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A B S T R A C T   

Gallic acid (GA) is a natural polyphenolic compound with many health benefits. To assess the potential risk of 
long-term consumption of GA to gut health, healthy dogs were fed a basal diet supplemented with GA (0%, 
0.02%, 0.04%, and 0.08%) for 45 d, and fecal microbiota and metabolomics were evaluated. This study 
demonstrated that GA supplementation regulated serum lipid metabolism by reducing serum triglyceride, fat 
digestibility, and Bacteroidetes/Firmicutes ratio. In addition, the relative abundance of Parasutterella was 
significantly lower, and the SCFAs-producing bacteria were increased along with fecal acetate and total SCFAs 
contents accumulation in the 0.08% GA group. Metabolomics data further elucidated that 0.08% GA significantly 
affected carbohydrate metabolism by downregulating succinic acid in fece, thereby alleviating inflammation and 
oxidative stress. Overall, this study confirmed the beneficial effects of long-term consumption of GA on lipid 
metabolism and gut health, and the optimal level of GA supplementation was 0.08%.   

1. Introduction 

Polyphenolic compounds, ubiquitous in plant-derived foods, are an 
essential part of the human and animal diet. Recently, plant polyphenols 
have become increasingly popular worldwide as the consumption of 
polyphenols can reduce the risk of chronic disease, such as cardiovas
cular diseases, obesity, type-2 diabetes, and cancer (Cory, Passarelli, 
Szeto, Tamez, & Mattei, 2018; de Araújo, de Paulo Farias, Neri-Numa, & 
Pastore, 2021). Polyphenols, due to their low bioavailability, reach the 
colon intactly (Mithul Aravind, Wichienchot, Tsao, Ramakrishnan, & 
Chakkaravarthi, 2021), so they interact with the hindgut microbiota, 
consequently, releasing metabolites (Plamada & Vodnar, 2022). In 

recent years, researchers have been paying increasing attention to the 
prebiotic role of dietary polyphenols by modulating gut microbiota and 
their metabolites (Ma & Chen, 2020). There is much evidence to support 
that polyphenols exert beneficial effects as prebiotic substrate by pro
moting the proliferation of beneficial bacteria and inhibiting pathogenic 
bacteria (Gowd, Karim, Shishir, Xie, & Chen, 2019), which leads to an 
increase in host-absorbable short-chain fatty acids (SCFAs), such as ac
etate, propionate, and butyrate, together with a decrease in inflamma
tion and obesity incidence (Nash et al., 2018). Interestingly, the canine 
and human gut microbiomes share highly similar gene content and di
etary response mainly due to a long-term domestication process of dogs 
in the course of their evolution (Coelho et al., 2018). It appears that 
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research on the canine gut microbiota could also be applied to humans. 
Gallic acid (GA), 3,4,5-trihydroxybenzoic acid, is a natural poly

phenolic compound ubiquitously found in fruits, vegetables, and me
dicinal plants (Yang et al., 2020). Studies showed that GA possessed 
many potential therapeutic properties including anti-oxidative, anti- 
inflammatory, anti-obesity, anti-cancer, and anti-microbial properties 
(Dludla et al., 2019; Yang et al., 2020). Our recent study found that 
short-term addition of 0.05% GA could alleviate environmental stress- 
induced oxidative stress, inflammatory response, and metabolic disor
ders by regulating gut microbiota in puppies (Yang et al., 2022). How
ever, it should be noted that polyphenols combine with other 
compounds when consumed, thereby reducing nutritional value and 
limiting development as human health and animal husbandry products 
(Casanova-Martí et al., 2018). Moreover, a study on ruminants found 
that feeding pomegranate extract containing 16.9% GA equivalent 
reduced crude protein and fat digestibility of calves (Oliveira et al., 
2010). To date, the potential risk of long-term consumption of GA to gut 
microbiota and metabolic profiles are unknown, as well as few studies 
focused on the effect of different levels of GA on the physiological 
function and digestion and absorption of nutrients in humans or others 
monogastric animals. 

Therefore, we chose healthy beagle dogs as model animals to assess 
the potential risk of long-term consumption of GA to physiological 
function, nutrient digestibility, gut microbiota, and metabolic profiles. 
Here, we applied the 16S rRNA amplicon sequencing and ultra- 
performance liquid chromatography–Orbitrap–tandem mass spectrom
etry (UPLC-Orbitrap-MS/MS) to determine the effects of dietary sup
plementation with 0.02%, 0.04%, and 0.08% GA on fecal microbial 
composition and metabolic profiles. The results of this study will 
contribute to further understanding the beneficial effects of GA on gut 
health and determining an optimal dosage. 

2. Materials and methods 

All the experimental procedures applied in this study were reviewed 
and approved by the Experimental Animal Ethics Committee of South 
China Agricultural University (approval code 2021E028). 

