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Introduction: Despite the potential health risks associated with feeding raw and non-traditional diets, the use of these diets in dogs is increasing, yet the health outcomes associated with these diets is not well understood. This study investigates the effect of feeding dogs a kibble or raw meat-based diets on fecal microbiota composition, serum metabolomics and inflammatory markers.

Methods: Clinically healthy dogs with a history of consuming either kibble (KD, n = 27) or raw meat-based diets (RMBD, n = 28) for more than 1 year were enrolled. Dogs were fed a standardized diet of either a single brand of KD or RMBD for 28 days. Serum and fecal samples were collected for analysis of microbiota, metabolomics, and inflammatory markers. Multiple regression analysis was performed for each of the metabolites and inflammatory markers, with feed group, age and BCS included as independent variables.

Results: The fecal microbiota composition differed between the KD and RMBD groups. Beta-diversity and some indices of alpha-diversity (i.e., Shannon and Simpson) were different between the two diet groups. Sixty- three serum metabolites differed between KD and RMBD-fed dogs with the majority reflecting the differences in macronutrient composition of the two diets.

Fecal IAP, IgG and IgA were significantly higher in RMBD dogs compared to KD dogs, while systemic markers of inflammation, including serum c-reactive protein (CRP), galectin, secretory receptor of advanced glycation end-products (sRAGE), haptoglobin, and serum IgG were similar in dogs fed either diet.

Discussion: Diet composition significantly affected fecal microbiota composition and metabolome. Although it had a potentially beneficial effect on local inflammatory markers, feeding RMBD had no impact on systemic inflammation. The influence of these changes on long term health outcomes provides an area for future study.
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Introduction

Many dog owners seek the healthiest diet to promote a long, quality life. The commercial dog food market is vast with formulated dry kibble dominating the market for its ease of use, meeting nutritional standards and shelf stability (1). Although generally considered healthy and safe, recent news reports of food recalls due to contamination with pathogenic microorganisms (bacteria, yeast, and fungi), mycotoxins, toxic commercial chemicals, and drugs such as melamine have heightened concerns among dog owners (1–7). Furthermore, grain-free, boutique dog foods, once believed by many consumers to be a more wholesome diet choice have been suggested to be correlated with development of dilated cardiomyopathy (8, 9), although the relationship between DCM and the feeding of grain-free diets is in dispute (10). For people, eating freshly prepared food is widely accepted as healthier and less inflammatory than a diet of heavily processed foods. Traditional pet foods are processed using heat treatments aimed at improving digestibility of included ingredients, extending shelf life and eliminating pathogens. However, high temperature processing may also alter bioavailability of some nutrients and increase the presence of byproducts such as advanced glycation end products (AGEs) (11–14). Furthermore, dry kibble production also requires the incorporation of additional ingredients such as binders or preservatives not found in fresh feeds which may impact health (15). Recently, feeding highly processed carbohydrate-based diets to juvenile dogs was identified as a risk factor for chronic enteropathies in later life (16).

In response, some pet owners are moving away from processed kibble dog food diets and implementing feeding fresh, dehydrated, freeze-dried and raw meat-based diets (17, 18). Reasons given for feeding fresh or raw diets include a nutrient profile that mimics ancestral diets, increased digestibility of nutrients, less chance of contaminants, and the belief it reduces chronic, inflammatory conditions such as allergies, avoids gastrointestinal disorders, improves dental health and reduces fecal output. (18, 19). However, raw or other unprocessed pet diets are not without risk to pets and pet owners. The increased presence of pathogenic bacteria in raw pet food diets has been clearly demonstrated, with case reports of serious food borne diseases in humans handling raw pet food as well as enteric diseases in pets consuming these product (20–29). The presence of antibiotic resistant bacterial populations in unprocessed pet foods has also been documented and may pose additional, critical risk to households handling such products (30). Although the risk of bacterial contamination is clear, the frequency of adverse health events in both pets and pet owners secondary to raw companion animal diets has been debated. In a recent survey of pet owners feeding a raw diet to their pet, the incidence of enteric diseases was suggested to be quite rare, although the study was limited as it relied on owner perception rather than confirmed diagnosis (31). Malnutrition may also occur in pets when owners fail to appropriately formulate home designed diets. Over 90% of dogs fed raw meat-based diets (RMBD) had at least one or more nutritional imbalances when examined by diet calculations (32). While case reports highlight the potential for this adverse outcome, there are no estimates of how common incidences of malnutrition may be in practice.

