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ABSTRACT

ABSTRACT

Advances in veterinary medicine, preventive healthcare strategies, and increasingly
personalized nutrition have contributed to extending the life span of companion
animals, particularly dogs. In order to ensure not only greater longevity but also good
quality of life during the aging process, it is essential to understand the underlying
biological factors and mechanisms. Among these, intestinal health is emerging as a
key factor, as the gastrointestinal tract is involved not only in digestion and nutrient
absorption but also plays essential roles in immune modulation, metabolic regulation,
and neuroendocrine signaling. These integrative functions are strongly influenced by
the gut microbiota, a dynamic microbial community that changes throughout the
host's life and interacts continuously with its internal and external environment. The
connection between the gut microbiota and the central nervous system, known as
the gut-brain axis, involves neural, hormonal, and immunological pathways that
allow the gut to influence cognitive, emotional, and behavioral functions. In dogs,
preliminary findings suggest that shifts in microbial composition may be associated
with behavioral alterations, anxiety, or cognitive decline. However, the study of this
axis, particularly in the context of aging, remains in its early stages, and more
specific integrative research approaches are needed to explore the involvement of

different physiological systems.

This thesis addresses this knowledge gap by evaluating indicators of intestinal
health, behavior, and activity in dogs of different ages. The first study, conducted in a
population of mixed-breed dogs, revealed moderate changes in selected gut health
markers, particularly in microbial composition and the production of certain
short-chain fatty acids. The second study, conducted in Beagle dogs, examined the
relationship between intestinal health, neuroendocrine and behavioral variables, and
age. In this case, age-related differences were observed in microbial composition
and specific gut-derived metabolites, along with changes in behavioral patterns and

activity levels.

Taken together, the results suggest that although age-associated changes in gut and

behavioral parameters tend to be mild, their interactions may have relevant biological



ABSTRACT

implications. These findings may contribute to the development of tailored nutritional

strategies aimed at supporting healthy aging in dogs.



RESUM

RESUM

Els avengos en medicina veterinaria, les estratégies de medicina preventiva i una
nutrici6 cada vegada més personalitzada han contribuit a augmentar I'esperanca de
vida dels animals de companyia, i més especificament dels gossos. Per tal de
garantir no nomeés una major longevitat, siné també una bona qualitat de vida durant
el procés d’envelliment, és important conéixer els factors i mecanismes subjacents.
Entre els factors bioldgics, la salut intestinal esta emergint com un element clau, ja
que el tracte gastrointestinal no nomeés participa en la digestido i absorcié de
nutrients, siné que també exerceix funcions essencials en la modulacié immunitaria,
'equilibri metabolic i la senyalitzacié neuroendocrina. Aquestes funcions estan
fortament influenciades per la microbiota intestinal, una comunitat microbiana
dinamica que evoluciona al llarg de la vida de l'hoste i interactua de manera
continua amb el seu entorn intern i extern. La connexio entre la microbiota intestinal
i el sistema nerviés central, coneguda com a eix intesti-cervell, implica vies
neuronals, hormonals i immunologiques que permeten que lintesti influencii
funcions cognitives, emocionals i conductuals. En gossos, alguns resultats
preliminars suggereixen que els canvis en la composicié de la microbiota podrien
estar relacionats amb alteracions del comportament, ansietat o deteriorament
cognitiu. Tanmateix, l'estudi d’aquest eix, especialment en el context de
'envelliment, encara es troba en fases inicials, i calen estudis més especifics i

alhora integradors dels diferents sistemes fisioldgics.

Aquesta tesi aborda aquesta manca de coneixement mitjangant I'avaluacid
d’'indicadors de salut intestinal, comportament i activitat en gossos de diferents
edats. En el primer estudi, realitzat en una poblacié de gossos de races diverses, es
van observar canvis moderats en alguns marcadors intestinals, en particular en la
composicié microbiana i en la produccio d’alguns acids grassos de cadena curta. El
segon estudi, realitzat amb gossos Beagle, va explorar la relaciéo entre la salut
intestinal, les variables neuroendocrines i conductuals, i 'edat. En aquest cas, es
van identificar diferéncies subtils associades a I'edat en la microbiota, en alguns
metabolits intestinals derivats de I'activitat microbiana, aixi com en determinats

comportaments i en el nivell d’activitat dels animals.
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En conjunt, els resultats suggereixen que, tot i que els canvis associats a I'edat
solen ser lleus, les seves interaccions poden tenir implicacions bioldgiques
rellevants. Aquests resultats podrien contribuir al desenvolupament d’estratégies

nutricionals adaptades que afavoreixin un envelliment saludable en els gossos.
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RESUMEN

Los avances en medicina veterinaria, las estrategias de medicina preventiva y la
nutricibn cada vez mas personalizada han contribuido a aumentar la esperanza de
vida de los animales de compania, y mas especificamente de los perros. Para
garantizar no solo una mayor longevidad en los animales de compaiiia, sino también
una buena calidad de vida durante el proceso de envejecimiento es importante
conocer los factores y mecanismos subyacentes. Entre los factores bioldgicos, la
salud intestinal estda emergiendo como un elemento clave, dado que el tracto
gastrointestinal no solo participa en la digestion y absorcién de nutrientes, sino que
también desempefa funciones esenciales en la modulacion inmunitaria, el equilibrio
metabdlico y la sefalizacion neuroendocrina. Estas funciones estan fuertemente
influenciadas por la microbiota intestinal, una comunidad microbiana dinamica que
cambia a lo largo de la vida del hospedador e interactua de forma continua con su
entorno. La conexion entre la microbiota intestinal y el sistema nervioso central,
conocida como el eje intestino-cerebro, implica vias neuronales, hormonales e
inmunoldgicas que permiten al intestino influir en funciones cognitivas, emocionales
y conductuales. En perros, algunos hallazgos preliminares sugieren que los cambios
en la microbiota podrian relacionarse con alteraciones del comportamiento,
ansiedad o deterioro cognitivo. No obstante, el estudio de este eje, especialmente
en el contexto del envejecimiento, aun se encuentra en etapas iniciales y se

requieren estudios mas especificos y a la vez integradores de los distintos sistemas.

Esta tesis aborda dicha laguna mediante la evaluacién de indicadores de salud
intestinal, comportamiento y actividad en perros de distintas edades. En el primer
estudio, realizado en una poblacion de perros de distintas razas, se observaron
cambios moderados en algunos marcadores intestinales, particularmente en la
composicién microbiana y en la producciéon de algunos acidos grasos de cadena
corta. El segundo estudio, realizado en perros Beagle, explord la relacion entre
salud intestinal y variables neuroendocrinas y conductuales y la edad. En este caso,
se identificaron diferencias sutiles asociadas a la edad en la microbiota, algunos de
los metabolitos intestinales derivados de la actividad microbiana, y en ciertas

conductas y en el nivel de actividad de los animales.
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En conjunto, los resultados sugieren que, aunque los cambios asociados a la edad
suelen ser leves, sus interacciones pueden tener implicaciones biolégicas
relevantes. Estos hallazgos podrian contribuir al desarrollo de estrategias

nutricionales adaptadas que favorezcan un envejecimiento saludable en los perros.
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INTRODUCTION

1. GENERAL INTRODUCTION OF THE THESIS

As companion dogs increasingly reach advanced ages due to improvements in
veterinary care, preventive medicine, and nutrition, understanding the biological
factors that contribute to healthy aging has become a growing priority in veterinary
science. Among these, intestinal health is emerging as a central determinant of
overall physiological resilience. The gastrointestinal tract is not only responsible for
digestion and nutrient absorption, but also plays a critical role in modulating immune
responses, maintaining metabolic homeostasis, and supporting neuroendocrine
signaling [1]. These integrative functions are strongly influenced by the gut
microbiota, a dynamic microbial community that evolves throughout the life of the

host and interacts continuously with its internal and external environment.

In dogs, recent studies have shown that the gut microbiota plays a key role in health
and disease, particularly through its impact on the gastrointestinal system [2,3]. As
dogs age, shifts in microbial diversity and function have been associated with
increased intestinal permeability, chronic low-grade inflammation, and decreased
metabolic flexibility [4,5]. These changes may contribute to frailty and other
age-related health issues, although the causal mechanisms remain largely

undefined.

A growing body of research has also begun to examine the influence of the gut
microbiota on the central nervous system via the gut—brain axis [6]. This bidirectional
communication system involves neural, hormonal, and immunological pathways that
allow the gut to influence cognitive, emotional, and behavioral functions. In canine
models, preliminary findings suggest that changes in microbiota composition may be
linked to behavioral alterations, anxiety, and cognitive decline [7,8]. However, the
study of the gut-brain axis in dogs, particularly in the context of aging, is still in its
early stages, and there is a notable lack of integrative studies addressing this

interaction.
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The present thesis addresses this gap by investigating the relationship between gut
microbiota composition, biomarkers of intestinal health, behavioral biomarkers, and
aging in dogs. It aims to explore how these factors interact across different life
stages, with particular emphasis on the later stages of life. By identifying patterns
and associations that characterize intestinal health and microbial balance in older
dogs, and by analyzing behavior-related biomarkers, this work seeks to contribute to
the development of targeted nutritional or therapeutic strategies to promote healthy

aging and improve the quality of life in senior canine populations.

2. THE MULTIFACTORIAL NATURE OF AGING AND KEY DRIVERS

Aging is a complex biological process that spans across all living organisms,
beginning at birth and continuing throughout the lifespan. It is a multifactorial
phenomenon, influenced by a multitude of genetic, environmental, and lifestyle
factors, which collectively contribute to the gradual decline in an organism’s ability to
maintain homeostasis in the presence of internal and external stressors [9,10]. While
aging manifests across various biological systems, it is marked by a complex
interaction between molecular, cellular, and physiological changes. These changes
unfold at multiple levels of organization, starting with biochemical alterations at the
molecular level, which cascade through cellular structures, tissues, and organs,
ultimately culminating in the observable signs of aging. As organisms age, the
efficiency of their physiological responses diminishes, leading to a reduced capacity
to adapt to stress, as well as a decline in metabolic, immune, and hormonal functions
[11]. Behavioral flexibility also diminishes with age, making it more difficult to adapt to
new situations or acquire new skills. Additionally, older organisms face extended
recovery periods, which underscores their heightened vulnerability to diseases
[12,13].

In the context of aging, these changes are not only limited to physiological functions
but also extend to behavioral aspects, with older organisms exhibiting increased
susceptibility to stress, altered activity patterns, and reduced responsiveness to
stimuli [14,15]. The study of the aging process in dogs has received growing interest,

as dogs have proven to be a valuable model for investigating human health span.
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Furthermore, the human-animal bond has gained increasing importance in recent
years, underscoring the need to better understand the aging process in dogs in order
to support healthy aging. Despite this, research on molecular age-related changes in
dogs remains limited, particularly when examining individuals at different
developmental stages [16]. While some progress has been made in understanding
the physiological changes associated with aging in dogs, relatively few studies have
focused on identifying molecular markers that could support the early detection and
monitoring of age-related alterations. Recent research highlights the need for the
identification of biomarkers to track physiological aging and distinguish it from

behavioral aging in dogs [17].

Aging is associated with a variety of observable phenotypic changes, such as a
whitening of the coat, reduced sensory functions, and general lethargy [18].
Moreover, aging in dogs is characterized by profound alterations in crucial organ
systems, including the kidneys, liver, and heart, and often results in a heightened
vulnerability to chronic conditions like kidney disease and heart failure [19,20]. This
physiological decline is compounded by dehydration, which exacerbates organ
dysfunction and accelerates disease progression [21-23]. Beyond these
physiological changes, environmental factors such as stress, exercise and nutrition
have been shown to influence the aging process [24-27]. The role of these
environmental factors is particularly important as they interact with biological
pathways associated with inflammation and oxidative stress, both of which are key

factors in the aging process [28].

One of the critical components of aging that has gained attention in recent years is
the concept of dysbiosis, defined as an imbalance in the gut microbiota indicative of
a reduction of microbial diversity and a loss of functional capacity [29,30]. Dysbiosis
has been linked to a range of age-related diseases, such as gastrointestinal
disorders, autoimmune diseases, and neurodegenerative diseases like Parkinson’s
disease in humans [31,32]. The gut microbiota plays an essential role in maintaining
intestinal barrier integrity and modulating immune responses, so any disruption in its
composition can lead to systemic inflammation and impaired immune function [5,33].
As such, dysbiosis and the understanding of the microbiota composition and function

represent an evolving area of interest in aging research, as they have the potential to
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exacerbate the physical and functional decline observed in aging organisms. It is
becoming increasingly clear that maintaining gut health is a crucial component in

supporting health in dogs and other species [2,34-37].

3. INTESTINAL HEALTH

Gut health in dogs refers to the optimal function of the gastrointestinal tract, which
encompasses efficient digestion and absorption, a stable and diverse gut microbiota,
effective mucosal immunity, and the absence of gastrointestinal pathology [4,38]. In
veterinary medicine, this concept also includes the animal’s ability to maintain
gastrointestinal homeostasis under various physiological and environmental

stressors [39].

3.1. Factors influencing intestinal health

Preserving gastrointestinal health in dogs involves a complex interplay of
environmental, nutritional, physiological, and microbial factors. Central to this
balance is the composition and function of the intestinal microbiota, which interacts
dynamically with host immunity, epithelial integrity, and metabolic activity [38].
Dietary composition plays a pivotal role in shaping the microbial ecosystem. Diets
rich in indigestible fibers and prebiotic compounds (e.g. inulin,
fructooligosaccharides, or certain plant-derived polysaccharides) can promote the
proliferation of beneficial microbial taxa, including Lactobacillus and Bifidobacterium
spp., and stimulate the production of SCFAs, which support mucosal energy

metabolism and anti-inflammatory signaling [40,41].

In addition to diet, probiotic supplementation has been widely studied for its ability to
stabilize the intestinal microbiota and modulate immune responses, particularly
during stress or recovery from gastrointestinal disturbances. Probiotic strains such
as Enterococcus faecium or Lactobacillus acidophilus have been shown to enhance
local IgA production, restore microbial diversity after antibiotic use, and improve

clinical outcomes in dogs with chronic enteropathies [7,42].
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Beyond nutrition and biotics supplementation, non-dietary factors also influence gut
health in dogs. Stress can alter gastrointestinal motility, secretory patterns, and
microbial balance via the hypothalamic—pituitary—adrenal (HPA) axis, leading to
increased intestinal permeability and inflammation [43]. Finally, other host-specific
factors such as genetics and age can determine how the gut responds to challenges
[44-46].

3.2. Age-related changes in intestinal health

Aging has been associated with a range of physiological and immunological changes
affecting gastrointestinal health, potentially predisposing individuals to chronic
conditions. These alterations may include reduced gastrointestinal motility, a decline
in mucosal immunity, and impaired epithelial barrier function [47]. Age-related
structural changes in the gastrointestinal tract, such as reduced villus height and
crypt depth, may alter nutrient absorption and further compromise gut integrity [5].
Thus, these factors can collectively lead to increased intestinal permeability, allowing
microbial antigens to translocate and trigger low-grade systemic inflammation [48].
This chronic, subclinical inflammatory state, referred to as inflammaging, is a
hallmark of the aging process and has been linked to the gradual activation of the
innate immune pathways by microbial and metabolic stimuli [49]. Additionally, studies
in senior dogs have demonstrated a shift in gut-associated immune function,
including decreased production of secretory immunoglobulin A (slgA) and a

diminished capacity for mucosal repair [48].

4. THE GUT MICROBIOTA

The microbiota is a vast and diverse community of microorganisms that inhabit the
host, including bacteria, viruses, protozoa, fungi, and archaea [36,50]. Different
anatomical sites within the host support specific microbial communities, with the
gastrointestinal tract harboring the most abundant and diverse population. The gut
microbiota comprises an estimated 10" to 10™ microbial cells, encompassing more
than 1,000 bacterial species. Its collective genome, the gut microbiome, is

approximately 150 times larger than that of the host in most animal species [7],
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including humans, where it contains over 100 times more genetic material than the

human genome [51,52].

Due to this extensive genetic repertoire, the gut microbiota plays a central role in
regulating numerous physiological processes. In both humans and other mammals,
including dogs, these microbial communities contribute to host metabolism by aiding
in the digestion of complex carbohydrates and the production of short-chain fatty
acids (SCFAs), which modulate energy balance, glucose metabolism, and lipid
regulation [3,53]. The microbiota also supports immune system development,
contributes to mucosal immunity, and protects against pathogens. In dogs, the gut
microbiome has been shown to influence immune tolerance to commensal bacteria
and is implicated in the pathogenesis of conditions such as inflammatory bowel
disease (IBD), allergies, and metabolic disorders [2,42,48].

Maintaining a compositionally and functionally balanced microbial ecosystem is thus
essential for host health and physiological homeostasis. Disruptions in microbial
community structure or function, commonly referred to as dysbiosis, may impair
nutrient assimilation, compromise intestinal barrier integrity, and contribute to the
development of various pathological conditions, including chronic inflammation,

metabolic syndromes, and neurobehavioral disorders [54,55].

The gut microbiota interacts closely with the gastrointestinal tract through several
mechanisms: it enhances nutrient absorption and fermentative capacity; it
contributes to the structural maturation of the gut by promoting mucus formation and
mucosal enzymatic activity; it serves as a barrier against pathogenic bacteria
through competitive exclusion and antimicrobial compound production; and it is
involved in the synthesis of essential vitamins, such as B-group vitamins. These
functions have been described in both human and canine studies, underlining the

conserved nature of these host-microbe interactions [2,3].

4.1. Factors influencing the gut microbiota

An increasing number of studies are investigating the multiple factors that influence
the structure and function of the gut microbiota, given its essential role in host

metabolism, immunity, and neuroendocrine signaling [56-58]. These factors are
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generally categorized as extrinsic, including diet, antibiotic use, and environmental
exposures, and intrinsic, such as host genetics, immune status, and age.
Pathological conditions, notably chronic inflammation, metabolic syndrome, and type
2 diabetes, can also drive significant alterations in gut microbial communities, often
resulting in dysbiosis [29,30]. Among these factors, age is a key determinant in

shaping the gut microbiota throughout life [46].

4.2. Age-related changes in the gut microbiota

Aging is associated with reductions in microbial diversity and shifts in dominant taxa,
which may compromise nutrient absorption, immune regulation, and gut—brain

communication [3,59].

From infancy to senescence, the gut microbiome undergoes dynamic shifts in
composition and metabolic output, which can influence health trajectories and
susceptibility to disease. In humans, aging has been consistently associated with a
decrease in beneficial commensals (e.g., Faecalibacterium prausnitzii), increased
colonization by pathobionts, and reduced production of SCFAs, contributing to

systemic inflammation and frailty in older adults [45,59].

Comparable patterns have been observed in dogs, highlighting the potential to
develop targeted strategies that support healthy aging and improve their quality of
life. This provides an opportunity to deepen our understanding of aging in dogs,
ultimately leading to better care and wellbeing throughout their lifespan. In dogs,
aging is linked to a decline in microbial diversity and shifts in key bacterial phyla
(e.g., increased Proteobacteria, decreased Firmicutes), with potential impacts on
nutrient absorption, immune function, and behavior [5,48]. Badal et al. [59] provided
a detailed overview of how aging influences the gut microbiome, highlighting
changes in microbial taxa, metabolic pathways, and bioactive compounds that may

modulate inflammation, cognitive function, and longevity.
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5. BIOMARKERS OF INTESTINAL HEALTH

The evaluation of intestinal health increasingly incorporates the use of specific
biomarkers that represent functional and structural aspects of the gastrointestinal
system. These markers offer valuable insights into processes such as mucosal
integrity, immune activation, microbial composition, and metabolic activity. In canine
studies, biomarkers have been identified in various biological matrices, including
faeces, blood, intestinal content, and mucosal tissue [48]. Faecal biomarkers are
widely favored due to their non-invasive collection and utility in assessing
inflammation, immune responses, microbiota and microbiota-derived metabolites.
However, other matrices can provide complementary insights into gastrointestinal

physiology, pathology and therapeutic strategies.

5.1. Faecal microbiota composition

The composition of the fecal microbiota is a well-established marker of intestinal
health in dogs. It is commonly assessed through 16S rRNA gene sequencing, which
provides insights into the taxonomic structure and diversity of microbial communities.
Quantitative PCR (qPCR) is often used to target and quantify specific taxa known to
be associated either with eubiotic or dysbiotic states. In dogs, qPCR-based
quantification of total bacteria and seven bacterial taxa (Faecalibacterium spp.,
Turicibacter spp., Streptococcus spp., Escherichia coli, Blautia spp., Fusobacterium
spp., and Clostridium hiranonis) is integrated into a clinically validated diagnostic tool
known as the Canine Dysbiosis Index (DI). Developed and validated by
AlShawaqgfeh et al. [60], the DI provides a single numerical score that reflects the
degree of microbial imbalance, supporting diagnosis and monitoring of chronic
enteropathies. Other taxa such as Bifidobacterium, Bacteroides, and Lactobacillus

are frequently studied for their health-associated roles [46,61,62] .

Beyond taxonomic profiling, advanced sequencing methods such as shotgun
metagenomics and functional metagenomics have enabled deeper exploration of
microbial gene content and metabolic potential [3]. These approaches reveal
alterations in key functional pathways (e.g. bile acid metabolism, SCFAs

biosynthesis, and vitamin production) providing critical insight into host—microbiota
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interactions and their relevance to health and disease [40].

5.2. Microbial diversity indices

Microbial diversity indices are quantitative tools used to describe the complexity of
microbial communities, and they are widely applied in microbiome research. These
indices capture essential ecological characteristics such as species richness (the
total number of distinct taxa), evenness (how uniformly taxa are represented), and
phylogenetic diversity (evolutionary relationships among taxa). The data for these
indices are derived from high-throughput sequencing methods such as 16S rRNA
gene amplicon sequencing or whole-genome shotgun metagenomics [40,63,64].
After sequencing, reads are clustered into operational taxonomic units (OTUs) or
amplicon sequence variants (ASVs). These are then processed with bioinformatic
pipelines (e.g. QIIME2 or DADAZ2) to calculate diversity indices [64,65].

Alpha diversity assesses the variety and distribution of microbial taxa within a
single sample or environment. It provides insight into ecological richness (the
number of distinct taxa), evenness (the balance of microbial communities in a
relative abundance) or both within the sample [66]. From an ecological perspective,

different indices are used to quantify alpha diversity [67]:

- Observed OTUs/ASVs refers to a simple count of Operational Taxonomic
Units (OTUs) or Amplicon Sequence Variants (ASVs) present in the sample,
accounting for the species richness.

- Chao1 estimates richness adjusting by undetected species.

- Shannon Index captures both richness and evenness, indicating how
balanced the community is.

- Simpson Index emphasizes dominant species, reflecting community evenness

and the dominance of specific taxa.

Healthy individuals typically exhibit greater alpha diversity than those affected by
pathological conditions. In veterinary research, dogs with chronic gastrointestinal
disorders consistently demonstrate reduced alpha diversity compared to healthy

controls, indicating a dysbiotic state associated with disease [2,36,48].
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Beta diversity, which refers to the diversity between samples, is widely used to
detect shifts in microbiota composition resulting from internal or external factors
affecting the microbial ecosystem. It is commonly assessed using the following

metrics:

- Bray-Curtis dissimilarity compares the abundance of microbial taxa between
two communities, providing a quantitative measure of how similar or different
their compositions are [40,68].

