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Abstract 

 

The effect of Akkermansia muciniphila-derived 

protein on alleviation of non-alcoholic fatty liver 

disease 

 

 Myeongsik Yun 

Dept. of Environmental Health 

The Graduate School of Public Health 

Seoul National University 

 

The gut microbiome is closely related to metabolic diseases such as 

obesity, diabetes, and non-alcoholic fatty liver disease (NAFLD). 

Although Akkermansia muciniphila has been reported to lose body 

weight, improve glucose metabolism, and have a negative correlation 

with NAFLD, the causal relationship or mechanism remains poorly 

unclear. In a previous study, we screened Akkermansia muciniphila-

derived protein P9 and confirmed that it reduced body weight and 
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improved glucose homeostasis. Here, we identify the effect of P9 on 

NALFD by in vitro and in vivo models. P9 significantly elevated the 

expression of the fatty acid oxidation markers and reduced lipid 

accumulation in HepG2. Using high-fat diet (HFD) model, we identified 

P9 reduced body weight, restored Fibroblast growth factor 21 (FGF21) 

resistance via increasing β-Klotho (KLB) expression, and AMPKα 

phosphorylation. P9 also increased peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α) in the liver. In Choline-

deficient, L-amino acid-defined, high-fat diets (CDAHFD) model, there 

were no significant changes in body weight, liver ratio, alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) level, and 

fatty acid oxidation markers (FGF21, PGC-1α). Taken together, these 

data show that P9 increases fatty acid oxidation and ameliorates steatosis. 

And this alleviation effect of NAFLD is related to PGC-1α. Our findings 

provide the relationship between hepatic lipid metabolism and 

Akkermansia muciniphila. Also, these results suggest that Akkermansia 

muciniphila-derived protein can be applied for the therapy of NAFLD. 

 

 

 

 



III 

Graphical Abstract 

 

 

 

 

 

Key words: Akkermansia muciniphila, P9, non-alcoholic fatty liver 

disease, fatty acid oxidation, FGF21, PGC-1α, lipid metabolism, 

microbiome 

Student No. 2019-29444



IV 

CONTENTS 

 

ABSTRACT ………………………………………………. I 

 

GRAPHICAL ABSTRACT………………………….…. III 

 

LIST OF TABLES ...........................................................VII 

 

LIST OF 

FIGURES………………………………….....................VIII 

 

LIST OF 

ABBREVIATIONS.....………………………….............. IX 

 

I. Introduction ……………………………………... 1 

 

II. Materials and Methods …………………………. 3 

 

1. Protein expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . .. . . . . .3 

2. Experimental animals...……………………………………....…..5 

3.  Human liver cell line culture and treatment…………………….6 

4. OA-induced steatosis.....................................................................7 

5. ORO cell staining........................................................................…8 

 



V 

6. Plasma FGF21 measurement....................................................…9 

7. RNA isolation and real-time qPCR analysis............................ 10 

8. Western blots …………………………………..…………….13 

9. Statistical analysis……………………….……………………..14 

 

III. Results …………….…………………….......……..15 

 

1. Akkermansia muciniphila-derived protein P9 increases fatty 

acid oxidation markers in HepG2 cells………….……………15 

2. P9 ameliorates FFA induced steatosis in HepG2 cells………17 

3. P9 ameliorates HFD induced hepatic steatosis..........................22 

4. P9 restores FGF21 resistance in HFD induced steatosis 

model……………………………………………………………..27 

5. P9 does not reduce body weight in CDAHFD model………...32 

6. P9 administration does not hepatic steatosis in CDAHFD 

model…………………………………………..………...…35 

7. P9 has no differences in hepatic lipid metabolism in CDAHFD 

model……………………………………………………………38 

 

 

 



VI 

IV. Discussion …………………………………………43 

 

V. Reference ……………………………………….…49 

 

VI. 국문초록………………………………….......……55 



VII 

List of Tables 

 

Table 1. mouse PCR primers..........................................................................11  

Table 2. human PCR primers……………………………….........................12  

Table 3. TaqMan primers...............................................................................12  

 

 

 



VIII 

List of Figures 

Figure 1. Effect of P9 on fatty acid oxidation relative genes expression in 

HepG2 cells.………………………………………..………………....…...16 

Figure 2. Dose-dependent effect of oleic acid-induced lipid accumulation in 

HepG2 cells………………………….......................................…………...18 

Figure 3. P9 ameliorates OA-induced lipid accumulation in HepG2 cells.. 20 

Figure 4. P9 ameliorates high-fat diet-induced weight gain.…….……..….23 

Figure 5. Effect of P9 in lipid metabolism in HFD model. …………...........25 

Figure 6. P9 increases KLB expression and has no differences in co-receptors 

expression…………………………….........................................................28 

Figure 7. P9 improves FGF21 signaling in HFD model...............................30 

Figure 8. P9 does not affect body weight gain in CDAHFD model..............33 

Figure 9. P9 does not affect liver weight and steatosis in CDAHFD model 

……………………………………………………………………………..36 

Figure 10. P9 does not reduce serum ALT, AST, TG levels in CDAHFD 

model……………………………………………………………………....39 

Figure 11. Relative gene expressions in CDAHFD model.…….…….…....41 

Supplementary figure 1. Experimental scheme of HFD model…...….......53 

Supplementary figure 2. Experimental scheme of CDAHFD model…….54 



IX 

List of Abbreviations 

Non-alcoholic fatty liver disease (NAFLD) 

Non-alcoholic fatty liver (NAFL) 

