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ABSTRACT

The fact that the gastrointestinal (GI) microbiota has an impact on our intestinal health has
become common knowledge. This was first applied in human medicine but has now expanded
to our companion animals. Even if all the mechanisms are not yet fully understood, the Gl
microbiota plays a role in digestion, absorption, protection against pathogens, and immunity.
This central role within the digestive tract has led us to question whether the microbiota could
also have an impact on extraintestinal health. Based on literature data, we aim to provide the
latest findings about the subject found in scientific articles and studies. This literature review
has highlighted that the GI microbiota has several extraintestinal effects. The major axis is the
gut-brain axis, through which many information transfers occur. While the mechanisms are still
poorly understood, it has been shown that the GI microbiota of patient with neurological
diseases present different microbial profiles. These commensal bacteria were also different in
metabolic, immune, cardiac, or articular diseases. Several of these studies have also proposed
treatment approaches that aim to modify gut microbiome resulting in improvement of the
quality of life and reducing symptoms of the animal. Specific diets, probiotics, and especially
faecal microbiota transplantation are treatment options that are now being considered. In the
coming years, new studies should emerge to demonstrate the importance of these
complementary therapies that could be implemented in clinical practice.

Az atény, hogy a bélflora hatassal van bél egészségiinkre, koztudotta valt. Ezt el6szor az emberi
orvoslasban alkalmaztak, de most mar kiterjedt héaziallatainkra is. Bar a mechanizmusok meg
nem teljesen ismertek, a bélfléra szerepet jatszik az emésztésben, a felszivddasban, a
korokozdkkal szembeni védelemben és az immunitasban. Ez a kézponti szerep a tdpcsatornan
beliil arra késztetett benniinket, hogy megkérddjelezziik, hogy a mikrobiota hatéssal lehet-e az
extraintestinalis egészségre is. Az irodalmi adatok alapjan a témaval kapcsolatos legujabb
eredményeket szeretnénk bemutatni a tudomanyos cikkekben és tanulmanyokban. Ez az
irodalmi éttekintés ramutatott, hogy a bélfléra szdmos extraintestinalis hatassal rendelkezik. A
f6 tengely a bél-agy tengely, amelyen keresztil szdmos informacié aramlik. Bar a
mechanizmusok meg nem teljesen ismertek, kimutattdk, hogy a neuroldgiai betegségben
szenvedd betegek bélfloraja eltérd mikrobidlis profilokat mutat. Ezek a kommenzalis
baktériumok metabolikus, immunoldgiai, sziv- és iziileti betegségekben is eltéréek voltak.
Szamos tanulmany javasolt olyan kezelési modszereket is, amelyek célja a bélflora modositasa
az allat életmindségének javitasa és a tiinetek enyhitése érdekében. A specialis étrendek,
probiotikumok és kulondsen a székletmikrobiologiai transzplantacid olyan kezelési
lehetdségek, amelyeket jelenleg is vizsgalnak. A kovetkezd években tijabb tanulmanyoknak
kellene megjelenniiik annak érdekében, hogy bizonyitsdk ezeknek a kiegészitd terapiaknak a
fontossagat, amelyeket a klinikai gyakorlatban is alkalmazni lehet.
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1 Abbreviations

AD — Atopic dermatitis

ASD — Autistic Spectrum Disorder

CCK — Cholecystokinin

CKD - Chronic Kidney Disease

DI — Dysbiosis Index

DM - Diabete Mellitus

DNA —Desoxyribonucleic Acid

FMT — Faecal Microbiota Transplantation
GABA — Gamma-aminobutyric acid

Gl — Gastrointestinal

GLP-1 — Glucagon-like peptide-1

HAC — Hyperadrenocorticism

HPA — Hypothalamus Pituitary Axis

Ig — Immunoglobulin

IMHA — Immune-mediated haemolytic anaemia
ITP — Immune Thrombocytopenia

ITS — Internal Transcribed Spacer
MMVD — Myxomatous Mitral Valve Disease
OA — Osteoarthritis

OTU — Operational Taxonomic Units
PYY — Peptide YY

PCR — Polymerase Chain Reaction

RNA — Ribo Nucleic Acid

rRNA — ribosomal Ribonucleic Acid
5-HT — Serotonin

SCFA — Short Chain Fatty Acids

TMAO - Trimethylamine N-oxide



2 Introduction

The intestinal microbiota, a complex community of micro-organisms residing in the digestive
tract of animals, has become the subject of growing interest in human and veterinary medicine
due to its profound influence on intestinal as well as extra-intestinal health. Traditionally seen
as a key player in digestion and nutrient absorption, the gut microbiota is now recognised as an
essential regulator of many aspects of health, extending beyond the digestive system. This
evolution in our understanding of the role of the intestinal microbiota has opened up new
perspectives in the prevention and treatment of disease in animals.

The intestinal microbiota is made up of a multitude of micro-organisms, including bacteria,
fungi, viruses and archaea, which interact in complex ways with the host. These interactions
are dynamic and influenced by a multitude of factors, such as diet, environment, lifestyle and
even the animal's genetic make-up [1]. Together, these micro-organisms form a unique
microbiological ecosystem, which exerts a considerable influence on the host's physiology.
Although not all the mechanisms are completely understood, it is clear that the intestinal
microbiome is essential for the body to function optimally.

In veterinary medicine, a thorough understanding of the effects of the gut microbiota on extra-
intestinal health has become essential for effective disease management. Imbalances in the gut
microbiota, known as dysbiosis, have been associated with a wide range of pathological
conditions in animals, such as allergies, chronic inflammatory diseases, metabolic disorders,
and behavioural disorders [2]. As a result, modulation of the gut microbiota for therapeutic
purposes has become a promising approach in complementary treatment of many diseases in
animals.

The aim of this thesis is to provide a comprehensive overview of the clinical implications of
the gut microbiome in the extra-intestinal health. This report will be based on recent researches
and studies carried out on companion animals, humans and laboratory animals. This literature
review should be accessible to the vets but also to students to have a better understanding of
this subject. It may also induce new researches as well as complementary treatments of certain
diseases. In the first part of this work, we will explore the nature of the intestinal microbiome
and its function on the intestinal health. In the second part, we will present the definition of the
dysbiosis, how to diagnose it, the factors influencing the gut microbiome, the regulations and
treatment options. Finally, in the third part, we will demonstrate the effects on the extraintestinal

health and explain the different mechanisms of them.



3 Methods

This thesis draws upon a lot of research materials to explore the roles of the gut microbiome.
The information originates from a diverse range of sources, recent editions of small animal
internal medicine books and book chapter as well as spanning studies conducted between 1900
and 2024. These studies encompass researches involving humans, laboratory animals, and
companion animals like cats and dogs. To locate relevant studies, online resources like
MedVet.com, Google Scholar, and PubMed were instrumental. Zotero, a reference
management software, played a crucial role in organizing and citing all the research materials
within the bibliography. Initial research focused on studies that explored the fundamental
function of the gut microbiome and how it is regulated within the gut. This established a solid
understanding of key concepts. Further exploration involved studies examining the

microbiome's influence on other functions and systems.

A master's thesis by Helene Berg Skalstad (2023), titled "Fecal Microbiota Transplantation in
Small Animals" (supervised by Doctor Papa Kinga) from Budapest, provided a valuable

foundation for understanding the gut microbiome and faecal microbiota transplantation.

Annual webinars hosted by small animal food companies (eg. Purina Institute, Th Hills
Academy), were utilized. These webinars featured presentations by veterinarians and engineers

discussing the microbiome in detail.



4  The gut microbiome

The gastrointestinal (GI) tract microbiota is composed of different microorganisms that form a
complex ecosystem. The microbiota refers to the taxonomy and the microbiome all the genes
and the function of it [1]. There are several body sites that have a special microbial community
like the skin, the eyes, the oral cavity, the ears, ect. Investigation of the composition and the
function of the microbiome in different body sites is a is a recent subject of interest in small

animals [2]. In the further part of the thesis, we will focus on the canine GI microbiota.

4.1 Composition of the gut microbiome

The most abundant agents in the GI microbiota are bacteria, but viruses, protozoa, archaea, and

fungi are also part of it [1].

Three primary methods are currently employed to investigate the microbiome composition of
companion animals: whole shotgun metagenomics, 16S ribosomal ribonucleic acid (rRNA)
gene microbial profiling, and internal transcribed spacer (ITS) microbial profiling. [3] Figure
1 provides a summary of these techniques. Culture-dependent methods were initially used to
study the gut microbiota, but their usage has diminished since the advent of metagenomic
analysis [4]. “Metagenomics is defined as the direct genetic analysis of genomes contained
with an environmental sample” [5]. The desoxyribonucleic acid (DNA) fragmentation and
sequencing is needed in metagenomics. “This approach yields valuable data related to the
metabolic capacity of the microbial community, as well as their potential interactions with the
host” [6].
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Figure 1: Laboratory methods used to determine the composition of the gut microbiome [3]

The 16rRNA method used universal primers for the amplification with the polymerase chain
reaction (PCR), then, sequencing of a hypervariable regions of the 16S rRNA gene [3]. Data
are then analysed based on sequence similarity with Operational taxonomic units (OTU) [7].
At the end of this process, a genus profile of the gut microbiota is done. The second method,
ITS is based on the same principles of the 16S rRNA. It is a recent technique targeted between
the 16S rRNA and 23 rRNA genes within the rRNA locus [3]. The portion of these genes is
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more variable thus permit to do a more accurate result with not only the genus level taxonomy
but also the species of the gut microbiota [8].

