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Abstract

:

Recently, there is growing usage of prebiotics and probiotics as dietary supplements due to their purported health benefits. AG1® (AG1) is a novel foundational nutrition supplement which contains vitamins, minerals, phytonutrients, wholefood concentrates, adaptogens, and functional mushrooms. AG1 could be classified as a synbiotic because it contains traditional and non-traditional prebiotics (e.g., inulin and phytonutrients) as well as lactic-acid-producing probiotics. The purpose of this study was to employ the Simulator of Human Intestinal Microbial Ecosystem (SHIME®) model, which measures various aspects of gastrointestinal fermentation, to investigate the synbiotic effects of AG1. The SHIME experiment quantified gas production, changes in pH, and byproducts of carbohydrate and protein fermentation at baseline, 1, 24, and 48 h following the administration of AG1 or a blank control. The results indicated that AG1 significantly increased (p < 0.05; 41.9% increase) the production of total short-chain fatty acids (SCFAs) including acetate (p = 0.001; 49.0% increase) and propionate (p < 0.001; 70.8% increase). Regarding non-carbohydrate fermentation byproducts, AG1 produced a small but significant increase in ammonium production (p = 0.02; 5.1% increase) but did not promote significant branched-chain SCFA production. These data suggest fermentation occurred in a transplanted human colonic microbiota and these processes were enhanced by the AG1 nutritional supplement. Ultimately, AG1 showed preclinical evidence as a synbiotic given the significant increases in total SCFA production, acetate, propionate, and other metabolic byproducts of fermentation.
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1. Introduction


Prebiotics were first defined in 1995 as non-digestible food components that beneficially impact the human host by supporting the growth and function of bacteria in the colon, resulting in beneficial health effects when consumed in a sufficient amount [1]. Ultimately, what drive the health benefits of prebiotics are the metabolites produced. Among these metabolites, short-chain fatty acids (SCFAs) are the highest produced and best understood [2]. SCFAs are largely associated with a plethora of localized health benefits in the intestines such as improving the gut barrier integrity, glucose and lipid metabolism, colonization resistance against enteric pathogens, and the regulation of the gut-associated lymphoid tissue [3,4,5]. SCFAs also confer health benefits systematically including anti-inflammation, immunoregulation, anti-obesity, anti-diabetes, anti-cancer, cardioprotective, hepatoprotective, and neuroprotective activities [6,7]. Traditionally, fructo-oligosaccharides (FOSs) and galactooligosaccharides (GOSs) have been the two major groups of prebiotics and have been the most extensively studied [2]. However, there is growing evidence that some phytonutrients (e.g., phenolic acids, flavonoids, etc.) can act as prebiotics [8,9,10,11]. Because of this, not all prebiotics are exclusively fibers and not all dietary fibers exhibit prebiotic effects [12].



Probiotics are live microorganisms that, when consumed, provide health benefits to the host [13]. Some of the best-characterized and most well understood species of probiotics come from the genera Lactobacillus and Bifidobacterium [14]. Synbiotics are the combination of prebiotics with probiotics with the intent to promote synergism between the two products, amplifying a beneficial effect [15,16]. It is generally accepted that the intent of the prebiotics in synbiotics is to support the health benefit of the probiotic; however, prebiotics can also yield health benefits through the metabolism of the resident colonic microbiota [17].



Recently, there has been increased public interest in taking prebiotics, probiotics, and synbiotics as part of a health and wellness regimen, in tandem with multivitamins or other supplements. In 2021 alone, it is estimated that 1 in 20 American adults were using non-food-based prebiotics, probiotics, and synbiotics [18]. Due to the growing popularity and use of these products, there is also a growing concern about the misuse of these terms [15]. In 2020, The International Scientific Association of Probiotics and Prebiotics (ISAPP) published a position stand where they defined synbiotics as “a mixture comprising live microorganisms and substrate(s) selectively utilized by host microorganisms that confers a health benefit on the host” [16]. Therefore, there is a growing need to perform efficacy testing in conjunction with typical industry standard testing on over-the-counter prebiotics, probiotics, and synbiotics, to determine if a synbiotic demonstrates the potential to confer benefits to a host.



