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Abstract
Background:Liver �brosis is a reversible pathological process, and its prevention and treatment are of
great signi�cance to patients with chronic liver disease. This study combined 16S rRNA analysis of gut
microbiota and plasma metabolomics to explore the mechanism of curcumol’s effect on liver �brosis in
mice. The results will help to clarify the relationship between the gut microbiota and metabolites in the
process of liver �brosis.

Results:Molecular biological testing found that curcumol could signi�cantly improve the pathological
changes of liver tissue and inhibit the occurrence of liver in�ammation. Intestinal �ora testing found that
curcumol could signi�cantly change the abundances of Veillonellaceae, Prerotella_oulorum, and
Alistipes_�negoldii. Metabolomics analysis found that curcumol’s anti-hepatic �brosis effect may be
related to its regulation of arachidonic acid metabolism. Correlation analysis suggested that curcumol
regulated the abundances of Bacteroidota and Bacteroides and participated in the metabolism of
Prostaglandin B2.

Conclusions:When liver �brosis occurs, the intestinal �ora and metabolic network will be altered. The
effect of curcumol on liver �brosis may be related to its regulation of intestinal �ora and the resulting
interference with metabolic pathways, thereby regulating liver in�ammation.

Background
Liver �brosis is a pathological process common to chronic liver disease that results from multiple factors
acting to repair liver damage [1]. As liver damage continues, �brosis may progress to the irreversible end-
stage consequence of cirrhosis, the leading cause of morbidity and mortality associated with liver
disease worldwide [2]. Nevertheless, �brosis can be reversed due to the liver’s ability to regenerate [3].
Therefore, the early detection and prevention of liver �brosis is of great clinical importance.

Recent studies have shown that the gut microbiota is involved in the whole range of human physiological
processes, including regulation of metabolism and immunity. Obesity, in�ammatory bowel disease,
diabetes, metabolic syndrome, atherosclerosis, alcoholic liver disease, non-alcoholic fatty liver disease,
cirrhosis and liver cancer, and other chronic diseases are all thought to be associated with the gut
microbiota [4]. The intestine and liver are closely related in anatomical and biological functions, forming
the “gut–liver axis”[5]. Relevant studies have shown that the gut microbiota participates in the formation
of liver �brosis by regulating Toll-like receptor (TLR)-related pathways [6]. Lipopolysaccharide (LPS) is the
main component in the cell walls of Gram-negative bacteria. There are a large number of Gram-negative
bacteria in the gut microbiota, and LPS can stimulate the liver through the gut–liver axis. LPS is the
ligand of TLR4 and functions by activating TLR4 signal transduction, activating NF-κB, promoting the
expression

of IL-8, enhancing the in�ammatory response, eventually leading to the occurrence of liver �brosis [7–8].
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Metabolomics is an emerging �eld that was developed subsequent to genomics and proteomics.
Metabolomics studies the types, quantities, and changes of endogenous metabolites in organisms
[9].Metabolomics has been widely used in the diagnosis and monitoring of diseases, providing a new
perspective for understanding the pathogenesis of diseases [10–11]. Many people are currently using this
technology to �nd potential disease biomarkers [12]. At present, some metabolomics studies have
reported the changes of metabolites in a variety of liver diseases, including hepatocellular carcinoma,
non-alcoholic fatty liver, and liver �brosis [13–15]. Studies have found that lysophosphatidylcholine can
be used as a biomarker of liver �brosis [16].

In recent years, traditional Chinese medicine has achieved remarkable results in the prevention and
treatment of liver �brosis [17]. Curcuma (Curcuma kwangsiensis S.G. Leet and C. F. Liang) is the rhizome
of the ginger plant Curcuma or Turmeric. It is used as a medicinal plant material in Guangxi, China. It is
called “Ginghgvun” by the local folk and is included in the 2020 edition of the “Chinese Pharmacopoeia.”
It was �rst recorded in “The Theory of Medical Properties.” In traditional Chinese medicine it is employed
in promoting qi and blood, eliminating accumulation of toxins, and relieving pain. It has been used for the
treatment of chronic liver disease for many years [18]. It effects include anti-tumor activity, lowering of
enzyme activities, and increasing the resistance to liver �brosis. According to reports, curcumol is the
main active component of curcuma [19]. Our previous studies have found that curcumol can inhibit the
activity of the TLR4 signaling pathway and thus exhibit anti-liver �brosis effects [20]. However, the
regulatory effect of curcumol on the intestinal �ora and metabolites during liver �brosis is still unclear.
This study thus combined the results of gut microbiota analysis and metabolomics to clarify the
mechanism of the effects of curcumol against liver �brosis.

