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Environmental stressors have an adverse impact on mammalian

physiology, although biological systems are adept at evolving in

response to regularly occurring stressors. However, the biological

alterations resulting from less frequently encountered stressors

are incompletely understood. Dr Dawn Bowles and her colleagues
at Duke University Medical School are conducting experiments
into the effects of the space environment on astronauts to further

our understanding of the impacts of this extremely challenging

environment.

Space: A Multitude of Complex
Stressors

Astronauts, in their quest to explore and
unravel the enigmatic entities that exist
beyond Earth’s orbit, are increasingly
confronting environments in which a
wide range of complex environmental
pressures, including microgravity and
exposure to high levels of radiation, are
par for the course.

To better understand the multitude of
stressors experienced by astronauts,
Dr Dawn Bowles and her colleagues
in the Department of Surgery at Duke
University Medical School, North
Carolina, USA, have collaborated with
ateam at the National Aeronautics
and Space Administration (NASA) to
investigate the effect of such extreme
environments on the perturbation of
physiological systems.

The Price of Exploration

The pivotal role that gravity plays in the
maintenance of physiological integrity
is becoming increasingly apparent to
scientists. While it is recognized that

the absence of gravity is an extreme
biological stressor, the exact impact that
this has on the human body remains
poorly defined. Given this, it follows that
an environment with minimal gravity,
so-called microgravity, may pose a high
risk in terms of detriment to health.
Likewise, exposure to chronic levels of
high-energy radiation would logically
pose significant health risks. Cellular
stress responses in the body are varied
and depend upon the type of stressor,
cell type involved, number of cells
affected, and the time since exposure.

Astronauts returning from long-term
space missions are susceptible to
compromised immune function,
decreased bone density, skeletal
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degeneration, and adverse cardiac
effects including shrinkage of the heart
muscle. These impacts all indicate that
microgravity is a cellular stressor with
the potential to adversely affect human
health. This has clearimplications

for astronauts who are exposed to
microgravity during space missions, and
an understanding of how microgravity
influences cellular molecular processes
is imperative in comprehending these
deleterious effects.




What we know so far about the pathways involved in the
response to microgravity has been garnered from studies

of astronauts and space flight. The predominant findings of
such research include the alteration of cellular development,
increased cell death and deterioration, modified protein
turnover, and changes in the cytoskeleton (the structure that
helps cells maintain their shape and internal organization, and
helps them carry out vital functions). Although these biological
amendments are known to be mediated by a complex system
of genetic pathways, the precise proteins and mechanisms of
action involved in the microgravity stress response have not yet
been fully elucidated.

To determine the effects of microgravity on molecular
processes within the cellular environment, Dr Bowles and her
team employed a combination of well-established laboratory
techniques to quantify large numbers of proteins, study the
dynamics of alterations in protein content, and examine the
biological pathways and networks involved in the response of
heart cells to microgravity-induced stress.

Microgravity, Big Impact

Dr Bowles and her colleagues placed rat cardiac muscle cells
into simulated microgravity or normal gravity conditions for a
period of 12 hours, 48 hours, or 120 hours. The team reported
that, while there were no differences or slight differences in the
abundance of proteins after 12 and 48 hours in either condition,
there was a noticeably higher difference in protein abundance
after 120 hours of simulated microgravity. The team then
proceeded to determine the protein turnover rate in cardiac
muscle by using a novel modification of an established cell
culture technique and measuring the incorporation of labelled
amino acids into newly synthesized proteins. The results
showed that there was a drastic reduction in protein turnover
in the microgravity environment in comparison to the normal
gravity environment over time.

Next, the team identified which proteins, biological processes,
cellular components, and molecular functions were most

significantly impacted by microgravity. Interestingly, those

gene sets linked to the production and transport of energy in
tissues with limited capacity for regeneration were up-regulated
in both the protein turnover and abundance data sets.
Conversely, the incidence of down-regulated gene sets was
related to protein production and localization within the cell.

The team went on to investigate the mechanisms by which
microgravity differentially influences cytoplasmic and structural
processes. The researchers ruled out damage to the cell
membrane, an increased rate of cell death, and increased
protein degradation as potential causes of these differences in
microgravity conditions compared to normal gravity conditions.

Taken together, these results suggest that the significantly
diminished protein turnover and synthesis observed is due to a
direct effect of exposure to microgravity for an extended time.
Furthermore, their findings indicated that the integrity of the
mitochondria, the so-called energy-producing powerhouse

of the cell which comprises >30% of cardiac cell volume,

is retained within cardiac muscle cells in the presence of
microgravitational stress. This suggests that the mitochondria
of cardiac cells respond to microgravity by supporting
mitochondrial protein maintenance via a mechanism that
confers preferential diversion of resources towards the
mitochondria to preserve global cellular viability and promote
short-term survival.

