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ARTICLE INFO ABSTRACT
Keywords: Acute liver injury (ALI) is an abnormal liver function caused by oxidative stress, inflammation
Ganoderma lucidum polysaccharides and other mechanisms.The interaction between intestine and liver plays an important role in ALI,
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and natural polysaccharides can participate in the regulation of ALI by regulating the composition
of intestinal flora. In this study, Ganoderma lucidum polysaccharide was used as the research
object, and ICR mice were used to construct an acute liver injury model induced by carbon tet-
rachloride (CCly). 16S rRNA sequencing technology was used to analyze the flora structure
abundance and detect the changes of intestinal flora. The effective reading of 8 samples was
obtained by 16S rRNA sequencing technology, and a total of 1233 samples were obtained. The
results of alpha diversity analysis showed that the sequencing depth was sufficient, the abundance
of species in the samples was high and the distribution was uniform, and the sequencing data of
the samples was reasonable. Nine species with significant differences were screened out by
abundence analysis of intestinal flora structure at genus level. Beta diversity analysis showed that
species composition was different between the model group and the treatment group. Ganoderma
lucidum polysaccharide can maintain the integrity of mucosal barrier by promoting the prolif-
eration of intestinal epithelial cells and anti-oxidative stress injury, thereby improving the in-
testinal mucosal inflammation of mice, regulating intestinal flora, and effectively alleviating CCly-
induced acute liver injury.

Oxidative stress

1. Introduction

Acute liver injury (ALI) is a disorder of liver function caused by various mechanisms such as oxidative stress, inflammation, and
hepatocyte apoptosis and necrosis [1,2]. It is a common pathological basis for various other liver diseases, and in severe cases, it can
gradually progress to cirrhosis and liver cancer [3,4]. Studies have shown that intestinal flora has close connection with ALI [5,6].
When normal liver physiology is disrupted, certain bacterial components, such as lipopolysaccharide (LPS), enter the liver from the gut
lumen through the portal vein, causing hyperinflammation that further damages tissue and exacerbates preexisting liver disease [7,8].

Natural product polysaccharides can participate in the regulation of ALI by regulating the composition of intestinal flora [9,10].
Many studies have reported that natural antioxidants, such as polysaccharides, ketones, glycosides, and alkaloids, are effective in
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inhibiting the liver disease caused by reactive oxygen species [11,12]. Ganoderma lucidum polysaccharides (GLP) is the main active
ingredient of Ganoderma lucidum in the genus Porifera. Studies have shown that GLP possesses significant antioxidant,
anti-inflammatory, immunomodulatory and hepatoprotective activities [13,14]. GLP can also modulate the function of gut microbiota
and immune cells [15]. The combination of GLP and ciprofloxacin can treat salmonella infection, regulate the gut flora, protect the
intestinal barrier, and increase the number of probiotics [16].

In this study, ICR mice were used to establish a model of carbon tetrachloride (CCls) -induced acute liver injury. 16S rRNA
sequencing technology was used to detect the changes of intestinal microbiota, and alpha diversity analysis and LEfSe analysis were
used to screen the differential flora and related pathways of Ganoderma lucidum polysaccharide in mice with liver injury. Finally, the
protective effect of Ganoderma lucidum polysaccharide on liver injury by improving the diversity of intestinal flora in mice was
elucidated, which provided a theoretical basis for the further development and utilization of Ganoderma lucidum polysaccharide.

2. Materials and methods
2.1. Materials

The polysaccharide of Ganoderma lucidum used in the experiment was provided by the Laboratory of Drug Analysis, Beihua Uni-
versity (Jilin, China), Ganoderma lucidum polysaccharide was extracted by water extraction and alcohol precipitation. The yield of
Ganoderma lucidum polysaccharide reached the maximum of 8.74 %, and the polysaccharide content was about 43.7 %. Anhydrous
ethanol, and methanol (Liaoning Quanrui Reagent Co., Ltd., Jinzhou, China); CCl4 (Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China); Paraformaldehyde (Changchun Huayi Biotechnology Co., Ltd., ChangChun, China).