2.1. Animals and diets 

Twenty beagle dogs [average age 1.47 ± 0.02 years; average body 
weight (BW) = 13.77 ± 1.96 kg; average body condition score (BCS) =
5.65 ± 0.83] were randomly allotted to 1 of 4 dietary treatments (n = 5; 
3 females and 2 males) according to their gender and BW. Gallic acid 
(GA, purity > 99%) in the present study was purchased from Wufeng 
Chicheng Biotech Co., Ltd (Yichang, China). Dietary treatments 
included: (1) basal diet group (CON group); (2) basal diet supplemented 
with 0.02% GA group (0.02% GA group); (3) basal diet supplemented 
0.04% GA group (0.04% GA group); (4) basal diet supplemented with 
0.08% GA group (0.08% GA group). The dosage ranges of GA supple
ments were determined based on our previous study (Yang et al., 2022). 
These diets met or exceeded the nutrient requirements of adult dogs 
recommended by the Association of American Feed Control Officials 
(AAFCO, 2017). The ingredients and nutrient levels of the experimental 
diets are presented in Table S1. 

2.2. Experiment design 

After at least one month of acclimation, dogs were randomly 
assigned to 4 experimental groups. The experiment period lasted for 45 
days. All dogs were housed individually in the custom-made stainless
steel metabolism cages (1.2 × 1.0 × 1.1 m kennels) under a constant 
temperature and humidity (23℃, 70%) with a 12 h light/dark cycle. A 
restricted diet of 130 g per dog was offered at each of the two daily meals 
at 8:00 am and 5:00 pm, respectively. All dogs were given fresh water ad 
libitum and socialized with each other or humans at least once a day. 

Serum biochemistry analysis, weighing, BCS (Laflamme, 1997), and 
fecal score (FS) (Middelbos, Fastinger, & Fahey, 2007) were performed 
before the morning feeding on d 0 (i.e., 1 day before the trial). During 
the trial, FS was adopted to assess the fecal form and consistency once 
every three days. In addition, the whole feces were collected on d 40 to 
44. Next, the BW and BCS were recorded again on d 45 before the 
morning feeding, and fresh feces and blood samples were collected on 
d 45 for further detections. 

2.3. Chemical analyses of diets and feces 

To measure the apparent total tract digestibility of nutrients, four 
experimental feeds were collected once a week, and all diet and fece 
samples was kept in a freezer at − 20℃ until analysis. The samples were 
oven-dried at 65℃ for 48 h to constant weight and finely ground to pass 
through a 1-mm mesh screen. Diet and fece samples were determined for 
dry matter and organic matter according to AOAC methods (Hortwitz & 
Latimer, 2007). Crude protein, total dietary fiber, and acid-hydrolyzed 
fat were carried out using AOAC with the help of a Kjeldahl method 
with semi-automatic Kjeldahl apparatus (VAPODEST 200, C. Gerhardt 
GmbH & Co. KG, Germany), an automatic fiber analyzer (FIBRETHERM 
FT12, C. Gerhardt GmbH & Co. KG, Germany), and a fatty analyzer 
(FT640, Grand Analytical Instrument Co., Ltd., Guangzhou, China). The 
GE was analyzed by an oxygen bomb calorimeter (IKA C 200, IKA 
(Guangzhou) Instrument Equipment Co., Ltd., Guangzhou, China). Feed 
amino acids were determined using a Hitachi L-8900 amino acid 
analyzer (Hitachi, Japan), and feed tryptophan was analyzed using a 
high-performance liquid chromatograph (Ultimate 3000, Thermo Fisher 
Scientific, USA). In addition, all fecal amino acids were detected using a 
UPLC-Orbitrap-MS/MS (Q-Exactive Focus, Thermo Fisher Scientific, 
USA). Finally, the digestibility of nutrients was calculated by referencing 
the following formula: Nutrient digestibility (%) = (Nutrient intake - 
Nutrient in feces) / Nutrient intake*100 (g/d, DM basis). 

2.4. Serum biochemistry, antioxidant capacity, and inflammatory 
cytokines analyses 

On d 45 after overnight fasting, blood samples were harvested. After 
centrifugation, the supernatants were collected as serum samples for 
further analysis. The obtained serum was used to measure blood 
biochemical parameters using an automatic biochemical analyzer (SMT- 
120VP, Chengdu Seamaty Technology Co., Ltd., Chengdu, China). The 
serum contents of glutathione peroxidase (GSH-Px), superoxide dis
mutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC), and 
malondialdehyde (MDA) were determined by commercial assay kits 
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Serum 
immunoglobulin G (IgG), tumor necrosis factor-alpha (TNF-α), 
interferon-gamma (IFN-γ), interleukin 1β (IL-1β), and interleukin 8 (IL- 
8) were detected using commercial canine ELISA kits (MEIMIAN, 
Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China). 