It is well known that diet is a strong driver of the gut microbiome, and the microbiome has a substantial role in overall health (33–36). Alterations in the microbiome may contribute to development of chronic disease (37, 38). Thus, the effects of raw feeding on the canine intestinal microbiome and determining whether it promotes beneficial or potentially harmful bacterial populations is of interest. Diet also impacts the metabolome, both directly through nutrients included or excluded in the diet and indirectly, through alterations in the microbiome. Metabolomic profiles can be used to screen for inflammatory disease in a non-targeted manner, while measurement of specific inflammatory biomarkers is a traditional approach to predictive chronic inflammation (39–42).

Considering the growing popularity and emerging marketing strategies to encourage the use of non-traditional diets despite the potential health risk to owners, it is worthwhile to evaluate the impact these diets have on canine health. To investigate the role of diet in intestinal and systemic health in dogs, the concentrations of fecal and serum inflammatory markers as well as metabolome and microbiota was compared in dogs fed a traditional kibble diet (KD) to those fed a raw meat-based diet (RMBD). We hypothesized that dogs fed RMBD would have alterations in their microbiota and metabolome that correlated with changes in fecal and systemic inflammatory markers.



Materials and methods

This project was approved by Oklahoma State University’s Institutional Animal Care and Use Committee (ACUP# VM-18-26). Study recruitment was conducted through advertisement and social media campaigns targeting local and regional raw dog food cooperatives, dog events, canine performance groups, veterinary clinics and clients and employees of OSU’s Boren Veterinary Medical Hospital. Inclusion criteria required dogs to be systemically healthy adults (>1 year), > 9 kg, and to have been fed only a RMBD or an extruded commercial kibble diet (KD) for >1 year. Exclusion criteria included abnormal physical examination findings consistent with systemic disease, recent (within 4 months) administration of an antimicrobial, corticosteroid or immunomodulatory drug (e.g., Apoquel or Cytopoint), recent (within 2 weeks) vaccination, and pregnancy.

General health was confirmed via physical examination and baseline laboratory values by a single, blinded veterinary clinician. Free catch urine samples were collected from the dogs at the time of examination and urinalysis was completed on fresh urine samples by refractometry and urine test strip (Siemens Multistix 10 SG, Siemens Healthcare Diagnostics Inc., Tarrytown, NY, United States). Fecal samples were collected at the time of examination either through natural defecation or by manual rectal extraction by the veterinary clinician and evaluated by the Oklahoma Animal Disease and Diagnostic Laboratory for parasites.

All dogs were grouped according to their feeding method at enrollment (Table 1) based on owner provided diet history. As a large number of owners indicated they occasionally supplemented their dogs’ diets with treats, human food and leftovers, the diet was standardized before collecting samples. Dogs were placed on a 28-day restricted diet, limited to either a single brand of kibble (Purina Pro Plan Savor) or RMBD (Titan Blue, Ross Wells) and a single ingredient treat. KD dogs were fed a 50:50 blend of kibble of two protein sources (Shredded Beef and Rice: Shredded Chicken and Rice) to mimic the protein source of the RMBD more closely. All clients were supplied freeze-dried, single ingredient (liver) treats to be given if needed for training purposes. Diets were analyzed for dry matter, crude protein, fat, crude fiber, ash, minerals, and monosaccharides by Midwest Laboratories (Omaha, NE) (Supplementary Table S1). Amino acids (Supplementary Table S2) and fatty acid (Supplementary Table S3) profiles of diets were analyzed by Eurofins Scientific Inc. Nutrition Analysis Center (Eurofins, Des Moines, Iowa). Dog owners kept a weekly diet log on food consumption and to report any inadvertent food exposure. Owners were instructed to feed at a rate to maintain body weight and condition throughout the trial. Using the feed intake reported from weekly feeding logs completed by owners and nutritional analysis, daily dry matter mean intake was calculated for KD and RMBD fed groups for all nutrients (Supplementary Table S4), including individual amino acids (Supplementary Table S2) and fatty acids (Supplementary Table S3).



TABLE 1 Characteristics of enrolled dogs.
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Each dog returned on day 28 for physical examination and sample collection by the same blinded veterinary clinician. Clients were instructed to feed their dog half of the morning meal 120–240 min before their scheduled appointment. Blood samples were collected by jugular venipuncture into sterile vacuum red top blood tubes (BD Vacutainer®, Franklin Lakes, NJ, United States), placed on ice and transferred to the laboratory. The samples were centrifuged at 2000 x g for 10 min at 4°C, and the separated serum stored at −80°C. Fresh fecal samples were also collected (voided or digital extraction from rectum), snap frozen in liquid nitrogen, then stored at −80°C for later processing.