2.2. Analysis of monosaccharide composition of GLP

Mixed standard solutions of mannose (Man), Gluconic acid (GlcA), rhamnose (Rha), galactose uronic acid (GalA), glucose (Glc),
galactose (Gal), xylose (Xyl), arabinose (Ara) and fucose (FUC), and standard solutions of the above monosaccharides, respectively.
The HPLC system was Shimadzu LC-20AT, SPD-20A UV-Vis Detector, and the chromatographic column was COSMOSIL 5C18-PAQ
4.6ID x 250 mm, the eluting agents of 80.8 % PBS (0.1M, pH7.0) and 19.2 % acetonitrile (v/v), the flow rate was 1.0 ml/min, the
column temperature was 35 °C, and the injection volume was 10 pl.

2.3. Determination of molecular weight distribution of GLP

The molecular weight distribution of GLP was detected by HPSEC method. The chromatographic column was TSK-Gel G3000PWXL
Column, with a column temperature of 40 °C, the eluent was 0.2 mol/L NaCl, and the flow rate was 0.6 ml/min, in which Vo = 6.1632
ml, Vt = 10.065 ml, Vt - Vo = 3.9018 ml.

2.4. Animal experiments

Male, 18-22 g, ICR mice (Chang Chun Yisi Experimental Animal Technology Co., Ltd.), the mice were fed under conditions of
20-24 °C, 40-60 % humidity, free access to food and water, and the experiment began after the mice adapted to the laboratory feeding
environment for 7 days. Mice were randomly divided into three groups: control group (CON), model group (MOD) and Ganoderma
lucidum polysaccharide (GLP) treatment group. There were 8 mice in each group. The mice in GLP-treated group were gavaged with
Ganoderma lucidum polysaccharide (300 mg*kg™! BW day ~1). The dose of the experimental drug is the common dose for adults,
which is converted into the equivalent dose according to the human and mouse body surface area conversion formula, and prepared
with distilled water to the required concentration before use [17]. The duration of administration follows the general duration of acute
liver injury models [18,19].

GLP group was given 300 mg*kg ™' BW day ~! ganoderma polysaccharides, CON and MOD groups were given an equal volume of
distilled water for 7 consecutive days. Two hours after the last administration, mice in the MOD and GLP-treated groups were
intraperitoneally injected with 1 % CCl, olive oil solution (10 ml/kg) [20]. After 24 h of fasting, the mice were put into an euthanasia
box (connected to a carbon dioxide cylinder and flow controller), the concentration of input carbon dioxide was 100 %, and the flow
rate of carbon dioxide was set at 20 % of the chamber volume/minute. After the respiratory arrest and eye color fading of the mice, the
carbon dioxide was continuously input for 5 min, and then the mice were placed out the euthanasia box for 5 min to ensure the death of
mice. we killed the mice under ether anesthesia. Blood samples were collected and serum was immediately separated. Liver tissue was
isolated from each mouse and stored at —80C for further experiments.

2.5. Detection of biochemical indicators in the liver tissue and serum of mice

The eyeball blood and liver tissue homogenates were centrifuged at 3000 rpm for 15min at 4 °C, respectively, and the serum and
liver tissue supernatant were separated. The activities of Alanine aminotransferase (ALT), aspartate aminotransferase (AST), gluta-
thinoe (GSH), malondialdehyde (MDA), superoxide dismutase (SOD) and inteleukin 17a (IL17A) Elisa kits (ABclonal, Wuhan, China)
were detected according to the instructions of the kit. The OD value was measured by InfiteM200PRO multi-mode microplate reader
(TecanCo, Ltd., Shanghai, China), and the biochemical indicators in serum and liver tissue were calculated.
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2.6. Mouse feces collection

Defecation was promoted by massaging the abdomen of mice with finger pulp, and feces were collected with forceps after heat
sterilization. The collected feces were placed in sterile EP tubes after autoclaving. Immediately collected samples stored in the
refrigerator - 80 °C.

