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ABSTRACT 

Among the greatest obstacles to the implementation of crewed space missions are human 

biological limitations. Difficulties were always envisioned in relation to both Earth’s moon and 

Mars, but more so for Mars because long spaceflights would also expose crew to prolonged 

microgravity conditions, in addition to radiation. The result could well be osteoporosis, bone 

fractures, and disability. In this article we do not contest the validity of bone loss studies. Rather, 

we question a seemingly tacit assumption about the immutability of human nature. Indeed, new, 

invasive and non-invasive techniques of human enhancement already allow humans to enjoy 

modifications that will enable lengthy space missions. The alteration of human DNA has not 
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only aided cancer patients, but, for example, by using the CRISPR/Cas9 genome editing 

procedure, can also help to prevent damage to limbs and joints that a prolonged Mars mission 

could cause for the crew. Possible ethical objections to this solution will be discussed and trade-

offs between risks and benefits outlined. 

 

Keywords: human spaceflight; Mars; osteoporosis; human enhancement; ethics; policy. 

  

1. Possible Health Challenges on a Human Mission to Mars 

Humans will possess the technologies to explore the planets of our Solar System. The recent 

mission completed by Elon Musk’s SpaceX rocket has shown that private companies now join 

NASA, ESA, Roscosmos, and other public agencies in successfully lifting heavy loads off the 

Earth. Financing long-term projects, rocket and propulsion system design, and organizational 

management are only some of the issues involved in the enormously complex effort to conduct a 

crewed mission to Mars. Serious challenges remain that are related to the limitations of the 

human body, which is far from perfectly suited for long space missions, or even short ones. Far-

sighted planners are beginning to develop options for aiding the human body in accomplishing 

space travel to the Moon, Mars, and beyond.  

There are Earth-based experiments going on now that simulate some of the conditions of 

a Martian base. For example, Mars-500, which included six volunteers, was led by the Institute 

for Bio-Medical Problems of RAS in Russia, in collaboration with Roscosmos and the Russian 

Academy of Sciences [1]. It lasted more than 500 days and provided some very interesting 

results. However, this type of research is limited because it can only simulate challenges such as 

isolation, confinement with other crew, boredom, air supply, and diet. Research on Earth cannot 
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test the resilience of the human body to factors directly related to the planet Mars, like 

microgravity, radiation, human reactions to dust and dust storms, or level of sunlight.  

A good source of knowledge for the study of human body and psyche in outer space is 

the one-year mission on the International Space Station (ISS) by U.S. Astronaut Scott Kelly and 

Russian Cosmonaut Mikhail Kornienko, who finished that mission in early 2016 [2]. According 

to a study by Elena V. Fomina and collaborators, the physical performance of Kornienko at one 

year was not worse than the performance of other astronauts who participated in the standard six-

months mission on the ISS [3]. However, this study does not dispel concerns about the safety of 

factors related to Mars travel.  

Now, round-trip missions are being realistically planned. A round-trip mission to Mars 

would last at least three years [4]. It is reasonable to assume that the medical problems detected 

in six-months space missions will grow in a mission whose duration is planned to be six times 

longer. Living on Mars could expose health problems that are worse or different. Some investors, 

scientists, and authors [5], [6], [7], [8] consider explorations as preparatory work to establish 

colonies. Because it is impossible to fully re-create Martian conditions on Earth including the 

combined impact of space radiation and altered gravity [9], and to imitate fully all psychological 

stressors of being million miles away from Earth, the best indicators of potential physical 

problems are based on our knowledge of imperfectly analogous studies of the crew of the ISS, or 

our knowledge of human physical challenges on Earth.  A stable, working colony on Mars will 

no doubt reveal many unanticipated health issues, but this does not remove our responsibility 

now for anticipating issues to the extent that we can. Contingency planning is critical to 

safeguard the enormous human and financial investment in a Martian colony.  

The NASA Human Research Evidence  is a collection of reports that address various 

health risks predicted for human space missions [10]. The compilation of research findings 
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presents worrisome scenarios. Health issues involve such categories of risk as the following: dust 

(“Risk of Adverse Health & Performance Effects of Celestial Dust Exposure”); performance 

deficiencies (“Risk of Adverse Health Outcomes and Decrements in Performance due to Inflight 

Medical Conditions”); osteoporosis (“Risk of Bone Fracture due to Spaceflight-induced Changes 

to Bone”); adverse effects (“Risk of Ineffective or Toxic Medications Due to Long Term 

Storage”); and kidney problems (“Risk of Renal Stone Formation”). Abadie, Lloyd, and 

Shelhamer, of the NASA Human Research Program, discuss five types of risk that are identified 

as challenges for future human missions to Mars [11]. One of them is the risk associated with 

“gravity fields.” Microgravity may affect negatively the entire human body and may cause health 

issues related to musculoskeletal and cardiovascular systems. One of the most serious risks is the 

risk of osteoporosis or bone density. Microgravity causes bone loss that is extremely hard to 

recover, after the mission is finished. The second kind of risk is “isolation/confinement.” The 

third risk includes “hostile/closed environments.” The risk of “space radiation,” is treated by the 

authors as the greatest one during a trip to Mars. The last kind of risk explored by this study is 

the “distance from Earth,” including a sense of anomie, normlessness, or alienation from the rest 

of the human population on Earth. 

Other studies confirm this worrying picture. Leslie A. Wickman identifies the following 

set of environmental challenges for astronauts on future deep-space missions: microgravity, high 

radiation levels, isolation and confinement, vibration, acceleration, and noise levels (especially 

during launch and re-entry), as well as the stress imposed by the hostile external vacuum and 

extreme temperature variations [12].  

Astronauts could face a reduction of their musculature and related malfunctioning of the 

cardiovascular system. The volume of the heart may indeed decrease, since the vital organs work 

less in microgravity. Astronauts should expect an unsettled twenty-four-hour cycle [13]. 
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Joshua S. Alwood and colleagues lists four areas of health risks connected with human 

spaceflights included in NASA’s Human Research Program (HRP) [14]. Examples include 

immune response, microbe-host interactions, oxidative stress, and visual impairment/intracranial 

pressure (VI/IP). Increasingly, it is becoming apparent how dangerous to human health the space 

environment can be even if we just focus on the many causes that will weaken the human 

immune system. That list of risk factors includes physiological stress, circadian rhythm 

disruption, microgravity exposure, isolation, altered nutrition, and radiation exposure. 

Fluctuations in the human immune system during a space mission may increase risk of cancer. 

Microgravity may cause deficits in cognitive and perceptual abilities [15], and a mission to Mars 

may cause about 50 percent loss of strength of some muscles if a crew were to give up a required 

exercise regimen [16].  

Particular attention has been devoted to the problem of bone loss. At a NASA summit on 

the issue, “data were reviewed from 35 astronauts who had served on spaceflight missions 

lasting between 120 and 180 days.” Not surprisingly, “the panel recommended that the U.S. 

space program use QCT1 and finite element modeling to further study the unique effects of 

spaceflight (and recovery) on bone health” [17]. New research protocols to analyze this problem 

have been suggested. This is because “dual-energy X-ray absorptiometry (DXA) measurement of 

a BMD2 may be too limiting to understand fracture probability in the astronaut during a long-

duration mission and the risk for premature osteoporosis after return to Earth” [18]. 

