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ABSTRACT 

 

The mechanisms of Akkermansia muciniphila in regulating  

glucose homeostasis 

 

 

Hyo Shin Yoon 

Department of Public Health  

Graduate School of Public Health  

Seoul National University  

 

  Obesity and overweight are associated with increased multiple pathologies including type 2 

diabetes and cardiovascular diseases as well as cancer. One of the main features of obesity is 

systemic low-grade inflammation. Although the triggers of inflammation during obesity are 

debatable, gut microbiota has been considered to be associated with this onset of inflammation. 

Numerous of studies revealed that dysbiosis of gut microbiota is linked with obesity which may 

cause disruption of gut barrier leading to systemic inflammation. Advances of high throughput 

sequencing enabled to unveil profiles of gut microorganisms during obesity and current 

metagenomics and transcriptomics reveal the functionality of bacteria thus defining the 

mechanisms of single microbe effects in the obese. One of the recognized anti-obesity associated 

bacteria is Akkermansia muciniphila. This bacterium is found to be inversely correlated with 

glucose intolerance, plasma lipopolysaccharide levels and adipose tissue inflammation. Notably, 

recent report identified the anti-obesity feature-possessing membrane protein derived from 

A.muciniphila that have barrier strengthening functions as well as immune-regulatory features via 

toll like receptor 2 signaling pathway. However, these studies had been primarily focused on gut 

barrier functions.  
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 Emerging evidences suggests that gut microbiota regulates brown adipose tissue (BAT) activities 

which increases glucose uptake and insulin sensitivity. Few studies, however, noted the 

relationships between A.muciniphila and this metabolically active organ. Additionally, previous 

study revealed that A.muciniphila has capacity to induce endocannabinoid like lipids which have 

potency to induce appetite regulating hormone, glucagon-like peptide 1 (GLP-1). Conversely, there 

has been no studies that has directly assessed the systemic and local induction of GLP-1 through 

A.muciniphila.  

 In this thesis, mechanisms of A.muciniphila in regulating glucose metabolism were analyzed in 

three aspects. First, BAT activation markers were analyzed to examine whether A.muciniphila has 

capacity to induce thermogenic effects. Moreover, systemic as well as local induction of GLP-1 

were analyzed. Then, to validate if these effects were IL-6 dependent, we daily administrated with 

A.muciniphila in IL-6 knockout mice then compared with wild type mice. Secondly, gut microbiota 

of A.muciniphila fed high fat mice was compared with high fat mice then analyzed with IL-6 

knockout (IL-6KO) mice to verify if the IL-6 dependent metabolic phenotypes according to this 

bacterium are potentially related with gut microbiome changes. Thirdly, in order to identify the 

protein derived from bacterium responsible for secretion of GLP-1, we narrowed down the 

candidate proteins via fractionations through fast-protein liquid chromatography and assessed with 

in vitro system followed by proteomic studies. Furthermore, effects of candidate proteins in 

regulating glucose homeostasis were analyzed in in vivo.   

 As previous studies, A.muciniphila fed obese mice improved glucose homeostasis compared to 

high fat fed mice. Notably, among the adipose tissues, we observed that mass of brown adipose 

tissue was significantly decreased and thermogenic molecular markers were significantly elevated. 

Moreover, ileal and systemic GLP-1 were significantly enhanced. Interestingly, previous studies 

demonstrated that thermogenesis and GLP-1 induction are associated with IL-6 induction. Indeed, 

A.muciniphila induced IL-6 in intestinal tissues and subsequently identified that A.muciniphila 

induced GLP-1 and brown fat activation were IL-6 dependent.  
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 Dramatic changes in gut microbial communities were observed in A.muciniphila fed high fat mice 

versus high fat fed mice in both WT and IL-6KO mice. As expected high fat diet decreased the 

relative abundance of A.muciniphila but increased Desulfovibrionaceae, Mucispirillium schaedlerl, 

Oscillospira whereas A.muciniphila fed group increased A.muciniphila, Parabacteroides, 

Sutterella and Coprobacillus in WT mice. On the other hands, high fat fed IL-6KO mice with 

A.muciniphila supplemented mice were composed by Desulfovibrionaceae, Mucispirillum 

schaedlerl whereas in high fat fed IL-6KO mice were notably composed of A.muciniphila, S24-7, 

Rc4-4, Ruminoccaceae implying that distinct dysbiosis was occurred during IL-6 deficient and 

high fat diet condition and even with A.muciniphila supplementation. Correlation analysis revealed 

that relative abundances of A.muciniphila was positively correlated with BAT temperature as well 

as glucose tolerance. These results support the previous results that A.muciniphila induced GLP-

1and brown fat activation were IL-6 dependent.  

 To identify the molecular marker derived from A.muciniphila that induces GLP-1, we used 

enteroendocrine L cells in vitro. We identified that A.muciniphila derived secreted proteins were 

responsible for inducing GLP-1. To narrow down the candidate proteins, we used fast protein liquid 

chromatography to fractionate supernatants of this bacterium. Eventually, we determined the 

effective fractionate that solely inducing GLP-1. Hence, we applied LC-MS/MS approach to 

identify target proteins. By screening candidate proteins in vitro, we confirmed a single protein 

which is responsible for inducing GLP-1 in vitro and validated its glucose regulatory function in 

in vivo. In conclusion, this thesis highlighted the mechanisms of A.muciniphila in regulating 

glucose metabolism by analyzing its thermogenic effect as well as GLP-1 secretory effect in high 

fat obese mice. Furthermore, these effects were dependent with host gene, IL-6 implying that gut 

microbiota crosstalk with host immune systems in order to exert beneficial effects on metabolically 

sensitive organ. Additionally, the novel molecule (Amuc_1631) derived from this bacterium 

responsible for inducing GLP-1 was identified and demonstrated to improve glucose tolerance 

suggesting the alternative therapeutic target to alleviate metabolic disorders.  

Key words: Akkermansia muciniphila, brown adipose tissue, glucagon-like peptide, IL-6, L cells 

Student No. 2013-31218 
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Gut microbiota, obesity and host immunity  

Obesity and its associated diseases such as type 2 diabetes, cardiovascular diseases, liver diseases 

and cancers [1] have dramatically increased in the past few decades. Major factors influencing 

prevalence of obesity are explained by excess high calorie intake, sedentary life styles, lack of 

physical activities which may cause imbalance between energy intake and energy consumption. 

Although there has been worldwide and national efforts to reduce obesity by suggesting healthy 

diet, exercise, behavioral modification or anti-obesity drugs, it has not been effective thus, there is 

a huge growing need for novel approaches to prevent and treat obesity [2].  

Gut microbiota has been known for one of the contributing factors as many studies revealed that 

microbial composition with obesity shows distinct structures compared to lean individuals [3]. In 

particular, the relative abundance of the phyla Bacteroidetes and Firmicutes showed significantly 

different pattern between ob/ob mice and wild type mice. Specifically, higher proportion of 

Firmicutes and lower Bacteroidetes were observed in ob/ob mice despite of similar diet [4]. In 

addition, transplanting cecum-derived obese microbial communities in germ-free mice shows 

obese like phenotypes; increase in hepatic triglycerides, increase in insulin resistance [5] 

collectively demonstrating that altered gut microbiota is a cause but not a consequence of obesity. 

Interaction between gut microbiota and intestinal innate systems are well orchestrated to maintain 

homeostasis of intestinal immunity. In the obese states, gut integrity becomes weaken which allow 

to penetrate gut microbiota or bacterial products into circulation, leading to chronic low-grade 

inflammation [6]. In high-fat diet mice, TLR4 ligand, lipopolysaccharide (LPS) is elevated in 

plasma level and results in insulin resistance, however, CD14-deficient mice are protected against 

metabolic disorders [7] suggesting that CD14-TLR4 complex may regulates insulin sensitivity in 

physiological condition. On the other hands, increased body weight, fatty liver and fasting blood 

glucose were observed in TLR5-knockout mice under high-fat diet [8] implicating that each of the 

TLR mediated metabolic regulations are unique and distinctive.  

Gut barrier is the primary and initial zones where gut microbiota interacts with host. Interestingly, 

germ-free mice showed defeats in the development of gut-associated lymphoid tissue (GALT) 



3 

 

which consists of peyer’s patches (PPs) and mesenteric lymph node (MLN) where antigens are 

taken up and present to antigen presenting cells (APCs) such as dendritic cells, B cells and 

macrophages and activate T lymphocytes to protect host system [9]. Stroma-vascular fraction (SVF) 

of adipose tissue, liver, skeletal muscle, pancreas are the major sites where immune cells are 

infiltrated during metabolic disorders [10]. In adipose tissues, metabolic dysregulation exerts 

macrophage polarization. For example, TNF-α, IL-1β producing M1 macrophages are increased 

whereas IL-4, IL-13 producing anti-inflammatory M2 macrophages are decreased [11].  

 

 

 

Figure 1.1 Obesity induces inflammation in adipose tissue, liver, skeletal muscle, pancreas and gut 

dysbiosis [11].  
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IL-6 and metabolic homeostasis  

Interleukin-6 (IL-6) has been predominantly considered as a pro-inflammatory cytokine as it is 

known to activate neutrophils and T helper 17 (Th17) cells differentiation while blocking 

regulatory T cells (Treg). Despite of the study that plasma level of IL-6 is elevated in obese patient 

[12], there are some growing evidences to support beneficial role of IL-6 as a homeostatic regulator 

of glucose metabolism. IL-6 deficient mice develop mature-onset obesity and resistance to insulin 

as well as hepatic inflammation [13, 14]. In addition, Il6raΔmyel mice fed a high fat diet exhibited 

elevated M1 polarization of macrophages and subsequently demonstrated that this was due to 

increased IL-4Ra [15]. In other study, exogenous IL-6 or exercise induced IL-6 increase insulin by 

increasing glucagon-like peptide-1 (GLP-1) from intestinal L cells and pancreatic alpha cells [16]. 

