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Abstract

Humans may be exposed to different types of radiation in their lifetimes, typically in the form of
low linear energy transfer (LET) radiation that is, for example, used as a treatment for cancer. In
addition, astronauts may be exposed to high LET radiation in outer space. Here, we propose that
alterations to the gastrointestinal (GI) microbiota may occur upon exposure to low or high LET
radiation, and that these alterations may perturb important relationships that exist between the GI
microbiota and human health. For example, the GI microbiota can communicate with the brain
via various pathways and molecules, such as the enteric nervous system, the vagus nerve,
microbial metabolites, and the immune system. This relationship has been termed the “gut-brain
axis”. Alterations to the composition of the GI microbiome can lead to alterations in its
functional metabolic output and means of communication, therefore potentially causing
downstream cognitive effects. Consequently, studying how radiation can affect this important
network of communication could lead to new and critical interventions, as well as prevention
strategies. Herein, we review the evidence supporting a relationship between radiation exposure
and disruption of the gut-brain axis as well as summarize strategies that may be used to counter

the effects of radiation exposure on the GI microbiome.



Introduction

In recent years, the field of microbiome research has exploded, with studies expanding
into almost every discipline that one can imagine. There are countless aspects of human health
that are connected to the microbiome — the microbial ecosystems that exist at numerous sites
throughout the human body including the gastrointestinal (GI) tract, skin, oral cavity, and
genitourinary tract (/). These communities can include bacteria, archaea, eukaryotes, and
viruses, with bacteria being the predominantly characterized component thus far (2). It is now
more than evident that the constituents of the microbiome are fundamental to the health of the
host, and this relationship has been best studied in relation to microorganisms that reside in the
GI tract. The GI microbiome in each individual has important connections to other body systems
including the digestive system, immune system, endocrine system, and, notably, the nervous
system (3). The interplay between the GI tract and the central nervous system (CNS) - termed the
gut-brain axis - is currently being explored in relation to a multitude of factors and disorders
including cognition and mental health (4), mood disorders (5), schizophrenia (6), metabolic
syndrome (7), and irritable bowel syndrome (8).

Various elements alter the composition and subsequent functional status of the GI
microbiome, including antibiotics, pre/probiotic supplements, diet, and the environment. One
additional factor that has the ability to alter microbial populations that has been underexplored in
relation to the human microbiome is radiation (9). Radiation is naturally present in the
environment, encountered in daily life; as well as in more extreme situations such as cancer
treatment and space travel. Everyday sources of radiation include terrestrial radiation from rocks
and building materials, trace amounts in food, cosmic radiation, background radiation from

medical diagnostics and therapeutics, and consumer products such as smoke detectors and



ceramic dishes (/0). It is therefore plausible that the radiation encountered in both daily life and
in situations such as cancer treatment or space travel could have a significant influence on the
composition and function of human-associated microbiota, including deleterious effects on the
gut-brain axis.

This review covers the current evidence supporting the mechanistic relationship between
the GI microbiome and the nervous system in both health and disease. Further evidence is also
covered on how exposure to low or high LET radiation influences the GI microbiota, leading to

potentially detrimental effects on the gut-brain axis.

1. Gut-Brain Communication Pathways

The GI tract and its microbial communities have several methods of communicating with
the brain including via the enteric nervous system (ENS), production of microbial metabolites
that influence the nervous system, microbe-derived neurotransmitters, and neuroimmune
pathways. In this section, we will discuss these methods of gut-brain communication and how
they function.
1.1 The Enteric Nervous System and Branches of the Autonomic Nervous System

One potential method of communication between the microbiota in the GI tract and the
brain is via use of the vagus nerve. The vagus nerve is the tenth cranial nerve, and it allows bi-
directional communication between the GI tract and the brain (/7). The common hepatic branch
of the abdominal portion of the vagus nerve is the most discussed in terms of gut-brain
communication. This branch innervates the pyloric sphincter, the antrum of the stomach, the
pancreas, and the proximal duodenum of the small intestine (/2). In the brain, this nerve sends

information to the nucleus tractus solitarii, which sends information to regions such as the



amygdala, thalamus, and locus coeruleus, all of which are involved in behavioral and emotional
function (/3). Vagal afferent nerves detect nutrients and nutrient-related conditions, such as
acidity, cholecystokinin, and mechanical stimuli (/2). Therefore, it is thought that the GI
microbiota can communicate with the brain through peptides and metabolites they produce that
signal through this nerve (/4).

Previous studies have shown that the effects of the GI microbiome on factors such as
anxiety, learned fear, and behavior are often not observed in the absence of the vagus nerve,
indicating that it plays a critical role in communication with the brain (/5-17). Bravo et al. found
that stress-induced corticosterone and anxiety- and depression-related behavior was reduced in
adult Balb/c mice after chronic oral administration of Lactobacillus rhamnosus JB1 strain, and
that this effect was mediated by L. rhamnosus-dependent alterations to gamma-aminobutyric
acid (GABA)B1b mRNA expression in different regions of the brain (/4). Likewise, Bercik et
al. found the same anti-anxiolytic effect when administering Bifidobacterium longum to male
AKR mice who had dextran sodium sulfate (DSS) induced colitis, which leads to chronic
anxiety-like behavior (/7). Furthermore, B. longum metabolites were found to decrease
excitability of enteric neurons. In both studies, vagotomy reversed the attenuating effects of the
probiotic bacterial administration (/4, /7). In another study by Tanida et al., injection of
Lactobacillus johnsonii into the duodenum of male Wistar rats decreased sympathetic nerve
activity as well as blood pressure, while simultaneously increasing gastric vagal nerve activity
(18). Taken together, these studies provide a basis of evidence that the GI microbiota activate
vagal pathways at the level of the enteric nervous system that signal to the CNS.

