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ABSTRACT 

 

Mechanism whereby protein P9, secreted by Akkermansia muciniphila, 

improves glucose homeostasis and ameliorates metabolic disease 

 

 

 

Chung Hwan Cho 

Department of Public Health  

Graduate School of Public Health  

Seoul National University  

 

Obesity is a multifactorial disease that is characterized by overweight, excessive accumulation of 

adipose tissue, and loss of glucose homeostasis. Over the past decade, many studies have shown 

that the gut microbiota plays a role in the pathophysiology of obesity and type 2 diabetes. The best 

known mechanism whereby the gut microbiota induces obesity is a loss of gut integrity (the “leaky 

gut” theory), which increases the plasma lipopolysaccharide (LPS) concentration, and induces 

systemic low-grade inflammation and obesity. However, the causal links between the mild 

inflammation generated by the microbiota, metabolic imbalances, and obesity are not firmly 

established. Numerous studies have identified many bacterial taxa that have positive or negative 

links to obesity. However, the current challenge in the field is to identify other mechanisms that 

may include other emerging targets of obesity, such as heat generation by brown adipose tissue 

(BAT) and the induction of gut hormones, such as glucagon-like peptide-1 (GLP-1). A number of 

studies have already linked the gut microbiota with metabolic imbalances through bacterially-
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derived proteins. This leads to the possibility that gut microbe-derived proteins could be 

specifically targeted to modulate the effects of gut microbes, without causing adverse effects that 

are connected with other components of the bacteria. 

Emerging evidence suggests that the gut microbiota regulates BAT activity, which increases 

glucose uptake and insulin sensitivity. In addition, Akkermansia muciniphila is known to induce 

the browning of white adipose tissue, and previous studies have shown that it can induce the 

production of endocannabinoid like-lipids, can in turn induce GLP-1 production. However, the 

exact mechanism whereby Akkermansia muciniphila has an anti-obesogenic effect remains to be 

established. 

In this thesis, I show that the Akkermansia muciniphila-derived protein P9 has an anti-obesogenic 

effect that is mediated by greater thermogenesis and secretion of GLP-1. These mechanisms were 

evaluated in three ways. First, I administered P9 daily to high-fat diet-fed mice and interleukin 

(IL)-6 knockout mice, and showed that the thermogenesis and GLP-1 secretion were IL-6-

dependent. Second, I screened the downstream signals that are known to induce GLP-1 secretion 

and performed a pull-down assay to identify the receptor for the P9 protein, to determine how the 

effects of GLP-1 are mediated. Third, I aimed to determine whether the anti-obesogenic effect of 

P9 is GLP-1 signaling-dependent, using GLP-1 receptor (GLP-1r) knockout (KO) mice. Finally, I 

analyzed the gut microbiome of the P9-treated high-fat diet fed-mice to characterize the 

relationship between P9 and the microbial community. 

The P9-fed obese mice showed more normal glucose homeostasis than high-fat diet-fed mice. 

Notably, the BAT mass was significantly higher, as was the expression of markers of thermogenesis. 

Moreover, the ileal and systemic concentrations of GLP-1 were significantly higher. Interestingly, 

previous studies have shown that thermogenesis and GLP-1 induction are related to IL-6 secretion, 

and consistent with this, the effects of P9 to improve obesity and glucose homeostasis were 

abrogated in IL-6 KO mice, which confirms that the effects of P9 on GLP-1 and BAT activation 

are IL-6 dependent. 

GLP-1 secretion was induced by the P9 protein, but to determine whether this mediated its 

beneficial effects, I studied GLP-1r KO mice. I found that thermogenesis in high-fat diet-fed mice 

was dependent on GLP-1, but the secretion of GLP-1 was independent of GLP-1 signaling. In 
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addition, P9 administration affected the composition of the gut microbiota in terms of both alpha 

and beta diversity. In wild-type mice, the genera Allobaculum, Lactobacillus, and Prevotella were 

less abundant, whereas Parabacteroides and Bacteroides were more abundant. Furthermore, 

according to pathway analysis using PICRUSt2 prediction and the MetaCyc database, mevalonate 

synthesis was lower, and this pathway is known to be dysregulated in diabetes, because mevalonate 

is part of the cholesterol synthesis pathway. This is consistent with the increase in the abundance 

of Parabacteroides, which is known to be associated with lower activity of the mevalonate pathway. 

P9 did not induce GLP-1 secretion through a G-protein-coupled receptor (GPCR), but induced 

GPCR-like activation of intracellular calcium signaling that was CREB and PLC-mediated. Mass 

spectrometric analysis of a pull-down assay that was performed using the TriCEPS technique 

showed that P9 bound to the human ICAM-2 receptor and could activate GPCR-like signaling to 

induce GLP-1 secretion by the enteroendocrine cells of the host. In addition, to analyze the 

relationship between IL-6 and ICAM-2, I measured ICAM-2 expression in the ileum, which is the 

main source of GLP-1, and found that it was downregulated in the IL-6 KO mice. 

In conclusion, in this thesis, I have provided insight into the mechanisms whereby the novel 

protein P9 (Amuc_1631), derived from Akkermansia muciniphila, affects glucose metabolism by 

analyzing its effects on thermogenesis and GLP-1 secretion in high-fat diet-fed, obese mice. P9 

binds to the ICAM-2 receptor and activates intracellular calcium signaling, which induces GLP-1 

secretion. Furthermore, the anti-obesogenic effects of P9 were dependent on both IL-6 and GLP-1, 

which implies that crosstalk between the gut microbiota and the host is important for the beneficial 

metabolic effects of P9. Finally, I have shown that P9-induced GLP-1 secretion improves glucose 

tolerance, which implies that it may represent an alternative therapeutic target for metabolic 

disorders. 
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Gut microbiota: a historical point of view 

Humans can be called “supraorganisms”, because their physiology is in part determined by a 

complex microbiota that includes bacteria and other organisms1. The gut microbiota is an emerging 

target of research, as demonstrated by an exponential increase in the number of scientific 

publications on this subject. Microbiology has been studied since the 1800s, when it was 

principally concerned with the identification of pathogens, which were referred to as evil spirits, 

curses, or a form of unknown negative energy. However, Louis Pasteur observed that in sterile 

conditions, fermentation could not occur, and this become the basis of the theory of spontaneous 

generation2. Later, researchers started to isolate bacteria. The first known isolate was made by 

Theodor Escherich (Escherichia coli)3 and, subsequently, isolates such as Veillonella parvula4 and 

bifidobacteria5 were prepared. Then, researchers focused on individual molecules present in 

bacteria, which led to the discovery of lipopolysaccharide (LPS) by Bocci, who found that it 

induces the production of interferons and other cytokines, which are major components of the 

immune system in humans6. It was then shown that LPS is a ligand of toll-like receptor (TLR) 4, 

which was the start of investigations aimed at understanding the microbiome and TLR response7. 

With the inauguration of the Human Microbiome Project in 2007, the detailed characterization of 

the microbiome of the gut began, using advanced whole-genome sequencing technology that is 

also referred to as next generation sequencing (NGS)8. This new technology permitted researchers 

to better understand the relationships between the gut microbiome and certain chronic diseases9,10. 

In addition, it is now thought that the targeting of the microbiome may represent an important 

aspect of personalized medicine that may be of great significance for human well-being11. 

 

Chronic metabolic diseases and their relationships with the gut microbiota 

A large number of previous studies have shown associations between the composition of the gut 

microbiota and metabolic diseases such as obesity or diabetes10. This led to a consensus that there 

is a relationship between the intestinal microbiota and metabolic diseases12. Some of the key studies 

were performed by the Frontier study group and the research team of Gordon J. I., which reported 

that the gnotobiotic transfer of the gut microbiota from lean mice to obese mice reduces metabolic 
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stress in the latter13. In addition, the research group of Backhed F. has reported that the well-known 

antidiabetic drug metformin affects the composition of the gut microbiota14, and the group of 

Ehrlich, S. D. has reported that patients with metabolic diseases have less rich microbiomes15. 

However, by contrast, other studies have shown that global changes in gut microbial composition 

do not affect the metabolism of obese mice or humans16-18. Nevertheless, some specific gut bacterial 

species have been isolated and shown to have effects on host metabolism; for example, 

Akkermansia muciniphila, by the group of Cani, P. D.19-23; and Prevotella copri, by the group of 

Backhed, F.24,25. Knowledge of the human gut microbiota and its associations with metabolic 

diseases must be developed further, but these findings have altered the perception of researchers 

and may suggest novel approaches to the treatment of such diseases26. 

Specific bacteria such as Akkermansia muciniphila or Prevotella copri have been shown to have 

beneficial effects on host metabolism when administered to mice by gavage27. Previous studies 

showed that the gut bacteria communicate with the host mucosa by means of metabolites or other 

molecules28. Among these, short-chain fatty acids (SCFAs), which are produced by the 

fermentation of dietary fiber, have beneficial effects on host metabolism through the activation of 

intestinal gluconeogenesis and the regulation of host lipid metabolism29. However, other bacterial 

metabolites may also mediate communication between the microbiota and the host. The group of 

Cani. P. D. has reported that a surface protein of Akkermansia muciniphila, Amuc1100, has 

beneficial effects in high-fat diet-induced obese mice, including a reduction in body mass and 

improvements in glucose and insulin tolerance 30-34. In addition, the bacterial chaperone protein 

ClpB, which is expressed in commensal and pathogenic bacteria, has been shown to regulate 

appetite35. These studies have provided insights not only into metabolites of the gut microbiota, but 

also cellular components of the gut bacteria that have beneficial effects on host metabolism36,37. 

However, causal relationships between these molecules that are derived from specific bacteria and 

changes in host parameters remain to be established. 
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Brown adipose tissue as a mediator of the effects of gut microbiota on obesity and diabetes 

Obesity has become a pandemic, but efforts to tackle this have not been effective, and thus the 

need to identify new means of preventing and treating obesity continues to grow. Obesity is thought 

to be caused by an imbalance in energy metabolism38. However, the approved anti-obesity drugs 

mainly reduce energy intake and none increase energy expenditure39. Adipose tissue was 

considered to be simply a lipid storage organ until the late 1980s, when it was discovered that it 

secretes hormones and cytokines that influence systemic metabolism. In addition, it is now known 

that adipose tissue exists in three types: brown, beige, and white, which have differing 

characteristics. In summary, white adipose tissue principally stores energy and increases in mass 

in obesity40, whereas brown adipose tissue dissipates energy as heat (thermogenesis), thereby 

increasing energy expenditure, and this has led to the creation of a new research field aimed at 

exploiting this attribute for the treatment of obesity. Before the technology of positron emission 

tomography-computed tomography was developed, brown adipose tissue (BAT) was thought to 

exist only in young infants, but between 2008 and 2010, studies published in the New England 

Journal of Medicine showed that BAT also exists in adults and that its mass correlates with body 

mass index (BMI) and age. This provoked the idea that strategies that increase BAT mass may 

represent effective treatments for obesity41-46. 

It has also been shown that white adipocytes can be induced to become thermogenic beige 

adipocytes (so-called “browning”)47. In 2015, the group of Trajkovski. M. reported that the 

depletion of the gut microbiota in mice increases their energy expenditure by promoting the 

browning of white adipose tissue. Furthermore, the activation of BAT by cold shock changes the 

gut microbial composition, and the transfer of this altered bacterial population to germ-free high-

fat diet-fed mice induces the browning of their adipose tissue and increases their energy 

expenditure, making them resistant to metabolic stress48,49. This implies that the gut microbiota can 

influence metabolic homeostasis by upregulating BAT thermogenesis-associated energy 

expenditure. Therefore, a deeper understanding of the relationship between the gut microbiota and 

adipose tissue metabolism could lead to the development of novel therapies for obesity. 
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Akkermansia muciniphila as a potential source of therapies for metabolic diseases 

The gut microbiota has now been heavily researched, and it has been shown that instead of being 

bystanders, gut bacteria have significant interactions with their host50. Many bacterial isolates have 

now been studied, but one of the principal targets has been the relationship between Akkermansia 

muciniphila and metabolic diseases51,52. Akkermansia muciniphila is an ovoid bacterium that is 

very strictly anaerobic, non‐motile, and Gram‐negative. It was first isolated at Wageningen 

University in the Netherlands in 2004 by Willem M. de Vos during his efforts to identify a human 

gut microbe that can degrade mucin53. A relationship between Akkermansia muciniphila and 

obesity and type 2 diabetes was first reported by the group of Cani. P. D. They discovered that the 

administration of a prebiotic (oligofructose) increases the abundance of Akkermansia muciniphila 

in the cecum of mice and that there is an associated loss of fat mass in the host. Furthermore, they 

showed that the feeding of a 60% high-fat diet causes the epithelial cell barrier of the intestine to 

break down, causing a “leaky gut”. This breakdown of the intestinal barrier causes an increase in 

the circulating concentration of LPS, which results in a mild state of inflammation and obesity in 

the mice. However, when Akkermansia muciniphila is administered alongside the high-fat diet, the 

thickness of the intestinal mucus is maintained, which improves gut barrier function and reduces 

the systemic LPS concentration37. In addition, a reduced abundance of Akkermansia muciniphila 

has been shown to reduce energy expenditure during cold exposure48, and its abundance also 

correlates with the extent of fat browning54,55. Furthermore, many previous studies have shown that 

the consumption of substances that have anti-obesity effects also increase the abundance of 

Akkermansia muciniphila in the gut56. 

Although it has been technically difficulty to commercialize the preparation of Akkermansia 

muciniphila, a pasteurized form of the bacteria has been administered and this has been shown to 

have beneficial effects on host health57-60. Nevertheless, it is thought that increases in the 

populations of other bacteria, such as Faecalibacterium prausnitzii, Bifidobacterium, and 

Lactobacillus, may result in the production of larger amounts of SCFAs, which could be the 

principal mediators of the anti-obesity effects of administering Akkermansia muciniphila61. In 

addition, some previous studies have shown that Akkermansia muciniphila may act as a pathobiont 

to promote colitis62; however, recent studies have shown that the administration of pasteurized 
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Akkermansia muciniphila ameliorates colitis-associated tumorigenesis by modulating the CD8+ T-

cell population in mice63. Therefore, further studies are necessary to fully understand the 

relationship between Akkermansia muciniphila and host responses, but nevertheless, this bacterial 

species may represent a candidate for the therapy of metabolic diseases. 
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Objectives and hypothesis 

 

Objectives 

The objectives of this study were 1) to determine the impact of the protein P9, secreted by 

Akkermansia muciniphila, in IL-6 knockout mice, 2) to identify the signaling pathway responsible 

for the secretion of GLP-1 in L cells, 3) and to determine whether the anti-obesogenic effects of P9 

are retained when GLP-1 signaling is inhibited in high-fat diet-fed mice. 

Hypothesis 1 

P9 will have IL-6-dependent anti-obesogenic effects in high-fat diet-fed mice. 

 

Hypothesis 2 

The anti-obesogenic effects of P9 will be GLP-1r-dependent in high-fat diet-fed mice. 

 

Hypothesis 3 

P9 will induce GLP-1 production in intestinal L cells by binding to the ICAM-2 receptor 
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CHAPTER II. 

 

 

Akkermansia muciniphila-derived P9 protein has an IL-6-dependent 

anti-obesogenic effect  
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Introduction 

Obesity and metabolic diseases, including fatty liver disease and type 2 diabetes, have together 

constituted a pandemic over the past four decades. The discovery of links between obesity and the 

gut microbiota has led to the development of a field of research aimed at identifying novel 

treatments for obesity and other host energy disorders. One of the most beneficial gut microbes, 

which has been shown to prevent the development of obesity and gut barrier dysfunction, is 

Akkermansia muciniphila 64. Akkermansia muciniphila is an ovoid bacterium that is very strictly 

anaerobic, non‐motile, and Gram‐negative, and comprises ~3% of the total gut microbiota in 

healthy individuals 65. This species is less abundant in patients with metabolic disorders, but can 

increase in abundance when substances with an anti-obesity effect are consumed. 

Many studies conducted using live bacteria or a pasteurized form have shown that it has an anti-

obesity effect in both mice and humans32. The underlying mechanisms of this effect of Akkermansia 

muciniphila have yet to be fully characterized. However, one of the best-known mechanisms is that 

the bacterially derived protein Amuc_1100 has an anti-obesity effect and also preserves intestinal 

barrier function in the same way as the administration of live or pasteurized bacteria does. 

Amuc_1100 was identified following the discovery that pasteurized bacteria have a more potent 

anti-obesity effect than live bacteria. The investigators made a list of candidate proteins that are 

stable at high temperature and then screened these using human peripheral blood mononuclear cells, 

measuring the cytokine response to each. In addition, they assessed the integrity of the intestinal 

barrier of the Caco-2 cell line using a transepithelial electrical resistance assay, and found that 

Amuc_1100 elicited the best response of the candidates. Furthermore, Amuc_1100 was shown to 

elicit a superior anti-obesity response to the entire bacteria in high-fat diet-fed mice and this was 

shown to be TLR2 signaling-dependent. 

The principal mechanism whereby Akkermansia muciniphila improves glucose homeostasis is the 

preservation of intestinal barrier integrity, which leads to a lower systemic concentration of LPS 

and less inflammation. The link between the gut microbiota and brown adipose tissue (BAT) is a 

hot current area of research. Some previous studies have shown that specific compositions of the 

gut microbiota can induce BAT activation, which ameliorates obesity in high-fat diet-fed mice. 
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BAT is known to dissipate energy as heat (thermogenesis), thereby increasing energy expenditure, 

and this too is now an important area of research for the treatment of obesity. Recently, 

Akkermansia muciniphila was reported to induce the browning of adipose tissue through the 

expression of uncoupling protein 1 (UCP1), which causes the dissipation of energy as heat. 

