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ARTICLE INFO ABSTRACT
Keywords: This research investigates the properties of grape proanthocyanidins (GPAC) in dogs of varying
Dog ages and breeds housed in the kennel, with a focus on the interaction between GPAC and gut

Endocrine responses
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microbiota. The study also examines the impact of GPAC on endocrine responses measured in
saliva and hair. Faecal samples were collected before administration (T0), as well as 14 days
(T14) and 28 days (T28) thereafter, with dogs subjected to a control diet (DO), and a diet sup-
plemented with 1 mg/kg body weight (D1), or 3 mg/kg body weight (D3) of GPAC. The alpha
diversity, as measured by the Shannon index, remained stable between diets at the study’s outset
(T0), after 14 days (T14), and 28 days (T28). Differences were observed in the Shannon index
between TO and T14 (P < 0.05), while the variation was lower between TO and T28 (P < 0.10). In
essence, the beta diversity of microbial composition remained unaffected by the variation of
GPAC doses at TO, T14, and T28. Instead, specific taxa were affected by the addition of GPAC. The
relative abundance (RA, %) of Dorea increased from T14 to T28, with a notable rise in the D1
group (P < 0.05). The RA of the Clostridium genus also increased, particularly in D3 at T28 (P <
0.05). After 28 days, there was a significant increase in the RA of Clostridium perfringens, rising
from median of 6.15 at DO to 10.58 at D1 and further increasing to 11.53 at D3 (P<0.05). GPAC
supplementation influenced the RA of the Fusobacteriaceae family at T28, with D3 showing a
lower value than D1 and DO (P < 0.05). The RA of Enterobacteriaceae family varied under
different dietary conditions at T14, with a lower value at D3 (P < 0.05). Salivary concentrations
of kynurenine varied between diets at T28, with DO having the highest concentration. The se-
rotonin to cortisol ratios were higher (P<0.05) at T28 for D3, indicating a potentially more
favourable balance with this level of supplementation compared to DO and D1. Our study pro-
vides insights into the dynamic interplay between GPAC, faecal microbiota, and endocrine re-
sponses in dogs, shedding light on potential effects associated with the supplementation.

1. Introduction

The polyphenols found in plants have garnered considerable scientific interest due to their health-promoting benefits, as high-
lighted in studies in humans and laboratory animals (Cortes-Martin et al., 2019; Zhang, et al., 2020; Zhu, 2018). The bioactivity of
polyphenols has also gained attention in livestock and companion animals (Colitti et al., 2019) as well as in vitro studies (Stefanon and
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Colitti., 2016). The supplementation of polyphenols from pomegranate peel extract increased faecal concentrations of total short-chain
fatty acids (SCFAs) and other fermentative metabolites, and improved antioxidant status in healthy dogs (Jose et al., 2017). Tea
polyphenols attenuate liver inflammation by modulating obesity-related genes and down-regulating cyclooxygenase-2 (COX-2) and
nitric oxide synthase (iNOS) expression in high- fat-fed dogs (Rahman et al., 2020). Li et al. (2020) reported that green tea polyphenols
decrease weight gain, ameliorate the alteration of gut microbiota, and mitigate intestinal inflammation in dogs with
high-fat-diet-induced obesity. Furthermore, a potential benefit of the polyphenol-rich extract from grape and blueberry on working
memory has been reported in aged beagle dogs (Fragua et al., 2017).

Proanthocyanidins represent a significant component of polyphenols found in various foods, including fruits, vegetables, grains,
and nuts. From a chemical perspective, proanthocyanidins consist of oligomers or polymers made up of monomeric units of flavan-3-
ols, such as (epi)catechins and (epi) gallocatechin. The structural variety of proanthocyanidins arises directly from the varying com-
positions and linkages among these units, as explained in the study by Pereira-Caro et al. (2018). As a result, most of the remaining
proanthocyanidins find their way to the large intestine, which serves as the primary location for the metabolism of these high-polymer
polyphenols. Here, they are converted into a form that can be absorbed, thanks to the interaction with gut microbiota (Pereira-Caro
et al., 2018).

Top of FormThe relationship between proanthocyanidins and gut microbiota is complex. This complexity arises from the fact that
various types of proanthocyanidins and their metabolites can mutually influence the diversity and function of the intestinal micro-
biome (Casanova-Marti et al., 2020; Polewski et al., 2020; Zhao et al., 2021). Ephraim et al. (2022) reported that foods supplemented
with polyphenols and omega-3 fatty acids can modulate the gut microbiota to improve the profile of anxiety-linked metabolites in
dogs. Supplementation with green tea polyphenols altered the structure of the gut microbiota in adult male dogs (Li et al., 2020).

