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Akkermansia muciniphila improve cognitive dysfunction by regulating BDNF and serotonin neuronal pathway in gut-liver-brain axis
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Materials and Methods

Reagents

Serotonin, and sarpogrelate hydrochloride were purchased from Sigma-Aldrich (St Louis, MO, USA). TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, USA).

Cultivation of A. muciniphila

A. muciniphila CLCC21 was obtained from the CJ bioscience. The bacterium was cultured anaerobically in brain heart infusion (BHI) medium containing 0.5% mucin at 37°C for 5 to 7 days. After that, A. muciniphila was inoculated into BHI broth (BD Difco, Sparks, MD, USA) supplemented with 0.5% mucin (Sigma-Aldrich, St. Louis, MO, USA) under the aforementioned conditions cultured for 72 h until 109 CFU/ml was reached. Strain pellets were harvested by centrifugation (3000 rpm for 15 min) and washed twice with sterile anaerobic PBS containing 2.5% glycerol for oral administration in mice. To prepare pasteurized A. muciniphila, we harvested the fresh A. muciniphila at 109 CFU/ml. Then, the strain pellets were washed twice as mentioned above, and after that, the bacterial suspension was heated at 70°C for 30 min. For viability testing of the pasteurized A. muciniphila, the suspension was inoculated on a mucin-based BHI medium and then incubated for at least 1 week at 37°C in the anaerobic condition.

Blood chemistry analysis

Blood samples were collected by cardiac puncture or portal vein puncture into plasma separation syringe with lithium heparin (BD Biosciences, Franklin Lakes, NJ, USA), followed by centrifugation at 2000 × g for 15 min at 4°C. aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bilirubin were analyzed plasma levels on a biochemical blood analyzer (KoneLab 20, Thermo Fisher Scientific, Waltham, MA, USA).

Quantification of mouse serotonin

To measure mouse plasma serotonin level, blood samples were collected by sampling from heart and portal vein. To remove a platelet, we centrifuged twice initially at 1000 × g for 10 min and then 2000 × g for further 15 min. Quantification of serotonin was performed using an enzyme-linked immunosorbent assay kit (Abcam Systems, MN, USA) according to the manufacturer’s instructions. To measure the levels of serotonin in the mouse brain were washed in PBS, followed by homogenization in RIPA buffer (Thermo Fisher Scientific) using a FastPrep-24 (MP Biomedicals, Santa Ana, CA, USA). The homogenized tissues were centrifuged at 15000 rpm for 30 min at 4°C. The supernatants were stored at −80°C until analyses. Serotonin levels in tissue lysates were determined with an enzyme-linked immunosorbent assay kit (Abcam system). Tissue serotonin levels were normalized to protein concentrations using a BCA Protein Assay Kit (Thermo Fisher Scientific) of homogenates.

Quantification of human blood serotonin and BDNF

Hepatic vein sample was collected in the hepatic vein during HVPG measurement. Quantification of serotonin was performed using an enzyme-linked immunosorbent assay kit (Abcam Systems) according to the manufacturer’s instructions.

Intestinal permeability assays

Intestinal permeability was measured by orally administering fluorescein isothiocyanate-dextran 4 kDa (FD4) (4 kDa; Sigma-Aldrich, St. Louis, MO) 4 hours before mouse sacrifice. 200 ul of 120 mg/ml FD4 in sterile PBS was orally administered to mice. Blood was collected with a plasma collection syringe (BD Biosciences, Franklin Lakes, NJ, USA), and centrifuged at 2000 × g, 4°C, 15 minutes. Quantification of FD4 levels was evaluated using the GloMax® Discover Microplate Reader (Promega, WI, USA). A group of mice fed a normal diet was used as a control group.

Plasma lipopolysaccharide levels measurement
The plasma LPS levels were determined using Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The plasma was diluted 10-fold and inactivated for 15 minutes at 90°C. Plasma LBP levels were quantified using mouse LBP ELISA kit (Abcam Systems) according to the manufacturer's instructions.