However, the mechanism whereby Akkermansia muciniphila improves browning has yet to be fully 

elucidated. Indeed, the underlying mechanisms whereby it affects both BAT and IL-6 secretion and 

regulates glucose homeostasis, fatty acid oxidation, and lipolysis also require elucidation. IL-6 was 

reported to be secreted by macrophages when they were treated with the Akkermansia muciniphila-

derived protein Amuc_1100, and the induction of adipose browning by pasteurized bacteria implies 

the existence of an interaction between these factors66. Here, the links between Akkermansia 

muciniphila, IL-6, and the anti-obesogenic effect mediated through BAT will be characterized in 

high-fat diet-fed mice 67. Furthermore, I will determine whether a single protein expressed by 

Akkermansia muciniphila, protein 9 (P9), has anti-obesogenic effects that are dependent on IL-6 

and BAT activation 68. 
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Materials and Methods  

Experimental animals 

C57BL/6J mice (SLC Inc, Shizuoka, Japan) were housed, no more than four per cage, in a 

pathogen-free animal facility under a 12-h light/dark cycle and were allowed free access to food 

and water. Six-week-old male mice were fed either a low-fat diet (LF; D12450K, Research Diets, 

New Brunswick, NJ) or a high-fat diet (HF; D12492, Research Diets). At the end of the treatment 

period, the mice were sacrificed and analyzed. The mice were matched for body mass and 

randomized to groups before each experiment and the variance in each data set was compared 

between the groups using Barlett’s test. Experiments were not performed in a blinded manner. 

Food intake and body mass were measured once a week.  

The purified protein from Akkermansia muciniphila, P9 (100 μg per mouse) was orally (or 

intraperitoneally) administered during HF feeding and the results were compared with those of 

the HF-fed group. The mice were sacrificed at 8 weeks and then analyzed (LF: n=8, HF: n=8, 

HF+P9: n=8). The effects of P9 were also analyzed in IL-6KO mice consuming an HF and the 

results were compared with those of WT mice that were administered P9. IL-6KO mice (Jackson 

Laboratory, Bar Harbor, ME) on a C57BL/6J background were used and age- (6 weeks) and sex- 

(male) matched mice WT on the same background were used as controls (WT HF: n=8, HF+P9: 

n=8, IL-6KO HF: n=6, HF+P9: n=6). At the end of the experiments, the animals were 

anesthetized with isoflurane and blood samples were collected by retro-orbital sinus puncture, 

then the mice were killed by cervical dislocation.  

 

Glucose and insulin tolerance testing 

Glucose tolerance testing was performed using oral gavage of 2 g kg-1 body mass or the i.p. 

administration of 1 g kg-1 body mass glucose after 16 h of fasting (22:00–14:00). Blood samples 

were collected by tail tip bleeding 0, 15, 30, 60, 90, and 120 min later, and the blood glucose 

concentrations were measured using a glucometer (Accu-Check Performa; Roche Diagnostics, 

Basel, Switzerland). Intraperitoneal insulin tolerance testing was carried out 1 week after the 

IPGTT. Mice were fasted for 5 h (09:00–14:00), then insulin (Humulin R, Eli Lilly) was injected 

at a concentration of 0.5 U kg-1 body mass, then their blood glucose concentrations were 
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measured, as above. 

 

RNA isolation and real-time qPCR analysis 

RNA was extracted from tissues using an Easy-spin Total RNA extraction kit (iNtRON 

Biotechnology, Seongnam, Korea). RNA was reverse transcribed using a LeGene cDNA 

synthesis master mix (LeGene, San Diego, CA) in accordance with the manufacturer’s 

instructions. The relative mRNA expression levels were determined by real-time PCR using a 

Rotor-Gene Q (Qiagen, Inc., Valencia, CA) or QuantStudio 6 flex Real-Time PCR (Thermo 

Scientific, Rockford, IL). The sequences of the primers used for RT-PCR are listed in Table 1. 

 

Table 1 

 

Gene TaqMan probe 

Mouse Gapdh Mm99999915_g1 

Mouse Ucp1 Mm01244861_m1 

Mouse Cidea Mm00432554_m1 

Mouse Ppargc1a Mm01208835_m1 

Mouse Gcg Mm00801714_m1 

Mouse Pcsk1 Mm00479023_m1 

 

Table 1. Sequences of the probes used for real time PCR 

 

Histologic analysis 

The epididymal, interscapular, and inguinal fat pads were fixed in 4% formaldehyde, processed 

into paraffin blocks, sectioned, and stained with hematoxylin and eosin (H&E). Slides were 

scanned under a light microscope using Imaging Sys (Nikon, Melville, NY). The mean adipocyte 

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

 

Temperature measurement 



 

13 

 

The skin temperature over the iBAT was recorded using an infrared camera (T420 Compact-

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

tools software. Eight mice per group were briefly anesthetized using isoflurane, and the mean 

temperature of the area surrounding the iBAT was recorded from each picture and analyzed. 

Rectal temperature was measured using a digital thermometer (Testo 925, Testo AG, Germany), 

following the manufacturer’s protocol. To cold-stress the mice, they were individually placed in a 

5°C and 40–60% humidity-controlled chamber. 

 

Plasmid constructs and protein expression 

The nucleotide sequences of the following genes were obtained by whole-genome sequencing 

conducted at Macrogen Inc. (Seoul, Korea) using the isolated Akkermansia muciniphila strain 

SNUG-61027: B2UKW8, B2UL75, B2UN39, B2UND1, B2URM2, B2UL96, B2UN36, 

B2UPD6, and B2UM07. The homologous protein to P9 was identified in E. coli DH5α (EcPrc) in 

the UniProt database (https://www.uniprot.org/). The Amuc_1100-expressing plasmid was as 

previously described36. Each of the corresponding DNAs was cloned into the pET-26b plasmid 

(Novagen, Darmstadt, Germany), which contains an isopropyl β-D-1-thiogalactopyranoside 

(IPTG)-inducible promoter. The following primer sequences is listed in Table 2 that was used for 

the construct. Bolded sequences are restriction sites for Nde1 and XhoI enzymes, respectively 

(Thermo Fisher Scientific). A His-tag was added to the C-terminal of each protein for subsequent 

purification. The correct sequences of the resulting plasmids were then confirmed. These vectors 

were transformed into BL21 Escherichia coli (RRID: WBHT115(DE3)) and grown in LB-broth 

containing kanamycin (50 μg ml-1), to which 1.0 mM IPTG was added during the mid-

exponential growth stage, after which an additional 4 h was provided for protein expression. The 

cells were pelleted by centrifuging for 10 min at 10,733 x g and the cell pellets stored at −80°C 

until lysis. The cell pellets were resuspended and lysed by sonication (Vibracell VCX500, Sonics 

& Materials Inc, Newtown, CT). For protein purification, TALON® Metal Affinity resin and a 

HisTALON buffer kit (Takara Bio USA, Inc, Mountain View, CA) were used, as per the 

manufacturer’s instructions, with minor modifications. The purified proteins were then dialyzed 

against endotoxin-free distilled water. Removal of endotoxin from the purified protein solution 

https://www.uniprot.org/
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was accomplished by treatment with 1% Triton X-114 (Sigma-Aldrich) for 30 min at 4°C. The 

phase containing the endotoxin was separated by centrifugation at 12,000 RPM for 10 min. This 

procedure was repeated three times. The purified proteins were then incubated with SM-2 beads 

(Bio-Rad Laboratories, Inc., Hercules, CA) for 1 h at 4°C to remove residual Triton X-114 three 

times. The purification of each protein was confirmed using SDS-PAGE and Coomassie blue 

staining by the presence of single band of the expected size. 
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Table 2 

Protein ID Forward primer sequence (5’–3’) Reverse primer sequence (5’–3’) 

B2UKW8 
5'-AAG GAG ATA TA CAT ATG GCT 

AAA CTT ACT GTT CGC GAC-3' 

5'-GGT GGT GGT G CTC GAG CTT 

GCC GCA GCA GCA CTT G-3' 

B2UL75 
5'-AAG GAG ATA TA CAT ATG GAT 

AAT TCA TCA TCA CGC CGT C-3' 

5'-GGT GGT GGT G CTC GAG CTG 

GAC GAT GCC CAG CG-3' 

B2UN39 
5'-AAG GAG ATA TA CAT ATG AAA 

ACA GCA TTA CCA ACC ATC-3' 

5'-GGT GGT GGT G CTC GAG GTA 

TTT TCC GTA TAA TGG CCC-3' 

B2UND1 
5'-AAG GAG ATA TA CAT ATG GCA 

TTA AGC GCC ACG GC-3' 

5'-GGT GGT GGT G CTC GAG GTT 

GGC CGG GGC CGC A-3' 

B2URM2 
5’-AAG GAG ATA TA CAT ATG AAG 

ATG AAA CCT TCC ATC G-3' 

5’-GGT GGT GGT G CTCGAG CTG 

CTG CTG GGC GCC GCT-3' 

B2UL96 
5'-AAG GAG ATA TA CAT ATG AGT 

AAC ATT CCT TCC AAT GAA C-3' 

5'-GGT GGT GGT G CTC GAG GCT 

CCG GAA AAG GTT TAG AT -3' 

B2UN36 
5'-AAG GAG ATA TA CAT ATG TCA 

GAA GAC TGG TCA ATC TCC-3' 

5'-GGT GGT GGT G CTC GAG TTT 

ACC GGA TTT TCC CAG TT-3' 

B2UPD6 
5'-AAG GAG ATA TA CAT ATG AAG 

GCA TTT ACC ATC ACC TCC-3' 

5'-GGT GGT GGT G CTCGAG TTT 

CAT TTC CAC GAC GGC TT-3' 

B2UM07 
5'-AAG GAG ATA TA CAT ATG AAC 

ATG CAC TCA TTC CGT TG-3' 

5'-GGT GGT GGT G CTCGAG TTT TCC 

GGA GGA TTC CAG C-3' 

B2UR41 

(amuc_1100) 

5′-GGG TAC CAT ATG ATC GTC AAT 

TCC AAA CGC-3′ 

5′-CCT TGG CTC GAG ATC TTC AGA 

CGG TTC CTG-3′ 

P23865 (prc) 
5′-GGA GGT CAT ATG AAC ATG TTT 

TTT AGG CTT ACC GCG-3′ 

5′-GGA CTC GAG CTT GAC GGG 

AGC GGG TTG TTC CG-3′ 

 

Table 2. Sequences of the primers used for cloning constructs. 
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Indirect calorimetry and body composition measurements 

C57BL/6J mice were fed a 60% high-fat diet and were orally administered 200 μl of P9 (100 μg 

per mouse) or the same volume of endotoxin-free distilled water for 10 days. The mice were 

individually placed into metabolic chambers (Oxylet system, Panlab-Harvard Apparatus, 

Barcelona, Spain) and acclimated for 2 days before measurements were made. Oxygen 

consumption (VO2) and carbon dioxide production (VCO2) were calculated every 3 min using 

METABOLISM software (V2.2.01, Panlab-Harvard Apparatus). The RQ was calculated as 

VCO2/VO2 and energy expenditure was calculated using the following formula: EE = 

VO21.44(3.815 + 1.232RQ). Fatty acid oxidation was calculated using the following formula: 

(1.6946VO2) − (1.7012VCO2). The body composition of the animals (% fat mass and lean 

mass) was also measured after the indirect calorimetry measurements using a Minispec LF90 

analyzer (Bruker Optics, Billerica, MA), according to the manufacturer’s instructions. Body mass 

was measured prior to these measurements to permit the calculation of the fat and lean mass 

percentages. 

Cell culture and measurement of GLP-1 secretion 

The NCI-H716 human intestinal cell line were obtained from the American Type Culture 

Collection (ATCC-CCL-251™) and cultured in RPMI 1640 supplemented with 10% FBS 

(GenDEPOT, Katy, TX) and 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA) at 

37°C in 5% CO2. The GLUTag cell line was kindly gifted from Dr. D. J. Drucker, University of 

Toronto in Canada and was cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2. For the GLP-1 

secretion assay, the cells were cultured in collagen-coated 96-well plates (3 × 105 cells ml-1) 

overnight. On the day of treatment, the cells were starved in HBSS containing 0.2% bovine 

serum albumin (BSA) for 2 h, and then treated with bacterial pellets or supernatants for 2 h. The 

cell supernatants were then harvested for the measurement of GLP-1 concentration. Raw 264.7 

and CT26 cell lines were purchased from Korean Cell Line Bank and cultured in DMEM 

containing 10% FBS and 1% Penicillin-Streptomycin. Each cell line was authenticated by 

morphology and growth characteristics as well as manufacturing companies and assessed for 
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mycoplasma contamination regularly. E. coli lipopolysaccharide (LPS) (L2630) was obtained 

from Sigma-Aldrich. 

 

Human intestinal epithelial cell culture and treatment 

Primary human intestinal epithelial cells (InEpC) (CC-2931, frozen vial of 800,000 cells) were 

purchased from Lonza (Cologne, Germany) and authenticated by Lonza. Cells were grown using 

a SmGM™-2 BulletKit™ (CC-3182) with supplements (CC-4149) provided by Lonza. Cells 

were seeded into a 96-well flat-bottomed collagen-coated plate at 5  104 cells per well and 

incubated overnight. On the day of treatment, the cells were starved in HBSS containing 0.2% 

BSA for 1 h and then treated with P9 (50 μg ml-1) for 1 h. The cell supernatants were then 

harvested for the measurement of GLP-1 concentration and the cell pellets were obtained for 

qPCR analysis. 

 

Statistical analysis 

All the data are expressed as the means ± SEMs. Mice groups were compared using one-way or 

two-way ANOVA, followed by Tukey’s post-hoc test or the unpaired t-test. For in vitro data, the 

Kruskal-Wallis, followed by Dunn’s post hoc test, or the Mann-Whitney test was performed. 

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software Inc., San Diego, 

CA). *, **, *** and **** indicate significant differences (P < 0.05, < 0.01, < 0.001, and < 0.0001, 

respectively) and exact P value are indicated.  
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Results 

In vitro validation of the candidate proteins from Akkermansia muciniphila that 

induce the secretion of glucagon-like peptide-1 (GLP-1)  

In order to identify the GLP-1 inducible candidate protein secreted by Akkermansia muciniphila 

we chose nine candidate proteins and cloned the cDNAs corresponding to the proteins identified 

and expressed them in a E.coli expression system (Figure 2.1a-b) as mentioned in the methods 

section, each protein was tested for its ability to induce GLP-1 secretion in NCI-H716 cells (Figure 

2.1c). Protein 9 (P9) was the only protein that showed secretion of GLP-1 in the NCI-H716 cell 

line. To observe if P9 can secrete GLP-1 in human primary cells we used a primary human intestinal 

epithelial cells (InEpC) and the primary intestine cells secreted GLP-1 when P9 was treated (Figure 

2.1d). Previously, when P9 was treated showed that it was capable of secreting GLP-1 in cell lines 

(GLUtag and NCI-H716). In this paper, the expression of GLP-1 was also secreted in human 

primary intestinal epithelial cells (InEpC) when treated with the P9 protein. Collectively, these 

results indicate that we have discovered a secreted protein that is GLP-1 inducible in both cell line 

and primary cells. 
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Figure 2.1. In vitro validation of the candidate proteins from Akkermansia muciniphila that induce 

the secretion of glucagon-like peptide-1 (GLP-1). a-b) The SDS-page gel of expressed proteins was 

shown as in figure 2.1b. c) Expression of GLP-1 after treatment of each protein from 1~9. Con 

indicates control media and Amuc1100 proteins were also treated and expression of GLP-1 after 

the treatment of NCI-H716 cells (data represent three independent experiments performed in 

duplicate, n = 6 per group) with d) purified proteins produced by Akkermansia muciniphila and the 

treatment of human primary intestinal epithelial cells (InEpC) with P9 (50 μg ml-1) (n = 7 per 

group). The data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post hoc test. 
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P9 significantly reduces body weight and fat adipose tissue  

 To observe the anti-obesogenic effect of Akkermansia muciniphila secreted protein P9 we 

administered (100μg/head) during diet induced obesity with high fat chow. When P9 was 

administered orally the weight gain has significantly decreased showing that P9 had weight loss 

effects to the high fat diet mouse model (Figure 2.2a-b). We also measured the feed intake and 

observed slight decrease of intake during week 2 and 3, but recovered the rest of the experimental 

time (Figure 2.2c). The phenotypic appearance of the mouse showed clear amelioration of obesity 

(Figure 2.2d). Interestingly, mass of major white adipose depots (epididymal fat; epWAT, inguinal 

fat; igWAT) showed decrease in size and additionally BAT showed decrease in size and fat 

browning compared to the control high fat mouse (Figure 2.2e). This phenomenon also showed in 

the hematoxylin and eosin stain where adipose depots including the interscapular brown adipose 

tissue (iBAT) and liver showed decrease in lipid droplets (Figure 2.2f). Collectively, these results 

indicate that administration of P9 has capacity of anti-obesogenicity and could target metabolic 

organs that similarly administration of live or pastoralized Akkermansia muciniphila. 
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Figure 2.2. P9 significantly reduces body weight and fat adipose tissue . a) Weight gain in HF-fed 

mice being orally administered P9 (100 μg per mouse) for 8 weeks. b) Weight gain of the 8th week 

of HF-fed mice being orally administered P9 c) Food intake (g/mouse/day). d) Appearance of the 

mice of 8th week of HF-fed mice being orally administered P9 e) Gross appearance of the adipose 

tissue depots 8th week of HF-fed mice being orally administered P9. f) H&E-stained sections of 

each adipose depot and liver (Scale bar = 100 μm, n = 3 per group). The data were analyzed using 

the Kruskal-Wallis test, followed by Dunn’s post hoc test. *, **, ***, and **** indicate significant 

differences (P < 0.05, < 0.01, < 0.001, and < 0.0001, respectively). 
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Glucose homeostasis of high-fat diet-fed mice after P9 administration  

To understand if administration of P9 could affect the glucose homeostasis in high fat diet mice 

model we did oral glucose tolerance test (OGTT) which is method where we orally administer 

glucose and measure the blood glucose in 0min, 15min, 30min, 60min, 90min and 120min. This 

will be an indicator the mice ability to maintain a normal level of glucose, because metabolic 

disturbed mice have a tendency to have a higher glucose level and a slower metabolic rate to 

breakdown glucose in their system. This is due to insulin tolerance and also glucose tolerance in 

the metabolic system. Compared to the control group to the P9 treated group the 0 min glucose 

level was slightly lower, but the major difference was shown by the recovery to the normal base 

line stage (Figure 2.3a). The high fat diet control group had a higher blood glucose level of all the 

measured time when the P9 group controlled its glucose level under 300 mg dL-1 this also showed 

in the area under curve (AUC) where the average glucose level was much lower than the control 

group (Figure 2.3b). This phenomenon was also showed in the Akkermansia muciniphila treated 

group in previous studies, but the P9 treated group has showed a much improved glucose 

homeostasis. Collectively, Akkermansia muciniphila secreted P9 has capacity to improve glucose 

homeostasis in high fat diet mice model. 
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Figure 2.3 Glucose homeostasis of high-fat diet-fed mice after P9 administration . a) Oral glucose 

tolerance testing (OGTT) was conducted and measured in 0, 15, 30, 60, 90, 120 min after 

administration of glucose orally to the 8-week high fat diet mouse. b) The areas under the curves 

(AUCs) which is the collective data of all measured points were calculated and measured. *, **, 

***, and **** indicate significant differences (P < 0.05, < 0.01, < 0.001, and < 0.0001, 

respectively). 
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P9 induces thermogenicity in a high-fat diet-fed mouse model   

Current studies indicate that the thermogenicity of the host has beneficial effects to obesity due to 

the increase of energy expenditure. To determine P9 ability to generate heat of the obesity induced 

high fat diet mice, we used an infrared camera and also a rectal probe with a thermometer. To 

strengthen the thermogenicity we used a cold chamber and put one mouse in one individual cage 

to analyze the temperature of the mice. As followed with the previous data of fat browning and 

also the OGTT which indicates higher usage of energy of the individual mouse it showed that the 

P9 administrated mice had a higher temperature in the dorsal, ventral and eye region of the mouse. 

