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Introduction

Abstract

Alcohol-associated liver disease (ALD), including alcoholic fatty liver, is a serious problem
in many countries, and its economic costs to society are enormous. There is evidence indi-
cating the relations between gut environments and liver disease, and thus, improvement of
gut environment is expected to be an effective approach for ALD prevention. In this study,
we explored the preventive effect of partially hydrolyzed guar gum (PHGG) on ALD fo-
cusing on the gut—liver axis. Two weeks of PHGG pre-feeding suppressed the liver fat ac-
cumulation in the experimental binge alcohol model mouse. In cecal microbiome, PHGG
pre-feeding increased beneficial Bifidobacterium with its metabolite acetate concentration
and suppressed the alcohol-induced increase in the potential pathobiont Streptococcus.
PHGG pre-feeding increased colonic gene expression of angiogenin genes, which act as
antimicrobial peptides and decreased expression of genes for mast cell protease, which sug-
gests a potential involvement in leaky gut. Correlation network analysis based on evaluated
parameters revealed four relations worth noticing. (i) The abundance of Bifidobacterium
positively correlated with cecal acetate. (ii) Cecal acetate negatively correlated with Strep-
tococcus via colonic angiogenin expression. (iii) Streptococcus positively correlated with
liver fat area. (iv) Cecal acetate had direct negative correlation with liver fat area. Consid-
ering these relations comprehensively, acetate produced by Bifidobacterium may be a key
mediator in ALD prevention; it inhibited growth of potential pathobiont Streptococcus and
also directly regulated liver lipid metabolism reaching through portal vein. This study dem-
onstrated that regularly intake of PHGG may be effective in reducing the risk of alcoholic
fatty liver via gut—liver axis.

Alcohol consumption has been shown to modulate the gut

Alcohol is one of the leading causes of chronic liver disease in in-
dustrialized countries." Alcohol-related liver disorders such as
fatty liver, hepatitis, and cirrhosis are collectively referred to as
alcohol-associated liver disease (ALD).> Alcoholic fatty liver, a
symptom developed in an early stage of ALD, typically has no
subjective symptoms or clinical signs, and thus, it is crucial to pri-
oritize preventive measures against this symptom.”

Recently, the relationship between the gut microbiome and liver
has been recognized as the gut-liver axis.* As a part of this bidi-
rectional communication, the gut epithelial barrier regulates the
transmission of metabolites and/or pathogen-associated molecular
patterns (PAMPs) from the gut microbiome to the liver.*~® Indeed,
associations between several liver disorders and the gut
microbiome have been documented in various studies.” '
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microbiome, which may in turn exacerbate ALD.'' On the
therapeutic side, short-chain fatty acids (SCFA), a typical metabo-
lite produced by gut bacteria, have been reported beneficial for
maintenance of gut homeostasis including epithelial barrier
function.'? Furthermore, when SCFA reached to the liver through
the portal vein, SCFA promote several metabolic regulation in-
cluding fat metabolism.'? Therefore, SCFA is thought to be deeply
associated with improvement/prevention of several liver
disease.'>"® In this context, targeted manipulation of the gut
microbiome through prebiotics or probiotics is expected to be a
promising approach for the suppression of ALD. However, there
are limited reports regarding suppressive effects of prebiotics and
probiotics, especially the former, with focuses on the gut-liver
axis.'*'® Currently, studies evaluating on the preventive effects
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Prebiotics and alcoholic fatty liver

of functional foods on ALD have mainly focused on antioxidant
capacity in the liver.'*™""

Partially hydrolyzed guar gum (PHGG) is a prebiotics used for
modulation of gut microbiome in a favorable state to have a health
benefit and has been linked to a number of health advantages, in-
cluding protection against nonalcoholic fatty liver disease
(NAFLD).?*"*? There is one study reported suppression of PHGG
on experimentally induced ALD in mice. However, that study fo-
cused on the direct effects of PHGG on liver, such as antioxidant
capacity, and no evaluations on gut functions including
microbiome were conducted.”? Therefore, potential of PHGG on
prevention of ALD has not been investigated yet in regard to
gut—liver axis. In this study, we assessed the hepatoprotective ef-
fect of PHGG under binge alcohol administration with special fo-
cuses on gut—liver axis in a mouse model.

Materials and methods

Animal. The animal experiments in the present study were ap-
proved by the Ethical Experimental Animal Committee of Mie
University (approval number: 2022-7) and carried out in accor-
dance with their guidelines.