1.2 Microbial Metabolites

Lipids



Different types of lipid products can exert a range of effects on the host. For example,
short chain fatty acids (SCFAs) are one of the metabolic products of the GI microbiota that have
the ability to influence cellular processes in the host. SCFAs are produced via fermentation of
carbohydrates that are not digestible by the host (/9). The main SCFAs formed are acetate,
propionate, and butyrate (20). These compounds are involved in epigenetic regulation of the
genome, inducing inhibition or activation of histone modifying enzymes, therefore affecting
gene expression. For example, SCFAs can modulate chromatin structure within the nuclei of
lymphocytes to favor gene products that result in the proliferation of anti-inflammatory Foxp3+
regulatory T cells (Treg) (/9). Furthermore, SCFAs can inhibit histone deacetylase (HDAC) near
the Foxp3 promoter while simultaneously promoting acetylation of histone 3 at the Foxp3
promoter region, consequently inducing Treg development (/9).

Polyunsaturated fats can also influence the host. These lipids, such as omega-6 and
omega-3 fats, can be produced by certain bacteria in the GI tract (20). Omega-3 fats have been
found to have anti-inflammatory effects when they are in a higher concentration than omega-6
fats (1/9). Additionally, saturated long-chain fatty acids can have antimicrobial properties in high
concentrations, mostly targeting gram positive bacteria (20). Therefore, the lipid metabolites
produced by the GI microbiota can have regulatory effects on other GI microbiota.

The lipid metabolites produced by the GI microbiota have also been shown to have
effects on the brain. For instance, in one mouse study, SCFA supplementation alleviated
selective and enduring alterations induced by repeated psychosocial stress such as anhedonia and
heightened stress-responsiveness, as well as stress-induced increases in intestinal permeability
(20). SCFA administration did not improve chronic stress-induced alterations in body weight

gain and memory, but it decreased anxiety-like behavior in this study (20).



Another microbial metabolite pathway that has gained recognition in recent years is the
endocannabinoid system. Ligands of the endocannabinoid system are members of the N-
acylethanolamine (NAE) family of bioactive lipids. Two of the most well characterized
endocannabinoids are N-arachidonylethanolamine (AEA, or anandamide) and 2-
arachidonoylglycerol (2-AG) (21). These compounds, as well as many other endocannabinoids
and endocannabinoid analogs, bind to endocannabinoid receptors such as cannabinoid receptor
type 1 (CB,), which is highly abundant in the CNS, and cannabinoid receptor type 2 (CB,) that is
found primarily in the GI tract (22). The interaction of endocannabinoids with these receptors
has been found to have a wide range of effects in regulating fat intake and storage, satiating
appetite, pain, inflammation, metabolism, liver function, and neurological effects (27). It has
been posited that the GI microbiota regulate the levels of endocannabinoids in the GI tract and
adipose tissue, and that specific alterations in the composition of microbiota can lead to a wide
range of downstream effects (27). For example, mice on a high fat diet (HFD) treated with
Akkermansia muciniphila exhibited increased intestinal levels of endocannabinoids that
correlated with an improved metabolic profile and reversal of high-fat diet-induced metabolic
disorders, including fat-mass gain, metabolic endotoxemia, adipose tissue inflammation, and
insulin resistance (23). Another similar study showed that HFD-fed mice that received
Akkermansia muciniphila displayed reduced fat mass and improved glucose tolerance via distinct
mechanisms of action on the endocannabinoid system (24). Interestingly, it has also been found
that chronic cannabis users have a decreased prevalence of obesity (25). In all, although the
mechanisms of communication are not fully elucidated, it is clear that the GI microbiota can
produce and/or regulate important lipid metabolites, causing important physiological changes in

the host.



Cysteine Metabolism

Another important molecule involved in microbial metabolism is the amino acid cysteine.
Some species of bacteria, such as those belonging to the family Desulfovibrionaceae, desulfinate
cysteine for use as a carbon source for downstream purposes (/9). Cysteine can also be
converted into glutathione, which can help to protect the host from reactive oxygen species
(ROS). In patients with multiple sclerosis, dysbiosis (a pathogenic shift in the composition of the
microbiota) can occur in the GI tract, with an increase in bacterial species that sequester cysteine
that can lead to a buildup of cysteine and a dearth of glutathione production (7/9). Pathological
symptoms may occur as a direct result of the lack of glutathione, therefore leading to decreased
protection from the inflammatory response occurring in the CNS. With an excess of ROS, the
blood brain barrier (BBB) can experience degradation, causing immune cells to enter the CNS
and phagocytose myelin. Hence, it is clear that the metabolism of cysteine by the GI microbiota
can have profound consequences on the brain.
Tryptophan Metabolism

Tryptophan, another amino acid, is also involved in a series of metabolic pathways that
have important implications for the CNS. Tryptophan is a precursor molecule for serotonin (5-
hydroxytryptamine, or 5-HT), as well as kynurenine. Changes in the availability of these two
downstream molecules have been found to have effects on both the ENS as well as the CNS (26).
Ninety five percent of the body’s 5-HT is located in the GI tract and is primarily produced by
enterochromaffin cells (EC), and many microbial species in the GI tract metabolize 5-HT (27).
The 5-HT in the GI tract is involved in various reflexive functions, such as motility, secretion,
absorption, transit, and colonic tone. 5-HT is also involved in mediating nausea and can

modulate levels of food intake (26). The other five percent of serotonin is produced in the CNS



via serotonergic neurons that originate in the raphe nuclei in the brain and acts as an important
neurotransmitter (/7). While there is not yet a known pathway of communication between 5-HT
from the GI tract and the brain, it is clear that changes in GI levels of 5-HT can influence the
brain. A study by Yano ef al. found that germ free (GF) mice, which lack all microbiota, had less
5-HT in the colon and serum compared to specific pathogen free (SPF) controls, which have a
microbiome but lack particular pathogens. The presence of the microbiota elevated tryptophan
hydroxylase 1 (Tphl) expression in colonic ECs, which promotes 5-HT synthesis (28). Specific
metabolites are secreted by a subset of bacteria in the colon, including a-tocopherol, butyrate,
cholate, deoxycholate, p-aminobenzoate (PABA), propionate, and tyramine, and it is these
metabolites that provide the signal to upregulate Tphl expression and consequently 5-HT
production (28). The authors proposed that indigenous spore-forming bacterial (SFB) species
were the producers of these metabolites (28). Filtered colonic contents from GF mice that were
colonized with SFB induced 5-HT production in EC culture, as well as increase Tphl expression
(28), which indicates that the lack of SFB in GF mice is a possible mechanism of altered 5-HT
synthesis.