Also using the rectal probe which indicated the systemic temperature of the mice it also showed 

that after cold shock a higher temperature then the control group of mice (Figure 2.4a). The dorsal 

region of the mice indicates the iBAT, ventral is the igWAT and the eye is also a region that in 

known to be close to the iBAT region of the mouse. When these regions have higher temperature 

readings this indicates that the thermogenicity due to fat browning may occur. According the 

picture analysis from the infrared camera it showed that the higher temperature regions were at the 

spot of adipose depots and had a higher temperature when P9 was administrated (Figure 2.4b). 

Collectively, this showed that the administration of P9 was able to higher the temperature of the 

mice, which increased the energy expenditure due to heat generation and lead to anti-obesogenicity 

of the high fat diet mice model.   

  



 

25 

 

 

Figure 2.4. P9 induces thermogenicity in a high-fat diet-fed mouse model. a) Temperatures of 

several parts of the body (dorsal, ventral, eye, rectal) after a cold shock at 5°C for 4 h. b) 

Representative infrared thermographic images of the temperatures of the mice are presented at 

room temperature (RT) (top) and after a cold shock at 5°C for 4 h (bottom) (n = 3 per group). Data 

were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test, with comparison 

to the control group. 
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Metabolic chamber analysis of high-fat diet-fed mice after treatment with P9 

Obesity is a consequence of chronic energy imbalance or also misusage. To accurately measure 

precisely, metabolic chamber analysis is used for the measurements of energy intake and 

expenditure. This energy expenditure could be measured by the measurement of the respiratory 

system of the mouse. First we measured the high fat diet fed mice with and without orally 

administering P9 and measured the fat/lean mass body content using Minispec LF90 analyzer. The 

P9 administered group had showed decreased fat mass/body mass ratio while increase in lean 

mass/body mass showing that P9 had decreased fat and increased the muscle content of the high 

fat diet mice compared to the control group (Figure 2.5a). Then we measured the energy 

expenditure of the mice after 10 days of P9 administration in high fat diet mice, but did not have a 

significant difference (Figure 2.5b). Fatty acid oxidation (FAO) was calculated using the following 

formula: (1.6946VO2) − (1.7012VCO2) and showed significant increase in the P9 treated 

group (Figure 2.5c). The respiratory quotient (RQ) is measured by was decreased when treated 

with P9 showing a value <0.7 which suggests the use of ketones as a fuel source. Overall, the 

treatment of P9 has induced fatty acid oxidation while the RQ value was lower than the control this 

indicates that P9 may induce fatty acid as a primary fuel which leads to the smaller adipose depots.  
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Figure 2.5. Metabolic chamber analysis of high-fat diet-fed mice after treatment with P9. Mice 

were fed a high-fat diet and were orally administered P9 protein 100 µg or vehicle for 10 days (n 

= 8 mice per group). Oxygen consumption (VO2), carbon dioxide production (VCO2), respiratory 

quotient (RQ), and energy expenditure were calculated every 3 min using METABOLISM software 

(V2.2.01, Panlab-Harvard Apparatus). Fatty acid oxidation (FAO) was calculated using the 

following formula: (1.6946VO2) − (1.7012VCO2). a) Body composition of the mice (% fat 

mass, lean mass), measured using a Minispec LF90 analyzer. b) Energy expenditure, c) FAO, and 

d) RQ. Data are presented as the means ± SEMs. Number of mice per group: HF: 8, HF+P9: 8. 

Data were analyzed using the two-tailed unpaired t-test. *, ** and *** indicate significant 

differences (P < 0.05, < 0.01 and < 0.001, respectively). 
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P9 increases glucose-stimulated glucagon like peptide (GLP-1) secretion in ileum and 

upregulates thermogenic genes in brown adipose tissues (BAT) 

 We hypothesized that the thermogenicity of BAT and the production of GLP-1 by the 

Akkermansia muciniphila secreted protein P9 has induced the anti-obesogenicity in the high fat 

diet mouse model. To observe this, we have dissected the BAT and ileum region of the 8-week high 

fat diet mouse and measured the messenger RNA (mRNA) expression of the thermogenicity of the 

BAT organ and the GLP-1 stimulated genes in the ileum. The known GLP-1 stimulated genes are 

Gcg (Pro-Glucagon) and PCSK1 (Proprotein Convertase Subtilisin/Kexin Type 1) because the Gcg 

gene expresses the pro glucagon precursor containing the GLP-1 peptide. Also, the enzyme that 

produces GLP-1 is known to be PCSK1 gene so when we measured the mRNA level in the ileum 

of the mice we observed that the P9 treated group had increase of expression of both Gcg and 

PCSK1 (Figure 2.6a). The known thermogenic genes of the BAT is UCP1 (Uncoupling Protein 1), 

Cidea (cell death-inducing DNA fragmentation factor alpha-like effector A) and Ppargc1a 

(Peroxisome proliferator-activated receptor gamma coactivator 1-alpha). UCP1 is also called the 

thermogenin gene is the hallmark of fat browning. However, some reports UCP1 could be 

mandatory during fat browning since when UCP1 is knocked out FGF21 (Fibroblast growth factor 

21) could induce fat browning instead. The upregulation of UCP1 indicates that the adipose tissue 

is generating heat by allowing proton transfer from the membrane space to the matrix of the 

mitochondrion generating ATP synthesis but also heat generation. Cidea and Ppargc1a both are 

known to be transcription factors that upregulate UCP1 which results to thermogenecity in the 

mice. When P9 is treated it showed an upregulation of UCP1, Cidea and also Ppargc1a indicating 

that heat generation occurred as previous data indicated (Figure 2.6b). To check the UCP1 protein 

level we performed an immunohistochemistry (IHC) staining of UCP1 in the brown adipose tissue 

and observed that treatment of P9 induced UCP1 in also in the protein level. This collectively leads 

to P9 can induce both GLP-1 and thermogenecity in the translational level of the central dogma. 
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Figure 2.6. P9 increases glucose-stimulated glucagon like peptide (GLP-1) secretion in ileum and 
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upregulates thermogenic genes in brown adipose tissues (BAT) a) Expression of GLP-1-specific 

genes in the ileum b) Expression of thermogenesis-specific genes in iBAT. C) H&E and IHC 

staining of UCP1 in brown adipose tissue. The data were analyzed using the Kruskal-Wallis test, 

followed by Dunn’s post hoc test. 
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P9-mediated systemic glucose homeostasis is dependent on IL-6 

To delineate whether P9 induced glucose homeostasis by the induction of brown adipose tissue 

activation and the systemic elevation of GLP-1, we further researched that interleukin-6 (IL-6) was 

related with the metabolic balance and also GLP-1 secretion and brown fat activation. IL-6 was 

also interestingly known to be elevated to be correlated with the higher abundance of Akkermansia 

muciniphila. To continue that thought, previous studies showed that P9 could induce IL-6 in both 

Caco-2 and Raw 264.7 cell lines which are each colon and macrophage cell lines. This lead to the 

thought that the anti-obesogenic effect of Akkermansia muciniphila secreted protein P9 could be 

dependent to the IL-6 signaling. To prove this concept, we used IL-6 knock-out mice and performed 

high fat diet as usually for 8 weeks. Then we measured the weight gain and also did OGTT and 

oral insulin tolerance test (OITT) to observe the glucose homeostasis in IL-6 knocked-out mice to 

observe if IL-6 is a major factor to the anti-obesogenic effects of P9. As usual the weight gain 

decreased when P9 was treated in the high fat diet mice (Figure 2.7a). Interestingly, when IL-6 was 

knocked out the weight loss of P9 demolished showing that the weight loss of P9 effect was IL-6 

dependent (Figure 2.7b). Also, when we observed the glucose homeostasis by performing OGTT 

and OITT in wild type and IL-6 knockout mice. Following the results above OGTT and OITT 

showed improvement in the wild type, but that improvement demolished when IL-6 signaling was 

knocked out (Figure 2.7c-d). Of course IL-6 knock-out mice is a mouse with metabolic imbalance 

and the model could be harsh for the P9 to show improvement. However, when IL-6 was knocked 

out it showed that P9 anti-obesogenic effect was dependent to IL-6 signaling. 

 

.  
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Figure 2.7. P9-mediated systemic glucose homeostasis is dependent on IL-6. Weight gain in HF-

fed mice being orally administered P9 (100 μg per mouse) for 8 weeks a) WT mice and b) IL-6 

knockout mice and compared by c) OGTT and AUC data for wild type (WT) and IL-6 knockout 

(IL-6KO) HF-fed mice that were orally administered with P9 (100 μg per mouse) d) OITT and 

AUC data for wild type (WT) and IL-6 knockout (IL-6KO) HF-fed mice that were orally 

administered with P9 (100 μg per mouse) Data were analyzed using two-way ANOVA, followed 

by Tukey’s post-hoc test , one-way ANOVA, followed by Tukey’s post-hoc test; *, **, ***, **** 

indicate significant difference (P < 0.05, < 0.01, < 0.001, <0.0001 respectively). 
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P9-mediated thermogenesis and elevation of systemic GLP-1 is dependent on IL-6  

As the results indicated above the weight loss and glucose homeostasis was mediated by the IL-6 

signaling. As previous reports indicate that Akkermansia muciniphila could induce GLP-1 and also 

thermogenesis we proved that Akkermansia muciniphila secreted protein P9 could induce the same 

as the live bacterium. Also IL-6 is related to the secretion of GLP-1 due to the decrease of leptin 

by the demolished IL-6 signaling leads to the leptin dependent secretion of IL-6. Also IL-6 is 

known to activate brown adipose tissue to activate the leads to thermogenesis. To explore this 

thought, we have measured the temperature of the high fat diet fed mice with infrared camera and 

a rectal probe with a thermometer. The temperature and GLP-1 was measured after 8-weeks of high 

fat diet and administered with or without P9. The dorsal skin temp has increased when P9 was 

treated as previously shown (Figure 2.8a). The thermogenesis demolished when IL-6 was knocked 

out, this was the same for the rectal temperature of the mice (Figure 2.8b-d). The eye temperature 

did not show significant difference as the previous data when P9 treated although a slight increase 

was shown (Figure 2.8e). This increase of temperature was again demolished in the IL-6 knock out 

mice showing that the thermogenecity of the P9 protein was IL-6 dependent (Figure 2.8f). This 

phenomenon of the P9 effect of dependence to IL-6 was also shown in the systemic GLP-1 level. 

As previously shown the P9 induced GLP-1, but when IL-6 was knock-out the GLP-1 plasma level 

decreased showing that the induction of GLP-1 by the P9 was IL-6 dependent (Figure 2.8g). 

Collectively the Akkermansia muciniphila secreted protein P9 induction of thermogencity and 

GLP-1 secretion was IL-6 dependent.  
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Figure 2.8. P9-mediated thermogenesis and elevation of systemic GLP-1 is dependent on IL-6. 

iBAT temperature was measured with infrared camera the a) WT and b) IL-6 KO mice was 

measured. Rectal temperature was measured with rectal probe of c) WT and d) IL-6 KO mice were 

measured. Eye temperature was measured with infrared camera of e) WT and f) IL-6KO. g) Plasma 

GLP-1 concentration in WT and IL-6 KO mice. Number of mice per group: WT HF: 7, HF+P9: 8; 

IL-6 KO HF: 6, HF+P9: 6. The data were analyzed using the Kruskal-Wallis test, followed by 

Dunn’s post hoc test. 
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Discussion 

Akkermansia muciniphila is the most well-researched gut microbe that has beneficial effects on 

host metabolism, including glucose homeostasis, but the mechanisms mediating these effects 

remain unclear. To explore these mechanisms, I isolated and expressed a single protein derived 

from the bacterium and administered this to high-fat diet-fed mice, to determine whether it would 

have the same anti-obesogenic effects as the parent bacterium. I found that P9 has similar weight 

loss-inducing effects to the bacterium. Furthermore, as shown in previous studies, P9 improved 

glucose homeostasis and reduced the size of the adipose depots of the mice, in a similar way to the 

live parent bacteria. Moreover, the P9 sequence was highly specific to Akkermansia muciniphila, 

and an equivalent protein in the same S41 family derived from E. coli (EcPrc) did not have the 

same effects, which implies that this Akkermansia muciniphila-derived protein has unique effects. 

In addition, the examination of H&E-stained sections of adipose depots and the liver showed clear 

reductions in the number and size of lipid droplets. This indicates that P9 has the same ability as 

the live bacteria to ameliorate obesity. 

Because thermogenicity and energy expenditure are hallmarks of the activation of BAT, I 

measured the temperature of the mice using infrared cameras and rectal probes, to further 

characterize the effects of P9 administration. Some previous studies of Akkermansia muciniphila 

have shown the upregulation of BAT genes, such as Ucp1, and in the present study, I measured the 

temperature of the mice after a cold shock. P9 induced higher temperatures in the adipose depots 

of high-fat diet-fed mice, as well increasing their whole-body temperatures, measured per rectum, 

which imply higher energy expenditure. In addition, and consistent with this, the gene expression 

of the markers of browning Ucp1, Cidea, and Ppargc1a was higher in the BAT 69-71. Cryotherapy 

has been used in humans to induce fat browning and heat production, and the present data suggest 

that P9 alone has similar effects, and thereby improves energy homeostasis and causes weight loss, 

as observed in the mouse model. 

Lastly, I used the NCI-H716 cell line to determine whether the secretion of GLP-1 by the host 

might also be induced by the administration of P9. First, I verified that P9 could induce GLP-1 

secretion by human primary intestinal epithelial cells, in addition to by cell lines such as GLUTag 
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and NCI-H716. GLP-1 production was also induced in the primary cells; therefore, I next aimed to 

determine whether GLP-1 secretion could also be induced in mouse models. I found that even a 

single oral administration of P9 induced GLP-1 secretion. However, in models of metabolic disease, 

such as the high-fat diet-fed mouse, the basal circulating concentration of GLP-1 is high, which 

renders it more difficult to detect increase in GLP-1 secretion. Nevertheless, I orally administrated 

P9 alongside the feeding of a high-fat diet, and after 8 weeks I found that the plasma GLP-1 

concentration was high in the P9 group, implying that P9 has a long-term effect to increase GLP-1 

secretion in vivo. To determine whether GLP-1-related genes were also upregulated, I measured 

the gene expression of Gcg and Pcsk1, which are related to GLP-1 secretion, and found that the 

expression of both was increased by P9 administration. This shows that the Akkermansia 

muciniphila-derived protein P9 induces GLP-1 secretion in the host, which may also mediate its 

anti-obesogenic effects in mice. In summary, P9 induces GLP-1 secretion and thermogenesis in 

high-fat diet-fed mice, which leads to weight loss and an improvement in glucose homeostasis. 

IL-6 is known to have a substantial effect on metabolism. In addition, previous studies have shown 

that Akkermansia muciniphila induces IL-6 secretion in the intestine and by the Caco-2 and Raw 

264.7 cell lines, which are derived from the colon and macrophages 32,72. The circulating 

concentration of IL-6 is known to increase during exercise in humans, and this leads to the 

activation of BAT. In addition, the Donath group has shown that exercise-induced IL-6 production 

activates a cascade that leads to the production of leptin and consequently that of GLP-1. The many 

reports of the relationships between IL-6 and BAT activation, and the effect of Akkermansia 

muciniphila to induce the secretion of GLP-1 led me to hypothesize that IL-6 might also mediate 

the anti-obesogenic effects of P9. Indeed, the knockout of IL-6 prevented the weight loss, 

improvement in glucose homeostasis, increase in heat generation, and GLP-1 secretion in response 

to P9 administration, which confirms that IL-6 is a key player in the effects of P9 on obesity in 

mice. 

