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Abstract

:

The browning of white adipose tissue (WAT) is a promising area of research for treating metabolic disorders and obesity in the future. However, studies on plant secondary compounds promoting WAT browning are limited. Herein, we explored the effects of swainsonine (SW) on gut microbiota and WAT browning in captive pikas. SW inhibited body mass gain, increased brown adipose tissue (BAT) mass, and induced WAT browning in pikas. The 16S rDNA sequencing revealed a significant reduction in the alpha diversity and altered community structure of the gut microbiota in captive pikas. However, the addition of SW to the diet significantly increased the alpha diversity of gut microbiota and the relative abundance of Akkermansia, Prevotella, and unclassified_f__Lachnospiraceae, along with the complexity of the microbial co-occurrence network structure, which decreased in the guts of captive pikas. Functional profiles showed that SW significantly decreased the relative abundances of energy metabolism, lipid metabolism, and glycan biosynthesis and metabolism, which were enriched in captive pikas. Furthermore, SW decreased deterministic processes of gut microbiota assembly in July and increased them in November. Finally, the genera Prevotella and unclassified_f__Prevotellaceae were positively correlated with BAT mass. Our results highlighted that plant secondary compounds promote WAT browning by modulating the gut microbiota in small mammals.
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1. Introduction


Obesity poses a considerable threat to human health, leading to conditions such as hypertension and diabetes [1,2,3]. Statistics indicate that 2.1 billion people worldwide are overweight or obese, representing approximately 30% of the total population [4], and 4 million people die each year from obesity and related disorders [5]. Their treatment places strain on medical resources and carries a substantial economic burden [6]. In 2008, the total health care costs attributable to overweight and obesity in the United States were estimated to be as high as USD 147 billion [7]. The McKinsey Global Institute indicated that obesity causes a total economic impact of approximately USD 2 trillion per year, accounting for 2.8% of the world’s gross domestic product [8]. Obesity is a metabolic disorder syndrome due to overnutrition. Nonshivering thermogenesis, which occurs primarily in brown adipose tissue (BAT), can consume excess energy to re-establish the body’s energy balance [9]. Thus, the browning of white adipose tissue (WAT) is the most promising area of research for treating metabolic disorders and obesity in future [10,11,12].



Researchers have found that WAT can be converted into BAT upon cold exposure by increasing the expression of genes UCP1, UQCRC1, LETM1, and PGC-1α [13,14,15]. Moreover, intermittent fasting induces WAT browning by modulating the gut microbiota to elevate concentrations of the fermentation products acetate and lactate [16]. Plant secondary compounds (PSCs) induce WAT browning through significantly enhancing the activity of brown fat-specific genes FGF21, CIDEA, TMEM26, and TBX1 [17]. WAT browning contributes to reduced body fat accumulation and enhanced energy expenditure, and thus has potential therapeutic implications for the treatment of obesity [18]. The intestinal tract is the primary site where animals and humans digest food and absorb nutrients, and is a habitat for microorganisms. The gut microbiota plays an important role in regulating host nutrient metabolism, fat development and energy storage, and can promote fat accumulation via polysaccharide hydrolysis, fermentation and an increased production of short-chain fatty acids (SCFA) [19,20,21]. Therefore, it is necessary to investigate whether the browning effects of PSCs on WAT are mediated by gut microbiota.



Plateau pikas (Ochotona curzoniae), small mammals distributed on and adjacent to the Qinghai-Tibetan Plateau, exhibit a strong adaptation to low temperatures and oxygen levels [22,23,24]. Pikas maintain relatively stable body weight and body fat content, with no evident seasonal variation, and their BAT remains well developed throughout the year [25]. Swainsonine (SW) is an alkaloid secondary compound abundantly found in Oxytropis spp., which can cause poisoning and fatal outcomes in livestock, earning Oxytropis spp. the nickname “locoweeds” [26]. Despite the toxicity of SW in plants such as Oxytropis kansuensis and Oxytropis ochrocephala, plateau pikas favor these plants [27], indicating the strong adaptive ability of the species to the SW contained in these plants. Our previous studies found that SW remodels gut microbiota, promotes the rebounding of enterotypes, and maintains the stability of gut microbiota structure and function in pikas [28,29]. However, whether SW present in Oxytropis plants can further promote WAT browning by altering the structure and function of the gut microbiota of pikas remains unknown.