Male C57BL/6N mice aged 7 weeks were purchased from Japan
SLC (Shizuoka, Japan). The animals were separated into three
groups (C: control; A: alcohol; AP: alcohol + PHGG pre-feeding)
so that their mean body weights were almost equal and housed
three mice in each cage. All animals were kept at a controlled tem-
perature (22 + 2 °C) and light (turn on at 8:00 and off at 20:00).
Water and standard chow (AIN-93G, Oriental Bio-Service, Kyoto,
Japan) were available ad libitum during acclimatization. After a
week of acclimatization, group AP received modified AIN-93G
(5% PHGG instead of 5% cellulose; PHGG is commercially pro-
vided by Taiyo Kagaku Co., Ltd., Mie, Japan) in place of standard
AIN-93G, and all animals were kept for an additional 2 weeks. Af-
ter that, a previously established binge alcohol model mouse was
conducted, as used in the report by Kim et al.** Briefly, three
doses of ethanol (5 g/kg/dose) were administered orally at 12-h in-
tervals to A and AP groups. Equivalent calories of dextrose solu-
tion was given to C group. After an hour of the last
administration, the animals were immediately dissected under
isoflurane anesthesia. Blood was drawn from the inferior vena
cava, and serum was collected using a Separapid tube (Kenis,
Osaka, Japan) according to the manufacturer’s instructions. The
collected serums were stored at —80°C until further analysis.
Weight of whole liver was measured, and small pieces (approxi-
mately 100 mg) of the biggest liver lobe were collected and stored
at —80°C for biochemical analysis. Similar-sized pieces of the big-
gest liver lobe were cryoembedded in optimal cutting temperature
compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) for his-
tology and stored at —80°C. The cecal contents were collected for
cecal microbiome analysis and for measurement of organic acids
concentration and stored at —80°C. Small pieces of colonic tissue
were collected for transcriptome analysis and permeated overnight
at 4°C in RNAlater solution (Thermo Fisher Scientific, Tokyo,
Japan) and then stored at —20°C.

Serum biochemical analysis. Serum aspartate transami-
nase (AST), alanine transaminase (ALT), triglyceride (TG), and
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albumin (ALB) assays were outsourced to Oriental Yeast Co.,
Ltd. (Tokyo, Japan).

Liver fat accumulation analysis. For the biochemical
analysis of liver TG, lipids were extracted from small pieces of
liver using chloroform and methanol (2:1). Organic solvents were
evaporated under the N2 stream and resuspended in isopropanol.
LabAssay Triglyceride (Wako, Osaka, Japan) was employed to de-
termine TG concentrations.

For the histological evaluation, oil red O was used to stain 10-
um frozen sections, and hematoxylin was used as a counterstain.
A bright-field microscope equipped with a digital camera was used
to capture 10 randomly chosen images of hepatocytes for each
sample. The ratios of the oil-red O-stained area in each image were
estimated from the measured red color area using the software
ImageJ2/Fiji (Version 2.9.0).%°

Cecal microbiome and organic acids. Bacterial DNA
extraction from cecal contents, library preparation, sequence using
MiSeq (Tllumina, Tokyo, Japan), and sequence data analysis were
performed according to a previous study.*® The estimation of cecal
organic acid (succinate, lactate, formate, acetate, propionate, iso-
butyrate, n-butyrate, iso-valerate, and n-valerate) concentrations
was also performed using ion-exclusion high-performance liquid
chromatography, as previously reported.?®

Colonic transcriptome analysis. Tissue fragments were
removed from RNAlater solution and homogenized in 1 mL of
TRIzol (Thermo Fisher Scientific, Tokyo, Japan) using a
TissueRuptor (QIAGEN, Tokyo, Japan). RNA was isolated from
tissue homogenates using the phenol—chloroform method and pu-
rified by the RNeasy mini kit in conjunction with the RNase-Free
DNase Set (both from QIAGEN, Tokyo, Japan). The 3/ mRNA li-
brary was prepared with a commercially available kit (Collibri 3/
mRNA Library Prep Kit for [llumina Systems, Thermo Fisher Sci-
entific, Tokyo, Japan) following the manufacturer’s instructions
and that subsequently sequenced on Illumina HiSeq X (Illumina,
Tokyo, Japan). Adaptor trimming and quality filtering of raw se-
quences was performed using Cutadapt (ver. 2.8). Processed se-
quence was mapped to genome sequence using STAR (ver.
2.7.10a), and transcripts were counted by featureCounts (ver.
2.0.0). The analysis of feature count data was performed using R
(ver. 4.2.0) and the edgeR package (ver. 3.38.4). Read counts were
normalized using the trimmed mean of M values approach. For the
identification and detection of differentially expressed genes
(DEG), the likelihood ratio test was used. DEGs were defined as
genes with false discovery ratio (FDR) < 0.05 and |Log 2 fold
change| > 1. For visualization of each DEG read count, read count
data were additionally normalized using the count per million
(CPM) approach.

