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Abstract

:

Dietary supplementation with spray-dried porcine plasma (SDP) reduces the Alzheimer’s disease (AD) hallmarks in SAMP8 mice. Since gut microbiota can play a critical role in the AD progression, we have studied if the neuroprotective effects of SDP involve the microbiota−gut−brain axis. Experiments were performed on two-month-old SAMP8 mice fed a standard diet and on six-month-old SAMP8 mice fed a control diet or an 8% SDP supplemented diet for four months. Senescence impaired short- and long-term memory, reduced cortical brain-derived neurotrophic factor (BDNF) abundance, increased interleukin (Il)-1β, Il-6, and Toll-like receptor 2 (Tlr2) expression, and reduced transforming growth factor β (Tgf-β) expression and IL-10 concentration (all p < 0.05) and these effects were mitigated by SDP (all p < 0.05). Aging also increased pro-inflammatory cytokines in serum and colon (all p < 0.05). SDP attenuated both colonic and systemic inflammation in aged mice (all p < 0.05). SDP induced the proliferation of health-promoting bacteria, such as Lactobacillus and Pediococcus, while reducing the abundance of inflammation-associated bacteria, such as Johnsonella and Erysipelothrix (both q < 0.1). In conclusion, SDP has mucosal and systemic anti-inflammatory effects as well as neuroprotective properties in senescent mice; these effects are well correlated with SDP promotion of the abundance of probiotic species, which indicates that the gut–brain axis could be involved in the peripheral effects of SDP supplementation.
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1. Introduction


Alzheimer’s disease (AD) is the most common type of dementia in elderly people. It is characterized by memory loss, the extracellular deposition of β-amyloid (Aβ) peptides and the aggregation of hyperphosphorylated tau (p-tau) protein, which is the main component of neurofibrillary tangles [1]. Neuroinflammation plays a critical role in AD because it can promote the accumulation of Aβ and p-tau [2]. There is currently no cure for this disease and the etiology underlying its progression remains unclear [3]. Although aging is the major risk factor for AD [4], many factors can influence its development, such as family history, susceptibility genes, and diet [5].



The gut microbiota, which comprises bacteria, archaea, fungi, and viruses that reside in the gastrointestinal tract, plays a key role in health and disease. In a healthy state, the microbiota is involved in the maintenance of the intestinal barrier, inhibition of pathogen adhesion to the epithelial surface, production of short-chain fatty acids (SCFAs), and regulation and maturation of the mucosal immune system [6]. During aging, the microbiota composition is altered, resulting in an increase in the abundance of pathogenic bacteria and a more pro-inflammatory microbiota profile. This type of microbial alteration, which is called dysbiosis, is associated with many intestinal diseases, such as inflammatory bowel disease and irritable bowel syndrome, but is also linked to extraintestinal inflammatory diseases such as asthma and obesity [7], as well as neurodegenerative diseases such as Parkinson’s disease and AD [8]. Furthermore, an altered microbiota composition and increase in pathogenic bacteria are associated with a disruption of the intestinal barrier [9]. Consequently, microbiota and their by-products can cross the intestinal barrier and activate toll-like receptors (TLR) and the immune system. This induces the release of pro-inflammatory cytokines and leads to an inflammatory state, which can promote neuroinflammatory responses and neurodegeneration in the central nervous system through the gut−brain axis [10].



The gut−brain axis is a network of connections involving neural, immune, endocrine, and metabolic pathways that enables communication between the gut and the brain. The concept of the microbiota−gut−brain axis has emerged because there is growing evidence of the role played by the microbiota in many neurological diseases [11]. Specifically, age-associated changes in the gut microbiota may play an important role in AD progression [12]. This interplay between the microbiota and the brain and their effects on AD are based on studies on germ-free animals or animals treated with antibiotics. Both models exhibit a reduction in working memory, cognitive function, synaptic plasticity, and an immaturity of microglia. Interestingly, behavioral and molecular changes in the brain and alterations in the gut microbiota have been reported in several AD mice models at different ages [13]. Notably, the use of probiotics, prebiotics, and fecal microbiota transplant alleviate neuroinflammation and improve memory [8]. Diet and dietary supplements are essential factors that can modulate the gut microbiota by increasing or decreasing the levels of some bacterial species and thereby modify the abundance of certain metabolites of microbial origin. In addition, they can play a vital role in protecting against AD via the gut−brain axis [14].



Spray-dried porcine plasma (SDP) is a functional protein source that contents many functional components such as albumin, immunoglobulins, transferrin, fibrinogen, growth factors and many other peptides that not only promote intestinal function but also have systemic effects beyond the intestine, such as on the respiratory and reproductive systems [15,16,17,18]. Using aged senescence-accelerated prone (SAMP8) mice, we have previously shown that dietary supplementation with SDP prevents cognitive decline and reduces neuroinflammation and oxidative stress in the central nervous system [19] and decreases the neuropathological hallmarks of AD [20]. Moreover, SDP has been widely studied for its anti-inflammatory properties in gut-associated lymphoid tissue and in several experimental models of chronic and acute inflammation [21,22]. SDP also exerts prebiotic effects by enhancing the levels of beneficial species that induce anti-inflammatory pathways in weaned mice [23]. Therefore, the present study aimed to elucidate if the microbiota−gut−brain axis is involved in the neuroprotective effects of SDP in aged SAMP8 mice, which is a well-established model of AD [24].




2. Materials and Methods


2.1. Animals, Experimental Design, and Diets


Male SAMP8 mice were obtained from Envigo (Bresso, Italy) and were kept at the animal facility of the Faculty of Pharmacy and Food Sciences of the Universitat de Barcelona under stable temperature and humidity conditions and a 12 h:12 h light/dark cycle. All animal experiments were performed following the Guide for the Care and Use of Laboratory Animals, and the protocols used in this study were approved by the Ethics Committee for Animal Experimentation of the Universitat de Barcelona and the Catalan government (ref. 337/19 and 11,128, respectively). Animals were housed individually and fed experimental diets (control (CTL) or SDP) for 4 months. SDP is a functional protein source obtained from the blood of healthy pigs intended for human consumption [25]. The diets were balanced for energy, lysine, methionine, and total nitrogen and were formulated to meet National Research Council requirements [26] for laboratory animals. The composition of the experimental diets is detailed in Rosell-Cardona et al. [20]. Mice were divided into three groups: 2M, 2-month-old mice fed standard commercial feed; 6M-CTL, 6-month-old mice fed Control diet for 4 months; and 6M-SDP, 6-month-old mice fed with SDP diet for 4 months.




2.2. Sample Collection


The day before animals were euthanized, their feces were collected under clean conditions and immediately frozen in liquid nitrogen. At the end of the experimental period, the mice were anesthetized by an intraperitoneal injection of ketamine:xylazine (100:10 mg/kg). Blood was obtained directly from cardiac puncture and tissue samples were taken from the brain cortex and colonic mucosa. All samples were quickly frozen at −80 °C until their use.




2.3. Open Field Test


The open field test (OFT) evaluates the locomotor activity and anxiety-like behavior of mice, based on their aversion to luminous and open spaces. It was performed as described by Puigoriol-Illamola et al. [27]. Briefly, mice were placed in the center of a white wooden box (50 × 50 × 25 cm) divided into central and peripheral zones (15 cm between the central zone and the wall). Mice explored the box for 5 min and each trial was recorded using a camera placed on the top of the box. The locomotor activity of the mice calculated as the sum of total distance travelled, the number of rearings, and the border stay duration were analyzed with SMART® v3.0 software (Harvard Bioscience, Holliston, MA, USA). Between each trial, the box was carefully cleaned with 70% ethanol.




2.4. Novel Object Recognition Test


The novel object recognition test (NORT) allows the evaluation of short- and long-term memory. It was carried out as described by Garcia-Just et al. [19]. Briefly, mice were placed in a 90-degree two-arm (25-cm long, 20-cm high, 5-cm wide) black maze. Mice were habituated to the maze for 10 min on three consecutive days. On the fourth day, the animals underwent a 10 min acquisition trial, in which they were placed in the maze in the presence of two identical objects situated at the end of each arm. During this trial, side preference and explorative index were measured. The first retention trial was performed two hours later to evaluate short-term memory. During this trial, one of the objects was replaced by a new one and the behavior of the mice was recorded for 10 min. The second retention trial, which measures long-term memory, was conducted 24 h after the acquisition trial. Another new object replaced the other new object in the previous trial. The mice were recorded for 10 min. The time that mice spent exploring the new object (NO) and the time that mice spent exploring the old object (OO) were measured from video recordings of each trial. To evaluate the cognitive performance, the discrimination index (DI) was calculated, which is defined as (NO − OO)/(NO + OO). A lower DI indicates less memory capacity.