Nowadays, it is scientifically accepted that a bidirectional connection exists between gut microbiota, the peripheral and central
nervous systems, leading to the definition of the gut-microbiome-brain axis. The interplay among intestinal microbial populations and
the organism is highly complex and relies on the interference with the metabolism of neurotransmitters, endocrine and immune
compounds, which, in turn, affect brain functions, mood, and behaviour (Cryan and Dinan, 2012). Gut microbial populations modulate
the metabolism of tryptophan and tyrosine (Gupta et al., 2023), precursors of neurotransmitters, and activate the
hypothalamic-pituitary-adrenal axis (HPA), interfering with the release of glucocorticoids (Zhang et al., 2022). SCFAs can also act as
signalling compounds, due to specific cellular receptors (G protein-coupled receptors, GPCRs), which are involved in the regulation of
the functions of the gut epithelium, the immune system and the nervous system (Forsythe et al., 2016; Miyamoto et al., 2016). De
Castro et al. (2005) reported that diet derived SCFAs, and butyrate in particular, mediate the expression of the tyrosine hydrolase gene
and modulate the catecholaminergic system. Therefore, the modulation of gut microbiota through dietary supplementation with
compounds that can influence the gut microbiome holds promise for improving the health in dogs (Li et al., 2020; Park et al., 2019;
Chen et al., 2023).

In a previous study (Scarsella et al., 2020), we reported that dietary supplementation of dogs with GPAC increased the salivary
concentration of serotonin and changed the percentage of SCFAs and lactate the faeces. Furthermore, the GPAC supplementation
modulated the relative abundances of several taxa.

To further assess whether GPAC modulates the faecal microbiome and interacts with the neuroendrocine response, we replicated
the same experimental design in this research. The effects were investigated in an independent population of large dogs, including
Labrador Retrievers, Golden Retrievers, German Shepherds, and Akitas. For the study, GPAC was included in a moist diet, instead of
being administered via tablets.

2. Materials and methods
2.1. Animals and housing

For the study, 24 intact dogs were recruited from a kennel located close to the laboratory of the Department. Dogs were selected
based on their health status and medical history and confirmed by a general clinical examination conducted by the veterinary pro-
fessional responsible for the care of the kennel animals. Females were neither pregnant nor in oestrus. The dogs were free from external
and internal parasites and had not undergone any drug therapies in the last 4 months. The study, conducted during springtime, lasted
28 days and followed a protocol previously agreed upon with the kennel’s holder, and under the supervision of the same veterinary
professional responsible for the care of the animals. All protocols, procedures, and the care of the animals complied with Italian
legislation on animal care (DL n.116, 27/1/1992), and the study was approved by the ethical committee of the University of Udine
(OBPA, 07/2019). The dogs were housed in individual boxes of 25 square meters, in compliance with the Friuli Venezia Giulia
Regional law for shelters, with drinking water always available. The boxes were partly covered with a cemented floor and had access to
a walking area. Each box bordered two others with a wire mesh to allow the dogs to communicate with each other. Environmental
enrichment was ensured by providing toys in the box, and the dogs of each group were left free in a walking area during daily cleaning
operations, where they interacted with a keeper for about 45 minutes.

2.2. Experimental design
Before the beginning of the study, dogs were fed a commercial extruded complete diet for at least 2 months. At the beginning and at

the end of the study, dogs were weighed, and the body condition score (BCS) was recorded (Laflamme, 1997). Faeces were also
evaluated according to a quality score ranging from 1 (hard) to 5 (liquid) (Moxham, 2011), where a score of 1 indicates hard, dry, and
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crumbly feces, and a score of 5 indicates liquid feces. Values between 2 and 3.5 were considered normal. For the study, dogs were
divided into three groups of 8 animals each, considering age and sex (Table 1). The animals were then shifted to a moist diet formulated
to meet the nutrient requirements of adult dogs for daily maintenance, with a metabolizable energy requirement of 95 kcal/kg
metabolic body weight for senior dogs (FEDIAF, 2021). The ingredients of the diet were 8.0 % potato, 17.8 % mechanically deboned
chicken meat, 17.0 % pig heart, 10.0 % pig lung, 7.3 % pig liver, 0.7 % sunflower oil, 1.3 % vitamin and mineral supplement, 1.2 %
technological additives, and 36.7 % water. The composition of vitamin and mineral supplement was as follows: Vit. A, 100000 IU; Vit.
D3, 15000 IU; Vit. E, 1240 mg; Vit. B1, 30 mg; Vit. B12, 0,3 mg; Choline chloride, 54000 mg; Folic acid, 1.0 mg; Glycine-chelated Zinc,
700 mg; Glycine-chelated Iron, 15 mg; Glycine-chelated Manganese, 176 mg; Glycine-chelated Copper, 9.2 mg; potassium Iodide,
34.5 mg; sodium Selenite, 2.4 mg. The control group diet (DO) was prepared without the addition of polyphenols, while the diets of the
experimental groups were supplemented with 25 mg/kg (D1) or 75 mg/kg (D3) oligomeric proanthocyanidins from grape (GPAC),
provided by Indena (Milan, Italy). The DO, D1, and D3 diets replaced the extruded diet over 3 days. Based on the estimated metab-
olizable energy of the diets (Table 2), the daily amount of food was calculated to provide 1 mg/kg body weight and 3 mg/kg body
weight of PAC for D1 and D3, respectively. The diets were manufactured in a feed processing industry, in compliance with the Guide to
Good Practice for the Manufacture of Safe Pet Foods by FEDIAF (2018). After grinding animal protein sources and mixing them with
the other ingredients, the diets were dosed into 400 g cans and autoclaved. The core temperature was set to achieve an equivalent
time-temperature of 121 C° for 3 minutes (Fc3). The amount of moist diet was weighed based on the body weight of the dogs (see
Table 1) and then administered once a day between 10:30 am and 12:30 pm. No food rejections were observed during the study.