Real-time PCR. Five DEGs were quantified using the reverse
transcription qPCR technique to validate the transcriptome data.
The same RNA samples utilized in the transcriptome analysis were
reverse transcribed by the ReverTra Ace qPCR RT Kit (TOYOBO,
Osaka, Japan) according to the manufacturer’s instructions. Quan-
titative PCR was performed using the Roche Light Cycler 96

Journal of Gastroenterology and Hepatology (2024) ee—ee

© 2024 The Author(s). Journal of Gastroenterology and Hepatology published by Journal of Gastroenterology and Hepatology Foundation and John Wiley & Sons Australia, Ltd.

95UB917 SUOLIWOD BRI 8(qedt|dde ay) Aq peusenob afe Sajoile VO ‘8sN JO Se|n Jo) A1 8uljuO 4|1 UO (SUONIPUOD-PUR-SWLBIAL0D A3 | IM Aelq 1 Buljuoy/:Sdny) SUOTIPUOD pue Swie 1 8u1 89S *[202/60/.2] Uo AridiTaulluO A8|IM ‘29T UBITTTT OT/I0p/wod Ao 1M Aeig 1 jeuluo//:SdNy WoJj papeojumod ‘0 ‘O TOYYT



S Morishima et al.

system (Tokyo, Japan). PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific, Tokyo, Japan) was used for intercala-
tion method. Its PCR procedure included 45 cycles of 15 s at
95°C and 60 s at 60°C and 15 s of pre-melt hold at 95°C, followed
by an examination of the dissociation curve from 60 to 95°C. Be-
fore PCR procedure, the uracil-DNA glycosylase and polymerase
were activated for 2 min at 50 and 95°C, respectively. LightCycler
480 Probes Master with Universal Probe Library Set (Roche, To-
kyo, Japan, currently unavailable) was used for probe method.
Its PCR procedure included 45 cycles of 10 s at 95°C, 30 s at
60°C, and 1 s at 72°C, followed by cooling 10 s at 50°C after
PCR cycles. Before PCR procedure, pre-incubate for 10 min at
95°C. The name of DEGs evaluated and sequences for their
primers and probe are shown in Table S1 with references [27,
28]. All assays were performed in duplicate. The acquired data
were normalized using Actb mRNA expression.

Statistical analysis. Unless otherwise noted, all data are
provided as means + SEM. We used Welch’s #-test to compare
two groups. A one-way analysis of variance (ANOVA) followed
by Tukey’s HSD test were used for multiple group comparisons.
The machine learning and calculation of valuable importance pro-
cess were carried out with the R package randomForest (Version
4.7-1.1), and the area under the ROC curve (AUC) was computed
and visualized with the R package pROC (Version 1.18.0). In cor-
relation test, we used Pearson’s product—moment correlation or
Kendall rank correlation coefficient according to value normality
result by Shapiro—Wilk normality test. Unless otherwise noted,
all statistical analyses were carried out using R software (Version
4.2.0). The P < 0.05 was considered significant.

Correlation network analysis. The correlation network
was generated according to the results of correlation test and visu-
alized using the software Cytoscape (ver. 3.9.1). Data from A and
AP were applied to focus on suppression of fatty liver but not on
effect of binge alcohol. Serum and liver biochemical data,

Table 1 Tissue weights and biochemical parameters

AP (n=6) Pvalue

Tissue weight
Body weight (g) 24.25 + 0.79 23.81 + 0.61 23.42 + 0.53 0.679
Liver weight (g) 0.99 + 0.056 0.92 +0.04 1.02 +0.04 0.286
Liver/body 0.041 + 0.0020.039 + 0.0020.044 + 0.001 0.069

weight (g)

Serum biochemical parameters

AST (IU/L) 220.5 + 13.74237.0 + 27.46245.8 + 35.77 0.803
ALT (UL 44.83 +9.28 62.17 £5.96 54.33 +7.75 0316
TG (umol/L) 48.00 = 8.16 73.33 + 12.4095.17 = 16.53 0.061
ALB (g/dL) 2.95 + 0.09° 2.08 = 0.09° 2.05 + 0.06° <0.001**

Liver biochemical analysis
Liver TG (mg/g  11.41 + 2.90790.71 + 7.61°69.44 + 9.46°<0.001**
tissue)

""P < 0.01 (one-way ANOVA).