The tryptophan that is not metabolized into 5-HT goes through the kynurenine pathway
in the liver and is converted to kynurenine via tryptophan-2,3-dioxygenase (TDO) or
indoleamine-2,3-dioxygenase (IDO) (/7). While IDO is expressed in all tissues and can be
induced by interferon gamma (IFNY), TDO is only expressed in the liver and can be induced by
glucocorticoids (26). Both IDO and TDO have connections to the GI microbiome. TDO activity
may be partially dependent on microbial-neuroendocrine interactions, with significant
implications for behavior and CNS function (26). On the other hand, studies have shown that

species of Lactobacillus in the GI tract may attenuate conversion of tryptophan to kynurenine via



inhibition of IDO (29). This is important because increased levels of kynurenine have been
implicated in autism, schizophrenia, depression, and neurodegenerative diseases (30, 31).
Therefore, the control of kynurenine levels by species of Lactobacillus may be critical to
neurologic function (/7). Kynurenic acid is a neuroactive metabolite that can act on the N-
methyl-D-aspartate (NMDA) and alpha-7 nicotinic acetylcholine receptors in the CNS and ENS,
thus linking it to a role in immunoregulation and anti-inflammatory effects in both the brain and
the GI tract, in addition to the regulatory effects that these receptors have on cognition (32-34).
Microbe-Derived Neurotransmitters and Receptor Alterations

Another mechanism whereby the GI microbiota may communicate with the brain is via
microbe-derived neurotransmitters (35). For example, ingestion of Lactobacillus rhamnosus was
shown to modulate the level of the receptor subunits for GABA, the main inhibitory
neurotransmitter in the CNS, in different regions of the brain in mice (/4). GI microbiota have
the ability to regulate GABAergic neurotransmission via the vagus nerve. As previously
mentioned, Bravo et al. found that chronic treatment with L. rhamnosus increased expression of
GABA receptor mRNA transcripts in cortical regions of the brain, while decreasing expression
in the hippocampus, amygdala, and locus coeruleus, whereas these alterations did not occur in
vagotomized mice (/4). Other neurotransmitters, such catecholamines, can be produced by not
only the CNS but also the GI microbiota. Dopamine, which is a catecholamine, is produced by
lactic-acid producing bacteria in culture, although peripherally synthesized dopamine is not able
to cross the BBB (36). Ingestion of a probiotic strain of Lactobacillus plantarum increased levels
of neurotransmitters such as 5-HT and dopamine in the striatum of the brain (37). The increase in
striatum neurotransmitters was associated with alleviation of anxiety-like behaviors in a mouse

model (37).
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On the contrary, the absence of microbiota also leads to changes in dopamine and its
receptors in the brain (5, 38). Germ-free mice exhibit increased Drdla (dopamine D1 receptor)
expression in the brain, as well as increased turnover of not only dopamine, but also
norepinephrine and 5-HT (38). Therefore, it is thought that the GI microbiota are involved in
regulating monoamine transmission in the brain.

Neuroimmune Pathways

Microbes in the gastrointestinal tract can also communicate with the brain via
neuroimmune pathways. First, some GI bacteria can convert the dietary component L-histidine to
histamine, which can inhibit the production of TNF-alpha (39). Histamine plays a role in
immunomodulation but is also a known neurotransmitter. It has been proposed that production of
histamine by members of the GI microbiota may influence signaling in the ENS that includes
pain perception and GI tract motility (39). Next, gram negative bacteria can stimulate the
production of pro-inflammatory cytokines, such as Interleukin (IL)-6 and IL-1beta.
Lipopolysaccharide (LPS) on the surface of gram-negative bacteria can bind to TLR-4 on the
surface of GI endothelial cells, causing them to express these pro-inflammatory cytokines, which
can later communicate with the brain by activating the afferent terminals of peripheral neurons
and eventually sending signals to the CNS (40). Finally, inflammatory responses in the GI tract
have also been found to signal to the brain through the vagus nerve. For example, mice with
Campylobacter jejuni infections exhibit increased neuronal activation in vagal sensory ganglia
and in the nucleus of the solitary tract (4/). When VSL#3, a probiotic including strains of
Lactobacillus, Bifidobacterium, and Staphylococcus, was administered in a mouse model of liver
inflammation, sickness behavior that included social withdraw and immobility, as well as

systemic inflammation were attenuated (42).
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1.3 Effects of GI Microbial Metabolites on the Brain

The aforementioned microbial metabolites connect the GI microbiome to the ENS and
CNS. In addition to signaling that occurs between the GI microbiota and the nervous system,
there are effects that the microbiome has on different cell types in the brain, including effects on
myelination and neuronal proliferation.

Mpyelination

Several recent studies have implicated the GI microbiota in the regulation of genes that
control myelination in the brain. Cresol, a phenol that is produced by some GI microbes, crosses
the BBB. Increased cresol levels were detected in mice with GI microbiota enriched for
Clostridiales, Lachnospiraceae, and Ruminococcaceae (43). These mice also exhibited social
avoidance behaviors and had downregulation of genes involved in myelin expression and
differentiation. Of interest, transfer of the intestinal microbiota from affected mice to microbiota-
depleted recipient mice of a different genetic background was sufficient to induce the social
avoidance behavior. Since the composition of the GI microbiota was sufficient to induce the
depressive-like behaviors in genetically distinct mouse strains, it was concluded that in this case
the microbiota overrode genetics (43).

