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Abstract

Microgravity is predicted to be a significant challenge to immune system during space 
travel. Consequences of weakened immune responses range from increased disease sus-
ceptibility to neoplastic growth. Degree of immune dysfunction is considered proportional 
to duration of stay in spaceflights. As a result of these risks, there is major concern over 
potential health risk for space travels that ultimately result in serious and considerable loss 
of mission objectives. Therefore, here is a need to explore the immune effects of spaceflight 
and its countermeasures. Several attempts have been made to develop effective measure to 
alleviate or prevent immune dysfunction due to microgravity. Among them, immunonutri-
tional model has been shown to effectively modulate and upregulate immune system. This 
is further supported by our experiments demonstrating that supplementation of nutritional 
substrates like nucleotide and mushroom extracts active hexose-correlated compound 
(AHCC) effective in maintaining or restoring immunity in microgravity analog models.

Keywords: space travel, immune system, countermeasures, nutrition

1. Introduction

Microgravity and stress of space travel affect many organ systems and their functions in the 
body. Exposure to microgravity may produce changes in the performance of the immune 
system at the cellular level and in the major physiological systems of the body. Consequently, 
abnormal immune responses observed in microgravity may pose serious consequences, 
especially in future long-term space missions. Existing evidence suggests that spaceflight 
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environment impairs immune system function in space travelers. Spaceflight environment 
has a cumulative effect on the body due to inherent stressors such as microgravity, cosmic 
radiation, and increase in corticosteroids [1]. A weakened immune system increases suscep-

tibility to diseases and infectious pathogenesis. Immunosuppression puts hosts at risk for 
adverse effects such as infection from previously innocuous microorganisms that they are 
harboring or from microorganisms in their surroundings. Level of immune dysfunction is 
considered proportional to duration of stay in spaceflights. Longer the durations, such as 
missions to Moon and Mars and other deep space exploration flights, the effects are likely to 
be irreversible [2]. Maintenance of a healthy immune system is vital for resistance to infection 
and is essential in the homeostasis required for resistance to neoplastic disease, for preven-

tion of autoimmune disease, tissue repair, and wound healing.

Based on the evidence, NASA in its roadmap has documented the immunological risks and 
consequences in space travel and exploration [3]. Among the highlighted risks are carcino-

genesis caused by immune system changes, immunodeficiency, infections, altered wound 
healing, allergies and hypersensitivities, altered host-microbial interactions. As a result of 
these risks, NASA is concerned of major impact on health and mission objectives and irre-

versible potential loss of life which ultimately will result in serious and considerable loss of 
mission objectives. Therefore, it is essential to consider and highlight the immune effects of 
spaceflight and its preventive measures.

2. Spaceflight: stress and immune response

Space travelers are subjected to myriad of stressors of psychosocial, physical and environ-

mental origin like microgravity, increased radiation, sleep deprivation, persistent circadian 
misalignment, and nutritional factors [4]. A common clinical observation is often the adverse 
relationship between stress and human disease. Stress such as injury or physical and phys-

iological stress can result in metabolic stress and can cause severe impact on host health. 
Metabolic response to stress almost always results in adverse effects on the host defense 
mechanisms. Stress-related events cause breakdown in physical barrier, disrupt phagocytic 
cell function, and decreased antigen presentation altering cellular immune reactions. Stress is 
also suspected to play a role in morbidity and mortality in other immune-based diseases such 
as cancer, inflammatory bowel diseases, and even aging [5–13]. Although such dysfunctions 
have been thought of primarily as immunosuppressive, recent data have suggested immuno-

regulatory dysfunctions may play a more central role in stress-induced immune alterations 
[14]. Sleep alterations are suggested to modulate the stress-health relationship [15, 16]. Poor 
sleep, in turn, is associated with subsequent decrements in mental health including symp-

tom reporting, incident cases of mood and anxiety disorders, and immune function [17–20]. 
Recent research suggests that stress is also associated with increased latent viral reactivation, 
upper respiratory tract infections, and increased wound healing time [21–26].

