways are downregulated in spaceflight mouse livers.
Ingenuity Pathway Analysis was used for analysis of mRNA transcript levels in livers from FLT
and AEM control mice. Grey = unchanged, green = downregulated, red = upregulated. Intensity of
color correlates with degree of fold-change. n = 6/group.
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3. Materials and Methods

Animal studies were reviewed and approved by multiple Animal Care and Use Committee
(ACUC) boards, including the NASA Ames Research Center ACUC (NAS-11-002-Y1; 31 May 2011),
the NASA Kennedy Space Center (KSC) ACUC (FLT-11-078; 23 May 2011) and the University of
Colorado at Boulder Institutional ACUC (1104.11; 10 May 2011). No protocol was required for assays
performed at the University of Colorado Anschutz Medical Center or Loma Linda University since
only tissues obtained after euthanasia (no live animals) were analyzed at our sites. All NASA studies
involving vertebrate animals were carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

3.1. Animals and Sample Collection

Nine-week old weight-matched female C57BL/6J mice were selected for this study because they
produce fewer odor annoyance issues and were the only gender approved for flight (n = 15/group).
Additionally, all historical data (e.g., STS-118) were obtained on female mice so the use of female
mice permitted comparisons across missions, particularly for the musculoskeletal studies that were
primary. Mice were housed in Animal Enclosure Modules (AEMs, 10 mice per AEM habitat; 5 per side
separated by a wire mesh) and either flown on the Space Shuttle Atlantis (STS-135) for 13.5 days (FLT)
or housed at the Space Life Science Laboratory (SLSL) at KSC (Ground AEM controls; AEM).

Following two days of acclimation after receipt, mice were provided a NASA NuRFB foodbar
(TD 04197; 47% carbohydrate, 17.9% protein, 3.9% lipids, 2.8% fiber, 2.80 kcal/g). All mice were
placed into AEM housing one day before flight. Environmental parameters for ground control
mice were matched as closely as possible with flight conditions using 48 h delayed telemetry data.
Conditions were controlled for temperature, humidity, and a 12/12 h light/dark cycle; foodbars and
water were provided ad libitum.

Tissues were harvested at the SLSL within 3–5 h after return of the Space Shuttle Atlantis and
were distributed amongst a team of investigations through NASA’s Biospecimen Sharing Program;
we received one half lobe of liver from six mice per group. Mice were euthanized using 4% isoflurane
followed by cardiac puncture and exsanguination. Liver lobes were extracted and dissected. A portion
of the liver was prepared in 4% paraformaldehyde and the rest snap frozen in liquid nitrogen then
shipped to either Loma Linda University or University of Colorado Anschutz Medical Campus and
stored appropriately prior to use.

3.2. Transcriptomics

Samples were prepared and analyzed as previously described [4,5]. Briefly, RNA was isolated
using an RNeasy kit (Qiagen, Germantown, MD, USA) and the Ambion WT expression kit (Thermo
Fisher Scientific, Waltham, MA, USA) was employed to prepare mRNA for whole transcriptome
microarray analysis using an Affymetrix GeneChip 1.0 ST array (Thermo Fisher Scientific). Arrays were
scanned using a GeneChip Scanner 3000 7G (Thermo Fisher Scientific) and Command Console
Software v. 3.2.3 (Thermo Fisher Scientific) to produce. CEL intensity files which were processed
with CARMAweb (Comprehensive R-based Microarray Analysis web service). GeneSpring software
(Agilent, Santa Clara, CA, USA) was used to perform statistical analysis. Specifically, samples were
first filtered on signal intensity values in order to remove background noise, statistical analysis was
performed on normalized and filtered samples using a moderated t-test with Benjamini Hochberg
FDR correction factor. Samples were then filtered based on fold change, whereby p (corr) < 0.05 and
fold change +/− 1.5 or more was considered significant. CARMAweb files were then imported into
Ingenuity Pathway Analysis (Qiagen) software for subsequent analysis.
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3.3. Metabolomics

Frozen liver pieces (n = 6/group) were shipped to Metabolon, Inc. (Morrisville, NC, USA)
and stored at −80 ◦C before use. Samples were prepared for the appropriate instrument, either
Liquid Chromatography/Mass Spectrometry (LC/MS) or Gas Chromatography/Mass Spectrometry
(GC/MS), as described previously [4,5]. Briefly, automated sample preparation was conducted
to extract metabolites for analysis by LC and GC. Extracts were placed briefly on a TurboVap®

(Zymark, Clackamas, OR, USA) to remove organic solvent. Each extract was then frozen and dried
under vacuum.

3.4. Liquid Chromatography/Mass Spectrometry (LC/MS)

Extracts were split into two aliquots, dried, then reconstituted in acidic or basic LC-compatible
solvents, each of which contained 11 or more injection standards at fixed concentrations. Metabolite
features were measured using a Waters ACQUITY UPLC (Waters, Milford, MA, USA) and a
Thermo-Finnigan LTQ-FT MS (Thermo Fisher Scientific) in two independent injections using separate
dedicated columns as described previously [4,5]. One aliquot was analyzed in positive ion mode under
acidic conditions and gradient eluted from a Waters BEH C18 2.1 mm × 100 mm column, containing
1.7 μm resin, using water and methanol as mobile phases with both containing 0.1% formic acid.
The other aliquot was analyzed in negative ion mode using basic conditions, which also employed
water/methanol, and contained 6.5 mM ammonium bicarbonate for ion pairing. Mass spectrometric
analysis alternated between MS and data-dependent MS2 scans using dynamic exclusion, scanning
from 80–1000 m/z. Accurate mass measurements were made on precursor ions with greater than
2 million counts; typical mass error was less than 5 ppm.

3.5. Gas Chromatography/Mass Spectrometry (GC/MS)

Extracts destined for GC/MS were vacuum desiccated for 24 h then derivatized under dried
nitrogen using bis(trimethylsilyl)-trifluoroacetamide (BSTFA). Volatile metabolites were separated
using 5% phenyl/95% dimethyl polysiloxane fused silica (20 m × 0.18 mm ID; 0.18 μm film thickness)
and a temperature ramp from 40 to 300 ◦C within 16 min; helium was used as the carrier gas.
Compounds were analyzed using a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole MS
(Thermo Fisher Scientific) equipped with electron impact ionization set to scan from 50–750 m/z at
unit mass resolving power, as we previously described [4,5].

3.6. Compound Identification

Mass spectral data were loaded into a relational database and peaks were identified using
Metabolon’s peak integration software [63]. Compounds were identified by comparison to library
entries of purified standards based on the combination of retention time and mass spectra.
Data were normalized to correct for variation resulting from instrument inter-day tuning differences.
Each compound was corrected by registering the medians to equal 1.00 in run-day blocks and
normalizing each data point proportionately. Missing values, assumed to be below the limit of
detection of the instrument, were imputed with the observed minimum after normalization.

3.7. Data Availability

Transcriptomics and metabolomics data are publicly accessible via the NASA GeneLAB data
base. Transcriptomics data are found at the website (Available online: https://genelab-data.ndc.nasa.
gov/genelab/accession/GLDS-25/). Metabolomics data are available at the website (Available online:
https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-108/).
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3.8. Integrated Data Analysis

MetaboAnalyst software (Available online: www.metaboanalyst.ca) was used for pathway and
enrichment analysis of metabolomics data as well as integrated analysis of transcriptomics and
metabolomics datasets. Data were log-transformed and auto-scaled then subjected to various analytical
modules within the software [64]. Ingenuity Pathway Analysis (IPA) and Exploratory Gene Association
Networks (EGAN) [42] (Available online: akt.ucsf.edu/EGAN) were used to assess pathway activation
based on changes in mRNA expression levels. Human Metabolite Database (HMDB) accession
numbers were queried and names of genes associated with metabolites exhibiting significant changes
in abundance were extracted manually. These genes were used to construct a subset list of genes that
may be functionally significant, based on metabolite abundance changes, and this subset was also
subjected to pathway and enrichment analysis.

3.9. Histology

Fixed tissue sections were processed for hematoxylin and eosin (H&E) staining as described
previously [65]. Histologic images were captured on an Olympus BX51 microscope equipped with
a 4mp Macrofire digital camera (Optronics, Tokyo, Japan) using the PictureFrame Application
2.3 (Optronics). All images were cropped and assembled using Photoshop CS2 (Adobe Systems,
Inc., San Jose, CA, USA).

3.10. Statistical Analysis

Data were analyzed with GraphPad Prism V6.0 (GraphPad Software, La Jolla, CA, USA) using
a Mann-Whitney U-test or unpaired t-test with Welch’s correction for comparison between groups.
Means ± SEM were reported. The ROUT method with Q = 1% was used to identify outliers for
exclusion from analysis. p (corr)-values less than 0.05 were selected to indicate significance.

4. Conclusions

The unbiased analyses presented here both support our previous results and extend them to show
that exposure to the space environment for only 13.5 days results in increased oxidative stress due
to elevated ROS and impaired oxidative defense (by way of attenuation of NRF2-related pathways)
in the mouse liver. Furthermore, our multi-‘omics studies suggest that accumulation of oxidized
proteins coupled with mitochondrial dysfunction may lead to activation of hepatocyte senescence,
resulting in hepatocyte lipid accumulation and steatosis. Further investigation into the potential
for liver damage in the course of long-duration space exploration is needed, as are development of
effective countermeasures to protect astronaut health.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/10/2062/s1.
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Abstract: Harsh environmental conditions including microgravity and radiation during prolonged
spaceflights are known to alter hepatic metabolism. Our studies have focused on the analysis of
possible changes in metabolic pathways in the livers of mice from spaceflight project “Bion-M 1”.
Mice experienced 30 days of spaceflight with and without an additional re-adaption period of seven
days compared to control mice on Earth. To investigate mice livers we have performed proteomic
profiling utilizing shotgun mass spectrometry followed by label-free quantification. Proteomic data
analysis provided 12,206 unique peptides and 1086 identified proteins. Label-free quantification
using MaxQuant software followed by multiple sample statistical testing (ANOVA) revealed 218
up-regulated and 224 down-regulated proteins in the post-flight compared to the other groups.
Proteins related to amino acid metabolism showed higher levels after re-adaption, which may
indicate higher rates of gluconeogenesis. Members of the peroxisome proliferator-activated receptor
pathway reconstitute their level after seven days based on a decreased level in comparison with
the flight group, which indicates diminished liver lipotoxicity. Moreover, bile acid secretion may
regenerate on Earth due to reconstitution of related transmembrane proteins and CYP superfamily
proteins elevated levels seven days after the spaceflight. Thus, our study demonstrates reconstitution
of pharmacological response and decreased liver lipotoxicity within seven days, whereas glucose
uptake should be monitored due to alterations in gluconeogenesis.

Keywords: spaceflight; mouse; liver; proteome; metabolism; cytochrome P450

1. Introduction

Spaceflights provide a unique opportunity to study microgravity-related changes in organs on a
biochemical level. In 2013, the Institute of Biomedical Problems of the Russian Academy of Sciences
(IBMP RAS) targeted this research field with the project “Bion-M1” by sending mice in bio-satellites to
the Earth orbit in a 30-days flight [1]. As a metabolically highly active organ, the liver of these mice is
particularly interesting for us to investigate the effects of spaceflights. Open questions on the proteome
dynamics during prolonged spaceflights and their effect on this vital organ involved in metabolism is
of great clinical interest in terms of therapy and medical monitoring. Liver function involves a number
of enzymatic systems. Among them, members of the cytochrome P450 superfamily crucial for hepatic
drug metabolism are the well characterized [2]. The majority of proteins belonging to the protein
families CYP1, CYP2, and CYP3 are involved in metabolism of drugs and xenobiotics with substrate
specificity intrinsic to the each particular subfamily [3]. As the level of these CYP enzymes determines
the overall drug dosage and therapeutic success, their level and activity should be examined to
provide proper medication during prolonged spaceflight and re-adaptation on Earth. Furthermore, the
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systems controlling carbohydrates, proteins, and lipid metabolism need to be studied in the context of
spaceflights in order to develop complete nutrition. Effects of 13-day spaceflights on liver function
were previously observed including loss of retinol and activation of peroxisome proliferator-activated
receptor (PPAR) pathways indicating early signs of non-alcoholic fatty liver disease (NAFLD) [4].
Quantitative mass-spectrometry using stable isotope labeling or label-free approach represents thereby
a powerful method to reveal differentially expressed proteins [5]. Thus, using mass-spectrometry,
it was shown that PPAR pathways are crucial for lipid metabolism in the liver [6].

To extend our knowledge concerning liver proteins affected by microgravity, we tried to
give insight into their expression levels during re-adaption on Earth. Here we present an
approach for proteome profiling of mice livers using shotgun mass spectrometry coupled with
label-free quantification as a powerful method to reveal a broad range of differentially expressed
proteins. Moreover, functional analysis along clusters of differentially expressed proteins provides a
comprehensive overview of the metabolic response of a mammalian system to environmental changes
related to spaceflights.

2. Results

We studied the effects of microgravity on mice livers by comparing the proteome of mice
livers from a 30-day spaceflight, seven day re-adapted mice, and control mice (Figure 1A). Control
group animals were housed in the same environmental conditions (e.g., temperature, humidity, gas
composition) as in the spaceflight [1]. Three biological replicates were provided for the re-adaption
(post-flight) group as well as for the control group, and four replicates were provided for the spaceflight
group (flight). The sample homogenates were analyzed by LC-MS/MS using a nano-flow HPLC system
and Q Exactive HF mass spectrometer followed by data processing (Figure 1B). Raw data analysis
with MaxQuant and statistical data analysis with Perseus provided 12,206 unique peptides and
1086 identified proteins (Table S1), therefrom 1046 proteins were used for relative protein quantification
(Table S2) based on at least three unique peptides.

Figure 1. Sample overview and methodological workflow. (a) Sample overview for all three groups
investigated. The control group on Earth was held in housing and climate conditions corresponding
to the conditions of flight group; (b) Workflow of sample preparation, processing, and analysis.
IDs—identifications; FASP—filter-aided sample preparation; LFQ—label-free quantification.

The initially observed label-free quantification (LFQ) intensities were used to examine significant
changes in the protein levels between flight, post-flight and control condition by applying an ANOVA
test. Quantified proteins of the control group were compared to their levels in the flight group as well
as in the post-flight group using unsupervised hierarchical clustering (Figure 2).
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Figure 2. Hierarchical clustering of all proteins with a significantly changed expression profile between
at least two groups. Significance was calculated using multiple-sample test (ANOVA model, FDR = 0.05,
S0 = 0.1). Samples are clustered in columns and proteins are clustered in rows. Red marked proteins are
significantly up-regulated, black marked proteins show no abundance change, and proteins presented
in green are down-regulated. Clusters of proteins, which are significantly (A) more abundant or (B) less
abundant in the post-flight group than in the flight or control group are shown. LFQ—Label-free
quantification; FDR—false discovery rate

Multiple sample testing (ANOVA test, false discovery rate (FDR) = 0.05) resulted in 442 proteins
with significantly changed abundances (Table S3). Proteins with significant expression differences
are grouped mainly in two large clusters. These clusters comprise 218 (cluster A) and 224 (cluster B)
proteins that are up- and down-regulated in the post-flight compared to the other groups, respectively.
Furthermore, we observed clustering of three separate sample groups between flight, post-flight, and
control condition.

We analyzed all affected proteins regarding their actual function against GeneOntology and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. Possible clusters of the significant proteins
were surveyed by unsupervised hierarchical clustering considering their function, biological process,
or cellular component based on ANOVA multiple-sample testing (FDR < 0.05; Figure 2, Table S4).
Top 10 annotation terms are represented in Table 1.

In particular, various terms related to ribonucleoproteins or proteins involved in nitrogen
compound metabolic processes are enriched in “A” cluster among terms with the highest FDRs
(Table 1, Table S4). Additionally, numerous proteins related to amino acid metabolism, especially
associated with amine catabolic processes, are part of the list with enriched proteins. The observed
protein catabolism activation indicates enhanced gluconeogenesis since degradation protein products
serve as carbon substrates during gluconeogenesis [7]. Interestingly, the second protein cluster
(Figure 2B) comprising proteins down-regulated in the post-flight group (n = 224), is represented by
mostly membrane components (Table 1, Table S4). Proteins assigned with terms related to membrane
compartments are represented among terms with the highest FDRs in this cluster.
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Table 1. Top 10 annotation terms with the highest FDR in enrichment analysis of protein clusters
A and B from unsupervised hierarchical clustering. (GOCC = GeneOntology cell compartment;
KEGG = Kyoto Encyclopedia of Genes and Genomes; GOBP = GeneOntology biological process;
GOMF = GeneOntology molecular function.)

Type Name p-Value Enrichment Total In Cluster
Cluster

Size
Benj. Hoch.

FDR

Cluster A: Significantly Higher Protein Levels in Post-flight Group

GOCC name Ribonucleoprotein complex 1.62 × 10−14 1.92 55 52 218 1.90 × 10−12

KEGG name Ribosome 1.70 × 10−11 1.97 38 37 218 3.13 × 10−9

GOBP name Cellular amino acid
metabolic process 2.23 × 10−12 1.82 59 53 218 7.79 × 10−9

GOBP name Cellular nitrogen compound
metabolic process 1.07 × 10−11 1.54 116 88 218 1.87 × 10−8

GOMF name Structural constituent of
ribosome 3.68 × 10−11 1.97 37 36 218 3.37 × 10−8

GOBP name Nitrogen compound
metabolic process 3.29 × 10−11 1.52 119 89 218 3.83 × 10−8

GOCC name Mitochondrial matrix 1.69 × 10−9 1.91 36 34 218 9.86 × 10−8

GOBP name Cellular amine metabolic
process 6.56 × 10−10 1.71 63 53 218 5.73 × 10−7

GOBP name Translation 1.69 × 10−9 1.91 36 34 218 9.81 × 10−7

GOBP name Macromolecule biosynthetic
process 1.41 × 10−9 1.76 53 46 218 9.84 × 10−7

Cluster B: Significantly Lower Protein Levels in Post-flight Group

GOCC name Membrane part 1.04 × 10−30 1.65 173 145 224 4.85 × 10−28

GOCC name Intrinsic to membrane 6.62 × 10−23 1.80 102 93 224 1.03 × 10−20

GOCC name Integral to membrane 6.62 × 10−23 1.80 102 93 224 1.55 × 10−20

GOCC name Organelle membrane 3.49 × 10−14 1.47 157 117 224 3.26 × 10−12

GOCC name Endoplasmic reticulum part 7.21 × 10−12 1.72 69 60 224 5.63 × 10−10

GOCC name Endoplasmic reticulum 5.52 × 10−11 1.84 46 43 224 3.69 × 10−9

GOCC name Endoplasmic reticulum
membrane 2.47 × 10−9 1.72 54 47 224 1.28 × 10−7

GOCC name Plasma membrane part 5.85 × 10−8 1.67 52 44 224 2.74 × 10−6

GOCC name Membrane 4.95 × 10−7 1.19 260 157 224 2.10 × 10−5

GOMF name Transporter activity 1.46 × 10−6 1.78 31 28 224 2.67 × 10−4

Volcano plots visualizing significance versus fold-change were obtained for control/flight,
control/post-flight and flight/post-flight pairs (Figure S1). Applying permutation-based FDR
calculation (FDR = 0.05, S0 = 0.1) [8], we determined differentially expressed proteins (Figure S1).
Further investigation of significantly differentially expressed proteins (ANOVA test, FDR = 0.05)
against KEGG database revealed protein groups of bile secretion, PPAR signaling pathway, retinol
metabolism, and cytochromes superfamily (Table S4, Table S5, Table 2).

The proteins associated with bile secretion are less represented with a FDR of 0.019 (Table S4).
The level of 10 quantified and bile secretion related proteins (Table 2) is significantly lower in post-flight
than in the flight or control group (ANOVA test, FDR = 0.05). The majority of these proteins have ion
or cation transporter activity to regulate the bile flow from liver to gall bladder by building an osmotic
gradient [9]. A decreased abundance of these transporters in the post-flight group may indicate less
bile secretion leading to an accumulation of harmful bile acids in hepatocytes [10]. A major part of our
observed bile secretion related proteins is only significantly down-regulated in the post-flight group
compared to the flight group (Table 2) which indicates considerable reconstitution of bile secretion
within seven days. Notably, there was no difference in the abundance of these transmembrane proteins
between the control and flight group, which could be owed to less sensitive fold change detection
between flight and control. This could be caused by the high significance threshold observed with
multiple testing correction using permutation based FDR (Figure S1, A). Comparisons between control
and post-flight or flight and post-flight demonstrate considerable lower significance thresholds.
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The PPAR signaling pathway members are mostly up-regulated. The most prominent level
increased (fold change >2) in flight group comparing with post-flight group was found for cytochrome
P450 4A12A (Cyp4a12) involved in fatty acid ω-oxidation, fatty acid-binding protein (Fabp1) used for
fatty acid transport through blood stream, and CD36 antigen (Cd36) acting as fatty acid translocase with
lipoprotein binding function [11]. In contrast, long-chain specific acyl-CoA dehydrogenase (Acadl),
medium-chain specific acyl-CoA dehydrogenase, (Acadm) and peroxisomal bifunctional enzyme
(Ehhadh) essential for fatty acid β-oxidation in mitochondria and peroxisomes are down-regulated.

Regarding spaceflights induced lipotoxicity [4], our examinations give further insights into the
reconstitution of liver metabolism. Increased expression levels of the liver residing fatty acid binding
protein (Fabp1, Q3V2F7) indicate an active PPAR pathway [12] which, in turn, initiates adipose cell
differentiation ultimately resulting in NAFLD [13]. Fabp1, as well as other lipid binding protein levels
are significantly increased in the flight group compared to the post-flight group (Table 2) suggesting
an activation of PPAR. The observed significant change diminishes comparing control mice and
re-adapted mice.

Differentially expressed proteins are enriched for proteins related toretinol metabolism. Different
UDP-glucuronosyl transferases, Cyp1a2, and dehydrogenase/reductase SDR family member 4 (Dhrs4)
metabolizing retinoids are up-regulated, whereas Cyp3a13 level is decreased in flight group compared
with re-adapted mice (Table 2). Retinoic acids are mobilized in hepatic stellate cells as part of retinol
metabolism [14] and act as upstream PPAR activators [15,16]. UDP-glucuronosyl transferases perform
glucuronidation of retinoic acids for their solubilization [17,18] followed by secretion. After secretion,
retinoic acids activate PPARs in hepatocytes.

Apart from retinol metabolism and PPAR pathway, various members of the cytochrome P450
superfamily were detected to have a significantly changed abundance in the post-flight group.
We observed up-regulation of CYP2D subfamily members (Cyp2d9, Cyp2d10, and Cyp2d26), as well
as increased level of Cyp4v3, Cyp1a2, Cyp2f2, and Cyp4a12a. Members of CYP3A subfamily (Cyp3a11
and Cyp3a13) were down-regulated. Cyp4a12a showed a five-fold (p-value = 0.0113) increased level in
the flight group compared to the post-flight group. CYP4A subfamily members are involved in fatty
acid ω-oxidation in microsomes [19]. Reconstitution of Cytochrome P450 1A2 was confirmed since
there is no significant change between control and post-flight along with detected fold change between
flight and post-flight (Table 2). The subfamily CYP2D appears 6.1-(p-value = 0.0117) and 2.1-fold
(p-value = 0.0134) elevated in the flight group compared to post-flight group (Table 2). Repeatedly,
no significant difference in cytochromes profile between control and post-flight shows that re-adaption
to the usual drug metabolizing CYP levels occurs within seven days after landing.

3. Discussion

Manned spaceflights are promising ways to shed light on basic questions regarding origins of
life and the human future. To enable this, questions about the impact of environmental conditions
during spaceflights can be addressed testing model organisms such as mice. One of these questions is
how long-term adaption to spaceflight environment and re-adaption to Earth is reflected in the liver
proteome. Our study design was established to exclude housing effects, which are based on the same
environmental conditions concerning temperature, humidity, feeding and gas compositions for all
animals studied. We performed label-free proteomic profiling and revealed no significant differences
between the proteomes of flight and control group due to insufficient fold change detection combined
with high variances within groups. Probably, small sample size contributes to the low significance.

We have revealed significant differential protein expression between flight and post-flight
groups. Interestingly, up- and down-regulated proteins are linked with fatty acid oxidation.
Remarkably, we revealed up-regulated proteins involved in fatty acid transport (Fabp1), cell uptake
(Cd36), translocation into mitochondria (carnitine O-palmitoyltransferase 2, mitochondrial, Cpt), and
activation for β-oxidation (long-chain-fatty-acid-CoA ligase 1 (Acsl1)). Moreover, Cyp4a12 related to
fatty acid ω-oxidation is up-regulated whereas enzymes essential for β-oxidation both in mitochondria
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(Acadl and Acadm) and peroxisomes (Ehhadh) are down-regulated. These results could indicate
impaired fatty acid β-oxidation, which could lead to fatty acid accumulation, in turn, possibly causing
lipotoxicity that underlies NAFLD pathogenesis. Yet, we should interpret these results with caution
since a small sample size and label-free approach applied. Notably, the small sample size is linked
with the fact that only 16 out of 45 mice (36%) survived the spaceflight and samples were distributed
among large number of scientific teams [1]. Nevertheless, project “Bion-M1” provided unique samples
to investigate spaceflight effects on living beings.