Histological analysis

Mouse liver was harvested and fixed in 10% neutral buffered formalin solution (Sigma-Aldrich) and embedded in paraffin. The 5 μm-thick tissues sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) and masson's trichrome. TUNEL staining (terminal deoxynucleotidyltransferase-mediated-UTP nick end labeling) in formalin-fixed liver tissue sections was performed to assess the presence of hepatocyte apoptosis. All biopsy specimens were determined by a single certified hepato-pathologist, blinded for other information.

Quantitative RT-PCR analysis 

Total RNA was isolated from tissues using a TRIzol reagent kit (Invitrogen, Gaithersburg, MD, USA) according to the manufacturer’s instructions. Isolation of total RNA from tissue was performed using a TRIzol reagent kit (Invitrogen, Gaithersburg, MD, USA) according to the manufacturer’s instructions. Aliquots of total RNA (2 μg) were synthesized to cDNA using ReverTra Ace Master Mix (Toyobo, Osaka, Japan). A mixture of PowerUp™ SYBR™ Green Master Mix (A25741; Applied Biosystems, Foster City, CA, USA), primers and cDNA was used for amplification using a thermal cycler machine (Applied Biosystems). Primer sequences used in the experiments are listed in the Supplementary Table 4.

Immunofluorescence

Mice were anesthetized and then transcardially perfused with cold PBS and 4% paraformaldehyde (PFA). The brains were stored for 24 h in 4% PFA at 4°C and then immersed in 10%, 20% and 30% sucrose solutions in order. Serial 30-μm-thick brain sections and serial 10-μm-thick colon sections from all animal groups were processed in parallel for immunohistochemistry and immunofluorescence. Free-floating slices were rinsed in PBS then permeabilized and blocked with PBS-BT (50 mM Tris-HCL, 150 mM NaCl, 3% bovine serum albumin (BSA), 0.1% Triton-X100, pH 7.4) blocking solution for 1 h. Afterward, the sections were incubated with primary antibodies (see supplementary table 5) in a 5% bovine serum albumin (BSA) and 0.1% Triton X-100 PBS solution on a shaker overnight at 4°C. The next day, sections were rinsed and incubated with corresponding secondary antibodies directly conjugated with fluorophores (1:3000, Alexa Fluor 594 and Alexa Fluor 488 conjugate from Jackson ImmunoResearch) for 2 h at room temperature. Finally, slices were rinsed in PBS and mounted.
Immunoblotting

Cells, brain and human liver biopsy samples were lysed and, if necessary, homogenized in lysis buffer (50 mM Tris, pH 7.4, 40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM Na3VO4, 50 mM NaF, 10 mM sodium pyrophosphate and 10 mM sodium β-glycerophosphate, supplemented with a cocktail of protease inhibitors). Lysates were then centrifuged for 20 min at 4°C 15000 rpm and protein concentration of the supernatant was measured with the Pierce BCA Protein Assay Kit (Part No. 23225). The supernatant was denatured at 95 °C in Laemmli buffer. After loading and running proteins in a SDS–PAGE gel, the samples were transferred to a nitrocellulose membrane. Membrane blocking and antibody staining were performed according to the primary antibody manufacturer’s instructions.
T Maze Spontaneous Alternation test

The animals were placed in the center of a T-shaped maze with 3 arms for 10 minutes. For training, with one of the roads at both ends of the T-shape blocked, the mouse detects the space from the starting point to the open road for 10 minutes, and the number of times is recorded. After 24 hours, the blocked path was opened and the number of times the mouse detected the existing open path and the new path was recorded.

Morris water maze test
Mice were trained in a round, water-filled tub (52 inches in diameter) in an environments rich in extra maze cues. Mice were trained for four trials per day for 7 consecutive days. The mice were allowed to search for the platform for 120 s. Otherwise, they would be guided to the platform manually, and were allowed to stay on it for 15 s before the next trial. After the trials, mice were dried and put back to the cage. After the last training day (day 7), a spatial probe trial was performed. The time for the mouse to reach the platform was measured. All trials were recorded by a computerized tracking system that analyzed the distance the mice moved, latency required to reach the platform, and swim speed using Smart 3.0 software (Panlab).
Novel objection recognition test
For habituation, mice were placed in the open field and allowed to freely explore for 5 min each mouse. The next day, two different objects were put in opposite corners of the open field, and mice were placed in the middle of the open field to explore for 10 min. For the analysis, one of the same objects used during training was replaced with one novel objection in the opposite corner. Mice were placed in the middle of the field and allowed for free exploration for 10 min. Time in exploring the novel object were analyzed and the discrimination index was calculated.
Tail suspension test