- UniFrac distances incorporate phylogenetic information, offering insights into
the evolutionary relationships among microbial taxa [69]. The unweighted
UniFrac distance is sensitive to the presence or absence of rare taxa, while
the weighted UniFrac distance emphasizes differences in the relative
abundance of dominant taxa [70].

- Jaccard Index measures the similarity between communities based solely on
the presence or absence of taxa. However, it does not consider their relative

abundance or phylogenetic relatedness [2].

These metrics are often applied in studies involving dogs, where differences in beta
diversity have been used to distinguish microbial profiles linked to chronic
enteropathies, dietary patterns, and probiotic treatments [40,60]. Visualization
methods such as Principal Coordinates Analysis (PCoA) are commonly used to

interpret and present these differences across experimental groups [71].

5.3. Metabolic biomarkers

SCFAs can be broadly divided into straight-chain and branched-chain forms.
Straight-chain SCFAs, including acetate (C2), propionate (C3), and butyrate (C4),
are the most abundant in the gut and arise mainly from saccharolytic fermentation.
These compounds play multifaceted roles in gastrointestinal health. Acetate is the
most prevalent SCFA, readily absorbed and distributed systemically, where it serves
as a substrate for lipogenesis and peripheral energy metabolism. Propionate is
primarily utilized by the liver and contributes to gluconeogenesis, whereas butyrate is
the preferred energy source for colonocytes and is essential for the maintenance of

epithelial integrity through promotion of tight junction assembly and modulation of

16


https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=4573517420986195&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:c9edd402-7d3a-4a31-8b96-ad0b4a55680d,5ead08b4-2270-4d71-ab4a-9206a4763e40:32ea6831-3b6e-4ea4-bbcf-b0743eb16d31
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=7334761271000763&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:27c62dca-9d19-4392-b319-6089d797220f
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=07206301460403652&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:fbb49a75-3b6c-4811-8bae-eb5379a15543
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=16839390847161373&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:22ff0f73-f177-4521-8d8b-f15cda7ee6b5
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=12197349639053878&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:c9edd402-7d3a-4a31-8b96-ad0b4a55680d,5ead08b4-2270-4d71-ab4a-9206a4763e40:8a35fef2-710a-4477-8d2d-d93ae1a5435f
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=09743409955884819&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:3d3182be-32f7-462e-b284-8e7736e7a5d8

INTRODUCTION

mucosal immune responses [72,73]. Beyond their metabolic functions, SCFAs also
exert anti-inflammatory effects and contribute to gut microbial homeostasis by
lowering the luminal pH, thereby suppressing the growth of potentially pathogenic
bacteria and favoring the proliferation of beneficial taxa [40,74]. Research in dogs
with gastrointestinal disorders has shown reductions in butyrate and total SCFA
concentrations, for example correlating with mucosal inflammation and microbial
imbalance [2]. Furthermore, dietary interventions involving prebiotics and probiotics
have been demonstrated to modulate SCFA production and are being explored as

therapeutic strategies [40].

Branched-chain fatty acids (BCFAs), including isobutyrate (C4) and isovalerate (C5),
are primarily produced through microbial fermentation of branched-chain amino
acids such as valine, leucine, and isoleucine. In canine studies, these BCFAs have
been identified as significant byproducts of protein fermentation in the gut [75]. For
instance, research has demonstrated that isobutyrate and isovalerate are the
predominant BCFAs found in the feces of dogs, directly correlating with dietary
protein content and amino acid concentrations [76]. Valerate (C5), is occasionally
grouped with BCFAs due to its similar structure; however, its origin is more complex.
Unlike isobutyrate and isovalerate, valerate may result from both saccharolytic and
proteolytic fermentation, depending on the substrate and microbial composition
present in the colon. Specifically, it can be derived from the microbial metabolism of
carbohydrates such as inulin and resistant starches, as well as from amino acids like

lysine or ornithine under proteolytic conditions [75].

In addition to SCFAs and BCFAs, other microbial-derived metabolites have gained
interest as functional indicators of gut health. Volatile organic compounds (VOCs),
including indoles, phenols, and sulfur-containing compounds, are produced during
the microbial fermentation of amino acids. These metabolites can be measured in
feces and are emerging as non-invasive markers of microbial metabolic activity, with
potential applications in the detection of dysbiosis, dietary responsiveness, and

gastrointestinal inflammation [77,78] .

Other microbial-derived metabolites of relevance include bile acids, which are
modified by intestinal bacteria through deconjugation and transformation processes

and play key roles in host lipid metabolism, intestinal barrier function, and immune
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regulation [79].

5.4. Inflammatory and immune function biomarkers

Biomarkers indicative of intestinal and systemic inflammation, as well as mucosal
immune activation, are valuable tools for assessing gastrointestinal health in dogs. In
the following section, several key biomarkers will be further explained. Although
these represent some of the most frequently studied markers, other analytes may

also provide relevant insights into gastrointestinal and immune function.

Calprotectin (cCP) is a cytosolic protein complex belonging to the S100 family,
predominantly secreted by activated neutrophils and macrophages during
inflammatory responses [80]. It plays an important role in innate immunity and serves
as a reliable marker of mucosal inflammation [81]. In dogs, calprotectin can be
measured in feces and serum, offering complementary insights into gastrointestinal

inflammatory processes.

Fecal cCP reflects neutrophil infiltration within the intestinal lumen and is considered
a reliable, non-invasive marker for diagnosing and monitoring chronic inflammatory
enteropathies (CIE). Elevated fecal concentrations have been associated with
disease severity and response to therapy in canine inflammatory bowel disease
(IBD) [82]. On the other hand, serum cCP may reflect systemic inflammatory activity
or extraintestinal involvement, and is being explored as a supportive marker in the
broader assessment of chronic intestinal disease in dogs. In a key study by
Heilmann et al. [83], serum calprotectin concentrations were found to be significantly
elevated in dogs with idiopathic IBD compared to healthy controls. Despite this,
serum levels did not significantly correlate with clinical activity indices,

histopathological scores, or serum C-reactive protein (CRP) concentrations.

Lactoferrin is an iron-binding glycoprotein primarily released by activated
neutrophils during inflammatory responses. Its presence in feces reflects local
neutrophilic infiltration of the gastrointestinal tract and has been proposed as a
supportive biomarker for diagnosing several intestinal inflammatory conditions in
dogs [84]. In contrast, serum lactoferrin may be more closely associated with

systemic inflammatory responses. A recent study by Maden and Gulersoy [85]

18


https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=8791719688967778&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:8ea786d7-f4c9-48fa-834e-e90c9ed2f13c
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=9456503578972483&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:c28f37d0-8d3b-4759-a36b-5e407859595c
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=9863354653733103&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:6c8db477-d655-436d-a8c3-a54030149668
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=1311337936489183&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:048e0c35-1156-47d8-a96e-d935c992093d
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=18892427634402686&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:f1a5bf57-0457-4a28-9b4f-680281498162
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=9092313376300849&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:70135f31-d90e-462a-9070-ec1ebd5ecbc4
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=8380576853805295&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:c9197c04-2696-431f-8904-a960b102d7f9

INTRODUCTION

evaluated both serum and fecal concentrations of lactoferrin, S100A12, and CRP in
dogs with infectious and non-infectious diarrhea. The results suggested that serum
lactoferrin, in particular, could be useful in distinguishing bacterial from non-bacterial
causes of diarrhea in dogs, highlighting its potential as a systemic inflammatory

biomarker.

Immunoglobulin A (IgA) serves as an indicator of gut health in dogs. While IgA
levels in serum may indicate overall immune health, IgA measured in faeces are
more directly linked to mucosal immune function, reflecting secretory activity by
gut-associated B cells. In dogs, variations in fecal IgA levels have been associated
with changes in gut immune status, with increases observed in response to enteric
infections and other antigenic stimuli [86]. Conversely, decreased fecal IgA
concentrations have been reported in dogs with inflammatory bowel disease (IBD),

suggesting a compromised mucosal immune response in such conditions [87].

CRP is a major acute-phase protein in dogs, synthesized predominantly by
hepatocytes in response to pro-inflammatory cytokines such as interleukin-6. Its
circulating levels rise rapidly in the presence of systemic inflammation, infection,
tissue injury, or neoplasia, making it a valuable general marker of inflammatory
activity [88]. In the context of canine chronic enteropathies, CRP has been explored
for its diagnostic and prognostic utility [89]. Elevated serum CRP concentrations
have been consistently reported in dogs with IBD when compared to healthy controls
or to dogs undergoing antibiotic or corticosteroid therapy [90]. Although CRP is a
responsive marker of systemic inflammation, its relationship with clinical severity
indices and histopathological findings in dogs with CE has yielded inconsistent
results. Several studies have reported only weak or non-significant correlations,
suggesting that CRP alone may not reliably reflect gastrointestinal-specific

inflammatory activity [90,91].

Haptoglobin (HP) is a widely used moderate acute-phase protein and systemic
inflammatory marker in veterinary medicine, particularly in the assessment of
inflammatory conditions. In dogs, HP concentrations increase in response to both
acute and chronic inflammatory stimuli, including infections, immune-mediated
disorders, and gastrointestinal diseases [92]. Although HP shows a slower response

compared to CRP, it can offer complementary diagnostic information, especially in

19


https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=5935538192140846&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:f1b1a074-3063-4ce6-8a02-a26f25204999
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=9576560976956005&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:59391ebe-849d-463a-a171-39e5f8d3074d
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=06478668636136398&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:19aaa048-28ff-4042-ba2b-16a1098cf28d
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=5178681657945221&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:f70dabd6-7f43-4d5d-8830-6adeaf20ac80
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=4180547310353562&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:7a0548ba-ef3f-4aeb-a1aa-0246f2d43162
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=19612732034651026&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:7a0548ba-ef3f-4aeb-a1aa-0246f2d43162,5ead08b4-2270-4d71-ab4a-9206a4763e40:5c5cbe47-8e15-41e7-8a5e-35d64aa101fe
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=6093550103436585&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:e96a4a35-b326-49eb-a3d8-ed4bfba9a397

INTRODUCTION

the evaluation of chronic inflammatory disorders such as IBD and other
enteropathies [93,94].

5.5. Intestinal barrier integrity biomarkers

Biomarkers assessing the integrity and permeability of the intestinal barrier are
essential for understanding gastrointestinal dysfunction in dogs, particularly in the
context of chronic enteropathies, protein-losing enteropathies (PLE), and IBD. This
section describes several biomarkers involved in the assessment of epithelial
disruption and tight junction dysfunction, which are key features of impaired intestinal

barrier integrity.

Zonulin is a protein synthesized in the intestinal and liver cells that regulates
intestinal permeability by modulating tight junctions between epithelial cells [95]. It
has been extensively investigated in human medicine as a marker of intestinal
barrier dysfunction, where increased levels in serum and feces are associated with
various inflammatory and autoimmune conditions [96]. In veterinary medicine,
particularly in canine gastroenterology, the relevance of zonulin is emerging. Recent
studies have demonstrated elevated fecal zonulin concentrations in dogs with CE,
suggesting its potential utility in assessing mucosal barrier integrity and intestinal

permeability [97].

Alpha-1-antitrypsin (A1AT) is a protease inhibitor normally present in serum but
resistant to degradation in the gastrointestinal tract. When detected in feces, A1AT
reflects increased permeability and protein loss across the mucosal barrier. It is
commonly used as a marker of protein-losing enteropathy in dogs and correlates
with clinical severity and gastric and duodenal histologic abnormalities [98,99].
Because A1AT is stable in feces and not degraded by digestive enzymes, it provides

a reliable estimate of intestinal protein leakage.

5.6. Other functional gut health biomarkers

Other gut health biomarkers commonly associated with aging include cobalamin,

folate, and methylmalonic acid (MMA). These three functional biomarkers have also
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been evaluated to diagnose chronic enteropathies in dogs [89].

Vitamin B9 (folate) and B12 (cobalamin) levels remain valuable indicators of
absorptive capacity and microbial metabolism. Folate is endogenously produced by
certain commensal bacteria in the colon, though its absorption takes place primarily
in the proximal small intestine. Thus, folate’s absorption is host-driven but its
systemic availability is influenced by microbial synthesis, competition and the
ecosystem balance. Decreased serum folate may result from small intestinal
malabsorption, alterations in microbial synthesis, or microbial overutilization,

particularly under dysbiotic conditions [38].

Cobalamin absorption, in contrast, is more complex and involves both host and
microbial factors. It is mainly present in animal origin ingredients and in smaller
amounts can be produced by the gut microbiota. Dietary B12 is initially released from
food proteins in the stomach and binds to haptocorrin. In the duodenum, pancreatic
enzymes degrade haptocorrin, allowing cobalamin to bind to intrinsic factor (IF), a
glycoprotein secreted by gastric parietal cells. This B12-IF complex is then
specifically absorbed in the distal ileum via receptor-mediated endocytosis [100].
Disruption at any point in this process, such as ileal inflammation, exocrine
pancreatic insufficiency, or bacterial overgrowth that competes for luminal B12, can
result in systemic cobalamin deficiency. In dogs, low serum cobalamin is frequently
associated with chronic enteropathies and exocrine pancreatic insufficiency, specially
in older stages of life [89,101].

MMA is a metabolic intermediate that accumulates when intracellular levels of
cobalamin are inadequate. The conversion of methylmalonyl-CoA to succinyl-CoA is
dependent on adenosylcobalamin, a bioactive form of B12. Therefore, MMA is
considered a sensitive and specific functional biomarker of tissue-level cobalamin
status. In dogs with CE, elevated serum MMA may be detected even in the presence
of normal serum cobalamin concentrations, making it a valuable tool for the early

detection of functional B12 deficiency [100].
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6. BEHAVIORAL INDICATORS ASSOCIATED WITH INTESTINAL HEALTH

Behavioral indicators are increasingly recognized as non-invasive markers of gut
health and overall well-being in dogs. The gut-brain axis refers to the bidirectional
communication system that integrates the central nervous system, enteric nervous
system, immune signaling pathways, and the gut microbiota, and it plays a
fundamental role in regulating both gastrointestinal function and behavioral
responses [6]. The assessment of neuroactive compounds, behavioral and activity
patterns, and physiological stress markers provides a multidimensional approach to

evaluating the gut-brain axis in canine health.

6.1. Neuroactive metabolites

Tryptophan—kynurenine pathway-metabolites, which link gut metabolism to immune
and neurological function, are gaining relevance in both human and canine gut—brain
axis research. Altered serum concentrations of tryptophan, kynurenine, and
kynurenic acid may reflect microbial catabolism, host inflammation, and

neuroimmune modulation [102].

Tryptophan metabolism is a central link between gut health, immune function, and
neurobehavior. Through microbial and host enzymatic pathways, tryptophan is
converted into several neuroactive metabolites, including kynurenine and kynurenic
acid, which can influence inflammation and neurotransmission. Altered serum levels
of these metabolites have been associated with gastrointestinal inflammation,
microbial dysbiosis, and behavioral disturbances such as anxiety or depression
[102-105]. In dogs, emerging research suggests that gut microbiota alterations
toward dysbiosis are associated with inflammatory processes and activation of the

hypothalamic-pituitary-adrenal (HPA) axis [104,105].

6.2. Endocrine biomarkers

Endocrine biomarkers such as cortisol, oxytocin, and thyroxine (TT4) play crucial
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roles in regulating physiological and behavioral responses in dogs. The role of
endocrine markers in canine physiology and behavior has been demonstrated in
studies investigating stress responses, metabolic function, and social bonding
[106—-109]. Recent work has emphasized the potential of neuroendocrine markers
like cortisol and oxytocin to reflect gut—brain interactions and behavioral modulation

in both animals and humans [107,110].

Oxytocin is a neuropeptide hormone known for its roles in social bonding, emotional
regulation, and stress buffering. It is also increasingly implicated in gut—brain axis
signaling. Microorganisms in the gut can influence brain function by signaling
through the vagus nerve, thereby affecting the synthesis and release of oxytocin
[111]. Studies in both rodents and humans have demonstrated that gut microbiota
composition can influence oxytocin release through multiple mechanisms, including
activation of vagal afferent pathways, modulation of cytokine signaling cascades,
and interaction with microbial metabolites such as SCFAs and tryptophan-derived
catabolites [111-114]. Although canine-specific research remains limited, preliminary
studies in murine models have shown that certain bacterial strains isolated from

dogs can influence oxytocin levels in the host [115].

Cortisol is a key glucocorticoid hormone secreted by the adrenal glands that
supports a wide range of physiological functions. Its release is carefully regulated by
the suprachiasmatic nucleus, which governs the circadian rhythm, and is an
essential part of the hypothalamic pituitary adrenal axis. This neuroendocrine system
plays a central role in coordinating stress responses and maintaining physiological
balance. Disruptions in cortisol regulation, whether caused by chronic stress, iliness,
or aging, can have significant effects on multiple body systems [116]. In dogs,
elevated cortisol concentrations have been linked to behavioral changes such as
anxiety, aggression, and hypervigilance [117-119]. Interventions targeting the gut
microbiota, such as prebiotic and probiotic administration, have been shown to
reduce salivary or fecal cortisol, and improve behavior in dogs exposed to

environmental stressors [119-121].

TT4 is a key marker of thyroid function in dogs, reflecting the circulating levels of
both protein-bound and free thyroxine (T4). As a product of the thyroid gland, T4

plays a central role in regulating basal metabolic rate, thermoregulation, and the
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development and maintenance of various tissues, including the brain. Thyroid
hormones are essential for normal neurological function, and their dysregulation has

been associated with cognitive and behavioral changes in dogs [122,123].

Although TT4 is not traditionally classified as a neuroactive compound, its systemic
influence on neural metabolism and mood regulation supports its inclusion as a
neuroendocrine biomarker. Thyroid hormones can modulate neurotransmitter
systems, including serotonin and dopamine pathways, and can affect brain
development and plasticity [124,125]. In aging dogs, TT4 assessment may provide
valuable information not only about metabolic status but also about potential
neuroendocrine imbalances that could underlie changes in behavior, mood, and

cognition.

6.3. Behavioral observations

Behavioral changes can offer real-time, non-invasive insight into intestinal and
overall health status in dogs. Behavioral assessment tools, such as questionnaires,
ethograms and standardized clinical behavior scales, are being increasingly used in
veterinary research and medicine to quantify these behavioral changes [126-128].
Signs such as reduced playfulness, increased aggression, fear responses, and
social withdrawal may reflect discomfort or dysregulation in gut-brain axis function
[119].

6.4. Activity measures

Monitoring physical activity has become an increasingly important approach in
canine health research, offering objective, continuous insights into behavior, energy
expenditure, and physiological state [129,130]. Wearable activity trackers, such as
accelerometers, have become valuable tools for monitoring canine behavior and
overall health. Devices like the Actical® and ActiGraph® are commercially available,
wrist- or collar-mounted accelerometers designed to measure movement across one
or more axes. Both devices are frequently used in veterinary research and clinical

studies to objectively quantify physical activity in dogs [131]. Actical® (Philips
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Respironics) is an omnidirectional accelerometer that detects motion intensity and
duration, and is commonly used for general activity monitoring in companion
animals. ActiGraph® (ActiGraph LLC) is a tri-axial accelerometer originally
developed for human activity tracking and validated in canine studies for research

requiring high-resolution motion data [132].

Notably, age-related differences in activity patterns have been consistently observed,
with younger dogs displaying higher frequencies of dynamic behaviors and shorter
rest periods compared to older individuals [24,133]. Beyond their role in general
activity monitoring, these wearable devices also offer potential for studying GBA
interactions since changes in activity levels may reflect alterations in gut-brain
communication. For example, dogs with gastrointestinal disturbances tend to exhibit
reduced physical activity and prolonged rest, whereas those receiving
microbiota-targeted interventions (e.g., probiotics or dietary fibers) may show
enhanced exploratory behavior and increased movement [104,119]. Therefore,
objective activity tracking using accelerometry can serve as a non-invasive proxy for
both physical and neurobehavioral health, contributing valuable insights into GBA

function in dogs.

7. THE GUT-BRAIN AXIS

Growing evidence highlights the dynamic, bidirectional communication between the
gastrointestinal tract and the central nervous system; this relationship is already
widely recognized as the gut-brain axis [8,77,112,116,119,134,135].

The gut microbiota plays a central role in this system, exerting effects on host
physiology through immune, neural, endocrine, and metabolic pathways [136—138].
Key microbial metabolites, such as short-chain fatty acids (SCFAs), serotonin,
dopamine, gamma-aminobutyric acid (GABA), and tryptophan, have been shown to
influence both local gut epithelial function and systemic signaling via the bloodstream
[139].

This axis operates through multiple routes, including neural connections (particularly
the vagus nerve), the hypothalamic—pituitary—adrenal (HPA) axis, and the circulatory

system. The gut microbiota can affect brain function, while the central nervous
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system can reciprocally modulate microbial composition and activity by altering gut
motility, permeability, mucus secretion, and hormone release [138,139]. This
continuous exchange is crucial for maintaining homeostasis and is implicated in

several systemic conditions.

Alterations in gut microbial communities (dysbiosis), can disrupt this communication.
Dysbiosis may lead to changes in gut permeability and immune activation, which
could compromise the blood—brain barrier and contribute to gastrointestinal or
neurological dysfunctions [140]. In humans, dysfunction of the GBA has been linked
to psychiatric and neurodegenerative disorders such as depression, anxiety, autism

spectrum disorders, and Alzheimer’s and Parkinson’s diseases [52,141-143].

Although still limited, research on this topic in dogs has been expanding in recent
years. Recent studies suggest functional parallels between the dog microbiome and
those of other mammals [144,145]. For example, Li et al. [146] demonstrated that gut
microbiota modulates age-related cognitive decline in rats. In dogs, distinct gut
microbial profiles have been associated with behavioral traits, including aggression
in shelter dogs [120,147] and specific behaviors such as motivation and sociability in
working dogs [120,147][148]. Moreover, the therapeutic potential of probiotics and

prebiotics in managing anxiety-related behaviors has been explored [119].

Neurodegenerative diseases in dogs, such as canine cognitive dysfunction and
multiple system degeneration, share pathological similarities with Alzheimer’s and
Parkinson’s disease in humans [143]. A recent review further synthesized the current
evidence on gut microbiota and behavioral disorders in dogs, drawing comparisons
with findings in rodent and human studies [104]. However, despite these advances,
research focusing on the GBA and gut microbiota in elderly dogs remains scarce,

presenting a critical gap in the field.

There is increasing evidence supporting a continuous, bidirectional communication
between the gut and the central nervous system, commonly referred to as the
gut-brain axis (GBA). Within this axis, the gut microbiota and its metabolites
influence host physiology via neural, endocrine, immune, and metabolic pathways.
Dysbiosis may alter this communication by modifying microbial composition and
metabolic output, potentially affecting gut permeability and compromising the

blood-brain barrier, thereby contributing to neurological and gastrointestinal
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pathologies [134]. Conversely, the central nervous system can regulate microbial
community dynamics through the autonomic nervous system by modulating
gastrointestinal motility, secretion, and mucosal permeability. While most mechanistic
insights originate from studies in rodents and humans, emerging evidence indicates
that the canine gut microbiota exhibits some comparable functional characteristics.
This growing understanding offers valuable opportunities to improve canine health

through microbiome-targeted strategies [144,145].

7.1. Factors influencing the gut-brain axis

The gut-brain axis is shaped by a complex network of factors that influence both
microbial composition and neural signaling. Diet is one of the most powerful
modulators, as it directly alters microbial diversity and metabolite production,
including short-chain fatty acids (SCFAs) and neuroactive compounds [138,139].
Additionally, stress and psychological states activate the
hypothalamic—pituitary—adrenal (HPA) axis, increasing cortisol levels that in turn

affect gut permeability, motility, and microbial structure [138].