A study from 2021 has compared the GI microbiota between 96 healthy dogs from different
breeds. They used rectal swabs and analysed these sample with the 16S rRNA method [6]. The

result of the phyla composition is presented in the Figure 2.

Actinobacteria
4%
-

Bacteroidetes

28%

Firmicutes
45%

Fusobacteria
14%

Figure 2:Phyla repartition in dog’s gut microbiota based on the study of You | and Kim MJ [9]

These phyla contain different bacterial classes reassemble in the Table 1. The data were
collected from different studies. The predominant bacteria in dogs belong to the Firmicutes
phylum [9] which encompasses various genera [3]. Interspecies differences exist between dogs
and cats. Within the Bacilli class, Lactobacillus and Streptococcus are more prevalent in canine
gut microbiota, while Enterococcus and Lactobacillus are more commonly found in feline gut
microbiota [10]. Fusobacterium is one of the most important agent in the small animal
microbiota certainly because of its role of degradation of proteins [11].



Table 1: Overview of the different bacteria in the dog’s gut microbiota based on the study of
Allesandru G et al. [3]

Phylum Class Genus Bibliography

Firmicutes Bacili Streptococcus,
Lactobacillus,

Enterococcus

Clostridia Clostridium cluster 1V,
XI, XIVa

Erysipelotrichi Turicibacter,
Catenibacterium,
Coprobacillus
Bacteroidetes Prevotella
Bacteroides

Proteobacteria Suterrella, [13]

Succinivibrio, [18]

Anaerobiospirillum,

Escherichia/ Shigella
Actinobacteria Coriobacteriaceae Collinsella,

Slackia,

Eggerthella, Olsenella

In canines, Proteobacteria are more abundant, whereas Actinobacteria are more significant in
felines [10, 18]. Escherichia or Shigella are the most prevalent in companion animal’s gut and
contribute to the physiology of the host. They have a public interest because of their potential
pathogenicity [18]. In the phylum Actinobacterium, the Coriobacteriaceae are the main gut’s
agents. The Collinsella and Slackia are dominant in dogs while Olsenella and Eggerthella are
most seen in cats [10].
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4.2 The functions of the microbiome

The Gl tract microbiome has several essential functions in the physiology of a healthy animal.
It “plays a large role in maintaining the overall health of the host’s gastrointestinal tract”. [19]

These functions are described in this part.

4.2.1 Digestion and absorption of nutrients

The most widely recognize function is the digestion and absorption of nutrients. The first
studies demonstrating the role of the intestinal microbiota in intestinal absorption and motility
date back to 1967. Abrams GD and Bishop JE conducted a study on laboratory mice. That were
divided into two groups: germ-free mice, whose intestines had been sterilized, and normal mice
that had undergone no treatment. A radioactive food source (Yttrium-91) was administered to
these mice. They measured the proportion of radioactive content in each digestive portion
depending of the time. It permitted to compare the time of digestion. The results were highly
significant (P<0.001 after 16 hours and P <0.01 after 24 hours), as shown in Figure 3. They
concluded the mouse with a normal gut microbiota had a time of digestion shorter than the one
free of germs. These findings highlighted the role of the microbiota in modulating digestion

time by influencing absorption and increasing intestinal motility. [20]

Mouse with gut microbiota Traces <1% > 90%
2 - \-S 5 -: i
C i\ < R0
) ) (N . - 3 o 4

Mouse without gut microbiota >25% =45 % >30 %

> > 5

Figure 3: Percentage of Yttrium-91 present in the digestive tract of the mice after 16 hours of

ingestion [20]
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The GIT microbiota and particularly Firmicutes and Bacteroidetes have a role in the formation
of Short-Chain Fatty Acids (SCFA) through the carbohydrates fermentation. It is an anaerobic
process which takes place in the colon. The production of Butyrate, Acetate, Propionate and

Lactate permit to provide energy for endothelial cells and regulate intestinal motility. [21]

It has been discovered that commensal bacteria in the colon like Clostridium scindes,
Clostridium hiranonis, Clostridium hylemonae, Clostridium sordelli and Lactobacili are a
source of bile salts hydrolase. This enzyme is responsible of the conversion of the primary bile
acid to the secondary bile acid. [22] Secondary bile acids are essential in the digestion,

absorption and transport of lipids. [23]

Figure 4 summarizes these two primary functions: the fermentation of carbohydrates and the
conversion of primary bile acids into secondary bile acids. The other functions will be discussed
in the following section. We can observe the lumen, where all microbial processes occur. The
end products are delivered to the intestinal endothelial cells or enter the systemic circulation.
[19] Eubacterium rectale, Eubacterium hallii, Faecalibacterium prausnitzii and Ruminococcus
bromii has been identified as the most important bacteria for the fermentation process of
carbohydrates. [24, 25]

I.e., Faecalibacterium Complex
prausnitzii, Eubacterium CHQ
rectale, Eubacterium hallii, \

Ruminococcus bromii \

@ P Energy l
TReguIatorcheIISA X SCFAs
Motility regulation N ,
Primary BA
|.e., Clostridium cluster \ ¥
XVla, C. scindens, C. l \
hiranonis, C. hylemonae, oo
C. sordellii l
Anti-inflammatory < Secondary BA
t GLP-1 (increased insulin) P
1 C. difficile sporulation \
>

Figure 4: Schematic diagram representing some major microbiota-associated pathways in
health [19]
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Proteins can be also fermented by the GI microbiota. In the colon, these bacteria can degrade
proteins into amino acids. They are mostly not used by the cells themselves but are part of
numerous metabolic pathways made by the microbiota. [26] Researches are still in progress to

understand all these processes.

4.2.2 Regulation of immune response

According to the Figure 4, SCFAs can increase the regulatory T cells and secondary bile acids
have an anti-inflammatory property and increasing the insulin secretion. [19] SCFAs are
proportional to the number of commensal bacteria. They have important immunomodulatory

effect in the communication between immune system and Gl cells. [27]

Intestinal microbiome also has and antipathogen activity. The production of Regllly, a mucosal
antimicrobial peptides in the mucus is mainly controlled by the GI microbiota [28] Those

peptides can affect the growth or survival of pathogens [29]

Homeostasis

«~  Suppressive CpG, SIS 2280 SN )N
;=| PSA, SCFA, LPS }- Ef‘, NS 2Le =N

EPITHELIUM
oo

LAMINA
PROPRIA

Dendnnc
cell
Macrophage

—'ﬂ

Inflammatory effector
T and B cell response

(food, commensal, and
environmental Ag)

Figure 5: Promotion of immune regulation by the gut microbiota [30]
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The Figure 5 illustrates how commensal bacteria, via SCFASs or other compounds can influence
immune regulation. [30] They support the production of regulatory T cells via direct sensing or
dendritic cells [31]. Th17 lymphocytes are also regulated by these bacteria. These mechanisms

are in constant balance to maintain homeostasis. [30]

4.2.3 Synthesis of vitamins and other bioactive compounds

To highlights that some vitamins and bioactive compounds are synthetised by the GI
microbiota, experiences with germ free animal and normal animals has been done. After all the
experiences, several compounds have been exhibited [32] :

e Biotin or B vitamin

e Cobalamine or B12 vitamin

e Folic acid

e Riboflavin or B2 vitamin

e Kvitamin
It has been shown that most of the created compounds are used by the bacteria themselves.
However, the microbiota will produce over one quarter of the dietary intake of vitamins of
humans [33]

4.2.4 Protection against pathogens

The figure 4 in the 4.2.1 section reveals that secondary bile acids have an effect on the
Clostridium difficile sporulation. [19] This fact has been demonstrated by Koenigsknecht et al.
in 2015 and permit to know that secondary bile acid has a direct impact on the decrease of
sporulation of this type of Clostridium. [26]

Motility of the intestine has a direct effect on the defence against pathogens in the gut. [34] It
has been proved the SCFASs produced by the GI microbiota increase the intestinal motility. [35]
Mechanisms that strengthen tight junctions and stimulate the mucin production have a direct
effect on the protection against pathogens in the intestine. [36] Eg. SCFA as well as indole
secreted by commensal Escherichia coli increase the tight-junction resistance and mucin

production of goblet cells. [2, 36]
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5 Dysbiosis and factors influencing a healthy gut microbiome

5.1 Definition of dysbiosis

“Dysbiosis is any change to the composition of resident commensal communities relative to the
community found in healthy individuals”. [37] Gut microbiota dysbiosis is the imbalance
between beneficial and harmful bacteria resulting in decrease abundance and diversity of the
microbiome. Dysbiosis has compromised the microbiota's functionality, leading to decreased
production of bacterial metabolites, eg SCFA and vitamins eg. B12 vitamin, as well as reduced
antipathogenic activity. Consequently, the host's mucosal barrier has been disrupted, resulting
in a loss of tolerance to pathogens as depicted in Figure 6 [38, 39] This vulnerability to
pathogens will enhance the immune sytem to react. Pro-inflammatory cytokines will be secreted
and disturb the health of the host. [40]

i C LUMEN  we*' _o»
LUMEN . o No . . ' S -
. St s RS, 1N 5 T - e ceg,
-/"/ ;=" . ‘._; O\r. \:-/' . T it - \'_q “ L5 -; '_./ oo
— = N £ o Noi'g Ne .
\ < = Col Ileum o % e = Colons ° Disrupted
o R e ® e N 0001 1 50sely adherent iy N o s W Mucous layer
w g * i o mucous layer : BN G0 — e o \ W
Ileum . o ce - e
. PO TR Ty
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WM g, g e oy D, — el Jocd
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@ - @ @ @ @@L 2L Ly ® i & ® j %
- - - - - § *\\ o "';i ' u‘“t’ S
NS\ P ‘«%’;\“ﬂ Y Tellp b e
L LN A o®P i ’\t ‘_“ A " s \\._gc_’?g“
Non-immune cells Immune cells .
Beneficial microbes Beneficial microbes
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Figure 6 : Schematic overview of gut microbiota in normal and dysbiosis conditions [39]

