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Abstract

:

Background: Propyl propane thiosulfonate (PTSO) is an organosulfur compound from Allium spp. that has shown interesting antimicrobial properties and immunomodulatory effects in different experimental models. In this sense, our aim was to evaluate its effect on an experimental model of obesity, focusing on inflammatory and metabolic markers and the gut microbiota. Methods and results: Mice were fed a high-fat diet and orally treated with different doses of PTSO (0.1, 0.5 and 1 mg/kg/day) for 5 weeks. PTSO lessened the weight gain and improved the plasma markers associated with glucose and lipid metabolisms. PTSO also attenuated obesity-associated systemic inflammation, reducing the immune cell infiltration and, thus, the expression of pro-inflammatory cytokines in adipose and hepatic tissues (Il-1ẞ, Il-6, Tnf-α, Mcp-1, Jnk-1, Jnk-2, Leptin, Leptin R, Adiponectin, Ampk, Ppar-α, Ppar-γ, Glut-4 and Tlr-4) and improving the expression of different key elements for gut barrier integrity (Muc-2, Muc-3, Occludin, Zo-1 and Tff-3). Additionally, these effects were connected to a regulation of the gut microbiome, which was altered by the high-fat diet. Conclusion: Allium-derived PTSO can be considered a potential new tool for the treatment of metabolic syndrome.
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1. Introduction


Allium vegetables are well recognized for their beneficial properties from time immemorial. Garlic (Allium sativum L.) and onion (Allium cepa L.) have historical importance in the folk medicine of different cultures all over the world for treating heart problems, headache, colds, tumors and other ailments, as well as for boosting vigor [1]. These properties are attributed to its richness in minerals, essential amino acids and diverse phenolic and sulfur compounds [2]. Specifically, garlic is an excellent source of beneficial minerals, such as selenium, while onions are rich in flavonoids, such as quercetin, which is widely known for its biological properties [3]. Nevertheless, the most important bioactive compounds in the Alliaceae family are organosulfur compounds, mainly allyl cysteine derivatives, S-alk(en)yl-L-cysteine sulfoxides, thiosulfinates, thiosulfonates and sulfides, which are biosynthesized during tissue damage and confer useful biological properties, such as antimicrobial, anti-inflammatory, immunomodulatory, antioxidant, hepatoprotective and neuroprotective properties [3,4,5]. In fact, it is well described that these plants have cardioprotective effects that are associated with a positive effect on obesity and its associated metabolic disorders, including dyslipidemia, mild hypertension, hyperlipidemia, high blood glucose levels, impaired insulin sensitivity and liver lipotoxicity [6]. Thus, garlic was shown to reduce plasma lipid levels while increasing HDL cholesterol levels [7,8]. Moreover, it could also reduce the accumulation of fat in the first stages of atherosclerosis [9] and delay the calcification of the coronary arteries [10], improving their elasticity [11]. Moreover, it was reported that Allium compounds can inhibit the lipid accumulation and the transformation of monocytes into macrophages after stimulation with oxidized LDL cholesterol, which could explain the beneficial effects of garlic in models of atherosclerosis [12]), as well as enhance brown adipocyte-specific genes, like uncoupling protein 1, via the Krüppel-like factor 15 signal cascade [13]. These compounds also show anti-adipogenic effects by hindering 3T3-L1 adipocyte differentiation in vitro via the activation of AMP-activated protein kinase (AMPK) and carnitine palmitoyltransferase, as well as the inhibition of acetyl CoA carboxylase-1 [13], or by means of extracellular signal-regulated kinase activation [14]. Furthermore, a recent meta-analysis has proposed that garlic supplementation may decrease waist circumference without changing body weight or body mass index [15]. A parallel, double-blind, placebo-controlled, randomized study reported the ability of aged garlic supplementation to modulate immune cell distribution and decrease serum tumor necrosis factor (TNF)-α and interleukin (IL)-6 levels in healthy obese adults, thus reducing obesity-induced inflammation [16]. In this regard, garlic consumption has been reported to decrease resistin levels, a pro-inflammatory adipokine, in overweight and obese women with osteoarthritis and reduce the pain compared with placebo patients in a randomized, double-blind, placebo-controlled, parallel design trial [17].



Although many studies have been undertaken to examine the cardioprotective and anti-obesity effects of Allium and their organosulfur products, the outcomes are very variable; therefore, more investigations, both preclinical and clinical, are needed to better elucidate the effects of Allium products and establish their use and safety in preventing the metabolic syndrome.



In this sense, we evaluated an Allium organosulfur compound, namely, propyl propane thiosulfonate (PTSO), in an experimental model of high-fat-diet-induced metabolic syndrome in mice. This product does not present toxic effects [18] and already showed interesting antimicrobial properties for the livestock industry [19] and immunomodulatory effects in experimental colitis [20]. Thus, concerning the latter, it was shown to be able to downregulate pro-inflammatory mediators, improve the intestinal mucosal integrity and ameliorate colitis-associated dysbiosis [20]. These effects could also contribute to the amelioration of metabolic-syndrome-associated inflammation and its derived adverse sequels. The present study has assessed the effects of PTSO on the metabolic alterations and the inflammation that characterizes the metabolic syndrome, as well as on its abilities to modulate the gut microbiota.




2. Materials and Methods


2.1. Experimental Animals and Diets


The study was carried out following the “Guide for the care and use of laboratory animals” of the National Institute of Health (Washington, DC, USA), and the protocols were approved by the Committee of Ethics of the University of Granada (reference no. 28/03/2016/030). Five-week-old male C57Bl/6 mice (Charles River, Barcelona, Spain) were kept in the Animal Facility of the University of Granada at a controlled temperature and humidity (22 ± 1 °C, 55 ± 10% relative humidity) with a 12 h light/dark cycle and free access to food and drink. Mice were randomly divided into several groups (n = 10): lean (control diet), lean treated (control diet treated), obese (HFD) and obese treated (HFD treated). The lean mice were fed standard chow (210 Control Diet), while obese mice received a high-fat diet (HFD) in which 60% of the caloric content came from fat (Purified Diet 230 HF). The experimental design was as follows: obese treated mice were administered different doses of PTSO (0.1, 0.5 and 1 mg/kg/day v.o.) dissolved in water (100 μL), while lean treated mice received 1 mg/kg/day of PTSO under the same conditions. Lean (control diet) and obese (HFD) groups were administered the same amount of water daily. The mice were treated for 5 weeks and the weight and consumption of food and water were monitored twice a week.




2.2. Glucose Tolerance Test and Plasma Determinations


At week 4, mice were fasted for 8 h and a glucose tolerance test was carried out as previously described [21] (see the Supplementary Methods). At the end of the treatment, the animals were sacrificed after taking a blood sample via a cardiac puncture. The blood was centrifuged to separate the plasma at 5000× g for 20 min at 4 °C, which was frozen at −80 °C until the following determinations were made: glucose, LDL cholesterol, HDL cholesterol, total cholesterol and insulin (see the Supplementary Methods).