Akkermansia muciniphila has previously been described as an energy sensor, because it is less 

abundant when energy is in excess and more abundant during energy deficiency. However, 

treatments that comprise bacteria carry associated risks, because variations in the bacterial 
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genotype or phenotype might have negative effects. My finding that a stable protein, P9, has the 

same effects as Akkermansia muciniphila bacteria, including on glucose homeostasis, and the 

findings that it has its effects via increases in IL-6 and GLP-1 production and thermogenesis in 

BAT, imply that this substance may be therapeutically useful.  
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CHAPTER III 

 

 

The protein P9 of Akkermansia muciniphila exerts its anti-obesogenic 

effect via GLP-1 
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Introduction 

Many previous studies have shown that current dietary habits and lifestyles affect the 

abundances of numerous gut microbes and that the gut microbiota contributes to human diseases 

and physiological status. Currently, the field of gut microbiology and the effects of the microbiota 

in humans is a flourishing area of research. The technique of next generation sequencing (NGS) is 

identifying more species and the cost of sequencing has been decreasing. Now, researchers are 

starting to conduct clinical trials on diseases such as metabolic diseases, cancer, and even viral 

diseases, which is of great current significance, given the current COVID-19 pandemic. In the past, 

fecal microbial transplantation was the favored approach, but researchers are increasingly isolating 

beneficial single microbial species and further attempting to isolate specific bacterially-derived 

molecules that would have the beneficial effect of interest, but potentially without inducing adverse 

effects. 

Some bacterial species have been shown to have beneficial effects in mice and humans 

with metabolic diseases and to reduce obesity. Akkermansia muciniphila, which is the best-

researched example of a microbe that has beneficial effects in metabolic disease, comprises 

approximately 0.5–5% of the human intestinal microbiota and is currently being recommended as 

a new probiotic for the treatment of obesity, diabetes, and liver diseases in clinics. Prevotella copri 

has also been shown to have metabolically beneficial effects, mediated at least in part through the 

production of succinate, which is used for intestinal gluconeogenesis. Parabacteroides distasonis 

has also recently been reported to produce succinate and secondary bile acids, which ameliorate 

obesity and metabolic dysfunction. In particular, high concentrations of ursodeoxycholic acid and 

lithocholic acid have been identified, which result in the activation of the FXR pathway, an 

improvement in barrier integrity, and a reduction in plasma LPS concentration in mice. In addition, 

in previous studies conducted as part of the American Gut Project, Parabacteroides was shown to 

have a significant negative relationship with BMI. Bacteroides acidfaciens has also been shown to 

prevent obesity and improve insulin sensitivity in mice, which may be mediated by its effects to 

induce GLP-1 secretion and reduce intestinal dipeptidyl peptidase-4 (DPP-4) activity. By contrast, 

Enterobacter cloacae is a gut bacterium that has been shown to cause obesity and insulin resistance. 
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However, whereas these mechanisms may be clear in specific models, it is important to understand 

that each bacterial species may have different effects in another environment. Because differences 

in host physiology have differing effects on gut microbial communities, the role of particular 

species may vary accordingly. Therefore, although it is important to understand the effects of a 

single species and its components, an understanding of the community as a whole and its 

interactions with the host are necessary to predict the effects of manipulating single bacterial 

species. 

In our previous study, we found that the administration of the Akkermansia muciniphila-derived 

molecule P9 induces the secretion of GLP-1 and prevents obesity and glucose dyshomeostasis. 

Therefore, I wondered whether the increase in GLP-1 activity might mediate the effects of P9. 

GLP-1 activity can be increased by the administration of a DPP-4 inhibitor, because these inhibit 

the breakdown of the GLP-1 peptide. Many DPP4 inhibitors, including sitagliptin, vildagliptin, 

saxagliptin, linagliptin, alogliptin, and gemigliptin, have been used for the treatment of type 2 

diabetes, because they increase GLP-1 activity. In addition, exenatide, a synthetic analog of GLP-

1 that was synthesized from the naturally occurring peptide exendin-4, and liraglutide were 

developed as human GLP-1r analogs and have been approved by the Food and Drug Administration. 

These drugs are now widely used to treat diabetes and have been well studied, but their effects on 

the gut microbiota have been poorly characterized to date. 

Here, I aimed to determine whether the GLP-1 secretion induced by P9 requires GLP-1 signaling 

to have its anti-obesity effects. I next analyzed the gut microbiome of the P9-treated mice and 

compared this with the microbiome of GLP-1r KO mice. To date, there have been no studies of 

how P9 affects the gut microbial community, nor have there been analyses of the effects of GLP-

1r KO on this community. Therefore, in the present study, I aimed to determine whether the effects 

of P9 are dependent on GLP-1 signaling and to characterize its effects on the gut microbiota. 
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Material and Methods  

 

Experimental animals 

C57BL/6J mice (SLC Inc, Shizuoka, Japan) were housed, no more than four per cage, in a 

pathogen-free animal facility under a 12-h light/dark cycle and were allowed free access to food 

and water. Six-week-old male mice were fed either a low-fat diet (LF; D12450K, Research Diets, 

New Brunswick, NJ) or a high-fat diet (HF; D12492, Research Diets). At the end of the treatment 

period, the mice were sacrificed and analyzed. The mice were matched for body mass and 

randomized to groups before each experiment and the variance in each data set was compared 

between the groups using Barlett’s test. Experiments were not performed in a blinded manner. 

Food intake and body mass were measured once a week.  

The purified protein from Akkermansia muciniphila, P9 (100 μg per mouse) was orally (or 

intraperitoneally) administered during HF feeding and the results were compared with those of 

the HF-fed group. The mice were sacrificed at 8 weeks and then analyzed (LF: n=8, HF: n=8, 

HF+P9: n=8). The effects of P9 were also analyzed in GLP-1r KO mice consuming an HF and 

the results were compared with those of WT mice that were administered P9. GLP-1r KO mice 

was a kind gift from Daniel J. Drucker on a C57BL/6J background were breed and used at age- 

(8 weeks) and sex- (male) matched mice WT on the same background were used as controls (WT 

HF: n=8, HF+P9: n=8, IL-6KO HF: n=8, HF+P9: n=8). At the end of the experiments, the 

animals were anesthetized with isoflurane and blood samples were collected by retro-orbital sinus 

puncture, then the mice were killed by cervical dislocation.  

 

Glucose and insulin tolerance testing 

Glucose tolerance testing was performed using oral gavage of 2 g kg-1 body mass or the i.p. 

administration of 1 g kg-1 body mass glucose after 16 h of fasting (22:00–14:00). Blood samples 

were collected by tail tip bleeding 0, 15, 30, 60, 90, and 120 min later, and the blood glucose 

concentrations were measured using a glucometer (Accu-Check Performa; Roche Diagnostics, 

Basel, Switzerland). Intraperitoneal insulin tolerance testing was carried out 1 week after the 
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IPGTT. Mice were fasted for 5 h (09:00–14:00), then insulin (Humulin R, Eli Lilly) was injected 

at a concentration of 0.5 U kg-1 body mass, then their blood glucose concentrations were 

measured, as above. 

 

Histologic analysis 

The epididymal, interscapular, and inguinal fat pads were fixed in 4% formaldehyde, processed 

into paraffin blocks, sectioned, and stained with hematoxylin and eosin (H&E). Slides were 

scanned under a light microscope using Imaging Sys (Nikon, Melville, NY). The mean adipocyte 

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

 

Temperature measurement 

The skin temperature over the iBAT was recorded using an infrared camera (T420 Compact-

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

tools software. Eight mice per group were briefly anesthetized using isoflurane, and the mean 

temperature of the area surrounding the iBAT was recorded from each picture and analyzed. 

Rectal temperature was measured using a digital thermometer (Testo 925, Testo AG, Germany), 

following the manufacturer’s protocol. To cold-stress the mice, they were individually placed in a 

5°C and 40–60% humidity-controlled chamber. 

 

Plasmid constructs and protein expression 

The nucleotide sequences of the following genes were obtained by whole-genome sequencing 

conducted at Macrogen Inc. (Seoul, Korea) using the isolated Akkermansia muciniphila strain 

SNUG-61027: B2UKW8, B2UL75, B2UN39, B2UND1, B2URM2, B2UL96, B2UN36, 

B2UPD6, and B2UM07. The homologous protein to P9 was identified in E. coli DH5α (EcPrc) in 

the UniProt database (https://www.uniprot.org/). The Amuc_1100-expressing plasmid was as 

previously described36. Each of the corresponding DNAs was cloned into the pET-26b plasmid 

(Novagen, Darmstadt, Germany), which contains an isopropyl β-D-1-thiogalactopyranoside 

(IPTG)-inducible promoter. The following primer sequences is listed in Table 1 that was used for 

https://www.uniprot.org/
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the construct. Bolded sequences are restriction sites for Nde1 and XhoI enzymes, respectively 

(Thermo Fisher Scientific). A His-tag was added to the C-terminal of each protein for subsequent 

purification. The correct sequences of the resulting plasmids were then confirmed. These vectors 

were transformed into BL21 Escherichia coli (RRID: WBHT115(DE3)) and grown in LB-broth 

containing kanamycin (50 μg ml-1), to which 1.0 mM IPTG was added during the mid-

exponential growth stage, after which an additional 4 h was provided for protein expression. The 

cells were pelleted by centrifuging for 10 min at 10,733 x g and the cell pellets stored at −80°C 

until lysis. The cell pellets were resuspended and lysed by sonication (Vibracell VCX500, Sonics 

& Materials Inc, Newtown, CT). For protein purification, TALON® Metal Affinity resin and a 

HisTALON buffer kit (Takara Bio USA, Inc, Mountain View, CA) were used, as per the 

manufacturer’s instructions, with minor modifications. The purified proteins were then dialyzed 

against endotoxin-free distilled water. Removal of endotoxin from the purified protein solution 

was accomplished by treatment with 1% Triton X-114 (Sigma-Aldrich) for 30 min at 4°C. The 

phase containing the endotoxin was separated by centrifugation at 12,000 RPM for 10 min. This 

procedure was repeated three times. The purified proteins were then incubated with SM-2 beads 

(Bio-Rad Laboratories, Inc., Hercules, CA) for 1 h at 4°C to remove residual Triton X-114 three 

times. The purification of each protein was confirmed using SDS-PAGE and Coomassie blue 

staining by the presence of single band of the expected size. 

 

Microbiome analysis using 16S rRNA sequencing 

DNA in stool samples was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Hilden, 

Germany). Sequencing targeting the V4-V5 region of the 16S rRNA was performed using the 

MiSeq platform (Illumina, San Diego, CA, USA), and further processing of raw sequencing data 

was performed using the QIIME 2 pipeline (v. 2.2019.04). The pathway analysis used the 

MetaCyc database and analyzed by PICRUSt2 software. 

Statistical analysis 

All the data are expressed as the means ± SEMs. Mice groups were compared using one-way or 

two-way ANOVA, followed by Tukey’s post-hoc test or the unpaired t-test. For in vitro data, the 
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Kruskal-Wallis, followed by Dunn’s post hoc test, or the Mann-Whitney test was performed. 

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software Inc., San Diego, 

CA). *, **, *** and **** indicate significant differences (P < 0.05, < 0.01, < 0.001, and < 0.0001, 

respectively) and exact P value are indicated.  
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Results  

P9-mediated weight loss is enhanced by Sitagliptin treatment  

 Sitagliptin is known to be an inhibitor of DPP-4 which is the degrader of GLP-1. We thought that 

if P9 could induce GLP-1 and induce weight loss than when enhancing the activity using the DPP-

4 inhibitor sitagliptin will enhance the efficacy to lose weight in high fat diet model. When only P9 

was administered it showed more weight loss compared to the sitagliptin only model. This gave 

some evidence that induction of GLP-1 is more essential then the inhibition of DPP-4. However, 

interestingly the combination of P9 and sitagliptin has shown to have more weight loss then the P9 

and sitagliptin groups. Collectively, these results show that combining the GLP-1 inhibitor with the 

inhibition of the GLP-1 degrading enzyme DPP-4 enhances the weight loss in the high fat diet 

mouse model. 
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Figure 3.1. P9-mediated weight loss is enhanced by Sitagliptin treatment. a) Weight gain in HF-

fed mice being orally administered P9 only (100 μg per mouse) with or without sitagliptin and 

sitagliptin only (10 μg per mouse) for 7 weeks. b) Weight gain of the 7th week of HF-fed mice being 

orally administered P9 only (100 μg per mouse) with or without sitagliptin and sitagliptin only (10 

μg per mouse). Sitagliptin was administered through the Intraperitoneal route (i.p.). The data in 

were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test.  
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Gross appearance and liver steatosis are improved by co-treatment with P9 and 

sitagliptin  

Previously, we have shown that combination of P9 and sitagliptin showed enhance weight loss in 

the high fat diet mouse model. To check other hallmarks are obesity we have took pictures of the 

gross appearance of the mice to check the liver, intestine fat depots, and also the epididymal fat 

pods as well as the size of the mouse. Matching with the results of the weight gain P9 and sitagliptin 

only treated groups showed improved histology in both the gross appearance and liver H&E data. 

Also P9 had improved liver steatosis then the sitagliptin group which matches with the weight gain 

results. Surprisingly, the P9 and sitagliptin combination group had better H&E liver results then P9 

only groups which is shown that the little adipose droplets in the liver was almost demolished in 

the combination group. These results indicate if the induced GLP-1 is somehow protected in this 

case by the DPP-4 inhibitor there is potential to even enhance the efficacy of the anti-obesogenic 

effect of P9. 
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Figure 3.2. Gross appearance and liver steatosis are improved by co-treatment with P9 and 

sitagliptin. (a) Gross appearance 7th week of HF-fed mice orally treated with P9 (100 μg per mouse) 

only, sitagliptin (10 μg per mouse) only and P9 and sitagliptin combination (b) H&E of liver for as 

labeled in each group respectively.  
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P9-mediated reductions in weight loss and adipose tissue are GLP-1 signal dependent   

Previously in this study the protection of GLP-1 induced by P9 enhanced the prevention of obesity. 

We have never showed that the knockout of GLP-1 signaling in mice might demolish the anti-

obesogenic efficacy of the P9 protein. To observe if P9 anti-obesogenicity was GLP-1 signal 

dependent we have bred GLP-1r KO mice and orally administrated the P9 protein during 8 weeks 

of high fat diet in mice. As previous data indicated in normal C57BL/6J mice the administration of 

P9 showed significant weight loss (figure 3.3a). It showed when GLP-1 signaling was not existing 

the P9 effect was demolished. GLP-1r KO mouse had no weight loss when P9 was administrated 

and had no difference with the GLP-1r KO mouse that had PBS administration (figure 3.3b). In the 

final week of measurement, the average weight of both groups were only about 1g (figure 3.3c). 

These results followed with the H&E adipose depot samples which showed no difference even 

when P9 was administrated (figure 3.3d). One noticeable difference with wild type C57BL/6J mice 

and GLP-1r KO mice is that the weight gain itself was slower in the GLP-1rKO, but the size of the 

adipose tissue and the lipid droplets shown in the samples were almost the same. So it seemed that 

GLP-1r KO mouse was a leaner obese model compared to the wild type mice. Overall, the P9 effect 

of weight loss and smaller adipose tissue seemed to be GLP-1 signaling dependent. 
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Figure 3.3. P9-mediated reductions in weight loss and adipose tissue are GLP-1 signal dependent. 

a) Weight gain in HF-fed mice being orally administered P9 (100 μg per mouse) for 8 weeks. b) 

Weight gain in GLP-1r KO mice that was HF-fed and being orally administered P9 (100 μg per 

mouse) for 8 weeks. c) Weight gain of the 8th week of GLP-1r KO mice that was HF-fed and being 

orally administered. d) H&E-stained sections of each adipose depot (Scale bar = 100 μm, n = 3 per 

group). The data in were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test.  
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P9-mediated systemic glucose homeostasis is dependent on GLP-1 signaling  

To delineate whether P9 induced glucose homeostasis was dependent to the GLP-1 signaling with 

the experimented GLP-1r KO mice we have performed both OGTT and OITT to observe the 

glucose homeostasis when GLP-1 signaling was demolished. Previous studies show that the GLP-

1 signaling is very important for glucose homeostasis because one of the main function of GLP-1 

is to induce insulin from the beta cells of the islet. So when GLP-1r is knocked out if P9 had other 

alternative pathways to control the glucose balance then the glucose homeostasis will still exist. As 

usual, in the weight gain data above we observed that the glucose homeostasis shown in the OGTT 

(figure 3.4a) and OITT (figure 3.4b) has been demolished. This proved our concept that P9 ability 

to control the glucose balance was indeed GLP-1 signaling dependent. One point to mention is that 

compared to the low weight compared to WT mice, interestingly GLP-1r KO mice have shown a 

higher blood glucose level. Normally in this age of high fat diet the blood glucose level does not 

go over 400 mg/dL, but in the GLP-1r KO mice the glucose level went over 400 mg/dL. 

Collectively, the efficacy of glucose homeostasis improvement was demolished when GLP-1 

signaling did not exist. 

 



 

54 

 

 

Figure 3.4 P9-mediated systemic glucose homeostasis is dependent on GLP-1 signaling. a) OGTT 

and AUC data for wild type (WT) and GLP-1r knockout (GLP-1r KO) HF-fed mice that were orally 

administered with P9 (100 μg per mouse) b) OITT and AUC data for wild type (WT) and GLP-1r 

knockout (GLP-1r KO) HF-fed mice that were orally administered with P9 (100 μg per mouse). 

