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Abstract

The gut microbiota and its secreted metabolites play a significant role in cardiovascular and musculoskeletal health
and diseases. The dysregulation of the intestinal microbiota poses a significant threat to cardiovascular and skeletal
muscle well-being. Nonetheless, the precise molecular mechanisms underlying these changes remain unclear.
Furthermore, microgravity presents several challenges to cardiovascular and musculoskeletal health compromising
muscle strength, endothelial dysfunction, and metabolic changes. The purpose of this review is to critically
examine the role of gut microbiota metabolites on cardiovascular and skeletal muscle functions and dysfunctions.
It also explores the molecular mechanisms that drive microgravity-induced deconditioning in both cardiovascular
and skeletal muscle. Key findings in this review highlight that several alterations in gut microbiota and secreted
metabolites in microgravity mirror characteristics seen in cardiovascular and skeletal muscle diseases. Those
alterations include increased levels of Firmicutes/Bacteroidetes (F/B) ratio, elevated lipopolysaccharide levels (LPS),
increased in para-cresol (p-cresol) and secondary metabolites, along with reduction in bile acids and Akkermansia
muciniphila bacteria. Highlighting the potential, modulating gut microbiota in microgravity conditions could play
a significant role in mitigating cardiovascular and skeletal muscle diseases not only during space flight but also in
prolonged bed rest scenarios here on Earth.
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Introduction

The human gut microbiota consists of a diverse popula-
tion of microbes including bacteria, archaea, viruses,
fungi, and protozoa, altogether combined with their
genomes defined as microbiome [1, 2]. The composi-
tion and diversity of the gut microbiome are influenced
by the position of the microbiome within the gastroin-
testinal (GI) tract, and other factors, such as age, dietary
habits, and medications [3]. Due to its indispensable role
in regulating the immune system, host nutrition, energy
metabolism, synthesis of vitamins, fat storage, and influ-
ence on human behavior, the gut microbiome is often
referred as the last human organ [4]. A gut microbiota
acts as an endocrine organ, producing bioactive metabo-
lites that regulate the cardiovascular and skeletal muscle
systems [5, 6]. A dysbiosis of the gut microbiota can con-
tribute to cardiovascular and skeletal muscle disorders
through secreted metabolites and molecular mechanisms
such as inflammation and autophagy [5, 6]. Evidence is
lacking in evaluating the risks associated with changes in
gut microbiota composition, leaving it unclear whether
these changes are responsible for cardiovascular and
skeletal muscle deconditioning in astronauts. As a result,
future research into the role of gut microbiota in micro-
gravity-related deconditioning and its potential utility as
an indication of an astronaut’s overall health and well-
being will lead to the diagnosis and treatment of potential
health concerns [7]. The study of metabolites released by
the gut microbiota and how they alter various diseases is
critical for better understanding the mechanisms under-
lying microbiota-induced diseases [8].

Due to a lack of downward pull by gravity, there is a
cephalad shift of intravascular volume in micrograv-
ity, causing fluid to move from the lower extremities to
the upper body [9]. This causes decrease in blood flow,
reduced nutrients, and atrophy of the heart. There is also
atrophy of the skeletal muscles, particularly in the soleus,
gastrocnemius, quadriceps muscles of the lower legs [9,
10]. This demonstrates that cardiovascular decondition-
ing in microgravity can contribute to skeletal muscle
atrophy, Furthermore, muscle atrophy can also result
from reduced physical activity and metabolic alterations
[11]. Studies have shown that exercise can partially pre-
vent atrophy during microgravity, though it may not be
entirely effective, suggesting a need for further research
that seeks to develop additional interventions that pre-
serve and maintain the overall health of astronauts in
space [10, 12]. A major approach to maintain astro-
nauts’ health revolves around the gut microbiome and
its secreted metabolites, as those metabolites can change
in space and microgravity [13]. An exploration of the
metabolome of gut microbiota changes as a result of
spaceflight may be useful to assist astronauts in main-
taining good health during spaceflight [13].
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In this review, we discuss the role of the gut microbi-
ota and the secreted metabolites in cardiovascular dis-
eases (CVDs), and skeletal muscle atrophy. In particular,
we focus on the molecular mechanisms associated with
cardiovascular and skeletal muscle deconditioning in
microgravity environments. Additionally, we explore the
potential connection between alterations in gut micro-
biota in microgravity and their role in the development
of cardiovascular diseases (CVDs) and skeletal muscle
atrophy.

Gut microbiome in pathophysiology of human
health
In healthy individuals, control of pathogenic bacteria
in the intestinal tract is due to the homeostatic balance
between commensal and potentially pathogenic bacte-
ria. However, changes in microbial composition cause a
significant imbalance between beneficial and potentially
pathogenic bacteria, resulting in an increased sensitivity
to pathogenic insults [14]. The imbalance between com-
mensal and potentially pathogenic bacteria is referred
to as “dysbiosis” and is triggered by a disturbance in the
microbiota composition, alterations in their location, or
alterations in their functional composition and metabolic
activities; or the interplay between the microbes and the
host health [14]. Potential alterations in gut microbiota
balance at qualitative and/or quantitative levels could
lead to several diseases [14]. Ian et al. demonstrated that
gut microbiome composition is linked to aging which
is highlighted by a loss of diversity in the core taxa [15].
Moreover, investigations of fecal samples from indi-
viduals of various age groups show that the composi-
tion and diversity of the gut microbiota change with age
[16]. Lower activity, nutritional pattern, poor immune
system and hence recurrent infections, drug usage, and
alterations in intestinal function or structure could be
contributing factors may contribute to the decline in
Bifidobacterium and Lactobacillus, and an the observed
increase in Enterobacteriaceae in older adults [17]. A
number of approaches have been reviewed elsewhere for
studying microorganisms isolated from a particular envi-
ronment and their secreted metabolites [18, 19].
Intestinal health is usually estimated with a ratio of
two dominant phyla Firmicutes and Bacteroidetes (F/B
ratio), which is disturbed in different pathological condi-
tions such as obesity, diabetes, non-alcoholic fatty liver
and inflammation [20]. This ratio is commonly used as
a marker for obesity and metabolic diseases as obese
individuals and obese mice model revealed an increased
F/B ratio, owing to ability of Firmicutes to extract energy
from food, resulting in more efficient calorie absorp-
tion and weight gain [21]. This is more evident with
increased uptake of high fiber diet which increases the
abundance of Firmicutes [21]. A high fiber diet increases
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the concentration of short-chain fatty acids (SCFAs) in
the intestine, which may reduce the risk of developing
colorectal cancer [22]. An even more fascinating find-
ing is that the gut microbiome has been linked to the
emergence of various types of cancer such as hepatocel-
lular carcinoma (HCC) [23]. Gut-secreted substances like
lipopolysaccharides (LPS) activate the toll-like receptor
(TLR) signaling pathway, causing chronic inflammation,
leading to a risk factor for HCC in humans [23]. Ma et
al. showed that bile acid upregulated the expression of
CXCL16 expression that regulates the accumulation of
NKT cells with an active phenotype that inhibits liver
tumor growth [24]. CXCL16 mediates adhesion and
phagocytosis of the gut microbiome triggering inflam-
mation [25]. These findings provide a mechanistic link
between gut microbiota, serum bile acids, and tumor
immune microenvironment.