These studies collectively demonstrate that IL-6 plays critical roles which bridging between 

insulin-sensitive tissues (intestinal L cells, pancreatic alpha cells) and adipocytes.   

 

Akkermansia muciniphila   

Akkermansia muciniphila is a mucin-degrading bacteria which resides in mucosal interface 

between the lumen and host cells and accounted for more than 1 % of the total microbiota by 16S 

rRNA-targeted probe, MUC-1437 [17, 18]. A.muciniphila was mostly abundant in colon rather 

than ileum [19] and detected in transverse compartment [20]. Several accumulating studies indicate 

that presence of this bacterium is inversely correlated with metabolic markers in mice [21, 22] and 

human [23] and the colonization of A.muciniphila in high fat diet mice improved glucose tolerance 

and increased regulatory T cells [24]. In 2013, Cani et al demonstrated that viable A.muciniphila is 

required for improvement of metabolic profiles (endotoxemia, glucose tolerance, mucus layer 

thickness) and the bioactive lipids that belongs to the endocannabinoid family (2-oleoylglycelrol, 

2-arachidonoylglycerol etc) which are known to induce glucagon like peptide-1 (GLP-1) and 

regulate anti-inflammatory activities that induced by this bacterium may possible links to control 

glucose homeostasis and gut barrier function [25]. Notably, pasteurized A.muciniphila enhanced 

its capacities to improve insulin resistance and the specific protein, Amuc_1100 which is the most 

enriched in outer membrane that encodes for Type IV pili gene cluster was identified by proteomic 
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analysis and improved glucose tolerance with the same extent as the live and pasteurized bacterium, 

restored LPS concentration to the normal states and increased the tight-junction proteins by acting 

on TLR2 signaling [26]. However, this protein showed different mechanisms of action from 

pasteurized A.muciniphila in terms of the expression of bioactive lipids and antimicrobial peptides 

[26].  

Several studies have proven the beneficial effects of A.muciniphila on not only obesity and type 

2 diabetes but also atherosclerosis and dextran sulfate sodium (DSS)-induced colitis. Extracellular 

vesicles (EV) derived from A.muciniphila protected the DSS-induced colitis [27]. In addition, 

A.muciniphila attenuated the western diet induced atherosclerotic lesion by reducing systemic 

endotoxemia through strengthening the integrity of gut barrier [28].     

Gut hormone and obesity   

Recent therapeutic approaches against obesity and type 2 diabetes have been based on incretin 

hormones such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic 

polypeptide (GIP) which are produced by enteroendocrine cells in the gastrointestinal tract (GI). 

They are both known for regulating glucose homeostasis and insulin secretion in a glucose-

dependent manner and also increases pancreatic beta cell mass by inhibiting apoptosis of beta cells 

and enhancing proliferation. Due to its short half-life, long lasting GLP-1 receptor agonists (GLP-

1 RAs) such as Exendin-4 (Bydureon®, AstraZeneca Pharmaceuticals) and Liraglutide (Saxenda, 

Novo Nordisk) have been developed for treatment of obesity and type 2 diabetes.  

There have been many studies to define triggering factors for GLP-1 release. IL-6 cytokine is 

known as a key regulator of glucose homeostasis by elevating GLP-1 production through increased 

proglucagon (gcg) and prohormone convertase 1/3 expression (pcsk1) in intestinal L cells and 

pancreatic alpha cells [16]. Bacterial metabolites from colonic microbial metabolism also interact 

with enteroendocrine cells of GI tract. Short-chain fatty acids which produced by intestinal 

bacterial fermentation increased plasma level of GLP-1 in human and mice [29]. Indole which 

produced by intestinal bacterial tryptophan degradation significantly elevated GLP-1 levels in vitro 

[30]. Hydrogen sulfide (H2S) a microbial gas which produced by sulfate reducing bacteria (SRB) 

triggered stimulation of GLP-1 secretion and by increasing SRB in mice supplemented with 
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prebiotic chondroitin sulfate also enhanced GLP-1 secretion and improved oral glucose tolerance 

[31].   

Energy homeostasis and gut microbiota 

Adipose tissue is a heterogeneous organ both in function and morphology and distributed 

throughout the body. White adipose tissue (WAT) stores energy in forms of triglycerides and 

secretes hormones and inflammatory cytokines thereby excess accumulation of WAT is linked to 

development of obesity [32]. On the other hand, brown adipose tissue (BAT) which is characterized 

with multilocular lipid droplets enriched with mitochondria helps regulation of energy expenditure 

by thermogenesis mediated by uncoupling protein-1 (UCP1). UCP1 uncouples oxidative 

phosphorylation and store energy instead of stored in the form of ATP and affects vascular 

triglyceride concentrations and insulin sensitivity [33, 34] as well as weight [35, 36]. 

BAT is well known to be activated by ß3-adrenergic receptors (ß3-AR) agonists such as 

norepinephrine (NE) [37]. In addition, several studies found the interactions between inflammatory 

signaling pathways and adipose tissue function. For instance, effects of BAT transplantation on 

glucose homeostasis and insulin sensitivity were dependent on IL-6 implicating that BAT-derived 

IL-6 is critical in systemic metabolic homeostasis [38]. Ablation of anti-inflammatory cytokine IL-

10 unexpectedly enhanced insulin sensitivity and prevented diet induced obesity through 

modulating thermogenic genes expression [39].  

Although majority of BAT had been known to exist in mammals and infants, it had been proved 

that functionally active BAT is also present in adults especially higher proportion in women than 

in men by quantifying with high positron-emission tomography and computed tomography (PET-

CT) [40, 41]. Nonetheless, current US Food and Drug Administration (FDA) approved anti-obesity 

drugs which targets for weight loss are focusing on only the reduction of energy intake, no other 

drugs were developed targeting for energy expenditure, yet [42]. 

Gut microbiome-derived metabolites and obesity 

 Gut microbiome-derived metabolites are the one of the contributing factors to host physiology 

which can reach blood stream at typical drug dose (10 µM - 1 µM) [43]. However, little is known 
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about metabolic profiles derived from gut microbiota. Metabolomic researches offer deep insights 

to define small molecules as a biomarker produced by intestinal gut microbiota and quantify and 

characterize biochemical pathway of metabolites [44]. Chromatography and mass spectrometry 

based techniques as a powerful tool for metabolic profiling approach have been recently applied to 

host-microbiome studies to uncover signaling molecules derived from gut microbiota and their 

metabolic pathways. Dietary fiber derivatives, short chain fatty acids (acetate, butyrate, propionate) 

are fermented in the colon by gut microbes and sensed by G-protein-coupled receptors (GPR41 

and GPR43) in intestinal epithelial cells. Among SCFAs, butyrate as an energy source for colonic 

epithelial cells is known to induce glucagon-like peptide-1 (GLP-1) in intestinal L cells [45]. 

Systemic level of trimethylamine N-Oxide (TMAO), a byproduct of bacterial digestion of L-

carnitine and choline which are abundant in red meat were found strongly associated with type 2 

diabetes and genetic deletion of TMAO-producing enzyme flavin-containing monooxygenase 3 

(FMO3) protected obesity in mice and stimulated white adipose tissue beiging [46].        

Obesity is also associated with elevated level of circulating succinate in human which linked to 

abundance of specific gut microbiota related to succinate metabolism. For example, in obese 

individuals, succinate producing Prevotellaceae and Veillonellaceae are elevated whereas 

succinate-consuming Odoribacteraceae and Clostridaceae are decreased [47]. However, another 

study revealed that colonization of germ-free mice with succinate producing Prevotella copri 

increases cecal succinate contents and exhibited metabolic benefits [48] demonstrating that specific 

species and strains levels of studies are definitely required to clarify the differences of mouse data 

to humans.     
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Objectives and hypothesis  

 

Objectives:  

 The objectives of this thesis were 1) to examine the impact of A.muciniphila on thermogenesis 

and glucose homeostasis, 2) to examine the changes of composition of the gut microbiota following 

A.muciniphila treatment in high fat mouse models, 3) to identify bioactive molecules derived from 

A.muciniphila which is effective on glucagon-like peptide (GLP-1) in intestinal endocrine cells.  

 

Hypothesis 1 

Akkermansia muciniphila will induce browning effect via IL-6 in high fat fed mice model.   

 

Hypothesis 2 

A.muciniphila treatment in high fat mouse models will reconstruct the high fat induced gut 

microbiome.  

 

Hypothesis 3 

Secreted protein derived from Akkermansia muciniphila will induce GLP-1 production in intestinal 

L cells. 
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Akkermansia muciniphila induces browning effects via IL-6 
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Introduction  

  

 Prevalence of overweight and obesity has reached epidemic proportions during the last three 

decades [49]. Among the numerous environmental factors, gut microbiota has been a key factor to 

regulate physiological metabolic functions including intestinal barrier homeostasis, glucose 

homeostasis and energy absorption [50-52]. One of the most beneficial microbes which prevents 

the development of obesity and gut barrier dysfunction is known as Akkermansia muciniphila. 

A.muciniphila represents 3 - 5% of the total microbial composition in healthy individuals and 

observed less in patients with obesity and type 2 diabetes (T2D) but increased by anti-diabetic drug, 

metformin [24, 53-55].   

 Several researches have been uncovered the mechanisms of how this bacterium modulates 

glucose homeostasis and improve metabolic profiles. Daily administration of A.muciniphila 

restored the metabolic endotoxemia, endogenous antimicrobial peptides and specific bioactive 

lipids that induce anti-inflammatory activities and improve gut barrier functions [25, 56]. Also the 

level of A.muciniphila has been inversely correlated with inflammatory markers associated with 

metabolic diseases and increased adipose resident regulatory T cells in mice fed high fat diet [24, 

57]. To delineate cross-talk between host immune signaling and A.muciniphila, recent study 

revealed that A.muciniphila is influenced by inflammatory cytokine, interferon gamma (IFN-ɣ) 

since the abundance of A.muciniphila was significantly increased in IFN-ɣ deficient mice and 

improved glucose homeostasis whereas restoration of this cytokine reversed the effects implicating 

that loss of A.muciniphila during obesity may due to local inflammation involved in IFN-ɣ 

signaling during metabolic diseases [58].  