For instance, the decrease in immune cell function has been observed after flights of varying 
duration in the Soyuz, Skylab, Salyut, and Space Shuttle programs [27, 28]; these studies have 
also reported a reduction in lymphocyte proliferation. Reduced interferon-γ (IFN-γ) production  
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in suspended mice has been correlated to increased susceptibility to viral infection similar 
to that observed in rats flown on the US Space Shuttle. Therefore, there is an increased risk 
of infections among crewmembers during spaceflight resulting from working and living in 
a crowded, closed environment with limited capabilities for air revitalization and disinfec-

tion. Consequently, alterations in the immune response during spaceflight, as well as stress, 
aerosols, and altered fluid distribution within the body could increase the incidence of infec-

tious diseases during long-duration space missions. Importantly, bacterial infection can be 
a major cause of morbidity after any traumatic injury, but trauma during spaceflight may 
substantially increase the infectious risk. An increase in neutrophil counts has been reported 
in tail-suspended rats [29, 30]. It is well established that activation of large numbers of neutro-

phils is likely to result in excessive generation of free radicals and associated tissue damage. 
Neutrophils also produce nitric oxide (NO), another free radical that reacts with superoxide 
to form peroxynitrite, decomposing to the highly toxic hydroxyl radical.

Enclosed cabin of spacecraft and free-floating environment increase the potential for infec-

tions among the crewmembers. Like all the objects, microbes are also in free-floating state 
increasing the potential for inoculation by inhalation increasing the regional susceptibility of 
respiratory tract. Altered metabolism and virulence reported in in vivo models of simulatory 
microgravity [31–35]. Increased morbidity and slower rate of wound healing in S. aureus sep-

sis reported in experimental animals exposed to test environment. The evidence is significant 
as the possibility of sepsis increases in space cabin environment as well as after return to earth 
from space mission. Spaceflights has profound effect on ecologic control of the gastrointesti-
nal tract as cosmonauts, upon returning to earth, were found to have their normal gut flora 
replaced by potential pathogenic microorganisms.

Oxidative stress is known to occur in disuse and in many pathological conditions, and is 
now widely considered a major trigger of the imbalance between protein synthesis and deg-

radation leading to muscle atrophy [36]. Reactive oxygen species (ROS) and elevated proin-

flammatory cytokines, in particular, TNF-α, mediate muscle atrophy via the redox-sensitive 
transcription factor nuclear factor-κB (NF-κB). It has been suggested that the exposure of 
brain to simulated microgravity can induce expression of certain transcription factors, which 
are oxidative stress dependent [37]. We have reported that the regulation and production of 
free radicals, and the relationship between oxidative stress and production of inflammatory 
cytokines and their subsequent effects on the healing of traumatic skeletal injuries in animals 
as well as cells subjected to analog microgravity.

3. Space travel and immune response studies

US Apollo missions were the first to identify the immune dysfunction [38]. The study of space-

flight immunology is limited due to relative inaccessibility, difficulty of performing experi-
ments in space and inadequate provisions in this area in the United States and Russian space 
programs [39]. Most of the immune studies performed in the early days of spaceflight era had 
astronauts and cosmonauts participated in such studies. These studies assessed the immune 
effects by in vitro analysis of blood samples that were obtained before and after spaceflights. 
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Most of the experimental studies are of a pre- and postflight nature involving both humans and 
experimental animals and are divided into categories of short duration (< 2 weeks) and long 
duration (> 2 weeks) missions. In short duration flights, the majority of the outcomes are from 
postflight period analysis showing decreased cellular response to mitogens, decreased T cell 
counts and somewhat variable leukocyte counts [39]. Long-duration studies (1–12 months) that 
are performed by Russians, on board the Mir space station, have documented a 50% reduction 
in lymphocytic response to phytohemagglutinin (PHA) on the day after the mission, as com-

pared with the preflight response. Levels returned to normal by day seven postlanding. Other 
studies showed decreased graft-versus-host response to xenoantigens and mitogen-induced 
IL-2 production [40]. The limited in-flight studies of delayed-type hypersensitivity (DTH) using 
commercial kits for the assessment of cell-mediated immunity showed significant suppression 
in half the subjects of 3–5 months in space and upon landing [41]. There have been several stud-
ies reported from space shuttle missions indicating alterations in lymphocyte response and 
decreased production of cytokines including interferons-α, β and γ and interleukin-2 [42].

Several studies have indicated that spaceflight can adversely affect tissue repair in muscle and 
bone. Mechanical unloading and physical deconditioning, which are thought to be central com-

ponents in the effects of microgravity on the human body, have also broader clinical applica-
tions on Earth, for example, as it relates to prolonged bed rest or inactive geriatric patients. As 
a result, ground-based animal models have been used to mimic the mechanical unloading and 
physical deconditioning associated with microgravity and bed rest in humans. Because the phe-
notype of skeletal muscle is importantly dependent on mechanical loading, muscle plasticity 
is highlighted by the severe loss of mass (atrophy) after a few days of reduced weight- bearing 
activity such as bed rest or spaceflight. Hind limb unloaded (HU) of rats is an established model 
for atrophy which produces many of the muscular and systemic changes seen in humans as 
a consequence of muscle disuse [43, 44]. Consequently, results indicated that microgravity 
adversely affects the capacity of wounds to heal and that this may be related to a diminished 
cellular response to growth factors known to be present at sites of wounding [45, 46]. However, 
one such area of biomedical research where little is known concerns the effects of mechanical 
unloading and physical deconditioning on bone fracture repair and wound healing.