The data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test.  
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P9-mediated thermogenesis is dependent on GLP-1 signaling   

Following with the results, the weight loss and glucose homeostasis was mediated by the GLP-1 

signaling. As previous reports indicate that P9 could induce thermogenesis and also that was 

thought to be because of the existence of IL-6 so we thought to have some difference of 

thermogenesis even though GLP-1 signaling was demolished. To explore this thought, we have 

measured the temperature of the high fat diet fed GLP-1r KO mice with infrared camera and a 

rectal probe with a thermometer. The dorsal, ventral and eye temperature showed no difference as 

well as the rectal temperature have showed no significant difference (figure 3.5a). This was 

matching with the camera pictures of mice where no significant difference in temperature was 

shown in the adipose depot targets as well as the systemic temperature measured by the rectal. IL-

6 is the one of the major factors of thermogenesis, but also GLP-1 is also known to be a major 

factor to thermogenesis. This shows that the efficacy to produce heat was GLP-1 signaling 

dependent in case of the P9 protein administration in high fat diet mice. 
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Figure 3.5. P9-mediated thermogenesis is dependent on GLP-1 signaling. a) Dorsal, ventral and 

eye temperature was measured with infrared camera and the rectal temperature was measured with 

rectal probe with a thermometer in GLP-1r KO mice. b) Representative infrared thermographic 

images of the temperatures of the GLP-1r KO mice are presented at room temperature (n = 3 per 

group). Data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test, with 

comparison to the control group. 
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GLP-1-mediated secretion of P9 is not effected by GLP-1 signaling  

One of the main functions shown by the Akkermansia muciniphila derived protein P9 was the 

secretion of GLP-1. We believed that the secretion of GLP-1 was one of the main reasons of P9 

anti-obesogenic efficacy. Previous research has been reported that GLP-1 agonists can indeed 

secrete GLP-1, however the induction of GLP-1 for P9 is different to those GLP-1 agonists. So to 

observe if GLP-1 signaling is necessary for the secretion of GLP-1 for P9 we have measured the 

plasma GLP-1 level in the GLP-1r KO mice. Interestingly the GLP-1 secretion of P9 was increased 

compared to the non P9 treated group which showed that the secretion of GLP-1 was not dependent 

to the GLP-1 signaling in the mice (figure 3.6a). One point also should be mentioned is that the 

basal level of GLP-1 was much higher than the wild type mice this could be due to the usage of 

GLP-1 since GLP-1r KO mouse have a lower chance of using GLP-1 since the receptor was 

knocked out.  
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Figure 3.6. GLP-1-mediated secretion of P9 is not effected by GLP-1 signaling. a) Plasma GLP-1 

concentration in WT and GLP-1r KO mice. Number of mice per group: WT HF: 8, HF+P9: 8; GLP-

1r KO HF: 8, HF+P9: 8. The data were analyzed using the Kruskal-Wallis test, followed by Dunn’s 

post hoc test.  
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Diversity of gut microbial communities in P9-treated high-fat diet-fed mice  

Gut microbiome diversity is always a key factor related to the metabolic status of the host. To 

understand the diversity of the high fat diet mice treated with the P9 protein we analyzed the 16S 

rRNA gene amplicon sequencing and analyzed the alpha diversity based on the Shannon metric 

was plotted, and the beta diversity based on the Bray-Curtis distance that was plotted in a Qiime 2 

software. The wild type high fat diet mice which showed efficacy of anti-obesogenicity have shown 

a significant difference in alpha diversity (P = 0.0401) and a higher significance in beta diversity 

(P=0.001) compared to the GLP-1r KO mice when treated with P9 (figure 3.7a). The GLP-1r KO 

mice treated with P9 had no significance in alpha diversity (P = 0.0650), but a significant difference 

in beta diversity (P = 0.02). The WT mice had a higher significance in both alpha and beta diversity 

which meant the effect of P9 to change the gut microbiome was higher in the WT mice compared 

to the GLP-1r KO mice. 
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Figure 3.7. Diversity of gut microbial communities in P9-treated high-fat diet-fed mice. a) The 

wild type alpha diversity in a Shannon index and beta diversity was shown in a bray Curtis distance 

(P = 0.001) b) The GLP-1r KO alpha diversity in a Shannon index and beta diversity was shown 

in a bray Curtis distance (P = 0.02). Statistical analysis was performed using a two-sided 

nonparametric Mann–Whitney test or a nonparametric Kruskal–Wallis test with Dunn’s multiple 

comparison test. Plots were generated using relative OTU abundance data according to the Bray–
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Curtis distance, and statistical significance was measured using Permutation Based Analysis of 

Variance (PERMANOVA) analysis. 
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Phylogenetic comparisons of the gut microbiome of P9-treated high-fat diet-fed mice 

and GLP-1r KO mice  

To understand the phylogenetic comparisons of the P9 treated mice we analyzed the 16S rRNA 

gene amplicon sequencing in the top 6 genus levels and some interesting changes that was known 

to be related to the metabolic diseases. In the P9 treated mice a decrease in Allobaculum, 

Lactobacillus and Prevotella was shown, on the other hand Parabacteroides and Bacteroides 

shown an increase in abundance. These changes were not shown in the GLP-1r KO mice. Some 

remarkable changes to compare WT and GLP-1r KO mice is that a large abundance of Akkermansia 

muciniphila increased in the GLP-1r KO mice which is comparable with the IL-6 KO mice 

previously studied, because both GLP-1r KO and IL-6 KO mice have metabolic dysfunctions had 

a large population increase with the beneficial microbe Akkermansia muciniphila. Lactobacilus 

which is known to be a beneficial bacterium in metabolic diseases was decreased in the WT P9 

treated model, but also decreased in the GL-P1r KO mice as well. Parabacteroides which are known 

to be beneficial increased when P9 was treated in the WT mice, but was largely abundance in the 

GLP-1r KO mice which follows the Akkermansia muciniphila pattern. Desulfovibrio which is 

known to be a bacterium that could induce obesity was not significantly changed in the WT mice 

and also the P9 treated WT mice showed also an increase in the GLP-1r KO mice. Overall, 

Parabacteroides are increased followed by the treatment of P9 that was not shown in the GLP-1r 

KO mice. The metabolic disease induced GLP-1r KO mice did not have the previous studies pattern 

and had a mix of beneficial and harming metabolic disease bacteria. This change in the GLP-1r 

KO mice is probably due to the dysbiosis all gut microbiome in the high fat diet mice. 
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Figure 3.8. Phylogenetic comparisons of the gut microbiome of P9-treated high-fat diet-fed mice 

and GLP-1r KO mice. a) The 9 genus level abundances in the WT are depicted for clarity. Statistical 

significance was measured using a nonparametric Kruskal–Wallis test with Dunn’s multiple 

comparison test. The P values are shown in each panel. 
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PICRUSt2 pathway analysis of P9-treated high-fat diet-fed mice  

To understand some mechanism of actions caused by the bacteria diversity change of the P9 treated 

high fat diet mice. We analyzed the 16S rRNA gene amplicon sequencing using the PICRUSt2 

software with a MetaCyc database. To shortly explain MetaCyc, it is a curated database of 

experimentally elucidated metabolic pathways and contains 2859 pathways from 3185 different 

organisms. Even though many bacteria have been identified to be related with the metabolic status 

of the host we wanted to understand what bio pathway might be related to the treatment of P9 in 

the high fat diet mice. After plotting the data in a volcano plot we found 6 pathways that had 

significant difference (figure 4.9a). In the P9 treated WT mice the Octane oxidation, Formaldehyde 

assimilation II and GDP-D-glycero-a-D-manno heptose biosynthesis increased while Polyamine 

biosynthesis II, mevalonate pathway I and superpathway of geranylgeranyldiphosphate 

biosynthesis I (via mevalonate) had decreased according to the prediction of the PICRUSt2 

software (figure 3.9b). Mevalonate is known to be part of the cholesterol synthesis pathway and 

was always a target for treatment of diabetes. This pathway is known to be a target of inhibition by 

statins to treat diabetes. P9 induced increase in Parabacteroides which is related to the inhibition 

of the mevalonate pathway. These changes were not observed in the GLP-1r KO mice that had no 

metabolic phenotypic improvement. This results that the increase of Parabacteroides decreased 

the mevalonate synthesis pathway. 
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67 

 

Figure 3.9. PICRUSt2 pathway analysis of P9-treated high-fat diet-fed mice. a) Volcano plot of 

the PICRUSt2 analyzed predicted pathways b) The 6 top abundance pathways in the WT are 

depicted for clarity. Statistical significance was measured using a nonparametric Kruskal–Wallis 

test with Dunn’s multiple comparison test. The P values are shown in each panel. 
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Discussion 

The Akkermansia muciniphila-derived protein P9 induces GLP-1 secretion and thermogenesis, 

and improves obesity and glucose homeostasis. Previously, I showed that the absence of IL-6 

prevents the anti-obesogenic effects of P9, but I had not attempted to characterize the effects of P9 

in the absence of GLP-1 signaling. I administered sitagliptin, which is a GLP-1 analog that is 

resistant to degradation by DPP-4, to determine whether the efficacy of P9 could be improved. 

Histological examination and the assessment of body mass showed that the prevention of GLP-1 

degradation improves the efficacy of P9 in mice. 

To further investigate the importance of GLP-1 for the effects of the P9 protein, I used GLP-1r 

KO mice. As expected, the body mass gain and the loss of adipose tissue mass were affected by 

the absence of GLP-1 signaling. In addition, the glucose homeostasis of the mice, as shown by 

OGTT and ITT, was also affected. These results indicate that the anti-obesity effects of P9 are GLP-

1 signaling-dependent. Interestingly, thermogenesis was also affected by the abolition of GLP-1 

signaling. This was surprising, because although previous studies have shown that GLP-1 does 

induce BAT activation and thermogenesis, the effects of IL-6 BAT activation and thermogenesis 

have been much more intensively studied. This raises the possibility that GLP-1 may also be an 

important inducer of thermogenesis and BAT activation. H&E-stained sections of adipose depots 

showed that the absence of GLP-1 signaling prevents the beneficial effects of P9 on lipid droplets. 

In addition, previous studies have shown that GLP-1 analogs increase the secretion of GLP-1, but 

P9 was shown to induce the secretion of GLP-1 by binding to ICAM-2, which implies that GLP-1 

signaling is not required for the secretion of GLP-1. 

I also found that effects of P9 on the gut microbiota might be involved in its anti-obesogenic 

effects. The effects of P9 on the gut microbiome were more marked with respect to both alpha and 

beta diversity than those of GLP-1r KO in mice. In wild-type (WT) mice, Allobaculum, 

Lactobacillus, and Prevotella were less abundant, whereas Parabacteroides and Bacteroides were 

more abundant. Parabacteroides has also been shown to be more abundant in lean humans, which 

is consistent with P9 administration increasing the abundance of Parabacteroides, and having 

beneficial effects in high-fat diet-fed mice as a result 73. However, this change in the gut 
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microbiome was not observed in GLP-1r KO mice, which implies that a change in the host is also 

necessary, rather than P9 having a direct effect on the gut microbiota. However, this could also 

have been the result of the dysbiosis that characterizes the GLP-1r KO mice. In addition, according 

to the PICRUSt2 pathway analysis conducted using the MetaCyc database, there was less 

mevalonate synthesis, which is involved in diabetes, because mevalonate is part of the cholesterol 

synthesis pathway. This is consistent with the increase in abundance of Parabacteroides, which is 

associated with lower activation of the mevalonate pathway 74. Thus, in summary, P9 increases the 

abundance of Parabacteroides, which may lead to a decrease in activation of the mevalonate 

pathway, and therefore an amelioration of obesity. 

To the best of my knowledge, this study is the first to show that the induction of GLP-1 secretion 

by protein P9 effect is intact in the absence of GLP-1 signaling and that P9 administration alters 

the composition of the gut microbiome. 
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Graphical figure 
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CHAPTER IV. 

 

 

Identification of the pathway mediating increased GLP-1 secretion in 

response to the Akkermansia muciniphila-derived protein P9 
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Introduction 

The gut microbiota is known to influence the enteroendocrine system and modulate the host 

immune system through microbially-derived metabolites or cellular membrane components. 

Specifically, bacterial metabolites, such as SCFAs, secondary bile acids, indoles, and LPS, regulate 

appetite by stimulating the release of gut hormones, such as GLP-1, and by activating enteric 

neuronal signaling, which contributes to energy homeostasis. The bacterial chaperone protein ClpB, 

which is present in commensal and pathogenic bacteria, has been shown to regulate appetite 75. 

Although it is known that Akkermansia muciniphila influences the intestinal L cells, which secrete 

gut hormones, the specific molecule that induces GLP-1 secretion remains unknown. 

 

GLP-1 is a gut-derived peptide that is secreted in response to food ingestion and a high circulating 

glucose concentration. Glucose binds to and is transported intracellularly by the sodium-glucose 

cotransporter 1/3 (SGLT 1/3) or glucose transporter (GLUT 1/5), which increases the intracellular 

adenosine triphosphate (ATP) concentration, leading to the closure of potassium channels. The 

entry of glucose results in a change in membrane potential, which leads to the opening of L-type 

voltage-gated calcium channels and the secretion of GLP-1. In addition, G protein-coupled 

receptors (GPCRs), such as GPR120, are known to be receptors for monounsaturated fatty acids 

and to cause an increase in intracellular calcium, leading to the release of GLP-1 76,77. Furthermore, 

when gastrin-releasing peptide receptor and acetylcholine receptors bind their ligands this initiates 

a signaling cascade that activates phospholipase (PLC), increasing the intracellular calcium 

concentration and leading to the secretion of GLP-1. Therefore, an increase in the intracellular 

calcium concentration is the key initiator of GLP-1 secretion, but no studies to date have evaluated 

the relationship between calcium signaling and gut bacteria such as Akkermansia muciniphila. 

 

Intercellular adhesion molecule-2 (ICAM-2; cluster of differentiation 102; CD102) is a 

transmembrane glycoprotein of the immunoglobulin superfamily that is expressed by endothelial 

cells, platelets, and leukocytes, and is expressed on the apical surface of endothelial cells and at 
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cell-cell junctions. ICAM2 binds ligands such as LFA-1, and like many other junctional adhesion 

proteins, it supports homophilic adhesion 78. In addition, recent studies have shown that ICAM-2 

regulates leukocyte adhesion and transmigration and is also required for angiogenesis 79. However, 

the relationships of ICAM2 with metabolic homeostasis and the secretion of GLP-1 have not been 

characterized. 

 

The mechanisms mediating the beneficial effects of Akkermansia muciniphila and the derived 

protein P9 have not been fully characterized. For example, it was unclear whether bacterial proteins 

could bind to host receptors and activate intracellular signaling. However, recent studies have 

shown that indeed bacterial proteins can mimic host ligands and activate such cascades in host cells. 

It is thought that GPCRs are the principal receptors for bacterial metabolites and proteins 80,81, but 

this may largely be because this is the most-studied class of receptors. Therefore, in the present 

study, I aimed to identify candidate receptors and intracellular signaling pathways that might 

mediate the induction of GLP-1 secretion by P9. 
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Material and Methods  

 

Cell culture and measurement of GLP-1 secretion 

The NCI-H716 human intestinal cell line were obtained from the American Type Culture 

Collection (ATCC-CCL-251™) and cultured in RPMI 1640 supplemented with 10% FBS 

(GenDEPOT, Katy, TX) and 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA) at 

37°C in 5% CO2. The GLUTag cell line was kindly gifted from Dr. D. J. Drucker, University of 

Toronto in Canada and was cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

containing 10% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2. For the GLP-1 

secretion assay, the cells were cultured in collagen-coated 96-well plates (3 × 105 cells ml-1) 

overnight. On the day of treatment, the cells were starved in HBSS containing 0.2% bovine 

serum albumin (BSA) for 2 h, and then treated with bacterial pellets or supernatants for 2 h. The 

cell supernatants were then harvested for the measurement of GLP-1 concentration. Raw 264.7 

and CT26 cell lines were purchased from Korean Cell Line Bank and cultured in DMEM 

containing 10% FBS and 1% Penicillin-Streptomycin. Each cell line was authenticated by 

morphology and growth characteristics as well as manufacturing companies and assessed for 

mycoplasma contamination regularly. E. coli lipopolysaccharide (LPS) (L2630) was obtained 

from Sigma-Aldrich. 

 

Plasmid constructs and protein expression 

The nucleotide sequences of the following genes were obtained by whole-genome sequencing 

conducted at Macrogen Inc. (Seoul, Korea) using the isolated Akkermansia muciniphila strain 

SNUG-61027: B2UKW8, B2UL75, B2UN39, B2UND1, B2URM2, B2UL96, B2UN36, 

B2UPD6, and B2UM07. The homologous protein to P9 was identified in E. coli DH5α (EcPrc) in 

the UniProt database (https://www.uniprot.org/). The Amuc_1100-expressing plasmid was as 

previously described. Each of the corresponding DNAs was cloned into the pET-26b plasmid 

(Novagen, Darmstadt, Germany), which contains an isopropyl β-D-1-thiogalactopyranoside 

(IPTG)-inducible promoter. The following primer sequences is listed in Table 1 that was used for 

https://www.uniprot.org/
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the construct. Bolded sequences are restriction sites for Nde1 and XhoI enzymes, respectively 

(Thermo Fisher Scientific). A His-tag was added to the C-terminal of each protein for subsequent 

purification. The correct sequences of the resulting plasmids were then confirmed. These vectors 

were transformed into BL21 Escherichia coli (RRID: WBHT115(DE3)) and grown in LB-broth 

containing kanamycin (50 μg ml-1), to which 1.0 mM IPTG was added during the mid-

exponential growth stage, after which an additional 4 h was provided for protein expression. The 

cells were pelleted by centrifuging for 10 min at 10,733 x g and the cell pellets stored at −80°C 

until lysis. The cell pellets were resuspended and lysed by sonication (Vibracell VCX500, Sonics 

& Materials Inc, Newtown, CT). For protein purification, TALON® Metal Affinity resin and a 

HisTALON buffer kit (Takara Bio USA, Inc, Mountain View, CA) were used, as per the 

manufacturer’s instructions, with minor modifications. The purified proteins were then dialyzed 

against endotoxin-free distilled water. Removal of endotoxin from the purified protein solution 

was accomplished by treatment with 1% Triton X-114 (Sigma-Aldrich) for 30 min at 4°C. The 

phase containing the endotoxin was separated by centrifugation at 12,000 RPM for 10 min. This 

procedure was repeated three times. The purified proteins were then incubated with SM-2 beads 

(Bio-Rad Laboratories, Inc., Hercules, CA) for 1 h at 4°C to remove residual Triton X-114 three 

times. The purification of each protein was confirmed using SDS-PAGE and Coomassie blue 

staining by the presence of single band of the expected size. 