Fecal microbiota

Fecal DNA isolation, amplicon sequencing, sequence data analysis, and taxonomic classification were done as previously described (43). PCR amplification, microbial amplicon sequencing and bioinformatics were performed at Novogene Corporation (Sacramento, CA, United States) using their standard data analysis pipeline in use as of October 2020 (detailed methods included in Supplementary Table S12). Following sequence data analysis, taxonomic classification was performed, and rarefaction curves were generated. Alpha diversity was assessed using Chao1, Observed-species, Shannon, and Simpson indices. All these indices were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). Alpha diversity boxplots were formed to analyze difference of Alpha Diversity indices between groups. Two sample Wilcoxon tests were performed for analysis of significance of difference between groups. The beta diversity of bacterial populations was used to express differences between feeding groups in species complexity. Beta diversity on both weighted and unweighted unifrac were calculated by QIIME software (Version 1.7.0). Cluster analysis was preceded by principal component analysis (PCA), which was applied using the FactoMineR package and ggplot2 package in R software (Version 2.15.3). Principal Coordinate Analysis (PCoA) of weighted or unweighted unifrac was performed to get principal coordinates and visualize from complex, multidimensional data. PCoA analysis was displayed by WGCNA package, stat packages and ggplot2 package in R software (Version 2.15.3). Anosim and Adonis were performed by R software (Vegan package: anosim function, and adonis function). AMOVA was calculated by mothur using amova function. Further, linear discriminant analysis (LDA) with effect size measurements was used for quantitative analysis of gut microbiota composition within dietary groups. LDA analysis was conducted using LEfSe software.



Serum metabolomics

Serum metabolomics analysis was performed following published procedures (43) at West Coast Metabolomics Center (University California, Davis, Davis, CA, United States). Following data acquisition and data processing, the quantified metabolites values were reported as peak height. Kolmogorov–Smirnov test was applied to assess normality, then mean ± SD or median (interquartile range) was calculated for each identified metabolite. Resulting p-values were adjusted for multiple testing using the Benjamini–Hochberg procedure to control False Discovery Rate (44). Principle component analysis (PCA), pathway impact analysis and hierarchical clustering analysis were performed using MetaboAnalyst 3.092 (available online at: http://www.metaboanalyst.ca/faces/ModuleView.xhtml).



Inflammatory markers

Fecal samples were homogenized in protease inhibitor, spun at 12,000 g for 20 min and the supernatants collected for analysis. Intestinal alkaline phosphatase activity (IAP) was determined using a previously described chromogenic enzyme assay as modified (45). Diluted fecal supernatants were reacted with p-nitrophenyl phosphate for 5 min, then stopped using 2 N NaOH. Chromogenic IAP activity was measured in an automated plate reader at 405 nM, using a serial dilution of shrimp alkaline phosphatase to create a standard curve. To confirm that the alkaline phosphatase (AP) activity was only from IAP, samples were treated with 10 mM phenylalanine, an inhibitor of IAP but not non-tissue specific AP. Fecal IgA and IgG was measured by canine specific ELISA (ICL, Inc., Portland, OR, United States). Protein concentration of the supernatants was measured (Bio-Rad, Hercules, CA, United States) and all fecal results expressed as enzyme activity (mIU/ul)/protein (mg/ml) (40).

Serum inflammatory marker galectin (RayBiotech Inc., Peachtree Corners, GA, United States), and serum IgG (ICL, Inc., Portland, OR, United States) were measured using canine specific commercial ELISAs. Serum sRAGE was measured using canine specific antibodies (R&D systems, Minneapolis, MN) and previously published methods (42). The concentration of serum haptoglobin was measured enzymatically using a multispecies, colorimetric assay (Phase™, TriDelta Development Ltd., County Kildare, Ireland). Serum C-reactive protein (CRP) was measured at the Gastrointestinal Laboratory at Texas A&M College of Veterinary Medicine (College Station, TX, United States).



Statistics

Age, gender, and body condition score (BCS) were compared between the two feeding groups by Mann Whitney test. As age and BCS differed between the two groups (Table 1), multiple regression analysis was performed for each of the metabolites and inflammatory markers, with feed group, age and BCS included as independent variables. Resulting p-values were adjusted for multiple testing using the Benjamini–Hochberg procedure to control False Discovery Rate (44).




Results


Animals

Sixty-one dogs with a history of being fed a RMBD or kibble diet for ≥1 year were recruited. Six were excluded due to abnormalities on physical examination which deemed the animal unhealthy to participate. Excluded dogs (5 KD, 1 RMBD) had significant cardiovascular disease (N = 2), generalized skin infection (N = 2) and severe dental infection/periodontal disease (N = 2). Table 1 lists the specific diets of dogs prior to enrollment. Dogs were grouped (RMBD = 28, KD = 27) based on their diet at time of enrollment. Table 1 describes the animal signalment and physical characteristics of the two feeding groups (46). RMBD fed dogs were older (Age: KD = 4.5 yr., RMBD = 6.9 yr.; p < 0.001) and leaner (BCS: KD = 5.1, RMBD = 3.8; p < 0.001) than KD dogs. There were no differences in gender (p = 0.06), breed (p = 0.08) or purebred versus mixed breed (p = 0.23) between the two groups.