2.3. Morphological Variables


After the sacrifice, the adipose tissues (epididymal and abdominal fat) were removed, cleaned and weighed. The relationship between fat and animal size was estimated by dividing the weight of the fat by the length of the tibia. The liver and colon were also removed, which were likewise cleaned and weighed. All samples were frozen in liquid nitrogen and stored at −80 °C until further processing.




2.4. Gene Expression Analysis Using RT-qPCR


The total RNA of the different tissues was extracted with NucleoZOL® (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. A reverse transcription (RT) was then performed with oligo (dT) and reverse transcriptase primers M-MLV (Promega, Southampton, UK) in a TProfessional Basic Thermocycler (Biometra, Göttingen, Germany). The real-time polymerase chain reaction (qPCR) was performed in 48-well optical grade plates in EcoTM real-time PCR equipment (Illumina, San Diego, CA, USA) with 10 ng of complementary DNA, KAPA SYBR® FAST qPCR Master Mix (Kapa Biosystems, Wilmington, MA, USA) and specific oligonucleotides at their hybridization temperature (Table S1). To normalize messenger RNA expression, the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was measured. The relative quantification of messenger RNA was estimated using the ΔΔCt method.




2.5. DNA Extraction and Illumina MiSeq Sequencing


DNA from fecal contents was extracted as described by Rodríguez-Nogales et al. [22]. The resulting sequences were quality-filtered, clustered and taxonomically assigned on the basis of a 97% similarity level against the SILVA database [23] using the QIIME software package (version 1.9.1) (Knight Lab, San Diego, CA, USA). Sequences were chosen to estimate the total bacterial diversity of the DNA samples in a comparable manner and were trimmed to clear away barcodes, primers, chimeras, plasmids, mitochondrial DNA and any non-16S bacterial reads and sequences that were <150 bp in size.




2.6. Vascular Reactivity Studies and NADPH Oxidase Activity


Descending thoracic aortic rings were dissected and the isometric tension was measured as described before [24]. Briefly, the aortic rings were placed in an organ chamber filled with Krebs solution (composition in mM: NaCl 118, KCl 4.75, NaHCO3 25, MgSO4 1.2, CaCl2, KH2PO4 1.2 and glucose 11) at 37 °C and gassed with 95% O2 and 5% CO2 (pH 7.4), suspended in a wire myograph (model 610M, Danish Myo Technology, Aarhus, Denmark) and loaded with a tension of 5 nN. After a 90 min stabilization period, cumulative concentration–response curves to acetylcholine (10−9–10−5 M) were carried out in intact rings pre-contracted by U46619 (10−8 M). Relaxant responses to acetylcholine were expressed as a percentage of precontraction. The length–tension relationship was calculated with the myograph software (Myodaq 2.01, Danish Myotechnologies, Denmark).



NADPH oxidase activity in intact aortic rings was evaluated with the lucigenin-enhanced chemiluminescence assay, as reported before [25] (see the Supplementary Materials for details).




2.7. Flow Cytometry


The cells from adipose and liver tissue were isolated following the procedure previously reported, with some modifications [26] (see the Supplementary Materials).




2.8. Statistics


All results are expressed as mean ± standard error of the mean. Statistical significance between the different groups was calculated with a one-way analysis of variance (ANOVA) and post hoc tests of significance. Differences between proportions were evaluated with chi-square analysis. All statistical analyses were performed with the GraphPad 8 program (GraphPad Software, Inc., La Jolla, CA, USA), establishing the significant differences at p < 0.05.





3. Results and Discussion


Metabolic syndrome is defined by WHO as a pathological condition in which abdominal obesity, insulin resistance, hypertension and hyperlipidemia may concur. Thus, individuals suffering from it have an increased risk of cardiovascular mortality and morbidity [27].



Two main drivers contribute to the advance of this disease, namely high-calorie–low-fiber-food consumption and low physical activity; therefore, the first action that needs to be taken is the promotion of lifestyle changes. However, when these actions are not enough to control the symptoms, a pharmacological approach is necessary to prevent the associated long-term effects. Metabolic syndrome is quite complex; consequently, the long-term pharmacological interventions may include the use of several drugs to treat the different complications, though they can also produce adverse effects [28] or become ineffective in the long run.



Therefore, the search for new alternative and safe products that holistically treat the associated symptoms of metabolic syndrome has become a priority. Garlic, onion and their organosulfur compounds show potential, but more work is needed to consider their use. In this study, we explored the effects of PTSO, an Allium component with antioxidant, anti-inflammatory and immunomodulatory properties [20], in a metabolic syndrome mouse model that was induced by a high-fat diet (HFD).



3.1. PTSO Treatment Reduced Body Weight Gain and Ameliorated Metabolic Alterations in HFD-Fed Mice


The mice that consumed an HFD experienced a significantly greater weight gain than the mice fed the standard diet. However, HFD mice treated with PTSO (HFD-PTSO) experienced significantly lower weight gain compared to non-treated HFD mice (Figure 1A). This was not derived from a satiating effect since the treatment did not affect energy intake. However, it significantly reduced energy efficiency (Figure 1A). Moreover, a significantly greater accumulation of adipose tissue was detected in the untreated HFD mice compared to control diet mice, while all doses of PTSO significantly diminished it (Figure 1B).



The glucose tolerance test showed similar curves for all groups, reaching the glucose peak at 15 min and decreasing to baseline values at 120 min (Figure 1C). However, blood glucose values, both fasting and during the test, were over 300% higher in the HFD mice. Thus, the area under the curve of obese mice had significantly higher values than non-obese mice. The treatment significantly reduced this parameter by at least 20%, with no dose–response relationship, in comparison with the obese non-treated mice, although the value was still significantly different from non-obese mice (Figure 1C). The evaluation of glucose homeostasis also included the measurement of the fasting plasma insulin level (Figure 2A). The high-fat diet had no effect on this parameter, but the treatment with PTSO at 0.5 and 1 mg/kg decreased it significantly. Interestingly, when the marker of insulin resistance HOMA-IR was calculated after taking into account the plasma glucose and insulin values, it appeared significantly elevated in obese mice compared to the lean ones (Figure 2A). The treatment with the two highest doses of PTSO reduced it significantly, although they were still different from the lean mice. Therefore, the PTSO treatment was found to improve the glucose metabolism, reducing the plasmatic levels and the systemic intolerance and insulin resistance, after considering the HOMA-IR, in mice fed with the HFD, which agrees with what was previously described for garlic, onion and their derivative [16,29,30,31].



Moreover, in addition to having greater adipose tissue deposits, the obese mice showed an alteration in the plasma lipid profile, which was characterized by an elevation in the total, HDL and LDL cholesterol levels, as well as an alteration in the LDL/HDL cholesterol ratio, compared to lean mice. The PTSO also improved the lipid metabolism, reducing the total and LDL cholesterol without modifying the HDL cholesterol (Figure 2B), as it has been reported for aged garlic supplementation in obese adult patients [16].