2.5. Western Blot


Western blot was performed as described by Miró et al. [21]. Briefly, brain cortex samples were homogenized using a Polytron homogenizer (PRO Scientific Inc., Oxford, CT, USA) at 20,000 rpm in a lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM ethylene-diamine-tetra-acetic acid (EDTA), 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT) and 2% (v/v) protease inhibitor cocktail (all from Sigma-Aldrich, St. Louis, MI, USA). Equal amounts of protein (50 μg) were separated on 10%–15% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). The membranes were then blocked and incubated overnight at 4 °C with specific primary antibodies against nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) p65 (ser536), total NF-κB (both obtained from rabbit and used at 1/1000, Cell Signaling Technology Inc., Danvers, MA, USA), brain-derived neurotrophic factor (BDNF, from rabbit and used at 1/500, Santa Cruz Biotechnology Inc., Dallas, TX, USA) and actin (from mouse and used at 1/10,000, Sigma-Aldrich). Next, the membranes were incubated with HRP-conjugated secondary antibodies (Sigma-Aldrich). Protein bands were visualized using the Clarity chemiluminescence detection kit and ChemiDoc XRS+ instrument (both from Bio-Rad) and quantified using the gel analyzer plug-in Gel Lanes Fit from ImageJ software [28].




2.6. Real-Time PCR


RNA was extracted from the brain cortex and colonic mucosa as described previously [20]. Total RNA was reverse-transcribed using the High-capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR was performed on a MiniOpticon Real-Time PCR System (Bio-Rad). The primers used are shown in Supplementary Table S1. TaqMan gene expression assays (Applied Biosystems, Foster City, CA, USA) were used for Occludin (Mm0128968_m1) according to the manufacturer’s instructions. Product fidelity was confirmed by melting-curve analysis. Each PCR run included duplicates of reverse transcription for each sample and negative controls (reverse transcription-free samples, RNAfree sample). Target gene transcripts were quantified using Hprt1 gene expression as reference and with the 2−ΔΔCT method [29].




2.7. Quantification of Cytokines


Cytokine concentrations in serum and cortex samples were quantified using Bio-Plex Pro™ Cytokine, Chemokine and Growth Factor Assay kit (Bio-Rad), according to the manufacturer’s instructions.




2.8. Lipopolysaccharide Determination


Serum and cortical lipopolysaccharide (LPS) levels were determined using the Competition ELISA kit for LPS (Antibodies-online Inc., Atlanta, GA, USA), according to the manufacturer’s instructions.




2.9. Extraction and Purification of Total Genomic DNA


DNA was extracted as described previously by Moretó et al. [23]. Briefly, fecal samples were suspended in 4 M guanidine thiocyanate, 10% N-lauroyl sarcosine and 5% N-lauroyl sarcosine (all from Sigma-Aldrich). DNA was extracted by mechanical disruption of the microbial cell wall using Zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA). The disruption was performed by shaking the mixture using the FastPrep®−24 instrument (MP Biomedicals, Solon, OH, USA). Then, polyvinylpolypyrrolidone was added (Sigma-Aldrich) and tubes were vortexed and centrifuged for 3 min at 12,000× g. The pellet was washed with TENP (50 mM Tris (pH 8), 20 mM EDTA (pH 8), 1% polyvinylpolypyrrolidone, 100 mM NaCl). DNA was precipitated by isopropanol and incubated with RNase (Qiagen, Venlo, The Netherlands). To precipitate nucleic acids, 3 M sodium acetate (Sigma-Aldrich) and absolute ethanol (JT Baker, Deventer, The Netherlands) were added. DNA was quantified using a NanoDrop ND-100 Spectrophotometer (Thermo Fisher Scientific).




2.10. 16S rDNA Gene Analysis


Extracted genomic DNA was processed and the variable V3 and V4 regions of the 16S rRNA gene were amplified. The primers to detect 16S rRNA were: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ (forward) and reverse 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′ (reverse). High-throughput sequencing was performed using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) at the Genomics and Bioinformatics Service, Universitat Autònoma de Barcelona (Bellaterra, Spain).




2.11. Statistical Analysis


Results are presented as means ± standard error of the mean (SEM). All results were analyzed using GraphPad Prism® software v8 (GraphPad Software Inc., La Jolla, CA, USA). First, Grubb’s test was performed to detect outliers, in addition to Levene’s test to check the homogeneity of variance and the Shapiro–Wilk test to verify data normality for all groups. To compare groups, one-way ANOVA followed by the Fisher posthoc test was used for normally distributed data. In contrast, the Kruskal–Wallis test was used for non-normally distributed data. To analyze the evolution of body weight and feed consumption of the aged animals, the area under the curve was calculated for each animal and these values were compared using the t-student test. Differences were considered statistically significant when p < 0.05. Microbial data were analyzed with ANOVA test, followed by the Benjamini and Hochberg method that corrected p values (or q values) for the false discovery rate (FDR) for normally distributed data. In contrast, the Kruskal–Wallis test was used for non-normally distributed data. Differences were considered statistically significant when q < 0.1 [30].





3. Results


3.1. Body Weight and Food Intake


Aged animals fed the SDP feed showed a higher rate of body weight gain than control (CTL) mice (p < 0.001; Figure 1A). At the end of the experimental period, body weight gain was greater in SDP mice than in CTL mice (p = 0.008; Figure 1B). Both groups of animals had similar food intake (Figure 1C).




3.2. Behavioral and Cognitive Tests


AD is associated with behavioral and cognitive abnormalities, so we evaluated whether SDP could mitigate these alterations in aged SAMP8 mice. Representative tracking maps of the OFT of all groups are shown in Figure 1A. Aging reduced the locomotor activity of the mice (6M-CTL vs. 2M; p < 0.001; Figure 2B) and SDP attenuated this reduction (6M-SDP vs. 6M-CTL; p = 0.027). Furthermore, we showed reduced exploratory activity (6M-CTL and 6M-SDP, p < 0.001 and p = 0.008; Figure 2C), and increased anxiety-like behavior (6M-CTL and 6M-SDP, p = 0.019 and p < 0.001; Figure 2D) in both groups of aged mice, without differences due to SDP supplementation.



To assess the working memory of mice, they were evaluated using the NORT. During the familiarization phase, all groups had a similar explorative index and object preference (Figure 3A,B, respectively). Regarding short-term memory, aged mice had lower values of DI than younger mice (6M-CTL vs. 2M; p = 0.008; Figure 3C). SDP supplementation prevented this reduction (6M-SDP vs. 6M-CTL; p = 0.039), showing similar DI values to those of young mice. Regarding long-term memory, aged mice had a lower DI than the young group (6M-CTL vs. 2M; p < 0.001; Figure 3D). SDP supplementation prevented this reduction, as these mice showed higher DI values than aged mice (6M-SDP vs. 6M-CTL; p = 0.040).




3.3. Effects on the CNS


Molecularly, it has been well-established that SAMP8 presents changes in brain-derived neurotrophic factor (BDNF) pathway. Neither aging nor SDP supplementation changed the relative abundance of the precursor form of BDNF (pro-BDNF; Figure 4A) in the cortex. However, senescence reduced the abundance of mature form of BDNF (m-BDNF; 6M-CTL vs. 2M; p = 0.049; Figure 4B), which was prevented by SDP supplementation (6M-SDP vs. 6M-CTL; p = 0.030).



Gene expression of the pro-inflammatory cytokines Il-1β and Il-6 was increased in the cortex of aged mice (6M-CTL vs. 2M; p = 0.002 and p < 0.001, respectively; Figure 5A,B), as was the abundance of p65-NF-κB (6M-CTL vs. 2M; p = 0.023; Figure 5C). Supplementation with SDP reduced the gene expression of the pro-inflammatory cytokines (both p = 0.014) and attenuated the effect of aging on the abundance of p65-NF-κB (6M-SDP vs. 6M-CTL; p = 0.043). In addition, aged mice showed decreased gene expression of the anti-inflammatory cytokine Tgf-β compared with young mice (6M-SDP vs. 6M-CTL; p = 0.037; Figure 5D). SDP supplementation prevented this decrease (6M-SDP vs. 6M-CTL; p = 0.041) and also increased the concentration of IL-10 in the cortex of senescent mice (6M-SDP vs. 6M-CTL; p = 0.022; Figure 5E).



Moreover, the gene expression of toll-like receptor 2 (Tlr2) was higher in senescent mice (6M-CTL vs. 2M; p = 0.012; Figure 6A), and SDP supplementation prevented this age-associated increase (6M-SDP vs. 6M-CTL; p = 0.030). On the other hand, no effects of aging or diet were observed for Tlr4, Cd14, and Myd88 gene expression (Figure 6B–D, respectively). The gene expression of TIR-domain-containing adapter-inducing interferon-β (Trif) was increased in the cortex by senescence (6M-CTL vs. 2M; p = 0.018; Figure 6E). Conversely, the concentration of LPS in the cortex was not modified by aging or diet (Figure 6F).