Diet

Owners were instructed to feed at rates to maintain body condition score and weight throughout the 28- day feeding period. Caloric intake was determined through dietary logs, and the manufacturers reported caloric densities (kcal/kg) were used to calculate mean caloric intake (Supplementary Table S4). Caloric density (ME kcal/kg DM basis) of RMBD was greater than in KD (5,280 and 4,296 kcal/kg, respectively), however, owner feeding rates resulted in lower caloric intake per day in RMBD than KD (37.9 and 46.3 kcal/kg bwt/day, respectively). RMBD was higher in crude protein on a DM basis (RMBD = 49.7%, KD = 30.8%) and fat (acid hydrolysis) (RMBD = 43.5%, KD = 18.8%), while the KD was higher in total starch (KD = 32.3%, RMBD = 0.4%). Daily intake of nutrients per kg/bwt (Supplementary Table S4) were similar in protein (KD = 3.3 g /kg bwt, RMBD =3.6 g /kg bwt) but differed in fat (KD = 2.0 g/kg bwt, RMBD =3.2 g/kg bwt,) and starch (KD = 3.4 g/kg bwt, RMBD = 0.03 g/kg bwt). Intake of individual amino acids and fatty acids is shown in Supplementary Tables S3, S4.

Dietary intake of specific nutrients varied between the two groups, with RMBD having a higher intake per kg bwt of 10 /17 measured amino acids (tryptophan, methionine, alanine, aspartic acid, glycine, histidine, isoleucine, lysine, threonine, and valine) and a similar (≤20% difference) or lower intake for 7/17 amino acids (Supplementary Table S2). Despite this, plasma amino acid concentration was only statistically higher in RMBD compared to KD dogs for the 3 branched chain amino acids, as well as lysine, while it was lower in 7/17 amino acids (tryptophan, glutamine, glutamic acid, aspartic acid, phenylalanine, cystine and tyrosine; Supplementary Table S2). Amino acid derivatives higher in RMBD included alpha amino adipic acid, 2 aminobutyric acid, 2-hydroxybutanoic acid, trans-4-hyroxy-l-proline, 2-ketoisocaproic acid and kynurneic acid. Lipid, lipid derivatives, fatty acid and fatty acid metabolites which were higher in RMBD (which consumed more fat on a kg/bwt basis) included only phosphoethanolamine, 3-hydroxybutyric acid, 4-hydroxyphenylacetic acid, phytanic acid, linoleic acid, arachidonic acid, and 2-hydroxyhexanoic acid. Linoleic acid intake and arachidonic acid intake were substantially higher in RMBD dogs, with a twofold greater intake in linoleic acid and a fivefold greater intake in arachidonic acid (Supplementary Table S3).



Fecal microbiota

Rarefaction curve analysis showed that all fecal samples analyzed reached a stable plateau at 20,000 with a 100,000 depth read and 300–500 OTU (Figures 1A,B) indicating that the sequence depth was adequate for capturing the species richness of the samples. The bacterial alpha diversity indices Chao1, observed species, Shannon, and Simpson are shown in Figures 2A–D. Chao1 and observed species did not differ in KD compared to RMBD (Figures 2A,B). However, Shannon and Simpson diversity indices were significantly different between the two diet groups (p < 0.05; Figures 2B–D), with RMBD showing greater diversity. Weighted PCoA, but not unweighted PCoA, showed a clear separation and clustering for fecal bacteria composition in dogs fed with KD versus RMBD (Figures 3A,B). Overall, the three main phyla in both KD and RMBD groups were Bacillota (Firmicutes), Bacteroidota, and Fusobacteriota (Figures 4A,B). Bacillota was the most abundant bacterial community at phylum level in both diets while their relative abundance was higher in KD (60.5%) than RMBD (34.0%) (Figures 4A,B), followed by Bacteroidota in KD (18.3%) and Fusobacteriota (26.3%) in RMBD. At genus level, the most abundant bacteria in the KD were Catenibacterium (24.7%), Fusobacterium (8.1%), Collinsella (7.5%) and Faecalibacterium (7.1%) (Figures 4C,D); while Fusobacterium was the most abundant genus in RMBD (22.6%), followed by Bacteroides (17.9%), and Collinsera (9.1%). Complete data on taxa, including p and q values can be found in Supplementary Tables S5–S10 and Supplementary Figures S1–S5. Beta diversity indices, Anosim (Figure 5), Adonis and AMOVA, all indicated a difference in species diversity between KD and RMBD (p < 0.001). Linear discriminant analysis (LDA) with effect size measurements (LEfSe) was used to assess the differences in gut bacterial abundances between KD and RMBD. Dogs fed RMBD had a higher proportion of p- Fusobacteria, o Fusobacteriales, c-Fusobacteriia, and f-Fusobacteriaceae families compare to KD fed dogs, while KD fed dogs had higher proportion of p-Firmicutes, o-Erysipelotrichales, f-Erysipelotrichaceae, c- Erysipelotrichia and g-Catenibacterium (LDA [log10] score > 2.0; Figure 6).
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FIGURE 1
 Fecal rarefaction curve analysis of dogs fed with kibble (KD) versus raw meat-based diets (RMBD). The rarefaction curves show the number of operational taxonomic unit (OTU) found as function of numbers of reads sampled when data were analyzed based on (A) dietary groups and (B) individual animals (each line represents an individual dog). n = 27 for KD and n = 28 for RMBD.
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FIGURE 2
 Alpha diversity indices for fecal bacterial community in dogs fed with kibble (KD) versus raw meat-based diets (RMBD). (A) Chao1, (B) Observed Species, (C) Shannon, and (D) Simpson. Median is shown with the line inside the box and outlier are shown as dots. **Differences were considered significant at p ≤ 0.01. n = 27 for KD and n = 28 for RMBD.