 While recovering intestinal barrier integrity, down regulating inflammatory markers in adipose 

tissues and local intestinal tract have been known to improve metabolic functions by A.muciniphila 

in high fat diet-fed mice, interconnection between other metabolically active organ such as brown 

adipocytes which also responsible for glucose metabolisms and specific bacterium during obesity 

have not been investigated yet. BAT also has been associated with weight loss and energy 



11 

 

expenditure [59, 60] therefore has been an attractive target to regulate obesity and other metabolic 

diseases [61, 62]. Although massive expansion of energy-storing visceral adipose tissue which 

known as epididymal fat pad in males or periovarian fat pad in females are well known to be 

associated with progression of obesity, brown adipose tissue (BAT) which depots in the 

interscapular region and morphologically much smaller in size but contains higher number of 

mitochondria have been reported to dissipate energy through uncoupling protein 1 (UCP1) and 

generating heat for thermogenesis thereby regulating glucose homeostasis [63].  

 Additionally, to delineate underlying mechanisms on the impact of A.muciniphila on BAT, the 

role of IL-6 which is reported to regulate glucose homeostasis, lipolysis and fatty acid oxidation 

[64] is evaluated. Interestingly enough, several groups provide evidences that IL-6 deficient mice 

are insulin resistance and this appears to be more exacerbated during high fat diet [13, 14, 65].  

Here, the impact of A.muciniphila effects on brown adipose tissue is characterized in high fat diet 

fed mice models. Furthermore, effects of host immune signaling specifically IL-6 on this 

physiological phenomenon is uncovered. Collectively, interactions between IL-6, A.muciniphila, 

and brown adipose tissue were evaluated.  
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Materials and Methods  

 

Experimental Animals  

C57BL/6 mice (SLC Inc, Japan) and IL-6 knockout mice (Jackson Laboratory, Bar Harbor, ME, 

USA) were housed no more than four per cage in a pathogen-free-animal facility with a 12-hr 

light/12-hr dark cycle and allowed to free access to food and water. Six-week-old male mice were 

fed either a low fat diet (LF; D12450K, Research Diet, New Brunswick, NJ) or a high fat diet (HF; 

D12492, Research Diet) ad libitum for 14 weeks. Food intake and body weight were measured 

once a week. Experimental procedures were reviewed and approved by Institutional Animal Care 

and Usage Committee of Seoul National University (SNU-160118-3-3).  

Culture and administration of A. muciniphila 

A. muciniphila (BAA-835), purchased from American Type Culture Collection (Manassas, VA, 

USA) were streaked out on BHI (brain-heart-infusion) agar (BD Bioscience, San Jose, CA) 

supplemented with 0.5 % porcine mucin (Sigma-Aldrich, St. Louis, MO) and 0.05 % cysteine 

(Sigma) in anaerobic chamber (Coy Laboratory Products, Grass Lake, Michigan, USA). After 48 

h of incubation at 37 °C in anaerobic jar with GasPack 100 system (BD Biosciences), bacteria were 

collected from plates, suspended in anaerobic PBS containing with glycerol then aliquoted and 

stored at -80 °C. To determine the concentration of each stock, one stock vial was serially diluted 

and plated on BHI agar supplemented with 0.5 % porcine mucin. A. muciniphila suspended in 200 

μl anaerobic PBS (4.0 x 108 CFU /mouse) were orally administered to HFD-fed mice.  

Glucose tolerance test (GTT) 

Glucose tolerance tests were performed. Glucose was administered by intraperitoneal injection (1 

g per kg body weight) or oral gavage of glucose bolus (2 g per kg body weight) after 18 h fasting 

(20:00 - 14:00). Blood samples were collected with from tail tip bleeding at different time points 

0, 15, 30, 60, 90, and 120 min and blood glucose levels were measured with glucometer (Accu-

Chek Performa, Roche Diagnostics, Basel, Switzerland).   
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Insulin tolerance test (ITT)  

 Intraperitoneal insulin tolerance test was carried out 1 week after the IPGTT. Mice were fasted 

for 4 hr (12:00 - 16:00) before insulin (Humurin R, Eli Lilly) injection at concentration of 1 U/kg 

body weight then blood glucose level was measured as described above.  

Serum insulin measurement 

 To measure insulin levels in serum, blood samples were obtained. Thirty minutes after blood 

clotting at RT, the serum was separated by centrifugation at 4,000 x g for 10 min. Supernatants 

were stored at -80 °C. Serum insulin levels were analyzed with Ultra Sensitive Mouse Insulin 

ELISA kit (Crystal Chem, IL, USA). 

GLP-1 measurement 

For GLP-1 measurement in plasma, mice were fasted for 5 h in the morning. Blood samples were 

obtained by retro-orbital sinus puncture at 0, 10 min after oral gavage of glucose bolus (2 g per kg 

body weight) and collected into pre-chilled EDTA coated tubes containing 1 μg/ml diprotin A (6019; 

Tocris Bioscience, Bristol, United Kingdom), centrifuged without delay then plasma was directly 

stored at -80 °C. GLP-1 contents were determined using a mouse GLP-1 ELISA kit (RayBiotech, 

Norcross, GA, United States).  

RNA isolation and quantitative real-time PCR 

Total RNA was extracted from tissues using the easy-spin Total RNA extraction Kit (iNtRON 

Biotechnology, Korea). RNA was reverse transcribed by using LeGene cDNA synthesis master 

mix (Legene, San Diego, CA, USA) in accordance with the manufacturer’s instructions. The 

relative mRNA expression levels were determined by a real-time polymerase chain reaction (PCR) 

using Rotor-Gene Q (Qiagen).  

Histological analysis 

The Epididymal fat pad, interscapular and inguinal fat pad were fixed in 4 % formaldehyde, 

processed in paraffin blocks, sectioned then stained with hematoxylin and eosin (H&E). Slides 

were scanned with fluorescence microscope (LEICA Biosystems DM 5500B). Mean adipocyte size 



14 

 

was measured using Image Scope (LEICA Biosystems,Wetzlar, Germany). 

Temperature measurement  

 Skin temperature of BAT was recorded with an infrared camera (T420: Compact-Infrared-

Thermal-Imaging-Camera; FLIR; West Malling, Kent, UK) and analyzed using FLIR tools 

software. 8 mice per group were shortly under isoflurane anesthesia and the average temperatures 

of surrounding of BAT were recorded from each picture and used for analysis. Rectal temperatures 

were measured using a digital thermometer, TESTO 925 (Testo AG, Germany) as above.  

Cell culture  

 CT-26 (Korean Cell Line Bank, Seoul, Korea) and Raw 264.7 cells (Korean Cell Line Bank, Seoul, 

Korea) were maintained in DMEM containing 10 % FBS and 1 % penicillin/streptomycin. Brown 

preadipose cell line is kindly provided by Dr. Kai Ge (NIDDK, NIH, Maryland, USA) and 

maintained in DMEM containing 10 % FBS and 1 % penicillin/streptomycin. All cell lines were 

incubated in a humidified 37 °C incubator with 5 % CO2.  

Isolation of primary mouse preadipocytes  

 For isolation of primary brown preadipocytes, interscapular adipose tissues were dissected from 

male C57BL/6 mice. 6 depots were pooled, minced finely with scissors and digested for 30 min in 

collagenase-containing HBSS buffer (1 mg/ml Collagenase type II, 2 % BSA, 25 mM HEPES) at 

37 °C for 30 min. To stop the enzymatic activity, 10 % FBS based medium were added and passed 

through 100 µm cell strainer. Cells were washed twice with PBS then RBCs were lysed. Cells were 

plated in 12-well plates with pre-warmed culture medium; dulbecco's modified eagle medium, 

DMEM with high glucose 4.5 g/L (HyClone Laboratories, Logan, UT, USA) supplemented with 

20 % FBS (Gendepot, USA) and Penicillin-Streptomycin (Life Technologies, final conc., 50 U/mL 

of Penicillin and 50 µg/mL Streptomycin). Floating cells were removed on the next day and fresh 

pre-warmed culture medium were added.  

Flow cytometry analysis  

 To isolate single cells from interscapular brown adipocytes of each mice groups, interscapular 
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adipose tissues were dissected and minced finely with scissors and digested in collagenease-

containing HBSS buffer (1 mg/ml Collagenase type II (Sigma), 0.5 % BSA (Sigma)) at 37 °C for 

30 min. Cells were passed through the 100 µm cell strainer and washed twice with PBS. Red blood 

cell (RBCs) were lysed. To isolate colon cells from colon tissues of each mice groups, colon tissues 

were longitudinally cut and dissected out the peyer’s patches and cut in 1.5 cm pieces. To dissociate 

intestinal epithelial cells, tissues were digested in HBSS buffer containing 5 % FBS and 2 mM 

EDTA for 20 min at 37 °C twice. Then minced in collagenase-containing HBSS buffer (1.5 mg/ml 

VIII collagenase (Sigma), 5 % FBS (Gendepot)) then incubated in orbital shaker at 200 rpm for 

20min at 37 °C. Cells were filtered through 100 µm cell strainer. Cells were washed with cold PBS 

and incubated with staining cocktail (CD45-APCcy7, 7AAD-PercP-Cy5.5, F4/80-BV421, CD11b-

PE-Cy7, CD206-Alexa Fluor 647, SiglecF-PE, (BD Bioscience, San Jose, CA)) in FACS buffer 

(2 % FBS in PBS) for 20 min on ice in the dark. Cells were washed and analyzed using FACSVerse 

flow cytometry (BD Bioscience, San Jose, CA). All the data were primarily gated in CD45+, 7AAD-.  
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Results 

 