The gut microbiota has a profound role in chronic
inflammatory diseases like inflammatory bowel disease
(IBD) which is characterized by chronic and relapsed
inflammatory events in the intestine [26]. This results in
prolonged ulceration of the colon due to the decrease in
the important butyrate producing (Firmicutes) bacteria
from the families Ruminococcaceae and Lachnospiraceae,
as well as their proteins, indicating the potential involve-
ment of butyrate in IBD, and the use of gut-derived
metabolites as a therapeutic target to reestablish intes-
tinal balance [27, 28]. Beyond the GI-tract, micro-
biota plays a role in the central nervous system (CNS)
and blood-brain barrier (BBB) function by secretion of
metabolites that will activate inflammatory pathways
and lead to diseases such as depression, anxiety, autism,
parkinson’s disease, and stroke [29]. The gut-brain axis
serves as a communication pathway between the gut
microbiota, the brain, and the BBB [30, 31]. Signals are
exchanged between the central nervous system (CNS)
and the enteric nervous system via metabolites produced
by the microbiota, which can enter the CNS via a variety
of routes, including the vagus nerve [30, 31].

The brain microvascular endothelial cells are held
together by tight junction proteins, namely claudin,
occludin, and zonula occludens (ZO), which together
form an endothelial cell barrier [32]. Notably, in germ-
free mice, tight junction proteins claudin-5 and ZO-1
were significantly decreased, indicating a possible rela-
tionship between gut microbiota and the BBB [32]. Fur-
thermore, after the administration of sodium butyrate,
these tight junction proteins were upregulated [32].
This suggests that sodium butyrate and other microbial-
derived metabolites can play a role in regulating host
homeostasis, including the integrity of the BBB.Taken
together, several studies revealed the potential role of the
gut microbiota in various aspects of human health [7,
33]. However, there is still a pressing need for in-depth
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mechanistic investigations of the gut microbiota to
explore their viability as diagnostic and therapeutic tar-
gets for various pathological conditions.

Cardiovascular diseases (CVDs) outcomes of gut
microbiota

Cardiovascular diseases (CVDs) are considered the
leading cause of mortality on a global scale. According
to the World Health Organization (WHO), each year,
17.9 million deaths worldwide occur due to CVDs [34].
Unhealthy nutrition, physical inactivity, dyslipidemia,
high blood pressure, and obesity are all risk factors for
CVDs [35]. Furthermore, gut microbiota has recently
emerged as a new risk factor in the field, in which it plays
an essential role in regulating cardiovascular function
and dysfunction [36]. In this section, we will discuss the
role of gut microbiota and its secreted metabolites in car-
diovascular function and diseases.

Role of gut microbiota and secreted metabolites in CVDs
Beyond the GI-tract, gut microbiota has been linked to
several cardiovascular diseases [37, 38]. The intestinal
epithelial barrier, which is maintained by tight junctions
expressed between epithelial cells, acts in defending the
internal milieu against the adversarial surrounding envi-
ronment establishing a semi-permeable wall [39]. Several
factors, including an unhealthy and fatty diet, genetic
susceptibility, intestinal infections, chronic stress, and
alcohol consumption, can alter the permeability of the
intestinal wall, resulting in leaky gut, primarily through
loosening of the tight junctions, as well as due to direct
mucosal damage and inflammatory reactions [37]. There-
fore, many toxins and harmful metabolites can now
enter the systemic circulation and are known to cause
CVDs [37]. We further discuss major metabolites such
as lipopolysaccharides (LPS), 4 trimethylamine N-oxide
(TMAQO), Indole-3-Propionic Acid (IPA), uremic toxins,
gaseous metabolites, bile acid (BAs), and short-chain
fatty acids (SCFAs) involved with gut/CVD axis.

Lipopolysaccharides (LPS) in CVDs

LPS is a well-known inflammatory inducer that is found
in gram-negative bacterial cell walls. In gut dysbiosis,
intestinal adhesion proteins are downregulated, allow-
ing LPS to enter systemic circulation. Enzymes in the
liver metabolize LPS and excrete it in bile; if this process
is disrupted, LPS can successfully enter systematic cir-
culation [40]. In the bloodstream, LPS binds to plasma
proteins such as LPS-binding protein (LBP), an acute
phase protein that facilitates LPS binding to the TLR4
receptor on target tissues [40]. TLR4 activates numer-
ous pro-inflammatory cytokines and promotes func-
tional maturation of innate immune antigen-presenting
cells [41]. Increased blood levels of LPS, which in-turn
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activates reactive oxygen species (ROS) and inflamma-
tory pathways, have been associated with the onset of
atherosclerosis [42]. Several studies have confirmed and
investigated further the mechanisms of LPS-induced ath-
erosclerosis [43—45]. Others focused on targeting inflam-
mation, mainly through TLR4, since it has shown the
strongest link between inflammation and atherosclerosis
[46]. In a study based on mice model given high-choles-
terol diet for six months along with silencing of the TLR4
gene appeared to have decreased the size of atheroscle-
rotic lesions, and lipid content [47]. However, Garshick et
al. demonstrated that transplanting aortas from Apoe™/~
mice with atherosclerosis into normolipidemic wild-type
mice besides administering antibiotics is yet another way
to target inflammation [48]. They also discovered that
plaque size in Abx-WT recipient mice did not differ from
Apoe-/- mice, but there was a 32% reduction in macro-
phages (CD68-expressing cells), indicating that antibi-
otics delay atherosclerosis inflammation resolution and
that gut microbiota play a role in atherosclerosis inflam-
mation [48]. The increase LPS levels in patients with ath-
erosclerotic cardiovascular disease is mainly explained
by the increased levels of Enterobacteriaceae, pathogenic
and LPS-producing organisms within the phylum Pro-
teobacteria [42]. Given that CVD is caused by a several
factors, inflammation, as one of them, plays a crucial role
in its progression and development, and LPS acts as a
bridge between them [49].

Trimethylamine N-oxide (TMAO) in CVDs

Trimethylamine N-oxide (TMAO) is known as a risk
factor for cardiovascular diseases [50]. Trimethylamine
(TMA) is generated by gut microbiota from Firmicutes
and Proteobacteria phyla through the conversion of
L-carnitine or choline, both present in red meats [50].
TMA is then converted to TMAO by flavin-containing
monooxygenase isoform-3 enzyme (FMO3) in the liver
[42, 51].TMA is primarily produced from dietary cho-
line and carnitine by enzymes such as choline-TMA
lyase (CutC), and carnitine oxygenase (CntA), or by the
reduction of TMAO to TMA by trimethylamine N-oxide
reductase (TorA) [52]. TMAO increases foam cell pro-
duction in arterial walls via reduced reverse choles-
terol efflux, activation of vascular inflammation, platelet
aggregation and thrombosis, upregulation of macrophage
scavenger receptors, and ROS production, ultimately
leading to atherosclerosis [51, 53]. Additionally, Geng.J et
al. demonstrated that TMAO promotes foam formation
from macrophages via the scavenger receptor CD36 and
MAPK/INK pathway [54]. TMAO inhibition has been
shown in several studies to be an effective method of pre-
venting and treating atherosclerosis [55, 56]. These meth-
ods include inhibiting the CutC enzyme, or the FMO3
enzyme, which can result in TMA accumulation and
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trimethylaminuria or fish malodor syndrome [56-58].
Berberine, a Chinese traditional medicine isolated from
Coptidis Rhizoma, is a more recent approach that down-
regulates the choline/TMA/TMAO production pathway
[59].

