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Abstract
Background: Sleep deprivation negatively affects metabolism and the immune system. Among other factors, this con-
dition disrupts homeostasis by altering the gut microbiota, which plays a crucial role in maintaining physiological 
balance in humans and rodents, including sleep regulation. However, to date, no study has directly investigated this 
interaction in horses. Aims: This review aims to examine the interplay between sleep deprivation and gut microbiota 
from a translational perspective, emphasizing the gut–brain axis and the roles of sleep and microbiota in equine health.   
Materials and Methods: Original research articles, meta-analyses, and literature reviews relevant to the topic were 
included. Database searches were conducted using carefully selected keywords to ensure comprehensive coverage of per-
tinent literature. Results: Sixty-three studies were reviewed, including original studies, systematic and narrative reviews, 
observational studies, randomized clinical trials, and experimental investigations, published between 1975 and 2025. Sleep 
deprivation was found to alter the gut microbiota, increasing inflammatory markers and modifying metabolic pathways, 
predisposing the organism to disease. Conversely, the gut microbiota also influences sleep, indicating a bidirectional rela-
tionship. Although studies on horses are lacking, preliminary evidence suggests the presence of the gut–brain axis in this 
species. Sleep disruption may therefore negatively influence the gut microbiota of horses, as reported in other animals.  
Conclusion: Sleep deprivation negatively affects the body by altering the gut microbiota in humans and rodents. Although 
evidence links gut microbiota and sleep to equine health, important gaps remain regarding how sleep deprivation affects 
microbial balance, inflammation, metabolism, and disease risk.
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1. Introduction
Sleep is a brain-regulated process that triggers a complex 
network of physiological cascades essential for maintaining 
the body's homeostatic balance and overall health [1]. Sleep 
deprivation occurs when rest is insufficient, whether due to 
reduced sleep duration or poor sleep quality, leading to de-
creased performance, reduced alertness, and adverse effects 
on health [2].

Sleep deprivation is a common issue in humans, affecting 
37% to 58% of the population [3], and is considered a signifi-
cant public health concern, as it is recognized as a risk factor 
for the development of various diseases [4]. This condition 
triggers systemic physiological alterations, particularly im-
pacting metabolism and immune system function [5–11]. 
Sleep deprivation also affects horses, being associated with 
decreased well-being and behavioral changes [12–14].
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One mechanism recently identified as central to the harmful 
effects of sleep deprivation is the alteration of the gut mi-
crobiota. This condition can disrupt the microbial commu-
nity in the intestine, with studies demonstrating its impact 
on the diversity and abundance of bacteria inhabiting the 
gastrointestinal tract [7,15–17]. Changes in the microbiota 
resulting from inadequate sleep have been associated with 
increased inflammatory markers and alterations in energy 
metabolic pathways, establishing a direct link to metabolic 
and immune dysfunction in the host [7,15–19].

The gut microbiota performs metabolic, neurological, im-
munological, and structural functions, and maintaining a 
balanced microbial community is essential for overall health 
[20–22]. In humans, the existence of the gut–brain axis has 
gained increasing attention, with various studies demon-
strating that the gut microbiota directly interacts with sleep 
regulation, reinforcing the hypothesis of a bidirectional re-
lationship between the two [23–26].

In horses, no studies to date have directly addressed this 
topic. However, there is evidence that both sleep depriva-
tion and gut microbiota influence the health and well-being 
of these animals, being associated with the development of 
metabolic disorders, cognitive deficits, and behavioral dis-
turbances. These findings suggest the possible existence of 
a gut–brain axis in this species as well [13,27–29].

The objective of this literature review was to investigate the 
interaction between sleep deprivation and the gut microbi-
ota from a translational perspective, considering scientific 
evidence derived from studies conducted in humans and 
laboratory animals, and emphasizing the gut–brain axis and 
the influence of sleep and gut microbiota on equine health.

2. Materials and Methods
2.1. Target Questions and Search Strategy
The search strategy and the selection of keywords were 
guided by the research questions. These strategies were 
developed based on keywords and terms defined using the 
components of the PICO model, ensuring greater accuracy 
in the search process. In addition, Boolean operators ("AND" 
and "OR") were applied, as needed, to optimize the results 
obtained [30,31]. Table 1 presents the guiding research ques-
tions, along with the detailed PICO framework used to de-
fine keywords and their synonyms.

Based on the keywords and search terms defined using the 
PICO model, search strategies were developed to address 
the research questions and subsequently applied to the se-
lected databases. The following are the search strategies de-
fined for Questions 1, 2, and 3, respectively:

2.1.1. Question 1
(humans OR women OR men OR children OR adolescents 
OR equines OR horses OR mares OR stallions OR foals) 
AND ("sleep deprivation" OR "chronic sleep deprivation" OR 
"acute sleep deprivation" OR sleep OR "sleep disorders") AND 
("adequate sleep" OR "normal sleep" OR "healthy sleep" OR 

"physiological sleep" OR "sleep quality") AND ("physiological 
changes" OR "metabolic consequences" OR "inflammatory 
consequences" OR health OR homeostasis OR metabolism 
OR inflammation).