Different letters indicate significant differences among groups (Tukey's
HSD test, P < 0.05).

ALB, albumin; ALT, alanine transaminase; AST, aspartate transaminase;
TG, triglyceride.
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quantified histological data, relative abundances of 15 bacterial
genera that extracted by valuable importance analysis of machine
learning model, major cecal SCFA concentrations (acetate, n-
butyrate, propionate), and DEG count data were used for the cor-
relation test. A correlation network was built using the correlation
coefficients from significant (P < 0.05) relationships.

Results

PHGG suppresses alcohol-induced liver fat accu-
mulation. Table | represents tissue weight and biochemical
data. There was no significant difference in major serum markers
(AST, ALT, and TG) or tissue weight. However, alcohol adminis-
tration substantially lowered serum ALB.

Regarding fatty liver, alcohol treatment significantly increased
the hepatic fat area, and PHGG pretreatment seems suppressed
the fat accumulation (Fig. 1a). The results of the image analysis
demonstrated significant increase in liver fat area with alcohol
treatment (Fig. 1b; group C: 2.89 + 0.47%, group A:
17.68 + 1.18%), which was greatly suppressed with PHGG
pre-feeding (group AP: 11.87 £ 2.16%). Biochemical examination
of liver TG showed a similar pattern to hepatic fat area, but signif-
icant difference between A and AP was not found (Table 1).

Gut microbiome and its metabolites affected by
both alcohol and PHGG feeding. There was no signifi-
cant difference in alpha diversity indices of the cecal microbiome
(Table S2). However, beta diversity differed significantly between
groups, demonstrating that both alcohol administration and PHGG
pre-feeding altered microbiome composition (Fig. 2a). At the phy-
lum level, relative abundance of Proteobacteria was significantly
increased, and Desulfobacterota was decreased by alcohol treat-
ment in both group A and AP (Table S3). PHGG pretreatment
was significantly increased Actinobacteriota and decreased
Deferribacteriota.

At the genus level, significant differences were found in 39 gen-
era (Table S4). A random forest approach was used to screen the
bacterial genera that might be important in the development and
suppression of ALD and successfully divided the cecal
microbiome of groups C versus A and A versus AP with 100%
precision (AUC = 1.0; Fig. 2b). A variable importance analysis
of the prediction model revealed that the abundance of Streptococ-
cus was important for the prediction accuracy of learning model
for both C versus A and A versus AP comparisons (Fig. 2¢). In
15 genera found in the valuable importance analysis of A versus
AP, 12 genera were increased by PHGG pre-feeding including
Bifidobacterium and Muribaculum, while three genera, including
Streptococcus and Mucispirillum, were decreased. The relative
abundances of some of those bacteria were shown in Figure 2d.

Cecal organic acid concentrations were assessed as typical me-
tabolites from the gut microbiome (Table 2). As one of the SCFA,
group AP showed a significantly higher acetate concentration
compared to group A. AP group also showed significantly high
succinate and low formate concentrations compared to other
groups.
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Figure 1 PHGG pre-feeding suppressed binge alcohol-induced liver fat accumulation. (a) Representative oil red O and hematoxylin-stained liver sec-
tion and its threshold processed fat area using ImageJ2/Fiji software (100x). (b) The ratios of oil red O-stained area in liver section images. Data rep-
resent means + SEM. The significance of the values was determined by Tukey’'s HSD after a one-way ANOVA.
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Figure 2 Both binge alcohol and PHGG pre-feeding affected cecal microbiome composition. (a) Principal coordinate analysis (PCoA) of cecal
microbiome based on unweighted UniFrac distance. (¢, C; [®], A; [/, AP. The ellipse enclosing each cluster indicate a 95% confidence interval.
P < 0.05 within each group by pairwise permutational analysis of variance (PERMANOVA) test. (b) The ROC curve indicating model precision. (c)
The top 15 bacterial relative abundances with the highest valuable importance in the machine learning model of group C versus A and A vs AP com-
parison using random forest algorithm. The higher the mean decrease Gini, the higher the variable importance in the machine learning model. The filled
color of the plot represents the group with the higher abundance of bacteria compared to another group (o, order; f, family; g, genus). (d) Relative abun-
dances of representative bacteria in each group. Data represent means + SEM. Significance of the values were determined Tukey’s HSD after one-way
ANOVA. *P < 0.05, **P < 0.01 between each group.
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Table 2 Cecal organic acids