 

Calcium measurement 

A Fluo-4 NW Assay kit (Thermo Fisher Scientific) was used to measure intracellular calcium 

influx on a Flexstation 3 microplate reader (Molecular Devices). Cells were seeded onto poly-L 

lysine (Sigma-Aldrich)-coated 96-well black-walled plates at 2 × 104 per well and incubated 

overnight. The following day, the growth medium was replaced with 100 μl per well probenecid 

to prevent the extrusion of the dye from the cells, then the cells were incubated for 30 min at 

37°C and at RT for an additional 30 min. Flexstation 3 was used to analyze the calcium influx 

(excitation/emission: 485/535 nm). 

 

Ligand-receptor capture (LRC), based on TriCEPSTM 
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TriCEPS (Dualsystems Biotech AG) was used for ligand-receptor capture analysis, as previously 

described. TriCEPS was allowed to bind the ligand in pH 8.2, 25 mM HEPES solution at RT, 

with gentle shaking, for 90 min, and then this was added to oxidized NCI-H716 cells, which were 

incubated at 4°C in the dark for 90 min on a rotator. After centrifugation, the cell pellets were 

collected and, under ice-cold conditions, were sent for LC-MS/MS analysis at Dualsystems 

Biotech AG. LRC data was analyzed with a statistical ANOVA model and the adjusted p-value 

for the differential abundance of each protein was plotted against the magnitude of the fold-

enrichment. 

 

Antibody inhibition test 

GLUTag and NCI-H716 cells were incubated with an ICAM-2-blocking peptide (#MBS823225; 

MyBioSource Inc., San Diego, CA), anti-ICAM-2 (BD Pharmigen, 3C4 (mIC2/4); #BD553326), 

anti-ICAM-2 antibody (#MBS820389; MyBioSource Inc.), anti-total KTN1 antibody (#A44072; 

Antibody Solutions, Cambridge, UK), or a negative control antibody (mouse anti-β tubulin (#32-

2600); Thermo Fisher Scientific) for 1 h, prior to P9 (50 µg ml-1) treatment for 1 h, and then the 

supernatants were collected and stored at −80°C until they were assayed. 

 

GLP-1R β-arrestin assay 

For β-arrestin assay, HTLA cells (HEK293 cell line stably expressing a tTA-dependent luciferase 

reporter and a β-arrestin2-TEV fusion gene) were gift from Bryan L. Roth and were maintained 

in DMEM with 10% FBS, 100 U ml-1 penicillin. 100 μg ml-1 streptomycin, 2 μg ml-1 

puromycin and 100 μg/ml hygromycin B in a humidified atmosphere at 37 °C in 5% CO2. The 

confluent HTLA cells were transfected with 5 μg of GLP-1R-Tango and 500 ng of pRL-SV40P 

construct (#66295, #27163; Addgene, Waterton, MA, USA) using Lipofectamine 3000 

(#L3000015; Invitrogen, Carlsbad, CA, USA). The following day, transfected cells were 

transferred at 40,000 cells per well into poly-L-lysine-coated 96-well plate. After overnight 

inclubation, Exendin-4 (#1933; Tocris Bioscience) were prepared and diluted in HBSS with 20 

mM HEPES, pH 7.4 and Exendin-4 (50 μM) treated on HTLA cells for 24 hr. Then the cells were 
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washed, lysed and analyzed by luminescence using Infinite 200 Pro microplate reader (Tecan 

Group Ltd, Männedorf, Switzerland) Dual-Glo Luciferase Assay System (#2920; Promega, 

Madison, WI, USA). The luciferase activities were normalized to Renilla luminescence and 

relative activity were calculated. 

 

ICAM-2 analysis in GLUtag cells after treatment of IL-6 

GLUTag cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10 % FBS 

and 1 % penicillin/streptomycin at 37 °C in 5 % CO2. For the ICAM-2 expression analysis, the 

cells were cultured in collagen-coated 6-well plates (3 × 106/ml) overnight. Cells were treated with 

IL-6 (#406-ML; R&D systems, Minneapolis, MN, USA) and cells were collected and mRNA was 

analyzed normalized to endogenous β-actin mRNA. Primer sequence mouse ICAM-2: forward, 

5′-ACGGTCTCAACTTTTCCTGCC-3′, reverse, 5′-TGCATCGGCTCATAGACTTCAA-3′. 

 

Statistical analysis 

All the data are expressed as the means ± SEMs. Mice groups were compared using one-way or 

two-way ANOVA, followed by Tukey’s post-hoc test or the unpaired t-test. For in vitro data, the 

Kruskal-Wallis, followed by Dunn’s post hoc test, or the Mann-Whitney test was performed. 

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software Inc., San Diego, 

CA). *, **, *** and **** indicate significant differences (P < 0.05, < 0.01, < 0.001, and < 0.0001, 

respectively) and exact P value are indicated.  
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Results  

Glucagon like peptide 1 receptor (GLP-1r) and G protein coupled receptor (GPCR) 

screening of Akkermansia muciniphila protein P9  

One of main receptors that are known to bind to bacterial metabolites known are G protein coupled 

receptors (GPCRs). However, checking just the binding ability could be a solution, we thought that 

since it was clear that P9 can induce GLP-1 in NCI-H716 cell lines using inhibitors and checking 

that the GLP-1 producing ability of P9 was a better solution of understanding signaling of P9. We 

identified four receptors that were related to metabolic syndromes and also GLP-1 induction. The 

receptors were histamine receptor H1 which is inhibited by hydroxyzine, adrenergic receptor alpha 

1A which is inhibited by alfuzosin and tamsulosin, acetylcholine Receptor (CHRM1/3/5) which is 

inhibited by atropine and scopolamine. After analysis there was no group that showed suppression 

of GLP-1 production this showed that P9 does not induce GLP-1 in NCI-H716 cell lines by 

activating GPCRs (Figure 4.1b). Glucagon like peptide 1 receptor (GLP-1r) agonists are also 

reported to induce GLP-1 production so we developed a GLP-1r beta arrestin cell line and 

experimented if P9 acts as an GLP-1r agonist. Despite the fact, compared to the known exentin-4 

GLP-1r agonist, P9 showed no response (Figure 4.1a). Collectively, Akkermansia muciniphila 

secreted protein P9 does not induce GLP-1 by neither GPCR or GLP-1r activation. 
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Figure 4.1 Glucagon like peptide 1 receptor (GLP-1r) and G protein coupled receptor (GPCR) 

screening of Akkermansia muciniphila protein P9. a) GLP-1 receptor (GLP-1R) beta-arrestin 

activity test data in HTLA cell line (n = 3 per group) (exendin-4: GLP-1R agonist). b) NCI-H716 

cells were treated with GPCR antagonists (10 μM) or vehicle (DMSO) for 15 min before P9 

treatment (50 μg ml-1), then incubated for an additional 2 h, after which GLP-1 secretion was 

analyzed (n = 6 per group). The data in were analyzed using the Kruskal-Wallis test, followed by 

Dunn’s post-hoc test.  
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Translational screening of P9-treated NCI-H716 cells  

To understand the GLP-1 inducing signaling of Akkermansia muciniphila secreting protein P9 we 

have analyzed the trasnscriptome of the NCI-H716 cell line treated with P9 by performing RNA 

sequencing (RNA-seq). As usual when treated with a material the cell changes dramatically to 

response to a certain material and in the case of P9 we had the similar dramatic changes shown. To 

understand these changes, we had to use certain databases that connect these genes to certain 

functions. The most used databases are Kyoto encyclopedia of genes and genomes (KEGG) and 

Gene ontology (GO) these help us connect the functions by analyzing the gene enrichment during 

the treatment of materials. The KEGG analysis did not have much connection to the known 

references of GLP-1 secretion, although GO analysis showed some functions that were noticeable. 

According to the GO analysis the top 6 biological attributes changed were response to 

corticosterone, mineralocorticoid and progesterone. These three responses are known hormones 

that could change the electrolyte and water balance of the cells. This is somewhat related to the 

calcium ion response as well since these corticosteroids are known to balance the potassium and 

calcium ions in the cell. Next was cellular response to the calcium ion and also cyclic AMP (cAMP). 

This is related to the known GLP-1 secretion responses because intracellular calcium and cAMP 

responses are signal cascades that when L cells are activated by GPCRs which shows that P9 can 

induce GPCR-like signaling cascades. Some other noticeable responses were negative regulation 

of GPCR and regulation of GPCR responses which seemed to be activated since P9 was down 

streaming GPCR-like responses to the cell (Figure 4.2a). Collectively, we noticed that calcium 

signaling was essential to the L cell response to P9 even though there was no binding of GPCRs 

discovered. This also led to a thought that P9 could bind to other receptors and induce GPCR- like 

responses. 
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Figure 4.2 Translational screening of P9-treated NCI-H716 cells. a) RNA-seq analysis of NCI-

H716 cells treated with P9 (50 μg ml-1) for 30 min (n = 3 per group). Correction for multiple 

testing was performed using the Benjamini-Hochberg method.  
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Identification of the P9 ligand binding partner by mass spectrometry-based 

proteomics analysis  

To discover the binding partner of Akkermansia muciniphila secreted protein P9 we performed pull 

down assays with magnetic beads that bind to his tag of the protein, but when we did mass analysis 

more than 100 proteins were identified. We had to do something different and found the LRC-

TriCEPS technique. TriCEPS is a trifunctional chemoproteomic reagent with (1) a NHS-ester for 

attachment to the ligand (2) a protected hydrazine function for capturing the interacting receptor 

and (3) a function for purification of the ligand-receptor complex. We performed the experiment to 

bind the ligand P9 to the orphan receptor of NCI-H716 cells. The results showed four receptors 

that had at least one peptide discovered during the analyzing process (Figure 4.3a). The results 

shown as a volcano plot combines a measure of statistical significance with the adjusted p-value 

from an analysis of variance (ANOVA) model. Kinetin 1 (KTN1) had 71 peptides discovered at 

was the only one that had significance in this case (Figure 4.3b). Despite the fact, other receptors 

such as Intracellular adhesion molecule 2 (ICAM-2), DnaJ Heat Shock Protein Family (DJC10), 

and Phosphofructokinase (PFKAP) was also considered to be candidate receptors of the P9 ligand. 

ICAM-2 was discovered only one out of three samples and only two peptides were discovered. 

This could be caused by two reasons (1) the length of the protein is much shorter than the significant 

KTN1 (2) changing the buffer ion concertration changed the affinity of P9; later we confirmed by 

changing the magnesium concentration has increased the affinity of the P9-ICAM-2 binding. 

Collectively, P9 significantly bonded with KTN1, yet DJC10, ICAM2 and PFKAP was also 

considered to be candidate receptors of P9. 
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Figure 4.3 Identification of the P9 ligand binding partner by mass spectrometry-based proteomics 

analysis. a) The results are shown as a volcano plot. A volcano plot combines a measure of 

statistical significance from a statistical test (in this case adjusted p-value from an ANOVA model) 

with the magnitude of the change, enabling quick visual identification of proteins that display 

changes that are also statistically significant. The x-axis represents the mean ratio fold change (on 

a log2 scale). The y-axis represents the statistical significance p-value of the ratio fold change for 

each protein (on a –log10 scale). Proteins that are enriched in one of the samples will plot either 

left or right of the x-axis origin, indicating in which sample that protein is enriched. b) Expression 

profile of the peptides originating from protein KTN1 (top) and the protein topology plot of KTN1 

(bottom). c) Expression profile of the peptides originating from protein ICAM2 (top) and the 

protein topology plot of ICAM2 (bottom) 
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Phosphokinase screening of P9-treated NCI-H716 cells showing the phosphokinase 

activity of the cAMP-response element binding protein (CREB) 

To understand the phosphokinase activity of Akkermansia muciniphila secreted protein P9 we 

performed a phosphokinase assay which is an array of antibodies binding to each phosphorated 

form of protein and when the target protein is enriched that certain dot blot will be shown. Since 

P9 induces GLP-1 in 1 hour of treatment we thought that to understand the early signaling 

difference we had to observe the protein in a much rapid time. We treated P9 to NCI-H716 cells 

for 10 minutes and collect and lysis the cells to undergo the phosphokinase array. In two sets of 

experiments we had the matched results of p-CREB (phospho- cAMP response element binding 

protein form with phosphorylation site at S133) and p-HSP27 (phospho- heat shock protein 27 

form with phosphorylation site of S78/S82) (Figure 4.4a) had increased in intensity analyzed with 

the ImageJ software (Figure 4.4b). Collectively, these results indicated that P9 could enrich p-

CREB and p-HSP27. 
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Figure 4.4 Phosphokinase screening of P9-treated NCI-H716 cells showing the phosphokinase 

activity of the cAMP-response element binding protein (CREB). a) Kinase phospho-profiles after 

P9 or vehicle treatment of NCI-H716 cells for 10 min, performed using a Proteome profile 

phospho-kinase array kit (Red square: p-CREB, Blue square: p-HSP27) (experiments were 

performed in duplicate). b) The pixel density was measure by ImageJ to check the intensity of each 

blot. 
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P9 induces GLP-1 secretion through a calcium dependent pathway  

As analyzed above by the RNA-seq data by the GO analysis we have discovered change in the 

calcium pathway. Also many researchers have been reported that the calcium signaling is related 

to the secretion of GLP-1, also most of the response was from the bondage of GPCRs. As the data 

above we inhibited GPCRs such as CHRM 1/3/5, but it did not seem to inhibit the GLP-1 secretion 

of P9. So we used inhibitors of the calcium signaling to check what kind of calcium signaling is 

necessary for the secretion of GLP-1 by P9. We used inhibitors such as 666-15 which is inhibitor 

of cAMP-response element binding protein (CREB), U-73122 which is inhibitor of Phospholipase 

C (PLC), EGTA-ringer which is a ion chelator which holds calcium, Dilitiazem an L-type channel 

inhibitor, Mibefradil is a T-type channel inhibitor and Gallein a G protein beta gamma inhibitor. 

These inhibitors were both measured in the GLUTag murine cell line and also the NCI-H716 

human cell line to see if they have influence over the P9 induced GLP-1 secretion. In the GLUTag 

cells we observed significant decrease of GLP-1 secertion in mostly by the inhibition of CREB 

which was accede to the above phosphokinase data. Also, PLC and calcium inhibitors also showed 

significant decrease of expression of GLP-1 which meant that P9 indeed was secreting GLP-1 in a 

calcium signaling dependent pathway (Figure 4.5a). This dependence of calcium signaling matched 

also in the NCI-H716 cell line which showed that P9 was secreting GLP-1 in both human and mice 

via calcium pathway. Collectively, these results led us that P9 was inducing GLP-1 through the 

calcium signaling pathway. 
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Figure. 4.5 P9 induces GLP-1 secretion through a calcium dependent pathway. a) GLP-1 secretion 

by GLUTag cells that had been pre-treated with calcium inhibitors (10 μM) for 15 min, and then 

with P9 (100 μg ml-1) for 2 h (n = 6 per group). b) NCI-H716 cells were treated with calcium 

inhibitors (10 μM) 15 min before the P9 treatment (100 μg ml-1) for 2 h, then GLP-1 secretion was 

quantified (n = 6 per group). The data in were analyzed using the Kruskal-Wallis test, followed by 

Dunn’s post-hoc test.  
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P9 induces GLP-1 secretion through the ICAM-2 receptor 

 As analyzed by the TriCEPS technique we had four possible candidates that were binding to P9 

and down-streaming signaling cascades to induce GLP-1. First we have checked KTN1 and 

ICAM2, because those two were the available targets that had both blocking peptides and 

neutralizing antibodies. KTN1, which is known to encode integral membrane proteins that is the 

member of the kinectin protein family. The primary function known is the binding of kinesin which 

is involved in intracellular organelle motility. This protein was not known to have functional 

relationship to secretion of GLP-1 in L cells. Conflicting with the results analyzed by the captured 

peptides above the blocking of KTN1 had no inhibition effect in both the NCI-H716 and GLUTag 

cell line. ICAM-2 which known ligand is Lymphocyte function-associated antigen 1(LFA-1) is 

mostly expressed in immune cells and it known to have functions such as T cell migration and 

differentiation was also never reported to be related to GLP-1 expression neither calcium signaling. 

Interestingly when treated with both blocking peptides and neutralizing antibodies in both cells we 

have observed inhibition of GLP-1 expression (Figure 4.6a-b). Collectively, these wonderful 

results indicated that P9 was binding to ICAM-2 and down streaming signals to induce GLP-1. 

This is a novel finding, because ICAM-2 was never considered to be a receptor of expressing GLP-

1 and also could be activated by bacterial protein such as P9. This led to the thought that 

Akkemansia muciniphila releases P9 and bind to human ICAM-2 receptors that induce GLP-1 

expression. 
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Figure 4.6 P9 induces GLP-1 secretion through the ICAM-2 receptor. a) ICAM-2 peptide at 1:5, 

1:10, or 1:50 concentrations or KTN1 antibody in GLUTag cell line with P9 (50 µg ml-1) for 1 h 

and GLP-1 was measured in the cell supernatant (n = 6 per group) b) ICAM-2-neutralizing antibody 

at 1:10 concentration for 1 h, and then with P9 (50 µg ml-1) for 1 h in NCI-H716 cell line and 

GLP-1 was measured in the cell supernatant (n = 6 per group). The data in were analyzed using the 

Kruskal-Wallis test, followed by Dunn’s post-hoc test.  
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The ileum ICAM-2 receptor is regulated by IL-6 

As analyzed above the ICAM-2 receptor when blocked inhibited the GLP-1 secretion in L cell lines. 