Tape was adhered to the tails of mice, after the camera was placed in position. Mice were suspended by placing the free end of the tape on the suspension bar. Their behaviors were recorded for 3 min and the immobilized time was analyzed.
Nest building test

Each mouse was placed in an individual test cage with wood-chip bedding and left the nest overnight. The morning after the experiment, we weighed the untorn nest pieces for each mouse. We also scored the mice on how much they crushed the nest, which they used to keep warm, and which they considered a toy.
Immunohistochemistry

We used Mouse and Rabbit Specific HRP/DAB Detection IHC kit (ab64264) from abcam company. Free-floating sections were processed for tyrosine hydroxylase (TH), 5-HT, NeuN, PGP9.5, Iba-1 and pNFκB immunohistochemistry. Endogenous peroxidase activity was quenched for 10 min in a Hydrogen Peroxide Block, and then washed with PBS. Sections were next pre-incubated with Protein Block solution and incubated for 10 minutes at room temperature to block nonspecific background staining. Sections were incubated overnight at 4°C with TH, 5-HT, NeuN, PGP9.5, Iba-1 and pNFκB primary antibodies, rinsed, and incubated 10 minutes at room temperature with a Biotinylated Goat Anti-Polyvalent. Washed with PBS, and sections were incubated for 10 minutes at room temperature with Streptavidin Peroxidase. Then TH, 5-HT, NeuN, PGP9.5, Iba-1 and pNFκB staining was revealed using 3,3’-diaminobenzidine (DAB) as a chromogen. Sections were then put onto glass microscope slides, and mounted with mounting medium.
Vagus nerve isolation

To isolate vagus nerve, we opened the mouse tracheal region, and identified the trachea, carotid artery and the masticatory muscles, after mice were euthanized. Then, we removed the trachea to allow the access to the carotid and the adhering vague nerve and cleanly isolated the carotid from the surrounding tissues, without cutting the vagus nerve, which were immediately fixed in 4% paraformaldehyde.
IHC and IF quantification and statistical analysis. 

All data are expressed as mean ± S.E.M. from three or more independent experiments. Representative morphological images obtained from at least 3 experiments with similar results were provided. Image J 1.47 software was used to analyze IHC and IF experiments, and Image LabTM software for western blots analysis. The statistical analysis of results was performed using GraphPad Prism software (v. 8.0.2) (GraphPad Software, San Diego, CA, USA). All data were tested for normal distribution in order to analyze results accordingly using parametric or non-parametric tests. To compare results between two groups, the Student’s unpaired t-test was used. When more than two groups were compared, one-way ANOVA followed by Tukey post hoc test was applied. For repeated measures, a Repeated-Measures (RM) ANOVA or two-way ANOVA test was performed followed by Tukey multiple comparisons post hoc test. Assessments with p < 0.05 were considered significant.

Cell culture and treatment

Human hepatic stellate cell line, LX-2 cells used in the experiments were purchased from the American Type Culture Collection (Manassas, VA, USA). LX-2 cells were performed with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (Hyclone, Logan, UT, USA) and antibiotics (penicillin and streptomycin solution, Hyclone) at 37 °C in a 5% CO2 atmosphere. Control were cultured under normal condition, treatment wells were stimulated by 2 ng/ml TGFβ (Sigma, USA) for 24 hours. Pasteurized A. muciniphila was suspended in PBS at a concentration of approximately 109 CFU/ml and sonicated 10 times for 5 s at a 10 s interval on ice using an ultrasonicator at an intensity of 30% (Sonics and Materials Inc., Newtown, CT, USA). The extract was centrifuged at 13,000 rpm for 15 min at 4 °C. The supernatant was filtered through a 0.45 μm syringe filter (Sartorius Stedim Biotech GmbH, Göttingen, Germany). After 24 hours, the medium was replaced with fresh DMEM, and 10 uM serotonin (Sigma, USA) was treated. Sarpogrelate (10 uM) and Pasteurized A. muciniphila were treated in each group along with serotonin treatment.  Cells were collected after culturing 24 hours.
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Supplementary Data Figure 1 Gut microbiota family level and alpha diversity in cirrhotic patients and cognitive impairment patients.

