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Abstract: Microbiome research has become significantly advanced in recent years, both in human
and veterinary medicine. The development of DNA sequencing technology has enabled a deeper
understanding of the diversity of microorganisms inhabiting animal bodies. It has given clinicians,
scientists, and behaviorists a chance of better understanding the impact that a proper microbial
population has on the individual, enabling a much more holistic view of the animals’ health and
welfare. Current knowledge is increasingly based on analyses of the impact of microorganisms
present in the gastrointestinal tract on the neurobiology and behavior of the host. This review
presents research results, indicating potential implications for fields such as ethology and veterinary
medicine. Understanding the role of the microbiome in shaping animal behavior could open up new
therapeutic opportunities and lead to more sustainable animal husbandry practices.
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1. Microbiome—A Brief Characteristic

The gastrointestinal tract of cats and dogs contains an abundant ecosystem in various
colonizing microorganisms such as bacteria, fungi, protozoa, and viruses [1]. In mammals,
the gastrointestinal tract colonization starts during parturition: the mother’s vaginal and
fecal microbes are transmitted to the infant’s gut [2,3]. It is now suspected that, in mammals,
the way of delivering the offspring may not significantly reflect on the initial acquisition
of the microbes in newborns [3]. In dogs, however, there are reports suggesting that the
process of colonization of the microbiome likely begins before birth, as evidenced by the
presence of microbes in the placenta and meconium of newborn puppies [4]. The type of
delivery (e.g., natural birth vs. cesarean section) appears to influence the puppies’ weight
gain, indicating that the mode of delivery might affect the initial microbial colonization
and subsequent health outcomes. After birth, in mammals, the microbial community then
undergoes maturation in response to changes in health, development, and the environment,
but is also shaped by microbial transmission from the mother [5]. Interestingly, adult
littermates have been found to present a more similar microbiome composition than
unrelated dogs [6].

Fecal samples in canines show a reliable representation of the most relevant taxa [3]. In dogs,
the majority of microbiota belong mainly to the phyla Firmicutes (Clostridia, Bacilli—mostly
of the genera Streptococcus and Lactobacillus; Erysipelotrichi—mainly comprising the genera
Turicibacter, Catenibacterium, and Coprobacillus), Fusobacteria, Bacteroidetes (genera Bacteroides,
Prevotella, and Megamonas), Proteobacteria, and Actinobacteria. The microbiome is rather stable
in healthy animals [7,8]. As for the phylum and genus in each part of the gastrointestinal tract,
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the stomach is mostly colonized by the phyla Firmicutes and Proteobacteria, and the genera
Lactobacillus and Helicobacter; the small intestine by the phyla Firmicutes, Proteobacteria,
Bacteroidetes, Spirochaetes, Fusobacteria, and Actinobacteria, and the genera Lactobacillus
and Staphylococcus; and the large intestine by the phyla Firmicutes, Proteobacteria, Bac-
teroidetes, Fusobacteria, and Actinobacteria, and the genera Lactobacillus, Staphylococcus,
Streptococcus, Pediococcus, Enterococcus, and Bifidobacterium [1]. The microbiota of dogs
with no behavioral issues is abundant with Firmicutes and Bacteroidetes and poor in Acti-
nobacteria, Fusobacteria, and Proteobacteria [9]. Regarding microbiome changes in aging
dogs, Masuoka et al., 2017 [10], showed in a study conducted on 50 dogs divided into five
different age groups (10 animals per group) that Lactobacillus and Bifidobacterium decreased
in elderly dogs.

Felines are obligate carnivores. However their gut microbiome, in terms of microbial
phylogeny and gene content, reflects the one in omnivores [11]. In cats, the most abun-
dant core genera are Prevotella, Bacteroides, Collinsella, Blautia, and Megasphaera. The most
prevalent core genera are Bacteroides, Blautia, Lachnoclostridium, Sutterella, and Ruminococcus
gnavus [12]. Other sources claim that the major phyla in the feline fecal microbiota are
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [13,14]. Regarding the phyla
and genera in each part of the gastrointestinal tract (the GI tract), the stomach is mostly col-
onized by the genus Helicobacter; the small intestine by the phyla Firmicutes, Proteobacteria,
Bacteroidetes, Fusobacteria, and Actinobacteria, and the genera Lactobacillus, Streptococcus,
Bacteroides, Clostridium, Enterococcus, Fusobacteria, and Eubacteria; the large intestine by the
phyla Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, and Actinobacteria, and the
genera Lactobacillus, Bacteroides, Fusobacterium, and Prevotella [13,15].

Bacteria can be categorized into different groups based on the impact on the host
organisms. These groups include pathogenic bacteria, beneficial (commensal and mu-
tualistic) bacteria (Lactobacillus (Firmicutes), Bifidobacterium (Actinobacteria), Prevotella
(Bacteroidetes), Bacteroides (Bacteroidetes), Collinsella (Actinobacteria), Blautia (Firmicutes),
Megasphaera (Firmicutes), Lachnoclostridium (Firmicutes), Sutterella (Proteobacteria), and
Ruminococcus gnavus (Firmicutes)); and opportunistic bacteria (Enterobacteriaceae (Proteobac-
teria), Clostridium (Firmicutes), Helicobacter (Proteobacteria), Streptococcus (Firmicutes),
Staphylococcus (Firmicutes), Pediococcus (Firmicutes), Enterococcus (Firmicutes), and Fu-
sobacterium (Fusobacteria)) [16]. Opportunistic bacteria can become pathogenic in various
situations, including immune suppression, disruption of the normal microbiome, damage
to mucosal barriers, and age [17].