Firmicutes phyla that produce TMA (Clostridium,
Lactobacillales, Eubacterium, Anaeroglobus, and Rose-
buria genera) which are primarily found in the oral and
gut cavity, are also reported to be found in atheroscle-
rotic plaques [37]. It is in limelight, recently, that TMAO
production and thrombosis potential could be transmit-
ted via a human fecal transplant to a germ-free recipi-
ent, providing new insight into targeting TMAO via gut
microbiota modulation [60]. Resveratrol (RSV), a natu-
rally occurring polyphenol found primarily in grapes,
is widely used to treat a variety of metabolic diseases,
including atherosclerosis [61]. It modulates the gut
microbiota and increases the F/B ratio, lowering TMAO
levels and increasing hepatic bile acid synthesis [61].
These findings suggest that the gut microbiota may be
a promising target for pharmaceutical interventions to
reduce the risk of CVDs. Moreover, while TMAO nega-
tively impacts cardiovascular health, it improves enzyme
kinetics in skeletal muscle but has been associated with
insulin resistance [62].

Indole-3-propionic acid (IPA) in CVDs

Lactobacillus reuteri, Akkermansia, and Clostiridum
genus are all involved in the formation of the anti-inflam-
matory metabolite indole-3-propionic acid (IPA) in the
gut through tryptophan metabolism, and it has sev-
eral advantageous roles, including the ability to reduce
inflammation, lipid peroxidation, and free radical gen-
eration [63]. It has been shown that IPA exerts cardio-
protective role by inhibiting atherosclerosis through
promoting macrophage reverse cholesterol transport via
regulation of miR-142-5p/ABCA1 pathway which has
been demonstrated to be dysregulated in coronary artery
disease (CAD) patients [64]. Furthermore, Pulakazhi et
al. have shown that IPA modulates vascular function by
inhibiting the release of endothelial nitric oxide synthase
(eNOS)-dependent NO by activating the pregnane X
receptor (PXR), which is a xenobiotic-activated nuclear
receptor expressed in many tissues including vascular
endothelium and reduces agonist-induced endothelium-
dependent vasodilation [65]. Even though IPA has a pro-
tective effect on the cardiovascular system, most of these
studies were conducted using animal models rather than
clinical studies, thus further research is needed to deter-
mine the safety and effectiveness of IPA on humans.

Uremic toxins in CVDs
Para-cresol (p-cresol) is a metabolite that biotransforms
the amino acids tyrosine and phenylalanine [66]. It is
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predominantly produced by Clostridium difficile, a lead-
ing cause of diarrhea, as well as other strains within the
human gut [66, 67]. Next, in the liver and the gut mucosa,
aryl sulfotransferases convert p-cresol to the uremic toxin
p-cresyl sulfate, and UDP-glucuronyltransferases convert
a small fraction to p-cresyl glucuronide [68]. Although
some studies show that p-cresol secondary metabolites
have a beneficial role, these have also been linked to a
variety of conditions including autism spectrum disor-
ders (ASD), colorectal genotoxicity, platelet dysfunction
[69-72]. Moreover, p-cresol and its secondary metabo-
lites are associated with CVDs in hemodialysis patients,
and exhibit biomarker potential for predicting CVDs in
renal diseases [73, 74]. Jing. Y et al., demonstrated that by
activating NOX, increasing ROS production, and increas-
ing proinflammatory TNF-a cytokine expression; p-cresyl
sulfate, a uremic biomarker, promotes atherogenesis in
hemodialysis patients [75, 76]. These findings were con-
sistent with Han. H et al’s study on mice that underwent
5/6 nephrectomy and were treated with p-cresyl sulfate,
showed increased NOX activation and ROS production,
resulting in cardiac apoptosis and diastolic dysfunction
[77]. Although p-cresyl glucuronide accounts for a small
proportion of total p-cresol, Liabeuf et al. were the first to
demonstrate its association with cardiac-related mortal-
ity [78]. Furthermore, p-cresol-treated endothelial cells
produced macrovesicles, a marker of endothelial dys-
function, by upregulating miRNA-146b-5p and miRNA-
223-3p, which influenced senescence, angiogenesis, and
migration of mature endothelial cells [79]. Several stud-
ies indicate that uremic toxins pose significant risks to
the cardiovascular system [80, 81]. Taken together, the
molecular effects of uremic toxins on the cardiovascular
system must be further explored, as they could be used as
therapeutic targets for CVDs.

Gaseous metabolites in CVDs
Gut microbiota can produce gases metabolites such as
methane, nitric oxide (NO), and hydrogen sulfide (H,S),
all of which have been linked to the cardiovascular sys-
tem. Methane is produced as a byproduct by meth-
ane-producing archaea, also known as “Methanogenic
archaea,” when carbon dioxide is converted into methane
in the presence of hydrogen [82, 83]. Chen. O et al. found
that methane reduces infarct area in a rat model of myo-
cardial infarction (MI) by inhibiting inflammation, apop-
tosis, and oxidative stress [84]. On other hand, Zaorska. E
et al. found no effect on mean arterial pressure and heart
rate in normotensive rats [85]. Thus, effect of methane
against MI is specific to distinct animal models, but the
underlying reason behind which needs to be delineated
[85].

NO plays a well-known cardioprotective role, and
its dysfunction leads to several cardiovascular diseases
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[86—88]. The cardioprotective roles of NO includes regu-
lation of blood pressure, inhibition of platelet aggregation
and leukocyte adhesion, and prevention smooth muscle
cell proliferation; and reduced NO availability leads to
endothelial dysfunction [89]. Lactobacillus and Bifido-
bacterium strains, as well as other gram-positive bacte-
ria, produce NO from L-arginine by lowering gut pH via
bacterial NO synthase (bNOS) [90, 91].

H,S critically act in regulating cardiovascular diseases
like arrhythmias, heart failure, ischaemic myocardial
dysfunction and peripheral vascular disease [92]. Sulfate-
reducing bacteria (SRB) and bacteria of the desulthydrase
enzyme produce H,S in the gut lumen [93]. H,S has been
shown to have cardioprotective properties by inhibiting
inflammation, oxidative stress, and fibrosis, or through
interaction with NO [92, 94]. H,S is involved in activa-
tion of molecular signaling cascades, post-translational
modification of proteins and control of redox-dependent
responses [92]. Clinically, H,S based interventions have
proved to be beneficial lowering the risk of CVD in ani-
mals in animals via the reversal of disease-programming
processes [95].