[image: Figure 3]

FIGURE 3
 Beta diversity of the fecal bacterial community in individual dogs fed with kibble (KD) versus raw meat-based diets (RMBD). (A) Principal Coordinates Analysis (PCoA) of unweighted UniFrac distances and (B) PCoA of weighted UniFrac distances. Each node represents an individual dog. n = 27 for KD and n = 28 for RMBD.
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FIGURE 4
 Fecal bacterial composition of dogs fed with kibble (KD) versus raw meat-based diets (RMBD) when data were analyzed based on individual dogs (A,C) or dietary groups (B,D). The relative abundance of fecal bacterial community composition at (A,B) phylum and (C,D) genus levels. Only the top 10 phyla or genera are depicted for clarity. n = 27 for KD and n = 28 for RMBD.
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FIGURE 5
 Beta diversity, Anisom results. Plotted with rank value on Y-axis and between groups or within groups on the X-axis. The positive R-value (R = 0.527) suggests the difference between groups is significantly greater than within group. p < 0.001.
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FIGURE 6
 Histograms of linear discriminant analysis (LDA) with effect size (LEfSe) on fecal microbiota composition in dogs fed with kibble (KD) versus raw meat-based diets (RMBD). n = 27 for KD and n = 28 for RMBD.




Serum metabolomics

Serum metabolomics analysis resulted in identification of a total of 148 known metabolites with 75 being significantly different between KD and RMBD-fed dogs with age and BCS included in the regression analysis and 63 remaining significant after applying correction for multiple comparisons (Table 2; p ≤ 0.05).



TABLE 2 Serum metabolomics profile in dogs fed with kibble (KD) or raw meat-based diets (RMBD).
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The PCA revealed a separation in metabolites for the majority of dogs in KD and RMBD groups. PC1 is indicative of 64.8% variation in metabolites changes among samples and PC2 explains 11.2% of the variation (Figure 7A). Hierarchical clustering heat map showed KD and RMBD groups had differentially expressed metabolites (Figure 7B). The metabolic pathway enrichment analysis showed that pantothenate and CoA biosynthesis, amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, ascorbate and aldarate metabolism, valine, leucine, and isoleucine degradation, aminoacyl-tRNA biosynthesis, inositol phosphate metabolism, phosphatidyl inositol signaling metabolism and glycerolipid metabolism pathways were different between KD and RMBD groups (Figure 7C). Amino acids, as well as amino acid derivatives and metabolites were significantly different between the two dietary groups. Moreover, dietary groups showed differential changes in carbohydrates, carbohydrates derivatives and metabolism, lipid metabolites and derivatives, fatty acids and vitamin metabolites. The list of identified metabolites that were not significantly different between KD and RMBD are provided in Supplementary Table S11.

[image: Figure 7]

FIGURE 7
 Serum metabolites of dogs fed with kibble (KD) versus raw meat-based diets (RMBD) displayed by score plots of principal component analysis (PCA), heat map, and the pathway analysis map. (A) PCA score plot of dogs’ serum metabolites. Dogs are shown by individual circles. (B) Hierarchical clustering of all significantly different serum metabolites between RMBD and KD groups. Columns indicate the dietary groups (RMBD vs. KD). The red color indicates the high abundance and blue color indicates the low abundance. (C) The pathway analysis map for the identified metabolites in the serum. The circles demonstrate the metabolic pathways. The scores for each circle were obtained from topology analysis with pathway impact for x-axis and analysis of the pathway enrichment for y-axis. The circle size reflects its impact value indicative of greater pathway impact for the large size circles. The circle color is based on its p-value meaning the darker color circles show more significant metabolite modifications and greater pathway enrichment. n = 27 for KD and n = 28 for RMBD.