According to Pilla et al., dysbiosis is often characterized by an overgrowth of
Enterobacteriaceae. This family of facultative anaerobic bacteria thrives in oxygen-rich

environments. This phenomenon can occur due to increased intestinal permeability. [41]
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5.2 Diagnosis of dysbiosis

As shown previously, PCR-based methods allow for the detection of the precise composition
of the gut microbiota. [3] The Dysbiosis Index (DI) is a mathematical model that assesses gut

health by quantifying the abundance of seven specific bacterial groups by a gPCR-based

technique:

Fusobacterium, and Peptacetobacter hiranonis. [41] DI quantifies these key bacterial taxa and
total bacterial load to monitor disease progression, evaluate treatment response and assess bile

acid metabolism. [42]

Table 2 : Reference intervals of the different bacterials groups for dogs and cat according to

Faecalibacterium, Turicibacter,

Escherichia coli,

Texas A&M Veterinary Medicine & Biomedical Sciences [42]

Bacteria

Faecalibacterium

Turicibacter
Blautia
Fusobacterium
Bifidobacterium
Bacteroides

Peptacetobacter
hiranoris

Streptococcus

E. coli

Dysbiosis index

Function

Anti-
inflammatory
Production of

SCFA

Production of
SCFA

Conversion of
primary to
secondary bile
acids
Overgrowth
associated
with dysbiosis
Pro-
inflammatory

Normal

amount in dogs

Normal
amount in cats

3,4-8,0 3,8-8,4
4,6-8,1 4,4-90

95-11,0 not measured

7,0-10,3 not measured
not measured 3,2-87
not measured 40-75
51-71 45-7.1
1,9-8,0 16-5.2
0,9-8,0 14-7,0

<0: normal

0 — 2: Mildly increased
>2: Significantly increased

Data expressed log DNA/gram of feces

16

Streptococcus,

Evolution in
case of
dysbiosis

Decreased

Decreased
Decreased
Decreased
Decreased
Decreased

Decreased

Increased

Increased

Blautia,



A negative DI indicates a balanced gut microbiota, while a positive DI suggests dysbiosis. [41]
A high DI score (above 2 for dogs, above 1 for cats) is indicative of severe gut dysbiosis. A
moderate DI score (between 0 and 2 for dogs, 0 and 1 for cats) suggests a less severe imbalance
in the gut microbiota. [42]

5.3 Factors influencing the gut microbiome

Different factors like diet, birth, mode of feeding, stress and antibiotics treatment influence the
composition and functions of the gut microbiota.

5.3.1 Diet

Diet is one of the major influencers of the gut microbiota composition, diversity and function
[3] Dietary composition significantly shapes the gut microbiota according to Arora et al.. [43]
It is impacting the number of Bacteroidetes, including Bacteroides and Prevotella. A protein-
and fat-rich diet tends to increase Bacteroides levels, whereas a fiber-rich, plant-based diet
promotes the growth of Prevotella. [43] Dogs are omnivorous since the domestication. There is
a popular dietary trend named Biologically Appropriate Raw Food (BARF). This diet consists
exclusively of raw products like a wild animal. Castafieda S et al compared in their study the
microbiota composition of the two diets, the BARF and the commercial food. It appears that
dogs fed with raw food had more diversity in the gut microbiota than the commercial ones.
Fusobacterium, Bacteroides, and Clostridium perfringens was mostly present in the protein
rich diet and Prevotella, Turicibacter, Faecalibacterium, and Peptacetobacter hiranonis in the
carbohydrate rich diet. While BARF-diet sounds promising in theory, opportunistic bacteria
like Clostridium perfringens can more easily proliferate, leading to a disruption of the
microbiota. [44]

Furthermore, a 2019 study compared the effects of four commercial prescription diets on the
faecal microbiota of healthy dogs. The diets included weight-loss, low-fat, renal, and anallergic
formulas, each with different macronutrient profiles (carbohydrates, proteins, fats, and fibre).
Dogs were fed each diet for 21 days, and faecal samples were collected at the end of each dietary
period. The results indicated that faeces from the weight-loss diet had a reduction in
Actinobacteria and Firmicutes, while significantly increasing Fusobacteria compared to the
hypoallergenic diet. This weight loss diet was low in carbohydrates and fat but high in protein
and fibre to compared to the other diets. These findings suggest that diet can influence the gut

microbiota composition, even in healthy dogs without signs of disease or dysbiosis. [45]
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5.3.2 Birth and mode of feeding in humans

A 2013 study demonstrated that the mode of birth exerts a direct influence on the microbiome.
This research was based on 606 healthy newborns weighing more than 2.5 kg. Infants born
vaginally exhibited significantly higher colonization of Bifidobacteria, Bacteroides, and E. coli
in their gut microbiota at 5 weeks compared to those born via caesarean section. The latter
group showed significantly higher colonization by Clostridium cluster I and Clostridium
difficile. At 31 weeks, only 37.5% of the gut microbiota of infants delivered by caesarean
section was composed of Lactobacilli, compared to 50% of vaginally born infants. [46]
Lactobacilli aid in digestion, nutrient absorption, and immune system strengthening by forming
a protective layer on the intestinal epithelium. [47]

Breastfeeding was also suspected to influence the colonization of the intestine by
Bifidobacteria. [46, 48] While the study could not draw definitive conclusions due to the high
proportion of breastfed infants (more than 97%), it revealed a positive correlation between the
duration of breastfeeding (over 6 months) and the colonization of the infant’s gut by
Bifidobacteria and Lactobacilli. Conversely, Bacteroides and Clostridium difficile were less
prevalent in these infants. [46]

5.3.3 Birth, age and development state in dogs

Based on a review article from 2021, “Age is among the most important factors affecting the
microbiota of dogs . [2] The foetus intestine may be already colonized in the uterus of the dam
through the placenta. [49] As shown previously, the type of birth will affect the composition of
the gut microbiota. [20] The weaning and growing period will modify the colonies in the
intestines but there is a lack of studies for now about the subject. [2, 50]

Comparisons of the taxonomy of Gl microbiota between young puppies (7-20 weeks) and
young dogs (12-18 months) has been done in two studies. Differences has been evidenced but
not fully understood and significative at this time. [51, 52]

A study from 2019 formed 4 groups of dogs by age: puppies, junior, adults and seniors. They
analysed the elements of the gut microbiota. They found significant differences among the
group. Fusobacterium was in higher concentration in adults than in other groups. Roseburia was
found mostly in senior group and Bifidobacterium in the young ones. [14]

It has been proven the size of dogs living in The United States affects the gut microbiota. [53]

Middleton et al. emphasize large dogs’ gut are colonized by more bacteria than the small ones.
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It is probably due to a lower amino acid circulating and antioxidants status in small size dogs.
[54]

5.3.4 Stress

Chronic stress can conduct to different problem and health issues. [40] The first studies
investigating the impact of stress on the composition of the microbiota date back to the 1970s.
Tannock et al. inoculated a group of mice with Salmonella Typhimurium while leaving another
group untreated. They then exposed both groups to 48 hours of food deprivation stress. Both
sets of mice exhibited an increase in coliform bacteria and a significant decrease in lactobacilli
compared to the non-stressed control group. [55] In 2021, Cannas et al. conducted a study
between anxious dogs. They gave a nutraceutical supplement with natural anti-inflammatory
compounds, pre- and probiotics, 5-hydroxytryptophan, and L-theanine to a group and a placebo
to the other group. They found distinct microbiota composition between the two groups after
the 60 days of treatment. [56]

5.3.5 Effects of antibiotics and medications

The idiopathic intestinal dysbiosis was earlier named antibiotic responsive diarrhoea.
Antibiotics were frequently used to treat this condition. However, the use of antibiotics for
canine diarrhoea is now more limited and controversial. [38] In 2022, a study on 59 dogs with
acute non-infectious colitis was conducted. Resaerchers compared randomly the use of
metronidazole an antibiotic with a specific diet or the use of a placebo with the same diet.
Results have shown a significant (P < 0,001) increase of the dysbiosis index between days 7 to
10 in the antibiotic group to compare to the other one. The use of Metronidazole induces a
dysbiosis in disease dogs without improving signs of the disease. [57] According to Garcia-
Marcozzo et al., the Omeprazole, a proton-pump inhibitors drug has a harmful impact on the
gut microbiota. They compared the GI microbiota of dog with and without omeprazole
treatment. An increase of Lactobacillus and a decrease of Bacteroides, Prevotella,
Porphyromonas and Faecalibacterium spp. was found in the faeces of dogs after treatment (P <
0,0001). [58]
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5.4 Treatment options