2.3. Chemical and enzymatic analysis of diets

All three diets were analysed for dry matter (DM), organic matter (OM), and ash using methods 934.01, 942.05 (AOAC, 2000).
Crude protein, acid-hydrolyzed fat, and crude fibre were analysed by using methods 992.15, 954.02, 978.10 (AOAC 2000). Total starch
(TS) was measured with the Megazyme enzymatic kit (cod K-TSTA, www.megazyme.com), which complies with the AOAC Method
996.11 (2000). The chemical compositions of the three diets are reported in Table 2, together with the metabolizable energy estimated
based on Nutritional Guidelines October 2021 for Complete and Complementary Pet Food for Cats and Dogs of FEDIAF (2021).

2.4. Collection of faecal, saliva and hair samples

Faeces and saliva were collected in the morning before the meal 2 days before the change of diet (T0), 14 days after the beginning of
the study (T14), and 28 days from the introduction of the new diets (T28). Faecal samples were collected in a 50 ml tube, stored on ice
until the arrival at the laboratory, and then stored at —20°C for further analysis. The saliva samples were collected with SalivaBio
swabs (Salimetrics, LLC, 101 Innovation Boulevard, State College, PA), gently placed into the cheek pouches of the dogs by the
breeders for approximately 120 sec, then stored on ice until arrival at the laboratory. Upon arrival, they were centrifuged at 3000 rpm
for 20 minutes to collect the saliva at the bottom of the tube. Salivary samples were frozen at —20°C until analysis. Hair samples,

Table 1
Age, breed, sex, body weight, body condition score (BCS) and intake of the dogs involved in the study.
Group Age years Breed Sex Body weight kg BCS unit Intake kg/d
DO 5 Golden Retriever Female 35 5 1.45
DO 9 Akita Female 28 4 1.22
DO 6 German Shepherd Female 25 4 1.12
DO 5 German Shepherd Female 32 5 1.35
DO 5 Labrador Retriever Male 28 5 1.22
DO 8 Labrador Retriever Female 31 4 1.32
DO 9 German Shepherd Male 44 4 1.72
DO 8 Akita Male 35 5 1.34
D1 5 Golden Retriever Female 27 4 1.15
D1 8 Labrador Retriever Female 28 5 1.18
D1 8 Akita Female 35 4 1.40
D1 6 Labrador Retriever Male 32 5 1.31
D1 5 Labrador Retriever Female 27 5 1.15
D1 8 German Shepherd Male 30 4 1.25
D1 9 Labrador Retriever Male 31 5 1.28
D1 8 Akita Male 42 4 1.61
D3 7 German Shepherd Female 26 4 1.10
D3 9 Akita Female 37 5 1.44
D3 9 Akita Male 38 4 1.47
D3 8 Akita Female 38 5 1.47
D3 5 Golden Retriever Female 27 4 1.14
D3 9 Labrador Retriever Male 28 5 1.17
D3 9 Golden Retriever Female 25 4 1.07
D3 6 Labrador Retriever Male 35 5 1.38

DO, control diet; D1, 1 mg/kg body weight; D3, 3 mg/kg body weight of grape proanthocyanidins
Intake is on as-is basis.
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Table 2

Chemical composition and metabolizable energy (ME) on as-is basis of the diets supplied for the experimental study.
Composition Kibble DO D1 D2
ME, estimated* kcal/kg 3790 896 925 939
Moisture % 8.0 80.2 79.9 79.5
Dry matter % 92.0 19.8 20.1 20.5
Crude protein % 24.0 7.17 7.23 7.59
Crude fat % 10.0 5.34 5.40 5.62
Crude fiber % 2.5 0.35 0.30 0.35
Ash % 9.0 211 2.17 2.37
Starch % 40.5 2.97 3.49 2.97

DO, control diet; D1, 1 mg/kg body weight; D3, 3 mg/kg body weight of grape proanthocyanidin
* Estimated based on FEDIAF (2021).

initially collected from the neck through trichotomy at TO, were allowed to regrow by T28. The sample sizes ranged from 2 g at TO to
0.5 g at T28. These samples were stored in paper bags at room temperature until analysis.Top of Form

2.5. SCFAs and lactic acid analysis

The analysis of lactic acid, SCFA and branched-chain fatty acids (BCFA) (2:0, acetic; 3:0, propionic; 4:0, butyric; iso 4:0, isobutyric;
5:0, valeric; iso 5:0, isovaleric) was performed by HPLC. One gram (g) of faecal samples was first stirred in 50 ml of 0.1 N H3SO4
aqueous solution for 15 minutes (Instruments Srl, Milano, Italia) and then centrifuged at 20000 x g for 20 min at 4°C. The liquid phase
was filtered with a 0.45 um syringe filter of polypore (Alltech, Italia), and 20 pl of the resulting sample was injected into the HPLC
instrument equipped with Aminex HPX-87 H ion exclusion column (300 mmx 7.8 mm, 9 um) and a pre-column (Bio-Rad, Hercules, CA,
USA) at 40°C. The mobile phase of the isocratic elution was sulfuric acid 0.008 N with a flux of 0.6 ml/min for 60 minutes. Detection
length was 220 nm. Quantitative analysis was performed by quantifying the areas of the peaks in comparison to external standard
(Sigma-Aldrich, Milano, Italy).