2.5. Fecal fermentation metabolites analysis 

On d 45, fresh fecal pH was immediately measured after 10% fecal 
suspension (w/v) in ultrapure water with a portable pH meter (Starter 
3100, Ohaus Instruments Co. Ltd., Shanghai, China). The fecal SCFAs 
and branched-chain fatty acids (BCFAs) concentrations were determined 
by the GCMS-QP2020 system (Shimadzu, Tokyo, Japan) with a DB-FFAP 
capillary column (30 m × 0.25 mm × 0.25 μm, Onlysci, China). The 
instrument parameters and sample processing procedures referred to 
our previous published papers (Yang et al., 2022). Fecal biogenic amine, 
lactate, indole, and 3-methylindole concentrations were measured by 
UPLC-Orbitrap-MS/MS (Q-Exactive Focus, Thermo Fisher Scientific, 
USA). 
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2.6. Fecal microbiota analysis 

On d 45, the total microbial DNA in feces was extracted by the E.Z.N. 
A.® Stool DNA Kit (D4015, Omega, Inc., USA). The V3-V4 region of 
bacterial 16S rRNA gene was amplified using the primers 341F (5′- 
CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATC
TAATCC-3′) with the barcode. PCR amplification was performed in a 
total volume of 25 μL reaction mixture containing 25 ng of template 
DNA, 12.5 μL PCR Premix, 2.5 μL of each primer. Cycling parameters 
were 98℃ for 30 s, followed by 32 cycles of 98℃ for 10 s, 54℃ for 30 s 
and 72℃ for 45 s with a final extension at 72℃ for 10 min. The PCR 
products of each sample were detected by 2% agarose gel electropho
resis, and then they were purified by AMPure XT beads (Beckman 
Coulter Genomics, Danvers, MA, USA), quantified by Qubit (Invitrogen, 
USA), and sequenced on NovaSeq PE250 platform at LC-Bio Technology 
Co., Ltd, Hang Zhou, Zhejiang Province, China. Reads were paired using 
FLASH. Quality filtering on the raw reads were performed to obtain the 
high-quality clean tags using the fqtrim (v0.94). Chimeric sequences 
were filtered using Vsearch software (v2.3.4). After dereplication using 
DADA2 in the QIIME2 software, the feature table and feature sequence 
were obtained. Then according to SILVA (release 138) classifier, feature 
abundance was normalized using relative abundance of each sample. 

Venn diagram was drawn by the VennDiagrams in R software 
(v3.4.4). α-diversity (Observed_species, Shannon, Simpson, Chao1, and 
Goods_coverage) and β-diversity were calculated in QIIME2. The prin
cipal component analysis (PCA) was displayed using the vegen (2.5.4) 
and ggplot2 (3.2.0) in R software (v3.4.4). The nsegata-LEfSe software 
(094f447691f0) was used to perform LEfSe analysis. 

2.7. Fecal and serum metabolomics analysis 

Fecal and serum samples collected on d 45 were processed as 
described previously (Nuli, Azhati, Cai, Kadeer, Zhang, & Mohemaiti, 
2019; Yang et al., 2022) with minor modifications. We mixed 20 samples 
with equal volumes to obtain quality control (QC) samples. One QC 
sample was inserted into the queue for every 5 samples to ensure 
repeatability. The UPLC-Orbitrap-MS/MS system from Thermo Fisher 
Scientific (Q-Exactive Focus, USA) was served as an untargeted metab
olomic approach and used to detect the fecal and serum metabolic 
profiles (Xin et al., 2018). The raw data were processed by Compound 
Discoverer 2.1 software (Thermo Fisher Scientific, USA) to produce a 
data matrix including retention time (RT), mass spectrometry (m/z), and 
peak intensity. Meanwhile, metabolic features with a relative standard 
deviation (RSD) >30% were excluded. Then we searched the mzCloud 
and mzVault libraries to identify metabolites from these data. 

The PCA and orthogonal partial least squares discriminant analysis 
(OPLS-DA) were done with the SIMCA-P 14.1 software (Umetrics, Umea, 
Sweden). Response permutation testing (RPT) was performed to test the 
accuracy of OPLS-DA models. In addition, variable importance in the 
projection (VIP) was computed in the OPLS-DA model, and p-value was 
computed using an unpaired student’s t-test. The metabolites with VIP 
> 1 and p < 0.05 were deemed as the differential metabolites. The KEGG 
database was applied to functionally annotate these differential me
tabolites, which further were mapped to the KEGG pathway database 
using the MetaboAnalyst 5.0 (https://www.metaboanalyst.ca). 

2.8. Statistical analysis 

The experimental data (serum biochemistry, antioxidant capacity, 
inflammatory cytokines, BW, feed intake, nutrient digestibility, and 
fecal characteristics, and fermentation metabolites) were preprocessed 
using Microsoft Excel 2019, and then performed one-way ANOVA with 
Fisher’s LSD multiple comparison test using SPSS 26 software. Both 
linear and quadratic contrasts were applied to further elucidate the dose 
effect of GA in dogs. Kruskal-Wallis tests (p < 0.05), Wilcoxon tests (p <
0.05), and LDA score (LDA > 2) were used to perform LEfSe analysis. 