3.2. PTSO Treatment Lessened Inflammation and Improved Gut Barrier in HFD-Fed Mice


The onset and progression of these metabolic alterations are intimately related to a chronic low-grade systemic inflammation that is typified by immune cell infiltration in the metabolic tissues, liver and fat, and the subsequent overproduction of chemokines and cytokines, as we observed. In this sense, mice fed the HFD showed increased gene expression of pro-inflammatory mediators in the liver (Tnf-α, Il-1β, Il-6 and the attractant monocytes chemotactic protein 1 (Mcp-1)) and in adipose tissue (Tnf-α and Il-6) (Figure 3). As reported before in a model of experimental colitis [20,32,33], PTSO hindered the over-expression of the pro-inflammatory mediators evaluated, including Il-1β and Mcp-1 in the liver, and Tnf-α and Il-6 both in the liver and fat, which was linked with impaired insulin signaling. Previous studies also described the anti-inflammatory properties of aged garlic extract and Allicin, which were found to inhibit the production of nitric oxide, TNF-α and IL-4, and could support their application for atherosclerotic vascular disease [33]. The JNK pathway is considered a stressor sensor since JNK signaling can modulate cytokine synthesis, as well as be activated by these cytokines. This is important for keeping homeostasis, but when there is deregulation, JNK activation generates an aberrant production of cytokines that leads to chronic inflammation and the development of metabolic disorders [34]. In fact, JNK signaling has been linked with cardiometabolic inflammation, with the infiltration of immune cells into liver and fat tissues being JNK-dependent [35]. Accordingly, obese mice showed a significant over-expression of Jnk-1 and Jnk-2 in liver and fat tissues (Figure 3). However, treatment with PTSO normalized them in both tissues, thus downregulating the obesity-associated inflammatory systemic response. AMPK is another nutrient sensor that, unlike JNK, inhibits inflammation and oxidative stress, with its inactivation being linked to the pathogenesis of metabolic syndrome and associated conditions [36]. The control HFD-fed mice displayed a reduced expression of Ampk, while the PTSO treatment reverted it, both in the liver and fat. This is very interesting since widely used antidiabetic drugs, including metformin and rosiglitazone, act as insulin sensitizers through AMPK activation [37].



As expected, the expression of the adipokines Leptin (in fat tissue) and Adiponectin (in fat tissue and liver) were modified in obese mice, in association with a reduced expression of Leptin Receptor (Leptin R) in both liver and adipose tissues. PTSO had no effect on Leptin expression, but it significantly augmented the expression of its receptor in both tissues, thus indicating a partial amelioration of the obesity-associated dysfunction in leptin-mediated signaling (Figure 4A). Nevertheless, it normalized the expression of Adiponectin, both in the liver and fat. This effect may contribute to the improvement of insulin sensitivity and glucose and fat metabolisms [38,39]. Moreover, adiponectin was reported to show anti-inflammatory and antioxidant activities that could mediate the effects of PTSO [40].



PPARs were described to exert a prominent role in obesity and inflammation. Thus, PPARα appears expressed in metabolically active tissues, including fat and the liver, as well as in immune cells [41]. PPARα was reported to exert anti-inflammatory effects in fat tissue, which was mediated via different mechanisms that include decreasing adipocyte hypertrophy and inhibiting inflammatory genes [42]. Its expression was downregulated in control obese mice, while the treatment with PTSO increased it (Figure 4B). PPARγ was also described as an inhibitor of pro-inflammatory gene expression by reducing macrophage infiltration and upregulating the expression of adiponectin [43]. Thus, the control obese mice displayed a decreased expression in their fat tissue, which, interestingly, was normalized by the PTSO treatment. Of note, the treatment of obese rats with troglitazone, a synthetic PPARγ agonist, was able to considerably diminish the adipocytes, as well as the expression of TNF-α in comparison with untreated rats [44]. Thus, these effects on PPARs could participate in the anti-inflammatory effect demonstrated by the garlic compound.



As commented before, the metabolic disorders linked to obesity are intimately related to the inflammatory status that is developed. In vitro studies have reported that IL-6 reduces the expression of adiponectin, glucose transporter-4 (GLUT-4) and insulin receptor substrate-1 (IRS-1), while TNF-α causes the elevated secretion of MCP-1 and IL-6 from pre-adipocytes [45], which agrees with the results presented in this study. In fact, IL-6 overproduction was associated with reduced GLUT-4 expression [46], as it was also observed in the obese mice in the current study (Figure 5A). In adipocytes, glucose uptake in normal conditions takes place via insulin-stimulated transport, which is mainly mediated by GLUT-4 [47], but when there is an excess of glucose in the blood, this is diffused into adipocytes through GLUT-4, triggering the synthesis of fatty acids and glycerol and inhibiting lipolysis. Nevertheless, Glut-4 gene expression in adipose tissue is hindered in obesity-associated insulin resistance [48]. Consequently, this could participate in insulin resistance and produce the increased plasma glucose levels that were detected. Remarkably, the PTSO treatment significantly upregulated Glut-4 expression (Figure 5A), which may have contributed to enhancing the insulin sensitivity and thus blood glucose uptake into adipocytes, as well as producing lower blood glucose levels.



The pro-inflammatory and oxidant environment that characterizes obesity may be triggered by so-called “metabolic endotoxemia,” which is associated with a low-level increase of gut-derived lipopolysaccharide (LPS) that acts through TLR4 [48]. Accordingly, we observed significantly higher levels of circulating LPS in obese mice, together with a greater expression of Tlr-4 (Figure 5A), which agrees with previous reports. In this regard, we showed that HFD can increase paracellular transport of bacterial products by impairing intestinal permeability since we evidenced a reduced colonic expression of tight junction proteins, Occludin, Zo-1 and Tff-3, as well as mucins (Muc-2 and -3) (Figure 6A), in which an altered intestinal microbiota composition can have a key role [49]. Extraordinarily, PTSO reduced the plasma LPS levels and Tlr-4 expression in the liver, as well as normalized the expression of these key elements for the epithelial gut barrier integrity, as was previously seen in an experimental model of mouse colitis [20].