Bile acids (BAs) in CVDs

Primary BA is metabolized into secondary bile acids in
the intestines, which reach the systemic circulation and
bind to the farnesoid X receptor (FXR), showing a range
of pleiotropic effects and may indicate a relationship
between the gut microbiota and cardiovascular health
[96]. Moreover, it has been reported that treatment with
ursodeoxycholic acid (bile acid) in patients with chronic
heart failure enhanced peripheral blood flow [97]. Apart
from FXR, BA also interacts several other nuclear recep-
tors that influence the gut microbiome physiologically,
such as pregnane X receptors (PXR), and constitutive
androstane receptors (CAR) [98]. Once activated by BA,
these receptors modulate inflammation, blood pres-
sure, and vascular function. Dysbiosis of the gut micro-
biota reduces BA production, leading to less cholesterol
excreted in the feces, as well as higher absorption and
plasma levels of low-density lipoproteins, increasing the
risk of atherosclerosis and CVD [99]. Moreover, fast-
ing total bile acid can be used as a potential biomarker
for CAD as it has been linked to CAD and the severity
of the disease, in addition to myocardial infarction (MI)
[100]. Taken together, BA is considered a key coordinator
between the gut microbiota and the cardiovascular sys-
tem. However, the exact functioning mechanism of spe-
cific BAs-receptor interaction networks is remained to be
discovered.

Short-chain fatty acids (SCFAs) in CVDs
SCEFAs, such as acetate, and butyrate, among others are
examples of beneficial metabolites produced by the gut
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microbiota as byproducts of dietary fiber fermentation
[101]. Changes in SCFAs were reported to be observed
in various cardiovascular diseases including heart fail-
ure models [102]. SCFAs are absorbed in the systemic
circulation and affect cardiovascular function [103]. For
instance, the injection of acetate or butyrate has been
demonstrated to reduce blood pressure in hypertension
experimental animals [101]. However, there is a decrease
in butyrate-producing bacteria (Clostridium, Eubacte-
rium, Fusobacterium, and Bifidobacterium) in gut dys-
biosis, and thus a decrease in butyrate levels, which is a
major energy substrate of colonocytes and could lead to
local or systemic inflammations, increase plaque size in
atherosclerosis, heart failure, and coronary artery dis-
ease [42]. On the other hand, Zhong et al. demonstrated
that butyrate significantly accelerated the high phos-
phate-induced calcification and osteogenic transition of
vascular smooth muscle cells (VSMC) in vitro [104]. Fur-
thermore, it dramatically suppressed HDAC expression
in VSMCs and triggered fast activation of NF-xB [104].
In summary, SCFAs play a significant role in the pathol-
ogy of heart failure mainly through HDAC inhibition,
mitochondrial function, and improving cardiac inflam-
matory response.

Role of gut microbiota in skeletal muscle atrophy
Skeletal muscle atrophy

Skeletal muscle comprises of several long and multinucle-
ated fibers that are held together by three layers of extra-
cellular matrix (ECM) [105]. The outer layer, epimysium
surrounds the muscle, and is involved in force transmis-
sion and insulation of the muscle [105]. The intermedi-
ate layer called the perimysium groups muscle fibers
into segments called fascicles and contains blood ves-
sels, nerves, and lymphatic ducts [105]. The inner layer
or endomysium is important in transmitting the force
produced by the muscle to the tendon and eventually to
the bone [105]. Muscle atrophy occurs due to a reduc-
tion in myofiber size, decreased protein synthesis, and
increased protein degradation [105, 106]. The distinctive
indicator of skeletal muscle atrophy is the shrinkage in
the diameter of the myofibers [106]. Loss of skeletal mus-
cle function and mass can have various adverse effects,
such as reduced mobility, fracture risk, falls, and higher
death rates [6]. Recent studies have suggested that dys-
biosis of the gut microbiota plays an important role in
skeletal muscle mass and functions [107]. In this section,
we discuss the role of the gut microbiota and its secreted
metabolites associated with skeletal muscle atrophy.

LPS in skeletal muscle atrophy

The integrity of the intestinal barrier is compromised
in gut microbial dysbiosis and loss of diversity, allow-
ing harmful microbial products such as LPS to enter the
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bloodstream and cause systemic inflammation, metabolic
disorders, and decreased muscle function and mass [6].
LPS is well-known for inducing skeletal muscle inflam-
mation by producing pro-inflammatory cytokines and
activating inflammatory pathways such as NF-«xB [108,
109]. NF-xB contributes to muscle atrophy via vari-
ous mechanisms, including muscle protein degrada-
tion, inflammation, muscle fiber regeneration inhibition,
and ROS production [110]. Doyle et al. showed that LPS
causes muscle atrophy by activating the transcription
ubiquitin ligases atrogin-1/MAFbx and MuRF1, which
consider markers for muscle wasting [111, 112]. Few in-
vitro studies revealed that LPS decreased membrane-
bound TLR4 (inhibitor of kBa), and induced myotube
atrophy [113]. On the other hand, stimulated muscle con-
tractions are found to decrease membrane-bound TLR4
and increase soluble TLR4 (sTLR4) ultimately preventing
LPS-induced signaling and myotube atrophy [113]. Even
though there are a lot of studies done on muscle atrophy
and LPS, evidence is still lacking to directly correlate gut
microbiota with muscle atrophy which currently seeks
wide attention.

IPA in skeletal muscle atrophy

A recent study aimed to investigate the role of C. sporo-
genes and its secreted IPA metabolite in skeletal muscle
discovered that IPA regulates the expression of myogenic
regulatory factors, effectively promotes muscle weight
gain in experimental mice, and protects against inflam-
mation via activating PXR and IPA/miR-26a-2-3p/IL-1p
cascade [114]. IPA reduces inflammation not only by
activating PXR, which inhibits proinflammatory cyto-
kine secretion, but also by inducing miR-26 A expression,
which ultimately downregulates the expression of pro-
inflammatory markers (CCL2, CCL5, IL-1f, and TNFa)
and hence TLR4/MyD88/NF-«B signaling pathway [114].
Although there have been few studies on the effect of IPA
on skeletal muscle, it appears that IPA has a potential
therapeutic utility as a nutritional intervention to reduce
inflammation within atrophied skeletal muscle, yet fur-
ther studies is needed in this field. Thus, IPA could be a
potential therapeutic target or candidate for preventing
the imbalance in muscle protein metabolism associated
with muscle atrophy.

Uremic toxins in skeletal muscle atrophy

Due to cytotoxic effects, p-cresol usually accumulates in
patients with chronic kidney disease and during hemo-
dialysis; increasing the risk of cardiovascular disease,
morbidity, and mortality [115]. Patients with chronic kid-
ney disease experience significant loss of muscle mass,
strength, and function, a condition associated with aging
known as sarcopenia [116]. The results of incubating
murine cultured myoblasts with combinations of uremic
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toxins derived from indoxyl sulfate, and p-cresol, both
produced by gut microbiota, showed that uremic tox-
ins inhibit cell proliferation, increases apoptosis, inhibit
myogenic differentiation, and promote muscular fibrosis;
confirmed using rat model-based studies [117]. Other
mechanisms through which indoxyl sulfate might cause
skeletal muscle atrophy include increase in ROS, increase
in inflammatory cytokines, phosphorylation of ERK,
JNK, and p38, as well as an activation of the muscle atro-
phy F-box (MAFbx) [118, 119]. It is essential to conduct
more in vivo research on the effects of uremic toxins on
skeletal muscle atrophy models.