We wanted to connect the relationship with IL-6, since we noticed a low basal level of GLP-1 in 

IL-6 and wondered what effects that GLP-1 plasma concentration. We checked the ICAM-2 mRNA 

expression level in both WT and IL-6KO mouse and realized that the treatment of P9 could 

decrease ICAM-2 expression in IL-6 KO mice (figure 4.7 a-b). Then to prove this phenomenon we 

have used GLUTag cell line and treated with IL-6 and measured the expression level of ICAM-2, 

and showed that the treatment of IL-6 could induce ICAM-2 in L cells. Collectively, this meant 

that without the IL-6 signaling when P9 was down regulating ICAM-2 expression in the ileum of 

the mouse. Without ICAM-2 it seemed that the GLP-1 level did not show increase in the plasma 

level of the mouse. 
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Figure 4. The ileum ICAM-2 receptor is regulated by IL-6. a) Icam2 mRNA expression in the 

ileum of a) WT and b) IL-6 KO mice. c) GLUTag cell mRNA Icam2 expression after treatment of 

IL-6 (200 ug ml-1). The data in were analyzed using the Kruskal-Wallis test, followed by Dunn’s 

post-hoc test.  
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Discussion 

Many researchers are currently involved in characterizing the relationships between gut microbes 

and their hosts. Akkermansia muciniphila has been shown to induce GLP-1 secretion in a number 

of studies and is one of the most thoroughly researched beneficial gut bacteria. Recently, 

Akkermansia muciniphila has been shown to have beneficial effects on metabolic diseases, to 

upregulate programmed cell death protein 1 in cancer, and to ameliorate dextran sulfate sodium-

induced ulcerative colitis in mice. However, the mechanisms of these effects in the host have not 

been characterized. In the present study, I have identified a novel receptor signaling pathway that 

is activated by a molecule derived from Akkermansia muciniphila. 

 

Many previous studies have investigated whether GPCRs are the receptors for bacterial 

metabolites 80,81, because this class of receptors is widely studied in the field of pharmacology. I 

also aimed to determine whether the Akkermansia muciniphila-derived protein P9 activates a 

GPCR signaling pathway. However, after many attempts, I realized that P9 does not activate the 

known GPCR signaling pathways that regulate GLP-1 secretion. ICAM-2, also known as CD102, 

is principally known as an immune cell integrin that is involved in the immune cell interactions 

required for cell barrier penetration. However, in the present study, I discovered a previously 

unidentified function of ICAM-2, whereby it initiates GPCR-like signaling in response to P9, and 

thereby mediates the release of GLP-1 from L cells. SCFAs are well-known stimuli for GLP-1 

secretion and exert their effects via a GPCR signaling pathway, but acetate and propionate, which 

are produced by Akkermansia muciniphila, did not induce GLP-1 secretion as robustly as P9. These 

results indicate that P9 acts on ICAM-2 via a signaling mechanism that is distinct from that 

activated by SCFAs. In addition, my findings are consistent with the notion that glucose-induced 

GLP-1 secretion is mediated via the activation of intracellular calcium signaling, CREB, and PLC. 

However, further studies are required to determine how ICAM-2 might activate GPCR-like 

downstream signaling and induce GLP-1 secretion. 
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In Chapter 2, I described the finding that IL-6 signaling influences the anti-obesogenic effects of 

the P9 protein. Here, I have shown that P9 administration downregulates ICAM-2 expression in 

the ileum of IL-6 KO mice, which might be related to the low basal plasma GLP-1 concentration 

in these mice. Taking all the findings together, I have shown that bacterial metabolites can bind to 

human receptors and have novel effects. This provides new insight into how bacteria communicate 

with their hosts and how bacterial metabolites could have beneficial effects in their host. 
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Graphical figure 
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Summary and Conclusions 

 

Akkermansia muciniphila is the most researched candidate probiotic and has been shown to have 

beneficial effects on metabolism. Recent clinical trials of live or pasteurized Akkermansia 

muciniphila bacteria have demonstrated improvements in metabolic homeostasis. In addition, the 

abundance of Akkermansia muciniphila has been shown to be inversely related to the presence of 

several diseases, such as obesity and type 2 diabetes, and it is also now known to induce BAT 

activation and GLP-1 secretion in mice. The Akkermansia muciniphila-derived protein Amuc_1100 

has been shown to ameliorate obesity by improving gut barrier integrity, which leads to a reduction 

in the plasma LPS concentration and amelioration of the mild inflammation that is involved in the 

metabolic dysregulation. However, the mechanisms involved in the effects of Akkermansia 

muciniphila to induce GLP-1 secretion and thermogenesis and to ameliorate obesity in high-fat 

diet-fed mice were unknown. In the present study, I have shown that P9, which is derived from 

Akkermansia muciniphila, has the same effects, and I have also identified specific mechanisms that 

mediate these effects. 

The anti-obesogenic effects of the Akkermansia muciniphila-derived protein P9 are IL-6-

dependent 

The Akkermansia muciniphila-derived protein P9 has anti-obesogenic effects that are mediated 

through an increase in GLP-1 secretion and the activation of BAT, which leads to greater energy 

expenditure. I used infrared cameras and thermometers to measure the temperatures of P9-treated 

mice, and showed that P9 induces the loss of energy as heat. Furthermore, I used metabolic cages 

to show that P9 causes increases in fatty acid oxidation and energy expenditure. I found that the 

P9-induced increases in BAT activation and GLP-1 secretion were associated with consistent 

increases in the expression of genes including Ucp1, Cidea, and Ppargc1a in BAT and the GLP-1 

related genes Gcg and Pcsk1 in the ileum. In addition, I showed that the anti-obesogenic effects of 

P9 are dependent on IL-6 using the IL-6 KO mouse. The absence of IL-6 abrogated the effects of 

P9 on metabolism, body mass, BAT, and GLP-1 secretion. 

The anti-obesogenic effect of the Akkermansia muciniphila-derived protein P9 is GLP-1-



 

100 

 

dependent 

To further evaluate the role of GLP-1 in the effects of the P9 protein, I studied GLP-1r KO mice. 

As expected, the body mass gain and the loss of adipose tissue mass induced by P9 was influenced 

by the absence of GLP-1 signaling, as was glucose homeostasis, as shown using OGTT and ITT. 

These results indicate that the effects of P9 on obesity are dependent on GLP-1 signaling. In 

addition, the absence of GLP-1 signaling affected the pro-thermogenic effect of P9, which implies 

that GLP-1 is also required for the P9-induced increase in energy expenditure. In addition, H&E-

stained sections of adipose depots showed that in the absence of GLP-1 signaling, P9 did not reduce 

the size of the lipid droplets. 

Furthermore, I hypothesized that changes in the gut microbiota might be involved in the anti-

obesogenic effect of the P9 protein. P9 administration significantly altered the alpha and beta 

diversity of the microbiota, but these effects were abrogated by GLP-1r deletion. In P9-treated WT 

mice, Allobaculum, Lactobacillus, and Prevotella were less abundant, whereas Parabacteroides 

and Bacteroides were more abundant. However, the abundance of Parabacteroides, which has 

beneficial effects in high-fat diet-fed mice, was not affected by P9 administration in GLP-1r KO 

mice. In addition, PICRUSt2 pathway analysis using the MetaCyc database showed that 

mevalonate synthesis, which is involved in diabetes because mevalonate is part of the cholesterol 

synthesis pathway, was downregulated by P9. This change is consistent with the increase in the 

abundance of Parabacteroides, which is associated with lower activity of the mevalonate pathway. 

Thus, P9 may increase the abundance of Parabacteroides, leading to a decrease in the activity of 

the mevalonate pathway, which ameliorates obesity. 

Mechanism whereby the Akkermansia muciniphila-derived protein P9 increases GLP-1 

secretion 

To determine how P9 has its effects in enteroendocrine cells, I used RNA-seq and mass 

spectrometric analyses to identify a putative receptor for P9. I hypothesized that P9 would activate 

a GPCR signaling pathway, but in fact I discovered an unreported function of ICAM-2, whereby it 

mediates GPCR-like signaling that induces the secretion of GLP-1 from L cells in response to P9. 

SCFAs are well-known inducers of GLP-1 secretion, and their effects are mediated via a GPCR 
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signaling pathway, but acetate and propionate, which are produced by Akkermansia muciniphila, 

did not induce GLP-1 secretion to the same extent as P9. These results imply that P9 acts on ICAM-

2 via a different signaling cascade to that activated by SCFAs, in order to induce GLP-1 secretion. 

Furthermore, my findings are consistent with the notion that glucose-induced GLP-1 secretion is 

mediated by the activation of intracellular calcium signaling, involving CREB and PLC. I also 

showed that ICAM2 expression is low in the ileum of IL-6 KO mice, which is consistent with the 

demonstrated role of IL-6 in the effects of P9. Overall, I have shown that bacterial metabolites can 

bind to human receptors and have effects that require further investigation. This provides novel 

insight into how bacteria can communicate with their host and also how bacterial metabolites might 

have beneficial effects in the host. 

In this thesis, I have described work showing that an Akkermansia muciniphila-derived protein 

improves glucose homeostasis and prevents obesity, and that IL-6 signaling, BAT activation, and 

an increase in GLP-1 secretion mediate these effects. In addition, I have shown that the signaling 

pathway mediating the effects of P9 on GLP-1 secretion involves ICAM-2 and GPCR-like 

calcium signaling. Furthermore, this Akkermansia muciniphila-derived protein increases the 

abundance of beneficial bacteria, such as Parabacteroides, which is associated with a decrease in 

activation of the mevalonate synthesis pathway. In the near future, the structure of the protein and 

its safety, which would be important for its potential therapeutic use, will be investigated. 

 

  



 

102 

 

ACKNOWLEDGEMENTS 

 

I thank P. Helbling and M. Pavlou (Dualsystems Biotech) for discussions about the LRC assay 

and proteomics analysis. I thank Sung J. Lee and Yeon J. Kim (Korea University, Korea) for 

performing and providing information on the metabolic chamber experiment and for critical 

comments on the manuscript.  

  



 

103 

 

Reference 

1. Kramer, P. & Bressan, P. Humans as Superorganisms: How Microbes, Viruses, Imprinted 

Genes, and Other Selfish Entities Shape Our Behavior. Perspect Psychol Sci 10, 464-

481 (2015). 

2. Schwartz, M. The life and works of Louis Pasteur. J Appl Microbiol 91, 597-601 (2001). 

3. Shulman, S.T., Friedmann, H.C. & Sims, R.H. Theodor Escherich: the first pediatric 

infectious diseases physician? Clin Infect Dis 45, 1025-1029 (2007). 

4. Delwiche, E.A., Pestka, J.J. & Tortorello, M.L. The veillonellae: gram-negative cocci with 

a unique physiology. Annu Rev Microbiol 39, 175-193 (1985). 

5. Lee, J.H. & O'Sullivan, D.J. Genomic insights into bifidobacteria. Microbiol Mol Biol Rev 

74, 378-416 (2010). 

6. Bocci, V. The neglected organ: bacterial flora has a crucial immunostimulatory role. 

Perspect Biol Med 35, 251-260 (1992). 

7. Banerjee, S., Thompson, W.E. & Chowdhury, I. Emerging roles of microRNAs in the 

regulation of Toll-like receptor (TLR)-signaling. Front Biosci (Landmark Ed) 26, 771-796 

(2021). 

8. Cani, P.D. Human gut microbiome: hopes, threats and promises. Gut 67, 1716-1725 

(2018). 

9. Durack, J. & Lynch, S.V. The gut microbiome: Relationships with disease and 

opportunities for therapy. J Exp Med 216, 20-40 (2019). 

10. Lynch, S.V., Ng, S.C., Shanahan, F. & Tilg, H. Translating the gut microbiome: ready for 

the clinic? Nat Rev Gastroenterol Hepatol 16, 656-661 (2019). 

11. Behrouzi, A., Nafari, A.H. & Siadat, S.D. The significance of microbiome in personalized 

medicine. Clin Transl Med 8, 16 (2019). 

12. Pascale, A., et al. Microbiota and metabolic diseases. Endocrine 61, 357-371 (2018). 

13. Turnbaugh, P.J., et al. The effect of diet on the human gut microbiome: a 

metagenomic analysis in humanized gnotobiotic mice. Sci Transl Med 1, 6ra14 (2009). 

14. Wu, H., et al. Metformin alters the gut microbiome of individuals with treatment-naive 

type 2 diabetes, contributing to the therapeutic effects of the drug. Nat Med 23, 850-

858 (2017). 

15. Le Chatelier, E., et al. Richness of human gut microbiome correlates with metabolic 



 

104 

 

markers. Nature 500, 541-546 (2013). 

16. Karl, J.P., et al. Changes in intestinal microbiota composition and metabolism coincide 

with increased intestinal permeability in young adults under prolonged physiological 

stress. Am J Physiol Gastrointest Liver Physiol 312, G559-G571 (2017). 

17. Harley, I.T., et al. Differential colonization with segmented filamentous bacteria and 

Lactobacillus murinus do not drive divergent development of diet-induced obesity in 

C57BL/6 mice. Mol Metab 2, 171-183 (2013). 

18. Obata, Y. & Pachnis, V. The Effect of Microbiota and the Immune System on the 

Development and Organization of the Enteric Nervous System. Gastroenterology 151, 

836-844 (2016). 

19. Depommier, C., et al. Beneficial Effects of Akkermansia muciniphila Are Not Associated 

with Major Changes in the Circulating Endocannabinoidome but Linked to Higher 

Mono-Palmitoyl-Glycerol Levels as New PPARalpha Agonists. Cells 10(2021). 

20. Regnier, M., et al. Rhubarb Supplementation Prevents Diet-Induced Obesity and 

Diabetes in Association with Increased Akkermansia muciniphila in Mice. Nutrients 

12(2020). 

21. Katiraei, S., et al. Akkermansia muciniphila Exerts Lipid-Lowering and 

Immunomodulatory Effects without Affecting Neointima Formation in Hyperlipidemic 

APOE*3-Leiden.CETP Mice. Mol Nutr Food Res 64, e1900732 (2020). 

22. Cani, P.D. & de Vos, W.M. Next-Generation Beneficial Microbes: The Case of 

Akkermansia muciniphila. Front Microbiol 8, 1765 (2017). 

23. Plovier, H. & Cani, P.D. [Optimization and safety assessment of Akkermansia 

muciniphila for human administration]. Med Sci (Paris) 33, 373-375 (2017). 

24. Sandberg, J., Kovatcheva-Datchary, P., Bjorck, I., Backhed, F. & Nilsson, A. Abundance 

of gut Prevotella at baseline and metabolic response to barley prebiotics. Eur J Nutr 

58, 2365-2376 (2019). 

25. Kovatcheva-Datchary, P., et al. Dietary Fiber-Induced Improvement in Glucose 

Metabolism Is Associated with Increased Abundance of Prevotella. Cell Metab 22, 

971-982 (2015). 

26. Mithieux, G. Gut nutrient sensing and microbiota function in the control of energy 

homeostasis. Curr Opin Clin Nutr Metab Care 21, 273-276 (2018). 

27. Mithieux, G. Gut Microbiota and Host Metabolism: What Relationship. 



 

105 

 

Neuroendocrinology 106, 352-356 (2018). 

28. Cohen, L.J., et al. Commensal bacteria make GPCR ligands that mimic human 

signalling molecules. Nature 549, 48-53 (2017). 

29. Chambers, E.S., Preston, T., Frost, G. & Morrison, D.J. Role of Gut Microbiota-

Generated Short-Chain Fatty Acids in Metabolic and Cardiovascular Health. Curr Nutr 

Rep 7, 198-206 (2018). 

30. Cheng, R., Xu, W., Wang, J., Tang, Z. & Zhang, M. The outer membrane protein 

Amuc_1100 of Akkermansia muciniphila alleviates the depression-like behavior of 

depressed mice induced by chronic stress. Biochem Biophys Res Commun 566, 170-

176 (2021). 

31. Mou, L., et al. Crystal structure of monomeric Amuc_1100 from Akkermansia 

muciniphila. Acta Crystallogr F Struct Biol Commun 76, 168-174 (2020). 

32. Mulhall, H., et al. Akkermansia muciniphila and Its Pili-Like Protein Amuc_1100 

Modulate Macrophage Polarization in Experimental Periodontitis. Infect Immun 

89(2020). 

33. Wang, J., et al. The variable oligomeric state of Amuc_1100 from Akkermansia 

muciniphila. J Struct Biol 212, 107593 (2020). 

34. Wang, J., et al. The outer membrane protein Amuc_1100 of Akkermansia muciniphila 

promotes intestinal 5-HT biosynthesis and extracellular availability through TLR2 

signalling. Food Funct 12, 3597-3610 (2021). 

35. Tennoune, N., et al. Bacterial ClpB heat-shock protein, an antigen-mimetic of the 

anorexigenic peptide alpha-MSH, at the origin of eating disorders. Transl Psychiatry 4, 

e458 (2014). 

36. Plovier, H., et al. A purified membrane protein from Akkermansia muciniphila or the 

pasteurized bacterium improves metabolism in obese and diabetic mice. Nat Med 23, 

107-113 (2017). 

37. Everard, A., et al. Cross-talk between Akkermansia muciniphila and intestinal 

epithelium controls diet-induced obesity. Proc Natl Acad Sci U S A 110, 9066-9071 

(2013). 

38. Hill, J.O., Wyatt, H.R. & Peters, J.C. Energy balance and obesity. Circulation 126, 126-

132 (2012). 

39. Derosa, G. & Maffioli, P. Anti-obesity drugs: a review about their effects and their 



 

106 

 

safety. Expert Opin Drug Saf 11, 459-471 (2012). 

40. Villarroya, F., Cereijo, R., Villarroya, J. & Giralt, M. Brown adipose tissue as a secretory 

organ. Nat Rev Endocrinol 13, 26-35 (2017). 