Functional annotation against KEGG database revealed PPAR and retinol metabolism signaling
pathways, which are enriched by down-regulated proteins in the post-flight group compared with
the flight group. This result indicates re-adaption occurs partially within seven days associated with
diminishing liver lipotoxicity, which is consistent with the data of Jonscher et al. [4]. Jonscher et al.
linked matabolome and transcriptome profile including modulated PPARα pathways with lipotoxicity
and NAFLD-like phenotype. Analysis of PPAR α, δ, and γ mRNA level of the samples performed
in our laboratory did not show significant level change between the samples (data not shown).
However, it has been shown previously that activity of PPARs and its pathway members is regulated by
posttranslational modifications including phosphorylation [20]. Further validation of PPAR signaling
pathway by the targeted proteomics or PTM analysis will help to obtain direct evidences for the PPAR
pathway involvement in re-adaptation after space flight.

Moreover, we observed down-regulated fatty acid binding proteins and UDP-glucuronosyl
transferases that can contribute to NAFLD recovery. Since NAFLD leads to severe complications
such as increased risk of cirrhosis, type 2 diabetes, and cardiovascular complications [21] it is highly
important to maintain a hypocaloric diet both during spaceflight and re-adaption to Earth.

Strikingly, enhanced expression of the CYP4A subfamily, that is responsible for ω-oxidation of
fatty acids [4], is induced by the PPAR pathway, which coincides with the observed activation of the
PPAR pathway. Additionally, our observation can be supported by a previously observed increase in
ω-oxidation products in mice livers which experienced a 13-day spaceflight [4]. However, we detected
increased expression of Cyp4a12a in flight compared to post-flight, which is consistent with the
previously observed increased amount of ω-oxidation products in the flight group [4]. The cytochrome
P450 family member Cyp4a12a should be investigated further regarding its amount to confirm an
increased level in the flight group and to be measured during different time periods for re-adaption.

In addition, recovery of other elevated CYP levels was shown, which indicates reconstitution
of the hepatic pharmacological response. Our results of reconstituted levels of Cyp1a2 underline
previously detected elevated levels of cytochrome P450 1A2 during flight compared to post-flight [22],
showing the importance to monitor liver performance during flights. Numerous drugs are turned
over in the liver by CYP1A2 [23] illustrating its immense clinical importance. However, we should
consider that the observed reconstitution of protein levels could be a consequence of stress during
biosatellite re-entry and the landing procedure. To address this concern, mice could pass 30 days on
a manned space station with following euthanization on the space station, thus, avoiding stressful
landing conditions. This approach could also elucidate direct effects of microgravity or radiation on
the liver by excluding stressful landing as a source for proteomic changes, which cannot be excluded
from our study.

With relation to energy metabolism, up-regulation in proteins involved in amino acid metabolic
processes in the re-adaptation group may indicate an increased level of gluconeogenesis. Initiation of
gluconeogenesis is started during lack of cellular glucose caused by short-term fasting [7]. Therefore,
prolonged spaceflights may result in reduced glucose uptake during assimilation to Earth conditions.
We also assume restoration of bile acid secretion seven days after landing due to restored levels of
transmembrane proteins related to bile acid secretion.

In this study, we did not perform quantitative validation using a targeted mass-spectrometry
technique. However, Cyp1a1 and Cyp2d9 up-regulation, as well as Cyp3a11 down-regulation is
consistent with our previous data on CYP450 absolute abundance obtained by selected reaction
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monitoring (SRM) with isotopically labeled peptide standards on the same animals (mice from flight,
post-flight, and ground control group) [22]. Label-free quantification is a promising approach due to
low-cost and using of high-resolution mass-spectrometers, which yields high precise measurements of
several peptides per protein (at least three unique peptides in our study). Shao et al. successfully used
labeled-free platform combines shotgun mass-spectrometry, targeted SRM, and computational method
(“Standard curve slope”) to identify sex-dependent CYP450 expression patterns. Relative expression
of Cyp1a1, Cyp2d10, and Cyp2d26 was analyzed in male and female rat liver microsomes [24].

4. Materials and Methods

4.1. Samples

This study was approved by IACUC of MSU Institute of Mitoengineering (Protocol No-35,
1 November 2012) and of Biomedical Ethics Commission of IBMP (protocol No-319, 4 April 2013)
and performed in accordance to the European Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes. Male C57/BL6 mice (four–five months old)
were selected for spaceflight and ground control experiments. At the time of spaceflight and at the
start of the related ground control experiments, the mice had average weight 22 ± 2 g. All mice
were pathogen-free. To avoid violent behavior mice were trained before the flight and ground control
experiment to form the stable groups of three mice each. Animals were adapted to paste diet. Stable
cohorts of three mice were housed in each habitat during spaceflight and ground control experiment.
During spaceflight the mice were fed with paste-like food with 76–78% water content developed at
IBMP RAS. The mice were kept in a natural light-dark cycle (12 h light and 12 h dark). For more details
about experimental animals see Andreev-Andrievsky et al. [1]. In our experiment, we compared liver
proteomes of the mice which passed 30 days (from 19 April 2013 to 19 May 2013) in a biosatellite in
space and sampled 13–25 h after landing (flight group) with mice of the same spaceflight sampled
seven days after landing (post-flight group). Mice held in a biosatellite on Earth in the similar cage from
26 July 2013 to 26 August 2013 under the corresponding housing and climate conditions (temperature,
humidity, and atmosphere gas composition) served as control group. The environmental conditions as
well as food delivery were continuously recorded during spaceflight. All mice were euthanized by
cervical dislocation; livers were immediately sampled and stored at −80 ◦C until further procedures.

4.2. Sample Preparation

Twenty milligrams of each mouse liver were washed with PBS, homogenized in 200 μL lysis
buffer (4% SDS in 0.1 M Tris-HCl pH 8.5) and centrifuged at 3000× g at 4 ◦C for 5 min. Total protein
content was measured according to the BCA method [25]. A total protein amount of 100 μg for each
sample was used for tryptic digestion according to the common FASP protocol [26]. Briefly, detergents
in the samples were exchanged with 100 mM Tris-HCl (pH 8.5) using Microcon filters (10 kDa cut off,
Millipore, Bedford, MA, USA). Protein disulfide bridges were reduced with 100 mM 1,4-dithiothreitol
in 100 mM Tris-HCl (pH 8.5), alkylation of thiols was performed with 55 mM iodacetamide in 8 M
urea/100 mM Tris-HCl (pH 8.5). Tryptic digestion with a trypsin (Sequencing Grade Modified,
Promega, Madison, WI, USA) to protein ratio of 1:100 was carried out overnight at 37 ◦C in a 50 mM
tetraethylammonium bicarbonate (pH 8.5) followed by an additional digestion step under the same
conditions with 2 h duration.

4.3. LC-MS/MS

We separated 2 μg peptides for each sample with high-performance liquid chromatography
(HPLC, Ultimate 3000 Nano LC System, Thermo Scientific, Rockwell, IL, USA) in a 15-cm long
C18 column with an inner diameter of 75 μm (Acclaim® PepMap™ RSLC, Thermo Fisher Scientific,
Rockwell, IL, USA). The peptides were eluted with a gradient from 5–35% buffer B (80% acetonitrile,
0.1% formic acid) over 115 min at a flow rate of 0.3 μL−1 min. Total run time including 90 min
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to reach 99% buffer B, flushing 10 min with 99% buffer B and 15 min re-equilibration to buffer
A (0.1% formic acid) amounted 155 min. Further analysis was performed with a Q Exactive HF
mass spectrometer (Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass spectrometer, Thermo
Fisher Scientific, Rockwell, IL, USA). Mass spectra were acquired at a resolution of 60,000 (MS) and
15,000 (MS/MS) in a m/z range of 400−1500 (MS) and 200–2000 (MS/MS). An isolation threshold of
100,000 counts was determined for precursor’s selection and up to top 25 precursors were chosen for
fragmentation with high-energy collisional dissociation (HCD) at 25 NCE and 100 ms accumulation
time. Precursors with a charged state of +1 were rejected and all measured precursors were excluded
from measurement for 20 s. At least three technical runs were measured for each sample. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository [27] with the dataset
identifier PXD005102.

4.4. Data Processing

The obtained raw data were processed using the MaxQuant software [28] (version 1.5.5.1, Jürgen
Cox, Max Planck Institute of Biochemistry, Martinsried, Germany) with the built-in search engine
Andromeda [29]. Protein sequences of the complete mouse proteome provided by Uniprot (August
2016) was used for protein identification with Andromeda. Carbamidomethylation of cysteines was set
as fixed modification and protein N-terminal acetylation as well as oxidation of methionines was set
as variable modification for the peptide search. A maximum mass deviation of 4.5 ppm was allowed
for precursor’s identification and 20 ppm were set as match tolerance for fragment identification
(acquisition in Orbitrap). Up to two missed cleavages were allowed for trypsin digestion. The software
option “Match between runs” was enabled and features within a time window of 0.7 min were used to
match between runs. The false discovery rates (FDR) for peptide and protein identifications were set
to 1%. Only unique peptides were used for label-free quantification (LFQ) according to the method
described by Cox et al. [30].

4.5. Statistical Analysis

The obtained LFQ intensities were filtered and statistically analyzed using the Perseus
environment. Protein groups identified only by peptides with modified sites, contaminant matches
and matches to the reverse database were removed. Proteins identified by at least two unique peptides
were determined as identified, whereas only proteins identified with three unique peptides were
used for quantification. Solely protein groups that were at least once quantified in each group were
included in our observations. Normalization was performed by built-in MaxQuant algorithm [30].
The LFQ intensities were transformed by log2(x) and missing LFQ intensity values (NaN) were
replaced using low LFQ intensity values from the normal distribution (width = 0.3, down shift = 1.8).
Unpaired Student’s t-tests were used to compare two groups, whereas the ANOVA test was used for
multiple-sample testing. To introduce an artificial variance for small variance values, the constant S0
was set to 0.1 for all statistical tests. A permutation-based FDR of 5% was used for truncation of all
tests results. Additionally, only proteins with a probability for significant protein abundance changes
with a p-value <0.05 were used for fold change visualization in the presented tables.

5. Conclusions

Studying the alterations of protein level induced by spaceflights in model organisms such as mice
revealed proteome changes suggesting impaired fatty acid oxidation leading to lipotoxicity, as well
as altered glucose up-take and bile secretion. These results offer the opportunity to adjust the drug
treatment and nutrition for future long-termed spaceflights of humans and the duration of medical
monitoring after spaceflights.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1763/s1.
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26. Wiśniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome
analysis. Nat. Methods 2009, 6, 359–362. [CrossRef] [PubMed]

27. Vizcaíno, J.A.; Côté, R.G.; Csordas, A.; Dianes, J.A.; Fabregat, A.; Foster, J.M.; Griss, J.; Alpi, E.; Birim, M.;
Contell, J.; et al. The PRoteomics IDEntifications (PRIDE) database and associated tools: Status in 2013.
Nucleic Acids Res. 2013, 41, D1063–D1069. [CrossRef] [PubMed]

28. Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [CrossRef]
[PubMed]

29. Cox, J.; Neuhauser, N.; Michalski, A.; Scheltema, R.A.; Olsen, J.V.; Mann, M. Andromeda: A Peptide
Search Engine Integrated into the MaxQuant Environment. J. Proteome Res. 2011, 10, 1794–1805. [CrossRef]
[PubMed]

30. Cox, J.; Hein, M.Y.; Luber, C.A.; Paron, I.; Nagaraj, N.; Mann, M. Accurate proteome-wide label-free
quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ.
Mol. Cell Proteom. 2014, 13, 2513–2526. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

110

Bo
ok
s

M
DP
I



 International Journal of 

Molecular Sciences

Review

Metabolic Pathways of the Warburg Effect in Health
and Disease: Perspectives of Choice, Chain or Chance

Jorge S. Burns 1,2,* and Gina Manda 3

1 Advanced Polymer Materials Group, University Politehnica of Bucharest, Gh Polizu 1-7,
011061 Bucharest, Romania

2 Department of Medical and Surgical Sciences for Children & Adults, University Hospital of Modena and
Reggio Emilia, 41121 Modena, Italy

3 “Victor Babes”, National Institute of Pathology, 050096 Bucharest, Romania; gina.manda@gmail.com
* Correspondence: jsburns@unimore.it

Received: 17 October 2017; Accepted: 13 December 2017; Published: 19 December 2017

Abstract: Focus on the Warburg effect, initially descriptive of increased glycolysis in cancer cells,
has served to illuminate mitochondrial function in many other pathologies. This review explores our
current understanding of the Warburg effect’s role in cancer, diabetes and ageing. We highlight how
it can be regulated through a chain of oncogenic events, as a chosen response to impaired glucose
metabolism or by chance acquisition of genetic changes associated with ageing. Such chain, choice or
chance perspectives can be extended to help understand neurodegeneration, such as Alzheimer’s
disease, providing clues with scope for therapeutic intervention. It is anticipated that exploration of
Warburg effect pathways in extreme conditions, such as deep space, will provide further insights
crucial for comprehending complex metabolic diseases, a frontier for medicine that remains equally
significant for humanity in space and on earth.

Keywords: Warburg effect; mitochondria; radiation; metabolism; neurodegenerative diseases;
space biology

1. Introduction: What Is the Warburg Effect?

With the successful delivery of Mars Exploration Rovers (MER); Sojourner, Spirit (MER-A),
Opportunity (MER-B) and Curiosity, plans for sending humans to Mars are in progress [1]. Beyond
the considerable engineering challenges, pioneering habitation in hostile environments will require
full awareness of the biological impact of galactic cosmic radiation. Like narratives describing the fate
of fictional invaders from Mars [2], the final outcome will also crucially depend on a comprehensive
understanding and appreciation of the microbial world. Endo-symbiotically intertwined in the
evolutionary tree of eukaryotic life, mitochondria determine our overall metabolism [3]. In mammalian
cells, though not all species, these ubiquitous and diverse organelles use oxygen (O2) as the terminal
acceptor for anabolic processes, specializing our life to a dependency on oxic environments. Careful
quantitative measurement of mitochondrial energy production mechanisms led to a hypothesis
persisting for nearly a century as insightful for cellular stress responses to harsh environments
and illness.

Dramatic changes in infant growth rate accompany the first breath of the newborn. The oxygen
we breathe fuels the high energy-yielding oxyhydrogen gas reaction by which two molecules of
hydrogen and one molecule of oxygen are converted to water, releasing −193 kJ/mol of energy under
physiological conditions to fuel ATP synthesis from ADP and phosphate. An accompanying major
source of cellular energy and new cell mass is glucose. Glycolysis breaks glucose down to pyruvate
(Figure 1), that ultimately can be metabolized oxidatively to CO2 by a network of enzymes known as
the tricarboxylic acid (TCA) cycle. Linking the metabolic pathways of glycolysis and the TCA cycle,
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a pyruvate dehydrogenase complex (PDC) made of three enzymatic proteins in the mitochondrial
matrix breaks down pyruvate to form acetyl-CoA, releasing CO2 and NADH. Subsequently, during
aerobic respiration, the TCA cycle coordinates catabolic breakdown of acetyl-CoA, releasing electron
flow to the final O2 acceptor through a respiratory chain concomitantly generating a transiently
stored proton gradient across the inner mitochondrial membrane. This gradient of electric potential
energetically fuels oxidative phosphorylation (OXPHOS) mediated by the ATP synthase complex,
generating ATP from ADP. Energy from the proton gradient can also be dissipated as heat through
passive proton leakage or via uncoupling proteins [4].

Figure 1. Glucose metabolism in cells. Extracellular glucose enters the cell via GLUT, a glucose
transporter protein, that facilitates transport through the lipid bilayer plasma membrane. Subsequently,
glucose is metabolized by pathway enzymes including HK, hexokinase; G6PD, glucose-6-phospahate
dehydrogenase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; ALDO, aldolase; TPI, triose
phosphate isomerase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, phosphoglycerate
kinase; PGAM, phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase. Mitochondrial metabolism
regulatory enzyme PDK, Pyruvate dehydrogenase kinase, phosphorylates and inactivates pyruvate
dehydrogenase, the first component of PDC, the pyruvate dehydrogenase complex converting Pyruvate
to Acetyl-CoA. Oxidation of Acetyl-CoA by TCA, Tricarboxylic acid cycle chemical reactions in the
matrix of the mitochondria releases stored energy. The TCA metabolite citrate can be exported outside
mitochondria to be broken down into oxaloacetate and acetyl-CoA by the enzyme ACL, ATP citrate
lyase. Cytosolic acetyl-CoA serves as a central intermediate in lipid metabolism. When oxygen is in
short supply, LDH, lactate dehydrogenase converts pyruvate, the final product of glycolysis, to lactate.
MCT, monocarboxylate transporter proteins allow lactate to traverse cell membranes. Solid purple arrows,
metabolite transition pathways; thin solid black arrow, coenzyme transition; Dotted T-bar, inhibition.

Appreciating the essential relationship between oxygen and growth at the cellular level,
Otto Warburg and co-workers compared normal liver tissue to corresponding cancer cells and in 1924
described a surprising outcome, namely, the Warburg effect [5,6]. Measuring O2 consumption in thin
tissue slices metabolizing glucose, they observed that although the respiration of liver carcinoma tissue
slices was 20% less than that of normal tissue, about ten-fold more glucose was metabolized than
expected. Moreover, the amount of lactic acid, the glycolysis product, was two orders of magnitude
higher in cancer cells than in the normal tissue. When the Warburg effect was discovered, an increased
glycolysis in cancer cells under aerobic conditions was misinterpreted as evidence for respiration
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damage. However, we now understand that it reflects an altered regulation of glycolysis in relation to
mitochondrial function. The Warburg effect actually comprises a complex collection of contributory
changes in gene expression and respiratory function (Figure 2) that include: (i) high glucose transporter
expression; (ii) high hexokinase expression; (iii) high pyruvate kinase muscle (PKM2) expression;
(iv) expression of phosphoglycerate mutase (PGAM) that allows pyruvate production without ATP
generation; (v) high pyruvate dehydrogenase kinase (PDK) levels; and (vi) high expression of specific
transcription factors, principally MYC, HIF-1α, NF-κB and OCT1 that sustain the Warburg effect [7].

Figure 2. Molecular changes driving the Warburg effect. The shift to aerobic glycolysis in tumor cells
reflects multiple oncogenic signaling pathways. Downstream from an active RTK, receptor tyrosine
kinase, PI3K, Phosphatidylinositol 3-kinase activates AKT, protein kinase B/Akt strain transforming,
stimulating glycolysis by directly regulating glycolytic enzymes. It also activates mechanistic target
of rapamycin, mTOR, a protein kinase altering metabolism in various ways, including enhancement
of three key transcription factors; the avian Myelocytomatosis viral oncogene proto-oncogene
homologue (MYC); Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB); and the
hypoxia-inducible factor 1 alpha (HIF-1α), to promote a hypoxia-adaptive metabolism. NF-κB subunits
bind and activate the HIF-1α gene. HIF-1α increases expression of glucose transporters, GLUT,
glycolytic enzymes and pyruvate dehydrogenase kinase, PDK, that blocks pyruvate dehydrogenase
complex, PDC driven entry of pyruvate into the tricarboxylic acid, TCA cycle. Transcription
factor MYC cooperates with HIF-1α to activate several genes encoding glycolytic proteins, yet also
stimulates mitochondrial biogenesis whilst inhibiting mitochondrial respiration, favoring substrates
for macromolecular synthesis in dividing cells. Tumor suppressor p53 ordinarily opposes the glycolytic
phenotype via Phosphatase and Tensin homolog, PTEN but loss of p53 function (dashed line) is
frequent in tumor cells. Octamer binding protein 1 (OCT1) activates transcription of genes that drive
glycolysis and suppress oxidative phosphorylation. Change to the pyruvate kinase M2, PKM2 isoform
affects glycolysis by slowing the pyruvate kinase reaction, diverting substrates into an alternative
biosynthetic and reduced nicotinamide adenine dinucleotide phosphate, (NADPH)-generating pentose
phosphate pathway, PPP. Phosphoglycerate mutase, PGAM and α-enolase, ENO1 are commonly
upregulated in cancer as is the pyruvate kinase M2 isozyme, PKM2 allowing a high rate of nucleic
acid synthesis, especially in tumor cells. Lactate dehydrogenase, LDH enhances production of lactate,
a signaling molecule that can stabilize HIF-1α and accumulate in the tumor microenvironment via
Monocarboxylate Transporters, MCT, nourishing adjacent aerobic tumor cells that convert lactate
to pyruvate for further metabolic processing. Solid black arrows, influenced targets; solid purple
arrows, metabolite transition pathways; dotted purple arrows, reduced metabolite transition pathways;
thin solid black arrow, coenzyme transition; dotted T-bar, inhibition.
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Hexokinase catalyzes the first step in glycolysis by converting glucose to glucose-6-phosphate,
making it available for metabolism via the pentose phosphate pathway, or glycolysis and the TCA
cycle. Two predominant PKM isoforms are generated from the same gene by different splicing: the fetal
form PKM2 uses exon 10, while the adult form PKM1 uses exon 9. The PKM2 protein, often aberrantly
expressed in cancer cells, is subject to post-translational phosphorylation of a tyrosine residue that
dramatically reduces its ability to convert phosphoenol pyruvate to pyruvate, thereby slowing the TCA
cycle via precursor starvation [8]. Though slowed, the TCA cycle remains operational and pyruvate is
still produced, but subsequent events conspire to its enhanced conversion to lactate. PGAM activity
occurs only in the presence of PKM2 and governs an alternative pathway that converts phosphoenol
pyruvate (PEP) to pyruvate without using pyruvate kinase and without producing ATP. In particular,
proteomic analysis indicated that PEP, the cellular substrate for pyruvate kinase, contributed to
PGAM His-11 phosphorylation to activate its catalytic site [9]. In addition, PDK phosphorylated the
pyruvate dehydrogenase complex (PDC) to inactivate PDC, preventing the conversion of pyruvate
to acetyl-CoA. Thus, enzyme kinetics for alternative pyruvate use, such as lactic acid production,
is improved. Among several transcription factors maintaining the Warburg effect (mainly driven by
MYC and HIF-1α with loss of regulatory p53 function) [10] those responding to low oxygen levels
are highly significant, since low oxygen conditions (5% O2 as opposed 18–20% ambient O2) improve
blastocyst stage embryo culture in a number of species [11].

Beyond describing how the Warburg effect favors anabolic metabolism, this review will focus on
its establishment by the diverse mechanisms hinted at above; chosen adaptive responses that enforce
oncogenic events, or stochastically acquired deterioration of mitochondrial function. Collectively,
these perspectives provide important clues for understanding the significance of the Warburg effect
within complex pathologies and extreme contexts such as space travel.

2. Paradoxes of Efficiency within Perpetual Pyruvate Pathways

A dividing cell would assumedly have high energy requirements, but a paradox of the Warburg
effect was that its mechanism for providing free energy in the form of ATP was less efficient. However,
this presumably provided a selective advantage to actively dividing cells, given an association between
aerobic glycolysis and proliferation across species. Beyond homeostatic energetic requirements, growth
and cell division require anabolic processes. The Warburg effect may be an evolutionary conserved
mechanism for balancing ATP production with biomass production.

Focus on metabolic regulation in cancer provided a unifying theory for understanding interactions
between prominent oncoproteins and tumor suppressors that deregulate glycolysis. The metabolic
perspective extended tumorigenesis beyond a cumulative cascade of growth signal activation and tumor
suppressor gene inactivation, introducing conceptually useful driving forces exploitable for cancer therapy.

Typically, the conventional paths for glucose metabolism and TCA cycle generate in adult tissues
a large amount of ATP (up to 36 molecules of ATP per molecule of glucose). Pyruvate can also be
reductively metabolized to organic acids or alcohols (e.g., lactic acid or ethanol) by anoxic glucose
fermentation, a far less efficient pathway for generating ATP (only two molecules of ATP per molecule
of glucose). Despite the much lower relative yield, ATP production rate remains high if the glucose
supply is abundant. This alone does not explain the advantage to aerobic glycolysis, because most
ATP is derived from other sources and is not limiting in proliferating cells. Consumption, rather
than production of ATP is needed to overcome a high ATP/AMP ratio that would ordinarily inhibit
key rate-limiting steps in glycolysis. Moreover, there is an associated greater need for NADPH to
regulate glycolytic transcription factors and support fatty acid synthesis. Mechanisms that increase
ATP consumption drive glycolytic conversion of glucose to lactate. This may again seem paradoxical if
one imagines that generation of glycolytic intermediates for biosynthesis of macromolecules would
be more helpful than excretion of carbon as lactate. Yet this may serve as a regulatory buffer for the
process of biomass production, allowing cells to increase biosynthesis during cell proliferation only
when precursor concentrations are appropriately abundant.
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Pyruvate, the final product of glycolysis, has three main fates in mammalian cells: (1) conversion to
lactic acid via lactate dehydrogenase (LDH); (2) conversion to alanine via alanine aminotransferase with
concomitant conversion of glutamate to α-ketoglutarate; (3) conversion to acetyl-CoA in mitochondria
via the pyruvate dehydrogenase (PDH) complex to enter the TCA cycle. The Warburg effect
influences pyruvate fate by increasing its provision for anabolic processes. A high glycolytic flux
in proliferating cells saturates the maximum PDH activity, leaving excess pyruvate for the action of
LDH and alanine aminotransferase. Some cancer cells secrete conspicuously large amounts of alanine,
that frequently parallel cellular lactate levels and may reflect a consequence of using glutamine to
generate NADPH [12]. Conceptually, maximizing pathway flux maximizes ATP yield when TCA cycle
enzyme production is limiting. Relatively high costs of enzyme synthesis ultimately decrease the ATP
production rate. Accordingly, given choice between higher-flux, low-yield metabolic pathways (aerobic
glycolysis) and lower-flux, high-yield pathways (invoking the TCA cycle), maximizing pathway flux
surpasses reallocating proteins away from glycolytic processes towards the TCA cycle and respiratory
chain enzymes [13]. Improved ATP economy, rather than de novo generation of biomaterial, may explain
the maintenance of low-yield pathways such as the Warburg effect in tumor cells. Finding the Warburg
effect also in non-replicating striated muscle tissues is consistent with this interpretation.