Gaseous metabolites in skeletal muscle atrophy
In this section, we will explore the influence of metabo-
lites, such as methane, NO, and H2S, on skeletal mus-
cle atrophy. Although methane production is a critical
metabolite in reducing the pressure of hydrogen required
in ruminal fermentation, it can lead to a reduction in
gross energy. As a result, developing strategies to reduce
methane emissions is critical [120]. Lovastatin, a sec-
ondary metabolite produced during fungal growth that
inhibits methane emission, caused myopathy and skel-
etal muscle damage in goats [120]. Moreover, RSV, the
naturally occurring polyphenol, also could reduce meth-
ane production, but unlike lovastatin, it prevents muscle
loss, reduces aging-related muscle loss, and improves
exercise performance [121]. Further research needs to
investigate the direct role of enteric methane in skeletal
muscle atrophy. NO on the other hand, have benefical
role in the skeletal muscle, as studies found that NO and
its precursor L-Arginine amino acid play a protective
and important role in skeletal muscle through increasing
protein accumulation and muscle development via the
mTOR pathway, regulating autophagy, and mitochondrial
unfolded protein response [122, 123]. Furthermore, NO
treatment of an atrophied skeletal muscle model in mice
prevented muscle mass loss which further confirms the
protective role of NO in skeletal muscle [124]. Lastly, H,S
has been found to regulate inflammatory responses and
redox signaling pathways in a variety of tissues includ-
ing muscles. The anti-inflammatory and antioxidant
characteristics of H,S prevent muscle loss caused by
immobilization conditions such as prolonged bed rest or
unloading, and muscle fibrosis [125, 126]. Furthermore,
it can reduce endoplasmic reticulum (ER) stress protein
markers, a condition known to cause muscle atrophy due
to reduced capacity of proper protein folding [127, 128].
These findings suggest the therapeutic potential of H,S to
treat patients with disuse-associated muscle atrophy.
Taken together, Investigating how gaseous metabolites
such as methane, NO, and H2S affect muscle metabo-
lism, inflammation, and oxidative stress could provide
useful insights into muscle atrophy and novel therapies.
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Bile acids (BAs) in skeletal muscle atrophy

Bile acid has been shown in studies to modulate skeletal
muscle by binding to the farnesoid X receptor (FXR),
which produces fibroblast growth factor (FGF) 19 and
activates the protein kinase (ERK) signaling pathway
and its downstream targets to increase muscle mass
[129]. Similarly, Qiu et al. discovered that depleting the
gut microbiota with an antibiotic cocktail (Abx) caused
skeletal muscle atrophy due to microbial dysbiosis and
altered bile acid metabolism in the intestine, which
was characterized by the inhibition of FGF15 signal-
ing [130]. A decrease in FGF15 causes skeletal muscle
atrophy by inhibiting muscle protein synthesis via the
ERK1/2 pathway [107]. Studies have also shown that bile
acids like Cholic acid and Deoxycholic acid decrease the
fiber diameter and MHC protein levels, and there is an
increase in atrogin-1, MuRF-1, and oxidative stress [130].
The protective function of bile acid has been investigated
in several studies suggesting the potential use of bile acid
against skeletal muscle atrophy [107, 130].

SCFA in skeletal muscle atrophy

SCFAs have been shown to affect protein metabolism in
skeletal muscle tissues as well as improve muscle mass
retention [131]. Moreover, a study on the role of SCFA
in Chinese children aged 6-9 years found an association
between intestinal microbiota and SCFA in skeletal mus-
cle mass and function [132]. In vitro studies have shown
that acetate improves glucose uptake and fatty acid
metabolism while increasing the expression of GLUT4
and myoglobin [133]. Other studies have revealed that
butyrate enhances metabolism and prevents age-related
muscle loss [134]. In diabetic nephropathy mice models,
butyrate alleviated muscle atrophy, promoted PI3K/Akt/
mTOR signaling, and suppressed oxidative stress and
autophagy in skeletal muscle [135]. Thus, butyrate exerts
protective effects on muscle atrophy by enhancing intes-
tinal barrier function and activating the FFA2 receptor-
mediated PI3K/Akt/mTOR pathway [135]. Furthermore,
SCFA administration to germ-free mice was shown to
partially reduce skeletal muscle dysfunction caused by
gut microbiota depletion, implying a robust role of gut
microbiota and SCFA in skeletal muscle mass and func-
tion [136].

Microgravity

The term “microgravity” describes a condition known as
“weightlessness” that happens only in space [137]. Even
though ‘g’ is not equal to zero, the term “microgravity”
is used because gravitational force is minimal and close
to zero (ug) [137]. Astronauts are known to experiences
various stressors in microgravity environments includ-
ing cardiovascular deconditioning such as cephalad fluid
shift, decrease of left ventricular mass, and decrease
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of ventricular stroke volume [138, 139]. Upon return-
ing to earth, these changes become more evident in the
form of orthostatic intolerance, increased heart rate,
and reduced physical capacity [138]. Generally, reduced
physical capacity is partly due to muscle weakness and
wasting, also known as “muscle deconditioning,” caused
by microgravity and prolonged bed rest [140, 141].
During microgravity, a fluid shift from the lower to the
upper body may impair gastrointestinal function, result-
ing in changes in gut microbiota composition, which is
linked to several diseases [142]. However, the impact of
gut microbiota composition and its secreted metabolites
in microgravity-induced disorders like cardiovascular
and muscles deconditioning is not well investigated yet.
Several changes that occur due to microgravity resemble
those associated with prolonged bed rest; thus, research
in the field of microgravity has applications not only in
space but also on Earth as it provides insight into the
mechanisms involved in deconditioning [143].

Cardiovascular deconditioning in microgravity
Microgravity environment and its effects on human
health has become an evolving field in research due to
the increase interest in space travel [144]. Changes in
cardiovascular system are among the major and critical
adaptations to the microgravity environment resulting in
cardiac remodeling [145]. The structural renewal or reor-
ganization of live tissue is referred to as tissue remodel-
ing [145]. Cardiac remodeling is characterized as a series
of molecular and cellular changes that manifest clini-
cally as changes in the cardiac size, mass (hypertrophy
or atrophy), form (heart wall geometry and thickness),
post- injury function, and it is attributed to ventricular
dysfunction [146]. Though asymptomatic initially, it can
progress to signs and symptoms similar to heart failure
[146]. A rodent hindlimb unloading (HU) model dem-
onstrated a decrease in heart weight, reduced left ven-
tricular ejection fraction (LV-EF), and decreased LV-FS
(fractional shortening), indicating altered heart func-
tion in simulated microgravity [147]. Likewise, after 10
days in space, astronauts reported a 9.1% decrease in LV
mass [147-149]. At this point, it is important to review
further details of cardiac outcomes due to the effect of
microgravity.