In this study, plateau pikas were used as an animal model to explore the effects of PSCs on the gut microbiota and WAT browning by adding SW to their diet. We identified the key gut bacteria involved in the regulation of WAT browning and provided a basic theoretical basis for the treatment of obesity and metabolic syndrome in humans.




2. Results


2.1. Changes in the Body Mass and BAT of Pikas


During the experiment, the body mass of pikas in the July captive (JC) and November SW-diet (NSW) groups showed no significant difference at the initial stage and the end of each stage. In contrast, the July SW-diet (JSW) group exhibited significantly lower body mass at the end than at the initial point of this stage, whereas the NC group demonstrated a significantly higher increase in body mass at the end than at the initial point of this stage (p < 0.01) (Figure S1A). The body mass gain of pikas was significantly higher in the JC group than in the JSW group, and in the November captive (NC) group than in the NSW group (p < 0.05) (Figure 1A). Although BAT mass did not differ significantly between the JC and JSW groups or between the NC and NSW groups (Figure S1B), the BAT mass/body mass ratio was significantly higher in the NSW group than in the NC group (p < 0.05) (Figure 1B). Ultra-structurally, the WAT cells of pikas in the JC group were relatively large, whereas those in the JSW group were relatively small, had smaller lipid droplets, became darker in color, and exhibited browning characteristics (Figure 2A). The statistical results also showed that the cell diameter and cross-sectional area of the WAT in the JSW group were significantly smaller than those in the JC group (p < 0.05) (Figure 2B,C).




2.2. The Differences in the Gut Microbiota Diversity of Pikas


In July, the Shannon index of the gut microbiota of pikas was significantly higher, and the Simpson index was significantly lower in the July wild (JW) and JSW groups than that in the JC group (p < 0.001) (Figure 3A,B). A principal coordinate analysis (PCoA) based on the Bray–Curtis distance showed significant differences in bacterial communities among the three groups (permutational multivariate analysis of variance [PERMANOVA], R2 = 0.535, p = 0.001) (Figure 3C). Moreover, the pairwise analysis revealed significant differences between any two groups (PERMANOVA: JW vs. JC, R2 = 0.587, p = 0.001; JW vs. JSW, R2 = 0.299, p = 0.001; JC vs. JSW, R2 = 0.598, p = 0.001) (Table S1). In addition, the Bray–Curtis distance between the JW and JC groups was significantly longer than that between the JW and JSW groups and between the JC and JSW groups (p < 0.001) (Figure 3D).



In November, the Shannon index of the gut microbiota of pikas in the November wild (NW) group was significantly higher than that in the NC and NSW groups, whereas the Simpson index was significantly lower than that in the NC and NSW groups (p < 0.001) (Figure 3E,F). A PCoA based on the Bray–Curtis distance showed significant differences in bacterial communities among the three groups (PERMANOVA, R2 = 0.665, p = 0.001) (Figure 3G). Furthermore, the pairwise analysis indicated significant differences between any two groups (PERMANOVA: NW vs. NC, R2 = 0.699, p = 0.001; NW vs. NSW, R2 = 0.554, p = 0.001; NC vs. NSW, R2 = 0.297, p = 0.001) (Table S1). In addition, the Bray–Curtis distance between the NW and NC groups was significantly longer than that between the NW and NSW groups and between the NC and NSW groups, which was significantly longer than that between the NC and NSW groups (p < 0.001) (Figure 3H).