3.4. Systemic Effects


Aging has been previously described to increase systemic inflammation in SAMP8 mice [29]. Of note, senescence increased systemic inflammation by augmenting the concentration of LPS (6M-CTL vs. 2M; p = 0.032; Figure 7A), and of the pro-inflammatory cytokines IL-1β and TNF-α in the serum of aged mice (6M-CTL vs. 2M; p = 0.021 and p < 0.001; Figure 7B,C, respectively), and SDP supplementation reduced the concentration of both cytokines in senescent mice (6M-SDP vs. 6M-CTL; p = 0.004 and p = 0.011, respectively). Furthermore, SDP supplementation tended to increase the serum concentration of the anti-inflammatory cytokine IL-10 (6M-SDP vs. 6M-CTL; p = 0.066; Figure 7D).




3.5. Gut Microbiota


The Shannon’s index, used as a reflection of the diversity of species in a community, was similar in the different groups (Figure 8A). The number of species in feces (species richness) was not modified by age or SDP supplementation (Figure 8B). The gut microbiota of these mice predominantly comprised Bacteroidetes (42.4%–44.3%; Figure 8D–F) and Firmicutes (30.7%–38.0%), which constituted the dominant phyla, and their ratio (F/B) was not modified by age or SDP supplementation (Figure 7C). They were followed by Proteobacteria (14.2%–15.5%), Verrucomicrobia (0.5%–6.7%), Actinobacteria (0.4%–0.8%), Tenericutes (0.6%–1.0%), Deferribacteres (0.2%–0.5%), and others. No significant differences could be attributed to age or SDP supplementation.



The effects of age and SDP supplementation at the family level are shown in Table 1. Senescence reduced the abundance of the families Lactobacillaceae and Clostridiaceae, from the Firmicutes phylum; Sphingobacteriaceae, Flavobacteriaceae, and Prevotellaceae, from Bacteroidetes phylum; and Helicobacteraceae, from the Proteobacteria phylum (6M-CTL vs. 2M; all q < 0.05); whereas increased Erysipelotrichaceae, from the Firmicutes phylum (6M-CTL vs. 2M; q < 0.05); and Bacteroidaceae and Porphyromonadaceae, from the Bacteroidetes phylum (6M-CTL vs. 2M; both, q < 0.1). On the other hand, SDP supplementation prevented the effect of aging on the Lactobacillaceae family and increased the relative abundance of the Eubacteriaceae family (6M-SDP vs. 6M-CTL; both q < 0.05).



At the genus level and within the Firmicutes phylum, senescence reduced the relative abundance of the anti-inflammatory genera Lactobacillus and Pediococcus (6M-CTL vs. 2M; q = 0.009 and q < 0.001, respectively; Figure 9A,B) and SDP supplementation prevented these reductions (6M-SDP vs. 6M-CTL; q = 0.040 and q = 0.006, respectively). Furthermore, SDP supplementation increased the abundance of the acetyl-CoA producer Acetobacterium (6M-SDP vs. 6M-CTL; q = 0.063; Figure 9C). The abundance of the pathogenic bacteria Erysipelothrix was increased in aged mice compared with young mice (6M-CTL vs. 2M; q = 0.038; Figure 9D). SDP supplementation reduced it (6M-SDP vs. 6M-CTL; q = 0.084) and also reduced the relative abundance of the pathogenic bacteria Johnsonella (6M-SDP vs. 6M-CTL; q = 0.039, Figure 9E). Besides, aging reduced Clostridium abundance (6M-CTL vs. 2M; q = 0.007, Figure 9F), but SDP had no effects on its abundance.



At the genus level and considering the Bacteroidetes phylum, senescence increased Bacteroides abundance (6M-CTL vs. 2M; q < 0.001; Figure 10A), although no effect of SDP supplementation was observed. Aging reduced the relative abundance of Prevotella and SDP supplementation has no effect (6M-CTL vs. 2M; q = 0.013; Figure 10B). Senescence reduced levels of Odoribacter (6M-CTL vs. 2M; q < 0.001; Figure 10C) and SDP supplementation attenuated this effect (6M-SDP vs. 6M-CTL; q = 0.071). The Parabacteroides genus was increased in aged mice (6M-CTL vs. 2M; q = 0.022, Figure 10D) and there was no effect of SDP supplementation.



At the species level, aging reduced the abundance of several species of the Lactobacillus genus such as L. taiwanensis, L. siliginis, L. antri and L. intermedius as well as Pediococcus argentinicus (6M-CTL vs. 2M; all q < 0.05; Table 2), and SDP supplementation prevented this effect on L. siliginis levels (6M-SDP vs. 6M-CTL; q = 0.047). Aged mice showed an increase in some species of Bacteroides spp., along with Erysipelothrix muris and Parabacteroides gordonii (6M-CTL vs. 2M; all q < 0.05), and a reduction in Helicobacter mastomyrinus and Prevotella dentasini (6M-CTL vs. 2M; both q < 0.05). SDP supplementation reduced the abundance of Erysipelohtrix muris, Helicobacter mastomyrinus, Bacteroides denticanum, and Bifidobacterium choerinum (6M-SDP vs. 6M-CTL; all q < 0.05) as well as Parabacteroides gordonii (6M-SDP vs. 6M-CTL; q < 0.1) and increased Parabacteroides goldsteinii (6M-SDP vs. 6M-CTL; q < 0.05).




3.6. Effects on Colon Tissue


Gene expression analysis revealed that senescence increased the colonic expression of Tlr2 and Tlr4 (6M-CTL vs. 2M; p = 0.005 and p = 0.029; Figure 11A,B, respectively) and SDP supplementation prevented both increases (6M-SDP vs. 6M-CTL; p = 0.025, and p = 0.018, respectively). In addition, aging augmented the gene expression of Cd14 in the colonic mucosa (6M-CTL vs. 2M; p = 0.015; Figure 11C), whereas SDP supplementation attenuated this increase (6M-SDP vs. 6M-CTL; p = 0.019). Likewise, Myd88 gene expression was also increased in the colonic mucosa of aged mice compared with the young group (6M-CTL vs. 2M; p = 0.007; Figure 11D). No effect was observed of aging or SDP supplementation on Trif gene expression (Figure 11E).



Gene expression of Ffar2 (which encodes GPR43) and Ffar3 (which encodes GPR41) was reduced in the colon tissue of aged mice (6M-CTL vs. 2M; p = 0.023 and p = 0.001; Figure 11F,G, respectively), whereas SDP supplementation increased the expression of both genes (6M-SDP vs. 6M-CTL; p = 0.033 and p = 0.032, respectively).



In aged mice, the gene expression of pro-inflammatory cytokines (Il-1β, Il-6, Tnf-α) was augmented in the colonic mucosa (6M-CTL vs. 2M; p = 0.001, p = 0.005 and p = 0.002; Figure 12A–C, respectively), and SDP supplementation prevented the effects of aging on Il-6, and Tnf-α (6M-SDP vs. 6M-CTL; p = 0.045 and p = 0.015, respectively). Aging increased the gene expression of Cd25 and F4/80 (6M-CTL vs. 2M; both p = 0.005; Figure 12D,E, respectively), whereas SDP supplementation prevented these increases (6M-SDP vs. 6M-CTL; p = 0.031 and p = 0.008, respectively). Itgae was increased in control and SDP-treated senescent mice (p = 0.038 and p = 0.023, respectively; Figure 12F).



Senescence also impaired the intestinal barrier by reducing the gene expression of Tff3, Muc2, and Occludin (6M-CTL vs. 2M; p = 0.011, p = 0.016, and p = 0.039; Figure 13A–C, respectively). SDP supplementation prevented all of these aging-associated changes (6M-SDP vs. 6M-CTL; p = 0.014, p = 0.022, and p = 0.045, respectively).





4. Discussion


There is consistent evidence supporting the ability of diet and dietary supplements to influence the progression of Alzheimer’s disease (AD) through the microbiota−gut−brain axis [14]. Mechanisms of communication between the gut microbiota and brain primarily involve the regulation of the immune system and the activation of neural and endocrine pathways by the gut microbiota or its by-products [31]. Dietary supplementation with SDP improves brain resilience against the neuropathological hallmarks of AD [15] and prevents the cognitive decline in SAMP8 mice [19]. Previous studies have shown that SDP supplementation has anti-inflammatory properties because it can modulate the mucosal immune response. Indeed, it can mitigate the harmful effects of Staphylococcus aureus enterotoxin B challenge in rodents [22] or E. coli infection in pigs [32]. Furthermore, SDP supplementation has prebiotic effects, raising the abundance of health-promoting bacteria in weaned mice [23], and weaned pigs [33]. Accordingly, in this study, we hypothesized that SDP promotes changes in the microbiota profile that could be involved in the neuroprotective effects of SDP.



As aforementioned, memory loss is one of the earliest reported symptoms in AD [1]. In our study, we observed age-associated short- and long-term memory deterioration, which is widely seen in SAMP8 mice [34]. We also found that SDP supplementation was protective against age-related cognitive decline [19]. The beneficial effect of SDP on cognition is related to a lower loss of synaptophysin in the brain [19], consistent with the fact that cognitive impairment can be due to synaptic dysfunction rather than neuronal loss [35]. Cognitive decline is also associated with reduced locomotor activity [36]. This age-related motor dysfunction is typically observed in SAMP8 mice [37], as we corroborated in aged SAMP8. For the first time, we have shown that SDP attenuated motor dysfunction in aged SAMP8 mice, similar to the increase in locomotor activity found in LPS-challenged C57BL/6 mice [38].