3. The Need for NADPH and Diversified Carbon Sources

Cells in metabolically stressed microenvironments may find themselves short of glucose as
well as oxygen. Serum starved human fibroblasts can switch to anaerobic metabolic pathways that
mimic the Warburg effect [14]. The AMP-activated protein kinase (AMPK), a known cell metabolism
sensor, is activated by phosphorylation during situations of metabolic stress. AMPK regulates levels
of NADPH, a key coenzyme that removes dangerous reactive oxygen species (ROS) in anabolic
reactions, crucial to several metabolic processes for cell survival [15]. Ordinarily, the glucose-utilizing
oxidative phase of the pentose phosphate pathway (PPP) generates most of the NADPH. When glucose
is limiting, AMPK can inhibit activity of the NADPH-consuming metabolic enzyme acetyl-CoA
carboxylase to indirectly maintain intracellular NADPH levels. NADPH is mostly a reducing agent
in anabolic reactions, whilst reduced nicotinamide adenine dinucleotide (NADH), which differs
by a phosphate group that allows distinction by a different set of enzymes, is principally
involved in catabolic reactions. When oxygen is absent or in short supply, LDH catalyzes the
conversion of pyruvate to lactate with concomitant interconversion of NADH to its oxidized form,
(NAD+). Regeneration of NAD+ is necessary for continued flux through glycolysis and mediates
conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate by glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). This is the sixth step of glycolysis that uses NAD+ to produce NADH for
maintaining the cellular redox state required for regulating gene expression. Both reduced forms
of NAD+ (NADH and NADPH), activate transcription factors such as the transcriptional regulator
C-binding protein involved in cell growth, differentiation and transformation [16]. In a counterpoised
manner, the oxidized forms (NAD+ and NADP+) can inhibit transcription factor binding to DNA [17].
Indicative of anabolic requirements for lipid biosynthesis, as many as 14 molecules of NADPH are
required for generating each molecule of palmitoyl-CoA and 26 molecules of NADPH are required for
cholesterol. Cytosolic isocitrate dehydrogenase (IDH1) generates NADPH by converting isocitrate to
α-ketoglutarate. IDH1 may be a vulnerable requirement for particular cancer cells [18] although other
cancers bear dominant inhibitor mutations of IDH1 and presumably have other means for NADPH
production. In sum, lactate production and its by-product NAD+ can enhance both glycolytic flux
and incorporation of glucose metabolites into biomass, to allow faster cell growth. In situations such
as embryogenesis, immune response and wound healing, when nutrients are abundant, rapid cell
division provides a more significant selective advantage than efficient carbon utilization.

One additional route supplying high demand for NADPH in proliferating cells, involves NADPH
synthesis from glutamine metabolism (Figure 3) via its oxidation to malate with subsequent activity
of malate dehydrogenase generating pyruvate and NADPH [12]. Notably, glutamine uptake and
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metabolism proved to be regulated by the MYC oncogene [19]. MYC-transformed cells may become
dependent on glutamine and exhibit elevated expression of glutamine transporters and glutamine
catabolic enzymes. Alternatively, in less glutamine dependent MYC-deficient tumors, IDH1 activity
may be the main source of NADPH, although further undefined sources remain likely. Glutamine is the
most abundant amino acid in human plasma and a major contributor to the replenishment of TCA cycle
intermediates (anaplerosis). Such replenishment sustains TCA cycle intermediate efflux (cataplerosis)
maintaining precursors for many non-essential amino acids for biomass synthesis. Fatty acids, such as
acetyl-CoA, along with nitrogen molecules in nucleotides, amino acids and amino sugars, can also
be derived from glutamine, as well as glucose [20], through a process coined glutaminolysis that
contributes to glyceroneogenesis (Figure 1). Increased levels of acetyl-CoA induced by MYC may
not only enter the TCA cycle, but also serve as a donor for histone acetylation associated with gene
activation [21]. MYC can activate the expression of glutaminase 1 (GLS1) that deamidates glutamine to
produce glutamate [19]. Conversion of glutamine to glutamate fuels folate metabolism since addition of
glutamates to folates increases the retention of folates within cells, promoting GLS1 activity. Under low
oxygen conditions, reductive glutamine metabolism can contribute significantly to lipid biosynthesis.
As a reciprocal carbon source alternative to glucose in diploid fibroblasts, glutamine could provid
30% of the ATP energy requirement when cells were cultured in standard 5.5 mM glucose-containing
medium with increased glutamine utilization in lower concentrations of glucose [22]. In rapidly
proliferating HeLa cells cultured in 10 mM glucose-containing medium, glutamine still provided over
50% of the ATP requirement, emphasizing its key role in supporting a proliferative metabolism.

Figure 3. Glutamine metabolism: The influence of anaplerosis (entry of glutamine into the TCA cycle),
cataplerosis (removal of glutamine as malate) and glyceroneogenesis (marked red). Mechanisms by
which glutamine is metabolized for energy involve entry of glutamine into the TCA cycle (anaplerosis),
balanced by its removal (cataplerosis) as malate. Malate can be subsequently converted to oxaloacetate
(OAA) and then to phosphoenolpyruvate (PEP) via the cytosolic enzyme phosphenolpyruvate
carboxylase (PEPCK). PEP can be converted to pyruvate by pyruvate kinase for entry into the TCA
cycle as acetyl-CoA or transamination to alanine. The pathway of glyceroneogenesis in which carbon
from sources other than glucose or glycerol contributes to the formation of L-glycerol-3-phosphate
(3-Glycerol-P) for conversion to triglycerides, involves a balance of anaplerosis (entry of OAA
synthesized from pyruvate via pyruvate carboxylase) and cataplerosis (removal of intermediates
to support the synthesis of glyceride-glycerol). Reduction of glycolysis-derived dihydroxyacetone
phosphate (DHAP) to 3-Glycerol-P provides cells with the activated glycerol backbone needed to
synthesize new triglycerides with fatty acids (FA). Solid arrows, anaplerosis pathways; red arrows,
glyceroneogenesis pathway; dotted arrow, mitochondrial cataplerosis pathway.
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4. The Warburg Effect in Normal and Cancer Cells; Deriving the Choice, Chain or Chance
Perspective

Though conspicuous in cancer, a fundamental question of the original Warburg effect was whether
it reflected an aberrant condition or an adaptive feature to be also found in normal cells. Viewed as
a “choice”, accumulating evidence indicated that the Warburg effect was probably a metabolic pathway
advantageously chosen by normal cells during early development. Alternatively, many tumorigenic
events are strongly linked to regulation of metabolism, and certain critical mutations may “chain” cancer
cells to the Warburg effect pathway. “Chance” events accompanying ageing can include mutations that
impair mitochondrial function [23] often encouraging a metabolic drift towards aerobic glycolysis.

Accordingly, influential events can be conceptually considered to reflect A, Environmentally
driven metabolic “choice”, or B, driving mutational events that “chain” cells to particular metabolic
pathways, or C, “chance” deterioration events of ageing (Figure 4). Comparing the Warburg effect
in different circumstances, requires appreciation of its influence in contexts that diversely impinge
upon an apparently similar phenotype. Metabolic pathways need to be immediately and dynamically
responsive to an organism’s situation, with the combination of the rate of flux and yield efficiency
determining the ultimate outcome.

Figure 4. Cont.
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Figure 4. Mechanisms influencing the mitochondrial metabolism and the Warburg effect.
(A) Environmentally driven metabolic “choice”. In cells proliferating under hypoxic pressure with
activated HIF-1, the electron transport chain is inhibited because of the lack of oxygen as electron
acceptor. HIF-1-induced inactivation of PDH-1 helps ensure that glucose is diverted away from
mitochondrial acetyl-CoA-mediated citrate production. The alternative pathway for maintaining citrate
synthesis involves reductive carboxylation, thought to rely on a reverse flux of glutamine-derived
α-ketogluturate via isocytrate dehydrogenase-2 (IDH2). The reverse flux in mitochondria can be
maintained by NADH conversion to NADPH by the mitochondrial transhydrogenase, with the
resulting NADPH driving α-ketoglutarate carboxylation. Citrate/isocitrate exported to the cytosol may
be metabolized oxidatively by isocytrate dehydrogenase-1 (IDH1), and contributes to the production of
cytosolic NADPH. (B) Mutational events that “chain” cells to particular metabolic pathways. Oncogenic
IDH1 and IDH2 mutations can cause gain of function in cancer cells. Somatic mutation at a crucial
arginine residue in cytoplasmic IDH1 or mitochondrial IDH2 are frequent early mutations in glioma and
acute myeloid leukaemia which cause an unusual gain of novel enzymatic activity. Instead of isocitrate
being converted to α-ketoglutarate, with production of NADPH, α-ketoglutarate is metabolised
to 2-hydroxyglutarate with the consumption of NADPH. 2-hydroxyglutarate can compete for
α-ketoglutarate-dependent enzymes including histone demethylases and DNA hydroxylases, thereby
altering both metabolism and epigenetic phenotypes. (C) “Chance” deterioration events in ageing.
SIRT3 regulates multiple pathways involved in energy and ROS production. Some mitochondrial
metabolic processes activated by SIRT3 include acetate metabolism-mediated direct deacetylation of
acetyl-CoA synthetase (AceCS2), the TCA cycle via direct deacetylation of SDH, and ROS production
induced by direct acetylation of the respiratory chain complexes I, II and III. Thin solid black arrow,
alternative reductive carboxylation pathway; Solid black arrow, TCA cycle pathway; dotted arrow,
alternative TCA cycle pathways; red dotted arrow ROS production pathway.

4.1. The Warburg Effect by Choice; an Adaptive Response to Oxygen and Nutrient Restrictions

Supporting the idea that early fetal and placental development is primarily an anaerobic process,
the anatomical features of the first trimester gestational sac limit rather than facilitate oxygen transfer
to the fetus. Additionally, increased levels of antioxidant molecules are found in the exo-coelomic
cavity when oxygen free radicals have the greatest potential for harmful teratogenic effects [24].
An in vivo Xenopus model of embryonic retinal development unequivocally showed that dividing
progenitor cells relied more on glycogen to fuel aerobic glycolysis than non-dividing differentiated
cells, demonstrating that the Warburg effect was a feature of physiological cell proliferation [25].
Early ex vivo studies in human embryonic stem cells paradoxically showed either increased [26]
or decreased oxidative phosphorylation [27] in response to experimentally defined nutrient or
oxygen conditions. However, the prevailing view of comprehensive metabolomic studies was
that the stem cell redox status changed during differentiation, with the Warburg effect influencing
pre-implantation embryo development [28]. Dramatic metabolic differences accompany distinct
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pluripotent states in early embryogenesis. Embryonic stem cells (ESC) of the inner cell mass of
pre-implantation embryos show bivalent energy production, maintaining a relatively high ATP
content. In contrast, post-implantation epiblast stem cells (EpiSC) have lower mitochondrial respiratory
capacity, despite a more developed mitochondrial content, due to low expression of cytochrome c
oxidase. Early mammalian embryo metabolism presents unique features, significantly different from
proliferating somatic cells. Pre-implanted cleavage-stage embryos need to mainly replicate DNA and
plasma membranes rather than entire cells and during cleavage from a single cell to a blastocyst,
cells get progressively smaller. At the blastocyst stage, the somatic cell size is reached, and cells
need to replicate fully prior to the next rapid cell division. This requires a unique metabolism that is
more closely equivalent to the Warburg effect in cancer. Just as hypoxia has been shown to influence
tumorigenesis, HIF-1α sufficed to drive the metabolic switch from an ESC to an EpiSC-like stage [29].

Cancer cells evolve by acquiring a selective advantage for survival and proliferation in
a challenging tumor microenvironment. As a tumor outgrows the diffusion limit of local blood
supplies, its cells encounter hypoxia. Under such circumstances, a Warburg effect in cancer cells may
be considered a chosen reversible adaptation in response to local hypoxia. The stabilized hypoxia
inducible transcription factor complex, a heterodimer of oxygen-dependent HIF-1α and constitutively
expressed HIF-1β, activates a transcriptional program accommodating cells to hypoxic stress through
diverse compensatory mechanisms [30]. Befitting choice for a Warburg effect, both decreased
dependence on aerobic respiration and metabolism shifts towards glycolysis become advantageous.
These changes are mediated by increased expression of glucose transporters, glycolytic enzymes
and inhibitors of mitochondrial metabolism (Figure 4A). At the same time, HIF-induced molecules
such as vascular endothelial growth factor (VEGF) stimulate angiogenesis to restore blood flow and
oxygen supply. Nonetheless, early blood vessel growth within a growing tumor’s poorly organized
tissue architecture is often sub-optimal and may not deliver blood effectively, alleviating the oxygen
requirements only partially. Adaptive responses of tumor cells to hypoxic conditions in the tumor
niche have a persistent influence on tumor growth. HIF-1α has two other isoforms HIF-2α and HIF-3α,
as does the HIF-1β subunit, aka the aryl hydrocarbon receptor nuclear translocator (ARNT1, Arnt2
and Arnt3). Under oxygen concentrations below 6% O2, the HIF α-subunit of short 5-minute half-life,
was stabilized upon activation and transport to the nucleus where it dimerized with the β subunit
to bind hypoxia responsive elements in target genes [31]. HIF-1α and HIF-2α, with distinct structure
within the N-terminal transactivation domain, play key roles in hypoxia-induced cellular responses.
Whereas HIF-1α predominantly induces glycolytic pathways, HIF-2α regulates genes important for
cell cycle progression and maintenance of stem cell pluripotency, including MYC and the stem cell
factor OCT-3/4. Although HIF-1α and HIF-2α both exert similar induction of the angiogenic VEGF
gene, they may exert opposite effects on other angiogenic factors, e.g., HIF-1α decreases IL-8 expression
whereas HIF-2α increases IL-8 mRNA and protein levels [32].

Fluctuating oxygen levels would favor selection of tumors that constitutively upregulate
glycolysis, yet the observed heterogeneity of HIF expression within tumor cells would suggest
that this signaling pathway is still coupled to oxygen levels in most tumors. MYC and HIF family
members both recognize related DNA-binding sequences in the promoters of glycolytic target genes,
suggesting a coordinated regulation of expression. But when controlling mitochondrial function,
the interactions between MYC and HIF proteins are often antagonistic. HIF-1α can activate expression
of pyruvate dehydrogenase kinase 1 (PDK1), which subsequently phosphorylates and inhibits pyruvate
dehydrogenase, preventing glucose-derived acetyl-CoA from entering mitochondria and the TCA
cycle. Such pathways may restrict the positive role of MYC and thereby restrain cell growth and
oxygen consumption in hypoxic conditions. Thus, a complex set of biochemical interactions between
MYC and HIF dictates outcomes depending on the promoter context of target genes, the transformed
state of the cells and oxygen tension [33].

Emphasizing HIF importance for regulating cell outcomes such as enhanced proliferation,
patients with Von Hippel Lindau disease (pVHL) who lack the protein mediating HIF1α degradation,
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are predisposed to develop a range of highly vascularized tumors [34]. In addition, patients with
Chuvash polycythemia, a hereditary disorder of increased sensitization to hypoxia, show hepatic
hyper-proliferation and a correspondingly increased organ volume [35]. However, up-regulation of the
HIF signaling pathway needn’t entirely account for the Warburg effect per se, since many additional
events of transformation can directly enforce a Warburg effect metabolism. Nutrient deprived cancer
cells can resort to glycolysis for ATP production, evoking pathways involving ROS production and
AMPK phosphorylation leading to PDK activation and enhancement of the Warburg effect [36].

4.2. The Warburg Effect Chained to Oncogenic Events

A strong association between cancers and the Warburg effect allows the metabolic label
18F-deoxyglucose to localize tumors via positron emission tomography (FDG-PET). More than simply
an indirect metabolic response, the Warburg effect may represent an integral metabolic necessity for
cell proliferation towards which multiple oncogenic events conspire [37]. Many well-established
irreversible molecular oncogenic changes can be linked to the establishment of a Warburg effect.
Therefore, tumor cells may become effectively “chained” to aerobic glycolysis for enhancing
proliferation-favorable NADPH production and acetyl-CoA flux to the cytosol for lipid biosynthesis.
For example, over-expression of the receptor tyrosine kinase (RTK), human epidermal growth factor 2
(HER-2) by gene amplification, is linked to an aggressive cancer cell subtype by inducing up-regulation
of a key lipogenic enzyme, the fatty acid synthase (FASN). This allows rapid response to changes in the
flux of lipogenic substrates (e.g., NADPH and acetyl-CoA) and lipogenesis products (e.g., palmitate).
In addition, HER-2 can also up-regulate PPARγ. This promotes adipogenesis and lipid storage
to avoid endogenous palmitate toxicity by securing palmitate in fat stores rather than allow its
negative feedback on FASN function [38]. The K-ras oncogene can modulate the cyclic adenosine
monophosphate-dependent protein kinase (cAMP/PKA) signaling pathway, ultimately influencing
mitochondria through decreased mitochondrial complex I activity and reduced ATP formation.
This makes, K-ras mutant cells more sensitive than normal cells to glucose withdrawal [39]. Estrogen
receptors directly bind to the promoters of many genes encoding glycolytic enzymes and these can
interact synergistically with the proto-oncogene transcription factor MYC to drive the Warburg effect
in cancer cells [40].

Few tumorigenic pathways influencing glucose metabolism are more important than the
phosphoinositide-3-kinase (PI3K) signaling pathway. Downstream activation of protein kinase
AKT induces glucose transporter GLUT1 gene expression and prevents internalization of GLUT1
protein to maintain cell surface levels for higher glucose uptake. AKT activation also promotes
flux through glycolysis, and numerous cancer cell mutations that constitutively activate PI3K,
bypassing need for growth signals, ultimately promote aerobic glycolysis [12]. The first reported
direct link between oncogene activation and altered glucose metabolism involved MYC induced
LDH-A expression [41]. In addition to altering glutamine metabolism, MYC oncogene driven cell cycle
progression, could induce genomic instability and also promote transcription glycolytic enzymes as
well as glucose transporters GLUT-1, GLUT-2 and GLUT-4 [42]. MYC-stimulated LDH-A production
could become crucial for proliferation of MYC-dependent tumors [43]. MYC could also influence
membrane biosynthesis via enhanced synthesis of fatty acids from glutaminolysis.

An intricate associate between transcription factors and glycolysis, modulated by the carbon
source, is coordinated by glucose sensing mediated by MondoA, a basic helix-loop-helix leucine zipper
(bHLHZip) transcriptional activator functionally similar to MYC [44]. Resembling MondoA, a further
family member Carbohydrate Response Element Binding Protein (ChREBP/MondoB/WBSCR14) can
dimerize with yet another bHLHZip protein called Max-like protein x (Mlx). Regulation of their activity
is largely controlled by intracellular location with accumulation in the nucleus subject to different
glucose-derived metabolites. MondoA:Mlx heterodimers accumulate in the nucleus in response to
glucose 6-phosphate (G6P), whereas ChREBP:Mlx accumulates in response to the pentose phosphate
intermediate xylulose 5-phosphate [45]. Thus, an adaptive transcriptional response to glucose and
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ATP levels is coupled to activation of metabolic genes, including glycolytic enzymes. MondoA and
ChREBP also regulate expression of thioredoxin interacting protein (TXNIP) that has a broad range of
activities, including glucose homeostasis [46] and inhibition of thioredoxin redox activity, elevating
ROS levels that influence key target genes that help control cell growth. Interdependency is such that,
MondoA was responsible for most of the glucose-induced transcription in an epithelial cancer cell
line [47].

Providing an intriguing link with the highly significant tumor suppressor gene p53, MondoA
knockdown stimulated cell growth in p53-deficient cells, whereas ChREBP knockdown reduced
cell growth in p53 wild-type cells, suggesting that the functional output of MondoA and ChREBP
transcriptional responses was subject to p53 status [48]. Indeed, the pleiotropic p53 has been shown to
influence and respond to metabolic changes through several cancer cell-antagonizing mechanisms,
including promotion of apoptosis, senescence and DNA repair. Moreover, p53 could promote oxidative
phosphorylation and dampen glycolysis hence interfering with cell growth and autophagy. As such,
p53 mutations unite oncogenic transformation and altered metabolism [49].

Despite all the above, tumors often retain a degree of metabolic flexibility. In a mass
spectrometry-based global metabolomic study, Abu Dawud et al., directly compared human embryonic
stem cells (hESCs) and embryonal carcinoma cells (hECCs). As might be expected for a metabolism
of choice, undifferentiated hESC utilized aerobic glycolysis rather than OXPHOS, with both normal
and cancer cell types expressing equivalent amounts of glycolysis intermediates [50]. Yet the study
also highlighted metabolic differences between the two cellular types. Proliferation in hECCs
involved higher levels of metabolites. hESCs could be induced to differentiate by depletion of
OCT4, that induced gene expression for key mitochondrial respiratory chain proteins, including
NDUFC1, UQCRB and COX. Many OXPHOS components were already expressed at the mRNA level
in undifferentiated hESC, as though these cells were “poised” to enter the TCA cycle. Moreover,
TCA cycle intermediates were enriched in hECC relative to hESC, implying that cancerous hECC
may not rely solely on the Warburg effect yet have some dependency on both pathways. Curiously,
gene-knockout mitochondrial DNA depleted B16 mouse melanoma cells, restricted to an exclusively
glycolytic metabolism, could form primary subcutaneous tumors, yet no longer formed lung tumors
when injected intravenously in NOD/SCID recipient mice. This suggested that ROS byproducts of
mitochondrial aerobic metabolism may be required for tumor metastasis [51]. This needn’t contradict
the important contribution of a glycolytic pathway for metastasis [52] but highlights that beyond toxic
mutagenic effects, ROS signaling molecules influence adaptive responses to harsh microenvironments,
including regulating of cell adhesion via integrins [53]. Certainly, ideas that cancer cells are strictly
driven to one particular mode of metabolism is likely to be an over-simplification, and a more
complex alternating metabolic scenario seems likely [54]. Surrounding cells that comprise the tumor
microenvironment should be also be considered important contributors [55,56].

Though most cancers retain a normal OXPHOS capacity [57], the Warburg Effect can be imposed
by links to TCA cycle protein mutations. Fumarate hydratase (FH) catalyzes the hydration of fumarate
into malate and FH germline mutations are implicated in hereditary leiomyomatosis and renal cell
cancer (HLRCC). FH loss leads to fumarate accumulation that in turn activates hypoxia-inducible
factors at normal oxygen tensions. The metabolic consequences of a crippled TCA cycle include
a potential NADH shortage, yet Fh1 deficient cells retain significant mitochondrial bioenergetic
activity through compensatory mechanisms involving the biosynthesis and degradation of haem [58].
Other mitochondrial proteins can be mutated in a very specific manner. Frequently, in low-grade
gliomas, single amino acid substitution mutations for an arginine residue in the active site of IDH1
and IDH2 evoked production of a new metabolite, 2-hydroxyglutarate (2-HG). Exactly how this
exerts oncogenic effects remains to be resolved [59], but it supports the concept of “onco-metabolite”
(Figure 4B).
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4.3. The Warburg Effect Evolved by Chance during Ageing

Most experimental mitochondrial OXPHOS measurements have employed isolated mitochondrial
complexes that needn’t entirely correspond with the functioning of mitochondria in vivo. For example,
the respiratory chain complex IV enzyme cytochrome oxidase (COX4), with twice the free energy yield
of earlier complex I and III respiratory chain steps, represented a rate-limiting step of respiration in
intact cells [60], but not in isolated mitochondria [61]. Again, unlike complexes I and III, COX4 converts
O2 into water without forming ROS. Abnormally high levels of ROS can directly induce genomic
instability and increase HIF-1α levels, promoting metabolic programming towards the Warburg
effect. Notably, Sirtuin gene Sirt3, a mammalian NAD-dependent protein deacetylase, homolog of
Saccharomyces cerevisiae Sir2 that regulates yeast life span, deactivates mitochondrial target proteins
in critical pathways associated with age-related diseases. Sirtuin deacetylase activity on lysine
residues of numerous mitochondrial substrates induces fat oxidation, amino-acid metabolism and
electron transport. Transgenic mice lacking Sirt3 have increased ROS levels, caused by both decreased
electron transport and decreased detoxification activity of MnSOD. Sirt3 reveals a connection between
mitochondrial metabolism promoting the Warburg effect, tumorigenesis and induction of oxidative
stress associated with randomly accumulated lesions causing degenerative diseases and ageing [62]
(Figure 4C).

Notably, several mitochondrial ribosomal and transfer RNAs plus 13 proteins representing
subunits of complex I, III, IV and V proton pumps are encoded by mitochondria-specific DNA
(mtDNA). mtDNA is transcribed and translated independently from nuclear DNA, with a relatively
fragile exclusively maternal inheritance, suffering a ten-fold higher mutation rate than nuclear DNA.
The enhanced genetic fragility may explain maternally inherited mitochondrial diseases and ageing
may be partly due to somatic mutations of mtDNA leading to impaired COX4 activity, impaired
synthesis of ATP and reduced cell energetics with age. Maintaining adequate flux and COX4
activity reduces ROS mediated double strand breaks in mtDNA, with subsequent mtDNA repair
vulnerable to introduction of mitochondrial DNA deletions [63]. Accordingly, mitochondrial DNA
deletions have been associated with biochemical defects in neurodegenerative diseases like Alzheimer’s
disease [64]. However, direct evidence for this mechanism as an explanation for ageing and broader
spectrum metabolic diseases has been elusive. Recent investigations in cultured human senescent
myoblasts [65] and transgenic mouse studies using mtDNA exchange technology [66] lacked evidence
that patients with mitochondrial diseases due to pathogenic mtDNA mutations develop premature
ageing. Nonetheless, the trans-mitochondrial mice did develop diabetes and lymphomas, so significant
mitochondrial respiration defects may lead to over-production of ROS with pathological consequences
including ROS impairing glucose incorporation into insulin-targeted organs [67] or insulin secretion
from pancreatic β cells [68].