Molecular mechanisms of cardiac remodeling due to
simulated microgravity

At molecular level, HU mice have shown an upregula-
tion in cardiac remodeling markers such as HDAC4,
and ERK [149]. HDAC4 is expressed in the heart and
is important in regulating heart function and ischemia
injury [150]. One of the targets of HDAC4 is myocyte
enhancer factor 2 (MEF2) transcription factor, which is
inhibited by HDAC4 through binding and catalyzing
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local histone deacetylation [151]. Studies showed that
MEF?2 is involved in cardiomyocyte remodeling through
activation of its target myotonic dystrophy protein kinase
(DMPK) which will lead to a loss of sarcomere structure
[152]. HDAC4 was phosphorylated in HU mice, result-
ing in its export to the cytoplasm followed by subsequent
activation of MEF2 and its downstream target genes
involved in pathological cardiac remodeling [149].
ERK1/2 activation mediates both pathological and
physiological cardiac remodeling. Exercise results in
physiologic cardiac hypertrophy: rats swimming 90 min
per day for 12 weeks showed increased expression of ERK
and p90RSK which are responsible for cell growth and
protein synthesis [153]. ERK phosphorylation at threo-
nine 188, on the other hand, causes abnormal hypertro-
phy in pressured mouse models, human heart failure, and
patients with fast-progressing aortic valve stenosis; how-
ever, further research is required to determine the molec-
ular mechanism and the differences between pathological
and physiological cardiac remodeling [154]. In hyper-
tension, angiotensin II is the primary effector hormone
(Angll), which causes physiological vasoconstriction and
regulates blood pressure [154].Furthermore, elevated
Angll amounts following myocardial infarction and
throughout ventricular hypertrophy indicate that Angll
promotes abnormal cardiac cell growth [154]. Mechani-
cal stretch increases ERK-induced hypertrophy in an
AngllI-associated manner, mainly through ERK stabiliza-
tion of the insulin-like growth factor II receptor (IGF-IIR)
protein [154]. ERKS5, the last classic MAPK subfam-
ily, is activated by both growth and stress stimuli; thus,
it plays a role in sarcomere elongation [154]. Recently, it
has been established that ERK5 contributes an impor-
tant role in the development of damaging hypertrophy
[155]. Pressured mice with cardiomyocyte-specific ERK5
deletion demonstrated decreased hypertrophic response
and activation of apoptosis markers [154, 156]. HU mice
following 28 days of unloading showed upregulation of
phosphorylated ERK [147]. This increase in p-ERK cou-
pled with an increase in heart mass remained after seven
days of recovery indicating the role of ERK in both physi-
ological and pathogenic cardiac remodeling [147].
Apoptosis has also been linked to pathogenic cardiac
remodeling associated with LV dysfunction, ischemia-
reperfusion and myocardial infarction (MI) [157]. Addi-
tionally, the loss of cardiomyocytes due to apoptosis can
contribute to congestive heart failure [157]. Elevated lev-
els of apoptosis were observed in cardiac transplantation
patients with idiopathic dilated cardiomyopathy, high-
lighting a connection between apoptosis and end-stage
heart failure [158]. Studies in endothelial cells exhibited
that cardiovascular disease highly correlates with the
microgravity-induced impact on endothelial cell (EC)
proliferation, survival, and apoptosis [158]. This finding
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is cell- type specific as HUVEC and bovine aortic endo-
thelial cells (BAEC) cells proliferated faster compared to
microvascular endothelial cells (HMEC) [159-161]. In
porcine endothelial cells (PAEC), studies with simulator
models of microgravity expressed upregulation of TP53,
FASLG, and BAX genes together with a downregulation
of BCL2 and PCNA genes [162]. Even though large set
of studies in-vitro and in-vivo have been carried out, it is
still unclear how cardiac apoptosis is triggered by micro-
gravity. Moreover, regulation of apoptotic pathways when
cardiac cells adapt to the microgravity environment is yet
to be deciphered.

Skeletal muscle deconditioning in microgravity

Skeletal muscle, constituting roughly half of body weight,
not only facilitates body movements but also plays essen-
tial roles in heat generation, blood sugar regulation,
amino acid storage, and modulation of in-vivo physiolog-
ical functions, showcasing its adaptability and plasticity
in response to diverse environmental and disease-related
factors [163, 164]. Traditionally recognized as a con-
tractile organ, skeletal muscle also plays pivotal roles in
metabolic regulation, glucose storage, and endocrine
signaling, functioning as a secretory organ that releases
an array of growth factors and cytokines [163, 164].
However, in the microgravity environment, significant
alterations in skeletal muscle structure and function have
been observed [165]. Despite exercise programs being
implemented in space, studies by Fitts et al. reveal sub-
stantial losses in fiber mass, force, and power, indicating
that exercise alone in microgravity fails to prevent mus-
cle atrophy, underscoring the imperative need for fur-
ther interventions, including pharmaceutical agents, to
mitigate muscle wasting [165]. A simulated microgravity
environment provides insight into skeletal muscle atro-
phy’s molecular causes, which may provide therapeutic
targets to mitigate muscle waste during space travel.
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Molecular mechanisms of skeletal muscle atrophy due to
simulated microgravity

At the molecular level, the inflammatory process is a
major pathologic factor contributing to skeletal muscle
dysfunction [166]. It interferes with muscle homeosta-
sis and myogenesis, and contributes to skeletal muscle
atrophy [166]. Forkhead box class O (FoxO) transcrip-
tion factors are activated by inflammation, which leads to
the activation of the ubiquitin-proteasome system (UPS),
particularly lysosomal proteolysis, inducing muscle
atrophy [166]. Baek et al. demonstrated that subjecting
C2C12 myoblasts cell line to simulated microgravity uti-
lizing 3D clinorotation increased FOXO transcriptional
activity and resulted in lower myocyte size via stimula-
tion of atrophy genes [167]. In addition, inflammation
mediated by NF-kB can lead to increased expression
of muscle ring finger 1 (MuRF1), which is E3 ubiquitin
ligase inducing muscle atrophy [168]. Moreover, MuRF1
plays a role in remodeling both cardiac and skeletal mus-
cle [169]. MuRF1 targets the crucial sarcomere proteins
and hence plays an important role in the breakdown and
destruction of the skeletal muscle contractile machinery
[170]. MuRF1 expression increases in microgravity mod-
els, the progressive muscular atrophy in HU conditions
[170]. Micro-RNAs are also predicted to have important
role in eliciting inflammation in microgravity models of
muscle atrophy. Studies showed that pathways controlled
mainly by let-7a and miR-1, miR-125b-5p, miR-95-5p,
miR-222-3p are involved in skeletal muscle response to
microgravity, and highlight the important role played
by inflammation in muscle atrophy [171]. Moreover, the
microgravity environment also affects the gut microbiota
compensation; we will discuss in the following sections
these changes that happen in microgravity and compare
them with the changes in gut microbiota in conditions
like CVDs and skeletal muscle atrophy. Figure 1 summa-
rizes these changes.