Graphs were drawn using GraphPad Prism 8.0 software. Mean values 
were based on 5 replicates per group, and data variability was expressed 
as the standard error of means (SEM). p < 0.05 was defined as statistical 
significance, and 0.05 < p < 0.10 was defined as a trend of difference. 
Spearman’s correlations and significance were calculated using the stats 
package in R software (v3.6.3) and clustering correlation heatmap with 
signs was performed using the OmicStudio tools at https://www.omic 
studio.cn. 

3. Results 

3.1. Body condition, serum biochemistry, nutrient digestibility, and fecal 
fermentation metabolites 

As shown in Fig. 1A and B, Dogs fed with 0.02%, 0.04%, and 0.08% 
GA had lower (p < 0.01) FS and diarrhea rate than the CON group. 
Moreover, the FS and diarrhea rate were linearly and quadratically 
reduced (p < 0.01) with GA supplementation. As shown in Table S2, 
dogs fed with GA had no effect on BCS, BW, feed intake, and fecal output 
(p > 0.05). 

The effects of GA supplementation on serum biochemical parameters 
are presented in Table S3. The serum biochemical parameters among 4 
groups were within the normal reference range for all dogs on d 0. 
Nevertheless, the triglyceride (TG) levels were higher (p < 0.05) in the 
0.02% and 0.08% GA groups than the CON group. On d 45, serum 
biochemistry profiles of dogs fed all 4 diets were within the normal 
reference range and did not differ (p > 0.05) among treatments, except 
for total bilirubin (TB) and TG. Supplementation with 0.08% GA 
increased (p < 0.05) TB level compared with the CON and 0.02% GA 
groups. The TG levels were decreased (p < 0.05) in the 0.04% and 0.08% 
GA groups compared with the 0.02% GA group (Fig. 1C). Both linear and 
quadratic increases (p < 0.05) were found in TB level with GA supple
mentation. TG, however, was linearly and quadratically decreased (p <
0.05) with the increase of GA dosages. 

As presented in Fig. 1D, supplementation with 0.02%, 0.04%, and 
0.08% GA reduced (p < 0.05) the digestibility of acid-hydrolyzed fat 
compared with the CON group. There were no differences (p > 0.05) in 
nutrient digestibility of dry matter, organic matter, gross energy, total 
dietary fiber, crude protein, and amino acids among the 4 dietary 
treatments (Table S4). 

The effects of dietary GA supplementation on fecal fermentation 
metabolites are presented in Fig. 1E-H and Table S5. Fecal acetate 
concentration was elevated (p < 0.05) in the 0.04% and 0.08% GA 
groups compared with the CON group. Both linear and quadratic (p <
0.05) increases were observed in acetate with GA supplementation, and 
total SCFAs was linearly raised (p < 0.05) with the increase of GA dos
ages. Furthermore, fecal histamine concentration was linearly and 
quadratically increased (p < 0.05) with GA supplementation, and fecal 
tryptamine concentration displayed a linear increasing trend (p = 0.062) 
with increasing GA dosages. In addition, a changing trend (p = 0.099) in 
fecal putrescine concentration was found in the GA-treated groups. 

3.2. Serum antioxidant capacity and inflammatory cytokines 

The effects of dietary GA supplementation on serum antioxidant 
capacity and inflammatory cytokines are presented in Fig. 2 and 
Table S6. The SOD activity exhibited a linear increasing trend (p =
0.069) with increasing GA dosages. Compared with the CON and 0.04% 
GA groups, 0.02% GA group had higher (p < 0.05) CAT activity. 
Moreover, TNF-α concentration was linearly and quadratically 
decreased (p < 0.05) as GA increased. Different levels of GA had lower 
(p < 0.05) IFN-γ concentration than the CON group, and IFN-γ con
centration was linearly and quadratically decreased (p < 0.05) as GA 
increased. A decrease (p < 0.05) in IL-1β concentration was observed in 
dogs fed GA, and IL-1β concentration was decreased quadratically (p <
0.05) with GA supplementation. Dogs among 4 groups had a changing 
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trend (p = 0.087) in IL-8 concentration. In addition, a quadratic 
regression relationship was found between the increase of GA dosages 
and IgG concentration. 

3.3. Fecal microbiota 

The effects of dietary GA supplementation on fecal microbiota are 
presented in Fig. 3. The Venn analysis identified 291 shared features 
among the 4 groups and 457, 484, 386, and 240 unique features in the 
CON, 0.02% GA, 0.04% GA, and 0.08% GA groups, respectively 
(Fig. S1). As presented in Table S7, there were no differences (p > 0.05) 
in Observed_species, Shannon, Simpson, Chao1, and Goods_coverage 
among the 4 dietary treatments. The PCA showed that there were similar 
microbial communities among the 4 groups (p > 0.05) (Fig. S2). 