2.7. 16S rRNA sequencing

The total DNA of microorganisms in the stool samples was extracted using TopTaq DNA Polymerase kit according to the kit in-
structions. The integrity and quality were detected by agarose gel electrophoresis and Nanodrop 2000, respectively. The electro-
phoretic bands were clearly visible without obvious degradation. The concentration was >20 ng/pL, the total amount was >500 ng,
and the 0D260,/280 was 1.8-2.0. Amplification of the 16sRNA gene V3-V4 [21] was performed using the following primer pairs: 341F
(5-CCTACGGGNGGCWGCAG-3') and 785R (5-GACTACHVGGGTATCTAATCC-3'). Specific tag sequences were introduced to the end
of the library by high-fidelity PCR, and the library was precisely quantified by Qubit. The size of the sequencing library inserts was
determined by an Agilent 2100 Bioanalyzer. Libraries were sequenced with a 2 x 250-bp double-end sequencing strategy using the
Miseq platform [22].

2.8. Bioinformatics analysis

Sequences were clustered into operational taxonomic units (otus) based on 97 % sequence similarity. The representative sequences
of OUT were analyzed by taxonomy and compared with the database for species annotation. And on the basis of Species classification
at the level of Kingdom, Phylum, Class, Order, Family, Genus and species, Species composition, indicator species analysis, Alpha
diversity analysis, Bela diversity analysis and community function prediction were performed.
2.9. Statistical analysis

Data were statistically analyzed using SPSS 17.0 software (SPSS, China). The data were expressed as mean + standard deviation
(mean =+ SD) and tested by Analysis of Variance (ANOVA) Dunnett’s multiple comparisons. A value of P < 0.05 indicated a statistically
significant difference.
3. Results

3.1. Monosaccharide composition of GLP

The monosaccharide composition of GLP was analyzed by HPLC (Fig. 1), and the results showed that GLP was mainly composed of
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Fig. 1. Monosaccharide composition chromatography of GLP.
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Man (2.9 %), GlcA (4.1 %), GalA (8.2 %), Glc (78.1 %), and Ara (6.7 %).
3.2. Molecular weight distribution of GLP

The results showed that 5 peaks of Ganoderma lucidum polysaccharide were eluted in HPSEC chromatography, and the average
molecular weight was estimated to be 285, 13.6, 2, 0.2, 0.1 kDa, respectively (Fig. 2). The retention time and molecular weight of the
various components are shown in Table 1.

3.3. Changes of biochemical indexes in mouse liver tissue

Biochemical index detection results showed (Fig. 3) that compared with CON group, AST, ALT, MDA and IL17A levels in MOD
group were significantly increased (P < 0.01), while GSH and SOD contents in liver tissue were significantly decreased in MOD group
(P < 0.01). Compared with MOD group, the levels of AST, ALT, MDA and IL17A in GL group were significantly decreased (P < 0.01).
The content of SOD in liver tissue of GL group was significantly increased (P < 0.01).

3.4. OUT level analysis

We assessed the effect of drug administration on gut microbiota composition by high-throughput sequencing of the V3 + V4 region
of bacterial 16S rRNA. OTUs classification was performed on the samples of the two groups of model group and Ganoderma lucidum
polysaccharide treated group, and the unique OTU/ASVs in each group of samples and the common OTU/ASVs between groups were
screened based on 97 % similarity for visual display, as shown in Fig. 8. Random sampling was performed, and a total of 1233 OUT of 8
valid readings were obtained. A total of 457 otus were obtained from 4 samples in the model group, and 325 otus were obtained from 4
samples in the Gantlucidum polysaccharide administration group. A total of 451 otus were obtained from the two groups (Fig. 4).