Effects of A. muciniphila on weight loss, glucose homeostasis and fat mass  

 We found that daily oral gavage of A.muciniphila at a dose of 4 x 108 CFU/200 µl in either high 

fat or low fat fed mice significantly alleviated body weight and body weight change (Figure 2.1a,b) 

but did not alter the cumulative feed intake (Figure 2.1c) as previously reported [25]. Glucose 

tolerance was greatly improved by A.muciniphila supplementation and glucose area under curve 

(AUC) was significantly reduced (Figure 2.1d) [25]. Fasting glucose levels, however, were reduced 

only in low fat diet groups (Figure 2.1e). Interestingly, we observed that mass of interscapular 

brown adipose tissue (iBAT) was significantly reduced whereas white adipose depots (epididymal 

fat; epWAT, inguinal fat; igWAT) were not changed in A.muciniphila treated high fat-fed mice 

compared to high fat-fed mice (Figure 2f). Mass of iBAT was positively correlated with body 

weight (Figure 2g) demonstrating that specific weight loss was exerted in iBAT. A.muciniphila is 

reported to counteract total fat mass gain [25],however, recent study that live A.muciniphila did not 

reduce the mean adipocyte diameter [26] was consistent with our study. Collectively, these results 

suggested that supplementation with consecutive high fat diet simultaneous with A.muciniphila 

may target unique metabolic organs which have not been focused, yet.  
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Figure 2.1 A.muciniphila reduced final body weight (n=6~8/group), improved glucose tolerance and 

reduced iBAT mass. (a) Body weight and (b) body weight changes (% of basal body weight) were measured 

every week for 14 weeks of high fat fed mice (HF) or low fat fed mice (LF), high fat fed mice supplemented 

with A.muciniphila (HF+Akk) or low fat fed mice supplemented with A.muciniphila (LF+Akk). (c) 

Cumulative feed intake was measured. (d) IPGTT and AUC curve were measured. (e) Fasting glucose levels 

were measured after overnight fasting, (f) weights of adipose tissues (epididymal fat, inguinal fat, 

interscapular brown fat) were measured. (g) Correlation with iBAT and total weights was analyzed. Data are 

analyzed according to the unpaired two-tailed Student t-test. *, ** and *** indicate significant difference (P 

< 0.05, < 0.01 and < 0.001, respectively). 
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A. muciniphila activates classical brown adipocytes by upregulating thermogenic 

genes  

 We next assessed the functional metabolic capacity of adipose tissue depots by analyzing mRNA 

expression of UCP1. In accordance with previous study [66], UCP1 did not detected in epididymal 

white adipose tissue (data not shown), however significant induction of UCP1 (>1.5 fold) is 

observed in classical brown-fat depot, interscapular brown adipose tissue (iBAT) in A.muciniphila 

supplemented high fat fed mice than control group (Figure 2.2a). The elevation of UCP1 in iBAT 

was not limited to type strain (ATCC BAA-835) but also observed in A.muciniphila isolate which 

was isolated from healthy Korean human fecal samples (Data not shown). We also examined the 

inguinal white adipose tissue (igWAT) that has UCP1- mediated thermogenic capacity [67, 68], 

however, no significant changes were observed (Figure 2.2a).  

 To further examine the brown adipocyte-specific gene expression in iBAT, mRNA expression 

level of CIDEA, PRDM16, PGC1α, Apelin were measured. A.muciniphila treatment profoundly 

activated genes controlling thermogenic programming in iBAT (Figure 2.2b). Representative 

hematoxylin and eosin (H&E) staining clearly showed that size of lipid droplet of iBAT was 

markedly decreased (Figure 2.2c) but not in epiWAT (Figure 2.2d). Adipocytes diameters (Figure 

2.2e) and frequency distribution of iBAT surface area (Figure 2.2f) were significantly reduced. 

Immunohistochemical staining of iBAT from A.muciniphila treated high fat fed mice clearly 

upregulated UCP-1 expressing adipocytes (Figure 2.2g). These findings suggest that A.muciniphila 

can specifically regulate thermogenesis in classical brown adipocytes.  
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Figure 2.2 A.muciniphila increased brown fat activating genes in iBAT. (a,b) qRT-PCR analysis of UCP1 

and thermogenic related brown fat-specific genes expression after A.muciniphila treatment. (c) H&E staining 

of interscapular BAT depot from mice either fed with low fat (LF) diet, high fat (HF) diet, high fat (HF) diet 

with A.muciniphila (n=6). (d) H&E staining of epididymal white adipose fat (epiWAT) from mice from HF 

or HF+Akk (n=3). (e) Adipocyte size of iBAT in mice fed a HF or HF+Akk were quantified by analyzing 

adipocytes diameter (n=3). (f) Frequency distribution of iBAT surface area from mice fed with HF or 

HF+Akk (50 cells were measured from 2 mice per group). (g) Immunohistochemical anaylsis of UCP1 

expression in iBAT from LF, HF or HF+Akk mice (n=3). Data are analyzed according to the unpaired two-

tailed Student t-test; *, ** and *** indicate significant difference (P < 0.05, < 0.01 and < 0.001, respectively). 
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Distinct patterns of intestinal cytokine secretion following A. muciniphila compared 

to other bacteria in vitro 

 To understand how A.muciniphila mediates thermogenic regulation in demote brown fat, we first 

assumed that orally administered A. muciniphila would primarily affect colon and ileum in 

intestinal tract and screened anti- and pro-inflammatory cytokines (TNF-α, IL-1ß, IL-18, IL-6, IL-

10) in the colon (Figure 2.3a) and ileum (Figure 2.3b). Following A.muciniphila, pro-inflammatory 

cytokines (TNF-α, IL-1ß, IL-18) were markedly suppressed in both colon and ileum whereas anti-

inflammatory cytokine, IL-10 did not change. Interestingly, IL-6 was highly induced in 

A.muciniphila supplemented groups compared to control group (Figure 2.3a,b).  

 These findings were further investigated by analyzing IL-6 and pro-inflammatory cytokine, TNF-

α secretion in response to A. muciniphila in colon cell lines and macrophage cell lines. We also 

compared with several isolated strains of other well established gut microbes, Lactobacillus spp. 

and Bifidobacterium spp. in vitro. Remarkably, compared to Lactobacillus spp. and 

Bifidobacterium spp, A. muciniphila induced higher level of IL-6 in murine colon cell lines, CT26 

(Figure 2.3c) and murine macrophage cell lines, Raw 264.7 cell lines (Figure 2.3d). Additionally, 

IL-6 secretion by A.muciniphila was not limited to type strain (ATCC BAA-835) but also observed 

in other A.muciniphila isolates which were isolated from healthy Korean human fecal samples 

(Data not shown). However, A. muciniphila did not induce TNF-α as similar as Lactobacillus spp 

and Bifidobacterium spp in CT26 (Figure 2.3e). In Raw 264.7 cells, all the species including A. 

muciniphila had capacity to induce TNF-α (Figure 2.3f). As a results, we found that unlike other 

gut microbes, A.muciniphila induced specific gut derived cytokine, IL-6 although the cellular 

source of IL-6 needs to be further explored.  
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Figure 2.3 Distinct patterns of intestinal cytokine secretion following A. muciniphila compared to other 

bacteria in vitro. (a,b) Relative gene expression of pro- and anti-inflammatory cytokines (TNF-α, IL-1ß, IL-

18, IL-6, IL-10) from mice fed with HF or HF+Akk. IL-6 and TNF-α were measured after stimulation with 

Lactobacillus spp. and Bifidobacterium spp in (c,e) CT26 cell lines and (d,f) Raw264.7 cell lines. Data are 

analyzed according to the unpaired two-tailed Student t-test; ND means not detected, *, ** and *** indicate 

significant difference (P < 0.05, < 0.01 and < 0.001, respectively). 
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IL-6 induces thermogenic regulating genes in brown adipocytes  

 Recent evidence demonstrated that IL-6, derived from muscle as a myokine induced by exercise 

is associated with white adipose tissue browning [69], promotes pancreatic insulin secretion [16] 

and induces weight loss in obese mice by IL-6 gene transfer [70]. Another study demonstrated that 

BAT transplanted mice from IL-6 null mice did not show beneficial metabolic effects of wild type 

BAT [38]. We hypothesized that gut derived IL-6 may have a direct potency to induce thermogenic 

regulating genes in brown adipocytes. To validate this, we used immortalized brown preadipocytes 

cell line (BAC), as pre-brown adipocytes as well as primary preadipocytes from interscapular 

brown adipose depot. mRNA levels of UCP1 were measured after stimulation of recombinant 

mouse IL-6. We found that significantly increased levels of PGC1α, CIDEA mRNAs in response 

to IL-6 in BAC cell line (Figure 2.4a). UCP1 mRNA was significantly elevated in primary 

preadipocytes derived brown adipose depot from only high fat diet fed mice in response to IL-6 

stimulation but not in low fat diet fed mice (Figure 2.4b) which fostering our study that elevated 

UCP1 mRNA was only observed in high fat diet mice fed A.muciniphila, not low fat diet mice fed 

A.muciniphila. Finally, we examined the mRNA IL-6 levels in gut-draining mesenteric lymph 

nodes (MLNs) where cross talks between the gut microbiota and immune cells takes places and 

eventually affects to the systemic circulation. However, unlike our expectation, IL-6 was not 

increased but only anti-inflammatory cytokine, IL-10 was increased in mesenteric lymph nodes 

(Figure 2.4b,c).  
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Figure 2.4 IL-6 directly induces thermogenic regulating gene expression in preadipocytes and primary 

brown adipocytes in vitro. (a) Thermogenic regulating genes expression in immortalized brown 

preadipocytes (BAC) and (b) UCP1 gene expression in primary preadipocytes derived from interscapular 

brown adipose depots treated with recombinant mouse IL-6 (200 ng) during 6 hrs (n=3). (c,d) IL-6 and IL-

10 mRNA expression in mesenteric lymph nodes. Data are analyzed according to the unpaired two-tailed 

Student t-test; * and ** indicate significant difference (P < 0.05 and < 0.01, respectively). 
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A.muciniphila enhances UCP1 in brown adipocytes via IL-6  

 To investigate whether A.muciniphila derived gut induced IL-6 may give impact on elevated 

UCP1 expression in brown adipocytes, we used IL-6 deficient mice as well as wild type mice and 

induced high fat diet while feeding A.muciniphila. Remarkably, no significant increased level of 

UCP1 in iBAT was observed in IL-6 deficient mice whereas UCP1 mRNA was significantly 

increased in wild type mice according to A.muciniphila administration (Figure 2.5a). 

