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Abstract: With increasing space exploration, there is a rising need to evaluate the impact of space-
flight on astronauts” health, including the effects of space-associated hazards such as microgravity.
Astronauts’ reports of experienced symptoms upon spaceflight include a notable prevalence of dry
eye disease (DED). Hence, there is a pressing need to understand the pathogenesis and mechanism
behind space-associated DED onset, which will subsequently guide the development of necessary
therapies to reduce dry eye symptoms among astronauts. One critical effect of spaceflight includes
alterations to the gut microbiome. On Earth, the prior literature has established the presence of an
ocular surface-gut axis and the potential role of gut dysbiosis in DED onset. Meanwhile, the literature
about astronauts’ health underscores the presence of space-associated gut microbiome composition
alterations and the presence of DED separately. Therefore, in this opinion article, we review and
present the current literature regarding the ocular surface-gut axis on Earth and regarding potential
translations to spaceflight. We present the view that, based on the existing literature, the ocular
surface—gut axis may be a critical mechanism for the pathogenesis of DED in space, and this axis
needs to be further explored in the context of identifying ways to reduce astronauts” experiences of
DED during spaceflight.
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1. Introduction

Dry eye disease (DED) is common in human beings on Earth and may occur in up
to 30% of astronauts on the International Space Station (ISS) [1]. In post-mission surveys,
15.7% of astronauts flying on both ISS and space shuttle missions reported symptoms of
DED [2]. Commonly reported symptoms among astronauts include eye irritation, foreign
body sensation, conjunctival injection, eye burning, eye pain, blurry vision, tear film
insufficiency, and eye strain [1,2]. Terrestrial DED is a multifactorial, inflammatory, and
cyclical condition that results in symptoms (e.g., itching, burning, stinging, and foreign
body sensations) and signs (e.g., corneal epithelial erosions, staining with vital dyes,
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increased tear break up time, and tear film changes) [2,3]. Similar to the terrestrial impacts,
DED can be uncomfortable for astronauts and may negatively impact their quality of life,
productivity, performance, and mental state [2,3]. During space travel, astronauts are
exposed to a vast number of potential hazards (Figure 1), such as radiation, microgravity,
closed environments, confinement, isolation, and loneliness [4]. Additionally, vestibular
alterations and space motion sickness may occur from fluid shifts in microgravity [4].
One notable space-associated outcome includes inflight alterations to the gut microbiome
composition [5]. In this article, we review the ocular surface—gut axis on Earth and in
spaceflight as well as the potential implications of intestinal alterations in microgravity
on the tear film and DED in space. We opine that the ocular surface—gut axis is a salient
mechanism that may be involved in the pathogenesis of space-associated DED onset and
that needs to be further explored in light of continuously increasing space travel.
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Figure 1. Schematic depiction of the ocular surface—gut axis in spaceflight. Parts of Figure 1 were
created using unmodified art from Servier Medical Art under a Creative Commons Attribution 4.0
License (https:/ /creativecommons.org/licenses/by/4.0/) and Clkr [6] (accessed on 3 March 2024).
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2. Methods

In this article, we queried two databases (PubMed and Google Scholar) with the
following keywords separately and in various combinations: Gut Microbiome, Gut Dys-
biosis, Ocular Surface, Ocular Surface-Gut Axis Dry Eye Disease, Cornea, Microgravity,
Spaceflight, Astronaut, and Space Ophthalmology. From the search results, peer-reviewed
sources in the English language were eligible for inclusion in this article. The search was
not excluded based on year of publication; however, the publication dates of the included
sources in this paper range from 2013 to 2024. We reviewed 30 sources that appeared in
both PubMed and Google Scholar as well as one additional source that was found in Google
Scholar alone. Thus, a total of 31 sources were reviewed, which are included in this paper.

3. Gut Microbiome

The gut microbiome includes about 100 trillion bacterial cells and over 1000 bacterial
species, and crosstalk between the host and the microbes of the gut microbiome is essential
for the development and maturation of the host’s immune responses [7,8]. The mutualistic
relationship between the human host and inhabiting gut bacterial cells arises from other
host-serving bacterial functions as well, such as involvement in nutrition and protection
from colonization of pathogenic organisms [7]. In light of the mutualistic relationship
between the host and gut microbiome, gut dysbiosis, or a disruption to the gut microbiome
composition, is a critical inciting factor for subsequent disease development [7]. The
reduction in microbiome diversity, loss of commensal bacteria, and increase in pathogenic
bacteria contribute to an imbalance between protective bacteria and harmful pathogens
residing in the gut [7,8]. Subsequently, alterations to the gut microbiome composition may
negatively impact normal metabolic processes, thus giving rise to disease [8]. As a result, it
is essential to identify causative factors for gut dysbiosis, both on Earth and in space.