3.5. Analysis of microbial a diversity

In order to reflect the microbial diversity of each sample at different sequencing quantities, we performed Shannon-Wiener di-
versity index curve analysis (Fig. 5A), and the curve tended to be flat. This result indicated that sequencing data amount could reflect
the vast majority of microbial information in the sample. From the dilution curve, we can find that the curve flattens out with the
increase of the number of extracted sequences, indicating that the amount of sequencing data of the sample is reasonable (Fig. 5B).
Rank-abundance curve is a commonly used visual analysis method to evaluate species diversity, and the results show that the
abundance of species in the sample is high and evenly distributed (Fig. 5C). Through the species accumulation box plot, we can find
that with the increasing sample size, the curve tends to be flat, indicating that our sequencing depth is sufficient and the analysis is
meaningful (Fig. 5D).

3.6. LEfSe analysis

In order to find the biomarker bacteria with statistical abundance differences between different groups, LEfSe analysis and LDA
analysis were performed on the samples between groups. Fig. 6 shows the evolutionary branch map of 25 species (P < 0.05). A more
concise LEfSe evolutionary branch map was obtained by removing the species with significant differences (Fig. 7). For different species
with an LDA score >2 and significantly high abundance in each group, the top 10 species with the lowest Pvalue are plotted in a bar
chart (Fig. 8). The results showed that the different species with significant effects in the treatment groups were as follows: Bacteroidia
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Fig. 2. Hpsec results.



X.-t. Zhang et al.

Heliyon 10 (2024) e35559

Table 1
Sample retention time and molecular weight.
No. Retention time (min) Molecular weight (KDa)
1 10.429 285
2 13.225 13.6
3 14.963 2
4 17.003 0.2
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Fig. 3. Effects of Ganoderma lucidum polysaccharide on AST, ALT, GSH, SOD, MDA and IL17A levels in drug-induced liver injury mice. (A) AST. (B)
ALT. (C) SOD. (D) GSH (E) MDA. (F) IL17A. Notes: CON: Control group; MOD: Model group; GL: Ganoderma lucidum polysaccharide administration
group; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; GSH:Glutathinoe; SOD: Superoxide dismutase; MDA: Malondialdehyde; IL-
17A: Inteleukin 17a. Values were presented as the mean + standard deviation (n = 3). #.p <0.05, *#. P < 0.01, vs. CON; *:P <0.05, **: P < 0.01,

vs. MOD.
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Fig. 4. Venn diagram of OTU/ASV distribution comparison.
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Fig. 5. Alpha diversity analysis (A) Shannon-Wiener curve. (B) rarefaction curve. (C) Rank-abundance curve. (D) species accumulation boxplot.

(class level), Alloprevotella (genus level), Prevotellaceae (family level), Bacteroidales (order level), uncultured-Bacteroidales-
bacterium (species level), Bacteroidetes (phylum level), Lactobacillus-intestinalis (species level), Pasteurellales (order level), Pas-
teurellaceae (family level), Staphylococcus-lentus (species level); The significant difference species in the model group were as follows:
Intestinimonas (genus level), Closyridium-XIVa (genus level), uncultued-bacterium (species level), Deferribacterales (family level) and
Deferribacte (class level), Deferribacteres (phylum level), Pseudoflavonifractor (phylum level), Erysipelotrichales(order level).

3.7. Abundance analysis of gut microbiota structure at the phylum level

In this study, we identified and analyzed the microbiota at the phylum, class, order, family and genus levels. At the phylum level, 11
bacterial species accounting for more than 1 % were detected. The phyla level results (Fig. 9) showed that compared with the model
group, the treatment group could reduce the species abundance of Firmicutes, Verrucomicrobia and Proteobacteria, and increase the
species abundance of Bacteroidetes.