2.6. Faecal DNA extraction, sequencing, and taxonomic annotation

Microbial DNA was extracted from 150 mg of faecal samples using the Faecal DNA MiniPrep kit (Zymo Research; Irvine, CA, USA),
following the manufacturer’s instructions and including a preliminary bead beating step. DNA concentration was measured with a
Qubit™ 3 Fluorometere (Thermo Scientific; Waltham, MA, USA), and the 16S rRNA V3 and V4 regions were amplified for library
preparation. Amplicons were sequenced through MiSeq (Illumina; San Diego, CA, USA) in 2x 300 paired-end mode, following standard
procedures. The raw sequences in a FASTQ format were processed with the Quantitative Insights Into Microbial Ecology 2 (QIIME 2)
bioinformatic tool (Bolyen et al., 2019).

After demultiplexing, quality check, and filtering for chimeras, sequences were annotated for 16SrRNA taxonomic classification
using the greengene classifier (greengenes gg 13_8). Details of the whole procedure have been previously reported (Sandri et al.,
2019). A total of 5875,381 reads were annotated, with an average of 81,602 reads per sample. The raw sequence data were uploaded to
the NCBI Sequence Read Archive (PRINA611632).

2.7. Endocrine analysis of saliva and hair

Cortisol was extracted from the hair samples following the procedure reported by Sgorlon et al. (2019). Briefly, 150 mg of hair was
weighted from each sample and placed into a 15 ml glass vial. Samples were washed three times with 2.5 ml of isopropanol (2-propanol
99.5 %, Sigma Aldrich, Milan, Italy) and vortexed for 3 min. Isopropanol was discarded after each wash, and after the final wash, hair
samples were placed on a plastic disk and allowed to dry for 48 hours at room temperature. Dried hair samples were trimmed with a
blade, and 50 mg of trimmed hair was weighted and placed into a 15 ml glass centrifuge tube with 5 ml of methanol. Samples were
incubated in a water bath at 45°C for 18 h under moderate shaking. At the end of incubation, tubes were centrifuged at 5000 g for
10 min, and 2 ml of supernatant was transferred to a 1.5 ml Eppendorf tube. The transferred solution was then centrifuged in a
spin-vacuum (Centrifugal System, RC 10.10, Jouan, Cologno Monzese, Italy) at 40°C until completed evaporation of methanol. Dried
samples were then reconstituted with 0.6 ml of PBS containing 0.1 % bovine serum albumin (Sigma Aldrich, Milan, Italy). Salivary
swabs were thawed and centrifuged at room temperature at 1500 g for 15 min to obtain clear saliva, which was then used for analysis.
Cortisol concentrations in saliva and hair samples were measured according to the RIA procedure, as described by Colussi et al. (2018).
Samples were assayed in duplicate, the sensitivity of the assay was 3.125 pg/well, and the intra-assay and inter-assay coefficients of
variation in high and low cortisol reference samples were 5.9 % and 9.1 % and 13.5 % and 15.1 %, respectively.

Salivary serotonin was determined in duplicate using an ultrasensitive enzyme immunoassay commercial kit (Serotonin Research
ELISA DEE5900; Demeditec Diagnostic Gmbh Germany), with a sensitivity of 0.005 ng/ml and a specificity (cross-reactivity) of 100 %
for serotonin, 0.19 % for tryptamine, and lower than 0.03 % for other compounds. The intra-assay coefficients of variation in high and
low serotonin reference samples were 6.1 % and 8.5 %, respectively. The intra-assay and inter-assay coefficients of variation in high
and low serotonin reference samples were 11.1 % and 14.1 %, respectively. The determination of salivary kynurenine was made using
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a Canine Kynurenine ELISA kit (BlueGene Biotech Co., Shangai Cina), following the manufacture’s protocol. The sensitivity of the
assay is 0.1 ng/ml and 100 % specificity (no significant cross-reactivity) for kynurenine. The intra-assay coefficients of variation in low
and high kynurenine reference samples were 4.2 and 5.6 % respectively. The inter-assay coefficients of variation in low and high
kynurenine reference samples were 6.5 8.1 %. The reading of the wells was performed on with Tecan Sparck (Tecan AG, Switzerland).