AG1® (AG1) is a novel foundational nutrition supplement that is designed to exert a synbiotic effect. AG1 contains vitamins and minerals, where micronutrients have been known to influence gut microbiome composition [19,20]. As previously mentioned, AG1 contains various phytonutrients which could act as prebiotics [8,9,10,11] as well as inulin, a more recognized prebiotic fiber. AG1 contains adaptogens, like ashwagandha, and functional mushrooms (e.g., shiitake and reishi mushrooms) which may influence gut microbiome metabolic function [21,22]. When taken together, there may be a potential prebiotic effect which synergistically supports the two probiotics found in AG1: Lactobacillus acidophilus UALa-01 and Bifidobacterium bifidum UABb-10 [23].



The primary objective of this investigation is to determine whether AG1’s formulation supports a prebiotic effect. We anticipate that in vitro experimentation using the Simulator of Human Intestinal Microbial Ecosystem (SHIME®) model will demonstrate physical and metabolic evidence of enhanced fermentation occurring in ex vivo human gut microbiota. Briefly, complex carbohydrate prebiotics undergo fermentation and typically yield SCFAs and gases [24]. Therefore, we identify various aspects of a successful prebiotic as (1) having the ability to undergo fermentation; (2) fermentation produces beneficial metabolites; (3) does not yield evidence of a perceived harmful effect (unfavorable metabolites like branched SCFAs (bSCFAs). In the current experiment, these were evaluated as the production of gases and changes in pH (physical evidence of fermentation), the production of SCFAs, and the production of ammonium and bSCFAs.




2. Materials and Methods


2.1. Test Products


AG1® (AG1; Athletic Greens International, Carson City, NV, USA) is a novel foundational nutrition supplement containing a mixture of vitamins, minerals, prebiotics, probiotics, and phytonutrients. A recommended dose of AG1 designed for human consumption is 12 g per serving. For the current experiment, a dose of 6 g/reactor was chosen to mitigate physical complications that would impact the mechanical and biological factors of the SHIME® model. The placebo group only received the blank control medium used to deliver AG1. The ingredients in AG1 are available online [25] and in a supplemental figure here (Figure S1) and have undergone evaluation and verification via NSF testing (Ann Arbor, MI, USA) to ensure the product meets strict quality, purity, safety, and label accuracy standards [26].




2.2. Test Gastrointestinal Tract System


We employed the SHIME® model adapted from Molly et al., 1993 with a focus on the stomach, small intestine, and proximal colon [27]. The experimental design for SHIME is well documented in other publications [28]. For a detailed schematic overview, Duysburgh et al., 2022 provided a figure in their publication on the SHIME model [29]. Briefly, the model simulated the human gastrointestinal tract using two bioreactors. The first bioreactor was used to ensure the physiological conditions of the stomach and small intestines. The second bioreactor was used to ensure the physiological conditions of the proximal colon and housed the simulated human gut microbiome environment. Fasted conditions were simulated and maintained by adding a specific gastric suspension to a reactor over time followed by standardized bile acid and enzyme solutions to simulate the human small intestine. Prespecified pH and incubation times have been established to mimic in vivo conditions for each compartment of the human gastrointestinal tract mentioned [30].




2.3. Gastric Phase


The sample was incubated at 37 °C for 45 min with constant mixing via stirring and maintained at a pH of 2.0. Pepsin was added with the activity being standardized by measuring the absorbance increase at 280 nm of TCA-soluble components produced upon digestion of hemoglobin. Pepsin and phosphatidylcholine levels 4-fold lower than the fed condition (1000 U/mL and 0.02 mM, respectively) were added [31]. The background medium used contained only salts and mucins recommended by the consensus method, with NaCl and KCl reaching concentrations of ~50 mM and ~7 mM, respectively.