Medications are probably the main way to deal with medical issues after they develop. 

Exercise, nutrition, and vaccines can help to prevent medical issues before they develop. 

Nevertheless, several studies suggest that a traditional medical approach may be of limited 

applicability in space [19], [20]. Quite significant in this respect is an experiment conducted on 

the International Space Station (ISS). A team of researchers cultivated human skin bacteria 
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(Staphylococcus epidermidis) on orbit, and found that bacteria exhibit significantly higher 

frequencies of genetic alterations in space, “which result in increased resistance to an antibiotic, 

rifampicin (Rif), used to treat bacterial infections” [21]. The experiment seems to confirm that 

astronauts involved in long term missions in space are much more prone to get infectious 

diseases than humans living on Earth, because prolonged spaceflights tend to depress their 

immune systems. Moreover, “our Earth-based knowledge of the emergence of antibiotic-resistant 

germs may not be wholly applicable to the human spaceflight environment” (ibid.). 

We do not challenge the validity of the diagnostic dimension of these studies. What we 

question is their prognostic capability. The human environment during spaceflight and on other 

planets may be sufficiently different – and sufficiently dangerous – that earthbound studies 

provide only the vaguest suggestions about potential health outcomes. A human mission to Mars 

is dangerous. There is no question about this, and the mission planners should consider all the 

options offered by genetic therapies. While extensive research is ongoing about medical care in 

space, new solutions including human enhancement program should be taken into consideration. 

All human exploration has been relatively dangerous. Leaving the African continent had 

unexpected dangers for both Homo erectus and Homo sapiens. When we now consider the 

dangers of piloted spaceflight, we should think back to these earlier versions of ourselves, and 

find some affirmation that what we can do, while dangerous from a variety of health 

perspectives, cannot be rejected simply because of its danger. On both philosophical grounds and 

on the basis of scientific knowledge of our own nature as a species, crewed spaceflight, leaving 

our home planet, and settling on other worlds is in our very nature and has been for a very long 

time – millions of years. “One World Is Not Enough” is a rallying cry translated in a variety of 

media, which to many readers may seem shocking, but only from a perspective that is too narrow 

and temporally, too shallow. 
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If we are left with the notion that exploration, and therefore space exploration, is a natural 

part of our biology and culture [22],3 and that one world is not enough, we must also consider 

that a medicine which emerged from scientific studies on our home planet may be insufficient 

for the challenges we face, for example, on Mars or on flights through space to reach it. Homo 

erectus, when he emerged out of Africa, perhaps half-way through his tenure on Earth, about a 

million years ago, used what he had available – carefully conceived, imaged, and rendered stone 

tools; an improved ability to visuospatially reckon with a larger landscape; a rudimentary sense 

of morality and some notion of what was “right” and what was “wrong” for the band; the control 

and use of fire; and probably, he had at least a partially domesticated dog [23], [24], [25], [26], 

[27].  

 We suggest that in carefully planning our crewed missions to Mars, we consider a full 

toolkit – in a metaphoric sense. Humans will need every possible capability that we can imagine, 

and others, too, in order to survive on Mars. We will have to “think outside the box” in order to 

give human representatives on Mars even a chance to prevail. We will have to stretch what we 

define as human nature, knowing that it has always been changing, ever since our genus Homo 

emerged, and before that, too, among our ape ancestors. They were strong, smart, adaptive, and 

very social. They spread all over Eurasia and down into Africa. In going to Mars, we are simply 

following in their and our later ancestors’ adventurous footsteps. 

 

2. Considerations of a Changed, Changeable, and Changing Human Nature 

Several solutions to the dangers of spaceflight and living on Mars have been proposed, such as 

special crew selection including “careful genetic and personality screening” [28], training, diet, 

medical care, pharmacology, surgery, and specially designed spacecraft and habitats [29], [30].  

Other measures include an optimal crew selection from a health care perspective, and medical 
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treatment in remote space [28]. If Martian gravity is too weak to ensure a protection against 

human bone loss, a solution could be the creation of simulated or artificial gravity [9]. However, 

creating artificial gravity on Mars seems to be impossible now, based on our current 

technological level [31]. More innovative solutions include the creation of synthetic muscles [32] 

that would enable more efficient humanoid robots to conduct Extra-Vehicular Activities (EVAs). 

Robots could replace human astronauts in service tasks, in order to protect them from radiation 

[33]. Space robots would have to imitate human dexterity [34]. Synthetic muscles seem to be a 

promising solution.  

And still, the idea of replacing humans with robots does not fulfill the ultimate goal of 

establishing a stable human settlement on Mars. The human propensity to explore new places has 

always involved the species living, surviving, and adapting to different environments. We are 

now at a place in the history of our species where “new and different” means a different celestial 

body – a new planet or moon. Permanently leaving Earth has never been contemplated before, 

and this opens up the need for extraordinary and creative measures to ensure survival. 

A change of paradigm seems to be necessary to achieve this last goal. If it is true – and 

we are not yet certain it is true – that a complex deterioration of human health is unavoidable 

when major life conditions are drastically modified in comparison to environments confronted in 

human evolutionary history, then once again we see the need for humans to adapt. The species 

we are now is not the species we were a million, even 500,000, or even 100,000 years ago. 

Humans have been evolving and continue to evolve [35]. Human evolution has never been a 

completely “natural” process because the species became involved in its own evolution through 

complex cognitive “feedback loops” that made humans active participants in the selection of 

capacities emerging in their own evolution [23], [26]. We are not now, and have never been, 

immutable. The biological limitations given by the human genome are not fixed and permanent, 
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once and for all time. A human mission to Mars will belie the notion of the immutability of 

human nature, just as it has proven untrue again and again through our long evolution. The idea 

that any species, including ours, is “fixed” died in the nineteenth century. What is different now 

is that so much of our evolutionary history is accessible through genome sequencing and the 

theory of population genetics [36]. Unfortunately, the notion of species immutability still 

constitutes a theoretical and practical obstacle to preparations for crewed Mars missions.  

Humans have continuously changed themselves – both genotype and phenotype – 

through the use of their technologies. Now, new technologies originally developed to enhance 

agriculture and the domestication of farm animals provide a different way for the human species 

to adapt. For several years now, genetic therapies have been used by physicians to help their 

cancer patients. The techniques of genetic editing are now also applied to remove hereditary 

diseases, as part of in vitro fertilization. These interventions can be classified as instances of 

human enhancement, and a different means of guiding our own evolution [37], [38]. 

Program provisions for the voluntary modification of the genomes of mission crew, in 

order to enhance their bones and musculature, will surely represent a change in space policy. 

Yet, human enhancement can be seen as an alternative or a complement to the above mentioned, 

traditional countermeasures to bone and muscle loss due to long periods at lower gravity. 