Immunohistochemical staining of UCP1 in iBAT also showed that A.muciniphila treated high fat-

fed IL-6 deficient mice did not elevated UCP-1 expressing adipocytes (Figure 2.2d). We next 

assessed to detect BAT activity in response to A.muciniphila by measuring skin temperature over 

iBAT depots with infrared thermography. Interestingly, BAT skin temperature was significantly 

increased in response to A.muciniphila in wild type mice fed high fat diet compared to control 

group whereas no significant changes were observed in IL-6 knockout mice (Figure 2.5b,c). To 

examine the core body temperature of mice, we used rectal thermometry. Similar results were 

observed with rectal temperature showing elevated temperatures in A.muciniphila supplemented 

high fat fed wild type mice, but not in IL-6 knockout mice (Figure 2.5e). Taken together, our results 

showed that IL-6 regulates A.muciniphila induced thermogenic activations in brown adipocytes.  
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Figure 2.5 Elevated UCP1 expression in iBAT following A.muciniphila is dependent on IL-6. (a) 

Relative gene expression of UCP1 expression of A.muciniphila fed high fat mice either in WT or IL-6 

knockout mice (b) BAT skin temperature was measured (n=8 mice/group). (c) Representative skin 

temperature measured by infrared thermography was presented. (d) Immunohistochemical anaylsis of UCP1 

expression (brown) in iBAT of mice fed high fat diet following A.muciniphila (n=3) (e) Rectal temperature 

was measured (n=8 mice/group). Data are analyzed according to the unpaired two-tailed Student t-test; NS 

means no significant, * and ** indicate significant difference (P < 0.05 and < 0.01 respectively). 
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A.muciniphila increases glucose-stimulated glucagon like peptide (GLP-1) secretion 

in ileum and systematically via IL-6.  

 However, nor gut draining mesenteric lymph node derived IL-6 (Figure 2.4c) as well as systemic 

serum IL-6 (data not shown) were not up-regulated in our study. As previous reported, elevated IL-

6 in response to exercise is known to stimulate glucagon like peptide (GLP-1) secretion in intestinal 

L cells and pancreatic α cells thereby promoting insulin secretion [16]. More recently, 

inflammatory stimuli such as endotoxin, IL-1ß induce GLP-1 in a IL-6 dependent manner lowering 

blood glucose levels [71]. Therefore, we hypothesized that A.muciniphila induced gut-derived IL-

6 may induce gut hormone, GLP-1. So we next examined whether GLP-1 expression was increased 

by A.muciniphila administration in high fat fed wild type mice and compared with IL-6 knockout 

mice. Plasma GLP-1 level was considerably increased in high fat fed wild type mice according to 

A.muciniphila whereas decreased in IL-6 knockout mice (Figure 2.6a). Since majority of GLP-1 

inducing L cells are located in the distal ileum, we also measured GLP-1 coding genes in ileum. 

mRNA expression of gcg (proglucagon) which is the precursor peptide for GLP-1 and glucagon, 

Pcsk1 (proprotein convertase 1/3, PC1/3) which cleaves the precursor peptide to GLP-1, and Pcsk2 

(proprotein convertase 2, PC2) that cleaves the same precursor peptide to glucagon were measured 

in each group. Interestingly, marked increased levels of gcg and Pcsk1 were observed in 

A.muciniphila supplemented high fat fed wild type mice group whereas no significant changes in 

IL-6 knockout mice were observed (Figure 2.6b,c). Pcsk2 which codes for glucagon did not altered 

(Figure 2.6d). These data demonstrate that A.muciniphila increases GLP-1 secretion in ileum and 

systematically via IL-6.  
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Figure 2.6 Ileal and systemic GLP-1 secretion following A.muciniphila is IL-6 dependent. (a) Plasma 

level of GLP-1 was measured at 10 min after glucose or saline administration orally in IL-6 knockout and 

wild type control mice. (n=8/group). mRNA levels of (b) gcg, (c) pcsk1, (d) pcsk2 in ileum were analyzed. 

Data are analyzed according to the unpaired two-tailed Student t-test; * and ** indicate significant difference 

(P < 0.05 and < 0.01, respectively). 
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A.muciniphila mediated systemic glucose homeostasis is dependent on IL-6. 

 To delineate whether A.muciniphila induced brown fat activation and systemic elevation of GLP-

1 give beneficial effects on systemic glucose homeostasis, we further examined oral glucose 

tolerance. Since GLP-1 responses to oral glucose load, glucose was orally administrated and 

measured the glucose levels at each time points. As expected, WT mice showed significantly 

decreased glucose tolerance according to A.muciniphila whereas IL-6 knockout mice could not 

significantly regulate glucose tolerance (Figure 2.6) with A.muciniphila supplementation. These 

results demonstrate that A.muciniphila mediated glucose homeostasis is at least partially dependent 

on IL-6.  
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Figure 2.7 A.muciniphila enhanced oral glucose tolerance via IL-6. Oral glucose tolerance was performed. 

(n=8/groups). 2g/kg glucose was given in WT mice and IL-6 knockout mice and compared by AUC curve 

from 60 to 120 min. Blood glucose levels at 60min, 90min and 120min in each groups were presented. Data 

are analyzed according to the unpaired two-tailed Student t-test; *, ** and *** indicate significant difference 

(P < 0.05, < 0.01 and < 0.001 respectively). 
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A.muciniphila induces M2 macrophages in brown adipose tissue.  

 To investigate immune cells profiling in BAT of both high fat fed mice and A.muciniphila 

supplemented high fat fed mice, adipocytes resides M1and M2 macrophages associated genes were 

analyzed in interscapular brown adipose tissue (iBAT), inguinal white adipose tissue (igWAT) and 

epididymal white adipose tissues (epiWAT). The results showed that the mRNA levels of M2 

macrophages (F4/80+, CD206+, IL-10+) were significantly increased specifically in iBAT but not 

in igWAT and epiWAT in A.muciniphila supplemented high fat fed mice group compared to control 

group whereas mRNA levels of M1 macrophages (CD11c+, TNF-α, IL-1ß) remained unchanged 

between groups in all adipose tissues (Figure 2.7a,b,c). This was consistent with flow cytometry 

analysis that marked increase in M2 macrophages (F4/80+, CD206+) in stromal vascular fraction 

of iBAT in A.muciniphila fed high fat fed mice were observed compared to high fat fed mice.  

Intriguingly, these results were only shown in WT mice (Figure 2.7d) but not in IL-6 knockout 

mice (Figure 2.7e) indicating that A.muciniphila has capacity to induce M2 macrophages in brown 

adipose tissue in IL-6 dependent pathway.  
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Figure 2.8 A.muciniphila enhances M2 macrophages in brown adipose tissue. Relative mRNA levels of 

M1 and M2 macrophages markers were analyzed in (a) iBAT, (b) igWAT and (c) epiWAT. d) Flow cytometry 

analysis of M2 macrophages in iBAT stromal vascular fraction. Data are analyzed according to the unpaired 

two-tailed Student t-test, * and *** indicate significant difference (P < 0.05 and < 0.001 respectively). 
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Characterization of A.muciniphila protein Amuc_1631 (B2UM07) in vitro 

 

 Finally, we analyzed whether these candidate proteins enable to express GLP-1 in mouse L cell 

line, GLUTag. As expected protein 9 (Amuc_1631) induced GLP-1 secretion (Figure 4.11a). 

However, it did not induce GLP-1R signaling (Figure 4.11b) although exendin-4, GLP-1 agonist 

induced GLP-1 demonstrating that protein 9 (Amuc_1631) does not seem to directly bind to GLP-

1 receptor although activating L cells to secrete GLP-1. Additionally, to validate this protein can 

induce IL-6, we treated each candidate protein to Raw 264.7, mouse macrophage cell lines. 

Interestingly, all the proteins induced IL-6 (Figure 4.11c) presumably suggesting this protein may 

induce immune cells to activate GLP-1. Lastly, in order to test if protein 9 induces GLP-1 

synergistically with external IL-6, we treated recombinant IL-6 and protein 9 together in GLUTag 

cell. The results showed that IL-6 together with protein 9 tended to induce GLP-1 secretion 

synergistically compared to protein 9 itself (Figure 4.11d,e) suggesting that IL-6 is partially 

involved in protein 9 induced GLP-1 secretion. However, further studies are necessary. 
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Figure 4.11 Characterization of A.muciniphila protein, Amuc_1631 (B2UM07) in vitro. (a) 

A.muciniphila protein Amuc_1631 affect GLP-1 secretion in GLUTag cells. (b) ß-arrestin GLP-1R activation 

assay using protein Amuc_1631. (c) IL-6 secretion in Raw 264.7 cells after treatment with candidate proteins; 

protein 1 (B2UKW8; phosphoglycerate kinase; 42 kDa), protein 5 (B2URM2; Peptidyl-prolyl cis-trans 

isomerase; 30 kDa), protein 9 (B2UM07; Carboxyl-terminal protease; 83 kDa). (d,e) protein 9 and (or) 

recombinant IL-6 were treated in GLUTag cell and GLP-1 secretion were analyzed.  
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Discussion  

 Although microbiota studies have been initiated from the ecological view, to delineate the causal 

impact of a single microbe, mono-colonization of the single microbe is a useful strategy. In the 

previous our study, we confirmed that A.muciniphila mono-colonization in high fat mice induced 

glucose stimulated glucagon-like peptide (GLP-1). However, to further understand the functional 

mechanisms underlined the single microbe’s effect on host metabolism, metabolomics and 

proteomics approaches are very significant [119]. The major goal of these studies are to identify 

the key molecular players and for comprehensive understanding of the beneficial microbe’s 

mechanisms of action on host physiology.  