Bearing the above in mind, it is clear that the impact of PTSO treatment on the immune response may contribute to the positive effects, maybe by restoring the infiltration and composition of the immune population in fat and liver tissues. In this sense, it is well described that immune cells, such as myeloid-derived suppressor cells (MDSCs) (Ly6C+CD11b+), are a diverse subset of immature and mature myeloid cells with immunoregulatory properties [50,51] (Figure 5B). Under physiological conditions, immature myeloid cells (IMCs) differentiate into mature granulocytes, macrophages or dendritic cells, while in pathological conditions, such as in inflammatory diseases, the overproduction of pro-inflammatory mediators boosts the proliferation of IMCs and partially blocks their differentiation producing an accumulation of MDSC. In fact, the liver is the major organ where IMCs accumulate [52]. Our data correspond to data published by other authors [53], where the percentage of total MDSCs (Ly6C+CD11b+) in the liver was augmented in obese mice compared to control mice, which indicates a blockage in the regular differentiation of these cells and, therefore, an accumulation of these cells in the liver. Further studies are needed to understand why these cells are especially recruited into the liver. Several hepatic cell populations, such as hepatocytes, Kupffer cells, sinusoidal endothelial cells and hepatic satellite cells, are able to produce chemokines and/or chemotactic cytokines upon activation. These mediators may control the migration of these cells and drive their accumulation in the liver. HFD-derived compounds could trigger these cells in the liver and, thus, stimulate the recruitment of these circulating activated immature myeloid cells into the liver. Among these mediators, IL-6 could be highlighted. Studies showed that IL-6 is over-expressed in NAFLD patients and it was also reported to inhibit immature myeloid cell differentiation [54,55]. Subsequently, these activated cells are accumulated in the liver. This hypothesis was confirmed by our results (Figure 5B), where Il-6 expression was also increased in liver tissue. Remarkably, PTSO treatment restored this population to normal values, along with its Il-6 expression levels. Nevertheless, macrophages and dendritic cells are widely known as key regulators of this inflammatory process. These cells can be reshaped and respond to varied stimuli, including metabolic signals [56]. It is widely described that in the liver and adipose tissue, the accumulation of inflammatory macrophages and dendritic cells contributes to the deregulation of glucose homeostasis, increase of obesity-induced inflammation and hepatic fibrosis [53,57,58]. In the present study, we confirmed these previous studies (Figure 5B). Hepatic pro-inflammatory macrophages’ population and plasmatic glucose levels were increased in obese mice and, interestingly, the treatment was able to restore both determinations. Moreover, these immune cells were also pivotal in the fat tissue, where the existence of a substantial population of pro-inflammatory macrophages and DCs in the HFD group was significantly re-established by the treatment (Figure 5B). These results confirm the inhibitory effect exerted by PTSO against macrophage/DC cell infiltration and, therefore, an improvement in the inflammatory status characteristic of this pathological condition.




3.3. PTSO Treatment Improved Endothelial Dysfunction


Another manifestation of the inflammatory process associated with HFD-induced obesity in mice is an endothelial dysfunction characterized by an altered response to acetylcholine, which was previously reported by other authors. This encompasses the vascular synthesis of reactive oxygen species (ROS), including superoxide anion, which quickly inactivates nitric oxide (NO) [53], the main source of vascular superoxide anion in obese rodents [59] and humans [60]. The vasorelaxant effect of acetylcholine on endothelium-intact aortic rings was significantly reduced in HFD mice in comparison with the control diet group (Figure 6B), with the values of the maximal relaxant response in HFD mice being lower than in the control diet mice, although no significant changes were observed in the concentration of acetylcholine that produced the half-maximal relaxation (Figure 6B). PTSO treatment given to HFD-fed mice improved endothelial function since it ameliorated the endothelium-dependent relaxation induced by acetylcholine (Figure 6B). Agreeing with the literature, non-treated obese mice presented altered vasodilatation in response to acetylcholine mediated by an increased NAPDH oxidase activity, evidencing an endothelial dysfunction (Figure 6B). However, the treatment with PTSO normalized the NADPH activity and, consequently, improved endothelial dysfunction (Figure 6B). This may justify the traditional use of garlic and its derivatives for the treatment of hypertension and other cardiovascular conditions, which needs more studies to determine their true impact, as supported by the latest meta-analyses [61,62].




3.4. Prebiotic Properties of PTSO Modulate Gut Dysbiosis in HFD-Fed Mice


As mentioned above, obesity is linked to an alteration of the intestinal microbiota composition, which is induced by the consumption of a high fat/energy diet that leads to metabolic endotoxemia and thus low-grade systemic inflammation and metabolic alterations. This obesity-associated dysbiosis, mostly triggered by external factors, can produce a strong alteration of the symbiotic relationship between the gut microbiome and the host. Thus, it can prompt the development of metabolic diseases [63]. In this sense, both in humans and mice studies, it is well described that the enrichment of Firmicutes, together with a reduction in Bacteroidetes, is associated with these disorders. Administration of PTSO was able to counteract the altered composition and the diversity in the gut microbiota, normalizing the proportion of the major bacteria phyla seen in standard diet-fed mice (Figure 7A,B; Figure S1). This demonstrates that the change in the gut bacterial composition by the PTSO treatment is related to amelioration in obesity-associated dysbiosis. Since the Firmicutes-enriched microbiome demonstrated enhanced energy harvesting from food [64], the relative underrepresentation of Firmicutes in PTSO-HFD mice could lessen energy assimilation and potentially contribute to the observed resistance to diet-induced obesity. Additionally, the significant modifications observed in control HFD-fed mice in the proportions of Bacteroidetes and Verrumicrobia were also restored in those obese mice treated with PTSO (Figure 7B). Furthermore, it is important to highlight the role of Akkermansia muciniphila in obesity, which was considered as the dominant human bacterium that abundantly colonizes this nutrient-rich environment [65]. In fact, it was reported that the abundance of this bacterial species is inversely associated with body weight and type 1 diabetes in mice and humans [66,67]. Actually, A. muciniphila treatment was reported to reverse HFD-induced metabolic disorders [68]. In this study, a reduction in the proportion of the genus Akkermansia was seen in control obese mice, and this was overturned by treatment with PTSO. The restoration of the abundance of Akkermansia sp. exerted by PTSO could be linked to the improvement of the gut barrier function through the enlarged production of mucins in the colonic tissue, considering that they are the principal nutrients for these bacteria.



Additionally, Lachnospiraceae bacteria were associated with obesity and diabetes [69,70]. A metagenomic study reported that the taxonomic family Lachnospiraceae may be associated with type 2 diabetes in humans and mouse models [70,71]. Moreover, Lachnospiraceae is positively linked to the plasma fasting glucose concentration, aspartate transaminase activity, insulin signaling in response to nutrient availability via the mammalian target of rapamycin and contributes to the development of diabetes [69]. This pattern agrees with a previous study that was carried out in mice, indicating the importance of the family Lachnospiraceae for metabolic diseases, such as obesity and diabetes [69]. Our present data clearly showed that HFD highly increased the abundance of Lachnospiraceae, which is positively associated with the increased inflammatory status, while PTSO treatment was able to restore it and improved the inflammatory status (Figure 7C). Another Allium product, namely, alliin, has also been reported to reduce Lachnospiraceae [31]. Therefore, this suggests that the possible mechanisms involved in regulating glucose metabolism due to PTSO treatment can be associated with the reduction of Lachnospiraceae in the gut.