However, ethical questions arise in response to these types of human enhancements. Acceptance 

of any human enhancement program will have long-term effects on human cultures that remain 

on Earth. Still, the space enterprise is competitive, as global exploration was in the late 15th 

century mission to send ships from Spain across the Atlantic Ocean to the so-called “New 

World.” Queen Isabella and King Ferdinand were under political and economic pressure, as our 

nation-states are today, to conquer and control new places and obtain the natural resources and 

strategic outposts that will be critical in the coming centuries of Solar System exploration. 
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Discussion of the possibility of using human enhancements to help keep our crews alive 

cannot be logically or morally evaded. Humanity has many of the necessary means to take this 

step including genetic therapy, genetic engineering,  and other less invasive ways of 

enhancement [39], [9], but an ethical discussion is now needed, along with a stepped up research 

program on the feasibility and health consequences of human enhancements [29], [40]. Ethical 

debates, and ethical and legal international consensus in regard to human gene editing should be 

accelerated before these procedures become available [41]. We must not equivocate: 

Establishing viable bases on the planets and moons in our Solar System will present challenges 

that are not even envisioned today. It is a responsibility of governments to consider all the 

program options potentially available and to construct a “tool kit” that is appropriate for space 

exploration and colonization. Granted, the introduction of new technologies always challenges 

the established order – in any culture, at any level of development, at any point in history. 

Technology signifies access to power, and human enhancements will do the same. Still, 

humanity has faced this challenge before, and has, to date, developed social, moral, and ethical 

guidelines to manage the effects of new technologies. We have done this before, and quite 

successfully, for millennia. 

There is an additional risk to lack of action, i.e., to refuse to engage in an ethical debate 

on human enhancements. Government agencies are now joined by private space companies that, 

at least hypothetically, could first adopt human enhancement solutions. However, they are still 

bound by national laws and regulations. Elon Musk, the innovative founder of SpaceX never hid 

his interest in human enhancement and human-machine hybridization. The recent launch of 

Neuralink, Musk’s venture to develop implantable brain-computer interfaces is a clear step 

toward a different kind of human enhancement [42]. Our legislative and judicial branches must 

be prepared to engage in debate on these far-reaching technologies. If the commercial space 
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business sector races ahead with human enhancements, government and society need to be 

prepared to arbitrate the policies and create the regulations that control implementation of human 

enhancement programs. Without open debate, this will not be possible. 

 

3. The Special Case of Modifications to Counter Bone Loss 

Among all the health problems generated by space travel, bone loss could be viewed as one of 

the most serious and most hazardous, next to muscle atrophy, cardiovascular problems, and 

neurological degeneration. Observations to date focus on rapid bone loss and insufficient 

remediation. Cappellesso and colleagues [43] maintain that “astronauts typically lose more bone 

mass during one month than postmenopausal women on Earth lose in one year,” and, therefore, 

“exercise and supplementation alone are not enough to maintain bone homeostasis.” 

. In a sense, astronauts’ bones may age more than thirty years during the three years mission to 

Mars! There may arise some unexpected problems affected by incompletely resolved 

physiological and medical issues. Bone loss might be one of these but there are others that might 

be worse [44].  

From an evolutionary perspective, such an effect is not surprising if we remember that an 

ability to live in an earthly gravitational environment began to evolve when the first life forms 

appeared. This was more than three billion years ago. Adaptation to Earth’s gravity is a 

fundamental and necessary foundation of our biology and is deeply rooted in the DNA of all 

living species. Earth’s gravity can be seen as one of the main functional frameworks for the 

evolution of life on our planet. Given these facts, and given the insufficiency of currently 

available countermeasures, the genetic enhancement of the human body for spaceflight and for 

life in low gravity or microgravity seems to be a reasonable approach to consider, if we want to 

safely and effectively carry out long-term interplanetary missions. 
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Several studies show that the solution of human enhancements for severe bone loss is 

feasible. In tracing the roadmap of osteoporosis genetics, Farber and Lusis remark that, “recent 

technological and scientific advances have provided the tools needed to rapidly scan the genome 

for genetic variants affecting osteoporosis” [45]. Systems genetics continues to develop, thanks 

to technical and statistical improvements. One can assume that, in the next decades, “the use of 

systems genetics may yet unlock the potential of genomics for prevention of osteoporotic 

fractures” (Ibid.). 

Yet, individuals of the human species are genetically different. Thao P. Ho-Le and 

colleagues have produced a study that attempts to improve the accuracy of fracture prediction, 

over and above that of clinical risk factors alone, by focusing on genetic factors [46]. Among 

clinical risk factors contributing to the susceptibility to fracture, the authors of the study include 

“female gender, advancing age, low bone mineral density (BMD), low body weight, a personal 

history of fracture, a history of fall, prolonged use of corticosteroids, smoking, and alcohol 

consumption” (Ibid.). They recognize that “the contribution of newly discovered genetic variants 

to fracture prediction is still unclear,” but they also emphasize that “there has been mounting 

evidence that fracture susceptibility is genetically determined,” and that “up to 80% of the 

variance of BMD (a key risk factor for fracture) is determined by genetic factors” (Ibid.). As 

evidence, they quote genetic studies on osteoporosis, bone mineral density, and fracture risk 

[47], [48]. They also quote an interesting twin study by Michaëlsson and colleagues, on a cohort 

of all 33,432 Swedish twins born from 1896 to 1944, of which 942 twin pairs with an uncertain 

zygosity designation, 3724 monozygotic, 6314 like-sex dizygotic, and 5736 unlike-sex dizygotic 

[49]. This study is particularly significant. As is well known, “twins offer a natural study 

population for evaluating genetic risk because monozygotic twins are genetically identical, 

whereas dizygotic twins share half of their segregating genes” (Ibid., 1825). Therefore, if one 
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assumes that heritable factors contribute to fracture risk, one may also expect a greater 

concordance in monozygotic than in dizygotic twin pairs. The research conducted by 

Michaëlsson and his team has shown that “nearly half of the variance in liability to [hip] 

fractures was attributable to genetic factors” (Ibid., 1827). 

In their own study, Thao P. Ho-Le and her scientific team also focus on a relatively large 

sample of patients, whose clinical phenotype was well‐characterized by previous research [50], 

[51]. As they specify, “sixty-two bone mineral density (BMD)-associated single-nucleotide 

polymorphisms (SNPs) were genotyped in 557 men and 902 women” [46]. Then, the authors 

crafted a predictive model by taking into account that association is not the same as prediction. 

Indeed, they underline that “the goal of association or explanation analysis is to identify factors 

(e.g., genetic variants) that affect an outcome variable,” while “the goal of prediction or 

classification is about to find observed factors that predict new observation of the outcome 

variable” [sic] (Ibid.). Being more interested in prediction than in association, Thao P. Ho-Le and 

colleagues assume, on the one hand, that “statistically significant factors are not necessarily good 

predictors or classifiers,” and that, on the other hand, a non-statistically significant factor “can be 

a useful predictor [46].” 