Non-alcoholic steatohepatitis (NASH), 

Hepatocellular carcinoma (HCC) 

Triglyceride (TG) 

Choline-deficient, L-amino acid-defined, high-fat diets (CDAHFD) 

High-fat diet (HFD) 

Dulbecco's Modified Eagle Medium (DMEM) 

Oleic acid (OA) 

Distilled water (DW) 

Bovine serum albumin (BSA) 

Lysogeny broth (LB) 

Normal chow diet (NCD) 

Fibroblast growth factor 21 (FGF21) 

Ethylenediaminetetraacetic acid (EDTA) 

Polymerase Chain Reaction (PCR) 

Glucose Transporter Type 4 (GLUT4) 

Radioimmunoprecipitation assay (RIPA) 

Nitrocellulose membrane (NC) 

Tris-buffered saline with 0.1% Tween ®  20 Detergent (TBST) 



X 

Analysis of variance (ANOVA) 

Phosphate buffer solution (PBS) 

Enzyme-linked immunosorbent assay (ELISA) 

Optical density (OD) 

Room temperature (RT) 

Fetal bovine serum (FBS) 

Fibroblast growth factor 21 (FGF21) 

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

(PGC-1a) 

Alanine aminotransferase (ALT) 

Aspartate aminotransferase (AST) 

Triglyceride (TG) 

Interleukin-1 beta (IL-1β)



1 

I. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is more than 5% of 

hepatocytes are steatosis despite no alcohol consumption or insignificant 

alcohol intake [1]. NAFLD is caused by overwhelming the primary 

metabolic energy substrates, carbohydrates, and fatty acids, and these 

leading to the accumulation of lipid in the liver [2].  

NAFLD is divided into two main subtypes. One is simple steatosis 

called a non-alcoholic fatty liver (NAFL), a form that rarely develops 

into cirrhosis, and the other is non-alcoholic steatohepatitis (NASH), 

which can lead to cirrhosis and hepatocellular carcinoma (HCC) [3-4].  

The worldwide prevalence of NAFLD is currently estimated at ~25% 

[5] and incidence and prevalence are rising with increasing rates of 

obesity and diabetes [6]. According to the results of recent studies, non-

alcoholic fatty liver disease is an independent risk factor for developing 

chronic adult diseases such as cardiovascular disease, type 2 diabetes, 

metabolic syndrome, hypertension, and kidney disease [7]. NAFLD is 

becoming one of the most common causes of chronic liver disease, and 

now it is a major reason for liver-related morbidity and mortality [8]. 

Studies have shown that the gut and liver have several levels of 

interdependence, and it is known that disturbance of the gut–liver axis is 

related to several diseases related to NAFLD [9]. Human studies show 
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that a gut microbiome among patients with NASH is less complex than 

that of healthy subjects [10]. The genus Akkermansia is reduced in obese 

patients with or without NAFLD compared to healthy individuals, and 

increase Akkermansia muciniphila improves the metabolic parameters in 

obesity and NAFLD [11]. 

In a previous report from our research group, the administration of 

Akkermansia muciniphlia reduced fatty acid and TG synthesis markers 

whereas increased fatty acid oxidation markers in the liver [12]. 

Additionally, the novel molecule (Amuc_1631: P9) derived from 

Akkermansia muciniphila has improved glucose tolerance and reduced 

body weight in mice [12].  

Therefore, we hypothesize that Akkermansia muciniphila-derived 

protein P9 may ameliorate NAFLD by affecting TG synthesis or fatty 

acid oxidation markers. Using the human liver hepatocellular carcinoma 

cell line (HepG2), we assess fatty acid oxidation markers and lipid 

accumulation. And in high-fat diet (HFD), Choline-deficient, L-amino 

acid-defined, high-fat diets (CDAHFD) models, we observe the effect of 

P9 in NALFD and analyze lipid metabolism markers in the liver. 
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II. Materials and Methods 

1. Protein expression 

The nucleotide sequences of P9 vectors transfected BL21 Escherichia 

coli were used [12]. E. coli were grown in LB-broth containing 

kanamycin (50 μg/ml) for 8 h, 24 h. After growing, E. coli were treated 

with 1.0 mM IPTG, and given an additional 4 h to express the proteins. 

The cells were pelleted by centrifuging for 10 min at 8,000 RPM at 4 °C. 

Pellets were dissolved in equilibrium buffer and stored at −80 °C until 

lysis. Cell pellets were lysed by sonicator (Vibracell VCX500, Sonics & 

Materials Inc, Newtown, CT). For protein purification, the TALON ®  

Metal Affinity resin and HisTALON buffer kit (Takara Bio USA, Inc, 

Mountain View, CA) as the manufacturer’s instruction. with minor 

modifications. To remove the endotoxin, we incubated protein with 1 % 

Triton X-114 (Sigma-Aldrich) for 30 min at 4 °C. The phase containing 

endotoxin was separated by centrifugation at 12,000 RPM for 10 min. 