The other important result obtained in this study concerning the gut microbiota was that HFD also significantly amplified the relative abundance of Streptococcaceae. This finding brings to light the relationship between obesity-related inflammatory bowel diseases and colon cancer because Streptococcaceae was connected to metabolic syndrome and colon cancer [72,73]. The ability of PTSO administration to restore its abundance suggests that PTSO could also be considered for the development of a novel approach to prevent colorectal cancer (Figure 7C).



Moreover, Lactobacillus was also described to have an anti-obese effect in diet-induced obesity murine models, and the probable mechanisms might concern the preservation of the intestinal barrier and protection from chronic inflammation [74]. These results were confirmed by our study, where the HFD group showed a reduced proportion of Lactobacillus compared with control mice. Remarkably, the PTSO treatment increased the Lactobacillus abundance and improved markers that are associated with the barrier integrity maintenance and the inflammatory process (Figure 7C).





4. Conclusions


In conclusion, Allium-derived PTSO was shown to globally treat the different conditions that are associated with metabolic syndrome in this experimental model of high-fat-diet-induced obesity in mice. The mechanisms behind its positive effects may be mediated by their antioxidant, anti-inflammatory and prebiotic activities, which eventually reduced the low-grade obesity-associated systemic inflammation and improved the glucose and lipid metabolisms. Therefore, PTSO constitutes a potential new tool for the management of metabolic syndrome.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nu13082595/s1, Figure S1. Impact of PTSO administration on microbiome diversity (PD whole tree, observed OTUs, Shannon index and Chao1). Groups with different letters statistically differed (p < 0.05), Table S1. qPCR primer sequences.





Author Contributions


All authors excepting J.G., J.D. and F.G. performed the experiments and contributed to the acquisition and analysis of data. M.S., M.T. and M.R. performed the vascular reactivity studies and NADPH oxidase activity experiment. A.R.-N. and F.G. contributed to the analysis and interpretation of data of microbiome analysis. R.M., A.R.-N., M.E.R.-C., J.D. and J.G. designed the experiments. A.B., R.M., M.E.R.-C., A.R.-N. and J.G. wrote the manuscript and all authors contributed to the revision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the FEDER-INNTERCONECTA-CDTI program (CDTI, Centre for the Development of Industrial Technology; NATURPICK Project ITC-20181038), by the Junta de Andalucía (CTS 164) and by Instituto de Salud Carlos III (PI19/01058) with funds from the European Union. T.V. is a postdoctoral fellow from Instituto de Investigación Biosanitaria de Granada; A.J.R.-M. and L.H.-G. are predoctoral fellows from University of Granada (“Programa de Doctorado: Medicina Clínica y Salud Pública”); P.D.-E. is a postdoctoral fellow from University of Granada. The CIBER-EHD and CIBERCV are funded by the Instituto de Salud Carlos III.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Committee of Ethics of the University of Granada (reference no. 28/03/2016/030).




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare that they do not have any competing interests.




References


	



Kothari, D.; Lee, W.-D.; Kim, S.-K. Allium Flavonols: Health Benefits, Molecular Targets, and Bioavailability. Antioxidants 2020, 9, 888. [Google Scholar] [CrossRef]

	



Batiha, G.E.-S.; Beshbishy, A.M.; El-Mleeh, A.; Abdel-Daim, M.M.; Devkota, H.P. Traditional Uses, Bioactive Chemical Constituents, and Pharmacological and Toxicological Activities of Glycyrrhiza glabra L. (Fabaceae). Biomolecules 2020, 10, 352. [Google Scholar] [CrossRef]

	



Kim, J.K.; Park, S.U. Quercetin and its role in biological functions: An updated review. EXCLI J. 2018, 17, 856–863. [Google Scholar] [CrossRef]

	



Sorlozano-Puerto, A.; Albertuz-Crespo, M.; Lopez-Machado, I.; Ariza-Romero, J.J.; Baños-Arjona, A.; Exposito-Ruiz, M.; Gutierrez-Fernandez, J. In Vitro Antibacterial Activity of Propyl-Propane-Thiosulfinate and Propyl-Propane-Thiosulfonate Derived from Allium spp. against Gram-Negative and Gram-Positive Multidrug-Resistant Bacteria Isolated from Human Samples. BioMed Res. Int. 2018, 2018. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, M.S.; Ms, G.N.; Nordin, S.A.; Thilakavathy, K.; Joseph, N. Prevailing Knowledge on the Bioavailability and Biological Activities of Sulphur Compounds from Alliums: A Potential Drug Candidate. Molecules 2020, 25, 4111. [Google Scholar] [CrossRef]

	



Quesada, I.; De Paola, M.; Palazzolo, C.T.; Camargo, A.; Ferder, L.; Manucha, W.; Castro, C. Effect of Garlic’s Active Constituents in Inflammation, Obesity and Cardiovascular Disease. Curr. Hypertens. Rep. 2020, 22, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Kojuri, J.; Vosoughi, A.R.; Akrami, M. Effects of anethum graveolens and garlic on lipid profile in hyperlipidemic patients. Lipids Health Dis. 2007, 6, 5. [Google Scholar] [CrossRef]

	



Yang, C.; Li, L.; Yang, L.; Lǚ, H.; Wang, S.; Sun, G. Anti-obesity and Hypolipidemic effects of garlic oil and onion oil in rats fed a high-fat diet. Nutr. Metab. 2018, 15, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Morihara, N.; Hino, A.; Yamaguchi, T.; Suzuki, J.-I. Aged Garlic Extract Suppresses the Development of Atherosclerosis in Apolipoprotein E–Knockout Mice. J. Nutr. 2016, 146, 460S–463S. [Google Scholar] [CrossRef]

	



Zeb, I.; Ahmadi, N.; Kadakia, J.; Larijani, V.N.; Flores, F.; Li, D.; Budoff, M.J.; Nasir, K. Aged garlic extract and coenzyme Q10 have favorable effect on inflammatory markers and coronary atherosclerosis progression: A randomized clinical trial. J. Cardiovasc. Dis. Res. 2012, 3, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Larijani, V.N.; Ahmadi, N.; Zeb, I.; Khan, F.; Flores, F.; Budoff, M. Beneficial effects of aged garlic extract and coenzyme Q10 on vascular elasticity and endothelial function: The FAITH randomized clinical trial. Nutrition 2013, 29, 71–75. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.L.; Hu, H.J.; Liu, Y.B.; Hu, X.M.; Fan, X.J.; Zou, W.W.; Pan, Y.Q.; Zhou, W.Q.; Peng, M.W.; Gu, C.H. Allicin induces the upregulation of ABCA1 expression via PPARgamma/LXRalpha signaling in THP-1 macrophage-derived foam cells. Int. J. Mol. Med. 2017, 39, 1452–1460. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.G.; Rhee, D.K.; Kim, B.O.; Um, S.H.; Pyo, S. Allicin induces beige-like adipocytes via KLF15 signal cascade. J. Nutr. Biochem. 2019, 64, 13–24. [Google Scholar] [CrossRef] [PubMed]

	