 Well-characterized bacterial metabolites such as short chain fatty acids (SCFAs) are known to 

influence GLP-1 secretion. However, in the present work, acetate and propionate which are 

produced by A.muciniphila did not induce GLP-1 as higher as its supernatant. In addition, 

proteinase K treatment in GLP-1 inducible 100K filtrates inactivated its potency to induce GLP-1 

demonstrating that effective molecules may be likely protein(s). 

 Although the specific protein, Amuc_1100 derived from A.muciniphila has been identified to 

alleviate systemic metabolic profiling, it was a membrane protein and known to restore gut barrier 

integrity rather than increasing endocannabinoids like lipids molecules which are known to be 

responsible in inducing GLP-1 [26]. Consistent to previous study, Amuc_1100 derived from type 

strain did not induce as higher as A.muciniphila 100K filtrates.  

 Another study had found that bacterial secreted protein from Aeromonas spp. isolated from the 

zebrafish gut was found to be restoring pancreatic beta cell populations and its homologous gene 

which is present in human gut microbiota was found to be sharing the same ability of ß-cell 

expansion [120]. We attempted to find whether this functional gene existed in A.muciniphila, 

however we could not find one.   

 Few studies have identified the effective proteins derived from human intestinal bacteria and 

decipher the mechanisms of its action. Here, GLP-1 inducible fractionates were concentrated down 

by size-cut off filtration method then the effective elusions were separated by liquid 
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chromatography on different columns then proteins in each concentrates were identified by LC-

MS/MS. Candidate proteins were narrowed down and reconstructed by using e.coli expression 

system then validated each functions in in vitro system. We found some functionally active proteins. 

We also verified its glucose regulatory functions in normal chow fed in vivo model. However, to 

validate this function of gene more directly, bacterial engineering techniques are necessary for 

further studies. Furthermore, bacterial derived protein has to be assessed for the optimal efficiency 

and safety for human administration in the future.  

 In human, GLP-1 is actively degraded within 2 minutes [121]. To circumvent its cons, many 

studies were focused on the development of synthetic GLP-1 agonists which are resistant to 

degradation by DPP-4 inhibitors. Indeed, GLP-1 receptor agonists are currently recommended as 

potential add-on therapy to metformin for patients with type 2 diabetes and considered as 

monotherapy for patient intolerant to metformin [122]. However, daily subcutaneous infusion of 

GLP-1 agonist is not yet easy and adverse effects are involved including gastrointestinal symptoms, 

nausea, vomiting and diarrhea [123].  

 VSL3 which is a mixture of Lactobacillus spp. and Bifidobacterium spp. is known to induce 

butyrate stimulated GLP-1 in vivo [45]. However, in our study, each isolated strains we have did 

not induce GLP-1. It could be possible that the mixture of bacteria may give the other effects. More 

recently, GLP-1 is found to be induced by hydrogen sulfide gas (H2S) which is produced by gut-

resident sulfate reducing bacteria such as Desulfovibrio piger [31] suggesting that there might be 

possible chances that A.muciniphila may interact with this bacterium.  

 By transcriptome analysis of the effect of metformin on in vitro gut simulator showed that 

metformin significantly increased A.muciniphila and regulated genes expressed in A.muciniphila 

encoded metalloprotein or metal transporters [55]. Metformin is also known to induce GLP-1 [124]. 

However, whether this effect is via A.muciniphila induced GLP-1 is not yet known.  

 To the best of our knowledge, our study is among the first to link between host enteroendocrine 

cells and A.muciniphila via A.muciniphila generated GLP-1 inducible secreted proteins.  



93 

 

 

 



94 

 

Supplementary figures  

 

Supplementary figure 1 

 

 

 

 

 

Fig.S1 A.muciniphila improved insulin tolerance and enhanced serum insulin levels (n=10/group). (a) 

Insulin tolerance test and (b) AUC curve were performed at 13 week. Data are analyzed according to the 

unpaired two-tailed Student t-test. ** indicate significant difference (<0.01). 

 

Supplementary figure 2 

 

 

 

 

 

Fig.S2 mRNA of fatty acid and TG synthesis markers were reduced whereas ß-oxidation markers were 

increased. Fatty acid and TG synthesis related markers and ß-oxidation markers in liver were analyzed in 

HF-Akk group compared to HF group. Data are analyzed according to the unpaired two-tailed Student t-test. 

*, ** and *** indicate significant difference (P < 0.05, <0.01 and <0.001, respectively).  

a b c 
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Supplementary figure 3 

 

Fig.S3 mRNA expression of IL-6R, stat3, IL-4R in iBAT were analyzed. (a) mRNA IL-6 receptor (IL-

6R), IL-6 signaling pathway transcription factor, stat3 and (b) IL-4 receptor (IL-4R) in iBAT were 

significantly increased in HF-Akk groups compared to HF groups. Data are analyzed according to the 

unpaired two-tailed Student t-test. *, ** and *** indicate significant difference (P < 0.05, <0.01 and <0.001, 

respectively).  

Supplementary figure 4 

 

 

 

 

 

 

Fig.S4 mRNA expression of GLP-1 associated genes were analyzed in colon. (a,b,c) mRNA levels of glp-

1 associated genes (gcg, pcsk1) in colon were increased in HF-Akk groups compared to HF groups in WT 

mice. This was also observed in IL-6 knockout mice although pcsk2 was significantly increased. Data are 

analyzed according to the unpaired two-tailed Student t-test. * and ** indicate significant difference (P < 

0.05 and <0.01 respectively).  

a b 

a b c 
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Supplementary figure 5 

 

Fig.S5 mRNA expression of penk and ST2L were analyzed. (a,b) mRNA levels of penk and IL-33 receptor 

(ST2L) in iBAT were increased in HF-Akk groups compared to HF groups in WT mice. Data are analyzed 

according to the unpaired two-tailed Student t-test. * indicate significant difference (P < 0.05).  

 

b a 
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Supplementary figure 6 

 

Fig.S6 Eosinophils (CD11b+SiglecF+) were significantly increased in iBAT in HF-Akk groups 

compared to HF groups in WT mice. (a) Representative dot plot of eosinophils in LF, HF and HF-Akk 

were analyzed by flow cytometry. (b) Total percentage of eosinophils are analyzed (n=7~8). M2 

macrophages (CD11b+, CD206+) and Eosinophils (CD11b+SiglecF+) in (c) iBAT and (d) colon were 

analyzed in HF and HF-Akk groups in WT mice and IL-6 knockout mice. Data are analyzed according to 

the unpaired two-tailed Student t-test, * and ** indicate significant difference (P < 0.05 and <0.01 

respectively). 

 

 

 

a 

c d 

b 
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Supplementary figure 7 

 

Fig.S7 Body weight was measured in A.muciniphila fed WT and IL-6KO mice. A.muciniphila had 

tendency to tolerate to weight loss before 4 weeks in IL-6 knockout mice, however, reduced final body weight 

significantly at 12 week. Data are analyzed according to the unpaired two-tailed Student t-test; NS means no 

significant, *, ** and *** indicate significant difference (P < 0.05, <0.01 and <0.001 respectively). 

 

Supplementary figure 8 

 

Fig.S8 A.muciniphila recovered liver steatosis in IL-6 knockout mice as well as WT mice (n=3). H&E 

staining of liver of LF, HF and HF-Akk groups were analyzed in WT and IL-6 knockout mice.  
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Fig.S10 Summary of workflow. In the experiment, 1) A.muciniphila was initially grown in 5% FBS 

containing BHI broth media for 36 hours then supernatant was obtained by centrifugation at 6,000 x g for 10 

min at 4 °C. 2) By molecular mass cut-off filtration, 5 different size fractionates were obtained. 3) By using 

in vitro system, each fractionate-induced GLP-1 expression in human L cells was measured. 4) By using 

FPLC systems, the effective size fractionates were separated in several fractionates by anion exchange 

columns. 5) Fractionates obtained from anion exchange chromatography were treated in human L cells then 

glp-1 was measured. Effective fractionates were determined. 6) Effective fractionates were concentrated by 

30 kda cut-off filtrates then applied to size exclusion column and separated by using FPLC systems to several 

fractionates. 7) The effective molecules containing fractionates were obtained. 8) The effective fractionate 

and control (Basal media) obtained from molecular mass cut-off filtrations, concentrates of the effective 

fractionates obtained from ion chromatography, lastly concentrates of fractionates from size exclusion 

chromatography were analyzed respectively, by using LC-MS/MS for protein identification. 
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Summary and Conclusions  

 

 Akkermansia muciniphila has been the most promising probiotic candidates since plethora of 

studies have been indicated its beneficial features on immunological and metabolic functions 

showing inverse correlation with several diseases, including obesity, type 2 diabetes and so on. In 

addition to recent discovery of A.muciniphila outer membrane protein that strengthening gut barrier 

functions preventing gut permeability, A.muciniphila is well-characterized gut microorganism to 

increase endocannabinoid like lipids which induce glucagon-like peptide-1 (GLP-1) as well as 

regulating host immune responses in adipose tissue. However, little is known about how does this 

bacterium directly regulate glucose metabolism. GLP-1 is an insulinotropic hormone which is 

induced by intestinal L cells in response to meal and functions to regulate glycemia by inducing 

insulin levels. Additionally, brown fat that specializes in heat generation (thermogenesis) improves 

glucose metabolism and insulin sensitivity. Here, we assessed whether A.muciniphila has direct 

functions to induce glucagon-like peptide in ileum and systematically. Furthermore, possible link 

between A.muciniphila and brown adipose tissue activation were proposed.  

A.muciniphila induces brown fat and glucagon-like peptide-1 via IL-6.  