BDNF plays an essential role in synaptic plasticity, brain neuroprotection, and memory [39]. Of note, BDNF levels decreased in AD patients because Aβ peptides inhibit its maturation [40], leading to neurodegeneration and synaptic loss [41]. In our study, aged mice showed a lower abundance of mature form of BDNF, which correlates well with memory loss. SDP supplementation increased m-BDNF levels that could be responsible for the beneficial effect observed on memory retention. In addition, SDP supplementation reduced sAPPβ accumulation and Aβ40 concentration in the brain. In fact, SDP supplementation also reduced the expression of Bace-1, an essential enzyme in the amyloidogenic pathway [20], correlating the reduced activation of the amyloidogenic pathway with an increased abundance of the mature form of this neurotrophin. These results also agree with studies showing that dietary supplements and prebiotics can increase BDNF abundance in the brain and improve memory retention in adult rats [42].



Neuroinflammation and oxidative stress can worsen neurodegeneration and is considered a pathological hallmark of AD [2]. We have shown that SDP supplementation prevented neuroinflammation by diminishing the gene expression of the pro-inflammatory cytokines Tnf-α and Il-6 and increasing the levels of the anti-inflammatory cytokines Tgf-β and IL-10 in the cortex of aged mice. Moreover, in previous work, SDP supplementation also decreased the concentration of hydrogen peroxide in the cortex, reducing oxidative stress [19]. In addition, in this study, SDP supplementation also reduced gene expression of Tlr2 as well as NF-κB activation. The expression of Tlr2 is upregulated in brains of AD patients and in a mouse model of neurodegeneration [43]. Activation of TLR is not only essential for generating neuroinflammation, but this pathway also plays an essential role in promoting the amyloidogenic processing of Aβ [44]. Specifically, TLR2 and TLR4 are binding sites for Aβ, and the signaling of both receptors can activate microglia and induce the release of proinflammatory mediators [45]. The pathway activated through TLRs can be either Myd88-dependent or -independent pathways, both of which induce inflammatory cascades via activation of the transcription factor NF-κB [46]. Here, we observed that TLRs were activated in a Myd88-independent pathway because the Trif adaptor was increased in aged mice, while Myd88 was not modified. Activation of NF-κB is associated with inflammatory responses and neurodegenerative diseases, such as in AD patients, where it induces the amyloidogenic pathway and tau phosphorylation [47]. The reduction in this signaling pathway observed in SDP-supplemented mice could be associated with the ability of SDP to decrease the amyloidogenic pathway and tau phosphorylation, as well as microglial activation [20].



Increasing evidence confirms the relationship between the microbiota and AD. The microbiota can modulate microglia maturation, regulate blood−brain barrier permeability and synaptic plasticity, or induce the formation of Aβ and neurofibrillary tangles [48]. Moreover, during aging, there is an alteration of the microbiota composition that contributes to the increase in the low-intensity inflammatory state present during senescence known as inflammaging. Dysbiosis also promotes LPS release and reduces the amount of beneficial bacterial metabolites such as SCFA [49]. In this study, the senescent mice exhibited a reduced abundance of beneficial species and an increase in pro-inflammatory bacteria. For instance, aging increased the abundance of the Erysipelotrichaceae family, and of the Johnsonella and Erysipelothrix genera, which are involved in inflammatory processes [50]. These pathogenic bacteria are more abundant in an AD mouse model [51] and may contribute to the cognitive decline in AD [52].



The SDP supplement mainly comprises peptides and proteins, which differentiates it from other conventional prebiotics [23]. Some of its compounds can resist digestion in the small intestine and reach the colonic lumen [53], where they can modify the colonic microbiota. SDP supplementation enhanced the abundance of probiotic genera with well-known anti-inflammatory properties at mucosal interfaces and reduced the abundance of pathogenic bacteria, such as the Johnsonella and Erysipelothrix genera. More specifically, at the species level, SDP prevented the effects of aging on the abundance of Erysipelhotrix muris and Prevotella dentasini. Furthermore, an SDP diet also enhanced the abundance of Eubacteriaceae family, which has health-promoting effects for the host, and is negatively correlated with dementia [54].



SDP supplementation promotes the abundance of the Lactobacillaceae family, as well as different health-promoting genera within it, such as Lactobacillus and Pediococcus. These effects of SDP on Lactobacillus have been also observed in other mice strains [23] and in pigs [33]. Furthermore, oral administration of Lactobacillus bacteria prevents cognitive decline in both humans and rats [55] and improves memory retention in aged SAMP8 mice [56], in addition to increasing BDNF levels in the rodent brain [57]. These observations are consistent with our findings regarding augmented BDNF abundance and prevention of cognitive decline. Furthermore, Lactobacillus exerts anti-inflammatory effects by increasing plasma IL-10 levels [57], which is also increased in SDP-supplemented senescent mice.



SDP supplementation also augmented the abundance of other bacterial genera of the Firmicutes phylum, such as Acetobacterium, which is an acetyl-CoA producer [58]. Increased acetyl-CoA levels improve cognitive function during aging [59] and acetyl-CoA is the main precursor of butyrate [60]. SCFAs, especially butyric acid, can inhibit the expression of the cytokines Il-6, Il-1β, and Tnf-α, thereby exerting anti-inflammatory effects [61]. SCFAs can mediate cellular functions by activating cell surface G protein-coupled receptors (GPCR), such as Ffar2 and Ffar3, which are expressed on epithelial and immune cells [31]. Here, SDP supplementation increased the gene expression of Ffar2 and Ffar3, which would suggest that some of the anti-inflammatory and neuroprotective effects of SDP may be mediated through SCFA. These byproducts produced by the microbiota may circulate to the brain, modulating the degree of immune system activation and regulating microglia maturation [31], and could therefore be a link between the gut microbiota and the reduction in neuroinflammation.



Aging-related dysbiosis promotes the production of LPS and the increase of the intestinal barrier permeability, which allows the translocation of bacteria and their by-products into the bloodstream [62]. Recent studies have revealed that increased intestinal permeability induces systemic inflammation, impairing the blood−brain barrier function, triggering neuroinflammation and cognitive dysfunction [8,63]. In the present study, it was observed that aged mice showed a lower expression of genes related to the production and maintenance of the mucus layer (Tff3 and Muc2) and to the epithelial barrier tightness (Occludin) and, as consequence of the impaired intestinal barrier, the serum LPS concentration was elevated in aged mice. Indeed, AD patients show higher plasma LPS concentration, which may promote the development of the amyloid pathology [64]. In contrast, dietary supplementation with SDP prevented the age-associated changes in the gene expression of Occludin, Muc2 and Tff3. These effects of SDP may be related to the effects observed on the microbiota, since Lactobacillus bacteria enhance the intestinal barrier, and reduce colon permeability [65], promoting mucus secretion, providing antimicrobial protection and preventing the translocation of pathogenic bacteria [66]. Indeed, this ability of SDP to improve intestinal barrier tightness has been observed in different experimental models of intestinal inflammation, both acute [67] and chronic [21] inflammation.



These effects of aging on intestinal barrier function are accompanied by colonic mucosal inflammation, and a recruitment of activated T cells (Cd25) and macrophages (F4/80). Bacteria can activate immune cells through TLR receptors. This is consistent with increased expression of Tlr2 and Tlr4 in the colonic mucosa. Activation of the immune response results in systemic inflammation which is also common along aging [68]. In this work, the systemic concentration of pro-inflammatory cytokines (e.g., IL-1β and TNF-α), increased with aging. Patients with AD show elevated concentrations of circulating IL-1β and TNF-α [69], which are considered as peripheral biomarkers for AD [70]. Indeed, chronic systemic inflammation induces AD-like neuropathology in mice [63]. Various factors of the inflammatory cascade can circulate to the brain, cross the altered blood−brain barrier [10], and activate microglia, thereby altering cognitive function [48]. Dietary supplementation with SDP showed immunomodulatory effects by reducing the intensity of the immune response in the colon. The SDP diet decreased the gene expression of the innate receptors Tlr2 and Tlr4 and the recruitment of activated T cells and macrophages, as well as the expression of the pro-inflammatory cytokine Tnf-α and Il-6. This effect of SDP is relevant because immune activation and the release of pro-inflammatory cytokines can disassemble tight-junction proteins increasing epithelial permeability [71] and promoting and perpetuating intestinal inflammation [72]. SDP supplementation not only attenuated the immune response in the colon, but also systemically, by reducing the concentration of pro-inflammatory cytokines (TNF-α and IL-1β) in the serum as well as by increasing the concentration of the anti-inflammatory cytokine IL-10. The SDP induced reduction in systemic inflammation is consistent with previous results in aged mice [73].