2.4. Small Intestine Phase


The contents from the gastric phase were mixed via stirring, and the pH was automatically increased from 2.0 to 6.5 in the duodenal phase. Mixing occurred for 27 min at a constant pH of 6.5. The jejunal and ileal phase was 3 h in total with a constant pH of 7.0 at 37 °C. At the end of the duodenal phase, there was a simulated absorptive process using a dialysis approach. The dialysis approach used a cellulose membrane with a cut-off of 14 kDa. The entire luminal content was transferred into the dialysis membrane and submerged in dialysis fluid with the solution being refreshed every hour. The pancreatic enzymes used during the small intestine phase were a raw animal pancreatic extract (pancreatin) containing all the relevant enzymes in a specific ratio, upon measuring trypsin activity (TAME-assay) to normalize for specific activity. The activity was set at 1.12 TAME U/mL (5-fold lower compared to the fed conditions) [31]. Defined ratios of specific enzymes were used with the activity set at 3.1 TAME U/mL for trypsin and 0.76 BTEE U/mL for chymotrypsin, which were 5-fold lower compared to the fed conditions [31]. The bile salts used during the small intestine phase were derived from bovine bile which is a closer match to human than porcine in terms of tauro- and glycocholate. Based on Riethorst et al., 2016, the bile salt concentration was decreased by a factor of 3 with a general amount of 3.33 mM bovine bile extract being supplemented [31]. Following the 3 h small intestine phase, the luminal content was collected, and this undigested fraction was used to initiate the short-term colonic batch simulations.




2.5. Short-Term Colonic Batch Simulations


A batch fermentation design was utilized for the current experiment to allow for donor-specific reactions and to quantify the total metabolic output from microbial fermentation without fear of metabolite loss in a dynamic fermentation design. The short-term colonic incubations were conducted using 53 mL of colonic medium, 7 mL of fecal inoculum, and 10 mL of the luminal content from the small intestine phase. The 53 mL of colonic medium contained host- and diet-derived substances including, amongst others, peptone, yeast extract, and L-cysteine. This colonic medium was mixed with 10 mL of the luminal content as metabolic input for the microbial fermentation. A representative amount (7 mL) of fresh fecal matter from three seemingly healthy adults (BMI = 18.5–24.9; no antibiotic use in previous 4 months; not diagnosed with a specific disease known to be associated with altered gut microbiome states) was used as a fecal inoculum. The choice to use fresh fecal inocula over established in vitro microbiota was deliberate to ensure all gut microbiota species from the gut microbiome were present and none were outcompeted or washed out due to an in vitro environment. This also allowed the fermentation potential and direct effect on the microbiome community of the test product to be measured. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the University Hospital Ghent (reference number ONZ-2022-0267). Inocula from each donor were used as independent samples (n = 3) with three biological replicates per donor to account for biological variation. The fresh inocula were manipulated on the day of the experiment according to ProDigest’s in-house protocols. The bioreactors were made anaerobic by flushing with nitrogen gas and were incubated for 48 h at 37 °C under shaking conditions (90 rpm). After starting incubation, the pH and gas was determined at 0, 1, 24, and 48 h. Gas pressure was measured using a hand-held pressure indicator (WIKA, CPH6200, Lawrenceville, GA USA) with a transmitter (WIKA, CPT6200, Lawrenceville, GA USA). Ammonium was determined colorimetrically (AQ300 Discrete Analyzer) using the indophenol blue spectrophotometric method at 0, 24, and 48 h. At 0 h, only the blank control samples were analyzed. The quantitative analysis of the various SCFAs (including the bSCFAs) was performed using a Shimadzu GC2030 gas chromatograph with an autosampler and flame-ionization detector. The GC injector port was installed with an enduro blue injector septum and inlet liner with a standard split. The used inlet liner was specified as follows: A Shimadzu 221-75189, glass insert liner with quartz wool and deactivation. A BP21 (FFAP) GC column was used with a length of 30 m, inside diameter of 0.32 mm, and film thickness of 0.25 μm. Nitrogen gas was used as the carrier gas with a flow rate of 1.82 mL/min, and at the inlet, the sample was split 10:1. The injection volume was set at 1 µL. The run time was programmed at 11.33 min. The oven temperature was programmed as follows: initial temperature 110 °C; temperature ramp 6 °C/min to 160 °C; held for 3 min. The injector and detector temperatures were both set at 200 °C. The peak area output signal was computed via integration using Lab solutions DB software. The isolation of short-chain fatty acids (including isobutyrate, isovalerate, and isocaproate together as total bSCFAs) was performed using liquid–liquid extraction [32]. These were assessed at 0, 1, 24, and 48 h. At 0 h, only the blank control samples were analyzed.