The prefrontal cortex (PFC) is a critical region of the brain that is implicated in a wide
range of neuropsychiatric disorders including depression, autism, and schizophrenia (44). Within
the PFC lies the central neuronal circuitry that controls emotional regulation, memory storage,
behavioral flexibility, and attention. In a study by Hoban et al., a marked upregulation of genes
involved in myelination as well as genes involved in transcriptional regulation was found in the

PFC of germ-free mice (44). Therefore, the absence of microbiota led to hypermyelinated axons
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in the PFC. Thus, the GI microbiome may have a strong connection to the myelination state of
the PFC and could have an important role in many of its associated neuropsychiatric disorders.
Neuronal Formation, Maturation, and Proliferation

Though there is little work in the field thus far, there is accumulating evidence that the GI
microbiome can influence neuronal proliferation, formation, and maturation as well (45). For
example, germ-free mice have increased adult hippocampal neurogenesis, mostly in the dorsal
hippocampus, a region of the brain primarily involved in cognitive functions (e.g., spatial
memory) (46). Therefore, the GI microbiota may regulate the amount of neuronal proliferation
occurring in the brain, which could impact cognition. There appears to be a critical period of
time early in life during which the composition of the microbiome influences future adult
hippocampal neurogenesis. GF mice tend to have a decrease in occludins and claudins in the
BBB, and consequently a loss of integrity of the tight junctions (45). Therefore, a dysbiotic state
in the gut can potentially influence neurogenesis, microglial activation, as well as neuronal
myelination, survival, growth, and differentiation signaling (45).
Neuropsychiatric Disorders

Neuropsychiatric disorders have been increasingly linked to changes in the GI
microbiome as well as inflammation, which are intimately connected. Manic patients who
received antibiotics in the past exhibited increased symptom severity, which points to an
intriguing connection between the composition of the GI flora and normal CNS function (47).
Another example is that GABA can be produced by Lactobacillus brevis and Bifidobacterium
dentium in the GI tract, and GABA function is associated with depression, anxiety, autism, and
schizophrenia (48, 49). GABA produced in the intestines can cross the BBB. Therefore, this is an

area worthy of further investigation.
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The etiology of schizophrenia is not well understood, and to date no true molecular
markers of the disease have been identified (47). The condition is often associated with GI
comorbidities, including irritable bowel syndrome, inflammatory bowel disease, and celiac
disease (2). In 1953, Bender noted an association between celiac disease and schizophrenia (50,
51). This was the first link between autoimmune disease in the GI tract and schizophrenia.
Genetic polymorphisms in genes related to serotonin have been reported in schizophrenia
patients (52, 53). For example, polymorphisms in the gene HTR1B, which encodes the 5-HT
protein, a G-protein coupled receptor whose ligand is serotonin, were found to be correlated with
incidence of schizophrenia in the Han-Chinese population (53). It is possible, therefore, that
alterations in serotonin metabolism due to changes in the GI microbiota (such as indigenous SFB
species, see section 1.2) could influence mental illnesses such as schizophrenia.

Anxiety and depression have also been linked to the GI microbiome. Neufeld et al.
reported reduced anxiety in GF mice in stressful situations compared to control mice (54). Bravo
et al. demonstrated reduced anxiety in rats following probiotic treatment, with the probiotic
effect being ameliorated in vagotomized subjects (/4). Additionally, Campylobacter jejuni
infection in mice resulted in induction of c-Fos in anxiety-related regions of the brain (41, 55).
Depression has been associated with deficiencies in tryptophan metabolism (56-58), which, as
previously described, is closely related to the GI microbiome. There are many species in the GI
microbiome that contribute to tryptophan catabolism including Escherichia
coli, Bacteroides spp., Clostridium spp., Lactobacillus spp., Ruminococcus spp., and
Peptostreptococcus spp. (59). In one study, fecal transplants from depressed human patients to
rats lead to alterations in tryptophan metabolism and anxiety-like behavior in the recipients,

which was evidence of a causal role of the GI microbiome in depression (60).

14



Finally, autism spectrum disorder (ASD) is speculated to have a connection to the GI
microbiome. Dysbiosis is often associated with late onset ASD, and GI symptoms are common
in patients (6/-65). Various studies have found increased levels of Clostridium species,
decreased levels of Bacteriodetes, as well as altered compositions of Bifidobacterium,
Lactobacillus, Sutterella, Prevotella, Ruminococcus, and Alcaligenaceae in the feces of patients
with the disorder (reviewed in (2)).

Importantly, there is bidirectional communication and influence between the brain and
the GI tract. While changes in the GI microbiota can affect the brain, changes in the brain can
also affect the GI microbiome. For example, stress alters patterns of mucous secretion in the GI
tract, which can consequently impact the GI microbiome (2). Galley et al. also showed that

merely two hours of social disruption in mice led to a decrease in the GI levels of Lactobacillus

(66).

2. Radiation Effects on the Gut-Brain Axis

There are several ways to categorize types of radiation. Non-ionizing radiation is
incapable of removing electrons from atoms, and this includes radio waves, visible light, and
microwaves. lonizing radiation has sufficient energy to remove electrons from other atoms.
Within the category of ionizing radiation, there are sub-categories of high and low energy
transfer radiation. Linear energy transfer (LET) refers to the amount of energy lost per unit of
path length travelled by the radioactive particle (67). Therefore, high LET radiation deposits
more energy in tissue and thus has the potential to cause more significant tissue damage than low
LET radiation. As the radiation penetrates cells and emits energy, it can cause DNA damage. An

example of low LET radiation would be gamma rays, which are often used in treatment for
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cancer. These rays are very penetrating and can travel several hundred feet in air (68).
Conversely, examples of high LET radiation include high energy and charge (HZE) particles,
neutron particles, and alpha particles. HZE and neutron particles can both penetrate deeply into
the human body, travel long distances, and require heavy shielding for protection. These types of
high LET radiation can be encountered in space outside of the Earth’s magnetosphere. In this
new age of technology, travel, medical treatment, and more, factors such as radiation must be
considered when investigating the interaction of the GI microbiome and the brain. Radiation can
also be encountered in the environment, and persistent exposure to environmental radiation, such
as in the Chernobyl Exclusion Zone, has also been found to alter health metrics, such as the
composition of the GI microbiome (69). Likewise, examining the gut-brain axis in the context of
radiological injuries could be extremely useful when trying to determine which individuals have
been exposed to damaging amounts of radiation and which have not (70). Analyzing the
microbial composition of fecal samples from individuals exposed to radiological and perhaps
even nuclear disasters could serve as a minimally invasive and informative biodosimetry tool in
the future (70).
2.1 GI Dysbiosis Caused by Low LET Radiation