The results of their research shows that “the predicted probabilities of fracture were 

closely concordant with observed probabilities.” Nonetheless, the authors admit that “among 

individuals with high risk of fracture (>0.6), the model tended to overestimate the risk by 

approximately 8%” (Ibid.). 

Overall, the mentioned study recognizes that genetic profiling cannot replace the study of 

clinical risk factors as a tool for fracture risk assessment. However, if genetic profiling alone is 

still not a reliable tool to predict fracture risk, it is also true that in combination with the study of 
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clinical risk factors, “it could improve future fracture classification at the individual level” 

(Ibid.). 

Genetic mechanisms that augment or reduce human bones are already under examination. 

As Defang Li and colleagues explain, “MicroRNAs (miRNAs) are ∼22-nucleotide (nt) 

noncoding RNAs involved in the regulation of gene expression to coordinate a broad 

spectrum of biological processes [52].” A vertebrate-specific member of miRNA precursors 

called MiR-214-3p “is reported to be involved in the regulation of hepatic gluconeogenesis,” 

and “has a crucial role in skeletal disorders” (Ibid.). Defang Li and his scientific team have 

discovered that the “inhibition of miR-214-3p in osteoclasts may be a strategy for treating 

skeletal disorders involving a reduction in bone formation” (Ibid.). 

While these discoveries can potentially aid crews in spaceflight, they can also change the 

quality of life for many older humans on Earth with spinal bone fractures, who must severely 

restrict their lifestyles because of bone loss. For them, life could change dramatically. 

The study of rare genetic mutations could also be a key to providing a solution for the 

problem of microgravity. In particular, medical knowledge on sclerosteosis, a rare autosomal 

recessive condition characterized by increased bone density, could be used to craft gene-editing 

therapies capable of making the bones of flight crew members several times thicker than 

average. Most of the reports about this rare illness are from South Africa [53], but the literature 

is gradually expanding to include case studies from other regions of the world [54]. Furthermore, 

researchers are exploring in detail the mechanisms that produce the mutations [55], [56]. 

Researchers are developing an ability to turn genes on and off, as well as replace genes using 

techniques that gradually improve in simplicity, efficacy, and safety [57], [58].  

A gene-editing technique that appears to be revolutionary is CRISPR/Cas94 [59]. The 

technique has been notably improved since its first implementation, and the problem of off-target 
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effects seems to have been overcome [60]. It is very likely that the mechanism producing an 

illness such as sclerosteosis, once it is understood in detail, can be used to prevent osteoporosis 

by enhancing the bones of patients already affected or potentially affected by the disease.  

There are other ways in which CRISPR/Cas9 can be used to counter bone loss. 

Laboratory experiments in the rat model seem to be particularly promising. Lambert and 

collaborators, in order to examine the role of osteocalcin in disease, have created a case with 

complete loss of osteocalcin using the CRISPR/Cas9 system [61]. Researchers demonstrated 

that, “complete loss of osteocalcin resulted in bones with significantly increased trabecular 

thickness, density and volume.” In other words, the bones of the rats “had improved functional 

quality as evidenced by an increase in failure load during the biomechanical stress assay [61].” 

 Knowledge in the field of osteoporosis research and both pharmaceutical and genomic 

applications is increasing rapidly. As always, it is difficult to know when specific treatments will 

be available, because of the rigorous approval processes. Nevertheless, if one goal of piloted 

missions is to prepare for  a permanent Martian base [62] or even the eventual colonization of 

Mars [63], [64], then crew may want to avail themselves of advanced genomic modification 

treatments, to ensure the survival of themselves, their crewmates, and to protect the financial 

investment in interplanetary missions. From both practical and humanitarian viewpoints, genetic 

modification of settlers should be considered an option, especially if evidence emerges in the 

earliest missions that settlers are at substantial risk of disability because of bone loss resulting 

from lower or no gravity. Mission planners should not ignore the research on all possible medical 

treatments, including methods of gene editing which could be used to protect from disease or 

eliminate risk. While the purely medical application of gene editing may be considered as 

ethically acceptable, similar trials focused on modification of physiological and/or psychological 

traits could be prohibited as ethically unacceptable [29]. Another important issue is the risk of 
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unintended side effects from genetic modification. Gene editing, mostly when applied to 

germline cells, is still unpredictable and may cause hazardous effects [65]. It may be reasonably 

assumed that gene editing applied to the future astronauts may be especially prone to lead to 

unintended and unexpected consequences in space environment.  

 

4. Ethical Issues Related to Human Enhancement for Space Missions 

Our main point is not that traditional medicine is obsolete when it comes to helping astronauts in 

outer space. However, we are in the middle of a breakthrough in genetic medicine which, 

together with traditional medicine, could help to overcome serious issues that impair the most 

ambitious space policies. Even if we do not know when and how a governmental or private space 

agency will be able to use genomic modifications to ensure the health and welfare of mission 

crew, with the goal of exploring or colonizing Mars, we hold that it will nevertheless be useful to 

explore the ethical implications of their implementation now. The initial concern is the safety of 

the technology, but the wisdom of the use of this technology is not always obvious. There may 

be ethical concerns about non-use. Who is to decide which people receive the benefits of this 

technology? How is it decided when to withhold the technology from crew members or other, 

non-crew members of society? What if the side effects turn out to be advantageous in one 

environment (as on Mars), but deadly elsewhere? It will be difficult to anticipate all potential 

side effects on both worlds. What if a crew member wants the technology, but some other health 

issue prevents its implementation? What if a crew member is prevented from returning to Earth 

because of side effects that cannot be anticipated when he or she goes? The questions go on. 

  Ethical problems related to human enhancements have been discussed in detail [66]. 

Some bioethicists maintain that new gene-editing techniques should be limited to therapeutic 

purposes only, for example, to repair malfunctioning organs or restore some lost functionality. 
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They believe that human enhancements applied to healthy individuals are unethical because it 

would challenge the value of human equality, as noted above. They reason that so-called 

“enhanced individuals” would compete with other humans in an unfair way and humanity might 

be split into different segments according to their enhancements. Overall, ethicists that oppose 

the very idea of self-directed evolution fear that humans will lose their single-species profile. 

These objections are found, for instance, in [67], [68], [69], [70]. 

Yet, other bioethicists maintain that the distinction between therapy and enhancement is 

spurious because it implies a definition of “normality” that can hardly be applied to a population 

composed of individuals who are just similar, and not exactly identical. In other words, any form 

of therapy is a form of enhancement of individuals who are weaker than others in some way. The 

fact remains that there are already individuals with so-called “superhuman” features. For 

instance, all athletes taking part in high-level sports competitions possess genes that could be 

thought of as “deprived” of other humans. There are some humans who have bones much thicker 

than average. This logic is explained in [71], [72].  

Here, we have examined a set of circumstances that does not find an easy solution in the 

existing ethics literature. We are not surprised, because the notion of genomic enhancements to 

aid space crew members who straddle two different planets in our Solar System is, at least for 

now, unique. Human enhancements force questions and appeal to our fullest understanding of 

our own existence as a species. And yet, these questions will not go away. They will multiply 

and become ever more complex. The issue of using enhancements for human beings is not 

limited to whether a scientist should be allowed to create “mutants” or not. The issues 

surrounding human enhancements are far more complex than this, because their potentially life-

saving and beneficial consequences suggests that they are desirable from one perspective. 

