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Ionizing radiation
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Ionizing radiation Altered gravity
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Ionizing radiation Altered gravity

Psychological stress
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Cardiovascular disease
Muscle atrophy

Immune dysfunction

Cataract

Visual impairment

Motion sickness

Fluid distribution

Cancer

Osteoporosis

Acute radiation syndrome
Central nervous system injury

Degenerative tissue effects

Presenter
Presentation Notes
Chancellor et al, 2014 
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Open research questions in space human biology

How do space stressors cause adverse health effects in humans?

How can we prevent this from happening with countermeasures?
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Space radiation environment
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Solar particle events Galactic cosmic rays Van Allen Belts

Presenter
Presentation Notes
Linear energy transfer (LET) is the amount of energy that an ionizing particle transfers to the material traversed per unit distance (generally measured in units of keV/μm)International Space Station6-person crews for 6 months; 2-person crews for 12 months6 mo.: 50-100 mSv depending on altitude & time in solar cycleGateway Missions20 to 40 days in deep space; SPE protection providedDoses on order of 35-70 mSv during solar minDeep Space Transport: Cis-lunar missions*200 days to 400 days; SPE protection providedOutside Earth’s magnetosphere in free space; GCR risks major concern; Doses of 350 to 700 mSv during solar minFlyby and Mars Surface**4-person crew; up to 3 yrs.Long deep space transit times; Mixed field environment on MarsFlyby Opposition/Short Stay & Conjunction/Long Stay missions have similar exposure estimates of 1000-1300 mSv during solar minISS: ±0,480 mSv/dayMoon: 0,001186 mSv/dayDeep space: GCR dose-equivalent rate of 1.84 ± 0.33 mSv/dayMars: GCR dose-equivalent rate of 0.64 ± 0.12 mSv/dayHassler et al., Science 343 (2014); Dachev et al. Space weather (2017)Schwadron et al., J. Geophys. Res (2012) 
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Solar particle events Galactic cosmic rays Van Allen Belts

MORE
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Solar particle events Galactic cosmic rays Van Allen Belts

MORE DAMAGING
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Linear energy transfer (LET) is the amount of energy that an ionizing particle transfers to the material traversed per unit distance (generally measured in units of keV/μm)International Space Station6-person crews for 6 months; 2-person crews for 12 months6 mo.: 50-100 mSv depending on altitude & time in solar cycleGateway Missions20 to 40 days in deep space; SPE protection providedDoses on order of 35-70 mSv during solar minDeep Space Transport: Cis-lunar missions*200 days to 400 days; SPE protection providedOutside Earth’s magnetosphere in free space; GCR risks major concern; Doses of 350 to 700 mSv during solar minFlyby and Mars Surface**4-person crew; up to 3 yrs.Long deep space transit times; Mixed field environment on MarsFlyby Opposition/Short Stay & Conjunction/Long Stay missions have similar exposure estimates of 1000-1300 mSv during solar minISS: ±0,480 mSv/dayMoon: 0,001186 mSv/dayDeep space: GCR dose-equivalent rate of 1.84 ± 0.33 mSv/dayMars: GCR dose-equivalent rate of 0.64 ± 0.12 mSv/dayHassler et al., Science 343 (2014); Dachev et al. Space weather (2017)Schwadron et al., J. Geophys. Res (2012) 
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Radiobiology basics: DNA damage paradigm
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Levels of radiation protection
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1. Stop Radiation
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1. Stop Radiation

2. Stop ROS
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Levels of radiation protection
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1. Stop Radiation

3. Repair damage

2. Stop ROS
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Level 1: 
Stopping radiation

Level 1: 
Stopping radiation

Presenter
Presentation Notes
Level 1: �Stopping radiation
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Stopping radiation

• No known effective biological mechanism to stop or shield from ionizing 
radiation

• Solutions:
• Operational countermeasures

• Limit time in space
• Shortening overall mission duration 
• Reducing extravehicular activity time or spacewalks
• Plan space missions during times of reduced solar storm activity