These research studies suggest that stress-induced changes in psychological, behavioral, and/
or physiological functioning can be harmful and may result in negative health consequences. 
The clinical significance of these stressors and immune system changes must be defined, eval-
uated, and identified in space travelers.

4. Ground-based simulated microgravity studies

Due to high cost of spaceflight experiments and infrequency of flights, ground-based models 
that mimic the effect of microgravity have been extensively used. Among the models devel-
oped were human analogs model such as bed rest, physical stress, academic stress, and con-
finement, which allow some aspects of the spaceflight stressors [39]. Mechanical unloading and 
physical deconditioning, which are thought to be central components in the effects of micro-
gravity on the human body, have also broader clinical applications on Earth, for example, as 
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it relates to prolonged bed rest or inactive geriatric patients. Exclusive use of human subjects 
for space research has severe limitations due to the ethical issues involved. Animal models 
provide more opportunities for research as it allows wider range of possible experiments. With 
variety of techniques available, rodents are preferred choice for space research studies. Several 
models were designed with specific effects to be studied in each individual model.

4.1. In vivo studies with rodent hind limb unloading model

Hind limb suspension of rodents was initially developed to study musculoskeletal system. 
In this system, the hind limbs of rodents are elevated to produce a 30° head-down tilt, which 
results in a cephalad-fluid shift and avoids weight-bearing by the hindquarters. When space-

flight effects were compared with ground-based weight unloading models, such as, bed rest 
studies and hind limb suspension model, there are many common features and effects [47–

49]. These are shown in Table 1. Similar to many physiologic effects, the immune function 
and its dysfunction in both ground-based models is also very similar to spaceflight effects 
on the body. Many of the areas correlate with the spaceflight and its stress that have many 
consequential responses produced in body.

Antiorthostatic hind limb suspension of rodents, a ground-based model for simulation of 
microgravity, has summarized the physiologic and immunologic changes induced by antior-

thostatic suspension and indicates a correlation with physiologic changes induced by space-

flight [50]. This position simulates the cephalad fluid and organ shift, a negative balance of 
water, nitrogen, and potassium; and increased metabolic turnover observed in astronauts 
during spaceflight. Studies using this model have shown interesting contradictory observa-

tions relative to organ-specific immunologic changes. Overall results of such antiorthostatic 
suspension models have shown a decrease in immunity.

Spaceflight Bed rest Tail Suspension

Cephalic fluid shift + + +

Redistribution of bones + + +

Bone resorption ↓→ ↓→ ↓→

Calcium balance ↓ ↓ ↓

Fecal calcium ↑ ↑ ↑

Urine calcium ↑ ↑ ↑

Serum calcium ↑ ↑→ ↑→

PTH ↓ → →

1, 25 (OH)2 D ↓ ↓ ↓

Serum osteocalcin ↓ → ↓

Bone strength ↓ ND ↓

Immune function ↓ ↓→ ↓

Table 1. Comparison of spaceflight to ground-based models of skeletal unloading.
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4.2. In vitro studies in simulated microgravity using clinostat bioreactors

Numerous attempts to identify and separate the effects of microgravity and stress have met 
with difficult challenges, further raising the issue whether single cells are also affected by micro-
gravity. Among the microgravity simulator models, an apparatus called a rotating wall vessel 
(RWV) developed by NASA is an ideal ground-based model system for examining the effects 
of microgravity on cells of the immune system without the presence of psychoneuroendocrine 
factors [51]. The RWV, based on clinostat technology, is a microgravity simulator Couette flow 
bioreactor. It consists of a zero-head space, aqueous filled culture vessel that suspends cells by 
rotating at low speed (10–60 rpm) around a horizontal axis. These conditions subject the cells 
to a randomized gravity field and low shear forces [52, 53]. Cells in the RWV are estimated to 
experience acceleration forces that simulate microgravity as low as 2 × 10–4 g. Using a Clinostat 
tissue culture apparatus, Cogoli [54] has shown that microgravity alters cell membrane per-
meability and thickness as well as cytoplasmic streaming. Several studies have reported the 
effect of microgravity on T lymphocyte activation. Clinostat culture studies showed that T cell 
responses to concanavalin-A (Con-A) were decreased by 50% [54]. Cooper and Pellis [55] have 
documented, using a clinostatic RWV bioreactor, that during polyclonal activation the signal-
ing pathways leading to protein kinase C (PKC) activation are sensitive to simulated micro-
gravity. Although several investigators used cell cultures subjected to analog microgravity to 
study potential impacts that space travel imposes on humans, the ex vivo has a serious lack of in 

vivo measurements of immune-physiological responses.