Other relevant modulators include antibiotic exposure, infections, immune status,
and host genetics. These factors can impact neuroimmune signaling pathways and
the production of neurotransmitters such as serotonin or GABA, either promoting
homeostasis or driving pathological responses [136,137,139]. Physical activity and
environmental enrichment has also been shown to influence GBA integrity, possibly
by reducing systemic inflammation, the immune response and supporting microbial
resilience [149,150].

In dogs, as in humans, these environmental and physiological inputs may contribute
to behavioral variations and influence susceptibility to stress-related or inflammatory
conditions via the GBA. However, research in companion animals remains limited

compared to rodent or human models.

7.2. Age-related changes in the gut-brain axis

Aging is associated with profound changes in gut microbiota composition and
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functionality, often characterized by a decline in microbial diversity and an increase
in pro-inflammatory taxa. These alterations, coupled with age-related immune
dysregulation and metabolic changes, can disrupt gut barrier integrity and

compromise communication within the gut—brain axis [146].

In rodent models, age-related microbial dysbiosis has been linked to
neuroinflammation and cognitive decline. For example, Li et al. [146] demonstrated
that changes in gut microbiota modulated memory and learning performance in
aging rats. In humans, similar associations have been observed, where gut microbial
profiles correlate with frailty, depression, and neurodegenerative conditions such as
Alzheimer’s disease [141-143,151].

In dogs, age-related cognitive dysfunction (also known as canine cognitive
dysfunction syndrome) shares many features with human Alzheimer’s disease,
including beta-amyloid deposition and behavioral deterioration [143]. Despite this,
the role of the gut microbiota in canine aging and cognitive decline remains
underexplored. Identifying microbial signatures associated with aging and their
influence on the GBA could offer new preventive or therapeutic strategies to improve

the quality of life in senior dogs.
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OBJECTIVES

OBJECTIVES

The primary aim of this thesis is to investigate how aging affects intestinal health in
dogs and to examine the potential associations between gut-related physiological
changes and behavioral alterations. By characterizing the age-associated shifts in
microbiota composition, intestinal biomarkers, and behavior, this work aims to
contribute to a better understanding of the gut-brain axis and its role in canine

healthy aging.

Study 1: Age-Associated Changes in Intestinal Health Biomarkers in Dogs

- To investigate differences in the intestinal microbiota and intestinal health
based on fecal biomarkers in a population of dogs of different ages.
- To study changes in intestinal health biomarkers throughout the aging process

in order to consider early interventions that promote healthy aging in dogs.

Study 2: Age-Related Changes in Gut Health and Behavioral Biomarkers in a
Beagle Dog Population

- To examine the effects of age on intestinal biomarkers and behavioral
indicators in a controlled population of Beagle dogs.

- To investigate correlations between intestinal health biomarkers and
behavioral indicators in Beagle dogs.

- To better understand the gut-brain axis in dogs and pave the way for defining

targeted interventions according to the needs of different age groups.
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ABSTRACT

The gut microbiome is critical for maintaining host health. In healthy humans, the
aging process is one of the main factors modulating the changes in the intestinal
microbiota. However, little is known about the relationship between gut health,
microbiota, and the aging process in dogs. The present study aims to explore the
differences in the intestinal microbiota and intestinal health based on fecal
biomarkers in a population of dogs of different ages. The study involved 106 dogs of
different breeds aged between 0.2 and 15 years categorized as senior (> 7 years; n
= 40), adult (2—7 years; n = 50), and junior (< 2 years; n = 16). Fecal samples were
collected during the same period at the same facilities. The analysis included the
following gut health indicators: 16S rRNA gene sequencing to investigate the
differences in the fecal microbiota; gqPCR to determine the dysbiosis index; fecal
short-chain fatty acid concentrations; fecal calprotectin; and immunoglobulin A. Beta
diversity analysis revealed a significant difference with a small effect size (p = 0.003;
R = 0.087) among age categories based on the unweighted UniFrac metric, but no
significance was observed based on the weighted UniFrac metric or Bray—Curtis
distances. There were no significant differences in the alpha diversity measures or
the fecal dysbiosis index among age categories. Senior dogs had significantly higher
relative abundance proportions in phyla Bacteroidota and Pseudomonadota and the
genus Faecalibacterium, but not on qPCR analysis. At the family level,
Ruminococcaceae, Uncl. Clostridiales.1, Veillonellaceae, Prevotellaceae,
Succinivibrionaceae, and Bacteroidaceae abundances were higher in the senior
category than in the adult and/or junior categories. Relative proportions, but not
concentrations of fecal acetate, were higher in the senior category, while butyrate,
isovaleric acid, and valeric acid were lower. The valeric acid concentration was
significantly lower in the senior category than in the adult category. Calprotectin and
immunoglobulin A levels did not differ significantly across groups. In conclusion, this
study observed multiple minor changes in the fecal microbiota composition and the
relative amount of short-chain fatty acids in dogs among different age groups, but
studies in larger populations representative of all ages are warranted to refine the

present results.

Keywords: fecal microbiota, canine, aging, intestinal health, nutrition
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1. INTRODUCTION

The gut microbiome is defined as the entire collection of microorganisms living in the
gastrointestinal tract, dominated by bacteria and complemented by commensal
populations of fungi, viruses, archaea, and protists (1). It has the largest microbiota
population in the body when compared to other colonized organs. The intestinal
microbiota is estimated to be composed of 10310 cells (2), and its genome is 150

times larger than the human genome.

The gut microbiome plays an important role in the physiological and pathological
state of its host. It participates in multiple metabolic functions, protects against
pathogens, and plays a crucial role in the immune response. These processes are
critical to maintaining the health status of the host (3). The composition of the
microbiota is crucial to maintaining balanced gut functionality. An imbalanced or

disrupted microbiota is related to several intestinal and extraintestinal diseases (4).

There is an increasing number of studies evaluating the different elements
modulating the intestinal microbiota (5—8). The main factors can be classified as
external and internal, including, for example, diet and pharmacological treatments
and age and genetics, respectively. In addition, pathological disorders (e.g.,
inflammation and type 2 diabetes) may induce deviations in the gut microbiota,
causing an imbalance in the gut microbiota, defined as dysbiosis. Among all these
factors, age is one of the most important variables that must be considered when

studying the evolution and changes of the gut microbiota.

Aging and its relationship with gut health and gut microbiota are currently being
explored in mammals, and they are already well-established in humans. Badal et al.
(9) summarized the current knowledge of the human gut microbiota, considering
composition, function, and metabolic products from the microbiota in relation to aging
and lifespan. Changes in the human microbiota related to age have been described
and are apparently associated with the host’'s health scenario. For example,
bifidobacteria belonging to members of the genus Bifidobacterium, which are
considered a beneficial bacterial group, decrease during the shift from middle age to
old age. Contrarily, Clostridium perfringens, lactobacilli, enterococci, and
Enterobacteriaceae increase during the aging process (10). In contrast to the human

microbiota, bifidobacteria may not play an important role in dog gut health, according
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to the results reported by Masuoka et al. (10), in which bifidobacteria were only
found in half of the youngest dogs and none of the adult dogs sampled, although

differences in methodologies need to be considered when interpreting these results.

The existence of a core microbiota in healthy dogs has already been described (11).
Moreover, Ziese and Suchodolski (12) associated shifts in the canine fecal
microbiota with certain pathologies. Garrigues et al. (13) recently reviewed the
development of the gut microbiota during the early stages of canine life, supporting
observed changes in bacterial communities from day 2 of age to up to 52 weeks. On
day 2 after birth, gut microbiota richness increases, and from day 2 to 21, Bacillota
predominance is substituted by a codominance of Bacillota, Bacteroidota, and
Fusobacteriota (14). Puppies in the first few weeks of life have immature microbiota,
characterized by an increased dysbiosis index (DI), Clostridium difficile abundance,
and decreased Clostridium hiranonis compared to adult dogs (15). Approximately
after 4—6 months of age, the microbiota resembles that observed in adult dogs and
remains largely stable in adulthood (13). However, the relationship between the
intestinal microbiota, gut health conditions, and the aging process in older dogs is
not well established. Studies in this field are needed first to understand this
relationship and then to explore effective strategies to improve the quality of the

aging process in dogs from this perspective.

The present study aimed to investigate the differences in the intestinal microbiota
and intestinal health based on fecal biomarkers in a population of dogs of different

ages, with a special focus on the senior category.

2. MATERIALS AND METHODS

All samples collected from dogs were in accordance with the 2010/63/UE directive,
and any additional procedures to the dogs’ daily routine were undertaken. Before the
study, the protocol was shared with the Affinity Ethical Committee to ensure good
practices and the animals’ welfare. All dogs were housed at the Affinity Nutrition

Center (Barcelona, Spain).
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2.1. Animals

The study involved 106 multi-breed dogs (n = 53 male dogs; n = 53 female dogs)
aged between 0.2 and 15.0 years (mean age = 6.3 years). The dog breeds that
participated in the study were as follows: Beagle, Bichon Maltese, Jack Russell
Terrier, Boxer, German Shorthaired Pointer, Poodle, Chihuahua, Cocker Spaniel,
Dalmatian, German Shepherd, Spanish Water Dog, Miniature Pinscher, Andalusian
Podenco, Pointer, Pomeranian, Miniature,Schnauzer, Shih Tzu, Brittany Spaniel, and
Yorkshire Terrier [detailed information is in the Supplementary Table 1. Animals were
grouped into junior (J), adult (A), and senior (S) categories, considering the

respective age ranges: up to 2 years, from 2 to 7 years, and over 7 years (Table 1).

Animals lived in kennels in groups of between two and seven individuals, depending
on the size of the dogs. Dogs living in pairs shared an area of 15 m2, whereas those
living in larger groups shared an area of 57-60 m2. All the animals had free access
to the outdoor and indoor parts of their kennels, and they spent between 2 and 4 h
per day in a bigger outdoor park where they could socialize with a larger group of
dogs. The water supply was ad libitum. Non-specific diets were manufactured and
offered because of the study. Dogs were fed commercially available, dry-complete,
and balanced diets adequate to their needs. Furthermore, 54% of dogs were fed a
constant diet, whereas the diet was changed for 46% of dogs before and during the
collection period. All diets met all requirements for protein, fat, vitamins, and minerals
recommended by FEDIAF (16). Most of the dogs in the study (89%) were fed diets
formulated with the following composition range: 7-8% moisture, 22—-30% protein,
15— 21% fat, and 2-5% fiber. The rest of the dogs (11%) were out of range because
of the protein, fat, and/or fiber composition [detailed information is in the
Supplementary Table 2]. Mineral and vitamin levels were similar in all the diets that
were present throughout the study. The inclusion criteria for enrollment were
generally healthy animals and comprised sterilized male and female dogs of all pure
breeds and ages. Based on the literature, the exclusion criteria included the
presence of clinical disease or any pharmacological treatment potentially interfering
with the gut microbiota and/or intestinal health. Specifically, no antibiotics, NSAIDs,
PPIs, prebiotics, probiotics, or deworming treatments were administered during or 4
weeks before the sampling. None of the animals participating in this study were fed

diets containing probiotics. Dogs with watery, soft, or unformed stools in three

34



CHAPTERI

consecutive samples were excluded from the study. No clinical signs compatible with
gastrointestinal disorders (such as vomiting, regurgitation, and hyporexia) were

observed in any of the animals participating in the study.

Table 1. Descriptive information regarding the age distribution of dogs sorted by age category.

Age (in years) | 0.92[0.23;1.14] 5.00 [4.58;7.11] | 8.25[8.15; 9.06]

2.2. Fecal collection

Samples were collected during 3 months (March, April, and May) without interfering
with the dogs’ daily routines. Feces were collected through direct observation while
the animals were kept in their kennels or outdoor recreational areas. The majority of
samples were obtained during the first month, but due to the volume of samples and
the physiologically atypical routines of some animals, the collection extended up to 3
months. In all cases, individualizing the animals and/or using cages to collect the

samples were avoided.

One stool sample was collected per dog, and it was first scored according to an
adapted five-point scale of fecal consistency (0 = watery stool; 25 = soft unformed
stool; 50 = soft formed and moist stool retaining shape when being collected; 75 =
hard formed stool remaining shaped but soft; and 100 = hard dry stool). The scoring
system was adapted from the five-point scale previously described by Strickling et al.
(17).

If fecal consistency was equal to or lower than 50, the sample was not collected, and
the researchers waited for a higher fecal score. The entire stool or enough quantity
to fill the sterile fecal collection tube with 250 ml was taken. External contaminants
(stones, grass, sand, etc.) were discarded. All samples were processed within 4 h
after the deposition. All the materials used, from sample collection to separation into

aliquots, were sterile and meant for single use.

Feces were divided into two different aliquots according to the analysis to be

conducted. For the microbiota analysis, between 0.5 and 1 g of feces were prepared

35



CHAPTERI

in a 1.5-ml sterile, RNAse-free tube. For short-chain fatty acid (SCFA) analysis,
calprotectin (cCP) and immunoglobulin A (IgA) were filled in one sterile stool tube
with 5 g of feces. Both tubes were stored at —80-C before being sent and analyzed at
the Small Animal Clinical Sciences Department at Texas A&M University (College
Station, TX).

2.3. Fecal biomarkers
2.3.1. Microbiota analysis

lllumina sequencing of the bacterial 16S rRNA genes was performed using primers
515F (5'GTGYCAGCMGCCGCGGTAA) (18) to 806RB (5™
GGACTACNVGGGTWTCTAAT) (19) at the MR DNA laboratory (Shallowater, TX,
USA). Sequences were processed and analyzed using the Quantitative Insights Into
Microbial Ecology 2 (QIIME 2) (20) v 2021.8 pipeline. The raw sequences were
uploaded to the NCBI Sequence Read Archive under the BioProject identification
PRJNA901473. In brief, the sequences were demultiplexed, and the ASV table was
created using DADA2 (21). Before downstream analysis, sequences assigned as
chloroplast, mitochondria, and low abundance ASVs, containing < 0.01% of the total
reads in the dataset, were removed. All samples were rarefied to even sequencing

depth, based on the lowest read depth of samples, to 21,025 sequences per sample.

Alpha diversity was measured with the Chao1 (richness) and Shannon diversity
metrics within QIIME2. Beta diversity was evaluated with the unweighted and
weighted phylogeny-based UniFrac (22) distance metric (measures that consider
phylogenetic information) and the Bray-Curtis distance metric and visualized using

Principal Coordinate Analysis (PCoA) plots, generated within QIIMEZ2.

The dysbiosis index (logDNA) is based on a validated algorithm that considers a
panel of eight bacterial groups identified by a Quantitative PCR assay for total
bacteria, Faecalibacterium spp., Turicibacter spp., Escherichia coli, Streptococcus
spp., Blautia spp., Fusobacterium spp., and Clostridium hiranonis (23). A DI of <0
was defined as normal, a DI between 0 and 2 was defined as mild to moderate

microbiota shift, and a DI of > 2 was considered significant dysbiosis.
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2.3.2. Intestinal health indicators

Concentrations of SCFAs (acetate, propionate, butyrate, isobutyric acid, isovaleric
acid, and valeric acid) in feces were measured using a stable isotope dilution gas
chromatography-mass spectrometry (GC-MS) assay with some modifications (24).
To consider the difference in water content between fecal samples, the final
concentrations of fecal SCFAs were adjusted by fecal dry matter (DM) and
expressed as ;mol/g of fecal DM (25). The fecal IgA (mg/g) was quantified by using
the commercial ELISA kit for canine IgA determination (Bethyl Laboratories,
Montgomery, TX, USA). The quantification of the fecal cCP (ng/g) was also analyzed
by using the ELISA kit previously validated in dogs (26, 27).

2.4, Statistical analysis

For the statistical analysis of microbiota data, an analysis of similarity (ANOSIM) test
within the PRIMER 7 software package (PRIMER-E Ltd., Luton, UK) was performed
to analyze significant differences in microbial communities and the size effect
(R-values between 0 and 1; a higher R-value indicates a larger size effect) among
age groups (J, A, and S). All datasets were tested for normality by performing the
Shapiro— Wilk test (JMP Pro 11, SAS Software Inc.). The Kruskal- Wallis test was
performed (Prism v. 9, GraphPad Software Inc.), followed by a post-hoc Dunn’s
multiple comparison tests, to determine the age group differences in bacterial taxa
(including phylum, class, order, family, genus, and species). All p-values were
adjusted for multiple comparisons using Benjamini and Hochberg’s False Discovery
Rate (28) at each taxonomic level, and an adjusted p-value of < 0.05 (g-value) was

considered statistically significant.

For the general statistical analysis, the model included demographic information as
an explanatory variable and fecal indicators as response variables. The primary
explanatory variable was age, which was grouped into the three different categories
described. The potential explanatory variables included the following: body weight,

sex, “feeding routine,” “housing,” and “breed.” Two categories were established for
feeding routines: rotation (R), if animals were changing the type of diet in periods

shorter than 2 weeks, and stable (S), if animals were eating the same diet for at least
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4 weeks. No animals had a change of diet in the 2—4 week range. Each animal was
only assigned to one category during the whole study. Housing was the variable
defined to identify the three different buildings where animals were allocated. Finally,
as for the breed, the dogs were categorized into two groups: beagles and
non-beagle dogs. The different breeds were not statistically analyzed due to the high
number of different breeds but due to the low number of dogs within each breed;
however, the dog size was introduced in the statistical analysis to reduce the
heterogeneity of dogs participating in the study. The response variables considered
in the general statistical analysis were as follows: fecal consistency; SCFA
concentration (acetate, propionate, butyrate, isobutyric acid, isovaleric acid, valeric
acid, and total SCFA); SCFA relative amounts (acetate, propionate, butyrate,
isobutyric acid, and isovaleric acid); calprotectin; immunoglobulin A; alpha diversity
(Chao 1 and Shannon diversity); and finally, from qPCR, total bacteria,
Faecalibacterium, Turicibacter, Streptococcus, E. coli, Blautia, Fusobacterium,
Clostridium hiranonis, Bifidobacterium, Bacteroides, Lactobacillus, and dysbiosis

index.

For the general statistical analysis, a first summary statistic was performed, in which
quantitative variables were analyzed using the mean and standard deviation.
Qualitative variables were tested using relative and absolute frequencies. The
existence of differences among age groups was tested by performing the appropriate
tests (ANOVA and Kruskal-Wallis test), considering the equality among groups’ null
hypothesis. The compliance of the application criteria was assessed by performing
the Shapiro—Wilk normality test. The relationship between quantitative variables was

analyzed using Spearman’s correlation.

To analyze the relationship between the age categories and fecal markers, the
appropriate linear model was considered, including potential explanatory variables
such as body weight, sex, feeding routines, and housing breed. Estimated means
(emmeans) for age categories were calculated using the adjusted model. Pairwise
post-hoc comparisons were also performed, and the model validation was analyzed
by performing a graphical residual analysis. For the general statistical analyses,

differences were considered significant with a p-value of < 0.05.
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3. RESULTS
3.1. Quantitative real-time PCR analysis and dysbiosis index

The results from the gPCR analysis are summarized in Table 2. Bifidobacterium
abundance was different between J and A, being higher in A. However, no difference
was found when considering S vs. J and A. The calculated dysbiosis index was not
different among the age categories (Figure 1). In J, 0 of 16 (0%) dogs had a DI of >
0, whilein Aand S, 8 of 50 (16%) and 5 of 40 (13%) dogs had a DI of > 0.

Table 2. Results of the quantitative real-time PCR (abundance expressed as LogDNA) and values of

the calculated dysbiosis index (ratio).

Junior Adult Senior

emmeans + SE emmeans + SE emmeans + SE p-value
Dysbiosis index -4.51 + 0.642 -3.98 + 0.370 -3.49 0518 0.468
Universal LogDNA 10.9 £ 0.067 11.0 £ 0.038 11.0 £ 0.054 0.723
Faecalibacterium 5.43 +£0.285 544 £0.164 5.76 £0.230 0.476
Turicibacter 7.23+0.237 7.74 0137 753 +0.192 0.125
Streptococcus 4.57 + 0.406 5.10£0.235 5.31+0.328 0.362
E. coli 4.89 = 0.441 512 £0.254 5.26 £ 0.356 0.814
Blautia 10.7 £ 0.088 10.5 £ 0.051 10.6 + 0.071 0.124
Fusobacterium 8.91+0.189 8.81£0.109 8.91+0.152 0.774
Clostridium hiranonis 6.80 £ 0.91 6.86 = 0.523 6.81+0.073 0.729
Bifidobacterium 4.09 +0.530° 6.04 +0.306° 5.35 + 0.4282b 0.004
Bacteroides 5.72+0.195 5.84 £0.113 6.00 £0.158 0.525
Lactobacillus 4.88 + 0.454 5.58 +0.262 6.11 + 0.367 0.118

Figure 1. A representative plot of the dysbiosis index by age category.
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3.2. 16s rRNA sequencing

A total of 3,856,065 quality bacterial 16S rRNA sequences were obtained from the
106 fecal samples analyzed. The range count per sample was between 21,030 and
60,827 (median: 33,688 and mean: 36,378). The beta diversity was analyzed by the
weighted and unweighted UniFrac distances and the Bray—Curtis distance. The
unweighted UniFrac analysis of similarities, which only considers the presence or
absence of individual taxa, revealed significant differences in the microbial
communities among age categories (PCoA plot shown in Figure 2). However, no
significance was observed based on weighted UniFrac metric or Bray—Curtis
distances (Table 3). Alpha diversity indices (Chao1 and Shannon) were not

significantly different among the age groups (Figures 3, 4).

Figure 2. 3D beta diversity patterns of canine faecal microbiota comparing Adult (red), Junior (blue)

and Senior (green) categories based on unweighted UniFrac distance.
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Table 3. Results of beta diversity analysis including unweighted UniFrac, weighted UniFrac, and

Bray—Curtis distances.

Senior vs. Adult vs. Senior vs. Adult Senior vs. Junior Junior vs. Adult
Junior
R p-value R p-value R p-value R p-value
Unweighted UniFrac 0.087 0.003 0.071 0.003 0.150 0.018 0.070 0.117
Weighted UniFrac -0.023 0.759 0.047 0.024 -0.145 0.993 -0.127 0.970
Bray—Curtis 0.001 0.459 0.037 0.028 -0.077 0.863 -0.045 0.715

The table shows the sample statistic (R) and the significance level of the sample statistic (p-value <

0.05), considering the three age categories and the pairwise test comparison.
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Figures 3 and 4. Alpha diversity indices by age category. Figure 3 displays the Chao1 index, and

Figure 4 shows the Shannon index. In both plots, age categories are represented as Junior (J), Adult

(A), and Senior (S).
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When the bacterial relative abundance was studied at the tax level, the major phylum

identified was Bacillota, followed by Actinomycetota, Fusobacteriota, Bacteroidota,

and Pseudomonadota. The same distribution, considering relative abundance, was

described in the three age categories. Significant differences were found for the

phylum Bacteroidota and Pseudomonadota, in which S had a higher abundance than

A and J (Table 4). However, the corrected g-value did not reach significance.
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Table 4. Fecal microbiota composition (% of relative abundance from rarefied data) at the phylum

level split by age category.