Materials And Methods
Animals and procedures

Male C57BL/6J mice (body weight, 20–25 g) were purchased from Hunan SJA Laboratory Animal Co,
Ltd. (Changsha, China). All of the animals were raised in Guangxi University of Chinese Medicine
(Nanning, China) after the experimental procedures received the approval of the institutional and local
committees. Twenty-four mice were randomly divided into a blank control group, a model group, and a
curcumol treatment group, with eight mice in each group. Mice in the model and curcumol groups were
injected intraperitoneally with 40% CCl4 (Tianjin Fuyu Fine Chemical Company, China) (CCl4: peanut oil,
2:3 preparation) at 5 mL/kg, twice a week, for a total of six weeks. The mice in the blank group were given
the same amount of ordinary peanut oil. Curcumol (Shanghai Aladdin Chemical Co., Ltd., China) was
administered to mice by gavage at 30 mL/kg once a day for six weeks. The dosage of curcumol was
based on the Chinese Pharmacopoeia and the results of previous studies [20]. The mice in the blank
group and the model group were given normal saline for six weeks. All of the animals were fasted for 24
h at the end of the experiment, and then blood, liver, and intestinal contents were sampled.

Liver histopathology
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The liver tissue was �xed in 10% neutral buffered formalin and embedded in para�n. Hematoxylin and
eosin (H&E) (Sigma, St. Louis, MO, USA) staining was used for pathological evaluation. Masson staining
was used to assess collagen. The photos were taken under a microscope (Olympus CX23, Japan).

Serum biochemistry

Blood samples were allowed to stand for one hour after being taken from the eyelids of mice, and serum
was extracted after centrifugation. The serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), hyaluronic acid (HA), laminin (LN), Type  procollagen (PIII), collagen ( C),
tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), and interleukin 1β (IL-1β) were measured using ELISA
kits (Shanghai Enzyme Link Biotechnology Co., Ltd, China)[45].

Measurement of liver hydroxyproline content

Liver hydroxyproline content was determined by the alkaline hydrolysis method as described in the assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Quantitative reverse transcription 

 Total RNA of liver tissue was extracted using the Trizol reagent (Sigma, St. Louis, MO, USA) and reverse-
transcribed to cDNA by reverse transcriptase (Promega, USA) following the manufacturer’s instructions. A
20-mL reaction volume (10 mL of SYBR Green PCR Master Mix [Takara, China], 300 nM primer, 0.4 mL of
DyeII, and 2 mL of cDNA product) was employed using an ABI 7500 Real-Time PCR System (ABI, Foster,
CA, USA). The ampli�cation reactions were performed as follows: one cycle at 95°C for 30 s, 60°C for 15
s, and then 95°C for 15 s followed by 40 cycles of 95°C for 10 s and 60°C for 32 s. Dissolution curve
analysis was performed after each cycle at 95°C for 15 s and at 60°C for 60 s. The fold changes were
calculated using the comparative 2-ΔΔCT method. The sequences of primers used in this study were as
follows: TLR4, Forward primer:5'-AGGGTTTCCTGTCAGTATCAAGTTT-3', Reverse primer: 5'-
TGATGCCTCCCTGG

CTCCT-3'; NF-κB, Forward primer:5'-TGACGGGAGGGGAAGAAATC-3', Reverse primer: 5'-
TGAACAAACACGGAAGCTGG-3'; β-actin, Forward primer: 5'-ATCACTATTGGCAACGAGCGGTTC-3', Reverse
primer: 5'-CAGCACTGTGTTGGCATAGAGGTC-3'.