2.1.2. Question 2
(humans OR women OR men OR children OR adolescents 
OR equines OR horses OR mares OR stallions OR foals) 
AND ("gut microbiota" OR "microbial community" OR "dys-
biosis" OR "microbiota imbalance") AND (normobiosis OR 
"balanced microbiota" OR "equilibrated microbiota") AND 
(metabolism OR "metabolic changes" OR "metabolic conse-
quences" OR "energy metabolism" OR "immune function" 
OR "immune response" OR "immune system" OR inflam-
mation OR cytokines OR "acute-phase proteins" OR "ner-
vous system" OR "gut–brain axis" OR "neurological func-
tion" OR health).

2.1.3. Question 3
(humans OR women OR men OR children OR adolescents 
OR equines OR horses OR mares OR stallions OR foals OR 
rats OR mice OR laboratory animals) AND ("sleep depriva-
tion" OR "sleep restriction" OR "chronic sleep deprivation" 
OR "acute sleep deprivation" OR "gut microbiota" OR "in-
testinal flora" OR dysbiosis OR microbiome OR "microbial 
community") AND ("adequate sleep" OR "normal sleep" OR 
"sufficient sleep" OR "sleep quality" OR "balanced microbi-
ota" OR normobiosis OR "equilibrated microbiota") AND 
(metabolism OR "metabolic changes" OR "metabolic conse-
quences" OR "energy metabolism" OR "immune function" 
OR "immune response" OR "immune system" OR inflam-
mation OR cytokines OR "acute-phase proteins" OR health 
OR "health status" OR "disease risk" OR "chronic diseases" 
OR well-being).

2.2. Article Inclusion and Exclusion Criteria
The inclusion and exclusion criteria prioritized scientific 
literature providing the most robust and consistent evi-
dence on the topic addressed in this review. Full-text arti-
cles from clinical trials and observational studies, as well as 
literature reviews (narrative or systematic) and meta-anal-
yses published in scientific journals and written in English, 
were considered.

Excluded were book chapters, conference abstracts, case re-
ports, articles not available in full text in English, studies ir-
relevant to the research objectives or unrelated to the topic, as 
well as duplicate studies identified across multiple databases.

2.3. Databases Used and Research Period
The literature searches were conducted in three databases 
of broad scientific relevance: PubMed, Scopus, and Web of 
Science. The research process was conducted between Feb-
ruary and May 2025, during which previously established 
search questions were applied in a standardized manner to 
ensure comprehensiveness and reproducibility in identify-
ing studies. Although not a systematic review, we followed 
structured search strategies to identify relevant studies 
across human, rodent, and equine research.
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Table 1: Guiding research questions and breakdown of the PICO model for defining keywords and synonyms to be used in 
the search strategies.

Question 1: What is sleep deprivation, and what are the physiological (metabolic and inflammatory) and health consequences for 
humans and horses?

PICO Keywords/Synonyms/Search Terms

Patient or Population Humans and horses Humans, women, men, children, teenagers, equines, horses, 
mares, stallions, foals

Intervention Sleep deprivation Sleep deprivation, chronic sleep deprivation, acute sleep 
deprivation, sleep, sleep disorders

Comparison/Control Adequate/healthy sleep Adequate sleep, normal sleep, healthy sleep, physiological sleep, 
sleep quality

Outcome Physiological changes (metabolic and 
inflammatory) and health consequences

Physiological changes, metabolic consequences, inflammatory 
consequences, health, homeostasis, metabolism, inflammation

Question 2: What is the influence of the intestinal microbiota on the metabolism, the immune system, the neurological system, and 
the health of humans and horses?

PICO Keywords/Synonyms/Search Terms

Patient or Population Humans and equines Humans, women, men, children, teenagers, equines, horses, 
mares, stallions, foals

Intervention Changes in the intestinal microbiota Gut microbiota, microbial community, dysbiosis, microbiota 
imbalance

Comparison/Control Balanced microbiota Normobiosis, balanced microbiota, balanced microbiota

Outcome Effects on metabolism, immune system, 
neurological system, and general health

Metabolism, metabolic changes, metabolic consequences, energy 
metabolism, immune function, immune response, immune 

system, inflammation, cytokines, acute phase proteins, nervous 
system, gut-brain axis, neurological function, health

Question 3: How are sleep deprivation and gut microbiota related, and how does this interaction influence health, metabolism, and 
inflammation?

