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ARTICLE INFO ABSTRACT

Keywords: Background: Manned space exploration missions have developed at a rapid pace, with missions to
Space radiation ) Mars likely to be in excess of 1000 days being planned for the next 20 years. As such, it is
Lo;lg—:lerm fpaceﬂlght important to understand and address the challenges that astronauts face, such as higher radiation
iZt}i’gxizI:;tss exposure, altered gravity, and isolation. Meanwhile, until now the formulation of space food

systems has not focused on non-nutrients, and has not considered issues arising from their
absence during space missions or the possibility of them to solve the challenges caused by space

Astronaut health
Non-nutrient compounds
Space food systems hazards.

Aims: This study investigates, by systematic review, current space food systems and the potential

for non-nutrients, such as flavonoids and polyphenols, to counteract radiation- and low gravity-
induced degeneration of bone, vision, muscle strength, immune function and cognition.

Results and discussion: A systematic approach found 39 related animal model studies, and that
polyphenol dietary interventions have been shown to mitigate radiation-related physiological
problems and cognitive decline, as well as reduce the implications of radiotherapy. From the
results of these studies, it appears that berry extracts have a significant effect on preventing
cognitive problems through attenuating the expression of NADPH-oxidoreductase-2 (NOX2) and
cycloocygenase-2 (COX2) in both frontal cortex and hippocampus and immune system problems
caused by radiation similar to that experienced in space. For physiological problems like alter-
ation of blood-testicular barrier permeability and oxidative stress in kidney and liver caused by
gamma rays and X-rays, various polyphenol compounds including resveratrol and tea polyphenols
have a certain degree of protective effect like enhancing metabolism of heart and decreasing DNA
damage respectively. Due to the lack of quantitative studies and the limited number of relevant
studies, it is impossible to compare which polyphenol compounds are more effective. Only one
study showed no difference in the performances of a blueberry extract-fed group and a control
group exposed to Fe irradiation after 12 months.

Conclusion: In conclusion, current animal studies have shown that polyphenols can mitigate ra-
diation damage to some extent, but more research is needed to enable the application of a
polyphenol diet to actual space flights.

1. Introduction

A lack of energy from food, or disease resulting from deficiency of one or more nutrients have all contributed to the failure of human
exploration in Earth’s history. For example, scurvy was found to be associated with inadequate vitamin C during Columbus’ voyages
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[1]. As we extend our exploration beyond Earth, the nutritional challenges become even more complex and critical.

Humans have been exploring space for over six decades. In 1957, the first human-made object was launched into space, marking the
dawn of space exploration [2]. Following this, John Glenn became the first astronaut to eat in space using an aluminum tube in 1962
[3]. Today, more distant and prolonged space flights are being planned, such as NASA’s ‘three-step’ plan for landing on Mars by the
2030s, involving almost 1000 days in space, while China intends to send manned missions to the moon between 2024 and 2030 [4].
These missions necessitate careful consideration of astronauts’ nutritional requirements, which extend beyond those of Earth-bound
individuals.

Space travel presents unique hazards, namely altered gravity, radiation, isolation, and confinement, each with potential detri-
mental consequences (Fig. 1). Therefore, in addition to medical care, nutrients in the food matrix are essential to ensure the health of
astronauts in overcoming these space-specific challenges during long flights. While macronutrient recommendations for spaceflight
are roughly the same as those for Earth, research has shown certain nutrients to be particularly valuable as countermeasures to space-
induced physiological problems. For instance, omega-3 can reduce bone loss to some extent [5] and promote neurogenesis [6].

The particular interest for space travel are polyphenols, a category of compounds found in vegetables, fruit, and tea. Polyphenols
are the widest group of phytochemicals [11] and have shown promise in addressing space-specific health challenges. What makes
polyphenols especially relevant for astronaut health is their potential protective effects against space-specific hazards, particularly
radiation.

Space radiation exposure can increase levels of reactive oxygen species (ROS) [12], inducing neuroinflammation in the brain which
is related to physiological functions including behaviour, cognition and the central nervous system (CNS) [7]. This space-specific
increase in oxidative stress presents a unique challenge for astronaut health that goes beyond normal terrestrial conditions. Poly-
phenols, along with other antioxidants like vitamin C, vitamin E, and selenium, have shown potential in reducing oxidative stress
caused by space radiation [13,14].

Researchers have begun to explore the protective effects of substances such as ginseng and ginkgo biloba specifically on the damage
caused by extra-terrestrial radiation [15-17]. More recently, the protective effects of polyphenols on DNA mutation and oxidative
stress caused by gamma radiation and ion radiation during space flights have gained attention [18,19]. This focus on space radiation
protection distinguishes the potential benefits of polyphenols for astronauts from their general health benefits on Earth.

It is hypothesized that while supplying nutritional needs for space travel based on Earth/terrestrial standards is important, it may
be insufficient to fully address the unique challenges of the space environment. An optimized dietary system that includes non-
nutrients such as polyphenols may be necessary to promote health and prevent potential space-induced physiological problems
that go beyond normal terrestrial health concerns.

The aim of this review is to examine the role of non-nutrients such as polyphenols in mitigating negative implications caused by
space-specific hazards like radiation and altered gravity. These conditions are not typically encountered in everyday life on Earth,
making the potential benefits of polyphenols particularly relevant for astronaut health.

With the increasing duration of space missions, particularly those planned for Mars, understanding how to mitigate spaceflight-
induced health risks is critical. Current space food systems may not adequately address the need for non-nutrient compounds that
have shown promise in countering the negative effects of space-specific hazards. This study aims to fill this gap by investigating the
potential benefits of polyphenols in the unique context of space travel and its associated health risks.

As the field of space nutrition evolves, it’s important to note the growing body of research in related areas. For instance, recent
bibliometric analyses have highlighted trends in metagenomics research related to hot springs [20] and developments in forensic
genetics [21]. While these studies don’t directly address space nutrition, they underscore the rapid advancements in biotechnology and
genetics that may have future applications in understanding and addressing the unique nutritional needs of astronauts in long-duration

Radiation Microgravity Isolation and confinement
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* Increasing oxidative stress and * Alteration in the vestibular * nutritional issues;

levels of reactive oxygen species; ocular reflex; « Cognition and behaviour.
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Fig. 1. Possible effects of space hazards on the human body. Note: Information were from Ref. [7,8,9,10].
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space missions.
2. Related works
2.1. Early development

Since 1962, when John Glenn first ate applesauce form an aluminium tube in space [3], space food systems have developed
steadily, and a new product for the Apollo program - the food bar - was developed, which could be consumed without hands [22]. Not
only the quality but also the variety of food has improved. At the same time, astronauts in the Apollo program were the first to have
access to hot water [23]. Until now, space food systems have not only been required to meet the nutritional needs of astronauts but
must also consider the flavour and shelf life of food, while ensuring food safety and hygiene [24]. The timeline of space food systems
indicates that, from initial technological limitations to later technological developments, the variety and quality of food has been
continuously improved to meet not only nutritional requirements but also palatability requirements [3].

Regarding current space food systems, they have several elements, including the most basic one: safety, which means food must be
free from microbiological, physical, or chemical risks to astronauts. Reliability is also important to prevent problems, and nutrition is
an essential element to guarantee astronauts’ health. Today, astronauts can eat almost as many kinds of food as they do on Earth, all of
which have been specially packaged or processed, such as by dehydration, freezing and irradiation, to meet the special requirements of
the weightless environment of space [25]. Space food can be classified as natural form foods (vegetables, fruits and cookies), inter-
mediate moisture foods (applesauce and beef jerky), thermostabilized foods, dehydrated foods and irradiated foods [26]. The Inter-
national Space Station (ISS) food System has now developed a standard menu to meet astronauts’ nutritional needs during space flight,
and provides menu cycles for astronauts of 8-16 days [27].