Junior Adult Senior Junior vs. Adult
vs. Senior
Median Range  Median Range  Median Range p-value g-value

Bacteroidota 0.06a.b 0-3.67 0.532 0-11.01 1.740 0.21- 0.036 0.087
12.02

Bacillota 89.60 77.20— 85.28 71.62— 82.02 64.30— 0.052 0.087
97.52 95.08 88.92

Actinomycetota 6.87 1.47- 5.35 1.66— 8.20 2.60- 0.569 0.569
14.05 14.13 15.70

Fusobacteriota 1.20 0.15- 5.08 0.13- 3.60 0.89- 0.145 0.181
10.52 20.34 27.9

Pseudomonadota 0.012 0-0.60 0.27ab 0-1.73 0.280 0.04— 0.019 0.087
2.14

Significantly different results are indicated in bold (p-value < 0.05). Superscript letters indicate

differences between age categories.

3.2.2. Family taxonomic level

Falling into the main phylum (Bacillota), Ruminococcaceae, Uncl. Clostridiales.1,
Veillonellaceae, and Lachnospiraceae families were significantly different among the
age categories (Figures 5-8). Specifically, the abundance of Ruminococcaceae and
Uncl. Clostridiales.1 was higher in the S category than in the A category, and
Veillonellaceae showed a higher abundance in the S category than in the J category.
Lachnospiraceae were significantly higher in the J category than in the A and S
categories and did not differ significantly. Within the Bacteroidota phylum, the relative
abundance of Bacteroidaceae and Prevotellaceae was different among the age
categories; Bacteroidaceae was higher in the S category than in the A and J
categories, and Prevotellaceae was higher in the S category than in the A. For
Pseudomonadota, the relative abundance of Succinivibrionaceae was higher in the S
category than in the A category. Finally, the Bifidobacteriaceae family
(Actinomycetota) was significantly higher in the A category than in the J category;

however, the adjusted g-value was not significant (Table 5).
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Table 5. Fecal microbiota composition (% of relative abundance from rarefied data) at the family level

split by age group.

Senior Adult vs. Junior vs. Senior
Median Range p-value g-value
Eifidobacteriaceae 0.06" 0-0.70 1.43* - 0182t | 0-4.78 0.024 0.066
13.44
Coriohacteriaceas 6.73 1.17- 384 0.68— 710 0.88— 0.204 0.264
14.05 13.01 15.69
[Faraprevoteliaceae] 0.03 0-1.08 0.03 0124 0.15 0-1.05 0.115 0211
524-7 0 0-0.5 01 0108 0 0-7.8 0.201 0.264
Bacteroidaceae 0.03* 0-1.33 0,07+ 0-0.44 0.73" 0.21- =0.001 0.009
3.09
Frevofellaceas pat 0-0.74 0a 0—-0.19 0.03" 0-6.93 0.016 0.049
Erysipelofrichaceae 10.01 218 223 225 5.58 371- 0.199 0.264
2099 83.44 h2.05
Clostridiaceae 34.47 834 2494 3.07- 3912 527- 0.628 0.641
46.61 65.36 h7.80
Uncl. Clostridiales. 1 0472¢ | 0039 0.05* 0-0.28 0.19° 0.05— 0.008 0.049
0.72
Peptostreptococcaceas 117 0 0.70 0822 0.23 0.03— 0.094 0.189
11.33 1.46
Lachnospiraceas 1543 | 6.16— 7.442 1.47- 138120 | 3.66- 0.011 0.049
24.89 19.26 23.45
Turicibacteraceae 7.86 0.14- 1.48 011 2.56 033 0.167 0.263
2578 13.28 839
Streptococcaceae 0.23 0 1.02 0 0.19 0 0.641 0.641
16.38 22.00 14.31
Lacfobacillaceae 0.69 0 0.09 - 1.01 - 0.242 0.296
G7.59 2013 4793
Ruminococcaceae 0.312F | 0-3.45 0.25* 0.01- 1.99° - 0.014 0.049
2.19 11.46
Pepfococcaceae 0.32 0091 0.23 0182 017 0089 0.570 0.627
Uncl. Clostridiales.2 0.32 0-0.51 0.29 0071 0.22 0-0.48 0.494 0.572
Veillonellaceae 0a 0-0.18 | 00120 0-0.2 0.15¢ 0-1.25 0.009 0.049
Fusobacteriaceae 1.20 015 5.08 013 3.60 0.89— 0.145 0.246
10.52 20.34 27.80
Svccinivibrionaceae gatb 0-0.51 0a 0—-0.11 0.03° 0-0.18 0.013 0.049
Alcaligenaceae 0 0-0.20 0.14 0-1.60 0.10 0210 0.051 0124
Enterobacteriaceas 0 0-0.04 0.02 0159 0.03 0-1.01 0.094 0.189

Significantly different results are indicated in bold (p-value < 0.05). Superscript letters indicate

differences between age categories.
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Figures 5-8. Box plot representation of the relative abundance from rarefied data of the family
Ruminococcaceae (figure 5), Uncl. Clostridiales.1 (figure 6), Veillonellaceae (figure 7), and

Lachnospiraceae (figure 8) families were significantly different among the age categories.
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3.2.3. Genus taxonomic level

The two predominant genera identified in the dogs’ population belonged to the
phylum Bacillota, Uncl. Clostridiaceae.1, and Allobaculum. Within Bacillota,
Faecalibacterium, and Uncl. Clostridiales.3 showed the highest values in S, being
significantly different when compared with A (p = 0.006 and 0.008, respectively). The
relative abundance observed in the genus Faecalibacterium was 18.6 times higher in
the S category than in the A category. However, the difference in Faecalibacterium

was not confirmed by a targeted gPCR. Within this genus, the relative abundance of
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F. prausnitzii was 18.4 times higher in the S category (median 1.3% of sequences)
than in the A category (median 0.07%; p = 0.006 and q = 0.030). Detailed
information at the species level is in the Supplementary Table 3. In relation to
Phascolarctobacterium abundance, S was higher than the A and J categories (p =
0.011). Although the S category also showed higher values for Ruminococcus when
compared with A (p = 0.035), the adjusted g-value did not reach significance.
Contrarily, the abundance of Eubacterium, Uncl. Erysipelotrichaceae, and Uncl.
Lachnospiraceae was not significantly different when the S category vs. the J and A
categories were considered. However, J showed significantly higher values for the
three genera when compared with the A category (p = 0.005, p = 0.001, and p =
0.002). Specifically, J showed 8.6 and 7.2 times more relative abundance in
Eubacterium and Uncl. Erysipelotrichaceae genera, respectively, compared with A.
Considering the Uncl. Peptostreptococcaceae genus, the relative abundance was

higher in J than in S and A categories (p = 0.009).

The relative abundance of Bacteroides (phylum Bacteroidota) was 24.3 and 10.4
times higher in the S category than in the J and A categories, respectively (p <
0.001). Prevotella (Prevotellaceae family) was higher in S than in the A category (p =
0.016); however, the adjusted g-value was not significant. The relative abundance of
Fusobacterium (phylum Fusobacteriota) was higher in the S category than in the A
category when considering only the significance of the p-value (p = 0.045), but this
was not confirmed by targeted qPCR. Detailed information at the genus level is in

the Supplementary Table 4.

3.3. Fecal SCFAs, IgA, and cCP

Valeric acid was significantly lower in the S category than in the A category.
However, the concentrations for total SCFA were numerically higher (but not
significant) in the S category and lower in the A and J categories (Table 6). Acetate,
butyrate, isovaleric acid, and valeric acid reached significant results when they were
analyzed as relative percentages (Table 6). In the post-hoc analysis, the S category
showed higher values than A for acetate (p < 0.001) and lower values for butyrate,
isovaleric acid, and valeric acid (p = 0.001, p = 0.045, and p = 0.026, respectively).

For isovaleric acid, the S category had lower values than J. Finally, no significant
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differences among age categories were found for the fecal IgA and cCP
concentrations (Table 7).

Table 6. Fecal SCFA values expressed as concentration (umol/g DM) and relative percentages (%)
reported by age category.

Fecal SFCA

Junior

emmeans + SE

Adult

Senior

emmeans + SE = emmeans + SE

Concentration (umaolig DM)

Acetate 169 £ 261 2102150 249 = 211 0.081
Propionate 102+ 1.449 12.4 £ 0837 14.0+£1.171 0.149
Butyrate 528+825 T1.4+£476 61.2 £ 6.66 0.079
Isobutyric acid 6.91+ 1109 7.92 + 0.640 727 + 0.896 0.634
Isovaleric acid 972+ 1404 816+ 0311 6.69+1.134 0.249
Valeric acid 4.55 + 2,062+ 8.50 119 4.70 = 1.66° 0.049
SCFA total 254 £347 319200 332280 0.130
Relative percentages (%)

Acetate 69.4 +1.78% 66.0 = 1.02° 72.0 + 1.43% =0.001
Propionate 417 £ 0.342 418+ 0197 423+0278 0.986
Butyrate 18.8 £ 1.5522% 22.0 = 0.896 17.3 £1.253" 0.003
Isobutyric acid 2630304 262+ 0175 222 +0.246 0.358
Isovaleric acid 3.43 £ 0,359 2,69 + 0,207 2.01 = 0.290¢ 0.011
Valeric acid 1.56 = 0.507+* 2.44 £ 0.293 1.38 £ 0.410" 0.043

Significantly different results are indicated in bold (p-value < 0.05). Superscript letters indicate

differences between age categories.

Table 7. Fecal cCP and IgA values by age category.

Junior Adult Senior
emmeans + SE emmeans £+ SE emmeans * SE p-value
cCP (ng/g) 4.67 +0.564 3.90 £ 0.326 3.79 £ 0.456 0.420
IgA (mg/g) 11.5+3.14 11.1 + 1.81 122 +2.54 0.935

Different superscript letters indicate significant differences between groups (p-value < 0.05).

3.4. Correlations among qPCR, IgA, cCP,and SCFA

Considering significant  correlations (rho) equal to or > 0.3, Faecalibacterium
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abundance correlated positively with propionate and valeric acid concentrations,
while Fusobacterium correlated positively with isobutyric concentration. Clostridium
hiranonis correlated positively with isovaleric acid percentage, and Bifidobacterium
correlated positively with valeric acid concentration. This genus correlated positively
with the acetate relative percentage, while the correlation with the butyrate relative
percentage was negative. Bacteroides genus correlated positively with valeric acid
concentration and its relative percentage. IgA concentrations correlated negatively
with isobutyric, isovaleric, and valeric acid concentrations. This indicator also
correlated negatively with isobutyric and valeric absolute percentages. Correlation

indexes are detailed in the Supplementary Table 5.

4. DISCUSSION

Our study supports previously published results on the relationship between the
aging process and gut health and gut microbiota in dogs. Notably, we included a
wider age range (between 0.2 and 15 years old) than previous studies on puppies
and adult dogs. In addition, we studied our dog population from different
perspectives based on the analysis of fecal microbiota together with other intestinal
health biomarkers to broadly understand the overall changes. Our main focus for the
discussion of the results is the senior life stage, the period when the quality of life is
threatened by the aging process itself. Exploring gut health and microbiota based on
fecal indicators may help find specific diet interventions to improve the quality of life

of aging dogs.

To compare the selected indicators along the different life stages, this study included
dogs with specific diet needs because of their age, which may be considered a
confounder to understanding the results among the age categories. However, the
diet, together with body weight, sex, feeding routine, housing, and breed, were

considered potential explanatory variables for the general statistical analysis.

4.1. Microbiota results

Bacillota, Actinomycetota, Fusobacteriota, Bacteroidota, and Pseudomonadota were
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the five main phyla found in the fecal samples analyzed in our studied population of
dogs using 16S rRNA gene sequencing. Previous studies described that most
bacterial sequences identified in the gut belong to these five different phyla (29-31).
In this regard, previous literature may have used the old phylum terminology for
Bacillota, Actinomycetota, Fusobacteriota, Bacteroidota, and Pseudomonadota,
which  were previously called Firmicutes, Actinobacteria, Fusobacteria,
Bacterioidetes, and Proteobacteria, respectively (32). Although the names have
recently changed, these phyla have been previously identified as the main
contributors to gut microbial composition in dogs. More specifically, Bacillota,
Bacteroidota, and Fusobacteriota were described as the three predominant phyla in
the healthy canine fecal microbiome in previous studies (33, 34). However, in our
study, within the three main bacterial groups, the phylum Actinomycetota was found
instead of Bacteroidota. Interestingly, the distribution of relative abundance was the
same across the three categories. The low abundance in Bacteroidota phyla could
be because of obesity and gastrointestinal disease (35-37). Although
Actinomycetota is present in the small intestine of healthy animals, the relative
abundance found in feces is lower, and its increase may be associated with
pathological conditions (29). Considering the health status of the population studied,
obesity and gastrointestinal pathologies do not explain the low numbers obtained,
and the differences may be explained by the analysis itself. The influence of
methodological aspects in 16S rRNA gene sequencing on the results is important to
consider, so different studies are difficult to compare. Previous studies have reported
significant differences in the abundance of bacterial groups based on variations in
labs and methodologies (38—40).

The Bifidobacteriaceae family is an important bacterial group for humans.
Considering the results for Bifidobacterium in the qPCR and the sequencing
analysis, this genus was present in all three age categories (senior dogs, adult dogs,
and puppies), being more representative in adults and less representative in
puppies. Although intestinal microbiota composition has been studied in different
animal species, including dogs, the transition of the intestinal microbiota with age
has not been thoroughly investigated. Masuoka et al. (10) studied a different age
population, from pre-weanling puppies to senior dogs, to evaluate age-dependent

differences and changes in the intestinal microbiota by employing a culture-based
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method. Bifidobacteria were detected in puppies but were not present when
analyzing dogs older than 3 years old (adult dogs and senior dogs). Based on the
literature on human beings, the presence of this genus in the three categories should
be understood as positive. Bifidobacteria is the most prevalent bacteria in infants and
adults, and it is presumed to promote health benefits in the host (41). However, the
extrapolation of the results among animal species should be interpreted carefully.
Bifidobacterium abundance in the qPCR correlated positively with valeric acid
concentration and acetate relative percentage. Positive correlations between
Bifidobacterium and acetate have been previously described (42, 43), although

further studies investigating links with valeric acid may be warranted.

Senior dogs had a higher relative abundance of the families Ruminococcaceae,
Veillonellaceae, Bacteroidaceae, and Lachnospiraceae (phylum Bacillota). Previous
studies have found decreases at this level in dogs with inflammatory bowel disease
(IBD) (25, 44), but there is no clear relationship with aging. Senior dogs also had
higher values in the relative percentage of acetate, one of the main products of
bacterial fermentation. These two findings are in the same direction as previously
published data; there is a well-known positive correlation between the bacterial
groups classified in Bacillota phyla and the production of SCFA (25). However, our
results supported the fact that relative percentages of butyrate and valeric acid were
significantly lower in the population of senior dogs. The relative percentages are
logically influenced by the high numbers in the acetate concentration. Focusing on
the valeric result, the relative percentage was supported by the concentration result,
which was also lower in the senior group. These findings may be interpreted as
negative considering gut health since SCFA production provides an appropriate pH
environment to maintain healthy microbiota, inhibits the growth of pH-sensitive
pathogenic bacteria, and preserves gut integrity (45). Moreover, valeric acid has
been positively associated with the gut-brain axis and cognitive function in mice (46).
Therefore, senior dogs may not benefit from the mechanisms surrounding the
production of SCFA that promote intestinal health and positively contribute to

cognitive function.

Although Faecalibacterium genera were not significantly different in the gPCR
analysis, Faecalibacterium prausnitzii was found to be higher in older dogs, which

may be considered a minor positive change for this aged population. This
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discrepancy may be caused by the fact that F prausnitzii falls into the
Faecalibacterium genera together with other species. Another possible reason could
be that Facecalibacterium is frequently undetected in dogs during sequencing due to
its low abundance, but it could be detected using gPCR. In addition,
Faecalibacterium qPCR was significantly positively correlated with propionate and
valeric acid concentrations, which is positive for gut health. The absence of this
bacterium has been associated with gastrointestinal disorders in dogs (36) and
humans (47). Focusing on the species level, F. prausnitzii has been clearly
associated with increased fiber utilization and different fiber types in the diets of dogs
(8, 48). However, the diet’s fiber content was not considered a cause of the higher
abundance described in the S category for F. prausintzii. In our study, only 5% of the
dogs were out of the defined fiber composition range (2-5%), and they were similarly
distributed in the three different age categories (J = 2/106; A = 2/106; and S =
1/106). From this information, considering the importance of F. prausnitzii within the
Faecalibacterium genera, we could state that the difference found in senior dogs is a

positive change in the microbiota population related to aging.

At the genus level, the two predominant groups identified belong to the phylum
Bacillota (Uncl. Clostridiaceae.1 and Allobaculum). These findings support previously
published data on dogs, in which major taxa fell within the Bacillota group and the
bacterial class Clostridia was considered the most abundant taxon (29). In our study,
the Fusobacterium genus (within the Fusobacteriota phylum) was present in all the
age populations and was specifically higher in dogs over 7 years old. This finding
can be considered positive for the microbiome of senior dogs since this genus has

previously been related to a healthy intestinal microbiome in dogs (13).

4.2. Beta diversity, alpha diversity, and dysbiosis index

For beta diversity, unweighted UniFrac was significantly different among age
categories when ANOSIM analysis was performed. However, the size effect as
estimated by the R-value was extremely small, and other distance metrics were not
significant. The changes found in our population, and especially the categories
defined, may not be enough to change the weighted UniFrac and Bray—Curtis beta

diversity. Another possible explanation for the observed differences in the
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unweighted UniFrac but not in the weighted UniFrac and Bray—Curtis beta diversity
could be attributed to the fact that these two metrics consider relative abundances
instead of only the presence/absence of different taxa. Furthermore, alpha diversity
analysis measured by the Chao1 and Shannon indexes was not significantly different
among the age groups. Our findings are consistent with previous studies. You and
Kim (31) studied different individual traits in healthy dogs and also reported no
differences at the age level when studying microbial diversity patterns. Interestingly,
none of the dogs belonging to the junior category had a moderate or significant
change in the index (DI > 0). Blake et al. (15) showed that the DI increased in
younger puppies, but many dogs at 9 weeks and most dogs after 6 months of age
had normal DI. In our study, the junior age ranged from 2 to 19 months; therefore,
our data are consistent with previous studies, as most dogs over 6 months are
expected to have a DI of < 0. From those results, we could state that, in our study,
small changes in the microbiota may have occurred due to aging. To conclude with
the microbiota data, the performance of the Kruskal-Wallis test for assessing
differential abundance between groups could be a limitation. This statistical test
considers the overall abundance between groups but not the frequency of organism
identification in samples within a group. Further statistical tests for assessing
differential abundance between groups (e.g., ANCOM and DESeq) could

complement the information analyzed by the Kruskal-Wallis test.

4.3. Fecal SCFAs, IgA, and cCP

Fecal cCP and IgA concentrations in feces have been studied as non-invasive
biomarkers of gut health in adult dogs. Fecal cCP is an indicator of intestinal
inflammation in dogs (49, 50), whereas IgA is associated more with the gut immune
response (51). In the present study, the fecal concentration of cCP and IgA was not
related to the aging process since no differences were observed among the three
age categories. Based on the literature, aged mice and humans did not show a clear
relationship between age and the concentration of mucosal IgA (52). Zaine et al. (53)
reported no significant differences in IgA fecal values in senior dogs compared with
adults and puppies. However, 5-month-old puppies had lower IgA concentrations

than adult dogs. Fecal cCP concentrations were recently correlated with age in
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healthy humans in Korea (54), but to our knowledge, the results on cCP
concentrations in healthy dogs of different ages are not consistent. The lack of clear
reference values for fecal cCP and IgA considering the different age stages is a clear
limitation to thoroughly understanding our results in relation to age and the SCFA
correlation found in our study. However, in our study, age did not change the
intestinal inflammation status or gut immune response based on the two indicators

analyzed.

4 4. Main features

Considering the overall results of the present study, minor changes in the intestinal
health biomarkers analyzed were found among the junior, adult, and senior
categories. The microbiota community and SCFA production showed agedependent
differences. However, the IgA and cCP were not significantly different across the

three categories.

Our age category definition may be a limitation to thoroughly understanding the
continuous changes of the microbiome in relation to the aging process. Significantly,
no clear consensus exists about this classification in animal research or veterinary
medicine (55). The definition of age categories may reduce the sensitivity of
understanding whether different ages equally affect gut health and microbiota. Thus,
a larger number of animals representative of all age categories may help define

more categories to increase the sensitivity of these first results.

In addition, the extrapolation of this trial in a field setting study may help better

explore effective strategies, such as dietary interventions, in the dog population.

5. CONCLUSIONS

In conclusion, in this study, the canine gut microbiota and certain SCFAs showed
minor variations among age groups in dogs. Other intestinal health biomarkers (IgA
and cCP) were similar among age groups. Considering all the parameters, we can
state that, once the microbiota becomes stable in healthy dogs, minor changes occur

during the aging process.
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The modulation of these minor changes, considering the intestinal microbiota and
short-chain fatty acid production, could improve the overall gut health during aging in

dogs.
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SIMPLE SUMMARY

The gut and its microbiome communicate with the brain through the gut—brain axis.
The examination of the relationship between the gut and the brain concerning aging
is particularly relevant for preserving the quality of life in senior dogs. Studies
investigating this axis in dogs of different age groups remain limited. Thus, this study
aims to examine multiple blood and fecal biomarkers of intestinal health, along with
various behavioral indicators based on saliva, blood, observations, and activity, in a
different age population (junior: < 2 y.o.; adult: 2-7 y.0.; senior: > 7 y.0.) of
thirty-seven Beagle dogs. The results showed that Bacteroides were significantly
higher in senior dogs. The relative abundance of Faecalibacterium and Blautia
showed age-related trends, higher in seniors and juniors, respectively. Fecal
short-chain fatty acid concentration, especially acetate, increased with age, while
propionate was higher in junior dogs. For the behavioral indicators we considered,
blood thyroxine concentration, playing, exploring, and total activity were higher in
junior dogs. These findings suggest that the relationship between gut health and
behavior varies with age. This highlights the importance of taking age into account
when studying gut health and behavior. However, more research is needed to fully

understand the mechanisms behind these age-related changes.
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ABSTRACT

The gut and the gut microbiome communicate with the nervous system through the
gut—brain axis via neuroimmune and neuroendocrine mechanisms. Despite existing
research, studies exploring this link in aging dogs are limited. This study aims to
examine multiple blood and fecal biomarkers of intestinal health, along with various
behavioral indicators based on saliva, blood, observations, and activity, in different
age populations (junior: < 2 y.o.; adult: 2—7 y.o.; senior: > 7 y.o.) of thirty-seven
Beagle dogs. In our study, Bacteroides were significantly higher in senior dogs. The
relative abundance of Faecalibacterium and Blautia showed age-related trends,
higher in senior and junior dogs, respectively. Fecal short-chain fatty acid
concentration, especially acetate, increased with age, while propionate was higher in
junior dogs. For the behavioral indicators we considered, blood thyroxine
concentration, playing, exploring, and total activity were higher in junior dogs. The
differences observed between the biomarkers of gut health and behavior, particularly
those significant for the age correlations, emphasize the importance of considering
age-related factors when studying the gut microbiome and behavior. However,
further research is needed to better understand the mechanisms and specific

pathways involved in the relationship between the studied biomarkers and age.

Keywords: fecal microbiota; behavior; canine; aging; health; nutrition; gut—brain axis
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1. INTRODUCTION

The gut microbiome is composed of bacteria, archaea, fungi, protozoa, and viruses
inhabiting the gastrointestinal tract. These communities play a crucial role in
important metabolic functions and essential immune responses that protect against
pathogens and help maintain the well-being of their host, contributing to an

equilibrated health status in dogs and cats [1,2].