2.3. The Composition and Differences in the Gut Microbiota of Pikas


In July, the dominant bacteria in the gut microbiota of pikas at the phylum level were Firmicutes (48.04%), Bacteroidetes (42.75%), and Verrucomicrobiota (3.62%) (Figure 4A). The dominant bacteria at the genus level were norank _f__Muribaculaceae (32.17%), unclassified_f__Lachnospiraceae (8.52%), Christensenellaceae_R−7_group (6.31%), Ruminococcus (5.75%), and Akkermansia (3.62%) (Figure S2). The statistical analysis indicated that eight bacterial phyla were significantly different between the JW and JC groups, among which the relative abundances of Firmicutes, Verrucomicrobiota, Actinobacteriota, Spirochaetota, and Cyanobacteria were significantly higher in the JW group than in the JC group, whereas the relative abundances of Bacteroidetes, Campylobacteroides, and Patescibacteria were significantly lower in the JW group than in the JC group (p < 0.05). Four bacterial phyla were significantly different between the JW and JSW groups, specifically, the relative abundance of Actinobacteriota in the JW group was significantly higher than that in the JSW group, whereas the relative abundances of Campilobacterota, Proteobacteria, and Patescibacteria were significantly lower than that in the JSW group (p < 0.05) (Figure 5A and Table S2). At the genus level, 10 bacterial genera were significantly different between the JW and JC groups, among which unclassified_f__Lachnospiraceae, Akkermansia, unclassified_f__Oscillospiraceae, norank_f__UCG−010, NK4A214_group, and Rikenellaceae_RC9_gut_group were significantly enriched in the JW group, whereas the norank_f__Muribaculaceae, Campylobacter, Lachnospiraceae_NK4A136_group, and norank_f__norank_o__Clostridia_UCG−014 were significantly enriched in the JC group (p < 0.01). Nine bacterial genera were significantly different between the JW and JSW groups and unclassified_f__Oscillospiraceae, norank_f__UCG−010, NK4A214_group, and Rikenellaceae_RC9_gut_group were enriched in the JW group, whereas Ruminococcus, Campylobacter, Lachnospiraceae_NK4A136_group, Prevotella, and norank_f__norank_o__Clostridia_UCG−014 were enriched in the JSW group (p < 0.05) (Figure 5B and Table S2).



In November, the dominant bacteria in gut microbiota at the phylum level were Firmicutes (41.40%), Bacteroidetes (49.86%), and Campilobacterota (3.61%) (Figure 4B). The dominant bacteria at the genus level were norank _f__Muribaculaceae (39.78%), unclassified_f__Lachnospiraceae (7.08%), Christensenellaceae_R−7_group (6.51%), Ruminococcus (4.95%), and Lachnospiraceae_NK4A136_group (3.36%) (Figure S3). Furthermore, seven bacterial phyla were significantly different between the NW and NC groups, among which the relative abundances of Firmicutes, Verrucomicrobiota, Proteobacteria, Cyanobacteria, and Desulfobacterota were significantly higher in the NW group than those in the NC group, whereas the relative abundances of Bacteroidetes and Campilobacterota were significantly lower in the NW group than in the NC group (p < 0.01). Four bacterial phyla were significantly different between the NW and NSW groups, specifically, the relative abundances of Firmicutes and Actinobacteriota. Proteobacteria were significantly higher in the NW group than that in the NSW group, whereas the relative abundance of Bacteroidetes was significantly lower than that in the NSW group (p < 0.05) (Figure 5C and Table S3). At the genus level, 13 bacterial genera were significantly different between the NW and NC groups, among which unclassified_f__Lachnospiraceae, Lachnospiraceae_NK4A136_group, Akkermansia, Rikenellaceae_RC9_gut_group, norank_f__UCG−010, Prevotella, norank_f__norank_o__Clostridia_UCG−014, unclassified_f__Oscillospiraceae, and Prevotellaceae_UCG−001 were significantly enriched in the NW group. However, norank_f__Muribaculaceae, Christensenellaceae_R−7_group, Campylobacter, and unclassified_f__Ruminococcaceae were significantly enriched in the NC group (p < 0.05). Eight bacterial genera were significantly different between the NW and NSW groups, and unclassified_f__Lachnospiraceae, Rikenellaceae_RC9_gut_group, norank_f__UCG−010, norank_f__norank_o__Clostridia_UCG−014, and unclassified_f__Oscillospiraceae were enriched in the NW group, whereas norank_f__Muribaculaceae, Christensenellaceae_R−7_group, and unclassified_f__Prevotellaceae were enriched in the NSW group (p < 0.01) (Figure 5D and Table S3).