2.2. Macro- and micro-nutrient requirements

Since nutrition status in space is affected by many factors, it is important to monitor astronauts’ nutritional status during space
flights as it relates to their health, especially with nearly 1000 days planned for Mars missions. There are several ways to monitor
astronauts’ nutrition, such as using urine and blood tests to determine the amount of each nutrient in the body, or using food frequency

Table 1

Nutrient requirements for a 360-day International Space Station Mission.
Nutrient Units Requirement
Energy KJ (kcal) WHO" equation”
Protein %Total energy consumed 12-15
Carbohydrate %Total energy consumed 50
Fat %Total energy consumed 30-35
Fluid mL/MJ consumed or mL/kcal 238-357 or 1.0-1.5 or 2000 mL/d
Vitamin A pg retinal equivalent 1000
Vitamin D mg 10
Vitamin E mg o-tocopherol equivalent 20
Vitamin K mg 80
Vitamin C mg 100
Vitamin B12 mg 2
Vitamin B6 mg
Thiamin mg 1.5
Riboflavin mg
Folate mg 400
Niacin NE or mg 20
Biotin mg 100
Pantothenic acid mg 5
Calcium mg 1000-1200
Phosphorus mg 1000-1200

<1.5 times Ca intake

Magnesium mg 350
Sodium mg 1500-3500
Potassium mg 3500
Iron mg 10
Copper mg 1.5-3.0
Manganese mg 2.0-5.0
Fluoride mg 4
Zinc mg 15
Selenium mg 70
ITodine mg 150
Chromium mg 100-200

& WHO, World Health Organization.
> WHO equation: accounting for weight, age, sex, and moderate activity levels. Source [36].
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questionnaires and food diaries to understand how much food an astronaut is actually intaking [28].

Table 1 indicates the basic requirements of macronutrients and micronutrients for the ISS, covering almost all nutrients, but there is
no reference to non-nutrients which can act as antioxidants to modulate metabolic pathways [29]. In addition, in comparison to the
recommend daily allowance on Earth, some nutrients like vitamin D, vitamin E, vitamin C and vitamin B12, are almost doubled in the
space environment [30]. Vitamin D deficiency may be due to lack of ultraviolet (UV) exposure caused by the spacecraft’s UV shielding,
which therefore increases the need for adequate vitamin D supplementation in food, being an important nutrient [31]. At the same
time, according to the available evidence, astronauts with vision problems also have changes in the circulating metabolites of the
one-carbon metabolic pathway, resulting in increased vitamin B12 intake [32]. Even though antioxidants like vitamin C and Vitamin E
have been considered, their mechanisms are different to non-nutrients such as polyphenols [33-35]. Cooper et al. (2017) conducted a
study to measure the nutritional stability of 109 processed and pre-packaged space foods over 3 years at room temperature, including
24 micronutrients. The study suggested that the level of most micronutrients was inadequate before or during storage. It is predictable
that the loss of nutrients from food due to radiation and microgravity in space will be even more severe.

With the continuous development of the space industry, the planned flights to Mars should involve long-duration explorations in
space or similar missions, which will bring more challenges, so ensuring sustainable and intact food and nutrition systems is essential
to guarantee the health of astronauts.

2.3. Potential non-nutrients requirements

Non-nutrients are a variety of components in food including natural and synthetic compounds, polyphenolic compounds and fibre,
food additives and preservatives [37]. Polyphenols - one type of non-nutrients - are believed to provide beneficial effects for neuro-
degenerative diseases, inflammation, cardiovascular health, type 2 diabetes and cancer [38]. Dietary polyphenols are secondary
metabolites of plants found in nature and are mainly found in vegetables and fruits [39]. More than 8,000 phenolic structures are
known, of which more than 4,000 flavonoids are recognized [40,41]. As the largest group of phytochemicals, a diet rich in polyphenols
has been shown to have health benefits [42].

According to research, the formation of many chronic diseases is related to oxidative stress involving reactive oxygen species. By
providing electrons or hydrogen atoms, polyphenols can neutralize free radicals, inhibit the generation of free radicals, reduce the
oxidation rate, and thus play an antioxidant role [43]. In addition to affecting free radicals, polyphenols act as auxiliary antioxidants,
assisting in the regeneration of some vitamins [44]. However, until now the formulation of space food systems has not focused on
non-nutrients, and has not considered issues arising from their absence during space missions. Diets lacking in non-nutrients can have
various impacts on human health, which is obviously of great importance for astronauts on space missions [45]. For instance, studies
have highlighted the influence of flavonoids on human memory and cognition, as well as a potential role in reducing blood pressure
[46,47]. Such studies suggest that by improving blood flow to the brain and peripheral blood flow, flavonoids can reduce risks of both
cardiovascular and cerebrovascular diseases. As astronauts must carry out various complicated and technical tasks in unusual high-risk
situations, it is crucial that nothing negatively effects their cognitive abilities and potentially endangers their lives and the success of
the mission. Likewise, any factors that could affect health during missions, such as high blood pressure and ways to control it, should be
explored, for similar reasons. Therefore, consideration of the effects of non-nutrients like fruit-flavonoids and polyphenols is of obvious
relevance to space diets and space missions generally.

3. Methodology
3.1. Search strategy

The literature search regarding polyphenols’ benefits in terms of countering space radiation-induced physiological problems uti-
lized four electronic databases (Web of Science, PubMed, Scopus and Cochrane), and was run in June 2021. The hypothesis of this
research is that non-nutrients such as polyphenols can reduce the risk of radiation injury. The search strategy consisted of two key
elements: one being polyphenols including food rich in phenolics, flavonoids and extracts of some foods; and the other being space
radiation and simulated irradiation. The search terms were (pomegranate OR flavonoids OR blueberry OR blueberries OR resveratrol
OR cocoa OR polyphenols) AND (“proton irradiation”” OR 56Fe OR “space radiation’’ OR “ionizing irradiation™), and they were
searched for in the titles and abstracts of papers in all databases. The polyphenols promote health and prevent space-induced phys-
iological problems due to their antioxidant, anti-inflammatory, and neuroprotective properties. These properties help mitigate
oxidative stress, which is heightened in space environments due to increased radiation exposure. In order to prevent omission of
correlated articles, papers in previous systematic reviews were identified.

3.1.1. Mechanism of polyphenols mediated outcomes
Polyphenols exert their beneficial effects through various mechanisms across different physiological systems. These mechanisms
include:

Antioxidant activity

Polyphenols neutralize free radicals and reduce oxidative stress, which is crucial in protecting cells from damage caused by space
radiation [48].
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Polyphenols modulate inflammatory pathways, thereby reducing inflammation and potentially preventing chronic diseases [49].

Neuroprotective properties

Polyphenols enhance cognitive functions by protecting neurons, improving synaptic plasticity, and promoting neurogenesis [50].

Cardiovascular benefits

Polyphenols improve endothelial function, reduce blood pressure, and prevent atherosclerosis, which are vital for maintaining

cardiovascular health in space [51].

3.2. Eligibility criteria

Eligibility criteria were full text available in English, randomised controlled human study, animals or human trials NOT in vitro or
cell trials, polyphenols (including all sub-classes and relevant foods, also the only variable) in real space situation or using simulated

space radiation and original study published before June 23, 2021.

3.3. Study selection

For the obtained articles, the duplicates were first removed, and then eligibility criteria were used to review the titles and abstracts
to remove articles that were unrelated or not relevant to the criteria. For the articles that were too unclear, the full text was reviewed
with the criteria, and the articles that met the eligibility criteria were included. The process is illustrated in Fig. 2.

Records identified through
database searching
n=541

v

Records after duplicates removed
n=521

A4

Records screened
n=521

\ 4

Full-text papers assessed for
eligibility
n=72

\ 4

Records excluded
n= 449

A 4

Studies included in qualitative
analysis
n=39

Full-text papers
excluded for eligibility
n=33

Fig. 2. Prisma flow diagram for selecting articles to be included in a systematic review.
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3.4. Data collection

Data collection was conducted by study design, the details of the intervention including dose and time of radiation and type of
polyphenols, reported outcomes, and the results in different groups. The Cochrane Collaboration tool was used to assess the bias of
each included study on criteria of outcome [52].

4. Results

Through review and screening, there is no human study that compliances the eligibility criteria. The design and results of the 39
studies are presented in three tables. Tables 2-4 present the protective effects of polyphenols on: 1) radiation-induced cognitive and
behavioral problems; 2) physiological outcomes and; 3) complications of radiotherapy. All the studies were done in vivo on mice or
rats. Three types of radiation were used in the studies selected, X-ray, Y-ray and *°Fe particles. These 39 studies included polyphenol
dietary intervention before exposure and dietary intervention after exposure. The number of studies using X-rays was 3, while there
were 28 studies using Y-ray and 8 studies using *°Fe particles. Radiation doses varied across all studies, ranging from 0.25 to 22 Gy.

The summary tables (Tables 2-4) contain all data on the protective effects of polyphenols on radiation-induced problems, including
cognitive and immune problems, physiological problems caused by oxidative stress and radiotherapy induced damage of normal
tissue. Results of all studies showed positive effects of polyphenols or food rich in polyphenols, on the three types of radiation stresses,
including hesperidin, resveratrol, pomegranate, blueberry and strawberry, Epigallocatechin-3-gallate, gossypetin. Only Rabin et al.’s
study conducted in 2005 showed no difference in performance between the two groups of mice treated with 2 % blueberry extract
compared to a control group that was also irradiated. The group treated with 2 % strawberry extract performed better than the control
group.