In the bioreactor microgravity cultured cells, there was a reproducibility of significantly sup-
pressed PHA response when compared to static cultured cells as described by Cooper and 
Pellis [55]. In preliminary experiments, supplementation of the culture medium with nucle-
oside-nucleotide mixture or uridine (preferred nucleotides for solubility and bioavailability) 
significantly enhanced the PHA response in bioreactor microgravity. To our knowledge, this 
is the first observation documenting the reversal of decreased PHA response in simulated 
microgravity using the NASA bioreactor. Continuation of these studies using the biotechnol-
ogy of in vitro modeled microgravity will provide additional data to support the hypothesis 
and prove the countermeasure effects of nucleotides.

During the countermeasure experiments, we studied the effects of housing environments on 
the production and expression of biologically and immunologically important molecules, 
namely cytokines, nitric oxide (NO), and inducible nitric oxide synthase (iNOS).

5. Countermeasure for prevention of immunosuppressive effects

Several attempts have been made to develop effective measure to alleviate or prevent immune 
dysfunction. There is definitely a need for countermeasures that will maintain normal immune 
system during spaceflight, especially when missions are prolonged. Almost all were found to 
be inadequate and presented adverse responses. For example, the use of immunomodula-
tor agents and neurohormonal regulation was suggested to ameliorate the immune dysfunc-
tion in space [56]. However, the suggested methods of neurohormonal regulation by using 
agents that act upon the nervous system may have deleterious effects on systems besides the 
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immune system. The use of immunomodifying preparations such as LPS, MDP, and proteo-

glycans had no beneficial effects. In clinical practice, these compounds exhibited toxicity. Use 
of growth factors and interleukins was beneficial to small extent but had no influence on the 
increased corticosteroid (due to microgravity environment) levels [57, 58]. Most of the micro-

gravity studies have documented and analyzed the immunosuppressive effects of true or 
simulated microgravity; however, there are scanty reports of efforts to modulate the immune 
system, host defense system, and its function. Especially, scarce are the studies that approach 
the issue of the maintenance and restoration of immunosurveillance.

Nutrition has played a critical role throughout the history of exploration, and space explora-

tion is no exception. Environmental impacts like radiation, and spacecraft and spacesuit atmo-

spheres can alter nutritional status and nutritional requirements of spaceflight. The physiological 
changes that occur during spaceflight influence spaceflight nutritional requirements. Therefore, 
understanding the nutritional requirements of space travelers and the role of nutrition in human 
adaptation to microgravity are as critical to crew safety and mission success. Many potential 
targets for nutritional countermeasures proposed to counteract or mitigate some of the negative 
effects of spaceflight on the human body. Recently, immunenutritional model has been shown 
to effectively modulate and upregulate immune system where a nutritional substrate has ben-

efits beyond basic nutrition. Based on our extensive experience in R&D of nutritional immuno-

modulation, we evaluated two nutrients, which we have been studying for several years.

6. Dietary nucleotides

Dietary nucleotides are reported to restore innate and adaptive T-cell mediated immunity both 
at the peripheral mature immune compartment and stem cell level (Figure 1) [59, 60]. Nutritional 
upregulation of the global host defense mechanisms would have the great advantage of being 
technically feasible and applicable in people and it would be economical without the untow-

ard effects. Laboratory findings and progress in multidisciplinary emerging field of nutritional 
immunology justify emphatically the proposed novel approach of nutritional modulation of 
host defense system in space travel. With the experimental evidence and information of nucle-

otide nutrition on immunity, it is plausible to provide both the prophylactic and therapeutic 
approach to the modulation of host defense mechanisms during spaceflights (Figure 2) [61].