At the phylum level, Firmicutes, Bacteroidetes, Fusobacteria, Acti
nobacteria, and Proteobacteria were the dominant bacteria, which 
accounted for >99% (Fig. 3A). In addition, the GA-treated groups had a 

significantly decreasing (p < 0.05) Bacteroidetes/Firmicutes (B/F) ratio 
compared with the CON group (Fig. 3C). At the genus level, the pre
dominant genus consisted of Fusobacterium, Alloprevotella, Bacteroides, 
Negativibacillus, Collinsella, Faecalibacterium, Prevotella_9, Phascolarcto
bacterium, and Blautia (Fig. 3B). Among them, the GA-treated groups had 
a significantly decreasing (p < 0.05) Parasutterella, and 0.08% GA group 
had a significantly increasing (p < 0.05) Faecalibacterium, Clos
tridiales_unclassified, Erysipelotrichaceae_unclassified, Lachnospir
aceae_UCG_010, and GCA_900066575 (Fig. 3D). 

The LEfSe analysis was performed to identify microbial taxa that serve 
as biomarkers for the different groups. As shown in Fig. 3E and F, Para
sutterella, Dubosiella, and Enterococcus remarkably enriched in the CON 
group, and Faecalibacterium, Holdemanella, Clostridiales_unclassified, Erysi
pelotrichaceae_unclassified, Phreatobacter, Burkholderia-Caballeronia-Para
burkholderia, Lachnoclostridium, Phocea, Lachnospiraceae_UCG_010, Eubac 
terium_brachy_group, and GCA_900066575 (i.e., Lachnospiraceae) remark
ably enriched in the 0.08% GA group. 

Fig. 1. Effects of GA on FS, diarrhea rate, TG, AHF digestibility, and SCFAs in dogs. FS = fecal score; TG = triglyceride; AHF = acid-hydrolyzed fat; Total SCFAs =
acetate + propionate + butyrate. Different letters indicate significant (p < 0.05) difference according to ANOVA with Fisher’s LSD multiple comparison test. CON =
control; LGA = 0.02% GA; MGA = 0.04% GA; HGA = 0.08% GA. 

Fig. 2. Effects of GA on (A, B) antioxidant capacity and (C-F) inflammatory cytokines in dogs. Different letters indicate significant (p < 0.05) difference according to 
ANOVA with Fisher’s LSD multiple comparison test. CON = control; LGA = 0.02% GA; MGA = 0.04% GA; HGA = 0.08% GA. 
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3.4. Fecal and serum metabolomics 

In this study, the fecal and serum metabolic profiles were detected 
using untargeted metabolomics techniques. We assessed the clustering 
of QC samples using PCA plot (Fig. S3). The PCA score plot displayed a 
tight clustering of QC samples, indicating stable analytical conditions 
and good repeatability during the detection. A total of 535 and 338 
metabolites in feces and serum were detected. The PCA showed that a 
distinct separation existed in the fecal metabolites between the CON and 

0.08% GA groups (Fig. 4A and D). The OPLS-DA model further distin
guished the difference between the CON and 0.08% GA groups (Fig. 4B 
and E). The cumulative values of R2Y and Q2 were 0.999, 0.621 and 
0.999, 0.669, which elucidated the stability and reliability of the model. 
In addition, the accuracy of the model was assessed using the RPT 
method. As shown in Fig. 4C and F, the values of R2 (0.986, 0.952) and 
Q2 (− 0.137, − 0.19) revealed the good accuracy of the OPLS-DA models. 

Differential fecal metabolites between the CON and 0.08% GA 
groups were screened out using the standard of VIP > 1 (168 

Fig. 3. Relative abundance of fecal microbiota at the (A, C) phylum and (B, D) genus levels. (E, F) LEfSe analysis between the CON and HGA groups. Different letters 
indicate significant (p < 0.05) difference according to ANOVA with Fisher’s LSD multiple comparison test. CON = control; LGA = 0.02% GA; MGA = 0.04% GA; HGA 
= 0.08% GA. 
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metabolites) and p < 0.05 (38 metabolites), and a total of 37 differential 
metabolites were confirmed (Table S8). By using KEGG enrichment 
analysis, these differential metabolites were mapped into the specific 
pathways to identify the effects of 0.08% GA on the metabolic pathways 
in dogs. As shown in Fig. 4G and Table S9, 0.08% GA supplementation 
significantly changed 9 metabolic pathways, in which carbohydrate 
metabolism (butanoate metabolism, propanoate metabolism, and TCA 
cycle), amino acid metabolism (alanine, aspartate, and glutamate 
metabolism, arginine and proline metabolism, glutathione metabolism, 
beta-alanine metabolism, and phosphonate and phosphinate meta
bolism), and nucleotide metabolism (purine metabolism) were the pre
dominantly involved metabolic pathways. Differential metabolites 
influencing these metabolic pathways were succinic acid, L-asparagine, 
spermidine, ciliatine, and adenosine. 