These studies examined the benefits of polyphenols from a radiation perspective. The results suggest that polyphenols can mitigate
radiation-related cognitive problems and neurocognitive decline. The study also found that polyphenols can improve radiation-
induced problems in specific areas of the brain [54]. In addition, blueberry extract can help prevent radiation-induced liver cell
damage [8], effectively reducing oxidative stress, and thus have a protective effect on a number of physiological problems involving
the liver, kidneys and cardio-metabolism [63,62]. At the same time, a diet rich in polyphenols has been shown to reduce DNA damage
and reduce levels of tumour necrosis [66,67,69]. And it can be inferred from all included studies that for cognitive problems, berry
extracts and resveratrol have the most significant effect, and for physiological problems they also show a protective effect, as well as
tea polyphenols and other polyphenolic compounds.

These studies used many doses of polyphenols and flavonoids, ranging from 5 mg/kg to 200 mg/kg, while the intervention time was

Table 2
Studies on the effect of diet polyphenol intake on outcomes related to cognition and immune system.
Time for Polyphenol type and dose Subjects Radiation type Outcome Reference
assessment and dose (Gy)
56 days 20 g/kg diet, 2 % blueberry ~ Male Sprague- 56Fe, 1.5 Protected hippocampally mediated behaviour and [53]
or strawberry extract Dawley rats intact striatal function respectively.
28 days 20 g/kg diet, 2 % blueberry ~ Male Sprague- S6Fe, 0.25 Attenuated protein carbonylation in the hippocampus  [54]
extract Dawley rats and frontal cortex.
90 days 20 g/kg diet, 2 % blueberry ~ Rats 56Fe, 1.5 Reduced the accumulation pf p62 and PHF-tau in [14]
or strawberry extract hippocampus.
21 days 0.6 mg polyphenols/day Male and female y-ray, 2 Provided neuroprotection from the effects of [19]
from pomegranate C57BL/6 mice radiation-induced cognitive and behavioural skill
deficits.
Proton irradiation affects males more than females
in motor function.
3 days 2.5 and 5 mg/kg/day, Adult male Wister y-ray, 4 Inhibited the increase of protein carbonyl level in the  [55]
Epigallocatechin-3-gallate rats hippocampus and protected the DNA damage and
apoptosis in the hippocampus.
37 days 20 mg/kg, resveratrol Male C57BL/6 mice y-ray, 6 Attenuated the reduction of the level of IL-2, IL-4, IL-7 [56]
and IFN-y.
56 days 20 g/kg diet, 2 % blueberry =~ Male Sprague- 56Fe, 1.5 and Up regulated some protective stress signal genes in the [57]
or 2 % strawberry Dawley rats 2.5 brain.
24 days 50 mg/kg, hesperidin Male albino rats y-ray, 5 Attenuated biochemical disorders in brain tissues. [58]
14 days 20 g/kg diet, 2 % or4% Sprague-Dawley rats ~ *°Fe, 0, 0.5, Ameliorated the disruptive effects of neurocognitive [59]
strawberry or blueberry 0.8,1, 1.5 and performance.
extract 2
60 days 20 g/kg diet, 2 % blueberry ~ Male SFe, 1.5 The performance of the radiated animals given [60]
or strawberry extract Sprague-Dawley rats blueberry extract did not differ from the radiated
animals given the control diet 12 months after
irradiation.
Radiated animals fed the strawberry performed better
than control and blueberry diet animals.
56 days 20 g/kg diet, 2 % blueberry ~ Male SFe, 1.5 Reduced the effects of oxidative stress of [61]

or strawberry extract

Sprague-Dawley rats

neurochemical and behavioural changes in rats.
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Table 3
Studies of the effect of diet polyphenol intake on outcomes related to physiological problems.

Time for Polyphenol type and dose Subjects Radiation type ~ Outcome Reference

assessment and dose (Gy)

28 days 200 mg/kg, blueberry extract Mature male albino y-ray, 8 Enhanced antioxidant enzyme activities and [8]

rats reduced lipid per-oxide contents.

42 days 5 mg/kg/d or 25 mg/kg/d, The C57Bl/6NCrl y-ray, 2 Groups irradiated with resveratrol had enhanced  [62]

Resveratrol female mice metabolism of heart compared to those
irradiated without resveratrol supplementation.

21 days 100 mg/kg/d, Chrysophyllum. Adult male albino y-ray, 6 Protected the oxidative stress in liver and kidney [63]

caimito extract rats tissues; reduced the biochemical disorders of
liver and kidney.
Injection 100 mg/kg, polydatin Male wild-type y-ray, 4 Reduced the level of reactive oxygen species and [64]
C57BL/6 mice the concentration of the oxidative products;
alleviated testes injury and retained sperm
viability.
15 days 50 mg/kg, quercetin Adult male Wistar y-ray, 10 Effectively decreased oxidative stress and [65]
albino rats inflammatory damage to both ileum and colon
tissues.
14 days 50 mg/kg, 100 mg/kg and 200 Male C57BL/6 mice y-ray, 7, 7.5 Decreased DNA damage and levels of reactive [66]
mg/kg, dark tea extract and 6 oxygen species and increased the numbers of
hematopoietic cells.

14 days Mixture of green tea extract Male albino rats y-ray,5and 10  Decreased the level of pro-inflammatory [67]

(GTE): grape seed extract (GSE) cytokines, Tumor necrosis factor-a and C-
at dose 100: 200 mg/kg reactive protein.

3 days 200 mg/kg, black mulberry Male Wistar rats y-ray, 3 and 6 Reduced oxidative stress, e.g. reduced [68]

extract genotoxicity and cytotoxicity.

3 days 75 mg/kg, naringin Male Swiss albino y-ray, 6 Significantly reduced radiation-induced nuclear [69]

mice DNA damage and cell death.

7-21 days 25 % by weight, dried plum Male mice SFe, 1 Preserved cancellous percent bone volume and [70]
reduced the expression of genes related to bone
resorption.

27 days 50 mg/kg Epigallocatechin-3- Ten-week-old male X-ray, 2 Alleviated blood-testicular barrier permeability [71]

gallate mice (C57BL/6) and inhibit testicular steroidogenesis.

3 days 30 mg/kg, gossypetin Swiss albino male y-ray, 5 Ameliorated oxidative stress in liver and [72]

mice prevented deactivation of redox signaling
pathway.

3 h, inject 0, 10, 20, and 40 mg/kg, apigenin Male CBA/CaJ mice y-ray, 3 Suppressed the activation of NF-kappa B in bone- [73]
marrow-derived macrophages and reduced the
levels of proinflammatory cytokines.

5 days 10, 15, 20, 25, 40, and 50 mg/kg, Male Swiss albino y-ray, 6, 8 and Protected the membranes from oxidative [74]

extract of Panax ginseng mice 10 damage.

15 days 700 mg/kg/day, Grewia asiatica Swiss albino mice y-ray, 5 Protected DNA and RNA in testis. [75]

fruit

7 days 50 mg/kg and 100 mg/kg, Male y-ray, 1,3 and Protected hepatic cells from damage and against ~ [76]

hesperidin Sprague-Dawley rats 5 oxidative stress.

30min, inject 30 mg/kg RH-3 from Hippophae Swiss albino strain ‘A’ y-ray, 5and 10  Enhanced the spermatogonia proliferation and [77]

rhamnoides berries male mice the stem cell survival and reduce sperm
abnormalities.
21 days 50 and 100 mg/kg Ginkgo biloba ~ Male Wistars rats y-ray, 4.5 Ginkgo biloba extract significantly reduced the [78]

extract

adjusted clastogenic score.

shorter for the high-dose polyphenol diet intervention [8,68,87]. Dietary intervention studies with blueberry and strawberry extracts
usually involved relatively high doses and periods of 4-8 weeks [54,8,53]. Moreover, if the intervention was by injection, the dose was
also small, and usually several hours before or after the irradiation [77,73]. However, the intervention dose of polyphenols was also
dependent on the type. From these studies, it was observed that epigallocatechin gallate intervention doses were generally small, with
6.25 mg/kg, 12.5 mg/kg and 25 mg/kg used in Ref. [88] and 2.5 mg/kg and 5 mg/kg used in Ref. [55] only 3 days before irradiation,
which still had a protective effect on mice that were exposed to radiation.