Immunohistochemistry

Para�n-embedded liver tissues were cut into 3-μm sections. After depara�nization, sections were
subjected to antigen recovery, blocked, and then incubated with rabbit anti-TLR4 (1:1000) and anti-NF-
κB p65 (1:500) antibodies (Abcam, UK) at 4°C overnight. Diaminobenzidine (Sigma, St. Louis, MO, USA)
was used to detect the immunocomplex, whereas hematoxylin was used for nuclear counterstaining. A
light microscope (Olympus CX23, Japan) was used to capture the immunohistochemical TIFF images.
TLR4 and NF-κB were quantitatively analyzed by ImageJ software (V6.0 National Institutes of Health)
[46].
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Fecal DNA extraction and high-throughput 16S rRNA sequencing

Mouse feces were collected for 4 h and immediately kept at −80°C until DNA extraction. Microbial DNA
was extracted from 30 gut content (stool) samples using the E.Z.N.A. stool DNA Kit (Omega Bio-tek,
Norcross, GA, USA) according to the manufacturer’s protocol. The 16S rDNA V3-V4 region of the
eukaryotic ribosomal RNA gene was ampli�ed by PCR (95°C for 2 min followed by 27 cycles at 98°C for
10 s, 62°C for 30 s, 68°C for 30 s, and a �nal extension at 68°C for 10 min) using the above primers,
where the barcode was an eight-base sequence unique to each sample. PCR reactions were performed in
triplicate 50-μL mixtures containing 5 μL of 10×KOD Buffer, 5 μL of 2.5 mM dNTPs, 1.5 μL of each primer
(5 μM), 1 μL of KOD Polymerase, and 100 ng of template DNA.

Amplicons were extracted from 2% agarose gels and puri�ed using an AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions and quanti�ed
using QuantiFluor-ST (Promega, USA). Puri�ed amplicons were pooled at equimolar ratios and paired-end
sequenced (2 × 250) on an Illumina platform according to the standard protocols[47].

Serum metabolomics

After thawing at room temperature, a pipette was used to transfer 100 mL of plasma to a 1.5-mL EP tube.
Methanol (300 mL) (Thermo �sher, USA) was added to precipitate the proteins in the serum, followed by
adding 10 mL internal standard (2.9 mg/mL 2-chlorophenylalanine). After vortexing and mixing for 30 s,
the sample was centrifuged at 4°C for 15 minutes at a speed of 12,000 rpm; 200 ml of the supernatant
was then transferred to a sample vial for subsequent testing. The instrument analysis platform was an
LC-MS system (Thermo, Ultramate 3000LC, Orbitrap Elite) and a C18 chromatographic column (Hypergod
C18 [100 × 2.1 mm × 1.9 μm]) (Thermo Fisher, USA). The chromatographic separation conditions were as
follows: the �ow rate was 0.3 mL/min; the composition of mobile phase A was water (Merck, Germany) +
0.1% formic acid (Thermo Fisher, USA). The composition of mobile phase B was acetonitrile + 0.1%
formic acid; the injection volume was 4 μL, and the autosampler temperature was 4°C.

For the metabonomics detection of blood samples, the parameters of the positive ion mode were as
follows: the heater temperature was 300°C; the gas �ow rate was 45 arb; the auxiliary gas �ow rate was
15 arb; the exhaust gas �ow rate was l amb, and the electrospray voltage was 3.0 KV. The capillary
temperature was 350°C, and the S-lens RF level was 30%. For the metabonomics detection of blood
samples, the negative ion mode parameters were as follows: the heater temperature was 300°C; the
sheath gas �ow rate was 45 arb; the auxiliary gas �ow rate was 15 arb; the exhaust gas �ow rate was l
arb; the electrospray voltage was 3.2 KV; the capillary temperature was 350°C, and the S-lens RF level was
60%[48].

Statistical Analysis

Data analysis was processed by GraphPad Prism 7 software (GraphPad Software Inc., San Diego, CA).
The data that conformed to a normal distribution were represented by the mean ± standard deviation. If
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the data were normally distributed and the variance was homogeneous, the t-test was used. If the above
conditions were not met, the Mann–Whitney U nonparametric test was used; the count data employed the
chi-squared test. The biological databases HMDB (https://hmdb.ca/) and KEGG (https://www.kegg.jp/)
were employed for biomarker identi�cation and metabolic pathways and gene function analysis.
Pearson’s correlation analysis was used for bivariate correlation.

Results

Curcumol attenuates liver �brosis in mice
We examined the effect of curcumol in vivo using male mice with CCl4-induced liver �brosis (Figure 1A).
Different histological analyses were used to assess liver �brosis. Masson and H&E staining showed that
the liver damage induced by CCl4 displayed heavier collagen deposition and structural disorders
accompanied by in�ammation. Curcumol had the effect of reducing liver �brosis (Figure 1B). These
results were based on serum AST and ALT (Figure 1C), and serum �brosis HA, LN, PC , and -C indicators
(Figure 1D). Liver hydroxyproline content (Figure 1E) was also veri�ed.