2.8. Statistical analysis

Statistical analysis of microbiome data was performed using marker-gene data profiling of MicrobiomeAnalyst (Xia Lab, McGill
University, Quebec, Canada) (Lu et al., 2023). Annotated reads were uploaded to the website and the counts normalized as percentage
relative abundance (RA, %). The analysis included the computation of alpha diversity as rarefaction curve and Shannon index, and
Bray-Curtis beta diversity with PERMANOVA analysis. A P value < 0.05 was considered the level of significance. Filter counts lower
than 4 and prevalence lower than 20 % was applied. A linear discriminant analysis effect size (LEfSe) for high dimensional class
comparisons was firstly applied (Segata et al., 2011). Since no significant effects were found for diet and diet x time interaction, a single
taxa analysis was used separately to test the effect of diet at TO, T14 and T28, using the Kruskal-Wallis non-parametric test and pairwise
comparisons with the Dunn test, with P<0.05 value for significant differences. The molar contents, and molar proportions of SCFAs,
lactic acid, and their sum in the feces, the concentrations of cortisol in saliva and hair, and the concentrations of serotonin and
kynurenine in saliva were also analyzed with the Kruskal-Wallis non-parametric test. Statistical analysis was performed using XLStat
(Addinsoft, 2022).

3. Result

During the study period, dogs consumed the amount of food offered and did not show signs of disease, remaining healthy. The fecal
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Fig. 1. Shannon index of alpha diversity (H-index) of faecal microbiome of dog’s samples before the administration of grape proanthocyanidins (T0)
and after 14 (T14) and 28 (T28) days. The figure also reports the comparison between the times of sampling. DO, control diet; D1, 1 mg/kg body
weight; D3, 3 mg/kg body weight of grape proanthocyanidins.
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score ranged from 2.0 to 3.0 at the beginning of the trial and from 3.0 to 3.5 at the end of the study. At the end of the study, no

variations in body weight or BCS were observed.

3.1. Alpha diversity

The Shannon index of alpha diversity did not significantly (P > 0.05) change among the 3 groups of dogs receiving the experimental
diets at the beginning of the study (TO0), after 14 (T14) days, and 28 (T28) days into the study (Fig. 1). Instead, the comparison of the
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Fig. 2. Bray-Curtis beta diversity of faecal microbiome of dog’s samples before the administration of grape proanthocyanidins (T0) and after 14
(T14) and 28 (T28) days. DO, control diet; D1, 1 mg/kg body weight; D3, 3 mg/kg body weight of grape proanthocyanidins.
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Shannon index between sampling times revealed significant differences for the value calculated at TO in comparison to the value
calculated at T14 (P<0.05) and, to a lesser extent, between the values of TO and T28 (P<0.10).

3.2. Beta diversity

Fig. 2 shows that the Bray-Curtis dissimilarity matrix of the faecal microbiome in dogs before the administration of GPAC (T0), after
14 days (T14), and 28 days (T28) at different doses (DO, D1, and D3) did not exhibit statistically significant differences (P > 0.05). In
other words, the dissimilarity in microbial composition was not significantly affected by the different doses at TO, T14 and T28.

The comparison of beta diversity in fecal samples between the three sampling times, independent of the dietary treatment (Fig. 3),
revealed a clear separation of samples at TO when the dogs were fed with kibble, from samples collected after dietary intervention at
T14 and T28. PERMANOVA analysis indicated a significant difference (P<0.001) between TO and the other sampling times, but no
differences were observed between T14 and T28 (P > 0.05).

3.3. Relative abundance of taxa

The next step of the analysis considered the variation of each taxon in relation to the diet. The median, minimum and maximum,
along with the statistical analysis for the RAs of all the annotated taxa, are reported in the Supplementary Table S1. For the taxa
Bacteroides plebeius, Anaerovibrio, Collinsella, Bacteroidaceae significant variations between diets were observed at T14 or T28, but the
RAs were very low and negligible in a microbiome system.

No significant variation (P > 0.05) of the RA of the taxa was observed between the 3 diets at TO. Fig. 4 reports the RA of the taxa that
changed significantly (P < 0.05) either at T14 and T28 and Fig. 4 refers to RA of the taxa that significantly (P < 0.05) varied only at T14
or at T28.

Fig. 4 reports the median RAs of Dorea at T14, accounting for 0.98 in DO, 1.57 in D1, and 1.58 in D3. The RAs for D1 and D3 were
higher compared to DO but were not statistically significant (P > 0.05). At T28, the median RAs of Dorea were observed to be 1.19 (D0),
2.51 (D1), and 1.49 (D3), respectively. The RA of Dorea was significantly higher (P < 0.05) at D1 compared to DO and D3. There is a
substantial increase in the RA of Dorea in the D1 group from T14 to T28, and a significant difference is observed among them (P <
0.05). At T14, D1 had a higher (P < 0.05) median RA (2.52) of Clostridium compared to DO (1.43) and D3 (2.36). However, the median
RA of Clostridium at D3 was 4.95 and higher (P < 0.05) than both DO (2.44) and D1 (2.71) after 28 days (T28). From T14 to T28, the RA
of Clostridium generally increased, with the most significant increase observed in D3 (P<0.05).