This cycle was repeated three times. The purified proteins were 

incubated with SM-2 beads (Bio-Rad Laboratories, Inc., Hercules, CA) 

for 1 h at 4 °C to remove residual Triton X-114. The protein solution was 

centrifugated at 12,000 RPM for 10 min to remove SM-2 beads. This 

cycle was repeated three times. The purity of the protein was confirmed



4 

by SDS-PAGE and quantified by the BCA Protein Assay kit (Thermo 

Scientific, Rockford, IL, USA).  
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2. Experimental animals 

C57BL/6J mice (SLC Inc, Japan) were housed in a semi-SPF (specific 

pathogen-free) condition at the Institute for Experimental Animals, 

College of Medicine, Seoul National University. Mice were no more than 

four per cage under a 12 h light/dark cycle and were allowed free access 

to food and water. In the high-fat diet (HFD) model, six-week-old male 

mice were fed either a low-fat diet (LF; D12450K, Research Diets, New 

Brunswick, NJ) or an HFD (D12492, Research Diets), or an HFD with 

daily administration of P9 for 8 weeks (n=8). The experimental scheme 

is shown in Supplementary figure 1A. In the choline-deficient, L-amino 

acid-defined, high-fat diet (CDAHFD) model, six-week-old male mice 

were fed either an ND or a CDAHFD (A06071302, Research Diets), or 

a CDAHFD with daily administration of P9 for 4 weeks (n=8). The 

experimental scheme is shown in Supplementary figure 2A. Mice were 

weight-matched and randomized to groups before all experiments. Feed 

intake and body mass were measured once a week. The experimental 

procedures were reviewed and approved by the Institutional Animal Care 

and Usage Committee (IACUC) of Seoul National University (SNU-

180723-1-1). 
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3. Human liver cell line culture and treatment 

The human hepatoma cell line (HepG2) was purchased from 

Korean Cell Line Bank (KCLB, Seoul, South Korea) and was cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) with 10 % FBS and 

1 % penicillin/streptomycin, 1% gentamycin, 10 mM HEPES, 10mM 

MEM Non-Essential Amino Acids Solution, 1.5% sodium bicarbonate. 

Cell viability was checked with trypan blue staining and counted with a  

hemocytometer. For experiments, the cells were cultured 2 × 105 cells 

ml-1 in a 96-well plate or 24-well plate overnight. On the day of treatment, 

the cells were treated with P9 in a serum-free medium. The cell was 

incubated in a humidified 37 °C incubator containing 5 % CO2. 
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4. OA-induced steatosis 

100 mM Oleic acid (Sigma, USA, catalog number: O1383) was prepared 

in 0.1 M NaOH heating in a 70°C shaking incubator. 10 mM oleic acid-

BSA were prepared in 10% BSA solution heating at 55°C for 15 min and 

diluted to the desired final concentration for experiments. Solutions were 

sterile-filtered through a 0.45 µm pore membrane filter and stored at 

−20°C. After cell seeding, HepG2 cells were treated with different 

concentrations (0.1-2.0 mM) of OA solution for 24 hours. After the free 

fatty acid treatment, the medium was removed. And the cell was 

incubated with the desired concentration of P9. Next, the cells were used 

for the following experiment analysis. 
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5. ORO cell staining 

Oil Red O staining was used to assess lipid droplet formation in cells. 

The HepG2 cells were seeded in 24-well plates and cultivated overnight. 

The cells were treated with OA for 24 h. The treated cells were washed 

twice with PBS and fixed with 4% paraformaldehyde for 30 min at room 

temperature. Cells were washed twice with DW, incubated with 60% 

isopropanol solution for 5 min. After incubation, staining with Oil red O 

working solution for 30 min. Cells were washed with DW until no excess 

stain is seen, and the lipid droplets were observed by microscopy. For 

lipid quantification, the cells were treated with 100% isopropanol 

solution to dissolve the lipid-stained red dye, the absorbance values were 

measured at 520 nm. Oil red O working solution was prepared by using 

an Oil Red O solution (Sigma, USA, catalog number: O1391). To make 

60% Oil Red O Stock Solution, add 3 parts of Oil Red O Stock Solution 

to 2 parts of dH2O, mix well, and allow to sit for 10 min. And filtrate 

with a 0.22 µm pore membrane filter. 
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6. Plasma FGF21 measurement 

Mice have fasted for 5 hours in the morning for plasma FGF21 

measurement. Blood samples were obtained by retro-orbital sinus 

puncture for 0 and 10 min and collected in a pre-cooled EDTA coated 

tube containing 1 μg/ml diprotein A (6019; Tocris). Blood samples were 

centrifuged without delay, then plasma was separated and stored at -80°C. 

FGF21 concentration was measured with the mouse FGF21 ELISA kit 

(Abcam, ab212160) following the manufacturer’s instructions. 
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7. RNA isolation and real-time qPCR analysis 

Total RNA was extracted from tissues using an Easy-spin Total RNA 

extraction kit (iNtRON Biotechnology, Gyeonggi-do, Korea). RNA was 

reverse transcribed using a LeGene cDNA synthesis master mix (LeGene, 

San Diego, CA) following the manufacturer’s instructions. The relative 

mRNA expression levels were determined by real-time PCR using a 

QuantStudio 6 flex Real-Time PCR (Thermo Scientific, Rockford, IL). 