Similarly, a total of 73 differential serum metabolites were confirmed 
(Table S10). As shown in Fig. 4H and Table S11, 0.08% GA supple
mentation significantly changed 20 metabolic pathways, in which lipid 
metabolism (fatty acid degradation, fatty acid elongation, fatty acid 
biosynthesis, sphingolipid metabolism, biosynthesis of unsaturated fatty 
acids, steroid hormone biosynthesis, primary bile acid biosynthesis, 
arachidonic acid metabolism, and glycerolipid metabolism), nucleotide 
metabolism (purine metabolism, cysteine and methionine metabolism, 

and glycine, serine and threonine metabolism), amino acid metabolism 
(arginine biosynthesis, taurine and hypotaurine metabolism, and argi
nine and proline metabolism), carbohydrate metabolism (galactose 
metabolism, glyoxylate and dicarboxylate metabolism, and propanoate 
metabolism), translation (aminoacyl-trna biosynthesis), and metabolism 
of cofactors and vitamins (biotin metabolism). 

3.5. Spearman’s correlation analysis 

To further clarify the association between gut microbiota and 
metabolic changes, we performed Spearman’s correlation analysis on 
the differential fecal microbiota and fecal/serum metabolites, and the 
differential fecal/serum metabolites and serum/fecal parameters. The 
correlation is considered as statistically significant with correlation co
efficient |r| > 0.6 and p < 0.01 in this study (Table S12-15). The results 
are visualized as heatmaps in Fig. 5. As shown in Fig. 5A, Erysipelo
trichaceae_unclassified was negatively associated with hydroquinone and 
fluvoxamine. Parasutterella was positively associated with hydrocorti
sone and myxochelin A. Faecalibacterium was positively associated with 
acetate and total SCFAs, but negatively associated with nicotinate D- 
ribonucleoside. Lachnospiraceae_UCG-010 was negatively associated 
with ciliatine, succinic acid, and mannopine. GCA-900066575 was 

Fig. 4. Effects of dietary GA supplementation on fecal and serum metabolic profiles of dogs. (A-C, G) Fecal PCA, OPLS-DA, RPT, and KEGG metabolic pathways 
enrichment analysis. (D-F, H) Serum PCA, OPLS-DA, RPT, and KEGG metabolic pathways enrichment analysis. The color of the point was p-value, and the redder, the 
more significant enrichment. The size of the spot represented the number of different metabolites enriched. CON = control; LGA = 0.02% GA; MGA = 0.04% GA; 
HGA = 0.08% GA. n = 5. 
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Fig. 5. Heatmaps of Spearman’s correlation 
analysis between (A) differential genera and 
fecal metabolites, (B) differential fecal me
tabolites and serum/fecal parameters, (C) 
differential genera and serum metabolites, 
and (D) differential serum metabolites and 
serum/fecal parameters. Red and green boxes 
represent positive and negative correlations, 
respectively. B/F ratio = Bacteroidetes/Fir
micutes ratio; FS = Fecal score; TG = tri
glyceride. The symbol (*) indicates a 
significant correlation (* p < 0.05, ** p <
0.01, and *** p < 0.001). (For interpretation 
of the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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positively associated with miglitol. B/F ratio was positively associated 
with Norfloxacin. As shown in Fig. 5B, diarrhea rate and FS were posi
tively associated with hydrocortisone, succinic acid, ciliatine, cyclo
hexanone, L-histidinol phosphate, myxochelin A, and 4-nitrosobiphenyl, 
but negatively associated with O-ureido-D-serine. The TG was positively 
associated with succinic acid and phenylbutazone. The IL-1β was posi
tively associated with salicylic acid. The CAT was negatively associated 
with zanamivir. In addition, as shown in Fig. 5C, Erysipelo
trichaceae_unclassified was positively associated with 12-hydroxydodeca
noic acid, boldione, palmitic acid, L-palmitoylcarnitine, traumatin, and 
solasodine, but negatively associated with arsenobetaine and cyclamic 
acid. Lachnospiraceae_UCG-010 was positively associated with amrinone 
and L-palmitoylcarnitine. Parasutterella was negatively associated with 
dimethyl sulfoxide. As shown in Fig. 5D, TNF-α was positively associated 
with L-arginine, but TNF-α, IFN-γ, and IL-1β were negatively associated 
with propionic acid, glycerol, dimethyl sulfoxide, and N-acetyl-L- 
methionine. The CAT was positively associated with triclosan, but SOD 
was negatively associated with glutamylglutamic acid, phenyl
acetylglycine, metronidazole, xanthine, and benzofuran. The FS and 
diarrhea rate were positively associated with alpha-tocopherol and 
demethylated antipyrine, but negatively associated with N-acetyl-L- 
methionine. The TG was negatively associated with boldione. 

4. Discussion 

The naturally-occurring polyphenolic compounds may serve as 
functional ingredients in the human and animal diets due to its benefi
cial effects. In the present study, we selected beagles as model animals to 
evaluate the effects of dietary supplementation with different levels of 
GA on physiological function, antioxidant capacity, inflammatory cy
tokines, nutrient digestibility, and fecal characteristics, fermentation 
metabolites, microbiota, and metabolome. As expected, all the 4 
experimental diets had similar ingredient composition and nutrient 
levels, except for supplementation with 0.02%, 0.04%, and 0.08% GA. 
Briefly, dogs fed with GA had no effect on most serum biochemical pa
rameters, body condition, feed intake, and fecal characteristics, while 
supplementation with GA influenced serum TB, TG, acid-hydrolyzed fat 
digestibility, diarrhea rate, and fecal SCFAs and enhanced anti-oxidative 
and anti-inflammatory capacities, as well as modulated fecal microbiota 
and metabolic profiles. 