2. The Role of the Microbiome

The gastrointestinal microbiome influences the host’s physiology both directly and
indirectly [3,18]. Microbes affect the metabolism, modulate the immune system, provide
protection from pathogens, and take part in energy acquisition, vitamin synthesis (vitamin
K, vitamins of group B), digestion, and neurobehavioral development [14,19].

Part of the occupation of the bacteria in the GI tract includes fermentation of alcohols
and carbohydrates that are not digestible to the host. That process enables the production of
short-chain fatty acids (SCFAs), which reduce intestinal pH. Furthermore, SCFAs absorption
through the intestine allows reabsorption of Na+ or K+ ions. The microbiome creates an
environment for the absorption of dietary fats and liposoluble vitamins in the gut through
transformation of primary and secondary bile acids [19,20].

Furthermore, the intestinal mucosa is an interface between the external environment
and the immune system. Germ-free (GF) animals (microbiota-deficient) raised in a sterile
environment have a lower density of lymphoid cells in the intestinal mucosa and a lower
quantity of immunoglobulins (Ig) in serum [19,21]. Importantly, systemic inflammation
caused by dysbiosis during early life development may begin hyperreactivity of the im-
mune system and cause dysregulation in the hypothalamic–pituitary–adrenal axis (HPA).
Moreover, dysbiosis may lead to impoverishment of the immune system and possession of
fewer and smaller lymph nodes [9].
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The microbiome acting on enteroendocrine cells affects metabolism. Changes in the
gut microbiome induce inflammation and obesity by affecting intestinal epithelial cells and
enteroendocrine cells and the secretion of gut hormones: glucagon-like peptides 1 and 2
(GLP-1 and GLP-2). GLP-1 stimulates insulin secretion, delays the passage of food through
the stomach, and causes satiety and weight loss; GLP-2 increases glucose transport from
the intestines and reduces the permeability of the intestinal wall [22].

In healthy individuals, there is a homeostatic balance between the host and microbes
inhabiting its GI tract. The host supplies the microbes with an environment supporting
undisturbed reproduction. Among other effects, the bacteria enhance protective systems
for the host, and both the host and the microbes provide each other with nutrients to sustain
life [9]. Eubiosis occurs when the gut remains well, free from pathogenic bacteria and
overgrowth. Disruption of this homeostasis may lead to dysbiosis, which is a term used
to describe changes in microbiome structure, functioning, and/or diversity [1]. Mondo
et al. [16] divide dysbiosis into three categories: reduction in bacterial diversity, loss of
beneficial bacteria, and overgrowth of pathogens. Any changes in the gut microbiome may
lead to increased permeability, digestion dysfunction, metabolic syndromes, inflammation
of the GI tract, obesity, and mood disorders [18,19]. Importantly, systemic inflammation
caused by dysbiosis during early life development may begin hyperreactivity of the im-
mune system and cause dysregulation in the HPA axis. The given information applies to
mammals as a taxonomic group and is not exclusive to dogs and cats.

3. Microbiome and the Central Nervous System

It is certain that microbiome influences the central nervous system (CNS) and can be
affected by the brain’s activity. Microbial metabolites act via the blood–brain barrier (BBB)
and the vagus nerve, and may modulate the HPA axis and the immune system. Conversely,
the brain can impact gut secretion, motility, and permeability, thus affecting the microbiota.
This bidirectional interaction is termed the gut–brain axis (GBA), with serotonin as a main
signaling molecule both in the CNS and in the enteric nervous system (ENS) [9,21]. The
GBA is composed of endocrinological, immunological, and neural mediators [23].

Probiotic bacteria can interfere with the CNS by three different mechanisms. Firstly,
bacteria produce neuroactive substances that influence the GBA, such as glucocorticoids,
sex steroids, neuropeptides, and monoamines. Some of them are neurotransmitters and
their precursors that have the potential to influence emotions and modulate behavior [9].
Secondly, SCFAs and secondary bile acids have the ability to interact with host cells,
which regulate production of signaling molecules. Thirdly, inactive signaling molecules
can be turned into their active forms by the process of bacterially mediated enzymatic
deconjugation [2].

Microbes have been described to manufacture or contribute to concentration of
dopamine, serotonin, tryptophan, gamma-aminobutyric acid (GABA), acetylcholine, gluta-
mate, and norepinephrine. Detailed information is included in Table 1.

Table 1. List of selected bacteria derived neurotransmitters or their precursors.

Substance Physiological Function Behavioral Function Microbial Origin Additional Information

Dopamine

Control of the motor
functions and

coordination, regulation of
cardiovascular and renal

function [24].

An important role in the
reward system and may also
facilitate social bonding [25].

Secreted in the gut by
Bacillus spp. and Serratia

spp. [2,9].

Microbiome can influence
central dopaminergic

signaling, e.g., by
converting levodopa into

dopamine, which may
lead to reduced central

dopamine availability in
the brain. Peripheral

dopamine cannot cross the
blood-brain barrier (BBB)

in contrast to its precursor,
levodopa [2,25].
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Table 1. Cont.