PICO Keywords/Synonyms/Search Terms

Patient or Population Humans, horses, mice, and laboratory 
animals

Humans, women, men, children, adolescents, equines, horses, 
mares, stallions, foals, rats, mice, laboratory animals

Intervention Sleep deprivation and changes in 
intestinal microbiota

Sleep deprivation, sleep restriction, chronic sleep deprivation, 
acute sleep deprivation, gut microbiota, gut flora, dysbiosis, 

microbiome, microbial community

Comparison/Control Adequate sleep and balanced microbiota Adequate sleep, normal sleep, sufficient sleep, quality of sleep, 
balanced microbiota, normobiosis, balanced microbiota

Outcome General health, metabolism, immune 
system, and inflammatory processes

Metabolism, metabolic changes, metabolic consequences, energy 
metabolism, immune function, immune response, immune 

system, inflammation, cytokines, acute phase proteins, health, 
health status, disease risk, chronic diseases, well-being

3. Results and Discussion
3.1. Research Results
A total of 53,341 results were obtained from the established 
search strategies. Details on the number of studies retrieved 
by each strategy in each of the databases used are presented 
in Table 2.

From the total records obtained in the initial search, 63 ar-
ticles were selected for this review after applying the pre-
defined inclusion and exclusion criteria. These studies 
comprised narrative and systematic reviews, observational 

studies, randomized clinical trials, and experimental re-
search. The included articles were published between 1975 
and 2025, with the majority concentrated in the period from 
2019 to 2024. 

3.2. Sleep and Sleep Deprivation: A Human and Horse 
Perspective
Sleep is an essential physiological process generated by a 
complex cascade of events primarily involving the central 
nervous system (CNS) [1]. Sleep and wakefulness states are 
coordinated by neural networks and regulated by circadian 
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mechanisms [1]. Wakefulness is sustained by a network of 
subcortical structures in which neurochemicals such as nor-
epinephrine, serotonin, histamine, dopamine, acetylcho-
line, and orexin act, all originating from different neural 
nuclei [32]. For sleep initiation and maintenance, it is nec-
essary to suppress the activation of this ascending arousal 
system, a function performed by inhibitory neurons in the 
ventrolateral preoptic area, which remain active throughout 
sleep [1]. The trigger for the activation of this brain region is 
believed to be extracellular adenosine, which activates these 
neurons, triggering sleep [1,32].

In addition to endogenous mechanisms, external factors 
also influence the sleep–wake cycle. These include exposure 
to light and darkness, as well as social stimuli. In low-light 
conditions, the pineal gland secretes melatonin, a hormone 
that directly affects the mechanisms that regulate sleep [1]. 
In humans, environmental factors such as artificial light 
and noise are known to affect sleep quality; these effects 
are similarly observed in horses, with studies showing that 
nighttime lighting, ambient sounds, pain, and environmen-
tal changes interfere with sleep patterns [14,33,34].

The quantity and organization of sleep vary among animal 
species. For humans, the recommended sleep duration is 7 
to 9 hours per night, in a monophasic pattern [1]. Rats and 
mice, which are widely used in sleep research as compara-
tive models for humans, exhibit a polyphasic sleep pattern 
characterized by multiple short sleep episodes distributed 
throughout the day [35,36]. These species sleep an average 
of up to 18 and 12 hours per day, respectively [35,37], with 
a greater concentration of sleep during the light phase and 
higher activity during the dark phase [35,36]. On the oth-
er hand, horses sleep between 3 and 4 hours per day, in a 
polyphasic and fragmented pattern throughout the night 
and day, with a greater concentration of sleep periods 
during the night [14,38]. Despite these differences, sleep is 
equally important in these species for maintaining health 
and well-being.

Both humans and horses experience two main types of sleep: 
NREM (non–rapid eye movement) sleep (stages N1, N2, and 
N3) and REM (rapid eye movement), also known as para-
doxical sleep. N1 sleep corresponds to light sleep, N2 to an 
intermediate stage of sleep, and N3 to deep slow-wave sleep. 
REM sleep occurs after stage N3 and is characterized by rap-
id eye movements and muscle atonia [1,14,32]. During these 
phases, critical events occur, such as memory consolidation, 
strengthening of the immune system, hormonal regulation, 
maintenance of cardiovascular health, and removal of meta-
bolic waste from the CNS through the glymphatic system [1].

In horses, REM sleep occurs predominantly in the sternal or 
lateral recumbency position, accounting for approximately 
30 to 60 minutes of total daily sleep time [38]. Therefore, per-
sistent reductions in recumbency time may indicate partial 
sleep deprivation, compromising sleep quality [33].

Sleep deprivation, defined as inadequate rest due to re-
duced sleep quantity or quality, leads to decreased perfor-
mance, reduced alertness, and significant health problems 
[2]. It can be classified as acute when there is an absence 
or restriction of sleep for one or two consecutive days, or 

chronic when characterized by excessive daytime sleepi-
ness resulting from the habit of sleeping less than necessary 
for at least three months [39]. In horses, sleep deprivation 
can occur in situations such as changing environments, 
hospitalization, transport, and temporary housing during 
competitions [33,34,40].