In order to treat or diminish the symptoms of dysbiosis, several solutions are available to us.
These options are more or less described and have become a research focus in recent years. It
must be taken into account that “there is no chronic inflammatory enteropathy treatment without
a specific diet”. [38] Therefore, in each treatment plan of the dysbiosis, we must consider the
animal's diet. Other axes will be described further as outlined in the microbiome symposium of
Hill’s in October 2024. [59]

5.4.1 Therapeutic diets

Diet changes can significantly alter the gut microbiota, impacting metabolic pathways and
metabolite production. However, these modifications are less harmful to the host than the
alterations induced by a disease. We must find a balance in order to support the healthy gut
microbiota when it is affected. [41] Bresciani et al. conducted a study to evaluate the changes
in the faecal microbiota of dogs with food-responsive chronic enteropathy before and after a
specific protein-free diet. They found in the diet treatment can lead to a partial recovery of the
gut microbiota. This was evidenced by an increase in microbial diversity, bringing the
microbiota composition closer to that of a healthy state. In contrast, no significant alterations
were observed in the gut microbiota of healthy control dogs fed the same diet. [60]

5.4.2 Antibiotics

Antibiotics such as metronidazole or tylosin was widely used in idiopathic intestinal dysbiosis
in companion animals. [61] A recent 2024 consensus highlighted the obsolescence of these
practices. They found that antibiotic use for GI disorders was more harmful to the host than
beneficial. This led to dysbiosis and contributed to the failure of other treatments. Antibiotic
resistance was also observed. Consequently, this use is becoming less common, making way
for other therapeutic approaches such as diet, probiotics, and faecal microbial transplantation.
[62]

5.4.3 Prebiotics, probiotics, symbiotics and postbiotics

Nowadays, prebiotics, probiotics, symbiotics and postbiotics are widely used as supplementary
therapies for several diseases although their therapeutic efficacy is not fully established. [47]
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Probiotics are defined as “Live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host.” by the World Health Organization. [63] In companion
animals, probiotics has been shown to improve gut microbiota composition, enhancing immune
function, reducing inflammation, strengthening the intestinal barrier, and protecting against
pathogens. [64] A consensus from 2024 summarized the main actions of probiotic on dogs. It
has shown that SCFA concentration can increase in faeces after the administration of
Lactobacillus together with the digestibility. Probiotics may have a beneficial effect on the Gl
function. [64]

Prebiotics are defined by the International Scientific Association for Probiotics and Prebiotics
as “a substrate that is selectively utilized by host microorganisms conferring a health benefit”.
[63] These dietary fibres selectively stimulate the growth and activity of beneficial bacteria
(eg. Lactobacillus and Bifidobacteria) in the gut by producing short-chain-fatty-acids. [65] A
study from 2023, demonstrated that prebiotics used in vitro on Border Collie faeces promoted

the bacterial diversity. [66]

A definition from the International Scientific Association for Probiotics and Prebiotics
considered the symbiotics as “a mixture, comprising live microorganisms and substrate(s)

selectively utilized by host microorganisms, that confers a health benefit on the host.” [63]

Postbiotics are “a preparation of inanimate microorganisms and/or their components that
confers a health benefit on the host.” according to the International Scientific Association for
Probiotics and Prebiotics. [63] Postbiotics offer several advantages over probiotics, including
antimicrobial and antioxidant properties without the need for live organisms. They can inhibit
foodborne pathogens like Staphylococcus aureus, Salmonella enterica, and Escherichia coli,

and protect against oxidative stress. [67]
These elements are now considered supplementary treatments for dysbiosis. While the exact

mechanisms are not fully understood, they are increasingly recognized as beneficial for
maintaining microbial balance. [47]
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5.4.4 Faecal transplantation

Faecal microbiota transplantation (FMT) is a relatively novel therapeutic approach primarily
employed in human medicine. The procedure involves transferring faecal microorganisms from
a healthy donor into the intestinal tract of a patient with dysbiosis. [68] Through this
transplantation, it is possible to increase the population of beneficial microbes, enhance the
diversity of the gut microbiome, and restore a more balanced microbial composition. This
intervention is often utilized to treat intestinal dysbiosis and to limit the overuse of antibiotics.
[69] In human medicine, this form of bacteriotherapy has proven effective in treating recurrent
and antibiotic resistant Clostridium difficile infections. [70] This approach offers a novel
therapeutic option. The clinical guidelines for faecal microbiota transplantation in companion
animals has been created by the association of several researches and veterinarians to set a
consensus for the use of FMT in clinical practice. They currently proposed FMT as a
supplemental therapy for canine parvovirus enteritis, acute diarrhoea, and chronic enteropathy

in both canine and feline patients. [71]

6 Effects of the gut microbiome on the extraintestinal health

Our previous overview highlighted the intestinal microbiome's role in gut health. Recent studies
have expanded this understanding, revealing its impact on overall health beyond the intestinal
tract. We know the role of gut microbiota in digestion, protection against pathogens, immunity,
and vitamin synthesis, although many mechanisms remain to be elucidated. [2]. After numerous
studies have demonstrated the importance of the intestinal microbiota in intestinal diseases and
their treatment in humans, the same findings were found recently in dog as it is revealed that
dysbiosis affects the intestinal health of our pets as well. By supporting their intestinal
microbiota, improvements in chronic enteropathies could be seen, and vice versa, by treating
the bowel disease, damaged gut microbiome is recovered. [3] Knowing the different impacts
of the GI microbiota, more research has been done to understand if the latter could also have an
impact on the entire body. With the discovery of the gut-brain axis, it then seemed obvious that
the gut microbiota had a much greater impact than just locally. [40] These links will be
discussed in this part to highlight the influence of the GI microbiota on several extraintestinal

problems such as: immune diseases, disorders of the nervous system (related to the
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communication in the gut-brain axis), metabolic diseases, as well as the disorders of the heart,

skin, and joints.

6.1 Immune system regulation

It is observed that the gut microbiota plays a significant role in immunity, and dysbiosis able to
strongly impact this function. [30] In the following we demonstrate the role of the microbiota

in immune-mediated diseases.

6.1.1 Allergies

Gut microbiota dysbiosis is associated with increased intestinal permeability, allowing toxins,
antigens, and pathogens to enter the bloodstream. This can contribute to the development of
Type 2 immune responses that characterize food allergies. [72] A study was conducted on mice
in 2021. They induced dysbiosis in mice by using antibiotics after injecting ovalbumin, an
allergen. The sensitized mice exhibited symptoms such as scratching, twitching, and other signs
of allergy. Serum analysis showed elevated levels of IgE and 1gG1 antibodies, increased
inflammation, and intestinal barrier dysfunction. The conventional mice, on the other hand,

showed no such signs. [73]

6.1.2 Autoimmune diseases

As previously discussed, the intestinal microbiota has a role on immune system regulation.
Consequently, dysbiosis can pertub the immune system. It was found out recently that the auto-
immune Immunoglobulin (Ig) A nephropathy (Berger’s disease) in human is associated with an
abnormal increase of Akkermansia municiphilia. These bacteria, originally beneficial, is
responsible of the deglycosylation of the IgA subclass lin the intestinal mucus. Those IgA enter
in the blood stream and are recognize as foreign Ig by the immune system and an autoantibody
complex will be formed. Then, the complex will migrate and accumulate in the glomeruli of
the kidneys. According to the study of Gleeson PJ et al. (published in 2024) by adjusting the
number of Akkermansia municiphilia, symptoms of this disease could decrease. [74] Liu et al.
found a new axis of research about autoimmune disease in dogs. They compared the faecal
microbiota of dogs with immune-mediated haemolytic anaemia (IMHA) and immune
thrombocytopenia (ITP) to faecal microbiota of healthy dogs. They highlighted a dysbiosis
characterized by decreased abundance of Treponema spp. and increased abundance of
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potentially pathogenic bacteria like Clostridium septicum and Escherichia coli. The exact
mechanism and role of GI microbiota is still unclear but this study links gut dysbiosis to

immune-mediated haematological diseases in dogs. [75]

6.1.3 Cancer

It has been recently found the gut microbiota in human can influence cancer cell plasticity,
impacting treatment response and toxicity. The precise mechanisms remain unclear.
Understanding this gut-tumor axis could be a promising strategy to improve treatment outcomes
and reduce side effects. [76] In 2022, while the link between gut microbiota and cancer has
been explored in humans and rodents, its role in canine cancer remained relatively unknown.
Bae et al. analysed the composition of GI microbiota of dogs with lymphoma or non-lyphoid
tumors. The Figure 7 represents the results of this study. They found disparity between the
composition of the GI microbiota. Dogs with lymphoma have a significant increase of
Proteobacteria genus and a decrease of Firmicutes. They conclude that alterations in the gut
microbiota may contribute to tumor progression and the development of paraneoplastic

syndrome in dogs. [77]
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tumors according to Bae et al. [77]
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6.2 Gut-brain axis

In recent decades, the fields of microbiology and neuroscience have converged. While the
concept of the microbiota-gut-brain axis is relatively novel, it's becoming increasingly clear that
the resident microbiota can significantly influence host behaviour. [78] To demonstrate the
existence of the microbiota-gut-brain axis, studies used various methods : germ-free rodent
models, antibiotic treatment, prebiotic/probiotic supplementation, gastrointestinal infections,
and faecal microbiota transplantation. [40] These diverse influences and regulatory

mechanisms will be discussed in the following sections.