5. Conclusions


In conclusion, dietary supplementation with SDP increases the abundance of probiotic species in the gut and reduces the local and systemic inflammatory responses. This attenuation of the immune response results in reduced neuroinflammation, improving cognitive performance in senescent animals (Figure 14). Taken together, this study shows that SDP supplementation has prebiotic effects and suggests that the microbiota−gut−brain axis could play a role in the neuroprotective effects of SDP.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu14112211/s1, Table S1: Primers used for Real-Time PCR.





Author Contributions


Conceptualization, C.A., J.P., A.P.-B., M.M., L.M.; methodology, formal analysis, and investigation, C.R.-C., C.G.-F., A.P.-B., L.M.; resources, J.P., M.P.; writing-original draft preparation, C.R.-C., A.P.-B., L.M.; writing-review and editing, C.A., J.P., M.P., M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by APC-Europe SLU (Granollers, Spain) by research contracts with the Bosch i Gimpera Foundation of the University of Barcelona by a grant from the European Regional Development Fund (ERDF) and the Centro para el Desarrollo Tecnológico Industrial (CDTI) project IDI-20180885. The research groups were also supported by grant 2017SGR945 for Consolidated Research Groups, Generalitat de Catalunya, Spain. C.R.-C. received a research grant from the Bosch i Gimpera Foundation (Universitat de Barcelona).




Institutional Review Board Statement


The study was conducted according to the Guide for the Care and Use of Laboratory Animals, and the protocols used in this study were approved by the Ethics Committee for Animal Experimentation of the Universitat de Barcelona and the Catalan government (ref. r337/19 aproved on 24 September 2020; and 11128 24 May 2021, respectively).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


C.R.-C., C.A., C.G.-F., M.P., A.P.-B., M.M. and L.M. have no conflict of interests. J.P. is employed by APC-Europe S.L.U. The funding sponsors had no role in the design of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Lane, C.A.; Hardy, J.; Schott, J.M. Alzheimer’s disease. Eur. J. Neurol. 2018, 25, 59–70. [Google Scholar] [CrossRef] [PubMed]

	



Calsolaro, V.; Edison, P. Neuroinflammation in Alzheimer’s disease: Current evidence and future directions. Alzheimer’s Dement. 2016, 12, 719–732. [Google Scholar] [CrossRef] [PubMed]

	



Soria-Lopez, J.A.; González, H.M.; Léger, G.C. Alzheimer’s disease. In Handbook of Clinical Neurology, 3rd ed.; DeKosky, S.T., Asthana, S., Eds.; Elsevier: Boston, MA, USA, 2019; Volume 167, pp. 231–255. [Google Scholar] [CrossRef]

	



Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 2019, 15, 565–581. [Google Scholar] [CrossRef]

	



Breijyeh, Z.; Karaman, R. Comprehensive Review on Alzheimer’s Disease: Causes and Treatment. Molecules 2020, 25, 5789. [Google Scholar] [CrossRef] [PubMed]

	



Biedermann, L.; Rogler, G. The intestinal microbiota: Its role in health and disease. Eur. J. Pediatr. 2015, 174, 151–167. [Google Scholar] [CrossRef]

	



Maynard, C.L.; Elson, C.O.; Hatton, R.D.; Weaver, C.T. Reciprocal interactions of the intestinal microbiota and immune system. Nature 2012, 489, 231–241. [Google Scholar] [CrossRef]

	



Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877–2013. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Bi, W.; Xiao, S.; Lan, X.; Cheng, X.; Zhang, J.; Lu, D.; Wei, W.; Wang, Y.; Li, H.; et al. Neuroinflammation induced by lipopolysaccharide causes cognitive impairment in mice. Sci. Rep. 2019, 9, 5790. [Google Scholar] [CrossRef]

	



Lin, C.; Zhao, S.; Zhu, Y.; Fan, Z.; Wang, J.; Zhang, B.; Chen, Y. Microbiota-gut-brain axis and toll-like receptors in Alzheimer’s disease. Comput. Struct. Biotechnol. J. 2019, 17, 1309–1317. [Google Scholar] [CrossRef]

	



Collins, S.M.; Surette, M.; Bercik, P. The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 2012, 10, 735–742. [Google Scholar] [CrossRef]

	



Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg, H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 2017, 7, 13537. [Google Scholar] [CrossRef]

	



Zhan, G.; Yang, N.; Li, S.; Huang, N.; Fang, X.; Zhang, J.; Zhu, B.; Yang, L.; Yang, C.; Luo, A. Abnormal gut microbiota composition contributes to cognitive dysfunction in SAMP8 mice. Aging 2018, 10, 1257–1267. [Google Scholar] [CrossRef] [PubMed]

	



Kincaid, H.J.; Nagpal, R.; Yadav, H. Diet-Microbiota-Brain Axis in Alzheimer’s Disease. Ann. Nutr. Metab. 2021, 77 (Suppl. S2), 21–27. [Google Scholar] [CrossRef] [PubMed]

	



Rosell-Cardona, C.; Griñan-Ferré, C.; Pérez-Bosque, A.; Polo, J.; Pallàs, M.; Amat, C.; Moretó, M.; Miró, L. Reply to Nifli, A.-P. Comment on “Rosell-Cardona et al. Dietary Spray-Dried Porcine Plasma Reduces Neuropathological Alzheimer’s Disease Hallmarks in SAMP8 Mice. Nutrients 2021, 13, 4065. [Google Scholar] [CrossRef]

	



Campbell, J.M.; Crenshaw, J.D.; González-Esquerra, R.; Polo, J. Impact of Spray-Dried Plasma on Intestinal Health and Broiler Performance. Microorganisms 2019, 7, 219. [Google Scholar] [CrossRef] [PubMed]

	



Maijó, M.; Miró, L.; Polo, J.; Campbell, J.; Russell, L.; Crenshaw, J.; Weaver, E.; Moretó, M.; Pérez-Bosque, A. Dietary Plasma Proteins Modulate the Adaptive Immune Response in Mice with Acute Lung Inflammation. J. Nutr. 2012, 142, 264–270. [Google Scholar] [CrossRef]

	



Song, M.; Liu, Y.; Lee, J.J.; Che, T.M.; Soares-Almeida, J.A.; Chun, J.L.; Campbell, J.M.; Polo, J.; Crenshaw, J.D.; Seo, S.W.; et al. Spray-dried plasma attenuates inflammation and improves pregnancy rate of mated female mice1. J. Anim. Sci. 2015, 93, 298–305. [Google Scholar] [CrossRef]

	



Garcia-Just, A.; Miró, L.; Pérez-Bosque, A.; Amat, C.; Polo, J.; Pallàs, M.; Griñán-Ferré, C.; Moretó, M. Dietary Spray-Dried Porcine Plasma Prevents Cognitive Decline in Senescent Mice and Reduces Neuroinflammation and Oxidative Stress. J. Nutr. 2020, 150, 303–311. [Google Scholar] [CrossRef]

	



Rosell-Cardona, C.; Griñan-Ferré, C.; Pérez-Bosque, A.; Polo, J.; Pallàs, M.; Amat, C.; Moretó, M.; Miró, L. Dietary Spray-Dried Porcine Plasma Reduces Neuropathological Alzheimer’s Disease Hallmarks in SAMP8 Mice. Nutrients 2021, 13, 2369. [Google Scholar] [CrossRef]

	



Miró, L.; Amat, C.; Rosell-Cardona, C.; Campbell, J.M.; Polo, J.; Pérez-Bosque, A.; Moretó, M. Dietary Supplementation with Spray-Dried Porcine Plasma Attenuates Colon Inflammation in A Genetic Mouse Model of Inflammatory Bowel Disease. Int. J. Mol. Sci. 2020, 21, 6760. [Google Scholar] [CrossRef]

	



Pérez-Bosque, A.; Miró, L.; Amat, C.; Polo, J.; Moretó, M. The Anti-Inflammatory Effect of Spray-Dried Plasma Is Mediated by a Reduction in Mucosal Lymphocyte Activation and Infiltration in a Mouse Model of Intestinal Inflammation. Nutrients 2016, 8, 657. [Google Scholar] [CrossRef] [PubMed]

	



Moretó, M.; Miró, L.; Amat, C.; Polo, J.; Manichanh, C.; Pérez-Bosque, A.; Moretó, M.; Miró, L.; Amat, C.; Polo, J.; et al. Dietary supplementation with spray-dried porcine plasma has prebiotic effects on gut microbiota in mice. Sci. Rep. 2020, 10, 2926. [Google Scholar] [CrossRef] [PubMed]

	



Götz, J.; Bodea, L.-G.; Goedert, M. Rodent models for Alzheimer disease. Nat. Rev. Neurosci. 2018, 19, 583–598. [Google Scholar] [CrossRef]

	



Blázquez, E.; Rodríguez, C.; Ródenas, J.; Segalés, J.; Pujols, J.; Polo, J. Biosafety steps in the manufacturing process of spray-dried plasma: A review with emphasis on the use of ultraviolet irradiation as a redundant biosafety procedure. Porc. Health Manag. 2020, 6, 16. [Google Scholar] [CrossRef] [PubMed]

	



NRC. Nutrient Requirements of Laboratory Animals, 4th ed.; National Academy Press: Washington, DC, USA, 1995. [Google Scholar]