However, in the use of human enhancements, there is a clear danger of dividing humans into 



18 
 

groups that “have” and those who “have not.” Western public policy and most religions long ago 

gave up the notion that all humans should be equal – settling for a compromise that everyone 

should have “equal access” or an “equal opportunity” to fulfill his or her “potential.” These 

concepts remain foreign in many parts of the world where “competition” remains sadly brutal. 

“Competition” was thoroughly discussed at the end of the 19th century and into the 20th, as part 

of the Social Darwinism debate. These questions have not gone away. They exist today, but they 

do take on new and different dimensions as the science of human genomics advances.  

Here, we examine the possibility of enhancing humans to be sent to another world, where 

acquired advantages just might barely counteract comparable threats. In our specific example, 

enhanced bones would limit the problem of osteoporosis and bone fractures [73], [74]. Our 

proposal is one of preventive medicine, and yet, it raises issues of a new and different sort, which 

must be debated in a public venue, so that, when the time comes, programs, agencies, courts, and 

legislatures will know where and how to draw lines to ensure safety and access. Vaccines are 

given to healthy individuals, in order to enhance their immune systems. In this precise sense, a 

modification of the DNA of Mars mission crew members — future settlers — can receive a type 

of preventive therapy that will help them to survive, help others in their new communities to 

survive, and open a much needed debate about the future use of these types of human 

enhancements. 

Ethics and politics are not built only on statements of fact. In ethics and politics, they 

intertwine with value-judgments. Not only episteme (objective knowledge), but also doxa 

(subjective opinions) are inevitably part of ethical and political debates. While fact-statements 

can be said to be true or false, or at least more or less plausible, the category of “truth” does not 

apply perfectly to value judgments. Evidence supporting a political or ethical position is not the 

same as rational and empirical evidence supporting a scientific theory. In other words, as David 
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Hume noticed long ago, there is a logical gap between “is” statements and “ought” statements, 

and one cannot simply derive the second from the first [75]. Sometimes, behind “ought” 

statements there are existential choices or cultural differences that are difficult to reconcile. Even 

those who believe in the ideal universality of a set of value-judgments must recognize that in the 

empirical world there is often no agreement about it. On the social and historical level, the only 

fact that can be ascertained with a degree of certainty is the divergence of value-judgments. This 

may happen because of cultural differences, but an ethical divide can also be found inside a 

single culture. Bioethics is exemplary in this respect. Pro-choice and pro-life parties have solid 

rationales and factual arguments to defend their ethical positions, but no discussion seems to be 

conclusive, because both parties start from different postulates, from different value-judgments. 

By affirming this, we do not try to avoid the ethical questions related to human enhancement by 

simply retreating into “relativism.” If we open a public discussion about this issue, it is because 

we think and hope that a common view can be found. The problem is not a banal one, and cannot 

be solved in the space of an article, but only introduced and brought out into the public for full 

vetting.  

That a discussion on human enhancement based on genetic editing by CRISPR is timely – 

if not urgent – stems in part from rather alarming news reports of a highly controversial 

experiment by He Jankui and his scientific team at the Southern University of Science and 

Technology, in Shenzhen, China. No scientific publication related to that experiment is available, 

but as media reported, the Chinese researcher “has been recruiting couples in an effort to create 

the first gene-edited babies. They planned to eliminate a gene called CCR5 in hopes of rendering 

the offspring resistant to HIV, smallpox, and cholera [76].” 

From the debate surrounding this Chinese experiment, we learn that being pro- or contra- 

this type of enhancement is not just a matter of cultural difference. The experiment was 
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implemented in China. It initially obtained the permission of the Medical Ethics Committee of 

Shenzhen HOME Women’s and Children’s Hospital [77]. Afterwards, more than one hundred 

Chinese scientists condemned the initiative [78], and the registration of the experiment was 

withdrawn from the Chinese Clinical Trial Registry “with the reason of the original applicants 

cannot provide the individual participants data for reviewing Safety and validity evaluation of 

HIV immune gene CCR5 gene editing in human embryos [77].” On the other hand, some 

American scientists defended the idea of enhancing infants by life-saving or disease-preventing 

gene editing. Among them was geneticist and molecular engineer George Church from Harvard 

University [79]. In other words, we do not find a  Chinese pro-“designer baby” sentiment and 

Western countries against the idea. We have the opposite. Therefore, we see that the issue is 

controversial in different ways, in very different countries. The press coverage, itself, indicates 

the issue is a contentious one at an international level. 

If the Chinese case provides a good reason to discuss the promise and perils of genetic 

enhancement, we should also point out that it has differences with the case we are discussing 

here. When CRISPR is used on adults, the procedure affects cells which remain within the 

person’s body. Editing an embryo is very different. The procedure implemented by Jankui 

changes every cell in the body of the resulting person. It changes also the sperm or eggs that 

would pass those changes to future generations. This form of human enhancement is banned in 

many European countries and in the United States. However, scientists have already begun using 

CRISPR and other gene-editing technologies to alter human cells, in attempts to treat cancers 

and genetic disorders [80]. There was no open controversy concerning these initiatives, because 

they fall into the realm of therapy. Here, we are arguing that the genetic enhancement of 

astronauts would also fall into this category.  
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It would be a mistake to reject all human enhancements because some of the experiments 

on them are  controversial. Indeed, many different technical and ethical choices (dilemmas and 

trilemmas) characterize the implementation of human enhancements because the latter can be: 1) 

invasive or non-invasive; 2) inheritable by future generations, or non-inheritable; 3) therapeutic 

or non-therapeutic; 4) reversible or irreversible; 5) temporary or permanent; 6) addressed to 

adults, children, or embryos; 7) addressed to conscious or unconscious humans; 8) addressed to 

informed or uninformed humans; 9) are interspecies or intraspecies; and eventually, from the 

normative point of view, 10) involve aspects that are obligatory, forbidden, or permitted. 

Indeed, the main operators of deontic logic are obligation, prohibition, and permission 

[81], although other deontic categories could be added to the list. For instance, “By the Iuris 

Modalia Leibniz meant the deontic categories of the obligatory (debitum), the permitted 

(licitum), the prohibited (illicitum), and the facultative (indifferentum)” (Ibid., 3), while 

sociologist Robert K. Merton adds to the list the “preferred [82].” 

Here we suggest a form of human enhancement that is 1) invasive, 2) non inheritable, 3) 

therapeutic, 4) permanent, but 5) possibly reversible; 6) addressed to adults; 7) addressed to 

conscious humans; 8) addressed to informed humans; 9) intraspecies; and, finally, 10) permitted 

or preferred. 