6.1. Nucleotide supplementation in microgravity experiments

6.1.1. Hind limb unloading (HLU) in vivo model

We have documented that nucleotide supplementation significantly reversed the immunosup-

pression observed in vivo HLU model and in vitro BIO model [62]. The results were dramatic 
in the HLU group where the control chow group had significantly lower popliteal lymph 
node (PLN) response as compared to other housing groups. This effect of immunosuppres-

sion was reversed by dietary supplementation of nucleotides with Uracil effect reported the 
highest and significant as compared to the chow group in HU. Thus, the antiorthostatic HLU 
model of modeled microgravity can be used successfully to document nutritional immuno-

modulatory countermeasure. We also assessed the stress effect by measuring the serum levels 
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of corticosterone (CORT) in experimental groups. The experimental evidence showed that in 
non-HLU animals, there was minimal effect of supplemented nucleotides (at the given dose) 
and did not encounter the immune depressive effects seen in HLU animals. Thus, nucleotide 
supplementation was beneficial for immune restoration in modeled microgravity environ-

mental conditions. These results confirm our observations that RNA and Uracil are effective 
in maintaining or restoring immunity when the animals are under stressful situations (such 
as protein starvation, total starvation or dietary nucleotide deficiency, and HLU) or other 
trauma (such as sepsis, or inflammatory hypersensitivity stimulations). Our data also show 
the HU group had increased oxygen radicals (ROS) to 130% in the brain as compared to con-

trol mouse brain. This ROS increase was inversely proportional to glutathione levels (75%) in 
the brains. Therefore, our data confirm that oxidative stress is induced in animals subjected 
to hind limb unloaded.

6.1.2. Bone density after hind limb suspension or spinal cord injury in a rat model of 

osteoporosis

Space travelers are subjected to significant bone loss due to increased resorption and altered 
remodeling of bone tissue. In spite of calcium supplementation, increased excretion of cal-
cium, reduced absorption of calcium from intestine, and diminished vitamin D synthesis due 
to space suit ultimately result in bone loss. Bone loss is proportional to the length of time 
in space. The changes in bone during spaceflight are similar to those seen in osteoporosis. 
Dietary nucleotides have long been known to positively affect the immune system and more 
recently have been shown to have beneficial effects in rapidly proliferating tissues.

Figure 1. Pleiogenic immunologic responses by supplemental nucleotides.
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We have studied the effects of dietary nucleotides on bone loss after a disuse model of tail 
suspension in rats and have found that, in addition to exerting positive effects on the immune 
system, a nucleotide-enriched diet reduced the amount of bone loss seen in these animals. In 
a different model of bone demineralization, we have recently found that providing a diet of 
normal rat chow enriched with enhanced nucleotides reduces bone density loss in the femur 
when initiated immediately following spinal contusion injury [63].

6.1.3. Bioreactor in vitro modeled microgravity for T cell suppression and lymphocyte 

locomotion

In microgravity, immune suppression is a documented phenomenon in astronauts. It is also 
documented in in vitro and in vivo studies in modeled microgravity and the antiorthostatic 
rodent models of microgravity. In our earlier study, we reported that in the BIO microgravity 
cultured cells, there was a reproducibility of significantly suppressed phytohemaglutinin, a 
T cell mitogen response when compared to static cultured cells [1, 55]. We also reported that 
supplementation of the culture medium with nucleoside-nucleotide mixture or uridine (pre-

ferred nucleotides for solubility and bioavailability) significantly enhanced the PHA response 
in bioreactor microgravity.

Lymphocyte locomotion along the interstitium is integral to the immune response. Microgravity 
is a stressor that inhibits this phenomenon. The microgravity cell culture analog system also 
has the same effect on locomotion inhibition of lymphocytes [64]. Since locomotion is critical 
for an optimal immune response, countermeasure strategies for its restoration in lymphocytes 

Figure 2. Potential mechanism of action of dietary nucleotides on immunity.
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were sought. When lymphocytes were treated with 0.5 ng/ml phorbol myristate acetate (PMA) 
after exposure to microgravity culture, recovery of locomotion through type I collagen was 
87%. However, in the human setting, PMA is a tumor promoter and cannot be administered. 
Studies with hind limb suspended mouse splenocytes displayed immune suppression, which 
was mitigated by the use of nucleotides and nucleosides (NS/NT). In lymphocytes cultured in 
modeled microgravity using the NASA BIO model of microgravity, it is shown that the NS/
NT mixture used was able to orchestrate locomotion recovery by more than 87% documented 
with PMA in lymphocytes from three normal human donors.