Lii, C.-K.; Huang, C.-Y.; Chen, H.-W.; Chow, M.-Y.; Lin, Y.-R.; Huang, C.-S.; Tsai, C.-W. Diallyl trisulfide suppresses the adipogenesis of 3T3-L1 preadipocytes through ERK activation. Food Chem. Toxicol. 2012, 50, 478–484. [Google Scholar] [CrossRef]

	



Mofrad, M.D.; Milajerdi, A.; Koohdani, F.; Surkan, P.J.; Azadbakht, L. Garlic Supplementation Reduces Circulating C-reactive Protein, Tumor Necrosis Factor, and Interleukin-6 in Adults: A Systematic Review and Meta-analysis of Randomized Controlled Trials. J. Nutr. 2019, 149, 605–618. [Google Scholar] [CrossRef]

	



Ba, L.; Gao, J.; Chen, Y.; Qi, H.; Dong, C.; Pan, H.; Zhang, Q.; Shi, P.; Song, C.; Guan, X.; et al. Allicin attenuates pathological cardiac hypertrophy by inhibiting autophagy via activation of PI3K/Akt/mTOR and MAPK/ERK/mTOR signaling pathways. Phytomedicine 2019, 58, 152765. [Google Scholar] [CrossRef]

	



Dehghani, S.; Alipoor, E.; Salimzadeh, A.; Yaseri, M.; Hosseini, M.; Feinle-Bisset, C.; Hosseinzadeh-Attar, M.J. The effect of a garlic supplement on the pro-inflammatory adipocytokines, resistin and tumor necrosis factor-alpha, and on pain severity, in overweight or obese women with knee osteoarthritis. Phytomedicine 2018, 48, 70–75. [Google Scholar] [CrossRef] [PubMed]

	



Llana-Ruiz-Cabello, M.; Gutiérrez-Praena, D.; Puerto, M.; Pichardo, S.; Moreno, F.J.; Baños, A.; Nuñez, C.; Guillamón, E.; Cameán, A.M. Acute toxicological studies of the main organosulfur compound derived from Allium sp. intended to be used in active food packaging. Food Chem. Toxicol. 2015, 82, 1–11. [Google Scholar] [CrossRef]

	



Foskolos, A.; Siurana, A.; Rodriquez-Prado, M.; Ferret, A.; Bravo, D.; Calsamiglia, S. The effects of a garlic oil chemical compound, propyl-propane thiosulfonate, on ruminal fermentation and fatty acid outflow in a dual-flow continuous culture system. J. Dairy Sci. 2015, 98, 5482–5491. [Google Scholar] [CrossRef]

	



Vezza, T.; Algieri, F.; Garrido-Mesa, J.; Utrilla, M.P.; Rodríguez-Cabezas, M.E.; Baños, A.; Guillamón, E.; García, F.; Rodríguez-Nogales, A.; Gálvez, J. The immunomodulatory properties of propyl-propane thiosulfonate contribute to its intestinal anti-inflammatory effect in experimental colitis. Mol. Nutr. Food Res. 2019, 63, e1800653. [Google Scholar] [CrossRef] [PubMed]

	



Andrikopoulos, S.; Blair, A.R.; DeLuca, N.; Fam, B.C.; Proietto, J. Evaluating the glucose tolerance test in mice. Am. J. Physiol. Metab. 2008, 295, E1323–E1332. [Google Scholar] [CrossRef]

	



Rodríguez-Nogales, A.; Algieri, F.; Garrido-Mesa, J.; Vezza, T.; Utrilla, M.P.; Chueca, N.; Garcia, F.; Olivares, M.; Rodríguez-Cabezas, M.E.; Gálvez, J. Differential intestinal anti-inflammatory effects of Lactobacillus fermentum and Lactobacillus salivarius in DSS mouse colitis: Impact on microRNAs expression and microbiota composition. Mol. Nutr. Food Res. 2017, 61. [Google Scholar] [CrossRef]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [Google Scholar] [CrossRef]

	



Toral, M.; Gómez-Guzmán, M.; Jimenez, R.; Romero, M.; Sánchez, M.; Utrilla, M.P.; Mesa, N.G.; Rodriguez-Cabezas, M.E.; Olivares, M.; Galvez, J.; et al. The probiotic Lactobacillus coryniformis CECT5711 reduces the vascular pro-oxidant and pro-inflammatory status in obese mice. Clin. Sci. 2014, 127, 33–45. [Google Scholar] [CrossRef] [PubMed]

	



Zarzuelo, M.J.; Jimenez, R.; Galindo, P.; Sanchez, M.; Nieto, A.; Romero, M.; Quintela, A.M.; Lopez-Sepulveda, R.; Gomez-Guzman, M.; Bailon, E.; et al. Antihypertensive effects of peroxisome proliferator-activated receptor-beta activation in spontaneously hypertensive rats. Hypertension 2011, 58, 733–743. [Google Scholar] [CrossRef]

	



Anderson, P.; Carrillo-Gálvez, A.B.; Martín, F. Isolation of murine adipose tissue-derived mesenchymal stromal cells (mASCs) and the analysis of their proliferation in vitro. Bio-protocol 2015, 5, e1642. [Google Scholar] [CrossRef]

	



Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, J.R.; Dima, L.; Correll, C.U.; Manu, P. The pharmacological management of metabolic syndrome. Expert Rev. Clin. Pharmacol. 2018, 11, 397–410. [Google Scholar] [CrossRef] [PubMed]

	



Yoshinari, O.; Shiojima, Y.; Igarashi, K. Anti-Obesity Effects of Onion Extract in Zucker Diabetic Fatty Rats. Nutrients 2012, 4, 1518–1526. [Google Scholar] [CrossRef]

	



Pérez-Torres, I.; Torres-Narváez, J.C.; Pedraza-Chaverri, J.; Rubio-Ruiz, M.E.; Díaz-Díaz, E.; Del Valle-Mondragón, L.; Martínez-Memije, R.; López, E.V.; Guarner-Lans, V. Effect of the Aged Garlic Extract on Cardiovascular Function in Metabolic Syndrome Rats. Molecules 2016, 21, 1425. [Google Scholar] [CrossRef]

	



Zhai, B.; Zhang, C.; Sheng, Y.; Zhao, C.; He, X.; Xu, W.; Huang, K.; Luo, Y. Hypoglycemic and hypolipidemic effect of S-allyl-cysteine sulfoxide (alliin) in DIO mice. Sci. Rep. 2018, 8, 1–7. [Google Scholar] [CrossRef]

	



Lee, B.-C.; Lee, J. Cellular and molecular players in adipose tissue inflammation in the development of obesity-induced insulin resistance. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 446–462. [Google Scholar] [CrossRef] [PubMed]

	



Shang, A.; Cao, S.-Y.; Xu, X.-Y.; Gan, R.-Y.; Tang, G.-Y.; Corke, H.; Mavumengwana, V.; Li, H.-B. Bioactive Compounds and Biological Functions of Garlic (Allium sativum L.). Foods 2019, 8, 246. [Google Scholar] [CrossRef]