Inflammatory markers

Fecal IAP, IgG, and IgA were significantly higher in RMBD dogs compared to KD dogs (p < 0.0004, p < 0.0006, p < 0.0002 respectively), when the effect of age and BCS were included in the analysis (Table 3). Serum CRP, galectin, sRAGE, haptoglobin, and IgG were similar in dogs fed either diet (Table 3).



TABLE 3 Inflammatory markers by feed group.
[image: Table3]




Discussion

As expected, numerous differences were apparent in the fecal microbiota and the metabolome of dogs fed markedly different diets. Despite this, serum inflammatory markers were similar between the two groups, although intestinal markers of inflammation were strikingly different. It is impossible to determine whether diet ingredient composition, processing, or both contributed to differences observed. Furthermore, it is unclear if any of the observed changes were beneficial or detrimental as only healthy dogs were included in this study. Ideally, a large cohort of dogs should be followed over time to determine how these findings associate with clinically relevant disease risk. Additionally, a cross over design which exposed dogs to both diets would have been ideal to isolate diet effects on intestinal inflammation.

Diet composition, including macronutrient composition, ingredient source and processing, has a substantial impact on gut microbiota. Regardless of diet, the three main phyla in both KD and RMBD diets were Bacillota, Bacteriodota, and Fusobacteriota, which agrees with what has been observed by others (47–51). Like other studies, dogs fed RMBD had higher Fusobacteriota and Bacteriodota in their feces, while Bacillota, was more abundant in dogs fed a KD (47–51). Although high numbers of Fusobacterium have been associated with diseases such as colon cancer and IBD in humans (52), it appears to be a consistent finding in the healthy dog (47, 53). Bacillota, which metabolize plant polysaccharides, have been shown to increase in omnivores (both dogs and people) when the diet is shifted toward plant-based ingredients, as was true for KD dogs (48, 49, 54–57). Similarly, the abundance of Bacteroides increases in humans consuming an animal-based diet, compared to plant based (58, 59). However, the current study did not agree with others which have shown differences in Faecalibacterium, Prevotella, Actinobacteria and notably Clostridium in the feces of RMBD compared to KD dogs (54, 60). Clostridiaceae have been shown to positively correlate with protein content and digestibility, and to be present in cat feces that receive higher amount of protein in their diet (49). The family of Erysipelotrichaceae was in greater abundance in the feces of kibble fed dogs, similar to what was observed by Bermingham et al. (60). Furthermore, Bermingham et al. (60) reported a positive correlation between Erysipelotrichaceae and carbohydrate digestion. At the genus level, g-Catenibacterium was the most prevalent bacteria in KD dogs, which is likely reflective of the difference in diet ingredients. This bacterium utilizes many sugars as the substrates of fermentation and produce SCFA.

In line with findings of Castañeda et al. (47) and Kim et al. (61) Shannon and Simpson diversity indices of alpha diversity was greater in dogs eating RMBD. Although increased diversity is generally considered to reflect improved intestinal and systemic health (62–65), this is likely an oversimplification as many factors can affect alpha diversity, including breed and body condition, both of which differed in the two feeding groups of this study (66–68). Weighted PCoA as an index of β-diversity also showed a clear separation in fecal microbiota between two groups as reported previously by others (47, 61). A clear separation for weighted PCoA, but not unweighted PCoA between RMBD and KD dogs is suggestive of the differences in abundance of bacteria rather than their presence/absence between these two groups.

After adjustment for BCS and age, dogs in our study showed differences in 63 serum metabolites, primarily in those related to carbohydrate, fat, and protein metabolism. Most observed differences in metabolites are likely explained by differences in macronutrient composition of the diets. The inclusion of plant products (rice, wheat, corn, and soybean meal) in KD increased the amount of total carbohydrates (sugars, starch, and fiber) while RMBD had more protein and fat from solely animal sources (ground poultry, beef, salmon, egg, and beef organ). To date, only two studies have reported the metabolomics of raw fed dogs (48, 69). Evaluation of the fecal metabolome in dogs fed Bones and Raw Food (BARF) diets and commercial diets, revealed only minor difference as isomaltose, 4-aminobutyric acid (GABA) and 4-hydroxybutryic acid (GHB) were the only metabolites that differed between the groups (69). Our investigation did not evaluate the fecal metabolome which may have proven useful for comparison.