Substance Physiological Function Behavioral Function Microbial Origin Additional Information

Gamma-Aminobutyric
Acid (Gaba)

By mechanisms of pre-
and postsynaptic

inhibition suppresses
synaptic transmission [26].

Important inhibitory
neurotransmitter that

behaviorally has a calming
effect [27].

Manufactured by
Lactobacillus spp. and

Bifidobacterium spp.
[28].

Serotonin

Regulation of the
gastrointestinal, excretory,
cardiovascular functions

[2], affects
vasoconstriction, platelet

aggregation, uterine
contractions, intestinal

peristalsis, and
bronchoconstriction [29].

A role in emotion regulation,
social behavior and

cognition, aggression, sleep,
sexual functions [29].

Produced by Escherichia
spp., Enterococcus spp.,

Candida spp., and
Streptococcus spp. [9].

Norepinephrine
Blood pressure regulation,
increasing blood glucose

levels.

Affects alertness, fear, anger,
and stress [30].

Produced by Escherichia
spp., Bacillus spp., and
Saccharomyces spp. [28].

Acetylcholine

Regulation of blood
pressure, glandular
secretion, intestinal

peristalsis and cardiac
contractions [31].

Enabling learning and
memorizing [9]; plays a role

in arousal, attention, and
behavioral activity.

Produced by Lactobacillus
spp. [9].

Tryptophan A precursor to serotonin.

Tryptophan and its
metabolites can cross the

BBB increasing the
concentration of serotonin in
the central nervous system;

indole (tryptophan
metabolite) decreases

pro-inflammatory responses
from astrocytes [32].

Fabricated by Clostridium
spp., Bacteroides spp.,

Escherichia spp.,
Burkholderia spp.,
Streptomyces spp.,

Pseudomonas spp., and
Bacillus spp. [9].

Neurotransmitters created by the microbes in the GI tract cannot cross the BBB, al-
though they act on enteroendocrine cells, which provide a synapse with the vagus nerve.
In this way, the signal is transmitted to the brain. Neurotransmitter precursors (phenylala-
nine, tryptophan, tyrosine, etc.) have the ability to cross the BBB and become functional
neurotransmitters [32].

The GI tract bacteria play a major role in the growth and maturation of specific parts
of neurological white matter [9]. Research conducted on GF animals provides data on the
essentiality of gut microbiota in the normal development of the brain and behavior, as
much as impinging on tryptophan and serotonin [21]. There is a need for further in-depth
research specifically involving pets. The knowledge gained from laboratory animals cannot
be directly applied to dogs and cats. Nevertheless, these findings provide a suggestion
and a starting point for further exploration of the topic. Studies available on humans may
prove useful in the context of dogs, due to the similarities between the human and canine
microbiomes [33]. The microbiome affects brain development and functioning, influencing
such regions as the hippocampus, amygdala, and prefrontal cortex (PFC) [2].

3.1. Amygdala

The amygdala enables acquisition and storage of a memory of the conditioning ex-
perience, and plays a role in the expression of fear responses, implicit learning, emotion
processing and social behavior, emotional modulation of memory, emotional influence on
perception and attention, facilitation attention to salient stimuli, inhibition and regulation
of emotions, emotional regulation, and coping [34]. A study conducted on 26 mice in total
(conventionally colonized and GF; kept under ethically approved conditions) showed that,
in GF mice, the lateral, the basolateral amygdala, and the central nuclei of the amygdala
have a greater volume compared to those in normally colonized animals in the control
group. Moreover, in GF mice, dendritic hypertrophy in the basolateral amygdala (dendrites
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of aspiny interneurons and pyramidal neurons) had been observed [35]. Those structural
changes in the brain may be related to the lack of microbiota in prenatal or postnatal life.
Due to these discoveries, the question arises about the importance of the microbiome in
the proper development of the brain structure. Structural brain changes in GF mice may
result from the lack of microbiota during embryogenesis and pregnancy, when maternal
hormones influence brain development. Alternatively, changes may occur postnatally,
requiring further studies comparing different stages of development and the possibility
of correlation between animal species. It is crucial to establish whether the changes in
microbiota that alter the amygdala structure happen pre- or postnatally, and how the
stress stimuli that the pregnant mother is subjected to correlates with microbial acquisition
and brain structural development. As has already been shown, prenatal stress influences
HPA axis gene expression through epigenetic changes, which may lead to altered stress
responses in adulthood in offspring, and social stress experienced by mothers prenatally
programs neuroendocrine and behavioral responses to stress in adult offspring, with sex-
dependent effects [36]. Another important aspect is the reversibility of structural changes
in the amygdala and the time in which it is possible to reverse them through pre-, pro- or
synbiotic therapy. Further research should focus on answering the arising questions.

3.2. Prefrontal Cortex

The PFC is a structure involved in cognitive behavior, social motivation, recognition,
and decision making [37]. In GF mice, the thickness of the myelin sheath was enhanced
and the upregulation of genes associated with myelination on myelin plasticity was ob-
served [38]. The research utilized GF mice, which lack microbiota, comparing them to
conventionally raised (CON) mice and ex-GF mice (GF mice colonized with microbiota
post-weaning). The absence of microbiota leads to reduced myelination in the PFC. The
microbiota plays a significant role during critical periods of brain development, impacting
the formation and maintenance of myelin in the PFC.