5. The Warburg Effect and Diabetogenesis

A simulated Mars mission over 105 days, as an example of extreme conditions pressuring the
human organism, indicated that environmental stress would exert considerable metabolic stress [69],
and space flight perturbations in insulin sensitivity led to subclinical type 2 diabetes-like symptoms [70].
However, to what extent chronic pathological effects would be exacerbated during prolonged space
flight missions is not known. Nonetheless, reference to what is understood about molecular events
and pathways underlying type 2 diabetes is likely to be helpful for assessing the most pertinent
measurements for monitoring health in space and preventative measures.

A challenging concern for understanding complex metabolic diseases such as type 2 diabetes
mellitus (T2DM) is discrimination between cause and effect, given the close reciprocal relationship
between metabolic pathways and disease phenotypes. Nonetheless, foundational metabolic aspects
from lessons learned about the Warburg effect in development, cancer and ageing can be applied with
a choice, chain or chance perspective to explore relevance in T2DM. Here, we apply this perspective to
highlight pivotal events that may serve as useful diagnostic markers or therapeutic targets.
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The enigmatic T2DM phenotype reflects multifactorial mechanisms responsible for the phenotypes
of impaired insulin secretion from pancreatic β cells and insulin resistance in the major target
tissues, such as skeletal muscle. An alarmingly high demographic incidence of T2DM, associated
with sedentary lifestyles [71] and inappropriate carbohydrate diets [72] urges need to identify and
characterize the repertoire of key regulatory molecules.

5.1. Lessons for T2DM from a Warburg Effect through Normal Cell Metabolic Choice

When the Warburg effect resulted from a contextual choice, gene expression changes following
hyperglycemic treatment of early stage bovine blastocysts showed metabolic changes common to
diabetes and cancer. This may help explain why diabetic hyperglycemia is often associated with cancer
predisposition [73]. In diabetes, hyperglycemia increases intracellular glucose and its conversion
to sorbitol by aldose reductase decreases NADPH levels. Hyperglycemic induction of this polyol
pathway proves harmful because the lack of NADPH limits glutathione reduction that ordinarily
protects cells from oxidative stress [74]. Blastocysts treated with excessive glucose (5 mM) showed
increased expression of glutathione peroxidase 8 (GPX8), an antioxidant enzyme that reduces H2O2

into water by oxidation of glutathione, implying NADPH depletion may activate a compensatory
oxidative stress response. This is similar to the elevation of GPX expression correlated with increased
aldose reductase activity found in the pathology of type 1 diabetes [75]. An additional diabetic hallmark
of hyperglycemia is activation of the hexosamine pathway. This diverts fructose-6-P from the glycolytic
pathway with associated glucosamine-6-P accumulation inducing protein glycosylation of transcription
factor Sp1. This induces SERPINE 1 and THBS1 gene expression, both genes being implicated in diabetic
pathogenesis. Similar upregulation of SERPINE1 and THBS1 in hyperglycemically treated blastocysts
likely reflected increased activity of the hexosamine pathway. Underlying diabetic complications is
a hyperglycemia-induced uncoupling of OXPHOS, which leads to mitochondrial ROS production
inhibiting GAPDH activity, with glycolytic metabolites diverted to stimulate the polyol, AGE, PKC and
hexosamine pathways [76]. In agreement, porcine embryos grown in elevated glucose medium showed
an early rise in ROS generation and decreased GAPDH activity. Moreover, they also shared the diabetic
trait of decreased citrate synthetase activity, responsible for entry of pyruvate-derived acetyl-CoA
towards TCA. Decreased TCA activity in high-glucose treated blastocysts can also reflect up-regulation
of nuclear receptor PPARγ that regulates lipid metabolism, with subsequent accumulation of oxidized
lipids. These are likely to stimulate higher expression of OLR1 (oxidized low-density lipoprotein
receptor-1) a scavenger of oxidized lipids, often up-regulated in diabetes, with an important role in
pregnancy disorders [77] and tumorigenesis [78].

Matching the growing energy demands of development, blastocysts increase mitochondrial
OXPHOS and activate glycolysis and glucose uptake to enhance ATP synthesis. Hyperglycemic
conditions increased blastocyst expression of PDGFC and HIF-1α to promote expression of lactate
dehydrogenase A (LDHA) that enhances anaerobic conversion of pyruvate into lactate, with production
of NAD+. Under these conditions, the blastocysts also increased expression of transketolase 1,
an enzyme catalyzing the non-oxidative part of the pentose phosphate pathway in order to enhance
glucose consumption and lactate production [79]. Thus, under diabetic conditions, the increased
anaerobic glycolysis in embryos could limit ROS generation as a beneficial compensation for the
impaired energy metabolism. Despite such similarities with the Warburg effect phenotype of cancer
cells, in most cases, early development ultimately avoids a tumorigenic fate. In non-tumorigenic
cells, the activity of tumor suppressors such as p53 readily activates expression of proteins mediating
an apoptotic mitochondrial death pathway in response to a depressed mitochondrial transmembrane
potential. Excessive early embryonic lactate production is associated with aborted gestation [80]
emphasizing the detrimental impact of early hyperglycemic stress on pre-attachment embryo survival
and blastocyst development.
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5.2. Lessons for T2DM from an Oncogenically Chained Warburg Effect

A caveat when extending the biochemical events governing the Warburg effect in cancer to other
contexts such as diabetes is that cancer cells likely have additional events, such as tumor suppressor
mutations, resulting in very different context-dependent metabolic feedback. Thus, key molecular
events governing the Warburg effect in tumor cells might not have the same influence in skeletal
muscle cells or pancreatic β-cells and vice-versa. Nevertheless, tumor cells can provide an abnormally
permissive environment making key control events more significantly apparent. An example is
provided by human LDH that catalyzes the reduction of pyruvate into lactate, a watershed event
for the switch from aerobic to anaerobic glycolysis. The tetrameric LDH is made up of two subunits,
LDHA (aka LDH-M, muscle) and LDHB (aka LDH-H, heart), with isoforms made up of various
combinations of these two subunits, e.g., LDH3=LDHA2B2 whilst LDH5=LDHA4, the form most
prevalent in the liver and skeletal muscle. In cancer patients, high plasma hLDH5 levels can serve
as a malignant cell biomarker, since it is associated with induction by HIF-1α and MYC, rather
than nonspecific cellular damage. Oncogenic tyrosine kinase fibroblast growth factor receptor
(FGFR1) directly phosphorylates LDHA subunits, enhancing the formation of active tetrameric
LDH5 that binds to NADH substrate. Thus, oncogenic tyrosine kinases activation, a common
event in many cancers, promotes the Warburg effect via LDHA, for enhanced tumor growth [81].
Inhibitors preferentially targeting the LDHA isoform in cellular assays, reduced lactate production
in HeLa cells and were particularly effective in blocking cell proliferation in hypoxic conditions [82].
In contrast, pancreatic islet β-cells normally express low levels of LDHA and have high glycerol
phosphate dehydrogenase activity. Acute experimental over-expression of LDHA in the murine model
MIN6 β-cells perturbed mitochondrial metabolism, interfered with normal glucose-derived pyruvate
metabolism in mitochondria and inhibited glucose-stimulated insulin secretion [83]. Thus, an LDHA
abnormality highlighted by oncogenically “chained” events remained influential in more normal
contexts, being more open to a “choice” of feedback.

Another example from cancer metabolism, is related to pyruvate dehydrogenase kinase 1 (PDHK1)
which is also inducible by MYC and HIF-1α. It is again activated by tyrosine phosphorylation
that induced the binding of ATP and PDC, promoting the Warburg effect with tumor growth [84].
Complementing tyrosine phosphorylation in glucose homeostasis, protein tyrosine phosphatases
(PTPs) are key negative feedback regulators of insulin receptor (IR) signaling that effectively inhibit
the action of insulin. Given the predominance of tyrosine kinases in tumorigenesis, it might be
anticipated that PTP1B inhibition favors cancer growth, since reduced PTP1B expression was found in
hepatocellular carcinomas [85]. Nonetheless, in different cancers its effects remain context dependent,
since PTP1B expression driven by androgen receptor signaling, enhanced the progression of prostate
cancer [86]. PTP1B expression also plays an important role in T2DM and has been found to be elevated
in insulin target tissues of patients. PTP1B can directly interact with the insulin receptor [87] and
insulin receptor substrate 1 (IRS-1) [88], dephosphorylating the tyrosine residues in the activation loops
of these molecules to down-regulate insulin signaling, thereby contributing to an insulin resistance
phenotype in T2DM patients. Transgenic PTP1B null mice were healthy, resisted obesity when fed
with a high-fat diet and did not evolve diabetes. Restorative effects were observed by treating diabetic
mice with PTP1B antisense oligonucleotides [89]. PTP1B is considered an attractive therapeutic target
and among the small molecules investigated, antibodies that stabilize the oxidized conformation of
PTP1B have been shown to inactivate it [90]. Favoring prospects for preventative astronaut treatment,
normal “choice” metabolic responses may present therapeutic targets of more consistent behavior than
heterogeneous oncogenically “chained” pathways.

One adaptation to cellular stress observed in tumors is autophagy or “self-eating” of proteins
and cell organelles. It is initiated when the autophagosome, a double-membrane vesicle, engulfs
cytoplasmic organelles, including mitochondria, before fusion with lysosomes that digest the vesicle’s
contents. Excessive accumulation of autophagosomes can lead to cell death by apoptosis. This complex
process has both tumor-suppressing and tumor-promoting activities depending on whether it is
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predominantly occurring in epithelial cancer cells or in stromal cells within the tumor niche [91].
Cells undergoing autophagy have fewer mitochondria and shift their metabolism towards glycolysis,
producing high-energy mitochondrial fuels e.g., L-lactate, ketone bodies, glutamine and free fatty
acids. Neighboring cells may consume these catabolites to fuel mitochondrial OXPHOS. Notably,
p53 serves as a key component of the cellular stress response. Among its many activities, nuclear p53
can trans-activate numerous autophagy inducers, such as the damage-regulated autophagy modulator
(DRAM), a target for silencing by hyper-methylation at its CpG islands in several tumor types [92].
Autophagy is also central to muscle glucose homeostasis in response to exercise. As shown by
mice with engineered mutations affecting phosphorylation sites in the mitochondrial anti-apoptotic
and anti-autophagy protein BCL2. Exercise-induced autophagy was shown to be dependent on
BCL2 activity, and mutant mice defective in autophagy showed impairment of many key metabolic
events, including impaired muscle glucose uptake, GLUT4 plasma membrane localization and AMPK
activation [93].

Growing awareness of the oncogenic role of epigenetic alterations in genomic DNA encoding
metabolically influential proteins led to recognition that fructose-1,6-biphosphatase-1 (FBP1),
an antagonist of glycolysis in many cell types, was epigenetically down-regulated by methylation of its
promoter sequence, mediated by NF-κB downstream of oncogenic Ras signaling. The incidence of this
event sufficed for FBP1 promoter methylation to be considered a new biomarker for predisposition
to gastric cancer [94], implying that an epigenetic mechanism could also account for the Warburg
effect [95]. T2DM is associated with low-grade systemic inflammation, and increased NF-κB DNA
binding activity was found to be one of the characteristics of muscle tissue from T2DM patients [96],
in agreement with suggestions that the NF-κB pathway may represent a therapeutic target for insulin
resistance [97]. Comprehensive DNA methylation profiling in pancreatic islets of T2DM patients
versus non-diabetic donors revealed aberrantly methylated disease-specific genes that are impacting
pathways implicated in pancreatic β-cell survival and function. Further studies would be required to
confirm to what extent this reflects causal or consequential changes [98]. Epigenetic DNA methylation
is very relevant for space travel, since an irradiation response in brain tissue and inhibition of
DNA methylation can be an effective neuroprotective strategy to avoid radiation-induced cognitive
deficits [99].

A further level of molecular regulation thought to influence 74–92% of all protein-encoding
mRNAs involves microRNA (miRNA) molecules that bind to the 3′ untranslated region of their
target mRNA through imperfect pair bonding and effect their down-regulation. Actively involved in
tumorigenesis, they can serve as oncogenes or tumor suppressor genes, depending on the context [100]
and are subject to regulation by oncogenes also. Pertinently, miRNAs are implicated directly in
enhancing glutamine metabolism and the Warburg effect in cancer cells [101] with several miRNAs
implicated in T2DM [102]. As a specific example, miR-143 down-regulation, found in a number of
tumors, can up-regulate hexokinase 2 (HK2) expression to promote a shift towards aerobic glycolysis in
cancer cells [103]. A Warburg effect and hyperplastic metabolism via miR-143 down-regulation and
HK2 overexpression characterized esophageal squamous cell carcinomas induced by a dietary zinc
deficiency [104]. It would be premature to suggest this fully defines the outcome of miR-143 expression
levels, since it was up-regulated in the liver of T2DM obese mouse models, where it also impaired
glucose metabolism, but through induction of insulin resistance via miR-143-ORP8-dependent
inhibition of insulin-stimulated AKT activation [105]. Linking molecular metabolic mediators to
dietary zinc is consistent with observations that metal elements can facilitate tissue repair processes
both pre-emptively and after recovery from otherwise lethal radiation injury [106] emphasizing the
importance of nutrition for protection against radiation exposure, including radiotherapy and space
flight [107].
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5.3. Lessons for T2DM from a Warburg Effect by Chance Whilst Ageing

The diabetic myotube phenotypes of increased basal glucose oxidation and incomplete lipid
oxidation could be reproduced by using malonate to inhibit the TCA cycle enzyme succinate
dehydrogenase. This impaired TCA cycle flux in skeletal muscle may causally contribute to
a diabetic phenotype. It underscored the need for a detailed understanding of structure, regulation,
modification and expression of the multifunctional TCA cycle enzymes [108]. However, with regard
to an age-induced Warburg effect, the functional capacity of the mitochondria was retained in
cultured senescent myotubes. Cells at late passage numbers showed a reduced mitochondrial
mass and decreased whole cell ATP level, yet retained full mitochondrial ATP production capacity
and increased ROS production [65]. This does not contradict studies showing that an alteration in
mitochondrial oxidative and ATP generating activity was important for declined muscle function in
ageing, but suggests that an indirectly evolved phenotype with ageing is per se not necessarily a direct
cause of dysfunction in the TCA cycle enzymes. An age-associated lower mitochondrial mass may
require the remaining mitochondria to compensate with elevated energy generation, yet at the cost
of increased harmful ROS production. Notably, consistent with an age-related loss of mitochondrial
mass, muscle-specific mutations that accumulated with aging were found in critical human mtDNA
regions near the site of mtDNA attachment to the inner mitochondrial membrane, most likely aiming
to control mtDNA replication and/or copy number [109].

Diabetes usually occurs later in life, making ageing an important risk factor. Curiously, several
genes that influence the Warburg effect probably have a role in longevity. For example, sirtuins
(SIRT1-7), a member of the highly conserved protein family with seven transmembrane domains,
can extend the lifespan of model organisms. Targets for SIRT1 mediated deacetylation include
a broad range of transcription factors and co-activators governing many central metabolic pathways,
and several different models of SIRT1 over-expression in transgenic mice were shown to prevent
diabetes [110]. Notably, human fibroblasts with inactivated SIRT2 showed Warburg effect-like
decreased OXPHOS and increased glycolysis [111]. SIRT3, like SIRT4 and SIRT5, resides within
mitochondria and deacetylates and regulates many mitochondrial proteins. Compounding its
metabolic significance, SIRT1 can deacetylate SIRT3 which becomes hyper-acetylated in aged and
obese mice [112].

Genetic polymorphisms in the SIRT3 gene promoter can influence levels of gene expression.
Polymorphisms in the PTP1B gene have also been associated with improved health in old age. Direct
comparison of relatively young (3 month) and aged (16 month) mice with a wild-type or PTP1B−/−

genetic background revealed a significant difference. Mice with PTP1B deficiency were protected from
the development of peripheral insulin resistance, adiposity, hyperinsulinemia and islet hyperplasia
found in the wild type mice at 16 months of age, indicating that this enzyme had a critical role in
age-dependent onset of the murine T2DM phenotype [113]. Notably, the increase in mRNA, protein
levels and PTP1B activity with obesity was confined to the liver and muscle of 16-month old wild-type
mice indicating a tissue-specific response. Though upstream events elevating PTP1B activity were not
fully defined, the transcriptional activators NF-κB, and p53 were co-elevated in the liver and muscle
tissue of the 16-month old wild-type mice. p53 is known to interact with several longevity pathways,
including activation of AMPK and repression of the insulin IGF1 and mTOR pathways. How tissue
specific discriminatory effects may arise is far from clear, but low levels of antioxidant enzymes
such as glutathione peroxidase in pancreatic β-cells compared to other tissues, may explain the
increased susceptibility to oxidative stress-mediated tissue damage [114]. Appreciating an important
interrelationship between p53 and mitochondria and telomeres is certainly likely to be helpful to
resolve key mechanisms influencing oxidative stress metabolism that are altered by ageing [115].

Ageing is associated with a reduced muscle mass and strength, that can be influenced by exercise.
Resistance training was shown to increase muscle strength and function even in older adults, reducing
biomarkers of oxidative stress with improved mitochondrial function. Notably, sarcopenia patients,
exhibited mitochondrial DNA mutations and deletions in mature myocytes, but not in their muscle
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satellite cells. Post-injury regeneration of skeletal muscle following strenuous exercise involved
activation, proliferation and differentiation of the resident satellite stem cells and endothelial precursor
cells. Tunneling nanotubes that connect myogenic skeletal muscle satellite cells to muscle fibers may
serve as conduits for intracellular material, including mitochondria [116]. The concept of mtDNA
shifting suggests that resistance-exercise training is leading to a replacement of defective mitochondria
bearing DNA mutation and deletions with healthier mitochondria from satellite cells [117]. Though not
entirely clear whether this reflected mitochondrial DNA transfer from satellite cells, or regeneration of
new fibers from satellite cells with non-deleted mtDNA, recent evidence confirms that RNA-mediated
improvement in mitochondrial activity could mitigate oxidative stress to drive enhanced regeneration
of injured muscle [118]. In addition, bone marrow derived stromal cells can also repair tissue injury
through the transfer of mitochondria via nanotubes and microvesicles [119]. Therefore, intercellular
interaction is likely involved in controlling the Warburg effect, and mitochondrial transfer may be
an important process in many diseases. Given that mitochondria regulate cytoplasmic radiation
induced genotoxic damage [120] intercellular tunneling nanotube connections may have a role in the
design of countermeasures against therapeutic and environmental radiation exposure.

6. Not Forgetting the Reverse and Inverse Warburg Hypothesis

In multicellular tumor microenvironment models, cancer cell acquired mutations that can directly
or indirectly favor ROS generation [121,122]. The “reverse Warburg” hypothesis proposes that in
response to increased local hydrogen peroxide levels, it is the adjacent cancer-associated fibroblasts
rather than cancer cells themselves [123] that undergo most of the aerobic glycolysis [124]. In turn,
ATP produced by stromal cells may help cross-feed cancer cells to compensate mutations and maintain
mitochondrial activity. This would allow cancer cells to proceed with an active TCA cycle and with
oxidative phosphorylation pathways to meet the enhanced ATP and anabolic demand of proliferating
tumor cells.

Helping to support this scenario, cancer cells express cytoprotective genes that sustain anabolic
metabolism despite the oxidative pressure in their microenvironment. Pivotal for both enhancing
metabolism and protection, the transcription factor Nuclear erythroid factor 2-like (Nrf2), constitutively
active in many cancer cell types, can redirect glucose and glutamine into anabolic pathways,
including purine nucleotide generation in the presence of PI3K-Akt signaling [125]. The broad
repertoire of transcriptional targets directed by Nrf2 include at least six metabolic regulator genes
involved in the PPP and NADPH production pathways, plus numerous anti-oxidant enzymes and
cytoprotective factors [126]. Somatic mutations inactivating Kelch-like ECH-associated protein 1
(Keap1), the canonical inhibitor of Nrf2, are relatively frequent, preventing Nrf2-Keap1 interaction in
the cytoplasm and promoting proteasomal degradation of Nrf2. Mutations in Nrf2 itself are frequently
disrupting discs-large (DLG) or glutamate-threonine-glycine-glutamate (ETGE) motifs associated with
low or high affinity Keap1 interactions, thus favoring constitutive activation of Nrf2 [127]. One may
regard Nrf2 as a nefarious complement to oxidative and hypoxic environments that facilitates tumor
growth [128]. However, in normal cell metabolism contexts, the repressive action of Nrf2 on ATP citrate
lyase, Acc1 and Fasn, can suppress de novo lipogenesis which is required for tumor growth. Accordingly,
Nrf2 has a highly context-dependent role, permissive for already initiated cancer growth yet also
beneficial for cancer prevention, since absence of Nrf2 also reduces DNA repair in normal cells [129],
increasing cell susceptibility to carcinogenic agents [130]. Astronauts resident in the international space
station for six months showed ROS alterations thought to reflect reduced mitochondrial synthesis
and limited expression of genes including Nrf2, highlighting a potentially increased cancer risk in
astronauts [131].

Besides cancer and diabetes, the Warburg effect influences numerous morbidities. Although it
improves host responses to pathogens through T cell activation [132], the Warburg effect is generally
associated with progression of chronic disease. It is implicated in multiple sclerosis, pulmonary
hypertension and idiopathic pulmonary fibrosis, cardiac hypertrophy, atherosclerosis, polycystic
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kidney disease and Alzheimer’s disease (AD) [133]. Notably, for the latter, a hypothesis termed
“inverse Warburg” effect has been proposed. Distinct from the “reverse Warburg” hypothesis
of tumorigenesis, it nevertheless involves a reciprocal metabolic coupling between adjacent cell
types [134], namely neurons and microglia. Proposed by Demetrius et al., the bioenergetics-based
inverse Warburg model for sporadic forms of AD implicates energy generation and age as critical
elements in the origin of this neurodegenerative disease. As a first step, age-induced chance
inefficiency in the mitochondrial activity [135], such as that mediated by DNA protein kinase within
certain neurons [136] causes a compensatory ramped up-regulation of oxidative phosphorylation to
maintain cell viability. In effect, this is a reversal of Warburg effect pathways that replace oxidative
phosphorylation with aerobic glycolysis. Subsequently, a cascade of events evokes a selective
advantage for neurons with mild mitochondrial impairment and increased OXPHOS activity over
healthy neurons. Neurons adopt this option due to low expression levels of PFKFB3 encoding the
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 enzyme that is critical for the regulation of
glycolysis [137]. Thus, neurons have a limited capacity to up-regulate glycolysis for compensating
the increased energy demands. In contrast, microglial astrocytes express high levels of PFKFB3
and also show deficiencies in pyruvate dehydrogenase activity and elements for shuttling cytosolic
NADH within mitochondria for pyruvate oxidation instead of lactate formation. Accordingly, neurons
are essentially oxidative cells, whereas astrocytes have high glycolytic capacity [138] and use this
alternative metabolic route to generate lactate that can fuel adjacent neurons. Defective neurons
with excessive OXPHOS activity produce ROS that promote pathological ageing, with abnormal cell
cycle entry and eventual neuronal loss. At the same time, production of lactate or ketone bodies can
be considered a compensatory response in adjacent microglia to meet the high energy demands
of defective neurons. The proposal that intercellular Warburg effect-mediated interactions may
modulate disease progression [139] can help account for idiosyncrasies surrounding a metabolic
amyloid cascade hypothesis, whereby aggregation of neurite plaques, with consequential disruption
of synaptic connections, underlies the death of neurons and the overwhelming forgetfulness of
dementia [140].

7. New Light on Redox Metabolism Pathways in Extreme Conditions

Historically, numerous medical advances trace origin to causal relationships from extreme examples
providing unique peculiarities that highlighted key functional mediators, e.g., the occupational hazard of
early 20th century watch dial painters, who pointed brushes in their mouths and contracted malignancies
from radioluminescent radium poisoning [141]. A current extreme occupational endeavor inevitably
associated with numerous metabolic risks is human spaceflight, with astronauts being subjected to unique
microgravity and ionizing radiation conditions [142].

Weightlessness from microgravity drives dramatic physiological changes, including an altered
cardiovascular system and circulation, immunosuppression and changes to calcium, sodium and
bone metabolism [143]. Nonetheless, it is notable that an additional higher cardiovascular disease
mortality risk can be found in Apollo lunar astronauts, the only humans to have travelled beyond
Earth’s radiation-shielding magnetosphere, versus astronauts that have only flown in low Earth
orbit. Advances in systems biology provide an improved interpretation of the molecular signatures
and networks altered in human cells by microgravity and ionizing radiation-induced oxidative
stress [144], highlighting a close association among oxidative phosphorylation/respiratory electron
transport, ubiquitin-proteasome system and neurodegenerative conditions (e.g., Alzheimer’s disease)
across multiple datasets. Mice genetically modelling AD exposed to 56Fe ion particle radiation
showed an accelerated age-associated accumulation of amyloid beta (Aβ) plaques and increased
cognitive impairment [145]. This concurred with later studies showing neuronal network fragility
to the combination of simulated microgravity and chronic exposure to radiation [146]. Extending
repercussions beyond generation of ROS, immune dysfunction induced by spaceflight has been
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closely associated with metabolic change in fatty acid oxidation and decreased glycolysis-related
pathways [147].