 Brown fat has been the notably attractive therapeutic target for inducing glucose homeostasis 

through energy expenditure to combat obesity. Arousing evidences that identified succinate and 

butyrate were responsible for inducing brown fat activation suggested gut microbial metabolites 

have potential causal effects to induce brown fat activation. Here, we identified the linkage between 

A.muciniphila and interscapular brown adipose tissue activation by examining significant increased 

temperature on interscapular brown fat as well as uncoupling protein 1 (UCP1) in high fat diet mice 

supplemented with A.muciniphila. Although cecal metabolomics analysis did not identify any 

metabolites related to activation of brown fat, we identified the systemic increased insuliotropic 

hormone, glucagon-like peptide (GLP-1) which is associated with brown fat activation. The 

increased plasma and ileal GLP-1 as well as interscapular ucp-1 activation were not induced in IL-

6 knockout high fat diet mice with A.muciniphila administration demonstrating that IL-6 is required 

for the A.muciniphila induced glucose homeostasis effects via A.muciniphila-GLP-1-brown fat 
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activation axis. Additionally we also confirmed A.muciniphila induced IL-6 in colon and ileum 

demonstrating that intestinal induction of cytokine, IL-6 induced GLP-1 hormone potentially 

influences activation of distant metabolic organ, brown adipose tissue thereby regulating glucose 

homeostasis.   

Changes of gut microbiota according to A.muciniphila administration during high fat diet.  

 Numerous of studies demonstrated that obesity induced gut microbiota dysbiosis. Arousing 

evidences suggested that gut microbiota dysbiosis may contribute to insulin resistance and GLP-1 

resistance demonstrating that gut microbiota dysbiosis is not just consequences of obesity but has 

a causal effect on glucose metabolism. We found that A.muciniphila administration in high fat mice 

did not influence microbial diversity whereas significant increased abundance of Parabacteroides, 

Sutterella, Coprobacillus as well as A.muciniphila were observed. Desulfovibrionaceae and 

Mucispirillum schaedlerl which was significantly increased in high fat mice on the other hands, 

dramatically decreased according to A.mucinphila administration. For functional prediction by 

PiCRUST analysis, we confirmed that transcription machinery and arginine and proline 

metabolism pathway were increased in A.muciniphila administrated mice whereas bacterial 

motility proteins and bacterial chemotaxis related pathways were enhanced in high fat obese mice 

demonstrating that A.muciniphila induced the distinct metabolic pathway and microbial re-

construction during high fat diet. In the previous our study, we found that A.muciniphila is linked 

to brown fat activity, GLP-1 secretion as well as glucose metabolism. Thus, we analyzed the 

correlation analysis between A.muciniphila and metabolic parameters. A.muciniphila was 

positively correlated with interscapular brown adipose tissue temperature whereas negatively 

correlated with oral glucose tolerance area under the curve suggesting that abundance of the 

bacterium can be the potential biomarkers for brown fat activation and glucose metabolism. 

Interestingly enough, these results were only observed in IL-6 proficient mice, but not in IL-6 

knockout mice demonstrating that IL-6 is a critical factor in A.muciniphila induced brown fat 

activation as well as glucose metabolism.  

Secreted protein induced by A.muciniphila activates Glucagon-like peptide-1 secretion.  

 GLP-1 receptor agonists (GLP-1 RAs) has been appreciated for unique and specific roles in 



103 

 

glucose homeostasis for over the decades and recently approved for the treatment of obesity as well 

as type 2 diabetes. Growing evidences demonstrated that gut microbiota modulate 

endocannabinoid-like lipids that induces GLP-1. A.muciniphila was also identified to induce 2-

oleoyl glycerol (2-OG) which belong to endocannabinoid-like lipids that activates GLP-1 secretion. 

However, direct induction of GLP-1 in response A.muciniphila in vivo as well as in vitro were not 

studied yet. Here, we identified that culture supernatant, not cellular component of A.muciniphila 

induced GLP-1 in human L cells in vitro. We also identified that proteinase K digestion of culture 

supernatant did not induce GLP-1 indicating that secreted protein that potentially increases GLP-1 

secretion. Previously identified the novel membrane protein derived from A.muciniphila 

(Amuc_1100) which has anti-obesity effects is known to not increased endocannabinoid like lipids 

which induce GLP-1 suggesting that potential other bioactive target could be existed. Primarily, 

we narrowed down the target proteins through pore-size filtrates then analyzed for GLP-1 secretion. 

The effective size concentrates were again fractionated according to ion-exchange column as well 

as size-exclusion column via fast protein liquid chromatography. After that, we tested each 

fractionate for GLP-1 secretion. Eventually, we identified the GLP-1 inducing effective fractionate. 

Proteins were identified by LC-MS/MS based proteomic analysis. The identified proteins derived 

from A.muciniphila were expressed by e.coli expression system then tested for GLP-1 secretion. 

The potential target protein, called Amuc_1631 was verified to induce GLP-1 in vitro and regulate 

glucose homeostasis in vivo. These results provide the novel therapeutic target regulating GLP-1 

derived from A.muciniphila to combat obesity.   

 In this thesis, in order to determine how A.muciniphila modulate glucose metabolism, we 

investigated the potential linkage between gut and brown fat axis via IL-6. Furthermore, the role 

of A.muciniphila in shaping microbial ecology was described by microbiome analysis. Finally, we 

identified the single molecule derived from this bacterium which induces GLP-1 secretion in 

enteroendocrine L cells. In the future study, whether this single protein derived from this bacterium 

can module glucose homeostasis through brown activation via IL-6 axis should be further analyzed 

and potentially re-construct the microbial ecology.  
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국문 초록 (Abstract in Korean) 

아커만시아 뮤시니필라의 당 항상성 조절 기전 연구   

 

 서구화된 식습관과 항생제 남용 및 운동 부족은 장내미생물의 불균형을 초래하며, 이는 대

사질환을 포함한 당뇨, 암, 염증성 질환과 높은 상관관계가 있는 것으로 알려져 있다. 불균형

장내 미생물의 환경 개선을 위해 장내 미생물 이식은 최근 많은 각광 받고 있으며, 장내 미

생물 분리 단일 균주 투여에 의한 대사질환 방어 연구 또한 높은 관심을 받고 있다.  

 특히 아커만시아 뮤시니필라 균주는 유일한 항비만 장내 미생물 유래 균주로써 장벽 세포에 

점액질을 생산하는 유전자를 발현하도록 함과 동시에 지질 다당류 (lipopolysaccharide, LPS) 와 

같은 염증성 마커가 무너진 장벽을 투과하여 혈중으로 전달되는 것을 방어함으로써 항비만 

효능을 유도하는 것으로 보고된 바 있다. 뿐만 아니라 지방 세포 내 조절 T 세포의 발현을 

증가시켜 국부적인 염증 조절 또한 유도하는 것으로 알려져 있다. 최근에는 아커만시아 뮤시

니필라 막 유래 풍부한 선모 유사 단백질이 확인되었고 이 특정 단백질에 의한 내당능 및 장

벽 강화 효능이 확인되면서 장내 미생물 유래 활성 물질을 이용한 신약 개발의 가능성이 제

시 되고 있다.  

 갈색 지방은 지방을 저장하는 백색지방과 달리 발열반응을 통해 에너지를 소비하는 조직으

로  비만인 사람의 갈색지방은 활성이 낮고, 마우스에 갈색지방 이식 시 인슐린 민감성이 높

아지는 것이 보고된 바 있다. 최근 갈색지방이 성인에게도 존재한다는 사실이 밝혀지면서 비

만 치료를 위한 갈색지방 활성화 연구에 많은 관심이 집중되고 있다. 하지만 고지방 식이 마

우스에서 아커만시아 뮤시니필라가 갈색지방에 미치는 영향은 아직까지 보고된 바 없다.  

 글루카곤 유사 펩타이드 (glucagon-like peptide-1, GLP-1) 는 음식 섭취 후 장내분비세포를 자

극하여 분비되며, 시상하부 신경조절을 통해 식욕조절 유도 또는 췌장의 베타 세포를 자극하

여 체내 인슐린을 증가함으로써 당 대사를 조절하는 것으로 알려져 있다. 이전 연구에서도 

고지방 식이 마우스에 아커만시아 뮤시니필라를 경구투여 하였을 때, 장 내 GLP-1을 유도하

는 내인성 카나비노이드 유사 물질 (endocannabinoid like lipids) 계열,  2-oleoylglycerol (2-OG) 이 

증가되는 것으로 알려져 있어 GLP-1 유도 가능성을 제시한 바 있으나, 직접적으로 혈청 내에
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서 확인한 결과는 아직까지 없으며, 기존에 발견된 선모 유사 단백질의 경우 2-OG 발현 기능

이 없는 것으로 알려져 있다. 

 따라서 본 연구에서는 고지방 식이 중 아커만시아 뮤시니필라 투여시, 갈색지방 활성능 및 

GLP-1 발현능을 확인하고자 했으며, 아커만시아 뮤시니필라가 장내 미생물 균총에 미치는 영

향을 평가하고자 하였다. 또한 아커만시아 뮤시니필라 유래 GLP-1 유도 물질을 발굴하고 체

내에 미치는 영향을 분석하고자 했다.   