Curcumol inhibits the activity of the TLR4/NF-κB signaling pathway

We found through RT-PCR and immunohistochemistry experiments that curcumol inhibited the
expression of TLR4 and NF-κB at the gene and protein levels (Figures 2A, 2B). Because TLR4 and NF-κB
are key molecules in the TLR4 signaling pathway, inhibiting their expression will affect the expression of
downstream signaling molecules. The TLR4/NF-κB signaling pathway is a classic pathway that regulates
the body's in�ammatory response, and thus inhibiting the activity of this signaling pathway will inhibit
the in�ammatory response. Through the ELISA experiment, we found that curcumol inhibited the
expression of in�ammatory factors (Figure 2C), further verifying that curcumol could inhibit the
in�ammatory response in mice with liver �brosis.

Effect of curcumol on the gut microbiota of mice with liver �brosis induced by CCl4

The 16S rRNA genes of 24 fecal samples were ampli�ed by PCR and then subjected to high-throughput
sequencing. The high-throughput sequencing obtained 2,163,264 reads. Under the condition of 97%
similarity, the reads were clustered into operational taxonomic units (OTUs) of classi�ed species. A total
of 1903 OTUs were obtained (Figure 3A). The sequencing coverage indexes of the three groups were all
greater than 0.99 (Figure 3B). The results indicated that the sample groups that were not tested had a low
sequence probability.

We analyzed the diversity of the gut microbiota of the sample (alpha diversity). The evaluation indicators
were the Chao1 index, the Observed species index, Shannon’s index, and Simpson’s index. The Chao 1
index, the Observed species index, and Shannon’s index are positively correlated with sample species
richness, while Simpson’s index is the opposite, being negatively correlated with sample species richness.
In this study, the Chao 1, Observed species, Shannon and Simpson indexes showed that after
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CCl4induction, the diversity of the gut microbiota of mice increased, but after the intervention of curcumol,
the diversity of the gut microbiota of mice decreased (Figure 3C). At the same time, the similarity of the
intestinal �ora of the samples was analyzed (beta diversity). The main evaluation methods were PCoA
and NMDS analyses, both of which reduce the complexity of the data without changing the main
characteristics, thereby effectively extracting the most important features of the data. The analysis is
designed to reveal the core characteristic changes hidden within the larger dataset. In the PCoA and
NMDS analysis graphs, the gap between different samples is represented by the distance between the
coordinate axes. The closer the distance, the higher the sample similarity, and the greater the distance, the
lower the sample similarity. PCoA and NMDS analysis clearly separated the blank, model, and curcumol
groups, and there were differences in the composition of the intestinal �ora (Figure 3D).
Comparing the structural changes of intestinal �ora in each group based on OTUs, at the phylum level
(Figure 4A), Bacteroidota, Firmicutes, Proteobacteria, Campylobacterota, Deferribacteres,
Desulfobacterota, Actinobacteriota, unidenti�ed_Bacteria, Cyanobacteria, and Acidobacteriota had higher
abundances. The results indicate that these �ora play important roles in each group. At the same time, we
conducted a statistical analysis of the bacterial population for taxa with an abundance greater than 10%
and found that CCl4-induced liver �brosis increased the abundance of Bacteroidota and decreased the
abundance of Firmicutes and Proteobacteria, and curcumol treatment reduced the abundance of
Bacteroidota. The abundances of Firmicutes and Proteobacteria were increased. At the genus level
(Figure 4B), the higher abundance of Bacteroides, Acinetobacter, Staphylococcus, Helicobacter,
Lachnospiraceae_NK4A136_group, Lactobacillus, Empedobacter, Alloprevotella, Escherichia-Shigella,
Candidatus_Arthromitus, and Candidatus_Arthromitus indicate that these �ora play an important role in
each group. At the same time, we conducted a statistical analysis of the bacterial population for taxa
with an abundance greater than 10% and found that CCl4-induced liver �brosis increased the abundance
of Bacteroides and Acinetobacter and decreased the abundance of Staphylococcus. The curcumol
treatment reduced the abundance of Bacteroides, and the abundances of Acinetobacter and
Staphylococcus were increased.