The repercussions of sleep deprivation affect multiple sys-
tems, such as metabolism, leading to insulin resistance and 
type 2 diabetes [4,10,11], testosterone suppression with con-
sequent loss of libido [41,42], and increased appetite due to 
ghrelin and leptin imbalances [1,37]. In the cardiovascular 
system, it promotes hypertension, endothelial dysfunction, 
an increased risk of arrhythmias, and a higher likelihood of 
cardiac events [1,4]. In the immune system, it reduces an-
tibody production and increases inflammatory cytokines 
[1,4]. In the nervous system, it compromises memory con-
solidation and glymphatic system function [1,4]. Psycholog-
ically, it is associated with an increased risk of depression, 
mood swings, irritability, and reduced well-being [1,17].

In horses, sleep deprivation also has significant consequenc-
es, including reduced well-being, cognitive deficits, and de-
creased concentration and vigor during exercise [14,28,40]. 
However, there are still significant gaps to be addressed re-
garding the effects of this condition in this species, particu-
larly concerning the influence of sleep deprivation on the gut 
microbiota, its repercussions on systemic inflammation and 
metabolism, and, as observed in humans, its potential role as 
a predisposing factor for the development of diseases.

The following topics will cover, in detail, the impacts of sleep 
deprivation on the gut microbiota, metabolism, and the im-
mune system, based on evidence from humans, laboratory 
animals, and horses.

3.3. Influence of Sleep Deprivation on Metabolic and 
Immune Functions: Health Impacts
Sleep deprivation is common among humans and represents 
an important public health issue because it is associated 
with the development of diseases [3,4]. The impacts of sleep 
deprivation on the general health status of individuals are 
related to the metabolic and immunological changes caused 
by this disorder. This fact has been investigated in research 
carried out in humans and laboratory animals [5–11].

Two studies analyzed the effects of chronic REM sleep 
deprivation on depressive behavior and the metabolic and 
immunological profiles of Wistar rats [6,7]. To this end, the 
animals' urinary metabolic profile, levels of the pro-inflam-
matory cytokines IL-6 and TNF-α [6,7], and serum C-reac-
tive protein concentrations [7] were evaluated. The results 
indicated that sleep deprivation caused significant metabol-
ic changes. Among the observed changes were disturbances 
in the metabolic pathways of glyoxylate and dicarboxylate; 
glycine, threonine, and serine; nicotinamide and nicotinate; 
and arginine and proline [6,7]. Furthermore, alterations in 
the metabolism of beta-alanine and pyruvate were also iden-
tified [7]. These compounds participate mainly in energy 
metabolism pathways and contribute to the maintenance of 
cellular functions, while arginine and proline are essential 
for the biosynthesis of amino acids [6].
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Table 2: Number of results obtained from the databases for 
each search strategy, according to the research question from 
which it was derived.

Search Strategy PubMed Scopus Web of Science Total

Question 1 4,551 24,701 7,673 36,925

Question 2 111 231 7,673 8.015

Question 3 579 3 7,819 8,401

Total 5,241 24,935 23,165 53,341

These findings are consistent with a previous study that 
used a sleep deprivation model in mice to evaluate the he-
patic proteome and metabolome. In that study, the animals 
were subjected to sleep deprivation for 20 hours daily for 
ten days [9]. The authors also observed energy-metabolic 
changes after sleep deprivation, with the glutathione, pyru-
vate, and fructose and mannose metabolic pathways being 
the most affected, with a reduction in the activity of these 
pathways, and these changes were linked to the develop-
ment of obesity [9].

Sleep deprivation has also been associated with metabol-
ic disorders such as insulin resistance and diabetes [5]. In 
people suffering from chronic sleep deprivation, defined as 
a rest routine of less than 6 hours per day, extending sleep 
time resulted in a significant improvement in fasting insu-
lin sensitivity and pancreatic β-cell function, even without 
changes in diet or body weight [8]. Both acute 24-hour sleep 
deprivation and sleep restriction to just 4 hours per night for 
four days led to increased plasma insulin levels compared 
to individuals who had regular sleep [11]. Between the two 
sleep deprivation models, the sleep-restricted group had 
higher insulin levels and a significant reduction in the Mat-
suda index, which assesses insulin sensitivity, suggesting 
insulin resistance [11].

These findings corroborate a systematic review, which, 
through analysis of several studies on the topic, found that re-
duced sleep time is significantly associated with insulin resis-
tance, concluding that regular sleep of 7 hours per night may 
help prevent metabolic diseases such as type 2 diabetes [10].

Regarding the inflammatory profile of the animals in the 
studies discussed, there was an increase in pro-inflammato-
ry cytokines [6,7] and C-reactive protein [7], suggesting that 
sleep deprivation induced a state of systemic inflammation. 
In addition to these parameters, the authors also measured 
hormones of the hypothalamic–pituitary–adrenal axis, which 
were increased after sleep deprivation, indicating increased 
stress in the animals [6,7].