Sequences of primers are listed in Supplementary Table 1-3. 
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Table 1. mouse PCR primers  

 

Fw: Represents sequences of a forward primer 

Rv: Represents sequences of a reverse prime 

 

 

 

 

 

 

 

 

 

Gene Sequence (5'→3') 

KLB 
Fw: 5′- CAG AGA AGG AGG AGG TGA GG -3′ 

Rv: 5′- AGC ACC TGC CTT AAG TTG A -3′ 

FGFR1c 
Fw: 5′- GCC AGA CAA CTT GCC GTA TG -3′ 

Rv: 5′- ATT TCC TTG TCG GTG GTA TTA ACT C -3′ 

FGFR2c 
Fw: 5′- GGT GTT AAC ACC ACG GAC AA-3′ 

Rv: 5′- CTG GCA GAA CTG TCA ACC AT -3′ 

FGFR3c 
Fw: 5′- TCA GTG AGA ATG TGG AGG CA -3′ 

Rv: 5′- TGC CAG CCT CAT CAG TTT CC -3′ 

FGFR4 
Fw: 5′- TTG GCC CTG TTG AGC ATC TTT -3′ 

Rv: 5′- GCC CTC TTT GTA CCA GTG ACG -3′ 

Adiponectin 
Fw: 5′- GTC AGT GGA TCT GAC GAC ACC AA -3′ 

Rv: 5′- ATG CCT GCC ATC CAA CCT G -3′ 

GLUT4 
Fw: 5′- ACT CTT GCC ACA CAG GCT CT -3′ 

Rv: 5′- AAT GGA GAC TGA TGC GCT CT -3′ 
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Table 2. human PCR primers  

 

Fw: Represents sequences of a forward primer 

Rv: Represents sequences of a reverse prime 

 

Table 3. TaqMan primers 

  

 

 

 

 

 

 

 

Gene      Sequence (5'→3') 

FGF21 
Fw: 5′- GCC TTG AAG CCG GGA GTT ATT -3′ 

Rv: 5′- GTG GAG CGA TCC ATA CAG GG -3′ 

PGC-1α 
Fw: 5′- GGA ACT GCA GGC CTA ACT CC -3′ 

Rv: 5′- CAC TGT CCC TCA GTT CAC CG -3′ 

GAPDH 
Fw: 5′- AGC CAC ATC GCT CAG ACA C-3′ 

Rv: 5′- GCC CAA TAC GAC CAA ATC C -3′ 

Gene TaqMan probe 

Mouse GAPDH Mm99999915_g1 

Mouse FGF21 Mm00840165_g1  

Mouse PGC-1α Mm01208835_m1 

Mouse IL-1β Mm00434228_m1 
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8. Western blots 

Liver protein was extracted by RIPA buffer (Thermo Fisher Scientific, 

MA, USA). Proteins (20mg/lane) were separated by electrophoresis on 

12.5% polyacrylamide gels (Bio-Rad). And then, proteins were 

transferred to an NC-membrane (Amersham™). The membrane was 

blocked with 5% skim milk for 1 h. The primary antibody was incubated 

for 2 h with 5% bovine serum albumin (BSA). The membrane was 

washed with 0.1% TBST buffer 3 times. After washing, the membrane 

was incubated for 1 h with the corresponding HRP-conjugated secondary 

antibody. The membrane was washed with 0.1% TBST buffer 3 times. 

The protein bands were visualized with SuperSignal West Femto buffer 

(Thermo Fisher Scientific, MA, USA) under the G:BOX Chemi XL1.4 

Imaging System and quantified with the ImageJ software. The following 

primary antibodies were used: AMPKα (#2532, Cell Signaling), p-

AMPKα (#2535, Cell Signaling). The following primary secondary was 

used:  HRP Goat Anti-Mouse Ig (554002, BD Pharmingen™), HRP 

Goat Anti-Rabbit IgG (554021, BD Pharmingen™)
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9. Statistical analysis 

All the data are expressed as the means ± SEMs. Treatment groups were 

compared using two-way ANOVA, followed by Tukey’s post-hoc test 

or unpaired two-tailed Student’s t-test, using GraphPad Prism 5.01 

software (GraphPad Software, Inc., La Jolla, CA, USA). *, **, and *** 

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

respectively)
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III. Results  

1. Akkermansia muciniphila-derived protein P9 increases fatty acid 

oxidation markers in HepG2 cells. 

Lipid accumulation is caused by an imbalance between lipid degradation 

and de novo lipid synthesis [13]. In a previous report from our research 

group, the administration Akkermansia muciniphlia increased fatty acid 

oxidation markers in the liver [12]. Fibroblast growth factor 21 (FGF21), 

a member of the FGF family, is a hepatic hormone that regulates hepatic 

lipid metabolism and increases fatty acid oxidation [14]. Also, FGF21 is 

used for many therapeutic strategies in NASH in both animal models and 

humans [15]. To assess the effect on NAFLD, we treated P9 (100 μg/ml) 

for 1 h, 2 h, 6 h, and analyzed FGF21 expression in HepG2 cells. 

Strikingly, the FGF21 expression level was significantly increased time-

dependent compared with control (Figure 1A). FGF21 positively 

regulates Peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC-1a) and increases fatty acid oxidation [16]. After treating 

P9 for 6h, expression levels of PGC-1α were significantly increased 

(Figure 1B).  
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Figure 1. Effect of P9 on fatty acid oxidation relative genes 

expression in HepG2 cells 

Hepatic mRNA expression was calculated with real-time PCR in HepG2 

cells. Each gene was normalized to the β-actin gene. (A) FGF21 

expression levels were analyzed after 1 h, 2 h, 6 h treatment (n=3). (B) 

PGC-1α expression levels were analyzed after 6 h treatment (n=3). Data 

are analyzed according to the unpaired two-tailed Student t-test. The 

error bars represent standard errors. The error bars represent standard 

errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 

and < 0.001 respectively). 

 



17 

2. P9 ameliorates FFA induced steatosis in HepG2 cells.  

We found that P9 induced hepatic fatty acid oxidation. Next, to assess 

lipid accumulation in Hepg2 cells, we used FFA to induce hepatic 

steatosis. To determine the hepatic steatosis condition in HepG2 cells, 

cells were treated with 0.1-1 mM concentration of oleic acid for 24 h. 