An LEfSe analysis was performed to further characterize the distinguishing phylotypes in the gut
microbiota of the different groups. At the same time, a linear discriminant analysis (LDA) was performed
to estimate how the abundance of each species (component) affected the differences between groups.
Microorganisms with different LDA scores greater than the set value (set value = 2) were considered as
biomarkers with statistically signi�cant differences. Figure 4 shows the microbial �ora with signi�cant
differences in abundance in the three groups, and the length of the histogram represents the impact of
signi�cantly different species. Prevotellaceae, Negativicutes, Eubacteriales, and Eubacteriaceae had
higher expression in the blank group, while Acinetobacter, Empedobacter, Weeksellaceae,
Sphingobacterium, and Alcaligenaceae had higher expression in the model group, and Veillonellaceae,
Prerotella_oulorum, and Alistipes_�negoldii had higher expression in the curcumol group (Figure 4C). The
results of the study show that after CCl4 induced liver �brosis in mice, the structure of the mouse fecal
�ora underwent signi�cant changes, and curcumol could adjust or improve these changes. The results
also show that the intestinal �ora plays an important role in the prevention and treatment of liver �brosis.
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Effect of curcumol on metabolites of mice with liver �brosis induced by CCl4

Principal component analysis (PCA) was used to perform data analysis on quality control samples. In the
PCA score chart, each point represents a sample, and the closer the metabolites contained in the sample,
the more compact the sample points in the �gure. In the principal component analysis of the quality
control samples in the positive and negative ion modes, the quality control samples (purple) were tightly
clustered and were clearly separated from the experimental samples (Figures 5A–B), indicating that the
data were of good quality and that the instrument was stable.

In order to obtain biomarkers of liver �brosis, we used Partial Least Squares Discriminant Analysis (PLS-
DA) to analyze the differences among metabolites between the model group and the blank group.
Signi�cant differences were found in the positive ion PLS-DA (R2 = 1.00, Q2=0.91) Most of the samples
were separated, indicating that there were differences among the levels of metabolites between the two
groups (Figures 5C–D); in the negative ion PLS-DA analysis (R2=0.99, Q2=0.87), most of the samples
were separated (Figures 5E–F). Based on the Variable Importance in the Projection (VIP) value [21],
multivariate analysis along with the P value and the multiple of difference were used to screen for
differentially expressed metabolites. The screening criteria were a P-value < 0.05; VIP≥ 1, and fold change
≤0.833 or ≥1.2 [22] (Table 1). The PLS-DA for the metabolic differences between the curcumol group and
the model group (Figure 5) revealed that curcumol regulated nine metabolic pathways (Figure 5G).

Table.1 Identified potential biomarkers in serum(n=8)
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abolite FC VIP Up/
Down

No. Metabolite FC VIP Up/
Down

hionine 0.60 1.67 down 28 Propionylcarnitine 1.57 1.86 up
kotriene C4 0.11 1.78 down 29 12,13-EODE 2.20 1.59 up
asaponin I 2.31 1.88 up 30 N-Methylhydantoin 2.59 2.06 up
Norvaline 0.43 1.92 down 31 4-Hexyloxyaniline 1.91 1.57 up

utyrylglycine
0.20 1.45 down 32 Methionine sulfoxide 1.38 1.07 up

ophylline 0.55 1.59 down 33 5-[(10Z)-14-(3,5-
dihydroxyphenyl)tetradec-10-
en-1-yl]benzene-1,3-diol

0.25 1.45 down

a-D-Ala 0.49 1.08 down 34 Trimethyllysine 0.57 1.37 down
ydroroseoside 0.41 1.14 down 35 Asp-glu 2.19 2.04 up
Arginine 0.43 1.26 down 36 α-Lapachone 3.02 1.96 up
16:0/22:6) 0.61 1.27 down 37 Pantethine 4.19 1.35 up

oPC 18:0 0.35 1.68 down 38 LPE 22:4 0.27 1.50 down
14:1e/24:1) 2.25 1.97 up 39 O-Aceyl-L-Serine 2.11 1.83 up
22:6 0.53 2.09 down 40 3-hydroxy-2-(3-nitro-4-

piperidinobenzyl)propanenitrile
2.96 1.39 up

gulsterone 2.49 2.00 up 41 PC (4:0/18:5) 2.81 1.92 up
reidopropionic 2.91 2.10 up 42 PC (18:3e/3:0) 5.03 1.97 up

namoylglycine 0.15 1.61 down 43 N~5~-(1,3,5-trimethyl-1H-
pyrazol-4-yl)-1H-1,2,4-triazole-
3,5-diamine