3.8. Abundance analysis of gut microbiota structure at genus level

In order to reflect the similarity and difference of species composition at the genus level of samples, we drew the Heatmap map of
the 100 species with the highest abundance at the horizontal genus level (Fig. 10A). Metastats analysis compares the samples between
groups to find species with significant differences between the two groups at each taxonomic level. With p value < 0.05 as the sig-
nificance screening threshold, for species with significant differences in relative abundance between groups, Species with abundance
greater than 0.001 in each group were selected for heat maps (Fig. 10B) and box maps (Fig. 10C). The results showed that at the genus
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Fig. 6. LEfSe branching diagram. Note: Different colors represent different groups, nodes represent species with significantly higher relative
abundance, and yellow nodes represent species with no significant relative abundance difference between groups; The diameter of the node is
proportional to the relative abundance.
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Fig. 7. LEfSe evolutionary branching plot with non-significantly divergent species removed.

level, compared with the model group, the treatment group was able to reduce the abundance of Mucispirillum, Anaerotruncus,
Clostridium-XVIII, Intestinimonas, Pseudoflavonifractor, Clostridium-XIVa, Oscillibacter, Marvinbryantia, Clostridium-XIVb.
Increasing the abundance of Alloprevotella.

3.9. Analysis of microbial § diversity

We first calculated the Bray-Cruits dissimilarity matrix between samples, and then averaged linkage hierarchical clustering of
samples, with branches that were close to each other between model groups and within treatment groups, indicating that the species
composition of samples within groups was similar (Fig. 11A); nonmetric multidimensional scaling (NMDS) can be ordered based on
any type of distance and sample (Fig. 11B); PCA principal component analysis was based on OTU/ASV abundance tables, using
variance decomposition to reflect differences between samples (Fig. 11C); PCA results showed that PC1 (46.042 %) and PC2 (20.13 %)
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Fig. 9. Horizontal species distribution histogram of phylum. (A) Histogram of species distribution within phyla horizontal group. (B) Histogram of
species distribution between phyla horizontal groups.

were significantly separated between the model group and the drug group. PLS-DA (Partial Least squares-discriminant Analysis), that
is, partial least squares-discriminant analysis, is a Discriminant Analysis method in multivariate data analysis technology (Fig. 11D).
The results showed that the model group and the drug group were far away and the difference was large.

3.10. Functional prediction analysis

Welch’s T-test was used to compare the differences in the relative abundance of functions in pairwise grouped samples to find out
the functions with significant differences between the two groups.The value with p < 0.05 as screening threshold, the significance of
difference for the function of the relative abundance of significant differences between groups draw a bar chart (Fig. 12). Through
KEGG function prediction of gut microbiota, we identified 13 significant pathways (p < 0.05). Among them, p-Glutamine and p-
glutamate metabolism were the pathways with the largest average relative abundance in the two groups of samples in the model group
and the treatment group, which belonged to metabolism-related pathways.
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Fig. 10. Structural abundance analysis of the bacterial flora at the genus level. (A) Genus level Heatmap map. Note: The colors in the figure
represent the abundance of the species, with the color changing from blue to red indicating the species abundance from small to large. (B) Heatmap

of species with significant differences in relative abundance at the genus level. (C) box plot of species comparison at the genus level (* = P < 0.05,
** =P < 0.01, *** = P < 0.001).
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4. Discussion

The liver is a critically important organ for the regulation of metabolic homeostasis [23,24]. Acute liver injury (ALI) is one of the
most prominent causes of liver disease and poses a serious threat to the lives and health of patients [25,26]. An increasing number of
studies have shown a close link between gut microbiota and liver injury, and gut microbiota has been shown to modulate many
extraintinal organ diseases, including liver injury [27,28], Intestinal mucosal barrier is the first barrier of human body contact with
exogenous substances, the lymphocytes in the intestinal mucosa can in the gut and migration between the liver and the defense against
pathogens, maintain normal physiological activities of the intestine and liver.

Although the research of Ganoderma lucidum in liver diseases has been gradually deepened in recent years [29-31], there is still a
lack of elucidating the effect of Ganoderma lucidum polysaccharide on liver through intestinal flora. The innovation of this study is to
explore the liver protection effect of Ganoderma lucidum polysaccharide from the direction of intestinal flora through 16S rRNA
sequencing. In this study, we investigated the effects of Ganoderma lucidum polysaccharides on alleviating the severity of acute liver
injury by improving the diversity and function of gut microbiota using an acute liver injury model.