 We do not claim to have the last word on the issue. This article should be seen rather as 

an invitation to the readers to become part of this public debate. In the future, the public policy 

and ethical debates will continue, but they will change because the technologies change. For 

example, Feng Zhang, a geneticist working at MIT and Harvard, notes that, if one edits RNA 

instead of DNA, one can have a reversible therapy, which is important in case of unwanted side 

effects [83]. Zhang and his team have recently published a seminal article on RNA editing with 

CRISPR-Cas 13 in Science [84]. Research like this will continue long into the future, but the 
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early ethical and policy debates beginning now will set the tone and the standards for decisions 

yet to be made. 

References 

[1] Institute for Bio-Medical Problems of Russian Academy of Sciences. (n. d.) About “Mars-

500” project. [cited 2019  31 January]; Available from: 

http://mars500.imbp.ru/en/index_e.html. 

[2] C. Barringer, L. Abadie, The Joint US-Russian One-Year Mission: Establishing International 

Partnerships and Innovative Collaboration, 2013. [cited 2019 1 February]: Available from: 

https://www.nasa.gov/content/Joint_US_Russian_One_Yr_Mission. 

[3] E.V. Fomina, N. Lysova, Y. Kukoba, B. Tatyana, A.P. Grishin, M.B. Kornienko, One-Year 

Mission on ISS Is a Step Towards Interplanetary Missions, Aerospace Medicine and 

Human Performance 88 (12) (2017) 1094—1099(6). 

[4] L. Abadie L., A. vonDeak, Bridging the Gap: NASA Studies the Human Body in Space for 

One Year to Extrapolate for Missions to Mars, 2017. [cited 2019 1 February]: Available 

from: https://www.nasa.gov/feature/bridging-the-gap-nasa-studies-the-human-body-in-

space-for-one-year-to-extrapolate-for. 

[5] C.M. Smith, E.T. Davies, Emigrating Beyond Earth: Human Adaptation and Space 

Colonization, New York, Springer, 2012.  

[6] Ch. Impey, Beyond. Our future in space, W.W. Norton & Company, 2015.  

[7] E. Musk, Making humans a multi-planetary species, New Space 5 (2) (2017) 46—61. 

https://www.nasa.gov/content/Joint_US_Russian_One_Yr_Mission
http://www.ingentaconnect.com/search;jsessionid=3ia4fuu3wh20d.x-ic-live-03?option2=author&value2=Fomina,%20Elena%20V.
http://www.ingentaconnect.com/content/asma/amhp;jsessionid=3ia4fuu3wh20d.x-ic-live-03
http://www.ingentaconnect.com/content/asma/amhp;jsessionid=3ia4fuu3wh20d.x-ic-live-03
https://www.nasa.gov/feature/bridging-the-gap-nasa-studies-the-human-body-in-space-for-one-year-to-extrapolate-for
https://www.nasa.gov/feature/bridging-the-gap-nasa-studies-the-human-body-in-space-for-one-year-to-extrapolate-for


23 
 

[8] K. Szocik, Human Factor in a Mission to Mars. An Interdisciplinary Approach, Springer, 

2019. 

[9] M. Bizzarri, M.G. Masiello, R. Guzzi, A. Cucina, Journey to Mars: A Biomedical Challenge. 

Perspective on future human space flight, Organisms Journal of Biological Sciences 1 (2) 

(2017) 15—26. 

[10] National Aeronautics and Space Administration, 2008, Human Research Program Evidence. 

[cited 2019 1 February]: Available from: 

https://humanresearchroadmap.nasa.gov/Evidence/. 

[11] L.J Abadie, Ch.W. Lloyd, J.M. Shelhamer, Gravity, Who Needs It? NASA Studies Your 

Body in Space, 2015. [cited 2019 1 February]: Available from: 

https://www.nasa.gov/content/gravity-who-needs-it 

[12] L.A. Wickman, Human Performance Considerations for a Mars Mission, IEEE Aerospace 

Conference Proceedings, January 2006. 

[13] M. Braddock, Ergonomic Challenges for Astronauts during Space Travel and the Need for 

Space Medicine, J Ergonomics 7 (221) (2017), doi: 10.4172/2165-7556.1000221. 

[14] J.S. Alwood, E.R. April, R.C. Mains, J.M. Shelhamer, J.D. Smith, T.J. Goodwin, From the 

bench to exploration medicine: NASA life sciences translational research for human 

exploration and habitation missions, NPJ Microgravity 3 (5) (2017), doi: 10.1038/s41526-

016-0002-8. 

[15] G.G. De La Torre, B. van Baarsen, F. Ferlazzo, N. Kanas, K. Weiss, S. Schneider, I. 

Whiteley, Future perspectives on space psychology: Recommendations on psychosocial 

and neurobehavioural aspects of human spaceflight, Acta Astronautica 81 (2012) 587—

599. 

https://www.nasa.gov/content/gravity-who-needs-it
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5460236/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5460236/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5460236/


24 
 

[16] C.J. Gaffney. E. Fomina, D. Babich, V. Kitov, K. Uskov, D.A. Green, The effect of long-

term confinement and the efficacy of exercise countermeasures on muscle strength during 

a simulated mission to Mars: data from the Mars500study, Sports Medicine - Open 3 (40) 

(2017). 

[17] E.S. Orwoll, R.A. Adler, S. Amin, N. Binkley, E.M. Lewiecki, S.M. Petak, S.A. Shapses, 

M. Sinaki, N.B. Watts, J.D. Sibonga, Skeletal health in long-duration astronauts: nature, 

assessment, and management recommendations from the NASA Bone Summit, Journal of 

bone and mineral research 28 (6) (2013) 1243—55. 

[18] J.D. Sibonga, Spaceflight-induced bone loss: is there an osteoporosis risk? Current 

Osteoporosis Reports 11 (2) (2013) 92—98. 

[19] R.L. Hughson, A. Helm, M. Durante, Heart in space: effect of the extraterrestrial 

environment on the cardiovascular system, Nature Reviews Cardiology 15 (2018) 167—

180. 

[20] L. Vico, A. Hargens, Skeletal changes during and after spaceflight, Nature Reviews. 

Rheumatology 14 (2018) 229—245. 

[21] W. Nicholson, P. Fajardo-Cavazos, R. Moeller, Development of Multiple Antibiotic 

Resistance By Opportunistic Bacterial Pathogens During Human Space Flight (BRIC-18-

1), 2018. [cited 2019 1 February]: Available from: 

https://www.nasa.gov/mission_pages/station/research/experiments/983.html#top 

[22] C. Sagan, Pale Blue Dot: A Vision of the Human Future in Space, New York, Random 

House, 1994. 

[23] M.B. Rappaport, Ch. Corbally, The Human Hearth and the Dawn of Morality, Zygon: 

Journal of Religion and Science 51 (4) (2016) 835—866. 

[24] _______ Human Phenotypic Morality and the Biological Basis for Knowing Good, Zygon: 

Journal of Religion and Science 52 (3) (2017) 822—846. 



25 
 

[25] _______Evolution of Religious Capacity in Genus Homo: Origins and Building Blocks, 

Zygon: Journal of Religion and Science 53 (1) (2018) 123—158. 

[26] _______Evolution of Religious Capacity in Genus Homo: Cognitive Time Sequence, 

Zygon: Journal of Religion and Science 53 (1) (2018) 159—197.  