6.2.1 Mechanism of regulations

Numerous pathways exist through which the gut microbiota can communicate with the brain.
These range from complex neural networks to subtle molecular signalling systems, both within

the gut and at a distance in the brain.
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Figure 8: Schematic overview of communication and regulatory mechanisms of the gut-brain
axis [40]
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Those communication and regulation systems are illustrated in the Figure 8,and will be
discussed in details underneath by the presentation of the four places of regulatory mechanisms:
the bloodstream, the immune system, the endocrine system, and the nervous system. [40]

The main communication of the gut-brain axis is made through the neural system with the vagus
nerve. This regulation is found mainly through sympathetic and parasympathetics fibres
between the central nervous system and the enteric nervous system. This is the autonomic
nervous system. It is a complex neural network that regulates involuntary bodily functions like
breathing, heart rate, and digestion. The aim of these fibres is maintaining physiological
homeostasis and responds to endocrine, motor, autonomic, and behavioural impacts. [40, 79]
This mechanism has been demonstrated by several studies on rodents. [80, 81] Chronic
administration of Lactobacillus rhamnosus, a probiotic, has been shown to induce region-
specific alterations in GABA receptor expression in the brain, leading to reduced anxiety- and
depression-like behaviours and attenuated stress responses. Notably, these effects were
dependent on an intact vagus nerve. Vagotomised mice did not show any of these symptoms.
[80] Similarly, in a colitis model, the anxiolytic effects of Bifidobacterium longum were absent
in vagotomised mice. In contrast to the effects observed with probiotic supplementation,
alterations in the gut microbiota induced by antibiotic treatment did not appear to rely on vagal
nerve signalling [81]

A comprehensive review conducted by et Chen al. in 2021 catalogued the primary
neurotransmitters that the gut microbiota is capable of producing. [82] A brief summary is
presented here regarding the most important microbiota derived neuromodulatory metabolites.
Glutamate, the brain's primary excitatory neurotransmitter, facilitates communication between
nerve cells. Gut bacteria, such as Lactobacillus plantarum, Bacteroides vulgatus, and
Campylobacter jejuni, has appeared to influence glutamate metabolism. Intestinal sensory
signals are then transmitted to the brain via the vagus nerve. [83]

Gamma-aminobutyric acid (GABA), an inhibitory neurotransmitter, plays a crucial role in
various physiological processes. GABA modulates synaptic transmission within the enteric
nervous system, influencing intestinal motility and inflammation. Genome-based metabolic
modelling has identified several gut bacteria genera, including Bacteroides, Parabacteroides,

and Escherichia, with the capacity to produce or consume GABA. Furthermore, transcriptome
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analysis of human stool samples has confirmed the active expression of GABA-producing

pathways in these bacterial species. [84]

Acetylcholine, a key neurotransmitter in vertebrates and insects, plays a crucial role in
transmitting excitatory signals between neurons in both the central and peripheral nervous
systems. [82] Recent researches has revealed that acetylcholine is also synthesized by various

bacteria, including Bacillus subtilis, Escherichia coli, and Staphylococcus aureus. [85]

Dopamine is primarily produced in the brain, recent study suggests that certain gut bacteria,
such as Staphylococcus, can also synthesize this neurotransmitter responsible of gastric
secretion motility but also major in mood regulation. [86] Similarly, serotonin, a key
neurotransmitter involved also in mood control, is primarily produced by serotonergic neurons
in the brain. However, gut bacteria, particularly spore-forming Clostridia, can contribute to
serotonin biosynthesis. [87]

The immune system is an important area in communication of the gut-brain axis. [40] Cytokines
are categorized as either pro-inflammatory or anti-inflammatory. Pro-inflammatory cytokines
initiate and amplify the inflammatory response, while anti-inflammatory cytokines suppress
inflammation. A balanced between these two types of cytokines is crucial for a healthy immune
response and the restoration of tissue homeostasis. [40] It appears that gram-negative bacteria
of the Gl tract can trigger inflammation by binding bacteria derived lipopolysaccharide to toll-
like receptors on immune cells like monocytes, macrophages, and microglia. This interaction
stimulates the production of pro-inflammatory cytokines, including interleukin-6 and
interleukin-1p. [88, 89] By influencing intestinal and systemic immune homeostasis, gut
microbes can impact directly neuroinflammation. [90] A study on multiple sclerosis of human
demonstrated in mice that the gut bacterium Prevotella histicola stimulates T regulatory cells.

These products subsequently induced an inflammatory response in the host [91]

The endocrine system also plays a vital role in the communication between the gut and the
brain. [88] The main actors are the enteroendocrine cells. There are specialized cells within the
Gl tract that produce various signalling molecules. These are serotonin (5-HT), cholecystokinin
(CCK), glucagon-like peptide-1 (GLP-1), and peptide YY (PYY). These cells detect luminal
contents and play a crucial role in regulating energy homeostasis by transmitting signals to the
brain. [92] Duca FA et al. aimed to compare lipid digestion between normal mice and germ-
free mice in their study. Germ-free mice were treated with antibiotics to eliminate their gut

microbiota. Enteroendocrine cell counts were measured after a 48-hour experiment. Germ-free
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mice exhibited fewer enteroendocrine cells in the ileum compared to normal mice. However,
these results were not considered statistically significant in the study. Conversely, these animals
showed reduced expression of PYY, GLP-1, and CCK, suggesting that the microbiota stimulate
the production of these peptides. [93]

The last of the four ways of communication between the gut and the brain is the bloodstream
that transports the metabolites of gut microbiota. These metabolites are important signal
molecules of the gut-brain axis [88] As described previously, the gut microbiota is a key actor
in the SCFA production. [21] It has been shown that short-chain fatty acids have a role in the
gut-brain axis regulation. [40] A study from Perry RJ et al demonstrates in mice, that the
impairment of acetate production by the gut microbiota in dysbiosis induced a reaction of the
parasympathetic centre. [94] Reduce levels of short-chain fatty acids and altered
neurotransmitter profiles, particularly serotonin, have been associated with gut microbiota
dysbiosis. These imbalances may contribute to neurodegenerative processes by compromising
neuroprotective mechanisms. [95] This highlights the link between SCFAs produced by the gut
microbiota and the regulation of certain parameters of the nervous system. Moreover, several
researches have demonstrated the importance of tryptophan metabolism in the gut-brain axis.
Alterations in tryptophan metabolism have been implicated in the development and progression
of various neurological disorders. [95] Tryptophan, an essential amino acid is the precursor of
the serotonin. [88] In germ-free mice, the concentration of tryptophan and serotonin was
measured in the blood. It was found that tryptophan concentration was significantly higher than
in control mice. However, serotonin levels were significantly lower compared to control mice.
[96] This highlights that the gut microbiota plays a major role in the synthesis of serotonin.
Serotonin can then regulate many things such as satiety, mood, sleep, and aggression in the
brain. [88]

6.2.2 Influence on behaviour, mood, anxiety, depression

Kelly JR et al. in 2016 conducted a study, when faeces of depressive human patients was
transferred via FMT to rats. The results showed a significant decrease in mood among the rats.
They exhibited depressive characteristics such as anxiety when humans presented their hands
in front of them (P=0,029) , as well as a reduction in time spent in the center of an open field
(P=0,013). [97] This highlights that the microbiota of patients with depression differs from that
of healthy individuals. Moreover, it appears to have a direct impact on the disease, even going

so far as to induce signs of the disease in rats. A recent study from 2024 demonstrated that the

28



hypothalamus-pituitary axis has the main role in the depression disorder. [98] As previously
shown, the GI microbiota can regulate secretion of cytokines such as interleukin-6 or
interleukin-1p which have an impact on the gut-brain axis. This overproduction of cytokine
activates the hypothalamus-pituitary axis and may stimulates the development of the disease.
[88, 89]

In the same way experiment of Kelly JR et al. [97], a correlation between the abundance of
faecal Bacteroidetes and depression has been observed. FMT was used from depressed patients
to germ free mice. After the transplantation mice showed alternations of tryptophan pathway
metabolites and neurotransmitters along the gut-brain axis in addition to depressive signs. [99]
As GABA can be secreted by Bacteroides, this suggests a potential link between gut microbiota-
derived GABA and neurological disorders such as major depressive disorder. [84] Imbalances
in gut microbiota composition can influence also the serotonin levels. This potentially
contributing to the development of mental health disorders like depression and anxiety because
spore-forming Clostridia have a role in the synthesis of this neurotransmitter. [87]

6.2.3 Influence on the cognitive function

To investigate the behavioural signs of aging, a study was performed in 2020. A cognitive test
(memory test) was conducted on 29 dogs. They compared the result of the memory test to the
composition of the faecal microbiota. They found that dogs with higher cognitive performance
had less Actinobacteria in their microbiota. [100] This study aligns with previous research that
found Alzheimer's patients have a higher abundance of Actinobacteria in their gut microbiota
compared to non-Alzheimer individuals. [101] The impact of certain gut bacteria on glutamate
metabolism has shed light on the potential mechanisms underlying neurodegenerative diseases
such as Alzheimer's and Parkinson's. Study of Chabg et al. suggests that d-glutamate, a
metabolite produced by gut bacteria, may influence N-methyl-D-aspartate receptors, which are
crucial for cognitive function in conditions like dementia. [83] Neurodegenerative disorders
like schizophrenia and Parkinson's disease are often associated with dysregulation of the
dopamine system. Staphylococcus has been proved to influence the dopamine synthesis and

can have an impact in those types of diseases. [86]