2.6. Statistics


All statistics and subsequent graphs were performed using GraphPad Prism (version 10.0.0 for Windows, GraphPad Software, Boston, MA, USA, www.graphpad.com) Averages were obtained from the three biological replicates per donor for each of the variables collected. Normality was assessed for each variable before running the appropriate statistical test using Q-Q plots. No instances of overt non-normality were noted, and thus, normality was assumed for each variable. Paired t-tests were conducted for the net change from baseline to 1 h (except for ammonia), baseline to 1 day (24 h), and overall (baseline to 48 h). Observed p-values were reported, with p-values less than 0.05 used to indicate significance.





3. Results


3.1. Physical Evidence of Microbial Fermentation


To evaluate whether fermentation was able to occur, physical evidence of microbial fermentation was examined (Figure 1). To investigate the net change in acid and base formation, changes in local pH were measured (Figure 1A). The results showed that the net change in local pH did not significantly differ between conditions during the first hour (p = 0.09), first day (p = 0.20), or overall during colonic simulation (p = 0.38). To investigate the net change in gas production, local gas pressure was measured (Figure 1B). There was statistical evidence that suggested AG1 increased the amount of gas produced during colonic simulation compared to the control. Gas production significantly increased during the first hour (p = 0.002), the first day (p = 0.005), and over the total 48 h of colonic simulation (p = 0.002) compared to the control.




3.2. Byproducts of Fermentation


The major and most beneficial byproducts of microbial fermentation include SCFAs, and SCFA production was measured (Figure 2). Generally, there were no significant increases in SCFA production during the first hour of colonic simulation. However, the total SCFA production as well as the production of acetate and propionate were significantly increased during the first day (p = 0.002, p = 0.01, p = 0.0001, respectively) and over 48 h of colonic simulation (p = 0.002, p = 0.001, p = 0.0001, respectively). There were no significant differences in butyrate production during the first hour (p = 0.18), the first day (p = 0.48), or overall during colonic simulation (p = 0.45) compared to the control condition.




3.3. Byproducts from Protein Fermentation


Two major metabolic byproducts of protein fermentation include ammonia production and the formation of bSCFAs (Figure 3). Ammonia production was not statistically different between conditions (Figure 3A) during the first day (p = 0.13) but was significantly elevated overall in AG1 compared to the control (p = 0.02). Changes in the bSCFAs (Figure 3B) were used to measure the fermentation of branched amino acids. There were no differences in bSCFAs during the first hour (p = 0.44), the first day (p = 0.72), or overall during colonic simulation (p = 0.23) between conditions.





4. Discussion


The overarching goal of the current study was to evaluate the capacity of AG1 to be fermentable and exert a prebiotic effect. Prebiotics must be able to undergo fermentation; the prebiotic(s) in AG1 should be fermented by the resident microbiota and yield typical byproducts of fermentation [33]. Gas is a typical byproduct of fermentation, and thus, changes in gas formation can indirectly measure the extent of fermentation. Changes in pH as a result of fermentation are largely driven by the formation of lactic acid and SCFAs as they are acids [34]. There was not enough evidence in this model to suggest that AG1 supplementation caused a significant change in the local pH relative to the blank control’s effect on the local pH. It is important to note that both the AG1 treatment and the blank control did cause an overall decrease in the pH. Regardless, AG1 did significantly increase the amount of gas being formed throughout the colonic simulation, suggesting that an increase in fermentation was occurring. The lack of significant change in local pH when compared to the control treatment could have been caused by various factors. Primarily, byproducts of fermentation are acidic and basic in nature. Therefore, the net production of both basic and acidic byproducts could neutralize any change in pH. Moreover, many byproducts of microbial metabolism act as buffers. This is so that the overall metabolic output of the microbiome does not create unfavorable conditions [35]. Therefore, it is possible that the lack of significant change in pH was largely impacted by metabolites that may or may not necessarily have been measured in the current experimental design.