In the studies on the effects of radiation on cognition, blueberry and strawberry extracts were used as dietary interventions, and the
type of radiation used was °°Fe particles. Almost all relevant studies showed that blueberry and strawberry extracts improve the
cognitive effects of radiation, including the hippocampus’s influence on behaviour. The only exception was Rabin et al.’s study of
2005, which showed no difference in performance between the two groups of mice treated with 2 % blueberry extract compared to a
control group that was also irradiated. The group treated with 2 % strawberry extract performed better than the control group.

All the studies used three main types of radiation: “°Fe radiation, X-rays and Y-rays. As Fig. 2 shows, the average doses of these
three rays were different, with >®Fe ions having a relatively small radiation dose and Y-rays having a relatively large radiation dose, as
is shown in Fig. 3.

In addition, the results of Dulcich and Hartman’s [19] study which used Y'-ray and pomegranate as diet intervention indicate that
polyphenols could alleviate radiation-induced cognitive and behavioral deficits, and that radiation affects males more than females in
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Table 4
Studies on the effect of diet polyphenol intake on outcomes related to implications of radiotherapy.
Time for Polyphenol type and dose Subjects Radiation type Outcome Reference
assessment and dose (Gy)
30 min, Inject 150 mg/kg, amifostine Male C57BL/6 y-ray, 7.5 and 3 Amentoflavone significantly attenuated radiation- [79]
mice induced oxidative stress and affected gene tumour
necrosis factor alpha-induced protein 2.
6 days 40 mg/kg, resveratrol Male C57BL/6 y-ray, 7 Improved intestinal morphology, decreased apoptosis of ~ [80]
N mice crypt cells, maintained cell regeneration.
14 days 0.2 g/kg tea polyphenols Female Wistar y-ray, 15 Attenuated the lesions of submandibular glands and [81]
rats apoptosis of cells was not apparent.
20 days 50 mg/kg/day, Punica Male Sprague X-ray, 8 Decreased the levels of pro-inflammatory cytokines and  [82]
granatum peel extract Dawley rats lactate dehydrogenase.
20 days 10 mg/kg/day, resveratrol Male Sprague X-ray, 8 Increased the level of glutathione and decreased the [83]
Dawley rats level of malondialdehyde and collagen content in the
liver and ileum tissues.
6,48and72h 200 mg/kg Male Wistar 15 Gy delivered ~ Animals receiving treatment with Pycnogenol had better ~ [84]
Pycnogenol rats by condition of mucosal layers than those without
® Varian Clinic 6/  pysnogenol.
, or 300 mg/kg Pycnogenol 100
200 mg/kg y-ray, 15
Pycnogenol
®
, or 300 mg/kg Pycnogenol
200 mg/kg
Pycnogenol
®
, or 300 mg/kg Pycnogenol
200 mg/kg or 300 mg/kg,
Pycnogenol
30 min 100 mg/kg, Hesperidin male Sprague- y-ray, 22 The expression of Vascular endothelial growth factor [85]
Dawley rats gene was 25-fold overexpressed in comparison to control
group.
7 days 25 mg/kg or 50 mg/kg rutin-  Male C57BL/6 y-ray,7,6and 4  The survival rate of irradiated mice was significantly [86]
enriched coriander extract (CD45.2) mice improved, and the hematopoietic stem and progenitor
cells frequency was increased.
15 days 300 mg/kg, Moringa oleifera  Swiss albino y-ray, 5 Prevented the lipid peroxidation and restored the [87]
leaf extract male mice glutathione levels.
30 days 6.25 mg/kg, 12.5 mg/kg Male Kunming y-ray, 6 Increased the immune organ index, then prevented [88]

And 25 mg/kg,
Epigallocatechin-3-gallate

mice

significantly the immune system damage.

motor function.

In the included studies, there were no cases of poisoning, or side effects, from any polyphenols including chemical agents or food

extracts.

5. Discussion

The results so far suggest that substances such as polyphenols and flavonoids may have a protective effect against radiation-related
health problems, both physiologically and in age-related cognitive decline. However, to fully consider the positive effects of

Dose of radiation (Gy)

56Fe

Y-ray

X-ray

Fig. 3. The average dose of different radiation in all included studies. The average dose of 56 Fe is 1.39 Gy, the average dose of Y-ray is 6.51 Gy, the
average dose of X-ray is 6.00 Gy.
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polyphenols on cosmic rays and possible physiological problems associated with radiotherapy, as well as the risk of secondary cancers,
the overall study’s strengths and limitations need to be evaluated. During space flight, blood and urine collection, food intake
monitoring, and changes in astronauts’ body mass are measured to determine their nutritional status. Under the intervention of
polyphenols, comparative changes of data can be carried out to understand the role of polyphenols in the space environment, and
research on different kinds of polyphenol compounds can also better determine the most effective polyphenols.

5.1. Advantages and prospects

The existing studies have been done on mice and rats because of the unethical nature of human experimentation, and possibly the
early stage of the field in this area. However, animal models are difficult to apply to humans because of differences in metabolic rate,
lifespan and body mass between humans and animals [89]. The studies included above are designed to optimize the dose of radiation
to achieve more valuable results. Most experiments use doses of radiation higher than those experienced by space flight, X-ray tests and
everyday high-risk jobs. Radiation exposure is generally acute rather than chronic in studies, depending on the endurance and lifespan
of the mice, and the X and gamma rays used in the experiments do not have sustained effects on the central nervous system at low
doses, so increasing the dose would yield more accurate results. In addition, the experimental studies need to ensure the lowest doses
that can cause the molecular changes in vivo, otherwise they are unable to assess whether the polyphenols have effect. According to
studies, the 50 % fatality rate radiation dose for rats is 8 Gy, while 50 % fatality rate for humans is 3 Gy, so using high doses of radiation
is reasonable and necessary [90].

The aim of this study was to establish a systematic review of the protective effects of polyphenols on the effects of radiation and thus
to provide an intervention in the diet of astronauts. The positive effects of polyphenols have been largely confirmed in animal studies.

As for coffee and tea, which represent a lifestyle food for many people rich in polyphenols, they are also good for the human body
[91,92]. Adding such foods to space food systems not only helps astronauts feel a sense of home to alleviate the psychological problems
associated with long-term space flight, but also combats radiation from space flight because they are rich in polyphenols.

Ever since antioxidant research started with ginkgo biloba, concerns have been raised over the last century about the effects of
radiation on the central nervous system [93], which can affect astronauts’ quality of life after returning from space. Dietary in-
terventions to reduce radiation damage to astronauts’ physiological systems are important, so further research into the role of
polyphenols in radiation is necessary. At the same time, the impact of radiation is very widespread, such as our daily exposure to
ultraviolet light. With the incidence of skin cancer on the rise [94], and studies showing that flavonoids have a protective effect on skin
tissue caused by ultraviolet light, this systematic review study becomes more valuable to the wider population [95].

5.2. Limitations

Although the included studies cover many kinds of polyphenols, there are still some polyphenols which have not been taken into
consideration, such as capsaicinoids in chili peppers. It would therefore be a bit short-sighted to say that all polyphenols have a
protective effect against radiation-induced problems. In addition, without human experiments, the existing body of animal model
studies is limited and not large enough.

The tumorigenesis aspect was also not covered in the above studies, and there is some evidence that radiation may cause
tumorigenesis [96]. However, since tumor formation is a long-term process, it may be difficult to observe in the short term via animal
experiments. As for the astronauts who have experienced space flight, there are no relevant reports after returning to Earth, and it is
difficult to completely attribute their subsequent physical condition to space flight. Therefore, the prevention of radiation-induced
tumors by polyphenols has not been covered in this study.

In all included studies, animals were given a polyphenol diet before or after radiation, and the extracts used, including blueberries,
were preserved in a non-radioactive state, which is not what happens in space. Polyphenols or foods containing polyphenols are
exposed to radiation in space, so it is impossible to estimate the actual absorption rate and antioxidant capacity of polyphenols as a
result of radiation. In addition, studies have focused on the effects of radiation on the antioxidant capacity of some plants and the DNA
damage on seeds in space [97,98]. Although the effects of radiation cannot be proved significantly according to the studies, food
should be irradiated together with subjects in future experiments to replicate space conditions.