Sleep-deprived rats exhibited depressive behavior, as as-
sessed through behavioral tests [6,7]. The authors linked this 
behavioral change to metabolic, hormonal, and inflamma-
tory changes resulting from the sleep disorder, suggesting 
that chronic sleep deprivation may negatively impact men-
tal health [6,7]. However, another study suggested that acute 
24-hour sleep deprivation in humans may have a beneficial 
effect on symptoms of depression [5]. This effect could be 
related to sleep-deprivation-induced metabolic changes, 

resulting in increased levels of serotonin and some of its 
precursors, such as tryptophan [5].

3.4. Interactions between Sleep and Gut Microbiota: A 
Bidirectional Relationship that Affects Health
Sleep and the gut microbiota have a bidirectional inter-
action [24]. The composition of the microbiota directly 
affects sleep through bacterial metabolites, such as short-
chain fatty acids (SCFAs), and directly influences the se-
rotonergic system. Conversely, sleep deprivation can alter 
the gut microbial composition, contributing to dysbiosis 
and inflammation [24].

Serotonin is a precursor to melatonin, the main hormone 
involved in regulating the sleep–wake cycle, and enteroen-
docrine cells are responsible for producing approximately 
90% of this neurotransmitter in humans [43–45]. The gut 
microbiota can affect serotonin production by promoting 
the synthesis of its precursors, such as tryptophan [46]. A 
clinical study demonstrated that the administration of a 
probiotic based on Bifidobacterium breve increased fecal levels 
of tryptophan and its metabolites, favoring the regulation of 
systemic serotonin [46].

A systematic review identified 15 clinical trials that evaluated 
the effects of probiotic use on sleep-related parameters. The 
results showed that probiotic supplementation for a period 
of 4 to 6 weeks was associated with improved scores on the 
Pittsburgh Sleep Quality Index (PSQI), which assesses sleep 
quality [26]. Furthermore, other studies have observed sim-
ilar benefits in human patients after probiotic use [23,25], 
reinforcing the hypothesis that the gut microbiota directly 
influences sleep regulation.

Few studies address the relationship between the gut micro-
biota and sleep duration, and there is no consensus on the 
subject [26]. However, an experimental study in mice asso-
ciated administration of the Lactiplantibacillus plantarum P72 
strain with reduced sleep latency time and increased sleep 
duration [47]. To assess these effects, anesthetics were used 
as sleep inducers, defining latency as the interval between 
anesthetic administration and sleep onset, and duration as 
the time between sleep onset and the animals' awakening 
[47]. The authors found that in cultured neuronal cells with 
serotonin secretion suppressed by corticosteroids, adminis-
tration of the strains led to increased serotonin secretion, 
suggesting a possible mechanism involving modulation of 
serotonergic neurotransmission [47].

Tests in mice and rats have shown that butyrate administra-
tion can increase the duration of NREM sleep [48]. In one 
experimental group, the animals received a gavage solution 
containing tributyrin, a butyrate prodrug, and experienced 
an approximately 50% increase in NREM sleep duration. In 
another group, sodium butyrate was administered intrapor-
tally at a dose of 1 g/kg, resulting in a 70% increase [48].

Administration of a butyrate supplement to patients with 
ulcerative colitis improved indices assessing the partici-
pants' sleep quality [49]. In this study, butyrate also reduced 
inflammatory markers such as calprotectin and C-reactive 
protein, compared to the group of patients receiving placebo 
[49]. These findings demonstrate that bacterial metabolites 
also act as sleep modulators.
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As shown in sections 3.2 and 3.3, sleep and the gut micro-
biota influence metabolism and the immune system, and 
their disturbances may represent a risk factor for the devel-
opment of diseases. In recent years, evidence from clinical 
and preclinical studies has demonstrated that interactions 
between sleep and the gut microbiota may represent a fun-
damental link in understanding the inflammatory and met-
abolic changes triggered by sleep deprivation [7,15–19].

Sleep deprivation has been associated with changes in the 
composition of the gut microbiota, favoring an increased 
abundance of bacteria potentially harmful to the host, while 
reducing the presence of beneficial bacteria [15,17]. Mice sub-
jected to 72 hours of paradoxical sleep deprivation showed a 
significant reduction in the alpha and beta diversity of the 
gut microbiota [17]. Furthermore, an increased abundance 
of certain bacteria, such as Enterobacter and Candidatus ar-
thromitus, was observed, which demonstrated a positive cor-
relation with plasma TNF-α concentrations, also elevated in 
the sleep-deprived group, and a negative correlation with 
the expression of genes related to intestinal barrier integrity 
(OCLN and ZO-1), which were significantly reduced com-
pared to the control group [17].