Organic acid C(n=06) A (n=6) AP (n=6) Pvalue
(umol/kg
contents)
Succinate 0.717 + 0.209° 1.743 + 0.464% 4.123 = 1.482° 0.048*

Lactate ND 1.012 + 0.689 12.380 + 9.169 0.220
Formate 1.642 + 0.247° 1.002 + 0.136% 0.602 + 0.112° 0.003**
Acetate 29.637 + 2.073%°27.208 + 2.833°36.153 = 1.298" 0.028*
Propionate 5.065 + 0.671 3.210 £ 0.621 4.855 + 0.983 0.213
iso-Butyrate  1.187 £ 0.274 2.093 + 0.553 1.860 + 0.719 0.494
n-Butyrate 2135+ 0.283 1.752 + 0.354 1.727 + 0.234 0.560
iso-Valerate  0.117 £ 0.073 0.225 + 0.084 0.072 + 0.046 0.303
n-Valerate 0.108 + 0.041 0.092 + 0.058 0.068 + 0.045 0.845

Total organic 40.607 + 3.103%38.332 + 3.012°61.847 + 8.424° 0.015*
acid

"P < 0.05.

“P < 0.01 (one-way ANOVA).

Different letters indicate significant differences among groups (Tukey’s
HSD test, P < 0.05).

Colonic transcriptome analysis revealed several
gene expressions were regulated by PHGG
pre-feeding immediately after binge alcohol ad-
ministration. In the 3/ mRNA-sequence analysis, one sample
in group A was excluded from the analysis due to an aberrant gene
expression pattern likely resulting from a technical error (see
Fig. S1). According to a multi-group comparison of three groups
using likelihood ratio test, 70 genes showed substantially different
expressions among three groups (FDR < 0.05). The heat map of
those 70 genes suggested that colonic gene expression was largely
influenced by alcohol administration rather than PHGG
pre-feeding (Fig. 3a). However, six genes exhibited significantly
different expression level between groups A and AP (Fig. 3b).
Three angiogenin genes (4ng4, Ang5, Ang6) were expressed sig-
nificantly higher and three genes (Mcptl, Mcpt2, B3galt2)
expressed lower in group AP than group A. These six genes were
not considered as DEGs in group C when compared with group A
(Fig. 3c). The validation of five genes (Ang4, Ang5, B3galt2,
Meptl, Mcpt2) using RT-qPCR revealed the same level of expres-
sion as 3/ mRNA-seq (Fig. S2). In this study, authors could not es-
tablish proper qPCR primer set for validation of Ang6.

Correlation network analysis implicates potential
pathways in gut-liver axis. A correlation network was
constructed in accordance with the correlation test result using data
from groups A and AP, and significant correlations were applied
(Fig. 4). One sample in group A was excluded from network anal-
ysis because it lacked accurate 3/ mRNA count data as mentioned
above. Among the significant correlations used for network con-
struction, the minimum absolute correlation coefficient was 0.60.
It is noteworthy that liver fat indicators (liver TG and oil red
O-stained area ratio) were negatively correlated with
Bifidobacterium abundance and the concentration of its usual me-
tabolite acetate. In contrast, there was a positive correlation be-
tween liver fat indicators and the abundance of Streptococcus.
There were several bacteria negatively correlated with mast cell
protease (Mcpt) expression, but only Streptococcus was positively
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correlated. Angiogenin (4ng) with antimicrobial effect was nega-
tively correlated with several bacteria including Streptococcus,
while there were also several bacteria positively correlated. Cecal
acetate also positively correlated with two of angiogenin.

Discussion

In this study, we evaluated prebiotic and hepatoprotective effect of
PHGG under binge alcohol administration. To estimate preventa-
tive pathways of alcoholic fatty liver via gut—liver axis, gut micro-
biota and colonic gene expression were evaluated. Also,
correlations of gut environment with liver fat were analyzed. The
predicted working model for PHGG under binge alcohol adminis-
tration based on the results obtained is shown in Figure 5.