	



Craige, S.M.; Chen, K.; Blanton, R.M.; Keaney, J.F.; Kant, S. JNK and cardiometabolic dysfunction. Biosci. Rep. 2019, 39. [Google Scholar] [CrossRef]

	



Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [Google Scholar] [CrossRef]

	



Ruderman, N.B.; Carling, D.; Prentki, M.; Cacicedo, J.M. AMPK, insulin resistance, and the metabolic syndrome. J. Clin. Investig. 2013, 123, 2764–2772. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Ma, H.; Zhu, D.; Zhao, G.; Wang, L.; Fu, X.; Chen, W. Discovery of Novel Insulin Sensitizers: Promising Approaches and Targets. PPAR Res. 2017, 2017. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Palanivel, R.; Rai, E.; Park, M.; Gabor, T.V.; Scheid, M.P.; Xu, A.; Sweeney, G. Adiponectin Stimulates Autophagy and Reduces Oxidative Stress to Enhance Insulin Sensitivity During High-Fat Diet Feeding in Mice. Diabetes 2015, 64, 36–48. [Google Scholar] [CrossRef] [PubMed]

	



Yamauchi, T.; Nio, Y.; Maki, T.; Kobayashi, M.; Takazawa, T.; Iwabu, M.; Okada-Iwabu, M.; Kawamoto, S.; Kubota, N.; Kubota, T.; et al. Targeted disruption of AdipoR1 and AdipoR2 causes abrogation of adiponectin binding and metabolic actions. Nat. Med. 2007, 13, 332–339. [Google Scholar] [CrossRef] [PubMed]

	



Forny-Germano, L.; De Felice, F.G.; Vieira, M.N.D.N. The Role of Leptin and Adiponectin in Obesity-Associated Cognitive Decline and Alzheimer’s Disease. Front. Neurosci. 2019, 12, 1027. [Google Scholar] [CrossRef]

	



Mandard, S.; Kersten, S. Peroxisome proliferator-activated receptor a target genes. Cell. Mol. Life Sci. 2004, 61, 393–416. [Google Scholar] [CrossRef]

	



Stienstra, R.; Duval, C.; Muller, M.; Kersten, S. PPARs, Obesity, and Inflammation. PPAR Res. 2007, 2007. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112, 1821–1830. [Google Scholar] [CrossRef]

	



Okuno, A.; Tamemoto, H.; Tobe, K.; Ueki, K.; Mori, Y.; Iwamoto, K.; Umesono, K.; Akanuma, Y.; Fujiwara, T.; Horikoshi, H.; et al. Troglitazone increases the number of small adipocytes without the change of white adipose tissue mass in obese Zucker rats. J. Clin. Investig. 1998, 101, 1354–1361. [Google Scholar] [CrossRef] [PubMed]

	



Chung, S.; LaPoint, K.; Martinez, K.; Kennedy, A.; Sandberg, M.B.; McIntosh, M.K. Preadipocytes Mediate Lipopolysaccharide-Induced Inflammation and Insulin Resistance in Primary Cultures of Newly Differentiated Human Adipocytes. Endocrinology 2006, 147, 5340–5351. [Google Scholar] [CrossRef] [PubMed]

	



Stöckli, J.; Fazakerley, D.; James, D.E. GLUT4 exocytosis. J. Cell Sci. 2011, 124, 4147–4159. [Google Scholar] [CrossRef]

	



Huang, S.; Czech, M.P. The GLUT4 Glucose Transporter. Cell Metab. 2007, 5, 237–252. [Google Scholar] [CrossRef]

	



Boutagy, N.E.; McMillan, R.P.; Frisard, M.I.; Hulver, M.W. Metabolic endotoxemia with obesity: Is it real and is it relevant? Biochimie 2016, 124, 11–20. [Google Scholar] [CrossRef]

	



Cani, P.D.; Possemiers, S.; Van De Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.M.; et al. Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement of gut permeability. Gut 2009, 58, 1091–1103. [Google Scholar] [CrossRef]

	



Bronte, V.; Brandau, S.; Chen, S.-H.; Colombo, M.P.; Frey, A.; Greten, T.F.; Mandruzzato, S.; Murray, P.J.; Ochoa, A.; Ostrand-Rosenberg, S.; et al. Recommendations for myeloid-derived suppressor cell nomenclature and characterization standards. Nat. Commun. 2016, 7, 12150. [Google Scholar] [CrossRef] [PubMed]

	



Law, A.M.K.; Valdes-Mora, F.; Gallego-Ortega, D. Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer. Cells 2020, 9, 561. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.-B.; Liu, Y.; Liu, C.; Xiang, X.; Wang, J.; Cheng, Z.; Shah, S.; Zhang, S.; Zhang, L.; Zhuang, X.; et al. Immature myeloid cells induced by a high-fat diet contribute to liver inflammation. Hepatology 2009, 50, 1412–1420. [Google Scholar] [CrossRef] [PubMed]

	



Rajan, S.S.; Longhi, M.P. Dendritic cells and adipose tissue. Immunology 2016, 149, 353–361. [Google Scholar] [CrossRef]

	



Braunersreuther, V.; Viviani, G.L.; Mach, F.; Montecucco, F. Role of cytokines and chemokines in non-alcoholic fatty liver disease. World J. Gastroenterol. 2016, 18, 727–735. [Google Scholar] [CrossRef]

	



Cheng, L.; Wang, J.; Li, X.; Xing, Q.; Du, P.; Su, L.; Wang, S. Interleukin-6 Induces Gr-1+CD11b+ Myeloid Cells to Suppress CD8+ T Cell-Mediated Liver Injury in Mice. PLoS ONE 2011, 6, e17631. [Google Scholar] [CrossRef]

	



Xue, J.; Schmidt, S.V.; Sander, J.; Draffehn, A.; Krebs, W.; Quester, I.; De Nardo, D.; Gohel, T.D.; Emde, M.; Schmidleithner, L.; et al. Transcriptome-based network analysis reveals a spectrum model of human macrophage activation. Immunity 2014, 40, 274–288. [Google Scholar] [CrossRef]

	



Sun, K.; Tordjman, J.; Clément, K.; Scherer, P.E. Fibrosis and Adipose Tissue Dysfunction. Cell Metab. 2013, 18, 470–477. [Google Scholar] [CrossRef] [PubMed]

	



Morinaga, H.; Mayoral, R.; Heinrichsdorff, J.; Osborn, O.; Franck, N.; Hah, N.; Walenta, E.; Bandyopadhyay, G.; Pessentheiner, A.; Chi, T.J.; et al. Characterization of Distinct Subpopulations of Hepatic Macrophages in HFD/Obese Mice. Diabetes 2014, 64, 1120–1130. [Google Scholar] [CrossRef]

	