Lipid accumulation was significantly increased at 0.5, 1 mM 

concentration (Figure 2E). And, we used 0.5 mM oleic acid to induce 

hepatic steatosis condition and confirm the effect of P9.  

We pretreated 0.5 mM oleic acid for 24 h. After 24 h, the cells were 

treated with P9 (200 μg/ml) for 24 h. In the microscopy and Oil red O 

quantification, lipid accumulation was significantly decreased in the P9 

group (Figure 3). These data suggest that increased fatty acid oxidation 

in hepatic cells attenuates lipid accumulation. 
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Figure 2. Dose-dependent effect of oleic acid-induced lipid accumulation in HepG2 cells 

(A-D) Representative images of Oil Red O staining of the dose-dependent effect of oleic acid in HepG2 cells. HepG2 cells were 

incubated with oleic acid (A) vehicle control, (B) 0.1 mM (C) 0.5 mM, (D) 1 mM for 24 h. (E) Oil Red O was analyzed using a 

spectrometer at 520 nm (n=4). Data are analyzed according to the unpaired two-tailed Student t-test. The error bars represented 

standard errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively). 
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Figure 3. P9 ameliorates OA-induced lipid accumulation in HepG2 cells 

(A-C) Representative images of Oil Red O staining of the dose-dependent effect of oleic acid in HepG2 cells. HepG2 cells were 

incubated with OA (0.5 mM) for 24 h and then treated with presence or absence P9 (200 μg/ml) for 24 h. (A) vehicle control. (B) 

oleic acid (0.5 mM). (C) oleic acid (0.5 mM) + P9(200 μg/ml). (E) Oil Red O was analyzed using a spectrometer at 520 nm (n=4). 

Data are analyzed according to the unpaired two-tailed Student t-test. The error bars represented standard errors. *, *, ** and *** 

indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively). 
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3. P9 ameliorates HFD induced hepatic steatosis.  

We identified that P9 induced fatty acid oxidation and reduced lipid 

accumulation in vitro. To study the preventive effects of P9 in vivo, we 

used male C57BL/6J mice were subjected to HFD with daily 

administration of P9 or vehicle for 8 weeks. P9 treated group exhibited 

smaller body size, fat size, and reduced hepatic steatosis compared with 

the vehicle group (Figure 4A). The weight was significantly decreased 

in the P9 treatment group after 6 weeks (Figure 4B). Also, body weight 

in 8 weeks was significantly decreased in the P9 treatment group (Figure 

4C). We analyzed lipid metabolism-related genes in the liver and fat. In 

the liver, PPARα had no significant difference, but the PPARγ was 

significantly decreased in the P9 treatment group (Figure 5A). In white 

adipocyte tissue, Adiponectin, Glucose Transporter Type 4 (GLUT4) 

were significantly increased in the P9 treatment group (Figure 5B). 

FGF21 was significantly increased in Hepg2 cells with time dependency 

(Figure 1A). Paradoxically, in vivo model, the FGF21 expression level 

was decreased in the P9 treated group compared with the vehicle group 

(Figure 5C). To identify the protein expression level of FGF21, we 

analyzed the FGF21 plasma level via ELISA. FGF21 level in plasma was 

also decreased in the P9 treated group compared with the vehicle group 

(Figure 5D). 
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Figure 4. P9 ameliorates high-fat diet-induced weight gain 

(A) Appearance of the mice and liver. Left is HF + vehicle and right is HF + P9. (B) Weight in HF-fed mice being orally administered 

with P9 (100 μg/mouse) for 8 weeks. Data were analyzed using two-way ANOVA, followed by Tukey’s post-hoc test. (C) 8 weeks 

of weight in HF-fed mice being orally administered with P9 (100 μg/mouse) is analyzed according to the unpaired two-tailed Student 

t-test. The error bars represent standard errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 

respectively).  
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Figure 5. Effect of P9 in lipid metabolism in HFD model.  

(A) Expression levels of lipid metabolism-related genes in liver and eWAT as quantified by real-time PCR and normalized to the 

β-actin gene (n=8). (B) Expression levels of fatty acid metabolism genes in epididymal white adipose tissue (eWAT), as quantified 

by real-time PCR and normalized to GAPDH gene (n=8). (C) Expression levels of FGF21 in the liver, as quantified by real-time 

PCR and normalized to the β-actin gene (n=8). (D) Plasma FGF21 levels measured by ELISA (n=6-8). Data are analyzed 

according to the unpaired two-tailed Student t-test. The error bars represent standard errors. The error bars represent standard 

errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively)
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4. P9 restores FGF21 resistance in HFD induced steatosis model. 

FGF21 level is increased in a metabolic disease like obesity, NAFLD 

[17-18]. The increased endogenous level of FGF21 state fails to exert its 

activities and has a poor response to exogenous FGF21 [19].   

To investigate the effect of P9 in FGF21 signaling, we assessed the 

FGF21 receptor and co-receptors expression in the liver. We found co-

receptors and β-Klotho (KLB) expression were decreased in HFD-fed 

groups (Figure 6). And FGF21 co-receptors expression had no 

significant differences between the vehicle group and the P9 treated 

group (Figure 6B-E). Notably, the KLB expression level was restored in 

the P9 treatment group (Figure 6A).  

To further investigate FGF21 signaling in the liver, we confirmed 

AMPK signaling by western blot. In the P9 treatment group, AMPKα 

Phosphorylation was increased (Figure 7A). Also, PGC-1α expression 

was increased in P9 treated group as we expected (Figure 7B). 
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Figure 6. P9 increases KLB expression and has no differences in co-receptors expression.   