Another type of cognitive dysfunction is the autism spectrum disorders (ASD). ASD constitute

a group of neurodevelopmental conditions characterized by qualitativ impairments in social
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interaction and communication, and restricted, repetitive patterns of behaviour, interests, and
activities. [88] Up to 90% of children with ASD experience comorbid gastrointestinal issues,
such as constipation, diarrhoea, abdominal pain, vomiting, and malabsorption. Emerging
evidence suggests that these gastrointestinal disorders are linked to dysbiosis within the gut
microbiome. Furthermore, the severity of gastrointestinal dysfunction may correlate with the
severity of autistic behaviours. [102] Studies have shown alterations in the levels of
Bacteroidetes and Firmicutes in the faecal microbiota of autistic children. [103, 104] For
example, a Slovakian study found higher levels of Lactobacillus and Clostridium class 1 in
autistic children. Interestingly, higher levels of Clostridium and Desulfovibrio have been linked
to more severe autism symptoms, suggesting a potential role of these bacteria in modulating
autistic behaviours. [104] Similarly, another study reported increased levels of Clostridium
histolyticum group bacteria in autistic children compared to controls. [103] Animal models of
autism provide valuable insights into the potential role of the gut-microbiota-brain axis in this
complex disorder. By mimicking autistic-like behaviours such as deficits in communication,
reduced sociability or repetitive behaviours, these models enable researchers to investigate how
specific microbial alterations can contribute to these symptoms. [88] For instance, studies have
demonstrated that elevated levels of propionic acid, a short-chain fatty acid (SCFA), can induce
autism-like behaviours in animal models by triggering neuroinflammation and altering brain
lipid composition. [105] Conversely, butyrate, another SCFA, has been shown to ameliorate
repetitive behaviours in certain mouse models. [106] These findings suggest a complex

interplay between different SCFAs and their potential impact on autistic phenotypes.

A study from 2009 investigated the impact of diet on gut microbiota and cognitive function in
mice. They fed one group of mice a standard diet (herbivorous) and another group a diet
supplemented with beef. They trained the two groups on a hole-board field apparatus. The beef-
fed group exhibited increased gut microbial diversity. Lactobacillus and Clostridium bacteria
was significantly more present in the beef-fed group. Cognitive performance, including
working and reference memory was also better in this diet. These findings suggest a potential
link between protein rich diet, gut microbiota, and cognitive function. [107] More recently
another study, demonstrated that memory function is closely linked to both the environment
and the gut microbiota. They used quails. One group was exposed to chronic stress and daily
memory tests involving mealworms in cups, while the control group underwent the same tests

without stress. [108] Schematic overview in Figure 9.
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Figure 9: The stress loop memory according to N. Kraimi et al. [108]

At the end of the experiment, the stressed group exhibited a significantly greater difference in
Bacteroides, particularly Alistipes. In a second experiment, caecal microbiota was transferred
to healthy quails. Those that received microbiota from stressed quails displayed impaired
memory compared to controls. Moreover, when these quails were placed in a more stressful

environment, the microbiota disturbance and memory impairment persisted. [108]

6.2.4 Influence on neuromuscular diseases

A study of Mangalam et al. showed through mice studies that the bacterium Prevotella histicola
can reduce symptoms of multiple sclerosis in human and even cure the disease. The latter would
initiate a balance of the immune response through T-cell regulatory and allow for the healing
of this inflammatory disease. [91] Myasthenia gravis is a neuromuscular disease affecting
acetylcholine receptors, which prevents muscle contraction. This autoimmune disease affects
both humans and dogs. Kapoor et al. demonstrated that the microbiota of people with
myasthenia gravis was different from that of healthy individuals. There was an increased

abundance of potentially pathogenic bacteria such as Fusobacteria, Bacteroidetes, and
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Proteobacteria, and a decreased abundance of beneficial bacteria such as Actinobacteria and
Firmicutes. This imbalance in the gut microbiota can lead to increased gut permeability,
allowing harmful substances to enter the bloodstream and trigger an exaggerated immune
response. The inflammation would then be stronger, leading to more symptoms. [109] In other
hand, epileptic dogs showed significant alterations in their gut microbiota composition
compared to healthy control dogs according to Garcia-Belenguer et al. Specifically, there was
a decrease in the abundance of GABA-producing bacteria and SCFA-producing bacteria, both
of which play crucial roles in neurotransmitter regulation and brain health. Furthermore, a
reduction in Prevotellaceae, a bacterial group associated with reduced risk of brain disease, was
observed in epileptic dogs. These findings highlight the potential impact of gut microbiota
dysbiosis on the development and progression of epilepsy. [110]

6.3 Metabolic health

Metabolic diseases (eg diabetes mellitus, hyperadrenocorticism...) are mostly multifactorial.
Axis of treatments are numerous, and several factors can influence these diseases. We will
discuss of the place and the potential effect of the gut microbiota in this type of conditions.

Woting et al. illustrated in Figure 10, the hypothetical mechanisms linking diet, gut microbiota,
and metabolic diseases. The figure highlights in red the various processes that occur during a
high-fat diet and in blue those associated with a high-fiber diet. The differences in gut
microbiota composition based on diet are also represented in these colours. The short-chain
fatty acid (SCFA) pathway, which is crucial for health, is predominantly activated by a high-
fiber diet. Conversely, the fatty acid pathway is favoured during a high-fat diet to generate
energy. It appears that a high-fat diet negatively influences bile acid metabolism. Saturated fatty
acids promote taurine-conjugated bile acid production, favouring the growth of harmful
bacteria. Inflammatory molecules are also produced in greater numbers due to dysbiosis, but
also due to this taurine-conjugated bile acid. This latter pathway is associated with the

development of metabolic diseases, whereas a high-fibre diet is thought to prevent them. [111]
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Figure 10: Hypothetical interplay between diet, gut microbiota and host in prevention and

promotion of metabolic diseases according to Woting et al. [111]

6.3.1 Obesity

Obesity has become a pressing issue in companion animals. Two studies on laboratory mice
have highlighted the potential role of the gut microbiome in obesity. The first study, conducted
by Fleissner et al., demonstrated that a healthy gut microbiome can reduce the risk of obesity.
Two groups of mice were created: one group received no treatment, while the other was treated
with antibiotics to render their guts germ-free. Both groups were fed a high-fat diet ad libitum.
The germ-free mice exhibited increased weight gain, fat mass, and adipocyte count.
Additionally, the composition of the microbiome differed, with a higher abundance of
Firmicutes in the germ-free mice. [112] The second study utilized germ-free mice and
transferred faecal microbiota from lean and obese mice with FMT. The results showed that
mice receiving microbiota from lean donors remained lean, while those receiving microbiota

from obese donors had significantly more body fat. [113]
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6.3.2 Chronic kidney disease

Gut dysbiosis has been proved in human and dog patient with chronic kidney diseases (CKD).
The exact cause is still unknows. A low fiber and protein diet, medication and reduced renal
functions may have an impact on the imbalance of GI microbiota. [114] A 2019 consensus
summarized the various mechanisms of imbalanced gut microbiota in CKD. Alteration of the
gut microbiota have several effects on the kidney function. The decrease in SCFA production
will lead to chronic inflammation. Commensal bacteria will also produce endotoxins that will
activate the HPA axis as well as increasing membrane permeability. These different
mechanisms contribute to CKD progression. [115] Uraemia in CKD patient has a detrimental
effect to the GI microbiota. It has been demonstrated that uremic solutes in the bloodstream
decrease the gut motility as we can see in the Figure 11. This prolonged transit leads to a
dysbiosis. [114] According to a prospective study in 2023 on dogs with CKD, an increase
abundance of Proteobacteria, Enterobacteriaceae, and Enterococcus, and a decrease abundance
of Ruminococcus was found. Additionally, a positive correlation was observed between the
severity of CKD and the levels of Klebsiella and Clostridium. [116] This increase in
Proteobacteria leads to the production of uremic toxins within the intestinal lumen. Due to
damage to the Gl barrier, these toxins will enter the bloodstream, further exacerbating uraemia.
[114]
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Figure 11 : Gut-kidney axis in CKD according to Bartochowski et al. [114]
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New therapeutics avenues have been developed thanks to the established link between the gut
microbiota and the increasing levels of urea in CKD. FMT has been tested on mice with induced
kidney failure. A significant decrease in uraemia was observed. Although no improvement in
kidney function was evidenced, this decrease in uraemia is a good prognostic factor for CKD.
[117]

6.3.3 Diabetes mellitus

Dogs with diabetes mellitus (DM) exhibit various clinical signs due to persistent
hyperglycemia. Kwong et al. conducted a study to investigate whether dogs with DM have a
different gut microbiota composition compared to healthy dogs. They found significant
alterations, with increased abundance of Clostridioides difficile, Phocaeicola plebeius,
Lacrimispora indolis, and Butyricicoccus pullicaecorum. These changes were associated with
shifts in metabolic pathways, particularly carbohydrate degradation. This increased
carbohydrate degradation may contribute to hyperglycaemia in diabetic dogs. This study
suggests a potential link between the gut microbiota and diabetes mellitus. [118] Several studies
have identified specific bacterial taxa that are either protective or detrimental to DM
development. In general, increased abundance of beneficial bacteria such as Bifidobacterium,
Bacteroides, Faecalibacterium, Akkermansia, and Roseburia has been associated with reduced
DM risk. Increase abundance of harmful bacteria like Ruminococcus, Fusobacterium, and
Blautia has been linked to encourage diabetes mellitus development.[119]