	



Puigoriol-Illamola, D.; Griñán-Ferré, C.; Vasilopoulou, F.; Leiva, R.; Vázquez, S.; Pallàs, M. 11β-HSD1 Inhibition by RL-118 Promotes Autophagy and Correlates with Reduced Oxidative Stress and Inflammation, Enhancing Cognitive Performance in SAMP8 Mouse Model. Mol. Neurobiol. 2018, 55, 8904–8915. [Google Scholar] [CrossRef]

	



Schneider, C.; Rasband, W.; Eliceiri, K. NIH Image to ImageJ: 25 years of image analysis. Nat Methods 2012, 9, 671–675. [Google Scholar] [CrossRef] [PubMed]

	



Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108. [Google Scholar] [CrossRef]

	



Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota–gut–brain communication. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461–478. [Google Scholar] [CrossRef]

	



Bosi, P.; Casini, L.; Finamore, A.; Cremokolini, C.; Merialdi, G.; Trevisi, P.; Nobili, F.; Mengheri, E. Spray-dried plasma improves growth performance and reduces inflammatory status of weaned pigs challenged with enterotoxigenic Escherichia coli K88. J. Anim. Sci. 2004, 82, 1764–1772. [Google Scholar] [CrossRef]

	



Che, L.; Hu, L.; Zhou, Q.; Peng, X.; Liu, Y.; Luo, Y.; Fang, Z.; Lin, Y.; Xu, S.; Feng, B.; et al. Microbial insight into dietary protein source affects intestinal function of pigs with intrauterine growth retardation. Eur. J. Nutr. 2020, 59, 327–344. [Google Scholar] [CrossRef] [PubMed]

	



Griñán-Ferré, C.; Marsal-García, L.; Bellver-Sanchis, A.; Kondengaden, S.M.; Turga, R.C.; Vázquez, S.; Pallàs, M. Pharmacological inhibition of G9a/GLP restores cognition and reduces oxidative stress, neuroinflammation and β-Amyloid plaques in an early-onset Alzheimer’s disease mouse model. Aging 2019, 11, 11591–11608. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Lu, J.; Zuo, Y. Changes of Synaptic Structures Associated with Learning, Memory and Diseases. Brain Sci. Adv. 2018, 4, 99–117. [Google Scholar] [CrossRef]

	



Singhal, G.; Morgan, J.; Jawahar, M.C.; Corrigan, F.; Jaehne, E.J.; Toben, C.; Breen, J.; Pederson, S.M.; Manavis, J.; Hannan, A.J.; et al. Effects of aging on the motor, cognitive and affective behaviors, neuroimmune responses and hippocampal gene expression. Behav. Brain Res. 2020, 383, 112501. [Google Scholar] [CrossRef]

	



Tsumagari, R.; Maruo, K.; Nakao, T.; Ueda, S.; Yamanoue, M.; Shirai, Y. Motor Dyscoordination and Alteration of Functional Correlation Between DGKγ and PKCγ in Senescence-Accelerated Mouse Prone 8 (SAMP8). Front. Aging Neurosci. 2021, 13, 573966. [Google Scholar] [CrossRef]

	



Liu, Y.; Choe, J.; Lee, J.J.; Kim, J.; Campbell, J.M.; Polo, J.; Crenshaw, J.D.; Pettigrew, J.E.; Song, M. Spray-dried plasma attenuates inflammation and lethargic behaviors of pregnant mice caused by lipopolysaccharide. PLoS ONE 2018, 13, e0203427. [Google Scholar] [CrossRef]

	



Arancio, O.; Chao, M.V. Neurotrophins, synaptic plasticity and dementia. Curr. Opin. Neurobiol. 2007, 17, 325–330. [Google Scholar] [CrossRef]

	



Tanila, H. The role of BDNF in Alzheimer’s disease. Neurobiol. Dis. 2017, 97 Pt B, 114–118. [Google Scholar] [CrossRef]

	



Amidfar, M.; de Oliveira, J.; Kucharska, E.; Budni, J.; Kim, Y.-K. The role of CREB and BDNF in neurobiology and treatment of Alzheimer’s disease. Life Sci. 2020, 257, 118020. [Google Scholar] [CrossRef]

	



Savignac, H.M.; Corona, G.; Mills, H.; Chen, L.; Spencer, J.P.; Tzortzis, G.; Burnet, P.W. Prebiotic feeding elevates central brain derived neurotrophic factor, N-methyl-d-aspartate receptor subunits and d-serine. Neurochem. Int. 2013, 63, 756–764. [Google Scholar] [CrossRef]

	



Letiembre, M.; Liu, Y.; Walter, S.; Hao, W.; Pfander, T.; Wrede, A.; Schulz-Schaeffer, W.; Fassbender, K. Screening of innate immune receptors in neurodegenerative diseases: A similar pattern. Neurobiol. Aging 2009, 30, 759–768. [Google Scholar] [CrossRef]

	



Leng, F.; Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev. Neurol. 2021, 17, 157–172. [Google Scholar] [CrossRef]

	



Dansokho, C.; Heneka, M.T. Neuroinflammatory responses in Alzheimer’s disease. J. Neural Transm. 2018, 125, 771–779. [Google Scholar] [CrossRef]

	



Kumar, V. Toll-like receptors in the pathogenesis of neuroinflammation. J. Neuroimmunol. 2019, 332, 16–30. [Google Scholar] [CrossRef]

	



Srinivasan, M.; Lahiri, D.K. Significance of NF-κB as a pivotal therapeutic target in the neurodegenerative pathologies of Alzheimer’s disease and multiple sclerosis. Expert Opin. Ther. Targets 2015, 19, 471–487. [Google Scholar] [CrossRef]

	



Mancuso, C.; Santangelo, R. Alzheimer’s disease and gut microbiota modifications: The long way between preclinical studies and clinical evidence. Pharmacol. Res. 2018, 129, 329–336. [Google Scholar] [CrossRef]

	



Walrath, T.; Dyamenahalli, K.U.; Hulsebus, H.J.; McCullough, R.L.; Idrovo, J.; Boe, D.M.; McMahan, R.H.; Kovacs, E.J. Age-related changes in intestinal immunity and the microbiome. J. Leukoc. Biol. 2020, 109, 1045–1061. [Google Scholar] [CrossRef]

	



Schaubeck, M.; Clavel, T.; Calasan, J.; Lagkouvardos, I.; Haange, S.B.; Jehmlich, N.; Basic, M.; Dupont, A.; Hornef, M.; von Bergen, M.; et al. Dysbiotic gut microbiota causes transmissible Crohn’s disease-like ileitis independent of failure in antimicrobial defence. Gut 2016, 65, 225–237. [Google Scholar] [CrossRef]

	



Bäuerl, C.; Collado, M.C.; Diaz Cuevas, A.; Viña, J.; Pérez Martínez, G. Shifts in gut microbiota composition in an APP/PSS1 transgenic mouse model of Alzheimer’s disease during lifespan. Lett. Appl. Microbiol. 2018, 66, 464–471. [Google Scholar] [CrossRef]

	



Shen, L.; Liu, L.; Ji, H.-F. Alzheimer’s Disease Histological and Behavioral Manifestations in Transgenic Mice Correlate with Specific Gut Microbiome State. J. Alzheimer’s Dis. 2017, 56, 385–390. [Google Scholar] [CrossRef]

	



Rodriguez, C.; Blanch, F.; Romano, V.; Saborido, N.; Rodenas, J.; Polo, J. Porcine immunoglobulins survival in the intestinal tract of adult dogs and cats fed dry food kibbles containing spray-dried porcine plasma (SDPP) or porcine immunoglobulin concentrate (PIC). Anim. Feed Sci. Technol. 2007, 139, 201–211. [Google Scholar] [CrossRef]

	



Zhou, Y.; Wang, Y.; Quan, M.; Zhao, H.; Jia, J. Gut Microbiota Changes and Their Correlation with Cognitive and Neuropsychiatric Symptoms in Alzheimer’s Disease. J. Alzheimer’s Dis. 2021, 81, 583–595. [Google Scholar] [CrossRef]

	



Messaoudi, M.; Lalonde, R.; Violle, N.; Javelot, H.; Desor, D.; Nejdi, A.; Bisson, J.F.; Rougeot, C.; Pichelin, M.; Cazaubiel, M.; et al. Assessment of psychotropic-like properties of a probiotic formulation (Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) in rats and human subjects. Br. J. Nutr. 2011, 105, 755–764. [Google Scholar] [CrossRef]

	



Yang, X.; Yu, D.; Xue, L.; Li, H.; Du, J. Probiotics modulate the microbiota–gut–brain axis and improve memory deficits in aged SAMP8 mice. Acta Pharm. Sin. B 2020, 10, 475–487. [Google Scholar] [CrossRef]

	



Liang, S.; Wang, T.; Hu, X.; Luo, J.; Li, W.; Wu, X.; Duan, Y.; Jin, F. Administration of Lactobacillus helveticus NS8 improves behavioral, cognitive, and biochemical aberrations caused by chronic restraint stress. Neuroscience 2015, 310, 561–577. [Google Scholar] [CrossRef]