Fortunately, experimental methods applicable to the analysis of the Warburg effect and
mitochondria are advancing. Refined isolation of mitochondria and measurement of mitochondrial
membrane potential and metabolites has accelerated screening of potential new drugs that shift
energy metabolism from mitochondrial OXPHOS to aerobic glycolysis [148]. Powerful proteomic
approaches allow broad scale analysis of metabolite profiles, highlighting associations between amino
acid metabolites and the risk of developing diabetes [149]. A comprehensive metabolic signature
has been obtained for defining the Warburg effect in situations such as pancreatic cancer [150].
Spectrophotometric protocols allow simple and reliable assessment of respiratory chain function
to be applied to minute quantities of muscle tissue, cultured cells and isolated mitochondria [151].

To date, the current repertoire of nutritional supplements has done little to provide true clinical
benefit [152]. However, improved, more sophisticated transgenic mouse models will allow better
discrimination between cause and effect when exploring metabolic disorders. Despite only partial
mimicry, simulated microgravity ground experiments can suffice to potentiate the effect of ROS [153]
shown to exacerbate the effects of heavy ion radiation in human B lymphoblasts [154]. Dedicated
heavy-ion radiobiology research centers, e.g., the NASA Space radiation laboratory at Brookhaven,
are pivotal for improving space-relevant radiobiology knowledge and exploration of how heavy-ion
species might be exploited for focused anti-cancer therapy [155]. Combining heavy-ion irradiation from
a carbon ion combined with a clinostat to simulate microgravity allowed exploration of synchronous
effects pertinent to space radiation research [156]. Additional technological advances include
laser-plasma-accelerators representing advantageous tools for accurately reproducing broadband
radiation particle flux similar to conditions in space [157]. Prospective research adopting Extreme
Light Infrastructure-Nuclear Physics (ELI-NP) at the Center for Advanced Laster Technologies (CETAL)
facility, will provide two very high intensity 10 PW lasers and a very intense (1013 γ/s) brilliant γ beam
with which to explore appropriate shielding methods [158] for deep space flights and for developing
relevant radiobiology investigations.

8. Conclusions

The Warburg effect hypothesis, originated from findings in cancer cells, has proved helpful
to better understand key mechanisms underlying a broad range of metabolic diseases. Certainly,
the situation is extremely complex, and many examples of anaerobic glycolysis co-existing with normal
TCA function and OXPHOS pathways suggest a dynamically regulated shared metabolic balance
rather than strict adoption of one mode of respiration at the expense of the other. Biomarkers for
oxidative stress assessed in broader population studies of environmental metabolic stressors may
have a direct causal role and represent indirect indicators of questionable therapeutic value or serve
as good intervention targets [159]. Assumptions that measurements made ex vivo apply to in vivo
microenvironments need confirmation [160] because, in a heterogeneous tissue, clusters of abnormality
become risk factors in their own right. The impact of an event such as mtDNA mutation with regard
to disease conditions may vary between different cell types, different tissues and even different human
populations [161]. Molecules exerting significant phenotypic effects in more than one disease state
are being discovered, and a broader network view can improve our interpretation of how metabolic
mechanisms are coordinated. Applying a choice, chain, chance perspective to integrate molecular
metabolic pathways influenced by the Warburg effect in developmental biology, cancer and type 2
diabetes mellitus can provide unifying insights.

The scope of relevance for the Warburg effect has extended well beyond its origins as an anomaly
of cancer. It is clear that, for any long-term space mission, astronauts will need appropriate
physical shielding and additional medicinal countermeasures to limit both excessive oxidative stress
triggered by ionizing radiation and the associated inflammatory processes mediated by the NF-κB
pathway [162]. Use of cytoprotective agents, such as Amifostine, can provide radioprotection to normal
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tissues by triggering a metabolic shift with induction of glycolysis and blockage of mitochondrial
pyruvate usage through a Warburg effect pathway that reduces ROS production [163]. A possible
therapeutic solution might be the use of Nrf2 activators, such as dimethyl fumarate and sulforaphane,
for enhancing the endogenous antioxidant protection against the oxidative pressure of galactic
cosmic radiation [164]. Quantitative analysis of low-molecular mass endogenous metabolites is
becoming ever-more achievable with modern analytical techniques that are well-suited to complex
pathologies [165]. It is anticipated that space exploration will continue to be a major stimulus for
advancing our understanding of human metabolism [166] and reciprocate with unique experiments
that extend our capacity to overcome even the most challenging complex human diseases and
environmental pressures.
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Abstract: Sequelae of prematurity triggered by oxidative stress and free radical-mediated tissue
damage have coined the term “oxygen radical disease of prematurity”. Caffeine, a potent
free radical scavenger and adenosine receptor antagonist, reduces rates of brain damage in
preterm infants. In the present study, we investigated the effects of caffeine on oxidative stress
markers, anti-oxidative response, inflammation, redox-sensitive transcription factors, apoptosis,
and extracellular matrix following the induction of hyperoxia in neonatal rats. The brain of a rat
pups at postnatal Day 6 (P6) corresponds to that of a human fetal brain at 28–32 weeks gestation
and the neonatal rat is an ideal model in which to investigate effects of oxidative stress and
neuroprotection of caffeine on the developing brain. Six-day-old Wistar rats were pre-treated with
caffeine and exposed to 80% oxygen for 24 and 48 h. Caffeine reduced oxidative stress marker
(heme oxygenase-1, lipid peroxidation, hydrogen peroxide, and glutamate-cysteine ligase catalytic
subunit (GCLC)), promoted anti-oxidative response (superoxide dismutase, peroxiredoxin 1, and
sulfiredoxin 1), down-regulated pro-inflammatory cytokines, modulated redox-sensitive transcription
factor expression (Nrf2/Keap1, and NFκB), reduced pro-apoptotic effectors (poly (ADP-ribose)
polymerase-1 (PARP-1), apoptosis inducing factor (AIF), and caspase-3), and diminished extracellular
matrix degeneration (matrix metalloproteinases (MMP) 2, and inhibitor of metalloproteinase (TIMP)
1/2). Our study affirms that caffeine is a pleiotropic neuroprotective drug in the developing brain
due to its anti-oxidant, anti-inflammatory, and anti-apoptotic properties.

Keywords: anti-oxidative response; caffeine; hyperoxia; oxidative stress; preterm infants;
developing brain

1. Introduction

Advances in neonatal intensive care have led to a significant increase in the survival rate of
premature infants, but extremely premature infants have a higher risk of dying or suffering permanent
and serious damage [1,2]. Up to 50% of surviving extremely preterm infants show cognitive deficits
or behavioral problems during the later stages of development [3]. The sequelae of prematurity are
described to be triggered by oxidative stress and free radical-mediated cell and tissue damage, leading
to the term “oxygen radical disease of the prematurity” [4–6].
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There are several reasons for the high susceptibility of preterm infants to oxidative damage:
(i) birth is associated with a dramatic change of intrauterine hypoxic milieu to a relatively hyperoxic
extrauterine environment, and this relative hyperoxia can be enhanced by supplemental oxygen [7,8];
(ii) premature infants are less able to cope with the oxygen-rich environment of extrauterine life because
their antioxidant defense system is poorly developed [9]; and (iii) preterm infants have increased
susceptibility to infections [5].

Oxidative stress can be defined as an imbalance between the amount of reactive oxygen species
(ROS) and the intracellular and extracellular antioxidant protection systems. The antioxidative defense
system undergoes developmental changes during the neonatal period, resulting in a relevantly lower
intracellular defense in preterm infants compared to term infants [10].

In addition to the understanding of the pathology of oxidative stress and the associated effects
on the development of premature infants, additional strategies must be developed. Recent studies
have proposed that caffeine presents antioxidant activity and therefore, protects human against
disorders associated with oxidative stress [11,12]. The methylxanthine caffeine is used as a first-line
pharmacotherapy against apnoea in preterm infants [13]. Caffeine has a higher therapeutic index and
a longer half-life compared to other methylxanthines. In addition, to the reduction of the frequency
of apnoea, caffeine has additional short- and long-term effects [14,15]. As an adenosine receptor
antagonist caffeine improves neonatal outcome, shows neuroprotective effects in the developing
brain [16,17], has anti-inflammatory effects [18,19], decreases rates of bronchopulmonary dysplasia
(BPD) and death [14,20], and shortens the duration of mechanical ventilation [14,21]. Side effects of
caffeine have been described [22,23] to include tachycardia, higher oxygen consumption, and transient
decrease of the growth rate in very low birth weight infants [24].

Up to date, it is not yet clarified whether caffeine can also act as a free radical scavenger.
Shi et al. reported that caffeine may act as an antioxidant scavenger, thus explaining the observed
anticarcinogenic properties of caffeine and related methylxanthine compounds [25]. Furthermore,
caffeine prevented lipid peroxidation, reduced oxidative DNA damage [26], modulated oxidative
stress in rat liver [27], and showed immunmodulatory effects under oxidative stress in the neonatal
rat brain [16] and immune cells [28]. Due to the anti-oxidant properties per se and/or by the
anti-inflammatory and anti-apoptotic effects of caffeine [16,29,30], which seem to be adenosine
receptor-mediated [30,31], caffeine would be a promising pleiotropic drug. Therefore, the aim of
this in vivo study in a neonatal oxidative stress model was to investigate how caffeine affected the
immature rodent brain against high oxygen exposure.

2. Results

2.1. Hyperoxia Induces Oxidative Stress Which Is Counteracted by Caffeine

Thiobarbituric acid reactive substances (TBARS) were increased in brain tissue of newborn rats
exposed to 24 h of hyperoxia to 180% ± 27.4% (p < 0.01) compared to litter control mates kept in
atmospheric air (Figure 1A). This was reduced by a single dose of caffeine (77% ± 11.8%; p < 0.001).
In control animals, caffeine did not affect TBARS levels. Changes in TBARS after 48 h hyperoxia
were not significant in comparison to matched normoxic litters. Interestingly, there was also a
significant decrease in TBARS in normoxic newborn rats 48 h after the single administration of
caffeine (51% ± 17.2%; p < 0.05).

To confirm the induction of oxidative stress by exposure to hyperoxia, we analyzed hydrogen
peroxide concentrations through enzyme linked immunosorbent assay (ELISA) measurement in
neonatal rodent brains after hyperoxia and normoxia with and without caffeine treatment (Figure 1B).
Hyperoxia leads to a highly significant increase of hydrogen peroxide after 48 h exposure duration
(489% ± 106.7%; p < 0.001) which was blocked by caffeine (147% ± 22.6%; p < 0.001). Treatment with
caffeine in animals kept under normoxic conditions had no effect on hydrogen peroxide concentrations.
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Figure 1. Caffeine reduces oxidative stress responses during exposure to hyperoxia. (Box) Reactive
oxygen species imply hydrogen peroxide, which promotes lipid peroxidation. The antioxidant enzyme
response is induced, which leads inter alia to an activation of heme oxigenase-1 (HO-1). The Nrf2-Keap1
system plays alongside the NFκB pathway an essential role in the implementation of the antioxidant
gene regulation in response to oxidative stress. The catalytic subunit of glutamate-cysteine ligase (GCLC)
is upregulated by Nrf2. Quantitation of brain homogenates by ELISA of: (A) TBARS/lipid peroxidation;
(B) H2O2; and (C) HO-1; and mRNA expression by quantitative real-time PCR of: (D) Nrf2; (E) Keap1;
and (F) GCLC. Groups are shown as normoxia (white bars), hyperoxia (black bars), with and without
caffeine (dark grey and light grey bars, respectively) as mean ± SEM, n = 4–5 per group per time point.
The 100% value is: (A) 1.268 and 1.959 μM/mg protein; (B) 0.887 and 2.946 μM/mg protein; (C) 3.604
and 2.891 ng/mg protein; (D) 1.008 and 1.029 CT; (E) 1.014 and 1.029 CT; and (F) 1.016 and 1.015 CT

for 24 and 48 h groups, respectively. Data were analyzed by two-way ANOVA with Bonferroni post
hoc test, with * p < 0.05, ** p < 0.01, and *** p < 0.001 versus control (atmospheric air), and # p < 0.05,
## p < 0.01, and ### p < 0.001 versus hyperoxia (80% oxygen without caffeine).

Heme oxigenase-1 (HO-1) protein levels were markedly increased in brain tissue after 48 h
of hyperoxic stimulation (156% ± 16.8%; p < 0.001) compared with brain tissue from rats
under normoxia (Figure 1C). Caffeine reduced the protein level significantly after 48 h hyperoxia
(88% ± 8.9%; p < 0.001). HO-1 is not increased after 24 h hyperoxia. However, caffeine treatment
reduced HO-1 levels after 48 h in control litters kept in room air (71% ± 15.6%; p < 0.05).
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NFE2-related factor 2 (Nrf2) (Figure 1D) was significantly induced both after 24 h (150% ± 20.3%;
p < 0.01) and after 48 h (150% ± 3.9%; p < 0.01) of hyperoxia, which was blocked by caffeine
(24 h to 72% ± 9.2%; p < 0.001, and 48 h to 116% ± 7.3%; p < 0.05). Contrary to Nrf2, gene expression
of Kelch-like ECH-associated protein 1 (Keap1; Figure 1E) was not affected by hyperoxia alone, but was
significantly elevated by caffeine after 24 h exposure to hyperoxia (140% ± 5.3%; p < 0.01). Caffeine
did not influence the expression of Keap1 at atmospheric air.

The glutamate-cysteine ligase (GCL) consists of two separate coded subunits, a catalytic (GCLC)
and a modifier (GCLM), which catalyzes the rate-limiting phase of cellular antioxidant glutathione
(GSH). GCLC (Figure 1F) mRNA expression was significantly induced both after 24 h (188% ± 23.0%;
p < 0.001) and after 48 h (156% ± 20.4%; p < 0.05) of hyperoxia, which were significantly reduced by
caffeine (24 h to 107% ± 14.4%; p < 0.001, and 48 h to 104% ± 7.8%; p < 0.05). Single treatment with
caffeine in animals kept under normoxic conditions had no effect on GCLC expression.

2.2. Regulating Effect of Caffeine on the Imbalance of the Sulfiredoxin/Peroxiredoxin System after Hyperoxia

Acute exposure to high oxygen leads to exhaustion of superoxide dismutases 3 (SOD3). SOD1
(Figure 2A) does reveal not statistically significant differences (at 24 h 66% ± 5.4% and at 48 h
72% ± 6.1%), SOD2 (Figure 2B) to 63% ± 7.2% at 24 h, but SOD3 (Figure 2C) was significantly reduced
to 55% ± 9.6% (p < 0.05) at 24 h. In comparison to hyperoxia without caffeine, we found significant
increases for SOD1 to 111% ± 14.4% (p < 0.05) and 129% ± 18.5% (p < 0.01), for SOD3 to 159% ± 13.1%
(p < 0.001) and 171% ± 19.3% (p < 0.001) at 24 h and 48 h, respectively, and for SOD2 to 217% ± 25.5%
(p < 0.001) at 48 h. Under 48 h normoxic conditions, a single administration of caffeine leads to an
increase of SOD2 (188% ± 23.3%, p < 0.001) and SOD3 (146% ± 11.2%, p < 0.05). Correspondingly,
increasing peroxiredoxin (Prx) 1 and sulfiredoxin (Srx) 1 expression were observed at both time
points. Prx1 protein expression (Figure 2D) was increased to 137% ± 2.8% (p < 0.001) at 24 h and to
145% ± 6.2% (p < 0.001) at 48 h, and Srx1 protein expression (Figure 2E) to 135% ± 4.3% (p < 0.001)
and 150% ± 9.3% (p < 0.001), respectively. The administration of caffeine showed a significant decrease
to 109% ± 6.2% (p < 0.01) and 75% ± 5.9% (p < 0.001) for Prx1, and to 99% ± 8.7% (p < 0.001) and
104% ± 9.3% (p < 0.001) for Srx1 to both times examined. Interestingly, there was a reduction in Prx1 at
48 h under normoxia to 56% ± 2.6% (p < 0.001) and an increase of protein expression after 24 h under
normoxia to 126% ± 3.6% (p < 0.01).

Figure 2. Cont.
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Figure 2. Caffeine modulates antioxidative enzymes. (Box) The high production of ROS under
oxidative stress requires the existence of a set of ROS scavenger mechanisms. These are firstly, the
group of superoxide dismutase (SOD), which are not only able to scavenge ROS but also repair cell
damage and possibly serve as redox sensors, and secondly, the thiol-based antioxidants peroxiredoxin
(Prx) as well as sulfiredoxin (Srx), which are major internal housekeeping antioxidant molecules that
act as redox switches to modulate homeostasis. SOD isoform mRNA expression was analyzed in
brain homogenates. Quantification of mRNA expression by quantitative real-time PCR of: (A) SOD1;
(B) SOD2; and (C) SOD3; and protein expression measured by Western blot of: (D) Prx1; and (E) Srx1.
Groups are shown as normoxia (white bars), hyperoxia (black bars), with and without caffeine
(dark grey and light grey bars, respectively) as mean ± SEM, n = 4–5 per group per time point.
The 100% value is: (A) 1.031 and 1.006 CT; (B) 1.002 and 1.025 CT; (C) 1.005 and 1.007 CT; (D) 0.87
and 0.61 ratio intensity/mm2; and (E) 0.39 and 0.67 ratio intensity/mm2, for 24 h and 48 h groups,
respectively. Data were analyzed by two-way ANOVA with Bonferroni post hoc test, with * p < 0.05,
** p < 0.01, and *** p < 0.001 versus control (atmospheric air), and # p < 0.05, ## p < 0.01, and ### p < 0.001
versus hyperoxia (80% oxygen without caffeine).

2.3. Effects of Caffeine on the Inflammatory Cytokine Expression

The cerebral neuro-inflammatory response in our neonatal oxidative stress model was analyzed
by measuring changes in cytokine production and inducible nitric oxide synthase (iNOS) in the brain.
Using qPCR for gene expression and ELISA for protein expression analysis, we determined levels of
tumor necrosis factor α (TNFα), interleukin (IL)-1β, interferon γ (IFNγ), and IL-18 as pro-inflammatory
cytokines, IL-12 as early pro- and late anti-inflammatory cytokine, and iNOS. Overall, significant
differences between normoxia control group and the hyperoxia group were detected for all cytokines
at 24 and/or 48 h (Figure 3).

Oxidative stress is usually thought to be responsible for tissue injury associated with a range of
brain injury, inflammation, and degenerative processes. Moreover, inflammatory target proteins,
including iNOS, are associated with oxidative stress induced by pro-inflammatory factors such
as cytokines. Expression of iNOS (Figure 3A) was significantly increased by 24 h hyperoxia
(179% ± 32.1%; p < 0.01), and significantly decreased at 48 h (49% ± 4.5%; p < 0.05), which was
blocked by caffeine at 24 h (100% ± 8.0%; p < 0.01).

In response to brain injury by hyperoxia, TNFα production is rapidly increased. An increase
of TNFα mRNA (127% ± 4.8%; p < 0.05) was found after 24 h of hyperoxia (Figure 3B). After
48 h of hyperoxia, the increase in protein expression of TNFα (Figure 3C) was largely pronounced
(251% ± 50.8%; p < 0.001). The administration of caffeine drastically reduced TNFα mRNA expression
under hyperoxic conditions at 24 h (31% ± 5.2%; p < 0.001) and at 48 h (51% ± 5.5%; p < 0.01), which
was also observed under normoxic conditions (at 24 h 40% ± 7.6%; p < 0.001; at 48 h 57% ± 5.1%;
p < 0.001). On translational protein levels, caffeine caused a marked reduction in the expression of
TNFα protein at 48 h (from 251% ± 50.8% to 110% ± 21.7%; p < 0.001). However, TNFα protein was
not affected by caffeine in newborn rats kept at atmospheric air (Figure 3C).
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Figure 3. Changes in the expression of cytokines and iNOS in neonatal rat brains after hyperoxic
injury with and without caffeine. (Box) Nrf2 activation promotes the expression of anti-oxidative
gene transcription and reduces oxidative stress-induced inflammatory activation by blocking the
redox-sensitive NFκB pathway (ARE; antioxidant response element). The protein concentration
(pg/mg protein) and relative mRNA expression of cytokines were measured in brain homogenates
from normoxia (white bars), caffeine with normoxia (light grey bars), hyperoxia (black bars), and
hyperoxia with caffeine (dark grey bars) by ELISA assay and quantitative real-time PCR of: (A) iNOS;
(B,C) TNFα; (D,E) IFNγ; (F,G) IL-1β; (H) IL-18; and (I) IL-12. Data are shown as mean ± SEM,
n = 4–5 per group per time point. The 100% value is: (A) 1.016 and 1.015 CT; (B) 1.021 and 1.018 CT;
(C) 21.22 and 29.19 pg/mg protein; (D) 1.012 and 1.013 CT; (E) 1.701 and 2.121 pg/mg protein; (F) 1.021
and 1.010 CT; (G) 16.58 and 8.37 pg/mg protein; (H) 1.026 and 1.016 CT; and (I) 1.006 and 1.019 CT

for 24 and 48 h groups, respectively. Data were analyzed by two-way ANOVA with Bonferroni post
hoc test, with * p < 0.05, ** p < 0.01, and *** p < 0.001 versus control (atmospheric air), and # p < 0.05,
## p < 0.01, and ### p < 0.001 versus hyperoxia (80% oxygen without caffeine).
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In relation to the cytokines measured in these experiments, IFNγ showed the largest changes in
mRNA and protein levels in the hyperoxic brain (Figure 3D,E). A significant increase was observed after
24 h (mRNA 194% ± 16.8%, p < 0.001; protein 580% ± 61.6%, p < 0.001) and 48 h (mRNA 153% ± 13.3%,
p < 0.01; protein 262% ± 36.7%, p < 0.01) of hyperoxia exposure. A single dose of caffeine diminished
this expression at both time points. At 24 and 48 h, there is a significant reduction in protein expression
to 363% ± 24.1% (p < 0.001) and to 150% ± 18.5% (p < 0.05), respectively. Similarly, caffeine affects
under hyperoxia IFNγ on the mRNA level with an attenuation to 83% ± 8.3% (p < 0.001) after 24 h and
96% ± 6.8% (p < 0.001) after 48 h. Remarkably, administration of caffeine in control animals showed a
high increase of the IFNγ protein expression at 24 h (497% ± 40.8%; p < 0.001) compared to untreated
control litters, whereas no changes were observed at the mRNA level.

As a further indication of pro-inflammatory responses, 24 h hyperoxia caused a large increase
of IL-1β protein expression (448% ± 48.6%; p < 0.001) as compared to controls (Figure 3F,G).
The application of caffeine in hyperoxic animal led to a reduction of IL-1β protein (at 24 h 289% ± 9.4%;
p < 0.001). Caffeine administration alone under normoxia also showed a dramatic increase in the
protein level after 24 h (363% ± 40.5%; p < 0.001). The mRNA expression significantly decreased during
normoxia and caffeine administration after 24 h (64% ± 5.9%; p < 0.01). Hyperoxia exposure resulted
in a non-significant increase (122% ± 7.4%) at 24 h, and a significant increase after 48 h hyperoxia
exposure (166% ± 8.7%; p < 0.001). Here also, mRNA expression under hyperoxia is significantly
reduced below the normoxic level by caffeine administration at 24 h (42% ± 3.2%; p < 0.001) and 48 h
(65% ± 1.7%; p < 0.001).

Exposure to hyperoxia increased the concentration of IL-18 mRNA at 24 h to 163% ± 20.6%
(p < 0.001) and 48 h to 150% ± 8.6% (p < 0.01) compared with rat pups exposed to normoxia (Figure 3H).
The application of caffeine significantly reduced cytokine level below hyperoxia at both time points to
72% ± 7.9% (p < 0.001) and to 55% ± 12.6% (p < 0.001), respectively. Caffeine under non-hyperoxic
conditions resulted in a significant reduction in IL-18 expression at 48 h (61% ± 5.9%; p < 0.05).

Interestingly, a drastic reduction in IL-12 mRNA expression (Figure 3I; 28% ± 4.7%; p < 0.001,
and 30% ± 5.7%; p < 0.001) is detected after 24 and 48 h of hyperoxia, respectively. Under hyperoxia
exposure with prior application of caffeine, the expression increased significantly at 24 h at 66% ± 3.6%
(p < 0.05) and at 48 h at 244% ± 21.5% (p < 0.001). In contrast, the expression of IL-12 under
normoxia with caffeine was reduced after 24 h (43% ± 5.3%; p < 0.001) and increased after 48 h
(195% ± 7.5%; p < 0.001).

2.4. Hyperoxia Modulates Gene Expression of Transcription Factors and Caffeine Counteracts

As shown in Figure 4A the nuclear factor of kappa light polypeptide gene enhancer in B-cells
(NFκB) protein expression was increased by caffeine under normoxia/hyperoxia at 24 h (237% ± 25.8%;
p < 0.001, and 204% ± 36.7%; p < 0.001, respectively) and at 48 h (200% ± 6.0%; p < 0.01) in the cytosol
compared to the control group. There were no changes under hyperoxic exposure alone, while the
alteration in protein level in the nucleus indicated an up-regulation of NFκB under hyperoxic condition
at both time points (224% ± 31.9%; p < 0.001, and 334% ± 36.3%; p < 0.001, respectively). In the
nuclear protein fraction, a single dose of caffeine significantly reduced NFκB expression at 24 h to
114% ± 20.8% (p < 0.001), and at 48 h to 74% ± 4.1% (p < 0.001).