Most of tissue weight and biochemical parameters were not sig-
nificantly different between groups indicating that the binge alco-
hol administration did not seriously impair liver function, with the
exception for liver fat accumulation and decrease in serum albu-
min. Although PHGG administration did not restore serum albu-
min levels, it prevented liver fat accumulation.

Regarding to the gut microbiome, binge alcohol affected its
composition. Since the majority of ethanol is absorbed in the stom-
ach and small intestine, it is difficult to consider that orally admin-
istered ethanol directly enters the large intestine. Therefore,
ethanol and acetaldehyde from blood flow or modified bowel
movements may be the factors of this modification. Streptococcus
is positively correlated with liver fat, and other studies have re-
ported associations of Streptococcus with liver disorders such as
severe ALD and with the severity of hepatitis C.>° ' The mecha-
nism by which Streptococcus is involved in the severity of fatty
liver could not be clarified in this study, but a link between this
bacterium and gut inflammation may be involved. Increase in
abundance of Streptococcus has been reported in inflammatory
bowel disease, and therefore, Streptococcus may exacerbate gut
inflammation ~ and  consequently  increased  intestinal
permeability.>** It can be reasonably deduced that the suppres-
sion of increase in this potential pathobiont Streptococcus by
PHGG pre-feeding may have contributed to the improvement in
ALD.

The relationship between alcohol consumption and increased in-
testinal permeability has been discussed elsewhere.** ¢ Degrada-
tion of epithelial tight junction proteins as a result of the action by
mast cells,”® acetaldehyde,** or alcohol®’ is a suggested mecha-
nism in the increased intestinal permeability by alcohol. The in-
creased expression of Mcpt in this study is in line with this
suggestion as its protease activity can degrade tight junction pro-
teins such as occludin and claudin.**~*° Therefore, low expression
of Mcpt by PHGG pre-feeding is potentially beneficial to maintain
intestinal barrier function. Additionally, the amount of colonic mu-
cin evaluated by periodic acid-Schiff staining technique was not
differ among the groups (data not shown), indicating change in
mucus layer thickness may not be involved in change in intestinal
permeability and beneficial effect of PHGG.

However, no direct assessment of intestinal permeability was
conducted in this study; therefore, further investigation including
the quantification of tight junction proteins and blood markers
such as lipopolysaccharides is required.

Bifidobacterium, which showed a negative correlation with liver
fat, is a typical acetate producer, and several studies have reported
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Figure 3 Binge alcohol and PHGG pre-feeding changed transcriptome profiles. (a) The gene heat map shows that those expressions are largely in-
fluenced by binge alcohol administration. The significance of the values was determined by multi-group comparison using the likelihood ratio test
(FDR < 0.05). (b) Volcano plot comparing gene expression between groups A and AP. DEGs in group AP compared to group A are indicated using
red (upregulated) and blue (downregulated) spots. DEGs were defined as genes with false discovery ratio (FDR) < 0.05 and absolute Log 2 fold change
>1. (c) The gene counts of DEGs between A and AP groups. Values are additionally normalized using the CPM method.
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an increase of this bacterial genus with PHGG intake.***' The
abundance of Bifidobacterium positively correlated with cecal ace-
tate concentration and then cecal acetate was positively correlated
with the expression of antimicrobial angiogenins. These network
connections  indicated that the acetate produced by
Bifidobacterium has an ability to induce expression of angiogenins
in the colon. Although SCFA, including acetic acid, have been

6

Figure 4 Correlation network analysis. The red edge indicates a posi-
tive correlation, and the blue edge indicates a negative correlation, re-
spectively. Each correlation was statistically significant by correlation
test (P < 0.05, |/ > 0.60). . Bacteria; [, Colonic mRNA expres-
sion; [ ], Serum biochemical; [, Liver fat; [, Cecal organic acid.

reported to modulate gene expression in the gut, their effects on
angiogenin expression have not been shown.*? It could be exerted
in a specific circumstance such as under the effect of alcohol, and
there also be a possibility for acetate to indirectly induce these
genes by modulating the abundance of genus unclassified family
Ruminococcaceae, as this genus positively correlate both with ace-
tate and genes for angiogenins (Fig. 4). The mechanism by which
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Figure 5 The summary of the present study data and predicted suppression mechanism of alcohol-induced liver fat accumulation by PHGG pre-

feeding.

acetate modulates the expression of angiogenins are needed to elu-
cidate further.