6.3.4 Other metabolic diseases

Recent study from 2024 compared the microbiota composition of hyperadrenocorticism (HAC)
dog and healthy ones. Number of patients was limited (n=15) but it appears a significant
increase of Bacteroides taxa in HAC dogs. As Bacteroides species. are involved in bile acid
metabolism and stress responses, their increased abundance may contribute to the development
of intestinal inflammation and metabolic disorders. The Figure 12 shows the representation of
each taxa in healthy and HAC dogs according to the study of Kang et al. [120] We can see an
obvious difference in the composition of the gut microbiota. [120]
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Recent studies in both humans and animal models have consistently demonstrated that dysbiosis
is associated with an increased risk of thyroid disease. Specific bacterial taxa, such as decreased
levels of Bifidobacterium and increased levels of Prevotella, have been linked to thyroid
dysfunction. The gut microbiota can influence thyroid function through various mechanisms,
including the production of metabolites that modulate immune responses and thyroid hormone
levels. Mechanisms of action are not fully understood but effects of the GI microbiota on the

thyroid are known. [121]

6.4 Skin and coat health

Skin has its own microbiota, and it has been proven that it has a direct effect on skin diseases.
[2] Here, we will discuss the various links that the intestinal microbiota can have with these

conditions.

6.4.1 Atopic dermatitis

The atopic dermatitis (AD) is defined by MSD manuals as “a chronic relapsing inflammatory

skin disorder with a complex pathogenesis involving genetic susceptibility, immunologic and
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epidermal barrier dysfunction, and environmental factors. Pruritus is a primary symptom; skin
lesions range from mild erythema to severe lichenification to erythroderma. ”. [122] Several
studies have shown a link between the gut microbiota and the atopic dermatitis. Newborns gut
microbiota composed of Clostridium cluster | has a high risk to developing an AD before 31
weeks and up to 2 years of age. When these Clostridium type were absent, the risk was

significantly lower in humans. [46]
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A small-scale preliminary study from 2022 compared the gut microbiota between healthy and
atopic dogs at day 0 and at day 30 after a Oclacitinib treatment once a day. At families and
genera level the results were significant (P<0,05). Conchiformibius, Catenibacterium spp.,
Ruminococcus gravus and Meganomas numbers increased in case of allergic dogs as it is seen
in the Figure 13. A link between the gut microbiota and atopic dermatitis was revealed but its

role is still unknow. [123]

Another study has compared the faecal microbiota in taxonomy. In human, the AD patients had
significant decrease in Bifidobacterium, and this decrease was proportional to the severity of
the skin lesions. Staphylococcus were found in a higher number in AD humans to compare to
the non-AD. [124]

In addition, it has presented that rise of intestinal permeability is involved in the presence of
atopic dermatitis [125, 126] A study from 2024 have suggested that “Gut dysbiosis causes
"leaky gut syndrome™ by disrupting the epithelial lining of the gut, which allows bacteria and
other endotoxins to enter the bloodstream and cause inflammation” like atopic dermatitis, the
topic of this research. [127] To investigate the role of the gut microbiota in atopic dermatitis,
researchers conducted a study in another way. They start by using FMT in mice with AD.
Donors was healthy mice. By this method, mice showed a reduce levels of inflammatory
markers in the blood, such as IgE, mast cells, and Th2 cytokines. FMT restored an
immunological balanced as well as a gut microbiota. It also suppressed the AD-induced allergic

response. [128]

6.5 Cardiovascular health

Trimethylamine N-oxide (TMAO), a gut microbiota-derived metabolite, is a well-established
cardiovascular risk factor. Studies have shown that elevated TMAO levels are associated with
an increased risk of acute coronary syndrome, coronary artery disease, atrial fibrillation, and
myocardial fibrosis. They found gut microbiota dysbiosis in these patients. It was characterized
by reduced abundance of beneficial bacteria such as Faecalibacterium, Roseburia, and
Bifidobacterium, and increased abundance of harmful bacteria. This imbalance contributes to

increased TMAO production and supports cardiovascular disease. [129]
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Canine myxomatous mitral valve disease (MMVD) is a common disease. The study of Li et al.
aimed to characterize gut microbiota dysbiosis and its association with metabolic alterations in
dogs with MMVD. They found that MMVD dogs, particularly those with advanced disease,
exhibited significant alterations in their gut microbiota composition (P<0,05) They showed an
increase of Escherichia coli and a decrease abundance of Peptacetobacter hiranonis. These
changes were associated with altered bile acid metabolism and increased circulating levels of
TMAO, a metabolite linked to cardiovascular disease. Findings suggest a potential role for gut
microbiota dysbiosis in the pathogenesis of MMVD. [130]

6.6 Joint health

Gastrointestinal microbiota has been shown to have an impact on host inflammation. Given the
increasing number of cases of arthritis in dogs, a 2020 study investigated the association
between gut microbiota and hip and elbow arthritis in dogs. They found that dogs with arthritis
exhibited alterations in gut microbiota composition, with increased Megamonas and decreased
Paraprevotellaceae, Porphyromonadaceae, and Mogibacteriaceae. Distinct microbiotas have
therefore been identified, highlighting a potential role of the intestinal microbiota. [131] Ulici
et al. conducted a study to explore the link between gut microbiota and osteoarthritis (OA). By
comparing germ-free and conventional mice with induced OA, they found that germ-free mice
had significantly reduced joint damage. Microscopic analysis on the Figure 14 revealed less
severe cartilage damage and smaller osteophytes in germ-free mice, suggesting a promoting
role of the gut microbiota in osteoarthritis after joint injury. [132]
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7 Results and discussion

As previously mentioned, there are few articles on the effects of the Gl microbiota on
extraintestinal diseases. They are increasingly numerous in humans and laboratory animals but
remain limited for dogs. We explored 20 studies on mice, 28 studies on humans, and 18 on dogs
and cats. The large number of studies on humans is mainly related to the neurological part,
which is much better described than in companion animals. Indeed, 20 out of the 28 human
studies focus on the gut-brain axis or underlying diseases. Most articles came from prospective
studies. They are generally preferred because of the regularity of the methods. Animals are in
the experiment, so they are followed by several researchers during the time of the study. The
environment, diet, and other factors are less variable compared to retrospective studies.
Retrospective studies were not used in this manuscript. Because of this recent topic, there is
insufficient data available to conduct such studies. These studies would have allowed for a
larger sample size. However, it should be noted that different factors can vary more easily

because more authors are involved, and this can make the results less consistent.

Despite promising research ideas and potentially significant findings, some studies were unable
to support broad generalizations. For instance Cintio et al. [131] based their study on only 14
dogs with osteoarthritis or Garcia-Belenguer et al. [110], with 9 epileptic dogs and 12 healthy
controls. It’s does not carry the same weight as a study on over 600 newborns [46]. The disparity
in sample sizes highlights the varying degrees of confidence that can be placed in different
arguments. Given the few studies on the subject, it was necessary to highlight arguments that
did not necessarily have a sufficient number of samples to be able to generalize to an entire
population.

The lack of studies and samples may also be due to the decreasing number of studies on living
animals. The concepts of animal welfare and consent are at the heart of today's debate. The use
of laboratory animals, whether dogs or mice, is tending to decrease. The fact that animals now
have rights, at least in Europe, has led to a decrease in prospective studies on various subjects
such as the microbiome. Most of these studies involve so-called 'germ-free' animals, which have
no microbiota, in order to compare them to others. This state leads to a decrease in the animal's
immunity, a decrease in absorption and digestion, and other previously described problems. [3]
For research and new experiments to be conducted on animals, researchers must be able to

prove that it does not adversely affect the animal's life and that it does not suffer. There is a set
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of requirements to be met according to EU Directive 2010/63 [133], which can make it seem

more complicated to set up experiments.

Considering the various topics presented, we focused on systems and diseases that are most
common in animals. However, due to a lack of articles, we had to include studies on human
diseases in order to demonstrate the link between the GI microbiota and disorders of different
organs. Now we discuss our findings in the order of organs and disorders presented in the

Literature review part of the thesis.

Failure of immune system requlation: allergies, autoimmune diseases, and cancers

We were able to show that without healthy intestinal microbiota, there were an increase of the
immune response during a type 2 allergy. [73] The microbiota would therefore have the power
to balance the immune response so that it does not overreact when encountering a new allergen.
We could therefore continue this research by comparing the microbiomes of animals that have
food allergies to those that do not. A new therapy could perhaps be developed to regulate the
expression of the intestinal microbiota. Pet food brands are also now trying to take better care
of it, such as with the Biome range from Hills, which is enriched with probiotics to take care of
the GI microbiota.