(a) Plasma ALT and AST levels in human groups. Data represent the means ± SEM; **P < 0.01, *P < 0.05; one-way ANOVA. (b) Relative abundance of bacterial family level obtained by 16S rDNA sequencing of cirrhotic patients fecal samples. (c) Microbial alpha diversity (ACE and Shannon) in cirrhotic patients fecal samples. *P < 0.05, **P < 0.01; Wilcoxon rank-sum test. (d) Relative abundance of bacterial family level obtained by 16S rDNA sequencing of cognitive impairment patients fecal samples. (e) Microbial alpha diversity Shannon in cognitive impairment patients fecal samples. Wilcoxon rank-sum test.

[image: image2.png]Supplementary Figure. 2

A mmm Healthy control == Cirrhosis without HE == Cirrhosis with HE

Eubscterumza
Adtommansia mucinphia
Ademansia

Roscbuna

- Gamesielacese

b Aistipes
- kenelcese
- Enverococcss

e Enterococcaceas.
 Lactobacilus
o Lactobacilaceae
W Lactabacilaes
i: PACO01207
- Chistenseneliaceae
- Agathobacter
I Coprococeus
m Eisenbergiela
o Lacmospia
P PACO01046
a Roseburia
- eusacteriumz3
& Faccaibacterium

vorcairiiaks t Osclibacter
Lactonsilus rogosaerovp. it
W Sporobacter

Bacterides caccas.
Eunactenm elgensroup
Roacturia nuiniorars
Bameselacoss
~icoonsn
Rossburi_cociconroup
Pacoo0ns1

Icrobscitus hevercustoup.

Enterococcs faecumvovs.
Lactobacius fementum.

B

LoA SCORE (09 10)

mmm Healthy control
mmm Cognitive impairment

Agpthobacter I
Agathobacter_rectalis |
Bacilll |
Lactobacillales | N

Verrucorhicrobiales

| — — — —
verrucomicrobiae I
Akkermansia_uciniphila =
Verrugomicrobla
AC160630_f I
Streptoceccus_salivarius_group NG
| £F445214 IR
Agathobaculum_butyriciprodudens_group NN
| Eubacterium_g24 [
PAC001033 [N
I C-proiciproducens
I PAC001047
R PAC001233
I 761618
I FAC00113
N F-abacte:oides_johnsoni
| R 559675
; K1271778
I Pseudofiavonifractor

N 5 teroides_finegoldii
I c-teroides_eggerthii

| ikenellaceae

4 3 2 -1 0 1
LDA SCORE (log 10)

- Ruminococcaceae
2 Phascolactabacterium
20: Acdaminococcacese
a1, Accaminococcaies
a3: Adkemansiaceae
Vermucomicrobiles

mmm Healthy control
mmm Cirrhosis without HE
mmm Cirrhosis with HE

mmm Healthy control

mmm Cognitive impairment

- AC160630.¢

Aistipes

Rikenellaceae
Lactobacilsles
PACOO1115.g
Agathobacter
Eubacterium_ 524
Caproiciproducens
Peeudofiavaniractor

Bacy
iy
<

Sparabactor
- Nekermansia

is Aarmansincese
53 Verrucomicrobiales
i





Supplementary Data Figure 2 Linear discriminant effect size analysis (LEfSe) results in cirrhotic patients and cognitive impairment patients.

(a) Histogram of the linear discriminant analysis(LDA) scores and taxonomic representation differentially abundant in cirrhotic patients without HE, cirrhotic patients with HE and healthy subjects. (b) Histogram of the LDA scores and taxonomic representation differentially abundant in cognitive impairment patients and healthy subjects.
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Supplementary Data Figure 3 Gut-liver-brain axis damage and cognitive decline in a liver disease mouse model.