The second aspect which defines a successful prebiotic and probiotic effect is the production of beneficial metabolites resulting from fermentation. SCFAs are one of the major byproducts of microbial fermentation and are the major metabolites that are formed in the colon [36]. Acetate (2 carbon), propionate (3 carbon), and butyrate (4 carbon) are the major chemicals that comprise the SCFAs with known health benefits. This experiment demonstrated that AG1 treatment could increase the overall production of SCFAs. As anticipated, there was not an immediate increase in the total concentration of SCFAs, but they did significantly increase after the first day. This is largely because lactic acid is produced immediately and acts as an intermediate before being subsequently fermented further into SCFAs. This primarily is achieved by microbes from the phylum Firmicutes [37]. Regardless, total SCFA production was significantly increased in AG1 compared to control. This is worthwhile to note as they can exert many benefits to the host [3,4,5,6,7]. AG1 treatment significantly increased the overall production of acetate and propionate but not butyrate. Consistent with what was observed for the total SCFAs, it appeared that the majority of the SCFAs were produced during the first day of the simulation. Failure to find significant butyrate production despite an overall significant increase in total SCFA production was not surprising considering that of all the SCFAs produced in humans, approximately 60% is acetate, 25% is propionate, and 15% is butyrate [38].



The third aspect of a successful prebiotic or probiotic is that there should not be evidence that consuming the product would exert significant adverse effects on the host. A common side effect of many prebiotics and some probiotics is bloating, gastrointestinal distress, and other related symptoms which are generally attributed to gas production. While gas production is a necessary byproduct of fermentation, too much and too rapid gas production can be an overall negative attribute. It is important to note that we did observe a significant increase in gas production during the first hour. Pham and colleagues also used the SHIME® model to assess ways to treat a fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAP)-rich diet to reduce the overall gastrointestinal distress derived from the FODMAPs. They observed that the FODMAP diet alone changed the amount of gas produced by roughly ~25 kPa relative to the blank control and that enzymatically treating the FODMAPs reduced the gas production to similar to the blank control [39]. AG1 caused gas production of only ~10% of that caused by FODMAP-rich diets and was comparable to that of an enzymatically treated FODMAP diet. Therefore, we believe there is not sufficient evidence to suggest AG1 consumption would lead to significant bloating, gas, or gastrointestinal distress related to gas production.



We found that AG1 supplementation caused a modest but significant increase in ammonium production overall during the colonic simulation. There was no effect observed for bSCFAs. Despite the negative association of protein fermentation to negative health conditions, there is some nuance to these biochemical processes that must be considered. Contrary to carbohydrates, protein fermentation is a bit more biochemically complex, with the byproducts being extremely dependent on the monomer as well as the mechanism of the biochemical reaction. Microbes can either perform metabolic deamination reactions on proteins/amino acids to produce a carboxylic acid (SCFAs/bSCFAs) and ammonia or they can undergo a decarboxylation reaction to produce an alkyl amine and carbon dioxide [40]. Regarding the monomer, when branched amino acids (valine, leucine, and isoleucine) are the substrate, a bSCFA is produced in conjunction with ammonia, whereas the non-branched amino acids will yield SCFAs and ammonia [41]. Note that SCFAs are understood to be the most abundant byproduct of amino acid fermentation in the gut microbiome [42]. Therefore, there is more ammonia production than alkyl amine production, and alkyl amines are more toxic than ammonia to humans. Ammonia production is also beneficial to the microbiome to some extent, as ammonia production largely dictates the pH of the colonic luminal environment and acts as a buffer against the acidification caused by SCFAs [35]. Microbes can also rapidly assimilate ammonia for amino acid biosynthesis [43]. Together, there are some clear benefits of ammonia in the gut microbiome ecosystem, but the full extent of how protein fermentation impacts human health remains to be fully elucidated [44]. Humans evolved systems to quickly remove excess microbially derived ammonia and process it into urea for excretion. So, while there was a significant increase in ammonia production, it is not possible to evaluate whether it is excessive or detrimental in a human due to the lack of physiological mechanisms to regulate ammonia production in the intestinal lumen. What effect this has on humans must be further explored in a clinical setting, but we do not anticipate a detrimental effect based on the current data.