Furthermore, microbial transfers from stressed mice trigger prefrontal demyelination
and social avoidance in healthy recipients. The PFC might be sensitive to probiotics, as the
supply of the L. rhamnosus in mice showed reduced GABAAα2 mRNA in the PFC [39]. The
experiment involved male BALB/c mice (n = 36). These mice were divided into two groups:
one receiving Lactobacillus rhamnosus JB-1 and a control group not receiving the bacteria.
Mice treated with Lactobacillus rhamnosus exhibited reduced anxiety and depression-like
behaviors. These mice showed changes in central GABA receptor expression, particularly in
the brain regions associated with emotion and stress. The beneficial effects were abolished
when the vagus nerve was severed, indicating its crucial role in mediating the microbiota–
brain interaction. The study suggests potential therapeutic strategies for managing anxiety
and depression through modulation of gut bacteria.

3.3. Hippocampus

Hippocampus plays an important role in information foraging and memory function,
such as memory retrieval and long-term memory function and spatial navigation [40].
The research that involved GF mice and specific-pathogen-free (SPF) mice demonstrated
that the absence of gut microbiota in GF mice led to increased hippocampal neurogenesis
compared to SPF mice. GF mice showed reduced dendritic spine density and decreased
levels of hippocampal brain-derived neurotrophic factor (BDNF) and BDNF mRNA. BDNF
is a protein that takes part in neuroplasticity and memory. Microbiome may regulate the
adult neurogenesis in the hippocampus [41].

It is now known that the canine microbiome is more similar to the human microbiome
than to the rodent’s [23]. The feline microbiome is almost one of a kind and making
any comparisons is risky. However, the microbial influence on brain development and
functioning in mice is worth stating for the purpose of future research. The link between
cognitive performance and microbiome composition was described in dogs [42]. The study
involved 29 pet dogs of various breeds, diets, and life histories. The researchers found
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a negative correlation between the abundance of the Fusobacteria phylum and the dogs’
chronological age. Dogs with poorer memory performance (more memory test mistakes)
had higher levels of Actinobacteria in their gut microbiome. The study of the link between
cognitive performance and microbiome composition in dogs can be related to the hip-
pocampus, a brain region critical for memory and cognitive function, in several ways: the
hippocampus plays a crucial role in memory formation and spatial navigation. The study
found correlations between gut microbiome composition and memory performance in dogs,
suggesting that changes in gut microbiota could affect hippocampal function. Changes in
gut microbiota composition, such as increased levels of Actinobacteria, can lead to systemic
inflammation, which might negatively affect the hippocampus [42]. Chronic inflammation
is known to impair hippocampal neurogenesis and has been linked to neurodegenerative
conditions such as Alzheimer’s disease in humans, where hippocampal dysfunction is a
key feature [43].

3.4. The Olfactory System

The diverse role of the olfactory system is extended to inter- and intraspecific com-
munication, feeding, foraging, environmental recognition, exploration, territorial marking,
predation and avoidance of predators, mating, and reproduction [44]. The olfactory recep-
tors are widely distributed along the whole organism and host—associated microbes are
capable of creating odorants that bind to some receptors, such as classical odorant recep-
tors, trace-amine-associated receptors, and formyl peptide receptors. Signaling molecules
produced microbially may also regulate the host odor profiles and scent-based markings;
however, the whole theme needs to be further investigated [2,45]. Research into the olfac-
tory system and its connection to the microbiome–gut–brain axis has revealed significant
interactions that influence both physiological and behavioral processes [46]. The gut mi-
crobiome can impact the CNS through various mechanisms, including the production of
neurotransmitters and metabolites that influence brain function and behavior. The olfactory
system, responsible for detecting and processing smells, is closely linked to the brain’s
limbic system, which governs emotions and memory. Changes in the gut microbiome
can, therefore, affect olfactory function and subsequently influence mood, cognition, and
behavior. Studies using GF mice, which lack a microbiome, have shown that these mice
exhibit altered olfactory functions and behavioral changes. Introducing specific bacterial
strains can restore normal behavior and olfactory processing, highlighting the microbiome’s
role in these processes [47]. Administering probiotics to animals has been found to improve
olfactory function and modulate behavior, indicating the potential for microbiome-targeted
therapies in treating olfactory and cognitive disorders [48]. Overall, the interplay between
the microbiome and olfactory and semiochemical communication systems underscores the
importance of microbial communities in animal behavior and ecology. This growing body
of research offers new insights into the mechanisms underlying animal communication
and the potential for microbiome-targeted interventions to modulate these processes.

4. Microbiome Alteration

As there is more and more innovative research concerning canine and feline micro-
biomes, better knowledge is being gathered of what influences the microbiota and how this
is done.