The possibility of adverse reactions to high doses of polyphenols was not discussed in the experiments. The possible harmful effects
of the oestrogen activity of isoflavones and the inhibition of non-haem iron absorption by the consumption of polyphenols should be
further studied and evaluated to avoid negative effects [99]. Current studies suggest that understanding nutrient bioavailability is key
to further critical assessment of nutrient effects and toxicology [100,101]. Some of the included studies applied dietary interventions
after radiation, but most applied dietary interventions before radiation. However, radiation can also affect the gut microbiome, which
can affect the absorption of polyphenols or other nutrients [102]. Also, astronauts are exposed to radiation when they eat in space, so
the design needs to be adjusted to meet this challenge.

The existing studies used berry extracts or polyphenols as part of the dietary intervention, rather than the food itself. But in fact, the
food is not the same as supplements and extracts. Although they guarantee a dose of one or more nutrients, without the matrix of the
food that contains trace elements, sometimes the desired effect will not be achieved. In addition, the synergistic effect produced by
several nutrients is different from single nutrient effect [103]. Protein bars rich in polyphenols are already being developed at NASA,
and this extra compound requires its bioactive agent to be in an active form when it reaches the gastrointestinal tract to ensure
effectiveness [104]. Finally, radiation protection drugs such as indralin are already being considered to counter the possible effects of
cosmic radiation [105], so foods rich in natural antioxidants should be taken seriously. It is therefore clear that more research is needed
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on fortified food.

5.3. Gaps between research and reality

On long space flights, the preservation of fresh vegetables and fruits is a problem. Although the research is still in the stage of using
extracts, it is necessary to consider the preservation of fresh fruits and vegetables, such as freeze-drying and space-growing methods,
since the food itself would not only provide the most complete nutritional system, but also give astronauts a sense of normality. In
space cultivation, the main limitation is radiation, which studies have shown can damage a seed’s DNA and affect its gene expression
[98]. Freeze-drying technology has been used in space flight already, and freeze-dried food actually loses some vitamins and other
important biological compounds. But to date it has been a relatively reliable method [106].

3D printing technology has great potential in the food industry. Not only can it create the desired shape and texture, but it can also
customize the nutrients [107]. It has not been used in space food systems, so this is one technology that could be considered to provide
a richer variety of foods to meet the visual, tactile and nutritional needs of astronauts.

6. Conclusion

The results so far suggest that polyphenol dietary interventions can mitigate the physiological effects of ionizing and gamma ra-
diation, such as oxidative stress, immune system problems, and cognitive problems. This study uniquely addresses the gap in
knowledge regarding the role of non-nutrient polyphenols in mitigating spaceflight-induced physiological issues, providing a novel
perspective on enhancing astronaut health through diet. Therefore, from a systematic review of animal experiments, it can be
concluded that polyphenols have a certain positive effect on radiation-induced problems. For cognitive problems, berry extracts and
resveratrol have the most significant effect, and for physiological problems they show a protective effect as well. Trying to add berry
extract or resveratrol to an astronaut’s diet could have implications for future optimization of nutritional systems in space. At the same
time, the conclusion has certain significance for reducing the radiation hazards in space flight, and has reference significance for the
damage of surrounding tissues caused by radiotherapy. However, some unconsidered problems need to be solved.
Funding

The author has not disclosed any funding.
Data availability

Data is available in the manuscript.
Informed consent statement

Not Applicable.
Ethical statement

Not Applicable.

CRediT authorship contribution statement

Menglan Zhao: Writing - original draft, Conceptualization.

Declaration of competing interest

The authors declare that they have no competing interests.

Acknowledgments

I would like to extend my gratitude to Jeremy Spencer from the University of Reading for his invaluable assistance and insights
during the preparation of this manuscript.

References

[1] F. Sizer, E. Whitney, Nutrition: Concepts & Controversies, Cengage, Boston, 2017.

[2] Loff Sarah, 1957 — Sputnik, the dawn of the space age, URL: https://www.nasa.gov/image-feature/oct-4-1957-sputnik-the-dawn-of-the-space-age, 2017.
(Accessed 8 June 2021).

[3] M. Perchonok, C. Bourland, NASA food systems: past, present, and future, Nutrition 18 (2002) 913-920.

10


http://refhub.elsevier.com/S2405-8440(24)13483-4/sref1
https://www.nasa.gov/image-feature/oct-4-1957-sputnik-the-dawn-of-the-space-age
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref3

M. Zhao Heliyon 10 (2024) e37452

[4]
[5]
[6]
[71

[81
[91
[10]
[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22]
[23]

[24]
[25]

[26]
[27]

[28]
[29]

[30]
[31]
[32]
[33]

[34]
[35]

[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]

[46]
[47]

[48]

[49]

Russianspaceweb, Milestone in space exploration: yesterday, today and tomorrow, URL: http://www.russianspaceweb.com/chronology XXI.html, 2021.
(Accessed 11 June 2021).

S.R. Zwart, D. Pierson, S. Mehta, S. Gonda, S.M. Smith, Capacity of omega-3 fatty acids or eicosapentaenoic acid to counteract weightlessness-induced bone
loss by inhibiting NF-kappaB activation: from cells to bed rest to astronauts, J. Bone Miner. Res. 25 (2010) 1049-1057.

T. Talukdar, M.K. Zamroziewicz, C.E. Zwilling, A.K. Barbey, Nutrient biomarkers shape individual differences in functional brain connectivity: evidence from
omega-3 PUFAs, Hum. Brain Mapp. 40 (2019) 1887-1897.

S.R. Zwart, A.P. Mulavara, T.J. Williams, K. George, S.M. Smith, The role of nutrition in space exploration: implications for sensorimotor, cognition, behavior
and the cerebral changes due to the exposure to radiation, altered gravity, and isolation/confinement hazards of spaceflight, Neurosci. Biobehav. Rev. 127
(2021) 307-331.

M.I Alkhalf, F.K. Khalifa, Blueberry extract attenuates y-radiation-induced hepatocyte damage by modulating oxidative stress and suppressing NF-kB in male
rats, Saudi J. Biol. Sci. 25 (2018) 1272-1277.

L.G. Popov, V.A. Korshunova, Some features of vitamin C, B-1, B-2, and B-6 supply in canned food rations used by humans during extended flights, Aviakosm.
Ekolog. Med 26 (1992) 74-79.

A. Gemignani, A. Piarulli, D. Menicucci, M. Laurino, G. Rota, F. Mastorci, V. Gushin, O. Shevchenko, E. Garbella, A. Pingitore, L. Sebastiani, M. Bergamasco,
A. L’Abbate, P. Allegrini, R. Bedini, How stressful are 105 days of isolation? Sleep EEG patterns and tonic cortisol in healthy volunteers simulating manned
flight to Mars, Int. J. Psychophysiol. 93 (2014) 211-219.

R.H. Liu, Health-promoting components of fruits and vegetables in the diet, Adv. Nutr. 4 (2013) 3845-392S.

J.A. Jones, P.K. Riggs, T.C. Yang, C.H. Pedemonte, M.S.F. Clarke, D.L. Feeback, W.W. Au, Ionizing radiation-induced bioeffects in space and strategies to
reduce cellular injury and carcinogenesis, Aviat Space Environ. Med. 78 (2007) A67-A78.

L.J. Johnson, S.L. Meacham, L.J. Kruskall, The antioxidants—vitamin C,vitamin E, selenium, and carotenoids, J. Agromed. 9 (2003) 65-82.

S.M. Poulose, D.F. Bielinski, K.L. Carrihill-Knoll, B.M. Rabin, B. Shukitt-Hale, Protective effects of blueberry- and strawberry diets on neuronal stress following
exposure to Fe-56 particles, Brain Res. 1593 (2014) 9-18.

S. Okumus, S. Taysi, M. Orkmez, E. Saricicek, E. Demir, M. Adli, B. Al, The effects of oral Ginkgo biloba supplementation on radiation-induced oxidative injury
in the lens of rat, Phcog. Mag. 7 (2011) 141-145.

G. Sener, L. Kabasakal, B.M. Atasoy, C. Erzik, A. Velioglu-Ogunc, U. Cetinel, N. Gedik, B.C. Yegen, Ginkgo biloba extract protects against ionizing radiation-
induced oxidative organ damage in rats, Pharmacol. Res. 53 (2006) 241-252.

A. Takeda, N. Katoh, M. Yonezawa, Restoration of radiation-injury by ginseng .3. Radioprotective effect of thermostable fraction of ginseng extract on mice,
rats and Guinea-pigs, J. Radiat. Res. 23 (1982) 150-167.

I. Nagpal, S.K. Abraham, Protective effects of tea polyphenols and f-carotene against y-radiation induced mutation and oxidative stress in Drosophila
melanogaster, Gene Environ. 39 (2017) 24.