2.4. The Co-Occurrence Network of Gut Microbiota in Pikas


Co-occurrence networks revealed interactions among the gut microbiota of pikas. In July, the JW group had 66 nodes and 333 links, the JC group had 68 nodes and 251 links, and the JSW group had 69 nodes and 422 links (Figure 6A and Table S4). We calculated the node-level topological parameters for each group. The results showed that the degree was significantly higher in the JSW group than that in the JC group (p < 0.001). The harmonic closeness centrality was significantly higher in the JW and JSW groups than that in the JC group (p < 0.05). Closeness centrality was significantly higher in the JW and JSW groups than that in the JC group, and in the JSW group than that in the JC group (p < 0.05). However, betweenness centrality was not significantly different between the groups (Figure 6C).



In November, there were 68 nodes and 355 links in the NW group, 69 nodes and 238 links in the NC group, and 69 nodes and 329 links in the NSW group (Figure 6B and Table S4). The node-level topological parameters showed that the degree was significantly higher in the NW group than that in the NC group (p < 0.001). Harmonic closeness centrality and closeness centrality were significantly higher in the NW and NSW groups than those in the NC group (p < 0.001). Betweenness centrality was significantly lower in the NW and NSW groups than that in the NC group (p < 0.05) (Figure 6D).




2.5. The Functional Profile of the Gut Microbiota in Pikas


A PCoA based on Bray–Curtis distance was used to display distinctions in the functional profiles of the gut microbiota in pikas. In July, the KEGG functional profiles differed significantly between the groups (PERMANOVA, R2 = 0.519, p = 0.001) (Figure 7A). A Pairwise analysis revealed significant differences between any two groups (PERMANOVA: JW vs. JC, R2 = 0.214, p = 0.002; JW vs. JSW, R2 = 0.248, p = 0.006; JC vs. JSW, R2 = 0.519, p = 0.002) (Table S5). Furthermore, the Bray–Curtis distance between the JW and JC groups and between the JC and JSW groups was significantly longer than that between the JW and JSW groups (p < 0.01) (Figure 7B). In particular, the heatmap showed that the abundances of the KEGG categories of energy metabolism, lipid metabolism, glycan biosynthesis and metabolism were significantly lower in the JW group than those in the JC group (p < 0.05); however, no significant differences were found in these metabolic categories between the JW and JSW groups (Figure 7C and Table S6).



In November, a PCoA revealed significant differences in the KEGG functional profiles between the groups (PERMANOVA, R2 = 0.507, p = 0.001) (Figure 7D). A Pairwise analysis identified significant differences between any two groups (PERMANOVA: NW vs. NC, R2 = 0.479, p = 0.001; NW vs. NSW, R2 = 0.401, p = 0.001; NC vs. NSW, R2 = 0.370, p = 0.001) (Table S5). Furthermore, the Bray–Curtis distance between the NW and NC groups was significantly greater than that between the NW and NSW groups, and between the NC and NSW groups (p < 0.001) (Figure 7E). Specifically, the heatmap showed that the abundance of the KEGG categories of global and overview maps, translation, folding, sorting, and degradation was significantly lower in the NW group than that in the NC group (p < 0.05); however, no significant differences were observed among these metabolic categories between the NW and NSW groups (Figure 7F and Table S7).




2.6. The Assembly of Gut Microbiota in Pikas


To explore the effects of SW on the assembly of gut microbiota in pikas, we calculated the nearest taxon index (NTI) of the gut bacteria in each group. The mean NTIs of all communities were significantly >0, indicating clustering within the sample group. When the NTIs of a community were >2, co-existing taxa were more closely related than expected by chance (phylogenetic clustering). In July, 97% of the NTIs were >0, and 90% were >2. In November, all the NTIs exceeded 2. This implied that a deterministic process predominantly controls the gut microbial assembly in pikas, surpassing the influence of a stochastic process. The results of the Kruskal–Wallis test showed that NTIs were significantly greater in the JC group than those in the JSW group (p < 0.05) (Figure 8A), and significantly greater in the NW and NSW groups than those in the NC group (p < 0.05) (Figure 8B).