[27] _______Evolution of Religious Capacity in Genus Homo: Trait Complexity in Action, 

Zygon: Journal of Religion and Science 53 (1) (2018) 198—239. 

[28] D.L. Baisden, E.G. Beven, M.R. Campbell, J.B. Charles, J.P. Dervay, E. Foster, G.W. Gray, 

D.R. Hamilton, D.W. Holland, R.T. Jennings, S.L. Johnston, J.A. Jones, J.P. Kerwin, J. 

Locke, J.D. Polk, P.J. Scarpa, W. Sipes, J. Stepanek, J.T. Webb, Human health and 

performance for long-duration spaceflight. Ad Hoc Committee of Members of the Space 

Medicine Association, Society of NASA Flight Surgeons, Aviat Space Environ Med. 79 

(6) (2008) 629—635.  

[29] T.M. Gibson, The bioethics of enhancing human performance for Spaceflight, J Med Ethics 

32 (2006) 129—132. 

[30] S.S. Thaxton, K.L. Holden, I. Barshi, Space human factors engineering (SHFE) ISS one-

year mission investigations, NASA Human Research Program Investigators’ Workshop, 

2014. 

[31] M. Braddock, Artificial Gravity: Small Steps on the Journey to the Giant Leap, J Space 

Explor. 6 (3) (2017) 137. 

[32] B. Tondu, Artificial Muscles for Humanoid Robots, 89—122, In M. Hackel (ed.), 

Humanoid Robots. Human-like Machines, IntechOpen, 2007.  

[33] National Aeronautics and Space Administration, International Space Station. Mission 

Summary, Expedition 43, 2015. [cited 2019 1 February]: Available from: 



26 
 

https://www.nasa.gov/sites/default/files/atoms/files/np-2015-03-011-jsc-expedition-43-

summary.pdf 

[34] I.A. Crawford, Dispelling the myth of robotic efficiency: why human space exploration will 

tell us more about the Solar System than will robotic exploration alone, Astronomy and 

Geophysics 53 (2012) 2.22—2.26. 

[35] G. Cochran, H. Harpending, The 10,000 Year Explosion: How Civilization Accelerated 

Human Evolution, New York, NY, Basic Books, 2009. 

[36] E.E. Harris, Ancestors in Our Genome: The New Science of Human Evolution, Oxford, 

Oxford University Press, 2015. 

[37] R.F. Al-Rodhan Nayef, , The Politics of Emerging Strategic Technologies. Implications 

for Geopolitics, Human Enhancement and Human Destiny, Palgrave Macmillan UK, 

2011. 

[38] E. Juengst, D. Moseley, , Human Enhancement. The Stanford Encyclopedia of Philosophy, 

2016. [cited 2019 1 February]: Available from: 

https://plato.stanford.edu/archives/spr2016/entries/enhancement/. 

[39] S.Ch. Allenet al., Guidelines and Capabilities for Designing Human Missions, NASA 

Center for AeroSpace Information, 2003. 

[40] B. Hofmann, Limits to human enhancement: nature, disease, therapy or betterment? BMC 

Medical Ethics 18 (2017) 56. 

[41] V.J. Dzau, M. McNutt, Ch. Bai, Wake-up call from Hong Kong, Science 362 (6420) 14 Dec 

2018 1215. 

[42] Neuralink, 2018. [cited 2019 1 February]: Available from: https://www.neuralink.com/. 

[43] R. Cappellesso, L. Nicole, A. Guido, D. Pizzol, Spaceflight osteoporosis: current state and 

future perspective, Endocrine Regulations 49 (4) (2015) 231—9. 

[44] A.D. LeBlanc, T. Matsumoto, J.A. Jones, J. Shapiro, T.F. Lang, L.C. Shackelford, S.M. 

Smith, H.J. Evans, E.R. Spector, R.J. Ploutz-Snyder, J.D. Sibonga, J.H. Keyak, T. 

https://www.nasa.gov/sites/default/files/atoms/files/np-2015-03-011-jsc-expedition-43-summary.pdf
https://www.nasa.gov/sites/default/files/atoms/files/np-2015-03-011-jsc-expedition-43-summary.pdf


27 
 

Nakamura, K. Kohri, H. Ohshima, Bisphosphonates as a supplement to exercise to protect 

bone during long-duration spaceflight, Osteoporosis International 24 (7) (2013) 2105—

2114. 

[45] Ch.R. Farber, A.J. Lusis, Future of Osteoporosis Genetics: Enhancing Genome-Wide 

Association Studies, Journal of bone and mineral research 24 (12) (2009) 1937—1942. 

[46] P. Ho-Le Thao, J.R. Center, J.A. Eisman, H.T. Nguyen, T.V. Nguyen, Prediction of Bone 

Mineral Density and Fragility Fracture by Genetic Profiling, Journal of bone and mineral 

research 32 (2) (2017) 285—293. 

[47] Q.Y. Huang, R.R. Recker, H.W. Deng, Searching for osteoporosis genes in the post‐genome 

era: progress and challenges, Osteoporos Int. 14 (9) (2003) 701–15. 

[48] K. Estrada, U. Styrkarsdottir, E. Evangelou et al. Genome‐wide meta‐analysis identifies 56 

bone mineral density loci and reveals 14 loci associated with risk of fracture, Nat Genet. 44 

(5) (2012) 491–501. 

[49] K. Michaelsson, H. Melhus, H. Ferm, A. Ahlbom, N.L. Pedersen, Genetic liability to 

fractures in the elderly, Arch Intern Med. 165 (16) (2005) 1825–30. 

[50] L.A. Simons, J. McCallum, J. Simons et al., The Dubbo study: an Australian prospective 

community study of the health of elderly, Aust N Z J Med. 20 (6) (1990) 783–89. 

[51] T. Nguyen, P. Sambrook, P. Kelly et al. Prediction of osteoporotic fractures by postural 

instability and bone density, BMJ 307 (6912) (1993) 1111–1115. 

[52] Li Defang, Jin Liu et al., Osteoclast-derived exosomal miR-214-3p inhibits osteoblastic 

bone formation, Nature Communications 7 (2016) 10872. 

[53] P. Beighton, Sclerosteosis, Journal of Medical Genetics 25 (3). 

[54] A.S. Deepak, M. Vivekanandan, Sclerosteosis (Truswell-Hansen Disease), Indian Journal of 

Human Genetics 19 (2) (2013) 270—272. 



28 
 

[55] He Wen-Tao et al., Sclerosteosis caused by a novel nonsense mutation of SOST in a 

consanguineous family, Clinical Genetics 89 (2) (2016) 205--209.  

[56] I. Fijalkowski et al., A Novel Domain-Specific Mutation in a Sclerosteosis Patient Suggests 

a Role of LRP4 as an Anchor for Sclerostin in Human Bone, Journal of Bone and Mineral 

Research 31 (4) (2016) 874—881. 