Microbial composition may be influenced by diet, probiotics, fecal microbiota trans-
plantation, prebiotics, psychobiotics (pro- and prebiotics affecting the microbiome–gut–
brain axis) [2], structural changes in the intestine, stress, drugs (e.g., antibiotics and
chemotherapeutics), inflammation in the gut, and many more factors to yet be discov-
ered [1]. It is worth stating that recently a tool allowing quantifying gut dysbiosis has been
developed via a PCR-based algorithm, called the Dysbiosis Index (DI). The DI also allows
disease monitoring and observing the organism’s response to treatment [49].
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4.1. Drugs

Microbial manipulations are often a part of treating GI diseases. Antibiotics rapidly
and significantly induce a drop in taxonomic richness, evenness, and diversity of the
microbiome [3]. Abundant usage of antibiotics may result in the reduction in the beneficial
bacteria population, advance antimicrobial resistance, ease the increase in the population of
pathogens or potential pathogens, modify the GI microbial composition, and contribute to
dysbiosis [19]. Antimicrobial-induced dysbiosis is a term used in cases of dysbiosis caused
by antibiotics usage and describes processes such as loss of beneficial bacteria, alterations in
the metabolic functions and end-products of the microbiota, decreases in microbial richness
and diversity, and blooms of intestinal pathogens [50]. There are currently not enough data
about the long-term consequences of canine and feline antibiotic-induced dysbiosis and
whether that state may consistently contribute to clinical morbidity [51].

Some drugs interfere with both the microbiome and behavior. A study conducted
on 12 dogs (10 males, 2 females) diagnosed with idiopathic epilepsy threw light on that
matter. Idiopathic epilepsy (IE) is a common neurological disorder in dogs, characterized
by recurrent seizures of unknown origin. All dogs included in the study had a confirmed
diagnosis of idiopathic epilepsy and were prescribed phenobarbital (PB) as a treatment
regimen, with a dose of 2.3 ± 0.4 mg/kg administered every 12 h. Behavioral assessments
were conducted to evaluate the impact of phenobarbital treatment on the dogs’ behavior.
This included monitoring for signs of aggression, anxiety, and other behavioral changes
(the Canine Behavioral Assessment & Research Questionnaire—cBARQ; Attention Deficit
Hyperactivity Disorder—ADHD; and Canine Cognitive Dysfunction Rating Scale—CCDR
values). PB treatment was associated with improvements in stranger-directed fear, non-
social fear, and trainability in dogs with IE. There was no significant difference in behavioral
improvements between PB-responders (PB-R) and PB-non-responders (PB-NR), indicating
that the behavioral benefits of PB might be independent of its antiseizure efficacy. PB
treatment resulted in a significant decrease in the bacterial order Clostridiales. This change
inversely correlated with an increase in SCFAs, particularly butyrate and propionate.
Regarding the microbiome, the reduction in Clostridiales has been observed. This may be
due to changes in specific bacteria within this order that are not SCFA producers. Total
SCFA concentrations, including of butyrate and propionate, increased with PB treatment.
SCFAs are known to have beneficial effects on gut and brain health and can cross the BBB.
The study suggests that phenobarbital treatment in dogs with idiopathic epilepsy can lead
to behavioral improvements and changes in the gut microbiome, particularly an increase in
beneficial SCFAs. These findings indicate a potential link between gut health and epilepsy,
highlighting the importance of considering both pharmacological and microbiological
aspects in the management of epilepsy and its comorbidities. Further research is needed to
fully elucidate these interactions and their implications for treatment strategies [52].

4.2. Diet

Dietary components are divided into nutrients and non-nutrients. Nutrients are
substances that the body needs to function properly, grow, and maintain health. They can
be divided into macronutrients (carbohydrates, proteins, fats) and micronutrients (vitamins,
minerals) [53]. Non-nutrients are compounds that are not essential for survival but can
still have health benefits. They include phytochemicals, antioxidants, and dietary fiber.
Phytochemicals are plant-based compounds with antioxidant properties; examples are
flavonoids and carotenoids. Dietary fiber aids in digestion and prevents constipation;
examples are cellulose and lignin. Antioxidants protect cells from oxidative damage;
examples and polyphenols, and vitamins C and E [54].

There happens to be a suggestion that dietary components may have an impact on
heart diseases, neurological disorders [1], diabetes, allergies, weight management, oral
health, and kidney disease through changes in the gut microbiome of cats and dogs [55].

The diet composition, especially large macronutrient differences, reflects on the gut
microbiome profiles. In dogs, the origin of the ingredients seems to be less important than
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the overall macronutrient composition [3]. Furthermore, research shows that the richness
of Firmicutes, and the genera Bacteroides and Prevotella, happens to decrease in dogs fed raw
diets. The same studies detected an increase in the abundance of the genera Lactobacillus
and Clostridium, and the genus Fusobacterium, in dogs fed biologically appropriate raw
food (BARF) [56,57]. Raw diets (BARF) might also have a role in increasing fecal levels of
GABA and its precursor, gamma-hydroxybutyric acid [3]. However, the research must be
continued on greater groups of animals to determine whether that is an overall rule. In
another study, the raw meat diet was associated with a higher diversity of gut bacteria in
both dogs and cats compared to those fed conventional dry food. A diverse microbiome
is generally considered beneficial for gut health and resilience against pathogens. In
cats and dogs fed raw meat, the gut microbiome showed an increase in certain bacterial
genera. In particular, the study noted an increase in Lactobacillus and Bifidobacterium, both
of which are known for their beneficial effects on gut health, including the production
of SCFAs and modulation of the immune system. The results suggest that raw meat
diets might promote a more natural and beneficial gut microbiome in pets, similar to that
seen in their wild counterparts. However, the potential increase in pathogenic bacteria
(Clostridium perfringens and Escherichia coli) also indicates that careful management and
preparation of raw diets are crucial to prevent health risks [58]. Dogs fed high-protein
diets showed an increased abundance of the Fusobacterium genus, which plays a key role
in protein fermentation. Diets rich in fiber led to a higher abundance of Bacteroidetes,
specifically Prevotella, which are efficient in breaking down complex carbohydrates and
fibers into SCFAs [59]. In felines fed a high-protein diet, the gut microbiome is enriched
with bacteria that specialize in protein fermentation. Key bacterial genera associated with
this diet included Clostridium and Peptostreptococcus, which are involved in the breakdown
of amino acids and protein byproducts. In contrast, a high-carbohydrate diet resulted in
an increased abundance of bacteria capable of carbohydrate fermentation. Notable genera
observed in this group included Bacteroides and Prevotella, which are known for breaking
down complex carbohydrates into simpler sugars and fermentation products [60]. Feeding
cats diets that closely match their natural high-protein intake could help maintain a gut
microbiome that supports their overall health and metabolic functions, reducing the risk of
diet-related disorders.