Expression levels of FGF21 receptor genes in the liver as quantified by real-time PCR and normalized to the β-actin gene (n=8) 

(A) KLB. (B) FGFR1c. (C) FGFR2c. (D) FGFR3c. (E) FGFR4. Data are analyzed according to the unpaired two-tailed Student t-

test. The error bars represent standard errors. The error bars represent standard errors. *, *, ** and *** indicate significant 

differences (P < 0.05, < 0.01 and < 0.001 respectively). 
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Figure 7. P9 improves FGF21 signaling in HFD model.   

(A) Representative immunoblotting for p-AMPKα and t-AMPKα (up) and The relative levels of p-AMPKα and t-AMPKα in the 

liver (down) (n = 4). (B) Expression levels of PGC-1α in the liver, as quantified by real-time PCR and normalized to the β-actin 

gene (n=8). Data are analyzed according to the unpaired two-tailed Student t-test. The error bars represent standard errors. The 

error bars represent standard errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively). 
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5. P9 does not reduce body weight in CDAHFD model 

In HFD model, we confirmed that P9 reduced body weight and 

ameliorate hepatic steatosis with increase FGF21 signaling, PGC-1α 

expression. Next, we used another NAFLD model, choline-deficient, L-

amino acid-defined, high-fat diets (CDAHFD) to assess the P9 in the 

choline deficiency model. Choline deficiency suppressed VLDL 

secretion and fatty acid oxidation [20]. In CDAHFD model, mice had no 

weight gain and induced hepatic steatosis, inflammation [21]. Male 

C57BL/6J mice were subjected to CDAHFD with daily administration 

of P9 or vehicle for 4 weeks. The body weight was not increased in 

CDAHFD compared with the normal chow diet (NCD). And P9 had no 

differences in body weight compared with the vehicle group. (Figure 8).  
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Figure 8. P9 does not affect body weight gain in CDAHFD model. 

(A) Weight in CDAHFD-fed mice being orally administered with P9 (100μg/mouse) for 4 weeks. Data were analyzed using two-

way ANOVA, followed by Tukey’s post-hoc test. (B) 4 weeks of weight in CDAHFD-fed mice being orally administered with P9 

(100μg/mouse) is analyzed according to the unpaired two-tailed Student t-test. The error bars represent standard errors. *, *, ** and 

*** indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively).  
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6. P9 administration does not hepatic steatosis in CDAHFD model. 

To assess the liver weight and hepatic steatosis, we sacrificed the mouse 

and analyzed the liver ratio. Compared with the NCD group, CDAHFD 

groups increased lipid accumulation and P9 had no difference with the 

vehicle group (Figure 9A). Likewise, the liver ratio in CDAHFD-fed 

mice was significantly increased compared with NCD, and P9 had no 

differences with the vehicle group (Figure 9B).
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Figure 9. P9 does not affect liver weight and steatosis in CDAHFD model. 

(A) Appearance and liver histology of the mice and liver. Left is NCD, middle is CDAHFD + vehicle, and right is CDAHFD + P9. 

(B) Liver ratio. The liver ratio was calculated as liver mass per body weight (n=8). Data were analyzed using an unpaired two-tailed 

Student t-test. The error bars represent standard errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 

respectively). 
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7. P9 has no differences in hepatic lipid metabolism in CDAHFD 

model.  

Alanine aminotransferase (ALT), aspartate aminotransferase (AST) 

levels were increased in CDAHFD-fed group compared with NCD 

(Figure 10A-B). And P9 administration did not reduce ALT, AST levels 

in serum (Figure 10A-B). These data showed that liver function was 

impaired in CDAHFD-fed group and P9 did not restore the function in 

CDAHFD model. CDAHFD reduces serum Triglyceride (TG) levels in 

a previous study [22]. In our data, the TG level was also significantly 

decreased in CDAHFD-fed model and had no differences with the P9 

treatment (Figure 10C). Next, we analyzed fatty acid oxidation, 

inflammation-related mRNA expression in the liver. CDAHFD 

significantly increased FGF21 expression compared with NCD. But, 

P9 did not decrease FGF21 expression in this model (Figure 11A). 

Interestingly, different from HFD model, CDAHFD increased PGC-1α 

expression and P9 had no difference compared with the vehicle group 

(Figure 11B). An inflammation marker Interleukin-1 beta (IL-1β) was 

increased in CDAHFD group, and P9 didn’t decrease the level of IL-1β 

(Figure 11C). These results indicate that P9 did not affect CDAHFD 

model.  
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Figure 10. P9 does not reduce serum ALT, AST, TG levels in CDAHFD model. 

(A–C) Comparison of the serum (A) ALT, (B) AST, and (C) liver triglyceride amounts in CDAHFD model (n=8). Serum ALT, 

AST, TG levels were measured by a blood biochemical analyzer. Data were analyzed according to the unpaired two-tailed Student 

t-test. The error bars represent standard errors. *, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 

respectively). 

 

 

 

 

 



 

41 

 



 

42 

Figure 11. Relative gene expressions in CDAHFD model. 

Expression levels of genes in the liver were quantified by real-time PCR and normalized to the β-actin gene (n=8). (A) FGF21. (B) 

PGC-1a. (C) IL-1β. Data were analyzed according to the unpaired two-tailed Student t-test. The error bars represent standard errors. 