The mRNA expression ratios of NFκB1 and NFκB2 corresponded with the cytosolic protein data
(Figure 4B,C). Here we showed that hyperoxia resulted in an mRNA reduction of both NFκB forms
(NFκB1 and 2) at both time points. Caffeine with hyperoxia exposure always led to an increase in
mRNA expression (NFκB1 at 24 h from 75% ± 6.5% to 154% ± 11.3% (p < 0.001), and at 48 h from
68% ± 6.1% to 115% ± 4.7% (p < 0.01); NFκB2 at 24 h from 72% ± 4.0% to 114% ± 12.1% (p < 0.01),
and at 48 h from 38% ± 3.5% to 79% ± 7.7% (p < 0.01)). NFκB1 expression was bolstered by caffeine
under normoxia after 24 h (142% ± 6.8%; p < 0.01).
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Figure 4. NFκB expression is affected by caffeine administration. (Box) Stimulation of the NFκB
pathway is mediated by diverse signal transduction cascades. The change of protein expression
of NFκB were measured in brain homogenates of normoxia (white bars), caffeine with normoxia
(light grey bars), hyperoxia (black bars), and hyperoxia with caffeine (dark grey bars) by Western blot
and quantitative real-time PCR with: (A) NFκB protein expression in cytosolic (cyt) and nuclear (nuc)
fraction; and (B,C) NFκB mRNA expression after 24 h and 48 h of oxygen exposure. Data are shown
as mean ± SEM, n = 5 per group per time point. The 100% value is: (A) (cyt) 0.035 and 0.024 ratio
intensity/mm2 and (nuc) 0.092 and 0.127 ratio intensity/mm2; (B) 1.017 and 1.028 CT; and (C) 1.010
and 1.032 CT for 24 and 48 h groups, respectively. Data were analyzed by two-way ANOVA with
Bonferroni post hoc test, with * p < 0.05, ** p < 0.01, and *** p < 0.001 versus control (atmospheric air),
and ## p < 0.01 and ### p < 0.001 versus hyperoxia (80% oxygen without caffeine).
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2.5. Caffeine Prevents Hyperoxia-Mediated Increase in Apoptotic Gene Expression

We measured the cytosolic and nuclear expression of cleaved poly (ADP-ribose)
polymerase-1 (PARP-1) (Figure 5A). Hyperoxia increased nuclear PARP-1 at both times measured
(24 h with 200% ± 24.3%; p < 0.001; 48 h with 188% ± 14.5%; p < 0.001) and no changes observed in
cytosolic fraction. Caffeine reduced this increase to the normoxic level (p < 0.001). High oxygen also
induced cytosolic apoptosis inducing factor (AIF) protein at 24 h (Figure 5B; 145% ± 4.9%; p < 0.001),
increased caspase-3 cleavage (Figure 5C) at 24 h (143% ± 12.3%; p < 0.001) and at 48 h (133% ± 6.0%;
p < 0.01), and enhanced caspase-3 mRNA expression at 24 h (Figure 5D; 159% ± 9.0%; p < 0.001). For the
targets investigated, the application of caffeine resulted in a significant reduction of protein and/or
mRNA expression (AIF at 24 h from 145% ± 4.9% to 103% ± 4.6% (p < 0.001); cleaved caspase-3 at 24 h
from 143% ± 12.3% to 91% ± 5.6% (p < 0.001), and at 48 h from 133% ± 6.0% to 109% ± 2.0% (p < 0.05);
caspase-3 mRNA expression at 24 h from 159% ± 9.0% to 108% ± 3.7% (p < 0.001), and at 48 h from to
74% ± 2.6% (p < 0.05)).

Figure 5. Caffeine inhibits hyperoxia-induced apoptotic key mediators. (Box) ROS-induced DNA
damage activated PARP-1, an initially repair enzyme. PARP-1 is a substrate of caspase-3, a member of
a highly specialized family of cysteinyl-aspartate proteases (caspases) involved in apoptosis. Upon
cleavage and progression of cell death intramitochondrial calcium is released and AIF is induced.
Analysis of the expression of apoptotic mediators were conducted in cytosolic (cyt) and nuclear (nuc)
protein fraction and relative mRNA expression was measured in brain homogenates of normoxia
(white bars), caffeine with normoxia (light grey bars), hyperoxia (black bars), and hyperoxia with
caffeine (dark grey bars) by Western blot and quantitative real-time PCR with protein expression of:
(A) cleaved PARP-1 (cyt and nuc); (B) AIF (cyt); and (C) cleaved caspase-3 (cyt); and mRNA expression
of (D) caspase-3. Data are shown as mean ± SEM, n = 5 per group per time point. The 100% value is:
(A) (cyt) 0.051 and 0.760 ratio intensity/mm2 and (nuc) 0.064 and 0.043 ratio intensity/mm2; (B) 0.216
and 0.309 ratio intensity/mm2; (C) 0.691 and 0.823 ratio intensity/mm2; and (D) 1.014 and 1.004 CT

for 24 h and 48 h groups, respectively. Data were analyzed by two-way ANOVA with Bonferroni post
hoc test, with * p < 0.05, ** p < 0.01, and *** p < 0.001 versus control (atmospheric air), and # p < 0.05,
and ### p < 0.001 versus hyperoxia (80% oxygen without caffeine).
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2.6. Caffeine Effects on Matrix Metalloproteinases and the tPa/Plasminogen System

Gel gelatin zymography was used to investigate the effect of oxidative stress and caffeine
on the gelatinases expressions (Figure 6A). In the hyperoxic group a reduced level of pro-matrix
metalloproteinases (MMP) 2 (72 kDa) was detected at 24 h (64% ± 3.1%; p < 0.001). After 48 h
hyperoxia pro-MMP2 was increased (141% ± 2.2%; p < 0.001) and significantly decreased with caffeine
application (79% ± 1.9%; p < 0.001). Caffeine alone under normoxic exposure showed a higher level
on pro-MMP2 after 24 h (157% ± 5.6%; p < 0.001) and a lower level after 48 h (75% ± 1.2%; p < 0.001).
At both time points acute hyperoxia exposure led to a drastic increase of active MMP2 (24 h with
281% ± 11.9%; p < 0.001; 48 h with 157% ± 3.7%; p < 0.001), which was again mitigated by caffeine
(24 h to 211% ± 3.2%; p < 0.001; 48 h to 51% ± 1.0%; p < 0.001). Caffeine application at normoxia
reduced the processing of active MMP2 (24 h to 76% ± 1.8%; p < 0.001; 48 h to 75% ± 1.2%; p < 0.001).
Contrary to MMP2, no active MMP9 band was detected in any samples.

Figure 6. Cont.
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Figure 6. Hyperoxia-mediated imbalance in the MMP-TIMP system counteracted by caffeine. (Box)
The matrix metalloproteinase (MMP) system can be activated via the plasminogen/plasmin system,
and ROS. Active MMPs affect a variety of extracellular and immune regulatory proteins and are
involved in modulating and degrading processes. Active MMPs can be inhibited by tissue inhibitors
of metalloproteinases (TIMPs). TGF-β can enhance the expression of MMPs and TIMPs. MMP2 and
MMP9 are able to cleave PARP-1. The MMP inhibitor TIMP2 is able to block PARP-1 degradation.
The pro and active MMPs were analyzed with gelatin zymography and relative mRNA expression
were measured in brain homogenates of normoxia (white bars), caffeine with normoxia (light grey
bars), hyperoxia (black bars), and hyperoxia with caffeine (dark grey bars) by quantitative real-time
PCR of: (A) pro/active MMP2; (B,C) TIMP1/2 mRNA; (D) tissue plasminogen activator (tPa) mRNA;
and (E) TGF-β mRNA. Data are shown as mean ± SEM, n = 4 (for gelatin zymography)-5 per group
per time point. The 100% value is (A) (pro) 7.849 × 106 and 0.949 × 106 intensity/mm2 and (active)
11.18 × 106 and 0.731 × 106 intensity/mm2; (B) 1.043 and 1.004 CT; (C) 1.008 and 1.017 CT; (D) 1.013
and 1.026 CT; and (E) 1.018 and 1.010 CT for 24 and 48 h groups, respectively. Data were analyzed
by two-way ANOVA with Bonferroni post hoc test, with * p < 0.05, ** p < 0.01, and *** p < 0.001
versus control (atmospheric air), and ## p < 0.01 and ### p < 0.001 versus hyperoxia (80% oxygen
without caffeine).

The inhibitors of these metalloproteinases, especially tissue inhibitor of metalloproteinase (TIMP)
1/2 (Figure 6B,C), are down-regulated at 24 h (TIMP1: 54% ± 6.5%; p < 0.001; TIMP2: 68% ± 7.9%;
p < 0.01) and 48 h (TIMP1: 57% ± 4.6%; p < 0.01; TIMP2: 67% ± 3.2%; p < 0.01). Caffeine increased the
mRNA expression of both inhibitors only at 48 h (TIMP1: 93% ± 10.2%; p < 0.01; TIMP2: 121% ± 5.2%;
p < 0.001). Caffeine alone had no significant influence. The tissue plasminogen activator (tPa) generates
the active protease, plasmin, which is capable of degrading numerous substrates. Here (Figure 6D),
hyperoxia led to a strong increase of tPa mRNA expression (24 h to 213% ± 19.9%; p < 0.001; 48 h
to 339% ± 9.6%; p < 0.001) and a single dose of caffeine reduced tPa to normoxia level (24 h to
129% ± 16.6%; p < 0.001; 48 h to 80% ± 7.5%; p < 0.001).

The gene expression of transforming growth factor-(TGF)-β (Figure 6E) is highly increased after
24 h (143% ± 10.4%; p < 0.001) of hyperoxia. Caffeine strongly reduced TGF-β mRNA under normoxia
(24 h to 35% ± 3.8%; p < 0.001; 48 h to 64% ± 8.8%; p < 0.01) as compared to control, as well as
hyperoxic conditions compared to the hyperoxic group without caffeine (24 h to 29% ± 1.9%; p < 0.001;
48 h to 69% ± 3.6%; p < 0.01) at both time points.

3. Discussion

Neuronal injury and neurological maldevelopment in preterm infants is commonly ascribed to
perinatal infection/inflammation and to oxidative stress hitting the immature brain at a vulnerable
phase of development. In our neonatal rat model, oxidative stress is induced by early exposure to high
oxygen levels for 24 and 48 h, in which neural cell injury has been shown to occur in a way that is
comparable to the human neonatal situation [32].

In preterm infants, caffeine is used to stimulate breathing activity and prevent the onset of
apnoea [24]. Based on some clinical studies, benefits of caffeine administration for the neurological
outcome of preterm infants have been suggested [13,14,21,24]. To date, the mechanisms of
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neuroprotection afforded by caffeine are under investigated. Our study of the neonatal oxidative
stress model elucidate that a single dose of caffeine in an acute hyperoxia model effectively inhibits
pro-inflammatory cytokine production and pro-apoptotic effectors, modulates anti-oxidative enzymes,
and affects components of the extracellular matrix.

3.1. Oxidative Stress Response

Oxidative stress is caused by excess of free radical formation and/or an overproduction of ROS,
and is a major factor of injury in the developing brain leading to neurological sequelae of preterm
birth [33,34]. In our study in six-day-old hyperoxia-exposed rats, oxidative stress was found to
be caused by an increase in hydrogen peroxide, a reactive oxygen metabolic product and a major
regulator of oxidative stress-related processes, and of the stress response protein HO-1, which confers
protection against a variety of oxidant-induced cell and tissue injury [35], leading to an increase in
lipid peroxidation [36].

The increased HO-1 expression suggests an activation of protective mechanisms in response
to unwanted cellular oxidative conditions [35]. Anti-oxidative enzymes, such as glutathione
peroxidase, catalase, and SODs are essential to preserving cells from exposure to oxidative damage [37].
SOD converts superoxide into hydrogen peroxide and oxygen, with hydrogen peroxide being less
toxic. Several studies have demonstrated increases in oxidative stress markers after exposure to
hyperoxia in animals and humans [4,38]. Changes in the gene expression and enzymatic activity of
SODs have been characterized in the rodent brain as a consequence of aging, oxygen, or pro-oxidant
drug exposure [39]. Our results revealed a drastic oxygen-induced reduction in SOD3 transcript
in newborn rat brains. These findings are contrary to previous studies which showed an oxidative
stress-induced up-regulation of the SOD transcript, but SOD activity was unaffected [37].

Nrf2 is a redox-sensitive transcription factor that mediates protection against oxidative stress
via the transcriptional activation of several antioxidant enzymes through the antioxidant response
element (ARE). Nrf2 is negatively regulated by Keap1 thereby providing inducible antioxidant defense.
Under basal conditions Nrf2 is regulated by Keap1, but under oxidative stress, the Nrf2 pathways can
also be regulated independently of Keap1 [40]. The experimentally determined Nrf2 mRNA increase
confirms the induction of antioxidant genes under hyperoxic conditions while the expression of Keap1
is unchanged.

Glutathione (GSH) plays an important role for antioxidant defense and for the regulation of
intracellular redox homeostasis. The rate-limiting step of cellular antioxidant GSH is catalyzed
by glutamate-cysteine ligase (GCL), which consists of a catalytic (GCLC) and a modifier (GCLM)
subunit [41]. GCLC is regulated by Nrf2 via NFκB pathway [42]. Hyperoxia demonstrated a significant
induction of GCLC mRNA expression in the developing brain. Together with the hyperoxia-induced
increase of Nrf2 expression, these results underline the interplay of antioxidant responses [43].

Peroxiredoxin (Prx) and sulfiredoxin (Srx) are important proteins of the thioredoxin family and a
key regulator of genes involved in oxidant defense, such as SOD3, Prx1, Srx1, and HO-1, and redox
signaling. It is known that non-physiological oxygen concentrations change the balance of the Srx/Prx
system in the developing brain [44]. Prx and Srx can act as an antioxidant and Srx solely reduces
over-oxidized typical 2-Cys-Prx [45]. Hyperoxic changes elicit reactions of the antioxidant enzyme
system, specifically the SODs, which play an essential role in antioxidant defense [37]. Our current
data confirm previous studies [44] showing under oxidative stress a significant increase of peroxide
reducing protein Prx1 and of antioxidant Srx1 protein expression.

An antioxidant activity of caffeine has been assumed in recent studies in which neuroprotection
was demonstrated in patients suffering from neurodegenerative disorders [11,12]. In our study using
acute hyperoxia, we demonstrated a highly significant anti-oxidative property of caffeine. A single
dose of caffeine resulted in first line in a reduction of the oxidative response of lipid peroxidation,
a marker of oxidative stress [46], in generation of hydrogen peroxide (H2O2), and in the relevant
context the expression of HO-1 and Nrf2. In the second line, caffeine improved SOD RNA expression
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and suppressed Prx1 and Srx1 protein expressions. These results point to a broad interaction of caffeine
with the antioxidant defense network. The reduced SOD expression under hyperoxic conditions could
be explained by an exhaustion of the anti-oxidant system which was successfully counteracted by
caffeine. Ahotupa et al. showed an initial decrease of SOD in hyperoxic rat brains, followed by a slight
induction of its activity at a later time point [47]. Altogether, the findings suggest that the antioxidant
defense capacity is diminished during exposure to hyperoxia and, moreover, represents a promising
target for protective pharmacological strategies.

3.2. Inflammatory Response via NFκB Pathway

Dependent on the level of generated ROS, different redox-sensitive transcription factors are
activated. Moderate oxidative stress is related to Nrf2 activation and intermediate amount of ROS
initiates an inflammatory response through activation of NFκB pathway [48]. Our results in the
developing brain underline a connection between induced Nrf2 expression and increased protein
expression of HO-1, Prx1, and Srx1. Moreover, caffeine treatment seems to modify the redox-sensitive
response on the Nrf2/Keap1 pathway, since it attenuated the hyperoxia-induced increase of NFκB
expression. NFκB is activated by different endogenous stimuli, as well as by oxidative stress or
cytokines [49,50]. In our hyperoxic rat pups, the pro-inflammatory genes TNFα, IFNγ, iNOS, IL-1β, and
IL-18 were induced. An interaction of oxidative stress and inflammatory responses has previously been
described [51]. The pro-inflammatory cytokine IL-18 plays an essential role in IFNγ induction [52] and
is associated with cell death after hyperoxia insult [38]. Excessive NO production causes tissues damage
by formation of peroxynitrite. Consequently, nitrotyrosine is being formed and lipid peroxidation gets
initiated [53]. Oxidative stress may enhance expression of the inducible isoform of NOS (iNOS) through
the activation of NFκB [54]. Activation of NFκB may also increase the release of pro-inflammatory
cytokines which again can induce iNOS, thus resulting in enhanced production of NO. Interestingly,
Hoehn et al. [55] demonstrated that hyperoxia induces up-regulation of iNOS in the immature rat
brain as a possible cause of cellular damage in the immature brain [56].

In our study, caffeine significantly reduced inflammatory responses. Surprisingly, IL-12 mRNA
expression was dramatically reduced under hyperoxia, which was blocked by caffeine. IL-12 is
produced by microglia [57], and pro- and anti-inflammatory effects are reported [58,59]. It has to
be discussed that caffeine not only exerted beneficial actions in hyperoxic rats but also triggered
cellular changes and pro-inflammatory responses in normoxia control rats [60]. Caffeine reduced
lipid peroxidation not only in response to hyperoxia but also under normoxic conditions. At the
same time, the transcripts of SOD2/3 and protein expression of Srx1 and pro-inflammatory cytokines
(IL-1β and IFNγ) increased after caffeine administration at normoxia. Leon-Carmona and Galano
disclosed in their functional studies that caffeine may act as radical scavenger [61]. Caffeine also
reduced hydrogen levels in lung cells in vitro [62]. In mice, caffeine reduces lipid peroxidation [63].
Cytokine and anti-oxidative enzyme over expression in normoxic exposure could be protective in
oxidative stress models [64,65]. Chavez-Valdez and co-workers discussed a range of caffeine plasma
level appropriate for patient therapy, and higher plasma levels outside of these range coincided with
an increase of inflammatory cytokines in a clinical study with preterm infants [18].

3.3. Apoptosis

High levels of ROS have been shown to induce apoptosis in the immature brain after
hyperoxia [32]. In our study, exposure to high oxygen induced the nuclear acting of PARP-1, an enzyme
which is activated by DNA strand breaks, and the caspase-independent AIF, and increased cleavage of
caspase-3. In previous studies, exposure to postnatal hyperoxia also caused an increase in apoptotic
cell death [16,44,51,66]. Anti-apoptotic properties of caffeine, also previously demonstrated by our
group [16], were seen in this study by modified levels of PARP-1, AIF, and cleaved caspase-3 levels.
In a hypoxic ischemic model of young rats, caffeine also revealed apoptosis-inhibiting effects [67].
Attenuation of PARP-1 inhibiting capacity has also been attributed to caffeine metabolites [68]. In our
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study, elevated PARP-1 and AIF were also found in controls after injection of 10 mg/kg caffeine.
An increase of caspase-3 positive cells was also reported in sham animals of a hypoxia-ischemia study
that received 20 mg/kg caffeine [67]. It seems possible that regulation of neuronal cell survival by
caffeine occurs via direct activation of the NFκB pathway [69].

3.4. Fibrinolytic and Matrix Metalloproteinases System

Free radicals and ROS seem to activate matrix metalloproteinases (MMPs), with the biological
function to degrade extracellular matrix of cerebral blood vessels and neurons [70], and active MMPs
may disrupt the vital blood-brain barrier. Hyperoxia led to a drastic increase of MMP2 activation,
while tissue inhibitors of MMPs (TIMP)-2, decreased. Caffeine might inhibit the processing of MMP2
through inhibition of TIMP2 expression, but molecular protection might also start further upstream
through reduction of tPa transcript expression as found in our study, thus leading to less processing
of active MMP. TGF-β is a multifunctional cytokine that regulates a broad diversity of physiological
and pathological processes. Plasmin releases latent forms of growth factors such as TGF-β [71]. TGF-β
effects on matrix degeneration are characterized by mixed reciprocally action of MMPs and inhibition of
TIMPs to reduce the MMP/TIMP balance [72], so caffeine minimizes TGF-β expression. Sifringer et al.
showed in traumatic and hyperoxic brain injury models a time-dependent increase of MMP activation
in correlation to TIMP mRNA expression, and active MMP2 and MMP9 were reduced by protective
treatment with erythropoietin [73].

3.5. Caffeine and Neuroprotection

For the clinical situation, it is important to precisely define the effects of caffeine on the otherwise
healthy brain in order to avoid harm in preterm infants. The increase of apoptotic factors in normoxic
newborn pups coincides with higher activity of MMP2 and also with increased NFκB protein expression
in these animals. Since the injection of caffeine was performed 15 min before the beginning of hyperoxia
exposure, it is possible that a certain degree of cellular stimulation is caused by caffeine that functions
as a protective preconditioning in those animals challenged by hyperoxia later on. Preconditioning
has been characterized as a protective procedure in brain injury models involving inflammatory
stimulation [74], ischemia [75], and hypoxia [76] prior to the injurious events. Ischemic preconditioning
is currently under evaluation for open heart surgery in various clinical centers and studies [77,78].
It is possible that caffeine represents a drug that in addition to its anti-oxidant and anti-inflammatory
properties might also be useful for protective preconditioning of the brain. For prevention of brain
injury in preterm infants, it has been suggested to investigate the use of anti-oxidant compounds such
as melatonin, acetylcysteine, or allopurinol [79]. The strategy to use caffeine for brain protection in
preterm infants would provide great advantages of a drug being licensed for this vulnerable patient
population. The pharmacological properties and safety aspects of caffeine are well known to clinicians
taking care of preterm infants, and ethical issues for clinical trials or routine care administration will
be minor as compared to most other drug candidates.

4. Materials and Methods

4.1. Animals and Study Design

All procedures were approved by the state animal welfare authorities (LAGeSo G-0307/09) and
followed institutional guidelines. Six-day-old Wistar rats from time-pregnant dams were obtained
from Charité-Universitätsmedizin Berlin (Germany) and randomly assigned to cages and treatment.
Animals were housed under controlled temperature and light conditions with food and water
ad libitum. Experimental procedure and caffeine administration were carried out as described
previously [16]. The rat pups were divided into two overarching experimental groups. From Postnatal
Day 6 (P6), rat pups and their dams in all experimental groups were exposed to either 80% oxygen
(hyperoxia, OxyCycler BioSpherix, Lacona, NY, USA) or atmospheric air (normoxia). In relation
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to the exposure to oxygen, the pups were divided into further subgroups, depending on the drug
administration. Neonatal rats were administered vehicle (0.9% saline) or caffeine (10 mg/kg) as single
application. Caffeine (Sigma-Aldrich, Steinheim, Germany) was dissolved in sterile distillated water.
Each experimental group consisted of five animals with mixed gender. All injections of drug and
vehicle were given intraperitoneally (i.p.) as a fixed proportion of body weight (100 μL/10 g). Caffeine
or saline were administrated once 15 min before the start of atmospheric air or oxygen exposure.

4.2. Tissue Preparation

After 24 h (P7) or 48 h (P8) of exposure, rats were transcardially perfused with normal saline
(pH 7.4) under anesthesia (i.p.) of ketamine (50 mg/kg), xylazine (10 mg/kg), and acepromazine
(2 mg/kg), then decapitated, the olfactory bulb and cerebellum were removed, and brain hemispheres
were snap-frozen in liquid nitrogen and stored at −80 ◦C.

4.3. Protein Extraction

Protein was extracted as described in [16,44]. Briefly, snap-frozen brain tissue was homogenized
in RIPA buffer solution for protein extraction. The homogenate was centrifuged at 3000× g (4 ◦C)
for 10 min, the microsomal fraction was subsequently centrifuged at 17,000× g (4 ◦C) for 20 min,
and stored at −80 ◦C until further analysis. After collecting the supernatant, protein concentrations
were determined using the Pierce BCA kit (Pierce/Thermo Scientific, Rockford, IL, USA) with 30 min
incubation at 37 ◦C prior to spectrophotometry at 562 nm.