After 28 days, there was an increase in the RAs of Clostridium perfringens from 58.6 at DO to 103.4 at D1 and further increased to
116.5 at D3 (P<0.05) (Fig. 5). The results indicated that supplementation with GPAC significantly influenced the RA of Fusobacteria in
the gut microbiota of dogs after a 28-day period (T28). The D3 dose (76.9) had a lower RA compared to D1 (89.3) and DO (120.4)
(P<0.05). The RA of Enterobacteriaceae in dogs varied under different dietary conditions after a 14-day period. The RA was lower at D3
(14.09) than at both DO (22.59) and D1(35.82) (P<0.05). The abundance increased from 1.7 at DO to 3.2 at D1 and then decreased to
1.6 at D3 (P<0.05). The molar proportion of the SCFA and lactic acid measured at the 3 sampling times between dietary groups did not
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Fig. 3. Bray-Curtis beta diversity of faecal microbiome of dog’s samples before the administration of grape proanthocyanidins (T0) and after 14
(T14) and 28 (T28) days.
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Fig. 4. Box plot of the relative abundance (RA, %) of genera which significantly differed between treatments after 14 days (T14) and after 28 days
(T28) from the administration of grape proanthocyanidins to the dogs participating to the study. DO, D1 and D3 are control diet, without sup-
plementation, 1 mg/kg body weight and 3 mg/kg body weight of grape proanthocyanidins, respectively. a and b denote statistical differences for
p<0.05. The box shows the upper and lower quartile, the middle line the median, the red cross the mean, the lines extending from the box indicate
1.5 interquartile range and dot outside the outlier.

significantly change. The means and standard errors are reported in Supplementary Table S2.

The concentration of kynurenine in saliva under different diets after a 28-day period is reported in Figure 6. DO showed the highest
concentration of kynurenine (P < 0.05) between the three diets, with a value of 1.9 pg/ml. Both D1 and D3 had the same lower
concentration of kynurenine, each at 1.2 ug/ml. The ratios of serotonin to cortisol after the 28-day period showed the lowest ratio for
DO and were significantly higher for D3 (P<0.05). The means and standard errors of serotonin, kynurenine, cortisol in saliva and hair
and the ratio of serotonin to cortisol and kynurenine to cortisol measured at the 3 sampling times for the 3 diets are reported in
Supplementary Table S3.

4. Discussion

In recent times, significant research efforts have been directed towards investigating the impacts of prebiotics, probiotics, or
synbiotics on the gut microbiota (Nogueira et al., 2019; Redfern et al., 2017; Pinna et al., 2018). Polyphenols have garnered attention
as compounds with the potential to impact intestinal microbial communities. The effect of different sources of polyphenols on gut
microbiota and their interaction with the health has been the focus of a relatively wide number of researchers in studies conducted on
mice and humans (see the review of Aziz et al., 2024; Chen et al., 2023). Instead, there are limited researches focusing on dietary
polyphenols in dogs (Zhang et al., 2023; Yang et al., 2022; Li et al., 2020; Scarsella et al., 2020). Considering the prebiotic action of
polyphenols, this study aimed to investigate the correlation between polyphenol administration, the gut microbial community, and
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Fig. 5. Box plot of the relative abundance (RA. %) of taxa which significantly differed between treatments only after 14 days (T14) or only after 28
days (T28) from the administration of grape proanthocyanidins to the dogs participating to the study. DO, D1 and D3 are control diet, without
supplementation, 1 mg/kg body weight and 3 mg/kg body weight of grape proanthocyanidins. a and b denote statistical differences for p<0.05. The
box shows the upper and lower quartile, the middle line the median, the red cross the mean, the lines extending from the box indicate 1.5
interquartile range and dots outside the outliers.

endocrine biomarkers, thereby exploring the existence of the brain-gut-microbiota axis in dogs.

Upon initial observation (T0), the administration of GPAC did not induce modifications in the alpha and beta diversity (T14 and
T28) of the microbiota (Figs. 1 and 2). Our results suggest that microbial composition remained consistent despite different GPAC
doses, indicating a robust and resilient microbiome. This aligns with the findings of the previous study in healthy dogs fed with GPAC,
which failed to show an appreciable modification of diversity, probably due to high individual variability (Scarsella et al., 2020). A
consistent change in the bacterial ecosystem is more evident during disease. A noteworthy decrease in diversity in the gut microbiome
of dogs was observed in severe dysbiosis conditions, such as gastrointestinal disease (Suchodolski et al., 2012; Scarsella et al., 2023;
Nagahara et al., 2023), or obesity (Bermudez Sanchez et al., 2021; Yang et al., 2023).