(a, b) Histological assessment of liver injury with representative images of H&E and Masson's trichrome stained liver sections. Data represent the means ± SEM; n ≥ 3; *P < 0.05, unpaired t-test. Scale bar, 200 μm. (c, d) Representative images of immunohistochemistry staining of NeuN in the hippocampus region of mice. Data represent the means ± SEM; representative data of 3 samples; ****P < 0.0001; unpaired t-test. Scale bar, 200 μm (e, f) Representative images of immunohistochemistry staining of PGP9.5 in the colon region of mice. Data represent the means ± SEM; representative data of 3 samples; ****P < 0.0001; unpaired t-test. Scale bar, 100 μm (g) Cognitive impairment tests of novel objection test and t-maze test were performed. Data represent the means ± SEM; n ≥ 6; **P < 0.01; N.S. = not significant, unpaired t-test.
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Supplementary Data Figure 4 Effects of A. muciniphila on Tnfα and gut permeability in the DDC mouse model.

(a) Schematic of study design. Mice was intervention with antibiotics or vehicle control during the 4 weeks. And then, mice were placed on normal chow or DDC diet for 8 weeks with oral A. muciniphila (live or pasteurization) administration. (b) Hepatic mRNA expression of Tnfα. TNFα concentrations in liver tissue and plasma a CBA kit was used to measure the levels of cytokines. Data represent the means ± SEM; n ≥ 4; *P < 0.05, **P < 0.01; one-way ANOVA. (c) Plasma lipopolysaccharide and lipopolysaccharide-binding protein concentrations in the DDC mouse model. Data represent the means ± SEM; n ≥ 4; *P < 0.05; one-way ANOVA.
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Supplementary Data Figure 5 Oral A. muciniphila administration alleviates liver damage in BDL mouse model.

(a) Schematic of study design. Mice underwent bile duct ligation surgery, and after 5 days of recovery, pasteurized A. muciniphila was orally administered. (b) Histological assessment of liver injury with representative images of H&E and Masson’s trichrome stained liver sections (c) Hepatic mRNA expression of liver genes (Col1a, Tgfβ, Timp1,and α-sma). Data represent the means ± SEM; n = 3; **P < 0.01, *P < 0.05; one-way ANOVA.
[image: image5.png]A IHC staining SN
- e

H
1

Ratio (%) in SN
g

o,
%,
%]

N o©
AR d‘* vﬁ&
+DDC

D Hippocampus (4x) Hippocampus (10x)
BDL + AKKp BDL  BDL +AKKp
< =

E 150, NeuN 150 5-HT 150, Iba-1
e ax ey
z aaae) (=3 LLLLY - ey
g;mo z3100 (1 Z §100
é 5 §5 §3
o 50 §§ 50 55 50
2 2
z —EQ o Il z ] Iz H

0 0
PR . o
e 0:;}9 o""e°“e‘§g& P

o

x




Supplementary Data Figure 6 A. muciniphila induces dopaminergic neuronal loss and motor dysfunctions in mice while restores serotonergic neurons in BDL surgery mice model.
(a) Representative images of immunohistochemistry staining of TH in the SN region (upper), colon (middle) and vagus nerve (bottom) of mice and quantitative analysis of TH-positive cells (b). Data represent the means ± SEM; representative data of 3 samples; ****P < 0.0001; one-way ANOVA. Scale bar, 200 μm (upper), 100 μm (middle) and 50 μm (bottom). (c) Motor behavioral assay of nest building test were performed. Data represent the means ± SEM; n ≥ 4; *P < 0.05, **P < 0.01; N.S. = not significant, unpaired t-test. (d) NeuN, 5-HT and Iba-1 staining in mouse hippocampus region by immunohistochemistry. Scale bar, 100 μm (e) Data represent the means ± SEM; representative data of 3 samples; ****P < 0.0001; one-way ANOVA.
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Supplementary Data Figure 7 Sarpogrelate treatment enhances alleviation of liver injury by A. muciniphila in chronic hepatocyte injury mice model.