On the other hand, genera considered beneficial, such as Lac-
tobacillus, Muribaculum, Parasutterella, Ruminococcus, Monoglo-
bus, and Akkermansia, among others, were less abundant in 
the sleep-deprived group and demonstrated a negative cor-
relation with TNF-α levels, as well as a positive correlation 
with the expression of genes associated with maintaining 
intestinal barrier integrity [17]. The increase in plasma lipo-
polysaccharide (LPS) after sleep deprivation suggested in-
creased intestinal permeability [17]. Some of these bacterial 
genera, which were reduced in sleep-deprived mice, are also 
recognized for their beneficial effects in studies conducted 
with humans and horses. Among them, the Lactobacillus ge-
nus stands out, being widely described as beneficial in both 
species [3,25,50,51] and commonly used in probiotic formu-
lations with positive results [3,25,50,51]. The Ruminococca-
ceae family, which includes the Ruminococcus genus, also ap-
pears to exert beneficial effects in both horses and humans, 
particularly through species within this genus that possess 
the ability to degrade dietary fiber [27,50,52,53].

Complete sleep deprivation for 48 hours in mice reduced 
alpha diversity and altered beta diversity of the gut mi-
crobiota compared to the control group (p < 0.05) [16]. The 
composition of the gut microbiota was also impacted, with 
significant changes in several bacterial genera [16]. After 48 
hours of sleep deprivation, there was a reduction in bacteria 
from the genera Butyricicoccus, Butyricimonas, Alistipes, Intes-
tinimonas, and Lactobacillus [16]. Conversely, there was a sig-
nificant increase in the genus Streptococcus, whose presence 
has been previously associated with deleterious effects and 
disease development [16].

The changes in the gut microbiota were accompanied by a 
reduction in fecal butyrate, which was positively correlat-
ed with the abundance of bacteria from the genus Butyrici-
monas, which were reduced in the sleep-deprived group [16].

Significant differences were observed in microbial metab-
olism after sleep deprivation in mice. Pathways related to 

lipid metabolism, short-chain fatty acids, and amino acid 
and tryptophan metabolism were the most affected [16]. 
However, there was an increase in the activity of metabolic 
pathways associated with the biosynthesis of LPS and their 
structural proteins [16]. These findings reinforce that sleep 
deprivation not only affects microbial composition but also 
compromises essential metabolic functions [16]. The micro-
bial changes observed after 48 hours of sleep deprivation 
were normalized or close to normal after a week of recovery 
sleep [16]. However, functional changes in the microbiota 
persisted even after the recovery period [16].

Changes in urinary metabolites of sleep-deprived mice were 
measured, and alterations, primarily in energy metabolism 
pathways, were observed [7]. Bacteria from the genera Os-
cillospira, Parabacteroides, Ruminococcus, Phascolarctobacteri-
um, and Aggregatibacter were associated with the metabolic 
changes identified [7].

In humans, the results observed were similar, as both acute 
and chronic sleep deprivation caused alterations in the fecal 
microbiome as well as in inflammatory and metabolic pa-
rameters [15,18]. Forty hours of sleep deprivation in young 
individuals resulted in reduced alpha and beta diversity of 
the gut microbiota and a decrease in the abundance of bu-
tyrate-producing bacteria [15]. Another study, conducted 
with university students, showed that acute sleep depriva-
tion for 24 hours led to changes in alpha and beta diversities 
of the gut microbiota [18]. Microbial composition was also 
affected, with a reduction in the abundance of bacteria from 
the phyla Bacteroidetes and Actinobacteria, while members 
of the phyla Firmicutes and Proteobacteria increased [18].

Pro-inflammatory cytokines IL-6, IL-1β, and TNF-α were 
elevated after 40 hours of sleep deprivation, while IL-10 de-
creased [15]. To confirm the involvement of the gut microbio-
ta in the inflammation triggered by sleep deprivation, an ex-
perimental phase was conducted with Specific Pathogen-Free 
(SPF) and Germ-Free (GF) mice [15]. It was observed that 24 
hours of sleep deprivation in SPF mice led to increased IL-6 
and TNF-α levels, along with reduced IL-10 [15]. These effects 
were not observed in GF animals after sleep deprivation, in-
dicating that the gut microbiota plays a fundamental role in 
the deleterious effects of sleep deprivation [15].

Serum endotoxins were elevated in SPF mice after sleep 
deprivation, whereas no such increase was observed in GF 
mice [15]. When a solution containing fecal microbiota from 
sleep-deprived human participants was administered to GF 
mice, the animals exhibited increased concentrations of en-
dotoxins, IL-1β, IL-6, and TNF-α, along with a reduction in 
IL-10, compared with GF mice inoculated with baseline mi-
crobiota from participants (before deprivation) [15].

Alterations in the gut microbiota were accompanied by re-
duced production of short-chain fatty acids, with a decrease 
in fecal butyrate levels [15,18]. This was further associated 
with a reduction in the abundance of butyrate-producing 
bacteria [15] and with increased serum endotoxins in mice 
subjected to 72 hours of sleep deprivation [18]. Another pa-
rameter indicating impairment of the intestinal barrier was 
the reduction in the levels of tight junction proteins, such as 
ZO-1, claudin-1, and occludin [18].
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In addition to acute deprivation models, studies in humans 
and mice have also investigated chronic sleep deprivation 
and sleep restriction, and the results were similar, showing 
that chronic sleep deprivation likewise affects metabolic 
and immune functions [18,19,54]. A group of participants 
was subjected to sleep restriction, being limited to only 5 
hours of sleep per day for a period of one week [18]. In this 
group, no significant alterations in the gut microbiota were 
observed; however, there was a reduction in the bacterial 
genera Faecalibacterium and Bifidobacterium, which include 
important producers of short-chain fatty acids [18].