There is increasing scientific evidence supporting the relationship between the gut
microbiota and different organs and systems. Multiple studies in mammals have
demonstrated that changes in the gut microbiota are associated with some
pathological states, for example, inflammation, obesity, metabolic diseases [1],
changes in behavior [2], and emotional states [3]. The pathways through which one
body part biochemically communicates with another body part are known by the
scientific community as the ‘axis’. The gut and the gut microbiota participate in
specific axes through the portal vein, the nerve pathways, or through the intestinal
barrier into the blood circulation. In the gut-brain axis (GBA), the gut microbiota
communicates to the host nervous system through immune, neuroendocrine, and
neural mechanisms. The gut microbes modulate the central nervous system (CNS)
principally through neuroimmune and neuroendocrine mechanisms in which the
vagus nerve and specific active metabolites are involved [4-6]. The gut microbiota
can produce several neuroactive molecules, including serotonin, dopamine,
gamma-aminobutyric acid (GABA), tryptophan (TRP), and short-chain fatty acids
(SCFASs) [7]. The neuroactive compounds and hormones can influence locally the gut
epithelium physiology and can go into the bloodstream to reach the brain. On the
other hand, the brain can modulate the gut microbiota composition and function
mainly through the autonomic nervous system and the
hypothalamic—pituitary—adrenal (HPA) axis by changing the gut motility, the gut

permeability, and the secretion of mucus and hormones [4,7].

In humans, the dysfunction of the GBA and the composition of the gut microbiota are
closely associated with various psychiatric pathologies, including depression,
anxiety, autism, and neurodegenerative and neuroinflammatory disorders [8—11]. Li
et al. [12] proved the role played by the gut microbiota in the cognitive decline

associated with typical aging in rats. In dogs, scientific evidence on the relationship

66



CHAPTER Il

between microbiota and neurodegenerative diseases remains limited, while they
may impact the quality of life of both dogs and humans. However, recent studies
have begun to investigate the connection between the gut-brain axis (GBA) and
microbiota composition. Aggressive behavior in shelter dogs has been associated
with distinct patterns in the gut microbiome [13,14]. Craddock et al. [15] studied a
population of working dogs in which certain microbiome markers were related to
performance (motivation, aggression, cowardice/hesitation, sociability, and
obedience). Additionally, a review was recently published exploring the use of
prebiotics and probiotics solutions linked to canine anxiety [16]. On the other hand,
neurodegenerative disorders in dogs, such as canine cognitive dysfunction and
canine multiple system degeneration, have been studied as homologous pathologies
of Alzheimer’s disease and Parkinson’s disease in humans [10]. Interestingly, a
recent review summarized the key scientific findings on the connection between
behavioral disorders and the gut microbiota in dogs, including similar findings in

humans and rodent models [17].

Despite growing interest in the gut-brain axis (GBA), there is a significant gap in
research exploring the relationship between gut microbiota and the GBA in aged
dogs. The primary aim of this study is to investigate the role of age and gut
microbiota in the GBA by analyzing various biomarkers of intestinal health and
behavior across different age groups of healthy Beagle dogs. Specifically, the study
examines gut health through multiple blood and fecal biomarkers alongside
behavioral indicators assessed through saliva, blood analysis, direct observations,
and activity monitoring. These findings will contribute to the development of

strategies to support gut health and overall well-being in senior dogs.
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2. MATERIALS AND METHODS

2.1. Animals

This study included 37 Beagle dogs grouped in junior (J), adult (A), and senior (S)
categories depending on their age: up to 2 years old (n = 10), from 2 to 7 years old
(n = 16), and over 7 years old (n = 11). Both sterilized females and males were
included. The inclusion criteria consisted of Beagle dogs sterilized individuals in
good health. Health was evaluated through a clinical examination performed by
veterinarians and a blood analysis, which included a complete blood count and a
biochemical panel. The biochemical analysis included albumin, alkaline
phosphatase, total bilirubin, calcium, creatine kinase, cholesterol, creatinine,
fructosamine, aspartate aminotransferase, alanine aminotransferase, globulins,
phosphorus, proteins, albumin/globulin ratio, reticulocyte hemoglobin content, IDEXX
SDMA™ ' triglycerides, and urea. The exclusion criteria comprised existing clinical
diseases or any pharmacological treatments potentially interfering with the studied
biomarkers based on the literature. Parasitology coprological tests were conducted
on a routine basis to ensure the health status of animals regarding the presence of
fecal parasites and derived clinical signs. No antibiotics, prebiotics, probiotics,
postbiotics, or deworming treatments were administered during the sampling period,
including a four-week washout period before starting the sampling. Dogs defecating
watery, soft, or unformed stools for three consecutive days were excluded from the

study.

The animals were housed in the same experimental facilities (Affinity Nutrition
Center, Masquefa, Spain) under similar husbandry conditions. They lived in pairs,
and they had free access to the outdoor and indoor part of their kennels (15 m2).
They also shared a bigger outdoor space for about four hours per day where they
could socialize with a stable larger group of Beagles. During this time, the facilities
were cleaned and disinfected. After the outdoor activity, the dogs came back to their
kennels, and they were fed once with a commercially dry, complete, and balanced
diet adequate to their needs. Daily rations were calculated following the energy
requirements for each dog. The feeding routine varied between dogs: some dogs
rotated their diets less than every 14 days, while others had a stable diet over time.

The dogs were weighed weekly to monitor the maintenance of a stable body weight.
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Non-special diets were offered because of the study. Considering the following diet
composition range—7-8% moisture, 22—-30% protein, 12-21% fat, and 1-5% crude
fiber—mainly all the dogs (95%) ate diets within the appropriate range. Water supply
was offered ad libitum 24 h per day.

2.2. Sample Collection: Feces, Blood, and Saliva

The samples collected for assessing intestinal health and behavioral markers came

from feces, blood, and saliva.

Feces: Fecal samples were collected over a three-month period (March, April, and
May) without disturbing the dogs’ daily routines (Table 1). The animals were not
individually separated or placed in cages for sample collection. Instead, the method
of direct observation was employed to identify individual fecal samples. Samples
were collected while the dogs were in their kennels or when they were outdoors at

their parks.

Table 1. Detailed information about the number of fecal samples collected and their distribution over

time by month. The samples are categorized by age group.

Junior Adult Senior Total
March 5 ] 4 17
April 0 8 7 15
May 5 0 0 5
Total 10 16 11 37

A single stool sample was collected from each dog and evaluated on a five-point
scale to assess fecal consistency: 0 = watery stool, 25 = soft unformed stool, 50 =
soft-formed and moist stool that retains its shape when collected, 75 = hard-formed
stool that remains somewhat soft, and 100 = hard dry stool. This scale has already
been applied in previous research studies [18,19]. If the fecal consistency was at or
below 50, the fecal score (FS) was recorded, but the sample was not collected,
awaiting another sample with a higher FS. The entire stool or a sufficient amount to
fill a sterile fecal collection tube of 250 mL was collected, ensuring the exclusion of

any external contaminants such as stones, grass, or sand. Within 4 h after excretion,
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all samples were processed using sterile, disposable materials. Following the
specific requirements for the analysis, the collected fecal samples were divided into

two subsamples.

The first subsample was prepared for microbiota analysis, with a minimum quantity
of 0.5 g of feces introduced into a sterile 1.5 mL tube free of RNAse. The microbiota
analysis was performed by lllumina sequencing of the bacterial 16S rRNA genes
using primers 515F (5 GTGYCAGCMGCCGCGGTAA) [20] and 806RB (5
GGACTACNVGGGTWTCTAAT) [21] at the MR DNA laboratory (Shallowater, TX,
USA). Sequence processing and analysis were carried out using the Quantitative
Insights Into Microbial Ecology 2 (QIIME 2) v2021.8 pipeline [22]. The sequences
were demultiplexed, and an ASV table was generated using DADA2 [23]. Prior to
downstream analysis, sequences classified as chloroplasts, mitochondria, and
low-abundance ASVs (comprising < 0.01% of the total reads) were filtered out. All
samples were rarefied to even sequencing depth, based on the lowest read depth of
samples, to 21,025 sequences per sample. Alpha diversity was assessed using
Chao1 (richness) and Shannon diversity indices with QIIME2. Beta diversity was
calculated using both unweighted and weighted UniFrac distance metrics
(phylogeny-based measures) and the Bray—Curtis dissimilarity metric, with results
visualized in Principal Coordinate Analysis (PCoA) plots generated in QIIME2. For
the microbiota analysis, the previous scientific nomenclature for classifying different
taxa was considered; the same nomenclature was used when writing the current
paper. Quantitative PCR assays were used to target total bacteria, Faecalibacterium
spp., Turicibacter spp., Escherichia coli, Streptococcus spp., Blautia spp.,
Fusobacterium spp., and Clostridium hiranonis. From this panel of bacterial groups,
the Dysbiosis Index (DI) was calculated. This validated algorithm was used to assess
a potential intestinal dysbiosis, where a DI value of < 0 is categorized as normal, a DI
between 0 and 2 indicates a mild to moderate shift in microbiota composition, and a

DI > 2 is classified as significant dysbiosis [24].

The second subsample was prepared for the analysis of SCFA concentration and
proportion, canine calprotectin (cCP), and immunoglobulin A (IgA) concentrations. In
this case, 5 g of feces were pooled in a sterile stool tube. Both types of tubes were
carefully filled and stored at —80 -C until they were dispatched for analysis at the

Small Animal Clinical Sciences Department located at Texas A&M University,
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College Station, TX, USA.

Saliva and blood: Saliva and blood samples were collected from approximately 8:30
to 12:30 am. All the dogs were previously fasted for 8 h to avoid any interference in
the measurements. Initially, the dogs were moved to a familiar area close to their
kennels. Within the first five minutes, saliva samples were collected by rubbing a
synthetic swab specifically designed for diagnostic saliva collection (Salivette cortisol
tubes; Sarstedt, Germany) on the dogs’ tongue and the inside surface of their
cheeks. The swab was then promptly returned to the saliva collection tube.
Subsequently, blood sampling was conducted through jugular vein venipuncture. The
total volume required was 5.5 mL:0.5 mL of complete blood (EDTA blood collection
tube) for a complete cell blood count (CBC) analysis and 5 mL collected for

analyzing various serum biomarkers.

After the sampling, the saliva and blood samples were prepared as follows for
analysis. The saliva collection tubes were centrifuged at room temperature at 1420 G

for 10 min.

The swab was removed, and the saliva was extracted and transferred from the tube
to a 1.5 mL tube (Eppendorf). The minimum volume needed for salivary cortisol
(CORT) and oxytocin (OT) analysis was 300 pL of saliva. The Eppendorf tubes were
then stored at —80 -C until shipment to the lab (Interdisciplinary Laboratory of Clinical
Analysis, Murcia, Spain). OT concentration was determined using the validated
method for dogs AlphalLISA monoclonal assay [25]. CORT concentration was

analyzed using the Siemens Immulite automated chemiluminescence assay.

Serum collection tubes were set at room temperature for 30 min and centrifuged at
1420 G for 10 min. The serum volume obtained after centrifugation was
approximately 1.3 mL, divided into four subsamples: two 500 pL subsamples, one
200 pL subsample, and one 100 pyL subsample. Three subsamples were stored at
-80 °C. One 500 uL subsample was sent to be refrigerated, along with the EDTA
blood collection tube, to ldexx laboratory (Barcelona, Spain) for a biochemistry
profile and to assess thyroxine levels (TT4). The 200 pL subsample was used to
analyze cobalamin (B12) and folate (B9) concentrations by using
chemiluminescence assays (Immulite 2000 Vitamin B12; Folic Acid, Siemens

Medical Solutions Diagnostics, Erlangen, Germany) in the Small Animal Clinical
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Sciences Department located in Texas A&M University (College Station, TX, USA).
In the 100 pL subsample, tryptophan and kynurenine (KYN) concentrations were
determined using an L-Tryptophan ELISA kit (ImmuSmol, ref. BA E-2700, Bordeaux,
France) and an L-Kynurenine ELISA kit (ImmuSmol, ref. BA E-2200, Bordeaux,
France). An EMS Reader MF V.2.9-0 was used to read the ELISA plates (Clinical
biochemistry laboratory at the Autonomous University of Barcelona, Barcelona,
Spain). The last 500 yL subsample stored at —80 -C was sent to determine canine
C-reactive protein (CRP) and haptoglobin (HP) concentrations by
immunoturbidimetric assays validated for dogs [26,27] (Interdisciplinary Laboratory

of Clinical Analysis, Murcia, Spain).

2.3. Behavioral Observations and Activity

Behavioral observations were conducted one week after the saliva and blood
sampling to avoid interferences. The observations were performed by the same
trained observer, and all behaviors were classified according to a predetermined
ethogram (Table 2). The behavior was measured both in their kennels and in their
outdoor parks, where dogs spent around 20 h and 4 h, respectively. Regarding the
observations in the kennels, the animals were recorded during the morning and the
afternoon. One hour was selected for each period to avoid interference with daily
routines, such as feeding, outdoor time, or cleaning. Each 60 min period was divided
into intervals of 10 min and scan observations were conducted for each interval. In
total, twelve scans were performed per animal, and twelve behaviors were assigned
to each animal. The area recorded was only the indoor one; if the animal was in the
outdoor area of the kennel, the observation was considered null. The behavioral
assessments in the outdoor parks were performed for 60 min and repeated on 2
different days. In total, twelve scans were performed per animal assigning twelve
different behaviors to each animal. A null observation was recorded when any park
structure obstructed a clear view of the animal, making it difficult to properly

categorize its behavior.
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Table 2. Ethogram containing the behaviors identified in the behavioral observations conducted both

in the kennels and in the outdoor parks. All the behaviors described have been assessed in the

kennels and in the outdoor parks.

Behavior Abbreviation Description

Drinking D The dog laps or takes up water with its tongue from the drinking
bowl.

Eliminating EL Urinating and defecating behaviors are included in this category.

Sleeping SL The dog lies down, its breathing frequency decreases, and its eyes
are often closed or partially closed.

Resting R The dog lies down but is awake. The corporal position is relaxed
and not alerted.

Playing P Engaging in activities for entertainment involving physical
movements and interactions with other inanimate objects (e.g.,
toys).

Exploring EX Investigating and interacting with the environment to gather
information and satisfy curiosity. Sniffing is often present during the
exploratory behavior.

Affiliative behavior AF Displaying actions that strengthen social bonds and promote
positive interactions with conspecifics. It should be an interaction
with a conspecific.

Grooming G Cleaning and maintaining the coat and the skin is often conducted
to self-regulate (performed in a relaxed manner) or to increase
social bonds between the group.

Overgrooming oG Excessive or compulsive self-grooming, the dog is really focused
on the performance of this behavior, and the posture is tense.

Agonistic behavior AG Displaying behaviors associated with conflict, competition, or
aggression, including growling and persecution.

Barking Defensive BD Vocalization is conducted together with a defensive posture that
may include a lowered body, ears back, tail tucked, and a still
demeanor.

Barking Offensive BO Vocalization is accompanied by an offensive posture that may

involve a forward-leaning body position, forward-pointing ears, stiff
legs, and a raised and rigid tail.
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Hiding H Withdrawing or seeking seclusion to avoid social interactions or
perceived threats. Fear and alertness behaviors are often shown.

Destructive Behavior DB Actions or behaviors such as chewing, digging, scratching, or other
activities that result in damage to objects and structures.

Repetitive Behavior RB Engaging in actions or movements in a repetitive and stereotypical
manner, such as pacing or circling.

High Alert HA Being in a state of heightened awareness and attention, often
accompanied by increased vigilance and sensitivity to stimuli. The
dog can be either standing or lying down.

Coprophagia C Consumption of dog feces.

Walking w Moving from one place to another with no apparent objective (e.g.,
chasing a dog, playing with other dogs).

For the activity measurements, a physical activity actigraphy monitor (Actical®,
Philips Respironics, Bend, OR, USA) was placed on the dogs’ collars for 4 days to
measure their activity during three consecutive days. The first day was not recorded
since this period was left for adaptation. Dogs were previously trained to wear the
device. The activity was retrieved as total activity (TAC) (24 h) and then divided into
diurnal activity (DAC) (from 7:00:00 to 20:59:59) and nocturnal activity (NAC) (from
21:00:00 to 6:59:59).

2.4. Definition of the Study Variables

The primary explanatory variable was defined as the age category, either junior,
adult, or senior. The model was adjusted using several demographic variables,
including body weight, sex, feeding routine, and housing. The feeding routine
consisted of two categories: “rotation”, indicating animals that changed their diet type
within periods shorter than two weeks, and “stable”, indicating animals that
consistently consumed the same diet for at least four weeks. Each animal was
exclusively assigned to one category throughout the entire study. Housing was the

variable used to identify the two different buildings where animals were housed.
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The response variables were classified into three groups: biomarkers of intestinal
health, behavioral observations, and activity measurements. The intestinal health
biomarkers measured in feces included microbiota composition using the 16S rRNA
method, qPCR results for absolute quantity of total bacteria, Faecalibacterium,
Turicibacter, Streptococcus, E. coli, Blautia, Fusobacterium, Clostridium hiranonis,
Bifidobacterium, Bacteroides, Lactobacillus, and the Dysbiosis Index (DI) [27]. Within
the same category of intestinal health biomarkers, alpha diversity (Chao 1 and
Shannon diversity), FS, SCFA concentrations in fecal dry matter (umol/g), SCFA
relative amounts (%), cCP (ng/g), and IgA (mg/g) concentrations were also analyzed.
The intestinal health biomarkers measured in blood serum included B9 (ng/mL), B12
(pg/mL), CRP (pug/mL), HP (g/L), TT4 (ug/dL), TRP (pg/mL), and KYN (ng/mL)

concentrations.

For the second group of response variables, defined as behavioral indicators,
salivary CORT (pg/dL), salivary OT (pg/mL) concentrations, and behavioral
observations were included. Regarding the observations, the relative frequencies of
the different defined behaviors were calculated for statistical analysis. Finally, activity
measurements completed the set of response variables considered for statistical

analysis.

2.5. Statistical Analysis

For the general statistical analysis, thirty-five dogs were considered, as the
behavioral markers were missing in two senior dogs. For the descriptive statistics,
quantitative variables were assessed using mean and standard deviation, while
qualitative variables were examined through relative and absolute frequencies.
Pearson’s (or Spearman’s) correlations were assessed between age, considered as

a quantitative continuous variable, and the other parameters.

Then, differences among age categories were studied by applying the appropriate
test according to the distribution of the variable (ANOVA; Kruskal-Wallis test), with
the null hypothesis assuming equality between groups. The compliance of

application criteria was verified using Shapiro—Wilk’s normality test.

To investigate the relationship between age categories and the studied variables, the
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appropriate linear model was performed, including body weight, sex, feeding
routines, and housing as potential explanatory variables. The estimated marginal
means (emmeans) and standard error (SE) for the age categories were calculated
for each variable using the adjusted model. Finally, the post-hoc comparisons were
performed through the Pairwise analysis. The relation between the response
variables and the age as a quantitative variable was analyzed using Spearman’s

correlation.

The correlation between gut health biomarkers and behavioral indicators (biomarkers
of behavior, behavioral observations, and activity) was evaluated using pairwise
Spearman correlations. These correlations were studied considering all the animals
as a group (including the three age categories) and then split by age category. This
statistical approach allowed for the evaluation of potential interactions between age
and the markers of interest and, more precisely, to detect different age patterns when
studying the possible association between gut health biomarkers and behavioral
indicators. The microbial groups included in the correlations were based on the

gPCR analysis.

For the microbiota statistical analysis (16S rRNA sequencing analysis), the ANOSIM
(Analysis of Similarity) test within the PRIMER 7 software package (PRIMER-E Ltd.,
Luton, UK) was employed to investigate the differences in microbial communities
and the size effect (R-values ranging from 0 to 1, with a higher R-value indicating a
larger size effect) between the defined age categories. The normality of all datasets
was assessed using the Shapiro-Wilk test (JMP Pro 11, SAS Software Inc., Cary,
NC, USA). Subsequently, the Kruskal-Wallis test was conducted (Prism V.9,
GraphPad Software Inc., La Jolla, CA, USA), followed by post-hoc analysis using
Dunn’s multiple comparison test to identify age category differences in bacterial taxa.
To control for multiple comparisons, all p-values were adjusted using Benjamini and
Hochberg’s False Discovery Rate [28] at each taxonomic level. In the statistical
analyses, significance was established at a p-value < 0.05, while a p-value < 0.1 was
considered a trend when the post-hoc analysis was significant (p-value < 0.05). The
p-values derived from the 16S rRNA sequencing analysis underwent adjustment

using a false discovery rate (FDR) of 0.05 (g-value).
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3. RESULTS

3.1. Description of the Dog Cohort

The thirty-seven dogs in the cohort were distributed similarly between the junior and
senior categories, although the number of animals in these categories was lower than in the
adult category (junior: J, n = 10, adult: A, n = 16, and senior: S, n = 11). The mean
body weight was slightly higher in seniors (13.4 + 1.6 kg) compared to juniors (12.3 +
1.5 kg) and adults (12.8 + 1.9 kg). Across the cohort, most dogs were neutered
females (72.97%), with neutered males comprising 27.03%; notably, all senior dogs
were female. Regarding feeding routines, the majority followed a stable routine
(64.86%), although rotational feeding was more prevalent in adults (50%) than in
juniors (10%) or seniors (36.4%). Housing distribution showed more dogs living in
building P (62.16%) compared to building D (37.84%), a pattern consistent across
age categories (Table 3).

Table 3. Description of the dog cohort, including its demographic variables such as age, body weight,
sex, feeding routine, and housing, categorized by age group. Means and standard deviation (mean +
SD) are presented for quantitative variables, and absolute numbers and relative frequencies are

shown for qualitative variables.

Categories All Junior (J) Adult (A) Senior (3)
Variables N=37 n=10 n=16 n=11
Age (y.0.) 5541 12+0.32 44+05° 112423
Body weight (kg) 129+17 123+15 128+19 13.4+16
Sex

Female (neutered) 27 (72.97%) 6 (16.22%) 10 (27.03%) 11 (29.73%)
Male (neutered) 10 (27.03%) 4(10.81%) 6 (16.22%) 0 (0%)
Feeding routine

Rotation 13 (35.14%) 1(2.70%) 8 (21.62%) 4 (10.81%)
Stable 24 (64.86%) 9 (24.32%) 8 (21.62%) 7 (18.92%)
Housing

Building D 14 (37.84%) 3(8.11%) 7(18.92%) 4 (10.81%)
Building P 23 (62.16%) 7 (18.92%) 9 (24.32%) 7 (18.92%)

a.b.c; Differences between age categories are indicated using superscript letters.
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3.2. Biomarkers of Intestinal Health

3.2.1. Quantitative Real-Time PCR and 16S rRNA Sequencing Analysis

The gPCR results analysis are shown in Table 4. The relative abundance of
Bacteroides was higher in S than in A and J; these results are also supported by the
16S analysis. Turicibacter was significantly negatively correlated with age (rho =
-0.365; p-value < 0.05), but the results were not significant in the multivariate
analysis. Faecalibacterium and Blautia log DNA copies tended to differ (p-value <
0.1) according to the age category. Those results were confirmed by 16S rRNA
sequencing, as relative abundances of those two bacteria significantly differed
according to the age category, with Faecalibacterium relative abundance being
higher in S compared to A (p-value = 0.002; g-value = 0.010) while Blautia relative
abundance higher in J compared to A (p-value = 0.043).