(a) Schematic of study design. Mice was intervention with antibiotics or vehicle control during the 1 weeks. And then, mice were placed on normal chow or DDC diet for 3 weeks with oral A. muciniphila (live or pasteurization) and sarpogrelate (30 mg/kg) administration. (b) Histological assessment of hepatocyte injury with representative images of H&E stained liver sections. Scale bar, 200 μm. (c) Hepatic mRNA expression of liver genes (Col1a, Tgfβ, Timp1,and α-sma). Data represent the means ± SEM; n = 5; **P < 0.01, *P < 0.05 compared to DDC group. ##P < 0.01, #P < 0.05 compared to sarpogrelate treated group; one-way ANOVA. (d) mRNA expression of 5-HT2A receptor and 5-HT2B receptor in LX-2 cells. Data represent the means ± SEM; n = 4; *P < 0.05; one-way ANOVA.
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Supplementary Data Figure 8 Sarpogrelate blocks the restorative effect of A. muciniphila in chronic hepatocyte injury mice model.

(a, b, c, d, e, f) Immunofluorescence staining of anti-5-HT/anti-MAP2 (a), anti-BDNF/anti-MAP2 (c) and anti-Iba-1/anti-MAP2 (e) in the hippocampus of mice and fluorescent signals were quantified (b, d, f). Data represent the means ± SEM; representative data of 3 samples; ****P < 0.0001; N.S. = not significant, unpaired t-test. Scale bar, 100 μm.
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Supplementary Data Figure 9 Plasma serotonin concentration and liver tissue 5-HT2A/2B receptor mRNA expression levels in DDC mouse model.

(a) Concentrations of serotonin measured in cardiac and portal vein blood. Data represent the means ± SEM; n ≥ 3; **P < 0.01, *P < 0.05; one-way ANOVA. (b) mRNA expression of 5-ht2a receptor and 5-ht2b receptor in mouse liver. Data represent the means ± SEM; n = 5; **P < 0.01, *P < 0.05; N.S. = not significant, one-way ANOVA.
Supplementary Table 1. Comparison of clinical parameters between healthy and cognitive impairment patients.

	Characteristics
	Healthy control
(n = 32)
	Cognitive impairment
(n = 48)
	P-value

	Age, y 
	72.9 ± 0.9
	76.6 ± 0.8
	0.0021 **

	Sex (male [%])
	9 (28)
	13 (27)
	

	BMI, kg/m2
	26.4 ± 0.7
	24.0 ± 0.5
	0.014 *

	ALT, U/L
	22.6 ± 1.4
	20.1 ± 1.1
	0.20 n.s.

	AST, U/L
	25.4 ± 1.4
	24.5 ± 0.8
	0.87 n.s.

	GGT, U/L
	22.5 ± 1.9
	27.2 ± 3.1
	0.76 n.s.

	Total cholesterol, mg/dL
	163.2 ± 6.3
	161.9 ± 4.4
	0.76 n.s.

	Creatine, mg/dL
	0.8 ± 0.0
	0.8 ± 0.0
	0.56 n.s.

	Triglyceride, mg/dL
	123.3 ± 8.3
	119.8 ± 6.7
	0.65 n.s.

	HDL, mg/dL
	45.9 ± 1.2
	50.4 ± 1.9
	0.16 n.s.

	MMSE-KC, scores
	26.5 ± 0.2
	20.6 ± 0.4
	


Note: Data are represented as Mean ± SEM. A two-sided Mann–Whitney test. * P < 0.05, ** P < 0.01, n.s., not significant.
ALT, Alanine transaminase; AST, Aspartate transaminase; GGT, gamma-glutamyl transferase; HDL, High-Density Lipoprotein Cholesterol; MMSE-KC, Mini-Mental State Examination in the Korean version of the CERAD assessment packet.
MMSE-KC ≥ 25, Healthy control; MMSE-KC ≤ 24 Cognitive impairment.
Supplementary Table 2. Basic characteristics of human liver biopsy subjects stratified by liver disease progression.