Fig. 1 Common changes in microbiota and its secreted metabolites in microgravity, and in CVDs and skeletal muscle atrophy
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Gut microbiota dysbiosis in the microgravity environment,
CVDs, and skeletal muscle atrophy

The national aeronautics and space administration
(NASA) recently conducted an interesting study whereby
the gut microbiome of an astronaut and his twin who
remained on Earth were compare [172]. Alterations in
the gut microbiome and its metabolites were detected
during his 1-year mission aboard the International Space
Station (ISS) that were not seen in his twin on Earth
during the same time [172]. These changes include a
higher F/B ratio in space, a decrease in IPA which has
anti-inflammatory effects, a reduction in bile acid, and
a significant increase in p-cresyl sulfate and p-cresyl
glucuronide [172]. Moreover, in a study of 15-day and
35-day spaceflight missions, results revealed a fluctuation
between the subjects, with Firmicutes abundance gradu-
ally increasing and Bacteroides abundance gradually
decreasing after 15 days in space [173]. This variability
in their results is primarily due to the small sample size
[173]. Similarly, coronary artery disease, stroke, and heart
failure have all been linked to a higher F/B ratio, suggest-
ing a possible relationship between changes in gut micro-
biota in the microgravity environment and changes of gut
microbiota in various CVDs [42]. Furthermore, due to its
protective effect on the cardiovascular system and skel-
etal muscle, the decrease in IPA levels seen in the astro-
naut could be responsible for cardiovascular and skeletal
deconditioning.

Similar to NASA twin study, Michael A. S et al., showed
that plasma p-cresol glucuronide and p-cresol sulfate
levels were higher in one of the monozygotic twins who
spent 340 days aboard the ISS compared to his identical
twin (ground subject) [174]. P-cresol not only has adverse
effects on the cardiovascular system, but it also alters the
gut microbiome, favoring the survival of pathogens such
as Clostridia, and inhibits butyrate producers, in addition
to depleting the hepatic sulfur pool, which affects drug
metabolism, and endogenous metabolites [174]. Since
this metabolite is found in the microgravity environment,
CVDs, and skeletal muscle abnormalities, it suggests
a robust potential risk factor. Therefore, relationship
between this metabolite and microgravity-induced car-
diovascular and skeletal muscle deconditioning, as well
as potential mitigation strategies, must be investigated.

In a study using a HU mouse model, revealed a
decrease in the abundance of gut Bifidobacterium spp.
and Akkermansia muciniphila within 3 days of HU, along
with an increase in LPS-binding protein and inflamma-
tion, however; supplementation of Bifidobacterium spp.
inhibited the endotoxemia [175]. The reduction in Bifi-
dobacteria observed in HU mice might increase the risk
of cardiovascular diseases, as discussed previously [42].
Bifidobacteria are known to produce anti-inflammatory
metabolites such as butyrate, and their reduction can
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lead to systemic inflammation and an elevated risk of
cardiovascular diseases. [42]. Furthermore, Akkermansia
muciniphila is known as gut microbial marker in healthy
individuals, and for its protective role in cardiovascular
and skeletal muscle health, thus; its decrease in HU mice
may explain the possible microgravity-related cardiovas-
cular and skeletal muscle deconditioning that takes place
[176, 177]. Lastly, HU mice showed increase in LPS-bind-
ing protein and inflammation, LPS is known to activate
reactive oxygen species (ROS), inflammatory pathways,
and it has been associated to the onset of atherosclerosis
[42]. ROS can produce arrhythmias, cardiac remodeling
by apoptosis and necrosis, smooth muscle hypertrophy,
and endothelial cell oxidative injury [42, 178]. Besides
CVDs, patients with low muscle mass also have a high
abundance of gram-negative bacteria with LPS [179].

In the “MARS500 study,” where 6 astronauts were kept
within an analog Mars-surface habitat for 520 days, there
was a decrease in butyrate-producing bacteria such as
Faecalibacterium prausnitzii after one year, with reduc-
tion in anti-inflammatory bacteria such as Rumino-
coccus bromii, and Lactobacillus acidophilus [180]. As
previously discussed, butyrate has a protective role in
both skeletal muscle atrophy and CVDs [135, 181].

In addition to its protective role in cardiovascular
and skeletal muscle atrophy, as mentioned above, H2S
treatment enhanced osteoblast surface and maintained
mechanical strength in simulated microgravity [182].
Additionally, it reduced IL-6 levels in serum, skeletal
muscle, and tibiae [182].

In a recent study on rhesus macaques, researchers posi-
tioned the animals in head-down tilted bed rest (HDBR)
at a 6° angle for six weeks to induce muscle atrophy [183].
Using metagenomics analysis of fecal samples, they iden-
tified several bacterial genera associated with abnormal
amino acid metabolism in atrophied muscle: Oligella,
Sporosarcina, Citrobacter, Weissella, and Myroides [183].
Additionally, they discovered several genera related with
immune dysfunction (Klebsiella, Kluyvera, and Bifido-
bacterium) [183]. This highlights the significance of the
gut microbiota in skeletal muscle function and implies
that the host-microbiota interaction involves inflam-
matory and metabolic pathways, potentially leading to
diverse abnormalities [183].

Overall, dysbiosis of the gut microbiota in micrograv-
ity has been reported in many studies [8, 184]. However,
little research has been conducted on the consequences
and the effects of these changes in the gut microbiota and
its secreted metabolites on the entire body system of the
astronauts, although it was known that the gut micro-
biota and its secreted metabolites have been reported
to have cardiovascular and skeletal muscle effects. The
similarities between gut microbiota dysbiosis in micro-
gravity and those occurring in cardiovascular disease
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and skeletal muscle atrophy suggest that gut microbiota
and their secreted metabolites could be the underlying
cause of microgravity-induced cardiovascular and skel-
etal deconditioning. In Table 1, different metabolites and
their role in CVD, skeletal muscle atrophy, along with the
effect of microgravity on the levels of these metabolites,
are outlined.