Diet plays a significant role in shaping the behavior and cognitive function of dogs
and cats. A balanced diet with appropriate levels of amino acids, fatty acids, vitamins, and
minerals is essential for maintaining optimal mental health and behavior. Specific dietary
interventions, like increased tryptophan or Omega-3 fatty acids, can be used to address
behavioral issues such as aggression, anxiety, and hyperactivity. In a study conducted
on 24 elderly beagle dogs, it was demonstrated that medium-chain triglyceride (MCT)
supplementation in healthy senior dogs led to a significant increase in blood ketone bodies
under fed conditions, without restricting dietary carbohydrates and proteins. Notably, dogs
fed the MCT diet outperformed those fed the control diet in three cognitive tests. These
findings indicate that MCT supplementation substantially enhances cognitive abilities in
senior dogs, improving attention, memory, spatial learning, and executive functions such
as concept learning and trainability [61].

4.3. Prebiotics, Probiotics

A prebiotic is a “nondigestible compound that, through its metabolization by mi-
croorganisms in the gut, modulates composition and/or activity of the gut microbiota,
thus conferring a beneficial physiological effect on the host” [62]. It has been shown that
prebiotics have a beneficial role in modulating GI microbiota, e.g., in canines, 1.5% inulin
intake [63] may reduce fecal pH and expand the Bifidobacteria population. Supplementation
of fructooligosaccharide (FOS) also has a positive input in Bifidobacteria growth [64]. Beet
pulp enlarges the phylum Firmicutes, with increased abundance of class Clostridia, and
decreases in Erysipelotrichi and the phylum Fusobacteria. Potato fiber and soybean husk
enrich Firmicutes. Along with potato fiber and soybean husk, inulin-type fructans increase



Pets 2024, 1 209

SCFA [65]. The yeast cell wall supports the growth of the genus Bifidobacterium [3]. In
felines, the high-protein diet influences growth in fecal Clostridium. FOS dietary supple-
mentation enlarges the Bifidobacteria population and lessens the Escherichia coli population.
Addition of pectin increases the Clostridium perfringens and Lactobacilli concentrations [19].

Probiotics “are exogenous live bacteria introduced into the host gut via direct ingestion
or oral gavage” [2]. Another definition by FAO/WHO, 2001, describes them as “live
microorganisms that when administered in adequate amounts confer a health benefit on
the host”. The usage of probiotics in companion animals is still developing. Probiotic
bacteria are shown to only slightly enhance microbial diversity or, typically, not to be able
to colonize the gut owing to rivalry with already existing microbiota [6]. The benefits
of probiotics intake include diarrhea prevention, prolonging a steady and healthy GI
microbiome, and coping with small bacterial overgrowth and mild enteropathies [19].

In a study involving 45 dogs with behavioral issues—including aggression, hyperat-
tachment, vocalization, destructiveness, house-soiling when left alone, compulsive disor-
ders, and excessive barking—it was found that dogs receiving Lactiplantibacillus plantarum
PS128 experienced a significant reduction in aggressive behaviors [66]. The probiotic also
helped alleviate symptoms of separation anxiety; dogs showed less distress and fewer
anxiety-related behaviors when left alone, indicating an overall improvement in their emo-
tional well-being. A 14-day administration of PS128 appeared to stabilize the emotional
status of the dogs, and it was observed that PS128 reduced the plasma serotonin turnover
ratio in dogs with separation anxiety. In another study, the probiotic strain of Saccharomyces
boulardii was found to lower fecal calprotectin, IgA, and cortisol levels in dogs, suggesting
it may alleviate intestinal inflammation and reduce stress hormone secretion [67].

Dietary components, including both nutrients and non-nutrients, interact closely with
pre-, pro-, syn-, and postbiotics to promote gut health and overall well-being. Nutrients
such as vitamins and minerals can enhance the growth and activity of probiotics, while
non-nutrients like dietary fibers act as prebiotics, feeding beneficial gut bacteria. Probiotics
utilize these prebiotics to produce postbiotics, which are bioactive compounds that confer
additional health benefits. Synbiotics combine probiotics and prebiotics to synergistically
improve the survival and effectiveness of beneficial bacteria in the gut. Together, these
dietary components and biotics form a comprehensive system that supports digestion,
immune function, and disease prevention [68].