Another study showed different results; however, partici-
pants were restricted to 4.25 hours of sleep per day for two 
days [54]. After this period of deprivation, significant chang-
es in the gut microbiota were observed, including an increase 
in the Firmicutes-to-Bacteroidetes ratio, a shift associated 
with obesity and insulin resistance [54]. The families Corio-
bacteriaceae and Erysipelotrichaceae were also increased, 
both of which have been linked to metabolic disorders [54]. In 
addition to these changes, there was a reduction in the abun-
dance of the phylum Tenericutes, a group associated with 
metabolic regulation [54]. After the period of sleep depriva-
tion, a 40% increase in insulin resistance was also observed, 
measured by the Homeostatic Model Assessment of Insulin 
Resistance (HOMA-IR) index, along with a 22% reduction 
in postprandial insulin sensitivity, measured by the Matsu-
da index [54]. These results demonstrate that the alterations 
caused by sleep deprivation interfere with energy metabo-
lism, predisposing patients to metabolic disorders [54].

In mice, partial sleep deprivation for 6 hours per day over a 
period of 8 weeks caused alterations in the gut microbiota, 
with significant increases in the families/taxa Tannerellace-
ae, Rhodospirillales, Alistipes, and Parabacteroides [19]. These 
changes were accompanied by increases of 69.28%, 61.18%, 
and 50.76% in the cytokines IL-1β, IL-6, and TNF-α, respec-
tively, showing a significant difference (p < 0.001) compared 
with animals with regular sleep [19].

In the experiment, a positive correlation was observed be-
tween IL-1β and the abundance of Muribaculaceae (r = 0.497, 
p < 0.05), and a negative correlation with the abundance of 
Lachnospiraceae (r = -0.583, p < 0.05) [19]. TNF-α, in turn, 
showed positive correlations with the abundance of Erysipel-
otrichaceae, Burkholderiaceae, and Tannerellaceae (r = 0.492; 
r = 0.646; r = 0.726; all p < 0.05) [19]. The cognitive status of 
the animals after sleep deprivation was also evaluated using 
the Morris water maze test, which assesses spatial learning 
and memory in mice [19]. Sleep-deprived animals performed 
worse in the test, indicating cognitive deficits [19].

Another interesting finding from studies evaluating the re-
lationship between sleep disorders and the gut microbiota 
is that the use of probiotics may serve as a tool to improve 
sleep quality and to reverse deleterious effects, such as cog-
nitive deficits and inflammation caused by sleep deprivation 
[3,26,46,47]. Currently, the main strains used in humans for 
sleep deprivation interventions include Levilactobacillus bre-
vis, Bifidobacterium, Lacticaseibacillus paracasei, and Lactiplan-
tibacillus plantarum, among others [3].

3.5. Influence of Gut Microbiota and Sleep on the Health 
and Welfare of Horses
Companion animals are following the increasing trend of 
obesity observed in humans [55]. Obesity and overweight 
affect between 25% and 50% of cats, dogs, and horses in de-
veloped countries, conditions that are directly related to the 
development of metabolic and inflammatory diseases, as 
well as to the impairment of animal welfare [55].

In horses, bacteria of the genus Butyrivibrio and of the fam-
ily Prevotellaceae have been associated with obesity [56]. 
In addition, obese animals showed a higher abundance of 
bacteria from the phylum Firmicutes and a lower abun-
dance of the phylum Bacteroidetes compared with lean or 
normal-weight horses [56]. This imbalance, characterized by 
an increased Firmicutes-to-Bacteroidetes ratio, is also ob-
served in obese humans [56].

Insulin resistance is an important factor linked to obesity 
and the development of metabolic syndrome [55]. Although 
obese horses did not present insulin levels significantly dif-
ferent from those found in lean or normal-weight animals, 
a positive correlation between plasma insulin and glucose 
concentrations and obesity was observed, indicating a state 
of insulin resistance [56]. Obese horses also showed higher 
levels of glucose, triglycerides, and leptin, reinforcing an al-
tered metabolic profile associated with obesity [56].

Equine metabolic syndrome (EMS) is characterized by in-
sulin resistance and obesity and resembles human meta-
bolic syndrome [27]. It includes predisposing components 
related to physical inactivity and diets high in sugars and 
starch, which are determining factors for the development 
of obesity [57]. The gut microbiota of horses with EMS was 
compared with that of healthy animals maintained under 
the same dietary conditions [27]. Horses with EMS showed 
lower representation of the genus Fibrobacter and reduced 
microbial diversity, an alteration associated with obesity 
and metabolic changes [58]. In contrast, healthy animals 
displayed greater abundance of the genus Fibrobacter and the 
family Ruminococcaceae, microorganisms linked to the di-
gestion of dietary fibers and the production of SCFAs, such 
as butyrate, which is beneficial for intestinal health [27].