Table 4. Results of the quantitative real-time PCR (abundance expressed as LogDNA) and values of
the calculated dysbiosis index (ratio) comparing the age categories. Within each category, values are

expressed as estimated marginal means (emmeans) and standard error (SE).

Junior Adult Senior
Indicators Emmeans SE Emmeans SE Emmeans SE p-Value
Universal Log DNA 11.04 0.08 11.08 0.06 11.03 0.10 0.858
Faecalibacterium 579 0.34 5.36 0.24 6.45 0.40 0.065
Turicibacter 825 0.20 8.01 0.14 8.00 024 0593
Streptococcus 514 0.47 578 0.33 522 0.57 0434
E. coli 4.90 0.46 578 0.32 532 0.55 0.267
Blautia 10.78 0.12 10.46 0.08 10.47 0.14 0.089
Fusobacterium 8.86 0.18 9.1 013 937 022 0230
C. hiranonis 6.86 0.1 6.86 0.08 6.82 0.13 0970
Bifidobacterium 4.86 0.53 6.12 037 6.16 063 0.145
Bacteroides 5752 0.1 5932 0.15 6.750 0.26 0.017
Lactobacillus 576 0.46 530 0.33 560 0.56 0.680
Dysbiosis index -4.26 0.72 -3.05 0.51 -4.01 0.86 0.305
Chao 1 index 74.39 9.25 84.92 6.50 98.23 11.08 0.295
Shannon index 3.65 0.26 3.60 0.18 416 0.31 0276

ab: Differences between age categories are indicated using superscript letters.

The dysbiosis index and the alpha diversity indices (Chao1 and Shannon) were not
significantly different between age categories. The dysbiosis index values were

within the normal range; only two adult dogs were within the dysbiosis index range,
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defined as mild to moderate microbiota shift (DI between 0 to 2).

Microbial communities were significantly different based on Unweighted UniFrac
analysis, which solely assesses the presence or absence of individual taxa, were
significantly different between S and J categories (Figure 1) but were not significant
based on the weighted Unifrac and Bray—Curtis analysis, corresponding to the
results of the DI (Table 5).

Table 5. Beta diversity analysis comparing the three age categories: Senior (S), Adult (A), and Junior

(J). Unweighted UniFrac, weighted UniFrac, and Bray—Curtis distances are shown.

Svs.Avs.J Svs.A Svs.J Jvs. A
Indicators R p-Value R p-Value R p-Value R p-Value
Unweighted UniFrac 0.105 0.036* 0.073 0.94 0.241 0.008* 0.053 0.186
Weighted UniFrac 0.053 0.112 0.048 0173 0.053 0.136 0.069 0.128
Bray—Curtis 0.052 0.148 0.012 0.289 0.098 0.041 0.09 0.114

* p-value is significant when < 0.05.

Figure 1. Three-dimensional representation of unweighted Unifrac distance of the microbiota
communities in the studied dog population. Different age groups are represented with different colors:

green (senior), red (adult), and blue (junior).
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At the phylum taxonomic level, Firmicutes, Actinobacteria, Fusobacteria,
Bacteroidetes, and Proteobacteria were identified (Table 6). Firmicutes showed the
highest relative abundance, while Proteobacteria exhibited the lowest. Significantly

different relative abundances were observed for Actinobacteria, Bacteroidetes, and
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Proteobacteria between age groups. Specifically, Bacteroidetes and Proteobacteria
phyla were relatively more abundant in the oldest group, while Actinobacteria

showed a lower percentage in S.

Table 6. Phylum relative abundance (%) split by age category: Junior (J), Adult (A), and Senior (S).

Junior Adult Senior Jvs. Avs. 8
Phylum Median Range Median Range Median Range p-Value g-Value
Firmicutes 85.47 66.12-97.50 81.13 63.02-96.19 83.41 56.62-99.7 0.076 0.085
Actinobacteria 8.573b 1.53-29.13 11.322 1.50-35.84 6.69° 0.17-221 0.005 0.010
Fusobacteria 2.29 0.17-10.49 2.47 0-20.76 3.45 0-36.85 0.265 0.265
Bacteroidetes 0.102 0-3.59 0.352 0-10.99 1.630 0-18.17 0.035 0.010
Proteobacteria 0.052 0-0.68 0.162p 0-9.50 0.310 0-2.19 0.006 0.010

ab: Differences between age categories are indicated using superscript letters.

At the family level, the relative abundance of Bifidobacteriaceae (Actinobacteria) was
higher in A compared to J. Bacteroidaceae, and Prevotellaceae families
(Bacteroidetes) were relatively more abundant in the S category than in A and J.
[Paraprevotellaceae] relative abundance was higher in S compared to A. Within
Firmicutes, Lachnospiraceae, Peptococcaceae, Uncl. Clostridiales |,
Ruminococcaceae, and Veillonellaceae families exhibited significantly different
relative abundances between age categories. Succinivibrionaceae (Proteobacteria)
were relatively more abundant in S than in A, and Alcaligenaceae was relatively
higher in S compared to J. See the detailed information in the Supplementary
Material (Table S1).

3.2.2. Fecal Score, SCFAs, IgA, and cCP

FS values were not significantly different between the age categories and were all
within the normal range (67.46 + 4.26; 67.82 + 3.00; 72.15 + 5.11; for J, A, and S,

respectively).

For the SCFA concentrations, acetate was the most abundant one in the feces and it
was significantly higher in S and A dogs compared to J (Table 7). Both acetate and
total SCFA concentration showed significant positive correlations with age (rho =
0.358 and 0.365; p-value = 0.05). Total SCFA content was different, only showing a
trend (p-value = 0.055) between groups, but was significantly different when

comparing A vs. J (p-value = 0.017).
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Butyrate concentration was higher in A (p-value = 0.071), being significantly different

in the post-hoc analysis compared with J (p-value = 0.036).

Table 7. Results of SCFAs, IgA, and cCP split by age category. Values are expressed as estimated
marginal means (emmeans) and standard error (SE). The correlation between the biomarkers and

age is expressed as rho.

Junior Adult Senior Jvs.Avs. S
Indicators * Emmeans SE Emmeans SE Emmeans SE p-Value Rho
cCP (ng/g) 4.82 0.75 414 0.53 2.81 0.90 0.262 -0.075
IgA (mg/g) 12.49 414 8.24 2.91 496 4.96 0.521 -0.197
SCFA concentrations
(umol/g DM)
Acetate 14592 2 34.99 250.29 24 61 263.290 41.94 0.048 0.358*
Propionate 1.77 1.89 13.46 1.33 11.67 2.26 0.641 0.196
Butyrate 52.60 11.13 82.07 7.83 61.21 13.35 0.071 0.239
Isobutyrate 7.93 1.56 923 1.10 6.14 1.87 0.326 0.058
Isovalerate 11.15 232 8.58 1.63 8.12 278 0.622 0.066
Valerate 5.07 343 12.19 241 6.96 411 0.180 0.224
Total SCFAs 234.44 46.64 375.85 32.80 3574 55.90 0.055 0.365%
SCFA proportions (%)
Acetate 67.11 269 65.41 1.89 72.91 3.22 0.134 0111
Propionate 4942 034 350 024 3350 0.41 0.007 -0.197
Butyrate 19.44 1.95 22.26 1.37 17.45 2.34 0.148 0.078
Isobutyrate 3.04 0.41 268 0.29 1.83 0.49 0.195 -0.294
Isovalerate 3.69 061 24 0.43 2.50 0.73 0.286 -0.213
Valerate 1.78 096 345 0.67 1.96 1.15 0.250 0.013

' ¢CP: canine calprotectin; IgA: immunoglobulin A; SCFAs: short-chain fatty acids. #° : Differences
between age categories are indicated using superscript letters. *The rho significant values (p-value <
0.05) are marked with an asterisk.

Considering the relative proportion of SCFAs, propionate showed a significantly
lower percentage in S and A compared with J (3.35%, 3.65%, and 4.94%,

respectively). For the cCP and IgA analysis, no significant difference was found.
3.2.3. Serum Haptoglobin, C-Reactive Protein, Folate and Cobalamin

B9 concentration (ng/mL) was higher in S compared to A and J categories. HP
concentration correlated positively with age (rho = 0.426; p-value = 0.05). On the
other hand, B12 concentration was negatively correlated with age (rho = -0.424;
p-value = 0.05). However, B12, CRP, and HP concentrations did not show any

difference in the multivariate analysis when comparing the age categories (Table 8).
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Table 8. Results of B9, B12, CRP, and HP split by age category. Values are expressed as estimated
marginal means (emmeans) and standard error (SE). The correlation between the biomarkers and

age is expressed as rho.

Junior Adult Senior Jvs.Avs. 8
Indicators * Emmeans SE Emmeans SE Emmeans SE p-Value Rho
B9 (ng/mL) 15.15¢® 1.18 13.600 0.83 20.372 1.42 0.001 0.144
B12 (pg/mL) 652.39 49.85 607.19 35.08 511.99 59.75 0.226 -0.424~
CRP (pg/mL) 3.67 424 545 298 2.1 5.08 0.827 -0.231
HP (g/L) 1.38 0.48 1.40 0.33 232 0.57 0.346 0.426*

' BO: folate; B12: cobalamin; CRP: C-reactive protein; HP: haptoglobin. a,b: Differences between age
categories are indicated using superscript letters. * The rho significant values (p-value < 0.05) are

marked with an asterisk.

3.3. Biomarkers of Behavior

For the results of the behavioral indicators based on blood and saliva, no differences
were found between the age categories, except for TT4, which exhibited lower levels

in the A and S groups compared to the J group (Table 9).

Table 9. Results of the behavioral biomarkers split by age category. Estimated marginal means
(emmeans) and standard error (SE) of TRP, KYN, KTR, CORT, OT, and TT4 are shown.

Junior Adult Senior Jvs.Avs. S
Indicators 1 Emmeans SE Emmeans SE Emmeans SE p-Value Rho
TRP (ug/mL) 11.29 2.00 11.93 1.37 11.64 229 0.965 0.069
KYN (ng/mL) 646.70 101.87 770.39 69.69 957.10 116.37 0.158 0217
KTR 61.73 15.28 79.85 10.45 97.22 17.46 0.332 0.167
CORT (pg/dL) 0.13 0.02 0.14 0.01 0.15 0.02 0.786 0.061
OT (pg/mL) 274732 411.39 1904.73 292.08 1991.45 481.48 0.257 -0.247
TT4 (pg/dL) 1912 0.14 1420 0.09 1430 0.16 0.021 -0.241

"TRP: tryptophan; KYN: kynurenine; KTR: kynurenine/tryptophan ratio; CORT: cortisol; OT: oxytocin;

TT4: total thyroxine. a,b: Differences between age categories are indicated using superscript letters.

3.4. Behavioral Observations and Activity

In the analysis of behavioral observations, distinct patterns were identified among
the age categories (Table 10). During park observations, P behavior exhibited
significantly higher levels in category J compared to both categories A and S
(p-value < 0.001 and p-value = 0.001, respectively). HA behavior was more

prevalent in category A than in category J (p-value = 0.005). Furthermore, when
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observations were conducted in the kennels, category J displayed significantly
higher levels of exploratory behavior compared to both categories A and S (p-value =
0.048 and p-value = 0.013, respectively). Regarding the activity measurements, TAC
showed a negative correlation with age (rho = -0.474; p-value < 0.05). Similarly,
DAC demonstrated an inverse correlation with age (rho = -0.502; p-value < 0.05).
But no differences between age categories were described in the multivariate

analysis.

Table 10. Results of the behavioral observations (made in the park and in the kennels) and activity
measurements expressed as estimated marginal means (emmeans) and standard error (SE), split by
age category. The table only shows behaviors with a relative frequency of more than 10% in the

emmeans in at least one age category.

Junior Adult Senior Jvs.Avs. 8
Indicators * Emmeans SE Emmeans SE Emmeans SE p-Value Rho
Observations in
the parks (%)
P 16.712 2.58 2260 1.75 2480 3.01 <0.001 —-0.435*%
EX 19.68 6.10 28.77 413 38.09 713 0.170 -0.346*
HA 7812 451 24020 3.06 20.780b 528 0.018 0.252
Observations in
the kennels (%)
EX 12.64 3 272 587° 1.92 1.40° 3.27 0.013 -0.501*
HA 6.50 3.22 11.03 2.26 8.1 3.86 0.463 0.020
Activity (bits)
TAC 1,369,452 197,046 1,123,123 133,524 980,744 230,455 0.424 —0.474*
DAC 1,246,316 973,358 973,358 117,866 820,826 203,465 0271 -0.502*
NAC 123,137 45,711 149,765 30,975 159,918 53,461 0.851 0.074

' P: playing; EX: exploring; HA: high alert; TAC: total activity; DAC: diurnal activity; NAC: nocturnal
activity. a,b: Differences between age categories are indicated using superscript letters. * The rho

significant values (p-value < 0.05) are marked with an asterisk.

3.5. Correlations Between Intestinal Health Biomarkers and Behavioral Indicators

The relationship between gut health biomarkers and behavioral indicators
(biomarkers of behavior, behavioral observations, and activity) and the detection of
different age patterns is detailed in Supplementary Material (Table S2). Considering
the biomarkers of behavior: Turicibacter negatively correlated with TRP considering
all the dogs, and this negative correlation was specifically marked in A. Blautia and

Clostridium hiranonis correlated positively with thyroxine. Lactobacillus correlated
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positively with saliva CORT concentration, while fecal acetate, propionate, butyrate,
and total SCFA concentrations were negatively correlated with blood TT4
concentration. Isobutyric and isovaleric acid concentrations were negatively
correlated with blood KYN and saliva CORT concentrations. Blood KYN followed the
same pattern when paired with fecal cCP. And blood HP positively correlated with
blood TRP concentrations, the same direction was followed within the different age
categories, being significant only for A. With regard to the behavioral observations
and activity, only the significant correlations influenced by age categories are
discussed: the fecal DI correlated positively with DAC, following significantly the
same direction in the A category. Bacteroidetes correlated negatively with TAC and
DAC showing an age association in the S and A category, respectively. On the
contrary, Streptococcus and Blautia positively correlated with TAC and DAC, which
was also reflected when the A category was studied. Bifidobacterium relative
abundance positively correlated with resting behavior, with a high correlation with
age in the J category. FS correlated positively with grooming behavior, being

significantly correlated within the J category.

4. DISCUSSION

The number of publications in the field of fecal microbiota in dogs is significantly
increasing. Previously published works in canine science examine the relationship
between intestinal microbiota and various pathologies, especially those related to the
gastrointestinal system [29-33]. Additionally, there is a growing number of
publications studying the gut microbiome related to specific ’biotic’ supplements
[34—41] and different diets composition [42—44]. However, the number of studies that
exploratorily investigate intestinal microbiota and biomarkers of intestinal health, as
well as their relationship with other organs and systems (microbiota—gut—organ axis
concept), remains limited. This publication aims to generate knowledge about the
gut—brain connection in dogs, including biomarkers of intestinal health (to assess the
gut part of the axis) and biomarkers of behavior (to evaluate the brain part of the
axis). In addition, the study includes a cohort of healthy animals of different ages in

which differences due to aging are explored.
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4.1. Biomarkers of Intestinal Health
4.1.1. Quantitative Real-Time PCR and 16S rRNA Sequencing Analysis

The DI showed no significant differences among the age categories. Although
different age dogs were included in the study, no differences were expected between
healthy individuals. This was confirmed by weighted Unifrac and Bray—Curtis
analysis in the 16S rRNA gene sequencing data. Similarly, alpha diversity, which
measures diversity within a specific sample, did not exhibit significant variations. This
suggests that the overall microbial diversity within each group was comparable, as
previously described [19]. The significant differences observed in Unweighted
UniFrac between seniors and juniors imply differences in the presence of individual
bacteria taxa, which may indicate potential age-related small variations in the

composition of community structures.

In terms of microbiota relative abundance, Firmicutes, Actinobacteria, Fusobacteria,
Bacteroidetes, and Proteobacteria were the five phyla identified. Previous research
supports that the majority of bacterial sequences found in the canine gastrointestinal
tract belong to these five distinct phyla [45—47]. In our study, the three main bacterial
groups reported were Firmicutes, Actinobacteria, and Fusobacteria, and this
distribution was observed across the three age categories. Previous studies found a
different distribution in the three main phyla, with Bacteroidetes appearing in place of
Actinobacteria [48,49]. Considering the characteristics of our studied population, we
hypothesize that the observed differences may result from variations in the analysis
methodology or specific traits of the study cohort, which share some common

conditions (biotypes).

In our study, Bacteroidetes and Proteobacteria were relatively more abundant in the
oldest group, whereas Actinobacteria were less abundant. Bacteroidetes are
involved in the digestion of complex carbohydrates and play a role in maintaining gut
health. Lower relative abundances of this phylum have been described in dogs with
inflammatory bowel disease (IBD) [31]. Additionally, previous studies in senior dogs
already described differences in lower relative abundance of Bacteroides compared
to younger dogs [50,51]. In our study, this phylum exhibited a higher relative
abundance in the older population, mainly caused by the results observed in the

families Bacteroidaceae, Prevotellaceae, and [Paraprevotellaceae], as well as in the
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genus Bacteroides (QPCR and 16S analysis). These findings suggest that small
changes may occur in the Bacteroidetes phylum with age; however, these changes
may not always follow the same direction, especially when no gastrointestinal
pathologies are linked to the aged study population. Based on our findings,
Proteobacteria was more abundant in the oldest category. This increase was
associated with a higher relative abundance of both the Succinivibrionaceae and
Alcaligenaceae families. These results are consistent with our previously published
data from a larger cohort of dogs [19]. Given the association in the literature between
an increase in Proteobacteria and gut inflammation [52], we hypothesize an
association between the higher levels of Proteobacteria observed in older dogs and
the process of inflammaging, a chronic and progressively proinflammatory state that

develops in mammals as they age [53].
4.1.2. Haptoglobin, C-Reactive Protein, Folate, and Cobalamin

Serum HP, CRP, B9, and B12 serve as indicators of various physiological processes
and health conditions, including inflammation disorders, infections, hepatic and
cardiovascular diseases, as well as the synthesis of neuroactive compounds
[54-59]. In our study, folate levels were higher in the senior category and correlated
positively with age. Almost all the study dogs harbored concentrations within the
normal range described by the laboratory (7.7-24.4 pg/L), and only two senior dogs
had levels slightly above this range. Hyperfolatemia has been linked to intestinal
inflammation in dogs, including specific conditions such as chronic enteritis [60].
Consequently, we hypothesized that the elevated levels of folate observed in older
dogs could be linked to the inflammatory process associated with aging [53].
Interestingly, in our study, we found a positive correlation between folate and
haptoglobin levels. In the case of haptoglobin, all values were within the normal
range [23]. Although haptoglobin levels correlated with age, no differences were
described between the age categories. In addition, no significant finding was
described linked to the C-reactive protein analysis. Although we did not find any
differences and there is limited knowledge about acute-phase proteins and aging in
dogs, it is noteworthy that various acute-phase proteins, including C-reactive protein,
have been reported to be higher in elderly humans compared to younger individuals
[61].
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In our population, the cobalamin levels were within the normal range in all groups
[30,60]. The values showed a negative correlation with age, suggesting that older
dogs may have reduced efficiency in their absorption. Cobalamin absorption is a
complex process occurring along the gastrointestinal tract. A pathological condition
in this organ may be causing hypocobalaminemia, a condition that also appears to
be more prevalent in older age groups [30]. In our study, mild intestinal inflammation
possibly related to aging could explain the negative correlation between cobalamin
and age. Interestingly, both concomitant conditions, hypocobalaminemia and
hyperfolatemia, could also be explained by bacterial consumption of cobalamin and
the overproduction of folate synthesized by bacteria [62,63]. This relationship has
been previously described in dogs with small intestinal dysbiosis [60]. Additionally,
the measurement of methylmalonic acid could help to better understand this relation.
Methylmalonic acid is implicated in key processes of metabolic reprogramming and
cellular signaling pathways [64]. It is a more sensitive marker than cobalamin and

has already been associated with pathologies linked to the aging process [64—66].
4.1.3. Fecal Consistency, SCFAs, Immunoglobulin A, and Calprotectin

The fecal consistency of the animals included in the study fell within the normal
range, and there were no age-related differences. These results were as expected
since the study was conducted in a cohort of healthy animals where gastrointestinal

signs were not present.

The analysis of SCFAs was conducted mainly to assess the potential differences in
the fermentation activity. In our study, acetate was the most abundant SCFA,; it was
significantly different between the age categories and positively correlated with age.
For the total SCFA analysis, a positive correlation with age was described. The
SCFA results showed a higher fermentation activity in the senior group, which was
consistent with the microbiota composition, revealing an increase in the relative
abundance of bacteria able to use complex carbohydrates. This higher activity may
be explained by diet composition and type, a lower upper tract digestibility of
macronutrients, the presence of specific pathologies, the microbiota composition,
and also by age. In our study, two dogs belonging to the senior category were fed
diets out of the composition defined range (7-8% moisture, 22-30% protein,
12-21% fat, and 1-5% fiber). One senior dog was fed a high-fiber diet (8.0%
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moisture, 23% protein, 12% fat, and 6.5% fiber), while the other one was fed a
low-protein diet (7.5% moisture, 14.5% protein, 17.5% fat and 3% fiber). All dogs
were eating dry food diets. The presence of pathology or dysbiosis was not
previously diagnosed in any of the dogs enrolled in this study. Finally, microbiota
composition and age were identified as the major potential explanatory factors for
fermentation activity in this study. For example, increased colonic butyrate
concentrations have been described in senior dogs [67], as also observed in our
study. Moreover, in our study, the relative abundance of Faecalibacterium tended to
be higher in seniors, probably contributing to butyrate production due to its
well-known butyrogenic capacity. In contrast, propionate levels as a percentage
(relative amount) were found to be lower in senior and adult dogs compared to
juniors. This condition may be explained by the relative proportion calculation. Since
acetate plays an important role in this calculation, its higher concentration in seniors
and the lower concentration in juniors may explain the overrepresentation of

propionate when expressed as a relative amount.

Fecal concentrations of canine calprotectin and immunoglobulin A are described in
the literature as non-invasive biomarkers for assessing gut health in dogs. Fecal cCP
has been linked to intestinal inflammation, while IgA is associated with gut-immune
homeostasis [68,69]. In our study, IgA and cCP levels showed no significant changes
across different age categories. Interestingly, both biomarkers have been previously
correlated with age in rodents, dogs, and humans, although the results concerning
cCP remain inconsistent [70-72]. Further research is needed to determine if these

two fecal biomarkers can be considered reliable indicators of aging in dogs.

4.2. Biomarkers of Behavior

Tryptophan is an essential amino acid involved in various metabolic processes,
including the synthesis of neuroactive molecules such as melatonin and serotonin.
kynurenine, a metabolite of tryptophan, is produced via the kynurenine pathway,
which represents a major route for tryptophan metabolism [55]. Alterations in the
levels of tryptophan, kynurenine and in the kynurenine/tryptophan ratio may indicate
disruptions in tryptophan metabolism due to various factors, including age [73,74]. In

our study, while tryptophan levels were numerically similar between the groups, both
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kynurenine levels and kynurenine/tryptophan ratio increased with age. A numerical
effect was observed for the kynurenine, but the intra-individual variability and the
number of dogs were probably too low to detect a statistical difference. However, any
of these biomarkers showed significant differences across the age groups. Thus, the
relationship between age, tryptophan, kynurenine, and their ratio observed in this

study differed from our expectations based on previous research [73].