• Engineering countermeasures
• Structures or tools to shield astronauts from radiation e.g. Zvezda

41
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Presentation Notes
Operational: Radiation exposure limitsEngineering: radiation attenuation, The two specific modules are protected by two mechanisms:TeSS Polyethylene radiation protection tiles and bricksWater storage bags attached to the walls = "water wall"Russian service module Zvezda or star: �lined with Polyethylene, role of radiation protection shelter
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Level 2 and 3:
Stopping ROS

Repairing damage
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Stopping ROS and repairing damage

• Can be done at the level of an individual!
• Biology comes into play

43

Radiation resistance mechanisms
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What is radiation resistance?

• Capacity of an organism to protect against, repair and remove damage
caused by ionizing radiation

• Varies greatly between different organisms & individuals (LD50/30)

44

Deinococcus radiodurans

7 000 Gy

Tardigrades

5 000 Gy

Humans

4 – 5 Gy
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Roadmap towards enhancing human radiation 
resistance
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Cortese et al., (2018) ONCOTARGET. 9(18). p.14692-14722
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1 | Selection of radioresistant crews

• Individual response to ionizing radiation
• Assessment by use of biomarkers and assays
• Include test to determine astronaut individual radiosensitivity?
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2 | Pharmaceutical interventions

• Radioprotectors
• Protect DNA from radiation interaction
• E.g. Amifostine

• Geroprotectors
• Stop aging = stop radiation effects?
• E.g. metformin, curcumin

• Redox scavengers
• Remove oxidants from the cells
• E.g. ascorbic acid, melatonin
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3 | Hibernation: sleeping your way out

• Hibernation = torpor = dormancy
• Low-energy state linked to sleep
• Considerable slowdown of all the vital processes in the body
Synthetic Torpor

• Slows down body temperature and 
metabolism, and induces tissue hypoxia

• No food and water intake =  <<< €€€
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3 | Biobanking: having spare parts

• Biorepository that stores biological samples for future use
• Preservation of viability, completely stop all biological reactions
• Storage temperature?
• Liquid nitrogen -196°C

• Cost?
• Explosion risk?

• Cryoprotectants?

49
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4 | Tissue engineering and regenerative 
medicine

• Facilitate the elimination and substitution of endogenous cells damaged by 
cosmic irradiation

• Replace old organs and make fresh ones!

50
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5 | Deuterated organic compounds

51

• Deuterium: stable hydrogen isotope

• Organic compounds contain carbon-hydrogen (C-H) bonds

• Deuterium-Carbon links are stronger
• More energy required to break bond
• Less DNA damage if DNA is deuterated

• Heavy water (D2O) as radioprotective strategy?