All serum biochemical parameters were within the normal reference 
range for all dogs in the 4 groups on d 0 and d 45, indicating all dogs 
remained healthy without any signs of gastrointestinal discomfort 
throughout the study. The accumulation of serum TB level is a common 
symptom of liver damage (Vítek & Ostrow, 2009). Although 0.08% GA 
significantly increased TB level (5.32 µmol/L) on d 45 and displayed a 
dose-dependent relationship, it’s still in the safety range (0.0–15.0 
µmol/L), indicating long-term feeding of 0.02%~0.08% GA does not 
negatively affect liver function. Additionally, the 0.02% and 0.08% GA 
groups had higher serum TG levels than the CON group on d 0. However, 
after 45 days of GA supplementation, we found a surprise that 0.04% 
and 0.08% GA decreased serum TG levels with a dose-dependent rela
tionship, indicating long-term feeding of GA has the potential to 
improve lipid metabolism and prevent obesity. Our data is consistent 
with previous studies in obese mice (Bak et al., 2013; Paraiso et al., 
2019). Meanwhile, one interesting finding is that supplementation with 
0.02%~0.08% GA reduced the digestibility of acid-hydrolyzed fat, 
which is consistent with previous report that feeding pomegranate 
extract containing 16.9% GA equivalent reduced fat digestibility of 
calves (Oliveira et al., 2010). Additionally, serum metabolome further 
showed that 0.08% GA mainly influenced lipid metabolism. These re
sults support the idea that GA has the potential of regulating lipid 
metabolism and fighting against obesity. 

Gallic acid is an excellent astringent that exhibits anti-diarrheal ef
fects (Sterneder et al., 2021). We previously demonstrated that dietary 
supplementation with 0.05% GA reduced FS and exhibited antidiarrheal 

activity against environmental stress-induced diarrhea in puppies (Yang 
et al., 2022). Similarly, this study found that the addition of 0.02%, 
0.04%, and 0.08% GA remarkably reduced the FS and diarrhea rate of 
healthy dogs, among them, dogs fed with 0.08% GA had lowest diarrhea 
rate. Gut microbial-derived SCFAs are known to be able to modulate 
immune function and play important roles in diarrheal diseases (Gagné 
et al., 2013). Previous studies have found that GA supplementation can 
increase cecal or fecal acetate and total SCFAs concentrations (Masek, 
Starcevic, & Mikulec, 2014; Yang et al., 2022). Similar results were 
obtained in this study, with higher GA dosages leading to higher acetate 
and total SCFAs concentrations, which may be one of the reasons why 
GA supplementation possesses the potential to alleviate diarrheal 
symptoms. 

The formation of reactive oxygen species and subsequent generation 
of oxidative stress can lead to inflammatory response (Hussain, Tan, Yin, 
Blachier, Tossou, & Rahu, 2016). We previously found that 0.05% GA 
could alleviate oxidative damage and inflammatory response in stressful 
puppies (Yang et al., 2022). Researches in other animals have also 
yielded similar results (Pandurangan et al., 2015). The current study 
showed that dogs fed with 0.02% GA had the highest serum CAT ac
tivity, and 0.08% GA had the highest SOD activity. Our results are 
different from previous report, which found short-term feeding of 0.05% 
GA increased GSH-Px activity and decreased MDA content in stressful 
puppies, but had no effect on serum T-AOC and SOD activities (Yang 
et al., 2022). It is possible that differences in duration of feeding GA and 
physiological states could be responsible for these differential antioxi
dant pathways. Our results also found that 0.02%~0.08% GA supple
mentation had robust anti-inflammatory role. These results seem to be 
consistent with other research suggesting that GA supplementation 
alleviated inflammatory response in different physiological states of 
animals (Pandurangan et al., 2015). 

Gut microbiota variation may be a key mechanism resulting in in
testinal inflammation (Yang et al., 2020). In accordance with the present 
results, Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, and 
Proteobacteria are the five predominant bacterial phyla in the canine 
gastrointestinal tract (Pilla & Suchodolski, 2019). There were no dif
ferences in bacteria at the phylum level among groups, and no changes 
were observed for α- and β-diversity of fecal microbiota in dogs fed with 
GA, indicating long-term feeding of 0.02%~0.08% GA had no obvious 
effect on gut microbial richness and diversity of healthy dogs. Never
theless, one interesting finding was that 0.02%~0.08% GA significantly 
decreased the B/F ratio. This result is in line with previous studies which 
had confirmed that dogs fed high-protein and low-carbohydrate diets, as 
an effective weight loss strategy, had a decrease in B/F ratio (Moinard 
et al., 2020), and dietary supplementation with green tea polyphenols 
reduced B/F ratio and intestinal inflammation in obese dogs (Li et al., 
2020). Therefore, we further speculate that GA can improve lipid 
metabolism by regulating gut microbiota. 