*, *, ** and *** indicate significant differences (P < 0.05, < 0.01 and < 0.001 respectively
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IV. Discussion 

In this study, we identify the effect of Akkermansia muciniphila-derived 

protein P9 in NALFD by in vitro, in vivo model. To assess the effect of 

this protein, we analyzed FGF21 expression in HepG2 cells. The liver is 

the main organ of FGF21 production [23] and FGF21 has beneficial 

actions in obesity and Type 2 diabetes [24-25]. Also, FGF21 

administration has a protective effect on NAFLD [26]. Hepatic steatosis 

results from the increased fatty acid influx and reduced lipid oxidation 

[27] and FGF21 induces fatty acid oxidation. FGF21 increases hepatic 

insulin sensitivity and stimulates fatty acid oxidation by inducing PGC-

1α [28-29]. P9 increased FGF21 expression level with time dependency 

(Figure 1A). Also, P9 increased PGC-1α expression (Figure 1B). These 

results show that P9 induces FGF21, PGC-1α, and increased fatty acid 

oxidation in HepG2 cells. 

Next, we hypothesize that increased fatty acid oxidation ameliorate 

the lipid accumulation in HepG2 cells. Using OA-induced steatosis model, 

we identify P9 reduces lipid accumulation in microscopy and Oil red O 

quantification (Figure 3). In this experiment, we used a high dose of P9 

(200 μg/ml), because it is known that free fatty acid impaired FGF21 

signaling [30]. A slight reduction effect in this experiment may be related 
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to impaired FGF21 signaling. To further demonstrate these results, other 

conditions or experiments are needed to test in HepG2 cells.  

HFD induces weight gain and liver steatosis in mice [31]. We 

hypothesized that P9 treatment increases free fatty acid-related genes in 

the liver and ameliorate hepatic steatosis in HFD model. In the P9 treated 

group, body weight and lipid steatosis were reduced (Figure 4). PPARα 

upregulates genes involved in mitochondrial fatty acid oxidation [32]. 

PPARγ increases insulin sensitivity by enhancing the storage of fatty 

acids [33]. In HFD model, PPARα had no significant differences after P9 

treatment. But, the PPARγ level was significantly decreased in the P9 

treated group (Figure 5A). In white adipocyte tissue, FGF21 stimulates 

adiponectin expression and controls systemic glucose and lipid 

homeostasis in the liver [34]. And P9 increased the expression of 

Adiponectin and GLUT4 (Figure 5B).  

In HepG2 cells, P9 induced FGF21 expression (Figure 1A). 

Oppositely, in HFD model, FGF21 expression was decreased (Figure 5C) 

in the P9 treated group. Also, FGF21 level was decreased in the plasma 

(Figure 5D). It has been reported that, in a metabolic disease like obesity 

or NALFD, FGF21 level is increased in the liver and serum, and it is 

related to impaired FGF21 signaling [35]. Therefore, we hypothesize that 

decreased FGF21 level is a result of improving metabolic state and 
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increasing FGF21 signaling. FGF21 has two receptors composed of the 

β-Klotho (KLB) and co-receptors (FGFR1c, FGFR2c, FGFR3c, FGFR4) 

[36]. To identify FGF21 signaling, we analyzed the FGF21 receptor 

expression in the liver. Indeed, KLB and co-receptors expression levels 

were decreased in HFD-fed mice (Figure 6). Surprisingly, only KLB 

expression was restored in the P9-treated group (Figure 6A). To further 

investigate FGF21signaling, we identified FGF21-mediated downstream 

signals. FGF21 increases free fatty acid oxidation by the AMPK-PGC-

1α pathway [37]. AMPK is a heterotrimeric protein complex that is 

formed by α, β, and γ subunits and the catalytic domain is on the α 

subunit [28]. AMPK activation was measured by western blot, 

phosphorylation of AMPKα was increase in the P9 treated group (Figure 

7A). Also, like in HepG2 cells (Figure 1B), P9 increased PGC-1α 

expression compared with the vehicle group. Taken together, P9 

ameliorated hepatic steatosis in HFD model and improves fatty acid 

metabolism by restoring FGF21 resistance, increasing PGC-1α 

expression. 

Next, to investigate the ameliorative effect of P9 with PGC-1α action, 

we used CDAHFD for the study. CDAHFD is used for NASH study 

and it induces steatosis, damages liver function, and causes rapidly 

fibrosis [38]. Also, choline deficiency reduced PGC-1α protein levels, 
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impairs its biological activity, thus inhibiting the regenerating effect of 

PGC-1α [39].  

We hypothesize that in the choline deficiency model, P9 has no or 

very slight effect of ameliorating hepatic steatosis. Our data shows that 

P9 had no significant differences in body weight gain in CDAHFD 

model (Figure 8A). Also, lipid accumulation had no differences (Figure 

9A) and the liver ratio was not decreased in P9 treated group (Figure 

9B).  

To further investigate of effects of P9 in CDAHFD groups, we 

analyzed serum and liver mRNA expression. AST and ALT are 

indicators of liver damage or injury from different types of diseases like 

NAFLD, hepatitis C, and alcoholic fatty liver disease [40]. ALT, AST 

levels had no differences after the P9 treatment in CDAHFD model 

(Figure 10A-B). CDAHFD-fed mice have significantly lower 

cholesterol and triglyceride (TG) levels [41]. Like previous studies, TG 

levels were significantly decreased in CDAHFD group, and no 

difference with P9 treated mice (Figure C).  