 두 번째 장에서는 아커만시아 뮤시니필라를 고지방 식이 마우스에 투여함으로써, 갈색 지방

에 미치는 영향 및 장에 직접적으로 미치는 면역반응을 확인하였다. 아커만시아 뮤시니필라

를 고지방 식이 마우스에 투여 시 기존 연구와 마찬가지로 체중감소 및 내당능 효과를 확인

하였다. 특이하게도 백색 지방에 해당하는 부고환 지방과 피하 지방 조직의 무게는 그룹간 

유의적인 차이를 보이지 않았으나, 갈색지방의 무게가 유의적으로 감소되는 경향을 확인하였

다. 뿐만 아니라, 갈색지방에서 갈색지방 활성 유전자들이 아커만시아 뮤시니필라 투여군에서 

유의적으로 증가하는 것을 확인함으로써 장에 정착한 아커만시아 뮤시니필라가 장으로부터 

먼 거리의 갈색지방 조직에 영향을 미치고 있음을 확인하였다. 아커만시아 뮤시니필라는 특

히 장의 회장 (Ileum) 과 결장 (Colon) 조직에서 염증성 사이토카인 (TNF-α, IL-1ß, IL-18) 을 감

소시켰고 반면  IL-6 사이토카인을 높게 발현시켰다. 장 조직에서 증가한 IL-6가 갈색지방에 

미치는 영향을 확인하기 위해 갈색지방 세포주 또는 고지방 식이 마우스 유래 갈색 지방 

primary cell에 IL-6를 직접 처리하였다. 그 결과, 갈색지방 관련 유전자가 증가되는 것을 확인

하였고, 이를 통해 아커만시아 뮤시니필라에 의해 장 조직에서 증가한 IL-6가 갈색지방에 영

향을 미칠 가능성을 제시할 수 있게 되었다. 반면 혈청 또는 장간막 림프절에서 IL-6 가 증가

되는 양상은 확인할 수 없었다. 따라서 IL-6 결핍 마우스를 이용하여 고지방 식이를 유도한 

뒤, 아커만시아 뮤시니필라를 투여 후 갈색지방 활성 유전자의 발현 여부를 정상 마우스와 

비교 하였다. 흥미롭게도, 아커만시아 뮤시니필라 투여에 의해 증가한 갈색지방 마커는 IL-6

가 있는 마우스에서만 유도되었으며, 갈색지방의 피부 및 직장 체온을 측정하였을 때도 비슷

한 양상을 관찰할 수 있었다. 흥미롭게도 아커만시아 뮤시니필라를 투여한 그룹의 회장 조직

과 혈청에서 식욕조절 호르몬인 GLP-1이 비투여군에 비해 높은 수준으로 발현됨을 확인하였

으며, 이러한 현상이 IL-6가 없는 상황에서는 유도되지 않음을 확인함으로써, 아커만시아 뮤
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시니필라가 숙주의 IL-6 사이토카인에 의해 식욕조절 호르몬, GLP-1을 장 조직 뿐만 아니라 

전신적으로 발현됨을 확인하였다. 마지막으로 구강 글루코스 저항성 테스트를 통해 아커만시

아 뮤시니필라가 글루코스 항상성 유지를 위해 IL-6가 필수적인 요소임을 확인하였으며 이에 

갈색지방과 GLP-1 이 관여할 것으로 사료된다.   

 세 번째 장에서는 아커만시아 뮤시니필라가 장내 미생물 균총에 미치는 영향을 확인하고자 

16S 염기서열 분석을 통해 변화된 균총을 분석하였다. 아커만시아 뮤시니필라 투여는 장내미

생물의 종 다양성에 영향을 미치지 못했으나, 베타 다양성에서 군집의 차이를 보였으며, 특히

Parabacteroides, Sutterella, Coprobacillus 균주가 투여한 아커만시아 뮤시니필라 균주와 함께 유

의적으로 증가하는 것을 확인하였다. 반면 고지방 식이 그룹에서 증가했던 Desulfovibrionaceae, 

Mucispirillium schaedlerl 와 같은 균주는 아커만시아 뮤시니필라 투여 그룹에서 유의적으로 감

소하는 것을 확인했다. 또한 PiCRUST 분석을 통해 아커만시아 뮤시니필라 투여 그룹에서 

transcription machinery, arginine and proline metabolism, glycan degradation 과 같은 대사경로가 증가

하는  것을 확인하였고, 고지방 식이 그룹에서는 bacterial motility proteins, bacterial chemotaxis 와 

같은 대사 경로가 증가함을 확인하였다. 반면 IL-6 결핍 마우스의 경우 균주 투여 시, 

Desulfovibrionaceae, Mucispirillium schaedlerl 와 같은 균주가 증가하고 bacterial motility proteins, 

bacterial chemotaxis 와 같은 대사 경로가 증가하는 반면, 고지방 식이에서는 마우스에서 아커

만시아 뮤시니필라 균주와 S24-7, Rc4-4 균주 등이 확인되어, 유전자 결핍이 없는 정상 마우스

와는 특이적인 패턴을 확인할 수 있었다. 이전 우리 결과에서 아커만시아 뮤시니필라가 구강 

글루코스 항상성 유지와 갈색지방 활성 유전자를 높임을 확인한 바 있다. 아커만시아 뮤시니

필라와 글루코스 항상성 및 갈색지방 온도는 양의 상관관계가 있음을 확인하였으며, 이는 IL-

6 결핍 마우스에서는 확인할 수 없었다. 또한 균주 투여를 통해 장에서 염증성 사이토카인 

마커가 유의적으로 감소하던 현상 또한 IL-6 결핍 마우스에서는 확인 할 수 없었다. 이를 통

해 IL-6 는 장내 미생물의 균형을 유지하며, 고지방 식이 시 아커만시아 뮤시니필라 투여에 

의해서도 글루코스 항상성과 갈색지방를 유도하지 못하는데에는 장내 미생물도 부분적으로 

영향을 미치고 있음을 확인하였다.  

 네 번째 장에서는 아커만시아 뮤시니필라가 GLP-1 을 유도하는 이전 결과를 토대로 장내분

비세포 (L 세포) 를 이용하여 체외 시스템에서 균주 유래 GLP-1 유도 분획을 선별하고 타겟 
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활성물질을 동정, 합성하여 체내에 미치는 영향을 분석하고자 하였다. 체외 장내분비세포에서 

아커만시아 뮤시니필라는 균주 자체가 아닌 배양액에 의해 GLP-1이 발현됨을 확인하였으며, 

다른 락토바실러스 또는 비피도박테리아 균의 배양액 보다 높은 수준으로 발현됨을 확인하였

다. 특히 단쇄지방산은 GLP-1 분비에 관여한다고 보고된 바 있어, 아커만시아 뮤시니필라에 

의해 발현되는 아세트산과 프로피온산을 처리 한 결과 배양액 보다 현저히 적은 량의 GLP-1

이 발현됨을 확인하였다. 배양액 내 활성물질을 분리하기 위해 크기별 필터를 이용하여 농축

한 샘플을 확보하였고, 흥미롭게도 100 kDa ~ 300 kDa 사이의 분획에서 높은 수준의 GLP-1 이 

발현됨을 확인하였다. 또한 단백질 분해 효소 처리를 통해 분획 내 단백질에 의해 유도됨을 

확인했고, 이를 단백질 동정하였으나, 100개가 넘은 단백질이 동정되어 선별하는데 어려움이 

있었다. 이 후 효능 단백질 분획을 fast protein liquid chromatography (FPLC)를 통해 음이온 교환 

컬럼으로 분획화 하여 각 분획을 L 세포에 처리한 뒤, GLP-1 유도 분획을 확보한 뒤, 농축 후 

다시 크기 컬럼으로 분획화를 진행하였다. 동일 방법으로 각 분획을 L 세포에 처리하여 GLP-

1 발현 분획을 확보한 뒤, 농축 후 다시 단백질 동정을 시도한 결과 아커만시아 뮤시니필라

에 mapping 되는 10개의 단백질이 동정되었다. 재조합 타겟 단백질을 plasmid 에 삽입 후 

E.coli expression 을 통해 9개의 단백질이 발현 되었으며 분리 후 L 세포에 동일 단백질 농도

로 처리 후 GLP-1 발현을 측정했다. 그 결과 protein 1 (B2UKW8; phosphoglycerate kinase; 42 kDa), 

protein 5 (B2URM2; Peptidyl-prolyl cis-trans isomerase; 30 kDa) 그리고 protein 9 (B2UM07; Carboxyl-

terminal protease; 83 kDa)가 유의적으로 GLP-1 분비를 유도하였으며 그 중 B2UM07 단백질이 

가장 유의적으로 높은 수준의 GLP-1 발현을 유도하는 것을 확인하였다. 이 후, 각 단백질의 

체내 글루코스 저항성 능력을 측정하기 위해, 정상 식이 마우스에 복강으로 각 단백질을 매

일 투여 후 일주일 뒤 내당성 테스트를 실시한 결과, 음성 대조군에 비해 B2UM07 투여군에

서 가장 효과적인 내당능을 확인할 수 있었다. 본 연구는 장내 미생물 중 아커만시아 뮤시니

필라 유래 GLP-1을 유도하는 특정 단일 단백질을 확인하고 체내에서 글루코스 항상성을 조

절하는 기능을 확인한 연구로, 기존에 알려진 선모 유사 단백질 보다 그 내당능 효과가 우수

하다는 점에서 의미있다고 볼 수 있다.    

 대사질환과 면역을 아우르는 대사면역 (immune-metabolism) 분야와 장내 미생물 (gut 

microbiota) 분야는 단일 균주에 대한 대사질환에서의 역할과 기전을 규명하기 위해 필수적인 

학문 분야다. 그럼에도 불구하고, 많은 연구가 진행되고 있지 않다. 본 연구는 아커만시아 뮤
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시니필라 균주에 의한 새로운 기전이 호스트의 특정 사이토카인에 의존적임을 확인하였으며, 

장내미생물 분석을 통해 장내 미생물의 불균형이 부분적으로 기여할 수 있음을 확인하였다.       

아커만시아 뮤시니필라는 차 후 사람에게 비만 조절 유산균으로 활용될 수 있는 가능성이 제

시되고 있어 궁극적으로 본 연구가 사람에게도 적용가능한지 추가적인 연구를 통해 밝혀져야 

할 것이다. 또한 비만 예방 및 치료에 있어서, 유산균 섭취 시 보다 과학적인 접근법이 필요

함을 제시한다.   

 

표제어: 아커만시아 뮤시니필라, 갈색지방, 글루카곤 유사 펩타이드, 인터루킨 6, 장내마이크로

비옴 
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