Previous findings have determined that, under favorable
conditions, the specialized non-dividing cardiac cells known
as cardiomyocytes maintain function by directing energy
towards the maintenance of the contractile machinery and
mitochondria by balancing protein synthesis and degradation.

Galactic Cosmic Rays

A unique component of the complex outer space environment
is the high level of radiation comprised of Galactic Cosmic Rays
(GCR). Studies involving survivors of acute high-level radiation
exposure, such as nuclear accidents, have demonstrated that
this is associated with a higher rate of delayed cardiovascular-
related disease and death, although none of the published
evidence relates specifically to space radiation. Whilst the Earth
and its inhabitants are usually protected from radiation by the
atmosphere, itis difficult to shield astronauts during long-term
space missions, and thus they become more susceptible to
serious cardiovascular health risks.

Indeed, a recent NASA study involving twins residing in space
versus on Earth reported that genetic modifications and
evidence of increased cardiovascular anomalies occurred
only in the space-dwelling twin. However, whether this

was attributable exclusively to radiation exposure remains
unknown.

Accurately modelling the impact of radiation on the
cardiovascular system has historically proven extremely
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challenging. But now, advances in
engineering and physics technology
are paving the way for a more authentic
simulation of the space radiation
environment. Taking advantage of
this novel technology, Dr Bowles and
her collaborators sought to determine
the possible effects of GCR on the
heart. Male mice of an age equivalent
to a 34-year-old human being were
exposed to a single dose of GCR and
monitored over the course of one

year for alterations in cardiovascular
function using screening processes
which mimicked routine assessment
conditions. The team discovered that
cardiac structure and function in GCR-
exposed subjects were significantly
altered when compared to non-
irradiated controls or those exposed to
other high-energy particles, although
the physiological relevance of these
changes was unclear.

The performance of the heart (cardiac
contractile function) was assessed in
mice one year post-exposure, and Dr
Bowles and her team reported that
those exposed to GCR demonstrated
significantly lower function, increased
vascular resistance, and increased
arterial stiffness than the control
subjects. Rather interestingly, despite
these findings, GCR exposure did not
confer an increase in mortality rates,
blood pressure, or weight compared
to controls when assessed at the

one year mark. However, histological
evaluation of cardiac tissues from GCR-
exposed mice revealed increased cell
degeneration, fragmentation, death,

- s

and a distorted cellular structure,
suggesting long-term damage to the
tissues of the heart following exposure
to high-level radiation, which appears
similar to that commonly seen in
human congestive heart failure.

Dr Bowles has recently provided

new molecular data indicating that
mitochondria may be perturbed in
these mice. This raises the question of
what happens when you look at both
effects simultaneously. Now, Dr Bowles
are her team are doing exactly that

- examining the combined effects of
space radiation and microgravity.

The Mouse PAD

Alongside this work, in 2020 Dr Bowles
and her colleagues described their
establishment of a repository of over
5,000 tissues from mice exposed to
space radiation. Importantly, the
mouse Processing Aid Device (Mouse
PAD) streamlines the preparation of
materials, tissue collection, and tissue
processing for research purposes. As
stated by the researchers, the Mouse
PAD is affordable, easy to use and
produces high-quality, consistent
results. It can also be easily adapted by
other scientists who wish to establish
their own unique biorepositories for
research.

The Final Frontier
Dr Bowles and her colleagues are

driving forward research aiming to
explore the final frontier. Her fascinating
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studies have greatly contributed to
the fundamental understanding of the
response of heart cells to microgravity
stress by using a novel application of
an established laboratory method to
successfully identify protein turnover
rates whilst simultaneously monitoring
protein expression changes within the
cells. Furthermore, Dr Bowles and her
team have demonstrated how global
cellular protein turnover and synthesis
is significantly reduced in cardiac

cells exposed to microgravity, which

is unrelated to increased cell damage,
protein degradation, or cell death, and
which may explain the mechanism

via which heart muscle shrinkage

in astronauts occurs. Moreover, the
discovery that microgravity affects the
entire cell equally and at the same time
suggests that this particular stressor
may induce an as-yet unreported
cellular stress response.

The superbly executed research led by
Dr Bowles also resulted in the discovery
that astronauts exposed to GCR may
suffer damage to vascular and cardiac
tissues long after exposure, which may
predispose them to conditions such as
congestive heart failure.

Further studies to improve our
understanding of the coordinated
cellular response, the pathways
involved in the body’s response, and
physiological alterations emerging in
response to stressors unique to the
space environment will undoubtedly aid
in the preparation of astronauts prior
to extensive and far-reaching space
missions. Work is already underway
in Dr Bowles’ laboratory, showing

an increasingly broad and holistic
approach towards understanding the
complex stressors experienced by
astronauts.

This ground-breaking research will
increase our understanding of the
adverse biological effects of space travel
and aid in developing risk models to
ensure improved safety during and

after explorations of life beyond our
aerosphere.
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