M.S. Dulcich, R.E. Hartman, Pomegranate supplementation improves affective and motor behavior in mice after radiation exposure, Evid. base Compl.
Alternative Med. 2013 (2013).

A.K. Wani, N. Akhtar, C. Chopra, J.H.P. Américo-Pinheiro, M. Quadir, K.K. Yadav, R. Singh, Exploring the world hot springs: a bibliometric analysis of global
trends in metagenomics research, Current Research in Biotechnology 6 (2023) 100161.

A. Stasi, A. Pellegrino, A.K. Wani, S. Shukla, Forty years of research and development on forensic genetics: a bibliometric analysis, Forensic Sci. Int.: Genetics
63 (2023) 102826.

M.C. Smith Jr., C.S. Huber, N.D. Heidelbaugh, Apollo 14 food system, Aero. Med. 42 (1971) 1185-1192.

NASA Administrator, NASA - Food for space flight, URL: https://www.nasa.gov/audience/forstudents/postsecondary/features/F Food_for Space Flight.html,
2004. (Accessed 13 June 2021).

R. Lewis, Space food systems, URL: https://www.nasa.gov/content/space-food-systems, 2021. (Accessed 13 June 2021).

M. Zhang, H. Chen, A.S. Mujumdar, J. Tang, S. Miao, Y. Wang, Recent developments in high-quality drying of vegetables, fruits, and aquatic products, Crit.
Rev. Food Sci. Nutr. 57 (2017) 1239-1255.

J. Jiang, M. Zhang, B. Bhandari, P. Cao, Current processing and packing technology for space foods: a review, Crit. Rev. Food Sci. Nutr. 60 (2020) 3573-3588.
S.M. Smith, B.L. Rice, H. Dlouhy, S.R. Zwart, Assessment of nutritional intake during space flight and space flight analogs, 36th National Nutrient Databank
Conference 2 (2013) 27-34.

B.M. Rabin, J.A. Joseph, B. Shukitt-Hale, A.N. Carey, Dietary modulation of the effects of exposure to Fe-56 particles, Adv. Space Res. 40 (2007) 576-580.
P.V. de Melo Ribeiro, P.A. Andrade, H.H. Miranda Hermsdorff, C.A. dos Santos, R.M. Mitre Cotta, J.d.A. Silva Gomes Estanislau, A.A. de Oliveira Campos, C.d.
0. Barbosa Rosa, Dietary non-nutrients in the prevention of non-communicable diseases: potentially related mechanisms, Nutrition 66 (2019) 22-28.
European Foof Safety Authority, Overview on dietary reference values for the EU population as derived by the EFSA panel on dietetic products, nutrition and
allergies (NDA), URL: https://www.efsa.europa.eu/sites/default/files/assets/DRV_Summary_tables_jan_17.pdf, 2017. (Accessed 5 July 2021).

S.M. Smith, S.R. Zwart, V. Kloeris, M. Heer, Nutritional biochemistry of space flight, Nutritional Biochemistry of Space Flight 1-+ (2009).

T.H. Mader, C.R. Gibson, A.F. Pass, L.A. Kramer, A.G. Lee, J. Fogarty, W.J. Tarver, J.P. Dervay, D.R. Hamilton, A. Sargsyan, J.L. Phillips, T. Duc, W. Lipsky,
J. Choi, C. Stern, R. Kuyumjian, J.D. Polk, Optic disc edema, globe flattening, choroidal folds, and hyperopic shifts observed in astronauts after long-duration
space flight, Ophthalmology 118 (2011) 2058-2069.

D. Vauzour, A. Rodriguez-Mateos, G. Corona, M.J. Oruna-Concha, J.P.E. Spencer, Polyphenols and human health: prevention of disease and mechanisms of
action, Nutrients 2 (2010) 1106-1131.

J.X. Wilson, Mechanism of action of vitamin C in sepsis: ascorbate modulates redox signaling in endothelium, Biofactors 35 (2009) 5-13.

S. Rizvi, S.T. Raza, F. Ahmed, A. Ahmad, S. Abbas, F. Mahdi, The role of vitamin e in human health and some diseases, Sultan Qaboos University medical
journal 14 (2014) e157-€165.

H.W. Lane, D.L. Feeback, History of nutrition in space flight: overview, Nutrition 18 (2002) 797-804.

Y. Chen, M. Michalak, L.B. Agellon, Importance of nutrients and nutrient metabolism on human health, Yale J. Biol. Med. 91 (2018) 95-103.

H. Cory, S. Passarelli, J. Szeto, M. Tamez, J. Mattei, The role of polyphenols in human health and food systems: a mini-review, Front. Nutr. 5 (2018).

M. Rudrapal, D. Chetia, Plant flavonoids as potential source of future antimalarial leads, Sys. Rev. Pharm. 8 (1) (2017) 13-18.

V. Cheynier, Polyphenols in foods are more complex than often thought, Am. J. Clin. Nutr. 81 (2005) 223S-229S.

D.F. Birt, S. Hendrich, W.Q. Wang, Dietary agents in cancer prevention: flavonoids and isoflavonoids, Pharmacol. Therapeut. 90 (2001) 157-177.

M. Rudrapal, S.J. Khairnar, J. Khan, A.B. Dukhyil, M.A. Ansari, M.N. Alomary, R. Devi, Dietary polyphenols and their role in oxidative stress-induced human
diseases: insights into protective effects, antioxidant potentials and mechanism (s) of action, Front. Pharmacol. 13 (2022) 806470.

R. Tsao, Chemistry and biochemistry of dietary polyphenols, Nutrients 2 (2010) 1231-1246.

B. Zhou, L.M. Wu, L. Yang, Z.L. Liu, Evidence for alpha-tocopherol regeneration reaction of green tea polyphenols in SDS micelles, Free Radic. Biol. Med. 38
(2005) 78-84.

M. Rudrapal, G. Rakshit, R.P. Singh, S. Garse, J. Khan, S. Chakraborty, Dietary polyphenols: review on chemistry/sources, bioavailability/metabolism,
antioxidant effects, and their role in disease management, Antioxidants 13 (4) (2024) 429.

J.P.E. Spencer, The impact of fruit flavonoids on memory and cognition, Br. J. Nutr. 104 (2010) S40-S47.

A. Rees, G.F. Dodd, J.P.E. Spencer, The effects of flavonoids on cardiovascular health: a review of human intervention trials and implications for
cerebrovascular function, Nutrients 10 (2018).

D.R. Mitrea, H. Moshkenani, O. Hoteiuc, C. Bidian, A.M. Toader, S. Clichici, Antioxidant protection against cosmic radiation-induced oxidative stress at
commercial flight altitude, J. Physiol. Pharmacol. 69 (10.26402) (2018).

C. Costa, A. Tsatsakis, C. Mamoulakis, M. Teodoro, G. Briguglio, E. Caruso, C. Fenga, Current evidence on the effect of dietary polyphenols intake on chronic
diseases, Food Chem. Toxicol. 110 (2017) 286-299.

11


http://www.russianspaceweb.com/chronology_XXI.html
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref5
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref5
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref6
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref6
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref9
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref9
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref9
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref50
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref50
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref82
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref82
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref83
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref83
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref83
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref7
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref8
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref8
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref10
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref11
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref11
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref12
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref12
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref13
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref13
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref14
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref14
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref15
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref15
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref16
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref16
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref17
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref17
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref18
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref18
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref19
https://www.nasa.gov/audience/forstudents/postsecondary/features/F_Food_for_Space_Flight.html
https://www.nasa.gov/content/space-food-systems
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref22
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref22
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref23
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref24
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref24
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref25
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref26
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref26
https://www.efsa.europa.eu/sites/default/files/assets/DRV_Summary_tables_jan_17.pdf
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref28
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref29
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref29
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref29
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref30
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref30
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref31
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref32
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref32
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref84
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref33
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref34
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref35
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref36
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref37
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref38
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref38
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref39
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref40
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref40
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref41
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref41
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref42
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref43
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref43
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref44
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref44
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref45
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref45

M. Zhao Heliyon 10 (2024) e37452

[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

[66]
[67]

[68]
[69]
[70]
[71]
[72]
[73]

[74]
[75]

[76]
[771
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]

[89]
[90]

D. Vauzour, Dietary polyphenols as modulators of brain functions: biological actions and molecular mechanisms underpinning their beneficial effects, Oxid.
Med. Cell. Longev. 2012 (1) (2012) 914273.