Cortisol and thyroxine are bioactive compounds that participate in the HPA axis. This
axis is crucial in mediating the stress response and regulating the interaction
between the gut and the brain [75]. According to Taszkun et al. [76], thyroid hormone
levels in healthy dogs can vary based on factors such as age, sex, breed, and
physical activity. Consistent with this, our study found that TT4 levels were higher in
the younger age group. Although higher cortisol levels have been associated with
aging [77], our study did not observe any significant age-related changes in the dogs’

cortisol levels.

Oxytocin is a neuropeptide primarily synthesized in the hypothalamus, playing a key
role in various physiological and emotional processes and being linked to the
gut-brain axis [78,79]. Recent research has associated oxytocin with cellular aging
across several systems, including muscle, bone, skin regeneration, and hippocampal
function [80—84]. In our study, we hypothesized that this biomarker would vary,
particularly in the older group. However, no age-related differences were observed.
We speculate that significant changes in oxytocin levels might only become apparent
in dogs at the very end of their lives, possibly showing clinical signs of advanced
aging. Nevertheless, the role of oxytocin in aging remains unclear and warrants

further investigation, especially for its potential in anti-aging therapies.

4.3. Behavioral Observations and Activity

The gut microbiota can influence behavior and activity levels through various
pathways, including neurotransmitter and metabolic production, neuroendocrine and
immune modulation, and vagus nerve stimulation [3]. Assessing changes in behavior
and activity may provide insights into the relationship between the gut and the brain
[9,75]. Our behavioral observations suggest several age-related variations, with
younger individuals generally being more active, as previously described in the

literature [85,86]. Specifically, younger individuals appeared more engaged in playing
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when at the park, likely taking profit from the presence of a larger group of
conspecifics, and were more exploratory when being in the kennel with their mates.
Conversely, high-alert behavior observed in the park was less pronounced in the

junior group, which may be related to their engagement in playing.

4 4. Correlations Between Intestinal Health Biomarkers and Behavioral Indicators

The negative correlation between tryptophan and Turicibacter suggests a potential
role for this bacterial genus in tryptophan metabolism. Turicibacter may be involved
in the breakdown or utilization of tryptophan, potentially influencing the availability of
this essential amino acid for serotonin synthesis. Various bacterial groups have been
identified as key contributors to the bacterial fermentation of tryptophan in the
gastrointestinal tract, producing indoles such as indole-3-acetic acid,
indole-3-propionic acid, indole-3-lactic acid, indole-3-aldehyde among others
[87—-89]. Specifically, Turicibacter seemed to be involved in both the kynurenine and
the indole pathways [90]. However, interestingly, no correlation was found between
Turicibacter and the kynurenine levels. There is intense competition between
serotonin, indole, and kynurenine for the available tryptophan, and this increases the
complexity of understanding the tryptophan-related metabolites [90]. Turicibacter has
also been associated with anti-inflammatory properties, influencing host bile acid and
lipid metabolism and promoting the intestinal production of 5-HT [91]. All of this could
have implications for behavior and cognitive function, making it particularly
interesting for senior dogs due to its potential role in cognitive impairment. However,
further research is needed, as the specific mechanisms underlying these
relationships and their potential impact on serotonin levels are not well described in

the literature.

The positive correlation between thyroxine and Blautia and Clostridium hiranonis is
described for all the animals. Interestingly, within the senior category, Clostridium
hiranonis showed a significant correlation with thyroxine levels. Clostridium hiranonis
has an important role in maintaining a healthy microbiota in dogs [24,92]. It has been
identified as a key player in the conversion of primary to secondary biliary acids,
being associated with lipid metabolism and the endocrine system [46,93,94]. With all

of this, we could consider a potential association between this bacterial group and
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thyroid hormone levels. In our study, we observed a negative correlation between
acetate, propionate, butyrate, and total SCFAs with thyroxine. The acetate
correlation with thyroxine was especially important in adults and seniors, while in the
case of propionate was in seniors. Although the impact of SCFAs on host thyroid
function has already been described and reviewed [95], the specific mechanisms are
still unclear. SCFAs have been shown to modulate thyroid hormone production and
signaling, potentially through effects on the hypothalamus-pituitary-thyroid axis. This
finding suggests that the gut microbiome, through SCFA production following
different patterns at different life stages, may play a role in regulating thyroid
hormone levels and potentially influencing behavior. In addition, the positive
correlation between salivary cortisol and Lactobacillus suggests a potential link
between this bacterial genus but unrelated to a specific life stage. Lactobacillus is
often associated with beneficial effects on gut health and stress modulation. Specific
species and strains of Lactobacillus have shown a positive effect on modulating
salivary cortisol levels and other stress-related indicators in rats and humans [96,97].
More generally, the most extensively studied group linked to the gut-brain axis is
Lactobacillus, mainly due to its therapeutic potential. Lactobacilli are also well known
for their probiotic properties; they modulate immune responses and support a
balanced microbiota [98,99]. Nevertheless, less is known about this bacteria’s role in
dogs, although several studies already mentioned positive effects. Of note, all four
genera in which we identified different correlations with behavioral parameters
belong to the Firmicutes phylum. Previous studies have already highlighted the
significant roles this phylum plays in gut health, immunity, and behavior
[24,87-89,91,96,97]. Those data suggest that, like in other animal species,
Firmicutes and, more specifically, Lactobacillus may play functional roles in the GBA.
Identifying key microbial metabolites related to key behavior is probably the next step
to create putative causation between this bacterial group and the GBA. On the other
hand, we found a negative correlation between cortisol and isobutyric and isovaleric
acid, being especially noteworthy for the adult category. The relations described for
cortisol, kynurenine, and isobutyric and isovaleric acids may suggest the existence of
pathways between the microbial metabolites and the stress response in dogs. On
the other hand, kynurenine correlated negatively with isobutyric and isovaleric acid,
and a negative correlation was described for the senior dogs in the case of isovaleric

acid. Overall, this suggests that microbial proteolytic activity-resulting metabolites
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may play a role in gut—brain communication. Interestingly, in humans, isovaleric acid
and cortisol had already been correlated, as well as depression and isovaleric acid
[100]. The association between depressive episodes and the dysregulation of the
HPA axis has been already well established [101,102].

We found a negative correlation between kynurenine and calprotectin only when we
analyzed all the animals as a group, but no association was described when the two
parameters were studied by age category. This correlation could be explained in the
direction of having the tryptophan metabolism altered because of an inflammatory
condition in which calprotectin increases while tryptophan decreases. Serum
tryptophan levels were previously described as significantly lower when comparing
individuals diagnosed with a specific intestinal inflammatory condition (intestinal
bowel disease) with a control group [103]. Kynurenine and the kynurenine/tryptophan
ratio were also altered in individuals under intestinal inflammatory conditions [104];
however, in our study, no correlation was found. On the other hand, the positive
correlation found between tryptophan and haptoglobin, particularly in adults, may
suggest a potential link between inflammation, tryptophan metabolism, and behavior
in adult dogs. Although there was not a correlation between the kynurenine and the
seric haptoglobin, the changes in haptoglobin levels could still influence tryptophan
metabolism and potentially impact serotonin production, leading to behavioral

changes.

Finally, it is important to outline the study’s limitations, such as the number of animals
that participated in the study, the fact that we conducted only a single sampling
without tracking age progression, and the categorization by three age groups, which
may not allow detection of changes at specific ages. Additionally, there are factors
that could be influencing the results, such as the animals being fed different diets,
even though most diets had a similar composition range. It would also have been
beneficial to collect body composition values for the animals, in addition to their other
demographic characteristics included in the study. We also acknowledge that the
spayed/neutered status of the studied population introduces a potential bias by
removing the influence of sexual hormones, which are indeed an important factor
associated with age. This is an important point, particularly in relation to the
extrapolation of our findings to the general dog population or broader canine aging

studies. Acknowledging that correlations do not always imply causation, we believe
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that this study provides a foundation for further exploring the relationships between
behavioral parameters and intestinal health, contributing to a more comprehensive

understanding of the underlying causes and mechanisms.

5. CONCLUSIONS

The overall results of the studied biomarkers of intestinal health, biomarkers of
behavior, and behavioral observations suggest minor changes in the different dog
age groups. The observed differences in correlations between various biomarkers of
gut health and behavior, particularly within the age categories, highlight the
importance of considering age-related factors when studying gut health and
behavioral biomarkers. However, further research is needed to better understand the
mechanisms and the specific pathways involved in the relationship between the
specific studied biomarkers. The findings described in this study could have
implications for the development of nutritional interventions adapted to the needs of

different age groups in dogs.
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GENERAL DISCUSSION

GENERAL DISCUSSION

Aging is accompanied by structural and functional alterations in the GI tract,
including changes in intestinal permeability, immune function, and microbiota
composition [45,47]. In humans, these age-related shifts may compromise GBA
signaling and contribute to a broad range of health conditions, including inflammation
and altered neurobehavioral states [110,152]. While the microbiota—gut—brain axis is
well established in rodent and human models [6], research specifically addressing
how aging affects gut health and neurobehavioral function in dogs remains limited,
particularly regarding integrative studies focused on the GBA [29,153]. Most
veterinary studies in dogs have focused on isolated aspects of gastrointestinal
health, without integrating the study of behavioral indicators together with gut health
biomarkers [2,4,46,54,60,154]. Furthermore, while fecal biomarkers and microbial
analysis are increasingly used in veterinary diagnostics and research, their potential
role as indicators of neurobehavioral and cognitive status remains largely unexplored

in dogs.

The present research aims to address this knowledge gap through two
complementary studies. The first study evaluates intestinal health biomarkers and
microbiota composition across different age groups in a multibreed population of
dogs under the same housing conditions (Affinity Nutrition Center). From this initial
cohort, Beagle dogs were selected to enable a more detailed investigation of
biomarkers. Beagles are widely considered the most suitable breed for experimental
studies due to their genetic and physiological homogeneity, manageable size, and
docile temperament. These characteristics help reduce variability related to breed

differences and facilitate handling during experimental procedures.

As the second study involved partially invasive techniques (saliva and blood
sampling), which required specific volumes to assess all selected indicators, Beagles
represented the most appropriate choice to meet the methodological demands.
Therefore, in the second study, we evaluated age-related changes in intestinal and
behavioral indicators in a population of Beagle dogs, providing valuable insights into

the gut-brain axis (GBA) connection.
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GENERAL DISCUSSION

Together, these two studies explore how aging shapes the gut ecosystem and
behavioral physiology in dogs, and whether measurable changes in the gut may

correlate with alterations in brain-related functions.

The better understanding of the GBA in dogs and its relation to the aging process, it
may help to pave the way for defending targeted solutions depending on the dogs
age increasing the chances of healthy aging. It is not merely about living longer, but
about understanding how to ensure that dogs maintain their quality of life throughout

the aging process.

1. AGE-RELATED CHANGES IN INTESTINAL HEALTH

Age is one of the most important intrinsic factors shaping gut microbiota composition,
diversity, and function. In both humans and companion animals, the gastrointestinal
microbial ecosystem undergoes dynamic changes over the life span, including shifts
in taxonomic representation, microbial metabolites, and host—-microbe interactions
[45,110].

1.1. Faecal microbiota composition
Phylum

In the two papers of this thesis, the five predominant phyla identified in canine fecal
samples were Actinomycetota (Actinobacteria), Bacillota (Firmicutes), Bacteroidota
(Bacteroidetes), Fusobacteriota (Fusobacteria) and Pseudomonadota
(Proteobacteria), consistent with previous reports on the canine gut microbiome
[155]. However, in our data, the three most abundant phyla were Actinomycetota,
Bacillota and Fusobacteriota, a distribution that remained stable across the three age
categories. This contrasts with previous studies, which reported Bacteroidota among

the three dominant phyla instead of Actinomycetota [156,157].

Among the five phyla, Bacillota showed the highest relative abundance, while
Pseudomonadota displayed the lowest. In the Beagle population, significant

differences in relative abundance were observed for Actinomycetota, Bacteroidota,
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and Pseudomonadota across age groups. Actinomycetota was lower in seniors
compared to adults; Bacteroidota was higher compared to the two younger age
categories; and, Pseudomonadota was higher in seniors compared to juniors. In the
multibreed cohort, the direction and significance of changes for Bacteroidota and

Pseudomonadota was consistent.

Generally, the low abundance of Bacteroidota may be associated with conditions
such as obesity and gastrointestinal disease [2,158], while the higher abundance of
Actinomycetota has been linked to pathological states [48]. Considering the health
status and characteristics of the two populations, along with the results, our most
plausible hypothesis is that the observed differences may be attributed to
cohort-specific traits, or possibly influenced by methodological variation [159-161].
The two cohorts of animals shared the same conditions, since Beagles were a
subpopulation of the multibreed cohort, and the analytical procedures were the same

in both studies.
Family, genus and species

In both studies included in this thesis, we observed several subtle age-associated
shifts in the microbiota composition of dogs at the family, genus, and species
taxonomic levels. Within the Actinomycetota phylum, Bifidobacteriaceae family and
Bifidobacterium genus were consistently higher in adults compared to juniors in the
two studied cohorts. These results contrast with previous published findings, in which
Bifidobacteria was only present in puppies but not in older dogs (adults and seniors)
[5]. However, this study could be biased in finding specific taxa since the results were
based on culture-based methods. Moving to the human literature, Bifidobacteria is
described to enhance health benefits in the host and it is the most prevalent bacteria
among infants and adults [162]. From this, we could extrapolate that Bifidobacteria
presence in the three categories may be understood as positive. However, the
extrapolation of the results among animal species should be interpreted carefully.
The abundance of Bifidobacterium measured in the multibreed cohort showed a
positive correlation with valeric acid concentration and the relative proportion of
acetate. While associations between Bifidobacterium and acetate have been
reported previously [163,164], additional research is needed to clarify its potential

relationship with valeric acid.
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Ruminococcaceae and Veillonellaceae showed consistently higher relative
abundance in senior dogs across both cohorts. These families falling within Bacillota
taxa are well-recognized producers of SCFA, which play important roles in gut barrier
integrity and immune modulation [165,166]. Additionally, the decrease in
Ruminococcaceae has been previously related with inflammatory bowel disease
[165,166]. Considering the two studies, more changes in the same direction were
found in Bacteroiddota phylum, in which age-related increases were observed in
Bacteroidaceae and Prevotellaceae families. Bacteroidota, which includes both
Bacteroidaceae and Prevotellaceae, showed a notable shift with age, with increased

Bacteroidaceae observed in older individuals, especially those with frailty [167].

Falling within Pseudomonadota phylum, we found Succinivibrionaceae and
Alcaligenaceae families were more abundant in senior dogs. These changes
contributed to an overall increase in Pseudomonadota, which has been associated
with intestinal inflammation [165]. This observation could support a potential link
between these microbial changes and inflammaging, a chronic, low-grade

inflammatory state characteristic of senior animals as a consequence of aging [168].

Focusing on the species level, the most notable feature, due to its biological
importance for gut health, was Faecalibacterium prausnitzii, which showed
significant differences between age categories in the 16S analysis. This taxa
exhibited higher relative abundance in the senior population. Additionally, in the
multibreed study, we examined the correlation with SCFA levels and observed that
Faecalibacterium was positively correlated with propionate and valeric acid
concentrations. F. prausnitzii is a major butyrate-producing bacterium with known
anti-inflammatory properties, and it has already been associated with a healthy
microbiome in dogs [46]. In contrast, the absence of this bacterium has previously

been linked to gastrointestinal disorders in both dogs and humans [2,169] .

Additionally, F. prausnitzii has been clearly associated with increased fiber
fermentation and various types of dietary fiber in dogs [40,170]. However, we
consider that the fiber content of the diet was not the cause of the higher abundance
observed in the senior category for F. prausnitzii. This interpretation is based on the
fact that, considering the range of diet composition (7-8% moisture, 22-30% protein,
12-21% fat and 1-5% crude fiber) nearly all dogs (95 % in the multibreed cohort and
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92 % in the Beagle cohort) were fed diets within the same range. Additionally, the
dogs which were out the range were similarly distributed between the age categories
(J =2/106; A = 2/106; and S = 1/106 in the multibreed cohort; and J = 2/37; A = 0/37;
and S = 1/37, in the Beagles cohort).

Dysbiosis index

To further characterize microbial imbalance, we applied the DI, a validated complex
algorithm that considered the abundance of seven bacterial taxa and total bacteria
identified by qPCR to a reference database [60]. DI values were interpreted as
follows: values < 0 were considered indicative of a normobiotic microbiota; values
between 0 and 2 suggested a mild to moderate microbial imbalance; and values > 2
were indicative of a significant microbial shift [4,171]. In our first study, while the DI
did not reach pathological thresholds in any age group, some adult and senior
individuals exhibited higher DI values. In our second study, the DI mean values fell
within the normal range; only two adult dogs were within the dysbiosis index range,
defined as mild to moderate microbiota shift (DI between 0 to 2). This subtle
dysregulation could be associated with age-related factors such as immune
senescence, compromised mucosal barrier integrity, or altered digestive enzyme
secretion [110]. Interestingly, the DI correlated with several SCFAs and behavioral
markers in the Beagle cohort, including rest time and exploratory behavior, further
supporting its relevance as a potential indicator of functional GBA status (see

Section 3 for further discussion).

Taken together, the findings from faecal bacterial composition and the dysbiosis
index support the idea that microbiota composition remains relatively stable in
healthy animals despite aging. Nonetheless, subtle but biologically relevant shifts
occur, involving taxa associated with short-chain fatty acid production and
inflammation. In both human and animal studies, aging has been linked to subtle but
biologically meaningful shifts in gut microbial diversity and structure, though results
remain variable depending on methodology, diet, health status, and housing
environment [29,172]. However, what appears consistent is that aging drives modest
alterations in microbial composition; and these microbial signatures may represent
early indicators of physiological aging in dogs, offering potential targets for dietary or

biotic strategies to support healthy aging.
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1.2. Microbial diversity indices
Diversity indices

Considering the two studies included in this thesis, we observed that overall
microbial diversity indices remained relatively stable with age. In both studies, only
the unweighted UniFrac metric for beta diversity, which considers the presence or
absence of individual taxa, showed a statistically significant difference between age
groups, while all other diversity metrics remained unchanged. Additionally, the alpha
diversity indices did not differ significantly across age categories in any of the
studies. These findings are consistent with previous published results in dogs
suggesting that microbial diversity may remain unaffected by age [154]. However,
other authors have reported that the canine gut microbiota appears to stabilize after
early developmental stages, and may begin to exhibit a gradual decline in diversity
during the senior stage [9]. In humans, research showed that aging is typically
associated with a decline in microbial diversity [110]. This loss of microbial diversity
has been associated with increased susceptibility to gastrointestinal and systemic
diseases, primarily due to the loss of microbial resilience and functional redundancy
[15,16].

Nevertheless, although microbial diversity indices did not show substantial changes
in our studies, we identified minor shifts in microbial composition across age
categories (as discussed in the previous subsection). Taxonomic shifts may occur
without significantly altering diversity metrics but may nonetheless have physiological
consequences [110,152]. These findings lead us to hypothesize that larger canine
cohorts may be required to more accurately determine whether microbial diversity in

dogs follows the same age-related declining trend observed in humans [110].

1.3. Metabolic biomarkers

SCFA are microbial metabolites primarily produced in the large intestine through the
anaerobic fermentation of non-digestible carbohydrates, including dietary fibers and
resistant starch. Although fiber fermentation is the main route for generating acetate,
propionate, and butyrate, these compounds can also originate from amino acid

metabolism. However, this alternative pathway is employed by less than 1% of the
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colonic microbiota [173—-175]. Protein fermentation generally occurs in the distal
colon when carbohydrate sources are depleted, producing not only SCFAs but also
potentially harmful byproducts such as ammonia, phenols, and hydrogen sulfide,
along with branched-chain fatty acids (BCFAs) like isobutyric and isovaleric acid
[173-175].

SCFAs act as key signaling molecules at the host—microbiota interface, influencing
gastrointestinal physiology, systemic immune responses, metabolic regulation, and
even neurobiological pathways through the gut-brain axis [6,164,175]. In dogs, the
profile of SCFAs in feces reflects the metabolic output of the microbiota and the

availability of fermentable substrates [156,176].
Major SCFAs: Acetate, Propionate, Butyrate

Among the major SCFAs, acetate is the most abundant, often constituting over 60%
of total SCFA content in canine feces [156]. It is readily absorbed by colonocytes and
enters systemic circulation, where it contributes to lipid synthesis, appetite
regulation, and immune signaling [74,175]. Acetate consistently emerged as the
most abundant SCFA in both studies. Its concentration showed an increasing trend
with age and was significantly elevated in senior dogs in the Beagle study,
supporting an age-related increase. This could reflect enhanced fermentative
capacity or increased colonic retention of fiber substrates with aging. Notably,
previous findings in older dogs and humans suggest that acetate production may
increase as a compensatory response to changes in fiber fermentation efficiency or

microbiota composition [45,177].

Propionate, a SCFA linked to gluconeogenesis and cholesterol metabolism, showed
a higher relative percentage in junior dogs in the Beagle cohort. This higher
propionate production may reflect the higher metabolic demands and energy
turnover of younger animals [178]. However, propionate was not significantly
different in absolute concentration across groups in either study. These numbers
may be partly attributed to proportion-based calculations, as the higher acetate

levels in seniors reduced the relative abundance of other SCFAs.

Butyrate, recognized for its anti-inflammatory effects and trophic support of the

intestinal epithelium, showed a slight increase in adult dogs, though no significant
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age-related differences were observed in either study. Interestingly, in the multibreed
cohort, the relative percentage of butyrate was lower in senior dogs compared to
adults and juniors. This reduction may result from the elevated proportion of acetate
in seniors, as SCFA proportions are interdependent when expressed in relative
terms. Furthermore, previous research suggests that butyrate levels can vary
between dog breeds and may be influenced by factors such as body size, diet, and

microbial composition [176,179], which might help explain inter-cohort variability.
Minor SCFAs and Branched-Chain Fatty Acids

Minor SCFAs, such as valeric acid, isobutyric acid, and isovaleric acid, showed
subtle but potentially biologically meaningful age-related trends across both studies.
While these metabolites are less abundant than major SCFAs like acetate or
butyrate, they play distinctive roles in gut motility, microbial competition, and
host—microbiota signaling, particularly through amino acid fermentation pathways
[175].

Valeric acid consistently decreased in senior dogs across both the multibreed study
and the controlled Beagle cohort, observed in absolute concentration and in relative
percentage of total SCFAs. In the multibreed dataset, the reduction in valerate was
statistically significant when expressed as concentration, while in the Beagle group,
the most apparent change was reflected in its proportion within the SCFA profile.
This finding is consistent with prior reports in humans and rodent models, where
lower fecal valerate has been associated with reduced microbial diversity, decline in
proteolytic bacteria, and frailty-related gut dysfunction [45,177]. Because valerate is
thought to influence enteric nervous system regulation and gut muscle tone, its
reduction with age may also have implications for gut—brain axis (GBA) signaling
[175].

Branched-chain SCFAs, such as isobutyric and isovaleric acid—derivatives of valine
and leucine metabolism—showed non-significant but generally decreasing trends in
older dogs in both studies. In the Beagle cohort, the relative percentage of isovaleric
acid was significantly lower in seniors compared to juniors, while in the multibreed
population, decreases were observed in both relative and absolute terms.These

differences may arise from breed- or diet-related factors or inter-individual variation
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in protein digestion and microbial composition [156]. In addition, although the
physiological roles of isobutyric and isovaleric acid in canine aging remain poorly
defined, their decrease may point to shifts from proteolytic to saccharolytic
fermentation, a trend frequently reported in elderly humans and associated with

decreased microbial diversity and increased gut permeability [45,110].