	



Ross, D.E.; Marshall, C.W.; Gulliver, D.; May, H.D.; Norman, R.S. Defining Genomic and Predicted Metabolic Features of the Acetobacterium Genus. mSystems 2020, 5, e00277-20. [Google Scholar] [CrossRef]

	



Currais, A.; Huang, L.; Goldberg, J.; Petrascheck, M.; Ates, G.; Pinto-Duarte, A.; Shokhirev, M.N.; Schubert, D.; Maher, P. Elevating acetyl-CoA levels reduces aspects of brain aging. eLife 2019, 8, e47866. [Google Scholar] [CrossRef]

	



Louis, P.; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29–41. [Google Scholar] [CrossRef]

	



Nakajima, A.; Nakatani, A.; Hasegawa, S.; Irie, J.; Ozawa, K.; Tsujimoto, G.; Suganami, T.; Itoh, H.; Kimura, I. The short chain fatty acid receptor GPR43 regulates inflammatory signals in adipose tissue M2-type macrophages. PLoS ONE 2017, 12, e0179696. [Google Scholar] [CrossRef]

	



Kowalski, K.; Mulak, A. Brain-Gut-Microbiota Axis in Alzheimer’s Disease. J. Neurogastroenterol. Motil. 2019, 25, 48–60. [Google Scholar] [CrossRef]

	



Krstic, D.; Madhusudan, A.; Doehner, J.; Vogel, P.; Notter, T.; Imhof, C.; Manalastas, A.; Hilfiker, M.; Pfister, S.; Schwerdel, C.; et al. Systemic immune challenges trigger and drive Alzheimer-like neuropathology in mice. J. Neuroinflamm. 2012, 9, 151. [Google Scholar] [CrossRef]

	



Marizzoni, M.; Cattaneo, A.; Mirabelli, P.; Festari, C.; Lopizzo, N.; Nicolosi, V.; Mombelli, E.; Mazzelli, M.; Luongo, D.; Naviglio, D.; et al. Short-Chain Fatty Acids and Lipopolysaccharide as Mediators Between Gut Dysbiosis and Amyloid Pathology in Alzheimer’s Disease. J. Alzheimer’s Dis. 2020, 78, 683–697. [Google Scholar] [CrossRef]

	



Khailova, L.; Baird, C.H.; Rush, A.A.; Barnes, C.; Wischmeyer, P.E. Lactobacillus rhamnosus GG treatment improves intestinal permeability and modulates inflammatory response and homeostasis of spleen and colon in experimental model of Pseudomonas aeruginosa pneumonia. Clin. Nutr. 2017, 36, 1549–1557. [Google Scholar] [CrossRef]

	



Cazorla, S.I.; Maldonado-Galdeano, C.; Weill, R.; De Paula, J.; Perdigón, G.D.V.; Cazorla, S.I.; Maldonado-Galdeano, C.; Weill, R.; De Paula, J.; Perdigón, G.D.V. Oral Administration of Probiotics Increases Paneth Cells and Intestinal Antimicrobial Activity. Front. Microbiol. 2018, 9, 736. [Google Scholar] [CrossRef]

	



Pérez-Bosque, A.; Amat, C.; Polo, J.; Campbell, J.M.; Crenshaw, J.; Russell, L.; Moretó, M. Spray-Dried Animal Plasma Prevents the Effects of Staphylococcus aureus Enterotoxin B on Intestinal Barrier Function in Weaned Rats. J. Nutr. 2006, 136, 2838–2843. [Google Scholar] [CrossRef]

	



Franceschi, C.; Garagnani, P.; Parini, P.; Giuliani, C.; Santoro, A. Inflammaging: A new immune–metabolic viewpoint for age-related diseases. Nat. Rev. Endocrinol. 2018, 14, 576–590. [Google Scholar] [CrossRef]

	



Swardfager, W.; Lanctôt, K.; Rothenburg, L.; Wong, A.; Cappell, J.; Herrmann, N. A Meta-Analysis of Cytokines in Alzheimer’s Disease. Biol. Psychiatry 2010, 68, 930–941. [Google Scholar] [CrossRef]

	



Park, J.-C.; Han, S.-H.; Mook-Jung, I. Peripheral inflammatory biomarkers in Alzheimer’s disease: A brief review. BMB Rep. 2020, 53, 10–19. [Google Scholar] [CrossRef]

	



Wang, F.; Graham, W.V.; Wang, Y.; Witkowski, E.D.; Schwarz, B.T.; Turner, J.R. Interferon-γ and Tumor Necrosis Factor-α Synergize to Induce Intestinal Epithelial Barrier Dysfunction by Up-Regulating Myosin Light Chain Kinase Expression. Am. J. Pathol. 2005, 166, 409–419. [Google Scholar] [CrossRef]

	



Laukoetter, M.G.; Nava, P.; Nusrat, A. Role of the intestinal barrier in inflammatory bowel disease. World J. Gastroenterol. 2008, 14, 401–407. [Google Scholar] [CrossRef]

	



Miró, L.; Garcia-Just, A.; Amat, C.; Polo, J.; Moretó, M.; Pérez-Bosque, A. Dietary Animal Plasma Proteins Improve the Intestinal Immune Response in Senescent Mice. Nutrients 2017, 9, 1346. [Google Scholar] [CrossRef]








[image: Nutrients 14 02211 g001 550] 





Figure 1. Body weight evolution (A), body weight increase (B) and food intake evolution (C) of SAMP8 mice during the experimental period. Results are expressed as mean ± SEM (n = 11–12 mice/group). Statistics: t-Student test. 






Figure 1. Body weight evolution (A), body weight increase (B) and food intake evolution (C) of SAMP8 mice during the experimental period. Results are expressed as mean ± SEM (n = 11–12 mice/group). Statistics: t-Student test.



[image: Nutrients 14 02211 g001]







[image: Nutrients 14 02211 g002 550] 





Figure 2. Open field test (OFT). Representative tracking maps of 2M, 6M-CTL, and 6M-SDP groups (A), locomotor activity (B), exploratory activity (C) and percentage of time in the border zone (D). Results are expressed as mean ± SEM (n = 11–12 mice/group). Statistics: ANOVA (Fisher multiple comparison test), and Kruskal–Wallis test. 
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Figure 3. Novel object recognition test (NORT). Explorative index (A), object preference (B), short-term memory (C), long-term memory (D). Results are expressed as mean ± SEM (n = 11–12 mice/group). Statistics: ANOVA (Fisher multiple comparison test). 
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Figure 4. Abundance of BDNF precursor (pro-BDNF) (A) and mature BDNF (m-BDNF) (B). Results are expressed as mean ± SEM (n = 5−6 mice/group). Statistics: ANOVA (Fisher multiple comparison test), and chi-square test. 
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Figure 5. Neuroinflammation in cortical tissue. Gene expression of Il-1β (A) and Il-6 (B), protein abundance of p65-NF-κB respect to total NF-κB (C), gene expression of Tgf-β (D), and concentration of IL-10 (E). Results are expressed as mean ± SEM (n = 8–9 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Il, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; Tgf-β, transforming growth factor-beta. 
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Figure 6. TLR signaling pathway in cortical tissue. Gene expression of Tlr2 (A), Tlr4 (B), Cd14 (C), Myd88 (D), Trif (E), and concentration of LPS (F). Results are expressed as mean ± SEM (n = 6–9 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Cd14, cluster of differentiation 14; LPS, lipopolysaccharide; Myd88, myeloid differentiation factor 88; Tlr, toll-like receptor; Trif, toll-like receptor adaptor molecule 1. 
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Figure 7. Systemic inflammation. Concentrations of LPS (A), IL-1β (B), TNF-α (C), and IL-10 (D). Results are expressed as mean ± SEM (n = 8–9 mice/group). Statistics: ANOVA (Fisher multiple comparison test). IL, interleukin; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-alpha. 
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Figure 8. Microbial Shannon’s index (A), species richness (B), ratio between Firmicutes/Bacteroidetes (F/B) (C), and bacterial composition at the phylum level in the 2M group (D), 6M-CTL group (E), and 6M-SDP group (F). Results are expressed as mean ± SEM and as percentages (n = 10–11 mice/group). Statistics: ANOVA (Benjamini and Hochberg multiple comparison test). 
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Figure 9. Fecal microbial composition at the genus level of the Firmicutes phylum. Relative abundance of Lactobacillus (A), Pediococcus (B), Acetobacterium (C), Erysipelothrix (D), Johnsonella (E), and Clostridium (F). Results are expressed as mean ± SEM (n = 10–11 mice/group). Statistics: ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). 
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Figure 10. Fecal microbial composition at the genus level of the Bacteroidetes phylum. Relative abundance of Bacteroides (A), Prevotella (B) Odoribacter (C), and Parabacteroides (D). Results are expressed as mean ± SEM (n = 10–11 mice/group). Statistics: ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). 