Finally, we investigated liver mRNA to identify FGF21, PGC-1α 

expression in CDAHFD model. FGF21 is expression was increased in 

CDAHFD-fed groups (Figure 11A) like HFD  model results (Figure 

5C). But, unlike HFD  group, P9 did not affect FGF21 expression in 
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this group. In the choline-deficiency model, impaired fatty acid oxidation 

induced PGC-1α upregulation as a result of the compensation effect [39]. 

We identify PGC-1α expression significantly increased in Hepg2 cells. 

And P9 restored reduced PGC-1α expression, in HFD model. But in 

CDAHFD model, as we expect, PGC-1α expression was increased and, 

P9 did not affect levels of PGC-1α (Figure 11B). But unlike other genes, 

PGC-1α had a slight increase tendency in this model. We think that this 

tendency indicates that P9 induces PGC-1α expression. And no 

significant differences in PGC-1α may be caused by the already 

upregulated PGC-1α level and its impaired biological activity. 

In summary, Akkermansia muciniphila-derived protein P9 increases 

fatty acid oxidation markers and reduces lipid accumulation in HepG2 

cells. And, P9 improves lipid metabolism and ameliorated hepatic 

steatosis in HFD, not CDAHFD. These results suggest that these effects 

are related to improved FGF21 resistance and increased PGC-1α 

expression. 

While we demonstrate in this study that P9 ameliorates hepatic 

steatosis, several key limitations should be noted. In this study, we 

cannot explain why P9 did not increase FGF21 in vivo and how it 

increased PGC-1α, FGF21 sensitivity. Also, CDAHFD model cannot 

fully demonstrate that PGC-1α is the key factor of P9. To prove the 
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relationship between P9 and PGC-1α, the protein level should be 

measured in these cohorts. And the study of using PGC-1α KO mouse 

with HFD is needed to confirm the loss of function in P9. And we could 

not measure the food intake accurately, so food intake was not shown 

in this study. For this reason, further study is needed with a metabolic 

cage to measure food intake.  

Regardless of these limitations, this study shows that the link between 

the Akkermansia muciniphila and NAFLD. Also, we show that the effect 

of Akkermansia muciniphila-derived protein and suggest the key factors 

of its effect. These results suggest the possibility of using Akkermansia 

muciniphila-derived protein P9 for the therapeutic strategy of NAFLD 

by improving fatty acid oxidation. 
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Supplementary figure 1. Experimental scheme of HFD model.  

  

(A) Experimental design of HFD induce NAFLD model. Mice were treated P9(100 μg/mouse) and PBS by daily oral gavage. Mice were divided 

into three groups; low fat diet (LF), high-fat diet with PBS (HF + vehicle), high-fat diet with P9 (HF + P9). After 8 weeks, mice were 

sacrificed and plasma, tissues (liver, fat) were collected.  
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Supplementary figure 2. Experimental scheme of CDAHFD model. 

 
(A) Experimental design of CDAHFD induce NAFLD model. Mice were treated P9(100 μg/mouse) and PBS by daily oral gavage. 

Mice were divided into three groups; normal chow diet (NCD), CDAHFD with PBS (CDAHF + vehicle), CDAHFD with P9 

(CDAHF + P9). After 4 weeks, mice were sacrificed and serum, tissues (liver, fat) were collected.  
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장내 미생물은 비만, 당뇨, 비알코올성 지방간과 같은 대사질환과 

밀접한 관련이 있다고 알려져 있다. 이중 아커만시아 뮤시니필라는 

체중을 감소시키고 인슐린 민감도를 증가시킨다고 보고되어 있으며 

비알코올성 지방간 환자에서 아커만시아 뮤시니필라의 비율이 

감소한다고 알려져 있다. 이처럼 아커만시아 뮤시니필리아와 

비알코올성 지방간과의 상관관계는 알려져 있지만 그 인과관계나 

작용기전에 대해서는 더 많은 연구가 필요하다. 본 연구에서는 

선행연구를 통해 선별한 아커만시아 유래 단백질 P9 을 세포, 

마우스 실험을 통해 비알코올성 지방간 완화 효과를 확인하였다. 

P9 은 인간 간암 세포주에서 지방산 산화 관련 유전자인 퍼옥시좀 

증식인자-활성화 수용체 (PGC-1α), 섬유아세포성장인자 21 

(FGF21)의 발현을 증가시켰다. 마우스 고지방식이 모델에서는 P9 

단백질을 처리해 주었을 때, 체중 감소와 지방간이 개선됨을 

확인하였으며 간에서의 PGC-1α의 발현증가, FGF21 수용체 

유전자인 β-Klotho (KLB) 발현 증가, AMPKα 인산화가 증가함을 

통해 FGF21 민감도가 증가한 것을 확인하였다. 마지막으로 콜린이 

결핍되어 PGC-1α 기능이 손상된 Choline-deficient, L-amino 

acid-defined, high-fat diets (CDAHFD) 모델에서는 P9 이 

비알코올성 지방간 개선효과가 없다는 것을 확인하였다. 

종합적으로 P9 은 고지방식이에 의해 유도된 비알코올성 지방간 
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증상을 특이적으로 완화하였으며, 이러한 완화 효과에 PGC-1α가 

관여한다는 것을 확인하였다. 본 연구는 아커만시아 뮤시니필라 

유래 단백질이 지방산 산화 증가를 통해 지질대사를 개선하고 

비알코올성 지방간을 완화한다는 것을 확인하였으며 이러한 발견은 

아커만시아 뮤시니필라가 간 지질대사에 미치는 영향과 비알코올성 

지방간 완화 및 치료제에 대한 장내미생물 유래 단백질의 가능성을 

시사한다.  
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