1.49 2.04 up

ethylguanine 1.53 2.24 up 44 Histamine 2.34 1.81 up
glutamic acid 0.13 1.58 down 45 Gly-Tyr 1.72 1.84 up
Carnitine 1.40 1.77 up 46 MAG (18:2) 6.18 1.90 up

0.17 2.32 down 47 DNH 2.48 1.78 up
cetyl-L-
amic acid

1.56 1.40 up 48 2-Deoxyuridine 1.69 1.47 up

benzylidene-
x-1-ynylfuran-
rbohydrazide

1.98 1.97 up 49 4-methyl-5-oxo-2-pentyl-2,5-
dihydrofuran-3-carboxylic acid

2.35 1.61 up

b-Dihydroxy-
drosten-17-

3.32 2.04 up 50 Cytidine 1.88 1.59 up

xoretinol 6.09 2.04 up 51 Valproic acid 2.44 1.86 up
Z)-9,10,11-
ydroxyoctadec-
noic acid

2.90 1.71 up 52 6-Keto-prostaglandin f1alpha 2.62 1.71 up

etyl-11-keto-
swellic acid

3.46 1.98 up 53 PC (14:1e/3:0) 1.54 1.88 up

cadyne 1-
ate

2.01 1.69 up 54 indole-5,6-quinone 1.69 1.46 up

Notes:FC:fold-change;VIP:variable importance in the projection.
Correlation between gut microbiota and metabolites

Correlation analysis of metabolites with signi�cant differences between the model group and the blank
group and the intestinal �ora showed that cytidine was signi�cantly related to Bacteroidota and
Proteobacteria at the phylum level (Figure 6A). At the genus level, Bacteroides was signi�cantly correlated
with 3-ureidoproplonic acid and methionine sulfoxide, and valproic acid and Staphylococcuus were
signi�cantly correlated (Figure 6B). Correlation analysis of metabolites with signi�cant differences
between the model group and the curcumol group and the intestinal �ora showed that Bacteroidota and
prostaglandin B2 were signi�cantly correlated at the phylum level (Figure 6C). At the genus level,
Bacteroides and dopaquinone were signi�cantly correlated (Figure 6D).
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Discussion
Liver �brosis is a wound healing process accompanying repeated chronic liver injury [23]. It can
accelerate the development of chronic liver disease by destroying normal liver parenchyma, eventually
leading to liver cirrhosis, liver failure, and even primary liver cancer [24]. Although the pathogenesis of
liver �brosis that includes in�ammation, activation of hepatic stellate cells, and formation of an
extracellular matrix has been widely recognized, effective and powerful treatments have not yet been
obtained [25]. Therefore, it is necessary to develop a high-e�ciency, low-toxicity, multi-target treatment
tool for liver �brosis. We have combined gut microbiota analysis and metabolomics to investigate the
pathogenesis of liver �brosis and to elucidate the mechanism of action of curcumin against liver �brosis,
thereby providing a theoretical basis for its clinical use. It has been veri�ed at the animal level that
curcumol can improve liver pathological changes and liver function. Molecular biology experiments have
found that curcumol can reduce the expression of downstream in�ammatory factors by inhibiting the
activity of the TLR4/NF-KB signaling pathway. Lipopolysaccharide (LPS), the main component of the cell
wall of Gram-negative bacteria, is the ligand of TLR4. The combination of the two promotes the
nucleation of the in�ammatory transcription factor NF-KB and triggers the massive release of
in�ammatory cytokines such as IL-6, TNFα, and IL-8 to enhance the in�ammatory response of the liver
and form an “in�ammatory waterfall” that ultimately leads to the formation of liver �brosis [26–27].