7. Active hexose-correlated compound (AHCC)

AHCC is a nutritional substrate known for immune enhancing properties in humans and in 
laboratory studies. It is being widely used around the globe as a nutritional supplement for 
health and well-being in normal and patients with various afflictions to improve quality of 
life. AHCC is a compound obtained from enzyme-fermented extract of the mycelia of basid-
iomycetes mushrooms. AHCC consists of oligosaccharides, amino acids, lipids, and minerals 
[65]. The main components of AHCC are oligosaccharides (~74% of AHCC), and approxi-
mately 20% of AHCC are partially acetylated α-1, 4-glucans with a mean molecular weight of 
5 kDa. These oligosaccharides including α-1, 4-glucans are believed to be the active compo-
nents of AHCC [66, 67].

Figure 3. Stimulation index for in vivo PLN proliferative response vs. AHCC dose in control and HLU mice. means ± 
SEM; *p <0.05, **p =0.001, †P <0.05.
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We examined the effect of AHCC on microgravity-induced immune changes by using a hind 
limb unloading (HLU) of mice as a microgravity analog [68]. A beneficial effect of AHCC 
on T cells has been reported in various models [69–71]. We induced immune changes by 
using a hind limb unloading (HLU) of mice as a microgravity analog and accessed the effect 
of AHCC supplementation on various immune functions. To access the immune function, 
Popliteal lymph node (PLN) response was analyzed as it involves all phases of immune 
response, e.g., antigen processing and presentation, followed by proliferative phase of 
immune response. PLN response was significantly decreased in mice in the HLU group 
compared to that in mice in the control group, and AHCC supplementation significantly 
reversed this response (Figure 3). AHCC reversed HLU-induced T cell dysfunction in PLNs. 
Since T cells play an important role in acquired immunity, a countermeasure for T cell dys-
function is imperative.

Spaceflight environment is one of the serious immune-compromised conditions due to closed 
space, and recycling of air and water may increase the risk of microbial load and reactiva-
tion of opportunistic pathogens, latent bacteria, and viruses. Neutrophils-, macrophages-, or 
monocytes-mediated innate immunity is the first step to exclude pathogens. To assess over-

Figure 4. Production of cytokines and chemokines vs. AHCC dose in control and HLU mice.
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all functions of these types of cells, we measured the levels of LPS-stimulated cytokine and 
chemokine production from splenocytes. Both inflammatory cytokines and chemokines were 
increased in mice in the HLU group and AHCC supplementation in HLU mice tended to 
further enhance the inflammatory cytokine and chemokine production (Figure 4). Increased 
interleukin like IL-6 is implicated in increased stimulated immune responses, e.g., during 
infection and after trauma, especially burns or other tissue damage leading to inflamma-

tion [72], while increased IL-12 (T cell stimulating factor) is known to be a stimulator of the 
TNF-α pathway and increases adaptive immunity. Enhancement of inflammatory cytokine 
and chemokine production by AHCC supplementation suggested to be effective for prevent-
ing infection [69, 73].

8. Summary and significance

Spaceflight observations thus far clearly document the adverse effects on the immune sys-

tem, concomitant persistence of space environment stressors, and potential increase in 
virulence of infectious agents. It is imperative to design and develop effective countermea-

sures to secure health aspects of humans in space. The literature from experimental models 
and clinical human applications clearly documents that supplemental dietary nucleotides 
have beneficial effects on the immune system under stress conditions and environments. 
It is also known that supplemental dietary nucleotides had beneficial enhanced resistance 
to Staphylococcus aureus (SA), methicillin-resistant SA (MRSA), and Candida albicans infec-

tions in mice [74–77]. Similarly, use of a nucleotide containing formula in humans showed 
that there is a significant decrease in infectious complications in various patients. Immune 
enhancing nutritional supplements like AHCC have also found to be effective in restor-

ing and maintaining immune system function in spaceflight analog animal model. These 
results emphasize the role of nucleotide nutrition and nutritional substrates like AHCC as 
a promising and plausible preventive measure to the immunologic consequences pre-/dur-

ing /postspaceflight. A multipronged research will be an effective and safe countermeasure 
for spaceflight effects and to obviate stress and observed immune dysfunction. These stud-

ies should be of significant interest to NASA and other space agencies around the world 
by identifying profiles (immune, endocrine, and psychological) of individuals at risk for 
these immune dysfunctions with subsequent clinical manifestations and how nutritional 
countermeasures may impact such profiles. Such approaches should provide pragmatic 
clinical interventions for alleviation of stress and preservation of crew health particularly 
during long-term flights such as ISS, long-term interplanetary excursions, and deep space 
explorations.
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