Presenter
Presentation Notes
All organic compounds contain carbon-hydrogen (C-H) bonds. It is, however, possible to synthesize organic compounds that have hydrogen atoms replaced by deuterium (the stable isotope of hydrogen) at specific locations. Deuterated organic compounds - A deuterated drug is a small molecule medicinal product in which one or more of the hydrogen atoms contained in the drug molecule have been replaced by its heavier stable isotope deuterium.Due to deuterium’s comparatively greater mass with respect to hydrogen, carbon-deuterium bonds require more energy to break and take longer to break than C-H bonds. Consequently, the energy required to break the hydrogen bonds between DNA bases would be greater, and deuterated DNA would be less subject SSBs and DSBs than non-deuterated DNA. Indeed, the incorporation of deuterated water into organisms’ diet has been previously explored as a radioprotective strategy, and has been shown to increase survival following irradiation by a statistically significant extent (e.g. 65% survival compared to 25% in the control group following 8.5 Gy irradiation in mice) [287].The extent with which we could deuterate a given organism, however, is limited by several potential problems. Specifically, the rate at which bonds between deuterium and other atoms break is lesser than the rate at which bonds between hydrogen and other atoms break due to the kinetic isotope effect (a mechanistic phenomenon where isotopically substituted molecules react at differing rates). Isotopic substitution affects only mass-dependent properties (e.g. vibrational frequencies), but has no effect on the values of atoms’ electronic states or the potential energy surface of a given reaction. Due to the greater mass of deuterium with respect to hydrogen, breaking the bonds holding various deuterated organic compounds together would require more energy, which is a potential problem because organisms have evolved in an environment that requires only enough energy allocation to break bonds between hydrogen and other atoms. In other words, organisms are not energetically adapted to catabolize organic compounds containing deuterium. A more pertinent potential problem, however, is the fact that the greater mass of deuterium with respect to hydrogen implies that the rate of metabolic reactions may be slower due to the decreased rate of bond-breaking in deuterated organic compounds, which is problematic due to the precise coordination and timing of metabolic reaction rates that organisms are adapted to and that are required to facilitate normative metabolism. It may thus be possible to deuterate an organism by a certain amount without witnessing significantly detrimental physiological effects, but the specific safety threshold would have to be determined through a variety of preclinical studies and clinical trials. Moreover, incorporation of isotope-reinforced food and water has emerged as a novel means of promoting longevity and the maintenance of several aspects of health in eukaryotes [288]. Several teams have reported that the administration of deuterated water increases the lifespan of yeast in a dose-dependent manner by as much as 80% [288]. In multicellular eukaryotes, however, bodily incorporation of deuterated water above 20% begins to have toxic effects. Nonetheless, incorporation of deuterated water has been shown to either increase longevity or healthspan in yeast, Caenorhabditis elegans, Drosophila melanogaster, rodents and humans [289–293], and has been found to have anti-cancer effects in rod [294–298]ents [299, 300] and humans [301]. Such effects are thought to be the result of protection against DNA damage and mutation from ROS and exogenous mutagens. An intriguing alternative involves supplying organisms with food containing stable isotopes of carbon, e.g. 13C, [302, 303] which has a greater mass than 12C (which comprises the majority of natural carbon in organisms), but only ~8% greater than 12C, whereas deuterium has a mass 100% greater than hydrogen. This means that while the rate of bond breaking in the C-H bonds of organic compounds having 12C replaced with 13C would be slower, it may not be so slow as to disrupt the timing and coordination of metabolic reactions or to significantly affect the necessary energy allocation to catabolic reactions required for their ongoing maintenance. However, this would only be capable of potentially reducing the damaging effect of ionizing radiation for organic compounds like proteins, and not DNA because the hydrogen bonds occurring between DNA bases are N-H and O-H bonds rather than C-H bonds, and the problem of irradiation-induced DNA SSBs and DSBs in particular are much more detrimental than irradiation-induced damage to gene products. Furthermore, it is currently extremely costly to produce. It may, nonetheless, constitute an ancillary strategy for reducing the overall damaging effects of radiation to humans as it pertains to deep space exploration, provided that a less costly means of producing it could be developed. 
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6 | Gene therapy

• (Over)expression of endogenous and exogenous genes
1. Antioxidants

2. DNA repair genes

3. Radioprotective transgenes
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Food for thought

• Currently there is minimal research being done 
for radioresistance against space radiation

• All the approaches could significantly empower 
our ability to protect space mission crew 
members against cosmic radiation, but has also 
a value on earth e.g. in cancer treatment

• Although speculative, these strategies should be 
considered as a foundation for future research 
directions

53
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The end
Thank you for your attention
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Copyright © SCK CEN
PLEASE NOTE!

This presentation contains data, information and formats for dedicated use only and may not be communicated, copied, 
reproduced, distributed or cited without the explicit written permission of SCK CEN.

If this explicit written permission has been obtained, please reference the author, followed by ‘by courtesy of SCK CEN’.

Any infringement to this rule is illegal and entitles to claim damages from the infringer, without prejudice to any other right in 
case of granting a patent or registration in the field of intellectual property.
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