Gut microbiota modulation

Gut microbiota balance and health can be modulated
through the administration of prebiotics, probiotics and
postbiotics [185]. Probiotics consist of live microorgan-
isms, prebiotics are compounds utilized by these micro-
organisms, and postbiotics are bioactive metabolites
produced when beneficial gut microbes metabolize pre-
biotics or from bacterial cell wall components after cell
wall damage, all contributing to our health [30, 186, 187].
Considering that Lactobacillus casei strain Shirota (LcS)
has the potential to boost innate immunity and balance
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the microbiota in the intestinal tract, its stability in cap-
sules containing freeze-dried LcS was evaluated over a
period of one month on the International Space Station
(Probiotics Package) [188]. As a result, it was discovered
that LcS retained its viability and fundamental probiotic
qualities for one month, even though most astronauts
spend longer periods in space [188]. Several studies have
found that prebiotics supplementation improves the
health of humans in several ways, including improving
memory, upregulating anti-inflammatory cytokines and
downregulating proinflammatory cytokines, and improv-
ing lipid metabolism and glucose homeostasis in type 2
diabetics [189-191]. It has also been found that prebiot-
ics reduce the effects of oxidative stress and inflamma-
tion, which are known to increase the risk of CVD [42,
192]. Additionally, Postbiotics have been demonstrated
to protect against a wide range of diseases, including can-
cer, autoimmune diseases, inflammatory disorders, and

Table 1 The role of different metabolites in CVDs, skeletal muscle atrophy, and the possible link to microgravity findings

Metabolite Role in the cardiovascular system Role in skeletal muscle atrophy Effect of microgravityon  Refer-

this metabolite ences

LPS LPS stimulates ROS production and ac-  Causes skeletal muscle atrophy by activating HU mice showed higher [42,
tivates inflammatory pathways thatare  atrogin-1/MAFbx and MuRF1 and induces plasma LPS-binding protein. 108,
linked to the onset of atherosclerosis. inflammation by activating NF-kB. 112,

175].

TMAO TMAOQ causes atherosclerosis by increas-  improves enzyme kinetics in skeletal muscle but - [51,
ing foam cell formation in artery walls. has been associated with insulin resistance. 62].

IPA Promote macrophage reverse choles- Regulates the expression of myogenic regula- ~ NASA twin study showed [64,
terol transport. tory factors, promotes muscle weight gain, and  that astronauts had de- 114,

protects against inflammation creased levels of IPA. 172].
p-cresol Induce endothelial dysfunction by Cell proliferation is inhibited, apoptosis is Plasma p-cresol glucuronide  [79,
upregulating miRNA-146b-5p and increased, myogenic differentiation is inhibited, ~and p-cresol sulfate levels 117,
miRNA-223-3p and muscular fibrosis is promoted when com-  were higher in one of the 174]
bined with indoxyl sulphate. monozygotic twins who
spent 340 days aboard the
ISS.

Methane Decreases the size of the infarctinarat ~ Methane inhibition leads to skeletal muscle - [84,
model of myocardial infarction (Ml) by~ myopathy. 120]
preventing oxidative stress, apoptosis,
and inflammation

Nitric Oxide (NO)  Cardioprotective role and its malfunc- NO treatment to skeletal muscle atrophy mice - [86,
tion leads to a variety of cardiovascular ~ model resulted in decreased muscle mass loss. 124]

diseases.

Hydrogen Sulfide  Cardioprotective effect by inhibition

H2S's anti-inflammatory and antioxidant

H2S treatment improved the  [92,

(H2S), of inflammation, oxidative stress, and properties protect against muscle loss caused osteoblast surface, main- 94,
fibrosis, or interaction with NO. by prolonged bed rest or unloading, as well tained mechanical strength ~ 125—
as muscular fibrosis. Inhibits ER stress protein in simulated microgravity. 127,
markers. 182]
Bile acid Patients with chronic heart failure Bile acid enhances muscle mass via bindingto A NASA twin investiga- [96,
who received bile acid treatment had FXR, which produces FGF19 and activates the tion found that astronauts 100,
increased peripheral blood flow. protein kinase (ERK) signaling pathway. had reduction in bile acid 172]
than his identical twin who
remained on Earth.
SCFA Butyrate reduction led to inflammation, ~ SCFA treatment in germ-free mice reduced MARS500 study showed a [42,

increased plaque size in atherosclero-
sis, heart failure, and coronary artery
disease.

skeletal muscle dysfunction induced by gut
microbiota depletion.

decrease in butyrate-pro- 136,
ducing bacteria. 180]
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cardiovascular diseases, in addition to enhancing skeletal
muscle mass and function [193-195].

As previously discussed, postbiotics (metabolites) have
a variety of roles in cardiovascular and skeletal muscle
health and disease. It also protects against pathogens,
improves the epithelial barrier, and regulates inflamma-
tory and immunological responses. Despite their lower
ability to alter intestinal metabolism or gene expres-
sion, postbiotics are considered safer, more stable, and
less likely to lead to antibiotic resistance than probiotics,
whose half-life is shorter, their effects are heterogeneous,
and they are more likely to cause infections [196].

The microgravity environment has been observed to
impair the immune system, making the administration
of probiotics harmful [197]. Administration of prebiot-
ics and postbiotics overcomes the limitations of probi-
otics [196, 197]. Since NASA and other space agents are
planning for long-term space missions to Mars and the
Moon, it is critical to keep the crew healthy to complete
the mission successfully [198]. Further research on the
role of prebiotics, probiotics, or postbiotics and their use
as therapeutic interventions to countermeasure and/or
prevent microgravity-related disorders should be con-
ducted to achieve this goal, emphasizing their viability
and mechanism of action.

Moreover, exercise is one strategy to control gut micro-
biota, since it has been proven to increase beneficial
microbial species, enrich microflora diversity, and pro-
mote the growth of commensal bacteria [199-201].
Furthermore, exercise particularly resistance training in
microgravity environment serves as an essential interven-
tion for preventing the negative effects of muscle atro-
phy, maintaining musculoskeletal health and functional
capacity among astronauts during long-term missions
[202]. Despite the significance of exercise in alleviating
microgravity-induced skeletal muscle deconditioning,
exercise alone is not exclusively successful in preserving
muscle structure and function, emphasizing the signifi-
cance of other effective intervention measures [202].

Concluding remarks and future perspectives

Numerous cardiovascular and musculoskeletal diseases
are associated with microbial composition of the gut
microbiota and its associated metabolites. Microgravity
environments have also been observed to have several
adverse effects on the cardiovascular system, skeletal
muscle, and gut microbiota composition. Throughout
this review, we investigated the similarities between
changes in gut microbiota and its secreted metabolites
in microgravity and those known to cause cardiovascu-
lar diseases and skeletal muscle atrophy. We concluded
that gut microbiota and their secreted metabolites may
partly be responsible for microgravity-related cardiovas-
cular and skeletal muscle deconditioning. Furthermore,
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it is essential to note that depending on the type of bac-
teria, and the levels/type of metabolites secreted will
determine whether it has a protective effect on cardio-
vascular and skeletal muscle or not. As a result, the best
approach to restore normal gut flora balance is person-
alized modulation of the gut microbiota. Compared to
probiotics, postbiotics or metabolites are considered
safer alternative for gut microbiota regulation in space,
although their discrete mechanism is not entirely under-
stood. To use metabolites as therapeutic targets in space,
it is important to have comprehensive knowledge of these
metabolites. Future studies should be designed to address
critical questions, such as: (1) Is there a direct correla-
tion between metabolites secreted by gut microbiota and
abnormalities induced by microgravity? (2) What mecha-
nisms underlie the ability of these metabolites to trigger
cardiovascular and skeletal muscle deconditioning in a
microgravity environment? (3) Could compensating for
these metabolites improves the cardiovascular and skel-
etal muscle function in a microgravity environment?

To address these research questions, additional stud-
ies in both simulated and realistic microgravity environ-
ments are warranted.
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