R.V. Giglio, A.M. Patti, A.F. Cicero, G. Lippi, M. Rizzo, P.P. Toth, M. Banach, Polyphenols: potential use in the prevention and treatment of cardiovascular
diseases, Curr. Pharmaceut. Des. 24 (2) (2018) 239-258.

J.P.T. Higgins, D.G. Altman, P.C. Gotzsche, P. Jueni, D. Moher, A.D. Oxman, J. Savovic, K.F. Schulz, L. Weeks, J.A.C. Sterne, G. Cochrane Bias Methods,
G. Cochrane Stat Methods, The Cochrane Collaboration’s tool for assessing risk of bias in randomised trials, BMJ Br. Med. J. (Clin. Res. Ed.) 343 (2011).
B. Shukitt-Hale, A.N. Carey, D. Jenkins, B.M. Rabin, J.A. Joseph, Beneficial effects of fruit extracts on neuronal function and behavior in a rodent model of
accelerated aging, Neurobiol. Aging 28 (2007) 1187-1194.

S.M. Poulose, B.M. Rabin, D.F. Bielinski, M.E. Kelly, M.G. Miller, N. Thanthaeng, B. Shukitt-Hale, Neurochemical differences in learning and memory
paradigms among rats supplemented with anthocyanin-rich blueberry diets and exposed to acute doses of Fe-56 particles, Life Sci. Space Res. 12 (2017) 16-23.
M.A. El-Missiry, A.I. Othman, M.R. El-Sawy, M.F. Lebede, Neuroprotective effect of epigallocatechin-3-gallate (EGCG) on radiation-induced damage and
apoptosis in the rat hippocampus, Int. J. Radiat. Biol. 94 (2018) 798-808.

H. Zhang, H. Yan, J. Ying, L. Du, C. Zhang, Y. Yang, H. Wang, H. Wang, Resveratrol ameliorates ionizing irradiation-induced long-term immunosuppression in
mice, Int. J. Radiat. Biol. 94 (2018) 28-36.

B. Shukitt-Hale, F.C. Lau, V. Cheng, K. Luskin, A.N. Carey, K. Carrihill-Knoll, B.M. Rabin, J.A. Joseph, Changes in gene expression in the rat Hippocampus
following exposure to 56Fe particles and protection by berry diets, Cent. Nerv. Syst. Agents Med. Chem. 13 (2013) 36-42.

U.Z. Said, H.N. Saada, M.S. Abd-Alla, M.E. Elsayed, A.M. Amin, Hesperidin attenuates brain biochemical changes of irradiated rats, Int. J. Radiat. Biol. 88
(2012) 613-618.

B.M. Rabin, K. Carrihill-Knoll, M. Hinchman, B. Shukitt-Hale, J.A. Joseph, B.C. Foster, Effects of heavy particle irradiation and diet on object recognition
memory in rats, Adv. Space Res. 43 (2009) 1193-1199.

B.M. Rabin, J.A. Joseph, B. Shukitt-Hale, Effects of age and diet on the heavy particle-induced disruption of operant responding produced by a ground-based
model for exposure to cosmic rays, Brain Res. 1036 (2005) 122-129.

B.M. Rabin, B. Shukitt-Hale, A. Szprengiel, J.A. Joseph, Effects of heavy particle irradiation and diet on amphetamine- and lithium chloride-induced taste
avoidance learning in rats, Brain Res. 953 (2002) 31-36.

M. Gramatyka, P. Widlak, D. Gabrys, R. Kulik, M. Sokol, Resveratrol administration prevents radiation-related changes in metabolic profiles of hearts 20 weeks
after irradiation of mice with a single 2 Gy dose, Acta Biochim. Pol. 67 (2020) 629-632.

D.F. Sayed, A.S. Nada, M.A.E.H. Mohamed, M.T. Ibrahim, Modulatory effects of Chrysophyllum cainito L. extract on gamma radiation induced oxidative stress
in rats, Biomed. Pharmacother. 111 (2019) 613-623.

Y. Ma, X. Jia, Polydatin alleviates radiation-induced testes injury by scavenging ROS and inhibiting apoptosis pathways, Med. Sci. Mon. Int. Med. J. Exp. Clin.
Res. 24 (2018) 8993-9000.

O. Piskin, B.G. Aydin, Y. Bas, K. Karakaya, M. Can, O. Elmas, M.C. Buyukuysal, Protective effects of quercetin on intestinal damage caused by ionizing
radiation, Haseki Tip Bulteni-Medical Bulletin of Haseki 56 (2018) 14-21.

W. Long, G. Zhang, Y. Dong, D. Li, Dark tea extract mitigates hematopoietic radiation injury with antioxidative activity, J. Radiat. Res. 59 (2018) 387-394.
W. Ei-Desouky, A. Hanafi, M.M. Abbas, Radioprotective effect of green tea and grape seed extracts mixture on gamma irradiation induced immune suppression
in male albino rats, Int. J. Radiat. Biol. 93 (2017) 433-439.

R.G. Targhi, M. Homayoun, S. Mansouri, M. Soukhtanloo, S. Soleymanifard, M. Seghatoleslam, Radio protective effect of black mulberry extract on radiation-
induced damage in bone marrow cells and liver in the rat, Radiat. Phys. Chem. 130 (2017) 297-302.

K. Manna, A. Khan, S. Biswas, U. Das, A. Sengupta, D. Mukherjee, A. Chakraborty, S. Dey, Naringin ameliorates radiation-induced hepatic damage through
modulation of Nrf2 and NF-kappa B pathways, RSC Adv. 6 (2016) 23058-23073.

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

J. Ding, H. Wang, Z.-B. Wu, J. Zhao, S. Zhang, W. Li, Protection of murine spermatogenesis against ionizing radiation-induced testicular injury by a green tea
polyphenol, Biol. Reprod. 92 (2015).

A. Khan, K. Manna, D.K. Das, S.B. Kesh, M. Sinha, U. Das, S. Biswas, A. Sengupta, K. Sikder, S. Datta, M. Ghosh, A. Chakrabarty, A. Banerji, S. Dey, Gossypetin
ameliorates ionizing radiation-induced oxidative stress in mice liver-a molecular approach, Free Radic. Res. 49 (2015) 1173-1186.

K.N. Rithidech, M. Tungjai, P. Reungpatthanaphong, L. Honikel, S.R. Simon, Attenuation of oxidative damage and inflammatory responses by apigenin given
to mice after irradiation, Mutat. Res. Genet. Toxicol. Environ. Mutagen 749 (2012) 29-38.

P. Verma, S. Jahan, T.H. Kim, P.K. Goyal, Management of radiation injuries by Panax ginseng extract, Journal of Ginseng Research 35 (2011) 261-271.
K.V. Sharma, R. Sisodia, Evaluation of the free radical scavenging activity and radioprotective efficacy of Grewia asiatica fruit, J. Radiol. Prot. 29 (2009)
429-443.

K. Pradeep, S.H. Park, K.C. Ko, Hesperidin a flavanoglycone protects against gamma-irradiation induced hepatocellular damage and oxidative stress in
Sprague-Dawley rats, Eur. J. Pharmacol. 587 (2008) 273-280.

H.C. Goel, N. Samanta, K. Kannan, I.P. Kumar, M. Bala, Protection of spermatogenesis in mice against gamma ray induced damage by Hippophae rhamnoides,
Andrologia 38 (2006) 199-207.

A. Alaoui-Youssefi, I. Lamproglou, K. Drieu, I. Emerit, Anticlastogenic effects of Ginkgo biloba extract (EGb 761) and some of its constituents in irradiated rats,
Mutat. Res. Genet. Toxicol. Environ. Mutagen 445 (1999) 99-104.

X. Qu, Q. Li, X. Zhang, Z. Wang, S. Wang, Z. Zhou, Amentoflavone protects the hematopoietic system of mice against gamma-irradiation, Arch Pharm. Res.
(Seoul) 42 (2019) 1021-1029.

H. Zhang, H. Yan, X. Zhou, H. Wang, Y. Yang, J. Zhang, H. Wang, The protective effects of Resveratrol against radiation-induced intestinal injury, BMC Compl.
Alternative Med. 17 (2017).

Z.Peng, Z.-w. Xu, W.-s. Wen, R.-s. Wang, Tea polyphenols protect against irradiation-induced injury in submandibular glands’ cells: a preliminary study, Arch.
Oral Biol. 56 (2011) 738-743.