Further analysis of bacteria at the genus level, we found that GA 
supplementation decreased the relative abundance of pro-inflammatory 
bacterium Parasutterella (Wang et al., 2021; Wu et al., 2022). Previous 
studies showed that the potentially beneficial bacteria Faecalibacterium, 
Clostridiales_unclassified, Erysipelotrichaceae, and Lachnospiraceae are 
linked to SCFAs production and was positively correlated with meta
bolic homeostasis improvement (Parada Venegas et al., 2019; van der 
Hee & Wells, 2021). In this study, compared with the CON group, 0.08% 
GA increased the relative abundances of Faecalibacterium, Clos
tridiales_unclassified, Erysipelotrichaceae_unclassified, Lachnospir
aceae_UCG_010, and GCA_900066575 (Lachnospiraceae), revealing that 
the decreasing Parasutterella and increasing SCFAs-producing bacteria 
abundances induced by GA are important reasons for the relief of 
inflammation and diarrhea in this study. Meanwhile, the correlation 
analysis also further verified a positive association between Faecali
bacterium and acetate/total SCFAs. Nevertheless, our previous findings 
in stressful puppies suggested that 0.05% GA increased the relative 
abundance of fecal Lactobacillus and decreased Escherichia–Shigella and 
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Clostridium_sensu_stricto_1 (Yang et al., 2022). In all, these results suggest 
that different levels of GA have distinct regulatory effects on bacteria 
due to different physiological states and feeding duration in dogs. 

Gut microbiota-derived metabolites are intimately related to host 
physiology, including nutritional status, metabolism, and stress 
response (Sekirov, Russell, Antunes, & Finlay, 2010). Thus, an untar
geted metabolomics was performed to determine the effects of GA 
supplementation on fecal metabolic profiles. The PCA and OPLS-DA 
plots displayed a distinct separation between the CON and 0.08% GA 
groups. The KEGG enrichment analysis showed that 0.08% GA affected 
carbohydrate, amino acid, and nucleotide metabolism. Similar conclu
sion was obtained in previous study (Yang et al., 2022). Among them, 
Parasutterella is a producer of succinic acid (Ju, Kong, Stothard, & 
Willing, 2019) which is known for its immunomodulatory properties 
(Connors, Dawe, & Van Limbergen, 2019). It has been reported that 
reducing the accumulation of succinic acid may regulate inflammatory 
cytokine levels, thereby enhancing the immunity of animals (Geng et al., 
2021; Liu et al., 2022). Our study found that dogs fed with 0.08% GA 
had a decreasing concentration of succinic acid in feces, thereby 
enhancing the immunity of dogs. Moreover, enrichment analysis further 
confirmed that the decreasing succinic acid affected the butanoate 
metabolism, propanoate metabolism, and TCA cycle. These results 
showed that GA could inhibit the proliferation of Parasutterella, which 
led to a reduction in the production of succinic acid in feces, thereby 
enhancing immunity and reducing diarrhea rate. Hydrocortisone (i.e., 
cortisol) is the main glucocorticoid secreted by the adrenal cortex and it 
is involved in the stress response (Adinoff, Junghanns, Kiefer, & 
Krishnan-Sarin, 2005). Similar to succinic acid, we also found that 
altered fecal bacteria were significantly associated with hydrocortisone 
which was positively associated with diarrhea rate. From the correlation 
analysis, we found multiple strong correlations between differential 
fecal microbiota and metabolites which affected diarrhea rate, antioxi
dant capacity, inflammatory response, and lipid metabolism, thereby 
improving gut health. However, the association between gut microbiota 
and metabolic changes still needs to be further explored and verified. 

5. Conclusion 

In conclusion, the current findings suggested that dietary supplemen
tation with GA (0.02%, 0.04%, and 0.08%) had no negative effect on body 
condition. GA supplementation regulated serum lipid metabolism by 
reducing serum triglyceride, fat digestibility, and B/F ratio. Moreover, GA 
intervention decreased the relative abundance of Parasutterella, and 
increased that of SCFAs-producing bacteria (including Faecalibacterium, 
Clostridiales_unclassified, Erysipelotrichaceae_unclassified, and Lachnospir
aceae) along with fecal acetate and total SCFAs contents accumulation in 
the 0.08% GA group. The KEGG enrichment analysis further elucidated 
that 0.08% GA mainly affected carbohydrate metabolism (butanoate 
metabolism, propanoate metabolism, and TCA cycle) by downregulating 
succinic acid in feces. Importantly, strong correlations between the altered 
fecal microbiota and metabolic profiles revealed that GA supplementation 
improved hindgut metabolic activity by modulating gut microbiota, 
thereby promoting gut health by enhancing antioxidant capacity and 
reducing inflammation and diarrhea rate. Overall, this study confirmed the 
beneficial effects of long-term consumption of GA on lipid metabolism and 
gut health, and the optimal level of GA supplementation was 0.08%. 
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