	Characteristics
	METAVIR
Stage 1 (n=10)
	METAVIR
Stage 2 (n=10)
	METAVIR
Stage 3 (n=10)
	P-value

	Age, y 
	35.3 ± 3.6a
	35.8 ± 2.9a
	53.7 ± 3.0b
	0.0014 **

	Sex (male [%])
	7 (70)
	7 (70)
	5 (50)
	

	BMI, kg/m2
	26.0 ± 1.4
	23.7 ± 1.3
	26.0 ± 1.8
	0.47 n.s.

	ALT, U/L
	72.6 ± 19.7a
	156.7 ± 26.5b
	125.2 ± 27.9ab
	0.030 *

	AST, U/L
	50.0 ± 7.5a
	91.6 ± 16.5ab
	89.4 ± 13.8b
	0.024 *

	GGT, U/L
	93.0 ± 34.1
	106.7 ± 37.7
	113.1 ± 24.8
	0.47 n.s.

	Total cholesterol, mg/dL
	180.7 ± 7.4a
	157.7 ± 5.7ab
	149.9 ± 7.3b
	0.018 *

	Creatine, mg/dL
	0.9 ± 0.0
	0.9 ± 0.0
	0.8 ± 0.1
	0.52 n.s.

	Triglyceride, mg/dL
	239.9 ± 78.8
	114.5 ± 25.1
	113.9 ± 15.4
	0.16 n.s.

	HDL, mg/dL
	48.1 ± 5.2
	51.6 ± 2.7
	40.0 ± 3.5
	0.07 n.s.

	LDL, mg/dL
	104.8 ± 8.3
	78.8 ± 5.3
	87.0 ± 8.1
	0.05 n.s.

	Albumin, g/dL
	4.3 ± 0.1a
	4.2 ± 0.1ab
	3.7 ± 0.1b
	0.016 *

	Diabetes, n(%)
	1 (10)
	0 (0)
	2 (20)
	0.34 n.s.


Note: Liver disease classification with liver biopsy: METAVIR staging system: 0, no fibrosis; 1, enlarged fibrotic portal tracts; 2, enlargement of portal tracts with rare periportal or portal-portal septa; 3, numerous septa without cirrhosis. Data are represented as mean ± SEM. Different superscript letters indicates significant difference by the nonparametric Kruskal-Wallis test with Dunn's multiple comparison test. * P < 0.05, ** P < 0.01, n.s., not significant.

ALT, Alanine transaminase; AST, Aspartate transaminase; GGT, gamma-glutamyl transferase; HDL, High-Density Lipoprotein Cholesterol; LDL, Low- High-Density Lipoprotein Cholesterol.

Supplementary Table 3. Basic characteristics of human Portal blood subjects stratified by liver cirrhosis progression

	Characteristics
	HVPG
stage 1 (n=12)
	HVPG
stage 2 (n=34)
	HVPG
stage 3 (n=24)
	P-value

	Age, y 
	54.8 ± 2.8
	50.1 ± 1.6
	51.8 ± 1.6
	0.27

	Sex (male [%])
	11 (92)
	28 (82)
	21 (88)
	

	BMI, kg/m2
	20.8 ± 0.9a
	23.4 ± 0.6ab
	24.3 ± 0.8b
	0.025 *

	ALT, U/L
	45.5 ± 9.5
	43.3 ± 8.9
	49.7 ± 21.7
	0.12 n.s.

	AST, U/L
	78.7 ± 13.9
	69.6 ± 8.2
	137.1 ± 77.5
	0.56 n.s.

	GGT, U/L
	334.8 ± 81.7
	406.2 ± 81.5
	217.2 ± 48.9
	0.18 n.s.

	Total cholesterol, mg/dL
	165.7 ± 15.6a
	138.4 ± 7.7a
	107.2 ± 8.5b
	0.001 **

	Creatine, mg/dL
	0.8 ± 0.1
	0.8 ± 0.0
	0.9 ± 0.1
	0.80 n.s.

	Triglyceride, mg/dL
	168.4 ± 35.2
	156.3 ± 20.1
	115.2 ± 17.2
	0.25 n.s.