Overall metabolites of protein metabolism, including amino acids, their metabolites and urea differed between groups. While diet composition differed, feeding rates resulted in a relatively similar daily protein intake between the two groups, (RMBD = 3.6 g/kg bwt/day; KD = 3.2 g/kg bwt/day). However, protein source (animal origins only, versus animal plus plant protein sources) as well as processing (grinding and freezing only versus high temperature/pressure) did differ between diets. Amino acid (AA) intake on DM/kg bwt basis was not consistently indicative of what was seen in plasma, with higher dietary intake not always paralleling higher serum concentrations. Alterations in plasma amino acids compared to dietary source could be attributed to alterations in protein synthesis or catabolism or the digestibility and bioavailability of the feed. Previously, others have shown that rendering protein products, as well as processing decreases crude protein (CP) and AA digestibility. Digestibility of protein in raw meat diets has been shown to be quite high, reported at 95–98% (55, 69–71).

As expected, the largest variation in metabolomics was in carbohydrate metabolism as identified through pathway analysis. The KD had 32.3% starch, with KD fed dogs consuming 3 g starch/kg/bwt daily, while starch consumption was negligible (<1%) in RMBD due to the non-inclusion of plant sources in their diet. KD fed dogs were higher in raffinose, beta gentiobiose (a byproduct of glucose caramelization), pinitol, galactinol, glucose, sucrose, ribose, and fructose all of which were present in higher quantities in the diet due to plant products.

We did not see many differences in lipid profiles despite the dogs being fed substantially different quantities of fat/kg bwt. Serum metabolites of RMBD dogs in our study were higher only in linoleic and arachidonic acid, while Puurunen et al. (69) found raw fed dogs to be higher in linoleic, stearic, and total saturated fatty acids. A reliance of beta oxidation from fatty acids for energy production in the absence of carbohydrates is evident in the RMBD dogs through the elevation of the ketone body, beta hydroxybutyrate. Ketogenic diets fed to dogs have been shown to alter phosphatidylcholine and acylcarnitine metabolites (72). Unfortunately, the metabolomics performed in the current study was selected to identify primary metabolites, and thus did not target identification of more complex lipids.

Beneficial antioxidant and anti-inflammatory metabolites might contribute to improved health. Those that were higher in the KD dogs included alpha tocopherols and niacin, presumably due to direct inclusion of these nutrients in kibble diets. Additionally, KD dogs consumed 3-fold more zinc, an important co-factor for many enzymes in the antioxidant defense system. RMBD dogs were higher in beta and gamma tocopherols as well as essential fatty acids, arachidonic acid, and linoleic acid. In theory, both fatty acids may contribute to improved skin health and immune function, two health benefits which advocates assert are associated with feeding dogs a RMBD.

Despite numerous differences in serum metabolites including those with anti-inflammatory and antioxidant functions, serum markers of inflammation did not differ between feed groups. Two acute phase proteins, (CRP and haptoglobin) and serum IgG were selected to broadly assess inflammation. Previous data from the same group of animals found a lower serum globulin concentration, a lower serum alkaline phosphatase activity and a greater lymphocyte count in dogs fed raw when corrected for age and BCS (46). Despite these previous indicators, we found no evidence that either diet was associated with systemic inflammation. It is conceivable that the selected markers were not sensitive enough to discriminate differences in clinically healthy animals. Larger studies with additional markers including functional assays might help answer these questions.

We also anticipated that sRAGE and galactin-3, known AGE binding proteins, would be elevated in KD dogs as processed food has been associated with high dietary AGE levels (11, 72). Although to the author’s knowledge there is no published data directly comparing AGEs in raw to kibble diet, Palaseweenun et al. (13) showed increased urinary AGEs in dogs fed kibble compared to raw fed dogs. Furthermore, it is known that processed dog food has 122 times more AGEs than human food (11). However, in the current study, neither sRAGE nor galactin-3 differed between groups. In contrast, dogs fed a dry food had higher levels of glycoprotein acetyls, representing glycated proteins within the blood associated with systemic inflammation (69). RAGE is a pattern recognition receptor which recognizes pathogen associated molecular patterns and endogenous molecular structures expressed at sites of inflammation (73–75). sRAGE is a variant of RAGE and functions as an anti-inflammatory decoy, sequestering ligands of RAGE to eliminate proinflammatory signals (76). Using a ratio of AGE:sRAGE may have been more useful in detecting inflammation (76). Our group did not measure serum AGEs, a limitation for this study in evaluating for inflammatory risk.