[57] J.F. Curtin, M. Candolfi, W. Xiong, P.R. Lowenstein, M.G. Castro, Turning the gene tap 

off; implications of regulating gene expression for cancer therapeutics, Mol Cancer Ther. 7 

(3) (2008) 439—448. 

[58] D. Garrick, M. De Gobbi, M. Lynch, D.R. Higgs, Switching genes on and off in 

haemopoiesis, Biochemical Society Transactions 36, part 4 (2008) 613—618.  

[59] F. Ann Ran, D.P. Hsu, J. Wright, V. Agarwala, A.D. Scott, F. Zhang, Genome engineering 

using the CRISPR-Cas 9 system, Nature Protocols 8 (2013) 2281—2308. 

[60] B.P. Kleinstiver, V. Pattanayak, M.S. Prew, S.Q. Tsai, N.T. Nguyen, Z. Zheng, J.K. Joung, 

High-fidelity CRISPR–Cas9 nucleases with no detectable genome-wide off-target effects, 

Nature 529 28 January 2016 490–495. 

[61] L.J. Lambert, A.K. Challa, A. Niu, L. Zhou, J. Tucholski, M.S. Johnson, T.R. Nagy, A.W. 

Eberhardt, P.N. Estep, R.A. Kesterson, J.M. Grams, Increased trabecular bone and 

improved biomechanics in an osteocalcin-null rat model created 

by CRISPR/Cas9 technology, Disease Models & Mechanisms 9 (10) (2016) 1169—1179.  

[62] V.R. Oberbeck, J.R. Marshall, D.E. Schwartz, R.L. Mancinelli, Search for Life: A Science 

Rationale for a Permanent Base on Mars, Press Abstracts for the Twenty-First Lunar and 

Planetary Science Conference, Held in Houston, TX, March 12-16, 1990, LPI Contribution 

740, published by the Lunar and Planetary Institute, 3303 Nasa Road 1, Houston, TX 

77058. 



29 
 

[63] E.D. Mitchell, R. Staretz R., Our Destiny A Space Faring Civilization? Journal of 

Cosmology 12 (2010) 3500—3505. 

[64] R. Zubrin, Human Mars Exploration: The Time is Now, Journal of Cosmology 12 (2010) 

3549—3557. 

[65] L. Fenech, Creating the perfect human race: how far will we go for designer families? 

Family Court Review 56 (1) (2018) 150–164. 

[66] S. Clarke, J. Savulescu, C.A.J. Coady, A. Giubilini, S. Sanyal (eds.), The Ethics of Human 

Enhancement: Understanding the Debate, Oxford, Oxford University Press, 2016. 

[67] F. Fukuyama, Our Posthuman Future: Consequences of the Biotechnology Revolution, New 

York, Picador, 2002.  

[68] L. Kass, Ageless Bodies, Happy Souls, The New Atlantis (thenewatlantis.com), 1 (2003) 

9—28. 

[69] E. Pellegrino, Biotechnology, Human Enhancement and the Ends of Medicine, In C.B. 

Mitchell, E.D. Pellegrino, J.B. Elshtain, J.F. Kolner, S.B. Rae (eds.), Biotechnology and 

the Human Good, Washington D. C., Georgetown University Press, 2007. 

[70] R. Sparrow, A not-so-new eugenics. Harris and Savulescu on human enhancement, The 

Hastings Center report 41 (1) (2011) 32—42. 

[71] G. Stock, Redesigning Humans: Choosing our genes, changing our future, Boston – New 

York, Houghton Mifflin Company, 2002. 

[72] J. Savulescu, Genetic interventions and the ethics of enhancement of human beings, Gazeta 

de Antropología 32 (2) 07 (2016).  



30 
 

[73] K. Lin, L. Xia, H. Li, X. Jiang, H. Pan, Y. Xu, W.W. Lu, Z. Zhang, J. Chang, Enhanced 

osteoporotic bone regeneration by strontium-substituted calcium silicate bioactive 

ceramics, Biomaterials 34 (38) (2013) 10028—42. 

[74] J.A. Sterling, S.A. Guelcher, Biomaterial scaffolds for treating osteoporotic bone. Current 

Osteoporosis Reports 12 (1) (2014) 48—54. 

[75] D. Hume, A Treatise of Human Nature, Oxford, Oxford University Press, 1960. 

[76] A. Regalado, Chinese scientists are creating CRISPR babies. A daring effort is under way to 

create the first children whose DNA has been tailored using gene editing, MIT Technology 

Review November 25 (2018). 

[77] J. He, Evaluation of the safety and efficacy of gene editing with human embryo CCR5 gene, 

Chinese Clinical Trial Registry, November 30th (2018). [cited 2019 1 February]: Available 

from: http://www.chictr.org.cn/showprojen.aspx?proj=32758. 

[78] A. Rathi, E. Huang, More than 100 Chinese scientists have condemned the CRISPR baby 

experiment as “crazy”, Quartz November 26th(2018). [cited 2019 1 February]: Available 

from: https://qz.com/1474530/chinese-scientists-condemn-crispr-baby-experiment-as-

crazy/. 

[79] J. Cohen, ‘I feel an obligation to be balanced.’ Noted biologist comes to defense of gene 

editing babies, Science Mag, November 28th (2018). [cited 2019 1 February]: Available 

from: https://www.sciencemag.org/news/2018/11/i-feel-obligation-be-balanced-noted-

biologist-comes-defense-gene-editing-babies 

[80] H. Mollanoori, S. Teimourian, Therapeutic applications of CRISPR/Cas9 system in gene 

therapy, Biotechnolgy Letters 40 (6) (2018) 907—914, doi: 10.1007/s10529-018-2555-y. 

[81] G.H. Von Wright, On the Logic of Norms and Actions, In R. Hilpinen (ed.), New Studies in 

Deontic Logic. Norms, Actions, and the Foundations of Ethics, Dordrecht, D. Reidel 



31 
 

Publishing Company, 1981.  

[82] R.K. Merton, Social Theory and Social Structure, New York, The Free Press,1968. 

[83] MIT, Researchers engineer CRISPR to edit single RNA letters in human cells. “REPAIR” 

system edits RNA, rather than DNA; has potential to treat diseases without permanently 

affecting the genome, MIT News, October 25 2017. [cited 2019 1 February]: Available 

from: http://news.mit.edu/2017/researchers-engineer-crispr-edit-single-rna-letters-human-

cells-1015. 

[84] D.B.T. Cox et al., RNA editing with CRISPR-Cas13, Science 

358 (6366) 24 November 2017 1019—1027, doi: 10.1126/science.aaq0180. 

[85] E.R. Slobodian, Selling space colonization and immortality: A psychosocial, 

anthropological critique of the rush to colonize Mars, Acta Astronautica 113 (2015) 89— 

104. 

                                                            
Notes: 
1 Quantitative computed tomography. 
2 Bone mineral density. 
3 The idea of biological “drives” for space exploration is contested [85]. To this we would reply that once 

humans developed bipedal locomotion and Euclidean way-finding in travel, there was no reason not to travel.  
4 Clustered regularly interspaced short palindromic repeats/CRISPR associated nuclease9. 
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