4.4. Immunoblotting

Western blotting was performed as previously described [16,66] for following proteins: apoptosis
inducing factor (AIF), cleaved caspase-3 (cleaved Casp3), nuclear factor of kappa light polypeptide
gene enhancer in B-cells (NFκB), poly (ADP-ribose) polymerase-1 (PARP-1), peroxiredoxin 1 (Prx1),
and sulfiredoxin 1 (Srx1). Briefly, protein extracts (20 μg per sample) were denatured in Laemmli
sample loading buffer at 95 ◦C, size-fractionated by 12.5% (for AIF, NFκB, PARP-1, and Prx1) or 15%
(for cleaved casp3 and Srx1) sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and
electro transferred in transfer buffer to a nitrocellulose membrane (0.2 μm pore, Bio-Rad, Munich,
Germany), or for NFκB to a PVDF membrane (0.45 μm pore, Merck Millipore, Darmstadt, Germany).
Membranes were blocked for 1 h at room temperature (Srx1 and Prx1 with 1% (v/v) horse serum in
Tris-buffered saline /0.1% (v/v) Tween 20 (TBST); AIF, cleaved Casp3, NFκB, and PARP-1 with 5%
(w/v) bovine serum albumin (Serva, Heidelberg, Germany) in TBST). Equal loading and transfer
of proteins was confirmed by staining the membranes with Ponceau S solution (Fluka, Buchs,
Switzerland). The membranes were incubated overnight at 4 ◦C with the following antibodies: rabbit
polyclonal anti-AIF (67 kDa; 1:1000; Cell Signaling, Cambridge, UK), rabbit monoclonal anti-cleaved
caspase-3 (17 kDa; 1:1000; Cell Signaling), rabbit polyclonal anti-NFκB p65 (~60 kDa, 1:2500 for
cytosolic and 1:750 for nuclear protein fraction; Merck Millipore), rabbit monoclonal anti-PARP-1
(89 kDa; 1:1000; Cell Signaling), goat polyclonal anti-peroxiredoxin 1 (Prx1; 50 kDa dimer; 1:400;
Santa Cruz Biotechnology, Heidelberg, Germany), polyclonal goat anti-sulfiredoxin 1 (Srx1; 13 kDa;
1:200; Santa Cruz Biotechnology) diluted in 0.5% (v/v) horse serum or 1% (w/v) bovine serum
albumin in TBST, corresponding to the blocking solution. As reference controls, were used monoclonal
mouse anti-β-actin (42 kDa; 1:10,000; Sigma-Aldrich) and rabbit polyclonal anti-α-actinin (100 kDa;
1:1000; Cell Signaling) diluted in 1% (w/v) bovine serum albumin in TBST. Secondary incubations
were performed with horseradish peroxidase-linked polyclonal donkey anti-goat (1:3000; Dianova,
Hamburg, Germany), polyclonal rabbit anti-mouse (1:1000; DAKO, Glostrup, Denmark), or polyclonal
donkey anti-rabbit (1:4000; Dianova) antibodies, diluted in 1% (w/v) bovine serum albumin in TBST,
respectively. Positive signals were visualized using enhanced chemiluminescence (ECL; Amersham
Biosciences, Freiburg, Germany) and quantified using a ChemiDoc™ XRS+ system and the software
Image Lab™ (Bio-Rad). Each experiment was repeated three times.
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4.5. Gelatin Zymography

Snap-frozen tissue was homogenized in working buffer (150 mM NaCl, 5 mM CaCl2, 0.05%
(v/v) Brij 35, 1% (v/v) Triton X-100, 0.02% (w/v) NaN3, 50 mM Tris-HCl pH 7.4) on ice, followed by
centrifugation for 5 min at 12,000× g. The protein concentration of the supernatant was measured
with the Pierce BCA kit (Pierce/Thermo Scientific). One milligram of protein was used for enzyme
enrichment and purification with Gelatin Sepharose™ 4B (GE Healthcare, Uppsala, Sweden) and
eluted in 150 μL working buffer containing 10% (v/v) dimethylsulfoxide. Protein samples mixed with
an equal volume of Novex® SDS-sample buffer (Life Technologies GmbH, Darmstadt, Germany), and
incubated for 5 min at room temperature prior to loading to 10% Novex® gelatin-ready zymogram gel
(Life Technologies GmbH). Gels were run at 125 V for 2 h. The gels were incubated in renaturation
buffer (Novex®, Life Technologies GmbH) under gentle agitation for 30 min. They were then
equilibrated for 30 min in developing buffer (Novex®, Life Technologies GmbH) and incubated
in fresh developing buffer at 37 ◦C overnight, but at least for 18 h. Gels were washed three times with
deionized water under gentle agitation for 5 min and stained with Coomassie Blue G 250 (SimplyBlue
SafeStain, Life Technologies GmbH) for 30 min, and washed with deionized water for 30 min. Areas
of protease activity appear as clear bands against a dark blue background where the protease has
digested the gelatin substrate. Quantification of inverted matrix metalloproteinases (MMP) 2 band
density was carried out using a ChemiDoc™ XRS+ system and the software Quantity One® (Bio-Rad).

4.6. Thiobarbituric Acid Reactive Substances (TBARS) Assay

Concentrations of markers of lipid peroxidation thiobarbituric acid reactive substances (TBARS)
was determined using the TBARS assay kit (Cayman Chemical, Ann Arbor, MI, USA) according to
manufacturer’s instructions. Briefly, first a mixture of sample or standard and SDS solution was
prepared. A color reagent was added to the mixture and boiled for one hour. The reaction was stopped
on ice for 10 min and centrifuged at 1600× g (4 ◦C) for 10 min. The supernatant was transferred on a
96 well plate and absorbance was read at 530 nm in a microplate reader. TBARS concentration as a
measure for lipid peroxidation was calculated from a malondialdehyde (MDA) standard curve and
normalized to the amount of total protein.

4.7. Heme Oxygenase-1 (HO-1) Assay

HO-1 concentration was analyzed in samples of brain homogenate using Rat Heme Oxygenase-1
EIA Kit (Precoated, Takara Bio Europe/SAS, Saint-Germain-en-Laye, France) according to
manufacturer’s instructions. Briefly, 100 μL of sample or standard was first loaded and incubated
for one hour at room temperature. Then the sample solution was removed and the wells washed
three times with 400 μL of PBS containing 0.1% (v/v) Tween 20. Afterwards, 100 μL of antibody-POD
conjugate solution was added and incubated at room temperature for one hour. The sample solution
was removed and ensuing washed four times with 400 μL of PBS, aspirating thoroughly between
washes. Substrate solution (100 μL) was added and incubated for 15 min at room temperature.
The reaction was stopped by addition of 100 μL stop solution. The absorbance was read at 450 nm in a
microplate reader. HO-1 concentration was determined by comparing sample to the standard curve
and values were expressed as nanograms per milligram of protein.

4.8. Hydrogen Peroxide Assay

Hydrogen peroxide (H2O2) was measured in brain homogenates using OxiSelect Hydrogen
peroxide assay kit (Cell Biolabs Inc., San Diego, CA, USA) according to manufacturer’s instructions.
Briefly, 25 μL of sample or standard was first added to the microtiter plate wells and then mixed
thoroughly with 250 μL aqueous working reagent. Afterwards samples were incubated on a shaker for
30 min at room temperature and the absorbance was read at 540 nm. The peroxide content in unknown
samples was determined by comparison with a predetermined H2O2 standard curve.
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4.9. Enzyme-Linked Immunosorbent Assays (ELISAs)

Tumor necrosis factor α (TNFα), interleukin-1β (IL-1β), and interferon-γ (IFN-γ) concentrations
were analyzed in samples of brain homogenate using rat TNFα/TNFSF1A, rat IL-1β/IL-1F2, and
rat IFN-γ DuoSet ELISA (R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany) according to
manufacturer’s instructions. Briefly, 96-well plates were coated with 100 μL of capture antibody,
incubated overnight, washed with 400 μL wash buffer and incubated for 1 h for blocking with 300 μL
of reagent diluent. After washing in wash buffer, 100 μL of samples or standards, diluted in reagent
diluent, were added and incubation preceded for 2 h. Samples were then washed and incubated for
2 h in the presence of 100 μL of biotinylated detection antibody at room temperature. The supernatants
were aspirated, the wells washed and 100 μL of horseradish peroxidase-conjugated streptavidin was
added and incubation continued for 20 min. Samples were washed and 100 μL of substrate solution,
a 1:1 mixture of H2O2 and tetramethylbenzidine (R&D Systems GmbH), was added. Samples were
incubated in the dark for 20 min and the reaction was stopped using 50 μL 2 N H2SO4. Plates were
read at 450 nm and TNFα, IL-1β, and IFN-γ concentrations were estimated from the standard curve
and expressed as picograms per milligram protein.

4.10. RNA Extraction and Real-Time PCR

Gene expression analysis was performed as previously described [16,66]. Total RNA was
isolated from snap-frozen tissue by acidic phenol/chloroform extraction (peqGOLD RNAPure™;
PEQLAB Biotechnologie, Erlangen, Germany) and 2 μg of RNA was reverse transcribed. The PCR
products of caspase-3 (Casp3), glutamate-cysteine ligase catalytic subunit (GCLC), interferon-γ (IFN-γ),
interleukin-1β (IL-1β), interleukin-12b (IL-12b), interleukin-18 (IL-18), inducible nitric oxide synthase
(iNOS), Kelch-like ECH-associated protein 1 (Keap1), nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1 and 2 (NFκB1 and NFκB2), NFE2-related factor 2 (Nrf2), superoxide dismutase 1,
2 and 3 (SOD1, SOD2, and SOD3), tissue inhibitor of metalloproteinase 1 and 2 (TIMP1 and TIMP2),
tumor necrosis factor α (TNFα), tissue plasminogen activator (tPa), and hypoxanthine-guanine
phosphoribosyltransferase (HPRT) were quantified in real time, using dye-labeled fluorogenic reporter
oligonucleotide probes and primers (Table 1).

Table 1. Sequences of oligonucleotides.

cDNA Oligonucleotide Sequence 5′–3′ Accession No.

HPRT
forward GGAAAGAACGTCTTGATTGTTGAA NM_012583.2
reverse CCAACACTTCGAGAGGTCCTTTT
probe CTTTCCTTGGTCAAGCAGTACAGCCCC

Casp3
forward ACAGTGGAACTGACGATGATATGG NM_012922.2
reverse AATAGTAACCGGGTGCGGTAGA
probe ATGCCAGAAGATACCAGTGG

GCLC
forward GGAGGACAACATGAGGAAACG NM_012815.2
reverse GCTCTGGCAGTGTGAATCCA
probe GAGGCTACTTCTGTATTAGG

IFN-γ
forward GCAAAAGGACGGTAACACGAA NM_138880.2
reverse ATGGCCTGGTTGTCTTTCAAGA
probe TCTCTTTCTACCTCAGACTC
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Table 1. Cont.

cDNA Oligonucleotide Sequence 5′–3′ Accession No.

IL-1β
forward CTCCACCTCAATGGACAGAACA NM_031512.2
reverse CACAGGGATTTTGTCGTTGCT
probe CTCCATGAGCTTTGTACAAG

IL-12b
forward TGCTGCTCCACAAGAAGGAA NM_022611.1
reverse TTGGTGCTTCACACTTCAGGAA
probe ATGGAATTTGGTCCACCGAG

IL-18
forward CGGAGCATAAATGACCAAGTTCTC NM_019165.1
reverse TGGGATTCGTTGGCTGTTC
probe TTGACAAAAGAAACCCGCCTG

iNOS
forward AGCTGTAGCACTGCATCAGAAATG NM_012611.3
reverse CAGTAATGGCCGACCTGATGT
probe CAGACACATACTTTACGCCAC

Keap1
forward GATCGGCTGCACGGAACT NM_057152.2
reverse GCAGTGTGACAGGTTGAAGAACTC
probe CTCGGGAGTATATCTACATGC

NFκB1
forward GACCCAAGGACATGGTGGTT NM_001276711.1
reverse TCATCCGTGCTTCCAGTGTTT
probe CTGGGAATACTTCACGTGAC

NFκB2
forward GCCTAAACAGCGAGGCTTCA NM_001008349.1
reverse TCTTCCGGCCCTTCTCACT
probe TTTCGATATGGCTGTGAAGG

Nrf2
forward ACTCCCAGGTTGCCCACAT NM_031789.2
reverse GCGACTCATGGTCATCTACAAATG
probe CTTTGAAGACTGTATGCAGC

SOD1
forward CAGAAGGCAAGCGGTGAAC NM_017050.1
reverse CCCCATATTGATGGACATGGA
probe TACAGGATTAACTGAAGGCG

SOD2
forward GACCTACGTGAACAATCTGAACGT NM_017051.2
reverse AGGCTGAAGAGCAACCTGAGTT
probe ACCGAGGAGAAGTACCACGA

SOD3
forward GGAGAGTCCGGTGTCGACTTAG NM_012880.1
reverse CTCCATCCAGATCTCCAGGTCTT
probe CTGGTTGAGAAGATAGGCGA

TGF-β
forward CCTGCAGAGATTCAAGTCAACTGT NM_021578.2
reverse GTCAGCAGCCGGTTACCAA
probe CAACAATTCCTGGCGTT

TIMP1
forward CGGACCTGGTTATAAGGGCTAA NM_053819.1
reverse CGTCGAATCCTTTGAGCATCT
probe AGAAATCATCGAGACCACCT
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Table 1. Cont.

cDNA Oligonucleotide Sequence 5′–3′ Accession No.

TIMP2
forward GGCAACCCCATCAAGAGGAT NM_021989.2
reverse GGGCCGTGTAGATAAATTCGAT
probe AGATGTTCAAAGGACCTGAC

tPa
forward TCAGAAGAGGAGCTCGGTCCTA NM_013151.2
reverse TGGGACGTAGCCATGACTGAT
probe CAGAGATGAACAGACTCAGA

TNFα
forward CCCCCAATCTGTGTCCTTCTAAC NM_012675.2
reverse CGTCTCGTGTGTTTCTGAGCAT
probe TAGAAAGGGAATTGTGGCTC

The FAM spectral data were collected from reactions carried out in separate tubes using the same
stock of cDNA to avoid spectral overlap between FAM/TAMRA and limitations of reagents. PCR
and detection were performed in triplicate and repeated two times for each sample in 11 μL reaction
mix, which contained 5 μL of 2× KAPA PROBE FAST qPCR Master mix (PEQLAB Biotechnologie),
2.5 μL of 1.25 μM oligonucleotide mix, 0.5 μL (0.5 μM) of probe (BioTeZ, Berlin, Germany), and 3
to 17 ng of cDNA template with HPRT used as an internal reference. The PCR amplification was
performed in 96-well optical reaction plates for 40 cycles with each cycle at 94 ◦C for 15 s and 60 ◦C
for 1 min. The expression of target genes was analyzed with the StepOnePlus real-time PCR system
(Life Technologies) according to the 2−ΔΔCt method [80].

4.11. Statistical Analyses

All data are expressed as the mean ± standard error of the mean (SEM). Differences between the
control group and experimental groups (oxygen exposure and/or caffeine application) were analyzed
using a two-way analysis of variance (ANOVA) with the factors hyperoxia exposure, caffeine, and their
interaction. To determine differences between individual groups, each two-way ANOVA was followed
by a Bonferroni post-hoc test. A two-sided p-value of <0.05 was considered significant. Results of the
analyses were represented normalized as 100% value of control (24 h and 48 h, respectively). For the
real-time PCR data, the 100% value of control represented the CT values, while CT was defined as
the threshold cycle number of PCRs at which amplified product was first detected. For protein data
(immunoblotting, ELISA, gelatin zymography), the 100% value of control represented the protein
concentration or molarity (ELISA), intensity ratio of pixel size (immunoblotting), or inverted intensity
of pixel size (gelatin zymography). All graphics and statistical analyses were performed using the
GraphPad Prism 6.0 software for Windows (GraphPad Software, La Jolla, CA, USA).

5. Conclusions

In summary, our study reveals that single administration of caffeine in oxygen-induced brain
injury leads to improved neuroprotective response. Exposure to high oxygen in the developmental
brain of six-day-old rat pups resulted in increased levels of lipid peroxidation, enhanced generation
of hydrogen peroxidase and heme oxygenase-1, decreased anti-oxidative response, up-regulated
pro-inflammatory cytokines expression, changed balanced redox-sensitive reply, and promoted
extracellular matrix degeneration and apoptotic cascade. All these consequences of hyperoxia can be
reversed by caffeine treatment.

Our study suggests that caffeine is a drug that exerts neuroprotective effects on the developing
brain due to its anti-oxidant, anti-inflammatory, and anti-apoptotic properties. Future research should
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focus on the investigation of caffeine for preconditioning and further enhance the knowledge about
safety of caffeine use in the immature brain.
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Abstract: Radiation therapy for the treatment of thoracic malignancies has improved significantly
by directing of the proton beam in higher doses on the targeted tumor while normal tissues around
the tumor receive much lower doses. Nevertheless, exposure of normal tissues to protons is
known to pose a substantial risk in long-term survivors, as confirmed by our work in space-relevant
exposures of murine lungs to proton radiation. Thus, radioprotective strategies are being sought.
We established that LGM2605 is a potent protector from radiation-induced lung toxicity and aimed
in the current study to extend the initial findings of space-relevant, proton radiation-associated
late lung damage in mice by looking at acute changes in human lung. We used an ex vivo
model of organ culture where tissue slices of donor living human lung were kept in culture
and exposed to proton radiation. We exposed donor human lung precision-cut lung sections
(huPCLS), pretreated with LGM2605, to 4 Gy proton radiation and evaluated them 30 min and
24 h later for gene expression changes relevant to inflammation, oxidative stress, and cell cycle
arrest, and determined radiation-induced senescence, inflammation, and oxidative tissue damage.
We identified an LGM2605-mediated reduction of proton radiation-induced cellular senescence and
associated cell cycle changes, an associated proinflammatory phenotype, and associated oxidative
tissue damage. This is a first report on the effects of proton radiation and of the radioprotective
properties of LGM2605 on human lung.

Keywords: antioxidant; cell cycle; human lung sections; inflammation; LGM2605; organ culture;
oxidative stress; phase II enzymes; proton radiation; reactive oxygen species; senescence

1. Introduction

Lung cancer remains the leading cause of cancer-related death in the USA. Radiation therapy plays
a prominent role in the treatment of lung cancer patients, and the standard of care for locally-advanced
non-small cell lung cancer (NSCLC) is chemoradiation [1,2]. Innovative advances in radiation therapy
have resulted in novel modalities such as proton beam therapy, whereby higher doses of radiation are
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maintained on the tumor target, and tissue regions beyond the target volume are exposed to relatively
low doses [3].

Despite these advances, there is a substantial risk of sub-acute and late side effects from
damage to normal tissues, such as the pulmonary conditions of radiation pneumonitis and lung fibrosis,
which can cause significant morbidity and mortality. More importantly, proton therapy, despite its focus
on target areas of the tumor, has not shown “a survival benefit” for cancer patients due to a significant
detrimental effect of radiation on critical organs at risk (OAR), which negates its benefit [4,5]. As of yet no
effective intervention or cure for radiation-induced late effects has been developed.

Over the past decade, we have evaluated radiation effects on the lung and our work has identified
dose-dependent distinct lung, pathological, and physiological changes. Specifically, our work in
identifying space-radiation-relevant normal tissue damage in lungs exposed to proton radiation
revealed significant long term damage. These alterations resemble emphysema, a phenotype of chronic
obstructive pulmonary disease (COPD), accompanied by reduced oxygenation induced by proton
radiation at 800 days (26 months) following a single exposure to radiation (1 Gy, 2 Gy, and 3 Gy).
In this chronic stage of lung injury, we discovered marked imbalances in lung sphingolipid signaling
pathways induced by both radiation types, with severely reduced anti-apoptotic and pro-proliferative
levels of sphingosine-1 phosphate (S1P), associated with increases in tissue senescence markers.
We proposed that the loss of S1P, regulated enzymatically via sphingosine kinases 1 and 2 (SphK1/2)
and sphingosine lyase (SphL), is directly linked to maladaptive lung repair and premature/accelerated
cellular senescence, and it plays a critical role in radiation-induced lung disease [6].

Therefore, this pathway provides the opportunity to develop useful preventive interventions.
A major candidate for protection against radiation induced injury as described above is secoisolariciresinol
diglucoside (SDG), a biphenolic that scavenges free radicals and triggers a potent endogenous
antioxidant response (EAR), preventing radiation-induced acute lung injury [7–10]. We developed
a novel synthetic SDG called LGM2605 [11] that retains the antioxidant properties of the natural
compound, but with the advantage of a consistent pharmacodynamic profile [12].

We hypothesize that proton radiation induces oxidative stress-mediated lung injury with impaired
repair due to maladaptive accelerated senescence, culminating in lung tissue loss and dysfunction;
we postulate that lung injury can be prevented by treatment with LGM2605. To test this, we employed
human lung tissue in the form of human, precision-cut lung slices (huPCLS), a novel ex vivo human
lung organ culture model using tissue from deceased donors [13,14] and investigated the effects of
4 Gy proton radiation exposure of these tissues with and without LGM2605 (50–100 μM) pre-treatment.
The radiation dose and LGM2605 concentrations were chosen based on proton therapy protocols
(where about 30–60% of the lung receives approximately 4 Gy) and the radioprotective efficacy of
LGM2605 (as reported in our earlier studies) [15], respectively.

This first report of the effects of proton radiation in a model of the human lung establishes
that proton radiation-induced inflammation, oxidative stress, and senescence can be significantly
diminished by LGM2605. This work lays the groundwork for future studies on radioprotection,
as well as mitigation, in response to proton beam exposure in cancer therapy, as well as in proton
exposure from solar particle events (SPE) in deep space exploration, whereby crew members are
exposed to proton radiation and other harmful galactic cosmic radiation (GCR) [16].

2. Results

We utilized an ex vivo model of organ culture whereby human donor lung slices that are
representative of the in vivo tissue were kept alive in culture, as confirmed by the beating cilia of
airway epithelial cells lining the bronchioles [17], to study the effect of LGM2605 treatment on proton
radiation-induced lung damage, inflammation, and oxidative stress. LGM2605 treatment (50 μM) was
initiated 4 h prior to exposure to 4 Gy proton radiation and lung sections were collected at 30 min and
24 h post radiation exposure (Scheme 1).
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Scheme 1. Schematic presentation of the experimental protocol. Human, precision-cut lung sections were
exposed to 50 μM synthetic secoisolariciresinol diglucoside (SDG) (LGM2605) 4 h prior to exposure to 4 Gy
proton radiation. Lung sections were harvested at 30 min and 24 h post radiation exposure.

2.1. LGM2605 Prevents the Expression of Proinflammatory Cytokine Gene Levels and Reduces the Induction
COX-2 by Proton Radiation in huPCLS

The acute inflammatory response to proton radiation exposure of lung tissue (huPCLS) was
further characterized by determining the mRNA levels of proinflammatory cytokines (IL-1β, IL-6,
TNFα, and IL-1α) and cyclooxygenase-2 (COX-2), an enzyme responsible for the formation of
pro-inflammatory moieties [18]. The transcript levels of inflammatory markers, IL-1β, IL-6, TNFα,
and IL-1α, and COX-2 in huPCLS were monitored at 30 min and 24 h post 4 Gy proton radiation with
or without LGM2605 pretreatment for 4 h and are shown in Figure 1A–E. LGM2605 pretreatment
significantly dampened the proton radiation-induced inflammation in huPCLS (36.7% reduction for
IL-6 and 25.1% reduction for IL-1β) and significantly (p < 0.05) decreased the induction of COX-2 by
25.0% when evaluated 30 min post radiation exposure.

Figure 1. LGM2605 reduces inflammation in proton-irradiated human donor, lung precision-cut lung
sections (huPCLS). Human, precision-cut lung sections (n = 3–4) from one donor were evaluated at
30 min and 24 h post 4 Gy proton radiation with or without LGM2605 pretreatment for 4 h. Data
from one representative donor lung are presented as the average fold change from non-irradiated
control ± SEM. Transcript levels of IL-6 (A), IL-1β (B), TNFα (C), IL-1α (D), and COX-2 (E) are
normalized to β-Actin. * Indicates a statistically significant (p < 0.05) difference from the respective
non-irradiated control. # Indicates a statistically significant (p < 0.05) difference from IR (ionizing
radiation-only exposure) (4 Gy proton radiation). IL, interleukin; TNF, tumor necrosis factor; COX,
cyclooxygenase; CTL, non-irradiated control.
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2.2. LGM2605 Boosts Antioxidant Gene Levels by Proton Radiation in huPCLS

Figure 2 depicts the expression of antioxidant genes HMOX1 and NQO1 in huPCLS after 30 min
and 24 h post 4 Gy proton radiation with or without LGM2605 pretreatment for 4 h. At 30 min
post radiation, mRNA levels of the antioxidant gene NQO1 among proton-exposed huPCLS show
a significant (p < 0.05) increase over non-irradiated samples (1.47 ± 0.13-fold increase), which was
further significantly boosted by the action of LGM2605 (2.16 ± 0.10-fold increase). The effects of both
the radiation exposure and the test article were less profound by 24 h post exposure.

Figure 2. LGM2605 increases expression levels of antioxidant and cell protective genes in proton-irradiated
huPCLS. qPCR analysis of HMOX1 (A) and NQO1 (B) was performed on human, precision-cut lung
sections (n = 3–4) from one donor after 30 min and 24 h post 4 Gy proton radiation with or without
LGM2605 pretreatment for 4 h. Data from one representative donor lung are presented as the average
fold change from non-irradiated control ± standard error of the mean (SEM). Transcript levels of tested
genes are normalized to β-Actin. * Indicates a statistically significant (p < 0.05) difference from the
respective non-irradiated control. # Indicates a statistically significant (p < 0.05) difference from IR
(4 Gy proton radiation).

2.3. LGM2605 Decreases Proton Radiation-Induced Senescence and Biomarkers of Cellular Senescence in huPCLS

Next, we evaluated cellular senescence in huPCLS by staining for senescence-associated
β-galactosidase. As shown in Figure 3, exposure to 4 Gy proton radiation significantly (p < 0.05)
increased senescence-associated β-galactosidase (SA-β-gal) staining (blue staining in Figure 3A),
which was significantly reduced by LGM2605 pretreatment to levels comparable to non-irradiated
huPCLS. After observing such a robust improvement in proton radiation-induced cellular senescence
with LGM2605 pretreatment, we next evaluated molecular biomarkers of cellular senescence both
at the message (gene) and the induced protein level. The oncosuppressor gene TP53 orchestrates
the transcriptional response that culminates in senescence and cell death [19]; the protein TP53 that
is induced gets stabilized (via post translational modifications) in response to damage/radiation.
TP53 can activate cell cycle-arresting genes like cyclin-dependent kinase (CDKN1A) [20]. The CDK
family of proteins drives the cell cycle by phosphorylating various substrates involved in cell growth
and differentiation. CDK4/6 and CDK2 inactivate the retinoblastoma tumor suppressor protein
(pRb), which is a “gatekeeper” of the G1-S phase transition. Another member of the CDK family
is the CDKN2A gene that encodes different transcripts involved mostly in cell cycle regulation and
cellular senescence such as the tumor suppressor proteins p16 and p19. Figures 4 and 5 show proton
radiation-induced increases in the mRNA and protein levels of TP53, as well as CDKN2A (p16),
and that this increase, which is an index of increased senescence, is significantly (p < 0.05) abrogated
by LGM2605 pretreatment. Additionally, phosphorylation of pRb was boosted by as much as 80%
by LGM2605 as compared to untreated irradiated lung slices, in which expression was decreased by
20% from respective non-irradiated controls. This reversal of the hypophosphorylated state of pRb is
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associated with inhibition of cellular senescence [21]. CDK2, CDK4, and CDK6, which trigger the G1/S
phase and thus drive cell proliferation, are significantly (p < 0.05) elevated among huPCLS pretreated
with LGM2605 and exposed to proton radiation compared to huPCLS, which is exposed to proton
radiation alone.