The gut microbiota has been implicated in the onset of im-
portant gastrointestinal disorders such as colic syndrome, 
colitis, gastric ulcers, and diarrhea [59]. Colic syndrome is 
one of the most common conditions in horses [60] and rep-
resents an important cause of mortality in the species. Nev-
ertheless, its etiopathogenesis remains not fully understood 
[59,60], and the role of the gut microbiota in this process has 
become the focus of increasing investigation [60].

Studies have shown that the gut microbiota of horses with 
colic syndrome differs significantly from that of healthy 
animals [59–61]. One such study reported a reduction in mi-
crobial diversity, a decrease in Fibrobacter populations, and 
an increase in Streptococcus, the latter being associated with 
adverse health effects in other species [16,60].

Alterations in the equine gut microbiota have been ob-
served both during episodes of abdominal pain and 
throughout recovery, and they appear to vary according 
to the primary cause of colic [59,61]. A key question that 
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remains unresolved is whether these microbial changes are 
a cause or a consequence of the disease, a topic that war-
rants further investigation [61].

The gut microbiota has also been associated with the de-
velopment of stereotypies in horses, strengthening the hy-
pothesis of the existence of the gut–brain axis in this species 
[13,29]. In horses with crib-biting behavior, a reduction in 
bacteria of the Bacteroidales family and an increase in the 
phyla Bacillota and Clostridia were observed compared with 
animals without behavioral disorders [29]. In addition to 
alterations in microbial composition, metabolic changes 
in the intestinal community were also reported, with the 
crib-biting group showing increased activity of pathways 
related to the biosynthesis of amino acids such as L-methi-
onine and L-lysine [29].

Another study reported similar results, demonstrating that 
oral and locomotion-related stereotypies were associated 
with gut microbiota composition, with approximately 24% 
of oral stereotypies and 16.2% of locomotion-related ste-
reotypies explained by the microbial differences observed 
in the study animals [13]. The study also revealed that 13% 
of aggressive behaviors and 9% of hypervigilance episodes 
were linked to variations in the gut microbiota [13]. These 
findings reinforce the influence of the gut microbiota on be-
havioral aspects and welfare indicators in horses.

The replacement of hay with oats in the diet of ponies re-
sulted in a significant increase in recumbency time and to-
tal sleep, with a 20% increase in the duration of recumben-
cy and sleep [62]. The proposed explanation for this effect 
is that an oat-based diet provides less cerebral stimulation 
originating from the gastrointestinal tract, thereby reduc-
ing the activity of the reticular substance and favoring the 
induction and maintenance of sleep [62]. This study sug-
gested the existence of a communication pathway between 
the gastrointestinal tract and the brain in horses; however, 
the possible involvement of the microbiota in this process 
was not addressed.

Sleep is closely linked to welfare in horses and may serve 
as an indicator of well-being. Sleep deprivation can reduce 
welfare, which in turn may directly interfere with sleep [14]. 
Horses with reduced REM sleep exhibited less time spent in 
recumbency and lower locomotor activity, suggesting im-
paired welfare [63]. REM sleep deprivation also appears to 
impair the cognitive function of horses. In one study, ani-
mals subjected to 72 hours of REM sleep deprivation showed 
a trend (p = 0.08) toward requiring more time to complete 
spatial memory tasks, commonly used to assess cognition, 
suggesting a decline in cognitive performance [28]. In the 
same study, the authors further reported that sleep depriva-
tion may reduce horses' concentration during exercise and 
contribute to fatigue [37].

Although no studies have yet directly investigated the in-
teraction between sleep disorders and the gut microbiota 
in horses, evidence from research in humans and rodents 
indicates that this interaction may play a relevant role in 
modulating inflammation and metabolism, as well as serve 
as a risk factor for the development of metabolic and inflam-
matory diseases. Furthermore, studies conducted in horses 

suggest that both sleep and gut microbiota composition are 
associated with the occurrence of metabolic, behavioral, 
and cognitive disorders, as well as with the maintenance of 
health and welfare in these animals.

4. Conclusion
Sleep and gut microbiota are fundamental for maintain-
ing physiological homeostasis, playing crucial roles in me-
tabolism and physiological balance. Evidence supports a 
bidirectional relationship, in which sleep deprivation dis-
rupts gut microbial balance, triggering metabolic changes 
and low-grade systemic inflammation associated with dis-
ease development, while the microbiota also contributes 
to sleep regulation. Although no specific studies have yet 
been conducted in horses, indications suggest that, as in 
humans, sleep and gut microbiota influence health, wel-
fare, and important physiological functions in these ani-
mals, supporting the presence of the gut–brain axis in this 
species. This review highlights the need for such research, 
given the potential implications for equine health, welfare, 
and athletic performance.
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