The utilization of the SHIME® model has some strengths that make it an excellent first model for use in this experiment. Because this experiment was set to investigate a potential prebiotic effect of AG1, some variables were necessary to be observed in vitro. For example, the production of gas would be difficult to quantify in a clinical setting and would rely on subjective questionnaire data. These data can be problematic as humans have varying thresholds for symptom complaints. Clinical data can also be confounded by a lack of protocol adherence, missed clinical visits, and overall intrasubject variability that would require larger sample sizes that were beyond a proof-of-concept experimental design. Despite these strengths, there are also some limitations in the current study. One limitation is the acute, short-term nature of the dosing paradigm used in this experimental period. AG1 is a daily nutritional supplement and is meant to be taken daily. Therefore, there is an anticipated change in many of these variables when observed in a chronic experimental paradigm. If there are changes in the microbial community, then it is anticipated that the formation of the SCFAs as well as other byproducts of fermentation would change. This also highlights the need for a metagenomic investigation of the microbial community. Additionally, the current study does not measure the acute effect of AG1 supplementation on alterations in community composition and function. Future studies would benefit from the inclusion of metagenomic data. Another limitation is the small sample size of the study given the fact that the human microbiome is incredibly diverse and metabolically complex, leading to large amounts of variability. Finally, it is also important to recognize that in vitro work does not replace the need for clinical experimentation and seldom translates perfectly to what is expected in a human study. However, the SHIME® model does an impressive job trying to emulate the physiological and biological environment of the digestive tract, but it cannot replace the value of clinical testing. Despite this, the data collected are invaluable and help establish the proof-of-concept that AG1 can undergo fermentation as a prebiotic and can lead to significant increases in beneficial SCFAs like acetate and propionate. To fully investigate the effect of these increased metabolites on humans, work needs to be carried out in clinical studies.




5. Conclusions


From the data, it is suggested that AG1 exerts a prebiotic effect expected from the combination of fiber and phytonutrients, but also from other aspects of the product like the micronutrients. This was made evident from the formation of gas (physical evidence of fermentation), the production of beneficial metabolites (total SCFAs, acetate, propionate), and the lack of a significant detrimental effect (modest gas production within the first hour, slight ammonia production, and non-significant bSCFA production). All of these factors are derived from the microbiota’s ability to ferment the components of AG1. Despite these conclusions, further investigations must be carried out in a clinical setting to confirm AG1’s synbiotic effects. Future work should also include investigations into what effect AG1 has on the community structure and function of the gut microbiome. Metagenomic investigations would help us understand the prebiotic effect of AG1 by measuring changes in microbial metabolism. Finally, despite some of the limitations to this study, the current study suggests AG1 can be fermentable and should undergo subsequent clinical studies for further investigation on the potential health benefits.
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Figure 1. AG1 significantly changed the physical environment due to increased fermentation compared to the blank control. Panel (A) shows the change in local pH and panel (B) shows that net change in gas pressure. Statistical analysis included paired t-tests. Data are shown as mean and standard error of the mean. ** p < 0.01. 
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Figure 2. AG1 produced significantly greater increases in typical byproducts of carbohydrate fermentation compared to the blank control. Panel (A) shows the net change in total SCFAs, and panels (B–D) show the net change in acetate, propionate, and butyrate 