While systemic markers of inflammation did not differ between the groups, fecal anti-inflammatory markers, including fecal IgA, IgG, and IAP, were significantly higher in RMBD than KD dogs. We theorize these increases in RMBD fed dogs may reflect improved gastrointestinal homeostasis and immune function as well as increased feed digestibility. The marked degree of significance in these markers is an encouraging insight supporting the anecdotal evidence of improved health outcomes in raw fed dogs. IAP, an isoenzyme of alkaline phosphatase, is produced exclusively in the intestinal tract by villus-associated enterocytes and plays a protective role by detoxifying bacterial LPS and upregulating the expression of intestinal tight junction proteins (40, 77–80). Decreased IAP expression is associated with inflammatory diseases (45) and plays a significant role in the development of canine chronic enteropathies (45); dogs with chronic enteropathies had reduced IAP expression and reduced lipopolysaccharide (LPS) dephosphorylation activity (40). Increased IAP levels in RMBD fed dogs could reflect improved gut luminal detoxification and potentially reduced susceptibility to inflammatory conditions through impact on the microbiome and reduced intestinal inflammation and permeability.

Both age and diet have been shown to influence intestinal IgA secretion with increasing age diminishing antigen specific mucosal IgA responses in many species (81, 82). In our study, RMBD fed dogs were older, yet fecal IgA was significantly increased compared to KD dogs. Highly digestible foods have been shown to increase fecal IgA in both adult and geriatric dogs (83). Therefore, it is possible, that the greater digestibility of RMBD may account for the increase in fecal IgA levels. Whether or not this increase in IgA has physiological importance is unknown.

The role of higher concentration of fecal IgA and IgG in RMBD dogs is less definitive as it may be indicative of improved gastrointestinal immune function or alternatively, may indicate chronic low-level exposure to inflammatory enteric pathogens. IgA is the most abundant antibody isotope in the body and is essential for mucosal immunity and steady-state health in the gastrointestinal tract responding to pathogens, commensals and dietary allergens (84). Secretory IgA offers both immune protection, guarding against pathogenic microorganism colonization and invasion as well as immune tolerance and confinement of commensal flora to the intestinal lumen (84, 85). Secretory IgA deficiency has been shown to increase the risk of inflammatory, autoimmune, allergic, neoplastic and infectious disease (84). Intestinal and fecal IgA was lower in dogs with inflammatory bowel disease compared to healthy dogs (86). In contrast, people with IBD, celiac disease or Crohn’s disease have been shown to have increased total intestinal IgA and IgG (87).

The authors speculated that differences in fecal markers of inflammation would correlate with systemic markers of inflammation. However, this was not the case. This could reflect lack of sensitivity of the biomarkers. Enrolled dogs met strict inclusion criteria designed to select only healthy animals, therefore the study design may have served to screen out animals with early systemic inflammation of a sufficient magnitude to be detected by markers previously used to identify dogs with overt inflammatory disease.

Alterations of the gastrointestinal microbiome have the potential to impact tract health, as reflected through markers of inflammation. This is the first study to look at the impact of feeding practices directly on gut anti-inflammatory markers. In the current study, fecal IAP, IgA, and IgG levels were all higher in the RMBD group compared to the KD group. While the increase in immunoglobulins might reflect a healthier microenvironment or conversely a response to chronic enteric pathogen exposure, IAP is a critical enzyme in intestinal microbial homeostasis and barrier function and an increase in IAP activity positively correlates with markers of intestinal health.



Conclusion

Feeding minimally processed diets higher in protein with fewer plant-sourced carbohydrates changed microbial populations as well as serum metabolites.

Our study is the first to report that RMBD diets are associated with increased fecal IAP, IgA, and IgG. Further work is necessary to clearly delineate the impact of these findings on gastrointestinal homeostasis and immune function. as well as to understand the long-term effects of these diets on canine health.
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SUPPLEMENTARY FIGURE S1 | T-test of between group variation in phylum. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right.

SUPPLEMENTARY FIGURE S2 | T-test of between group variation in class. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right.

SUPPLEMENTARY FIGURE S3 | T-test of between group variation in order. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right

SUPPLEMENTARY FIGURE S4 | T-test of between group variation in family. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right.

SUPPLEMENTARY FIGURE S5 | T-test of between group variation in genus. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right.

SUPPLEMENTARY FIGURE S6 | T-test of between group variation in species. The left panel shows the species that differ significantly between groups. Each bar represents the mean value of the abundance in each group of the species showing significant difference between group. The right panel is the confidential interval of between group variation, with the bars indicating the 95% confidential interval. The center of the circle stands for the difference of the mean value. The color of the circle is in agree with the group whose mean value is higher. The p-value for the between group variation is on the right.
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Results listed as mean:+ SD. If data did not pass normality testing (Shapiro-Wilks),results listed as median (IQR). Serum metabolite concentration was compared by multiple linear regression,
with diet group, age and BCS as independent variables. P-values were corrected for multiple comparisons using Benjamini-Hochberg procedure to control False Discovery Rate.
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Age, gender, body weight, and body condition score (BCS) were compared betuween the two
feeding groups by Mann-Whitney test. BCS, body condition score; M, male; MC, male
castrate; F, female; FS, female spayed; BC, Border Collie; Lab, Labrador Retriever; GD, Great
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