2.7. The Relationship between BAT and Gut Microbiota


A redundancy analysis (RDA) was used to reveal the relationship between BAT and gut microbiota in plateau pikas. In July, there was no clear correlation between BAT mass and gut microbiota in the JC and JSW groups; however, BAT mass/body mass was positively correlated with the gut microbiota in the JSW group (Figure 9A). In November, BAT mass and BAT mass/body mass were positively correlated with the gut microbiota in the NSW group and negatively correlated with the gut microbiota in the NC group (Figure 9B).





3. Discussion


Our results showed that SW significantly reduced body mass gain, induced smaller WAT cells, and increased BAT mass in plateau pikas (Figure 1 and Figure 2). This implied that SW may prevent excessive host adiposity by promoting WAT browning. Natural products derived from plants have beneficial effects in preventing and treating obesity and its associated metabolic disorders [30,31,32]. For example, flavonoids inhibit body mass gain by reducing food intake and increasing satiety [33]. Carnosic acid (a diterpenoid), a major component of the labiate herbal plant, rosemary (Rosmarinus officinalis), has beneficial effects in combating obesity and type 2 diabetes [34]. The consumption of alkaloids such as caffeine, ephedrine, or capsaicin increases the lipolytic response and elevates the metabolic rate, thereby contributing to increased energy expenditure and body mass loss [35,36]. The body mass-loss effect of PSCs may be achieved by promoting WAT browning, thereby increasing host energy expenditure. WAT specializes in storing excess energy as triglycerides, whereas BAT primarily specializes in high metabolism and energy expenditure. Several PSCs induce WAT browning [18]. Luteolin, a natural flavonoid, activates WAT browning and thermogenesis via the AMPK/PGC1α pathway, preventing overweight and insulin resistance induced by a high-fat diet [37]. Resveratrol (a phenolic compound) promotes WAT browning by activating peroxisome proliferator-activated receptors, inducing the thermogenic capacity of interscapular BAT by increasing mitochondrial production, enhancing fatty acid oxidation and glucose disposal [38].



Captive conditions significantly reduced the alpha diversity of the gut microbiota in pikas, which was restored to the original wild state after feeding with SW (Figure 3A,B). Captivity induces gut microbiota dysbiosis in golden Guizhou snub-nosed monkeys (Rhinopithecus brelichi) [39], Tibetan wild asses (Equus kiang) [40], and forest musk deer (Moschus berezovskii) [41]. This dysbiosis could be attributed to marked changes in diet, with substantial changes in nutrient composition between artificial and natural diets. The simplicity of artificial diets may drive differences in the gut microbiota compared to the more complex natural diets [42]. Furthermore, artificial diets high in fat and protein often result in a decrease in gut microbiota diversity [43]. Recently, several studies have revealed that PSCs promote gut microbiota diversity [44]. Kohl et al. found that creosote toxins contained in the creosote bush (Larrea tridentata) can increase gut microbial diversity in woodrats (Neotoma) [45]. Phenolic compounds, while promoting the diversity of the gut microbiota, are also beneficial for maintaining colon health [44]. Higher gut microbiota diversity is beneficial for the host in managing external environmental fluctuations [46]. Our results implied that SW plays a crucial role in maintaining the intestinal microecological stability in small mammals.



Compared to the JW group, the JC group had a higher abundance of Bacteroidetes and a lower abundance of Firmicutes (Figure 5A). Bacteroidetes are associated with protein breakdown, and Firmicutes with cellulose degradation. The artificial diet contained higher protein and lower cellulose content than the wild diet, which may be responsible for the fluctuating abundances of Firmicutes and Bacteroidetes [42]. However, after the addition of SW to the artificial diet, the abundances of Firmicutes and Bacteroidetes in the pikas in the JSW group were not significantly different from those in the JW group. Similarly, dietary supplementation with resveratrol [47] and phenolic ingredients [48] decreased the abundance of Bacteroidetes and increased the abundance of Firmicutes in mice. After dietary supplementation with SW, the abundance of the probiotic bacteria Akkermansia, Prevotella, and unclassified_f__Lachnospiraceae returned to their original levels. Similar studies have found that puerarin significantly increases the abundance of Akkermansia in rat intestines [49]. Dietary supplementation with flavonoids increases Prevotella abundance in the calf intestine [50]. In vitro fermentation experiments have shown that thymol increases the abundance of Lachnospiraceae in the rumen [51]. This illustrates that the maintenance and suppression effects of SW on the gut microbial abundance are consistent with those of other PSCs.