GI microbiota may have a role in IMHA and ITP as well. The difference between healthy and
diseased microbiota was significant. The point that the authors highlighted is that dysbiosis
persisted even after treatment of diseases. They anticipated its resolution, but dogs affected by
IMHA and ITP still have the same difference between the microbiota even after remission. [75]
This is a recent study from 2023 with a very short sample of dogs. The main goal will be to
increase the sample to represent better the entire population. We can then assume that these
animals are predisposed to certain of these diseases due to their commensal gut bacteria. This
predisposition could be genetic, and further research is needed to explain these different
mechanisms. An FMT could be performed before treatment to try to understand the link and
see if there is an improvement in symptoms. It could also be used after treatment to see if this
dysbiosis persists or not. Genetic test can also be researched to see the link between these
animals.

Cancers in dogs are described succinctly in this section. Indeed, only one study described
cancers that were not necessarily intestinal, such as lymphoma. The other studies found were
mainly described in humans, with breast, prostate, or colon cancer. However, it was shown in

dogs with lymphomas that they suffered from dysbiosis. This alteration of the microbiota could
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therefore promote the development of tumors. However, this dysbiosis could also be due to the

numerous treatments undergone by the animal. [77]

Gut-brain axis and brain health

Regarding the neurological part, we described the gut-brain axis in more detail. Indeed, this
communication is increasingly described, especially in humans. The studies found in dogs
relied heavily on studies in humans. Due to a lack of information, researchers therefore equate
the human functioning to that of animals. Dogs are mammals like humans, so until proven
otherwise, the gut-brain axis would have the same functioning.

Research has shown that stress can significantly impact the composition of the canine gut
microbiota [56] We need to differentiate chronic and acute stress like travelling, separation for
few hours. Patel et al. studied this type of acute stress in 2024 on dogs and there were no
significant differences in the GI microbiota composition [134]

While numerous studies have linked gut microbiota dysbiosis to autism spectrum disorder
(ASD), interestingly, some researchers suggest that autistic children may exhibit increased
microbial diversity. [88, 135] We showed that microbial diversity is beneficial for the host in
most of cases. However, here, we can hypothesize that this heightened diversity could
potentially lead to the colonization of harmful bacteria, contributing to the severity of ASD
symptoms. There has been significant researches linking gut microbiota dysregulation to autism
spectrum disorder, it remains unclear whether this dysbiosis is a primary cause or a secondary
consequence of the disorder. [88] Several factors, including diet, hygiene, medication use, and
stress, can influence the gut microbiota and may contribute to the observed dysbiosis in ASD.
Additionally, comorbid conditions like anxiety, which are common in individuals with ASD,
can further exacerbate gut microbiota dysregulation. [136] Therefore, further researches are
needed to establish a definitive causal link between gut microbiota alterations and ASD
symptoms.

Through several studies, we have demonstrated that the gut microbiota differs between a
healthy animal and an animal suffering from a neuromuscular disease such as epilepsy,
myasthenia gravis, or sclerosis. [91, 109, 110] It should be noted that comparisons between
these microbiomes have consistently refer to impairments of the immune system or
inflammation. The dysbiosis present in each of these cases exacerbated the inflammatory
response and led to more symptoms. Further studies are therefore needed to explore treatment
interventions with probiotics, FMT, or a proper diet in order to restore a healthy gut flora, as

Watanangura et al. have recently demonstrated. [137] This could have a significant impact on
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the management of these cases and improve quality of life of the patients. We can therefore
conclude from these various articles on neurological diseases that the GI microbiota could have
a significant impact on them. Studies are constantly ongoing on the subject. We can therefore
expect new therapeutic avenues in the coming years. Epileptic dogs, for example, could see
their quality of life improve if we can understand the pathogenesis of the disease. We can also
consider treatments that increase the bacteria producing GABA, which is lacking in dogs with
epilepsy. [110]

Metabolic diseases

In the section on metabolic diseases, the influence of the intestinal microbiota is well described
in animals, especially laboratory animals. Several studies have been conducted to try to better
understand the metabolic pathways in these diseases. The dysbiosis found in diabetes mellitus
or kidney disease affects the production of SCFAs. The fatty acid pathway, for example, is
preferred because harmful bacteria present are privileged during a diet rich in fat, which
promotes metabolic diseases such as diabetes. [111] The Fleissner study suggests that the gut
microbiota does not play a role in obesity. However, there is a significant difference in weight
and fat percentage between germ-free and conventional mice. It was only significant on a high-
fat diet. Based on this, they concluded that the microbiome does not have a significant role.
[112] Nevertheless, there are other conclusions that can be drawn from this study. The
microbiome may not impact obesity on a healthy diet, but it becomes highly influential when
the diet is unhealthy. Therefore, dysbiosis coupled with an unhealthy diet can lead to obesity,
while obesity itself can also induce dysbiosis. A significant finding in CKD is that the Gl
microbiota has been shown to contribute to increased blood urea in dogs. [114] Considering the
clinical practice, we can imagine that this discovery could change or at least modify our
practices. Dysbiosis would therefore become a major factor to consider in the management of
CKD. FMT has been proven to reduce uraemia in mice. [117] Considering that FMT might be
valuable therapy of CDK in small animals in the coming years. A recent thesis from 2024,
studied the impact of FMT on the glycemia of dogs with DM. They demonstrated that FMT
reduced interstitial glucose levels and water intake in diabetic dogs. This suggests a beneficial
impact of a healthy microbiota on glucose metabolism, but further research is needed to
elucidate the underlying mechanisms. [138] The study of Kang et al about HAC in dogs
revealed significant increase in Bacteroides taxa in diseased dogs. These differences were also

present after the treatment of HAC. This may predispose to other health conditions. [120]
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Other metabolic disorders, like thyroid, adrenal glands or hypophysis diseases are very poorly
described in animals, with only a few studies mentioning them without real in-depth research.
Most studies are based on articles in human medicine.

Skin diseases

Regarding skin diseases, several studies in dogs have been described. In a number of researches
there is proven the comparability between the dog and human atopic dermatitis. The
pathogenesis, the symptoms, the epidemiology and treatment were most probably the same so
the results about humans can be compared to the dogs with somewhat higher likelihood. [139]
A study from 2022 shown significant result at genus level and permit to argue about the
differences between gut microbiota of a healthy and an atopic dog. At phylum it was not
obvious as presented in the Figure 15. In this case, if the study was only about the phylum,

results will prove they were no differences between those dog’s gut microbiota. As they

continue the taxonomic classification, they demonstrated the families and genera are noticeably

<

distinct. [123]
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Figure 15 : Phylum classification of gut microbiota between healthy and atopic dogs before
and after Oclacitinib treatment. [123]
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Regarding the possible treatment of atopic dermatitis, Janus Kinase inhibitor, baricitinib or
prednisolone were used in different studies. Results are equivalent, without noticeable efficacy
on the gut microbiota dogs and mice. [123, 140, 141] It could be a new focus of research in the
next years. Findings of Kim et al. about the use of FMT in atopic dermatitis suggest that there
is evidence of the role of the Gl in the pathogenesis of AD. They also revealed those symptoms
can be alleviated through FMT. [128]

Cardiovascular diseases

In a study focused on dogs as models for human mitral valve disease, it was demonstrated that
dogs with this disease presented dysbiosis with an increase in harmful bacteria such as
Escherichia coli or Pentacetobacter hiranonis. These bacteria contribute to the production of
trimethylamine N-oxide. TMAO is a known risk factor for cardiovascular diseases. [129, 130]
Studies could then be conducted to see if we could prevent this dysbiosis and thus limit the

occurrence of heart disease in dogs.

Joint diseases

The study investigating the link between joint lesions and the microbiota has revealed very
distinct lesions in subjects conventional and germ-free. These conventional mice had very
significant damage. [132] This highlights that the gut microbiota has a real impact on the onset
of inflammation. The host's reaction is exacerbated in its presence. This raises the question of
whether antibiotic treatments to induce dysbiosis could reduce the symptoms of OA. However,
it should be noted that this dysbiosis also leads to several alterations in the body, which must

be taken into account.

In conclusion, we can state that the gut microbiota has an impact on extraintestinal diseases.
While the mechanisms are still largely unknown, several new research is conducted on the
subject every year. We can therefore expect new therapeutic avenues of dysbiosis in the coming
years. Diet will likely be more integrated into therapies, and probiotics may be added. FMT,
which could be further developed as we gain more knowledge on the subject, is also a therapy

we can expect to see more of in the future.
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8 Summary

Despite the limited research on the effects of the gut microbiota on extraintestinal health in
companion animals, different evidence has emerged. More studies are undoubtedly needed in
the coming years to draw definitive conclusions. The GI microbiota plays a role in
extraintestinal health, although the exact extent of this role remains unclear.

The gut microbiota is essential for digestion, nutrient absorption, protection against pathogens
within the Gl tract, and immunity. Dysbiosis disrupts these essential functions. Most studies
have shown that animals suffering from immune, neurological, metabolic, cardiac, or joint
diseases exhibit dysbiosis as well. The balance between beneficial and harmful bacteria is
disrupted. This dysregulation can exacerbate symptoms of certain diseases or even contribute
to their pathogenesis. While it is difficult to determine the exact causal relationship, the
consistent differences in microbiota between healthy and diseased animals suggest a significant
role.

Much more research is needed in companion animals to better understand the role of the
microbiota in extraintestinal diseases. This literature review has provided substantial evidence
supporting this role. It is reasonable to anticipate that new therapies will be developed in the
near future that target dysbiosis and improve the health of companion animals. FMT appears to
be a promising therapeutic approach that could be implemented periodically if it evolves.
Treating the gut microbiota could become a more standard part of patient care.
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