Low LET radiation, such as radiation that is used for radiotherapy for cancer, has been
shown to cause dysbiosis in the GI microbiome (Table 1). For example, Ritchie ef al. exposed
male Sprague-Dawley rats to fractionated low LET gamma radiation and measured changes in
the GI microbiome. They found increases in bacteria belonging to the bacterial family
Lactobacillales and decreased Clostridiales and Firmicutes in animals treated with low LET
gamma radiation (71). The species richness and diversity between the irradiated and non-

irradiated groups was not significantly different. Although the species richness, measured by the
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Chao Index, was not significantly different, it was notably higher in rats that received radiation
compared to those who did not.

Other studies have found correlations between the changes in the GI microbiome that
occur following low LET radiation exposure and the amount of inflammation in the GI tract.
Gerassy-Vainberg et al. used localized internal rectal radiation to investigate the effects caused
by the exposure on pro-inflammatory dysbiosis. They posited that some of the radiation-induced
changes in GI microbiota can exert direct pro-inflammatory effects on the GI epithelial cells,
increasing their expression of pro-inflammatory cytokines such as TNF-alpha and IL-1beta
compared to those with unexposed microbiota (72). Based upon these findings, the proposed
sequence of events by several groups is that radiotherapy can induce dysbiosis in the GI tract,
which consequently triggers the release of pro-inflammatory cytokines such as IL-1beta from the
gastrointestinal mucosa, and these cytokines eventually aggravate mucosal damage (72).
However, it is important to note that the study does not rule out any direct effects of radiation to
the GI epithelial cells. Another study by Yamanouchi et al. exposed mice to 2 and 4 Gy of X-ray
radiation and studied short-term changes to Lactobacillus and Bifidobacterium. They found an
immediate decrease in Lactobacillus in both groups, and a large increase in Bifidobacterium in
the 4 Gy group (73). This led the authors to postulate that Bifidobacterium may play a potential
role in the repair and regeneration of the GI epithelial tissue.

Another interesting observation in studies modeling radiotherapy for cancer is that the
compositional changes in the microbiota occur over an extended period of time. In a mouse study
by Gerassy-Vainberg et al., at two weeks post-irradiation the microbiome composition was still
similar to baseline. However, the predominant change in bacterial composition occurred six

weeks post-irradiation (72). Consistent with this study, in patients with gynecological cancers
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receiving pelvic radiotherapy, it was also found that the maximal change in microbial
composition was 1-3 months post-irradiation (74). Therefore, it is important to take into account
that microbial changes may happen gradually, and this should be a consideration when tracking
changes in the GI microbiome post-radiation exposure.

2.2 Cognitive Effects of Radiotherapy for Cancer

In addition to changes in the microbiome, there is an extensive body of evidence
illustrating that radiotherapy can cause cognitive impairments in patients. At first, most research
in this field focused on the effects of chemotherapy, calling it a “cancer/chemotherapy related
cognitive impairment” (75). Patients who receive chemotherapy have often been noted to have
anxiety, depression, cognitive impairments, and sleep disturbances. More specifically, cognitive
impairments in chemotherapy patients include changes in executive functions (cognitive
processes that are necessary for managing oneself and one's resources in order to achieve a goal),
learning and memory, visuospatial skills, attention, language, and concentration (76). In some
cases, these symptoms have been found to last well beyond five years post-treatment (77).
However, most of the patients receiving chemotherapy and experiencing these symptoms were
also receiving radiation therapy.

Importantly, while cognitive impairments have been noted in cases of head-only
radiation, impairments have also been found when the radiation was administered to other parts
of the body, therefore implying some other factor, such as the GI microbiome, may mediate the
damage. For example, Feiock et al. studied the cognitive effects caused by radiation as opposed
to solely focusing on chemotherapy. Balb/c mice either received a 16 Gy fraction of ionizing
radiation to the right hind limb, or received three doses of methotrexate, a chemotherapeutic

agent, once per week for three weeks (75). They found that non-brain directed radiation was
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equally as effective as chemotherapy at causing significant bystander injury in the brain,
including multifocal hypometabolism and persistent neuroinflammation. Shibiyama et al. also
found cognitive impairments in radiotherapy patients even when the radiation was directed at
non-brain areas (78). In breast cancer patients who received radiotherapy, there was significantly
impaired verbal memory and delayed recall, with deficiencies lasting for several months after
treatment. The radiotherapy group additionally exhibited elevated systemic levels of the pro-
inflammatory cytokine IL-6 (78). A prostate cancer study found that cancer-related fatigue
during radiotherapy was often associated with cognitive impairment, and the authors posited that
there may be specific cognitive domains associated with fatigue and cognitive impairment during
external beam radiation therapy (EBRT) (79). Finally, Cui et al. found that abdominal radiation
for pelvic malignancies resulted in increased expression of a specific microRNA that targeted
brain-derived neurotrophic factor (Bdnf) mRNA, consequently resulting in cognitive dysfunction
(80). Therefore, low LET radiation as a causative agent in cognitive dysfunction warrants further
investigation. While the exact mechanism remains unclear, we propose that these cognitive
changes could be linked to radiation-induced changes in the GI microbiome (Figure 1). As
previously discussed, dysbiotic changes are observed in the GI microbiota after radiation
exposure (Table 1), and given the aforementioned relationship between the GI microbiota,
neuroinflammation, and the CNS, it is plausible to hypothesize that the cognitive changes
observed after treatment with radiotherapy are mediated by radiation-induced shifts in the
composition and function of the GI microbiota.
2.3 Human Exposure to High LET Radiation

Other than hadron therapy for cancer (e.g., radiotherapy with protons, carbon ions, etc.),

there are few instances where humans would be exposed to high LET radiation on Earth, but
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with modern advancements in space travel and humankind’s sights set on Mars, it is a relevant
factor to consider. On a flight to Mars, humans would be exiting the Earth’s magnetosphere, and
therefore escaping the protection it provides from potentially harmful high LET radiation. It is
approximated that one would be exposed to roughly 1.3 mGy of radiation per day outside of the
Earth’s magnetosphere, and that the total dose of a return mission to Mars could add up to 0.5 Gy
(81). This radiation dose would be coming from solar particle events (SPEs), which involves
high dose rate exposures to protons, as well as galactic cosmic radiation (GCR), which can
include iron, silicon, oxygen, carbon, and helium ions that are extremely energetic and can’t be
easily shielded by existing materials used during space travel.