Bourgoin, F.; Bachelard, H.; Badeau, M.; Mélançon, S.; Pitre, M.; Larivière, R.; Nadeau, A. Endothelial and vascular dysfunctions and insulin resistance in rats fed a high-fat, high-sucrose diet. Am. J. Physiol. Circ. Physiol. 2008, 295, H1044–H1055. [Google Scholar] [CrossRef]

	



Silver, A.E.; Beske, S.D.; Christou, D.D.; Donato, A.J.; Moreau, K.L.; Eskurza, I.; Gates, P.E.; Seals, D.R. Overweight and Obese Humans Demonstrate Increased Vascular Endothelial NAD(P)H Oxidase-p47 phox Expression and Evidence of Endothelial Oxidative Stress. Circulation 2007, 115, 627–637. [Google Scholar] [CrossRef] [PubMed]

	



Ried, K. Garlic Lowers Blood Pressure in Hypertensive Individuals, Regulates Serum Cholesterol, and Stimulates Immunity: An Updated Meta-analysis and Review. J. Nutr. 2016, 146, 389S–396S. [Google Scholar] [CrossRef]

	



Stabler, S.N.; Tejani, A.M.; Huynh, F.; Fowkes, C. Garlic for the prevention of cardiovascular morbidity and mortality in hypertensive patients. Cochrane Database Syst. Rev. 2012, 2012, CD007653. [Google Scholar] [CrossRef]

	



Belizário, J.E.; Faintuch, J.; Garay-Malpartida, H.M. Gut Microbiome Dysbiosis and Immunometabolism: New Frontiers for Treatment of Metabolic Diseases. Mediat. Inflamm. 2018, 2018. [Google Scholar] [CrossRef]

	



Turnbaugh, P.; Ley, R.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with increased capacity for energy harvest. Nat. Cell Biol. 2006, 444, 1027–1031. [Google Scholar] [CrossRef]

	



Derrien, M.; Vaughan, E.E.; Plugge, C.M.; De Vos, W.M. Akkermansia muciniphila gen. nov., sp. nov., a human intestinal mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 2004, 54, 1469–1476. [Google Scholar] [CrossRef]

	



Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne, N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. USA 2013, 110, 9066–9071. [Google Scholar] [CrossRef]

	



Karlsson, C.L.; Önnerfält, J.; Xu, J.; Molin, G.; Ahrné, S.; Thorngren-Jerneck, K. The Microbiota of the Gut in Preschool Children with Normal and Excessive Body Weight. Obesity 2012, 20, 2257–2261. [Google Scholar] [CrossRef] [PubMed]

	



Anhe, F.F.; Roy, D.; Pilon, G.; Dudonne, S.; Matamoros, S.; Varin, T.V.; Garofalo, C.; Moine, Q.; Desjardins, Y.; Levy, E.; et al. A polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance and intestinal inflammation in association with increased Akkermansia spp. population in the gut microbiota of mice. Gut 2015, 64, 872–883. [Google Scholar] [CrossRef]

	



Kameyama, K.; Itoh, K. Intestinal Colonization by a Lachnospiraceae Bacterium Contributes to the Development of Diabetes in Obese Mice. Microbes Environ. 2014, 29, 427–430. [Google Scholar] [CrossRef] [PubMed]

	



Sacks, D.; Baxter, B.; Campbell BC, V.; Carpenter, J.S.; Cognard, C.; Dippel, D.; Eesa, M.; Fischer, U.; Hausegger, K.; Hirsch, J.A.; et al. Multisociety consensus quality improvement revised consensus statement for endovascular therapy of acute ischemic stroke. Int. J. Stroke 2018, 13, 612–632. [Google Scholar] [CrossRef] [PubMed]

	



Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Abdulamir, A.S.; Hafidh, R.R.; Abu Bakar, F. The association of Streptococcus bovis/gallolyticus with colorectal tumors: The nature and the underlying mechanisms of its etiological role. J. Exp. Clin. Cancer Res. 2011, 30, 11. [Google Scholar] [CrossRef]

	



Qiao, Y.; Sun, J.; Xie, Z.; Shi, Y.; Le, G. Propensity to high-fat diet-induced obesity in mice is associated with the indigenous opportunistic bacteria on the interior of Peyer’s patches. J. Clin. Biochem. Nutr. 2014, 55, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Naito, E.; Yoshida, Y.; Makino, K.; Kounoshi, Y.; Kunihiro, S.; Takahashi, R.; Matsuzaki, T.; Miyazaki, K.; Ishikawa, F. Beneficial effect of oral administration of Lactobacillus casei strain Shirota on insulin resistance in diet-induced obesity mice. J. Appl. Microbiol. 2011, 110, 650–657. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 13 02595 g001 550] 





Figure 1. Effects of propyl propane thiosulfonate (PTSO) administration on (A) morphological changes (body weight evolution, energy efficiency and energy intake); (B) epididymal and abdominal fat; (C) glucose tolerance test and area under the curve (AUC) in the control and high-fat diet (HFD)-fed mice. Groups with different letters statistically differed (p < 0.05). 
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Figure 2. Effects of propyl propane thiosulfonate (PTSO) administration on (A) basal glucose, insulin levels and homeostasis model assessment insulin resistance (HOMA-IR) index; (B) total, LDL and HDL cholesterol plasma levels in the control and high-fat diet (HFD)-fed mice. Groups with different letters statistically differed (p < 0.05). 
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Figure 3. Effects of propyl propane thiosulfonate (PTSO) administration on the liver and fat gene expression of Il-1β, Tnf-α, Il-6, Mcp-1, Jnk-1 and Jnk-2 in control and high-fat diet (HFD)-fed mice, which was analyzed using real-time qPCR. Groups with different letters statistically differed (p < 0.05). 
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Figure 4. Effects of propyl propane thiosulfonate (PTSO) administration on (A) Leptin, Leptin R and Adiponectin expression in the liver and fat and (B) on fat and liver gene expression of, Ppar-α and Ppar-γ in control and high-fat diet (HFD)-fed mice. Analysis performed by real-time qPCR. Groups with different letters statistically differed (p < 0.05). 
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Figure 5. Effects of propyl propane thiosulfonate (PTSO) administration on the liver and fat: (A) gene expression of Ampk, Glut4 and Tlr4, which was analyzed using real-time qPCR and LPS plasma concentrations; (B) infiltration and composition of the immune population in control and high-fat diet (HFD)-fed mice. Groups with different letters statistically differed (p < 0.05). 
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Figure 6. Effects of propyl propane thiosulfonate (PTSO) administration on (A) colonic gene expression of Muc-2, Muc-3, Occludin, Zo-1 and Tff-3; (B) endothelium-dependent relaxation and aortic NADPH activity in control and high-fat diet (HFD)-fed mice. Groups with different letters statistically differed (p < 0.05). 
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Figure 7. Impact of propyl propane thiosulfonate (PTSO) on fecal microbiota composition: (A) principal component analysis plot; (B,C) bacterial community (phyla, genus) and the F/B ratio. Groups with different letters statistically differed (p < 0.05). 
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