4. Dry Eye Disease (DED)

DED may be categorized into multiple subtypes, including aqueous-deficient, evap-
orative, and mixed forms of dry eye [9]. Aqueous-deficient DED stems from reduced or
absent tear production, which may be attributed to lacrimal gland insult or dysfunction
(e.g., Sjogren syndrome) [9]. Meanwhile, evaporative DED arises from disproportionately
greater tear evaporation rates (e.g., meibomian gland dysfunction, blinking rate reduc-
tion, contact lens use, or allergies) with normal lacrimal gland function [9]. Additionally,
there is a mixed form of dry eye that commonly presents as a combination of both the
aqueous-deficient and evaporative forms of DED [9,10].

Regardless of the type of DED, the pathophysiology of DED often begins with hyper-
osmolarity of tears from either a reduced volume of produced tears or higher evaporation
rates, which then activates inflammatory cascades, leading to corneal tear film and corneal
epithelium disruption [9]. Additional outcomes of ocular surface inflammation include
apoptosis of goblet cells and lacrimal gland dysfunction [11]. Subsequently, inflammatory
processes (e.g., activation of MAP kinase and NF-kB pathways) can result in secondary
inflammatory cytokine production (e.g., MMP-9, TNF-¢, IL-1«, and IL-1$3) and thus sec-
ondary DED [9]. When inflammation of the lacrimal gland is a causative factor, inflamma-
tory factors from lacrimal glands may enter tears and reach the ocular surface, leading to
increased inflammation of the ocular surface and subsequent associated DED [9].

The evaporative form of DED is the most prevalent type of DED [9]. Notably, one
causative factor for evaporative DED is meibomian gland dysfunction, which includes hy-
persecretory, hyposecretory, and obstructive meibomian gland dysfunction [12]. Being the
most common type of meibomian gland dysfunction, the obstructive form is attributed to
hyperkeratinization and subsequent blockage of the meibomian gland duct with keratinized
cells [12]. In fact, hyperkeratinization of the meibomian gland duct may be stimulated
by inflammation [12]. This manifests as dilation of the meibomian gland duct, followed
by acinar atrophy and meibomian gland destruction [12]. The loss of meibomian gland
function reduces lipid levels in the tear film, leading to greater tear film evaporation [12].
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5. Dry Eye Disease (DED) and the Ocular Surface Microbiome

DED is a multifactorial condition that is driven by inflammation of the ocular sur-
face. In fact, a notable elucidating factor for the inflammatory nature of DED is the ocular
surface microbiome [13]. Numerous studies examining the ocular surface show how al-
tered compositions of the ocular surface microbiome are associated with inflammation of
the ocular surface, thus contributing to DED onset. More specifically, antibiotic-induced
dysbiosis of the ocular surface microbiome is associated with greater generation of inflam-
matory cytokines and reduced regulatory T-cell differentiation as well as ensuing ocular
surface inflammation [14]. Schlegel and colleagues showed that, among patients with DED,
Propionibacteriaceae were more common in lids and Corynebacterium tuberculostearicum,
which are commensal and non-pathogenic bacteria, were more prevalent in the conjunctiva
when compared to healthy controls [14,15]. Furthermore, Willis et al. noted that individu-
als with DED experience shifts in the levels of Staphylococcus spp. and Pseudomonas spp.
in the closed-eye ocular surface microbiome [13]. Additionally, Gupta et al. conducted
16S ribosomal RNA sequencing of samples from the conjunctiva of patients with DED,
showing that there are greater levels of microbial DNA and bacteria alpha-diversity in
comparison to samples from healthy controls [15]. However, the alterations to the ocular
surface microbiome may be dependent on the subtype of DED, for Andersson et al. noted
that individuals with aqueous tear-deficient dry eye have lower microbiota diversity than
healthy controls [16]. In addition, the presence of an autoimmune condition with DED
leads to varied ocular surface microbiome compositions compared to the presence of DED
alone [17]. These studies collectively display the terrestrial relationship between DED and
ocular surface microbiome alterations; however, there is an absence of sufficient evidence
about ocular surface microbiome composition shifts among astronauts with versus without
DED upon space travel. In light of the current data regarding the prevalence of astronauts
with DED upon spaceflight, there is a need to explore the impact of space travel, including
space-associated hazards, on ocular surface microbiome dysregulation and DED onset.