The complexity of the co-occurrence network of the gut microbiota of pikas was reduced in captivity; however, it was restored to the wild state after the addition of SW to the artificial diet (Figure 6). Similarly, laboratory experiments found that Brandt’s voles (Lasiopodomys brandtii) harbored a more complex microbial network in the high-tannin group [52]. A complex network of gut microbiota may contribute to food degradation and nutrient extraction in herbivores, and reduce the toxicity of PSCs, which are abundant in their diet [52]. In vivo experiments have shown that the mixture of all cultured bacteria had a higher rate of tea saponin degradation than any single isolate [53]. Mixed cultures of Methanobrevibacter spp. and Methanosphaera stadtmanae from the hoatzin Opisthocomus hoazin were able to reduce the hemolytic activity of Quillaja saponins by 80% within a few hours [54]. Furthermore, complex microbial networks exhibit superior resilience against external disturbances compared to simple networks [55], which is beneficial for maintaining homeostasis in the host gut microecosystem.



The Bray–Curtis distance based on KEGG functional profiles showed that the JSW group was closer to the JW group than to the JC group, and the NSW group was closer to the NW group than to the NC group (Figure 7). This implied that SW can promote the recovery of gut microbiota function in pikas. This phenomenon can be explained by the consistency of changes in the composition and function of the gut microbiota [56]. Specifically, energy metabolism, lipid metabolism, and glycan biosynthesis and metabolism did not significantly differ between the JW and JSW groups. Changes in the gut microbiota function in pikas may be attributed to variations in dietary composition, as large differences exist between artificial and natural diets. Natural foods help to maintain the gut microbial function of white-throated woodrats (Neotoma albigula) better than artificial diets [57]. Our results suggested that PSCs in natural diets can prevent microbial dysfunction resulting from dietary differences.



The gut microbiota of captivity animals usually has strong deterministic processes compared to those of wild individuals [58]; however, our results suggest that deterministic processes in the gut microbiota of individuals under captivity are weakened compared to those of wild pikas (Figure 8B). Numerous studies have shown seasonal variations in the gut microbiota of wildlife [56,59,60], thus inconsistencies in sampling times may contribute to differences in the assembly of microbial communities. Moreover, SW decreased the deterministic process of gut microbiota assembly in July, whereas it increased it in November. The assembly process of gut microbiota in pikas can be complex, influenced by various environmental factors [61] and host physiological characteristics [62]. Therefore, the effects of SW on this process may be seasonally or duration-dependent on captivity.



A positive correlation between BAT mass and the genera Prevotella and unclassified_f__Prevotellaceae was observed both in July and November (Figure 9). These bacteria are important producers of SCFAs [63,64], which mediate a range of physiological functions such as signaling molecules in addition to being energy substances [65]. Acetate, in particular, has been implicated as an inducer of WAT browning by inducing mitochondrial biogenesis [66]. Resveratrol regulates bile acid metabolism by remodeling the gut microbiota, and lithocholic acid in bile acid metabolism can upregulate the uncoupling protein 1 expression by activating Takeda G-protein-coupled receptor 5, which induces WAT browning [67]. A similar study suggested that resveratrol-remodeled gut microbiota may induce WAT browning via sirtuin-1 signaling [47]. Our results highlighted the ability of SW to promote WAT browning by modulating the gut microbiota.




4. Materials and Methods


4.1. Experimental Animals


Sixty adult plateau pikas, thirty in July and thirty in November, were captured in Gangcha County using the rope-trap method. Thereafter, 10 pikas were randomly selected from July and November and were euthanized. After dissection on a sterile table, fecal samples were immediately collected in 2 mL cryovials, stored in a portable liquid nitrogen tank, transported to the laboratory, and stored in an ultra-low temperature refrigerator at −80 °C. The July and November samples from wild pikas were named the JW and NW groups, respectively. All procedures were approved by the Animal Care and Use Committee of Northwest Institute of Plateau Biology, Chinese Academy of Sciences.