Figure 3. LGM2605 reduces senescence-associated β-galactosidase (SA-β-gal) staining in huPCLS
following exposure to 4 Gy proton radiation. huPCLS were exposed to 4 Gy proton radiation and
evaluated 24 h later for the detection of senescence-associated β-galactosidase (A); 3 random fields per
slide were selected and positive-stained cells were counted through the entire thickness of the section
by selecting 8 different focus levels. The average number of SA-β-gal positive-stained cells per field are
presented as the mean ± SEM (B). Scale bar = 150 μm. * Indicates a statistically significant (p < 0.05)
difference from the respective non-irradiated control. # Indicates a statistically significant (p < 0.05)
difference from IR (4 Gy proton radiation).

Figure 4. Senescence genes induced by proton radiation are decreased with LGM2605 treatment. qPCR
analysis in human, precision-cut lung sections (n = 3–4) from one donor after 30 min and 24 h post 4 Gy
proton radiation with or without LGM2605 pretreatment for 4 h (A–H). Data from one representative
donor lung are presented as the average fold change from non-irradiated control ± SEM. Transcript
levels of tested genes are normalized to β-Actin. * Indicates a statistically significant (p < 0.05) difference
from the respective non-irradiated control. # Indicates a statistically significant (p < 0.05) difference
from IR (4 Gy proton radiation).
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Figure 5. Senescence proteins induced by 4 Gy proton radiation in huPCLS. Western Blot (WB) analysis
30 min post 4 Gy proton radiation exposure of whole tissue lysates from human, precision-cut lung
sections (n = 3–4) from one donor treated with or without LGM23605 pretreatment. Results shown
are from one representative donor lung. Numbers below each WB band designates fold change over
control (CTL) after values have been normalized to β-Actin.

2.4. LGM2605 Reduces Proton Radiation-Induced Oxidative Stress in huPCLS

As shown in Figure 6, increase in green fluorescence that arises from the oxidation of the
fluorogenic probe that represents cellular oxidative stress implies proton radiation-induced oxidative
stress in huPCLS. This cell-permeant dye is non-fluorescent while in a reduced state, and exhibits
bright fluorescence in the presence of reactive oxygen species (ROS) or oxidized lipids. LGM2605
at both 50 and 100 μM reduced CellROX Green fluorescence, implying that oxidative stress induced
by proton radiation can be significantly reduced by this agent. Figure 7 indicates a 3D image of the
irradiated huPCLS, depicting that oxidative damage from proton exposure is full-thickness (i.e., though
the entire 300–350 μM lung section) and protection by LGM2605, although added to the medium,
i.e., externally, extends through the entire thickness of the exposed tissue.

Figure 6. Cont.
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Figure 6. LGM2605 reduces proton radiation-induced oxidative stress in huPCLS. Radiation-induced
oxidative stress in huPCLS was monitored by CellROX Green staining and fluorescence. huPCLS were
exposed to proton radiation and treated with LGM2605, after which they were labeled with CellROX
Green dye (5 μM) for 20 min. This was followed by removal of the dye and resuspension of huPCLS in
fresh media and fluorescence imaging of the sections at λ = 488 nm. Images were acquired by 4× and
10× lens. The boxed regions of images acquired at 4× were visualized in 10× to show more structural
details. Scale bar = 100 μm (A); All images were acquired at the same settings using MetaMorph
acquisition software (Version 7.7, Molecular Devices, Downington, PA, USA). The images acquired by
4× lens were used to quantify using MetaMorph and ImageJ software (Fiji Version, National Institutes
of Health, Bethesda, MD, USA). The data was acquired from images acquired in 6–7 fields (B). Results
from one representative donor lung are presented. * Indicates a statistically significant (p < 0.05)
difference from the respective non-irradiated control. # Indicates a statistically significant (p < 0.05)
difference from IR (4 Gy proton radiation).

Figure 7. LGM2605 reduces proton radiation-induced oxidative stress in huPCLS. As the huPCLS were
~300 to 350 μm thick, the oxidative stress along the depth of the tissue and its diminution by LGM2605
were also assessed by imaging along the z-axis at 10 μm interval throughout the tissue. The z stack
images acquired on a multiphoton fluorescent microscope were converted into 3D display stacks (using
Volocity® Visualization Program, Version 6.3, PerkinElmer, Waltham, MA, USA). Movies of 3D stack
were made by ImageJ analysis software. Scale bar = 160 μm. Results from one representative donor
lung are presented.
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2.5. LGM2605 Reduces a Proinflammatory Phenotype in Proton-Irradiated huPCLS

Having observed an increase in the mRNA levels of proinflammatory cytokines, such as
IL-1β and IL-6, following 4 Gy proton radiation exposure, we proceeded to further investigate
the proinflammatory phenotype induced by proton radiation by evaluating the expression of
intercellular adhesion molecule-1 (ICAM-1) in huPCLS following radiation. As shown in Figure 8,
ICAM-1 expression is increased in huPCLS at 24 h post radiation exposure, noted by the increase in
green fluorescence (Figure 8A). LGM2605 pretreatment led to a dose-dependent decrease of proton
radiation-induced ICAM-1 expression (50 μM LGM2605 pretreatment led to an 87% reduction in proton
radiation-induced ICAM-1 expression and 100 μM LGM2605 pretreatment led to a 96% reduction in
proton radiation-induced ICAM-1 expression) (Figure 8B).

Figure 8. LGM2605 prevents proton-radiation induced inflammation in huPCLS. Radiation-induced
inflammation in huPCLS was monitored by intercellular adhesion molecule-1 (ICAM-1) staining
and fluorescence. Human, precision-cut lung sections were permeabilized and immunostained with
anti-ICAM antibody 24 h post 4 Gy proton radiation exposure. Fluorescence imaging of the sections at
λ = 488 nm using 4× and 10× lens was carried out. Scale bar = 100 μm (A); All images were acquired
at the same settings using MetaMorph acquisition software. The images acquired by 4× lens were
used to quantify using MetaMorph and ImageJ software. The data was acquired from images acquired
in 6–7 fields (B); IL-1β release, as determined by enzyme-linked immunosorbent assay (ELISA), was
determined at 24 h post radiation (C). Results from one representative donor lung are presented.
* Indicates a statistically significant (p < 0.05) difference from the respective non-irradiated control.
# Indicates a statistically significant (p < 0.05) difference from IR (4 Gy proton radiation).

The observed decrease in ICAM-1-induced expression following proton radiation exposure
prompted us to look at the release of a key inflammatory cytokine, IL-1β, by proton-irradiated huPCLS.
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As shown in Figure 8C, LGM2605 pretreatment significantly (p < 0.05) reduced IL-1β release by 52%
(50 μM LGM2605) and 85% (100 μM LGM2605).

2.6. LGM2605 Does Not Impair Tumor Cell Eradication by Proton Radiation

Exposure of cancer cells to ionizing radiation induces cellular senescence, thus inhibiting tumor
growth and progression [22]. Specifically, modulating radiation-induced senescence of non-small cell
lung cancer cells has been investigated as a mechanism of overcoming radioresistance [23,24]. As a
confirmation that LGM2605 pretreatment does not impair the tumoricidal effect of proton radiation
exposure, A549 human lung adenocarcinoma cells were exposed to 4 Gy proton radiation and evaluated
for radiation-induced cellular senescence by staining for senescence-associated β-galactosidase.

As shown in Figure 9, treatment with LGM2605-alone induced a dose-dependent increase in
cellular senescence in A549 cells without radiation proton radiation exposure. Regardless of the
dose of LGM2605, proton radiation induced a significant (p < 0.05) increase in the percentage of
SA-β-gal positive-stained cells (31.8 ± 6.0% with 0 μM LGM2605, 34.8 ± 6.0% with 50 μM LGM2605,
and 35.2 ± 3.8% with 100 μM LGM2605). No significant differences between A549 irradiated cells
treated with different doses of LGM2605 were observed. These findings are supported by our previous
work, where we showed how the radioprotective properties of the lignan SDG did not prevent
eradiation of lung tumors from radiation exposure [25].

Figure 9. LGM2605 does not impair proton radiation-induced cellular senescence in A549 human
lung adenocarcinoma cells. 4 h prior to 4 Gy proton radiation exposure, A549 cells were treated
with 0 μM, 50 μM, or 100 μM LGM2605. 24 h following radiation exposure, the cells were stained
for senescence-associated β-galactosidase. The blue-stained senescent cells were viewed by light
microscopy and positive-stained cells were counted from 5 randomly selected fields. The average
number of β-galactosidase positive-stained cells per field are presented as the mean ± SEM. * Indicates
a statistically significant (p < 0.05) difference from the respective non-irradiated control.

3. Discussion

Unwanted exposure to radiation of normal tissues, and especially of radiosensitive organs such
as the lung, can occur during radiotherapy to treat malignancies, in radiological accidents, and in
terroristic acts involving radioactive material, or during space travel where crewmembers may be
exposed to galactic cosmic radiation (GCR) and protons from solar particle events (SPEs). Radiation
exposure is an identified potential health risk to crewmembers during space travel; however, its effects
on the pulmonary system are largely unexplored, constituting a noticeable knowledge gap. Specifically,
unrecognized GCR-induced lung damage could lead to chronic breathing problems in crewmembers,
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such as cough, dyspnea, and decreased exercise capacity [26]. Using a mouse model of GCR and proton
radiation exposure, our group identified dose-dependent, distinct, lung pathological and physiological
changes resembling chronic obstructive pulmonary disease (COPD) emphysema, accompanied by
reduced oxygenation, induced by all GCR and proton radiation types tested, and evaluated more than
two years following a single exposure to radiation [6]. The current study aimed to extend those findings
using a novel human lung model whereby ultrathin slices (<200 μm) from human donor lungs are kept
alive in an ex vivo organ culture system for up to 7 days from procurement. This allowed us to test
acute changes to lung tissues following exposure to radiation and to elucidate mechanisms of tissue
damage inked to delayed effects such as the ones observed earlier [6]. Importantly, this study evaluated
the properties of a novel synthetic agent found to be radioprotective by ROS scavenging, nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) pathway activation, and endogenous antioxidant defense
boosting, as discovered more recently by scavenging of radiation-induced active chlorine species.
We show here for the first time that LGM2605 is an effective radioprotecting agent in human lung
tissues exposed to proton radiation. Additionally, we identified the antioxidant and anti-senescence
action of this agent, a mechanism that could translate to downstream tissue protection from late effects
of radiation (Figure 10). This work provides the basis for such work to be undertaken in future studies.

Figure 10. Schematic representation of LGM2605’s blockade of senescence markers induced by proton
radiation of normal lung tissue/cell. Arrow-headed lines indicate activation and bar-headed lines
indicate inhibition. ROS, Reactive oxygen species; CDK, cyclin-dependent kinase; RB, retinoblastoma;
E2F, E2 factor.

It has long been known that exposure of normal tissues surrounding the tumor regions to radiation
is an unwanted side effect of radiotherapy, which is a major treatment option in lung cancer
management [27]. To prevent these complications in the form of fibrosis and the spread of secondary
or metastatic cancers, novel innovative radiotherapies such as proton therapy have become an area of
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growing research. Proton therapy involves less scatter of protons as compared to X-ray/γ radiation.
The energy and acceleration of protons can be controlled precisely if maximum (tumoricidal) energy is
delivered on the cancer tissue. Despite better control on radiation, proton therapy does not necessarily
translate into a survival benefit for the cancer patient due to a significant detrimental effect of radiation
on critical organs such as the lung [28,29]. Additionally, radiation-induced complications have very
long latency times. For instance, the development of cardiovascular complications after radiotherapy
for breast cancer irradiation generally takes between 5–20 years. Therefore, interventions pre- and
post-radiation that can regulate proton radiation-induced signaling in normal tissue are being sought.
Findings from the current study could potentially benefit cancer patients undergoing radiotherapy as
pre-treatment with LGM2605 may prove radioprotective from unwanted side effects.

Indeed, the lignan SDG was shown in rodent models of lung damage to be a potent protector from
radiation-induced lung toxicity when given prior to radiation exposure [30], and even post-radiation
exposure [31]. SDG, now synthesized as LGM2605 to ensure constant pharmacodynamics, can be
employed as a protective agent in proton therapy. The huPCLS preparation used in this study emulates
and preserves essential characteristics of human lung; thus, we reasoned that it would be a valuable
tool used to detect proton radiation-induced damage to the human lung. In this study, we monitored
inflammation, oxidative stress (and antioxidant status), and senescent markers post protein beam
exposure. Radiation-induced senescence in non-malignant, normal cells such as non-proliferating
endothelial cells has been known and is mediated in part by ROS generation and p53 activation [32,33].
Of note, exposure of normal tissues and cells to moderate levels of radiation (<10 Gy), as encountered
in normal tissues outside the targeted tumor tissue in radiotherapy patients or during space travel,
induces senescence via multiple pathways [33]. Berman and coworkers [34] have reported an in-silico
comparative analysis of passive scattering proton therapy (PSPT) and intensity modulated proton
therapy (IMPT) with intensity-modulated photon beam radiotherapy (IMRT) radiation treatment.
The study reported that 30–60% of the lung receives ~400 cGy and was thus selected as a relevant
dose to study lung responses to proton exposures.

4. Materials and Methods

4.1. Human, Precision-Cut Lung Slices (huPCLS)

huPCLS were prepared as previously described [13,14]. Briefly, whole human lungs from
non-asthma donors were obtained from the National Disease Research Interchange (Philadelphia, PA,
USA) and were dissected and inflated using 2% (w·v−1) low melting point agarose. Once the agarose
set, the lobe was sectioned, and cores of 8 mm diameter were made. The cores that contained a small
airway by visual inspection were sliced at a thickness of 350 μm (Precisionary Instruments VF300
Vibratome, Greenville, NC, USA) and collected in wells containing supplemented Ham’s F-12 medium.
The cores generated were randomized as to the location in the lungs they were derived from, so the
slices generated came from throughout the lungs and not one specific area. Slices containing contiguous
segments of the same airway served as controls and were incubated at 37 ◦C in a humidified air:CO2

(ratio of 95:5) incubator. Sections were rinsed with fresh media 2–3 times on days 1 and 2 to remove
agarose and endogenous substances released that may confound the production of inflammatory
mediators [13].

4.2. Irradiation Procedure

huPCLS were irradiated with a spread out proton Bragg peak (SOBP) in the Robert’s Proton
Therapy facility at the University of Pennsylvania with a 20 cm × 20 cm beam area encompassing
a 3 × 3 square array of 60 mm dishes with huPCLS. Delivery modality was a scanned pencil beam,
with dose delivered in sequentially shallower energy layers to generate an SOBP. Beam energy and
SOBP width are chosen to produce a dose-averaged LET at the cell irradiation depth of 3–5 keV/μm for
a total dose 4 Gy. The irradiation depth was determined with proton range-verified water equivalent
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thickness. The proton beam output is calibrated according to the International Atomic Energy Agency
code of practice for absorbed dose to water [35] using ionization chambers with traceable calibration
certificates from the National Institute of Standards and Technology (NIST).

4.3. LGM2605 Treatment

LGM2605 (50 and 100 μM) was added to the huPCLS 4 h prior to proton radiation. The schema for
LGM2605 treatment, as well as for the measuring of the various indices of inflammation and oxidative
damage, are shown in Scheme 1.

4.4. Western Blots

Total protein content from huPCLS was isolated using Trizol by following the manufacturer’s
suggested protocol for sequential precipitation of RNA, DNA, and proteins (Invitrogen, Carlsbad, CA,
USA). Briefly, after homogenization of the lung sections and incubation with chloroform, samples
were allowed to form three different phases from which the lower organic phase was isolated. Protein
content was precipitated using isopropanol, washed to remove impurities, and resuspended and
quantified using BCA Protein Assay (Thermo Scientific, Waltham, MA, USA). Samples were loaded on
8–12% NuPAGE gel (Invitrogen, Carlsbad, CA, USA) and proteins were transferred on PolyScreen
PV transfer membrane (PerkinElmer Life Sciences, Boston, MA, USA). After membrane blocking
with 5% BSA, protein levels of human senescent proteins p21 Waf1/Cip1 (product number 2948,
Cell Signaling Technology, Danvers, MA, USA), p16 INK4A (product number 4824, Cell Signaling
Technology), p53 (product number 9282, Cell Signaling Technology), and Phospho-Rb (product number
9307, Cell Signaling Technology) were detected using rabbit and mouse monoclonal antibodies,
following manufacturer recommended dilutions. Peroxidase-conjugated donkey anti-rabbit IgG
(code 711-035-152, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and goat
anti-mouse IgG (code 115-035-003, Jackson ImmunoResearch Laboratories, Inc.) were used as
secondary antibodies. Bands were visualized using Western Lighting Chemiluminescence Reagent
Plus (PerkinElmer Life Sciences) and quantified with ImageJ software (Fiji Version, National Institutes
of Health, Bethesda, MD, USA). Tissue preparation from the limited lung slices available from each
donor lung resulted in restricting protein amounts, which only allow a single western blot with no
possibility of repeat.

4.5. Oxidative Stress

Monitoring of huPCLS for oxidative stress was carried out by fluorescence using CellROX Green
(Thermofisher Scientific, Eugene, OR, USA). After proton exposure, huPCLS were labeled with 5 μM
CellROX Green dye and incubated for about 20 min, after which these were washed with RPMI buffer.
HuPCLS were placed on clear glass coverslips and imaged using a Nikon fluorescence microscope
(Nikon Diaphot TMD, Melville, NY, USA). For each condition, the data was quantified over 3–4 fields
using MetaMorph acquisition software (Version 7.7, Molecular Devices, Downington, PA, USA).
Images were acquired at excitation of 488 nm. All images were acquired at the same settings and
the CellROX Green fluorescence quantified by integrating the intensity of fluorescence across the
entire fields.

4.6. Images in Z-Stack

As the huPCLS were ~300–350 μm thick, the oxidative stress along the depth of the tissue and
its diminution by LGM2605 were also assessed by imaging along the z-axis at 10 μm micron interval
throughout the tissue. Images were acquired at excitation of 488 nm to record the CellROX Green
fluorescence. The imaging data was presented as a 3D image, as well as in the form of a video file
at fifteen frames, single z plane acquisition. All z stack images were acquired using a Leica STED
3X Super-Resolution Microscope equipped with a LAS X software version 3.1 (Wetzlar, Germany)
for image acquisition and Huygens Professional software (Version 4.5, Scientific Volume Imaging,
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Hilversum, The Netherlands) for deconvolution. Images were converted into single stacks using
ImageJ analysis software (NIH). This software was also used to make movies, whereby the images
were rotated along the xy axes. Finally, 3D display stacks were made by fitting in the ImageJ stacks into
Volocity® Visualization Program (Version 6.3, PerkinElmer, Waltham, MA, USA). Scale bar = 160 μm.

4.7. RNA Isolation and Gene Expression Analysis

Total RNA was isolated from huPCLS and qPCR analysis was performed as previously
described [15,25,36] using individual TaqMan® Probe-Based Gene Expression Assays (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA) selected for proinflammatory cytokines (IL-1β,
IL-6, TNFα, and IL-1α), inflammation (COX-2), relevant cytoprotective and antioxidant enzymes
(heme oxygenase-1 (HMOX1) and NADPH:quinone oxidoreductase-1 (NQO1), and cell cycle markers
(TP53, CDK2, CDKN1A, CDKN2A, CDK4, CDK6, RB, and E2F). Transcript levels of tested genes were
normalized to β-Actin.

4.8. Senescence-Associated β-Galactosidase Staining

Proton radiation-induced cellular senescence of A549 human lung adenocarcinoma cells was
evaluated by senescence-associated β-galactosidase (SA-β-gal) staining. Briefly, 30,000 cells were
seeded in 60 mm dishes and pretreated with either 0, 50, or 100 μM LGM2605 4 h prior to 4 Gy proton
radiation. At 24 h post radiation, cells were fixed and stained using the Senescence β-Galactosidase
Staining Kit (Cell Signaling Technology) according to the manufacturer’s instructions. The blue-stained
senescent cells were viewed by light microscopy and positive-stained cells were counted from
5 randomly selected fields. SA-β-gal-stained huPCLS were similarly evaluated by light microscopy.
Eight focus levels in 3 randomly-selected fields were evaluated per slide under 400× magnification.

4.9. Intercellular Adhesion Molecule (ICAM) Quantification

Human, precision-cut lung sections were permeabilized and immunostained with anti-ICAM
antibody (1:250) 24 h post irradiation with 4 Gy protons, huPCLS. Secondary antibody (goat anti
mouse) with FITC label was used. Fluorescence imaging of the sections at λ = 488 nm using 4× and
10× lens was carried out. All images were acquired at the same settings using MetaMorph acquisition
software. The images acquired by 4× lens were used to quantify using MetaMorph and ImageJ
software. The data was acquired from images acquired in 6–7 fields.

4.10. IL-1β Cytokine Release

Levels of proinflammatory cytokine, IL-1β, were determined in tissue culture medium at 24 h
post 4 Gy proton radiation exposure using an enzyme-linked immunosorbent assay (ELISA). Samples
were run undiluted in triplicate, and the assay was performed according to manufacturer's instructions
(BD biosciences, San Jose, CA, USA). Levels of IL-1β are reported as picograms per milliliter (pg/mL)
of culture medium.

4.11. Statistical Analysis

All results shown are from multiple lung sections sampled from different sites, yet from the
same core biopsy (n = 3–4 sections), and are reported as the mean ± the standard error of the mean
(SEM). Of note, due to large inter-donor variability, 5 different donor lungs were evaluated for their
sensitivity to radiation exposure using induction (>2-fold change over non-irradiated control) of
senescence-relevant genes using qPCR at both 30 min and 24 h as a measure of selection, and just
two IR-responder lungs were selected to be evaluated further with WB. The selected donor lungs
were then evaluated for the protective effects of the test agent (LGM2605). Data are normally
distributed and statistically significant differences were determined by one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparisons tests using GraphPad Prism version 6.00 for
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Windows, GraphPad Software, La Jolla, CA, USA, www.graphpad.com. All pairwise comparisons
were performed within each respective time point post radiation exposure, and statistically significant
differences are reported as: * indicates a statistically significant (p < 0.05) difference from the respective
non-irradiated control, and # indicates a statistically significant (p < 0.05) difference from IR (4 Gy
proton radiation).

Gene expression data are reported as the fold change from CTL (no LGM2605 and no
exposure to proton radiation) for each respective time point. Statistically significant differences in
mRNA levels were determined using nonparametric tests (Mann–Whitney tests) due to the non-normality
of the fold change data. Statistically significant differences were determined at α = 0.05.

5. Conclusions

In summary, our findings provide evidence that LGM2605 treatment significantly reduces
proton radiation-induced oxidative lung damage and cellular senescence, while ameliorating an
overall proinflammatory phenotype in a human lung organ culture model system. Additionally,
LGM2605 pretreatment of proton-irradiated human lung slices significantly upregulates antioxidant
genes and downregulates proinflammatory cytokine gene levels. LGM2605 protects huPCLS from
a senescent-like phenotype induced by proton radiation. The senescent-like phenotype regulated
at the gene and protein level by p53, members of the CDK family, p21, and p16 is significantly
reduced by LGM2605 pre-treatment. Additionally, radiation-induced cellular senescence has been
associated with radiation-induced late effects. We, therefore, speculate that abrogation of senescence
acutely, as shown by the current study, may have downstream protective effects. LGM2605 may be a
candidate countermeasure agent for space-relevant radiation exposures, as well as in adverse effects of
radiotherapy for cancer eradication.
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Abbreviations

CDK cyclin-dependent kinase
COPD chronic obstructive pulmonary disease
COX-2 cyclooxygenase-2
EAR endogenous antioxidant response
ELISA enzyme-linked immunosorbent assay
GCR galactic cosmic radiation
HMOX1 heme oxygenase-1
huPCLS human, precision-cut lung slices
ICAM intercellular adhesion molecule
IL-1α interleukin-1α
IL-1β interleukin-1β
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IL-6 interleukin-6
IMPT intensity modulated proton therapy
IMRT intensity modulated photon beam radiotherapy
LGM2605 synthetic SDG
Nrf2 nuclear factor (erythroid-derived 2)-like 2
NQO1 NADPH: quinone oxidoreductase-1
OAR organs at risk
PBS phosphate-buffered saline
qPCR quantitative polymerase chain reaction
RNS reactive nitrogen species
ROS reactive oxygen species
SA-β-gal senescence-associated β-galactosidase
S1P sphingosine-1 phosphate
SDG secoisolariciresinol diglucoside
SphK1 sphingosine kinase 1
SphK2 sphingosine kinase 2
SpHL sphingosine lyase
TNFα tumor necrosis factor α
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