Because angiogenins have antimicrobial potentials and expres-
sion levels of genes for angiogenins were negatively correlated
with Streptococcus, angiogenins presumably contributes to the in-
hibition of growth of Streptococcus. There was also a direct nega-
tive correlation between Bifidobacterium and Streptococcus, but
the correlation between acetic acid and genes for angiogenins
had a larger correlation coefficient than that between
Bifidobacterium and Streptococcus. Therefore, it is assumed that
the increase in Bifidobacterium suppressed Streptococcus indi-
rectly via acetate production and modulation of angiogenins gene
expression.

The effect of acetate on the regulation of liver function can also
be inferred as another suppressive pathway of liver fat accumula-
tion. Acetate has been reported to have a variety of physiological
roles, including the improvement of NAFLD through the suppres-
sion of liver fat accumulation.** * Gut-derived acetate is
transported to the liver through the hepatic portal vein and is
known to have a role as a mediator of metabolism. Several studies
have reported the proof that acetate administration lowers liver fat
accumulation and suppresses fat synthesis.* Therefore, it can be
assumed that acetate produced in colon showed a similar effect
in this study. Additionally, it is reported previously that intestinal
SCFA is lower in ALD patients than healthy individuals.*® This
observation suggests that the supplementation of SCFA may offer
a potential benefit to those population.

Involvement of intestinal SCFA receptors, namely, GPR41,
GPR43, and GPR109a, in the suppression of liver fat accumula-
tion is unclear in this study.*’*® The gene expression levels of
these receptors did not differ among the groups. However, it is re-
ported that signaling through GPR43 can be archived fairly quick,
and it does not always happen with change in gene
expression.* ' Thus, further investigations such as use of
GPR41 or GPR43 KO mice are required to elucidate whether
SCFA receptors is involved in phenomenon found in this study.

Journal of Gastroenterology and Hepatology (2024) ee—ee

Studies focused on the relationship between formate and the
host physiology are limited, but there are some reports exist indi-
cating increased formate in the blood or intestine is associated with
liver disease and inflammatory bowel disease.’®>* Therefore, the
decrease of cecal formate by PHGG pre-feeding may have had
positive impact on improving ALD. Succinate has been reported
to induce inflammation in the intestine,”> while there are also re-
ports that it is useful for improving the barrier function by promot-
ing intestinal mucus production and also useful for regulation of
fat metabolism.’*>” Therefore, further study is needed to deter-
mine whether the increase of cecal succinate caused by PHGG
pre-feeding was involved in suppression of ALD.

The result summarized that PHGG pre-feeding caused a shift
to a gut microbiome state especially rich in acetate production.
This shift of gut microbiome improved hepatic lipid metabolism
and finally inhibited alcohol-induced liver fat accumulation
(Fig. 5).

Conclusion

In this study, we exploratory investigated the potential hepatopro-
tective mechanism of PHGG from binge alcohol-induced ALD via
gut—liver axis. Excessive alcohol consumption results in fatty liver
and changes in unfavorable gut microbiome composition. PHGG
pre-feeding drove the shift of gut microbiome to a state rich in ace-
tate production and inhibited the growth of potential pathobiont
Streptococcus, a bacteria suggested to be associated with onset
of ALD. Increase in colonic angiogenin expression brought by in-
testinal acetate may be involved in this effect. Suppression of co-
lonic Mcpt expression and increases in cecal acetate by PHGG
pre-feeding may have positively affected on intestinal barrier func-
tion and may be involved as a mechanism for ALD suppression.
Furthermore, gut-derived acetate should also regulate liver lipid
metabolism and contributes to suppress liver fat accumulation.
This study implies that regularly intake PHGG may be effective
in preventing ALD through gut-liver axis.
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Table S1. Primers and probe sequences.

Table S2. Alpha diversity indices of cecal microbiome.

Table S3. Bacterial relative abundances at phylum level.

Figure S1. G7 in group A showed aberrant gene expression pat-
tern indicating technical error. Significantly different expression
genes in ANOVA-like test using likelihood test were selected to
generate heat map.

Figure S2. Transcriptome data was validated by RT-qPCR. Fold
change of five DEGs were shown same trends in both analysis
methods. Significance of qPCR data between group A and AP
was determined using Whelch’s t-test.
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