H.Z. Toklu, O. Sehirli, H. Ozyurt, A.A. Mayadagli, E. Eksioglu-Demiralp, S. Cetinel, H. Sahin, B.C. Yegen, M.U. Dumlu, V. Gokmen, G. Sener, Punica granatum
peel extract protects against ionizing radiation-induced enteritis and leukocyte apoptosis in rats, J. Radiat. Res. 50 (2009) 345-353.

A. Velioglu-Ogunc, O. Sehirli, H.Z. Toklu, H. Ozyurt, A. Mayadagli, E. Eksioglu-Demiralp, C. Erzik, S. Cetinel, B.C. Yegen, G. Sener, Resveratrol protects against
irradiation-induced hepatic and ileal damage via its anti-oxidative activity, Free Radic. Res. 43 (2009) 1060-1071.

F.M. de Moraes Ramos, F. Schonlau, P.D. Novaes, F.R. Manzi, F.N. Boscolo, S.M. de Almeida, Pycnogenol (R) protects against ionizing radiation as shown in the
intestinal mucosa of rats exposed to X-rays, Phytother Res. 20 (2006) 676-679.

G. Haddadi, A. Abbaszadeh, M.A. Mosleh-Shirazi, M.A. Okhovat, A. Salajeghe, Z. Ghorbani, Evaluation of the effect of hesperidin on vascular endothelial
growth factor gene expression in rat skin animal models following cobalt-60 gamma irradiation, J. Cancer Res. Therapeut. 14 (2018) S1098-51104.

X. Han, X. Xue, Y. Zhao, Y. Li, W. Liu, J. Zhang, S. Fan, Rutin-enriched extract from Coriandrum sativum L. Ameliorates ionizing radiation-induced
hematopoietic injury, Int. J. Mol. Sci. 18 (2017).

M. Sinha, D.K. Das, S. Datta, S. Ghosh, S. Dey, Amelioration of ionizing radiation induced lipid peroxidation in mouse liver by Moringa oleifera Lam. leaf
extract, Indian J. Exp. Biol. 50 (2012) 209-215.

J. Yi, C. Chen, X. Liu, Q. Kang, L. Hao, J. Huang, J. Lu, Radioprotection of EGCG based on immunoregulatory effect and antioxidant activity against Co-60
gamma radiation-induced injury in mice, Food Chem. Toxicol. 135 (2020).

A. Akhtar, The flaws and human harms of animal experimentation, Camb. Q. Healthc. Ethics 24 (2015) 407-419.

J.C. Chancellor, R.S. Blue, K.A. Cengel, S.M. Aunon-Chancellor, K.H. Rubins, H.G. Katzgraber, A.R. Kennedy, Limitations in predicting the space radiation
health risk for exploration astronauts, Npj Microgravity 4 (2018).

12


http://refhub.elsevier.com/S2405-8440(24)13483-4/sref46
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref46
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref47
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref47
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref48
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref48
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref58
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref58
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref49
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref49
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref62
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref62
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref85
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref85
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref86
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref86
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref87
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref87
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref88
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref88
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref89
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref89
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref90
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref90
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref52
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref52
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref51
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref51
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref91
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref91
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref92
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref92
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref55
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref54
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref54
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref56
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref56
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref53
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref53
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref93
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref93
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref94
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref94
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref95
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref95
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref60
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref60
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref96
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref97
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref97
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref98
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref98
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref59
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref59
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref99
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref99
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref100
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref100
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref101
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref101
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref102
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref102
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref103
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref103
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref104
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref104
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref105
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref105
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref106
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref106
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref107
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref107
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref57
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref57
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref61
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref61
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref63
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref64
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref64

M. Zhao Heliyon 10 (2024) e37452

[91]
[92]
[93]

[94]
[95]

[96]
[971

[98]
[99]

[100]
[101]

[102]

[103]
[104]
[105]
[106]
[107]

H. Jokura, I. Watanabe, M. Umeda, T. Hase, A. Shimotoyodome, Coffee polyphenol consumption improves postprandial hyperglycemia associated with
impaired vascular endothelial function in healthy male adults, Nutr. Res. 35 (2015) 873-881.

M.Z. Fang, Y. Wang, N. Ai, Z. Hou, Y. Sun, H. Lu, W. Welsh, C.S. Yang, Tea polyphenol (-)-epigallocatechin-3-gallate inhibits DNA methyltransferase and
reactivates methylation-silenced genes in cancer cell lines, Proc. Am. Assoc. Cancer Res. Annu. Meet. 45 (2004) 365, 365.

J.A. Joseph, S. Erat, B.M. Rabin, CNS effects of heavy particle irradiation in space: behavioral implications, in: M.E. Vazquez (Ed.), Life Sciences: Space Flight
and the Central Nervous System: the Potential Independent and Synergistic Effects of Microgravity and Radiation, 1998.

H.M. Gloster, D.G. Brodland, The epidemiology of skin cancer, Dermatol. Surg. 22 (1996) 217-226.

N. Badea, M. Giurginca, A. Meghea, Complex effects of sunscreen agents and flavonoid antioxidants devoted to enhance photoprotection of dermal tissues,
Mol. Cryst. Liq. Cryst. 486 (2008) 1225-1234.

Y.F. Ali, F.A. Cucinotta, N.-A. Liu, G. Zhou, Cancer risk of low dose ionizing radiation, Frontiers in Physics 8 (2020).

S. Brandstetter, C. Berthold, B. Isnardy, S. Solar, I. Elmadfa, Impact of gamma-irradiation on the antioxidative properties of sage, thyme, and oregano, Food
Chem. Toxicol. 47 (2009) 2230-2235.

D. Tepfer, S. Leach, Survival and DNA damage in plant seeds exposed for 558 and 682 Days outside the international space station, Astrobiology 17 (2017)
205-215.

L.I. Mennen, R. Walker, C. Bennetau-Pelissero, A. Scalbert, Risks and safety of polyphenol consumption. (vol 81, pg 326, 2005), Am. J. Clin. Nutr. 82 (2005)
1357, 1357.

L. Blancquaert, C. Vervaet, W. Derave, Predicting and testing bioavailability of magnesium supplements, Nutrients 11 (2019).

G. Lopez-Lluch, J. Del Pozo-Cruz, A. Sanchez-Cuesta, A.B. Cortés-Rodriguez, P. Navas, Bioavailability of coenzyme Q10 supplements depends on carrier lipids
and solubilization, Nutrition 57 (2019) 133-140.

T. Kumagai, F. Rahman, A.M. Smith, The microbiome and radiation induced-bowel injury: evidence for potential mechanistic role in disease pathogenesis,
Nutrients 10 (2018).

AH. Lichtenstein, R.M. Russell, Essential nutrients: food or supplements? Where should the emphasis be? JAMA 294 (2005) 351-358.

S.L. Turgeon, L.-E. Rioux, Food matrix impact on macronutrients nutritional properties, Food Hydrocolloids 25 (2011) 1915-1924.

1.B. Ushakov, M.V. Vasin, Pharmacologic protection in distant space: current view, Biol. Bull. 46 (2019) 1524-1532.

S. Bhatta, T.S. Janezic, C. Ratti, Freeze-drying of plant-based foods, Foods 9 (2020).

F.C. Godoi, S. Prakash, B.R. Bhandari, 3d printing technologies applied for food design: status and prospects, J. Food Eng. 179 (2016) 44-54.

13


http://refhub.elsevier.com/S2405-8440(24)13483-4/sref65
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref65
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref66
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref66
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref67
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref67
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref68
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref69
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref69
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref70
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref71
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref71
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref72
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref72
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref73
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref73
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref74
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref75
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref75
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref76
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref76
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref77
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref78
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref79
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref80
http://refhub.elsevier.com/S2405-8440(24)13483-4/sref81

	Food systems for long-term spaceflight: Understanding the role of non-nutrient polyphenols in astronauts’ health
	1 Introduction
	2 Related works
	2.1 Early development
	2.2 Macro- and micro-nutrient requirements
	2.3 Potential non-nutrients requirements

	3 Methodology
	3.1 Search strategy
	3.1.1 Mechanism of polyphenols mediated outcomes

	3.2 Eligibility criteria
	3.3 Study selection
	3.4 Data collection

	4 Results
	5 Discussion
	5.1 Advantages and prospects
	5.2 Limitations
	5.3 Gaps between research and reality

	6 Conclusion
	Funding
	Data availability
	Informed consent statement
	Ethical statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