41. Timmons, J.A. & Pedersen, B.K. The importance of brown adipose tissue. N Engl J Med 

361, 415-416; author reply 418-421 (2009). 

42. Enerback, S. The origins of brown adipose tissue. N Engl J Med 360, 2021-2023 

(2009). 

43. Celi, F.S. Brown adipose tissue--when it pays to be inefficient. N Engl J Med 360, 

1553-1556 (2009). 

44. Virtanen, K.A., et al. Functional brown adipose tissue in healthy adults. N Engl J Med 

360, 1518-1525 (2009). 

45. Cypess, A.M., et al. Identification and importance of brown adipose tissue in adult 

humans. N Engl J Med 360, 1509-1517 (2009). 

46. van Marken Lichtenbelt, W.D., et al. Cold-activated brown adipose tissue in healthy 

men. N Engl J Med 360, 1500-1508 (2009). 

47. Mulya, A. & Kirwan, J.P. Brown and Beige Adipose Tissue: Therapy for Obesity and Its 

Comorbidities? Endocrinol Metab Clin North Am 45, 605-621 (2016). 

48. Chevalier, C., et al. Gut Microbiota Orchestrates Energy Homeostasis during Cold. Cell 

163, 1360-1374 (2015). 

49. Suarez-Zamorano, N., et al. Microbiota depletion promotes browning of white adipose 

tissue and reduces obesity. Nat Med 21, 1497-1501 (2015). 

50. Cheng, D. & Xie, M.Z. A review of a potential and promising probiotic candidate-

Akkermansia muciniphila. J Appl Microbiol (2020). 

51. Roshanravan, N., et al. A comprehensive systematic review of the effectiveness of 

Akkermansia muciniphila, a member of the gut microbiome, for the management of 

obesity and associated metabolic disorders. Arch Physiol Biochem, 1-11 (2021). 

52. Yu, Y., et al. Akkermansia muciniphila: A potential novel mechanism of nuciferine to 

improve hyperlipidemia. Biomed Pharmacother 133, 111014 (2021). 

53. Derrien, M., Vaughan, E.E., Plugge, C.M. & de Vos, W.M. Akkermansia muciniphila gen. 

nov., sp. nov., a human intestinal mucin-degrading bacterium. Int J Syst Evol Microbiol 

54, 1469-1476 (2004). 

54. Liu, J., et al. Gypenosides Reduced the Risk of Overweight and Insulin Resistance in 



 

107 

 

C57BL/6J Mice through Modulating Adipose Thermogenesis and Gut Microbiota. J 

Agric Food Chem 65, 9237-9246 (2017). 

55. Gao, X., et al. Polyphenol- and Caffeine-Rich Postfermented Pu-erh Tea Improves Diet-

Induced Metabolic Syndrome by Remodeling Intestinal Homeostasis in Mice. Infect 

Immun 86(2018). 

56. Nishiyama, M., et al. Increase of Akkermansia muciniphila by a Diet Containing 

Japanese Traditional Medicine Bofutsushosan in a Mouse Model of Non-Alcoholic 

Fatty Liver Disease. Nutrients 12(2020). 

57. Dao, M.C., et al. Akkermansia muciniphila abundance is lower in severe obesity, but its 

increased level after bariatric surgery is not associated with metabolic health 

improvement. Am J Physiol Endocrinol Metab 317, E446-E459 (2019). 

58. Depommier, C., et al. Pasteurized Akkermansia muciniphila increases whole-body 

energy expenditure and fecal energy excretion in diet-induced obese mice. Gut 

Microbes 11, 1231-1245 (2020). 

59. Huck, O., et al. Akkermansia muciniphila reduces Porphyromonas gingivalis-induced 

inflammation and periodontal bone destruction. J Clin Periodontol 47, 202-212 (2020). 

60. Lawenius, L., et al. Pasteurized Akkermansia muciniphila protects from fat mass gain 

but not from bone loss. Am J Physiol Endocrinol Metab 318, E480-E491 (2020). 

61. Markowiak-Kopec, P. & Slizewska, K. The Effect of Probiotics on the Production of 

Short-Chain Fatty Acids by Human Intestinal Microbiome. Nutrients 12(2020). 

62. Seregin, S.S., et al. NLRP6 Protects Il10(-/-) Mice from Colitis by Limiting Colonization 

of Akkermansia muciniphila. Cell Rep 19, 2174 (2017). 

63. Wang, L., et al. A purified membrane protein from Akkermansia muciniphila or the 

pasteurised bacterium blunts colitis associated tumourigenesis by modulation of 

CD8(+) T cells in mice. Gut 69, 1988-1997 (2020). 

64. Davis, J.A., et al. Obesity, Akkermansia muciniphila, and Proton Pump Inhibitors: Is 

there a Link? Obes Res Clin Pract 14, 524-530 (2020). 

65. Xu, Y., et al. Function of Akkermansia muciniphila in Obesity: Interactions With Lipid 

Metabolism, Immune Response and Gut Systems. Front Microbiol 11, 219 (2020). 

66. Dong, X., et al. [Prokaryotic expression of Amuc_1100 protein and its effects on high-

fat diet rats combined streptozotocin injection]. Wei Sheng Yan Jiu 49, 785-822 

(2020). 



 

108 

 

67. Chen, Q., et al. Epidermis-Activated Gasdermin-A3 Enhances Thermogenesis of Brown 

Adipose Tissue through IL-6/Stat3 Signaling. Am J Pathol 189, 1041-1052 (2019). 

68. Yoon, H.S., et al. Akkermansia muciniphila secretes a glucagon-like peptide-1-inducing 

protein that improves glucose homeostasis and ameliorates metabolic disease in 

mice. Nat Microbiol 6, 563-573 (2021). 

69. Fischer, A.W., et al. UCP1 inhibition in Cidea-overexpressing mice is physiologically 

counteracted by brown adipose tissue hyperrecruitment. Am J Physiol Endocrinol 

Metab 312, E72-E87 (2017). 

70. Miller, C.N., et al. UCP1 in sebaceous glands corresponds with increased antioxidant 

potential and not brown adipose tissue function. Exp Dermatol 25, 563-565 (2016). 

71. Porter, C., et al. Human and Mouse Brown Adipose Tissue Mitochondria Have 

Comparable UCP1 Function. Cell Metab 24, 246-255 (2016). 

72. Ottman, N., et al. Pili-like proteins of Akkermansia muciniphila modulate host immune 

responses and gut barrier function. PLoS One 12, e0173004 (2017). 

73. Liu, Z., Wang, N., Ma, Y. & Wen, D. Hydroxytyrosol Improves Obesity and Insulin 

Resistance by Modulating Gut Microbiota in High-Fat Diet-Induced Obese Mice. Front 

Microbiol 10, 390 (2019). 

74. Liu, S., Qin, P. & Wang, J. High-Fat Diet Alters the Intestinal Microbiota in 

Streptozotocin-Induced Type 2 Diabetic Mice. Microorganisms 7(2019). 

75. Ingmer, H., Vogensen, F.K., Hammer, K. & Kilstrup, M. Disruption and analysis of the 

clpB, clpC, and clpE genes in Lactococcus lactis: ClpE, a new Clp family in gram-

positive bacteria. J Bacteriol 181, 2075-2083 (1999). 

76. Lim, G.E., et al. Insulin regulates glucagon-like peptide-1 secretion from the 

enteroendocrine L cell. Endocrinology 150, 580-591 (2009). 

77. Lim, G.E., Xu, M., Sun, J., Jin, T. & Brubaker, P.L. The rho guanosine 5'-triphosphatase, 

cell division cycle 42, is required for insulin-induced actin remodeling and glucagon-

like peptide-1 secretion in the intestinal endocrine L cell. Endocrinology 150, 5249-

5261 (2009). 

78. Lyck, R. & Enzmann, G. The physiological roles of ICAM-1 and ICAM-2 in neutrophil 

migration into tissues. Curr Opin Hematol 22, 53-59 (2015). 

79. Huang, M.T., et al. Endothelial intercellular adhesion molecule (ICAM)-2 regulates 

angiogenesis. Blood 106, 1636-1643 (2005). 



 

109 

 

80. Husted, A.S., Trauelsen, M., Rudenko, O., Hjorth, S.A. & Schwartz, T.W. GPCR-Mediated 

Signaling of Metabolites. Cell Metab 25, 777-796 (2017). 

81. Luckmann, M., Trauelsen, M., Frimurer, T.M. & Schwartz, T.W. Structural basis for GPCR 

signaling by small polar versus large lipid metabolites-discovery of non-metabolite 

ligands. Curr Opin Cell Biol 63, 38-48 (2020). 

 

  



 

110 

 

국문 초록 (Abstract in Korean) 

아커만시아 뮤시니필라 유래 단백질 P9의 당 항상성 조절 기능 및 대사질환 완화 기전 

연구  

현재 비만 및 대사질환은 최근 들어서 점점 늘어나고 있는 질환으로써, WHO에서 조사한 결

과 2016년 기준으로 현재 전체 인구의 39%가 (BMI 30<) 비만이라는 통계 결과를 냈다 

(https://www.who.int/topics/obesity/en/). 최근에 이런 문제를 해결하기 위해 대사질환에 

맞는 신약 개발을 하고 있으나, 기존의 방식이었던 식욕저하제 (Appetite suppression 

drugs), 지방흡수저해제(mal-nutrition drugs) 같은 방법이 아닌 새로운 방법으로 대사질환

을 치료하고 하는 노력들이 진행되고 있다. 이런 노력을 바탕으로 현재 장내미생물과 비만의 

관한 연구가 활발하게 진행되고 있다. 장내미생물은 우리 장에서 함께 공생하고 있는 미생물

로써, 여러 통계가 있지만 100조개의 균 정도가 있다고 알려져 있고, 유전자(gene)만으로도 

약 3백만정도가 있다고 알려져 있다. 사람과 비교했을 때 사람은 10조개의 세포 그리고 유

전자는 23,000개정도만 있다고 알려져 있다. 이렇게 균은 사람과 공생을 하고 있으나, 분명

히 건강한 사람과 장기적인 질환을 겪은 사람은 장내미생물의 차이가 있다. 장내미생물과 비

만의 상관관계는 2006년 Nature에서 Jeffrey I. Gordon 실험실에서 밝힌 바가 있다. 가장 

알려진 장내미생물의 기작으로는 장막이 약화가 되면 리포 다당류 (LPS)에 의한 염증이 비

만을 유도하는 것으로 알려져 있다. 이러한 기작도 중요하지만, 현재 장내미생물이 갈색지방

이나 장내 호르몬 같은 GLP-1을 유도한다는 연구 결과들이 보고 되고 있다. 갈색 지방은 

원래 영유아에만 영향이 있고, 성인이 되면 사라진다고 생각했었다. 그러나 양전자/컴퓨터단

층촬영 (Positron Emission Tomography/Computed Tomography (PET-CT)) 의 발전으

로 조금 더 사람을 확인 할 수 있는 기술이 확보가 되면서, 성인에게도 갈색 지방이 여전히 

존재하고 있으며, 비만의 정도와 갈색 지방의 양이 상관관계가 있다는 것이 밝혀졌다. 본 연

구는 이런 논문들을 바탕으로 장내미생물은 갈색 지방을 활성화 시킬 수 있는 물질이 있을 

거라는 가설을 가지고 시작하였다. 이후에 실험에서 얻은 정보를 토대로 장 호르몬인 

Glucagon like peptide-1 (GLP-1)이 항비만/당뇨에서 중요한 인자로 장내미생물과 관련이 

있는지 연구를 계속 진행하게 되었으며, 갈색 지방을 활성하고 GLP-1을 유도 할 수 있는 

인터루킨-6 (IL-6)의 존재도 알게 되었으며, 이러한 항비만 기작들이 과연 장내미생물과 관
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련성이 있는지 가설을 세우고 실험을 진행하게 되었다. 이런 상관관계에 대한 개념 증명 및 

장내미생물과 관련한 항비만/당뇨 및 대사질환 신약발굴을 위해서 연구에 대한 필요성이 있

다고 생각합니다. 

 두 번째 장에서, 본 연구는 아크만시아 뮤시니필라에서 유래한 단백질인 P9을 고지방 식이 

마우스에 투여 함으로써, 갈색 지방에 미치는 영향 및 장에 직접적으로 미치는 영향 역시 확

인하였다. P9는 고지방 식이 마우스에서 체중감소 및 내당능 효과가 있음을 확인하였다. 이

러한 P9의 비만개선은 갈색지방을 통한 열 생산을 유도할 수가 있었으며, 장내 호르몬인 

GLP-1을 유도함으로써 이러한 기작들이 대사질환을 완화하는 것을 확인할 수가 있었다. 기

존에 연구에서는 IL-6는 아크만시아 뮤시니필라에서 유도가 가능하고, IL-6는 이러한 대사

질환에서 중요한 역할을 한다고 알려져 있다. P9의 효능이 IL-6의 기반하고 있는 것을 확인

하기 위해서 IL-6 녹아웃 마우스를 사용하여 일반적인 마우스에 보였던 체중감소 및 내당능 

효과가 있는지 확인해 보였다. 그 결과 IL-6 녹아웃 마우스에서는 체중감소 및 내당능 효과

효 사라지는 것을 확인하였으며, 이런 대사질환을 개선할수 있는 GLP-1의 생성능 그리고 

열 생산이 IL-6 녹아웃 마우스에서는 사라지는 것을 확인 하였다. 이 연구를 통해 P9는 열 

생산 및 GLP-1 생산을 통해서 체중감소 및 열 생성이 가능한 것을 확인하였고, 이런 기작

이 IL-6에 의존적인 것을 확인할 수가 있었다. 

 세 번째 장에서, 본 연구는 아크만시아 뮤시니필라에서 유래한 단백질인 P9이 L cell에서 

GLP-1을 생성할 수 있는 기작을 연구하고자 하였다. 기존 연구들은 장내미생물의 기반한 

물질들은 GPCR을 통한 신호기작이 중요하다고 알려져 있다. 그러나 본 연구에서는 GPCR에

서 보 일수 있는 칼슘 신호 전달이 있음을 확인하고 이것이 CREB과 PLC을 매게하는 것을 

확인 하였으나, GPCR에 기반하지 않았음을 확인 하였다. P9의 고아 수용체를 확인하기 위해

서 TriCEPs을 이용한 pull down assay를 한 후에 질량분석기를 통해 가능성이 있는 수용체

들을 찾아 보았다. 그 결과 키네틴 1 (KTN1) 그리고 인터셀루러 어드히션 몰리큘 2 

(ICAM-2) 외 2개가 발견되었다. 각 수용체 맞는 중화항체와 억제 펩타이드를 사용한 후에 

GLP-1 생성능을 확인하였을 때, ICAM2를 중화했을 때 P9이 GLP-1 생성능이 억제되는것

을 보아 P9는 인간의 ICAM2를 수용체로 해서 GLP-1을 L cell에서 생성하는 것을 확인할

수가 있었다. 이로 인해 장내미생물에서 유래한 단백질인 P9이 GPCR이 아닌 다른 수용체이 
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ICAM-2에 결합해서 칼슘 신호전달을 하는 것을 확인할 수가 있었고, ICAM-2에 새로운 기

능을 확인할 수가 있었다. 이어서 ICAM-2에 IL-6과 상관관계를 확인하기 위해서 IL-6 녹

아웃 마우스의 소장에서 ICAM-2의 발현을 확인한 결과, ICAM-2가 줄어드는 것을 확인함

으로써 ICAM-2가 IL-6와 관계가 있음을 확인할 수가 있었다. 

 네 번째 장에서, 본 연구는 아크멘시아 뮤시니필라에서 유래한 단백질인 P9이 체중감소 및 

내당능이 GLP-1 신호에 기반하는지 확인하는 연구를 진행하였다. 이 연구를 진행하기 위해

서 GLP-1r 녹아웃 마우스를 사용하여, P9의 기능이 어떻게 변하는지 확인을 하였다. 나아

가서 P9의 의한 장내미생물 변화도 확인하였으며, 이를 비교하기위해 효능이 없을꺼라고 예

상한 GLP-1r 녹아웃 마우스를 함께 사용하였다. 예상대로 GLP-1r 녹아웃 마우스에서는 

P9에 의한 체중감소 및 내당능이 없어지는 것을 확인하였으며, 이게 갈색지방에 의한 열 생

산이 없어지는 것 따른 결과임을 확인하였다. GLP-1r가 없어도 P9에 GLP-1 생성능은 사

라지지 않는 것 역시도 확인하였다. P9에 의한 장내미생물 변화는 Allobaculum, 

Lactobacillus 그리고 Prevotella 가 감소하였고, Parabacteroides 와 Bacteroides

가 증가하는 것을 확인하였다. 그리고 PICRUSt2 통한 MetaCyc의 데이터베이스를 

기반으로 분석을 하였을때, mevalonate 의 감소가 있음을 확인할 수가 있었다. 이는 

기존 연구에 따라 Parabacteroides의 증가에 의한 현상으로 mevalonate는 콜레스

테롤의 생성에 중요한 역할을 한다고 알려져 있다. 이로 인해 mevalonate의 억제제

가 대사질환에 타겟으로 연구가 되고 있는데, 이런 현상이 P9의 투여에 의해서 일어

나는 것을 확인하였다. 

 따라서, 본 연구는 대사 질환과 장내미생물에 연관성을 확인할 수 있는 연구이고, 

장내미생물에서 유래한 단백질인 P9의 L 세포에서의 신호 전달 기작을 확인할 수 

있는 연구이다. 이렇게 장내미생물이 ICAM-2라는 사람의 수용체에 결합하여 신호 

전달을 할 수 있다는 연구는 본 연구가 처음이며, IL-6와 GLP-1이 대사 질환에 줄 

수 있는 영향을 확인할 수 있는 연구이다. 차 후에 이 단백질에 대한 구조 및 임상 

연구를 통해 이 단백질이 대사 질환에 사용할 수 있는 신약으로써 의 가능성을 연구

를 진행할 예정이다.  
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