4.4. Obesity

Research that focused on evaluation of the composition of the fecal microbiota in lean
and obese pet dogs was conducted to determine whether there is a significant change in
the microbiota in lean and obese dogs. The results showed that the mean abundance of
Actinobacteria and the genus Roseburia increased in the obese group. The overall abundance
of Clostridiales was greater in the obese pet dogs fed ad libitum. The richness of Bacillales
and Fusobacteriales was less in the obese group compared to the lean group. To summarize,
there were no significantly major changes in the fecal microbiota between obese and lean
dogs in that certain group [14].

Obesity in dogs and cats significantly impacts their behavior, reducing physical activity,
altering feeding patterns, and potentially causing psychological distress. It can lead to a
cycle of decreased activity and increased weight gain, further impacting their physical and
mental health. Addressing obesity through proper diet, exercise, and veterinary care can
improve both the physical health and behavior of pets, enhancing their overall quality of
life [69,70].

4.5. Stress

A state of disruption, or its possibility, in homeostasis caused by an external or in-
ternal stimulus, or the prediction of such a stimulus occurring, and the requirement of
psychological, physiological, and/or behavioral efforts to manage the event and its out-
comes, is called stress [71]. Motility and visceral perception can be modulated by the stress
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response via GBA interactions [21]. The association between stress, various gastrointestinal
diseases, and the GI microbiome is being actively studied. At present, there are not enough
data to definitely state the results of stress itself on the gut microbiome. Research shows,
however, that acute or chronic stress may induce alteration in the stress response plasticity.
Corticotropin-releasing factor (CRF) is a mediator of the central stress response. There are
two described CRF receptor subtypes and it has been shown that in response to stress, they
mediate increased colonic motor activity and slowed gastric emptying [72].

Long-term stress can lead to the development of behavioral problems such as ag-
gression, anxiety disorders, and phobias. Research indicates that dogs exhibit specific
stress behaviors such as yawning, lip licking, and avoiding eye contact when exposed
to stressful stimuli. A study by Dreschel and Granger [73], has found that dogs’ cortisol
levels and stress behaviors increased significantly during kenneling compared to their
home environment. Another study, conducted by Carlstead et al. [74], found that cats in
shelters showed higher levels of stress-related behaviors and cortisol compared to those in
a home environment. Overall, behavioral indicators of stress in dogs are increased barking,
whining, destructive behavior, excessive licking or grooming, changes in appetite, and
withdrawal from social interactions [73]; in cats, indicators are hiding, excessive grooming,
spraying or urinating outside the litter box, aggression, and changes in eating or sleeping
patterns [74].

It is worth noting that stress and obesity often coexist, with each condition potentially
contributing to the development of the other [75]. Some pets may eat more when they are
stressed. This behavior, often driven by the pet seeking comfort or distraction, can lead to
overeating and, eventually, obesity. Moreover, stress may induce reduction in a pet’s activity,
leading to weight gain. Once a pet becomes obese, the extra weight itself can be a source of
stress [76]. Overweight animals may experience joint pain, difficulty breathing, and reduced
mobility, which can lead to frustration, anxiety, and further inactivity [77]. Obesity and
stress can form a vicious cycle in companion animals, where each condition exacerbates
the other. Effective management requires addressing both the physical and emotional
well-being of the pet, ensuring a balanced diet and regular exercise, and minimizing
environmental stressors.

5. Microbiome’s Correlation with Behavior

It is possible that the GI microbiome influences the host’s behavior through interacting
with the organism’s physiology [78]. For this to occur, study of GF animals is needed.
Research on GF mice showed that they have visible deficits in social development, and
exhibit different anxiety levels abnormal stress reactions in comparison to control groups,
i.e., normally colonized animals. Furthermore, GF mice had significantly elevated corticos-
terone levels in response to stress compared to normally colonized animals; in comparison
to normally colonized controls, they tended to have an enlarged lateral amygdala and baso-
lateral amygdala, and a larger central nucleus of the amygdala, a greater volume of certain
hippocampal regions, and a reduced level of BDNF [2]. Although there is much more
evidence every day of the compound relationship between the gut microbiota, immune
system, and behavior in animals, the current literature is still limited.

In dogs, the composition of the microbiome differs in healthy animals and in those
with behavioral issues. Data suggest that an elevated abundance of Firmicutes was visible
in dogs with behavioral disorders such as phobias, separation anxiety, and aggression. In
addition, in phobic dogs, the genus Lactobacillus and the family Rikenellaceae were enriched;
in animals behaving aggressively, Bacteroides, Sutterella, Peptostreptococcus, Oscillospira were
reduced, and an increase in the abundance of Catenibacterium, Megamonas, and Eubacterium
was present [9]. In a comparative study of fecal microbiota in aggressive and non-aggressive
dogs, the results showed that Firmicutes, Fusobacteria, Bacteroidetes, and Proteobacteria
were the dominant phyla in all fecal samples; Proteobacteria and Fusobacteria were rela-
tively more abundant in non-aggressive dogs; and the family Lactobaccillaceae was richer in
aggressive dogs of that particular participating animal group. Moreover, the authors sug-
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gest there might be an association between aggression and an increase in specific lineages
of Lactobacillus and Paraprevotellaceae [78].

In a study conducted on rats, fecal microbiota transplants from patients diagnosed
with depression (donors) to microbiota-depleted individuals made the recipients behave
anxiously [79]. The study was conducted on 28 adult male Sprague-Dawley rats. They
were divided into control (n = 15) and depressed groups (n = 14) [79]. This suggests that
transferring GI microbiota impacts the mood and thus the behavior of the receiving animal,
and that when transplanting microbes, the mood of the donor is also transferred [8].