Acute and chronic tissue damage may arise from the effects of charged, highly energetic
particles crossing through the spacecraft itself and penetrating human tissue (82). This could
have many possible effects on the human body, including changes in the immune system.
Astronauts could have impaired immune responses in space, and therefore increased risk of
infections (83). Accordingly, mice exposed to SPE radiation exhibited transient increases in
proinflammatory cytokine levels including IFN-alpha, IL-6, and TNF-alpha (84). Radiation also
resulted in gram negative bacteria breakdown and an increase in circulating immune stimulatory
bacterial lipopolysaccharide (LPS) and the type I acute phase protein, LPS binding protein.

2.4 GI Dysbiosis Caused by Spaceflight Factors

The spaceflight environment includes several factors that can influence the GI
microbiome, including microgravity and radiation. Experiments performed on the International
Space Station (ISS) are in low earth orbit (LEO), and while they do include radiation exposure,
mostly in the form of protons, they are still protected by the Earth’s magnetosphere. As such, the

results are primarily due to the effects of microgravity. Ritchie et al. analyzed the GI microbiota
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in female mice who had embarked on a thirteen-day long spaceflight (71). They found that the
flight mice harbored more Bacteriodetes and Clostridiales than controls, and less Firmicutes and
Lactobacillales than controls. Although not significant, there was also a reduced species richness
in the flight mice in comparison to the ground control mice (7). Another study observed
reduced length of villi and depth of crypts in rats that had been flown to space (85). Due to these
changes in intestinal morphology, mucin production was decreased by the intestinal epithelial
cells. No significant intestinal injury or inflammatory infiltration was found as a result of short-
term exposure to the space environment, but this would not necessarily hold true for longer
duration missions outside of the Earth’s magnetosphere.

Just like low LET radiation for radiotherapy can cause dysbiosis in the GI microbiome of
patients, high LET radiation encountered outside of the Earth’s magnetosphere can do the same
(Table 1). In support of this phenomenon are experiments performed using particle accelerators,
with radiation as the only variable (not including microgravity). Casero et al. found an increase
in the amount of Akkermansia muciniphila in the GI tract of mice following whole-body
exposure to '°0 ions (87). Since A. muciniphila is a mucin-degrading bacterium thought to be
important in maintaining the integrity of the mucosal epithelial barrier, this finding could
indicate that high LET radiation causes intestinal injury and leakiness of the GI epithelium.
However, the long-term consequences of this increase in A. muciniphila are uncertain.

In the same study, which included 0, 0.1,0.25, and 1 Gy doses of '°O ions, marked
increases in alpha diversity were observed between 10 and 30 days post-radiation exposure as
well as significant decreases in beta diversity, regardless of dose level (87). In terms of
metabolites, there was an increase in phosphatidic acid (PA) and other lyso-PA metabolites. This

is notable since these metabolites can activate pro-inflammatory mTOR signaling directly. There
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was also downregulation of carbohydrate digestion and absorption (87). Overall, it is evident that
exposure to high LET radiation can alter the composition of the GI microbiome, and therefore
induce downstream metabolomic, immune, and morphologic changes.

2.5 Cognitive Effects of Cosmic Radiation

Just as low-LET radiation has been shown to have cognitive effects, high LET radiation
can do the same. A study by Mange et al. exposed rats to whole-body 5 and 25 cGy doses of 'O
ions, and then performed social odor memory recognition testing on the subjects (86). One-
month post-irradiation, both the 5 and 25 cGy groups exhibited memory deficits for the recall of
social odors. However, six months post-irradiation, only the 25 cGy group showed deficits while
the 5 cGy group did not (86). Therefore, the lower dose radiation group was able to recover,
while the higher dose group had long term cognitive damage. Jones et al. also observed deficits
in social odor recognition memory at both 1 and 10 cGy of '°O ions, with the 1 cGy group
developing impairments later on, while the 10 cGy group displayed consistent deficits (87).
Another study by Krukowski et al. also exposed rats to '°O radiation, but in doses of 25 and 40
cGy. The 25 cGy rats had social odor recognition memory deficits at 4 months post-exposure,
while the 40 Gy group did not (88). In both cases, though perhaps within a certain window of
dosage, it is evident that this type of heavy ion exposure is capable of producing long-term
memory deficits.

Following radiation exposure, there are many changes in the brain that occur. For
example, various studies have investigated how different forms of cosmic radiation affect
hippocampal neurogenesis. Hellstrom et al. found that hippocampal neurogenesis was reduced to
five percent of the level of the control group in Wistar rats nine weeks post-radiation exposure

(89). In another study, mice were exposed to helium ions, the second most prevalent form of
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radiation in space. The mice exhibited significant hippocampal and cortical-based issues that
lasted one year post-exposure, including deficits in memory and cognitive flexibility, reduced
rates of fear extinction, and increased anxiety and depressive-like behavior (82). Finally, there
were increased amounts of activated microglia, indicating neuronal inflammation. While these
changes could be due to radiation exposure alone, it is possible that they are connected to
alterations in the GI microbiome. For example, while Casero et al. used high LET radiation and
found changes in the GI microbiome composition, the studies by Hellstrom et al. and Parihar et
al. also used high LET radiation and this resulted in cognitive effects (81, 82, 89). Overall, like
low LET radiation, it is evident that high LET radiation is also capable of inducing cognitive
issues and molecular imbalances in the brain, and we hypothesize that this may be mediated at
least in part by the effects of high LET on the GI microbiome (Figure 1).
2.6 Comparison of Changes in the Gut and Brain Post-High LET Radiation