	HDL, mg/dL
	56.0 ± 6.0a
	40.8 ± 3.1ab
	37.3 ± 3.4b
	0.03 *

	LDL, mg/dL
	74.7 ± 10.8
	54.2 ± 5.7
	58.7 ± 7.2
	0.18 n.s.

	Albumin, g/dL
	3.7 ± 0.1a
	3.4 ± 0.1ab
	3.3 ± 0.2b
	0.01 *

	Diabetes, n(%)
	4 (33%)
	8 (24%)
	6 (25%)
	0.79 n.s.


Note: HVPG (hepatic venous pressure gradient) ≤ 5, stage 1; HVPG 5 ˂ ≤ 15, Stage 2; HVPG 15 ˂, Stage 3.  

Data are represented as Mean ± SEM. Different superscript letters indicates significant difference by the nonparametric Kruskal-Wallis test with Dunn's multiple comparison test. * P < 0.05, ** P < 0.01, n.s., not significant. 

ALT, Alanine transaminase; AST, Aspartate transaminase; GGT, gamma-glutamyl transferase; HDL, High-Density Lipoprotein Cholesterol; LDL, Low- High-Density Lipoprotein Cholesterol.

Supplementary Table 4. List of primer sequences used in this study

	Gene name
	Forward primer (5’ – 3’)
	Reverse primer (5’ – 3’)

	Mouse Col1a
	CATGTTCAGCTTTGTGGACCT
	GCAGCTGACTTCAGGGATGT

	Mouse Tgfβ
	ACTTCCAACCCAGGTCCTTC
	GTGGAAATCAACGGGATCAG

	Mouse Timp1
	CAGCAAAGGCCTTCGTAA
	TGGCTGAACAGGGAAACACT

	Mouse α-SMA
	GTCCCAGACATCAGGGAGTAA
	TCGGATACTTCAGCGTCAGGA

	Mouse Tnfα
	CCCCAAAGGGATGAG AAGTT
	CACTTGTGGTTTGCTACGA

	Mouse Zo-1
	TGG GAA CAG CAC ACA GTG AC
	GCT GGC CCT CCT TTT AAC AC

	Mouse Occludin
	ACC CGA AGA AAG ATG GAT CG
	CAT AGT CAG ATG GGG GTG GA

	Human 5HTR2A
	AGG TAT ATC CAT GCC AAT ACC AGT C
	AGC TTC TTT CTG GAG TGA CTT GAT

	Human 5HTR2B
	GCT GGT TGG ATT GTT TGT GAT GC
	CCA CTG AAA TGG CAC AGA GAT GC

	Human BDNF
	CAT CCG AGG ACA AGG TGG CTT G
	GCC GAA CTT TCT GGT CCT CAT C


	Antibody name
	Host-subtype
	Catalog number
	Dilution factor

	5-HT
	Mouse / IgG2κ
	MA5-12111
	200 : 1

	  5-HTT
	 Rabbit / Polyclonal, IgG
	  RPCA-SERT
	 1000 : 1

	5-HTR2A
	Rabbit / Polyclonal, IgG
	PA5-120747
	200 : 1

	5-HTR2B
	Rabbit / Polyclonal, IgG
	LS‑C334205
	100 : 1

	TH
	Mouse / IgG2a
	MA1-24654
	1000 : 1

	PGP 9.5
	Rabbit / IgG
	AB108986
	1000 : 1

	Iba-1
	Rabbit / IgG
	ab178846
	500 : 1

	Iba-1
	Mouse / IgG2bκ
	sc-32725
	500 : 1

	BDNF
	Rabbit / Polyclonal
	47808S
	1000 : 1

	MAP2
	Mouse / IgG2aκ
	sc-80012
	1000 : 1

	MAP2
	Rabbit / IgG
	8707S
	1000 : 1

	Caspase-3
	Rabbit / Polyclonal
	9662S
	1000 : 1

	beta-Actin
	Rabbit / Polyclonal
	4967S
	1000 : 1

	NeuN
	Mouse / IgG2aκ
	94403S
	1000 : 1

	pNFκB
	Rabbit / IgG
	3033S
	500 : 1


Supplementary Table 5. Information of antibodies used in this study
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