Figure 10. Fecal microbial composition at the genus level of the Bacteroidetes phylum. Relative abundance of Bacteroides (A), Prevotella (B) Odoribacter (C), and Parabacteroides (D). Results are expressed as mean ± SEM (n = 10–11 mice/group). Statistics: ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test).



[image: Nutrients 14 02211 g010]







[image: Nutrients 14 02211 g011 550] 





Figure 11. Gene expression of the TLR signaling pathway and SCFA receptors in colon mucosa. Tlr2 (A), Tlr4 (B), Cd14 (C), Myd88 (D), Trif (E), Ffar2 (F), and Ffar3 (G). Results are expressed as mean ± SEM (n = 9–11 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Cd14, cluster of differentiation 14; Ffar2, free fatty acid receptor 2 (GPR43); Ffar3, free fatty acid receptor 3 (GPR41); Myd88, myeloid differentiation factor 88; Tlr, toll-like receptor; Trif, toll-like receptor adaptor molecule 1. 
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Figure 12. Inflammation in colon tissue. Gene expression of Il-1β (A), Il-6 (B), Tnf-α (C), Cd25 (D), F4/80 (E), and Itgae (F). Results are expressed as mean ± SEM (n = 9−11 mice/group). Statistics: ANOVA (Fisher multiple comparison test) and Kruskal–Wallis test. Cd25, cluster of differentiation 25; Itgae, integrin alpha e; Il, interleukin; Tnf-α, tumor necrosis factor alpha. 
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Figure 13. Intestinal barrier. Gene expression of Tff3 (A), Muc2 (B), and Occludin (C). Results are expressed as mean ± SEM (n = 9−11 mice/group). Statistics: ANOVA (Fisher multiple comparison test). Muc2, mucin 2; Tff3, trefoil factor 3. 
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Figure 14. Schematic integrative representation of the effects of SDP supplementation on the gut−brain axis in an AD mouse model. Dietary supplementation with SDP promotes the growth of probiotic genera and reduces the levels of pathogenic genera. This is accompanied by a reduction in the intestinal permeability and local and systemic immune and inflammatory responses. These effects culminate in a reduction in neuroinflammation and an amelioration of the cognitive decline. AD, Alzheimer’s disease; GPCR, G protein-coupled receptors; SDP, spray-dried porcine plasma; TLR, toll-like receptor. 
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Table 1. Bacterial composition at family level.
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q




	
Phylum

	
Family

	
2M

	
6M-CTL

	
6M-SDP

	
2M

6M-CTL

	
2M

6M-SDP

	
6M-CTL

6M-SDP






	
Firmicutes

	
Lactobacillaceae

	
10.1 ± 2.2

	
1.3 ± 0.3

	
6.6 ± 2.0

	
0.003

	
NS

	
0.019




	
Eubacteriaceae

	
0.8 ± 0.2

	
0.4 ± 0.1

	
2.0 ± 0.6

	
NS

	
NS

	
0.033




	
Erysipelotrichaceae

	
0.1 ± 0.01

	
3.9 ± 1.9

	
0.5 ± 0.2

	
0.029

	
NS

	
NS




	
Lachnospiraceae

	
20.1 ± 2.2

	
23.2 ± 2.2

	
17.6 ± 1.7

	
NS

	
NS

	
NS




	
Clostridiaceae

	
6.7 ± 0.6

	
4.0 ± 0.4

	
4.7 ± 0.7

	
0.008

	
0.030

	
NS




	
Ruminococcaceae

	
4.6 ± 0.5

	
3.6 ± 0.5

	
3.8 ± 0.6

	
NS

	
NS

	
NS




	
Bacteroidetes

	
Bacteroidaceae

	
10.2 ± 1.9

	
21.2 ± 1.9

	
21.8 ± 2.0

	
<0.001

	
<0.001

	
NS




	
Porphyromonadaceae

	
8.0 ± 1.3

	
11.3 ± 1.0

	
12.1 ± 1.2

	
0.082

	
0.060

	
NS




	
Sphingobacteriaceae

	
5.5 ± 0.6

	
3.8 ± 0.3

	
4.3 ± 0.3

	
0.036

	
NS

	
NS




	
Flexibacteraceae

	
0.3 ± 0.1

	
0.5 ± 0.1

	
0.4 ± 0.1

	
NS

	
NS

	
NS




	
Flavobacteriaceae

	
4.2 ± 0.6

	
2.2 ± 0.3

	
2.1 ± 0.4

	
0.005

	
0.005

	
NS




	
Odoribacteriaceae

	
3.2 ± 0.7

	
1.9 ± 0.3

	
2.4 ± 0.5

	
NS

	
NS

	
NS




	
Prevotellaceae

	
9.2 ± 2.2

	
1.6 ± 0.4

	
0.6 ± 0.2

	
0.018

	
0.017

	
NS




	
Proteobacteria

	
Desulfovibrionaceae

	
1.9 ± 0.4

	
2.6 ± 0.4

	
3.1 ± 0.4

	
NS

	
NS

	
NS




	
Enterobacteriaceae

	
0.6 ± 0.1

	
0.5 ± 0.1

	
0.6 ± 0.1

	
NS

	
NS

	
NS




	
Helicobacteriaceae

	
3.6 ± 0.7

	
1.4 ± 0.3

	
0.8 ± 0.3

	
0.004

	
<0.001

	
NS




	
Verrucomicrobia

	
Verrucomicrobiaceae

	
0.03 ± 0.01

	
3.2 ± 1.6

	
8.1 ± 1.9

	
NS

	
0.016

	
NS




	
Actinobacteria

	
Bifidobacteriaceae

	
0.05 ± 0.01

	
0.5 ± 0.3

	
0.05 ± 0.01

	
NS

	
NS

	
0.069








Results are expressed as percent of the total population at family level (mean ± SEM; n = 10–11 mice). Statistics: ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). NS: non-significant.
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Table 2. Effects of age and SDP on bacterial composition at species level.
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q




	
Family

	
Species

	
2M

	
6M-CTL

	
6M-SDP

	
2M

	
2M

	
6M-CTL




	
6M-CTL

	
6M-SDP

	
6M-SDP






	
Lactobacillaceae

	
Lactobacillus hayakitensis

	
5.1 ± 1.7

	
0.9 ± 0.2

	
2.0 ± 0.6

	
NS

	
NS

	
NS




	
Lactobacillus taiwanensis

	
1.9 ± 0.7

	
0.2 ± 0.1

	
0.5 ± 0.3

	
0.003

	
0.070

	
NS




	
Lactobacillus siliginis

	
1.8 ± 0.5

	
0.3 ± 0.06

	
0.8 ± 0.2

	
0.035

	
0.075

	
0.047




	
Lactobacillus antri

	
1.1 ± 0.3

	
0.1 ± 0.02

	
0.3 ± 0.2

	
0.018

	
0.016

	
NS




	
Lactobacillus intermedius

	
0.5 ± 0.2

	
0.1 ± 0.03

	
0.3 ± 0.1

	
NS

	
NS

	
NS




	
Pediococcus argentinicus

	
0.5 ± 0.1

	
0.08 ± 0.04

	
0.2 ± 0.05

	
0.009

	
NS

	
NS




	
Erysipelotrichaceae

	
Erysipelhotrix muris

	
0.1 ± 0.02

	
8.9 ± 3.8

	
0.2 ± 0.1

	
0.020

	
NS

	
0.046




	
Prevotellaceae

	
Prevotella dentasini

	
16.0 ± 3.7

	
1.6 ± 0.4

	
0.7 ± 0.2

	
0.005

	
0.005

	
0.044




	
Bacteroidaceae

	
Bacteroides xylanisolvens

	
2.9 ± 0.4

	
6.6 ± 1.2

	
8.7 ± 1.3

	
0.031

	
0.002

	
NS




	
Bacteroides rodentium

	
2.7 ± 0.6

	
3.2 ± 0.9

	
5.6 ± 1.3

	
NS

	
NS

	
NS




	
Bacteroides acidifaciens

	
0.5 ± 0.1

	
4.1 ± 0.7

	
4.6 ± 0.9

	
0.001

	
0.001

	
NS




	
Bacteroides sartorii

	
0.3 ± 0.1

	
1.1 ± 0.3

	
1.3 ± 0.1

	
0.011

	
0.002

	
NS




	
Bacteroides denticanum

	
0.9 ± 0.1

	
6.5 ± 1.1

	
3.1 ± 0.6

	
0.001

	
0.009

	
0.015




	
Porphyromonadaceae

	
Parabacteroides goldsteinii

	
4.9 ± 0.6

	
6.0 ± 0.7

	
10.6 ± 1.3

	
NS

	
0.005

	
0.013




	

	
Parabacteroides gordonii

	
0.0 ± 0.0

	
3.6 ± 0.8

	
1.7 ± 0.7

	
<0.001

	
0.014

	
0.070








Results are expressed as percent of the total population at species level (mean ± SEM; n = 10–11 mice). Statistics: ANOVA (False discovery rate, Benjamini and Hochberg multiple comparison test). NS: non-significant.
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