We have studied the gut microbes of mice with liver �brosis and found that the diversity and abundance
of fecal microbes in mice with liver �brosis were signi�cantly different from those in the control groups.
At the phylum level, the abundances of Bacteroidota, Firmcutes, and Proteobacteria were signi�cantly
different among the three groups. At the genus level, the abundances of Bacteroides, Acinetobacter, and
Staphylococcus were signi�cantly different between the three groups. Both Bacteroidota and Bacteroides
were highly expressed in the model group, consistent with the results of previous studies [28]. Studies
have also con�rmed that the abundance of Firmcutes will decrease when liver �brosis occurs [29].
Acinetobacter is an important pathogen of tissue infection [30]. We found that Acinetobacter,
Empedobacter, Weeksellaceae, Sphingobacterium, and Alcaligenaceae were present in the model group.
Acinetobacter plays an important role in death caused by bacteremia in patients with liver cirrhosis [31].
Empedobacter has a signi�cant increase in abundance in irritable bowel syndrome after in�ammation
and is signi�cantly related to IL-8 expression, indicating that Empedobacter plays an important role in
in�ammatory diseases; previous studies have shown that long-term high-fat, high-sugar, and high-
cholesterol diets can cause experimental pigs to develop liver steatosis and liver �brosis. The abundance
of Empedobacter was signi�cantly increased in the cecal microbiota of experimental pigs [32–33]. In a
study of hepatic encephalopathy, it was found that Alcaligenaceae strengthened the intestine-liver-brain
connection that is closely related to changes in cognitive function [34]. At the same time, we found that
Veillonellaceae, Prerotella_oulorum, and Alistipes_�negoldii played important roles in the curcumol group
that may be related to curcumol in the prevention and treatment of liver �brosis. In non-alcoholic fatty
liver �brosis, Veillonellaceae is the main microbial group, and in this study Veillonellaceae was present in
the liver. Sclerosis plays an important role in cognitive dysfunction, and it is positively correlated with the
expression of in�ammatory factors [35–36]. Alistipes_�negoldii is a relatively new subclade of the
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phylum Bacteroidetes that is mainly isolated from medical clinical samples. Compared with other
members of the phylum Bacteroidetes, its isolation rate is lower. Studies have found that
Alipipes_�negoldii is reduced throughout the process of liver �brosis, and that the decrease of
Alipipes_�negoldii leads to decompensation of liver cirrhosis. In addition, the decrease of
Alipipes_�negoldii abundance can lead to the occurrence of liver cirrhosis and hepatic encephalopathy
[37–39].

Different groups of non-targeted metabolite pro�les can not only help us identify speci�c metabolites but
also can provide clues to the mechanism of action of curcumol. We found 54 metabolites that were
signi�cantly different between the model group and the blank group based on the screening conditions.
The enrichment analysis of metabolites between the curcumol group and the model group revealed that
pyrimidine metabolism, tyrosine metabolism, beta-alanine metabolism, pantothenate and CoA
biosynthesis, glutathione metabolism, porphyrin and chlorophyll metabolism, arachidonic acid
metabolism, primary bile acid, and steroid hormone biosynthesis differed between groups. These
metabolic pathways are closely related to curcumol's effects on liver �brosis. Tyrosine is the precursor
component of the synthesis of a variety of vasoactive substances in the human body. Studies have
found that vasoactive substances play an important role in abnormal hepatic vascular beds and their
resulting in�uence on hepatic circulation. The structure of blood vessels in the liver is abnormal in such
cases, and the capillaries of the liver sinuses form sinusoids. The increase in peripheral blood �ow
resistance will cause the liver to be in a state of high resistance and aggravate the degree of liver �brosis
[40]. Coenzyme A (CoA) and its degradation product, pantothenic acid, play important roles in the
physiological and pathological processes of the liver [41]. Studies have shown that Radix Gentianae can
improve liver function by regulating the metabolic pathways of porphyrin and chlorophyll, thereby
exerting a metabolic protective effect on the liver [42]. Arachidonic acid is important in the in�ammatory
metabolic network and is a substance with strong biological activity related to oxidative stress. Under
oxidative stress conditions, the conversion of linoleic acid to arachidonic acid in the body will be
enhanced; many unsaturated fatty acids will be produced during the metabolism of arachidonic acid, and
these substances are powerful in�ammatory mediators [43]. Studies have shown that liver damage
caused by chronic liver disease leads to a decrease in the liver's clearance of bile acids, and ultimately an
increase in serum bile acid levels. Bile acids promote liver damage by regulating the induced apoptosis
and necrosis of hepatocytes, and ultimately promote the occurrence of cirrhosis or liver failure [44].
Steroids are indispensable and important hormones for life-sustaining activities. The body’s steroids
secreted by the adrenal glands can participate in the regulation of blood sugar, fats, and other aspects of
metabolism, thereby maintaining the body's normal physiological operations.