6. Terrestrial Ocular Surface-Gut Axis

Although the ocular surface has notably fewer bacteria than the gut microbiome,
both the ocular surface and gut have distinct microbiomes that are dysregulated among
individuals with DED [18]. Recent evidence has begun to elucidate the presence of an
ocular surface—gut axis on Earth. For instance, when mice are treated with oral tributyrin,
they experience less ocular surface inflammation upon exposure to a desiccating envi-
ronment with low humidity levels compared to mice that did not receive oral tributyrin
treatment [11]. Tributyrin is a precursor compound of butyrate, which is a short-chain
fatty acid that is made by commensal bacteria in the gut upon fermentation of consumed
fiber [11]. These findings show that compounds that are produced by the gut microbiome,
such as butyrate, may lead to alterations in inflammatory pathways on the ocular surface,
further confirming the ocular surface—gut axis [11]. Similarly, oral lactoferrin treatment
protects against DED by maintaining tear quantities among mice exposed to desiccating
stress, which may be attributed to the ability of lactoferrin to reduce inflammatory cytokine
production and to modulate the gut microbiome by inducing protective short-chain fatty
acid production [19]. On the other hand, gut microbiome dysbiosis, through vancomycin
antibiotic treatment, opposes the protective effects of lactoferrin by reducing the gut’s
short-chain fatty acid levels [19]. In a similar way, murine models of Sjogren syndrome that
were exposed to dysbiosis-inducing antibiotics and desiccating environments displayed
less mucin-producing goblet cells and more severe DED compared to controls that were
not treated with antibiotics, further suggesting a role for the ocular surface—gut axis in DED
development [20].

An additional crucial component of the ocular surface—gut axis includes the role of
the lacrimal gland. Terrestrially, data from mice models show that alterations to the gut
microbiome composition are associated with increased inflammation and fat accumulation
in the lacrimal glands [21]. In light of the lacrimal gland’s salient role in producing tears that
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protect the ocular surface, such findings show the potential link between gut dysbiosis and
an increased risk of DED onset [21]. Additionally, C57BL/6 mice treated with antibiotics to
induce gut dysbiosis are found to have greater levels of inflammation and lymphocytes in
the lacrimal gland [22]. These terrestrial findings about the ocular surface-gut-lacrimal
gland axis provide a potential foundation for the pathophysiology of DED onset among
astronauts during space travel.

Additionally, clinical studies among human subjects showed that patients with clinical
Sjogren syndrome and patients with DED both displayed gut dysbiosis compared to control
samples [19]. Gut dysbiosis levels were highest among patients with Sjogren syndrome,
followed by patients with DED, when compared to controls [23]. Furthermore, a nonran-
domized clinical trial was conducted to evaluate the safety of fecal microbial transplants
for individuals with immune-mediated dry eye [24]. Here, results showed that after fecal
microbial transplant, 80% of individuals” gut microbiome composition transitioned closer
towards their donors” microbiome composition upon transplant, and 50% of individuals
subjectively experienced improvement in DED symptoms post-transplant [24]. These
findings collectively underscore how gut dysbiosis may be related to the development
and progression of DED. While the prior literature evaluates the role of terrestrial gut
dysbiosis in DED development, there is a need to explore how microgravity-induced gut
dysbiosis and spaceflight hazard-mediated gut dysbiosis contribute to astronauts’” DED
onset and progression.

7. Spaceflight and the Ocular Surface-Gut Axis

Space travel and its associated hazards (Figure 1) pose critical impacts on astronauts’
overall health and physiology, including the ocular surface [1,25,26]. This also includes
dysregulation of the immune system, which gives rise to infection susceptibility [11]. For
instance, simulated microgravity environments have been associated with increased rates
of biofilm generation by Klebsiella pneumoniae [5]. The gut microbiome communicates
with the host immune system, so dysregulation of the immune system upon exposure to
microgravity during spaceflight is associated with dysregulation of the gut microbiome
as well [5]. During short-duration spaceflight, astronauts experience altered compositions
of their gut microbiomes, including an increase in Firmicutes levels and a decrease in Bac-
teroides levels [5]. However, a notable finding is that such changes to the gut microbiome
were nearly not evident four weeks after spaceflight since the gut microbiome closely
matched preflight compositions [5]. Long-duration spaceflight similarly impacts the gut
microbiome composition through a significant elevation in the Firmicutes-to-Bacteroides
ratio while in flight [27]. Such a transition in the gut microbiome during long-duration
spaceflight was reported based on the NASA Twin Study, which compared one male twin
in space on a 1-year mission and his terrestrial-bound twin [27]. The twin who was aboard
experienced greater variations in gut microbiome composition during the time period
of the flight compared to the Earth-bound twin during the same time period [27]. Simi-
lar to short-duration spaceflight, the changes to the gut microbiome upon long-duration
spaceflight were also transient, for the twin’s space-associated elevations in the Firmicutes-
to-Bacteroides ratio returned to preflight levels weeks after returning to Earth [27]. While
the terrestrial literature elucidates evidence of the ocular surface—gut axis, the role of this
axis in the pathogenesis of DED in space remains unknown. Considering that up to 30%
of astronauts on the International Space Station report experiences of DED-associated
symptoms and considering that space-associated gut dysbiosis is transient [1], there is
a need to evaluate whether astronauts’ symptoms of DED disappear upon returning to
Earth. Currently, there is an absence of adequate literature studies regarding astronauts’
progression of DED after returning to Earth. However, comparing the progression of astro-
nauts’ DED with the composition of the gut microbiome after spaceflight would allow for
a better understanding of the ocular surface-gut axis’s involvement in astronauts” ocular
surface health.
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Regarding inflammation, human fibroblast cells that have been flown in space display
the activation of NF-«kB, which consequently leads to the generation of proinflammatory
cytokines [28]. Also, during long-duration spaceflight, plasma concentrations of proinflam-
matory cytokines were significantly elevated compared to prior baseline concentrations [29].
Proinflammatory cytokines are a significant mediator of tear film instability in DED [9],
so the activation of inflammatory cascades during space travel is a notable contributor to
DED onset among astronauts. Additionally, murine models showed that age-dependent
alterations in the gut microbiome were significantly associated with the DED phenotype
and DED severity on Earth [30]. Similarly, crew members experience both inflammation as a
part of accelerated aging [31] and alterations in the gut microbiome upon spaceflight [5,27],
which together point towards the ocular surface-gut axis as a potential mediator for astro-
nauts’ DED development during spaceflight.