4.2. Experimental Design


Forty wild pikas, twenty in July and twenty in November, were transported to the laboratory. The pikas were individually housed in feeding boxes with wood chips as nest material and free access to water and food (rabbit maintenance feed; KEAO XIELI Feed Co., Ltd., Beijing, China). The temperature in the laboratory was controlled at 20 °C ± 3 °C with 20% ± 10% humidity and natural light. The pikas were housed for 20 weeks in July and 2 weeks in November. Thereafter, 10 randomly selected individuals from July and November were euthanized and dissected on a sterile table to collect their feces, as well as WAT and BAT from the scapular region. The July and November samples from captive pikas were named the JC and NC groups, respectively. Subsequently, SW was added to the pika diet in July and November for 4 weeks. The body mass of pikas was measured at the initial point and end of each stage. Finally, all pikas were euthanized and dissected on a sterile table to collect their feces, as well as WAT and BAT from the scapular region. The July and November samples from pikas fed the SW diet were named the JSW and NSW groups, respectively. Owing to the accidental death of pikas during husbandry, nine samples were collected from the JSW group and seven from the NSW group.




4.3. SW Extraction


SW was extracted from O. ochrocephala harvested near the sampling site using an ultrasonic chloroform extraction method with a final purity of approximately 93% [68]. Thereafter, SW was dissolved in a solution with a concentration of 0.1 mg/mL in distilled water and sprayed uniformly on quantitative rabbit chow. The SW dosage was determined based on the content of SW in plants ingested by pikas under field conditions [27]. Thus, 0.1 mg SW was finally added to each pika’s diet.




4.4. The Amplicon Sequencing Analysis of the 16S rRNA Gene


Total DNA was extracted from fecal samples using the QIAamp DNA Stool Mini Kit (Qiagen, Dusseldorf, Germany) according to the manufacturer’s protocol. The DNA concentration was determined using a NanoDrop ND-1000 system (Thermo Fisher Scientific, Waltham, MA, USA). Universal primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used to amplify the V3–V4 regions of 16S rDNA. The TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) was used to generate sequencing libraries. Finally, the library was sequenced on the HiSeq2500 platform (Illumina).



The resulting PE reads from Illumina sequencing were split into samples. Paired-end reads were quality-controlled and filtered based on sequencing quality. Splicing was subsequently performed based on the overlapping relationships between paired-end reads. Representative amplicon sequence variant (ASV) sequences and abundance information were obtained after noise reduction by DADA2 [69] within Quantitative Insight Into Microbial Ecology 2 (QIIME2, http://QIIME2.org/index.html, accessed on 1 February 2020). Finally, the representative sequences and abundances of the ASVs were searched against the Silva reference database (https://www.arb-silva.de, accessed on 27 August 2020). Functional categories were calculated with PICRUSt2 using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp, accessed on 1 April 2022).




4.5. WAT Morphology


The WAT of pikas was fixed in 4% paraformaldehyde solution overnight at 4 °C. Following dehydration, samples were embedded in paraffin and sections of approximately 5 µm thickness were mounted onto glass slides. Hematoxylin staining solution was added dropwise to the slides, stained for 30 s, and slides were rinsed with tap water for another 30 s. Eosin staining solution was added dropwise, stained for 10 s, and slides were rinsed with tap water for 30 s. The slides were blocked with neutral gum after drying. The sections were observed under a light microscope (Nikon ECLIPSE E200), and images were selected from clear and clean fields with complete cell morphology. The cells were marked using Image-Pro Plus software v6.0, and the diameters and cross-sectional areas of the cells were measured.




4.6. Statistical Analysis


Student’s t-tests were used to examine group differences in body mass, body mass gain, BAT mass, BAT mass/body mass, and the diameter and cross-sectional area of WAT. PCoA based on the Bray–Curtis distance revealed the separation of gut microbial communities and functions of plateau pikas between groups. PERMANOVA was used to determine whether the differences between groups were significant. Heatmaps were used to display the sample distribution of bacterial and functional abundance. Group differences were assessed using the Mann–Whitney U test. Spearman’s correlation of bacteria at the species level, with a relative abundance > 0.01% in each group, was analyzed using the “psych” package [70] in R (https://www.r-project.org, accessed on 29 February 2020). The results were presented as a network using Gephi v0.9.2 [71]. NTI values were calculated using the “picante” package [72] in R to identify the gut microbiota assembly process. The Kruskal–Wallis test followed by multiple comparison post hoc tests was used to analyze differences in alpha diversity, Bray–Curtis distance, node-level network parameters, and NTI values between the groups. RDA was performed using the “vegan” package [73] in R to reveal the relationship between BAT mass and the gut microbiota.