According to the results of oxidative and inflammatory indexes in mouse liver tissue, Ganoderma lucidum polysaccharide can
promote the proliferation of mouse intestinal epithelial cells and resist oxidative stress injury to maintain the integrity of mucosal
barrier [32,33], thereby improving the intestinal mucosal inflammation and CCls-induced acute liver injury in mice.

LEfSe analysis identified 20 significant species. The results showed that the different species with significant effects in the treatment
groups were as follows: Bacteroidia (class level), Alloprevotella (genus level), Prevotellaceae (family level), Bacteroidales (order level),
uncultured-Bacteroidales-bacterium (species level), Bacteroidetes (phylum level), Lactobacillus-intestinalis (species level), Pasteur-
ellales (order level), Pasteurellaceae (family level), Staphylococcus-lentus (species level); The differential species with significant
effects in the model group were: Intestinimonas (genus level), Closyridium-XIVa (genus level), uncultued-bacterium (species level),
Deferribacterales (family level), Deferribacte (class level), Deferribacteres (phylum level), Pseudoflavonifractor (phylum level), Ery-
sipelotrichales (order level). Among them, Bacteroidia at the class level showed the most significant difference in the treatment groups.
The most significant difference in the model group was for Erysipelotrichales at the order level.

A total of 11 species were detected, accounting for more than 1 % of the gut microbiota. Compared with the model group, the
species abundance of Firmicutes, Verrucomicrobia and Proteobacteria in the treatment group was lower, and that of Bacteroidetes was
higher. Firmicutes in mice are involved in a variety of carbohydrate metabolic pathways [34,35], while Bacteroidetes had a high
functional diversity. It can effectively promote polysaccharide degradation [36]. Using a p-value <0.05 as the threshold for signifi-
cance screening, 10 species with an abundance greater than 0.001 in each group were selected. Compared with the model group,
Ganoderma lucidum polysaccharide can reduce the abundance of Mucispirillum, Anaerotruncus, Clostridium-XVIII, Intestinimonas,
Pseudoflavonifractor, Clostridium-XIVa, Oscillibacter, Marvinbryantia, Clostridium-X1Vb. Increasing the abundance of Alloprevotella.
Anaerotruncus, Clostridium-XVIII, Intestinimonas, Pseudoflavonifractor, Clostridium-XlVa, Oscillibacter, Marvinbryantia,
Clostridium-XIVb belongs to the taxonomic group Firmicutes. Mucispirillum belongs to Deferribacteres in the taxonomy. Alloprevo-
tella belongs to Bacteroidetes in the taxonomy.

Deferribacteres can regulate gut microbiota [37,38], Firmicutes and Bacteroidetes are the major phyla in humans, and 90 % of
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Firmicutes are Gram-positive bacteria [39]. The decrease in Firmicutes is consistent with the findings of Chen T. Firmicutes is also
reduced in the gut microbiota of patients with chronic liver disease and hepatocellular carcinoma [40]. Ganoderma lucidum poly-
saccharide can reduce the ratio of Firmicutes to Bacteroidetes. Firmicutes/Bacteroidetes(F/B) can not only affect intestinal homeo-
stasis, but also cause fatty liver injury [41,42]. In addition, some researchers have pointed out that Ganoderma lucidum mycelium can
reduce the ratio of Firmicutes to Bacteroidetes and the level of Proteobacteria carrying endotoxins, maintain the integrity of the in-
testinal barrier and reduce metabolic endotoxemia [43],which is consistent with our findings.

5. Conclusions

In conclusion, Ganoderma lucidum polysaccharide can improve CCly-induced acute liver injury and intestinal flora imbalance in
mice, which explains the liver protective effect of Ganoderma lucidum polysaccharide from the perspective of intestinal flora. The
pharmacological effect of Ganoderma lucidum polysaccharide is complex, and its hepatoprotective mechanism needs further
comprehensive and in-depth research. This experiment provides experimental and theoretical support for the further development of
functional food and drug based on Ganoderma lucidum.
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