The pilot study by Watanangura et al., 2024 [80], explored the potential benefits of
fecal microbiota transplantation (FMT) for treating behavioral comorbidities in dogs with
drug-resistant epilepsy (DRE). The study aimed to assess the impact of FMT on behavioral
issues associated with epilepsy, such as anxiety, cognitive dysfunction, and ADHD-like
behavior. Post-FMT, the dogs exhibited notable improvements in ADHD-like behavior,
fear- and anxiety-like behavior, and overall quality of life. There were significant decreases
in the excitatory neurotransmitters aspartate and glutamate, alongside an increase in the
inhibitory neurotransmitter GABA and the GABA/glutamate ratio. Minor taxonomic
changes in the gut microbiota were observed, including a reduction in Firmicutes and
Blautia_A species and an increase in a Ruminococcus species. However, functional gene
analysis, SCFA concentrations, and blood parameters remained largely unchanged.

Poor nutrition and gastrointestinal conditions are important factors to developing
some of the behavioral disorders, such as restlessness, polyphagia, pica, unsettled sleep,
anxiety, aggression, stereotypies, and hyperalertness [9]. Both of those factors (GI condi-
tions and poor nutrition) are also associated with gut dysbiosis [1] and stress. Dysbiosis
correlated with altered SCFA concentration may lead to a syndrome called the “leaky
gut”, which involves impaired gut permeability, intestinal inflammation, and translocation
of antigens, enteric corticosterone, and microbial metabolites into the systemic circula-
tion. The mentioned molecules are able to either cross the BBB or modulate the vagus
nerve, thus causing the stress response via activating the HPA axis or inducing systemic
inflammation [8]. The general impact of stress on the animals’ mental health includes:

• chronic frustration, social anxiety, decreased food intake, inhibition of exploratory and
social behaviors, learned helplessness, and stereotypies [81];

• other effects on dogs: deleterious psychological effects of raised levels of glucocorti-
coids, nervousness and/or restlessness, increased startle responses, food guarding,
increased avoidance responses including irritable aggression and increased barking,
tail chasing, flank sucking in Dobermans, tail chasing and spinning in German shep-
herds and bull terriers, and aggressive behavior toward family members or toward
dogs living in the same household;

• other effects on cats: wool sucking in Oriental cat breeds [82], urine marking, fecal
marking, house soiling problems, anorexia, reduced play and exploration, increased
vigilance, anorexia, aggression, and hiding [83].

Dysbiosis during early life development has been shown to affect both the immune and
nervous systems, thus influencing the evolution of behavioral and cognitive disorders [9].

6. Discussion

Specific mechanisms and biological pathways enabling the microbiome to influence
the host’s physiology and the behavior itself remain poorly understood and are yet to
be fully clarified. The beginning of understanding the intricate relationship between the
gut microbiome and behavior in companion animals opens new avenues for therapeutic
interventions. Future research should focus on long-term studies and larger sample sizes
to better elucidate these interactions and their potential for improving the mental health
and behavior of pets. Integrating microbiome management into veterinary practices could
enhance the overall quality of life for companion animals. While discussing the impact
of the GI microbiome on companion animals’ behavior, a few questions need to be asked:
What is the role of the stress response in the whole process? Is the alteration in behavior
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due to microbial change or secondary to the stress? Does the altered microbiota impact
the development of behavioral disorders in animals or does the mental status predispose
to microbial changes via altering the physiological status of the animal? New techniques
of studying the microbiome have been established, enabling its precise profiling and
raising the possibility of scientific answers to those questions. Moreover, the prospects of
FMTs and nutraceutical therapy in influencing behavior through microbial changes are
promising but require further investigation. FMTs offer a direct approach to restoring gut
health, which can have immediate behavioral benefits. Nutraceuticals provide a more
gradual and potentially sustainable method for modulating the gut microbiome. Both
therapies highlight the importance of the GBA in maintaining mental health and behavior,
introducing novel approaches for holistic and integrative treatments in veterinary medicine.

Studies across various species have demonstrated that microbial communities can
affect a wide range of behaviors, from social interactions and stress responses to feeding
patterns and reproductive strategies. For example, alterations in the gut microbiota have
been linked to anxiety-like behaviors in mice, aggressive behavior in dogs, and stress
resilience in fish. These findings suggest that the microbiome not only reflects an animal’s
health status, but also actively participates in shaping behavioral phenotypes.

7. Conclusions

Environmental factors such as diet, habitat, and social interactions significantly influ-
ence the composition of the microbiome, which in turn can alter behavior. This bidirectional
relationship highlights the importance of considering both microbial and environmental
influences when studying animal behavior. Additionally, the potential for microbiome ma-
nipulation, through diet or probiotics, offers exciting possibilities for modifying behavior
in domestic and wild animals, with applications in animal welfare, conservation, and even
human–animal interactions.

The study of the microbiome–behavior relationship is essential for a holistic under-
standing of animal biology. Future research should aim to unravel the specific microbial
mechanisms underlying behavioral changes, the evolutionary significance of these interac-
tions, and the potential for microbiome-targeted interventions to improve animal health
and behavior. As our understanding deepens, it is clear that the microbiome is not just a
passive passenger, but an active player in the complex orchestra of animal life.
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