5. Conclusions


In the present study, we found that SW inhibited body mass gain and contributed to an increase in BAT mass and WAT browning in pikas. The 16S rDNA sequencing revealed that the alpha diversity of the gut microbiota was significantly reduced and the community structure of the gut microbiota was significantly altered in captive pikas. However, the addition of SW to the diet significantly increased the alpha diversity of the gut microbiota. SW significantly increased the relative abundance of Akkermansia, Prevotella and unclassified_f__Lachnospiraceae, along with enhancing the complexity of the microbial co-occurrence network structure, which decreased in the gut of captive pikas. The functional profiles showed that SW significantly decreased the relative abundances of energy metabolism, lipid metabolism, and glycan biosynthesis and metabolism, which were enriched in captive pikas. Furthermore, SW decreased the deterministic processes of gut microbiota assembly in July and increased them in November. Finally, the genera Prevotella and unclassified_f__Prevotellaceae were shown to have a positive correlation with BAT mass. Our results highlighted the role of PSCs in promoting WAT browning via gut microbiota modulation in small mammals.
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Figure 1. Effect of swainsonine (SW) on body mass and brown adipose tissue (BAT) mass in pikas. (A) Body mass gain and (B) BAT mass/body mass. * p < 0.05, ** p < 0.01. 
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Figure 2. Swainsonine (SW) promotes white adipose tissue (WAT) browning in pikas. (A) The morphology of WAT cells. Scale bars = 50 μm. (B) Diameter and (C) cross-sectional area of WAT cells. * p < 0.05. 
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Figure 3. Changes in gut microbial diversity in pikas. (A,E) Shannon index, (B,F) Simpson index, (C,G) Principal coordinate analysis (PCoA) based on the Bray–Curtis distances. Ellipses imply 95% confidence intervals for each group. (D,H) Differences in Bray–Curtis distances in July and November. *** p < 0.001. 
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Figure 4. Gut microbiota composition in pikas. Pika gut bacteria composition at the phylum level in (A) July and (B) November. 
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Figure 5. Gut microbiota changes in pikas. Gut microbiota changes at the (A,C) phylum and (B,D) genus levels. 
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Figure 6. Co-occurrence network of the gut microbiota in pikas. Co-occurrence network of pika gut microbiota in (A) July and (B) November. Node-level topological features of the co-occurrence network in (C) July and (D) November. * p < 0.05, ** p < 0.01, *** p < 0.001. 






Figure 6. Co-occurrence network of the gut microbiota in pikas. Co-occurrence network of pika gut microbiota in (A) July and (B) November. Node-level topological features of the co-occurrence network in (C) July and (D) November. * p < 0.05, ** p < 0.01, *** p < 0.001.



[image: Ijms 24 17420 g006]







[image: Ijms 24 17420 g007] 





Figure 7. Changes in gut microbiota function in pikas. (A,D) PCoA based on the Bray–Curtis distances. Ellipses imply 95% confidence intervals for each group. (B,E) Differences in Bray–Curtis distances in July and November. (C,F) Changes in gut microbiota function at KEGG level 2. ** p < 0.01, *** p < 0.001. 
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Figure 8. Assembly processes of gut microbiota in pikas. Assembly processes of gut microbiota of pikas in (A) July and (B) November. The dotted line represents a zero NTI value. * p < 0.05. 
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Figure 9. Redundancy analysis (RDA) plots of gut microbiota and host phenotype in pikas. Relationship between gut microbiota and host phenotype of pikas in (A) July and (B) November. Ellipses imply 95% confidence intervals for each group. Black arrows represent gut microbes and orange arrows indicate host phenotypes. 
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