When comparing the literature regarding changes in the GI microbiome and changes in
the CNS following high LET radiation, there is little overlap. Studies have utilized similar doses
of high LET radiation in ranges that would be relevant for long-term space travel. However,
while CNS changes have been observed at more long-term time points, from at least one month
up to one year, microbiome changes have mostly been studied at more acute time points, as early
as 24 hours post-exposure up until 6 weeks (71, 72, 74, 81, 82, 86-89). There is also a general
dearth of scientific literature specifically studying changes in the GI microbiome following high
LET radiation. Evidence of peripheral low LET radiation causing changes to the CNS exists, but
there is not much literature regarding the opposite situation of head-only irradiation causing
microbiome alterations (75). Additionally, this situation has only been studied using low LET

radiation. Overall, more work is definitely needed in this area to specifically examine the gut-
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brain axis following exposure to low and high LET radiation. Studying changes in the CNS at
earlier time points following radiation exposure and changes in the GI microbiome at later time
points as well as efforts that study both changes in the GI microbiome and cognitive function in
the same subjects post-exposure would provide a more holistic view of the situation and allow

more mechanistic questions and connections to develop.

3. Interventions for Microbiome Manipulation

Given further evidence linking the GI microbiota to the effects of radiation on cognition,
the next consideration should be ways to manipulate the GI microbiome in order to prevent
cognitive deficits and/or improve mental health of humans affected by radiation. There are
several possible ways to accomplish this, which will be discussed in this section.
3.1 Antibiotics

One possible side effect of radiation is the translocation of GI bacteria across the
intestinal mucosa due to increased GI leakiness (90). This can result in sepsis and even death.
Therefore, one suggested intervention for this issue is antibiotics. In the event of acute radiation
syndrome, for example, administration of antibiotics is part of the standard treatment plan (97,
92). Preferably, this antibiotic would be one that specifically targets only the species of bacteria
that have a proclivity to translocate after exposure to radiation so as not to eliminate commensal
bacteria, since this could result in dysbiosis and other detrimental effects. Antibiotics could
perhaps be administered before radiation exposure as a prophylactic effort.
3.2 Probiotics and Prebiotics

Another strategy that can be used to help shape the composition of the GI microbiome is

administration of probiotics. Probiotics are defined as live bacteria that are ingested and are
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intended to colonize the gastrointestinal tract of the consumer. Prebiotics, on the other hand, are
defined as selectively fermented ingredients that result in specific changes in the composition
and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health (93).
Both types of supplements can be easily administered to patients in pill form.

Prebiotics are usually oligosaccharides, particularly fructans and galactans, acting as a
nutrient source for microbial populations in the GI tract (94). Another class of prebiotics includes
polyphenolic compounds such as anthocyanins, flavonoids, tannins, and lignins. These
compounds can be transformed into bioactive metabolites by microbes in the GI tract, where
they can they be used to modulate the microbial composition (95).

In terms of probiotics, certain species of bacteria have been found to be very beneficial
for the GI microbiome, such as Lactobacillus and Bifidobacterium. For example, Lactobacillus
has been found to stimulate macrophages and/or dendritic cells in the Peyer’s patches in the
small intestine to release cytokines, including regulatory cytokines IL-4 and IL-10 (83).
Lactobacillus rhamnosus reduced elevated levels of TNF-alpha in feces, therefore reducing
inflammation in the gastrointestinal tract (96). Oral administration of Lactobacilli and
Bifidobacterium increases systemic and mucosal IgA response to antigens (96), enforcing the
point that the GI microbiome has an important role in shaping the host’s immune system.

Both pre- and probiotics can have beneficial effects on the GI tract, including
antimicrobial peptide production, increased mucus production by Goblet cells, SCFA production,
antioxidant effects, barrier enhancement, and prevention of pathogenic biofilm formation (97-
101). Both types of supplements have also been shown to induce cognitive changes via the gut-
brain axis. Schmidt et al. found that prebiotics (specifically Bimuno®-galactooligosaccharides)

modulate emotional attention performance (/02). Probiotics (fermented milk product with a
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cocktail of four probiotic bacterial strains) were found to alter functional brain activity in women
while performing emotional attention tasks (/03). Alterations in the GI microbiome have also
been linked to depression, anxiety, and age-related cognitive decline (/04). Therefore,
manipulating the GI microbiome through use of pre- and probiotics has the potential to treat
many of the cognitive changes seen in individuals exposed to different forms of radiation.

3.3 Postbiotics

Since the metabolites produced by the microbiota in the gastrointestinal tract have direct
effects on the body, another method to alter or restore the microbiome’s metabolic function is to
administer the products that the desired microbes would make without altering the microbiome at
all. Postbiotics, defined as non-viable products of GI microbiota that exert biological activities in
the host, can serve this purpose. For example, while some bacterial species produce antioxidants
to help protect against radiation damage, consuming antioxidants before or after radiation has
been shown to confer some level of radioprotection (83). Other examples of postbiotics would be
administration of SCFAs such as butyrates, which can have beneficial cognitive effects as
previously discussed. Overall, directly administering the desired metabolites that would have
been produced by radiation-altered microbiota in the GI tract can be an effective method of
achieving the same end result.

3.4 Fecal Microbiota Transplant (FMT)

A final emergent method of GI microbiome manipulation is fecal microbiota transplant
(FMT). Although this phenomenon has been traced back to as early as the fourth century, the
first FMTs recorded in more modern times were used in the latter half of the twentieth century to
treat recurrent Clostridium difficile infection (/05). By administering fecal matter from a healthy

donor to a sick patient, either via the upper or lower gastrointestinal tract, it is possible to re-
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diversify the infected patient’s microbiome and provide a “colonization resistance” that protects
them from future infections (/05).