In the correlation analysis of intestinal �ora and metabolites, the correlation between Bacteroidota and
Proteobacteria and cytidine, and the correlation between Bacteroides and 3-ureidoproplonic acid and
methionine sulfoxide may play important roles in the formation of liver �brosis. Curcumol exerts an anti-
hepatic �brosis effect by regulating the relative abundance of Bacteroidota and Bacteroides and by
participating in the metabolism of prostaglandin B2, oleoyl ethanolamide, isoralerylglycine, cytidine, and
Asp-glu. This may be related to reducing the expression of in�ammatory factors and improving liver
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in�ammation (Figure 7). The aim of this study was to determine whether curcumol could improve liver
�brosis by regulating intestinal �ora and metabolites. However, due to funding and time constraints, there
are still some shortcomings: the selected sample size was small; only a correlation study was carried out,
and only the CCl4 induced liver �brosis model has been studied.

Conclusions
A total of 54 differentially expressed metabolites, including 4-oxoretinol, may be potential biomarkers of
liver �brosis. Curcumol regulates the abundance of Bacteroidota and Bacteroides and participates in the
activities of nine metabolic pathways, thereby inhibiting the activity of the TLR4/NF-κB signaling
pathway, reducing the secretion of downstream in�ammatory factors, and improving liver in�ammation.
These results may help to further characterize the pharmacological mechanism of curcumol against liver
�brosis.
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Figures

Figure 1

Effect of curcumol on pathological changes of liver tissue. A: Preparation of the liver �brosis model and
the drug intervention process. B: H&E and Masson staining, Scale bar=50 μm. C: Liver function via AST
and ALT expression. D: Four indicators of liver �ber expression. E: Hydroxyproline expression. n=8,* P <
0.05,**P < 0.01 versus Control; #P < 0.05, ##P < 0.01 versus Model.
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Figure 2

The effect of curcumol on the in�ammatory signal and its downstream in�ammatory factors. A: TLR4
and NF-κB mRNA expression. B: TLR4 and NF-κB protein expression. Scale bar = 25 μm. C: Expression
levels of TNF-α, IL-6, and IL-1β. n = 8. *P< 0.05,**P< 0.01 versus Control. #P < 0.05, #P < 0.01 versus Model.
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Figure 3

The effect of curcumol on the α and β diversity of intestinal �ora. A: OTU expression in each group. B:
Chao1, Observed species, Shannon, and Simpson indexes. C: Sequencing depth of each group. D: PCoA
and NMDS analysis of each group. n = 8. *P < 0.05,** P < 0.01 versus Control. #P < 0.05, ##P < 0.01 versus
Model.
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Figure 4

The effect of curcumol on intestinal �ora abundance and speci�c taxa. A: Differences in the abundance
of bacteria in each group at the phylum level (Top 10). B: Differences in the abundance of bacteria in
each group at the genus level (Top 10). C: The expression of important �ora in each group. n=8. *P<
0.05,**P< 0.01 versus Control. #P< 0.05,##P< 0.01 versus Model.
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Figure 5

Effect of curcumol on metabolites of liver �brosis in mice. A: PCA analysis of sample quality control in
positive ion mode. B: PCA analysis of sample quality control in negative ion mode. C: PLS-DA analysis of
differential metabolites between the model group and the blank group under positive ion mode. D: PLS-
DA analysis of differential metabolites between the model group and the blank group under negative ion
mode. E: Volcano plot of the differential metabolites between the curcumol group and the model group
under positive ion mode. F: Volcano plot of the differential metabolites between the curcumol group and
the model group under negative ion mode. G: Enrichment analysis of differential metabolite pathways
between the curcumol group and the model group.
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Figure 6

Association analysis of intestinal �ora and metabolites. A: Correlation analysis of intestinal �ora and
differential metabolites between the model group and the blank group at the phylum level. B: Correlation
analysis of intestinal �ora and differential metabolites between the model group and the blank group at
the genus level. C: Correlation analysis of intestinal �ora and differential metabolites between the
curcumol group and the model group at the phylum level. D: Correlation analysis of intestinal �ora and
differential metabolites between the curcumol group and the model group at the genus level. Blue
indicates a negative correlation, and red indicates a positive correlation. The blank area in the �gure
indicates a P-value > 0.05, and the area marked by an asterisk (*) indicates P ≤ 0.05.
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Figure 7

Curcumol regulates the intestinal �ora and metabolic network to exert its anti-liver �brosis mechanism.
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