In short, the prior literature regarding astronauts” health elucidates alterations to the
gut microbiome composition while in flight, an increase in inflammatory cascades, and
an increase in proinflammatory cytokines. On Earth, these factors are related to the onset,
development, and progression of DED. Therefore, we emphasize the need for an evaluation
of the role of the ocular surface-gut axis as the underlying mechanism for astronauts’” DED
upon spaceflight.

8. Limitations

While the presented literature underscores and supports the strength of the presented
model regarding the ocular surface—gut axis serving as a mechanism for the pathogenesis of
space-associated DED onset, we recognize that there are weaknesses inherent in this topic
as well. For instance, terrestrially, meibomian gland dysfunction is a significant cause of
evaporative DED, which is the most common form of DED; however, there is an absence of
adequate literature studies regarding the terrestrial relationship between gut dysbiosis and
meibomian gland dysfunction, thus limiting commentary about the role of the meibomian
gland in the space-associated ocular surface-gut axis. Primarily, to our knowledge, there
is an absence of a unifying study that explores the space-associated alterations to the gut
microbiome and to the ocular surface within the same sample. Our opinion regarding the
importance of further exploring the role of the ocular surface—gut axis in the development
of DED among astronauts stems from our review of the prior literature that individually
elucidates the presence of inflammation, alterations to the gut microbiome composition,
aberrations to ocular surface health, and DED risk among astronauts. However, without
a directly unifying study that explores the relationship between both variables (i.e., gut
health and ocular health) within the same sample of astronauts, there is a risk of potential
confounding variables being at play or the risk of a coincidental correlation when evaluating
the ocular surface—gut axis in spaceflight. However, this is unlikely to be the case since
terrestrial research has provided evidence for the presence of an ocular surface—-gut axis
within the same sample and within the same study on Earth [11,19,23,24], and the literature
on astronaut health has also confirmed, albeit individually, the presence of disturbances to
the gut microbiome [5,27], the ocular surface [1,2], and inflammatory pathways [28,29,31]
due to hazards that are associated with space travel.

9. Conclusions

With increasingly expanding efforts towards space exploration, there is a growing
concern regarding the impact of space travel on astronauts’ health and physiology. The
current literature, thus far, has described that space-associated hazards affect the gut
microbiome compositions during both short- and long-duration spaceflight. Similarly,
in studies that are unrelated to gut microbiome analyses, astronauts have reported a
striking prevalence of dry eye symptoms and DED upon space travel. Although terrestrial
research has highlighted the presence of an ocular surface—gut axis and has described the
relationship between gut microbiome dysbiosis and DED onset, there is a need for space
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medicine research to similarly explore the role of the ocular surface-gut axis in DED onset
among astronauts specifically.

Alterations to the gut microbiome and activation of inflammatory pathways during
space travel may play a role in space-associated changes in the ocular surface—gut axis and
subsequent DED development (Figure 1). The mechanistic cascade begins with changes in
the composition of the gut microbiome, which are incited by numerous hazards associated
with space travel, including microgravity. Such changes are subsequently associated with
accompanying inflammation of the tear film and corneal epithelium, ultimately leading to
DED onset among astronauts. Future work should aim to further explore the pathogenesis
of DED during spaceflight with particular attention towards the role of the ocular surface—
gut axis. Such evidence may pave the way for therapies to be identified in order to
ameliorate astronauts’ DED onset (e.g., administering short-chain fatty acid stimulators
such as omega-3 fatty acid supplements prior to spaceflight or increasing fiber quantities in
astronauts’ diet during space travel) [11,32].
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