In the context of healthy dogs, such as those involved in this study, alterations in diversity are likely to be discernible when there is
a significant variation in the nutrients supplied through the diet (Sandri et al., 2019). This is consistent with the significant change in
the Shannon and Bray-Curtis indices of diversity (Figs. 1 and 3) observed when transitioning from the extruded diet fed at TO to the
moist diet, which was administered for 28 days thereafter. The effect of a moist diet and extruded diet on the faecal microbiome is not
documented, but the former diet, richer in protein and moisture, can approximate the Bones and Raw Food (BARF) diet, with the main
exception being that the moist diet was autoclaved. In a study by Schmidt et al. (2018), dogs fed the BARF diet did not exhibit a
significant difference in alpha diversity compared to those on commercial diets. However, the analysis of similarity (ANOSIM) indi-
cated a noteworthy distinction in beta-diversity between the two groups. Nevertheless, the commercial diets used for comparison were
either canned or extruded and were considered as a unique group. Similarly, in the study by Castaneda et al. (2023), the administration
of BARF diet to dogs caused a significant decrease of microbiome diversity. In these studies, BARF, a diet rich in protein, with a low
amount of starch and fiber, and with a high percentage of moisture, was compared to an extruded diet, which is richer in carbohydrates
and has a lower percentage of protein. Our dataset suggests that the change in the physical form of the diet, from kibble to moist, and
the alteration in chemical composition had a major effect on the variation of microbial populations.
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The RA of Dorea increased at T14 for D1 and D3 and only for D1 at T28 (P<0.05). According to Castaneda et al. (2023), the RA of
Dorea increases in the BARF diet, and in the study conducted by Garcia-Mazcorro et al. (2017), the supplementation of the diet with
FOS prebiotic in healthy dogs led to a significant decrease of Dorea. The Dorea genus is a mucin-degrading bacterium and is implicated
in the intestinal bowel disease (IBD) in human (Png et al., 2010). However, its role in human is controversial and could have
anti-inflammatory or pro inflammatory activity depending on the microbial ecosystem and the condition of the host (Shahi et al.,
2017). A decrease in the RA of the Dorea genus has been reported by Salas-Mani et al. (2018) in obese dogs fed a restricted and
hypocaloric diet for 17 weeks. It is likely that after feeding the moist diet, this genus increased at T14, and that the higher dose of GPAC
in the D3 diet at T28 was able to restore the initial condition (Fig. 4).

The Clostridium genus is divided into several species, such as Clostridium hiranonis and Clostridium perfrigens. While the former is
considered beneficial for gut health (AlShawagfeh et al., 2017), strains of the latter are known to be enteropathogenic in dogs. This
bacterial species is commensal in the dog’s gut and can be detected in healthy animals as well (Minamoto et al., 2014). Clostridium
hiranonis did not significantly vary (Supplementary Table S1), but Clostridium perfringens exhibited a significant increase over 28 days
(Fig. 5), with the highest abundance in D3. Even if the overgrowth of this bacteria is often associated to gastrointestinal diseases, a
screening for the presence of toxicogenic strains is required to assess its role in dysbiosis. A dose-dependent effect of GPACs was
observed, with the most significant increase in D3 at T28, also observed for an unidentified genus of Clostridium (Fig. 4). This genus has
several species that hydrolyze polyphenols, leading to the production of various compounds such as benzoic, phenylacetic, phenyl-
propionic, and phenyllactic acid derivatives. The increase in RA for Clostridium and Clostridium perfrigens could be related to sup-
plementation with GPAC (Groenewoud et al., 1986; Selma et al., 2009). On the other hand, an increase in Clostridium species would be
expected, as the rise in protein content in the diet has a direct effect on its abundance in dogs (Bermingham et al., 2017, 2013; Zentek
et al., 2003; Li et al., 2017).

Supplementation with oligomeric proanthocyanidin significantly influenced the RAs of Fusobacteriaceae at T28, with D3 showing
lower abundance than D1 and DO (Fig. 5). This result is consistent with a previous study (Scarsella et al., 2020), where the admin-
istration of the 3 mg/kg body weight of GAPC significantly increased the RA of Fusobacteriaceae compared to the control diet.
However, the effect of polyphenols on these bacteria could depend on the type of polyphenols. Green tea polyphenols exhibited a
beneficial effect towards obesity and intestinal inflammation and decreased the RA of Fusobacterium (Li et al., 2020). Furthermore, the
diet can contribute to the shift of this family. Bermingham et al. (2017) reported that dogs on a meat diet exhibited higher abundances
of Fusobacterium. In the BARF diet group, at the family level, the main taxa found with differential abundance were Fusobacteriaceae.
Additionally, one of the top 10 genus taxa with higher linear discriminant analysis (LDA) score values was Fusobacterium (Castaneda
et al., 2023).

The RA of Enterobacteriaceae varied under different dietary conditions at T14, with lower abundance at D3, but did not significantly
change at T28 (Fig. 5). The higher RA of Enterobacteriaceae family for D1 matches with a previous study (Scarsella et al., 2020). This
family includes pathogenic bacteria, such as Escherichia coli and Salmonella, that are inhibited by dietary polyphenols (Nohynek et al.,
2006; Krisch et al., 2008). It is likely that the supplementation of GPAC contributed to the control of Enterobacteriaceae group. The
effects of prebiotics on digestibility, SCFA concentrations and bacterial populations in the faeces, and immunity in dogs were evaluated
by meta-analyses (Patra et al., 2011), and the numbers of pathogenic Escherichia coli were not affected by prebiotics. In addition, the
supplementation of kefir probiotic in dog did not apparently affect the population of Enterobacteriaceae (Kim et al., 2019).