Overall, the integrated analysis of both cohorts revealed that aging in dogs is
associated with changes in the SCFA profile, characterized by elevated acetate and
reduced valerate and branched SCFAs, suggesting functional shifts in the gut
microbiota. These changes may have downstream consequences for immune
modulation, neuromuscular function, and cognitive health, potentially mediated
through GBA signaling [6,177].

1.4. Inflammatory and immune function biomarkers

Fecal calprotectin and immunoglobulin A are widely used as non-invasive
indicators of intestinal inflammation and mucosal immune function, respectively
[82,180]. In both studies, neither cCP nor IgA levels differed significantly between
age groups, suggesting that intestinal inflammatory status and mucosal immunity
remained stable in the absence of pathological conditions. According to existing
literature, no consistent association has been observed between age and mucosal
IgA levels in aged mice and humans [181,182]. Similarly, Zaine et al. [183] found no
significant differences in fecal IgA concentrations between senior dogs and younger
categories. However, in the same study, puppies at five months of age exhibited
lower IgA levels than adult dogs [183]. Although recent studies in healthy Korean
individuals have shown an age-related correlation in fecal cCP concentrations [184],

evidence in dogs across different age groups remains inconclusive.

Positive acute-phase proteins (APPs), such as C-reactive protein and haptoglobin,
are synthesized in response to different forms of inflammation [94]. Although
haptoglobin levels were correlated with age (rho = 0.426; p-value = 0.05), no
statistically significant differences were observed among the defined age groups. All
measured haptoglobin values fell within the normal reference range [185].

Interestingly, our study revealed a positive correlation between haptoglobin and
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folate concentrations. In contrast, C-reactive protein levels did not show significant
variation between age categories. Although acute-phase proteins such as C-reactive
protein are well-established markers of inflammation in dogs [94], their potential
modulation with age has not been clearly established. In humans, however, several
acute-phase proteins have been shown to increase with advancing age [186,187],

suggesting possible interspecies similarities that deserve further exploration.

1.5. Other functional gut health biomarkers
Folate and cobalamin

The results of the Beagles study revealed significant age-associated changes in
serum folate (vitamin B9) and a negative correlation between age and cobalamin
(vitamin B12) concentrations, suggesting that aging may influence micronutrient
homeostasis, either through altered intestinal absorption, changes in microbial

metabolism, or systemic physiological shifts [188,189].

Specifically, serum folate levels were significantly elevated in senior dogs compared
to junior and adults. This increase could be reflecting an enhanced bacterial folate
synthesis in the colon due to shifts in microbiota composition, as certain taxa known
to proliferate with age (e.g., Bacteroides) are also folate producers [190]. Another
plausible explanation is a compensatory response to subclinical inflammation, as

folate plays an important role in nucleotide synthesis and immune modulation [191].

Serum cobalamin concentrations showed a decreasing pattern with age. While not
statistically significant across all age groups in the model, it exhibited a moderate
negative correlation with age, suggesting a biologically meaningful decline.
Cobalamin absorption is highly dependent on intrinsic factor secretion and intact ileal
function, both of which can be impaired by age-related changes in gut integrity or
low-grade inflammation [192]. Furthermore, we observed an increase in
Proteobacteria in the seniors, which has been previously linked to lower cobalamin
levels [193].

Of note, the simultaneous occurrence of low cobalamin and elevated folate levels

could also reflect increased bacterial utilization of cobalamin and excess bacterial
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folate synthesis [194]. This pattern has previously been described in dogs with
bacterial overgrowth and small intestinal dysbiosis [38,195]. To better characterize
this relationship, assessing methylmalonic acid could provide additional insights.
Methylmalonic acid plays a role in cellular metabolic regulation and signaling
pathways [196]. It is recognized as a more sensitive and accurate biomarker of
cobalamin body status than cobalamin concentrations and has already been

associated with several age-related pathological conditions [196—198].

In conclusion, the contrasting trends in folate and cobalamin levels with age suggest
complex microbiota—host interactions that warrant further investigation. The analysis
of additional biomarkers, such as methylmalonic acid, could provide a more
comprehensive understanding. While elevated folate levels may result from
increased microbial synthesis or inflammation-related signaling, declining cobalamin
concentrations may reflect impaired absorption or competition with bacteria for

uptake.

2. AGE-RELATED CHANGES IN BEHAVIOR

2.1. Neuroactive and endocrine metabolites related to gut health

Neuroactive metabolites are involved in neurophysiological processes and are
increasingly studied in the context of the GBA. In our study in Beagle dogs,
kynurenine levels and the KYN/TRP ratio exhibited a tendency to increase with age,
whereas tryptophan concentrations remained relatively constant across groups.
These findings partially align with previous research in rodents and humans, in which
aging has been associated with changes in tryptophan metabolism, including
increase degradation of tryptophan and elevated kynurenine levels, which are
considered markers of immune activation and neuroinflammation [199,200]. The
kynurenine pathway represents the principal route of TRP catabolism, accounting for
approximately 95% of its systemic degradation. This metabolic cascade is
predominantly initiated by the enzyme indoleamine 2,3-dioxygenase (IDO), which
catalyzes the first step in the conversion of TRP to KYN. IDO activity is strongly
inducible by pro-inflammatory cytokines, especially interferon-y, and is thus closely

linked to immune surveillance and inflammatory states. Increased IDO expression
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and activity have been documented in various contexts of chronic low-grade
inflammation, a hallmark of aging known as inflammaging [201,202]. This
age-associated immunological remodeling contributes to sustained activation of the
kynurenine pathway, potentially leading to the accumulation of neuroactive and
neurotoxic TRP metabolites, which may impact central nervous system function and
behavior [201,203].

Tryptophan metabolism is regulated by both host and microbial factors and plays a
critical role in intestinal and systemic homeostasis. Besides the kynurenine route,
which dominates TRP catabolism, approximately 4-6% of dietary TRP is metabolized
by the gut microbiota into indole and its derivatives, and a smaller fraction (1-2%)
contributes to serotonin biosynthesis in the host's enterochromaffin cells [199]. Given
the interplay between microbial activity, immune function, and aging, the modulation
of TRP metabolic pathways, particularly via IDO and the kynurenine pathway, may
represent a mechanistic link between gut microbial dynamics and age-related

changes in neurophysiology and systemic inflammation [204]

Metabolites derived from tryptophan metabolism by the gut microbiota can influence
both gastrointestinal function and central nervous system (CNS) activity, highlighting
the microbiota’s critical role in modulating the gut—brain axis. Specifically, bacterial
genera such as Clostridium, Burkholderia, Streptomyces, Pseudomonas, and
Bacillus have been identified through in silico genomic analyses as harboring
metabolic pathways capable of converting tryptophan into various neuroactive
compounds, including indole, indoleacetic acid, quinolinate, and tryptamine [205].
With aging, shifts in the composition of the gut microbiota may lead to an increased
abundance of these tryptophan-metabolizing taxa, potentially enhancing the flux
through the kynurenine pathway [199,205]. This metabolic shift could result in
elevated production of neurotoxic intermediates such as quinolinate and reduced
synthesis of neuroprotective metabolites like serotonin and kynurenic acid [206,207].
Drawing from evidence primarily derived from studies in humans and rodents, we
hypothesize that imbalances in tryptophan metabolism may impair gut—brain axis
signaling and thereby contribute to age-related cognitive decline and

neuroinflammatory processes.
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To gain a more comprehensive understanding of tryptophan metabolism complexity
and its role in behavioral and physiological aging, future studies should include a
broader panel of downstream metabolites. In the present study, our analysis was
limited to tryptophan and kynurenine concentrations. While these provide valuable
insight into the activation of the kynurenine pathway, they do not capture the full
complexity of tryptophan catabolism. The inclusion of additional metabolites, such as
quinolinic acid, kynurenic acid and serotonin, would offer a more detailed perspective
on the balance between neurotoxic and neuroprotective processes. Such data could
help clarify how age-related alterations in tryptophan metabolism affect gut—brain
axis signaling, inflammatory responses, microbiota composition, and behavior.
Moreover, this knowledge could contribute to the identification of potential

biomarkers and therapeutic targets to promote healthy cognitive aging.

Oxytocin, a neuropeptide involved in social behavior, bonding, and stress
regulation, did not differ significantly across age groups in our study. Although a
slight reduction in oxytocin levels was observed in senior dogs, this trend did not
reach statistical significance. Although it is important to consider that the results were
a trend, the discussion of the biological importance of oxytocin in the gut-brain
deserves to go into more detail. Nevertheless, this decrease may be biologically
relevant, as lower oxytocin levels in older dogs could contribute to the reduced social
and exploratory behaviors observed in this group. Previous research in humans and
rodents has suggested a role for oxytocin in cellular aging and hippocampal function
[61,62]. Furthermore, emerging evidence supports that oxytocin may interact with the
tryptophan metabolic pathway, particularly by modulating the activity of indoleamine
2,3-dioxygenase (IDO), a key enzyme that influences the balance between serotonin
synthesis and the kynurenine pathway [102]. Through this mechanism, oxytocin

could impact both serotonin availability and neuroinflammatory responses [208].

In aging populations, both human and animal models have suggested a decline in
oxytocinergic signaling, potentially contributing to impairments in cognition, memory,
and social interaction [209,210]. Although our findings do not demonstrate a clear
relationship between oxytocin and chronological aging in dogs, they do not exclude
the possibility of subtle functional changes that might have potential downstream

effects on behavior and cognition. Importantly, oxytocin does not act in isolation but
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interacts with other components of the gut-brain axis, including the HPA axis,
immune mediators, and the gut microbiota. Emerging evidence suggests that
oxytocin signaling may be influenced by gut microbial composition. Certain microbial
taxa have been shown to affect the expression of oxytocin and its receptors through
immune and vagal pathways, contributing to social behavior regulation and stress

responses

Additionally, cortisol, a widely recognized biomarker of stress and HPA axis
function, did not show significant differences between age groups in the study,
though senior dogs exhibited greater variability in cortisol levels. However, greater
variability in cortisol levels among senior dogs was observed descriptively, which
may reflect increased heterogeneity in stress responsiveness or subtle age-related
changes in HPA axis regulation. While speculative, this interpretation aligns with
previous findings suggesting age-associated alterations in neuroendocrine control
[211].

Cortisol is essential for normal neurodevelopment and cognitive functioning,
including learning and memory, and its regulation is closely linked to the activity of
the hypothalamic-pituitary-adrenal (HPA) axis. Evidence from experimental studies
indicates that the gut microbiota exerts regulatory effects on the HPA axis from early
life into adulthood [212]. Perturbations in this bidirectional relationship, such as those
induced by stress, can disrupt the microbiota-gut-brain axis and alter HPA axis
activity. Increased cortisol levels have been previously associated with impairments
in cognition and behavior, potentially contributing to age-related functional decline
[213]. In our study, we observed that cortisol was negatively correlated with
isobutyric and isovaleric acids, particularly in adult dogs. In parallel, Lactobacillus
abundance was linked to salivary cortisol concentration. These findings may suggest
that microbial activity and microbial proteolytic metabolites may be involved in
modulating the stress response, a relationship also observed in human studies on
depression and HPA axis dysregulation [214,215]. Interestingly, Lactobacillus
abundance correlated with salivary cortisol, confirming previous findings in
stress-modulated gut microbiota studies [216,217]. Gut microbiota composition has
been shown to influence HPA axis activity, potentially linking microbial shifts in aging

dogs to changes in cortisol regulation [217,218].
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Collectively, our findings support a model in which specific microbial taxa and their
metabolic products interact with host endocrine pathways (HPA axis), influencing
stress regulation and potentially affecting behavior and cognitive health across the

lifespan.

Lastly, we investigated thyroxine, a key thyroid hormone involved in metabolic
regulation, growth, and development, and found notable associations between
endocrine status and gut health indicators. Specifically, TT4 concentrations were
found to be positively associated with specific gut bacterial genera, such as Blautia
and Clostridium hiranonis, both known for their roles in SCFA production and bile
acid metabolism. Conversely, higher concentrations of acetate in feces were
negatively associated with TT4 levels. This opposing pattern may reflect a regulatory
interaction, whereby increased microbial production of acetate may affect the
regulation of the HPA axis. Given that acetate can cross the blood-brain barrier and
interact with central regulatory systems, it may play a role in modulating hormonal
pathways at the systemic level, including those involved in thyroid regulation. Blautia,
a genus within the Lachnospiraceae family, is generally recognized as a beneficial
commensal taxon that primarily produces acetate and may also contribute to
butyrate availability through metabolic cross-feeding interactions with other
butyrate-producing microbes [175,219]. Clostridium hiranonis, meanwhile, is well
characterized for its role in the 7a-dehydroxylation of primary bile acids, leading to
the production of secondary bile acids such as deoxycholic acid. Additionally, this
species contributes to butyrate synthesis, a metabolite essential for maintaining

colonic epithelial health and regulating intestinal inflammation [62].

Overall, TT4 concentrations were higher in junior dogs, potentially reflecting
increased metabolic demands during growth or age-dependent host—microbiota
interactions during early developmental stages [220]. These findings align with the
greater behavioral engagement we observed in junior dogs, as well as the higher

activity levels registered by accelerometers in this age group.
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2.2. Behavioral observations

Behavioral differences across age groups were evident. Junior dogs exhibited higher
play and exploratory behaviors, while adults and seniors demonstrated increased
alertness and reduced social engagement. These results are consistent with
previous findings that link aging to reduced motivation and increased cautiousness in
dogs [221]. In our study, the observed decline trend in oxytocin levels in seniors,
although not statistically significant, could be biologically meaningful. Lower oxytocin
concentrations trend in older dogs could partly underlie the reduced sociability and
exploratory behavior seen in this group, suggesting a potential neuroendocrine

contribution to age-related behavioral changes.

The behavioral engagement of younger dogs may reflect both neurobiological
flexibility and higher energy levels [222], which could correlate with more favorable
gut profiles [223]. Notably, behaviors such as play and exploration are considered
indirect indicators of welfare and cognitive health [224,225]. Their decline in senior

dogs may signal emerging cognitive shifts.

2.3. Activity measures

Using accelerometry (Actical®), we detected a decline in total activity and diurnal
activity in older dogs. These findings are consistent with those of Lee et al. [24], who
demonstrated that physical activity decreases with age in companion dogs, with
potential implications for metabolic function, cognitive performance, and overall
longevity. Moreover, activity reduced in aged individuals have also been associated
with changes in gut microbial diversity and increased systemic inflammation,

potentially implicating GBA mechanisms [6].

Although our data did not directly address all the physiological mechanisms
underlying this reduction, it is plausible that the observed decline in activity is
influenced by age-related decreases in mitochondrial efficiency, energy expenditure,
and muscle mass. These physiological changes may act in conjunction with the

behavioral alterations we observed, such as reduced play, exploratory behavior, and

122


https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=7559506432546877&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:269b6842-59e6-4680-a303-8f896afeda43
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=9321019868493153&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:c686f59a-57b3-458c-a2bd-11ea0a603231
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=7757545176932081&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:d5494e5f-c87c-441f-81d7-a82f14db2618
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=740912062863139&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:a11f5b0e-4a2e-4f71-bb9a-06601ec9ef48,5ead08b4-2270-4d71-ab4a-9206a4763e40:5f991ffa-d376-4181-a12f-ea652f3b547f
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=8883332317073968&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:25c34a32-f5c6-46b8-a013-804543df645f
https://app.readcube.com/library/5ead08b4-2270-4d71-ab4a-9206a4763e40/all?uuid=014791396266096934&item_ids=5ead08b4-2270-4d71-ab4a-9206a4763e40:29a808ac-205d-49d8-a714-45c14710305b

GENERAL DISCUSSION

social interaction, as well as the patterns we described for the neuroactive and

endocrine metabolites related to gut health.

3. GUT-BRAIN AXIS DYNAMICS ACROSS AGING IN DOGS: GENERAL
INSIGHTS AND INTEGRATIVE APPROACH FROM A GUT MICROBIAL
PERSPECTIVE

This study examined how gut microbiota composition, microbial-derived metabolites
and neuroendocrine and behavioral markers interact across different life stages in
dogs. Our findings revealed age-related shifts in bacterial taxa and metabolite
profiles that coincided with differences in physical activity, social behavior, and
neuroendocrine biomarkers levels. Specifically, associations were observed between
certain microbial genera and neuroactive or endocrine compounds such as SCFAs,
tryptophan metabolites, and cortisol, suggesting that these microbial products may

influence age-related changes in behavior and neuroendocrine function.

The gut microbiota is widely recognized as a key modulator of host physiology,
acting through structural components such as lipopolysaccharides and
peptidoglycans, and through bioactive products like SCFAs, microbial enzymes, and
neurotransmitters [226—229]. These factors contribute to the regulation of intestinal
barrier integrity and mucosal immune homeostasis [47,48]. Moreover, microbial
interactions with enteroendocrine and neural pathways facilitate communication with
the CNS, establishing the gut microbiota as a central actor in gut-brain crosstalk
[217,230-232]. Emerging evidence has also shown that the gut microbiota
influences hormonal regulation via modulation of the HPA axis, particularly by
shaping glucocorticoid responses [212]. Disruptions to this system can affect
immune function, intestinal permeability, and neurotransmitter signaling, with
potential consequences for the CNS, including cognitive and emotional regulation
[218,233]. In aging, these mechanisms gain particular relevance. Age-associated
microbial shifts may influence the availability of neuroactive compounds such as
serotonin, quinolinic acid, and indole derivatives, which have been implicated in
inflammation, stress sensitivity, and behavioral adaptation. In our study, we observed

that these microbial and metabolic changes correlated with both behavioral outputs
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and endocrine profiles, including activity levels, sociability, and hormonal markers

such as cortisol and thyroxine.

Altogether, our findings emphasize the need for integrative, multi-level approaches to
investigate the gut-brain axis in aging. Combining microbiota profiling with
endocrine, metabolomic, and behavioral data can provide a more complete picture of
how age-related changes in gut physiology influence neuroendocrine and cognitive
health. Such a systems-level perspective is essential for identifying microbial and
molecular signatures of healthy aging, and for developing precision-targeted
interventions, such as dietary strategies, probiotics, or prebiotics, to support

emotional and behavioral resilience throughout the canine lifespan.

4. LIMITATIONS AND FUTURE RESEARCH

Despite the valuable insights generated by both studies into age-related changes in
gut health and gut-brain interactions in dogs, several limitations must be

acknowledged, and future research pathways identified.

4.1. Limitations

A major limitation in both studies lies in the cross-sectional design, which does not
allow for the direct observation of within-individual changes over time. Although age
groups were categorized as junior, adult, and senior, this approach may oversimplify
the complex and gradual nature of biological aging, possibly masking critical
transitions that occur between these life stages. Longitudinal studies would allow
better understanding of how gut microbiota, SCFA production, and behavioral
profiles evolve within the same individual, offering more precise temporal
associations.

Another limitation is the absence of comprehensive dietary control across all animals
in the multibreed study. Although most diets had similar nutrient profiles, even small
variations in fiber source, protein quality, or fat content can substantially alter the gut
microbiome composition and metabolite profiles [155]. In contrast, the Beagle study
did benefit from environmental and dietary homogeneity, but this reduced external

validity may limit generalization to the wider pet population.
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Additionally, the relatively small sample sizes, particularly when stratified by age,
reduce statistical power and may limit the detection of subtle but biologically relevant
differences. For instance, although numerical changes in kynurenine levels and
kynurenine/tryptophan ratios were observed, they did not reach statistical

significance, likely due to intra-individual variability and the limited cohort size.

Finally, behavioral assessments, although informative, were inherently subjective
and partially dependent on observer interpretation. Although standardized scoring
and activity tracking tools (accelerometers) were used, more objective cognitive tests
or advanced tracking of social behaviors could further improve behavioral

characterization in future work.

4.2. Future research

To address these limitations, future research should emphasize longitudinal study
designs with repeated measurements within the same individuals. This approach
would enable the characterization of aging trajectories and the early identification of

markers associated with gut or behavioral dysregulation.

Increasing the size and diversity of study populations is also essential to improve the
external validity of findings, particularly in mixed-breed dogs and those living in
heterogeneous home environments. Incorporating measures of body condition
score, body composition, detailed dietary intake and dietary composition would
provide a more comprehensive understanding of the multiple factors influencing gut

and brain health.

Expanding the biomarker panel should remain a key priority. The integration of
high-throughput techniques such as metabolomics, proteomics, transcriptomics and
shotgun metagenomic sequencing would provide deeper insights into
host—-microbiota communication pathways, particularly those involved in
neurotransmitter biosynthesis, immune regulation, and intestinal barrier function.
Importantly, shotgun metagenomic sequencing could enable a detailed
characterization of the gut microbiota at both taxonomic and functional levels,

facilitating the detection of microbial species as well as the inference of their
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metabolic potential. In addition, incorporating markers of gut permeability, such as
zonulin or lipopolysaccharide-binding protein (LBP), together with a comprehensive
profile of bile acids, could offer a more direct and integrative assessment of microbial
activity and its interaction on host physiology. Primary bile acids, synthesized in the
liver, are converted by gut bacteria into secondary bile acids, a transformation that
reflects the metabolic functionality of the gut microbiota. Shifts in bile acid
composition have been linked to alterations in microbial diversity, intestinal
inflammation, and systemic metabolic disturbances [234]. Additionally, measuring
key neuroactive compounds such as serotonin, quinolinic acid, and indole
derivatives would be highly informative for monitoring changes in microbial

metabolism that may impact the CNS regulation.

In parallel, precision nutrition strategies present a promising avenue for developing
targeted interventions to support gut and brain health throughout the canine lifespan.
By integrating multi-omics data with predictive modeling, it may become feasible to
define individualized microbial signatures that respond optimally to specific dietary
fibers, prebiotics, or other bioactive compounds [120,148]. These approaches could
ultimately support tailored nutritional strategies aimed at promoting resilience and

mitigating cognitive and behavioral decline with age.

Altogether, the associations reported in these studies underscore the dynamic and
age-dependent relationships among gut microbial composition, microbially derived
metabolites, neuroendocrine activity, and behavioral and activity outcomes. These
findings highlight the importance of integrative frameworks that combine microbial,
metabolic, hormonal, and behavioral data to better characterize the gut—brain axis
across the aging process. Advancing our understanding of these mechanisms may
inform the design of targeted interventions, including probiotic supplementation and

dietary modulation, to promote healthy aging in dogs.
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CONCLUSIONS

CONCLUSIONS

Study 1

Aging is associated with significant modifications in some intestinal
biomarkers, including those related to gut microbiota and specific SCFAs.
Considering the studied parameters to assess gut health, we could state that
once the microbiota becomes stable in healthy dogs, minor changes occur
during the aging process.

The modulation of the aged-related changes, considering the intestinal
microbiota and short-chain fatty acid production, could improve the overall gut

health promoting a healthy aging process in dogs.

Study 2

The overall results of the studied biomarkers of intestinal health and
behavioral indicators suggest minor changes in the different dog age groups.
The observed differences in correlations between different biomarkers of gut
health and behavior, particularly within the age categories, highlight the
importance of considering age-related factors when studying the gut-brain
axis.

Further research is needed to better understand the mechanisms and the
specific pathways involved in the relationship between the gut health
biomarkers and the behavior in dogs.

The findings described in this study could have implications for the
development of nutritional interventions adapted to the needs of different age

groups in dogs.
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