FMT has been tested to resolve a wide range of gastrointestinal and non-gastrointestinal
disorders, not limited to but including inflammatory bowel disease, irritable bowel disease,
idiopathic constipation, non-alcoholic fatty liver disease, sclerosing cholangitis, idiopathic
thrombocytopenic purpura, multiple sclerosis, myoclonus dystonia, Parkinson’s disease, obesity,
insulin resistance, metabolic syndrome, chronic fatigue syndrome, autism, stress-related behavior
and anxiety (/05). Due to its wide range of applications, it is likely that in the near future there
will be a wide selection of products with differing microbiota profiles and purposes
commercially available, for example in the form of lyophilized materials and capsules.

Given a confirmed association between radiation exposure and perturbation to the gut-
brain axis, FMT treatments could potentially be used, for example, to alleviate symptoms of
radiation therapy for cancer patients or as a countermeasure for astronauts on long-duration
missions. Indeed, Cui et al. found that the GI microbiota of male and female mice differed, and
the difference was associated with the subjects’ susceptibility to radiation-induced toxicity. FMT
from sex-matched healthy donor stool immediately following radiation exposure increased the

survival rate of the animals (/06).

Conclusions

The field of gut-brain axis research is still evolving, and certainly an open area for active
research. The effects of radiation on this axis are even less understood. Various time courses
after radiation exposure remain to be studied, especially the longer-term effects of radiation on

the gut-brain axis. Next, the specific microbiota as well as the microbial metabolites involved in
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these interactions need to be further teased out; particularly, whether there are specific
microbiota that either contribute to or ameliorate different neurocognitive pathophysiologies
induced by radiation exposure. Furthermore, it is unclear which microbe-produced metabolites
circulate systemically, and thus may act directly on the brain.

Despite the remaining gaps of knowledge in the field, it is increasingly evident that a
connection between the gut and brain exists. It is also apparent that exposure to different types of
radiation can exert detrimental effects on the GI microbiome, consequently altering its
composition, and therefore potentially the messages it sends to the brain. Further understanding
of the mechanistic link between radiation exposure and the gut-brain-axis will be important to
the development of therapeutic and/or prevention strategies such as targeted antibiotics or

pre/pro/postbiotic use.
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Figure Legends

Figure 1. Potential mechanisms whereby low- and high-LET radiation may influence the
gut-brain axis. Radiation exposure may cause dysbiosis of the intestinal microbiota, resulting in
altered metabolite production and/or inflammation. These changes may further lead to cognitive
impairments via signaling pathways that exist between the GI tract and the brain. Radiation-
induced changes to the GI microbiota may be prevented via use of targeted-antibiotics,

pre/pro/postbiotics, or fecal microbiota transplant (FMT) prior to or after radiation exposure.
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Table 1. Summary of Studies Examining Effects of Radiation on Microbiota

Radiation | Subjects Dose Effects Reference
Type
Low-LET | Female Internal rectal Akkermansia muciniphila Gerassy-
C57BL/6J brachytherapy (Ir- | increased and Firmicutes Vainberg
Mice 192 source) decreased in mice exposed | (72)
to radiation
Female Whole body X-ray | Immediate decrease in Yamanouchi
C57BL/6J radiation (2 and 4 | Lactobacillus, increase in (73)
Mice Gy) Bifidobacterium in 4 Gy
group
Female Pelvic fractionated | GI microbiota change Nam (74)
Humans X-ray radiation maximally by 1-3 months
(50.4 Gy 5x/week | post-irradiation
for 5 weeks)
Male Whole body Increased Lactobacillales Ritchie (717)
Sprague- fractionated low- and decreased Clostridiales
Dawley Rats | LET gamma and Firmicutes
radiation ('*’Cs, 3
Gy)
Male 0,5, or 12 Gy X- Increased abundance of Goudarzi
C57BL/6 rays Lactobacillaceae, (70)
mice Staphylococcaceae, and
Bacteroidaceae families,
decrease of
Lachnospiraceae and
Ruminococcaceae tamilies
Male Wistar | 10 Gy acute, or 18 | Increased Bacteriodales, Lam (107)
rats Gy fractionated Lactobacillaceae, and
Streptococcaceae, decrease
of 47 Clostridiaceae
members
Male 8 Gy acute dose of | Increased Altipes in large Kim (108)
CS57BL/6 gamma irradiation | intestine and decreased in
mice (°°Co source) small intestine, and
increased Corynebacterium
in small intestine.
Decreased Prevotella in
large intestine
Male Gamma irradiation | Clostridium, Helicobacter, | Liu (109)
BALB/c (0.5 Gy acute, 0.5 | and Oscilibacter increased,
mice Gy fractionated) Bacteroides and Barnesiella

decreased

44



Gottingen 1.9 Gy (minipigs) | Increase in Firmicutes and | Carbonero
Minipigs and | and 6.8 Gy decrease in Bacteroidetes (110)
Chinese (macaques), and Proteobacteria in
Rhesus photon irradiation | minipigs, enrichment of
macaques source Bacteriodetes in macaques
Bank vole Environmental Increase in Lavrinienko
Myodes radiation in Firmicutes:Bacteriodetes (69)
glareolus Chernobyl ratio
exclusion zone
(30.1 Sv/hr and
0.25 puSv/hr)
High-LET | Female Whole body acute | Increase in Bacteroidetes Ritchie (71)
BALBc/ByJ | 28Si radiation (0.05 | and decrease in Firmicutes
Gy), along with
partial load
bearing (1/6 G)
Male Whole body acute | Increase in Akkermansia Casero (81)
C57BL/6] 160 radiation (0.1, | muciniphila
Mice 0.25, and 1 Gy)
Space Male Human | 340-day long Increased Garrett-
Flight spaceflight Firmicutes:Bacteriodetes Bakelman
ratio in flight (111)
Female 13-day long Flight mice had more Ritchie (717)
C57BL/6J spaceflight Bacteriodetes and
Mice Clostridiales; and less
Firmicutes and
Lactobacillales than
controls
Humans Spaceflights of Alterations in Lactobacillus | Lencner
varying lengths species (112)
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