Tryptophan is an essential amino acid that serves as a precursor for several metabolites, including serotonin, melatonin, trypt-
amine, and kynurenine. The kynurenine pathway of tryptophan metabolism, activated by proinflammatory stimuli, involves the
enzymes indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), resulting in the production of kynurenine,
kynurenic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, and quinolinic acid. Approximately 90 % of dietary tryptophan is
metabolized through this route. Additionally, dietary tryptophan is metabolized by gut bacteria through the indole pathways, ac-
counting for roughly 5 %. Another pathway produces serotonin through the enzyme tryptophan hydroxylase (Hou and Ying, 2023;
Bjorke-Monsen et al., 2023). Salivary concentrations of kynurenine varied among diets (Figure 6), and dogs of the DO group showed
higher concentrations compared to D1 and D3 at T28. This indicates a potential impact of dietary GPACs on kynurenine concentration,
suggesting a link between GPAC supplementation and tryptophan metabolism. A reduction in the indole pathways after supple-
mentation with a fiber rich in polyphenols and lower faecal kynurenine and indole were reported in dogs by Fritsch et al. (2023). There
is a growing body of research exploring the impact of dietary interventions on the modulation of kynurenine metabolism (Wirleitner
et al., 2005; Dolpady et al., 2016). Both in vitro and animal models have identified specific dietary components, such as curcumin
(Jeong et al., 2009) and green tea (Min et al., 2015), as well as dietary approaches like the ketogenic diet (Heischmann et al., 2018) and
fasting (Lemieux et al., 2015), that can influence kynurenine pathway activity. Preliminary intervention studies also indicate that
strategies such as caloric restriction (Strasser et al., 2015) and specific dietary elements, including probiotics, and black tea, may have
modulatory effects on kynurenine metabolism (Rudzki et al., 2019; Gostner et al., 2015). For instance, in a recent trial involving 60
participants with depression, a probiotic intervention significantly lowered kynurenine levels and increased 3-hydroxykynurenine
levels compared to a placebo (Rudzki et al., 2019).

The ratios of serotonin to cortisol indicated a potentially more favorable balance in D3 compared to DO and D1. Our data suggests
that D3 may be associated with a diet that positively influences the interaction between serotonin and cortisol, potentially contributing
to stress regulation and overall well-being. Numerous studies have explored fluctuations in salivary cortisol concerning factors such as
environment, breed (Sandri et al., 2015), and physical activity (Colussi et al., 2018). Koopmans et al. (2006) reported that the acti-
vation of the serotonergic nervous system has been shown to reduce salivary cortisol levels in pigs facing stress, and consequently, one
might anticipate a negative correlation between salivary cortisol concentrations and serotonergic activity. However, Scarsella et al.
(2020) observed that salivary serotonin was notably elevated in the D3 and D1 groups at T28 compared to the DO group, despite higher
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salivary cortisol concentrations in the DO and D1 groups at T28. This suggests that serotonin concentration in saliva may not accurately
mirror central serotonergic activity. However, there is a scarcity of information regarding salivary serotonin. It is currently understood
that salivary serotonin is linked to peripheral levels, reflecting circulating plasma concentration rather than central serotonin turnover,
especially as noted in adult phenylketonuria patients (Leung et al., 2018). Also, the findings of Scarsella et al. (2020) highlighted a
significant increase in salivary serotonin concentrations in both the D1 and D3 groups at T28 compared to TO in dogs. This observed
rise in salivary serotonin concentration suggests that the detected serotonin in salivary samples may originate from interactions be-
tween the host and the microbiota. While the mechanisms through which dietary factors influence kynurenine, serotonin, and cortisol
remain unclear, the involvement of the gut microbiome in the metabolism of dietary tryptophan and the regulation of the hypotha-
lamic- pituitary-adrenal axis is well-documented, although it deserves further research.

One limitation of the study was that the dogs were of different breeds and ages, which could have affected the results. From one
side, You and Kim (2021) observed variation in the RA of Fusobacterium among breeds, suggesting that the core microbial population of
the gut depends on breed, which may have influenced our microbiota results. However, Deschamps et al. (2022) reviewed faecal
microbiota composition in relation to dog size and suggested that dog body size itself affects faecal microbiota more than breeds.
Therefore, the present study was conducted with different large-sized breeds housed in a single shelter to minimize environmental and
management variations.

5. Conclusion

Overall, our study provides valuable insights into the intricate relationship between GPAC, gut microbiota, and endocrine markers
in the saliva of dogs. Based on these results, it appears that transitioning from an extruded to a moist diet may influence diversity of
fecal microbiome, while the supplementation of dietary GPAC had no influence on these indexes. Despite the limited impact of GPAC
administration on overall microbial diversity, we observed specific changes in the RA of soma bacterial taxa, indicating a dose-
dependent effect. Moreover, changes in the RA of Enterobacteriaceae and Fusobacteriaceae overlap the data obtained in the previ-
ous study. In addition, the observed variations of the salivary kynurenine and cortisol concentrations confirm the link between dietary
GPAG, tryptophan metabolism, and cortisol secretion that was previously reported. While this study provides valuable insights into the
intricate dynamics of the gut-brain-microbiota axis in dogs, further research is warranted to elucidate the underlying mechanisms and
long-term implications of polyphenol supplementation.
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